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ABSTRACT. Lepidocephalichthys guntea, commonly known as loach, is a popular freshwater fish found
in various water bodies. This study collected 210 specimens (148 females, 62 males) from fish markets
in Noakhali, Bangladesh, to measure various length, weight, gonado-somatic index (GSI), fecundity
and condition factor. To establish correlations, the relationships between length-length, length-weight,
and GSI with both length and weight were analyzed. Body weight ranged from 1.99 to 8.89 g (mean
4.21 = 1.49 g), and total length from 6.5 to 10.3 cm (mean 7.91 = 0.77 cm). GSI peaked in June
(8.63+1.16%), followed by May (6.58 +0.89%), with the lowest values in September (0.01%). Mean
fecundity was 7415.3+1168.54 in May and June (spawning season). The condition factor (K,) was
highest (1.04) in fish between 9.5-10.4 cm and lowest (0.87) in the 7.5-8.4 cm group. The coefficient of
correlation (r?) values showed a strong positive relationship between body weight (BW) and both total
length (TL) and standard length (SL). Moderate positive correlations were found between BW and head
length (HL), and BW and body circumferences (BD) in pooled and female samples. However, in male,
the correlations for BW vs. HL, BW vs. BD, as well as TL vs. HL and TL vs. BD, were asymmetrical. The
relationships between GSI and both BW and gonad weight (GW) showed moderate positive correlations.
Conversely, the coefficient of correlation between GSI and TL in the pooled sample, and GSI with both
TL and BW in males, were indicating weak correlations. This study will provide valuable insights for
conservation policymakers and hatchery owners, aiding in efforts to prevent the extinction of this spe-
cies in the wild.
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1. Introduction and the facilitation of informed decision-making within
) i ) the fishing sector (Samad et al., 2022).

The length-length and length-weight relationship Bangladesh is fortunate to have several inland

of fish are important models in the field of fisheries biol- freshwater bodies (4706171 ha) support a rich diver-

ogy and ecology (Kodeeswaran et al., 2023; Ferosekhan

sity of aquatic species, with fish providing over 60%
et al., 2022, Rana et al., 2022; Paul et al., 2021b; Loh

of the nation’s animal protein intake, where has sig-

et al., 2011). It serves as a valuable tool for research- nificant contribution of small indigenous species (DoF,
ers an‘% fisheries managers, er'labling' them to estimate 2023). Moreover, small indigenous fish species (SIS)
the weight of ﬁSh by con51df{r1ng their 'leng'th., and vice offers a unique opportunity to contribute to optimal
versa. The significance of thlsj connection 1s In its con- nutrition during the first 1000 days of life, due to their
tribution to the comprehension of fish development content of both fatty acids and micronutrients such

patterns (Sarker et al., 2022; Awasthi et al., 2015), the as iron, zinc, calcium, vitamin A, and vitamin B12,18
evaluation of fish populations (Patiyal and Mir, 2017), (Bogard et al.,2015; Paul et al., 2023). In fact, SIS pro-
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vide better nutrition because they are frequently con-
sumed whole, including the head, bones, and eyes, uti-
lizing all available nutrients, including micronutrients
(Islam et al.,2023) These minerals are also essential for
developing resistance against disease in human body
(Mitra et al., 2022).

In fact, small indigenous species (SIS) are a
major source of animal protein for Bangladesh’s rural
residents. However, there is little care for the species’
biodiversity, which is steadily declining. One of the sig-
nificant SIS species that can be found in Bangladeshi
freshwater bodies is Lepidocephalichthys guntea, locally
known as gutum. This species of fish is one of those rec-
ognized by the IUCN as being vulnerable in Bangladesh
(IUCN Bangladesh, 2015). Freshwater bodies are the
main habitat of L. guntea. The species recorded from
Chalan Beel (flood plain area), Halti beel (flood plain
area) hill streams of Mymensingh, Sylhet and Dinajpur
(Akand et al., 2015). L. guntea found mostly in swift
streams but also available in swamps and lakes (Samad
et al., 2022). They prefer bottoms that are primarily
sandy or fine gravel so that they may quickly flee from
any danger. Recently, artificial breeding and fry pro-
duction of this endangered SIS species have successfully
developed (Sayeed et al., 2009). However, the assess-
ment of the probability of this fish in the fresh water
bodies, biological research of this species is essential to
know more details on it.

Length-weight relationship (LWR) and Gonado
somatic index of any fish species is a significant bio-
logical parameter in studying its growth dynamics,
production, stocking density, productivity of the hab-
itat and maturity etc. (Rana et al., 2022; Paul et al.,
2021a; Hanif et al., 2020; Borah et al., 2020; Garcia,
2010). LWR and condition factor (K) also gives various
information like well-being of fish in relation to habi-
tat, its status of stock variation, assessment of growth
rate, appearance of first maturity and time of spawning
(Awasthi et al., 2015; Kaushik et al., 2015). In addi-
tion, GSI and fecundity values are frequently used to

compare reproductive condition across individuals or
across different groups of individuals. Besides, several
studies successfully used GSI and fecundity values to
improve accuracy in determining maturity stage or
breeding season of the species (Ali et al., 2021; Paul et
al., 2021c; Ganias et al., 2007; Vitale et al., 2006).

Till now, several studies have been conducted on
the morphometric and meristic characteristics, length-
weight relationship and condition factor of this fresh
water fish L. guntea in India, Nepal and Bangladesh
(Saha et al., 2021; Mandal and Mandal, 2021; Saha et
al., 2019; Dhakal and Subba, 2003). However, there
is not a single study on the relationship among gonad
somatic index, length and weight of gutum fish. In
fact, GSI and its relationship with length-weight study
is quite unique way to understand the biology of any
particular species. So, this piece of research work was
designed to illustration the relationship through collect
the sample from southeast Bangladesh.

2. Materials and Methods
2.1. Study Area and period

This research aimed to collect samples from the
fish retail market of southern Bangladesh, to get the
targeted fish from multiple aquatic resources. As a part
of these three main fish markets of Noakhali district,
Bangladesh such as Poura fish market (22°51’46.3”N
91°05’48.2”E), Maijdee fish market (22°52’21.4”N
91°05’31.7”E) and Sonapur fish market (22°49’25.4”N
91°06’05.1”E) were selected randomly for collection of
targeted sample. Noakhali is very rich in fish biodiver-
sity and known as hotspot for the fisheries. This species
(L. guntea) is frequently found from the month of April
to July in various water body (ponds, shrimp farms,
rivers, canals, floodplains and estuaries) (Sayeed et al.,
2009). The study was conducted from September 2018
to August 2019 and the species L. guntea was collected
from the fish market in every 15 days interval.
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2.2. Sample collection and preservation

A 210 samples were collected from the fish mar-
ket in very early morning so that it can collect in fresh
condition. The samples were generally chosen ran-
domly to avoid the bias. After collection, all samples
were immediately preserved with 10% formalin solu-
tion (where 10% formalin + 90% water) which helped
to stop digestion of food material and autolysis, later all
the samples were bring in the laboratory.

2.3. Measurement of morphometric
parameters

Before measure the length and body weight,
the excess water in fish body was removed by blotting
paper. Slide caliper scale (= 0.01 mm precise, EAGems-
BOOZ5KETD4) was used to determine the length of the
species and electrical balance (Shimadzu UX320G) was
used to determine weight of each specimen (+0.01
gm). Morphometric measurement was determined i.e.
body weight (BW), total length (TL), standard length
(SL), head length (HL), post-orbital length (Post-OL),
and body diameter/circumferences (BD) of each speci-
men (Fig. 1).

For measurement of gonadosomatic index (GSI)
and fecundity of female species, each female species
was separated from male species on the basis of gonad.
After collection of ovaries, those were dried with the
blotting paper and weighted individually by an electric
balance (Shimadzu UX320G) and stored in 10% for-
malin to the preserve the ovaries for further analysis
of fecundity. A visual inspection was utilized to iden-
tify large-sized, while the staining technique involving
aceto-carmine was employed to visualize tiny-sized
gonads. Subsequently, the samples were examined
under a light microscope to enhance contrast and facil-
itate clear visualization of ova. This method, described
by Wassermann and Afonso in 2002, allowed for con-
firmation of ovary presence upon observing small-sized
ova under the microscope. The Gonado-somatic Index
(GSI) was calculated using the formula of Devlaming et

al., 1982. GSJ = Mx 100 -

Fish weight

For estimation of fecundity, we followed the
gravimetric method. Three sub-samples were col-
lected from the ovary’s front, middle, and poste-
rior sections. The number of eggs in each sam-
ple was counted, and fecundity was determined
using the formula below (Behera et al.,, 2010):
P Gonad weight (G) x Number of eggs in sub sample(n) )

Sub-sample weight(g)
where “F” is fecundity, “n” is the average number of
eggs, “G” is the weight of the gonads and “g” is the
weight of the subsample.

The well-being or plumpness of each species has
been studied by using Fulton’s condition factor. In this
experiment, we calculated the condition factor for the
pooled sex, female and male fishes. Fulton’s condition
factor has been calculated by using following formula
Froese, 2006:
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K,= Wx100/ L3,
where, ‘K.’ is Fulton’s condition factor. ‘W’ is net wet
weight (gm) of fish and ‘L’ is length in cm. The factor
100 is employed to bring K, close to unity.

2.4. Length-Weight Relationship of Gutum
Fish (L. guntea)

A total of 210 specimens of L. guntea were taken
for calculating of length-weight relationship (LWRs). In
this experiment, we calculated the LWRs of pooled sex,
female and male fishes. The LWRs was calculated by Le
Cren’s (1951) formula as mentioned below;

W = aL®
(Here, W= weight of fish (gm), L. = total length of fish
(cm), a = intercept. b = regression coefficient.

Logarithm-transformation of the linear regres-
sion equation, Log W = log a + b log L, was used to
obtain the parameters a, b, and r? (coefficient of deter-
mination) (Garcia, 2010). The degree of relationship of
pooled, female, male (BW vs TL, BW vs SL, BW vs HL
and BW vs BD) were evaluated by calculating the coef-
ficient of determination where a is a coefficient related
to body form and b is an exponent indicating isomet-
ric growth when equal to 3 and indicating allometric
growth when significantly different from 3 (Simon et
al., 2009; Simon et al., 2008).

2.5. Length-length relationship of L.
guntea

The length-length relationships between various
body lengths and total length were established using
the method of least squares to fit a simple linear regres-
sion model expressed as Y=a+bX. Here, Y represents
the different body lengths, X denotes the total length,
a stands for the proportionality constant, and b signi-
fies the regression coefficient. This modeling approach
was employed in a study conducted by Erguden and
Turan, 2011. The length-length relationship of pooled
sex, female and male fishes were calculated among the
lengths of TL vs SL, TL vs HL, and TL vs BD.

2.6. Relationship between GSI and other
morphological parameters of L. guntea

Calculate the relationship between GSI vs TL, GSI
vs BW, GSI vs GW of female with using a simple lin-
ear regression model expressed as Y=a+bX. Where Y
represents the total length (TL), body weight (BW) and
gonad weight (GW), and X denotes the GSI, ‘a’ stands
for the proportionality constant, and ‘b’ signifies the
regression coefficient.

2.7. Statistical Analysis

Relationship between length-length, length-
weight and GSI with other morphological characters
were analyzed by the software of SPSS version 22
(IBM®, New York, USA) and MS-Excel at 5% level
of significance (P <0.05). Data has been presented as
mean * standard deviation.
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3. Result
3.1. Morphometric Characteristics

The body of Lepidocephalichthys guntea is char-
acterized by its elongated, slightly compressed shape
and an inferior mouth position. When considering both
sexes together, the range of morphometric measure-
ments were as follows: body weight (BW) ranged from
1.99 to 8.89 gm (mean 4.21 * 1.49 gm), total length
(TL) ranged from 6.5 to 10.30 cm (mean 7.91 = 0.77
cm), standard length (SL) ranged from 5.10 to 8.80 cm
(mean 6.52 + 0.68 cm), head length (HL) ranged from
0.6 to 1.70 cm (mean 1.19 * 0.14 cm), post-orbital
length (Post-OL) ranged from 0.30 to 0.60 cm (mean
0.51 = 0.07 cm), and body circumferences (BD) ranged
from 3.0 to 4.90 cm (mean 3.79 * 0.42 cm) (Table
1). The mean values of body weight (BW), total length
(TL), standard length (SL), head length (HL), post-or-
bital length (post-OL), and body circumferences (BD)
for females were 4.69 = 1.44 gm, 8.02 = 0.74 cm, 6.74
+ 0.65cm, 1.22 + 0.14 cm, 0.51 = 0.07 cm, and 3.90
+ 0.42 cm, respectively. For males, the corresponding
mean values were 2.98 + 0.56 gm, 7.27 * 0.47 cm,
599 = 0.39 cm, 1.12 = 0.10 cm, 0.50 = 0.07 cm,
and 3.52 + 0.31 cm (Table 1). It was estimated that,
with the increase of total length, other morphometric
measurement values like body weight, standard length,
head length, post-orbital length, and body circumfer-
ences are also increasing gradually. That indicates,
the dependent variable (standard length, head length,
post-orbital length, body circumferences) are highly
correlated with an independent variable of total length.

3.2. Gonado somatic Index and Fecundity
of L. guntea

L. guntea starts to prepare itself for breed-
ing from the month of April to July. The study mea-

sured the GSI value of this species which was higher
(8.63+1.16%) during the month of June compare to
other months (Table 2). This indicates that the peak
breeding season was in June. Highest fecundity rate
counted 9913 in June also. The decending order of
GSI value was 8.63+1.16% (June) > 6.58+0.89%
(May)> 5.44+1.42 (July)> 5.25+1.03 (April)>
2.77*0.51% (March)> 1.6+0.56% (August)>
1.34+0.37% (February)> 0.1+0.02% (January)>
0.01 £0.00% (September) > December > November >
October (Table 2). In this study, the GSI value exhib-
ited an increase from the month of March (Pre spawn-
ing Phase) and declined from the July (Spawning
Phase), respectively. The mean value of fecundity was
7415.3+1168.54 in the spawning season, respectively
(Table 2). Compare to other months, July and august
area the spawning season of L. guntea in this study basis
on the value of GSI and fecundity.

3.3. Condition Factor

In general, Fulton’s condition factor (K,
expressed the condition of a fish, such as the degree
of well-being, relative robustness, plumpness or fat-
ness in numerical terms (Fulton, 1904). The condition
factor for the length group 6.5-7.4 cm (L), 7.5-8.4 cm
(L,), 8.5-9.4 cm (L,), 9.5-10.4 cm (L,) was found 0.87,
0.79, 0.88 and 1.04 respectively (Fig. 2). The condition
factor (K,) found higher between (9.5-10.4 c¢cm) group
and the lower value was between (7.5-8.4 cm) length
groups (Fig. 2). Basis on the sex, the condition factor
for pooled sex, female and male fishes were 0.85, 0.86
and 0.84, respectively.

3.4. Length-Weight Relationship of L. guntea

To determine the length-weight parameters for
male, female and the pooled (both male & female) spe-

Table 1. Morphometric measurement values (mean *+ standard deviation) of L. guntea

Species BW (gm) TL (cm) SL (cm) HL (cm) Post-OL (cm) BD (cm)
Pooled Sex Min 1.99 6.50 5.10 0.60 0.30 3.0
n =210 Max 8.89 10.30 8.80 1.70 0.60 4.90
Mean | 4.21+1.49 | 7.91+0.77 | 652+0.68 | 1.19+0.14 | 0.51+0.07 | 3.79+0.42
95% Cl | 4.01-441 | 7.808.01 | 6.42:661 | 1.17-1.21 | 0.50-0.52 | 3.73-3.84
% TL B 100 82.43 15.04 6.45 47.91
Female Min 2.83 6.50 5.25 0.60 0.30 3.10
n = Max 8.89 10.30 8.80 1.70 0.60 4.90
Mean | 4.69+1.44 | 8.02+0.74 | 6.74+0.65 | 1.22+0.14 | 0.51+0.07 | 3.90+0.42
95% Cl | 4.46-493 | 8.06829 | 663684 | 1.191.24 | 050052 | 3.83-3.97
% TL _ 100 82.37 14.90 6.25 47.68
Male Min 1.99 6.50 5.10 0.70 0.30 3.00
n =62 Max 5.25 8.20 6.80 1.40 0.60 4.30
Mean | 2.98+0.56 | 7.27+0.47 | 5.99+0.39 | 1.12+0.10 | 0.50+0.07 | 3.52+0.31
95%Cl | 290-3.22 | 7.177.36 | 590608 | 1.09-1.14 | 0.49-052 | 3.45-3.59
% TL B 100 82.44 15.36 6.90 48.42

Note: TL= Total length, BW= Body weight, SL= Standard length, HL.= Head length, Post-OL = Post-orbital length, BD=

Body circumferences.
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Table 2. Variations of Gonad somatic index (GSI) and fecundity in fish Lepidocephalichthys guntea from Noakhali, Bangladesh.

Subject | Resting Phase Preparatory Pre spawning Spawning Phase Post spawning phase
Phase Phase
Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct.
GSI 0.0 0.0 0.1 1.34 2.77 5.25 6.58 8.63 5.44 1.6 0.01 0.0
+0.0 +0.0 | £0.02 | £0.37 | =£0.51 | *1.03 | =0.89 +1.16 *+1.42 | £0.56 | £0.00 | =0.0
Mean 0.0+0.0 0.72+0.48 4.01+0.71 6.88+1.09 0.57+0.17
Fecundity NC NC NC NC NC NC 6123 9913 6210 NC NC NC
+831.4] £1073.7 | £958.5
Mean NC NC NC 7415.3+1168.54 NC

Note: NC-not counted

12 B TL (cm) uBW (gm) Condition factor

10 ros Sfﬁ 9f8 8’]28

‘STQ
393
| f

0,79 0,88 1,04

L1 (6.5-7.4) L2 (7.5-8.4) L3 (8.5-9.4) L4 (9.5-10.4)

cies of L. guntea, all the data of lengths were catego-
rized first (Table 1). The result shows, significant (P
< 0.05) relationship existed between body weight and
various lengths and of L. guntea.

The coefficient of regression (r2) values indicated
a strong positive relationship between body weight
(BW) and total length (TL), as well as between BW
and standard length (SL) (Table 3). A moderate posi-
tive relationship was observed between BW and head
length (HL), and BW and body circumferences (BD) in el group
the pooled and female samples of L. guntea. However, Fig.2. Condition factors of L. guntea based on different
in the male specimens of L. guntea, the distribution of length groups
the correlation was not symmetrical for BW vs. HL and
BW vs. BD (Table 3). The analysis suggests that the
growth pattern of L. guntea with respect to body weight
and various length measurements were negatively allo-
metric (Table 3).

Measuring parameters

of (0.7 < r? <1.0) which indicates very strong posi-
tive correlation. Moderate positive correlation existed
between TL vs HL, TL vs BD in pooled and female fishes

3.5. Length-Length relationship of L. (Table 4). However, the correlation distribution was

Suntea not symmetrical for TL vs. HL and TL vs. BD in male

fish, when r = 0, hence we use the Z distribution over

In all of category (Pooled, female, male), the fisher transformation to create the confidence interval

value of coefficient of regression for total length (TL) (Table 4). The growth pattern among the various length
and standard length (SL) existed between the range measurements was negatively allometric (Table 4).

Table 3. Estimated parameters of the length-weight relationships of Lepidocephalichthys guntea in Bangladesh.

Regression parameters

Equation a b 95% Clofa | 95% Clofb | r? p Growth Type
LCI UCI LCI UCI
Pooled | BW=a + b x TL | -1.93 | 2.83 | -2.14 | -1.73 | 2.60 | 3.06 |[0.74 0.00 Neg. Allometric
nszexgi ol BW=a+bxSL|-165|277 | 182|148 | 2.56 | 2.99 [0.76] 0.00 | Neg. Allometric
BW=a+bxHL| 052 | 1.07 | 0.49 | 0.55 | 0.75 | 1.40 [ 0.17 0.00 Neg. Allometric
BW=a+bxBD|-056| 2.02 | -0.73 | -0.39 | 1.73 | 2.31 | 0.47 0.00 Neg. Allometric

Female | BW =a + b x TL | -1.98 | 2.88 | -2.21 | -1.74 | 2.63 | 3.14 |0.77 0.00 Neg. Allometric
n=148 pw —a+bxSL |-1.52 | 2.63 | -1.72 [ -1.33 | 2.40 | 2.87 [0.77| 0.00 | Neg. Allometric
X

X

X

Species

BW=a+bxHL| 058|083 055]|062]| 048 [1.19[0.13| 0.00 |Neg. Allometric
BW=a+bxBD|[-043| 185 |-063|-024| 1.52 [217[0.46| 0.00 |Neg. Allometric

Male [ BW=a+bxTL |-0.86| 1.55 | -1.61 [ -0.11 | 0.68 | 2.42 [0.18| 0.00 | Neg. Allometric
m=62 | gw—a+bxSL|-081|165]|-1.37|-0.24 | 092 [238[026| 000 |Neg. Allometric
BW=a+bxHL| 047 | 013 | 0.44 | 050 | -0.37 [ 0.62 [0.00| 0.62 | Neg. Allometric

BW=a+bxBD | 0.15 | 0.60 | -0.17 | 0.47 0.01 | 1.19 | 0.07 0.05 Neg. Allometric
Note: a = intercept. b = regression coefficient; Cl= confidence limit; r?= coefficient of correlation
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Table 4. Estimated parameters of the length-length relationships of Lepidocephalichthys guntea in Bangladesh.

Regression parameters
Species Equation a b 95% CIofa | 95% CIlof b | r? P Growth Type
LCI | ucl | LCI | ual
Pooled |TL=a+ b x SL| 0.61 | 1.12 | 0.34 | 0.88 | 1.08 | 1.16 | 0.93 0.00 Neg. Allometric
nszexgi olTL=a+bxHL| 459 | 2.78 | 3.81 | 537 | 2.13 | 3.44 |0.25| 0.00 |Neg. Allometric
TL=a+bxBD| 3.05 | 1.28 | 234 | 3.76 | 1.09 | 1.47 | 0.47| 0.00 |Neg. Allometric
Female |TL =a + b x SL| 1.00 | 1.07 | 0.68 | 1.31 | 1.02 | 1.11 [0.93| 0.00 |Neg. Allometric
n=148 o _ 4 i bxHL| 521 | 244 | 433 | 600 | 1.72 | 3.15 [0.24| 000 |Neg. Allometric
TL=a+bxBD| 3.46 | 1.21 | 2.64 | 428 | 1.00 | 1.42 |0.47| 0.00 |Neg. Allometric
Male |[TL =a+bxSL| 151 | 096 | 0.74 | 2.29 | 0.83 | 1.09 [0.79| 0.00 |Neg. Allometric
m=62 |1, —a+bxHL| 719 | 007 | 613 | 8.25 [-0.88 | 1.02 [0.00| 089 |Neg. Allometric
TL=a+bxBD| 658 [ 020 | 541 | 7.75 | -0.14 | 0.53 |0.02| 0.25 |Neg. Allometric

Note: a = intercept. b = regression coefficient; Cl= confidence limit; r>= coefficient of correlation

3.6. Relationship between Gonado-
somatic index (GSI) and morphometric
parameter

The relationships between the gonadosomatic
index (GSI) and body weight (BW), as well as between
GSI and gonad weight (GW), showed moderate positive
correlations, with coefficient of correlation (r?) values
below 0.50 (Table 5). In contrast, relationships such as
GSI vs. total length (TL) in the pooled sample, GSI vs.
TL in males, and GSI vs. BW in males were not symmet-
rical, with coefficient of correlation (r?) values close to
or equal to zero, indicating weak or insignificant cor-
relations (Table 5).

4. Discussion

Life history traits are very important for any spe-
cies and it’s basically carried out for the conservation
and management of wild fisheries (Rana et al., 2022;
Que et al., 2015; Young et al., 2006;). Thus the present
study focused on its important biological feature like
length- weight relationship, length -length relation-
ship and the relationship among Gonad somatic index
with length and weight. From the very recent study
Saha et al. (2021) recorded, L. guntea may reach high-
est 10.5cm in length in Bangladesh where the present
study recorded the average length of L. guntea 7.91cm.
However, the highest length of this species recorded
15cm (Froese and Pauly, 2021). The environmental
conditions like heavy stock size may be the possible
feature for the highest recorded length compare to the
present study. Besides, highest weight was recorded for
the female species which is similar to the findings of
Kangsabati river (Mandal and Mandal, 2021). In fact,
the heterogeneity of morphometric characters may
vary due to difference in physiological activities like
feeding, stress, photoperiod and light regime, circan-
nual and circadian rhythms etc in the male and female
fish (Sudasinghe et al., 2023; Rana et al., 2022; Patiyal
and Mir, 2017).

It was observed that the values of ‘b’ were higher
in females than those of males may be due to the enor-
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mous growth of ovaries in the females as compared
to that of testes in the males. The similar results also
observed in other literature conducted their study in
different aquatic bodies (Mandal and Mandal, 2021;
Saha et al., 2021; Paul et al., 2021b; Dhakal and Subba,
2003). The degree of variation of ‘b’ value takes place
with sex feeding; developmental stages of the gonad,
especially the ovary affect the weight different popula-
tion of a species (Paul et al., 2021b; Simon et al., 2008;
Vitale et al., 2006). The values of ‘a’ and ‘b’ not only
vary in different species but also sex, maturity stage,
feeding intensity etc. vary in same species. The study
revealed that the ‘b’ value for the length-weight and
length-length relationships was below 3, indicating
negative allometric growth, while positive allometric
growth was observed between GSI and BW in pooled
and female fish. The value of ‘b’ indicates from the
present finding that weight increases more than with
the increase of length. But in case of male, weight was
not increased along with the increase of length. The
negative allometric growth observed in males is likely
due to energy loss during breeding behavior, as noted
in the present study. This finding is consistent with the
observations made by Kumari et al., 2021; Paul et al.,
2021a; Patiayal and Mir, 2017.

Measuring the condition factor offers valuable
insights into fish health and habitat conditions. In
this study, the condition factor of Lepidocephalichthys
guntea varied across three size groups, all showing val-
ues below 1. This is likely due to their detritivorous
nature and preference for muddy habitats, which may
lower their condition. Poor ecosystem services nega-
tively impact fish spawning rates and spawning seasons
(Taylor et al., 2019; Biswas, 1993; Froese, 2006). Saha
et al. (2019) reported condition factors between 0.78
and 1.34, consistent with this study’s findings. A condi-
tion factor below 1 suggests that most L. guntea in this
ecosystem are not in optimal health (Paul et al., 2021a;
Mandal and Mandal, 2021; Paul et al., 2021b; Awasthi
et al., 2015; Froese, 2006).

Measuring GSI and fecundity provides key
insights into the reproductive health and spawning sea-
son of fish (Kumari et al., 2021). Reproductive biology
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Table 5. Relationship between the gonado-somatic index (GSI) and body parameters of Lepidocephalichthys guntea from

Noakhali, Bangladesh.

Regression parameters
Species Equation a b 95% CI of a 95% CI of b r? P Growth Type
Lcl | vcal | La | ua

Pooled GSI=a+bxTL | -1.96 | 2.06 | -3.05 | -0.86 | 0.96 | 3.16 | 0.05 0.00 Neg. Allometric
Sexes |osi=a+bxBw| 524 557 | 619 429 | 458 | 657 [032]| 000 | Pos. Allometric
GSI=a+bxGW| 040 [ 0.60 [ 0.31 | 0.49 | 0.50 | 0.69 | 0.39 0.00 Neg. Allometric

Female | GSI=a +b x TL | -1.40 | 1.68 | -2.52 | -0.28 | 0.57 | 2.78 | 0.05 0.00 Neg. Allometric
n=148 | Gsr=a+bxBW | -556 | 591 | -6.84 | -4.28 | 462 | 7.21 [0.32| 000 | Pos. Allometric
GSI=a+bxGW| 050 | 060 | 0.39 | 0.60 | 0.45 | 0.75 [0.27 | 0.00 | Neg. Allometric

Male GSI=a+bxTL | 085 | -1.23 | -2.13 | 3.83 | -4.32 | 1.85 | 0.01 0.43 Neg. Allometric
n=62 [ Gor=—a+bxBW|-280| 278 | -5.68 | 0.08 | -0.46 | 6.02 | 0.04| 009 | Neg. Allometric
GSI=a+bxGW]| 010 | 0.48 | 0.07 | 0.26 | 0.36 | 0.61 [0.43| 0.00 | Neg. Allometric

Note: a = intercept. b = regression coefficient; Cl= confidence limit; r>= coefficient of correlation

is influenced by environmental conditions, as well as
the age and size of fish species (Samad et al., 2022;
Paul et al., 2021c). Saha et al. (2021) reported that
Lepidocephalichthys guntea spawns from May to August,
with a peak in July, a finding consistent with the pres-
ent study. However, the fecundity rate observed here is
lower, likely due to differences in the fish’s length and
weight. In fact, body weight, total length and gonad
weight has significant relationship with the Gonado
somatic index of L. guntea (Hasan et al., 2020) which is
similar to the present study. The higher value of ‘b’ in
females and pooled sex revealed that, the body-weight
relationships with GSI might be affected by the gen-
eral condition of appetite and gonadal contents of the
fish (Paul et al., 2021b; Devlaming et al., 1982). The
b value for both male, female and combine sex range
between 0.483-5.91 which means the gonado-somatic
index has both positive and negative allometric rela-
tionship with body weight, length and gonad weight.
In fact, the length-weight relationship with GSI in fish
is affected by a number of factors including sex, diet,
stomach fullness, health, and preservation techniques
as well as season and habitat (Ferosekhan et al., 2022;
Kumari et al., 2021; Paul et al., 2021c; Devlaming et
al., 1982).

5. Conclusion

In this study, the highest recorded weight of
Lepidocephalichthys guntea was 8.89 g. The breeding
season was identified as May to June based on GSI val-
ues and fecundity. The condition factor (KF) was high-
est at 1.04 in fish measuring 9.5-10.4 cm, and lowest
at 0.87 in the 7.5-8.4 cm size group. Moderate positive
correlations were found between GSI and both body
weight (BW) and gonad weight (GW). The coefficient of
correlation (r?) values indicated a strong positive rela-
tionship between BW vs. total length (TL) and BW vs.
standard length (SL), while moderate correlations were
observed between BW vs. head length (HL) and BW vs.
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body circumferences (BD). Asymmetrical relationships
were found within the morphometric parameters in
male fish. These findings will be vital for policymak-
ers in developing conservation strategies to protect this
species in the freshwater habitats of Noakhali district,
Bangladesh.
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ABSTRACT. Nucleotide sequences of the fragment of the cox1 gene in nematodes with the relative DNA
representativeness of 2.6% were identified for the first time by the method of high-throughput sequenc-
ing in the digestive tract of Godlewski’s sculpin Abyssocottus (Limnocottus) godlewskii. The phylogenetic
analysis performed allowed to state that the sequences obtained belong to a representative of the family
Rhabdochonidae (Spiruromorpha: Thelazioidea). Representatives of Rhabdochonidae have not been
found yet in the parasitic fauna of Lake Baikal sculpins. Possible ways of nematode DNA income into

the digestive tract of fish are discussed.
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1. Introduction

The use of modern technologies of high-through-
put sequencing (metabarcoding) allows a considerable
completion of the results obtained by traditional meth-
ods of parasitic fauna research (Villsen et al., 2022;
Denikina et al., 2023a; b; Dzyuba et al., 2024), which
is important for fish ecology. Despite some limitations
(Siddall et al., 2012; Kvist, 2013; Sakaguchi et al., 2017),
the benefits of the molecular-genetic approach lie in its
efficiency due to the high resolution and the possibility
of identifying a wide range of species (Harms-Tuohy et
al., 2016; Jakubaviciiteé et al., 2017; Yoon et al., 2017).
Molecular genetic barcoding methods are widely used
in studies of nematode systematics and taxonomy using
various (nuclear and mitochondrial) genetic markers,
including a gene of the small subunit of ribosomal RNA
(18S SSU rRNA), gene of the large subunit of ribo-
somal RNA (28S LSU rRNA), gene of the first subunit
of cytochrome oxidase I (cox1) and internal transcrip-
tion spacer (ITS) regions of a ribosomal RNA locus
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(Knot et al., 2020). The use of fragments of the cox1
gene for barcoding of nematode DNA is efficient for
species diversity studies with a likely genetic distance
threshold of 5% between conspecific and interspecies
sequences, but has some limitations due to significant
information gaps on the actual diversity and taxonomy
of a group as well as the lack of a sufficient database of
cox1 sequences (Armenteros et al., 2014). The assess-
ment of the efficiency of using the cox1 gene as a DNA
barcode for different nematode genera showed that it
is necessary to thoroughly determine the thresholds for
the lower taxonomic levels in order to explore their
diversity (Gongalves et al., 2021). Metabarcoding has
become a convenient tool for diversity identification
and assessment, but its use for nematode research is
only at developmental stage (Goncalves et al., 2021).
The endemic Baikal species Godlewski’s sculpin
Abyssocottus (Limnocottus) godlewskii (Dybowski, 1874)
inhabits the depths from 100 to 900 m (Bogdanov,
2023). The parasitic fauna of this species of lacustrine
sculpins has been poorly studied to date. The difficul-
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ties in studying deep-water fishes are due to the small
amount of fish samples resulting from the laborious
fishing process. As a result of researching the food spec-
trum of Godlewski’s sculpin using a new generation
sequencing method, we obtained sequences of parasitic
protozoa of the family Eimeriidae (Dzyuba et al., 2024)
and nematodes. The aim of the work was to analyze
the sequences of nematodes from the digestive tract of
Godlewski’s sculpin.

2. Materials and methods

The samples were collected from board of the
research vessel “G.Yu. Vereshchagin” in September
2019 in the opening area of Chivyrkuy Bay in Lake
Baikal (53°59.674’N, 109°09.086’E) at the depths
from 790 to 820 meters. The fish species were identi-
fied according to the latest revisions (Bogdanov, 2017;
2023). We used five specimens of Godlewski’s sculpin
weighing from 8.7 to 28.5 g for the analysis, the total
length ranged from 95 to 149 mm.

Under laboratory conditions, the contents of the
entire digestive tract (250-700 pL) from each specimen
were diluted with water of equal volume mQ, milled
and mixed thoroughly. Total DNA was extracted using
an extraction kit “AmpliSens DNA-sorb-AM” (Russia)
according to the manufacturer’s manual. A fragment
of the cox1 gene with a length of approximately 350
base pairs was amplified for each sample in 30 cycles
with decrease of annealing temperature by 0.3°C
from the initial 55°C with the primers MiSeq: COIintF
5°tcgtcggcagegtcagatgtgtataagagacagGGWACWGGWT-
GAACWGTWTAYCCYCC and dgHCO2198 5’gtctcgt-
gggcteggagatgtgtataagagacagTAIACYTCIGGRTGIC-
CRAARAAYCA (Leray et al., 2013). All amplicons were
pooled for the samples prepared for sequencing.

A library from the pool of rectified amplicons
was constructed using a Nextera XT kit (Illumina,
Hayward, California, USA), and nucleotide sequences
were determined using Illumina NextSeq. The resulting
data block was assigned a registration number in the
GenBank: PRINA1086215. Initial reads were trimmed
for quality using Trimmomatic V 0.39 software (Bolger
et al., 2014) with the following options: average read
quality 20, minimum read length 140. Initial read data
were collected in contigs containing full-size amplifica-
tion products using metaSPAdes software (Nurk et al.,
2017) with k-mer lengths of 21, 33, 55, 77, 99, and
121. The selected k-mer lengths allowed to aggregate
in merged contigs only reads, that were specific to the
initial fragments of cox1 of the DNA mixture of differ-
ent species of a metagenomic sample. A complete set
of sequences of the marker cox1 from the International
Barcode of Life Database (iBOL) (https://ibol.org/)
served as a reference database for the taxonomic anal-
ysis. The DNA sequences for the amplicon collection
were aligned with a reference database using the local
BLASTn application (Altschul et al., 1990). The results
of the BLAST analysis were converted into a table of the
representativeness of the taxa in the DNA of the diges-
tive tract contents of the fish. Primary editing of the
nucleotide sequences of the nematode representatives
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and the corresponding data, represented the the NCBI
international database (Table 1), was performed using
BioEdit software. The data were aligned using ClustalW
software. The nematode sequences were registered in
GenBank: ## PP567251 and PP567252.

We used a classification based on molecular data
(SSU rDNA) considering morphological, ontogenetic
and biological characteristics from the World Database
of Nematodes (Nemys, 2024) in this work.

The phylogenetic analysis, including the choice
of models for the reconstruction of evolutionary his-
tory and the determination of genetic diversity within
the groups, was performed using the software MEGA7
(Kumar et al., 2016). The estimation of average evolu-
tionary diversity within the genera Rhabdochona and
Spinitectus was performed using the Tamura-Nei model
(Tamura and Nei, 1993). The rate change between sites
was modeled with a gamma distribution. Phylogenetic
reconstruction of evolutionary history based on nucleo-
tide sequences was performed using the maximum like-
lihood method according to the Tamura-Nei model with
gamma correction of differences in replacement accu-
mulation rates at different sites (TN93+ G) (Tamura
and Nei, 1993; Kumar et al., 2016). Phylogenetic
reconstruction of evolutionary history based on amino
acid sequences was performed using the maximum
likelihood method according to the Le-Gascuel model
with gamma correction of differences in replacement
accumulation rates at different sites (LG + G protein
evolutionary model) (Nei and Kumar, 2000; Le and
Gascuel, 2008). The reliability of the topology of the
phylogenetic trees was tested with a non-parametric
booster (1000 replicates). The nucleotide sequences of
the cox1 gene of representatives of the Ascaridomorpha
(Contracaecum osculatum (Rudolphi, 1802) Baylis,
1920, Raphidascaris trichiuri and Ichtyobronema hamu-
latum (Moulton, 1931) Moravec, 1994) from the NCBI
were used as an outgroup for the analysis.

3. Results and discussion

Analysis of the metagenomic sequencing data of
the digestive tract DNA of Godlewski’s sculpin resulted
in the detection of nematode sequences, whose number
of nucleotide reads amounted to 2.6% of the total num-
ber of reads. The sequences obtained were represented
by two haplotypes differing by five silent substitutions
and showing maximum homologies (83.2 and 80.8%)
with sequences of Rhabdochona kidderi Pearse, 1936
from the family Rhabdochonidae Skrjabin, 1946.

In the phylogenetic reconstruction of the evolu-
tionary history based on the nucleotide data (Fig. 1),
the sequences are clustered with representatives of
the genera Rhabdochona (Thelazioidea) and Spinitectus
(Habronematoidea). The genus Spinitectus formed a
monophyletic dense group with a low genetic diver-
sity index (0.004), while the genus Rhabdochona
showed significant genetic heterogeneity (0.019).
The nucleotide sequences of the species belonging
to the families Gongylonematidae, Habronematidae,
Pneumospiruridae, Spirocercidae, Spiruridae and
Thelaziidae (Table 1) formed a common cluster. It
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Table 1. Nucleotide sequence numbers of the cox1 gene of representatives of the suborder Spirurina Railliet & Henry, 1915,
used in the analysis (GenBank).

Infraorder Spiruromorpha De Ley & Blaxter, 2002

Hyperfamily Family Genus Species, sequence number
Thelazioidea Rhabdochonidae Skrjabin, 1946 Rhabdochona Rhabdochona acuminata, MK341636
Skrjabin, 1915 Railliet, 1916 Rhabdochona adentata, MN927199

Rhabdochona ahuehuellensis, MK353477
Rhabdochona canadensis, MH778489
Rhabdochona gendrei, OR088887
Rhabdochona ictaluri, MK353482
Rhabdochona guerreroensis, MN592669
Rhabdochona kidderi, MH778490
Rhabdochona lichtenfelsi, DQ990974
Rhabdochona mexicana, MH778491
Rhabdochona osorioi, MK341626
Rhabdochona salgadoi, MH778492
Rhabdochona xiphophori, MH778493

Thelaziidae Skrjabin, 1915 Thelazia Thelazia californiensis MW055239
Bosc, 1819 Thelazia callipaeda, AB538283
Thelazia gulosa AJ544881
Thelazia rhodesi, MT511659
Pneumospiruridae Metathelazia Metathelazia capsulata, ON995621
Wu & Hu, 1938 Skinker, 1931
Habronematoidea | Cystidicolidae Skrjabin, 1946 Spinitectus Spinitectus humbertoi, MH778494
Ivaschkin, 1961 Fourment, 1883 Spinitectus mexicanus, MK341638

Spinitectus mixtecoensis, MK024432
Spinitectus osorioi, MN592671
Spinitectus petterae, OP800448

Habronematidae Habronema Habronema majus, KX868084
Ivaschkin, 1961 Diesing, 1861 Habronema microstoma, FJ471581
Habronema muscae, KX868085
Parabronema Parabronema skrjabini, MT664738
Baylis, 1921
Spiruroidea Oerley, Gongylonematidae Gongylonema Gongylonema neoplasticum L.C331044
1885 Sobolev, 1949 Molin, 1857 Gongylonema nepalensis, LC388892
Gongylonema pulchrum, LC388897
Spirocercidae Mastophorus Mastophorus muris, MG821081
Chitwood & Wehr, 1932 Diesing, 1853
Cylicospirura Cylicospirura felineus, GQ342967
Vevers, 1922 Cylicospirura subaequalis, GQ342968
Cylicospirura petrowi, KF719952
Physocephalus Physocephalus lassancei, KT894799
Diesing, 1861
Spiruridae Oerley, 1885 Protospirura Protospirura numidica, KT894801
Seurat, 1914 Protospirura muricola, KP760207

Infraorder Ascaridomorpha De Ley & Blaxter, 2002

Ascaridoidea Baird, Anisakidae Contracaecum Railliet| Contracaecum osculatum, HQ268721
1853 Railliet & Henry, 1912 & Henry, 1912
Raphidascarididae Raphidascaris Railliet Raphidascaris trichiuri, FJ907318
Hartwich, 1954 & Henry, 1915
Seuratoidea Quimperiidae Gendre, 1928 Ichtyobronema Ichtyobronema hamulatum, KX3658991
Hall, 1916 Gnedina & Savina,
1930
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should be noted that the branching order in a phylo-
genetic reconstruction does not always correspond
to a taxonomic position, both at the species level
and at the level of the major taxa (Thelazioidea and
Habronematoidea). The nucleotide sequences of
the cox1 gene of representatives of Ascaridomorpha
(Contracaecum osculatum (Rudolphi, 1802) Baylis,
1920, Raphidascaris trichiuri (currently — Ichthyascaris
trichiuri (Yin & Zhang, 1983) Luo & Huang, 2001) and
Ichtyobronema hamulatum (Moulton, 1931) Moravec,
1994) from the GenBank were used as an outgroup in
the analysis (Fig. 1).

For comparison, a phylogenetic reconstruction
of the evolutionary history was carried out based on
amino acid sequences (Fig. 2). The translated amino
acid sequences from the intestines of Godlewski’s scul-
pin, like the nucleotide sequences, cluster with the rep-
resentatives of the genera Rhabdochona (Thelazioidea)
and Spinitectus (Habronematoidea). In this case, how-
ever, the Rhabdochonaidae form a unified group,
which is a sister branch related to the genus Spinitectus.
Furthermore, the Rhabdochonidae* sequences obtained
in this study occupy a basal position in relation to these
two genera, as shown in Figure 1 (Fig. 2).

Overall, despite a generally low level of sup-
port, we can suppose with sufficient probability that
the nematode sequences obtained from the digestive
tracts of fish belong to a representative of the genus
Rhabdochona.

The family Rhabdochonidae Travassos, Artigas
& Pereira, 1928 comprises 12 genera and 198 species
(Hodda, 2022). Representatives of the genus Beaninema
are found in freshwater fishes (Caspeta, Mandujano,
Moravec & Salgado Maldonado, 2001 u Rhabdochona
Railliet, 1916). The genus Beaninema includes a spe-
cies of nematodes that parasitize in the gall bladder of
Cichlasoma beani (Jordan, 1889) (Caspeta-Mandujano
et al., 2001). The cosmopolitan genus Rhabdochona
comprises 169 species that mainly inhabit the digestive
system of fish of the families Cyprinidae, Salmonidae,
Cottidae, etc. (Moravec, 1972; 2010; Mejia-Madrid
et al., 2007; Moravec and Muzzall, 2007; Moravec
and Nagasawa, 2018; 2021; Hodda, 2022). The most
important intermediate hosts of nematodes are larvae
and imago of mayflies of the order Ephemeroptera
(Moravec, 1994; Hirasawa and Urabe, 2003; Hirasawa
and Yuma, 2003; Hirasawa et al., 2004). Caddisflies of
the genus Hydropsyche and stoneflies as intermediate
hosts occur less frequently (Moravec, 1995; Saraiva et
al., 2002).

We hypothesize that the nematode (or its DNA)
could income into the digestive tract of Godlewski’s
sculpin in two ways: directly (eggs and/or environment
DNA) from the external environment and/or indirectly
from its food.

It is known that the eggs of many nematode spe-
cies are resistant to environmental factors (McSorley,
2003; Mkandawire et al., 2022), which enables their
detection in water and sediment samples (Rusch et al.,
2018; Trujillo-Gonzalez et al., 2019).

In the parasite fauna of the Lake Baikal scul-
pins, the nematode species found belonged to two
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Fig.1. Phylogenetic tree of the representatives of the
suborder Spirurina, constructed using the maximum likeli-
hood method on the basis of nucleotide sequences of frag-
ments of the cox1 gene. Rhabdochonidae* — a sequence from
Godlewski’s sculpin

91 Spinitectus
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Fig.2. Phylogenetic tree of the representatives of the sub-
order Spirurina, constructed using the maximum likelihood
method based on the translated amino acid sequences of frag-
ments of the protein Cox1. Rhabdochonidae* — a sequence
from Godlewski’s sculpin

infraorders: Spiruromorpha (Comephoronema werests-
chagini Layman, 1933) u Ascaridomorpha (I. hamula-
tum, Contracaecum osculatum baicalensis Mosgovoi et
Ryjikov, 1950 and Raphidascaris (Raphidascaris) acus
(Bloch, 1779) Railliet & Henry, 1915). Nematodes of
the genus Rhabdochona were previously unknown for
the deep-water species of Lake Baikal, however, they
have been found in the intestines of Baikal graylings
and daces (Pugachev, 2004).

The nematodes are one of the least studied fish
parasites in the Baikal region (Rinchinov et al., 2017),
and information on intermediate hosts for nematodes
of the genus Rhabdochona is not available. It is known
that the most important intermediate hosts for nema-
todes of the genus Rhabdochona are larvae and imago
of mayflies Ephemeroptera (Moravec, 1994; Hirasawa
and Urabe, 2003; Hirasawa and Yuma, 2003; Hirasawa
et al., 2004), including the genera Heptagenia and
Ephemera, occurring among the fauna in Lake Baikal
tributaries (Klyuge, 2009). Representatives of the
genus Hydropsyche also occur as intermediate hosts for
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nematodes of the genus Rhabdochona (Moravec, 1995;
Moravec and Scholz, 1995; Saraiva et al., 2002) and are
part of caddisfly fauna in the Baikal region (Rozhkova
et al., 2020).

It has been shown that the peculiarities of fish
feeding can favor their contamination with nematodes
(Akramova et al., 2019; Nazhmiddinov et al., 2021),
whose life cycles are associated with a change of host.
The role of intermediate hosts belongs to amphibi-
otic insects, and of reservoir hosts belongs to fishes
(Akramova et al., 2019). For example, North American
species of the Cottidae family host Rhabdochona cotti
Gustafson, 1949 in their intestines (Moravec and
Muzzall, 2007). Among the food of these fishes there
are representatives of the order Ephemeroptera (Scott
and Crossman, 1973; Mason and Machidori, 1976).

The Baikal black grayling, Thymallus baicalensis
(Dybowski, 1874), is a typical representative of the lit-
toral ichthyofauna of Lake Baikal. The range of organ-
isms it consumes is very broad and includes both ben-
thic species and imago of insects of different species
(Tugarina and Kupchinskaya, 1977; Tugarina, 1981,
Knizhin et al., 2006). Stoneflies, mayflies and caddis-
flies, including the genus Hydropsyche, are represented
in the grayling’s food spectrum (Teslenko et al., 2011,
Kolesov, 2018).

The Siberian dace, Leuciscus baicalensis
(Dybowski, 1874) inhabits the near-shore zone of Lake
Baikal, its bay and shallow tributaries. Its main food is
benthic invertebrates, amphibiotic insect imago, algae
and detritus (Popov and Popov, 2015). Considering the
peculiarities of the ecology of these species, the pres-
ence of nematodes of the genus Rhabdochona in them
is quite explainable. The food spectrum of Lake Baikal
sculpins is dominated by amphipods, juvenile fish and
oligochaetes (Bazikalova et al., 1937; Taliev, 1955;
Sideleva and Mekhanikova, 1990). Known intermediate
hosts of nematodes of the genus Rhabdochona — may-
flies and caddisflies — are not on the diet of Lake Baikal
sculpins. Therefore, the nematode DNA we detected
may belong to both the parasites of Godlewski’s sculpin
and to the parasites of their food objects.

4. Conclusion

Nematodes of the genus Rhabdochona were pre-
viously unknown for deep-sea fish in Lake Baikal. The
results obtained indicate the presence of parasite spe-
cies that have not yet been described in the endemic
species of Baikal sculpins. This fact provides a perspec-
tive for the integrated parasitological and molecular
genetic research of the parasitic fauna as well as for the
revision of the previously described parasite species in
the fishes of Lake Baikal.
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1. BBeaenue

Hcnonb3oBaHe  COBPEMEHHBIX  TEXHOJIOTUH
BBICOKOITPOM3BOIUTEJIBHOTO CEKBEHUPOBaHUA (MeTa-
OapKoAUpPOBAaHNE) IO3BOJISIET CYIIECTBEHHO IOMOJI-
HUTHh pe3yJbTaThl, IOJIyYeHHble C TOMOIIBI0 TpPaaU-
LIMOHHBIX METOJIOB MccCJiefloBaHUA (ayHBl Iapa3uTOB
(Villsen et al., 2022; lenukuHa u ap., 2023a; b; [306a
u ap., 2024), xoropasd ABJisAeTCA 3HAUMMBIM Hampas-
JleHreM B 3KoJioruu peib. HecMoTps Ha pAn orpaHu-
yenuii (Siddall et al., 2012; Kvist, 2013; Sakaguchi et
al., 2017), mOCTOMHCTBA MOJIEKYJIAPHO-TeHETUYECKOTO
noaxofa obycJoBJieHbl ero 3¢ ¢eKTHUBHOCTHIO 32 CYET
BBICOKOT'O paspellleHns ¥ BO3MOXHOCTU HIAeHTU(PUKa-
quu mumpokoro cmekrpa BugoB (Harms-Tuohy et al.,
2016; Jakubavidiiite et al., 2017; Yoon et al., 2017).
B uccieqoBaHUAX, MOCBAINEHHBIX CHCTeMaTUukKe U TaK-
COHOMUM HeMaToJ[, MHNPOKO IPUMEHAITCA MOJIEKY-
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JIIpDHO-TeHeTHYecKre MeTOABl ITPUX-KOAUPOBAHUA C
HCIIOJIb30BaHNEeM pa3HOOOpa3HBIX (AepHBIX U MUTO-
XOH/IpUAJIbHBIX) TeHeTUYeCKUX MapKepoB, BKJIIOYasd
reH Majoin cyopemuHuisl pubocomanbHoii PHK (18S
SSU rRNA), reH 6oJibmioil cyobeJUHUIBI pUOOCOMaIIb-
Houi PHK (28S LSU rRNA), reH nepBoii cyObeJUHUILIBI
IIUTOXpOM OKcuassl I (cox1) u BHyTpeHHUE TPaHCKpU-
oupyemble creticepable obsactu (ITS) sokyca pubo-
comasbHoii PHK (Knot et al., 2020). Hcmosib30oBaHie
dparmeHTOB reHa coxl ajs mrpux-koauposanusa JJHK
HeMatof 3Q(QEeKTUBHO JiA H3y4YeHHsA pa3HOooOpas3uA
BUJIOB C BO3MOXHBIM [IOPOI'OM T'€HETHUYECKOI'O PacCTo-
AHUA B 5% MexAy KoHcnenuduiecKuMU U MeXBUAO-
BBIMU I10CJIEJOBaTeIbHOCTAMU, OJJHAKO UMeeT HEKOTO-
pble orpaHuueHUs, OOyCJIOBJIEHHbIE CYIIeCTBEHHBEIMU
npobenamy B MHGOpMAIM O peaJbHOM pa3HooOpa-
3UM U TaKCOHOMHHU TIDYIINH, a TaKXe OTCYTCTBUEM
JocTaToyHOl 06a3bl OaHHBIX IIOCJIEOBATEJIbHOCTEN
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Commons Attribution-NonCommercial 4.0.
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coxl (Armenteros et al., 2014). Ouenka 3¢bdeKTUB-
HOCTU WCIIOJIb30BAaHUsA TeHa cox] B KayecTBe IITPUX-
koma JHK mjia pa3HbeIX poAOB HEMATO]| MOKa3asia, 4To
Uil M3yYeHUsA WX pasHooOpa3us HeoOXOAUMO TIa-
TeJIbHOE OllpeJieJieHre MOPOroB AjA 0oJjiee HU3KUX
TaKCOHOMHUYECKUX ypoBHeH (Goncalves et al., 2021).
MeTtabapKOOUHT CTaj yAOOHBIM WHCTPYMEHTOM MJiA
naeHTU(PUKAIMY U OL[eHKN pa3HOoOoOpasus, HO ero mpu-
MeHeHVe TIPU U3yYeHUY HEMATO/ HAaXOUTCS Ha dTare
cra”osyieHus (Gongalves et al., 2021).

OHIOeMUuHbIM Buj o03. balikan mupokosobka
TonneBckoro Abyssocottus (Limnocottus) godlewskii
(Dybowski, 1874) o6urtaer Ha riaybwHax ot 100 mo
900 M (BorpmanoB, 2023). dayHa napasuTOB 3TOTO
BHUa O3EPHBIX MIUPOKOJIOO0K A0 HACTOAIIETO BpeMEHU
ocTaeTcsd Majou3y4yeHHOH. CJIOXKHOCTH B HCCJIEIOBA-
HUAX TJIyOOKOBOJHBIX PBHIO BBI3BAHBI MAJIBIM KOJIAYE-
CTBOM BBIOOPOK PBIO B CBA3U C TPYAOEMKHUM IPOI[ECCOM
oTJIOBa. B pe3yJsibTaTe MCCJIEOBAHUA MUIIEBOTO CIIEK-
Tpa MMPOKOJIOOKN T['OAJIEBCKOTO C HCIOJIb30BAHUEM
METO/IOB CEKBEHHUPOBAHUA HOBOT'O IOKOJEHUS OBLIA
MOJTyY€eHHI ITOCJIETOBATETbHOCTH MAPA3UTUIYECKUX TPO-
creiimux ceM. Eimeriidae ([3106a u ap., 2024) u HeMa-
Tof. Llesibl0 paboTHI SABJIAJIOCH MPOBEAEHUE aHAJM3a
MOCJIeJOBAaTeIbHOCTEH HEeMaTol W3 MUIEBAPUTETh-
HOT'O TPAKTa IHUPOKOJIO6KHU ['0/1J1IeBCKOTO.

2. MaTepuanbl U MeTOADI

COop npo6 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 no 820 M. BugoByio nprHaJIeXXHOCTb PHIO UAEHTU-
dunupoBanyu B COOTBETCTBUM C NOCJIEAHMMM pEBU3U-
svu (bormanos, 2017; 2023). 14 aHajM3a UCIOJIb30-
BaJIU IATH 0cobell M1PoKoJIoOKY ['oAIeBCKOro Maccoii
ot 8,7 mo 28,5 r, obmel AauHON oT 95 1m0 149 MMm.

B snabopaTOpHBIX YCJIOBUAX COAEPXHMOE BCEro
nuiieBapuTesibHOro Tpakra (250-700 MKJI) OT KaXJI0ro
OTAEJIBHO B3ATOrO 3K3eMIUIApa pa3BOAWIM PaBHEIM
o0beMOM BoApl MQ, U3Mesbyaau U TIIATeJBHO Iepe-
MemunBand. CymmapHyio JHK BelIessAan ¢ MOMOIIbIO
Habopa 1A skerpakiuu «AMmiinCerc JHK-cop6-AM»
(Poccuist) B COOTBETCTBUU C MHCTPYKI[HEHN NMPOU3BON-
TesisA. dparmMeHT resa coxl AJIMHON NMPUOINU3UTEIBHO
350 map ocHoBaHMI1 aMIUTUMUIIMPOBATIUA Ui KaXJON
npoOs1 30 [UKJIIOB € NOHWXXEHUEeM TeMIlepaTyphl OTXKUra
Ha 0,3°C ot HauanbHbIX 55°C c mpatimepamu MiSeq:
COIintF 5°tcgtcggcagegtcagatgtgtataagagacagGGWAC
WGGWTGAACWGTWTAYCCYCC u dgHCO2198 5 gtct
cgtgggctcggagatgtgtataagagacagTAIACYTCIGGRTGICC
RAARAAYCA (Leray et al., 2013). Bce aMIJIMKOHbI 00B-
eJUHANN [JIA IOATOTOBKU NPOOHI K CeKBEHNPOBAaHUIO.

BubnnoTeky U3 OYHUIEHHOTIO IIyJla aMIIJINKOHOB
KOHCTPYHMPOBAJIM C HCIOJb30BaHHeM Habopa Nextera
XT (Illumina, Xe#iBopa, Kamudopuus, CIIA), Hyke-
OTUHbIe IOCJefOBaTeJIbHOCTU OIpedesiyii C IOMO-
mpio Illumina NextSeq. IToslydeHHOMY MacCHUBY [aH-
HBIX TIPUCBOEH perucTpanuoHHsil Homep GenBank:
PRINA1086215. HcxoqHble JaHHBIe TPUMMUPOBAJIU 110
KavecTBy B porpammMe Trimmomatic V 0.39 (Bolger et
al., 2014) ¢ onmuAMY: cpeqHee KayecTBO mpouTteHus 20,
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MUHHMaJbHasa AjrHa npouTteHusa 140. C60pKy ucxof-
HBIX IPOYTEHU B KOHTUTH, COOTBETCTBYIOIINE ITOJIHO-
pa3MepHBIM IIpoAyKTaM amIIi@uKauy, IpoBOAWIIN B
nporpamme metaSPAdes (Nurk et al., 2017) anuHamu
k-mer 21, 33, 55, 77, 99 u 121. BuiGpaHHbIe AJIUHBI
k-mer mo3BoJiIM IPUBECTH arperamuio B eJUHbE KOH-
THUTU TOJIBKO IIPOYTEHUH, crelu(pUUYHbIX IepBOHaYaIb-
HBIM ¢parmeHTam coxl cmecu JHK passinyHbIX BUAOB
MeTareHoMHoro ob6pasua. PedepeHcHoil 6a3oii maH-
HBIX JiJI TAKCOHOMMYECKOro aHaju3a MOCJIYXKHUJI MO0JI-
HBIIT Habop mocJjiefoBaTesbHOCTENl MapKepa coxl u3
International Barcode of Life Database (iBOL) (https://
ibol.org/). TlocnemoBarenpHOCTH JHK cOOpKHM aMILIH-
KOHOB COTIOCTaBJIA/IN ¢ pedepeHCHOU 6a30l JaHHBIX C
nomoIesio mpuitoxenus local BLASTn (Altschul et al.,
1990). PesynpraTel BLAST aHanuza npeoGpa3oBhIBaIN
B TabymIly npefcTaBjieHHOCTH TakcoHOB B JIHK comep-
XMMOTO NIHIIeBapUTebHBIX TPaKTOB phIO. [lepBHUUHYIO
06paboTKy  HYKJIEOTUAHBIX THOcJefoBaTesIbHOCTeN
IpeAcTaBUTesIell HeMaTo[4 M COOTBETCTBYIOUIMX JaH-
HBIX, IIpe[iICTaBJeHHBIX B MeXAyHapoaHoi Oase
NCBI (Ta6suua 1), npoBoguyu B penaktope BioEdit,
BBIpaBHUBAJIM C [oOMoIIpi0 mporpaMmel ClustalW.
[TocnemoBaTesIbHOCTHM HeMaTo[ 3apericTpUpoOBaHBl B
GenBank: NoNoe PP567251 u PP567252.

B pabore mnpumeHsAnn kjaccuduKanuio Ha
OCHOBe MOJIeKyJIApHBIX faHHbIX (SSU rDNA), ¢ yueToM
MOp(]OJIOTUYecKUX, OHTOreHeTHYeCKuX U OuoJIoru-
yeckux mpusHakoB u3 World Database of Nematodes
(Nemys, 2024).

OusoreHeTUYeCKNUil aHaaW3, BKJII0Yas BHIOOP
MoJiesiell PeKOHCTPYKLHM 3BOJIIOLMOHHON HCTOPUM U
ompejejieHHe TeHeTU4YecKoro pasHooOpasus BHYTPHU
IpyII, NPOBOAWJIM C WCIOJIb30BaHMEM IPOTPaMMBI
MEGA7 (Kumar et al., 2016). O1ieHKy cpeqHero 3BOJII0-
I[MOHHOTO pa3HooOpa3usa BHyTpu pomoB Rhabdochona
u Spinitectus NPOBOAWINA C KCHOJIb30BaHMEM MOMeJU
Tamypsl-Hesa (Tamura and Nei, 1993). H3meHeHue
CKOpPOCTH MeXAy calTaM{d MOJeJMpoBajd C IIOMO-
mpl0 raMma-pacnpepesneHus. ®duioreHeTH4ecKyio
PEKOHCTPYKLIMIO 3BOJIIOI[MOHHOM WCTOPHUM, OCHOBAaH-
HOM Ha HYKJIEOTHAHBIX IOCJIef0BaTeJbHOCTAX, IMpO-
BOOWJIA METOAOM MaKCHUMAaJbHOIO IIpaBAonoaotus
no mopenu Tamypbl-Hesa ¢ ramMma KoppekuueHn pas-
JINYUH B CKOPOCTAX HAaKOIUJIEHUS 3aMeH B Pa3jIM4HBIX
caritax (TN93+G) (Tamura and Nei, 1993; Kumar
et al, 2016). ®uUIOreHETUYECKYI0 PEKOHCTPYKIIUIO
SBOJIIOLIMOHHOM MCTOPUM, OCHOBAaHHOM Ha aMMHO-
KHCJIOTHBIX IIOCJIeJOBATeJIbHOCTAX, MPOBOAUJIUA MeTO-
JIOM MAaKCHUMaJIbHOTO IpaBAoNoAo0Hs IO Momesu
JIu-Tackyasa ¢ raMMa KoppeKnuel pa3jinunil B CKOpo-
CTAX HAKOIUIEHWA 3aMeH B pasjnuHbX caitax (LG +
G protein evolutionary model) (Nei and Kumar, 2000;
Le and Gascuel, 2008). TecTupoBaHue AOCTOBEPHOCTU
TONOJIOTMU (UIOreHeTU4YeCKUX JepeBbeB IIPOBOJU-
Jloch HemapaMmerpuuyeckuMm 6ycrepom (1000 periuk).
HyxieoTuHble nmocjaeqoBaTeIbHOCTUA reHa cox1 npen-
crasutesiedi Ascaridomorpha (Contracaecum osculatum
(Rudolphi, 1802) Baylis, 1920, Raphidascaris trichiuri
u Ichtyobronema hamulatum (Moulton, 1931) Moravec,
1994) u3 NCBI, ucnoyib30Baji B aHA/JINU3e B KauecTBe
ayT-rpyIIIbL.


https://ibol.org/
https://ibol.org/
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Ta6smna 1. Homepa HyKJIEOTHUHBIX MOCJIEIOBATEJIbHOCTEN reHa cox] mpeicraBuTesieil momoTpsaa Spirurina Railliet &
Henry, 1915, ucnosis3oBaHHbIX B aHaiuse (GenBank).

HUndpaotpsaz Spiruromorpha De Ley & Blaxter, 2002

HancemeiicTBO

CeMelCTBO

Pon

By, HOMep IOCJIe[OBATEIbHOCTH

Thelazioidea
Skrjabin, 1915

Rhabdochonidae Skrjabin, 1946

Rhabdochona
Railliet, 1916

Rhabdochona acuminata, MK341636
Rhabdochona adentata, MN927199
Rhabdochona ahuehuellensis, MK353477
Rhabdochona canadensis, MH778489
Rhabdochona gendrei, OR088887
Rhabdochona ictaluri, MK353482
Rhabdochona guerreroensis, MN592669
Rhabdochona kidderi, MH778490
Rhabdochona lichtenfelsi, DQ990974
Rhabdochona mexicana, MH778491
Rhabdochona osorioi, MK341626
Rhabdochona salgadoi, MH778492
Rhabdochona xiphophori, MH778493

Thelaziidae Skrjabin, 1915 Thelazia Thelazia californiensis MW055239
Bosc, 1819 Thelazia callipaeda, AB538283
Thelazia gulosa AJ544881
Thelagia rhodesi, MT511659
Pneumospiruridae Metathelazia Metathelazia capsulata, ON995621
Wu & Hu, 1938 Skinker, 1931
Habronematoidea Cystidicolidae Skrjabin, 1946 Spinitectus Spinitectus humbertoi, MH778494

Ivaschkin, 1961

Fourment, 1883

Spinitectus mexicanus, MK341638
Spinitectus mixtecoensis, MK024432
Spinitectus osorioi, MN592671
Spinitectus petterae, OP800448

Habronematidae
Ivaschkin, 1961

Habronema
Diesing, 1861

Habronema majus, KX868084
Habronema microstoma, FJ471581
Habronema muscae, KX868085

Parabronema
Baylis, 1921

Parabronema skrjabini, MT664738

Spiruroidea Oerley,
1885

Gongylonematidae

Gongylonema

Gongylonema neoplasticum L.C331044

Vevers, 1922

Sobolev, 1949 Molin, 1857 Gongylonema nepalensis, LC388892
Gongylonema pulchrum, L.C388897
Spirocercidae Mastophorus Mastophorus muris, MG821081
Chitwood & Wehr, 1932 Diesing, 1853
Cylicospirura Cylicospirura felineus, GQ342967

Cylicospirura subaequalis, GQ342968
Cylicospirura petrowi, KF719952

Physocephalus
Diesing, 1861

Physocephalus lassancei, KT894799

Spiruridae Oerley, 1885

Protospirura
Seurat, 1914

Protospirura numidica, KT894801
Protospirura muricola, KP760207

Hnadpaorpan Ascaridomorpha De Ley & Blaxter, 2002

Ascaridoidea Baird, Anisakidae Contracaecum Contracaecum osculatum, HQ268721
1853 Railliet & Henry, 1912 Railliet & Henry,
1912
Raphidascarididae Raphidascaris Raphidascaris trichiuri, FJ907318
Hartwich, 1954 Railliet & Henry,
1915
Seuratoidea Quimperiidae Gendre, 1928 Ichtyobronema Ichtyobronema hamulatum, KX3658991
Hall, 1916 Gnedina & Savina,
1930
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3. Pe3yAabTaTtbl M 06Ccy)xpeHue

B pe3ynbTaTe aHayiM3a JAHHBIX METAareHOMHOT'O
cekBeHrpoBaHua JHK comepxumoro nuieBapuTesib-
HBIX TPAaKTOB IIMPOKOJIOOKU ['0[JIeBCKOTO [1eTeKTH-
POBaHHI IIOCJIENOBATEIBHOCTH HEMAaTOH, KOJIMYEeCTBO
HYKJICOTUAHBIX [IPOYTEHUIN KOTOPHIX cocTaBuio 2,6%
oT obmiero KojmyecTBa puzioB. [losiydyeHHbIe mOCJIe-
JIOBaTeJIbHOCTH ObUIM TNpeNCTaBJIEHBl IBYMs TIaIlIo-
TUNAMY, OTJIMYAIIMMIUCS MeXJOy Co0Oi IATHIO
MOJTYAIUMU 3aMeHaMU U HMEIIMMU MaKCUMaJlb-
Hbele ToMoJsioruu (83,2 u 80,8%) c¢ mociegoBaTeIbHO-
ctamu Rhabdochona kidderi Pearse, 1936 cemelicTBa
Rhabdochonidae Skrjabin, 1946.

B ¢duioreHeTHYeCcKO PEKOHCTPYKITUHU DBOJIIOIH-
OHHOU HCTOPUM, OCHOBAaHHOUM Ha HYKJIEOTUAHBIX IaH-
HbIX (Puc. 1), mocjieoBaTeIbHOCTU KJIACTEPUIYIOTCA C
npejacTaButesiaMu poaoB Rhabdochona (Thelazioidea)
u Spinitectus (Habronematoidea). Ilpu 3TOoM pof
Spinitectus copmupoBasl MOHOQUIINTUYHYIO IIJIOTHYIO
IPYHIly ¢ HU3KUM II0Ka3aTesieM MeHETHYeCKOro pa3Ho-
o6paszus (0,004), a pog Rhabdochona npomemoHcTpu-
pOBaJI 3HAUUTEJIBHYI0O T'€HEeTUYECKYI0 IeTepPOreHHOCTh
(0,019). HykieoTugHble MocjefOBaTEJIbBHOCTU BUIOB,
mpuHajjiexamux ceMmeiictBaM  Gongylonematidae,
Habronematidae, Pneumospiruridae, Spirocercidae,
Spiruridae u Thelaziidae (Tabmuua 1), cdopmupo-
Bajy obmui kiacrtep. CieyeT OoTMeTUTb, YTO IOPH-
JIOK BETBJIEHUA B QUJIOTEeHEeTHUYECKON PEKOHCTPYKIUU
He Bcerga COOTBETCTBYEeT TAaKCOHOMHYECKOMY IIOJIO-
KEeHHI0 KaK Ha ypPOBHE BH[OB, TaK U Ha YPOBHE KpPYII-
Heix TakcoHOB (Thelazioidea n Habronematoidea).
HykeoruHble ocjieqOBaTENBHOCTH reHa cox] mpen-
craBuresieii Ascaridomorpha (Contracaecum osculatum
(Rudolphi, 1802) Baylis, 1920, Raphidascaris trichiuri (8
HacTosiee BpeMms — Ichthyascaris trichiuri (Yin & Zhang,
1983) Luo & Huang, 2001) u Ichtyobronema hamulatum
(Moulton, 1931) Moravec, 1994) uz NCBI, ucIoJjib30-
BaJIU B aHa/IM3e B KauecTBe ayT-rpynmsl (Puc. 1).

Jlna cpaBHeHusa ObUla IpoBefeHa (uiioreHe-
TUYECKass PEKOHCTPYKIMA SBOJIOIMOHHON WCTOPUH,
OCHOBAaHHAsl Ha aMHUHOKHCJIOTHHIX IOCJIeJOBATEJIBHO-
ctax (Puc. 2). TpaHciuMpoBaHHbIE aMHHOKHCJIOTHBIE
[IOCJIETOBATEJIBHOCTY W3 KHIIEYHHKA IHPOKOJIOOKU
TofyieBCKOro, TaK Xe, Kak U HyKJIEOTHAHBIE, KiacTe-
pU3yITCs ¢ mpencraBuTresisiMu ponoB Rhabdochona
(Thelazioidea) wu  Spinitectus (Habronematoidea).
OpHako paGAOXOHH B 3TOM ciydae GOpMUPYIOT €u-
HYI0 IpyHIy, fABJIIOMIYIOCA CECTPUHCKOHM BETBBIO II0
OTHOULIEHUIO K poAy Spinitectus. IIpn 3TOM mocyeno-
BatenpHOCcTH Rhabdochonidae*, mony4ennsie B man-
HOM HCCJIeJOBaHUY, KaKk U Ha Pucynke 1, 3aHMMAaoOT
fazajpHOE MOJIOXKEHUE [0 OTHOIIEHUI0 K 3THUM [IByM
ponam (Puc. 2).

B nenom, HecMOTpsA Ha OOLIUI HU3KUU YPO-
BEHb MOJJEPXKEK, C JOCTATOYHON J0JIeil BEPOATHOCTU
MOXHO IPeJIOJIOKUTh MPUHAJJIEXKHOCTh IOJIyYEeHHBIX
13 MUIIeBapUTEIBHOIO TPAKTA PHIO MTOCJIeJOBATEJIBHO-
CTell HeMaTo/I MpeJICTaBUTEN0 poaa Rhabdochona.

CemerictBo Rhabdochonidae Travassos, Artigas
& Pereira, 1928 Bruouaer B ce6sa 12 poaoB u 198
BuoB (Hodda, 2022). Y mpecHOBOAHBIX PHIO OTMEUEHbI
mpeAcCTaBUTEN POLoB Beaninema Caspeta, Mandujano,
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Spinitectus
Rhabdochona
Rhabdochona gendrei

Rhabdochona mexicana

Rhabdochonidae*

Metathelazia capsulata

Thelazia
Protospirura muricola
Physocephalus lassancei
Mastophorus muris
Prorospirura numidica
Gongylonema
Cylicospirura
Habronematida

Conrracaecum osculatum

Ascaridomorpha—

Raphidascaris trichiuri }
Ichtyobronema hamulatum

=8

[
0.50

Puc.1. ®uioreHeTuyeckoe [peBO IpeJCTaBUTeJIeH
nofoTpsAfga Spirurina, MOCTpOEHHOe MeTOAOM MaKCHMaJlb-
HOTO NIpaBAONO00KA HA OCHOBAaHUHU HYKJIEOTHAHBIX IIOCJIe-
JoBareJsibHOCTeH (parmeHTOB reHa coxl. Rhabdochonidae*
— 110CJIeJIOBATEJIBHOCTY 13 HINPOKOJIOOKU I'of1IeBCKOro

Spinitectus
Rhabdochona
Metathelazia eapsulata
Thelazia

Protospirura muricola

Spiruromorpha

Physocephalus lassancei

Cylicospirura

99
Gongylonema

27

Mastophorus muris

40| 98L Protospirura numidica
5 Habronematidae

| Contracaecum osculation
Raphidascaris trichiuri

99

Ascaridom l‘pha 53 Ichtyobronema hamulatum

0.10
Puc.2. ®@wioreHeTUYecKkoe [peBO MpeJCTaBUTEJIeN
nomoTpsifa Spirurina, MOCTPOEHHOE METOAOM MAaKCHMAaJib-
HOTO IpaBAonofobuss Ha OCHOBAaHWU TPAHCJIUPOBAHHBIX
aMUHOKHCJIOTHBIX TI0CJIEIOBATEJIbHOCTEN ¢pparMeHTOB Heska
Cox1. Rhabdochonidae* — mocsieqoBaTeIBHOCTH U3 LIMPO-
K0J100KM I'0/1/1IEBCKOTO

Moravec & Salgado Maldonado, 2001 u Rhabdochona
Railliet, 1916. Pox Beaninema BKJIIoYaeT B ce0sA OOUH
BUJI HEMATO/, MAPa3sUTHUPYIOUINN B XEJTYHOM ITy3bIpe
nuxjasoMmel 6enHa Cichlasoma beani (Jordan, 1889)
(Caspeta-Mandujano et al., 2001). KocMOMOJIUTHBIHN
pon Rhabdochona copmepxut 169 BUAOB, OOUTAMOIINX
MPEUMYIIECTBEHHO B IMHUIIEBAPUTEJBHON CHUCTEME
pbi6 u3 cemerict: Cyprinidae, Salmonidae, Cottidae u
np. (Moravec, 1972; 2010; Mejia-Madrid et al., 2007;
Moravec and Muzzall, 2007; Moravec and Nagasawa,
2018; 2021; Hodda, 2022). OCHOBHBIMH HPOMEXYTOY-
HBIMU X03sieBaMU HeMaTO/I IBJIAIOTCS JIMUUMHKYU 1 IMaro
mofeHoK oTpsama Ephemeroptera (Moravec, 1994,
Hirasawa and Urabe, 2003; Hirasawa and Yuma, 2003;
Hirasawa et al., 2004). Pyueiinuku poaa Hydropsyche u
BECHSHKH B KayecTBe MPOMEXYTOYHBIX X035€B OTMeYa-
1oTcsA pexe (Moravec, 1995; Saraiva et al., 2002).

Mp=I nnpeanosiaraeM, uto HemaTtona (nau eé JTHK)
MOTJIa MTOCTYIUTh B MUIIEBAPUTEIBHBINA TPAKT IIUPOKO-
JIOOKU T'0f[JTIEBCKOT0 ABYMsA MyTAMU: NPAMBIM (SHLA 1/
nnu JJHK oxpyxarorieii cpefibl) U3 BHeIIHeN cpefbl 1/
TN HETIPSAMBIM U3 €€ KOPMOBBIX OObEKTOB.
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W3BecTHO, YTO siilla MHOTUX BUIOB HEMAaTO[]
06J1a1al10T YCTOMYMBOCTHIO K JIeHCTBUIO HaKTOPOB OKPY-
xatomeii cpenpl (McSorley, 2003; Mkandawire et al.,
2022), 4TO MO3BOJIAET AeTEeKTUPOBaTh UX B oOpasnax
Bojbl U ocaAkax (Rusch et al., 2018; Trujillo-Gonzélez
et al., 2019).

B cocraBe (ayHB NMApa3suTOB O3€pPHBIX MIMPO-
KOJIOOOK OOHApyXeHHble BHIbl HeMaToHd MNpUHA-
Jexann K JOByM wubpaoTtpamam: Spiruromorpha
(Comephoronema werestschagini Layman, 1933) wu
Ascaridomorpha (I. hamulatum, Contracaecum osculatum
baicalensis Mosgovoi et Ryjikov, 1950 u Raphidascaris
(Raphidascaris) acus (Bloch, 1779) Railliet & Henry,
1915). Hemartozmsl poma Rhabdochona panee He GbLTIN
W3BECTHBI IS TJTyOOKOBOAHBIX PhIO Baiikama, ogHAKO
OHU OBLIM HalifleHsl B KUIIeUHHKax 0alikasIbCKUX Xapu-
ycoB u esblia (Ilyraues, 2004).

HeMmaTonpl ABIAIOTCA OJHOUW U3 HauMeHee U3Y-
YEHHBIX FPYIIN Hapa3uToB PeI6 B BalikaJbCKOM pervoHe
(PunuuHOB U fip., 2017), a cBeZjleHNs 0 TPOMEeXYTOYHBIX
xX03seBaXx HeMaTod pojaa Rhabdochona oTcyTCTBYIOT.
W3BeCTHO, YTO OCHOBHBIMU HPOMEXYTOUYHBIMHM XO3sie-
BamMu Hemaro[i poaa Rhabdochona ABnA0TCA JIMYUHKA
u uMmaro nomgeHok Ephemeroptera (Moravec, 1994;
Hirasawa and Urabe, 2003; Hirasawa and Yuma, 2003;
Hirasawa et al., 2004), B ToM uncje ponoB Heptagenia
u Ephemera, BcTpeuaromuecsi B coctaBe (GayHbl IpH-
TokoB Baiikana (Kiore, 2009). [IpencraButenu poja
Hydropsyche Taxxe oTMeYalOTCs B Ka4eCTBE MPOMEXY-
TOYHBIX X035ieB HeMaTo poaa Rhabdochona (Moravec,
1995; Moravec and Scholz, 1995; Saraiva et al., 2002)
U BXOZAT B cocTaB ¢ayHbl pyuYeHUKOB BalikajibCKoro
peruona (Poxxkosa u ap., 2020).

[TokazaHo, YTO OCOOEHHOCTH THMTAaHUA PBHIO
MOTYT CIOCOOCTBOBATh WX 3apaXkeHUI0 HeMAaToJaMu
(Axpamosa u fp., 2019; HaxmugauHoB u fp., 2021),
JKU3HEHHbIE ITUKJIBl KOTOPBIX MPOTEKAIT CO CMEHOU
X0351€B. POJIb MPOMEXYTOYHBIX XO35IEB UIPAOT amMdu-
OMOTHYECKHe HACEKOMbIe, a pe3epByapHBIX — PBIOBI
(Axpamosa u np., 2019). Hanpumep, y ceBepoamepu-
KaHCKHUX BUIIOB ceM. Cottidae B KuIlIeYHUKe MAPA3UTH-
pyet Rhabdochona cotti Gustafson, 1949 (Moravec and
Muzzall, 2007). B cocTtaBe MUIIM 3TUX PbI0 OTMEUYEHHI
npefcraButesin oTpsaga Ephemeroptera (Scott and
Crossman, 1973; Mason and Machidori, 1976).

YepHsiii Oalikasbckuil  xapuyc, Thymallus
baicalensis Dybowski, 1874 TUNUYHBIN NpeICTABUTEIID
nxtuodayHsl jutopaiu Baiikaia, crnekTp noTtpebJis-
€MBIX UM OpraHU3MOB OYE€Hb IIMPOK M BKJIIOYAET B
ce0s1 KaK XUBOTHBIX 6EHTOCA, TAaK ¥ UMaro pa3jIMYHbIX
BuZ0B HacekoMbix (Tyrapmua u Kymnuunckas, 1977;
Tyrapuna, 1981; KuuxuH u fp., 2006). BecHsAHKU,
MOAEHKU U pPYYeHHUKH, B TOM umciie poja Hydropsyche,
yKa3aHbl B MUIIEBBIX clieKTpax xapuycoB (TecjieHKO u
ap-, 2011; Konecos, 2018). Cubupckuii enen, Leuciscus
baicalensis (Dybowski, 1874) obutaeT B mpuOpeXHOI
30He 03. BalikaJji, ero 3ajiuBax M MPUTOKaX C HeOOJIb-
muMu rryoruHaMu. OCHOBY €ro HMUTAHHA COCTABJIAIOT
0ecro3BOHOYHBIE OEHTOCa, MMaro HaceKOMBIX, BOJO-
pociiu u nerput (IlomoB u Ilomos, 2015). YuuTbeiBas
0COOEHHOCTH JKOJIOTMM 3THUX BUAOB HAaXOXIEHUE
HUX Hematon poja Rhabdochona mpencrapisercs
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BIIOJIHE OOBACHUMBIM. B NuIlleBOM cIeKTpe O03epHBIX
MIMPOKOJIOOOK JOMUHHUPYIOT aMGUIOAB, MOJIOAb PhIO
u onuroxethl (basukanosa u ap., 1937; Tanues, 1955;
CupneneBa u MexaHukoBa, 1990). I3BecTHbIe IPOMEXY-
TOYHEIE X035ieBa HeMaTo[ poaa Rhabdochona — nogeHku
U py4yelHUKHU He yKa3aHbl B MUTaHUU O3€pHBIX HIMPO-
koso6ok. TakuMm o6pa3oM, HdeTeKTHpPOBaHHas HaMU
JHK HemaTobl MOXeT NpUHAaAjexXaTh Kak MapasuTy
co6CTBEHHO MIMPOKOJI00KHU ['oJiyieBckoro, Tak U napas-
HUTaM ero KOpMOBBIX OOBEKTOB.

4. 3aKknloueHue

Hematonbet poma Rhabdochona panee He
OBLIM U3BECTHHI Ui TJIyOOKOBOAHBIX phIO Baiikama.
[TosryyeHHBIe Pe3yJIbTATHI [TO3BOJIAIT NPEATOJIOXKUThH
HaJIM4Me Y SHJeMUYHBIX BUAOB OalfiKaJIbCKUX MIIPOKO-
JI060K He ONMCAHHBIX PaHee BUIOB [Iapa3uToB. B cBs3u
C 3TUM IepCHeKTUBHBIMU SBJIAITCS KaK KOMIIEKCHBIE
[apasuToJIOTUYECKe U MOJIEKYJISIPHO-TeHeTHYecKe
ncciaenoBanusa GayHB apasvToB, TaK U NpOBeeHUe
peBU3MY OIMCAaHHBIX PaHee BUJIOB Y prIO o3epa Barikai.

UcTouHNKHN PUHAHCUPOBAHUA U
6haropapHocTH

ABTOpHl BBIpaXalT O0JaroAapHOCTb KOMaHAe
HUC “T.}0. Bepemarus” 3a nomoip B cO0pe MaTepu-
asna. Pabora BeIlOJIHEHA B paMKaxX TeM rocyfJapCTBeH-
Horo 3agaHusAa Ne 121032300224-8 1 121032300196-8.

KoHpAUKT UHTEpecoB

ABTOpHBI 3aABJIAIOT 06 OTCYTCTBUM KOH(DIIMKTa
VHTEPECOB.
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ABSTRACT. The purpose of the study is to identify the possibilities of mathematical modeling in solving
problems of quantitative assessment and prediction of hydrothermodynamic characteristics of lakes of
different origins in the permafrost zone based on available information about their morphometry. The
object of the study is 420 of morphometrically studied lakes in Yakutia of different genetic origin. The
choice of an adequate hydrothermodynamic model of processes in the “atmosphere — lake — bottom
sediments” system, as well as sources of information on the atmospheric impact on lakes (reanalysis and
climate prediction) for the studied region was substantiated. Simulation calculations were carried out
to assess the retrospective interannual and intraannual dynamics of abiotic processes in water and bot-
tom sediments of lakes located in the permafrost zone of different climatic regions of Yakutia. To assess
the interannual dynamics of the studied processes in water and bottom sediments of thermokarst lakes
located in permafrost zones and being the most widespread in the region, forecast calculations were
carried out. In this case, two RCP scenarios for the evolution of anthropogenic greenhouse gas emissions
into the atmosphere in the future were used — “best” and “worst” in terms of environmental impact.
The prospects for further use of modeling methods in the creation of a system of remote monitoring of
unstudied and poorly studied lakes in the Arctic regions of the Russian Federation was assessed.

Keywords: lake, mathematical model, heat transfer in water and bottom sediments, permafrost, reanalysis, climate
scenario

For citation: Kondratyev S.A., Golosov S.D., Zverev LS., Rasulova A.M., Krylova V.Yu., Revunova A.V. Assessment of thermal
characteristics of lakes in the permafrost zone by mathematical modelling (on the example of lakes in Yakutia) // Limnology and
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1. Introduction ant for assessing the state of the ecosystem, and much

more. This approach significantly expands the possibil-
ities of studying lakes in the permafrost zone, providing
valuable data for environmental monitoring. However,
the use of remote sensing is limited by many factors,
the main of which are the resolving power of sensors
that makes it difficult to study small-scale objects and
processes (usually less than 10-30 m?) and the depth
of penetration of electromagnetic radiation into a body
of water, which prevents the obtaining of information
on thermal processes in the water depth. The lack of
information on the water mass of numerous lakes nega-
tively affects the planning of economic activities in the
northern regions, as well as on the scientific validity of
forecasts of possible changes in the characteristics of
lakes and their bottom sediments under the conditions
of climate changes.

At present, the absolute majority of lakes with an
area of up to 100 km? in the permafrost zone of Russia
can be categorized as unstudied, since no contact mea-
surements are carried out on them. (Rumyantsev et
al., 2021). The reason for this is their abundance and
inaccessibility. With the development of technology, it
has become possible to obtain information about inac-
cessibility lakes without carrying out laborious and
expensive contact measurements, using remote sens-
ing methods (active and passive). The use of remote
sensing data makes it possible to determine the depth
of a lake (including bathymetry), measure water tem-
perature, monitor ice formation, observe changes in the
coastline and area of water bodies, study the flora and
fauna of lake ecosystems, which is extremely import-
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Currently, from the 723 thousand lakes in the
Republic of Sakha (Yakutia), information about their
depth and surface area is available for less than 500
ones, which are considered morphometrically studied
(Balatsenko, 2016). At the same time, the lakes of the
republic are used for water supply, drainage, fishing,
recreation, sapropel extraction, as well as in many
other areas of human activity that require information
about the characteristics of their water mass and bot-
tom sediments.

The purpose of the study is to identify the possi-
bilities of mathematical modeling in solving problems
of quantitative assessment and prediction of hydro-
thermodynamic (HTD) characteristics of lakes of dif-
ferent origin in the permafrost zone based on available
information on their morphometry. The object of the
study is 420 genetically different lakes in Yakutia,
the morphometry of which is described in the work
(Balatsenko, 2016).

2. Object of study

Yakutia covers an area of about 3.1 million km?2
In the north, the territory is washed by the Laptev and
East Siberian seas. The relief forms of the underlying
surface are varied. Two main areas can be distinguished:
western platform and eastern geosynclinal, which were
formed during the Cenozoic Era under the influence of
Alpine Mountain formation, secular fluctuations of the
earth’s crust, flowing waters, glaciers, thermokarst and
other processes (Nestereva, 2011; Balatsenko, 2016).
Lakes are located in different physical-geographical
and climatic conditions, which affect on the origin
and structure of their basins, and, accordingly, the
HTD processes in lakes, as well as the functioning of
ecosystems. One of the features of Yakutia is perma-
frost. Most of the territory of Yakutia (90%), except the
southwestern and southern parts, is located in a zone of
continuous permafrost, the thickness of which depends
on the climate, terrain, nature of soil and vegetation
cover, composition and structure of rocks, slope expo-
sure and other natural conditions. The greatest thick-
ness reaches up to 1500 m in the upper river of the
Markha River (the left tributary of the Vilyui River).
The entire northern and partly central part of Yakutia is
a zone of continuous permafrost with a thickness of 400
m and more. In the southern and southwestern parts of
Yakutia, an intermittent distribution of permafrost with
a thickness of up to 60 m is observed.

The climate of Yakutia is sharply continental,
subarctic and arctic in the north and islands. For the
most part of Yakutia (Central Yakut Lowland) winter
is long, severe, with little snow and an anticyclonic
weather regime. January temperatures range from
-26°C to -68°C. Summer is short but warm and arid,
with July temperatures ranging from 2°C to 38°C. Due
to the characteristics of the relief and distance from
the sea, the climate has its own characteristics in dif-
ferent parts of the republic. Thus, a milder climate is
observed on the East Siberian Platform. The main cli-
matic regions of Yakutia are shown in Fig. 1.

The Fig.1 shows the location of the centroids
(centers of mass) of the indicated areas, the location
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of which will be used in subsequent calculations. The
coordinates of the centroids of each of the climatic
regions (135.905985° E, 71.075318° N - region 1,
130.522173°E, 66.934360° N —region 2, 124.756209°E,
60.887526° N — region 3) were determined using the
QGIS program. Each centroid represents the barycen-
ter of the climate region layer, its coordinates are the
average values of the coordinates of all nodes of the
polygon.

The morphometry of lakes reflects both the
specific evolution of the basin and the processes
occurring in the water column and bottom sediments
(Adamenko, 1985; Muraveysky, 1960; Nezhikhovsky,
1973; Nestereva, 2011; Balatsenko, 2016). The most
common types of lakes according to morphogenetic
classification (Zhirkov, 1983) include thermokarst,
erosion-thermokarst, water-erosion, glacial, tectonic
and other less common types. The main morphomet-
ric characteristics of lakes are average and maximum
lake depth, lake surface area, water mass volume,
length and indentedness of the shoreline and shape of
the lake basin. Table 1 presents the values of average
lake depth (H, m), lake surface area (A, km?) and lake
water mass volume (V, km?®) for different types of mor-
phometrically studied lakes in Yakutia (Balatsenko,
2016). Typically, lake modeling uses the average depth
of water bodies of the same morphogenetic origin as
input parameters. However, as a rule, not all morpho-
metric parameters are known for all lakes. The mutual
conditioning of the genetic origin of the lake and the
shape of its basin determines the correlation between
the morphometric parameters of water bodies of same
origin. Due to this it is possible to approximately esti-
mate the missing morphometric characteristics of lakes
based on one or more known parameters in a group
of water bodies homogeneous in genetic origin. Thus
in (Balatsenko, 2016) contains empirical geostatistical
relationships linking lake water volume to area. Such
dependencies can be used to quantify other morpho-

Fig.1. Climatic regions on the territory of the Republic of
Sakha: 1 - climate of arctic deserts and tundras, 2 — temperate
continental climate with sufficient moisture, 3 — taiga climate
with stable moisture (National Atlas..., 2007), 4 — centroids of
climatic regions, 5 — lakes
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Table 1. Average values of the main morphometric characteristics of lakes of Yakutia with different genetic types of origin

(Balatsenko, 2016)

Origin of the lake basin Number of lakes H, m A, km? V, km? V = f(A)
Thermokarst 231 1.4 0.8 0.001 V = 0.0024A'*
Erosion-thermokarst 95 1.9 3.0 0.011 V = 0.0012A%
Water-erosion 20 1.1 0.28 0.0004 V = 0.0036A'?
Tectonic 8 34.2 36.3 1.64 V = 0.085A32
Glacial 17 4.3 35.5 0.15 V = 0.085A32

metric characteristics of lakes, such as depth.

As can be seen from the sample under consider-
ation, lakes of thermokarst origin are the most wide-
spread in Yakutia. These lakes are mostly small in size
and have a round-oval shape. Their depths are equal to
1-3 m and only in some lakes reach 10-15 m. Water-
erosion lakes include floodplain, river and lakes located
in deltas or at river mouths. These lakes are formed as a
result of the separation of channels (branchs) and sec-
tions of the old channel (old channels) from the river,
or by flooding of low areas by hollow water. Lakes of
water-erosion origin are distributed along rivers, they
are characterized by an oblong shape and small depth
(0.9-3.6 m) and area (0.01-2.39 km?) (Gorodnichev et
al., 2020). Erosion-thermokarst lakes were formed in
the ancient valleys of large rivers, on the terraces of
the middle and upper complexes. These are the largest
lakes in the region, which, as they rise to higher hyp-
sometric levels, lost obvious signs of erosional origin
and acquired rounded and rounded-elongated outlines.
Lakes of glacial origin represent traces of stay and
movement of glaciers of the Quaternary period in the
form of scars, ram’s foreheads, which are clearly visible
on rocky shores and islands. The shores of the lakes
are composed mainly of hard rocks, which is weakly
erodible, which is one of the reasons for the weak sedi-
mentation process. Lakes of tectonic origin are charac-
terized by the greatest depth and transparency, most of
them are flowing. They are formed in places of fractures
and shifts of the Earth’s crust. As a rule, they are deep
narrow water bodies with steep bluff and rocky banks,
located in deep through gorges (Balatsenko, 2016).

3. Materials and methods

One of the main purposes of mathematical mod-
eling of natural processes is to carry out simulation and
prognostic calculations that allow us to go beyond the
limits of a possible field experiment (Samarsky, 1983;
Kondratyev, 2007). In order to achieve the set goal, i.e.,
to identify the modeling capabilities in assessing the
HTD characteristics of lakes of different origin in per-
mafrost conditions, as well as their possible changes as
a result of climatic impacts, the following tasks were
solved:

+ Selection of an adequate model of HTD processes
in the system “atmosphere — lake — bottom sedi-
ments”, as well as sources of information on the
atmospheric impact on lakes (reanalysis, climatic

prediction) for the studied region.

+ Simulation calculations to assess retrospective
interannual and intra-annual dynamics of HTD
processes in water and bottom sediments of lakes
located in the permafrost zone of different climatic
regions of Yakutia. The calculations were per-
formed for hypothetical lakes with average char-
acteristics from Table 1, located at the points with
the coordinates of centroids of climatic regions.

+ Carrying out prognostic calculations to assess
interannual and intra-annual dynamics of HTD
processes in water and bottom sediments of the
most widespread thermokarst lakes located in
the permafrost zone of different climatic regions
of Yakutia. The calculations were performed for
hypothetical lakes with average characteristics
(Table 1), located at points with the coordinates of
the centroids of climatic regions (Fig. 1), and using
different climate change scenarios in the region.

» Assessment of prospects for further use of model-
ing methods in the creation of a system for remote
monitoring of unstudied and poorly studied lakes
in the Arctic regions of the Russian Federation.

Selection of a model of HTD processes in the
system “atmosphere - lake — bottom sediments”, as
well as sources of information on the atmospheric
impact on lakes. The lakes of Yakutia considered in
this work, located in the zone of permafrost occurrence,
have one important feature — they almost always have
horizontal homogeneity of the temperature field and
predominance of vertical variability of thermal char-
acteristics of the water mass over horizontal variability
(Pavlov, 1999). When modeling the thermal regime of
water bodies of this class, it is often sufficient to use
simple one-dimensional models based on the integra-
tion of the vertical heat diffusion equation and various
ways of representing the vertical temperature distribu-
tion. Such models, as a rule, are based on fundamen-
tal physical laws, do not require specifying the vertical
turbulent exchange coefficients, are easy to implement
and convenient for numerical experiments. One such
model is Lake (Mironov, 2008).

The hydrothermodynamic model of lake FLake!
is an integral part of the proposed methodology and was
developed by joint efforts of the staff of the Institute
of Limnology of the Russian Academy of Sciences,
the Northern Water Problems Institute of the Russian

L HTD model Flake https://www.lakemodel.net (date accessed 15.03.2024) (Mironov, 2008)
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Academy of Sciences, the Institute of Freshwater
Ecology and Inland Fisheries of Germany (IGB) and
the German Weather Service (DWD) (Mironov, 2008;
Mironov et al.,, 2010; Golosov and Kirillin, 2010;
Kirillin et al., 2011). The model is a universal param-
eterized one-dimensional mathematical model of HTD
processes in the lake, which implements the results of
research obtained during many years of in-situ and lab-
oratory research performed at the Limnological Station
of the Institute of Limnology of the Russian Academy
of Sciences, as well as the latest world achievements in
the field of physical limnology. For successful use of the
model, the modeling object should meet the following
basic requirements:

+ the extent should not be so large as to generate
significant climatic differences between individual
sections of the water area, and not so small that
secondary wind circulation plays a very significant
role;

+ the bottom can be approximated by a horizontal
plane;

+ advective processes should not contribute signifi-
cantly to turbulent mixing.

Currently, FLake serves as a basic tool for devel-
oping models of aquatic ecosystems functioning and
water quality formation in natural and artificial water
bodies, and is used as a textbook for training ecolo-
gists and hydrometeorologists both in our country and
abroad. The product of a synthesis of the lake model
FLake and near-surface reanalysis meteorological
data was named FLake-Global (Kirillin et al., 2011).
It is noted that FLake-Global allows almost instanta-
neous estimation of the seasonal cycle of temperature
and mixing conditions in any shallow freshwater lake
around the world. As a method of taking into account
the influence of lakes on the formation of local climatic
conditions, the FLake model is widely implemented in
the practice of numerical weather forecasting in mete-
orological organizations of different countries and in
the International European Centre for Medium-Range
Weather Forecasts (Mironov, 2008). The European fore-
casting system COSMO?, which is used in our country
for weather forecasting by Hydrometcenter of Russia
for the whole territory of the Russian Federation, also
includes FLake as a means of assessing the impact
of freshwater lakes on the local climate around the
world. It follows that the model can be used a priori
on unstudied small and medium-sized water bodies of
our country.

In addition, the authors’ previous studies, carried
out jointly with colleagues from the Northern Water
Problems Institute, Karelian Scientific Centre of the
Russian Academy of Sciences and St. Petersburg State
University (Zdorovennov et al., 2020), presented the
results of FLake model verification on the lakes of
Samoilovsky Island, located in the southern part of the
Lena River delta. The island contains several lakes of
predominantly thermokarst origin. To verify the model,

we used the results of measurements of lake ice thick-
ness, bottom and surface temperatures of four lakes in
April 2013, conducted by a team of specialists from the
Alfred Wegener Institute for Polar and Marine Research
(AWI, Potsdam, Germany) as part of the “Lena” expedi-
tion (Zdorovennov et al., 2020).

Meteorological reanalysis data were used to set
the atmospheric forcing on the lakes. Reanalysis com-
bines deterministic modeling data with in-situ observa-
tions from around the world into a globally complete
and consistent data set. The principle of this data com-
bination is based on data assimilation used in numeri-
cal weather prediction centers, where every few hours
the previous forecast is optimally combined with newly
available observations to produce a new best estimate
of the state of the atmosphere. In this case, reanaly-
sis is not associated with the need to promptly issue
weather forecasts, and thus there is more time to collect
observations and to incorporate improved versions of
the original observations, which favorably affects the
quality of the reanalysis product.

In the present work, we used data from the ERA5®
family reanalysis as input information for hydrother-
modynamic modeling. The ERAS5 reanalyses contain a
series of reconstructed meteorological parameter val-
ues for the entire globe that are updated daily with a
delay of about 5 days. ERAS is the fifth generation of
reanalysis for global climate and weather over the past
8 decades. Data are available from 1940 to the present.
The ERA5 provides hourly estimates for a large num-
ber of atmospheric parameters, of ocean waves and the
surface of the Earth. The time step between “observa-
tions” is 6 hours, the spatial resolution of the reanalysis
is 0.25 ° in latitude and longitude. The data required for
the calculations are sampled using the coordinates of
the calculated point. To facilitate the work of many cli-
mate applications, monthly averages of hydrometeoro-
logical parameters are also calculated. When modeling
HTD processes in hard-to-reach regions, reanalysis data
are used instead of missing measurement data.

Climate change scenarios in the region. In
order to assess the consequences of possible climate
changes, two scenarios for the evolution of anthro-
pogenic greenhouse gas emissions into the atmo-
sphere in the future, the so-called RCP (Representative
Concentration Pathway) scenarios — RCP 2.6 and
RCP 8.5 — have been developed, which represent the
“best” and “worst” scenarios in terms of environmental
impact, respectively (Meinshausen, 2011; Moss, 2010;
Nakicenovic and Swart, 2000; Rogelj et al., 2012). The
RCP 2.6 scenario requires that carbon dioxide (CO,)
emissions begin a steady decline and reach zero by
2100. Methane (CH,) emissions should decrease by
half, with sulfur dioxide (SO,) emissions at about 10%
of 1980-1990 levels. In the RCP 8.5 scenario, emis-
sions continue to increase throughout the 21st century
at the same rate they are today. The numbers in the
scenario abbreviations (2.6 and 8.5) indicate the addi-
tional amount of energy (W/m?) that would be stored

2 COSMO forecast system, Roshydromet. https://www.meteorf.gov.ru/product/cosmo/ (date of access 15.03.2024) (Rockel et

al., 2008).

3 ERAS website https://confluence.ecmwf.int/display/CKB/ERA5 (accessed 15.03.2024) (Hersbach et al., 2020).



https://www.meteorf.gov.ru/product/cosmo/
https://confluence.ecmwf.int/display/CKB/ERA5

Kondratyev S.A. et al. / Limnology and Freshwater Biology 2024 (6): 1380-1398

by the atmosphere as a result of greenhouse gas emis-
sions. The values of the meteorological parameters
(precipitation and air temperature) corresponding to
the realization of scenarios of human socio-economic
activity RCP in the study region for the period up to
2100 were calculated using the MPI-ESM-MR climate
model (Max Planck Institute, Germany) participating
in Phase 5 of the World Climate Research Program
Model Intercomparison Project (WCRP CMIP5) and
recommended in the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC)*.
The data required for the calculations were obtained by
submitting an appropriate request including the coordi-
nates of points of interest (in our case, the coordinates
of the centroids of climate regions), the name of cli-
mate models (MPI-ESM-MR), the type of RCP scenario
(RCP 2.6 and RCP 8.5), the names of meteorological
variables, and the temporal resolution of the data on
the website of the European Center for Medium-Range
Weather Forecasts (CORDEX..., 2021). The baseline
information for climate projections consists of hydro-
meteorological parameters (RCP scenarios) for the
period 2006-2100.

For simulation calculations, the hydrometeo-
rological information from the reanalysis and climate
forecasts were combined. The RCP scenarios were
adapted to retrospective reanalysis data using the
method of adjusting the values of climatic parameters
calculated by the MPI-ESM-MR model for the period
2006-2022 according to the reanalysis data for the
same time period. The method is based on the use of
relations linking the values of reanalysis (analog of
measured climatic parameters) and those calculated by
the atmospheric general circulation model (Kondratyev
and Bovykin, 2003).

If the necessary initial information is available,
the model calculates the following characteristics of the
selected lake:
heat transfer between the atmosphere, ice, water
and bottom sediments;

vertical profile of water temperature, temperature
at the surface and at the bottom;

temperature profile in bottom sediments;

date of ice cover formation, its duration and
thickness;

thawing depth of bottom sediments in lakes in the
permafrost zone.

4. Results and their discussion

The possibilities of mathematical modeling in
solving the problems of quantitative assessment and
forecasting of possible changes in the HTD characteris-
tics of lakes of different origin in permafrost conditions
on the basis of information on their morphometry are
demonstrated on the example of solving the following
three simulation modeling problems:
Calculation of intra-annual dynamics of HTD char-

4 Link to the report https://www.ipcc.ch/sr15/ (date of
access 15.03.2024)
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acteristics of water mass and bottom sediments in
different climatic regions of Yakutia.

Calculation of intra-annual dynamics of HTD char-
acteristics of water mass and bottom sediments in
lakes of different origin.

Retrospective and prognostic assessment of the
dynamics of the average annual HTD characteris-
tics of lakes for the period 1940-2100.

The depth values of the first three lake types
(thermokarst, water-erosion, and erosion-thermokarst)
are close to each other (Table 1). Their differences do
not significantly affect the modeling results. Therefore,
only thermokarst lakes were considered in the follow-
ing calculations, as prevalent in the sample under con-
sideration. The modeling was performed for hypothet-
ical lakes located at the points with the coordinates of
centroids of the climatic regions, with average values
of morphometric characteristics contained in Table 1.

Calculation of intra-annual dynamics of HTD
characteristics of water mass and bottom sediments
in different climatic regions. The HTD simulation
modeling of water mass and bottom sediments was car-
ried out on the example of a thermokarst lake in the cli-
matic regions of arctic deserts and tundras, continental
climate with sufficient moisture, and taiga climate with
stable moisture (Fig. 1). The impact of climate in this
task on the HTD characteristics of water mass and bot-
tom sediments is realized through hydrometeorological
information of reanalysis for centroids of the mentioned
climatic areas. The results of simulations averaged over
the period 1940-2022 are presented in Fig. 2.

The data of Fig. 2 demonstrate the zonality of
intra-annual variations in the depth-averaged water
temperature, ice thickness and heat flux between
water, and bottom sediments in a thermokarst lake of
three main climatic regions of Yakutia. The warmest
lakes are in region 3, with a taiga climate and stable
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Fig.2. Intra-annual dynamics of HTD characteristics of
water mass and bottom sediments (depth-averaged water
temperature, ice thickness and heat flux between water and
bottom sediments) averaged over the period 1940-2022 in
thermokarst lakes of the regions with: 1 — Arctic desert and
tundra climate, 2 — temperate continental climate with suf-
ficient moisture, 3 — and taiga climate with stable moisture
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humidification; summer temperatures here can reach
16°C. They are followed by water bodies of region 2
with moderate continental climate and sufficient mois-
ture. The lowest water mass temperatures (no more
than 6-7°C in summer) are characteristic of lakes of the
region with the climate of Arctic deserts and tundras.
The result is rather predictable taking into account lat-
itudinal location of climatic areas. However, the tem-
poral dynamics of water temperature in lakes located
in permafrost-covered regions in winter differs signifi-
cantly from that in lakes without permafrost. In the lat-
ter, the ice-free period is characterized, as a rule, by the
effect of “subglacial warming” of the water mass due
to heat redistribution between warm bottom sediments
and cold overlying water. As a result, in such lakes the
water temperature under the ice increases in winter.
This effect is very weakly expressed in lakes with per-
mafrost. It is observed only in the first weeks of ice for-
mation, when the heat flux is negative (directed from
bottom sediments to water), then the heat flux changes
its sign and becomes positive, i.e. directed from water
to bottom sediments. At the same time, the temperature
of the water mass under ice decreases. This is because,
firstly, the summer warming season in lakes with per-
mafrost is short — only about two months, which does
not allow to significantly increase the heat content of
bottom sediments. Secondly, the influence of perma-
frost with negative temperatures is affected. A signif-
icant part of heat during the summer warm-up period
is spent on heating and thawing of the ice fraction of
the permafrost. As a result, the heat coming from the
water mass is spent first on the formation of the sea-
sonal thawing layer (STL) and only then on the direct
heating of the bottom sediments themselves. With the
formation of ice cover, the small amount of heat accu-
mulated in the STL during the summer warming period
is quickly consumed for minor heating of bottom water,
after which the STL degrades and the heat flux changes
direction from negative to positive.

Seasonal dynamics of ice cover thickness in lakes
with permafrost differs from that in lakes without per-
mafrost only in quantitative parameters. Here it is nec-
essary to note a long period of ice formation — up to
10 months, and a large ice thickness — average values
for the period under consideration are up to 1.5 m.
No qualitative differences are observed. The results of
the calculation of heat exchange through the bound-
ary “water-bottom” demonstrate the influence of per-
mafrost on the thermal regime of lakes. In lakes of all
climatic regions the heat flux has positive values for a
considerable part of the year, i.e. it is directed from the
water to the bottom. And only in a short time interval
in early fall, when the ice formation period begins, it
becomes negative, i.e. it is directed from the bottom
sediments to the water (see above).

Calculation of intra-annual dynamics of HTD
characteristics of water mass and bottom sediments
in lakes of different origin. The HTD modeling of
water mass and bottom sediments was carried out for
three types of lakes with the most different depths —
thermokarst, glacial and tectonic with average morpho-
metric characteristics (Table 1) for region 2b of conti-
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nental climate with sufficient moisture. The impact of
lake type in this problem on the HTD characteristics of
water mass and bottom sediments is realized through
differences in the average depths of lakes of the indi-
cated types. The results of simulations averaged over
the period 1940-2022 are presented in Fig. 3.

The origin of the lake determines the specificity
of its basin development and such an important mor-
phometric characteristic as the average depth, which
is an input parameter of the FLake model. As follows
from Table 1, the depth values of different lake types
differ significantly from each other, which affects the
modeling results. The threefold increase in the depth
of glacial lakes compared to thermokarst lakes leads
to significant differences in their thermal regime in the
subglacial period. In a thermokarst lake with a smaller
volume of water mass, the heat reserve decreases faster
due to the influence of negative-temperature perma-
frost, so that the water temperature approaches zero
values at the end of the ice-out period. In glacial lakes,
the temperature also decreases, but at a slower rate, and
remains positive by the end of the ice-out period. The
latter affects the starting conditions of the beginning of
summer warming of both types of lakes. Thermokarst
lakes start warming up from almost zero tempera-
ture values, while glacial lakes start warming up from
positive values. This is one of the reasons for the fact
that water in glacial lakes in general reaches higher
temperatures during summer warming compared to
thermokarst lakes. The simplest estimation shows that
the heat reserve of an average statistical thermokarst
lake by the end of the winter period (calculated accord-
ing to Table 1) is more than three times less than the
heat reserve of a glacial lake — 1.6-10° and 510° J/m?2,
respectively. Another possible reason for more effi-
cient heating of glacial lakes may be the conditions of
water mass mixing in lakes of both types. In shallow
thermokarst lakes during the period of summer warm-
ing, night convective cooling is more effective, which
in turn affects the rate of water mass warming. Deep

Ice thickness, m
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Fig.3. Intra-annual dynamics of HTD characteristics of
water mass and bottom sediments (water temperature, ice
thickness and heat flux between water and bottom sediments)
averaged over the period 1940-2022 in thermokarst — 1, gla-
cial — 2 and tectonic — 3 lakes of the region with moderate
continental climate and sufficient moisture.
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tectonic lakes warm up much slower compared to the
previous types of lakes. The maximum of water tem-
perature in them falls on the end of August — first half
of September (in thermocast and glacial lakes the max-
imum falls on the end of July — beginning of August).
At the same time absolute values of water temperature
are much lower compared to other types of lakes — only
6°C, while in thermokarst and glacial lakes — 12-14°C.
Due to the great depth, the effect of winter influence
of the MMP in tectonic lakes is practically impercep-
tible. Late warming of the water mass in a deep tec-
tonic lake leads to a temporary shift in the timing of
the ice formation start — practically by a month. Since
ice formation starts at significantly negative values of
air temperature, the ice formation rate exceeds that in
thermokarst and glacial lakes. This leads to the fact
that, in general, ice thickness in tectonic lakes is greater
than in thermokarst and glacial lakes.

Heat exchange through the water-bottom inter-
face in tectonic lakes is also very different from that in
thermokarst and glacial lakes. In the latter two types
of lakes, the character of heat exchange through the
bottom sediment surface differs only in quantitative
parameters — in glacial lakes it is slightly more inten-
sive. In tectonic lakes, due to the negative temperatures
of the permafrost throughout the year, the heat flow
is directed from the water mass to the bottom sedi-
ments. At the same time, there is no noticeable tem-
perature decrease in winter. The point is that due to
the great depth the mixing processes in tectonic lakes
are suppressed and heat exchange is carried out by an
extremely slow molecular mechanism. Nevertheless,
intensification of heat exchange through the water-bot-
tom interface occurs after reaching the temperature
maximum with the beginning of autumn cooling, when
at density convection mixing penetrates the bottom
regions, due to which heat exchange is intensified.

Retrospective and prognostic assessment of
the dynamics of annual average HTD characteristics
of lakes for the period 1940-2100. Calculations were
performed for a lake of glacial origin located in climatic
region 2 (Fig. 1) with average morphometric character-
istics (Table 1). Retrospective dynamics of mean annual
water mass temperature and mean ice cover thickness
for the period 1940-2022 were modeled using informa-
tion from the hydrometeorological reanalysis. Further
up to 2100, the data of climatic forecasts (RCP 2.6 and
RCP 8.5) for the considered climatic area were used
as input information in the calculations. The results of
simulations performed for the entire period 1940-2022
are presented in Fig. 4.

The presented figure clearly shows the trends of
retrospective changes in the thermal characteristics of
lakes under the conditions of changing climate from
1940 to the present. The average lake water mass tem-
perature increased by 0.7°C, while the ice cover thick-
ness decreased by 0.06 m. Further, the change in the
HTD characteristics of the lake significantly depends
on the climate development scenarios. According to the
“worst” scenario (RCP 8.5), when greenhouse gas emis-
sions continue to increase throughout the 21st century,
a further increase in lake water mass temperature of
another 1.5°C by 2100 is possible. Ice cover thickness
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Fig.4. Retrospective — 1, and prognostic — 2 (RCP 2.6),
3 (RCP 8.5) estimates of the dynamics of mean annual HTD
characteristics (mean annual water mass temperature and
mean ice cover thickness) of glacial lakes in region 2 (Fig. 1)
for the period 1940-2100

would decrease by 0.10 to 0.15 m. The “best” climatic
scenario (RCP 2.6), according to which carbon dioxide
emissions into the atmosphere will reach zero by 2100,
can substantially stabilize the dynamics of changes in
the HTD characteristics of the considered hypothetical
lake. The situation with ice thickness of different types
of lakes in the considered climatic regions of Yakutia
fully corresponds to the modern concepts of warming
in the Arctic. Ice thickness decreases in all water bod-
ies, with ice formation, growth and melting in lakes is
mainly the result of water mass interaction with the
atmosphere.

In connection with the obvious influence of pos-
sible climate warming on the dynamics of ice cover
thickness in lakes, the question arises about the impact
of such warming on permafrost, which is a component
of bottom sediments. The point is that the water mass of
any water body, including lakes, is a natural heat insu-
lator between the atmosphere and bottom sediments. In
addition, such a heat insulator also has an abnormally
high heat capacity. Atmospheric warming will lead to
some increase, first of all, of the surface temperature in
lakes, which will most likely increase vertical density
stratification in them, thus strengthening the insula-
tion of bottom layers from atmospheric heat penetra-
tion into them. Absolute values of heat flux through
the water-bottom interface is extremely small — up to
10 W/m? (Fig. 2, 3), moreover, during the year it can
be multidirectional, i.e. the total heat flux directed to
the bottom sediments will be even less. Thus, it can be
assumed that climate warming will have practically no
effect on the permafrost beneath the lakes.

It is reasonable to assume that the situation with
climate change as a result of human activity will pro-
ceed according to some intermediate scenario. In addi-
tion, it is important to remember that the theoretical
aspects of the impact of climate change on the environ-
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ment and water systems in particular are under inten-
sive development. It is very likely that new greenhouse
gas emission scenarios and climate models will be
developed in the near future. Therefore, it is necessary
to be prepared to refine predictive assessments of the
impact of future climate change on water systems.

The presented results of simulation and prognos-
tic modeling confirm a wide range of FLake model capa-
bilities in solving problems of quantitative assessment
and forecasting of changes in HTD processes in lakes of
different origin, located in various physical-geographi-
cal and climatic conditions under the lack or absence of
in-situ observations. Thus, one of the main purposes of
modeling is realized — to go beyond the limits of possi-
ble in-situ experiment.

5. Conclusion

As a result of a set of simulation and prognos-
tic calculations, the prospects for further use of mod-
eling methods in solving the problems of estimating
the HTD characteristics of different types of unstudied
and poorly studied lakes in various climatic regions
of Yakutia have been shown. Having a universal and
widely tested mathematical model of HTD processes in
lakes FLake, which is successfully used in the prepara-
tion of weather forecasts by Hydrometcenter of Russia,
we can talk about real prerequisites for the creation of
a system of remote monitoring of lakes in the Arctic
regions of the Russian Federation. The main stages of
creating such a system are summarized in the following
steps:

Using remote sensing of the Earth’s surface, the
water body of interest is interpreted, its geograph-
ical coordinates and water surface area are found.

Based on geostatistical relationships between the
morphometric characteristics of a homogeneous
group of water bodies, the lake depth is estimated.

According to the geographic coordinates of the
water body, meteorological information of the
required resolution is extracted from the databases
of meteorological reanalysis and climate model-
ing for subsequent retrospective and prognostic
calculations.

Lake depth and meteorological parameters are
input data for calculations of heat exchange in the
system “atmosphere — water mass — bottom sed-
iments”, mixing conditions and vertical tempera-
ture distribution in water and bottom sediments,
as well as lake ice regime according to the FLake
model. At the same time, the prognostic calcula-
tions will make it possible to assess the main trends
of changes in the HTD parameters of lakes under
the realization of different climate change scenar-
ios in the region.

The scheme of estimation and forecasting of
changes in HTD characteristics of different lake types
of different genetic origin constructed in this way can
be applied to a wide range of small and medium-sized
(area less than 100 km?) unstudied and poorly studied
lakes in Russia. Provided that the FLake model is sup-
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plemented with appropriate program modules, other
chemical and biological characteristics of water bodies,
such as, for example, oxygen regime, biomass and pri-
mary production of algae, water transparency, etc., can
also be estimated using the above scheme.
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OueHkKa TepMHMYeCKUX XapaKTepUMCTUK
o3ep 30Hbl MHOrOAETHEeH MepP3A0Tbl
MEeTOAOM MaTeMaTHYeCKOoro
MOAEeAMpPOBaHUA (Ha npumMepe o3ep
AKyTuUn)

KonapateeB C.A., T'omocos C.J., 3BepeB U.C., PacysioBa A.M.*,
Kpsuiosa B.1O., PesyHoBa A.B.

Hrcmumym o3epogedeHua Poccutickoii akademuu Hayk — CII6 @HUL] PAH, yi1. Cesacmvaroaa, 9, . Cankm-Ilemepbype, 196105,
Poccus

AHHOTAIIHSL. Llens vcciefoBaHUs — BhIABJIEHNE BO3MOXHOCTEN MaTeMaTHUYeCcKOoro MOJieTMPOBaHUsA
IIpU pelleHn! 3a4a4 KOJIMYeCTBEHHO! OIleHKH U MPOrHo3a riApoTepMOANHAMUYECKUX XapaKTepUCTUK
03ep pas3JIMYHOro MPOMCX0XEHNA B 30He MHOr'0JIeTHe Mep3JIOTEl HA OCHOBE AOCTYIIHOM MH(OpManuu
06 ux Mmopdomerpun. O6beKTOM HcciiefoBaHuA ABJAITCA 420 MopdoMeTpuiecKu U3yYeHHBIX 03ep
SKyTUM pa3IMYHOTO TeHeTUYeCcKOro IpoucxoxzaeHus. OO0CHOBaH BHIOOD afeKBaTHOW THPOTEPMO-
JAVHaAMHYeCcKOll MOJesii IIPOlLleccoB B CHUCTeMe «aTMocdepa — 03epo — JOHHBIE OTJIOXKEHHA», a Takke
HWCTOYHUKOB MHpOpMaImu o6 atMocepHOM BO3/IeliCTBUU Ha 03epa (peaHann3 U KJIMMaTUYeCcKUi mpo-
THO3) AJiA u3y4yaeMoro pervoHa. IIpoBefeHbl MMHTALMOHHBIE pAacyeThl IO OLleHKe PeTPOCIEeKTHBHOM
MEXIOJI0BOM ¥ BHYTPUIOAOBOM AMHAMUKHN abOMOTHYECKHX IIPOLEeCCOB B BOAE U AOHHBIX OTJIOXKEHUAX
03€ep, pacloJIoXXeHHBIX B 30He MHOTr'0JIeTHE Mep3JI0Thl pa3/IM4YHbIX KIMMaTUYecKuXx obJiacteil AkyTuu.
BhINOJIHEHB! TPOTHOCTHUYECKKE pacyeTsl [0 OLleHKe MeXTOoAOBOY AMHAMUKHU U3yYaeMBIX IIPOLEeCCOB B
BOJIe U JOHHBIX OTJIOXXEHUAX HanboJjiee pacipoCTpaHEeHHBIX TePMOKAPCTOBLIX 03€p, PACIOJIOXEHHBIX B
30HaX MHOroJIeTHel Mep3JIoThL. I1pu aToM ucnosbs3oBanuchk Asa RCP ciieHapuA 3BOIIOLUYM aHTPOIIOTeH-
HBIX BEIOPOCOB ITAPHUKOBBIX T'a30B B aTMocdepy B OyAyIlleM — «JIyUIIUN» U «XyOIINi» ¢ TOYKU 3peHns
BO3[EMCTBUA Ha OKpyXalollyio cpefly. [laHa OlleHKa NepCleKTHB Ja/IbHEeNNIero MCIob30BaHuA MeTo-
J0B MOJIeJINPOBaHusA NIPY CO3JaHNU CUCTEMBI AVMCTAaHIIMOHHOTO MOHUTOPHHIa HEU3yYeHHBIX U MaJIOn3-
YUYEeHHBIX 03ep apKTuieckux obnacrei Poccutickoii @efepanuu.

Kimouegwoie ciiosa: 03€po, MaTeMaTudeCcKasa MoaeJib, TEIJIONIEPEHOC B BOAE N JOHHBIX OTJIOXKEHUAX, MHOI'OJIETHAA
Mep3J10Ta, peaHaJlna, KJIMMaTHUUYeCKU cueHapr}I

Ja nutupoBanua: Kongpatees C.A., T'osocos C.[l., 3Bepes U.C., Pacynosa A.M., Kpsuiosa B.10., PeByHoBa A.B. OneHka Tep-
MMYECKUX XapaKTEePUCTUK 03ep 30HB MHOTOJIETHEH MepP3JIOTH MeTOAOM MaTeMaTH4eCcKoro MoJieJINpoBaHuA (Ha IpuMepe o3ep
Axytun) // Limnology and Freshwater Biology. 2024. - Ne 6. - C. 1380-1398. DOI: 10.31951/2658-3518-2024-A-6-1380

1. Beeaenue IMOHHBIMU METOAaMM HccJieoBaHus (aKTHUBHBIMH U

MMacCHMBHBIMU). HcIIob30BaHUE JaHHBIX AUCTAHI[LOH-

B HacTtosmee BpeMsa a0OCOJIOTHOE OOJIBIIVH-
CTBO 03ep IIomansio A0 100 KM? 30HBI MHOTOJIET-
Hell Mep3JioThl Poccun MOXHO OTHECTH K KaTeropuu
HEN3yYeHHBIX, TaK KaK Ha HUX He MPOBOJATCA KakKue-
b0 KOHTaKTHbie n3mepenus (PymsHues u fip., 2021).
[IpUunHOM 3TOr0 SBJIAETCS WX MHOT'OYHCJIEHHOCTD
U TPYOHOAOCTYHnHOCTb. C pa3BUTHEM TEXHOJIOTUI
MOABWJIMICh BO3MOXHOCTU IMOJIy4aTh MHGOPMAIUI0 O
TPYJHOJIOCTYITHBIX 03€paX, He MPOBOLA TPYAOEMKHUX
U JOPOTOCTOSININX KOHTAKTHBIX H3MepeHUH, ANCTaH-
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Anpec e-mail: arasulova@limno.ru (A.M. PacysioBa)

INocmynuwna: 23 utona 2024; Ilpunama: 24 oxtabps 2024;
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HOI'O 30HAWPOBaHUA NAaET BO3MOXHOCTb OIpeAesATb
ryybuHy o3epa (BkJiouass OaTUMETpPHIO), U3MEPATh
TeMIlepaTypy BOJBI, OTCJIeXMBaTh oOpa3oBaHue JIbAA,
Hab6JTI0JaTh 3a U3MeHeHUAMU 6eperoBoi JIMHUU U ILJI0-
naau BoAOEMOB, uaydaTh ¢Jiopy U (ayHy O3EpPHBIX
9KOCHCTEM, 4TO KpaliHe Ba’KHO JJif OLIeHKU COCTOSHUA
SKOCHCTEMBI, 1 MHOroe Jipyroe. Takoil ogxo[ 3Ha4u-
TeJIbHO paclupsAeT BO3MOXHOCTH HCCJIe[JOBaHUA 03ep
30HBI MHOTOJIETHEH Mep3JIOTHl, I03BOJIAA IOJIYYUTh
IleHHble JaHHble [AJIA 5KOJIOTMYecKOro MOHHUTOPHHIA.

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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Opanako NpuMeHeHHe JUCTAHIMOHHBIX METOJOB Orpa-
HUYEeHO MHOTMMHU (aKTopaMH, OCHOBHBIMHU M3 KOTO-
PBIX ABJIAIOTCA paspellarllas CIOCOOHOCTh AATYMKOB,
3aTpyAHAINAas U3ydYeHHe MeJIKOMacmTaOHBIX OO0BbeK-
TOB M mporieccoB (06er9HO MeHee 10-30 M) u ryryGrHa
IIPOHMKHOBEHUA 3JIEKTPOMAarHUTHOIO H3JIyueHUsA B
BOJI0€M, UYTO MemlaeT MOJIy4eHH0 NHGOpManuu o Tep-
MHYecKux Ipoleccax B BOogHOH Tose. HemocraTok
nHbopManuu 0 BOJHOM Macce MHOI'OYMCJIEHHBIX 0O3ep
HeraTuBHO BJIMsAeT Ha IJIAHMpPOBaHUE XO3ANCTBEHHOH
J1esITeJIbHOCTH B CeBEpHBIX perroHax, a Takxe Ha Hayd-
Hy}0 000CHOBAHHOCTb IPOTHO30B BO3MOXHBIX H3MeHe-
HUI XapaKTepUCTUK 03ep U UX JAOHHBIX OTJIOXXKEHUH B
YCJIOBUAX KJIMMAaTU4eCKUX U3MeHeHU.

B mHacrosmee BpeMA u3 723 TBHICAY 03€p
Pecny6niuka Caxa (fIkytun) nadopmanusa ob UX riy-
OuHe U IUIOLMIAQY IIOBEPXHOCTU HMeeTcs MeHee 4eM
asa 500, koTophle cuuTarTCsa MOppoMeTpudecKy n3y-
yeHnHsiMU (Banarienko, 2016). IIpu aToMm o3epa pecmny-
6JIMKY UCIOJIB3YIOTCA 1A BOJOCHAOXeH!A, BOOOOTBe-
JeHus, peIO0JIOBCTBA, peKpeanuy, JOOBYH campoleis,
a Takke BO MHOTHMX APYIHMX 00JIacTAX 4esIoBeYecKOH
JeATeJIbHOCTH, TpeOylomux uHpopMaluy O Xapakre-
PUCTUKAX X BOJAHON MaccChl U JOHHBIX OTJIOXKEHUH.

Llenp HacToOAImero HuCCIeAOBaHUSA — BhIABJIE-
HUe BO3MOXHOCTENl MaTeMaTH4YeCcKOro MOJe/IpoBa-
HUA IIpU pellleHNU 3aJad KOJINYeCTBEeHHOH OLIeHKU U
nporHosa ruaporepmouHamudeckux (I'TH) xapak-
TEepUCTUK O3ep Pa3IMYHOro NPOMCXOXJEeHUA B 30He
3ajieraHudsl MHOroJieTHeMmep3sibix mnopon (MMII) Ha
OCHOBe J0CTyNnHOH nHdopManuu o6 ux MopHoMeTpUH.
O6BbekTOM HcciiefoBaHUsA ABJAIOTCA 420 reHeTUYeCKU
Pa3HOTUIHBIX 03ep fKyTuu, MopdoMeTpus KOTOPBIX
onucaHa B paborte (Banarenko, 2016).

2. 06beKT HccnepOBaHUA

SKyTHA 3aHUMAaeT IJIOI[Aa b OKoJIo 3.1 MITH. KM?.
Ha ceBepe Tepputopus oMbiBaeTcs MOpsAMH JlanTeBbIx
u Boctouno-Cubupckum. @opMel pesbeda NOACTUIIA-
IoIlell MOBEpXHOCTU pa3HOOOpa3Hbl. MOXHO BEIAEIUTD
JIBé OCHOBHBIe O0JIaCTU: 3alagHO-IIAaTGOPMEHHYI0 U
BOCTOYHO-T€OCHUHKJIMHAJIbHYI0, KOTOpHIe (POopMHpOBa-
JIVCh B TeueHHe KaliHO30VCKOI 3phl o[ BO3AeliCTBHIEM
aJBNUIICKOTO TropooOpa3oBaHNs, BEKOBBHIX KoJieba-
HUI 3eMHOM KOpBI, TeKy4YuX BOJ, JIEAHHKOB, TE€pMO-
kapcroBoro u Jpyrux mnpoijeccoB (Hecrepesa, 2011;
Bananenko, 2016). O3epa pacnoJsioXeHbl B pa3JIMYHBIX
dusuko-reorpagpuyecKux U KIMMaTUIECKUX YCIIOBUAX,
YTO OTpakaeTcs Ha NPOMCXOXOEHUU U CTPOEHUU UX
KOTJIOBMH, a COOTBeTCTBeHHO U Ha I'TJ] mporeccax
B O3epax, a Takke (PYHKI[MOHHDOBAHUU SKOCHUCTEM.
OpHolt u3 ocobeHHOCTeN IKyTUU ABJIAETCA MHOTOJIET-
HAA MepajoTa. Bosbmiag yacTh Teppuropuu AKyTuu
(90%), 3a WCKIIOYEHHEM IOro-3amagHoON U I0XHOI
YacTH pacrosio’keHa B 30He CIUIOIIHON MHOIOJIeTHeMH
Mep3JIOTHl, MOIIHOCTbh KOTOPOY 3aBUCHUT OT KJIMMarTa,
pesibedpa MECTHOCTH, XapaKTepa IIOYBEeHHOI'0 U pacTH-
TeJIbHOT'0 [IOKPOBA, COCTaBa U CTPOEHUs FOPHBIX TOPO/I,
SKCIIO3UINHU CKJIOHOB U APYIMX NPUPOJHBIX yCJIOBUI.
HaunGonbmasa momiHocts gocturaet Ao 1500 M B Bepxo-
BbAX peku Mapxa (JieBbiii mpuTOK p. Buutioit). Bes ceep-
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HasA 1 4aCTHUYHO LIeHTpaJjibHasA YacTh KyTuu npeacras-
JIs110T c060%1 30HY crtomHeix MMIT MomHocThIo 0T 400
M U OoJjiee. B 10XXHOH U I0ro-3anafgHoy yactax AkyTuu
HabrofaeTcsa OpephiBUCTOe pachpocrpaHeHue MMII,
MOIIIHOCTBIO 70 60 M.

Knumat fKyTuM pe3ko KOHTHHEHTAJIbHBIN, Ha
ceBepe U OCTpPOBax — Cy0apKTHU4eCKU U apKTUYeCKUI.
Ha Gompmeit yactu flkytum (LleHTpanpHO-AKyTcKas
HM3MEHHOCTb) 3uMa MNPOJOJIXUTesIbHAsA, CypoBasd,
MaJIoOCHeXHasA C aHTUIUKJIOHAJIBHBIM  PeXHMOM
noroabl. TemnepaTtypa sHBaps koJsebnercsa oT -26°C
o -68°C. JleTo KOpOTKOe, HO TEIJIOE U 3aCYILIMBOE,
TeMIlepaTypa utoJis cocrtasiser ot 2°C no 38°C. B cuny
ocobeHHOcTell pesibeda U yAaJIeHHOCTH OT MOPS KJIU-
MaT MMeeT CBOM OCOOEHHOCTH B pas/IMYHBIX YacTAX
pecny6iukuy. Tak Ha BocTouHo-Cubupckoii miatdopme
HabmonaeTcsa 6oJyiee MATKUN kauMaT. OCHOBHBIE KJIH-
MaTuueckue obsiactu AkyTuu npusefeHs Ha Puc.1.

Ha Puc. 1 ykasaHoO pacnoJioxeHue IeHTPOU-
JoB (LIeHTPOB TsXXKeCTH) yKa3zaHHBIX objacTteili, pac-
[I0JIOXKeHHe KOTOphIX OyAeT HCIIOJIb30BaHO B IOCJIe-
OyIOIMX BbUMCJIeHUAX. KoopAauHaTH LIEHTPOWUAOB
Kaxmou 13 KianMaTtudeckux obsacrert (135.905985° E,
71.075318°N-o6mnacts 1,130.522173°E, 66.934360° N
— obsacth 2, 124.756209° E, 60.887526° N — obyacThb
3) ompefiesieHH C UCIOJIb30BaHNEM IporpaMmel QGIS.
Kaxpapiii 1ieHTpouf NpejcTaBiseT cob6oil GapulleHTp
CJI051 KJINMaTU4YeCcKoi 00JIacTH, ero KOOPAUHATHL — 3TO
cpefHUe 3HaUYeHNUA KOOPAUHAT BCeX Y3JI0B MOJIUTOHA.

Mopdomerpus o3ep oTpaxaeT Kak crelUudUKY
Ppa3BUTHA KOTJIOBUHBI, TaK U MPOLECCH], IpOTeKalolre
B BOJHOI Macce M JIOHHBIX OTJIOXeHUAX (AgaMeHKO,
1985; Mypasetickuii, 1960; Hexuxosckuii, 1973;
HecrtepeBa, 2011; bamanenko, 2016). K uucny Hawu-
0oJiee pacnpoCTpaHEHHBIX TUIOB 03ep MO Mopdore-
HeTuueckol kiaccupukanum (Kupkos, 1983) oTHO-
CATCA TepMOKapCTOBhHIE, 3PO3MOHHO-TEPMOKAapCTOBHIE,
BOJHO-3PO3HUOHHEIE, JIeJHUKOBble, TEeKTOHHYecKue u
Jpyrve MeHee pacrpocTpaHeHHble. OCHOBHBIMU MOp-
(pomeTprUecKUMH XapaKTepUCTUKaMH 03ep ABJIAITCA
CcpefHAA M MaKcuMaJibHasA TJIyOMHBL 03epa, IUIOLajb
3epKaJjia o3epa, 00beM BOAHOI Macchl, AJIMHA U U3pe-
3aHHOCTh OeperoBoil JMHUU U (popmMa 0O3epHOU KOT-
JIoBUHHL. B Tabis.1 mpencraBiieHbl 3HAuYeHUA cpefHel
rayounsl o3epa (H, m), mmomanu 3epkana (A, km?)
1 obbeMa BOOHON Maccel o3epa (V, kM®) IJia pas-
JINYHBIX TUIOB MOpPGOMeTpHUYeCKN W3y4eHHBIX 03ep
Axytun (Bananenko, 2016). Kak mpasuio, npu Mojie-
JIUPOBaHUU O3ep B KadyecTBe BXOJHBIX IapaMeTpOB
HCIIOJIb3yeTCA CpelHAA IJIyOMHa BOJOEMOB OHOTO
Mop@doreHeTrueckoro mnporcxoxaeHuda. OgHaKo, Kak
[IpaBUJIO, He AJiA BCeX 03ep M3BeCTHHI Bce MopdoMe-
TpyUuyeckye InapaMeTphl. B3aumHasa 00yc0BJI€HHOCThb
reHeTUYecKoro IMpOUCXOXKAeHUsA o3epa U (POpMEI ero
KOTJIOBHHH onpefesifAeT KOppesALuio Mexay Mopdo-
MeTpUYecKUMH apaMeTpaM{ BOLOEMOB OJJHAKOBOI'O
npoucxoxaeHusa. biarogapa sToMmy MOXHO IpubJIn3n-
TeJIbHO OLeHUTh HeJocTalolue MopdoMeTpudecKue
XapaKTepUCTHUKHU 03€p Ha OCHOBE OJJHOI'0 MJIN HECKOJIb-
KHX WU3BECTHBIX [apaMeTpoOB B OJHOPOJHON IO reHe-
TUYECKOMY IIPOMCXOXAEHHUI0 Tpymnne BoJoéMoB. Tak,
Hampumep, B pabore (Banarenko, 2016) comepxarcs
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SMIIMpHUYECKHe reocTaTUCTHUYeCcKue 3aBUCUMOCTH, CBS-
3bIBaroIyie o0beM BOJBI B 03epe ¢ Itomabio. Takoro
poAa 3aBHCHMMOCTH MOTYT KCIOJIb30BaThCA AJIA KOJIM-
YECTBEHHOHM OLEHKM M [JPYrux MOppOoMeTHYecKux
XapaKTepHUCTHK 03ep, Halpumep — IJIyOrHEL.

Kak BugHO wu3 paccMmaTpuBaeMoll BBIOOPKHU
Hau0oJiee IMHPOKO paclpoCTpaHeHB Ha TeppUTOPHUU
AkyTum o3zepa mepmoOKapcmoGoZo IPOHCXOXAEHUA.
OTHu o3epa OoJiblliell YacTbi0 HeBEJIMKU IO pasMepam
U HMeIT OKpYyIJIo-oBajibHYI0 (opMy. Hx riyOuHBI
paBHB 1-3 M U TOJBKO B OTJEJIbHBIX O3epax HOCTH-
ralot 10-15 M. K GOOHO-3PO3UOHHBIM OTHOCSTCA
NOMMeHHble, pedyHble M pacloJIoKeHHBe B JeJbTax
WIN B YCTbAX peK o3epa. laHHbIe o3epa o0OpasyloTcA
B pesyJbTare OTAesIeHHWA OT peKu IPOTOK (pyKaBOB)
U y4acTKOB cTaporo pycia (crapuil), Jub0 Mpu 3aTo-
IJIGHWM [OJIBIMM BOAAaMM IIOHMXKEHHBIX YYacTKOB.
O3epa BOOHO-IPO3MOHHOIO IIPOMCXOXAEHHS pacIpo-
CTpaHeHB! BJOJIb peK, I HUX XapaKTepHa NpOAoJI-
roBaras ¢popma u HeboJpmas riyouHa (0.9-3.6 M) u
wiomagp (0.01-2.39 km?) (TopoaHuveB u ap., 2020).
Opo3uoHHO-MmepMmoKapcmossie o3epa 00pa3oBaslCh
B JIpeBHUX [IOJIMHAX KPYIHBIX peK, Ha Teppacax cpef-
Hero 1 BepxXHero KOMILIEKCOB. DTO HanboJiee KpyIIHble
o3epa permoHa, KOTOphle [0 Mepe NOAHATHA Ha Oosiee
BBICOKHE TMIICOMeTpHYecKre YPOBHU YTpaTU/IN SBHBIE
MIPYU3HAKY JPO3MOHHOIO IIPOUCXOXAEHHUs, IMpuodpesn
OKpYTJIble U OKpYTJIO-yAJIMHeHHBble ouepTaHusa. Osepa
JIeOHUKO0B020 TIPOMICXOXIEHUS INPeACTaBJIAT COOO0H
cijefbl NpeObIBaHUA U [BUXEHUA JIEAHUKOB 4YeTBep-
TUYHOTO IepHofa B BHAe HIpamMoB, O6apaHbUX JIOOB,
KOTOpBble XOpOIIO 3aMeTHBl Ha CKaJIMCThIX Oeperax u
ocTpoBax. bepera ozep cJjioXeHB IpPeHMMYyIleCTBEHHO
U3 TBepJOKaMEHHBIX IOpoJ, ¢Jjabo MNOAAAMNXCA
3PO3uH, UYTO ABJIAETCA OOHON U3 NPUYMH €J1a00ro Mmpo-
Iecca ocafgxkoHaKkoIuleHHA. O3epa mMeKMOHUYEeCK020
MPOUCXOX/eHUs OTJINYAIOTCA HauOOJIbIIeN TJIyOMHOM
Y [PO3PavyHOCTbI0, OOJIBIIMHCTBO M3 HUX IIPOTOYHEBIE.
OHu 00pa3syloTcs B MecTax pas3jiOMOB U CIBUIOB 3eM-
HOM kophl. Kak mpaBuiio, 3T0 Iyiy0okue y3Kue BOJO-
eMbl C KpPYThIMH OTBECHBIMM M KaMeHHCTHIMHU Oepe-
raMy, pacnoJioXeHHbIe B IJIyOOKHX CKBO3HBIX YIeJIbAX
(bananenko, 2016).

3. MaTrepuanbl U MeTOAbI

OOHUM U3 OCHOBHBIX HpeI[HaSHa‘IeHI/Iﬁ Mmare-
MAaTHU4YE€CKOT0 MOAEJIMPOBAaHUA IMPUPOAHBIX ITPOLECCOB
ABJIAECTCA MPOBEOAECHNE MMUTALOVOHHBIX W MNPOIrHOCTH-
YECKHUX pPaCyY€TOB, IMO3BOJIAKINNX OCYMIECTBUTH BBIXO[
3a paMK1 BO3MOXHOI'O HATYpHOI'O 3KCIE€pHMEHTa

(Camapckuii, 1983; Konapatbees, 2007). g gocTmxe-
HUSA MOCTaBJIEHHOM LeJIv, TO eCTh [JIA BhIABJIEHUA BO3-
MOXHOCTel MofieJiipoBaHus rpu orjeHke I'TJ] xapakre-
PUCTUK 0O3ep pas3jIMYHOIO MPOUCXOXIECHUA B YCIIOBUAX
3ajteranusa MMII, a Takke MX BO3MOXHBIX M3MEHEHUH
B pe3yJibTaTe KJINMaTHU4YeCcKUX BO3JEVCTBUN pellianch
cjeqyole 3agaun:

+ Bribop apmexBaTHOUl Momenu I'TJ| mpolieccoB B
cuctemMe «arMmocdepa — 03epo — OOHHBIE OTJIO-
KeHMsA», a TakKXe MCTOYHUKOB MHpoOpMaiuu o0
atMocepHOM BoO3felicTBUM Ha o3epa (peaHa-
N3, KJIMMaTU4YeCKUi NMPOrHO3) AJiA HU3ydyaeMoro
pervoHa.

+ TlpoBeneHure UMUTAIIMOHHBIX PACUETOB IO OIleHKe
PETPOCIIEKTMBHOM MeXIogOBOM UM BHYTPUTOZO-
ol auHamuku I'TJ] mporieccoB B BOJe U AOHHBIX
OTJIOKEHUAX O3ep, PacCIOJIOKEeHHBIX B 30HE MHO-
roJjieTHE! Mep3JIOTHl PA3JIMYHBIX KJIUMAaTUYeCKUX
obsnacreii fAxytun. PacueTsl BHIOJHAJNCH OJIA
TUTNIOTETUYECKUX O3ep CO CpeJHUMM XapaKTepu-
ctukamu u3 Tabsuiel 1, pacrnoyio)keHHBIX B TOY-
Kax ¢ KOOpJAHaTaMM IIeHTPOUAO0B KIIUMAaTUYeCKUX
obJsacTeri.

+ [IIpoBeneHre MPOTHOCTUYECKUX PACUETOB IO
OI[eHKe MeXTOJI0BOU U BHYTPUTOJOBOM JUHAMUKU
I'TA mpoijeccoB B BOLE U AOHHBIX OTJIOXKEHUAX
HauboJiee PaCIpPOCTPAHEHHBIX TEPMOKAPCTOBBIX
03€ep, PacloJIOKEHHBIX B 30Hax 3ajieraHusa MMII
PA3JIMYHBIX KJIMMaTU4ecKux obsacrtedn fAkyTtuu.
PacueTs! BBIIOJIHAINCH JJISI TUTIOTETUYECKUX O3€ep
co cpemHuUMU xapaktepuctukamu (Tabmmma 1),
PACMOJIOKEHHBIX B TOYKAaX C KOODAWHATAMU IieH-
TPOUAOB KiuMaTtuyeckux obsacrein (Puc.l), u c
HCTIOJIb30BaHUEM PA3JIMUYHBIX CI[eHapUeB H3MeHe-
HUA KJINMAaTa B peruoHe.

+ OueHKa NePCIeKTUB JaJIbHEHIIEero NCIoIb30BaHNUA
METO/IOB MOJEJIMPOBAHUA B CO3[JaHUU CHCTEMBI
JUCTAaHLMOHHOTO MOHMTOPUHTA HEN3yYeHHBIX
1 MaJIOU3y4YeHHBIX 03ep apKTUYecKuX objacTeit
Poccutickoit ®enepanuiu.

Bribop mopmenu I'T/I mpomeccoB B cucreme
«arMocdepa — 03epo — HOHHbIE OTJIOKEHUA», a TAKXKe
HCTOYHUKOB uHpopManuu o6 armocdepHOM BO3-
JelCcTBUU Ha o3epa. PaccMaTpuBaemMble B HAaCTOAIIEH
pabore o3epa fIKyTum, pacroJIO)KeHHbie B 30HE 3ajie-
raHusA MHOTOJIETHEMEP3JIbIX MOpoJ, 00JiajaloT OJHOM
BaXXHOW OCOOEHHOCTBHI0 — B HUX MPAKTUYECKU BCEra
MPUCYTCTBYIOT TOPU3OHTAJIBHAS OJHOPOIHOCTH IOJIA
TeMIepaTyphsl 1 mpeobyajjaHyie BepTUKAJIbHON M3MeH-

Ta6auna 1. CpeHue 3HauUeHUA OCHOBHBIX MOp(GOMeTpUYECKUX XapaKTePUCTUK o3ep AKYTHUU C pa3IMYHBIM IeHeTH4eCKUM

Tunom npoucxoxaeHus (banarexko, 2016)

THIbI KOTJIOBUH Kosi-Bo 03ep H, m A, xm? V, km® V = f(A)
TepMoKapCTOBBIE 231 1.4 0.8 0.001 V = 0.0024A'*
OPO3UOHHO-TEPMOKAPCTOBHIE 95 1.9 3.0 0.011 V = 0.0012A'%
BogHO-3p0O3UOHHEIE 90 1.1 0.28 0.0004 V = 0.0036A!?
TeKTOHUYeCKHEe 8 34.2 36.3 1.64 V = 0.085A%2
JleqHUKOBBIE 17 4.3 35.5 0.15 V = 0.085A32

1391
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YMBOCTH TEPMUYECKHUX XapaKTepHUCTUK BOJHON MacChl
HaJ ropusoHTaibHoH ([1aBsoB, 1999). [Tpu Mmoaemupo-
BaHUU TepMMYECKOro peXxyuma BOJAOEMOB 3TOro Kjacca
3a4acTyl0 AOCTAaTOYHO MCII0JIb30BaTh MPOCTHIE OOHO-
MepHBle MOJeJI, OCHOBaHHble Ha HHTErpUpOBAHUU
ypaBHeHHA BepTUKaJIbHOU AN dy3un Temnsa U pasind-
HBIX crioco6ax IpeAcTaBJeHNs BepTUKAJIbHOIO paclipe-
JejeHus TeMieparyphl. Takue Mojesu, Kak IIpaBUJIo,
OCHOBaHBl Ha OCHOBOIIOJIAramuX (PpU3NYecKux 3aKo-
Hax, He TpeOyIoT 3afaHNA K03 PUIIEHTOB BepTHUKAaJIb-
HoOro TypOyJieHTHOro oOMeHa, IIPOCTH B peaju3aluu 1
yAOOHBI JJIA IPOBeJEeHUs YKCJIeHHBIX 5KCIIepUMeHTOB.
OpxHol u3 Takux mojened apisercsa Flake (Mironov,
2008).

T'uapoTepMoAuHAMUYecKas Moaesb o3epa FLake!
ABJIAETCSA COCTABHOM YacCThIO MTPeJI0KeHHON MeTOIUKHU
U pa3paboTaHa COBMEeCTHBIMHU yCUJIUAMU COTPYAHUKOB
HuctutyTa o3epoBeneHusa PAH, HWHctutyTa BOAHBIX
npo6sieM CeBepa PAH, UHcTUTyTa BOAHOM 3KOJIOTUU U
BHyTpeHHero peiboBojicTBa ['epmanum (IGB) u Ciryx6b1
noroasl I'epmanuu (DWD) (Mironov, 2008; Mironov
et al., 2010; Golosov and Kirillin, 2010; Kirillin et al.,
2011). Mopernp mpencraBseT co00M YHHBepCaJIbHYIO
napamMeTpHU30BaHHYI0 OJHOMEPHYI0 MaTeMaTHU4ecKylo
mopesnb I'TJ] mpoijeccoB B 03epe, B KOTOPOI peasin3o-
BaHBI pe3yJIbTaThl UCCJIeJOBaHU, NIOJIyuYeHHEIe B X0/ie
MHOT'0JIETHUX HaTypHBIX U JIJaOOpaTOpPHHIX HCCJIeA0Ba-
HUH, BBIIOJHEHHBIX Ha JIMMHOJIOTMYECKOH CTaHIUU
HuctutyTa o3epoBeneHua PAH, a takxe mociegHue
MMpPOBBIe JOCTHXeHHA B 001acTu GpU3nNIecKol JIMMHO-
Joruy. J[yig ycHIemHoro KCMIoJb30BaHUA MoJeau 00b-
eKT MOJeJIMpOBaHNA JOJDKEH YAOBJIETBOPATH CJIeylo-
IIMM OCHOBHBIM TpeOOBaHUAM:

* IPOTSXEHHOCTb He JOoJDKHA OBITh HAaCTOJIBKO
BeJIMKa, 4TOOBI MOPOJAWUTH 3HAUUTEJIbHble KJIMMa-
TUYeCKre pas3jIndusa MeXAy OTHeJIbHBIMHU yyacT-
KaMM aKBaTOpHY, U He HACTOJIbKO Maja, YTOOBI
BTOpHUYHAas BeTpOBas IUPKYJLANUA Urpajia O4eHb
CyIIeCTBEHHYIO POJIb;

* [HO MOXHO aNllpOKCHMHPOBATh IOPU30OHTAJIBHOM
IIJIOCKOCTBIO;

* QaJBEKTUBHBIE TIPOIlECCHI HE JIOJDKHBI  BHO-
CUTh CYIIECTBEHHOI'O0 BKJIaZja B TypOyJIeHTHOE
repeMenIMBaHue.

B Hactosmee Bpemsa FLake ciyxur 6a3oBeIM
WHCTPYMEHTOM JIJis1 pa3paboTKku MoJieiell GyHKILOHU-
pOBaHMA BOJHBIX 3KOcHCTeM U (GOpPMUpPOBaHUA Kaue-
CTBA BOJbl B IIPUPOAHBIX U MCKYCCTBEHHBIX BOJ0eMaX,
UCIOJIb3yeTcsA Kak yyeOHoe mocobue Impu NOATOTOBKE
CIeIaJINCTOB 3KOJIOTOB U T'MAPOMETEeOpOJIOroB KakK B
Halllel cTpaHe, Tak U 3a pybexom. IIpoyKT cuHTe3a
Mojiesi o3epa FLake ¥ mpUIOBEPXHOCTHBIX METEOPO-
JIOTMYeCKUX [JaHHBIX peaHaju3a MOJIyuYWs Ha3BaHUe
FLake-Global (Kirillin et al., 2011). OTmeuaeTtcs, 4TO
FLake-Global mo3BoJisieT mNpaKTUYECKHM MTHOBEHHO
OIIEHUTh CEe30HHBI LUK TeMIlepaTyphl U YCJIOBUN
IepeMellnBaHNA B JII0OOOM MeJIKOBOJHOM IIPECHOBOJ

1
2
3
4
5

o 500 1000 km ®
-
Puc.1. Kiumartudeckre o0JacTu Ha TeppUTOPUH

Pecnybsmka Caxa: 1 — KJIMMAaT apKTUYECKUX MYyCTHIHb U
TYHJpP, 2 — YMepeHHBI KOHTUHEeHTAJIbHBIN KJIMMaT C AOCTa-
TOYHBIM YBJIaXKHEHHeM, 3 — KJIMMaT TaWru C yCTONYMBBIM
yByaxkxueHueM (HanuoHaseHBIH aTiiac..., 2007), 4 — neHTpo-
UABl KJINMaTHYecKux objactei, 5 — o3epa

HOM O3epe 0 BceMy MUpy. B xauectBe meTofa yuyera
BJMAHUA o03ep Ha (opMUpOBaHMHE JIOKAJbHBIX KJIU-
MaTUYecKux ycJioBuil Mofesb Flake mmpoko BHe-
JpeHa B IpPaKTHUKy YKCJIEHHOTO IpPOrHO3a IOrofbl B
METeOpOJIOTUYeCKUX OpraHn3aluAx pasHbIX CTpaH U
MexnayHaponHoro Esponerickoro IlenTpa cpegHecpou-
HBIX MPOrHO30B noroAsl (Mironov, 2008). EBpomnerickas
nporHoctuyeckas cucrema COSMO?, ucnosibdyemas u
B Hallel CTpaHe [Ji COCTaBJIEHUs NMPOrHO30B IOTOLBI
PocrugpomeroMm Ha Bceli Tepputopuu P®, Taxxe
BimiouaeT FLake B kauecTBe cpe/icTBa OLIEHKU BJIMAHUA
IIPECHOBOJHBIX O3ep Ha JIOKAJIbHBIN KJIMMAT II0 BCeMY
mupy. U3 aToro cieayeTt, 4To MOZAeJib alpuoOpPU MOXET
HCIIOJIb30BAThCA HA HEN3yUYeHHBIX MaJblX U CPeJHUX
BOJloeMax Hallleil CTpaHhl.

Kpome ToOro, B mpefliecTBYIOMUX KCCJIeI0Ba-
HHAX aBTOPOB, BBIIIOJIHEHHBIX COBMECTHO C KOJLJIeraMu
n3 HMHcTuTyTa BogHbIX npobsiem CeBepa KapHIl PAH
n Cankr-IleTepOyprckoro rocygapCTBeHHOIO yHUBED-
cutreta (Zdorovennov et al., 2020), mpeacTaByieHbI
pe3yibTaThl Bepudukanuu mozesn FlLake Ha o3ze-
pax octpoBa CaMOMJIOBCKUI, HAaXOOANUXCA B I0KHOMN
yacTu JenbThl peku JleHel. Ha ocTpoBe pacnosioxeHO
HECKOJIBKO 03€p MpeuMyIeCTBeHHO TEPMOKapCTOBOI'O
npoucxoxaeHudA. A Bepudpukanuy MoAeJ M UCIOJIb-
30BaJIMCh pe3yabTaTbl WU3MEpeHHN TOJIIUHB JbAa
03ep, IPUAOHHBIX U IOBEPXHOCTHBIX TEMIIEPATyp YeTHl-
pex o3ep B ampeJsie 2013 roga, npoBeJeHHBIX PYNIIONI
CIIeIMaJnCTOB U3 MHCTUTYTA MOJIAPHBIX U MOPCKHUX
nccienoBaHuil uMeHu Amnpdpena Berenepa (AWI, .
[MoTrcmam, I'epmanusa) B pamMkax skcneaunuu «JleHa»
(Zdorovennov et al., 2020).

JlaHHBIe METeOpOJIOTUYEeCKOTO peaHasm3a
HCMOJIb30BAJINCh [JIA 3aJaHusA aTMocGepHOro BO3-
nerictBusa («dopcuHra») Ha o3epa. PeaHaynus oO6bequ-
HAeT JaHHble eTepMHHUPOBAHHOTO MOZEJIMPOBAaHUSA

L T'TH moxmens Flake https://www.lakemodel.net (maTra o6pamenus 15.03.2024) (Mironov, 2008).

2 IIporHoctuueckas cucrema COSMO, Pocrunpomer. https://www.meteorf.gov.ru/product/cosmo/ (aaTa o6paiieHus

15.03.2024) (Rockel et al., 2008).
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C HaTyYpHBIMHU HaOJI0AeHUAMHU 10 BCEMy MUPY B IJIO-
0aJIbHO TOJIHBIML U COTJIaCOBAHHBIMI HaboOp AaHHBIX.
[TpuHiun Takoro o6beIUHEHWS NAHHBIX OCHOBAH Ha
acCUMMWJIALMM [aHHBIX, MCIOJb3yeMBIX B LeHTpax
YHNCJIEHHOTO0 MPOTHO3MPOBAHUA IIOTOABI, TAe KaxJble
HECKOJIbKO YacoB IpeAbAyLIMI IIPOTHO3 ONTHUMaJlb-
HBIM 00pa3oM KOMOUHUPYETCA ¢ HOBBIMU JJOCTYNHBIMU
HaOIOeHUsAMU [ TOJIYYeHUs] HOBOM HauWJIy4lleil
OLleHKU cocTosAHuA aTMocdepsl. [Ipu s3ToM peaHanus
He CBA3aH ¢ HeOOXOAMMOCTBIO ONlepaTUBHO BBITYCKAaTh
MeTeopoJIoruieckre MPOrHO3bl, CJieoBaTesIbHO, eCThb
OoJibllle BpeMeHU AJiA cOopa HaOJIIOJeHUII U ydeTa
YJIydllleHHBIX Bepcull HCXOAHBIX HaOII0JeHUH, 9YTO
6J1aroNpUATHO CKasblBaeTCs Ha KadecTBe IIPOAYKTa
peananusa.

B HacTosmell paboTe B KauyecTBe BXOAHOM
nHbopManuu AJA IUAPOTEPMOANHAMHYECKOT0 Moe-
JIMPOBaHUA NOCJIYXWIN JaHHBIE peaHan3a ceMelcTBa
ERAS. Peanaymsbel ERAS® comepxaT psisl BOCCTaHOB-
JIEHHBIX 3HAUYeHUI MeTeOpOJIOTHYeCKUX IlapaMeTpOB
JUIl BCero 3eMHOI0 Ilapa, KOTOpble OOHOBJIAIOTCA
exXxeqHEeBHO C 3aflepXkKoi okosio 5 nHeil. ERAS — 310
[ATOe MOKOJIeHHe peaHayu3a AjA rj100aJbHOro KJIH-
MaTa U OoroAbl 3a nocjaegHue 8 necatusieTuil. JlaHHble
poctynHel ¢ 1940 roga mo Hacrtosmee BpeMsa. ERAS
IpeJjoCTaBJAeT I0YacoBble OLeHKH A1A OO0JIBIIOro
yncsIa napaMeTpoB aTMocdepbl, OkeaHN4eCKUX BOJIH U
MIOBEPXHOCTH 3eMJIU. BpeMeHHO mar Mexay cpoKamu
«Hab0ieHni» CcoCTaBjsAeT 6 4acoB, MPOCTPAHCTBEH-
HOe paspelieHne pea"annsa — 0.25° no mupore u J0JI-
rore. Boibopka HeoOXOOUMBIX AJIA PacdyeToB NaHHBIX
MIPOM3BOJUTCA IO KOOpAMHATAM pacueTHOW TOYKHU.
J71a obsierdyenys paboThl MHOTMX KJIMMAaTH4eCKUX MIpU-
JIOXKEHUH pacCUUTHIBAIOTCA TaKXe U cpeAHeMeCsyuHbIe
3Ha4YeHus TMAPOMeTeopoJIornieckux napamerpos. [Ipu
mopmenupoBanuu I'TJI npoiieccoB B TPYyAHOLOCTYIIHBIX
peruoHax JaHHble peaHaIu3a 3aMeHSI0T OTCYTCTBYIO-
11yio MHGOPMaIHI0 Ha3eMHBIX U3MepeHUl.

CileHapuu HM3MeHeHUs KJMMaTra B pervoHe.
Jl714 oLleHKH nIoc/IeACTBUI BO3MOXHBIX KJIMMaTH4eCKUX
U3MeHeHH! B paboTe ObLIM MCIIOJIb30BaHHI [iBa ClieHa-
PHs DBOJIIOIMN aHTPOIIOT€HHBIX BEIOPOCOB NaPHUKOBBIX
rasoB B armocdepy B OyaymeMm, T.H. RCP-cuenapuu
(Representative Concentration Pathway) — RCP 2.6
u RCP 8.5 — «wiyumuii» U «XyAUnil» ¢ TOYKU 3peHus
BO3AeNCTBUA Ha OKPY’KaloIlyl0 Cpelly, COOTBETCTBEHHO
(Meinshausen, 2011; Moss, 2010; Nakicenovic and
Swart, 2000; Rogelj et al., 2012). Cuenapuii RCP 2.6
TpelGyeT, 4ToObl BBIGpPOCH Auokcupaa yriepona (CO,)
HayaJl HeyKJIOHHO CHWXAaTbCA U JOCTUIJIM HyJA K
2100 r. Bei6pocsl MeTana (CH 4) JOJIXHBI YMEHBIIUTCSA
Ha TOJIOBHHY, IIpU 3TOM ypOBeHb BHIOPOCOB AMOKCHAA
cepsl (SO,) coctaBuT npumepHo 10% ot yposHsa 1980-
1990 ronos. B cienapuu RCP 8.5 BeIGpOCH IpoaoJI-
JKaloT pacTy B TeueHue Bcero 21 Beka TeMHU e TeMIIlaMu,
yTo U ceiiyac. I{udpe B abbpeBuatypax clieHapueB
(2.6 1 8.5) yka3bplBalOT Ha JONOJHUTEJIbHOE KOJInYe-
cTtBo sHepruu (Bt/m2), KoTOpoe OyIeT akKyMyJHUpO-
BaHO aTMocdepoil B pe3yJibTaTe BHIOPOCOB NAapHUKO-
BBIX ra30B. 3HaUe€HNA MeTeOpOJIOrHYecKUX napaMeTpoB

(ocazkoB U TeMnepaTyphl BO3[IyXa), COOTBETCTBYIOIIUX
peanuzanuu ClieHapueB COIMaIbHO-95KOHOMUYECKOM
JesirenbHOCTU YesioBeka RCP B n3yuyaeMoM pervoHe Ha
nepuofa Ao 2100 rona, paccuyrMTaHbl C UCIOJIb30BaHUEM
kiuMaTtndeckort wmogenu MPI-ESM-MR  (MHCTUTYT
Makca [Inanka, I'epmanus), yuactByioujeii B ®aze 5
[TpoekTa B3aMMHOIO cpaBHeHUsA Mofesiell BceMupHoi
nmporpaMmsl ucciiefoBanuii kiaumara (WCRP CMIPS)
U peKoMeH/IO0BaHHBIX B [IATOM OIleHOYHOM MOKJIajie
MexXmnpaBuUTeIbCTBEHHOU T'PYIIIBL 3KCIIEPTOB MO HU3Me-
HeHUI0 KmMara“. [TojiyueHrne HEOOXOAUMBIX AJIA pac-
YeTOB [aHHBIX OCYyIIECTBJIAJIOCh IyTeM MHoAa4yu COOT-
BETCTBYIOIIEro 3alpoca, BKJIIOYAIOMIEr0 KOOPAWHATHI
WHTepecyIIUX Touek (B HallleM cJIyyae — KOOpAWHATHI
L[eHTPOUJOB KJIMMaTHhueckux obJiacTeli), Ha3BaHUe
kanMatudeckux Mmopenenn (MPI-ESM-MR), tun RCP-
cieHapus (RCP 2.6 u RCP 8.5), HazBaHUs MeTeopo-
JIOTUYECKUX TEePEMEHHBIX U BpeMeHHOe pa3pelieHue
JlaHHBIX Ha caiiTe EBponelickoro neHTpa cpeiHecpoy-
HbIX porHo30B noroasl (CORDEX..., 2021). UcxongHyto
nHbopManuio s KJIMMaTAYeCKUX MPOrHO30B COCTAaB-
JIAI0T TUpoMeTeoposorudeckue napameTpsl (RCP cie-
Hapum) 3a nepuop 2006-2100 rr.

s npoBeleHNMs HMUTAIMOHHBIX pPacyeToB
BHINIOJIHAJIACh  CTHIKOBKA T'HMPOMETEOPOJIOTMYEeCKON
nHbopManuM peaHaausza U KJIUMaTHUYeCKUX MPOTHO-
30B. AmanTtanuu cieHapueB RCP k peTpocrneKTUBHBIM
JIaHHBIM peaHaJiM3a MPOBOAWJIMCH C UCIOJIb30BaHUEM
MeTOoJla KOPPEeKTHMPOBKH 3HAaueHUIl KJIMMaTHYeCKUX
rapamMeTpoB, pacCuUuTaHHBIX o Momenn MPI-ESM-MR
ana nepuofa 2006-2022 rr. B COOTBETCTBUHU C JaH-
HBIMM peaHajii3a 3a 3TOT e Mepuoj BpeMeHU. MeTton
OCHOBaH Ha HCIIOJIb30BAHUN COOTHOIIEHMI, CBsI3bIBA-
IOIIMX 3HauYeHUs peaHasu3a (aHajora U3MepeHHBIX
KJINMaTHU4YeCcKUX IapaMeTpoB) U pACCUUTAHHBIX IO
Mofenu obieil nupkysAanuu atmocdeps! (KoHapaTees
u boBbikuH, 2003).

[Tpu Hanmmuuu HeOH6XOAUMOM UCXOOHOU MHOOP-
Maluu MOJleJib PacCUUTHIBAaeT cJIeIyIollne XapaKTepu-
CTUKU BBIOpAHHOI'O 03epa:

* TemsonepeHoC Mexay aTMocdepoii, JIbA0M, BOJON
Y JJOHHBIMM OTJIOXEHUSIMU;

*  BEPTUKAJbHBIN IPOGUIb TEMIIEPATYPHI BOJIBI, TEM-
repaTypy y MOBEPXHOCTU U Y JIHA;

* npoduib TeMIepaTypsl B JOHHBIX OTJIOXEHUSAX;

* aary OﬁpaBOBaHI/IH JIEJOBOI'O IIOKPOBA, €ro Ipo-
JAOJDKUTEJIbHOCTD U TOJIIINHY;

° I"J'IY6I/IHy npoTanBaHVsA JOHHBIX OTJIOXXEHUH B 0O3e-
pax 30HbI BEUHOI MEP3JIOTHI.

4. Pe3ynbTaTtbl U UX 006Cy)XpAeHME

Bo3MoOXHOCTH MaTeMaTHYeCKOro MOJesINpOoBa-
HUA IPU pellleHUM 3aJad KOJINYeCTBEeHHOH OLIeHKU U
MIPOTrHO3a BO3MOXHBIX u3MeHeHut I'T/] xapakTepucTuk
03€p pa3JIMYHOTO IIPOUCXOXIEHUSA B YCIIOBUAX 3aJiera-
Hua MMII Ha ocHOBe uHpopmanuu o6 ux mMopdome-

3 Caiit ERAS https://confluence.ecmwf.int/display/CKB/ERA5 (maTa o6paimienus 15.03.2024) (Hersbach et al., 2020).

4 Ccpiika Ha gokiaf https://www.ipce.ch/sr15/ (maTta ob6paienus 15.03.2024).
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TpUU NIPOJIEMOHCTPUPOBaHLI Ha IIpHMepe pellleHus cle-
AYIOLIMX TpeX 3aflady UMUTAILMOHHOI0 MOIeJIMPOBAHUS:
Pacuer BHyTpuromosoi nuHamuku I'T/] xapakre-
PUCTUK BOJHOU Macchl W JOHHBIX OTJIOXKEHUI B
Pa3JIMYHBIX KJIMMaTUYeCcKux obsacTtax JAKyTum.

Pacuer BHyTpuromosoi auHamuku I'T/] xapakre-
PUCTUK BOAHON MacChl M AOHHBIX OTJIOKEHU! B
o3epax pasJIMYHOr'o IIPOMCXOXAEHNA.

PeTpocniekTuBHasgs M IPOTHOCTHYECKAas OLI€HKU
AuHaMuKu cpeaHerofgoBbelx ['TJl xapakTepucTuUK
o3ep 3a nepuop 1940-2100 rr.

3HaueHUs r1yOMH NepBLIX TPeX TUIOB 03ep (Tep-
MOKapCTOBBIX, BOJHO-2PO3MOHHBIX U 3PO3UOHHO-TEp-
MOKapCTOBBIX) O/IM3KU Mexay coboi (Tabmuna 1). Ux
pas3nuys He OKasblBaeT CYLIeCTBEHHOrO BJIMAHMA Ha
pe3yJibTaTbl MoAesnpoBaHusA. IloaToMy B mocjeAdylo-
IMX pacyeTax pacCMaTpUBaJINCh TOJIbKO TEPMOKapCTO-
BBle 03epa, Kak IIpeBaJIMpylolile B paccMaTpyUBaeMoM
BEIOOpKe. MogenrpoBaHue BHIOJHAINCDH AJIA TUIOTe-
TUYECKHX 03ep, PacloJIOKEHHBIX B TOYKax C KOOPAU-
HaTaMHM IEeHTPOWJOB KJIMMaTUYeCKuxX objacTeil, co
CpeqHUMH 3HauyeHUAMU MopQOMeTpHUUYeCKUX XapaKTe-
pUCTUK, cofepxamumucsa B Tabaure 1.

Pacuer BHyTpUromoBod pmuHamuku I'TI
XapaKTepUCTUK BOJHOI Macchl U JIOHHBIX OTJIO-
)KeHHHA B pa3jIMYHBIX KJIMMaTHU4YecKHUX oO6JiacTAx.
HNmurtannonHoe I'TJ] MoaenrpoBaHue BOJHOM Macchl U
JIOHHBIX OTJIOXK€HUI NIPOBOAWJIOCH Ha NpUMepe TepMo-
KapCTOBOr'0 03epa B KJIMMaTHUYeCKHUX 00JIacTAX apKTH-
YeCKUX IyCTBIHb U TYHJP, KOHTUHEHTaJIbHOI0 KJIuMaTa
C IOCTaTOYHBIM YBJIQXXHEHHEM, a TakXke KJuMaTa Talru
C ycToMuuBBIM yByaxHeHueM (Puc. 1). BoznericTBue
KJIuMaTa B JaHHOU 3amave Ha ['TJ] xapakTepuCTUKU
BOJHOM Macchl ¥ JOHHBIX OTJIOXKEHUI peasii30BaHO
yepe3 THMAPOMETEOpOJIOTUYecKylo HMHGOpMaLUI0 pea-
Haju3a JJid LeHTPOWJOB YKa3aHHBIX KJIMMaTHYeCKUX
obsiacTeii. Pe3ysbTaTel KMMHUTALMOHHBIX pacyeToB,
ocpeAHeHHble 3a Iepuofn 1940-2022 rr., mpencras-
JleHbl Ha PucyHnke 2.

JauHvle PucyHka 2 AeMOHCTPUPYIOT 30HaJIb-
HOCTb BHYTPUTOJOBOIO XOJa CpefHell IO IJIyOuHe
TeMmnepaTyphsl BOJBI, TOJIIIMHE JIbJa U MOTOKa TeIa
MeXIy BOJOHN M AOHHBIMU OTJIOXKEHUAMU B TepMOKap-
CTOBOM O3epe TpeX OCHOBHBIX KJIMMaTH4YecKUX oOJia-
creii fAxkytun. HauGosiee TeIIBIMU ABJAIOTCA O3epa
obsacTu 3 ¢ KJIMMAaTOM TaWTI'M U yCTONYMBBIM YBJIaX-
HeHueM, JIeTHHe TeMIlepaTyphl 34eChb MOT'YyT JOCTUraTh
16°C. 3a HUMHM CJIeAYIOT BOJOEMBI 06J1aCcTH 2 C yMepeH-
HBIM KOHTHMHEHTAaJIbHEIM KJIMMaTrOM M [OCTaTOYHBIM
yBJIaxXHeHneM. HanmeHbmue TeMnepaTypbl BOJHOH
Macchl (He 60siee 6-7°C B JIETHUI MTePUO]]) XapaKTepPHBI
JU1s 03ep 00J1acTU € KJIMMATOM apKTUYeCKUX IIyCThIHb
U TyHAp. Pe3yabpTar AOCTaTOYHO IpeAcKasyeM, YUUTHI-
BasA MMPOTHOE pacloJIOKeHHe KJIMMaThudecKux obJia-
creif. OfHaKo BpeMeHHas AWHAMUKa TeMIlepaTyphl
BOJIbI B 03€epax, PacIoJIOXKeHHBIX B perioHax 3ajleraHus
MMII, B 3UMHUI1 Teproj CYIIeCTBEHHO OTJIMYaeTcsA OT
TaKOBOH B O3epax, IJie BeyHas Mep3JI0Ta OTCYTCTBYeT.
B nocyieqHux nepuoj JiefocTaBa XxapaKTepusyeTcs Kak
npaBuiIo 3G@eKToM «IIOoAJeqHOr0 MporpeBa» BOJHOMH
Macchl 3a cyYeT IiepepaclpefiesieHusa TeIla MeXAy
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Puc.2. Buyrpurogosasa auHamuka I'TJ] xapakTepucTUK
BOJHOU Macchl M AOHHBIX OTJIOXKeHWH (cpedHell MO TIJIy-
OMHe TeMmIlepaTyphl BOABI, TOJIIMHE JIbJa U IOTOKa TeIlJia
MeXAy BOJIOHM U JOHHBIMU OTJIOXKE€HUSAMU), OCPeTHEHHBIMU 33
nepuop 1940-2022 rT. B TepMOKapCTOBBIX 03epax obJsiacTel
¢: 1 — K IMMaTOM apKTUYeCKUX MyCTBIHb U TYHAP, 2 — yMepeH-
HBIM KOHTUHEHTAJIbHBIM KJIMMaTOM C JOCTAaTOYHBIM yBJIaX-
HeHueM, 3 — KJIMMaTOM TalI'u € YCTONYNBBIM yBJIQXXHEHHEM

TeIJILIMU JOHHBIMHU OTJIOXKEHUAMHU U XOJIOJHOH BBIIIe-
Jiexkaniell Booi. B pe3sysibTaTe B Takux o3epax B 3UM-
HUI [epuoJ] NMPOMCXOAWT IOBHIIIEHNE TeMIepaTyphl
BOJIbI oo JbAoM. B o3epax ¢ MMII gmanHbi 3ddexT
BBIpakeH oueHb cjabo. OH HaOsofgaeTrcs TOJIBKO B
IepBble HefesIy JieoCTaBa, Koraga MOTOK TeIljla OTpU-
1jaTesieH (HampasjieH U3 JOHHBIX OTJIOXKEHHUI B BOAY),
3aTeM MOTOK Telyla MeHseT 3HAaK Y CTaHOBUTCA IOJIO-
XUTEeJIbHBIM, T.e. HaIpaBJICHHBIM U3 BOJBI B JOHHBIE
oTJIoKeHUA. IIpu 3ToM TeMmmepaTypa BOJHOM MaccChl
IIOAO JIBIOM yMeHbIaeTcs. DTO NMPOMCXOAUT BcCJied-
CTBHE TOT0, YTO, BO-IIEPBHIX, CE30H JIETHEro Nporpesa B
o3epax ¢ MMII HenpoaoKUTEIeH — BCETO OKOJIO JIBYX
MecsIeB, 4TO He I03BOJIAET CyI[eCTBEHHO yBeJINYUTh
TeIlJIOCoiepXaHKe JOHHBIX OTJIOXKeHUH. Bo-BTOPEHIX,
ckasbiBaeTcsa BiausaHue MMII ¢ oTpunaTeIbHBIMU TeM-
nepatrypaMy. 3HauMTesIbHasA 4acTh Telljla B IepUOJ JIeT-
Hero Iporpesa pacxoJyeTcsA Ha HarpeB U IIpoTauBaHue
nenosoi ppakiuu MMII. B pesysbraTe Temso, MoCTy-
narwllee U3 BOAHOI MacChl, pacxoJyeTcsA CHadaja Ha
oOpa3oBaHMe Ce30HHOIO CJIOA NPOTauBaHMA, a TOJIBKO
3aTeM Ha HeNOCpeJCTBEHHBINI HarpeB CaMHUX AOHHBIX
oTsoxeHn. C obOpasoBaHHeM JiefJOBOIO IOKpOBa TO
HeOoJIpIIOe KOJIMYecTBa TeIlsIa, HAaKOIUIEHHOe B CJioe
[IpoTauBaHusA B TeyeHHe MepHoja JIeTHEro Nporpesa,
OBICTPO pacxo[yeTcs Ha He3HAUMTeJIbHBIN Harpes Npu-
JIOHHOH BOABI, I1OCJIE Yero CJI0A IpOTauBaHuA Aerpaau-
pyeT, a MOTOK Telyla MeHsAeT HallpaBjieHHWe C OTpUIia-
TeJIBHOr'O Ha II0JIOKHUTEeJIbHOe.

Ce30HHasA [JUHAMWKA TOJIIMHE  JIE[AOBOIO
nmokposa B o3epax ¢ MMII orimiyaeTcsi OT TakoBOH B
o3epax ¢ orcyTcTBUeM MMII TOJIbKO B KOJIMYeCTBEHHBIX
napaMmerpax. 3ecb He0OXOJWMO OTMETUTh AJIUTEsIb-
HBII niepuof Jiegoctasa — A0 10 MecsAleB, U OOJIbIIYIO
TOJIIIMHY JIba — CpeJIHMe 3HaueHUs 3a paccMaTpHBae-
MBI Tleprof cocTaBAlT 0 1.5 M. KauecTBeHHBIX pas-
Jnuui He HaOsofaerca. Pe3ysibTaThl pacyeTa TeIJioo-
O6MeHa uepe3 rpaHully “Bojia — AHO” JIeMOHCTPUPYIOT
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BJIMsAIHME MHOT'OJIeTHEMep3JIblX IOpOJ Ha TepMUYeCKU
pexum o3ep. B o3epax Bcex kiimMaTHU4yecKux obsiacreit
3HAYMTEJIbHYI0 4acTh rofa MOTOK Teljla MMeeT IOJIO-
JKUTeJIbHBle 3HaueHusdA, T.e. OH HallpaBjleH U3 BOJBl B
JHO. Y TOJIBKO B KOPOTKHI BpeMeHHO! IIPOMEXYTOK B
Hayajle OCeHM, Korja HaunHaeTcsA Ilepuof JiegocTraBa
OH CTAHOBUTCA OTpHULATEJIbHBIM, T.e. HalpaBJIeHHBEIM
Y3 JOHHBIX OTJIOXKEHUI B BOAY.

Pacuer BHyTpUromoBoi pauHamuku I'TI
XapaKTepUCTUK BOJHOHM Macchl M JOHHBIX OTJIO-
)KEHHMA B oO3epax pas3jIMYHOTO IIPOUCXOXKAEHM.
NmurtannonHoe I'T/] MoaerpoBaHue BOJHOM MaccChl U
JIOHHBIX OTJIOXEHU MPOBOAWJIOCh HAa AJIA TpeX TUIIOB
o3ep ¢ HauboJiee OTJIMYAIOMMMUCA IJIyOMHAMU — Tep-
MOKapCTOBOr'0, JIEAHUKOBOIO M TEKTOHWYECKOI'O CO
cpegHHMH MOp(OMeTpUUYeCKHMHU XapaKTepUCTUKaMHU
(Tabsmna 1) gyia objacTy 2 KOHTUHEHTAJIBHOI'O KJIH-
MaTa C J[JOCTaTOYHBIM YBJaXHeHHUeM. BosnelicTBue
TUIA 03epa B JJaHHOU 3ajaue Ha ['T/] xapakTepuCTUKU
BOJHOM MacChl W JOHHBIX OTJIOXKEHHUI peasii30BaHO
yepes3 pas3jinuuA B CpeJHUX IJIyOMHax o3ep yKa3aHHBIX
TUNOB. Pe3ysbTaThl UMUTAI[MOHHBIX pacyeToB, OCpel-
HeHHble 3a nepuof 1940-2022 rr., npefacTasJieHBl Ha
PucyHke 3.

[TpoucxoxaeHue osepa omnpepesseT creluPUKY
Pa3BUTHA €ro KOTJIOBUHBI U TaKyl BaXHYyI Mopdo-
MeTPHYeCKyl0 XapaKTepUCTUKY KaK CpefqHAA IJIyOuHa,
KoTOpas fABJIAeTCA BXOOHBIM IapamMeTpoM MoAesn
FLake. Kak cienyer u3 Tabsunbl 1 3HaYeHUs TIyOUH
Pa3HOTHUIIHAIX 03ep CYIIeCTBEHHO pa3jIMyaloTcsa MexAy
co0o0I1, 4yTO CKa3blBaeTCA Ha pe3yJibTaTax MOJeJINPOBa-
HuA. TpexkpaTHOe IIpeBbllleHre IJTyOrHbI Jie JHUKOBBIX
03ep [0 CPaBHEHHIO C TePMOKAPCTOBBIMU MIPUBOJUT K
CyIIleCTBeHHBIM Pa3jIM4UAM B X TEPMHUYECKOM peXxrume
B MOJJIeAHBIN Mepuof. B MeHbIleM 1o o60beMy BOJHOM
Macchl TepMOKapCTOBOM O3epe Teljlo3anac yMeHb-
maetcs ObicTpee u3-3a BiuAHUA MMII ¢ oTpunjaresb-
HBIMU TeMIlepaTypaMy, BCJIe[CTBLE Yero TeMineparypa
BOJBl IIpUOJIMXaeTcsa K HyJIEBBIM 3HaUYeHHAM B KOHIIe
nepyuoja JiefocTaBa. B JIeAHUMKOBBEIX O3epax TeMIle-
parypa Takxe yMeHbIIaeTcs, HO C MeHbIlell CKOpo-
CTBIO, M K KOHIY JIe[JOCTaBa OCTaeTCs MOJI0XKUTEeJIbHOM.
INocneanee BMseT Ha CTapTOBBIE YCJIOBUSA Havasla JieT-
Hero Inporpea o3ep o6oux TUINOB. TepMoKapCTOBEIE
Ha4MHAIOT [IPOrpeBaThCs C MPaKTUYeCKU HyJIeBHIX 3Ha-
4yeHUI TeMIlepaTyphl, TOrJa KakK JeJHUKOBEIE — C I10JIO-
JKUTEJIbHBIX. DTO ABJIAETCS OJHOM U3 MPUYUH TOTO, YTO
BOJla B JIEJHUKOBBHIX O3epax B IIeJIOM B TeueHHe JieT-
Hero Iporpesa focTuraet 0ojiee BBICOKUX TeMIIepaTyp
[I0 CPaBHEHUIO C TepMOKapCTOBBIMU. IIpocTas oleHKa
CBUJIETEIbCTBYET, YTO TeIljo3allac cpefqHecTaTUuCThuye-
CKOT'0 TEpMOKapCTOBOr0O 03epa K KOHIly 3UMHero Iepu-
ona (paccuuThiBaeTcs MO NaHHBIM Tabsnuilsl 1) GoJiee,
yeM B TPU pa3a MeHblIe TeIio3anaca JieJHHKOBOI'O
o3epa — 1.6-10° u 5-10° [Ixx/M? COOTBETCTBEHHO. J[pyroi
BO3MOXHO! NpUUNHON 60Jiee 3¢ PpeKTUBHOTO NMporpesa
JIeJHUKOBBIX 03€p MOI'YT CJIy>KUTh yCJIOBUA IlepeMell-
BaHUsA BOJHOM Macchl B o3epax 0601x TUNOB. B Meskux
TepMOKapCTOBBIX O3epax B Mepuojl JIeTHero Iporpesa
6oJiee 3(PhEKTHBHO IMPOUCXOAUT HOYHOE KOHBEKTHB-
HOe BBIXOJIaXMBaHHeE, YTO B CBOIO Oouepe]b BjIMAET Ha
CKOpOCTh IporpeBa BOOHOI Macchl. I'yiybokue TeKTo-
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Puc.3. BuyTtpurogosasa auHamuka I'TJ[ xapaKTepHUCTHUK
BOJHOHM MaccChl M JJOHHBIX OTJIOKEHUH (TeMIepaTypsl BOAHI,
TOJIIMHBI JIbJa U MOTOKA TeIlyIa MeXIy BOJONH M OHHBIMU
OTJIOXXKEHUsIMM), OCPeJHEHHBIX 3a mepuon 1940-2022 rr. B
TEPMOKAPCTOBBIX — 1, JIEAHUKOBBIX — 2 U TEKTOHUYECKUX — 3
o3epax 00JIaCTH C yMepeHHBIM KOHTUHEHTAJIbHBIM KJIMMAaTOM
1 JOCTATOYHBIM YBJIaXHEHHUEM

HHUYecKue o3epa porpeBaloTcsA ropasfo MejJjieHHee 110
CpPaBHEHMUIO C NpeJbAYIIMMU TUIlaMu o3ep. MakcumMym
TeMIepaTypbl BOAb! B HUX NPUXOAUTCA Ha KOHel] aBry-
CTa — NepBYI0 MOJIOBUHY CeHTAOP:A (B TEPMOKACTOBBIX U
JIe[JTHUKOBHIX 03epax MaKCUMyM IIPUXOAUTCS Ha KOHell
HI0JIA — HavaJo aBrycra). [Ipu aToM abcosroTHBIE 3HA-
YeHUs TeMIepaTypbl BOJbI 3HAUUTEJIBHO HIXKeE 10 CPaB-
HEHUIO C IPYrMMU TUNlaMu 03ep — Bcero 6°C, Torga kak
B TEPMOKAapCTOBBIX U JieQHUKOBBIX — 12-14°C. M3-3a
6osbiioi riIyouHsl 3pdekT 3umHero BiusHusg MMII
B TEKTOHMYECKHX oO3epax IIpakTU4ecku He3aMeTeH.
[Mo3mHMiT mporpeB BOAHOU MaccChl B IJIyDOKOM TeKTO-
HUYeCKOM oO3epe NPUBOAUT K BpeMEHHOMY CIBUTY B
CpoKax Hayaja JieJocTaBa — IIPaKTHMYeCcKu Ha MecAll.
[TockosibKy JiefocTaB HayMHAETCA IPU CYIIeCTBEHHO
OTpUIlaTe/JIbHBIX 3HA4YeHUAX TeMIepaTypsl BO3AyXa,
CKOpOCTh OOpa3oBaHHUsA JibAa IIPEBHIIIAeT TaKOBYI0 B
TepMOKapCTOBBIX U JIEJHUKOBBIX 03epax. DTO IPUBOAUT
K TOMY, 4TO B I[eJIOM B TEKTOHNYEeCKHX 03epax TOJIIINHA
Jibfa 6oJiblie, 4eM B TePMOKAPCTOBBIX U JIeJHUKOBBIX.
TeniooOMeH yepe3 rpaHully pashesa BoJa-gHO
B TEKTOHMYECKUX 03epax TakKe CHUJIbHO OTJINYaeTcs OT
TaKOBOI'O B TEpPMOKAapCTOBBIX U JIEJHUKOBHIX. B JByX
[ocJIeAHMX THUIIAX O3ep XapakTep TeIsloo0OMeHa depe3
[IOBEPXHOCThb JOHHBIX OTJIOXKEHUH pa3jindaeTcsa TOJIbKO
B KOJINYEeCTBEHHBIX [IapaMeTpax — B JIeJHUKOBBIX 03epax
OH HEMHOI'O MHTEHCHUBHee. B TeKTOHNYecKUX xe o3epax
n3-3a orpuuaresabHbXx Temneparyp MMII B TeuyeHue
BCEro rojia MOTOK TeIljla HallpaBjieH U3 BOAHOMN MacChl
B JOHHBIe OTJOXeHUA. [Ipu sTom He Habmomaerca
3aMeTHOT'0 CHIM>XeHUs TeMIlepaTyphl B 3MMHUII [TepHOJ.
Jesio B ToM, 4TO u3-3a GOJIBIION TJIyOUHBI MPOLECCHI
nepeMellMBaHus B TEKTOHUYECKUX 03epax M0aBJIeHbl
U TemIo00OMeH OCyIIecTBisAeTcsA KpaliHe MeJlJIeHHBIM
MOJIEKyJIAPHBIM MexaHu3MoM. TeMm He MeHee MHTEHCH-
duxanua TensiooOMeHa 4yepes3 paHully pasfesia Boga-
JHO IIPOUCXOAUT IOCJIe JOCTHXEHUA TeMIepaTypHOro
MakcuMyMa C HadyaJIoOM OCeHHero OoxJiaXJeHW:dA, Korga
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[IpY IJIOTHOCTHOM KOHBEKIIMY IlepeMellliBaHne IPOHU-
KaeT B IPUAOHHBIE 00J1aCTH, 3a CUeT Yero TerioooMeH
WHTEeHCUPUIIPYETCA.

PeTpocniekTuBHAasA " nporHocruyeckas
OLIEHKM AWHAMHMKU cpea”Heronosbix I'TJ/] xapak-
TepUCTUK o03ep 3a nepuond 1940-2100 rr. PacueTn
BBHINOJIHAJIUCh AJIA O3epa JIeAHUKOBOI'O IIPOUCXOXKAe-
HUA, pacloJIOXKeHHOr0 B KJIMMAaTHW4yecKod obsactu 2
(Puc.1), co cpenHuMU MOp(OMeTprUYecKUMH XapakKTe-
puctukamu (Tabauna 1). PeTpocniekTuBHaA AUHaAMUKa
CpeqHeroloBol TeMIlepaTyphl BOJHOM Macchl U cpef-
Hell TOJIIUHBI JIeJOBOTr0 IMOKpoBa 3a mepuona 1940-
2022 rr. MogearpoBasiach C UCIHIOJIb30BaHNEM UHOOP-
Maluy TMAPOMeTeopoJIornieckoro peaHanusa. [ajee
1o 2100 B kauecTBe BXOJIHOM HHGOpMAaIUU B pacueTax
HCIOJIb30BaJINCh JaHHBlEe KJIMMAaTU4YeCKUX IIPOTHO30B
(RCP 2.6 u RCP 8.5) ana paccMaTpuBaeMoi KJIMMaTH-
4yeckoll ob6sacTy. PesysbTaTel MMHTalMOHHBIX pacue-
TOB, BBINIOJIHEHHBIX AJ1A Bcero nepuoga 1940-2022 rr.,
npeJicTaBjieHsl Ha PucyHke 4.

Ha mnpencraBjieHHOM pHCYyHKe HarJjissAHO IIpO-
CJIeXKUBAIOTCA TEeHAEHIMH PeTPOCHeKTHUBHOIO H3Me-
HeHNsA TepMUYeCcKHUX XapaKTepHCTUK 03ep B YCJIOBUAX
MeHsApLerocsa kiuMara ¢ 1940 r. no HacTosIee BpeMs.
CpenHsA TeMIlepaTypa BOOHOM MaccChl 03epa yBeJIn4u-
jace Ha 0.7°C, Ipu 3TOM TOJIL[MHA JIeAOBOr'O IIOKPOBA
yMeHbImach Ha 0.06 m. Jlanee nuamenenue I'TJ] xapak-
TepUCTHK 03epa CYIeCTBeHHO 3aBHUCUT OT ClieHapHeB
pasBuTuA kiauMarta. CorjiacHO «XyJlieMy» ClieHapuio
(RCP 8.5), xorga BBIODOCHI MApPHUKOBBIX T'a30B IPO-
J0JDKAl0T pacTd B TeueHHe Bcero 21 Beka, BO3MOXHO
JajipHelilllee yBeJIM4eHNe TeMIlepaTyphbl BOOHOI MacChl
o3epa enfe Ha 1.5°C Ha k 2100 r. ToyquHa J1eJOBOTO
nokposa yMeHsmutes Ha 0.10-0.15 m. «JIyumunii» Kiu-
matudeckuii cueHapuii (RCP 2.6), B cOOTBeTCTBUU C
KOTOPBIM BHIOpPOCHI JUOKCHUAA yrjepoja B aTMocdepy
AocTUrHyT HyJida K 2100 r., MOXeT CyL[eCTBEeHHO CTa-
OMIM3UpoBaTh NUHAMUKy uaMmeHeHus I'TJ] xapakre-
PUCTUK PpacCMOTPEHHOIO TIMIIOTETHYeCKOro o3epa.
Cutyanusa ¢ TOJIIMHOM JibJa Pa3HOTWUIHBEIX O3ep B
paccMaTpuBaeMbIX KJIMMaTHYeCKuX obJacTax AxyTuu
IIOJTHOCTBIO COOTBETCTBYET COBpPeMEeHHEIM IIpeJiCTaBJie-
HUAM O IoTensieHuu B ApkTuke. TosmuHa jpga yMeHb-
maeTcsd BO BceX BoAoeMax, NpuueM oOpa3oBaHue,
HapacTaHue U TasHUe JIbJja B o3epax IJIaBHBEIM o0pa-
30M ABJIAETCA Pe3yJbTaToM B3auMOENCTBUA BOOHOM
Macchl ¢ aTMocdepoi.

B cBA3M C O4YeBMIHBIM BJIMAHHEM BO3MOXHOIO
MOTeIJIeHUs KJMMaTa Ha AWHAMUKY TOJIIUHBL JIe[0-
BOr'O IIOKpPOBa B 03epax BO3HUKaeT BOIPOC O BO3JAeH-
CcTBUU Takoro mnoremieHusa Ha MMII, koTtopele ABJIA-
I0TCA COCTAaBHOM 4YacTbhl0 AOHHBIX OTJIOXeHUH. [lesio
B TOM, YTO BOAHAas Macca Jiloboro Bofgoema, BKJIIOYasd
o3epa, ABIAETCA €CTeCTBEHHBIM TeIJIOU30JIATOPOM
Mexay arMmocdepoil M AOHHBIMU oOTjoXxeHuaAMHU. K
TOMY XK€ TaKOH TeIJIOU30JIATOP o0JIaJiaeT elle U aHo-
MaJIbHO BBICOKOH TeIlJIoeMKOCThI0. [ToTernieHne aTMoc-
depsl IpuBeieT K HEKOTOPOMY YBEJIMYEHUIO B IIEPBYIO
ouepelib IIOBEPXHOCTHOM TeMIlepaTyphl B 0O3epax, 4To
CKOpee BCero YBeJIMYUT BepPTHKaJIbHYI0 IJIOTHOCTHYIO
cTpaTUGUKaLI0 B HUX, TeM CaMbIM YyCHUJIMBas H30-
JIAIWI0O NIPUAOHHBIX CJIOEB OT MPOHMKHOBEHUA B HUX
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Puc.4. PerpocniektuBHaA — 1, u nporHocruyeckas — 2
(RCP 2.6) u 3 (RCP 8.5) orjeHku JUHaAMUKU CpeHErONOBBIX
I'TH xapakTepucTuk (cpeiHerofoBass TeMiiepaTypa BOAHOM
Maccel U cpeHsAs TOJIIKHA JIe[JOBOI'0 IIOKPOBA) JIeJHUKOBBIX
o3ep ob6iactu 2 (Puc. 1) 3a nepuog 1940-2100 rr.

atMocdepHoro teria. AGCOJIOTHEIE 3HAYeHUA MOTOKA
TellJla Yepe3 rpaHUIly pasjejia Bofa-qHO KpaiiHe HeBe-
Jmku — 10 10 Bt/M? (Puc. 2, 3), K TOMY Xe B TeYeHHe
roga OH MOXeT ObITh pa3HOHANpPaBJIEHHBIM, T.e. CyM-
MapHBIN MOTOK TeIlsIa, HalpaBJIeHHbIN B JOHHEBIE OTJIO-
xkeHUsA Oynder emle MeHblle. TakuM 06pa3oM MOXHO
0XUJaTh, YTO MOTeIJIeHHe KJIMMaTa NpaKTU4ecKu He
okaxet BianAHUA Ha MMII, HaxoaAmecs o o3epaMu.

Pa3ymMHO npefnoyioxXuTh, YTO CUTyalus C u3Me-
HeHHeM KjuMaTa B pesyJibTaTe AeATEJIbHOCTU Yeio-
Beka OyJleT MpOoTeKaTh M0 HEKOEeMY IPOMEXYTOUYHOMY
cueHapuo. Kpome Toro, BaxxHo IOMHUTb, UYTO TEOpPETHU-
YyecKHe acleKThl BO3/IeHICTBUSA U3MeHeHUH KJIMMaTa Ha
OKPY>KaIoIIYI0 Cpely U BOAHBIE CHCTEMBl, B YaCTHOCTH,
HaxXoOATCA B CTaAU UHTEHCUBHOI'O pa3BUTUA. BecbMa
BEPOSATHO, YTO B CKOPOM BpeMeHU OyAyT pa3paboTaHbl
HOBEIE CIIeHapUuy 3MUCCUU MMapHUKOBBIX I'a30B U KJIU-
Marudeckue mofesu. [103ToMy HyXHO OBITh TOTOBBIM
K YTOYHEHUI0 IPOTHOCTHUYECKUX OI[eHOK BO3AeNCTBUs
OyayIx u3MeHeHUHN KJIMMaTa Ha BOJHbIE CHCTEMBL.

[IpeacraByieHHBle pe3yJbTaTbl UMWUTALMOHHOTO
Y1 NPOTrHOCTUYECKOTrO0 MOAEJIMPOBaHUA NOATBEPXKAAIOT
IIUPOKUI CIIEKTP BO3MOXHOcTell monenu FLake mpu
pellleHMX 3a4a4 KOJIMUECTBEHHON OIleHKH U TMpo-
rHo3a musMeHeHuil I'T/] mpolieccoB B o3epax pasJjidy-
HOTO MPOUCXOXJEHUsA, PACIOJIOXKEHHBIX B Pa3/IMYHBIX
(¢usuko-reorpaduyecKrix U KIMMATUYECKUX YCJIOBUAX
IIpU HeJoCTaTKe WJIU OTCYTCTBUU JaHHBIX HATYPHBIX
HabmofeHuil. TakuM o6Gpa3oM peasiuzyercsi OJHO U3
OCHOBHBIX NpegHa3HaueHUN MOEeJIMPOBAaHUs — BBIXO[I
3a paMKHU BO3MOXHOI'0 HaTYpHOTrO dKCIIepUMeHTa.

5. 3akniouenue

B pe3yJjibTaTe NnpoBEeJECHHA KOMILJIEKCA HMMHUTAa-
OVUOHHBIX W TMPOTrHOCTUYECKHUX PpaACYE€TOB IIOKa3aHbI
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MepCHeKTUBhl JajIbHeIlero MUCIoJIb30BaHUA METO[0B
MOJeJIMPOBaHUs B pelieHun 3agad oleHky I'TJ[ xapak-
TEPUCTUK Pa3HOTUIHBIX HEU3Y4YeHHBIX M MaJIou3y-
YeHHBIX O3ep pas3jIMYHBIX KJIMMaTHU4ecKux obsacTeit
SAxytun. mes B HaJIM4UU YHUBEPCAJIBHYI0 U IIUPOKO
anpoObHpOBaHHYI0 MaTeMaTtuieckyio Mojens I'T/] mpo-
1ieccoB B o3epax FLake, koTopas ycIlientHo UCIoJib3yeTcs
IIpYU COCTaBJIEHUU NPOrHO30B NOrofsl PocruipoMerom,
MO>KHO TOBOPUTH O peasIbHbIX NPEeIOChUIKAX AJIA pas-
pabOTKU CHUCTEMBl AUCTAHIIMOHHOTO MOHUTOPHHTA
o3ep apkTuieckux obsacrteii Poccutickoit ®enepanuiu.
OcHOBHBIE 3Tallbl CO3JaHMUA TAKOH CUCTEMBI CBOAATCA K
cJleAyoLeMy:

C ucnosib30BaHNEM CPECTB AUCTAHLIMOHHOIO 30H-
JVpPOBaHNs NOBEPXHOCTU 3eMJId Aemunudpupyercs
WHTepecyIomuil BOAHBIN 0OBEeKT, HaxXOoMATCA ero
reorpaduyeckre KOOpAUHATH U IJIOMIAAb BOJHOM
IIOBEPXHOCTU.

Ha ocHOBe TreoCTaTUCTUYECKUX B3aUMOCBA3EH
Mexay MopboMeTpUYeCKUMU XapaKTepUCTUKaMU
OIHOPO/IHOM TPYIIH BOAHBIX OOHEKTOB OI[eHMBa-
eTcs rIyOuHa o3epa.

[lo reorpaduveckuM KoopAuHATaM BOJHOIO
obpekTa u3 06a3 [AaHHBIX METeOpPOJIOTMYeCKOro
peaHasn3a U KJIMMAaTH4ecKoro MOJeJINpOBaHUA
u3BJIeKaeTcA MeTeonHpopmManusa TpedyeMoro pas-
pellleHNs [JIs NOCJIeAyIOIUX PETPOCIeKTUBHEIX U
IIPOTHOCTHUYECKUX PacyeToB.

I'nybuHa o3epa ¥ MeTeonapaMeTpHl SABJIAIOTCA
BXOJHBIMHU JaHHBIMU JJIA PacyeToB TeIJIO- U Mac-
coobmeHa B cucteMe “atmocdepa — BoJiHas Macca
— JIOHHBIE OTJIOXKEHHUs”, YCJIOBUM IlepeMellBaHus
1 BepTUKAJIBHOI'O paclpejesieHHds TeMIepaTyphl
B BOJe U JIOHHHIX OTJIOXKEHUAX, a TakKe JIeJOBOro
pexuma o3ep mo mopaenu FlLake. Ilpu s3Tom mpo-
THOCTHYECKHEe pacyeThbl I03BOJIAT OLeHUTh OCHOB-
Hble TeHaeHIM n3MeHeHus I'TJ[ mapaMeTpos o3ep
IIpY peajii3alliy pa3jIMYHBIX ClleHapueB U3MeHe-
HUA KJIMMaTa B pervuoHe.

[TocTpoeHHasa TakuM 00pa3oM cxeMa OLeHKHU U
nporHosa usmeHeHuil I'TJ] xapakTepHUCTUK pa3HOTUII-
HBIX 03ep Pas3jINYHOro reHeTUYeCKOro NMpOHUCXOXAeHNs
MOXeT IPUMEHAThCA [JIA MKUPOKOTO CIeKTpa MaJIbix
u cpequunx (mwiomaapio MeHee 100 KM?) HEM3yUYEeHHBIX
U MaJIou3y4ueHHBIX BogoeMoB Poccum. Ilpu ycioBun
nonosiHeHuss modenu FLake cOOTBETCTBYIOIUMU HPO-
rpaMMHBIMHM MOAYJIAAMY, IO IIPHUBEAEHHOU BHIIIE CXeMe
MOTyT OBITH OIlEHEHBl U ApyThe XWMUKO-OHoJioruye-
CKHe XapaKTepHUCTUKU BOJOEMOB, TaKue Kak, Halpu-
Mep, KHCJIOpPOAHBIN pexuM, 6uomMacca U IepBUYHas
MPOAYKIMA BOAOPOCJIEH, IPO3PayHOCTDb BOJBI U JIp.
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P_roblems of quality assessment of L IMNOLOGY
highly colored water of Lake Onego FRESHHTWATER
urbanized tributary using hydrochemical, BIOLOGY
microbiological and toxicological - —
indicators
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Northern Water Problems Institute, Karelian Research Centre of the Russian Academy of Sciences, Aleksander Nevsky Str., 50,
Petrozavodsk, 185030, Russia

ABSTRACT. The article presents the results for 2014-2015 of chemical, microbiological and toxicologi-
cal studies of the water quality of the urbanized tributary of Lake Onego (the River Neglinka). The high
anthropogenic load on the studied river was revealed. The runoff of storm water reached one third of
the river runoff. The maximum excess of maximum available concentration in storm water for BOD, was
80-90-fold, for oil products — 50-60-fold, for suspended solids — 40-fold. The River Neglinka in the upper
reaches (outside the urban area) is affected by a swampy catchment area. The chemical composition of
the water (low pH values, high color index, COD_ and Fe ) reflected the influence of catchment area.
The methodological problems were associated with identifying zones of anthropogenic impact against
the background of the negative impact of natural factors on the water quality of the River Neglinka. In
the calculation a modified specific combined water contamination index was used. This made it possible
to determine zones of influence of the anthropogenic factor. Microbiological indicators (total bacterial
abundant, total coliform bacteria, saprophytic bacteria) indicated a high degree of pollution of the River
Neglinka and especially sanitary-indicative bacteria. The unsuitability of the River Neglinka for recre-
ational use was revealed. Bioassay revealed the toxicity of the river water in the upper reaches. It was
connected with the low pH due runoff of humic substances from swampy catchment area. The barrier
role of groundwater, which led to an increase in the pH, and the complexing ability of humic substances,
which reduced the bioavailability of heavy metals, stipulated non toxicity river water in urban areas.
The study proved that the assessment of the quality of highly colored river waters is possible only with
a comprehensive implementation of chemical, microbiological and toxicological studies.

Keywords: tributary of Lake Onego, urbanized area, chemical composition, bacterioplankton, total coliform
bacteria, bioassay
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1. Introduction 2021; Makarova et al., 2022; Makarova et al., 2023).
Assessing the current state of the urbanized tributar-
ies is becoming relevant. However, regional features
of the chemical composition of water (high color and

The deterioration of water quality has become
a serious problem. As big cities continue to grow, the
effect of human activities on urban river ecosystems iron content, low pH values, etc.) complicate the task of
increases (Liu et al., 2017; Kong et al., 2021; Zhang et assessing its quality.
al., 2021; Akhtar et al., 2024). The unique features of Karelia’s surface water

In Petrozavodsk (the capital of the Republic of  5re que to a humid climate and geomorphologic char-
Karelia), in recent decades, due to the increase in the acteristics, such as low mean annual air tempera-

amount of transport and active construction work, the ture, excessive humidification, the exposure of old

impact of storm water runoff on the urbanized tribu- crystalline rocks and the multiple glaciations in the
taries of Lake Onego has increased (Tekanova et al.,
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Quaternary Period (Lukashov, 2004; Tekanova et al.,
2018). Therefore, the organic matter (OM), iron and
nutrient concentrations, gas composition and pH of sur-
face waters in the Karelian Hydrographic Province are
highly variable. For instance, major ions content in sur-
face water layers varies markedly (5-460 mg/L, median
value 19 mg/L). Cations are dominated by Ca2?*, Mg?*
ions and lesser Na*. Anions contain hydrocarbonates
and an abundance of organic acid anions. They domi-
nate low-alkaline highly humic water (Lozovik, 2006;
Lozovik, 2013). As the catchment area is highly paludi-
fied, the river water is rich in humic substances. This,
in turn, is responsible for its high color, high total iron
concentration and the acidic response of the medium.
These factors may badly affect the biota of aquatic eco-
systems (James, 1991a;b; Arvola et al., 2014; Tekanova
et al., 2018).

The River Neglinka flows across Petrozavodsk,
the capital of the Republic of Karelia. Based on the
protocol of the Commission for the establishment of
categories of objects of fishery importance and the
characteristics of the extraction (catch) of aquatic
biological resources living in them, the North-West
Territorial Administration of the Federal Agency for
Fisheries dated 11.04.2013 No. 3, the River Neglinka
was assigned the highest category of fishery impor-
tance. It is heavily contaminated with storm water run-
off and nutrients from the private sector, particularly
during spring flood. The contaminated river flows into
Petrozavodsk Bay of Lake Onego, a source of drinking
water for the population.

The River Neglinka displays a mixed type of
feeding. Surface feeding is controlled by snow melting
and raining. The upper River Neglinka flows among
bogs. In spring, its water is mixed with meltwater from
the bogs. The flood plain, consisting of peat and sand, is
paludified. These factors are responsible for the river’s
high water color (Fig. 1) (Borodulina, 2013; Karpechko,
2013).

Petrozavodsk is located in a subartesian basin,
which includes the Kotlinsk water-richest aquifer over-
lain by a thick pile of Quaternary sediments, such as
the Onegozero intermorainic aquifer and the ground
water of glacial and lacustrine-glacial sandy and san-
dy-loamy deposits. These waters are exposed by springs
(Krutskikh et al., 2016) what the supply of spring water

in the middle reaches of the River Neglinka (Andronikov
et al., 2019). The supply of subsurface water provokes
changes in total water major ions content downstream
from 35 to 400 mg/L (Borodulina, 2013).

An essential problem in Karelia is assessment of
the effect of human activities on the river water con-
taminated with an abundance of humic substances (a
regional natural factor) responsible for an elevated
water color. Therefore, it is important to separately
assess the effect of both natural and anthropogenic fac-
tors on the quality of the River Neglinka water, because
modern water quality classifiers are used mainly for
assessing the influence of human activities on trans-
parent-water bodies. Until recently, no seasonal studies
have been conducted to assess river water quality and
the effect on biota.

The aim of the present study is to assess the qual-
ity of the River Neglinka water from chemical, micro-
biological and toxicological indices taking into account
regional features of the chemical composition of water.

2. Materials and Methods
2.1. Description of the study area

The River Neglinka is 14 km long. It varies in
depth from 0.2-0.5 m at rapids to 1-3 m in moderately
deep to deep slow portions of the river. Mean perennial
runoff in the River Neglinka is 0.5 m?3/s. The river’s
basin area is 46.1 km? mires make up 13%, and its
ratio of lake surface to drainage area is less than 1%
(Karpechko, 2013). The river has a mixed type of feed-
ing. Surface feeding is dependent on snow melting and
rain, while underground feeding is controlled by springs
(Borodulina, 2013). The river is frozen in November-
December and snow goes off in April-May. The river is
similar in gradient to semi-mountain streams (7.6%o)
(Slukovskii and Polyakova, 2017).

2.2. Sampling and analyses

Surface water samples were taken from May to
November in 2014 and from May to October in 2015
in the various stretches of the river. Sampling stations
were outside (st. N-1), and in (stations N-2 and N-3)
the city boundaries (Fig. 2). The year 2014 saw a

Fig.1. General view of the River Neglinka. (a) mid-channel, (b) river mouth
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spring flood period in May and a short flood period in
September-October. In 2015 saw a spring flood period
in May and other samples were taken in the low-water
period (Fig. 3). Samples were taken from the surface
water layer in the central portion of the current. The
water was heated to a maximum of 15.0 °C in August
2014 and to 13 °C in June 2015 (Fig. 3).

In 2014, seven water samples were collected at
each station to analyze the chemical composition of
water to determine pH, color, chemical oxygen demand
(COD,, ), dissolved oxygen content, biochemical oxygen
demand (BOD,), nutrient content (NO,-, NO,~, TP, IP),
including five samples (June-October) to determine oil
products. In 2015, six water samples were collected at
each station to determine pH, color, dissolved oxygen
content, BOD,, COD_, and total suspended solids (TSS).
Nutrient content (total phosphorus (TP) and inorganic
phosphorus (IP)) and Fe , were determined in five
water samples (June-October), and oil products were
determined in three samples (May, July, September).

2.3. Methods of chemical analysis

All samples were taken, kept and analyzed
according to the Interstate standard “Water. General
requirements for sampling” (State standard 31861-
2012). The chemical parameters of water were assessed
using standard analytical methods accepted in hydro-
chemical practices (Table 1). The results obtained were
compared with the maximum allowable concentrations
of contaminants in Russia’s water bodies used for com-
mercial fishing (MAC) (On approval of..., 2023).

To indirectly calculate the abundance of humic
substances in water, P.A. Lozovik (2013) suggested
to use the index showing the humus content of water
(Hum) calculated from the formula:

Hum = ,/COLxCOD,,, , unit of humus content

where, COL - color of water, degrees;
COD,, - permanganate consumption, mg O/L

2.4. Calculation of the specific combined
water contamination index

The degree of contamination was calculated
from chemical indices for the River Neglinka in 2015
according to «A method for combined assessment of
surface water contamination from hydrochemical indi-
ces». The specific combined water contamination index
(SCWCI) was calculated from chemical indices. In this
method, a scalar value shows the degree of contam-
ination (Guidelines 52.24.643-2002) assessed for all
contaminants in any water body at the water sampling
site over any time interval for any set of hydrochemical
indices. The norms used are the MAC of contaminants
for the water of water bodies used for commercial fish-
ing (Table 1). These are the strictest (minimum) values
from combined lists recommended for preparing infor-
mation papers on surface water quality (Guidelines
52.24.643-2002). SCWCI shows how often MAC is
exceeded. The worst water quality corresponds to the
highest index value.
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Fig.2. River location, three sampling (red circles) and
storm water stations (No. 1-10) (purple squares) on the River
Neglinka.
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Fig.3. Water temperature and water discharge in the
River Neglinka at sampling dates in 2014 —2015;
L - left axis, R — right axis

2.5. Methods for microbiological analysis

The total bacteria abundance (TBA) was assessed
by direct calculation on black polycarbonate track
membranes (D - = 0.2 pm) by Whatman on a lumi-
nescent microscope MIKMED-2 (magnification X 1600)
with preliminary staining of cells with acridine orange
(Handbook of Methods..., 1993). Saprophytic bacteria
(SB) were reared on fish-peptone agar (FPA) for 5-10
days at 22 °C (Kuznetsov and Dubinina, 1989). To iden-
tify of total coliform bacteria (TCB), a water sample
was filtered through membrane filters (D . = 0.45
um) and placed in Endo’s agarized medium and incu-
bated for 24 hours at 37 °C. Incubation was followed by
a cytochromoxidase test. Specific colonies, which have
not changed their color, were calculated (Guidelines
4.2.3690-21).

The water quality was assessed based on micro-
biological indicators using the generally accepted
“water quality indicator” in aquatic microbiology
(Romanenko, 1985; Dzyuban, 2000), which reflects
the proportion (%) of saprophytic bacteria in the total
abundant of bacterioplankton (SB/TBA, %). The scale
of this indicator is as follows: < 0.003 - especially
clean; 0.003-0.03 - clean; 0.03-0.1 - slightly polluted,;
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Table 1. Methods of chemical analysis.

Parameters Method adopted MAC (Russian Standard)
pH Potentiometric determination 6.5-8.5
by glass electrode
Color, Cr-Co scale Photometric determination, A= 410 nm —
degrees
Fe , mg/L atomic absorption method with flame atomization 0.1
COD,, , mg O/L Titrimetric determination in acidic media (Kubel method) —
COD_, mg O/L Dichromate sulfuric acid oxidation of organic matter and titrimetric —
determination with ferroin
0,, mg/L standard Winkler method >6.0 during open water period
BOD,, mg O,/L Determination by light-and-dark-bottle method using O, <21
TSS Gravimetric determination, 0.45 um membrane filter Background +0.25
NO,-, mg N/L Spectrophotometric method with sulfanilamide and N-(1- <0.02
Naphthyl)-ethylenediamine-dihydrochloride, A = 543 nm
NO,, mg N/L Reduction to NO, — with a Cd-reduction column and determination <9
as NO,-N
IP, mg/L Spectrophotometric method with ammonium molybdate and —
ascorbinic acid reduction to phosphatomolybdic heteropolyacid,
A= 882 nm
TP, mg/L Oxidation of organic matter by K,S,0, in acidic media and determi- —
nation of PO,-P
Oil product, mg/L Infrared spectrometric method 0.05

Note. “—” — not standardized

0.1-0.3 - polluted; 0.3-3.0 — dirty; > 3.0 — especially
dirty. For a correct assessment of water quality based
on the total abundant of bacterioplankton in accor-
dance with the scale of V.I. Romanenko (1985) (light
microscopy), a factor of 2.06 was used to convert to the
new method (epifluorescence microscopy) (Makarova
et al., 2022).

2.6. Bioassay

Samples for chemical and microbiological anal-
yses were taken in spring, summer and autumn. Water
samples were taken from the River Neglinka for bioas-
say in the same time of year. In 2014, water samples
for bioassay were taken at stations N-1, N-2 and N-3
(Fig. 2) in May, June, August, September, October and
November (6 series of experiments, 18 water samples).
In 2015, samples were taken at stations N-1, N-2 and
N-3 in May, June, July and August (4 series of exper-
iments, 12 water samples). River water samples were
placed in 1-litre plastic bottles and delivered immedi-
ately to the laboratory.

The crustaceans Ceriodaphnia affinis Lilljeborg
(synonym of Ceriodaphnia dubia Richard, 1894) were
used as a test organisms. This species was proposed for
the first time as a test organism for assessing the tox-
icity of an water samples (Mount and Norberg, 1984).
In 2008, the small planktonic crustacean C. affinis
was taken for bioassay from a culture donated by the
Papanin Institute for Biology of Inland Waters Russian
Academy of Sciences, and was then cultivated in the
Laboratory of Hydrobiology at the Northern Water
Problems Institute, KarRC, RAS (Kalinkina et al., 2013).
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The crustaceans C. affinis were cultivated using ground-
water of the following chemical composition: Na* -
7-19 mg/L; K* — 2-4 mg/L; Ca?* — 12-24 mg/L; Mg?*
- 4-11 mg/L; HCO, - 31-58 mg/L; CI- - 8-21 mg/L;
SO,> - 15-40 mg/L; total ion content 100-200 mg/L
(Water Resources..., 2006). The pH of the groundwa-
ter varied from 8 to 8.3. The crustaceans placed in the
culture were fed with the green alga Chlorella vulgaris.
Water samples from the River Neglinka were
subjected to bioassay by methods recommended in
Russia for monitoring water bodies (Zhmur, 1997,
Methods for assessment of toxicity..., 2007) and in
accordance with standard international toxicological
methods (Oslo and Paris Commission, 1997; USEPA,
2002). Bioassay began after adjusting the temperature
of river water samples to room temperature. Water tem-
perature in 2014-2015 experiments varied with season
from 18 to 25 °C. However, in each 2-day experiment
water temperature in each series in different months
varied from 0.5 to 1 °C. River water samples were sub-
jected to bioassay under static conditions (static nonre-
newable tests). In this experiment, test organisms were
affected by the aquatic medium studied (river water)
during the entire testing period without refreshing the
aquatic medium. The experiment took 48 hours. Two-
day-old crustaceans C. affinis were used. The experi-
ments were replicated twice. Groundwater was used as
a reference medium. Its chemical composition is shown
above. The volume of the reference medium and that of
the river water tested was 100 ml at each replication.
Five crustaceans were placed in each bottle. The crus-
taceans were not fed during the experiments. At the
end of each experiment the survival of the crustaceans
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was assessed as the percentage of the final number of
the survivors relative to their initial number. Besides,
at the end of each experiment the general condition of
the crustaceans was assessed from the activity of their
movement in the bottle and the availability of juveniles
in brood pouches.

2.7. Assessment of the anthropogenic
load on the River Neglinka

The River Neglinka is contaminated by storm
sewage from Petrozavodsk, gravity sewer systems,
runoff from the residential area, runoff from a railway
depot, etc. (State report..., 2000-2022).

According to the official data submitted by the
Ecology Department of the Mayor’s Office, the River
Neglinka is contaminated by 10 storm runoffs (Fig. 2),
reaching a volume of 0.004 km3/year and making up
one-third of the total volume (0.013 km?/year) of the
river runoff. Data on pollutants in storm water runoff
are presented in Table 2.

In 2014, MAC for BOD, and oil products was
exceeded in 9 runoffs out of 10 (Table 2). The mul-
tiplicity of MAC for BOD, was maximum (almost 80
times) in runoff no. 5. The amount of oil products was
maximum (52MAC and 56MACQC) in runoffs nos. 6 and
7, respectively. In runoffs nos. 5-10, MAC for TSS was
exceeded. The excess of MAC (40- and 36-fold) was
maximum in runoffs nos. 10 and 6, respectively. Norms
for chlorides were not exceeded.

In 2015, storm water samples were taken from
9 runoffs, but runoff no.10 was not taken into account.
BOD, was exceeded in 7 runoffs out of 9. Like in 2014,
the multiplicity of MAC was maximum in runoff no.5
(94-fold MAC). Norms for oil products were exceeded
in all runoffs. Maximum values (52 and 57 times,
respectively) were shown by runoffs nos. 5 and 7. The
amount of TSS was exceeded (1.9 times on the average)
only in runoffs nos.1, 8 and 9. Norms for chlorides were
not exceeded.

2.8. Statistical analysis

Median values for samples and the standard error
were calculated as the statistical characteristics of the
variability of chemical indices. Samples were compared
and seasonal variations were revealed using nonpara-
metric methods of statistics, such as Spearman’s cor-
relation coefficient and nonparametric Mann-Whitney
U-Test. The confidence of the correlation coefficient
was assessed using a confidence level of 0.05.

Links between the indices of hydrochemical were
studied using the principal component analysis (PCA).
This analysis, based on logarithmic indices, was per-
formed to decrease the ratio of the size of the indices
and to make their distribution as normal as possible
(Shitikov et al., 2005). Major components with a vari-
ance of =1 and the effect of factors on features with
relative values of > |0.7| were accepted as significant
(Korosov, 2007). The data obtained were processed sta-
tistically in the licensed package Statictica Advanced
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10 for Windows Ru.
3. Results
3.1. Chemical composition of water

In river water Ca?* and Na* ion concentrations
are 25.6 and 19.5 mg/L, respectively. The river water
is of a hydrocarbonate-calcium type, based on ion
composition, but during the summer-autumn season
it changes its group from calcium to sodium (Sabylina
and Efremova, 2017).

According to (Sabylina and Efremova, 2017), the
chemical composition of the River Neglinka water is
dominated for many years by such metals as iron and
manganese. High Mn and Fe concentrations are due to
a high regional background. Therefore, these metals are
not regarded as contaminants (Lozovik and Platonov,
2005). Cu, Zn, Pb and Cd concentrations increase
while the river flows across Petrozavodsk, occasionally
exceeding MAC. Cu and Zn concentrations in the city
were 3 and 20 times the concentrations in the suburbs
(Sabylina et al., 2022).

All indicators were divided into two groups in
analyzing the chemical composition of the water of
the River Neglinka. The first group included indicators
characterizing the influence of a swampy catchment
area (natural factor): the concentrations of poorly min-
eralized humic substances (COD,, , COD_), the water
color and related chemical elements (mainly iron)
and pH as an indicator of substances of acidic origin,
including humic acids (Lozovik, 2013).

The second group included chemical indicators
characterizing anthropogenic influence: various forms
of mineral nitrogen and phosphorus, BOD, and oil prod-
ucts supplied with storm runoffs in the lower reaches of
the river of Petrozavodsk. The concentration of oxygen
in water reflects, on the one hand, the aeration of water
in rapids areas of the river, and on the other hand, the
consumption of oxygen for the destruction of easily
mineralized OM. In our studies, we assessed oxygen as
an index showing the anthropogenic impact related to

Table 2. Contaminants in storm runoff into the River
Neglinka in October 2014 and in July 2015 in Petrozavodsk.

Data MAC | October 2014 | MAC| July 2015
Min — max* Min —max

M=m M=m
TSS, mg/L | 4.25 2-167 23.75] 4.1-192
55+20.4 69.9+22.5
BOD,, mg 2.1 1.8—-167 2.1 0.58—198
0,/L 26.5+15.8 28.8+21.2
Oil product, | 0.05 0.04—2.8 0.05 0.1—2.88
mg/L 0.97 +£0.32 1.21+0.39
Chlorides, | 300 4-72 300 16.8—96
mg/L 25.2+10.7 49.7+18

Note. *“Min—max are minimum and maximum values,
M =*m is a mean value and a standard error. The MAC of total
suspended solids (TSS) was calculated from data from the
ecology department of the Petrozavodsk city administration
data in 2014; 2015 - own data.
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the supply of storm runoff carrying an abundance of
OM.

3.1.1. Chemical indices showing the natu-
ral composition of water in the River Neglinka in
2014-2015

Data obtained in 2014 show that the water
samples taken throughout the entire River Neglinka
are highly humic (mesopolyhumic subclass) (Lozovik,
2013).

In the suburban stretch of the River Neglinka
affected by mire water, high concentrations of OM of
humic origin calculated from COD_ were provoked by
high water color and total iron concentration values
(Table 3). A 12-51-fold excess of MAC for Fe , was
revealed.

In the urban stretch of the river, where total river
runoff is diluted by subsurface water (Andronikov et al.,

river, where MAC was exceeded 7-50-fold due to its
partial precipitation on the bottom.

3.1.2. Chemical indices of man-provoked
water contamination in the River Neglinka

The concentration of easily mineralized sub-
stance, calculated from BOD, in the suburban stretch of
the river, was only 1.5 times the MAC for two years. As
an abundance of easily mineralizable OM was supplied
with storm water runoff (Table 2), BOD, in the urban
stretch of the river channel was two times the MAC
(Table 3).

In 2014, high oxygen concentration along the
river channel varied slightly. In 2015, water-dissolved
oxygen concentration declined, as did the oxygen sat-
uration of water. A decline in the oxygen saturation of
water took place at station N-2. It was due to the sup-
ply of nutrients identified by BOD, into the river water

with storm runoff upstream from the sampling station
and terrigenous and overland runoff.

2019), COD_, decreased. OM concentration declined, as
did the water color (Table 3). Fe , decreased down the

Table 3. Chemical composition indices of water in the River Neglinka in 2014-2015.

Data 2014 2015
upper stretch urban sites upper stretch urban sites
of the river of the river
st. N-1 st. N-2 st. N-3 st. N-1 st. N-2 st. N-3
pH 4.5-6.6 6.6-7.7 6.9-7.9 4.3-5.2 6.5-7.7 6.6—7.8
5.6+0.4 7.2+0.2 7.4+0.2 4.5+0.3 7.0+0.3 7.4+0.3
Color, degrees 98-410 21-286 29-230 270—384 34—283 64—261
177 £76 129+39 66+ 37 349+32 146 +36 93+13
Fe , mg/L n.d. n.d. n.d. 1.2-5.1 1.1-4.0 0.7—-2.8
2.7+0.4 2.1+0.3 1.4+0.2
CoD,, , mg O/L 9.37-12.69 9.1-11.2 9.4-11.1 n.d. n.d. n.d.
10.34+0.84 10.1+0.4 10.3+0.5
Hum, units 30-64 14-57 18-50 n.d. n.d. n.d.
44+9 34=+8 25+6
COD_, mg O/L n.d. n.d. n.d. 33.7—47.2 20.3—46.8 12.5—-40.4
39.3£3.6 27.6+3.3 20.4+4.6
O,, mg /L 7.9-11.2 8.4-11.0 8.8-10.7 7.6—9.5 5.6—9.8 8.7—10.5
9.9+0.7 9.7+0.6 9.8+0.6 8.2+0.3 6.2+0.9 9.4+0.3
% of O, saturation 71-87 79-92 82-90 62—-71 51-77 78 —-92
79+4 84+3 86+2 68+ 2 56+6 802
TSS, mg/L n.d. n.d. n.d. 9-92 6—-97 4-120
27+7 16+6 165
BOD,, mg O,/L 1.4-3.4 2.4-6.0 2.9-6.6 0.9-1.6 1.1-6.4 2.0—-5.3
1.7+0.4 3.5+0.9 3.4x0.7 1.0+0.1 5.0x1.5 2.3+0.4
NO,”, mg N/L 0.009-0.024 0.026-0.254 0.027-0.243 n.d. n.d. n.d.
0.016+0.004 | 0.198+0.065 0.149+0.05
NO,-, mg N/L 0.035-0.26 0.41-1.12 0.33-2.89 n.d. n.d. n.d.
0.21 £0.06 0.59+0.1 0.67 £0.61
TP, ng P/L 19-44 54-197 46-211 42—-162 106 —339 128—-319
26+6 103+30 132+39 85+19 166 +31 217 +44
IP, ug P/L 10-42 49-191 33-205 4-—-31 39—-273 117 —209
25+5 98 + 27 117 +38 18+6 148 +46 160+20
0Oil product, mg/L 0.03* 0.37* 0.05* 0.05* 0.34* 0.04*
(September, (August) (October) (September) (September) (September)
October)
Note. Min—-max is in above the line; a median value and a standard error are in below the line; “n.d.“ = no data; * — shows

maximum oil product concentration.
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Nitrite concentration in the suburban stretch of
the river was generally low, except for two cases when
it was 1.2 times the MAC. The amount of nitrites in the
urban stretches of the river increased by one order of
magnitude, so MAC was exceeded eight-fold over the
entire study area.

Nitrate concentration in the river water was
markedly below MAC. Nitrate concentration was
almost three times the original value on crossing the
urban area (Table 3). Our data on the concentration of
the inorganic forms of nitrogen in the river are consis-
tent with those obtained by other workers, who took
samples from the river in the same period (Dzyubuk
and Klyukina, 2015).

Total phosphorus (TP) concentration in 2014
was much lower than in 2015 due to weather condi-
tions, because the year 2014 was drier than 2015. The
supply of TP with storm water runoff and runoff from
the private sector was responsible for its increased con-
centration in the river water in the urban area. The
data we obtained on the concentration of TP and IP in
the river water are consistent with the data of Sabylina
and Efremova (2017).

The bulk of inorganic phosphorus (IP) in the
water of the River Neglinka is of anthropogenic origin,
as indicated by its high percentage (28-98% of total
concentration). The study of Karelia’s water bodies
shows that if inorganic phosphorus concentration in
water makes up over 10% of total phosphorus concen-
tration form, then its presence is due to anthropogenic
contamination (Zalicheva and Volkov, 1994; Lozovik,
2017).

Oil product concentration in the upper reaches
of the River Neglinka did not exceed the critical value
of 0.05 mg/L for two years of studies. At station N-2,
MAC for oil products was twice as high over the entire
study area in 2014, reaching maximum concentra-
tions upon a seven-fold excess of MAC. This happened
because there is a railway depot at some distance from
station N-2 and because stormwater runoffs with high
oil product concentrations are present (Section 2.7). At
station N-3, oil product concentration decreased to 0.04
mg/L. Oil products become less abundant towards the
river mouth, because they are partially precipitated on
the bottom, because they are oxidized due to the rapids
and because they are utilized by microbiocenoses. In
2015, a 7-fold excess of MAC for oil products once took
place at station N-2 in the urban stretch of the river.

The concentration of TSS in the river water was
maximum in the suburban stretch of the river. Although
TSS in the urban stretch of the river is supplied together
with storm water runoff, they are less abundant in the
river water than in the suburban area because they are
partially precipitated on the bottom.

3.1.3. Analysis of the structure of relation-
ships between chemical indicators

The principal component analysis (PCA) was
used to analyze the structure of relationships between
chemical indicators which determined by regional nat-
ural and anthropogenic factors. The principal compo-
nent analysis (PCA) is a method used for reducing the
size of feature space with a minimum loss of useful
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information and for revealing groups of objects differ-
ing in correlation strength from each other.

When analyzing the results of PCA obtained in
2014, the first three principal components make up
81% of the total variability of water composition indi-
ces for the River Neglinka. A significant contribution
to PC1 was made by pH, the oxygen saturation of the
water and nutrient matter (NO,, NO,, TP, IP), BOD, in
the water, contribution to PC2 by water-dissolved oxy-
gen and COD,, , and contribution to PC-3 by the water
color (Table 4). The diagram showing the distribution
of PC1 and PC2 values (Fig. 4a) the objects are divided
into two main groups. Two right quadrants contain
samples taken at the suburban station in all months of
monitoring. Located in two left quadrants are samples
taken at urban stations during the entire monitoring
period. On the diagram showing the distribution of PC1
and PC3 values (Fig. 4b) the objects are also split up
into two main groups: two right quadrants contain sam-
ples taken at the suburban station in all months of mon-
itoring; located in two left quadrants are samples taken
at urban stations. The position of the stations on the
diagrams indicates the well-defined spatial heterogene-
ity of river portions due to the effect of bog water in the
upper reaches of the River Neglinka, where the lowest
pH values and high water color indices were found, as
well as the supply of underground water, which neu-
tralizes water in the urban area. Therefore, high pH
values, the low water color, the heavy nutrient matter
contamination and high mineralized OM concentration
in water of the river (Table 3) are characteristic of the
urban stretches of the River Neglinka. The seasonal
variability of the background and urban stretches of
the river is poorly defined, in contrast to considerable
differences in their chemical composition.

The use of PCA for data on the chemical compo-
sition of the water of the River Neglinka obtained in
2015 has shown that the first three main components
reflect 83% of the total variability of the features. The

Table 4. Distribution of factor loadings in the main com-
ponents in the study of the relationships between hydrochem-
ical indicators of the River Neglinka in 2014.

PC1 PC2 PC3
pH -0.9 -0.1 -0.1
Color 0.5 0.1 -0.7
o, 0.0 0.8 0.5
% of O, saturation -0.7 -0.1 0.2
Ccop,,, 0.3 0.8 -0.1
BOD, -0.7 0.5 -0.4
NO,- -0.8 0.1 -0.1
NO," -0.8 0.2 0.3
TP -1.0 0.0 -0.2
IP -0.9 0.0 -0.2
Eigenvalue 5.2 1.7 1.2
% in total variance 52 17 12

Note. Significant factor loadings of features are high-
lighted in bold.
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Fig.4. Biplots showing the ordination of the first and second (a) and the first and third (b) principal components of the chem-
ical characteristics of the river water in 2014. Rectangle 1 shows samples from the upper stretch of the river (N-1), rectangle 2

shows samples from urban stretches.

water color, pH, COD_ and phosphorus concentration
contributed markedly to PCl, oxygen concentration
in the water and the oxygen saturation of the water
contributed to PC2 and the concentration of TSS in the
water contributed to PC3 (Table 5). The positions of
the stations on the plot showing the distribution of PC1
and PC2, and PC1 and PC3 values show the spatial het-
erogeneity of the river stretches revealed in 2014 from
hydrochemical indices (Fig. 5a, b): the upper stretch is
affected by bog water, which decreases the pH of the
water, increases its color and displays elevated COD_,
The urban stretches of the river are characterized by
the supply of groundwater, which neutralizes the river
water, and contamination by phosphorus compounds
discharged from the residential area (Table 3). The oxy-
gen concentration and percentage of water saturation
with oxygen were each a part of the principal compo-
nent due to a strong correlation between these indices
showing variations in oxygen in the water provoked by
seasonal variations.

Thus, the ordination of stations in the axes of
the main components is associated with the influence
of wetlands in the upper reaches and groundwater in
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Table 5. Distribution of factor loadings in the main com-
ponents in the study of the relationships between hydrochem-
ical indicators of the River Neglinka in 2015.

PC1 PC2 PC3

pH -0.9 0.1 -0.1

Color 0.9 0.1 0.0

0, 0.0 1.0 0.0

% of O, saturation -0.3 0.9 0.3

coD,, 0.7 0.5 -0.1

BOD, -0.6 -0.6 0.0

TSS -0.1 -0.2 0.9

TP -0.8 -0.1 -0.2

P -0.8 -0.1 -0.4

Fe, 0.6 0.2 -0.6

Eigenvalue 4.4 2.4 1.5

% in total variance 44 24 15
Note. Significant factor loadings of features are high-

lighted in bold.
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Fig.5. Biplots showing the ordination of the first and second (a) and the first and third (b) main components of the chemical
characteristics of the water in the River Neglinka in 2015. Rectangle 1 shows samples from the upper stretch of the river (N-1),

rectangle 2 shows samples from urban sites.
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the middle reaches of the river. These factors deter-
mine the change in chemical indicators characterizing
the regional features of river waters (pH, color). At the
same time, the use of the PCA revealed a significant
role of the anthropogenic factor in the ordination of
stations (phosphorus input from urban areas). In gen-
eral, the results of the statistical analysis illustrate the
combined influence of two factors (natural and anthro-
pogenic) on the chemical composition of water, which
determines methodological problems in assessing the
quality of highly colored waters of the River Neglinka.

It was of interest to consider the classification
of stations on the River Neglinka taking into account
data only on anthropogenic pollution. For this purpose,
the indicators reflecting the influence of natural factors
(pH, color, COD,, , COD_, Fe ) were excluded from
the initial data sets for 2014 and 2015. The results of
the PCA are presented in Tables 6 and 7 and Figs. 6
and 7. In both 2014 and 2015, the first principal com-
ponents reflected the influence of the anthropogenic
factor, namely the influx of nutrient matter and eas-
ily mineralized OM (Tables 6 and 7). The correlation
of the used indicators reflects their origin associated
with storm water. The ordination of stations in the axes
of the two principal components clearly showed their
division into background and urban areas. Thus, the
exclusion of the characteristics of the chemical compo-
sition determined by the influence of the regional nat-
ural factor from the general data set substantiated the
need to assess the water quality of the River Neglinka
only according to indicators reflecting the influence of
anthropogenic factors.

3.2. Microbiological indices

The distribution of the total bacteria abundance
(TBA), saprophytic bacteria (SB) and total coliform
bacteria (TCB) for both years of studies at three sta-
tions on the River Neglinka is shown in Table 8 and
Fig. 8. All the indices varied considerably along the
river channel. TBA, SB and TCB showed low indices
against those at background station N-1, increasing at
urban stations (Table 8 and Fig. 8). The upper stretches
of the river flow in a forested area. In the urban area,
the river water is contaminated by stormwater runoff,
terrigenous runoff from the city and runoff from the
private sector. This combined effect of point and scat-
tered sources of contamination may provoke high TBA,
SB and TCB concentrations at stations located in the
urban stretches of the river (Fig. 8). The highest abun-
dance was characteristic of station N-2 presumably due
to the discharge of storm water runoff upstream from
the sampling station (Fig. 2) and the influence of the
private sector.

TBA, SB and TCB were more abundant in 2014
presumably because the water was heated better (Fig. 3).
Many scientists note that the growth of bacteria is often
dependent on water temperature (Rheinheimer, 1977,
Lee et al., 2016; Seo et al., 2019), but we have failed to
find significant correlation between the growth of bac-
terioplankton and water temperature due to the river’s
morphology affected by the high velocity of currents,
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Table 6. Distribution of factor loadings in the main com-
ponents in the study of the relationships between hydrochem-
ical indicators of the River Neglinka in 2014 without indica-
tors characterizing the influence of natural factors (pH, color,
CoD, ).

PC1 PC2
0, -0.1 -1.0
% of O, saturation -0.7 -0.1
BOD, -0.8 -0.2
NO,- -0.8 -0.1
NO,- -0.8 -0.2
TP -1.0 0.2
P -0.9 0.3
Eigenvalue 4.2 1.15
% in total variance 60 16

Note. Significant factor loadings of features are high-
lighted in bold.
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Fig.6. Biplots showing the ordination of the first and sec-
ond main components of the chemical characteristics of the
water in the River Neglinka in 2014 without indicators char-
acterizing the influence of natural factors. Rectangle 1 shows
samples from the upper stretch of the river (N-1), rectangle 2
shows samples from urban sites.

shallow depth and the strong impact of the anthropo-
genic factor.

Nonparametric Mann-Whitney U-Test showed
statistically significant differences in the quantitative
indices of the suburban stretch of the river relative to
urban stations N-2 and N-3 (Table 9). Comparison of
the urban stations between each other showed that in
2014 station N-2 was statistically different from station
N-3 only in TBA indices and in 2015 in the abundance
of SB and TCB.

It is clear from Fig. 9 that the growth of bacterio-
plankton is characteristic of the summer season, when
water temperature rises (Fig. 3), and in the autumn
season, when precipitation increases, contributing to
the washing-out of contaminants from the residential
area. Earlier studies confirm the increasing abundance
of bacteria in the summer and autumn seasons due to
the inflow of contaminants with precipitation, which
took place on the eve of sampling (Timakova, 2013;
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Tekanova et al., 2015), as confirmed by the results of

the present study.

Table 7. Distribution of factor loadings in the main com-
ponents in the study of the relationships between hydrochem-
ical indicators of the River Neglinka in 2015 without indica-

The indices of bacterioplankton in a seasonal
aspect poorly correlated between each other due to
the pattern of OM supplied from point and scattered
sources. Spearman’s correlation coefficient for 2014
data was significant between TBA and TCB at station
N-2 (0.86) and at station N-3 (0.86). For 2015 data,
Spearman’s correlation coefficient was significant for
SB and TCB at station N-3 (0.81).

3.3. Results of bioassay of River Neglinka
water

In 2014 and 2015 experiments, the survival rate
of the crustaceans C. affinis in the reference medium
by the end of the experiments was 100%. Only in one
case (in one replication out of two), in May 2014, by
the end of a 48-hour experiment 4 crustaceans out of
5 had survived and in other experiment 5 crustaceans
had survived (average survival rate was 90%). In all
series of experiments, control animals moved actively
in the water at the end of each experiment, and juve-
niles were in their brood pouches, indicating that the
C. dffinis culture, used in the experiment, was in good
condition.

In river water samples, the survival rate of the
crustaceans C. affinis varied from 0 to 100% by the end
of 2-day experiments (Fig. 10). The recurrence of the
results in two replications was complete in all series of
experiments, except for one case, when a minor devia-
tion between replications was revealed. In May 2014,
when a water sample from station N-2 was tested, 5
animals in one replication survived, while in other rep-
lication 4 animals survived (mean survival rate was
90%).

The most toxic water samples with lowest sur-
vival rate indices of the crustaceans C. affinis, up to
their complete death in both 2014 and 2015 were
revealed in water samples from station N-1 (Fig. 10 a).
This station is located in the upper reach of the River
Neglinka, in the reference area of the river situated
outside Petrozavodsk and unaffected by human activi-
ties. In 2014, crustaceans in water samples from station

Table 8. Microbiological indices

tors characterizing the influence of natural factors (pH, color,

Fe_, COD,).

PC1 PC2

0, 0.5 0.8

% of O, saturation 0.4 0.9

BOD, -0.9 -0.0

TSS 0.2 -0.5

TP -0.8 0.4

IP -0.8 0.5

Eigenvalue 2.4 2.0

% in total variance 40 34

Note. Significant factor loadings of features are high-
lighted in bold.
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Fig.7. Biplots showing the ordination of the first and sec-
ond main components of the chemical characteristics of the
water in the River Neglinka in 2015 without indicators char-
acterizing the influence of natural factors. Rectangle 1 shows
samples from the upper stretch of the river (N-1), rectangle 2
shows samples from urban sites.

Data 2014 2015
upper stretch urban sites upper stretch urban sites
of the river of the river

st. N-1 st. N-2 st. N-3 st. N-1 st. N-2 st. N-3
TBA, -10° ¢/ml 0.6-4.02 1.10-18 0.85—-5.26 0.42—1.78 3.04—7.46 1.57-5.21
0.97 £0.42 5.7+2.75 3.53+0.79 1.15+0.35 3.49+0.72 2.78+0.7
SB, ~10° CFU/ml 0.15-3.96 1.8-196 6.1-28 0.03-0.24 0.1—-45.9 0.18—3.0
1.22+0.82 70.6 +53.8 13.5+3.47 0.1+0.02 20.6+11.8 0.78+0.24
TCB, -10° CFU/L 0.33-389 130-6400 111-1464 1.22—40.67 300—1324 38.4—225

15+21 3545+1486 464 =267 9.61 +£5.64 593+218 75+23
SB/TBA, % 0.04-1.03 0.33-6.79 0.36-6.77 0.004-0.08 0.007-2.08 0.02-0.26
0.2+0.14 1.2+1.76 1.0+£0.25 0.01+0.01 0.8+0.49 0.05+0.01

Note. Min—-max is in above the line; a median value and a standard error are in below the line.
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N-1 died completely in May, June and November. In Total bacteria abundance
August, September and 2014, the survival rate of the

4 2015
crustaceans C. affinis in river water samples from the s 20 &
reference area increased to 80-100%. In 2015, a lethal 16
effect in water samples from station N-1 took place 1
throughout the entire study period from May to August 12

F 10

(Fig. 10a).
An entirely different toxicological situation took
place at stations N-2 and N-3, located at the urban

8
6 o
stretches of the river and affected by human activities. # . @ ? Iil
(== J—
0
N-1

The results of bioassay in 2014-2015 show that the sur- =

vival rate of test-objects in river water from stations 55 W 1 o 53

N-2 and N-3 was 100% (Fig. 10b,c). Only in one case i,
(May 2014, a river water sample from station N-2) Saprophytic bacteria

the survival rate of the crustaceans declined slightly to 20

90%. The high buoyancy of the crustaceans and the fill- . 204 —— 0
ing of their brood pouches with juveniles indicated that 180
the animals were in good state at the end of a 2-day R
experiment on bioassay of river water at stations N-2 lfo
and N-3. Thus, water samples taken from two urban 1D§
stretches of the river, showed no acute toxic effect on

the crustaceans C. affinis in all seasons for two years. i :

10" CFUtml

40

4. Dlscuss_lon _ :ﬁ - | -
4.1. Quality of water from the River N1 N2 N3 N1 N2 N3

Neglinka, as shown by chemical indices field station

Total coliform bacteria

70

As shown by the analysis of chemical data using - s
the PCA (Section 3.1.3), the main problem of assessing 60 T B
the quality of water in the River Neglinka by chemical -
indicators is the influence of the anthropogenic factor
(TP, IP, BOD,) against the background of the impact = :
of the regional natural factor (color, pH). Two factors 2 5
made a significant contribution to dividing the stations
into two groups - stations located in the background =
area (the first group) and stations located in urban 0 ’:E‘ il
areas (the second group). @ o
For differentiated assessment of the influence ’ N1 N2 N3 N1 N2 N3
of two factors, the SCWCI calculation was performed field station
using two sets of data. In this case, when calculating the =tk [ | Eoe ok L Mis Oaierkiere: 3 Oultes 5; atiomes
index, data for 2015 were used, when the widest range Fig.8. Spatial distribution of TBA, SB and TCB at the
of chemical indicators was obtained. At the first stage, River Neglinka stations in 2014 and 2015.
the SCWCI calculation was performed using the entire
set of chemical indicators. The calculations showed
that along the entire length of the River Neglinka, the Table 9. Significance levels of Mann-Witney’s U-criterion
water at the studied stations is characterized by an betw‘een Fhe suburban and urban stretches of the River
increased level of pollution, which was associated both Neglinka in 2014-2015.
with indicators reflecting anthropogenic load and with Data suburban / urban anEm

indicators associated with the impact of the swampy

t. N-1 / st. N-2 | st. N-1 / st. N-3 [ st. N-2 / st. N-3
catchment area (pH, Fe_.) (Table 10). 3 s s s s s

tot

According to literature (Borodulina, 2013; 2014
Borodulina et al., 2020), the high Fe _, content and low TBA 0.006 0.110 0.035
pH yalues in the Water of the River Negllnlfa reflect SB 0.006 0.002 0.085
the influence of regional natural factors. In this regard,
at the second stage, the indicators characterizing the TCB 0.004 0.006 0.142
influence of the regional natural factor were excluded 2015
from t.he SCWCI calculations, in acc01jdance with TBA 0.004 0.016 0.200
Guidelines 52.24.643-2002. New calculations showed
that the water of the River Neglinka in the upper SB 0.004 0.004 0.020
reaches corresponds to “clean waters”, while during TCB 0.004 0.006 0.004
transit through the city of Petrozavodsk, the status of Note. Shown in bold type are the loads of features with a
the water changes sharply to “polluted”. Thus, a new valid contribution (p < 0.05).
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Fig.9. Seasonal distribution of TBA, TCB and SB at the River Neglinka stations in 2014 and 2015.

assessment of water pollution was obtained, which
made it possible to more accurately identify anthropo-
genic altered area of the River Neglinka and the degree
of their pollution (Table 10).

4.2. Quality of water from the River
Neglinka, as shown by microbiological
indices

The problem of assessing the quality of highly col-
ored waters based on microbiological indicators is asso-
ciated with the currently poorly studied effect of humic
substances on bacteria. Humic substances, in turn, have
a complex effect (both stimulating and depressing) on
bacterioplankton, an essential indicator of water qual-
ity (Visser, 1985; Tranvik and Hofle, 1987; Jones et al.,
1988). In most biological classifications, the influence
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of human activities on water bodies is assessed without
taking into account regional features (Drachev, 1964).

To solve the problem of bioindication of water
quality with a high content of humic substances, in pre-
vious studies (Makarova et al., 2023), using the exam-
ple of 12 tributaries of Lake Onego the structure of links
between the chemical (pH, water color, COD_, BOD,,
Fe_, % of O, saturation, TSS and TP) and microbio-
logical (TBA, heterotrophic bacteria, SB, total micro-
bial number, TCB, phenol-oxidizing bacteria, hydro-
carbon-oxidizing bacteria) parameters were studied. It
has been proved that microbiological indices are highly
correlated with BOD, and not correlated with indi-
ces showing the effect of a paludified catchment (pH,
water color, COD_). Thus, our analysis has confirmed
the applicability of generally accepted classifications
to assessment of water quality in anthropogenically
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affected highly color tributaries from microbiological
indices.

According to the bioindication of water quality
of the River Neglinka (Table 8) that the background
stretch of the River Neglinka was contaminated in 2014
and was clean in 2015, as indicated by median SB/TBA
indices. Water at station N-2 was assessed as dirty in
both years of studies, as indicated by median values,
as dirty at station N-3 in 2014 and as contaminated in
2015. In 2014, the abundance of bacterioplankton was
higher than in 2015 (Fig. 8) presumably because sam-
ples were taken after precipitation responsible for the
supply of bacteria from the residential area.

Median TCB values (Table 8) exceeded sanitary
norms of 5000 CFU/L for recreation zones. For instance,
the excess was 2-3 times the normal value in the back-
ground stretch of the river, 119-709 times the norm at
station N-2 and 15-93 times the norm at station N-3.
This excess of sanitary norms for TCB is the reason for
a great concern of the local population.

Thus, assessment of water quality assessed from
microbiological indices has shown that the river is not
good for recreation and that its water should be decon-
taminated because the river flows into Lake Onego near
the city’s water intake facilitie. The urgency of improv-
ing the environmental situation in the catchment area
is increased by the fact that the mouth of the River
Neglinka is located near the drinking water intake for
the population of Petrozavodsk.

4.3. Assessment of water toxicity

Bioassay of water from the River Neglinka, an
urbanized tributary of Lake Onego, has revealed a con-
troversial situation. River water samples, taken from
the reference uncontaminated stretch of the river, were
found to be highly toxic for the crustaceans C. affinis.
However, river water samples from stations located in
the big City of Petrozavodsk, where many contamina-
tion sources are concentrated, showed no toxic effect
on crustaceans in two-day experiments.

To explain this discrepancy, we used data on the
chemical composition of Neglinka River water, partic-
ularly, evidence for the active response of the medium
(pH) and the water color. We found that river water
from station N-1, which had a lethal effect on the crus-
taceans, had a very low pH value. In 2014, pH values
were minimum (4.3-5.4) in May, June and November
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Fig.10. Interannual (2014-2015) and seasonal dynam-

ics of the survival rate indices of the crustaceans C. affinis
in water samples from the River Neglinka, pH value and the
water color at stations N-1 (a), N-2 (b) and N-3 (¢); L — left
axis, R - right axis.

Table 10. Contamination pattern and SCWCI values from normalized indices for the River Neglinka.

SCWCI Characteristics of the state of Indicators exceeding MAC
water pollution
Taking into account all the studied hydrochemical indicators
St. N-1 3.25 3b, very polluted pH, Fe_,
St. N-2 5.44 4a, dirty Fe_, O,, BOD, IP, oil product, TSS
St. N-3 3.67 3b, very polluted Fe , BOD,, IP, TSS
Without taking into account regional natural hydrochemical indicators

St. N-1 0 Conditionally clean —
St. N-2 4.96 4a, dirty 0,, BOD,, IP, oil product, TSS
St. N-3 2.63 3a, polluted BOD,, IP, TSS
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(Fig. 10a), when all crustaceans in the samples died.
In August, September and October 2014, the pH value
increased (5.7-6.6) and the survival rate of the crusta-
ceans increased by 80-100%. In 2015, pH was as low
as 4.3-5.2 in all water samples. At these pH values, all
water samples were found to be lethal for the crusta-
ceans C. affinis.

In 2014-2015, river water samples taken at sta-
tions N-2 and N-3, which did not exert a toxic effect,
showed pH values higher than those at station N-1,
varying from 6.5 to 7.9 (Fig. 10 b,c). Median values and
standard errors of the pH of river water for 2014-2015
at three Neglinka River stations are shown in Table 11.

Paired comparison of pH values at three stations
using Mann-Witney’s criterion has revealed a signifi-
cant (p < 0.05) difference between pH values at station
N-1 and between pH values at stations N-2 and N-3.
However, no significant difference (p > 0.05) in the
pH of river water between stations N-2 and N-3 was
found.

Our studies have shown a well-defined difference
in river water toxicity for the crustaceans and in pH
values between all water samples taken from the River
Neglinka (Fig. 11).

It is important that the boundary between pH
values in lethal and nontoxic samples was as narrow
as 0.3 units of pH, varying from 5.4 to 5.7 (Fig. 11).
Hence, low pH values were the main reason for the
death of the animals in water samples taken at station
N-1.

Earlier workers (Belanger and Cherry, 1990)
noted that the threshold levels of low pH values for
the crustaceans Ceriodaphnia dubia are consistent with
the value (48 h) LC 50 for acid water with a pH of 4.6.
Thus, the pH value, shown to be lethal for the crusta-
ceans C. dffinis for 48 h, is very close to the lethal pH
values obtained in experiments on bioassay of Neglinka
River water (4.3-5.4). This is another evidence for the
critical role of pH for the survival/death of the crusta-
ceans C. affinis in bioassay of the River Neglinka water.

In addition, the low pH values of river water at
reference station N-1 are provoked by the high concen-
trations of humic acid supplied into the River Neglinka
from the catchment area paludified in its upper reaches,
as indicated by a high water color varying from 98 to
380 deg. at station N-1 in 2014-2015. The median
values and standard errors in the median water color
obtained at various Neglinka River stations are shown
in Table 11. Low pH values and a high water color are
typical of many rivers in Karelia, because humic acids
are a major contributor to medium acidity (Lozovik,
2013).

The non-toxicity of Neglinka River water in the
urban area seems to be due to the influence of under-
ground water and urban runoff, which contribute to a
rise in the pH of river water (Andronikov et al., 2019).
Besides, as pH increases to 6, iron-humic acid com-
plexes are formed more actively (Fang et al., 2015).
Complexation leads to a decrease in the toxicity of
heavy metals for biota due to a decrease in their bio-
availability (Moiseenko, 2019; Lozhkina et al., 2020).
Thus, as heavy metals are bound by humic acids and
organic matter of human origin, river water becomes
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Table 11. Median values and standard errors of the pH
and color of river water in 2014-2015 at three River Neglinka
stations.

River station pH Water color,
degrees
St. N-1 4.89 + 0.40 260 + 68
St. N-2 7.05 = 0.22 125 + 35
St. N-3 7.29 + 0.17 67 = 36
120
100 * * W Ure 0
80 *
= 60
=
&
2 2
20
0 - o *
20
40 435 50 55 60 65 10 15 80 83
pH

Fig.11. Correlation between the pH of Neglinka water
(abscissa axis) and the survival rate of crustaceans in sam-
ples (ordinate axis) in 2014-2015 (data obtained at three
stations).

less toxic to the alga Chlorella vulgaris (Vishnyakov et
al., 2016).

The precipitation of iron and trace elements (Cu,
Zn, Cd, Sb, W) on the bottom of the River Neglinka
in the urban area and their accumulation in bottom
sediments have been discussed earlier (Slukovskii and
Polyakova, 2017). An abundance of iron oxides, pres-
ent in the River Neglinka, contribute markedly to heavy
metal accumulation on the river bottom. Heavy metals,
e.g. Pb, Cr, Co, Ni, Cu and Cd, accumulated in the tis-
sues of oligochaetes occurring on the bottom of the river
Neglinka. Thus, underground and mineralized urban
runoffs, as well as humic substances, form a geochem-
ical barrier for heavy metals supplied with Neglinka
water into the Onego Lake ecosystem. Toxic substances
flowing from the urban area are accumulated mainly in
the bottom sediments of the River Neglinka. The heavy
metal distribution pattern revealed in the river makes
it necessary to remove toxic mud from the river and to
utilize contaminated material.

Thus, the peculiarity of the ecological situation in
the River Neglinka is connected with influence of min-
eralized underground waters together with humic sub-
stances. These two factors form a geochemical barrier
on the way of heavy metals from the urbanized terri-
tory into the water of the River Neglinka. However, the
identified excess of MPCrx for the content of petroleum
products may determine the chronic toxic effect of river
waters on aquatic organisms (Lukina and Belicheva,
2013). The flow of toxic substances from urban territo-
ries is directed mainly into the bottom sediments of the
river. This explains the absence of acute toxic proper-
ties of the water of the River Neglinka in the urban ter-
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ritory. The results of our studies show that, in addition
to chemical analyses, bioassay should be conducted to
assess toxicity for aquatic organisms endangered by
natural water composition.

5. Conclusions

The regional geochemical characteristics of
studed urbanized Onego Lake tributarie are responsible
for three main problems in water quality assessment.

The first problem is due to high iron concen-
trations supplied with underground water and humic
substances from paludified catchment areas. They are
responsible for low water quality in the reference area
of the River Neglinka unaffected by human activities.
The negative impact of the natural factor on the quality
of water in the River Neglinka determined the method-
ological difficulties which were associated with identi-
fying zones of anthropogenic impact. This problem was
solved by using a modified SCWCI. The calculation of
SCWCI without the chemical composition indicators
reflecting the impact of natural factors were excluded.
The use of a regional approach made it possible to clar-
ify the zones of influence of the anthropogenic factor
on the River Neglinka, which is important for the tar-
geted adoption of environmental protection measures.

The second problem arose from the uncertain
status of the microbiological indices of highly colored
water, because it was not clear whether they show the
impact of natural or human factors. The study of the
link between microbiological and hydrochemical indi-
ces has proved the contribution of bacterioplankton as
an indicator of anthropogenic factors influence despite
high levels of humic acids. We revealed unfavour-
able zone in the River Neglinka using microbiological
indices. Our results were fully consistent with those
obtained from hydrochemical indices. The unsuitability
of the River Neglinka for recreational use was revealed,
which determines the need to carry out measures to
prevent pollution of river waters by runoff from urban
areas.

The third problem was due to discrepancy in
assessment of Neglinka water toxicity during our exper-
iments on crustaceans. High water toxicity, revealed in
the reference area of the river, was due to low pH val-
ues provoked by high humic acid concentrations. In the
contaminated stretches of the river no toxic properties
of its water were revealed due to the contribution of
underground water as a barrier and the ability of humic
substances to form complexes with heavy metals.

We have concluded that highly colored water in
zones affected by human activities cannot be assessed
by toxicological methods alone. Toxicological methods
should be used only together with chemical and micro-
biological assessment to better understand the complex
interaction of natural and anthropogenic factors.
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Mpo6Aaembl OLleHKM KauecTBa
BbICOKOLBETHOM BOAbI NPUTOKA

OHe)XCKOoro o3epa, NPoTeKaloLWero no
yp6aHu3upoBaHHOU TEPPUTOPHUM, NO
rMAPOXMMHYECKHM, MUKPOOHONOrHUECKHUM U
TOKCHUKOANOINHYECKHM NnoKa3aTenam

Makaposa E.M.*, Kanunkuna H.M.

Hrcmumym 8o0HbLx npobstem Cegepa Kapestbckoeo HayuHozo yeHmpa Poccutickoti akademuu Hayk, np. Anekxcandpa Heackoeo, 50,
IMempo3zasodck, 185030, Poccua

AHHOTAILHUSL. TIpencraBiieHbl pe3yJbTaThl XMMUYECKUX, MUKPOOMOJJIOrNYECKUX U TOKCUKOJIOTUYECKUX HCCIIe/0-
BaHui 3a 2014-2015 rr. kavecTBa BoJbl IpuTOKa OHexckoro o3zepa (p. HernmHka), npoTekaroiiero mo ypoaHusu-
POBaHHOI TeppuUTOpUU. BriABIeHa BbICOKAs aHTPONOTeHHasA Harpyska Ha M3y4aeMylo peKy: 00beM JINBHEBBIX BOJ]
JIOCTUTaJl TPETHA OT OObEMa PEYHOrO CTOKA, MakcMMasbHoe mpesbimenue [1/IK B nmrBHeBbIX Bofgax mo BITK, Gbuio
80-90-kpatHBIM, 0 HedTenpoaykraM — 50—60-KpaTHBIM, 110 B3BelIeHHBIM BellecTBaM — 40-KpaTHBIM. B BepxHeM
TeueHnu p. HeryimmHka (BHe ropoCKOY TepPUTOPHUI) HCIBITHIBAET BJIMSIHLE 3a00JI0YEHHOTO BOAocO0pa, YTO OTpa-
’KaeTcs Ha XMMHYeCKOM COCTaBe BoAbI (Hu3Kue 3HaueHus pH, Beicokue nokasaTesnu nupeTHocty, XIIK u conepxaHus
obmiero xeyie3a). MeToauyeckue mpo0JieMbl ObUIM CBSI3aHEI C BHISIBJIEHHEM 30H aHTPOIOTeHHOT0 BO3/eMCTBUA Ha
(oHe HEraTUBHOTO BJIUAHUA NIPUPOAHOro pakTopa Ha KauecTBO BOAB! p. HeryimHKY Ha BceM NPOTSXKEHUU ee pycJia.
Hcnosnb3oBanue moaudunposaHHoro YKM3B, npu pacueTe KOTOPOro ObLIN UCKJII0UEHEI [I0Ka3aTes I XUMUYeCKOro
CoCTaBa, OTpa’karliye BINAHNE IPUPOIHBIX (DaKTOPOB, TO3BOJIMJIO YTOYHUTD 30HBI BJIUAHNA aHTPOIIOT€HHOT o (ak-
Topa Ha p. HeryimHky. Mukpo6uosiornyeckue rmokasaresu (o0Ias YucIeHHOCTh OaKTepuii, obmye KordopMHEIe
OakTepuy, canpoduTHbIe 6aKTEPUN) CBUAETEIHCTBOBAJIN O BBICOKO! CTelleHU 3arps3HeHHOCTH p. HersmmHky u oco-
0EeHHO CaHHUTApHO-II0Ka3aTeJIbHON MUKPOQIIOPOH, YTO CBA3AHO C BJIMAHWEM Ha peKy KaK TOUeYHBIX, TaK U paccesH-
HBIX ICTOYHUKOB 3arpsA3HeHus. BolaBieHa HenpUroaHocTs p. HersmmHKY 118 peKpeaioHHOr0 UCII0JIb30BaHUsA, 9YTO
omnpejesiAeT He0OXOAUMOCTb NPOBeIeH!sA MEPONPUATHI 110 NTPeOTBPalleHUI0 3arpsA3HeHNA PeYHbIX BOJ| CTOKaMU
C TOPOJCKUX TeppUTOpUL. BruoTecTrpoBaHye NO3BOJIMJIO BEIABUTH TOKCUYHOCTh PEYHOU BOABI B BEDXHEM TeYeHUH,
YTO OTPaXajo BJIMSHNE PEruoHaJIbHOro MPUPOJHOro GakTopa — BHICOKYI0 3a007104€HHOCTh BOJAOCOOPHOI TeppU-
TOPUH, CTOK I'YMYyCOBBIX BEIIIeCTB, KOTOPble CHU3MJIN BeJIMYMHY pH BOZBI 10 TOKCUYHBIX ypOBHENH. OTCyTCTBHE TOK-
CHYECKUX CBOMCTB PeYHO! BOJBI Ha FOPOJICKUX TEPPUTOPUAX OBLIIO CBSA3aHO C 6ApbepHOU POJIbI0 MOA3EMHBIX BOJ,
MOCTyIJIEeHNEe KOTOPHIX IIPUBOJMJIO K yBesn4deHuto pH BoAbl, 1 KOMILIEKCOOOpa3yolieil ClIOCOOHOCThI0 I'yMYCOBBIX
BeIlleCTB, KOTOPhIE CHIKaJIM OMOJOCTYIIHOCTD TSKeJIBIX MeTasuioB. McciiejoBaHue foKas3aso, YTO OlleHKa KayecTBa
BBICOKOIIBETHBIX DEYHBIX BOJ BO3MOJXKHA TOJIBKO IIPH KOMIJIEKCHOM IPOBEAeHNN XMMHYEeCKUX, MUKpOOHOJIornye-
CKUX U TOKCUKOJIOTMYECKUX HCCIIeJOBaHUM.

Kitiouegsie ctoga: mputok OHEXCKOro o3epa, ypbaHMU3UpOBaHHAA TEPPUTOPUA, XUMHUUYECKUI COCTaB,
6aKTepUOIJIaHKTOH, o0Ire KoJIndopMHble OaKTepun, OO0TeCTUPOBaHNE
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1. Beepenue Ha Teppuropuu r. IlerpozaBopcka (cTosuia

Pecniy6siuku Kapenusi) B mocjie[iHUE EeCATUJIETUS B
CBA3U C POCTOM KOJIMYECTBAa TPAHCIOPTA U aKTUB-
HBIMU CTPOUTEJIbHBIMU paboTamMu yCUJIMBAeTCA BJIMA-
HUe JINBHEBHIX CTOKOB Ha MpUTOKU OHEXCKOro o3epa,
mpoTekawie B dYepre ropoja (TexkanoBa u Ap.,
2021; Makarova et al., 2022; MakapoBa u ap., 2023).
AKTyasIbHOI CTaHOBUTCA OI[eHKA COBPEMEHHOI'0 COCTO-

B HacTosIee BpeM:A cepbe3HOU MpobJieMol cTa-
HOBUTCSA yXyJIIeHHe KayecTBa BOJABI TOPOJICKUX BOJIO-
€MOB U BOJOTOKOB, IIOCKOJIBKY C Pa3BUTHEM rOpOJOB
aHTpONOreHHasA Harpys3ka Ha Hux Bo3spacraetT (Liu et
al., 2017; Kong et al., 2021; Zhang et al., 2021; Akhtar
et al., 2024).
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AHWASA IPUTOKOB, IPOTEKAIIINX 110 ypOaHNU3MPOBaHHOM
Tepputopuu. OJHaAKO, peruoHajibHEle OCOOEHHOCTHU
XMMMYECKOr0 cOoCcTaBa BOJbl (BBICOKME LBETHOCTb U
cojiepxaHue xeje3a, IOHWXeHHble 3HaueHus pH u np.)
YCJIOXHSAIOT 3a/javy OLIeHKH ee KauyecTBa.

PervoHasbHble  OCOOEHHOCTH  XMMMYECKOro
cocTaBa IOBEpPXHOCTHBIX BoAd Kapesuu onpenessaioTcs
TYMHUIHBIM KJIMMaTOM U reoMop¢OJIOTHYecKUMU OCO-
OEHHOCTAMHN TEeppUTOPUM: HHU3KasA CcpeJHerofgoBas
TeMmnepaTypa Bo3AgyxXa M K30BITOYHOE YBJaXHEHUe,
a TaKke HaJMuuie BHIXOAA Ha IOBEPXHOCTh JPEBHUX
kpucrasummueckux nopop (Jlykamos, 2004; TexaHoBa
u 1p., 2018). B Takux ycJI0BUAX NOBEPXHOCTHBIE BOJIbI
Kapesnbckoro rugporpaduieckoro paiioHa OTJINYaTCA
BBICOKOI M3MEHYMBOCTbIO COAEpKaHUA MHUHepasbHBIX
Y OpraHn4ecKUX BelllecTB, jkejle3a, OOreHHBIX 3JIeMeH-
TOB, rasoBoro cocrasa u pH Boawl. Tak, MuHepasmu3a-
LA B TIOBEPXHOCTHBHIX BOJAaX M3MeHsAeTCA B IINPOKUX
npenenax (5-460 mr/n, cpegHee MenuaHHOe 3Haye-
Hue — 19 mr/n). Cpeiu KaTUOHOB MIPe0bsIaJaloT MOHbI
Ca?*, Mg?* u peako Na*. B cocTraBe aHMOHOB HapAAY
¢ rugpokapboHaTaMM 3a4acTylo BEICOKA [10JIA aHUOHOB
OpraHMYecKHX KHCJIOT, & B HU3KOIEeJIOYHOCTHBIX BHICO-
KOTYMYCHBIX BOJIaX OHU JOMUHUPYIOT (JIo3oBuK, 2006;
Lozovik, 2013). BesieqcTBre BEICOKOM 3a00JI0UEHHOCTH
BOJOCOOPOB, peyHbBle BOABI XapaKTepU3YIOTCA IOBHI-
IIeHHBIM cojJiepXaHheM T'yMyCOBBIX BelllecTB, 4TO, B
CBOI0O ouepefb, 00yCJIaBJMBAeT, BBICOKYIO IIBETHOCTHb
BOJIbl, BBICOKOE cojiepXaHue OOIIero xesesa, a Takxe
KHCJIyI0 peaklyio cpelbl. OTU (akTOpPH MOTYT Hera-
TUBHO BO3JIEHCTBOBaTh Ha OMOTYy BOAHBIX 3KOCHCTEM
(James, 1991a; b; Arvola et al., 2014; TexaHoBa u Jip.,
2018).

Hacrosmee uccyieqoBaHue OCBAIIEHO U3yYeHUIO
OJHOTO U3 IpUTOKOB OHexXcKkoro o3epa — p. Hernnnke,
npoTekaroleil 1o tTeppuropuu r. Ilerpo3aBoncka. Ha
OCHOBaHMM INpoTOKoJIa KoMmuccuu no ycTaHOBJIEHUIO
KaTteropuil o0beKTOB PHIOOX03ANCTBEHHOI0 3HAauYeHUs
U1 ocobeHHOocTel NOOBIYH (BBLJIOBA) BOAHBIX OMOJIOTHYe-
CKUX pecypcoB, oOUTalonux B HUuX, CeBepo-3anagHoro
TeppUTOpPHUAIbHOIO  yIpaBjeHWsa Pocpbl00I0OBCTBa,
No 3 ot 11.04.2013, p. HernuHke nprcBoeHa BEICIIAsA
KaTeropus pbeIOOXO3ANCTBEHHOro 3HaueHU:A. OpHaKo
peka HCHbITHIBAaeT CHUJIbHelllee 3arpsA3HeHUe JIMBHe-
BEIMU CTOKaMU ropoja. B Hee Tarke mocTymnawT OHo-
reHHble BelllecTBa C TEPPUTOPUII YacCTHOTO CEKTOpa,

0CcO0EHHO BO BpeMsA MaBOAKOB. BoJbl peku 3arpA3HAIT
[Terpo3aBoackylo ry0y OHeXCKOro o3sepa, KOTopas
CJIy>)KUT HCTOYHMKOM NUTHEBOIO BOAOCHAOXeHUA AJIA
HaceJIeHUA.

Peka HersnHka B BepXHeM TeyeHHUU IIpOTEKaeT
cpenu 00JIOT, U3 KOTOPHIX BO BpeMsA BeCeHHero MaBojika
B peKy IOCTyHalT BBICOKOIYMycHble BoAbl. Iloiima
3aboJio4yeHa U cJIoXeHa TOP(PAHUCTHIMU U NecYaHbIMU
rpyHTamMu. JTU (GakKTOpel OOYCJIOBJIMBAIOT BHICOKYIO
1BeTHOCTh BoAbl B peke (Puc. 1) (bopoaynuna, 2013;
Kapmeuko, 2013).

Kpome BiuaHua 3a007104€HHOCTHU, Ha XUMHU-
4YeCcKUH cocTaB BoAbl p. HersmHKM OKa3bBalOT BO3-
JelcTBHe OCOOEHHOCTH MOACTHJIAIIINX  IOPOA.
Tepputopus r. [leTpo3aBojicka pacnoJioxeHa B Iipefie-
Jlax cybapre3naHcKoro OacceiiHa, BKJIIOYAOLIEro Hau-
0oJjiee BONOOOMJIPHBIM HIXXHEKOTJIMHCKHI BOJOHOC-
HBII TOPU30HT, KOTOPHIN MEePEKPHIT MOITHON TOJIIeH
YeTBepTUYHBIX OTJIOXeHu#l. Cpeau HUX BBAEJIAIOTCA
OHEro3epcKuil MeXMOPEHHBI BOJJOHOCHBINI TOPHU30HT
1 TPYHTOBBle BOABI JIEAHUKOBHIX W 03€PHO-JIEJHHUKO-
BBIX IIeCUYaHBIX U CyIeCYaHBIX OTJIOXKEHWH. DTH BOIBI
BCcKkphiBaloTcs poanukamu (Kpyrckux u ap., 2016),
YTO U OIpefesAeT INOCTyIUJIeHHe POAHUKOBBIX BOJ B
p. Hernuaky B ee cpeqHeM teyennu (Andronikov et al.,
2019). IloctymieHre MoA3eMHBIX BoJ OOycJjiaBjMBaeT
H“3MeHeHus obiieli MuHepaau3alyy BOALL B peKe BJI0JIb
o teueHuio ot 35 o 400 mr/n (Bopoaynuxa, 2013).

B ycnoBuAX KapeJIbCKOr0 perdoHa akTyaJIbHOM
Ipo0JIeMO¥ CTAHOBUTCA OlleHKa BJIMAHUA aHTPOIIOTeH-
Horo ¢akTopa Ha KauecTBO peyHBIX BoA Ha (poHe NoCTy-
IJIeHUsA OO0JIbIIOro KoJIM4ecTBa I'YMYCOBBIX BeIecTB
(pervoHasbHBIN NPUPOAHBIN (AKTOP), KOTOPEIE Ompe-
JeJIAI0T TOBHIIEHHYI0 [IBETHOCTh BOABL. BBHIy Takoro
cnenu@uUYHOro BJIMAHUA PErMOHaJIbHOTO NPHUPOJHOTO
daxtopa crasnio BaxHbM AuddepeHIMPOBaHHO oOlfe-
HUTb BO3JelCTBHE NPUPOJHOIO M AHTPOIIOTeHHOI'O
(daxTopoB Ha KauecTBO BOABI pP. HeryJimHKY, OCKOJIBKY
coBpeMeHHBIe Kjlaccu(HuKaTOphbl KauyecTBa BOAB! IIped-
Ha3HayeHBl [JIA OLleHKM aHTPONOIeHHOIo BO3[Ael-
CTBUA, TJIaBHBIM 00pa3oM, CBETJIOBOAHBIX BOJOEMOB.
Jlo Bacrosmero BpeMeHH OTCYTCTBOBAJId KOMILIEKC-
HEIe Ce30HHbIe KcCJIeJIoBaHus, T03BOJIAINIME JaTh pas-
HOCTOPOHHIOI0 OLleHKY KayecTBa peYHOH BOJBI U Olle-
HUTH BJIUSHNE PEeYHBbIX BOJA Ha OMOTY.

Puc.1. O6muii Bup p. HersuHkuy: cpefiHee TeueHue (a), ycrbe peku (6).
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ue)’[b JAaHHOI'o HCCJIeAOBaHMA — OLEHUTH Kaue-
CTBO BO/JIbI FOpOI[CKOfI p. HeranHku nmo XvMHU4ecKuwm,
MI/IKpO6I/IOJ'IOFI/I‘{eCKI/IM N TOKCHKOJIOTMYECKHMM IIOKa3a-
TE€JIAM C YYE€TOM PErOHaJIbHbIX 0CcOOeHHOCTEN XUMU-
YEeCKOro cocraBa BO/JBI.

2. MaTtepuanbl U MEeTOAbI MCCAEAOBAHUA
2.1. Onucanme obnacTu uccrnepoBaHusa

Jununa p. Hermuuku — 14 xm. I'myOGuHa BOfoO-
TOKa BappupyeT B npefenax 0.2-0.5 M Ha HOpOXU-
CTHIX y4YacTKax U 10 1-3 M — Ha ILJIECOBBIX y4YacTKax.
CpeIHEMHOrOJIETHUI pacxof Bomdbl B peke — 0.5 m3/c.
[Inomanps BOmOCOOpPHOI TeppuTOpuUM peku — 46.1
KMZ, ee 3a60JI04eHHOCTh — 13%, 03€pPHOCTh — MeHee
1% (Kapmeuko, 2013). IlutaHue cMmemaHHOTO THUIIA.
[ToBepxXHOCTHOEe TIMTAHUE OCYIIEeCTBJIsIETCS 3a CuYeT
TasgHUA CHETOB U BBIMMAJIEHUA JOXOEBBHIX OCAAKOB, MOJ-
3eMHoe — pogHukamu (BopoaynuHa, 2013). Jlemocras
HauyMHaeTcs B HOsIOpe — lekabpe, CHEr CXOJIUT B ampeJie
— Mmae. [To BenmuuHe ykJioHa p. Hernmnka 6m3ka k
pekam mosiyropHoro tuma (7.6%o) (Slukovskii and
Polyakova, 2017).

2.2. OT60p NpPO6

OT160p 11po0 BOABI IPOU3BOAMIICA B IIEPHOA C Mad
1o HosA0ps B 2014 r. u ¢ Mas 1o okTaA6ps B 2015 r. Ha
pa3ynyHBIX y4yacTkax p. Hernmuku. Crannuum orbopa
po0 HaXOWJINCh KaK 3a [pefiesiaMy FOpOACKON YepTh
(ct. N-1), tak u B uepre ropoaa (cr. N-2, ct. N-3)
(Puc. 2). B 2014 r. oTMeueH BeCEeHHUH ITaBOIKOBBIM
nepuoA Ha p. HernuHke B Mae 1 HeOOJIBIION OCEHHUIT
— B OKTsAOpe—Hos16pe. B 2015 r. B nepuop or6opa oT™me-
YyeH TOJIPKO BeCeHHHI NMaBOAKOBHIN NepHoJ — B Mae,
OoCTajibHble MpOOBI OTOOpaHbI B MeXEeHHBII Nepuof
(Puc. 3). IIpoGbl oTOMpany B MOBEPXHOCTHOM CJIOE
BOJBl M3 IeHTpaJIbHOM 4YacTu TeueHHA. Boma makcu-
MaJsbHO nporpesasachk B 2014 r. o 15 °C B aBrycre, B
2015 1. — go 13 °C — B utone (Puc. 3).

B 2014 r. gna aHaim3a XMMHUYECKOT'O COCTaBa
BOJIBI Ha KaXJI0OM CTaHIUU OBLIO OTOOpaHO ceMb Mpob
BOJBI /1A onpefesieHus pH, 1iBeTHOCTH, MepMaHraHar-
Holl okuciissemoctu (I10), coepxxaHus pacTBOPEHHOI0
B BoJe Kwuciopona, BIIK,, comepxaHus OMOTEHHBIX
semects (NO,,NO,, P o P ), B TOM umcJie, ATh Mpo6
(MIOHB—OKTAOPD) — I ompenesieHUs HedTeNpoAyK-
ToB. B 2015 r. Ha KaxAol cTaHUUM OBLIO OTOOpPAHO
necTb Npo6 BOABI AJIA onpefesieHus pH, nBeTHOCTH,
coZiepXaHusi paCTBOPEHHOTO B Bojie Kucaopoaa, BIIK,,
XTIK, B3BemeHHBIX BellecTB (BB). B maATH npoGax BobI
(MIOHB—OKTAOPH) OIpeJiesIsAyiv coJiepXkaHne 61OreHHbIX
BemectB (P . , P JYuFe B Tpex npobax (Mali, UioJib,

o6~ MuH o6y’

CeHTAOpPD) — HePTeNpOayKTHI.

2.3. MeToabl XMMHYECKOro aHaAu3a

Bce o6pa3ipl 6611 cOOpaHbI, COXpaHEHHI U MPO-
aHaAJIM3UPOBAHBI B COOTBETCTBUU C MEXIOCYOAapCTBEH-
HBIM cTaHaapToM «Boma. O6mue TpeGoBaHUA K 0TOOPY
npo6» ('OCT 31861-2012). [ina onpefesieHUs XUMUYe-
CKUX TTapaMeTPOB BOMABI MPUMEHSIN OOLIENPUHATHIE B
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Puc.2. Kapra-cxema crannuii orbopa npo6 (kpacHsle
Kpyru) u JuBHeBBIX cTOKoB (Ne 1-10) (¢puoseTroBbie KBa-
napatsl) Ha p. Hersmake.
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Puc.3. Temneparypa u pacxon BoAnl B p. HernmHke B
2014 —2015 rr.; L — neBas ock, R — mpaBas ocb

rUPOXMMHYECKON MpaKTHKe aHaJIUuTHU4YecKre MeTOJIbl
(Tabsnura 1). [MonyueHHBIe pe3yJIbTaThl CONOCTABJIILIN
¢ HOpMaTHBaMU IpeJieJIbHO JOMYyCTHMBIX KOHI[eHTpa-
{1 BpeJIHBIX BENIeCTB B BOJIHBIX 00bEKTax phIOOX035ii-
CTBEHHOro 3HaueHus PO (H,Z[pr) (O6 yTBepxaeHUM. ..,
2023).

711 KOCBEHHO! OlleHKU cofiepKaHUsA I'yMyCOBbIX
BemectB B BoAe II.A. JlozoBukom (2013) 6vUsI0 mpen-
JIOXKEeHO HCIIOJIb30BaTh IOKa3aTesb I'YyMYCHOCTU BOJIBI
(Hum), paccuurtsiBaeMoti o ¢hpopmy.ie:

Hum = \/HTHO , €. TYMyCHOCTH
rae, LIB — 3HaYeHMe LBETHOCTU BOMBI, I'pal.;

[10 — nepmaHranaTHasA OKUCJIAeMOCTb, Mr O/

2.4. Pacuet yaAeAbHOro KombunaropHoro
MHAEKCA 3arpA3HeHHA BOAbI

OneHka 3arpA3HEHHOCTU 10 XUMUYeCKUM II0Ka-
3aresiaM p. HersmHkuy BeinosiHeHa B 2015 r. coriacHo
PYKOBOAAIIEMY OOKYMeHTY «MeTod KOMILIEKCHOM
OILIeHKU CTeleHM 3arpA3HEeHHOCTH NOBEPXHOCTHBHIX BOJ
10 THAPOXUMHUYECKUM IIoKazaTessaiM». [1o xumMuyeckum
MoKa3zaTesAM PpPacCUUTHIBAJIM yAeJbHBIA KOMOWHa-
TOPHBIN UHJeKc 3arps3HeHus Boabl (YKU3B) — meton
KOMIJIEKCHOY  OIIeHKM CTelleHW 3arpsA3HeHHOCTH,
KOTOPBIN MO3BOJIAET OJHO3HAUYHO CKaJIIDHON BeINYu-
HOU oneHUTh 3arps3HeHHocTh (P 52.24.643-2002).
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Ta6smna 1. MeTobl XMMHUYECKOro aHaJIM3a.

ITapameTpsl Mertoas! onipeaeIeHUA l'I,[[K]lx
pH [ToTeHnoMeTprYeCcKoe onpepesieHre 6.5-8.5
CTEKJIIHHBIM 3JIEKTPOIOM
IIBeTHOCTB, Tpaf. ®doTomeTpuueckoe onpefesieHne, A= 410 nm —
Cr-Co mmkaj.
Fe ,wmr/n ATOMHO0-a6COPOIMOHHBINA METOZ € IJIAMEHHBIM PacHblIEHUEM 0.1
I10 mr O/n TuTpruMeTpuuecKkoe onpeziesieHUe B KUCIIBIX cpeaax (MeTon —
Ky6ers)
XTIK, mr O/n JluxpoMaT CEPHOKUCJIOTHOE OKHCJIEHE OPTraHUYeCKUX —
BElIeCTB U TUTPUMeTpUYecKoe olpejiesieHre ¢ GepporuHOM
O,, Mr/n CcTaHAapTHHIN MeTo BuHKIIepa > 6.0 B meprof OTKPHITOU BOABI
BIIK,, mr O,/n1 OnpenesieHne CKJIAHOYHBIM MeToaoM BuHkiiepa <21
BB I'paBuUMeTpUYecKoe omnpejesieHre, MeMOpaHHbIN GuibTp 0.45 ¢oH +0.25
MKM
NO,~, mr N/ CnekxTtpodoToMeTpuiecKnii MeTo[ ¢ cyiabdaHmIaMuaoM u N—- < 0.02
(1-HadTun)-3TUIEHAUAaMUHAUTUAPOXTIOPUAOM, A = 543 nm
NO,, mr N/ Boccranossienne o NO,~ ¢ MOMOLIBI0 KOJIOHKH [Jisi BOCCTa- <9
HopseHus Cd u onpezenenue kak NO,-N
P . MKr P/1 CnekTpo(pOTOMETPHYECKUI METOA C BOCCTAHOBJIEHHEM —
MoJsmbaaTa aMMOHMA U aCKOpOMHOBOM KUCJIOTHL 10 pocdaTo-
MOJIMOJ€HOBOM IeTepONOJINKHUCIOTHL., A= 882 nm
Poﬁm, MKT P/n OkucJieHre OpraHUYeCcKUX BellecTB KZSZO8 B KHUCJIBIX Cpefax u —
onpefesenue PO P.
HedTenpoaykrsl, HubpakpacHbIll ClIeKTPOMETPUUYECKUI METO 0.05
Mr/J1
IIpuMeyaHue: «—» — He HODMUPYETCA.

MeToauuecKo OCHOBOI KOMILJIEKCHOI'O cIloco0a ABJIS-
eTcA ONHO3HAYHAsA OlleHKa CTelleHU 3arpsA3HeHHOCTU
BOABI BOJHOTO O0BEKTa MO COBOKYIIHOCTHU 3arpsA3HSAI0-
I[AX BeL[eCTB: JIA JIO0ro BOAHOTO 00BEKTa B TOUKE
oTbopa mpob BOJIbI; 3a JIIOOOI ONpeesIeHHbIN poMe-
)KYTOK BpeMeHH; MO JII000My Habopy THApOXUMUYe-
CKUX TIOKa3aTeJiell. B kauecTBe HOpPMAaTHBAa WCHOJIb-
3YIOT IIpeesIbHO JOMyCTUMBbIe KOHIIEHTPaluy BpeJHbIX
BEIIECTB IS BOIBI PHIOOXO3SAVICTBEHHBIX BOJOEMOB
(I'[L[pr) — Haubosiee xectkue (MUHHMAaJIbHBIE) 3Ha-
YeHUS M3 COBMEI[EeHHBIX CIIKCKOB, PeKOMEHOyeMbIX
OJIA TOATOTOBKM HMHMOPMAIMOHHBIX JOKYMEHTOB IO
KauecTBy moBepxXHOCTHBIX Bof (P 52.24.643-2002).
3Hauenue YKIM3B omnpepesiseTcsa Mo 4acToTe U KpaTHO-
cty npesbimeHns [1JIK 0 HECKOJBKUM IOKa3aTeJIsAM.
BosplieMy 3HaueHUI0 MHAEKCA COOTBETCTByeT XyAllee
Ka4eCcTBO BOJBI.

2.5. MeTtoabl MMKPOGHOAOrHUECKOIO
aHanmsa

O6masi 4ncJIeHHOCTh GaKTepuil ompenessiach
METOJOM IPsMOIO cueTa Ha YepHHBIX NOJIMKapOOHAaT-
HBIX TPEKOBBHIX MeMOpaHax (Dnop = 0.2 MKM) mpous-
BoacTBa Whatman Ha JIIOMHHECHIEHTHOM MHKPOCKOIIE
MUKME/I-2 (yBesmuenue X 1600) c mpenBapuTeib-
HBIM OKpAaIlMBAaHWEM KJIETOK AaKPUANHOBHIM OpaHXe-
BeiM (Handbook of Methods..., 1993). CanpoduTHbie
O6aktepun (CB) BblpamuBajgyM Ha pbI0O-IENTOHHOM
arape (PITA) B Teuenne 5-10 cyT. mpu 22 °C (Ky3He1oB
u [ybununa, 1989). [{na onpenesieHus OOIMIUX KOJIU-
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dopmubix Oaxrepuii (OKB) mpobbl BoAbl (PUIIBTPO-
BaJn yepe3 MeMOpaHHbIe PUIIbTPHI (DHop = 0.45 MKM),
GuIbTpEl NOMeIlaIN Ha arapu3oBaHHYIO cpedy OHJO
n uHKyOuposaiu npu 37 °C B tedueHue 24 u. [locie
HMHKYyOaliy BBITOJIHAICA IIMTOXPOMOKCHIA3HbII TeCT.
YuutsBayiuch crienudryeckre KOJIOHUU, KOTOpble He
M3MEHWJTU CBOI0 oKpacky (MYK 4.2.3690-21).

OneHKy KaudecTBa BOJBI [0 MUKpPOOHOJIOTHYe-
CKUM IIOKa3aTeJIAM BHIIOJIHAIN 10 OOLIENPUHATOMY
B POCCUMCKON BOJHON MUMKPOOMOJIOTHHU «IIOKa3aTeJIio
kavectBa Boj» (Pomanenko, 1985; [3w6an, 2000),
oTpaxarmieMy oo (%) canpoduTHHX GakTepuil B
obmem KosmvecTBe GakTepromiaHkToHa (Cb/0UB, %).
[ITkasia 3TOro nokasaTeJisd BHIJIAAUT CJIeAyIOMUM obpa-
3om: < 0.003 - ocob6o uucras; 0.003-0.03 — uuncras;
0.03-0.1 - cnabo 3arpsasHenHas; 0.1-0.3 — 3arpsA3HeH-
Hasd; 0.3-3.0 — rpasHasg; > 3.0 — ocobo rpsaszHasa. A
KOPPEeKTHOH OlLleHKU KayecTBa BOZHI IO 0OIIell YrcjieH-
HOCTU OaKTepUOIUIAaHKTOHA B COOTBETCTBUU CO IIIKa-
Joii B.U. Pomanenko (1985) (cBeToBast MUKPOCKOMNA),
OBLI UCIIOJIB30BaH KodddureHT 2.06 nyA nepecuera
Ha HOBBII MeToA (3nudJiiyopeclieHTHas MUKPOCKOIINSA)
(Makarova et al., 2022).

2.6. buorecTupoBaHue

OmHOBpeMEHHO € OTOOpoM Npo0 Ha XUMHYe-
CKU W MUKPOOMOJIOTMYECKUI aHaJin3 B BECEHHUU,
JIETHUII M OCEHHUH Ce30HBl OTOMpaii IPOOHl BOJBI
p- Hernmuueku ama 6uorectuposanusa. B 2014 r. npo6o1
BOABI AJ1s1 OMOTEeCTUPOBaHUA OBLIIM OTOOpAaHHI Ha CTaH-
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nusax N-1, N-2 u N-3 (Puc. 2) B Mmae, uioHe, aBrycre,
ceHTAOpe, OKTsAOpe u HosAOpe (Bcero 6 cepuii ONBITOB,
18 npo6 Bozel). B 2015 r. Ha craHuuax N-1, N-2 u N-3
poObl OTOMpaIu B Mae, MIOHe, hloJjie U aBrycre (Bcero
4 cepuu onbITOB, 12 1po® BoAbl). [Ipo6BI peyHOlT BOLBI
noMeniaayd B IjlacTMaccoBble OyThUIM 00beMoM 1 J1 1
HeMeJJIEHHO IOCTaBJIAIN B JJabopaToOpHIo.

B kauecTBe TecT-0o0beKTa MWCIOJIb30BAJIU BeT-
BucToycoro pauka Ceriodaphnia affinis Lilljeborg (cuno-
HuM Ceriodaphnia dubia Richard, 1894). BnepBsie 3TOT
BUA OB Ipe/JioXKeH AJIA UCIOJIb30BaHUA B KauyecTBe
TecT-00beKTa IIPU OlleHKe TOKCUYHOCTU BOJHO! CpeJibl
B pabote (Mount and Norberg, 1984). HOna ueneii
O6UoTeCcTUPOBAHUA IUIAHKTOHHBEIN padok C. affinis B
2008 r. 6bL1 1106e3HO npeaoctaBaeH UHCTUTYTOM 610-
Joruu BHyTpeHHuX BoAd PAH u B paspHeiileM KyJib-
TUBUpOBaJIcsl Ha Oase JylabopaTopuu rUApoOHOJIOTHUU
WHctutyTa BoaHBIX mpobsiem CeBepa KapHI[ PAH
(Kalinkina et al., 2013). PaukoB C. dffinis KyJIbTUBU-
pOBaJIi C UCIOJIb30BaHUEM I'PYHTOBOI BOZBI, KOTOpas
XapakTepu3oBajach CJIeAYIOMUM XHMWUYeCKHM COCTa-
BOM: cozepxaHue Na* — 7-19 mr/n; Kt - 2-4 mr/m;
Ca** — 12-24 mr/m; Mg?** — 4-11 mr/it; HCO,” - 31-58
mr/n; CI- - 8-21 mr/m; SO,> - 15-40 mr/i; cymma
noHoB — 100-200 mr/n (Boxubele pecypchl..., 2006).
BenuuuHa pH rpyHTOBOI BOABI BapbHpoBasa B Ipefe-
nax 8-8.3. PaukoB B KyJIbType KOPMUJIU OJHOKJIETOY-
HBIMU 3eJieHbIMU Bojiopocsisimu Chlorella vulgaris.

CxeMa ONBITOB MO OHOTECTUPOBAHUIO BOJBI
p. Hersuuku Oblla OopraHus3oBaHa B COOTBETCTBUM C
yTBepXJeHHBMU B Poccuy MeToAaMy, peKOMeH/I0BaH-
HBIMU 711 6MIOMOHUTOPUHTAa BOOHBIX 00bekTOB (PKmyp,
1997; MeToauka onpefejieHusi TOKCUYHOCTHU..., 2007),
a TakKe CorjlacHO MeXAYHapOJHBIM CTaHAapTHHIM TOK-
cukojgorndeckum MetoaaM (Oslo and Paris Commission,
1997; USEPA, 2002). Ilocsie npuBeieHNs TeMIIepaTypPhl
06pa3noB peyHOIl BOAbl K KOMHATHON TeMIeparype
HauyHanu OuoTrecTupoBaHue. TemmepaTrypa BOABL B
ombITax 3a Bech mepuop 2014-2015 rr. BapbupoBasna
B 3aBHCHMOCTH OT Ce30Ha MCCJIeJOBaHUH B Auana3oHe
18-25 °C. OpHako B mpefejiax KaXxAoro 2-CyTOYHOTO
SKCIIepUMEHTA B OTHEJIbHOH cepuy B pa3Hble MecHAIbl
BapbUpOBaHKe TeMIlepaTypbl BOABI He IPEBHILAJIO
0.5-1 °C. Ilpu GuoTeCcTHpPOBAaHUM PEYHBIX BOJ IpHMe-
HAJIY BapuaHT dKcllepUMeHTa CO CTaTU4eCKUMU YCJIO-
BUAMHY, NIPU KOTOPOM TeCT-OpraHW3MBI NIOABeprajnch
BO3/IeliCTBUIO U3yyaeMol BOOHON cpe/ibl (peuHas BoJa)
B TeueHHe Bcero nepuoja UCHbITaHWMI Oe3 3aMeHB
cpednl Ha cBexylo. IIpoJoODKUTEbHOCTh 3KCIlepu-
MeHTa cocTaBua 48 yacoB. B onblTax KCNOJIB30BaJU
ocobeti C. affinis B Bo3pacTte 2 cyT. ONBITH TPOBOIIN
B JIByX NOBTOpax. B kadecTBe KOHTPOJIbHOH CpeJbl
HCIIOJIb30BaJId IPYHTOBYIO BOAY, XMMUUYECKUI COCTaB
KOTOpPOI mpeAcTaBjieH Bbille. OObeM KOHTPOJIBHOM
cpeJibl U TeCTUPyeMOI peuyHO! BOABI B KaXJ0U OBTOP-
HocTH cocTaBsil 100 mut. B kaxAwiil cocy] moMelnaiu
10 5 3K3. paykoB. B ombITax paykoB He KOpMuiIu. B
KOHIIe 3KCIepruMeHTa OlleHHBaJl BBDKMBAeMOCTh pauy-
KOB Kak IpOILIeHTHOe OTHOIIeHHe KOHEYHOI'o KoJjnye-
CTBA BBDKMBIIMX OcCO0ell OT WX HayaJbHOIO KoJnde-
ctBa. Kpome TOro, B KOHIle 3KCllepUMeHTa YYUTBIBAIN
oOIiee COCTOSHHE PAYKOB 10 aKTUBHOCTU UX IlepeJBU-
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XKE€HUA B COCyA€ 1 HAIIOJTHEHHOCTHU BBIBOJKOBBIX KaMeEp
MOJIOABIO.

2.7. XapaKkTepucTHKa aHTPONOreHHOM
Harpy3ku Ha p. HerAmHky

Hcrounukamu 3arpsasHeHus p. HersimHku ABjiA-
I0TCA JIMBHEBble CTOYHBle BoAbl I. IleTpo3aBopcka,
caMoOTeuHble CeTH KaHajW3allM, CTOK C CeJUTeOHON
TepPUTOPUH, CTOKU XKeJIe3HOLOPOXHOIO Jero U T.A.
(TocymapctBeHHBIN AoKIAL ..., 2000-2022).

[lo odunuaspHBIM JaHHBIM OTAeja 3KO0JIOrMU
Mapuur.Ilerpo3aBojcka, B p. Hersuuky Bnagatot 10 1muB-
HeBbIX cTOKOB (Puc. 2) o6muM o6seMoM 0.004 km3/rox,
KOTOPBIE COCTAaBJIAIOT TPeTh OT obigero oobema (0.013
KM>/TO[{) pe4YHOro CTOoKa. JlaHHbIe O 3arps3HAI-
IMUX BellleCcTBaX JIMBHEBBIX CTOKOB IIpeJiCTaBJIeHHl B
Tabnune 2.

B 2014 r. npesoilieHue H,Z[pr no BIIK, wu
HedTrenpogykTtam Habmogasocs B 9 crtokax us 10.
(Tabnuna 2). MakcuMasibHasi KpaTHOCTDb NPEBBIIIEHUS
1'[,[[1(px no BIIK, mouru B 80 pa3 oTMeyasiach B CTOKe
No5. KomnuecTBo HeTenpoAyKTOB ObLIIO MaKCHMaJib-
HbIM B cToKax No6 u No7 — S52I1AK u 56I1/IK, cooTBeT-
ctBeHHO. CToku No5-Noel(Q mmeny npeBbIIeHUs I'I,II[Kpx
110 KoJIn4ecTBY BB, ¢ MakcHMabHEIMU IIPEBHIIEHUAMUI
1'[,[[1(px B 40 u 36 pa3 B crokax Nol0 u Ne6, coorBet-
CTBeHHO. [IpeBblllIeHNsA HOPMAaTUBOB IO XJopuAaM He
0TMeuaJioch.

B 2015 r. orbop mpo6 JIMBHEBBIX BOA IIpO-
n3BoqUIN B 9 cTOKax, cTOK NolQ He y4uMTHIBAJIU.
[Tpesbimenvie BIIK, HaGJroganocs B 7 cToKax us 9, mpu
9TOM MakcuMmajbHasa kpatHocTs IIJIK —oTMeuasacs,
kak u B 2014 r., B ctoke No5 (94 H,Z[K) [TpeBbiieHIE
HOpMAaTHBOB N0 HedTenpoAyKTaMm ObLJIO OTMEYeHO BO
BCceX CTokax. MakcuMaJsibHble KOHIleHTpauuu Hedre-
MIPOAYKTOB BBIAABJIEHHI B cTOKax No5 u No7 — B 52 u 57.6
pasa, coorBeTcTBeHHO. ConepxxaHue BB ObIO IpeBHI-
II€HO TOJIBKO B cToKax Nol, No8 u No9 B cpennem B 1.9
pasa. IIpeBrbilieHNsA HOPMATUBOB IO XJIOpHUJOAM OTMe-
4eHO He OBLIO.

Ta6uauna 2. 3arpsAsHAKIINe BelllecTBa B BoJe JIMBHEBHIX
cToKOB I. IleTpo3aBojCcKa, MOCTyHamumx B p. HerjmHKy B
okTa6pe 2014 r. u utoye 2015 .

IToxa3aTesnb IIAK | Oxktsa6ps | IIAK Hionp
2014 2015
min — max* min —max
M=m M+=m
BB, mMr/n 4.25 2—-167 23.75| 4.1-192
55+20.4 69.9+22.5
BIIK,, 2.1 1.8—-167 2.1 | 0.58—-198
mr O,/ 26.5+15.8 28.8+21.2
Hedrenpoaykrs, | 0.05 | 0.04—2.8 | 0.05| 0.1—-2.88
MT/JI 0.97+0.32 1.21+0.39
Xsopupasl, Mr/a | 300 4-72 300 16.8—96
25.2+10.7 49.7+18

I[Ipumeuanme: *min—max — MHUHUMAaJIbHblEe U MaKCU-
MaJibHble BeJIMYUHB, M+ m — cpefHsAs BeJIMYMHA U omubKa
cpenHedl. [l pacuera H,I[pr B3BellleHHBIX BemlecTB (BB)
rcnosb3oBaiu B 2014 r. — naHHBIE OT/AeJia SKOJIOTUU M3pUU
r. [leTpo3aBojcka, B 2015 r. — co6cTBeHHble JaHHEIE.
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2.8. CtaTucTHUECKUM aHaAU3

B kadecTBe CTaTHCTUYECKUX XapaKTepUCTUK
W3MEeHUYMBOCTH XMMHUUYECKUX IIoKa3zaTesiell pacCUUTHI-
BaJI Me[VaHHble 3HaUYeHU 10 BBIOOpKaM U CTaHAapT-
Hyl0 ommOKy. {1 cpaBHeHUA BEIOOPOK U BHIABJIEHUA
Ce30HHBIX H3MEHeHUIl MpHUMeHsIN HelapaMmeTpuie-
CKre MeTOABl CTAaTUCTUKU: KO3DQUIMEHT Koppesd-
nuu CnupMmeHa, HellapaMmeTpuueckuil aHanu3 ManHa
— YurtHu. [Ipu onjeHKe JOCTOBEPHOCTU Kod3ddunneHTa
KOppeJIALIMM HCIOJIb30BAaJICA YPOBEHb 3HAaYMMOCTHU
0.05.

Jl7ia u3ydyeHus CTPYKTYphl CBA3eN Mexay IoKa-
3aTeJIAMU XUMHUYECKOro COCTaBa BOJBI MCIOJIb30BaJIU
MeTo/[1 rJ1aBHbIX KoMInoHeHT (MI'K). OcHOBOM AJIs1 3TOr0
aHajgu3a [OCIYXWINW Jorapu@MUpOBaHHbBIE XUMU-
yeckye IoKa3zaTesd C IeJIbl0 CHU3UTh COOTHOIIeHHe
pa3MepHOCTH IoKa3aTesel U MpUbJM3UTh UX paclpe-
nesenrie k HopMasibHoMy (IlIutukoB u ap., 2005). B
KayecTBe 3HaUYMMBbIX IPUHUMAJIU I'JIaBHble KOMIIOHEHTHI
¢ aucrepcueir =1 u (hakTOpHBIE HATPY3KU MPU3HAKOB
C OTHOCUTeJbHBIMH 3HaueHusMu =|0.7| (Kopocos,
2007). Cratuctuueckasa oOpaboTka MOaHHBIX OCy-
HIecTB/IAJIach B JIMIIEH3UPOBAHHOM Iakere Statictica
Advanced 10 for WindowsRu.

3. Pe3ynbTaTthbl
3.1. XumuueckKum coctaB BOAbI

B peuHbIX Bojjax B cpelHEM cofepxaHKe HOHOB
Ca?* u Na* gocturaetr 25.6 u 19.5 Mr/Jj, coOTBeT-
cTBeHHO. I[To MOHHOMY cocCTaBy BOJa PeKU OTHOCUTCH
K TuApoKapOOHATHO-KaJIbI[ieBOMYy THUIIy, OJHAKO B
TeueHUe JIeTHe-OCeHHero nepuoja BoJa peKu MeHsAeT
IpylIy c KajbplueBol Ha HartpueByw (CabbuinHa U
Edpemosa, 2017).

CorsacHo paHHbBIM (CabpuimHa u Edpemosa,
2017), B xumMu4ecKoM cocTase Bo[ p. HersimHku 3a MHO-
roJIeTHUY nepuo/i npeobJiajaloiMy Cpeqy MeTaJlIOB
ABJIAIOTCA KeJjie30 U Maprasel]. Boicokoe copmepxaHue
Mn u Fe 06ycJiOBJIEHO BBICOKUM IMPUPOAHBIM Pperuo-
HaJIbHBIM (POHOM, UTO MO3BOJIAET UCKJIIOYUTDH JaHHbIE
MeTaJUlbl U3 CIHCKAa 3arpA3HAIIINX KOMIIOHEHTOB
(JIozoBuk u Ilnatonos, 2005). KoHIleHTpauu Takux
MeTtaJuioB kak Cu, Zn, Pb, Cd yBenmmuuBaioTcsa mpu
TpaH3uTe peku yepes I. [leTpo3aBojick, nepuoAnudecKu
MpeBhIIas I'[L[pr. B Gospieli creneHu KOHI[EHTpaLUU
Cu u Zn yBeJuYMBaJINChb Ha TEpPpPUTOpUM ropoda Io
CPaBHEHMIO C 3arOpPOJHBIM y4acTkoMm — B 3 u 20 pas,
cooTBeTcTBeHHO (CabbuinHA U 1p., 2022).

[Ipu aHamuze XUMHUYECKOI'O COCTaBa BOJBI
p. HernuHku Bce nokasaTtesu ObUIN pa3fiesieHbl Ha JBe
rpyInel. B nepBylo rpymny BOLLIX [TOKAa3aTesd, Xapak-
Tepusywlue BusHUe 3a060JIOYEHHON BOOOCOOPHOI
TeppuTopuu (IPpUPOAHBIN (HaAKTOpP): MoKa3aTesu, oTpa-
Xarolye cofepxaHue TPyIHOMHHepaInu3yeMbIX I'yMy-
coBeix BemecTB (I10, XIIK), BETHOCTh U CBSI3aHHOE C
Hell obmee xese30, a Takke pH — nHaukartop coxep-
KaHUA BellecTB KUCJIOTHOHN NPUPOABI, B TOM 4YuCe U
ryMuHOBBIX KucJIOT (Lozovik, 2013).

Bo BTOpyl0 rpynmy BOLIIIM XMMHUYeCKHe IIoKa-
3aTeJiyd, XapaKTepu3ylollyie aHTPOIIOTeHHOe BJIMAHUE:
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pasiuuHble GOpMBEI MUHepaJbHOro asora u docdopa,
BIIK,, comepxanue BB 1 HehTenpoAyKTOB, MOCTYILIE-
HHEe KOTOPHIX CBA3aHO C BBIIyCKaMM JIMBHEBBIX BOJ,
PacCIoJIOXeHHBIX B HIDKHEM TeUYeHUHU M3y4yaeMol peKu
Ha TeppuTopun I. [lerpo3asoacka. KoHLneHTpanus Kuc-
Jiopoja B BoJie OTpaXaeT, C OJHOM CTOPOHEI, a3paLuio
BOJBl Ha MOPOXMCTBHIX y4acTKax peKH, C JAPyroy CTo-
POHEI, noTpebJieHne KUCJIoOpoAa Ha MUHepasd3aluio
JerkoMuHepaausyemoro OB. B Hamux ucciiefoBaHUAX
MBI OTHECJIA KUCJIOPOJ K IOKa3aTesAM, OTpakarliuM
aHTPOIIOTeHHOe BO3[elCTBHe, CBA3aHHOE C MOCTYILIe-
HHeM JIMBHEBBIX CTOKOB, HeCyIIUX OOJIbLIIOe KOoJnye-
ctBo OB.

3.1.1. XuMnyeckue nokasaTeyiy, XapakTepu-
3yomye oco0eHHOCTH NPHUPOJHOrO cocTaBa BOMBI
p. Hersunaku B 2014-2015 rr.

I[To mokaszaTteso ryMmycHocTd BoAa p. Hernmnku
Ha BCeM CBOEM MPOTsKEeHUM, N0 AaHHBEIM 3a 2014 r.,
XapakTepu3oBajlach KakK BBICOKOI'YMycHas (moAaxJiacc
Me30II0JIMTYMyCHas),  CcOorJlacHO  Kjaccudukanuu
(Lozovik, 2013).

Ha saropogHom yvacTtke p. Hernmnkuy, noasep-
XK€HHOM BJIMAHUI0 OOJIOTHBIX BOJ, BBICOKOMY COJep-
XaHUI0 opraHudyeckux BemjecTB (OB) rymycoBoit
npupoasl, omnpeneasgemoro no XIIK, comyTcTBoBaiu
BBICOKME IIOKa3zaTeJd IBeTHOCTH M KOHI[eHTpanuu
Feoﬁm (Tabauna 3). [IpeBbinieHne l'I,[[Kpx 10 IT0Ka3aTeJIio
Fe , oTmedanocs B 12-51 pas.

Ha ropoackoMm yuacTke peku, KOHILIEHTpauusd
XTIK cHmxajach, Kak M MoKa3aTeJd I[BETHOCTU BOJBI
(Tabnura 3). CHUXXeHNe KOHIIeHTpaluu Fe ;, BAOJIb 11O
TeYeHHUI0 peKU COCTaBWJIO: OT 2.7 MI'/JI B BepXHeM Teye-
HUU 10 1.38 Mr/ma B HUXHeM TedyeHuu. Ha BceM npoTs-
keHUH peku npessiteHre IIJIK 1o oGmemMy xesesy
Jocturaso 7-50-KpaTHBIX 3HaYeHUI.

3.1.2. XuMunyeckue nokasaTejid aHTPOIIOreH-
HOrO0 3arpsA3HeHuA BoAsl p. HerauHku.

KoHnenTpalus JierkoMruHepaanu3yeMoro Bellle-
CTBa, onpejesisiemoro mo BITK,, Ha 3aropoAHOM y4acTKe
p. HersnimHkwy, 6b11a HEOOJIBIION, JIUIIL ABAXAB! IIPEBHI-
nias 3a oba roga H,[[pr B 1.5 pa3sa. B cBA3u ¢ nocrymie-
HHeM OO0JIBIIOr0 KOJIM4ecTBa JIerKOMHHepaIu3yeMbIX
OB c n1uBHeBbIMU cToKamu (Tabsuia 2), Ha ropoJACKON
yacTu pycsia 3HayeHnue BIIK, yBennuuBasiochk mo cpas-
HEHMUIO C BepXHIM TedeHueM, npessimas [IJIK B cpen-
HeM B 2 pasa (Tabnuna 3).

B 2014 r. cogepxaHue kucjopoaa BAOJIb pycJa
peKu MeHsAJIOCh He3HAUYUTeJIbHO U HMeJIO BBICOKHE
nmokazatenu. B 2015 r. obHapyXuBajoCh CHUXeHUeE
abCoJIIOTHOrO COAepXXKaHMA KUCJIopoAa B BoJe U Hachl-
meHusA BoAb! kucjaopogoM. HauboJsiee 3aMeTHO cHUXe-
HMe HachlllleHus BOABl KUCJIOpOAOM HabJoaioch Ha
cT. N-2, uTo 66110 cBA3aHO ¢ nocryisieHneM OB, onpe-
nesiseMbix 110 BITK, Bbinie cranuuu ot6opa npoo.

Konnentpanuu uutputoB (NO,”) Ha 3aropof-
HOM yuacTKe peKHU 4acTO ObLJIM HEeBHICOKMMM, OAHAKO
3TOT IOKa3aTeJib ABaXbl IIPeBbILIaT l'I,[[Kpx B 1.2 pasa.
Ha ropoackux yvyacTkax peku KOJIMYeCTBO HUTPUTOB
yBeJINUYMBAJIOCh HA MOPANOK, NPHU 3TOM HabJII0aIoCh
noBcemMecTHoe npesbimenue [IJIK B cpenHeM B 8 pas.
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Ta6suna 3. [TokazaTesn XMMHUYECKOro cocraBa BoAsl p. HersnmHku 3a 2014-2015 rr.

IToxa3aTesb 2014 r. 2015r.
dbonoBEIIT TrOpPOJACKOM y4acTOK dbonoBEIIT TOPOCKOM y4acTOK
y4acToK y4acToK
ct. N-1 cT. N-2 ct. N-3 ct. N-1 ct. N-2 ct. N-3
pH 4.5-6.6 6.6-7.7 6.9-7.9 4.3-5.2 6.5—-7.7 6.6—7.8
5.6+0.4 7.2+0.2 7.4+0.2 45+0.3 7.0x0.3 7.4+0.3
LIBeTHOCTSD, rpaj 98-410 21-286 29-230 270—384 34 —283 64 —261
177 £76 129+39 66 =37 349+32 146 =36 93+13
Feosm, Mr/J1 H.[. H.1. H.J. 1.2-5.1 1.1-4.0 0.7—-2.8
2.7*+0.4 2.1+0.3 1.4x0.2
I10, mr O/n 9.37-12.69 9.1-11.2 9.4-11.1 H.[1. H.I. H.[1.
10.34+0.84 10.1£0.4 10.3+0.5
Hum, en. 30-64 14-57 18-50 H.I. H.J. H.II.
44+9 34+8 25+6
XIIK, mr O/ H.I. H.O. H.O. 33.7—47.2 20.3—46.8 12.5—40.4
39.3x3.6 27.6+3.3 20.4x4.6
0,, mr/n 7.9-11.2 8.4-11.0 8.8-10.7 7.6—9.5 5.6—9.8 8.7—10.5
9.9+0.7 9.7+0.6 9.8+0.6 8.2+0.3 6.2+0.9 9.4+0.3
% Haceimenus O, 71-87 79-92 82-90 62—-71 51-77 78—92
79+4 84+3 86+2 68+2 56+6 80+2
BB, mr/n H.J. H.I. H.J. 9-92 6—97 4—-120
27+7 16+6 165
BIIK,, mr O, /n 1.4-3.4 2.4-6.0 2.9-6.6 09-1.6 1.1-6.4 2.0—-5.3
1.7+0.4 3.5%x0.9 3.4+x0.7 1.0+0.1 5.0x1.5 2.3+x0.4
NO,, mr N/n 0.009-0.024 0.026-0.254 0.027-0.243 H.1. H.. H.1.
0.016 £0.004 0.198 +0.065 0.149+0.05
NO,, mr N/n 0.035-0.26 0.41-1.12 0.33-2.89 H.J. H.J. H.J.
0.21 +£0.06 0.59+0.1 0.67 £0.61
P s MKT P/11 19-44 54-197 46-211 42—-162 106 —339 128—-319
26+6 103+30 132+39 85+19 166 +31 217 x44
P ., MKr P/n 10-42 49-191 33-205 4-31 39—-273 117 —-209
25+5 98 +27 117+38 18+6 148 +46 16020
HedrenpoaykTsl, 0.03* 0.37* 0.05* 0.05* 0.34* 0.04*
MTI/JI (ceHTAOpD, (aBrycr) (oxTsA6pPB) (ceHTA6pD) (ceHTs6pB) (ceHTAOpPD)
OKTSOPB)

IIpuMeyaHue: B yncaUTesIe — Min—-Max — MAUHUMAaJIbHble 1 MaKCUMaJIbHble BeJIMYMHbI; B 3HAaMeHaTesle — MeAraHa U CTaH-
JapTHas ommnokKa; “H.A4.“ — HeT JaHHBIX; * — yKa3aHa MaKcHMMaJlbHasA KOHIeHTpanusa HepTenpoayKTOB.

ConepxaHue B Boje p. HersnmHkyu HUTpaTOB
(NOs‘) OBLJIO 3HAYNTEJIBHO HITXE I'[L[pr. OTMmevasioch
yBeJIueHUe HUTPaTOB IpU TpaH3WUTe peKu uepes
TOPOJICKYI0 TeppuTopuio nmouytu B 3 pas3a (Tabiuma 3).
[losiyueHHBle HaMK [AaHHble IO COAEPXKaHUI0 MUHe-
payibHBIX (popM aszoTa B p. Hersmnke coryacyores c
JaHHBIMH APYTHX HccliefjoBaTesiell, OCyIleCcTBJIABIINX
oT60p mpo6 Ha peke B 3TOT Xxe nepuon (/[3100yk u
Kimokuna, 2015).

Conepxanne obuero ¢ocdopa (P, ) B 2014 .
OBLITO HAMHOT'O MeHblile, yeM B 2015 T., 4TO 00bsACHsETCS
METEOpOJIOTUYECKUMU ycjIoBUAMY, T.K. 2014 r. ObLI
OoJiee cyxumu no cpasHeHumw ¢ 2015 r. IToctynienue
P, C JIMBHEBBIMU CTOKAMU U CTOKAMU C TEPPUTOPHU
YacTHOTO cekTopa oOycjaB/JIMBaJIO yBeJIMUYeHUe ero
KOHIIEHTpal[iil B BOoJle peKu Ha TOpPOJACKOI TeppuTO-
pun. lloyueHHble JaHHbBIE IO COAepXaHuio P u P
B Bojle p. HeryimHKY XOpOIIO COorjlacyloTcs ¢ pe3yJibTa-
TaM¥ TpeAlIecTBYIOMUX uccieqoBanuii (CabbuiHA U
Edpemosa, 2017).
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Munepanbhbiii pocdop (P ) BBoze p. Hernmuku
“MeeT B OCHOBHOM aHTPOINIOreHHOe INPOMCXOXJeHUe.
006 3TOM CBUETEBCTBYET ero BeicoKasa qoJisA (28-98%)
oT obmero ero comepxanus. 1A sogoemos Kapenuu
yCTaHOBJIEHO, YTO IIPU COAepKaHUM B Boje MUHepaJib-
Horo ¢ocdopa B KOHIIEHTpanuAX, npepnimanmux 10%
OT o0mell pOpPMBI 3TOTO 3JIEMEHTA, €ro MCTOYHUKOM
SIBJISIETCAA aHTPOIIOTeHHOe 3arps3HeHue (3anuueBa U
Bosikos, 1994; Jlo30BuK, 2017).

Coaepxanue HedpTEenpoaAyKTOB B BOJ(E
p.- HernuHku Ha BepxHeM ydacTKe pycJia 3a oba roga
uccnenosanuii He mpesbimano ITJIK —mno HedTenpo-
nykraMm, paBHoil 0.05 mr/ia. Ha cr. N-2 B 2014 1.
IIOBCEMECTHO HAOJII0AaJIoCh IMpPEBHIIIECHNE I'[L[Kpx o
HedTenpoayKTaM B cpeiHEM 0 2 pa3, AOCTUras Mak-
CHMaJIbHBIX KOHI[eHTpalui IIpU CeMHKpPAaTHOM IIpe-
BBIIIIEHUU HI[KPX. Takasa cutyanusa oObsCHAETCA HAXO-
XJeHueM Bblle cT. N-2 keJIe3HOLOPOXHOIro [Aemno, a
TaKXXe HaJINYueM JIMBHEBBIX CTOKOB C BBICOKHMU KOH-
HeHTpauuaMu HedTenponykToB (pasfen 2.7). Ha cr.
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N-3 koHLeHTpauusa HeTeNpoAyKTOB CHUXajlach A0
0.04 mr/n. CHuXeHHe KoJuyecTBa HeTenpoAyKTOB
K YCTbeBOMY yYacTKy peK’ MOXHO OOBACHUTb YacCTHUY-
HBIM OCaX[€HUEeM Ha JHO, OKHCJIEHUEM 3a CYET HaJIu-
4yl Ha peke IepeKkaToB U yTUIM3anuell 0akTepusaMHU.
B 2015 r. B ropoAckoii yepTe JIUIIb OQHAXIbl Ha CT.
N-2 nabmiogasioch 7-KpaTHOe IpeBhIllIeHUe H,Z[pr mno
HedTenpogyKTam.

CopepxaHue B BOJAE B3BElIEHHBIX BeEIECTB
OBLI0 MaKCMMaJIbHBIM Ha 3aropoJHOM y4acTKe peKH.
HecmoTpsa Ha TO, 4TO B 4epTe ropojia B3BellleHHbIE
Bell[eCTBa [IOCTYNAIOT C JIMBHEBBIMU CTOKaMU, B PEUHOM
BOJie HaOJIlofaeTcs CHIXeHNe UX coJiepXaHus 110 cpaBs-
HEHUIO C 3arOPOJHBIM Y4acTKOM, YTO Takke OOBbACHA-
eTcA UX YaCTUYHBIM ocaxk[eHHeM Ha JHO. HeGosbiioe
npesbimeHye [1/IK o B3BenieHHBIM BelllecTBaM HaO0JIio-
JaJioch B TOPOJICKOI 4yepTe B UIOHE U OKTsAOpe 2015 r.
(mo 1.3 ITJK), uTo cBsA3aHO C BEICOKUM (POHOBBIM COAED-
’KaHNeM B3BellleHHBIX BelllecTB B Boje p. Hersmmuakny.

3.1.3. AHaymM3 CTPYKTYpBI CBSI3€d MEXAy
XHMHYECKUMH ITOKa3aTeJIsIMH

Jlsia aHanM3a COBMECTHOTO BJIUSAAHUA peruo-
HaJIBHOT'O MPUPOAHOIO U aHTPOIOreHHOro )aKTOpPOB C
MCIIOJIb30BaHMEM MeTojia IJIaBHbIX kKoMioHeHT (MI'K)
MeXay XUMUYeCcKUMU I[OKa3aTessAMU Obljla U3ydeHa
cTpyKTypa cBaseil. MI'K npumeHsieTcst Kak 1 COKpa-
meHUsA pa3MepHOCTU I[IPOCTPAHCTBA IIPM3HAKOB C
MHHMMaJIbHOU NoTepeli MoJjie3Ho nHpopMaIuu, Tak u
71 BBIABJIEHUS PNl 00beKTOB, OTJINYAIIUXCA APYT
OT JipyTa Io cujie KOppesAlun.

[Ipu ananuse gaHHbIX 3a 2014 r., 10 pe3yJbTa-
tam MI'K, Tpu mnepBble IjaBHble KOMIIOHEHTH OTpas-
nanu BMecte 81% o011ell M3MEHUYMBOCTU IToKasaTesien
cocraBa Bojbl p. Hersmmnuku. 3naunmbiii Bkiaag B I'K1
(nepBas ry1aBHas KOMIIOHeHTa) BHecsid pH, HackleHne
BOJBI KHCJIOPOZOM, cojepXaHie B BoJe OWOreHHBIX
anemeHToB (NO, , NO, , P P ) lerkoMuHepamm3y-
emoro OB (BHKS), B 'K2 (BTOpas rinaBHass KOMIIOHEHTA)
— cojepxaHUe PacTBOPEHHOI0 B BOJe KHCJOpoJa U
I10, B I'K3 (TpeTbs rjiaBHast KOMIOHEHTa) — LIBETHOCTh
Boanl (Tabnuna 4). Ha guarpamme pacnpepesieHUs
sHaueHuii I'K1 u I'K2 (Puc. 4 A) o0beKTH pa3aesnianch
Ha JBe OCHOBHBIE IpyNmbl. B IByX MpaBbIX KBagpaHTax
HaxonATcs mpoObl, 0OTOOpaHHBIE Ha 3arOPOJHOI CTaH-
UM BO Bce MecsAIlbl HaboaeHUs. B ByX JieBBIX KBa-
JpaHTax oKa3aJuich Ipobbl, 0OTOOpaHHBIE HAa TOPOJICKUX
CTaHIMAX 3a Bech Mepuo HabmongeHusA. Ha quarpamme
pacnpenenenus 3HaueHuit I'K1 u I'K3 (Puc. 4 b) 06b-
eKThl pa3fie/INJINCh TaKKe Ha J[Be OCHOBHbBIE TPYIIIHL B
JBYX MPaBbIX KBaJ[paHTaxX Haxo[saTCcsA MpoObl, 0TOOpaH-
Hble Ha 3arOpOJIHOM CTaHI[UM BO BCe MecCsIbl HabToe-
HUsA, B IBYX JIEBBIX KBaJipaHTaX — MpoObl, OTOOpaHHBIE
Ha CTaHLUAX B rOPOJICKOM uepTe. PacmoJioxeHue CTaH-
Uil Ha rpadukax CBUJETEJIbCTBYET O BhIPaXXEHHOI
MPOCTPAHCTBEHHOI HEOJHOPOJHOCTH YYaCTKOB peKu,
CBSI3aHHOM, BO-TIEPBBIX, C BJIMAHMEM OOJIOTHBIX BOJ B
BEpXHeM TeueHUU p. HernmHky, rae oOHapyxeHbl Hau-
MeHbllIe BeJIMUrHB pH U BBICOKMeE MOKa3aTesy LBeT-
HOCTH, BO-BTODBIX, C NOCTYIUJIEHEM MOA3EMHBIX BO[,
KOTOpPBIE HEUTPAJIU3YIOT BOJY Ha FOPOJICKUX y4acTKax,
B-TPETbUX, C TOCTYILUIEHHMEM OWOreHHBIX 3JIeMEHTOB
U JjerkoMuHepanuszyemoro OB c ypOGaHH3MpPOBaHHOI
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tepputopuu. Iloaromy 64sb1re BeIUYuHb pH, IOHU-
JKeHHas LIBETHOCTb U CHJIbHOEe 3arps3HeHue peku Ono-
reHHBIMHU 3JIeMeHTaMH U JlerKoMuHepainsyeMeiM OB
XapaKTepHBl [JIS TOPOACKUX y4acTkoB p. Hersunku
(Tabnura 3). Ha poHe pe3koro pasiuyusa XUMHUYeCKOTO
cocTaBa (pOHOBOI'O U TOPOACKUX y4acTKOB p. HersmHku
HX Ce30HHasA N3MEeHYMBOCTh BBIpaxkeHa cj1abo.

[IpumenHenne MI'K pmiid gaHHBIX N[O XHAMUYe-
CKOMYy cocTaBy Bozbl p. Hernuuku 3a 2015 r. nokasaso,
YTO TPU IepBhIe IJIaBHble KOMIIOHEHTH oTpa3uiu 83%
ob1ell M3MeHYMBOCTU TNPU3HAKOB. 3HAUMMBIN BKJIaJ
B I'K1 BHecnu pH, nsetHocth, XIIK, u comepxxaHue
docdopa, B I'K2 — comepxkaHue Kucjopoga B BoAe U
HachbllleHre BoAbl kucjaopogoM, B I'K3 — conmepxanue
BB B Bome (TabGsuia 5). PacmojioxeHne CcTaHIUA Ha
rpaduke pacnpefnesnienus 3HaueHuii I'K1 u I'K2, u I'K1
u I'K3 noBTopsT BoiABIeHHYI0 B 2014 r. mpocTpaH-
CTBEHHYI0O HEOJHOPOAHOCTh y4yacTkoB p. HersmHku
o rugpoxumMuyeckuMm nokaszarteysim (Puc. 5 A, B):
BEpXHHUI y4YaCTOK peKu XapakTepusyeTcs BJIMAHUEM
00JIOTHBIX BOA, CHIXAWOMUX pH BoAb U yBeJIUMYMUBalO-
MUX ee I[BeTHOCTb U XapaKTepU3YIOIIUXCA MOBBIIIeH-
HBEIM cofepxaHueMm XIIK, a ropofckue y4acTKu peKd
XapaKTepu3yloTcA IIOCTyIUIeHHeM MOJ3eMHBIX BO[I,
HeHTpaJU3yIolUX peyHyl0 BOAy U 3arps3HeHueM coe-
auHeHUAMH (Qocdopa, MOCTyHawIero ¢ ceanuTeOHON
tepputopuu (Tabsuma 3). Bomeamune B I'K2 copep-
xaHve O, u HachieHre Boabl O, BBHIILIN OTAEIBHO B
IJIaBHYI0O KOMIIOHEHTY 3a CYeT CHJIbBHON KOppeJiAluu
MeXJy 3THMH [BYM:A IOKa3aTesIAMH, XapaKTepu3ylo-
IMUMHU U3MeHeHNe KHCJIOPOo/ia B BOJe 3a cueT Ce30HHBIX
H“3MeHeHU.

Takum o6pa3oM, XxapakTep paclnpejeaeHUs
CTaHIMHI B OCAX I'JIABHBIX KOMIIOHEHT CBA3aH C MOCTY-
IIJIeHWeM CTOKa ¢ 3a00JI04eHHBIX TeppPUTOPHUI B Bepx-
HeM Te4YeHUU U MOJ3eMHBIX BOJA B CpellHeM TedeHUU
peku (BopoaynuHa, 2013), KOTOpBEle OOyCJIOBJIMBAIOT
HM3MeHeHUe ee XMMUYeCKHX IoKasaTeJsiell, XapakTepu-
3YIOIIMX perroHajbHble 0cOOeHHOCTH peuHbIX BoA (pH,
I[BETHOCTH). B To ke BpeMs npuMeHeHre MI'K BeIABUIIO

Ta6suna 4. PacnpenesieHne GpaKkTOPHBIX Harpy3o0K IJjIaB-
HBIX KOMIIOHEHT NpY M3y4YeHUM B3aUMOCBA3EH XMMHUYECKUX
nokazateJieii p. Hernuuku B 2014 1.

HcxoaHbie mokasaTeiiu 'Kl K2 I'K3
pH -0.9 -0.1 -0.1
IIBeTHOCTD 0.5 0.1 -0.7

0, 0.0 0.8 0.5
Hacpimenne O, -0.7 -0.1 0.2

10 0.3 0.8 -0.1

BIIK, -0.7 0.5 -0.4

NO,” -0.8 0.1 -0.1

NO,- -0.8 0.2 0.3

P -1.0 0.0 -0.2

P -0.9 0.0 -0.2
Jucnepcus 5.2 1.7 1.2

Hosa B obmielt aucnepcun, % 52 17 12

IIpuMmeuanue: 3HaunmMble GaKTOpHBIE HATPY3KU IPHU3HA-
KOB BbI/IeJIEHBI )KMPHBIM MIpU(TOM.
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Puc.4. OpauHanusa craHuuil Ha p. HersimHke B ocsax nepBoii u BTopoii (A) u nepBoii u TpeTbeii (B) riiaBHBIX KOMIOHEHT
10 TOKa3aTesIsIM XUMUYecKoro cocrasa Bofsl p. Hersmuku B 2014 r. KBagpaTt 1 — mpo6sl BepxHero yyactka peku (cr. N-1),
KBaZpaT 2 — MpoObl FTOPOJICKUX YYaCTKOB

B XapakTepe KjaccUUKAIMN CTAHIMI 3HAYUTEJIBHYI0 Ta6sinna 5. PacnipesiesieHie GakTOPHBIX HArPY3OK IJIaB-
poJib aHTpomnoreHHoro dakropa (mocrtymwieHue doc- HBIX KOMIIOHEHT IPY U3yYeHUN B3aUMOCBS3€l XUMHYECKUX
dopa ¢ TOpoJICKUX TEPPUTOPHIL). B 11€J10M pe3yJibTaThl nokasaresieil p. Hermaiku B 2015.
CTAaTUCTUYECKOTO aHAJIM3a WLTIOCTPUPYIOT COBMECTHOE HcxOmmbIe MOKa3aTeIN K1 rk2 | k3
BJIMSHUE ABYX (HakTOpOB (IPUPOAHOTO U aHTPOIOTEH-
HOr0) Ha XUMHYECKUN COCTaB BOMBI, UTO OIpeJiesIseT pH -0.9 0.1 0.1
MeToAuuYecKre MpoOJieMBbl B OlleHKe KavyecTBa BBICOKO- IIBeTHOCTD 0.9 0.1 0.0
LIBETHBIX BOJ P. HernuHkun. o) 0.0 1.0 0.0
N . . .
[TpeqocTaBiIAIO0 MHTEPEC PACCMOTPETh KJIACCH-
ben : bec p p Hachimenue O, 03 | 09 | 03
dukanuio craHnuil Ha p. HersimHKe ¢ yyeToOM JaHHBIX
TOJIBKO IO AHTPOIOTeHHOMy 3arpssHeHuo0. C 3ToW XIIK 0.7 | 05 | -01
1leJibl0 M3 Hava/JIbHBIX MAacCHMBOB AaHHBIX 3a 2014- BITK, -0.6 -0.6 0.0
2015 rr. UCKJIIOYNUIN TI0Ka3aTed, OTpaXarolye BJIuA- BB 0.1 0.2 0.9
HIe TIpUpoAHBIX (pakTopoB (pH, mseTHOCTSH, 10, XIIK, . .
Feoﬁm). PesynpraTtel MI'K npencrasyensl B Tabauiax 6 P -0.8 AU 0.2
7 uHaPuc. 6 u7 Kak B 2014 r., Tak u B 2015 1., P o -0.8 -0.1 -0.4
TepBBle TJIABHbIE KOMIIOHEHTH OTPA3WJId BJIMSHUE Fe 0.6 0.2 06
AHTPONOTeHHOTro (aKkTopa, a WMEHHO IMOCTYyIJIEHHE
Hucnepcus 4.4 2.4 1.5
C JIUBHEBBIM CTOKOM OHOTeHHBIX BeleCTB, JIETKOMM-
Hepanusyemoro OB (Tabsunbl 6 u 7). Koppensrus Houis1 B obweit gucnepend, % 44 24 15
WCIIOJIb30BAaHHEIX TIOKa3aTesiell XMMHNUYeCKOr0 COCTaBa IIpumedanme: 3HaunMble paKkTOpHBIE HArPY3KU NIPHU3HA-
BOJIBI OTPAXAET UX IMPOUCXOXKIAEHNE, CBA3aHHOE C JINB- KOB BBIJIEJIEHBI XUPHBIM IPUDTOM.
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Puc.5. Opgunanus craHiuil Ha p. HernmHke B ocsax nepBoil u BTopoll (A) u nepBoii u TpeTbeil (B) rjlaBHBIX KOMIIOHEHT
10 TMoKazaTesisAM XuMudyeckoro cocrtaBa BoAwl p. Hersmmuku B 2015 r. KBagpatr 1 — mpoGbl BepxHero yuacTka peku (N-1),
KBaapaT 2 — npoObl TOPOJCKUX YYaCTKOB

1424



Makaposa E.M., Kanuxkura H.M. / Limnology and Freshwater Biology 2024 (6): 1399-1433

HEBBIMU CTOKaMu. OpAWHAIMA CTAHIUN B OCAX ABYX
TJIaBHBIX KOMIIOHEHT YeTKO MoKa3ajia UX pasjeJieHue
Ha GOHOBHII U TOPOJCKUE YYacTKU. TakuM o6pasom,
HCKJIIOYEHNE U3 OOIEro MacCUBa JAaHHBIX XapaKTepH-
CTUK XMMUYECKOTO COCTaBa, ONpeeIsieMbIX BIUIHUEM
pErvoHaIbHOTO TNPUPOAHOro ¢akropa, 060CHOBAIO
Heo0XOJUMOCTb OLIEHKH KauecTBa BOJIBI p. HersmHku
TOJIBKO M0 I[OKa3aTesiAM, OTpaXalollUM BJIUAHUE
aHTPOIOreHHOTro dakTopa.

3.2. Mukpobuonornueckmue nokasarenv

PacnpeneneHue o61ieil yrMcJaeHHOCTU OaKTepuit
(OUB), canpoduTHbix H6akTepuii (CB) u obmux Koau-
¢opmubix 6akTepuii (OKB) 3a oba roma wuccieosa-
HUI Ha TpexX CcTaHIuAX p. HersmHKuU npefcTaBieHO B
Tab6muue 8 u Ha Puc. 8. Bce nokasatesnu BappUpoBajiv
B IIMPOKOM Juana3oHe BOoJib pycia peku. OUb, Cb u
OKbB xapakTepu30oBa/IiCh HU3KUMHU IOKasaTessAMU Ha
doHOBOI cT. N-1 U yBeIMYMBaJINCh Ha CTAHIUAX B
ropoackoi uepte (Tabsuna 8 u Puc. 8). KomruiekcHoe
BJIMAIHYME TOYEUYHBIX 1 HETOUEUYHBIX NICTOYHUKOB 3arpsAs-
HeHUsA MOXeT IIPUBOAUTDH K BBICOKMM KOHIIeHTpalUAM
OUYb, Cb u OKB Ha cTaHIMAX, pacnOJIOKEHHBIX B TOPOJI-
ckoii ueprte (Puc. 8). Haubosibias yrcjaeHHOCTh ObLia
XapakTepHa A cT. N-2, 4TO CBA3aHO C BIaJieHuEeM
JIMBHEBHIX CTOKOB BBbIle cTaHUuu otbopa (Puc. 2) u
BJIMsAAHMEM He0JIaroyCTpOeHHBIX XKUJIBIX IIOCTPOEK, pac-
MI0JIO’KEHHBIX HAa caMOM Oepery peku.

Ha npoTsxeHun AByX JieT MaKCHUMaJlbHble IIOKa-
satenu OUB, Cb u OKBb HabGmogamuchk B 2014 r., 4To
BEpOATHO CBA3aHO C METEeOpOJIOTHUYeCKUMHU YCJIOBH-
AMU, JIy4IIUM IporpeBoM Boasl (Puc. 3). 3aBUCHMOCTB
pasBUTHA OakTepuil OT TemmepaTypbl BOABI 4YacTo
oTMeuaeTca MHoruMu aBropamu (Rheinheimer, 1977
Lee et al., 2016; Seo et al., 2019), ogHako HaM He yAa-
JIOCh YCTAaHOBUTb 3HAYMMON KOppeJIANUU pa3BUTHUA
06aKTepUOILIaHKTOHA C TeMIlepaTypoll BOABL B CBA3M C
BBICOKOI CKOPOCTBIO TeUeHNsl, MeJIKOBOJHOCTBIO, CUJIb-
HBIM BJINSIHHEM aHTPOIIOTeHHOro dakropa.

Henapamerpuueckuil aHanu3 ¢ NpUMeHeHHEM
U—xputepusa MaHHa — YUTHU [OKa3ajl CTaTUCTUYECKU
3HaYMMble pas/INuUsa MeXAy KOJIMYeCTBeHHBIMH ITOKa-
3aTeJIAMU 3aropoAHOr0 ydacTKa peKu U TOPOACKUX
craiuii N-2 u N-3 (Tabmuna 9). Ilpu cpaBHeHUU
rOPOJICKUX CTaHI[UI MexAy coboil 6110 06HapyXeHO,
4yTo B 2014 r. cT. N-2 cTaTUCTUYECKU 3HAYUMO OTJIMAYA-
Jilack oT cT. N-3 smimb o nokasarensaMm OUB, a B 2015
r. — Hao6opoT, no yuciaeHHoctu CBb u OKbB.

W3 Puc. 9 BUAHO, Y4TO yBejndeHue OakTepuo-
IJIAaHKTOHA XapaKTepHO AJiA JIeTHero nepuopa, Koraa
OoTMeuaeTcs IIOBBILIEHHe TeMmIepaTypbl BoAbl (Puc.
3), 1 B OCeHHMH Nepuoj — NpU yBeJWYeHUU BHINAJe-
HUA 0CaAKOB, CIIOCOOCTBYIOIUX CMBIBY 3arpsA3HEHUi C
cenuTeOHON TeppuTopuu. bosiee paHHue HcciieoBa-
HUA NOATBEpXKAAlT HabsogaeMoe HaMHU yBeJndeHue
YrCJIEHHOCTU 6aKTepuil B JIETHUM U OCEHHUI NepHUOJIbl
13-32 IPUTOKA 3arpA3HAIONMX BeLIecTB C OcagKaMu,
BBINIABIIMMU HakaHyHe oT6opa mpob (Tumaxosa, 2013;
TekaHoBa u ap., 2015).

[TokasaTesn OaKTepHUOIJIAHKTOHA B CE30HHOM
acrekTe Mexay co0ol KopperupoBaju B 11eJIoM cj1abo,
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Ta6suna 6. Pacnpenesienne hpakTOpHBIX Harpy3oK IjIaB-
HBIX KOMIIOHEHT NpY M3y4YeHUM B3aUMOCBA3EH XMMHUYECKUX
nokaszateJieii p. Hersuaku B 2014 r. 6e3 yueTa rokasaTeJiet],
XapakTepu3yIuX BJIHUsAHHe NpupoAHbX dakTtopoB (pH,
nBetrHoctu, I10).

HcxoaHble moKa3aTein 'Kl T'K2
0, -0.1 -1.0
Haceimenue O, -0.7 -0.1
BIIK, -0.8 -0.2
NO, -0.8 -0.1
NO_~ -0.8 -0.2
an" -1.0 0.2
P -0.9 0.3

MULH
Jucnepcus 4.2 1.15
Hoia B nucnepcuu % 60 16

IIpumevanue: 3HauuMble paKTOPHBIE HATPY3KU NIPU3HA-
KOB BBbI/IeJIEHB! )KMPHBIM MIpU(TOM.
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TS

I'K2: 16%

J

4

TK1: 60%

Puc.6. OpguHanus craHiuil Ha p. HersnHke B ocsx nep-
BOI UM BTOPOH IJIaBHBIX KOMIIOHEHT IIO ITOKa3aTeJiAM XHUMMU-
yeckoro cocrasa BoAwl p. Hersmmuku B 2014 r. 6e3 ydera
nokasaTeJsieli, XapaKTepU3yIOIUX BJIUAHNE NPUPOAHBIX dak-
TopoB. KBazpar 1 — mpobnl BepxHero yuactka peku (N-1),
KBafpaT 2 — npoObl TOPOJICKUX y4aCTKOB

4TO OOBACHAETCA OBICTPBIM TedyeHueM peku. JIuimb
B OTAEJIbHBIX CJy4yadx Ko3QO UIMeHT KoppeJanuu
CrnupmeHa 6bu1 3HauuM: Mexay OUb u OKb Ha c1. N-2
(0.86) u ct. N-3 (0.86) — B 2014 r. 1 11 Cb u OKbB Ha
cT. cT. N-3 (0.81) - B 2015 T.

3.3. Pesynbrartbl 6MOoTECTHPOBAHMA BOADI
p- Hernmuku

B askcnepumeHrtax, mpoBefeHHBIX B 2014 wu
2015 rr., B KOHTPOJIbHOM BapuaHTe BBDKMBAEMOCThb
pauxoB C. affinis K KOHIy 3KCIIepUMEHTOB COCTaBJIAsIa
100%. Jlump B ogHOM ciydae (B OJHOI MOBTOPHOCTH
u3 1Byx) B Mae 2014 r. K KOHIy 48-4acoBOro OIbITa
BBDXIJIO 4 pauka U3 5, B JPYrou — 5 5K3. paukoB (cped-
HAA BBDKMBaeMocTb — 90%). Bo Bcex cepusax OIBI-
TOB B KOHIle 3KCIepHMMeHTa KOHTPOJIbHBIE XUBOTHBIE
aKTHUBHO IlepeJIBUTaJIMCh B TOJIIE BOABI, B X BEIBOJKO-
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BBIX CyMKax HaxoAuJach MOJIOAb, YTO CBUAETEJILCTBO-
BaJIO O XOPOoIlleM COCTOSHUHU KCIOJIb3yeMOU B SKCIIepH-
MeHTax KyJabTyphl C. affinis.

B ob6pasnax peyHBIX BOZ BBDKMBAEMOCTb PauKOB
C. affinis X KOHIly 2-CyTOYHBIX OIBITOB M3MEH:JIach B
mrpokux npefesax — ot 0 10 100% (Puc. 10). ITpu sTom
MIOBTOPSAEMOCTh Pe3yJIbTaTOB IO JIBYM NOBTOPHOCTSAM
BO BCeX CepUsX OMNBITOB Oblia MOJIHOHN. MckiouyeHue
COCTaBWJI OAWH cjyvyail ¢ HeOOJIBIIMM OTKJIOHEHHEeM
MexXay NoBTOpHOCTAMU. B mae 2014 r. npu 6uorecTu-
poBaHuu oOpasiia BoAsl co cT. N-2 B OAHOU U3 IOBTOP-
HOCTEN BBDXKUJIO 5 3K3., B Apyroil — 4 sk3. (cpennss
BBEDKMBaeMocTb 90%).

HaunbGosee ToxcruHble Ipo6sl BoAsl p. HersuHku
(npy1 MUHMMAaJIBHON BbDXKUBaeMocTu paukoB C. affinis
BILJIOTh /10 MIX MOJIHOM rubenn), kak B 2014 r., Tak U B
2015 r., OpUIM BBIAABJICHBI B €€ BepXHeM TeueHNU — Ha CT.
N-1 (Puc. 10 A). 3Ta cTaHIUsA pacnojioXkeHa B BEPXOBbe
pekH, B Tak Ha3biBaeMOM (OHOBOM paiioHe, pacroJio-
’KeHHOM 3a uepToH I. [leTpo3aBojcka 1 He UCHIBITHIBAIO-
1I[eM aHTpPONOTreHHOoro Bo3felicTBusA. B 2014 r. nonHas
rubeJsib pauykoB B ITpobax BoAwl co ¢T. N1 oTMeyasach B
Mae, HIOHe U Hosibpe. B aBrycre, ceHTsAGpe U OKTAOpe
2014 r. BepkMBaeMocTh paukoB C. daffinis B ob6pasuax
pe4yHol BOAbl 13 (POHOBOIO palioHa yBeJNYKBasiach A0
80-100%. B 2015 r. netanbpHbIH 3¢ dekT B mpodax BOILI
co cT. N-1 oTMeuasics Ha NPOTKEHUU BCEro U3ydeH-
HOro nepuoja, ¢ Mas 1o asryct (Puc. 10A).

[TpuHIMNIMaIbHO NHAA TOKCUKOJIOTUYECKAas CUTY-
anysa oTMevajiach Ha rOpoACKUX cTaHIuAX N-2 u N-3,
HCNBITHIBAIOIINX BBICOKYI0 aQHTPOIIOIe€HHYI0 Harpysky.
ITo pesynbpraTam GuortectupoBaHus B 2014-2015 rr.,
BBDKMBAaeMOCTh TeCT-00beKTOB B peYHBIX BOAAX CO CTaH-
it N-2 1 N-3 coctraBusia 100% (Puc. 10 B, B). JIumis B
omgHoM ciiydae (maii 2014 r., obpaseln; pedyHOI BOABI CO
cT. N-2) BEIXHBaeMOCTb PayKOB He3HAUUTEeJIbHO CHU3U-
Jack 1 coctaBuia 90%. Beicokas IiaBaTesibHas akTUB-
HOCTb payKOB M HaloOJIHEHHEe WX BBIBOJKOBHIX CYMOK
MOJIOJBIO CBUAETEJIbCTBOBAJIM O XOpOIIeM COCTOSHUU
TecT-00beKTOB B KOHIIe 2-CYyTOYHOT'O SKCIIepUMeHTa 110
O61OTeCcTUPOBaHUIO PeYHBIX BOA co cTaHiuil N-2 u N-3.
Takum o6pa3oM, B TeuyeHHe [BYX JIeT BO BCe H3Yy4eH-
HbIe Ce30HBI NPO0OLI peyHOH BOAbI, 0TOOpaHHBIE C JBYX
TOPOACKUX Y4acTKOB, He IPOABUJIM OCTPOrO TOKCHYe-
CKOro JericTBUs Ha paukoB C. affinis.

Ta6suna 8. Mukpobuosiornyeckye okasaTesu.

Ta6smna 7. PacnpesiesieHrie GakTOPHBIX Harpy3o0K IJiaB-
HBIX KOMIIOHEHT INpY M3y4YeHUM B3aNMOCBA3EH XUMHUYECKUX
nokasaresiell p. Hersmmuaku B 2015 1. 6e3 yueTa rokasareJsieit,

XapaKTepu3yIuX BJIMAHUE NpUPOJHBIX (dakTtopoB (pH,
uBerHocty, Fe . , XTIK).
HcxoaHble MoKa3aTein 'Kl T'K2
0, 0.5 0.8
Haceimenue O, 0.4 0.9
BIIK, -0.9 -0.0
BB 0.2 -0.5
Poﬁm -0.8 0.4
P -0.8 0.5
MU
Hucnepcus 2.4 2.0
Josa B qucniepcuu % 40 34

IIpumeuanue: 3HaunMble GaKTOPHBIE HATPY3KU [IPU3HA-
KOB BBI/IeJIEHBI )KUPHBIM MIPU(TOM.
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Puc.7. OpauHanys cTaHiuil Ha p. HersimHke B ocAX nep-
BOI U BTOPOH IJIaBHBIX KOMIIOHEHT IIO ITOKa3aTeJiAM XHUMHU-
yeckoro cocrasa Boanl p. Hersimuku B 2015 r. 6e3 ydera
nokasaTeJiell, XapaKTepU3yIOIUX BJINAHNE NPUPOAHBIX dak-
TopoB. KBazpar 1 — mpo6bl BepxHero y4actka peku (N-1),
KBaJipaT 2 — npoObl TOPOJCKUX y4aCTKOB

ITokasaTesm 2014 r. 2015r.
¢oHOBBII TOPOJICKOI y4aCTOK ¢oHOBBII TOPOJICKOM yYaCTOK
Y4acTOK Y4acTOK
cr. N-1 cr. N-2 cr. N-3 cr. N-1 cT. N-2 cr. N-3
OYB, ~10° xJ1./MJI 0.6-4.02 1.10-18 0.85—5.26 0.42—1.78 3.04—7.46 1.57-5.21
0.97 £0.42 5.7+2.75 3.53+0.79 1.15+0.35 3.49+0.72 2.78+0.7
CB, -10° KOE/mu 0.15-3.96 1.8-196 6.1-28 0.03-0.24 0.1-45.9 0.18—3.0
1.22+0.82 70.6 +53.8 13.5+3.47 0.1+0.02 20.6+11.8 0.78+0.24
OKB, -10® KOE/n 0.33-389 130-6400 111-1464 1.22—40.67 300—1324 38.4—225
15+21 3545+1486 464 + 267 9.61 £5.64 593+218 75+23
CB/0OYB, % 0.04-1.03 0.33-6.79 0.36-6.77 0.004-0.08 0.007-2.08 0.02-0.26
0.2+0.14 1.2+1.76 1.0+£0.25 0.01+0.01 0.8+0.49 0.05+0.01

Hpnmeqaﬂne: B YMCJIMTEJIe — Min-max — MUHUMaJIbHble U MaKCUMaJIbHbIe BE€JIMYMHLBI, B 3HAMEHATEJIE — ME€lriaHa U €e ommoKa.
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4. 06cyxpeHue
4.1. OueHKa KauecTBa Pe4HOH BOAbI P.
HerAMHKM No XMMHUYECKHM NoKa3aTenam

Kak nokazasn aHam3 XMMHUYeCKUX JaHHBIX MeTO-
JOM TJIaBHBIX KoMmoHeHT (pasgesn 3.1.3), OCHOBHOM
mpo0JieMOl OIleHKU KadecTBa BoAbl p. Hernmuku no
XMMUYECKUM IIoKa3aTeJIIM fBJIAETCA BJIMSAHNE aHTPO-
norensoro ¢akropa (P ., P . BIIK)) Ha ¢one BO3-
JeNCTBUSA PErMoOHaJIBHOTO MpUpoIHOTro dhakTopa (1IBeT-
HocTh, pH). JIBa dakTOopa BHECJIM 3HAYKUMBIN BKJIAJ] B
pasfiejieHrie CTaHIMI Ha JABe I'PyNNbl — CTaHLUM, pac-
MoJIOXKeHHble HAa (OHOBOM ydacTKe (mepBas TpyIima)
Y CTaHIVH{, PacloJIOXXeHHbe Ha OPOACKUX ydyacTKax
(BTOpas rpymmna).

Juia nuddepeHIIMPOBAaHHOMN OIEHKU BJIMAHUA
ABYyX (axTOpoB ObLI BHINIOJIHEH pacueT YKH3B no asym
HabopaM pAaHHBIX. IIpu 3TOM @Ipu pacuyeTe HHAeKca
OBLIIM MCIIOJIb30BaHBI JaHHble 3a 2015 r., Korga ObLI
MoJiyyeH HauboJjiee MHPOKUHN IepeuyeHb XUMHUYeCKUX
nokasatesieil. Ha nmepBoMm sTame pacuer YKIM3B ObL1
BBHINOJIHEH C HCIIOJIb30BaHUEM Bcero Habopa xumuue-
CKUX MOKazaTeslell. PacueTsl mokasaiy, 4To Ha BceM
MpoTsXKeHuu pycia p. HernmHku Boja Ha U3y4eHHBIX
CTaHIMAX XapaKTepusyeTcs IOBBHIIIEHHEIM YPOBHEM
3arps3HeHus, KOTopoe ObLJIO CBA3aHO KakK C IOKasa-
TeJIIMY, OTpaXalolMH aHTPOIOTeHHYI0 Harpysky,
TaK U ¢ [OKa3aTesIAMH, CBA3aHHBIMU C BO3ZelCcTBUEM
3a6oJioueHHoi BofgocGopHou Teppuropun (pH, Fe .)
(Tabmaura 10).

ITo nutepatypHbIM naHHBIM (BoponynuHa, 2013;
Bopoaynuna u ap., 2020), BeIcOKOe cofiepxXaHue Fe .,
1 Hu3kue rnokasarenu pH B Boge p. Hersmuaku ortpa-
XKaloT BJIMSHNE perMOHAJIbHBIX [IPUPOAHBIX (aKTOPOB.
B cBA3M ¢ 3THM, Ha BTOPOM 3Tane 13 pacyetoB YKU3B
ObLIM WCKJIIOUEHBl I[IOKas3aTesd, XapaKTepusyoliue
BJIMAAHUE PperdoHajbHOro NnpupofgHoro ¢akropa, B
cooTtBeTrcTBUM ¢ PJ1 52.24.643-2002. HoBBIE pacyeThl
[oKa3aJju, 4To BoAa p. HersimHku B BepxHeM TeueHUU
COOTBETCTBYeT YMCTBIM BOJaM, B TO BpeMs KakK IIpu
TpaH3uTe 4Yepe3 I. IleTpo3aBoACcK cTaTyc BOABI Pe3KO
MeHseTCs Ha «TpsA3Hble» WU «3arpsA3HeHHble». TaKuM
o0pa3oM, ObLIa MOJiydeHa HOBas OLleHKA 3arpsA3HEeHHO-
CTH BOJBIL, KOTOpas I03BoJIiWa 0oJjiee TOYHO BBIABUTH
aHTPOIIOTEHHO M3MeHeHHble ydacTKu p. HernmmnHku u
creneHs ux 3arpsasHenus (Tabauna 10).

4.2. OueHnka KauecTBa BoAbl p. HernmHku
Nno MMKPO6HONOrHUEeCKMM NoKa3aTenaM

[Ipo6neMa oLeHKU KayecTBa BBICOKOLIBETHBIX
BO/J] 10 MUKPOOMOJIOTMYeCKUM [ToKa3aTeJsIAM CBsA3aHa C
MaJio U3y4YeHHBIM B HacTosllee BpeMs Bo3elicTBHEM
TyMYCOBBIX BellecTB Ha OaKTepuii.

W3BecTHO, YTO I'YMHHOBBIe U (PYJIbBOBHIE KHC-
JIOTHI MOTYT OKa3blBaTh Ha OakTepuil Kak CTUMYJIMPY-
ollee, Tak U yrHeramoilee Bo3aeiicreue (Visser, 1985;
Tranvik and Hofle, 1987; Jones et al., 1988). TpyaHOCTb
OHOMHAVKAIIUY BBICOKOLIBETHBIX BOJ oOIpefesifercsa U
TeM, 4YTO OOJIBIIUHCTBO OMOJIOTMYEcKUX Kiaccuduka-
LU paccMaTpUBAIOT BJIMAHNE aHTPOIOreHHOro ¢ax-
TOpa Ha BOJOEMEHI 0e3 yuyeTa pernOHaJIbHBEIX 0COOEHHO-
creit ux Bof ([Ipaues, 1964).
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Puc.8. IlpoctpanctBeHHOe pacnpepeneHue OYb, Cb u
OKBb nHa crannuax p. Hernmuaku B 2014-2015 rr.

Ta6suna 9. Yposau 3Haunmoctu U-kputepus ManHa —
YUTHU MeXAy 3arOpoJHbIM y4aCcTKOM PeKH U TOPOJCKUMU B
p- Hernuake B 2014-2015 rr.

IToxaszaTenn DOHOBHIH YYACTOK / T'opoxackoii
Topojckoii yaacTox y4acToK
cr. N-1/ cr. N-1/ cTt. N-2 /
cT. N-2 ct. N-3 ct. N-3
2014 r.
O4YBb 0.006* 0.110 0.035
CB 0.006 0.002 0.085
OKB 0.004 0.006 0.142
2015r.
O4YBb 0.004 0.016 0.200
CB 0.004 0.004 0.020
OKB 0.004 0.006 0.004

IIpumeuanue: * JXupHbM MpUPTOM yKa3aHBI HArpy3Ku
TIPU3HAKOB C JOCTOBepHBbIM BKjIazoM (p < 0.05)
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Jna pemieHusa npo6ieMbl OMOMHAVKAIUNA Kade-
CTBAa BOABI C BHICOKMM COJepXXaHHeM TI'yMYyCOBBIX
Bell[eCTB, B IpeAplAylUx HccienoBaHuax (Maxaposa
u fp., 2023), Ha npumepe 12 npuTokoB OHEXCKOIo
o3epa OblIa pacCMOTpeHa CTPYKTypa CBf3el MexAy
xumnyeckumu (pH, nperHocts, XIIK, BIIK,, Fe . 0,,
coflepkaHre B3BEIIEHHBIX BelecTB ¥ P ) M MHUKpO-
o6uosornyeckumu  (OYB, rereporpodHble OakTepuu,
CB, obujee mMukpobHoe umciio, OKB, ¢eHosI0KHCAO-
mue 6akTepuu, yrjeBOAOPOAOKUCIIAINIME OaKTepuu)
nokasaTeJsIAMH BoAbl. bbla BbIABIeHA BhICOKasA Koppe-
JIAIMA MUKPOOHOJIOTMYeCKUX MoKasaTeJsiell ¢ coaepka-
HUeM JIeTKOMUHepaJIn3yeMOro OpraHhYecKoro Belle-
CTBa, OTpaxarolliM aHTPOIIOTeHHOe BO3AelicTBUe Ha
peKH, U OTCYTCTBHE CBA3el C IoKasaTe/IAMH, Xapak-
TepusyoluMy BiauAHHe 3a00JI04eHHOro Bojocbopa.
Takum o6Opa3oM, Oblla [JoOKa3aHa IPHUMEHHUMOCTb
o0IIenpuHATHIX KjIaccuduKkanuil 4jid OlleHKU KadyecTBa
BOJl BBICOKOIIBETHBIX IIPUTOKOB, HaXOMALIMXCA IIOX
aHTPOIIOTeHHBIM BJIMAHNEM, 10 MUKPOOHOJIOTUYeCKUM
roKasaTeJIAM.

CorsjacHo OWOMHAWKAIMK KayecTBa  BOJBI
p- Hermunku (Ta6bnuma 8), Boga Ha (oOHOBOM ee
y4yacTke 1o MeJuaHHBIM IokasaTtesiam Cb/OYb B 2014
I. COOTBETCTBOBAJIA «3arpsA3HEeHHbBIM» BoaaM, B 2015 r.
— «yuCcThIM». Bofa Ha cT. N-2 3a oba roga no menu-
aHHBIM IIOKa3aTeJIAM COOTBETCTBOBAJ KJIACCy «Ips3-
HBIX» BOJ, Ha ¢T. N-3 B 2014 r. — «rpsA3HBIM», B 2015
. — «3arpsA3HeHHbIM». B nesioMm B 2014 r. 4ncyIeHHOCTD
O6akTepUOILIaHKTOHA Oblj1a BhIIIe TI0 cpaBHeHMIo ¢ 2015
r. (Puc. 8), 4TO, BepoOATHO, CBA3aHO C MeTeopoJjoruye-
CKUMH YCJIOBUAMHU — pasHBIM KOJINYeCTBOM OCaJKOB,
00yCJIOBIMBAIOIINM TOCTYIIEHWE OakTepuil C ceJu-
TeOGHOI TeppUTOPHUU.

Menuannsie 3HaueHua OKB (Ta6smia 8) mosce-
MECTHO IIpeBBIIad CaHWTapHBIe HOPMBI AJIA peKpe-
allMOHHBIX 30H, KoTopble cocTaBiaAnT 5000 KOE/m.
Tak, Ha (OHOBOM y4acCTKe peKU IpeBblllieHre HOPMBI
Habofanock B 2-3 pasa, Ha cT. N-2 — B 119-709 pa3,
Ha cT. N-3 — B 15-93 pasza. MHorokpatHoe IpeBbIllie-
HUe caHuTapHbIX HOpM KosmdectBa OKB cBupaeresin-
CTBYyeT 0 He(JIaromnojy4Hol caHUTapHOU CUTyal[uu Ha
peke.

Takum oOpa3oM, OlLleHKa KayecTBa BOJBI IIO
MHKpPOOMOJIOTMYeCKUM II0Ka3aTesIsIM I[I03BOJINJIA BhIA-
BUTh HENpUroAHOCTb p. HerjmHKU AjiA peKpearyioH-
HOI'O HCIOJIb30BaHUA. BaxHelimen 3agadell ABjsAeTcCA
IpoBefleHre IIHPOKUX MEepOIpUATHI [0 IpedoTBpa-
IIeHNI0 3arpsA3HEHUs pevyHBIX BOJ CTOKaMU C IOpOA-
CKUX TeppUTOPUIN. AKTyaJbHOCTb YJIy4IIEeHUS 3SKO-
JIOTUYecKON cuTyalid Ha BoAocOope ycUJIMBaeTcCA
B CBA3U C TeM, YTO ycTbe p. HersimHKM pacmnoJioxeHo
BO/IM3U BOJo03abopa NUTHEBON BOJBI [Ji HaceJieHUs
r. Ilerpo3aBojacka.

4.3. OueHKa TOKCHYHOCTH BOADI

B pesyspraTre  GHOTECTUPOBAaHUA  BOZBI
p. Hernunky, nputoka OHEXCKOro o3epa, NMpoTeKaro-
mero no yp6baHu3upoBaHHOU TeppuTopuu, O6bly1a 06Ha-
pyXeHa mapajokcajibHas curyanusa. [IpoObl pedHOI
BOZBI, OTOOpaHHbIe Ha GOHOBOM y4YacTKe, He CIIBIThIBA-
IoI[eM KaKoro-JIM0O0 3arps3HeHNs, NPOSBUJIN BBHICOKYIO
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TOKCUYHOCTH JJIs1 BETBUCTOYCHIX paukoB C. affinis. B To
e BpeMs, Ha CTaHIMAX, pacloJIOXKeHHBIX B Npejesax
TeppUTOPUHU KpynHoro I. [leTpo3aBoAckKa, rje oTMeyda-
eTcs KOHIIeHTpallA HCTOYHUKOB 3arps3HeHus, peyHble
BOABl OKAa3aJICh HETOKCUYHBIMU [JII BETBUCTOYCHIX
PAuKOB B 2-CyTOYHBIX OIBITAX.

Jna oObsACHeHWA 3TOro MPOTHUBOpeYUs ObLIN
[IpUBJIeYeHbl JaHHblE 110 XMMHYECKOMY COCTaBy BOIBI
p. Hernueky, a MMeHHO, aKTHMBHOH peaklU CpeJbl
(pH) u nBerHoctu Boabl. Peunwie Boabl co cr. N-1,
OKa3blBalol[ye JleTaJbHOe JeliCTBHe Ha PayKoB, Xapak-
TepU30BaJINCh OYeHb HU3KOM BeauunHoi pH. Tak,
B 2014 r. 3HaYeHUs aKTUBHOU peakluu cpedbl ObLIU
MyuHUMasnbHbIMU (4.3-5.4) B Mae, uioHe U HosOpe
(Puc. 10 A). IMeHHO B 3TH MeCAIB OTMevajach IOJI-
HasA rubesib pauykoB B Ipobax. B aBrycre, ceHTAGpe U
oktsa6pe 2014 r. BenuuuHa pH Bospacraina (5.7-6.6),
4TO COIIPOBOXJAJIOCh YyBeJIMYeHHEM BbDKHMBAEMOCTHU
pauxoB B npobax go 80-100%. B 2015 r. Bo Bcex npo-
6ax Bonbl pH Oblna oueHb HU3KoM (4.3-5.2). Ilpu atux
3HaueHUsx pH Bce npoOB BOABI OKAa3aJIMCh JIeTajlb-
HBIMU U1 paykoB C. affinis.

[TpoOsI peuHoil BoAsl Ha craHOUAX N-2 u N-3 B
2014-2015 rr., KOTOpble He BBHI3BIBAJIN TOKCHYECKOTO
abdekTa, B TeueHHe Bcero Iepuofa HabI0JeHUN
XapaKTepu30BaJuCh 3HAYUTeJBHO OoJjiee BBICOKUMHU,
yeM Ha cT. N-1, BesimunsamMu pH BoJbl, M3MeHABIIN-
Mucs B npefesax 6.5-7.9 (Puc. 10 b, B).

Jna BeIABIeHUA (aKTopa TOKCMYHOCTH PEYHBIX
BOJ| OBLJIO BHINOJIHEHO cpaBHeHMe BesanuyuH pH u 1BeT-
HOCTU Ha pa3HBbIX ydacTkax p. Hernunku. MeguaHHble
3HaueHWs M CTaHJapTHele OMMOKM BeJauyuHbl pH
peuHoii Bomel 3a 2014-2015 rr. Ha TpexX CTaHUMAX Ha
p- Hernunke nipencrasyieHs! B Ta6muie 11.

[Tpu nonapHoM cpaBHeHMU BeqnuuH pH Ha Tpex
CTaHIMAX C MCIIOJIb30BaHKEM KpuTepusa MaHHa-YUTHU
6bLJ10 BBIABJIeHO 3HauuMoe (p < 0.05) paznuune Mmexay
BesimunHaMmu pH Ha c1. N-1, a Takxe 3HaueHusAMU pH
Ha cTtaHuuax N-2 u N-3. B To ke Bpems, MeXay CTaH-
usaMu N-2 u N-3 3HaueHus pH peuyHoli Boibl 3HaYMMO
He pasnudainuch (p > 0.05).

Ha rpaduke B ocax, oTpaxamomux 3HaueHusa pH
U TOKCUYHOCTb peuyHoli Bojibl (Puc. 11), Bce nmpoOkI oKa-
3aJIMCh pasfieJIeHHBIMM Ha ABe IPYIIBl — JleTaJbHble
IpoOBl ¢ HU3KUMHU 3HaueHUAMU pH U HeTOKCHUYHBIE
po6sI co 3HaUeHUAMU pH, 6JIM3KKMMU K HEUTpaJIbHBIM,
WM cO cJIabOKHCIJION peakluell cpeabl.

Becbma BaxHO, 4TO rpaHuna o BeauurHe pH
MeX[y JieTaJbHBIMU U HeTOKCUYHBIMHU IIpo0aMu OKa-
3ajach oueHb yskad, Bcero 0.3 en. pH — B AuamnasoHe
5.4-5.7 (Puc. 11). 3To OOKa3bIBaET, UYTO IJIaBHOU NpU-
YrHOU rubesin TecT-o0beKTOB B BoJe p. HeramHku co
ct. N-1 ObUIM HU3KME BeJTUYUHBI pH.

[To JsureparypHbiM [naHHeEIM (Belanger and
Cherry, 1990), moporoBsle YpOBHU HHU3KUX 3HAYEHUI
pH nua paukoB Ceriodaphnia dubia cOOTBETCTBYIOT
BennunHe (48 u) LC 50 kucsibix BoJ co 3HaueHUeM pH,
paBHBIM 4.6. TakuM o6pa3oM, BesinurHa pH, BHI3BIBaO-
1m1as rubesb BETBUCTOYCHIX paukoB C. affinis 3a 48 yacos,
oueHb OJiM3Ka K HaOJ04aeMbIM B 3KCIIEpHMEHTax IO
6uoTecTpoBaHUI0 BoAbl p. HersmmHku 3HaueHusam pH
JieTajbHBIX Mpo6 Bofwl (4.3-5.4). OTO CIIyXUT NOMOJI-
HUTEJIbHBIM JI0Ka3aTeJIbCTBOM KpUTHYecKoHn posu pH
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Puc.9. CezonHoe pacnpepesienrie OUB, OKB u Cb (ctanagapTu3upoBaHHBE 3HaUeHNsA) Ha cTaHUuAX p. Hernuuku B 2014 u

2015 rr.

[T BEDKMBaHUA/TUOenn paukoB C. affinis B aKcrepu-
MeHTax 1o OMOTeCTUPOBAHUIO BOAHI p. HersmmHku.

B cBolo ouepenpb, MpUYMHON HU3KHAX 3HAYeHUN
pH peunoii Boapl Ha GOHOBOI cT. N-1 sABjIAeTCA BHICO-
KOe cojJiepaHue B BOAEe I'YMHHOBBIX KUCJIOT, IOCTY-
napomux B p. Hersimeky ¢ 3a60J104€eHHOrO B BepxHEM
TeuyeHUM Bogocoopa. OO 3TU CBUAETEIbCTBYET BHICOKAA
LIBETHOCTb BoAbl, KoTopas Ha cT. N-1 B 2014-2015 rr.
BapbupoBajsia B Ipefesniax 98-380 rpaa. MeauaHHbIe
3HaueHus U CTaHAapTHble OomMOKM MeauaHbl IOKa-
3aTeJjiell LBETHOCTHM BOABI Ha pas3HBIX CTAHIUAX Ha
p- Hernmunke npepncrassiiensl B Tabmuue 11. Huszkue
BeJIMYMHBI PH 1Ipy BEICOKOH LIBETHOCTH BOABI SBJIAIOTCA
XapakKTepHOH 4epToil MHOrMX peudHbIX Boj Kapenuwu,
IIOCKOJIBKY TyMyCOBble KHCJIOTBL BHOCAT OCHOBHOH
BKJIaJl B KUCJIOTHOCTD cpefibl (Lozovik, 2013).
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OTCyTCTBHE TOKCHYHOCTHU BOAB p. HersmHKU
Ha TOPOJACKHUX y4YacTKaX MOXHO OOBACHUTH BIUAHUEM
MOA3EeMHBIX BOJI, KOTOPBIE CIIOCOOCTBYIOT YBEJTUYEHUIO
pH Boasl peunsix Bof (Andronikov et al., 2019). B cBoro
oyepe[ib, MpY MOBbIIeHUX pH A0 3HaUYeHUN 6 yCHUJIU-
BaeTcsA KOMILIEKCOOOpa3oBaHUe Xejie3a U T'YMYCOBBIX
kuciot (Fang et al., 2015). Komruiekcoo6pa3oBaHue
NPUBOOUT K YMEHBUIIEHUID TOKCHYHOCTU TSKEJIBIX
METAJUIOB AJ1A OWOTHl M3-3a yMEHbLIEHUA WX OGHo0-
crynHoctu (Moiseenko, 2019; Lozhkina et al., 2020).
Tak, B pe3ysjbTare CBA3BIBAHUA TKEJIBIX METAJLJIOB
TYMHUHOBBIMH KHUCJIOTaMU W OpPraHUYECKUMHU Belle-
CTBAaMHU aHTPOMOTE€HHOT'0 MPOUCXOXKAEHUS OTMEYAIOCh
CHIDXEHHE TOKCMYHOCTU PEYHBIX BOJ IS BOAOPOCJIEN
Chlorella vulgaris (Vishnyakov et al., 2016).
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Cyapba TsoKesIbIX MeTaslIoB, MOCTYMAoMUX C
BOJOCOOPHOM TeppUTOpHH, B 3KocucTeMe p. HersmHku
ObL1a pocsiexena B pabore (Slukovskii and Polyakova,
2017). B ropojickoli uepTe BHISIBJIEHO OCe/laHUe XKeJle3a,
a Taxxe MukpoaJsiemeHToB (Cu, Zn, Cd, Sb, W) Ha gHO
p. Hernuuky u nx HakoIIeHNe B JOHHBIX OTJIOXEHUAX,
a TaKxe aKKyMyJiAuA B TKaHAX OJIMTOXeT, oOHTalo-
IUX Ha JHe peKu. Bpuio mokasaHo, yTo OOJIBIIYIO POJIb
B IIpolleccax HaKOIUIEHUs Ha AHe TsKeJIbIX MeTaJlJIoB
WUrpaloT OKUCJIBL JKeJle3a, KOTOpoe COAePXXUTCA B BHICO-
KHUX KOHIIeHTpaluax B Boje p. HernuHku.

TakuMm o06pa3oM, OCOGEHHOCTh 3KOJIOTHMYECKOMN
cutyanuu B p. Hernmnke cBA3aHa ¢ TeMm, 4TO MUHepa-
JIM30BaHHBIe TOJ3eMHEBIe BOABI BMeCTe C T'yMYyCOBBIMU
BelllecTBaMu (OPMUPYIOT FeOXUMHUYecKUl O6apbep Ha
Iy TU TsDKeJIBIX MeTaJIIOB ¢ ypOaHU3MPOBaHHOH TeppH-
Topuu B BoAy p. Hernmuku. TeM He MeHee, BBIABJIEH-
Hele mpesbinenysA K 1o copepxanuio HedTenpo-
JYKTOB MOXeT OIlpefesiATh XPOHUYeCKOe TOKCUYeCcKoe
JelicTBHe peyHbIX BOJ Ha ruapobuoHToB (JlykuHa
u BemuueBa, 2013). TIoTOK TOKCHYECKUX BEIECTB C
TOpOACKUX TEeppUTOpHUIl HalpaBjieH, IJIaBHBIM o0pa-
30M, B JIOHHbIE OTJIOXKEHUS PeKU. DTUM U O0bACHAETCA
OTCYTCTBHE OCTPOH TOKCUYHOCTHU BoAH! p. HernmHku Ha
TOPOACKON TeppUTOPHUU. Pe3ysbTaTel JaHHOTO HCCIIe-
J0BaHusA MOAYEPKUBAIOT HeoOXOOUMOCTh MAOIOJIHe-
HUA XMMHYeCKUX aHaJIN30B TecTaMM Ha TOKCHUYHOCTb
JUI BBIABJIEHWA NPUYMH ONACHOCTH PEYHBIX BOJ AJIA
BOJHBIX OpPraHU3MOB.

5. BoiBOABI

l'eoxuMmnyeckue perdoHajibHBIE OCOOEHHOCTU
HU3y4eHHoro npuroka OHexckoro o3epa — p. Hersmukuy,
npoTekawieii no ypOaHM3WPOBAaHHOI TeppPUTOPUU,
omnpefe/nd TPU OCHOBHBIX IIpOOJIeMB! IIPU OlieHKe
KayecTBa peYHBIX BOJ.

[lepBaa mpoOGsiema Oblia CBA3aHAa C BBICOKUMU
KOHIIeHTpal[AMHU XKeJjie3a, MOCTYMNAoLlero ¢ Mnoa3eM-
HBIMH BOJaMH, ¥ CTOKOM I'YMYCOBBIX BellleCcTB ¢ 3a60J10-
YeHHBIX BOJOCOOPHBIX T€PPUTOPUMN. DTU KOMIIOHEHTHI
omnpejend HHU3KOe KayecTBO BOAB Ha (HOHOBOM
y4acTKe MPUTOKA, KOTOPBIIl He HCIBITBIBAET aHTPOIIO-
reHHoe BosfelicTBue. Ha ¢oHe HeraTuBHOIO BIMAHUA
npupoAHoro ¢pakropa Ha KauecTBoO BoAbl p. HersmHkwy,
MeToAnYecKrue TPYAHOCTU OBUIM CBA3aHBI C BBIABJIE-
HHUeM 30H aHTPOIIOTeHHOro BO3JeiCcTBUA. PemnTs 3Ty
npo0JieMy IO3BOJIWJIO HCIIOJIb30BaHHE MOAUGULNPO-
BaHHoro YKH3B, nipu pacuetre KOTOPOro ObLIN HCKJIIO-
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Puc.10. MexromoBas (2014-2015 rr.) u ce3oHHas AUHAMUKa
rmokasarteJiell BBDKMBAeMOCTH paukoB C. affinis B mpobax BoOABI
p. Hernuuky, BesmmuuHbl pH U nBeTHOCTU BOABI Ha cTaHIMAX N-1
(A), N-2 (B) u N-3 (B); L — neBas ocs, R — mmpaBas ocb.

Ta6smna 10. XapakTepucTuKa 3arps3HeHHOCTH U 3HaueHusa YKU3B, 1o coBOKYNHOCTH HOPMMPOBAaHHBIX NokasaTesiell Ha p. Hersnunke

CraHnuu YKH3B XapaKTepHUCTHUKa COCTOSHUA IToka3saresiu ¢ npeBbienveM ITJJK
3arpsA3HEHHOCTH BOJBI
C y4eToM BCeX M3yUYeHHBIX XMHUYeCKUX IoKa3aTesein
Ct. N-1 3.25 306, oueHb 3arpsA3HeHHasA pH, Feow
Crt. N-2 5.44 4a, rpa3Han Feow O,, BIIK,, Pw, HedTenpoaykTel, BB
Cr. N-3 3.67 36, oueHb 3arpsA3HeHHasA Fe _ BIIK, P, BB
MU
Be3 yueTa perroHajIbHBIX IPUPOAHBIX XUMUYECKUX [ToKa3aTesieit
Cr. N-1 0 Yc10BHO yncTas —
Crt. N-2 4.96 4a, rpa3Han O,, BIIK,, PW, HedTenpoaykTel, BB
Cr. N-3 2.63 3a, 3arpsA3HeHHas BIIK,, PW, BB
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YeHBI TI0Ka3aTeJI XMMHUYeCKOr'0 COCTaBa, OTpaxaroliye
BJINSIHME TNPUPOAHBIX (GakTopoB. IIpuMeHeHue peru-
OHAJIBHOI'O IOJXOAa IO3BOJIMJIO YTOYHUTH 30HBI BJIU-
SIHUA aHTpomnoreHHoro ¢daxkropa Ha p. HeryimHky, yTo
BAXHO [UJIA 1LIeJIeBOrO MPHUHATHUS NPUPOJAOOXPAHHBIX
Mep.

Bropas mpofiiema cBsf3aHa CO CJIOXKHOCTBIO
WHTepIpeTalui AaHHBIX OHOMHJMKAIMM KayecTBa
BBICOKOILIBETHBIX BOJI [0 MHKPOOMOJIOTMYECKUM IOKa-
3aTenaM. OcCTaBaJIoCh HEM3BECTHHIM, BJIMSAHME KaKOTo
daxTopa, MPUPOJHOTO WJIM AHTPOIOTeHHOro, OTpa-
KaloT IoKasareJsii 6akTepuoIIaHKTOHA. ViceiefoBaHNe
CTPYKTYPHl CBfI3ell MeXJy MUKPOOHOJIOIMYeCKUMU
U XUMHUYECKUMM I[OoKa3aTesIAMMY, AOoKasaBllee WHAU-
KaTOpHYI0 poOJib 0aKTepHOIUIAaHKTOHA [JifA OLeHKU
KavecTBa BBICOKOI'YMYCHBIX BOJI, [TO3BOJIMJIO BBLIBUTH
He61aronoJiyyHele 30HH B p. HernmHke o MUKpoGHo-
JIOTUYeCKUM IoKa3aTessiM. BhlsABiIeHa HeNpUrogHOCTb
p. HersmHku 11 peKpealOHHOTO KCIOJIb30BaHMUS,
YTO oIpefesiieT HeoOXOOUMOCTh NPOBEAEHUA Mepo-
MPUATUN [0 MpelOoTBpAIleHUI0 3arpsi3HeHUs PeyHBIX
BOJ CTOKaMU C TOPOJICKUX TEPPUTOPUIL.

[Tpobsiema GuoTeCTUPOBaHMs PedHBIX BOJ ObLia
CBA3aHA C HU3KMMU 3HayeHUAMU pH peuyHO!l BOJHI,
oTlpeIeIUBIINMHU BEICOKYI0 TOKCUYHOCTh BOJIBI Ha GOHO-
BOM yuacTke p. HernuHky, He moABepKeHHOMY aHTPO-
[IOreHHOMY Bo3[lelicTBUI0. Ha 3arps3HeHHBIX y4acTKax
p. HersmHku TOKCcHYecKre CBOMCTBA BOMABI OTCYTCTBO-
BaJI U3-3a O6apbepHOI POJIM IMOA3EMHBIX BOM, MOCTY-
IJIeHHe KOTOPHIX NPUBOAWIIO K yBesndeHuio pH BoJH,
U KOMIUIekcooOpa3yiomlell CrocOOHOCTH TyMYyCOBBIX
BelleCcTB, KOTOPble CHIDKAJIN OUOJOCTYITHOCTD TSIKEJIBIX
MetasuioB. MccilefoBaHUsA MOKa3aiy, YTO NPU OIleHKe
TOKCUYHOCTY BBICOKOI[BETHBIX BOJ TOKCHUKOJIOTHYECKIe
MeTOIBl [JTOJDKHBI HCIOJIB30BAThCS HCKJIIOUUTEIHHO
B KOMIUJIEKCE C TMAPOXMMUYECKUMM U MHUKPOOUOJIO-
TUYeCKUMHU METOJlaMH U CJIYXUTh IJIA pacumdpoBKU
CJIOXHBIX MEXaHMU3MOB B3aUMO/IEHCTBUSA IPUPOIHEIX U
aHTPOIIOTeHHBIX (GAaKTOPOB.
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ABSTRACT. Due to the lack of a unified sampling methodology for studying microplastics, there are
difficulties in comparing the results obtained when sampling using different methods. A comparison was
made of a pump filtration system and a Manta trawl to assess their effectiveness and applicability in
collecting water samples for studying microplastics content using the example of Lake Ladoga, the Svir
River and small lakes in the Leningrad region (Sukhodolskoye, Michurinskoye, Krasnoye). The results
supported that despite higher average microplastics concentrations when sampling with the pump sys-
tem (8.5 11.5 particles/m?®) compared to the Manta trawl (0.7 = 0.6 particles/m?), the data were com-
parable. The methods have opposite advantages and disadvantages and are complementary. The Manta
trawl is more suitable for collecting large volumes of water from the surface layer relatively quickly and
in conditions with high contents of suspended matter present. Meanwhile, the pump filtration system
is suitable for collecting samples at different water layers and in the surface layer of water when there
is a small content of suspended matter and provides more accurate estimating of the sample volume. It
is necessary to ensure the sampling of a large volume of water, which in the case of a pump filtration
system is only possible during the period when the plankton content and water turbidity are minimal.

Keywords: microplastics, water sampling, Manta trawl, pump filtration system, microplastic pollution
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1. Introduction layer of the water column and from other water lay-

ers (Tikhonova et al., 2024), while nets are more often
i . ; > - used to collect samples specifically from the surface
ology for the analysis of microplastic particles in the layer of a water body (Campanale et al., 2020; Pasquier
aquatic environment. Different scientific groups use var- et al., 2022) and less often from other water layers
ious sampling methods and laboratory processes, which (Kooi et al., 2016; Liedermann et al., 2018; Lenaker et
influence the size range of the particles studied and the al., 2019; Egger et al., 2020). Among the nets, the most
units of measurement. As a result of these differences, commonly used for sampling microplastics are Manta
met}}odological Flifﬁculties arise when corpparing the trawls (Karlsson et al., 2020; Pasquier et al., 2022).
obtained data with thg results of other_stud}es. Other sampling methods, such as the Niskin sampler
In world practice, both pump filtration systems (Bagaev et al., 2017) or the Rosette sampler system
(Song et al., 2018; Choy et al., 2019; Eo et al., 2019; (Dai et al., 2018) are less common.
Zobkov et al., 2019; Tamminga and F15§her’ 2020; These methods have opposite characteristics. For
Ershova et al., 2021) and towed nets (Reisser et al., instance, the filtering area of a Manta trawl is much
2015; Kooi et al., 2016; Dris et al., 2018; Liedermann larger than that of other samplers, allowing a larger
et al., 2018; Lenakef et al., 2019; Egger et al., 2020; volume of water to be filtered in a shorter period of
Frank et al., 2021; Il'ina et al., 2021) are mainly used to time. Such nets more often retain large particles, which
collect water samples for microplastics. Pump filtration are less common in the water column (Tamminga et al.,

systems can be used to sample both from the surface 2019; Karlsson et al., 2020), but there is a risk for par-

Currently, there is no unified universal method-
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ticle loss and external contamination when the sample
is washed off the net. At the same time, Manta trawls,
neuston, and other nets often have mesh sizes = 300
um (Dusaucy et al., 2021). The use of large mesh nets
may result in losses of smaller particles that are prev-
alent in water bodies (Lindeque et al., 2020). The use
of mesh nets sized <100 pm (Dris et al., 2018; Song et
al., 2018) increases the range of particle sizes obtained
and leads to a more accurate evaluation of microplastic
content.

Meanwhile, pump filtration systems allow esti-
mating the volume of filtered water more accurately and
avoiding losses and external contamination. However,
the sample volume is usually significantly smaller due
to the relatively small filtering area and its rapid clog-
ging with suspension. Moreover, it takes much more
time to collect a significant volume of water samples
(at least 1 m?®). Niskin bottles and other bathometers
minimize the likelihood of external contamination,
but significantly limit the volume of a sample taken. A
smaller volume of filtered water may result in an over-
estimation of microplastic particles in a water body, so
it is recommended to sample as much water as possible
to obtain more accurate results. At present, there is no
consensus on specific recommendations for minimum
sample volume, but this is being discussed within the
scientific community. For example, in the Resolution
of the I All-Russian conference with international par-
ticipation on environmental pollution with microplas-
tics “MicroPlasticsEnvironment-2022” (Rezolyuciya...,
2022) the minimum proposed sample volume is 1 m3.
However, this is not always possible for pump filtration
systems due to the tendency of the mesh to become
obstructed by plankton and other suspended matter
and for Niskin bottles due to the relatively limited vol-
ume of samples.

There is limited research on the comparison of
pump filtration systems and Manta trawls, the methods
most commonly used to collect water samples when

studying microplastics in water bodies (Tamminga et
al., 2019; Karlsson et al., 2020; Du et al., 2022; Montoto-
Martinez et al., 2022; Frank et al., 2024). Researchers
seldom reach clear conclusions about which method
is most applicable for a given purpose. For example,
Tamminga et al. (2019) and Frank et al. (2024) argue
that the two methods are not interchangeable but com-
plementary due to their differences.

The purpose of this research was to compare two
different water sampling methods (a pump filtration
system and a Manta trawl) for determining the content
of microplastics. Furthermore, their convenience, effi-
ciency, and applicability to the studied water bodies
were analyzed, as well the characteristics of micro-
plastics in samples collected by these methods were
evaluated.

2. Materials and Methods

For the study, Lake Ladoga, its tributary the Svir
River, and three small lakes in the Leningrad region
(Sukhodolskoye, Michurinskoye and Krasnoye) were
chosen. Lake Ladoga and its tributaries have been stud-
ied for microplastics content since 2018 (Ivanova and
Tikhonova, 2022), but the small lakes of the Priozersk
district (Sukhodolskoye, Krasnoye and Michurinskoye)
have yet to be studied in the existing body of empiri-
cal research. 85% of the river flow into Lake Ladoga
comes from 3 main tributaries: the Svir, the Volkhov
and the Burnaya (the Vuoksa) rivers (Lake Ladoga...,
2015). Sukhodolskoye Lake is the source of the Burnaya
River, which flows into Lake Ladoga and is one of the
main tributaries of Ladoga along with the Svir River.
Therefore, evaluating its microplastic content would be
useful for better understanding the amount of micro-
plastics entering lakes with river runoff. Krasnoye and
Michurinskoye lakes were chosen due to their close
geographical location (Fig. 1).
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Fig.1. Sampling sites in Lake Ladoga and the Svir River, Sukhodolskoye Lake, Michurinskoye Lake and Krasnoye Lake.
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A special pump filtration system (Fig. 2), which
allows taking water samples from various water layers
was used. This device was developed at the Institute
of Limnology of the Russian Academy of Sciences, St.
Petersburg Federal Research Center of the Russian
Academy of Sciences in 2019 by one of the authors of
this article, S.G. Karetnikov.

The filtration system included a household sub-
mersible pump with a bottom water intake of 300 W
of power. Due to the length of the power supply cable,
pumps of this type can be lowered to a depth of no more
than 10 m. Furthermore, as external pressure increases,
the valve that prevents the reverse flow of water in the
pump no longer functions. In this regard, to create con-
tinuity of the flow, the pump was placed in the surface
layer of water. Depending on the required water layer,
a set of hoses of various lengths easily connected to
each other with connectors can be used to take water
samples. At the bottom of the pump there was a sealed
elastic adapter from the water intake part of the pump
to the hose. A filtration system with a 100 pm mesh
was located at the end of the hose, all connections were
secured with threaded clamps. Water filled the hose
under hydrostatic pressure, and a pump removed water
from the top of the hose. The volume of filtered water
was measured using a household water meter located
at the outlet of the pump. A valve was installed at the
junction of the hose with the filtration system, allow-
ing water to flow in only one direction to prevent the
contents of the mesh from being washed out when the
system was lifted.

Samples were taken from the surface layer of a
water body either from on board the research vessel
“Ecolog” or from an inflatable motor boat using an
electric generator. When the volume of water pumped
through the mesh, per unit time decreased significantly,
the filtration stopped. The mesh was removed from
the filtration unit, placed in a container with distilled
water, and replaced with a new 100 um mesh. When
the sample volume was small (up to 500 liters), several
samples were taken from the same location to increase
the representativeness of the sample.

For comparison, samples from the water surface
layer were also taken using a Manta trawl (Fig. 3). The
dimensions of the frame at the entrance were 600x257
mm, at the place where the net was attached - 600x154
mm (area 924 cm?). A net which measured 2000x600
mm with a perimeter of 1508 mm was attached to the
frame. The mesh size of the net was 100 um. A cone
sampler with the same mesh size was attached to the
bottom of the net using a fan pipe and a threaded clamp.

Before sampling, the Manta trawl was washed in
a lake without a cone sampler. Next, the sampler was
attached to the net, the Manta trawl was lowered into
the water and towed behind the boat or the research
vessel at low speed for a certain time. Sampling in lakes
Sukhodolskoye, Michurinskoye and Krasnoye was car-
ried out from an inflatable motor boat. The net cables
were attached to the boat that proceeded to trawl for
10-25 minutes (the choice of trawling time was deter-
mined by visually tracking the amount of suspended
matter in the water) at an average speed of 1-3 km/h. In
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Fig.2. The scheme of a pump filtration system devel-
oped and used at the Institute of Limnology RAS - SPC RAS
(Pozdnyakov et al., 2021).
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Fig.3. The scheme of a Manta trawl (mm).

Lake Ladoga, sampling was conducted from the board
of the research vessel “Ecolog” during its braking.
When the vessel’s speed dropped, the Manta trawl was
lowered into the water using a crane and trawled until
the vessel stopped for an average of 3-5 minutes at an
average speed of 3.4-4 km/h. The trawler’s course, time
and average trawling speed were recorded using a GPS
navigator. Next, the Manta trawl was lifted from the
water using a crane and washed above the water from
the side of the vessel using a hose and lake water. Next,
after being brought on board, a sample was removed
from the system and the material was removed into a
container using distilled water. The sample volume was
assessed taking into account the area of the frame at the
location where the net was attached (924 cm?) and the
average trawling speed. Until the laboratory analysis
stage, samples were stored refrigerated.
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The samples were collected in August 2023. In
all of the water bodies, a total of 19 samples were taken
using a Manta trawl and 21 samples were taken using
a pump filtration system. Samples were collected over
a short period of 1-2 days from lakes Sukhodolskoye,
Michurinskoye, and Krasnoye (3-5 samples using each
method), as well as the Svir River (2 samples using
each method). Given the close proximity of collection
sites at each location, grab samples were combined into
composite samples, respectively. From Lake Ladoga,
grab samples were collected using a Manta trawl at 7
different sites (1 sample at each site) and with a filtra-
tion system at 4 different sites (2 samples at each site)
located at a significant distance from each other. Due to
the significant distance between these sites, the results
were considered as grab samples. To obtain reference
values and make valid data comparisons, the concen-
trations and volume of samples for Lake Ladoga are
presented as a range of the obtained values and as the
arithmetic mean between the obtained concentrations.
The volume of water in grab samples collected by the
Manta trawl ranged from 9.7 to 120 m3, while in sam-
ples collected by the pump filtration system it ranged
from 0.04 to 1.1 m®. The total volume of filtered water
in samples taken by different methods is presented in
Table 1. The significant difference in the volume of
water when using different methods is explained by the
aforementioned features of both sampling devices and
the significant volume of suspended matter in the water
during the season of sampling.

Laboratory processing of samples included disso-
lution of organic material using Fenton’s reagent (30%
hydrogen peroxide + Fe(II) catalyst). The samples col-
lected by the Manta trawl contained a lot of organic
material, and therefore their processing and subse-
quent analysis were significantly more labor-inten-
sive and time-consuming compared to those collected
by the pump filtration system. Samples taken with a
Manta trawl were filtered through a 100 um mesh and
all large fragments (leaves, aquatic vegetation, insects,
etc.) were thoroughly washed with distilled water on
the same mesh and then removed. All filtered mate-
rial was transferred to a thermal glass beaker where
hydrogen peroxide was added along with a Fe(II) cata-
lyst (the volume of the added reagent varied based on
the volume of organic material). When processing the
samples taken by a pump filtration system, the material
from the mesh was washed into a thermal glass beaker
with a similar reagent. Next, the sample was kept at a
temperature of 75°C in a sand bath for approximately
one hour. Hydrogen peroxide was then re-added to

the sample and the process continued until as much
organic material was removed as possible. The process
was repeated up to 4-5 times for samples taken by the
Manta trawl. After dissolving the organic matter, the
remaining material in the beaker was left for a day,
after which it was filtered through a 100-um mesh and
washed off with distilled water onto Petri dishes (from
1 to 8 dishes per sample, depending on the volume of
undissolved organic material). Next, the Petri dishes
were covered with a 100-um mesh and left until com-
pletely dry.

Blank samples with distilled water were pro-
cessed in parallel with real samples to control the
external contamination. During all stages of laboratory
processing of field samples, blank samples were placed
nearby open, after which they were processed in the
same way (Fenton’s reagent, filtering, washing onto a
Petri dish). All stages of laboratory sample processing
were carried out in a fume hood, a cotton gown was
used, and all glassware and filter meshes were washed
with distilled water immediately before use.

Once the material dried, the Petri dishes were
analyzed under a microscope. Preliminary identifi-
cation of microplastics included visual evaluation.
Particles with the absence of a cellular structure with
a uniform thickness and color were selected. Particles
tentatively identified as mesoplastics (greater than 5
mm), microplastics (less than 5 mm), or material of
anthropogenic origin were counted, photographed, and
their size, shape (fibers, fragments, films), and color
were documented. Next, the visibly largest particles
least aggregated with organic material were transferred
with a needle to a separate Petri dish for subsequent
analysis of the chemical composition of the particles by
spectral methods.

The analysis of the chemical composition of a
sample of particles was carried out using Raman spec-
troscopy on the Horiba Jobin-Yvon LabRam HR800
spectrometer at the Science Park of St. Petersburg State
University (resource centre “Geomodel”). The inter-
pretation was based on comparison with the available
spectra in the Horiba JY Raman Library FORENSIC V2
database.

To determine the mass of microplastics, the
length and width of the particles were measured using
an optical microscope. To determine the mass of the
fibers, cylindrical shape was inferred, consistent with
existing literature (Simon et al., 2018; Leusch and
Ziajahromi, 2021). The width of the fibers was taken as
the diameter of the cylinder. Next, the volume of each
particle was calculated, which then was multiplied by

Table 1. The total volume of water sampled by the Manta trawl and the pump filtration system

Water body Volume of water, Manta trawl Volume of water, pump filtration
system
Sukhodolskoye Lake 300.7 m? 1.1 m®
Michurinskoye Lake 96.8 m® 0.17 m?
Krasnoye Lake 135.6 m® 1.2 m?
the Svir River 20.1 m? 2.16 m?
Lake Ladoga* from 9.7 to 28.4 m® from 0.5 to 2.2 m3

Note: *For Lake Ladoga, volumes are presented as ranges of the multiple grab samples
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the density of the most common polymers in the envi-
ronment (polypropylene and polyethylene) - 0.93 g/
cm®.

Fragments and films were considered as paral-
lelepipeds. The largest length and width of the frag-
ments were calculated using an optical microscope. If
the third smallest dimension could not be determined
under a microscope, for purposes of consistency 30 um
and 50 um were the assumed values for films and frag-
ments, respectively (note that all fragments were rela-
tively flat in nature). Some of the largest particles were
weighed on a Mettler ToledoXP205 analytical balance
(division value - 0.01 mg, root mean square measure-
ment error no more than 0.03 mg) at the St. Petersburg
State University Science Park (resource centre “Centre
for Diagnostics of Functional Materials for Medicine,
Pharmacology and Nanoelectronics”) to compare the
calculated versus actual mass of the fragments. When
a fragment’s mass was below the scale’s sensitivity
threshold, particles were weighed in bulk (20 pieces),
and each fragment’s mass was calculated as 1/20 of the
total sample mass.

Charts were created in Microsoft Excel 2019.
QGIS 3.14.15 was used to create a map of sampling
sites. During statistical analysis, the data distribution
was evaluated using the Shapiro-Wilk test. Then the
equality of microplastics concentrations in grab sam-
ples when sampling with a Manta trawl and the pump
filtration system was analyzed using the Mann-Whitney
U test. Spearman’s rank correlation coefficient was
used to assess the relationship between sample volume
and microplastics concentrations. Calculations were
made using the Statistics Kingdom website (Statistics
Kingdom, 2017) and Microsoft Excel 2019.

3. Resulits

In blank samples, 0 to 5 fibers visually similar
to microplastics were found. The average number of
fibers in the blank samples was 1. The number of these
particles in the blank sample was subtracted from the
number of particles found in the field sample.

The average concentration of microplastics
in the studied water bodies when sampling with the
Manta trawl was 0.7 +0.5 particles/m® (median 0.6
particles/m®), and when sampling with the filtration
unit — 8.5+11.5 particles/m® (median 4.1 particles/
m?). The number of microplastic particles, as well as
estimated (particles/m®) and calculated mass concen-
trations of microplastics (mg/m?®) for each water body
are presented in Table 2.

The highest concentrations of microplastics
were found in Lake Michurinskoye in samples col-
lected using both methods, likely due to the sampling
site being located near a highway and the beach being
actively used for recreational purposes. However, sig-
nificant concentrations obtained when sampling with
the pump filtration system are most likely explained by
the small total sample volume due to the large amount
of suspended matter. The lowest concentrations were
observed in Lake Krasnoye where samples were taken
far from urbanized areas, as well as in Lake Ladoga,
with the exception of the mouth of the Burnaya River.
A comparison of estimated concentrations obtained by
the Manta trawl and the filtration system is shown in
Fig. 4.

In Lake Ladoga, where samples were taken at
different sites, the highest concentrations of microplas-
tics were obtained at the mouth of the Burnaya River,

Table 2. Numerical and mass concentrations of microplastic particles in different water bodies.

Water body | Number of parti- |Estimated| Mass concen- Number of parti- |Estimated| Mass concentra-
cles sampled by | concen- | trations, mg/m? cles sampled by concen- | tions, mg/m? (the
the Manta trawl | trations*, (Manta trawl) the pump filtration | trations*, | pump filtration
after taking into | particles/ system after taking | particles/ system)

consideration the |m? (Manta into consider- m? (the
external pollution | trawl) ation the external pump
pollution filtration
fibers [fragments fibers [fragments| fibers |[fragments Stz fibers [fragments
Sukhodolskoye 128 0.4 0.004 6 5.5 0.009
Lake 109 | 19 0.0001 | 0.004 5 | 1 0.003 | 0.006
Michurinskoye 136 1.4 0.1 5 28.9 0.004
e 100 | 36 0001 | 01 s | 1 0.002 | 0.002
Krasnoye Lake 21 0.15 0.0004 5 4.1 0.009
17 | a4 0.0001 | 0.0003 s | 1 0.002 | 0.007
the Svir River 24 1.2 0.0003 2 0.9 0.00008
2 | - 0.0003 | - > | 0.00008| -
Lake Ladoga 93 0.6** 0.001 11 3.3%* 0.002
88 | =5 0.0002 | 0.0008 n | - 0.002 | -

Note: *concentration was calculated as the ratio of the sum of particles detected in the composite sample to the sample’s
total water volume

**for Lake Ladoga, the concentration was calculated as the arithmetic mean between the concentrations of particles in grab
samples taken from different locations due to the significant spatial heterogeneity of this water body
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which is one of the main tributaries of the lake (1.4
particles/m? for samples taken by the Manta trawl, 10.8
particles/m?® in samples taken by the the pump filtra-
tion system). In the Svir River, which is also the main
tributary of Lake Ladoga, microplastics sampled via
Manta trawl also yielded higher concentrations than at
other sampling sites (Fig. 5).

There was no significant correlation between
grab sample volume and microplastics concentra-
tion (Spearman correlation coefficient, r = 0.2). The
Shapiro-Wilk test showed a significant departure from
normality (W(19) = 0.9, p = 0.042 for Manta samples,
W(21) = 0.52, p < 0.001 for pump system samples).
The Mann-Whitney U test showed that there were no
statistically significant differences between the data
on the concentration of microplastics in grab samples
collected using the Manta trawl and the concentrations
obtained during sampling with the pump filtration sys-
tem (p = 0.5).

26 particles (fragments and films) were weighed
on an analytical balance. The average weight of the
smallest and lightest fragments (about 1 mm) was 0.03
mg. The largest fragments (several mm) — from 0.11 to
0.61 mg. When comparing the actual and calculated
particle masses, they were found to be within the same
order of magnitude and the difference between the sam-
ples was not statistically significant (Mann-Whitney U
test, p = 0.7).

In reference to their longest dimension, the
majority of particles found using both methods were
in the range of 100-1000 pm (47%). This range was
also divided into two: 100-500 pm and 500-1000 pum in
order to estimate the proportion of microplastics of the
smallest size. When sampling with the Manta trawl, the
number of particles within the ranges of 100-500 um
and 500-1000 um had approximately equal proportions

0,7114,55

Microplastics concentrations, particles/m’

35 4
m Manta trawl

30 4 pump filtration system

ol Em— _ i  — _ .

Sukhodolskoye Michurinskoye the Svir River

Lake Lake

Krasnoye lake  Lake Ladoga

Fig.4. Quantitative concentrations of microplastics
during sampling using different methods.

(22% and 25%, respectively). However, when sampling
with the pump filtration system it was the smallest
particles (100-500 pum) that predominated among all
microplastic particles (41%) (Fig. 6). Simultaneously,
mesoplastic particles (more than 5 mm) were found
only during sampling by the Manta trawl. The number
of particles decreased with increasing size, consistent
with our previous studies (Tikhonova et al., 2024) and
other works (Hale et al., 2020; Leusch et al., 2023).

106 particles were analyzed using Raman spec-
troscopy methods, and reliable polymer spectra were
obtained for 44 particles. For 23 particles, only the
spectra of various dyes were determined. 22 particles
had strong fluorescence, rendering the determination
of spectra inconclusive. The spectra of 17 particles
could not be determined due to either discrepancies
with reference values in the database or due to severe
contamination of the respective sample.

25 50 75 km

I
-~ 028/046
04770 Lake Ladoga
0,15/-
1,44 /10,8
0,32/-
1,19/0,46
the Svir River
0,52 /-

1,44 /10,8 - microplastics concentrations
(particles/m?) in samples taken by the Manta trawl /
the pump filtration system, respectively

Fig.5. Average concentrations of microplastics in Lake Ladoga when sampling with the Manta trawl / the pump filtration

system, respectively (particles/m?3).
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The largest number of particles with a confirmed
polymer composition were obtained for samples from
Sukhodolskoye and Michurinskoye lakes, likely due to
the presence of a high number of fragments collected in
these lakes by the Manta trawl. Microplastic particles in
the form of fibers often had strong fluorescence, while
the spectra of fragments and films were determined
more successfully. In Lake Sukhodolskoe, the predom-
inant type of polymers was polypropylene (66%), as
well as polyethylene (33%), polyethylene terephthalate
and polystyrene were found in single copies. In Lake
Michurinskoe, the predominant types of polymers were
polyethylene (45%) and polypropylene (41%), and
polyethylene terephthalate and polystyrene were also
found. In Krasnoye Lake, only pigment spectra were
determined for several particles; the material of the
particles could not be determined. Among the sample
particles collected in Lake Ladoga, for which the mate-
rial type was determined to be a synthetic polymer,
polypropylene predominated (83%), and polyethylene
terephthalate were also found. In the Svir River, only
particles of polyethylene terephthalate were found.

Thus, the predominant polymers among all ana-
lyzed particles were polypropylene (54%) and polyeth-
ylene (34%), which are the main types of polymers in
water bodies (Dusaucy et al., 2021) and the polymers
with the largest global production (PlasticsEurope,
2022).

It is assumed that particles for which only the pig-
ment was determined can be conventionally accepted as
synthetic. These particles do not have the spectrum of
cellulose and they do not burn through when exposed
to a laser. Fluorescence may be associated with the
presence of a dye in the particles, thus making it impos-
sible to have determined their spectrum. However, if
particles do not burn out at low laser powers, they can
also be conventionally accepted as synthetic.

4. Discussion

As a result of this experiment, the features of
these methods were discovered. Thus, the Manta trawl
is more suitable for towing on a research vessel due to

40%
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1440

80% 90%  100%
B 2000-3000 MEM

50% 60% 70%

1000-2000 MxM
B> 5000 MEM

its large size, and can only be used for sampling from
the surface layer of the water column. The pump filtra-
tion system can be used not only to take water samples
from on board a vessel, but also from a pier or ice cover
in winter. Furthermore, the pump system allows taking
samples from various water layers. The volume of water
that can be filtered through the Manta trawl net is sig-
nificantly larger than that filtered through the pump fil-
tration system, which allows collecting more represen-
tative samples for studies of microplastics in water. At
the same time, the pump filtration system allows accu-
rate estimating of the water volume pumped through
it, and its use for sampling in areas with higher levels
of pollution will facilitate further laboratory processing
of samples, which was also found in (Karlsson et al.,
2020). The process of sampling water using the pump
filtration system is longer, but the time spent on their
laboratory processing is, on the contrary, significantly
less than for samples taken by a Manta trawl due to the
smaller volume of organic matter retained on the filter.
Thus, these two methods have their own advantages
and disadvantages, are complementary, and thus the
use of both methods is recommended in future studies
to further evaluate which method yields the most robust
data samples. The same conclusions were reached by
the authors who compared these methods on the exam-
ple of Lake Tollensee (Tamminga et al., 2019).
Concentrations of microplastics per 1 m® obtained
when sampling with the pump filtration system signifi-
cantly exceed the concentrations of microplastics when
sampling with the Manta trawl, which was also found
in (Montoto-Martinez et al., 2022; Frank et al., 2024).
This may be due to both the loss of particles during
sampling with a Manta trawl, and, in the case of the
pump filtration system, to the likelihood of overesti-
mating the number of particles with a small sample
volume. Results of (Karlsson et al., 2020; Tamminga
et al., 2019) have also shown that sample volume has
a significant impact on final concentrations. Thus, it
is necessary to ensure that large enough samples are
collected in multiple replicates to obtain a representa-
tive sample and allow for the statistical comparison of
the data. In this work, the highest microplastics con-
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centrations were found in Lake Michurinskoye, where
the sample volume from the pump filtration system
was the smallest, confirming the need for larger sam-
ple volumes (at least 1 m®). To ensure accurate sam-
pling methods, further modifications of the system may
include increasing the diameter of the receiving part on
which the filters are located, which will reduce the rate
of filter clogging with suspension and allow filtering
a larger volume of water. However, to obtain a large
sample volume using the pump filtration system, it is
also necessary to take into account the seasonal char-
acteristics of water bodies. The sampling period signifi-
cantly influences the efficiency of sampling and labora-
tory sample processing, because the presence of a large
amount of suspended matter in summer complicates
the processing and further analysis of samples. In this
regard, for the purpose of comparing the effectiveness
of various methods without considering seasonal fluc-
tuations and the hydrological regime of water bodies,
it is recommended to take samples when there is less
suspended matter in water. Therefore, the Manta trawl
should be used for surface layer samples in summer or
in eutrophic water bodies with high suspended matter.
In such conditions, the pump filtration system is prone
to clogging, making samples under 1 m® non-represen-
tative, as seen in Lake Michurinskoye.

The difficulties that arise when determining
polymers using Raman spectroscopy methods should
also be noted. Difficulties may arise even at the stage
of sample processing of the smallest particles, which
need to be separated from organic matter (the organic
medium in which the particle was located) and trans-
ferred to a separate Petri dish for subsequent analysis.
Thus, it is usually possible to analyze only the largest
fibers as well as fragments. In this study, determining
the spectrum of fibers was much more difficult than
fragments due to the frequent fluorescence of the sam-
ples. However, fibers make up the majority of micro-
plastic particles in natural environments (Acharya et
al., 2021). In this regard, the use of a Manta trawl can
also ensure that fragments and films, the material of
which is successfully determined by spectral meth-
ods, are included in the samples. In the samples taken
by the pump filtration system, as well as in the least
voluminous samples taken by the Manta trawl (Lake
Ladoga and the Svir River), practically no fragments
were found and the majority of detected particles were
in the smallest size range, which significantly reduced
the sample that can be analyzed. Furthermore, for some
particles the spectra did not coincide with those avail-
able in the database, which may be due to both the
degradation of the sample during use and differences
in substituents for substances close in class, as well as
limitations of the library itself.

5. Conclusion

A comparison was made of two methods of water
sampling for microplastics using the example of Lake
Ladoga and the Svir River, as well as other lakes that
had not previously been studied for the content of
these particles. The results showed that despite higher
average concentrations of microplastics when sam-
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pling with the pump filtration system, the differences
between the data samples were not statistically signifi-
cant. Considering the advantages and disadvantages of
both methods, at this time it cannot be concluded that
one of them is more suitable for studying microplas-
tics in water bodies, thus calling for additional research
comparing the two methods of sample collection. These
methods are complementary and should be used taking
into account scientific objectives. The Manta trawl is
more suitable for collecting a large volume of water
from the surface layer in a short time. The pump fil-
tration system is suitable for sampling from different
water layers as well as in the surface layer in conditions
of a small content of suspended matter. To compare
data obtained by different methods, it is necessary to
ensure the sampling of a large volume of water, which
in the case of the pump filtration system, is only possi-
ble when the content of phytoplankton and water tur-
bidity are minimal.
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OpuruHanbHan craTbf

CpaBHeHue 3 PeKTUBHOCTHU ABYX LIMNOLOGY
MEeTOoAOB oTOopa Nnpob BoAbI ANA U3YUEHHA FRESEHTWATER

coaep)XaHUA MMKPONAACTUKA B BOAHDbIX BIOLOGY
obbekTax - —

Tuxonosa J[.A.1**| [llanyHoBa E.I1.2, KapeTtHukos C.I'.!

T Hncmumym o3epogedeHus Poccutickoti akademuul Hayk — 060co6ieHHoe cmpykmypHoe noopasdesnieHue @I'BYH «CaHkm-
ITemep6ypeckuti @edepatbHelii Uccied08amestbcKuli yenmp Poccutickotli akademuu Hayk», yii. CedacmoAHoaa, 0. 9, CaHkm-
ITemep6ype, 196105, Poccua

2 Canxm-ITemepOypeckuii eocy0apcmaeeHHblil yHugepcumem, YHugepcumemckasa HabepedcHas, 0. 7-9, Cankm-Ilemep6ype, 199034,
Poccua

AHHOTAIIHSL. B cBA3U C OTCyTCTBUEM eJUHOU METOAUKU 0TOOpa P00 Ha MUKPOILJIACTUK CYIIECTBYIOT
TPYAHOCTH TPU CPABHEHUM IMOJTyYE€HHBIX PE3YJIbTATOB MPU OTOOPE Pa3HBIMUA METOJAMU. BBLIO MpoBe-
JIeHO cpaBHEHHE HAaCOCHOW (DHUIIbTPOBAJIBHOM CHUCTEMBI U ceTH MaHTa IJiA OlleHKU uX 3GHEKTUBHOCTH
Y MPUMEHUMOCTH MPU OTOOpe Mpob BOJIBI HA COJlepXKaHHEe MHUKPOIUIACTUKA Ha mpuMepe JIaJoXCKOoro
o3epa, peku CBUpDb U MaJibix o3ep JleHuHrpaackou obsactu (Cyxomosibckoe, MuuypuHckoe, KpacHoe).
Pe3yibTaThl MOKA3aJIM, YTO HECMOTPS Ha 60Jjiee BHICOKUE CpeqHNE KOHIIEHTPAI[MU MUKPOILUIACTHKA TIPU
oT6ope mpo6 HacocHOU cuctemoi (8,5+11,5 yactui/m3®) mo cpaBHeHUI ¢ ceTbio ManTta (0,7 +0,5
yacTull/M>), pe3yJIbTaThl COMOCTAaBUMBL. MeTOABl MMEIT MPOTHUBOIOJIOXHBIE JOCTOUMHCTBA U HEMO-
CTaTKU U ABJIAIOTCA KOMILIeMeHTapHbIMU. CeTh MaHTa 60Jibllle TOAXOAUT AJIA 0TOOpa O0JIBIIOTO 00B-
eMa BOJIbl C TIOBEPXHOCTHOTO CJIOSA B KPAaTKUE CPOKU M B IEPUOABI C OOJIBIINM COAEPKaHUEM B3BECH, B
TO BpeMsi KaK HacoCHasA PUIbTPOBAJIbHAA CUCTEMA MOAXOAUT I 0TOOpa MpoO HA pa3HBIX TOPU3OHTAX
1 B MIOBEPXHOCTHOM CJIO€ MPU HeOOIbIIOM 00beMe B3BECH U IMO3BOJIAET OoJiee TOUHO OLIEHUTh 00BbeM
npo6sl. Heo6xoumo obecrieduTs 0TOOp 60JIbIIOro 06bemMa BOJIbI, YTO B CJIyYae C HACOCHOM (QUIIbTPO-
BAJIbHOM CHCTEMOU MPEJICTABJIAETCS BO3MOXHBIM TOJIBKO B MEPUO/I, KOrAa COAEpXaHUE TJIaHKTOHA U
MYTHOCTb BOJIbI MUHUMAJTbHBI.

Kitiouegsie ct06a: MUKpPOIJIaCTUK, OTOOP Mpo0 BOARL, ceTh MaHTa, HacocHasA GUIbTpPOBaIbHAA CUCTEMA,
3arps3HeHre MUKPOILJIACTUKOM

Jla nutupoBaHus: TuxoHosa [[.A., IllanyHosa E.II., KapetHukos C.I'. CpaBHeHMe 3¢ ()eKTUBHOCTU ABYX METOAOB 0TOOpa Ipod
BOMBI JJIA M3YYEHUs COINEpXKaHWs MUKDOIUIACTHKA B BOJHBIX 0ObekTax // Limnology and Freshwater Biology. 2024. - No 6.
- C. 1434-1453. DOI: 10.31951/2658-3518-2024-A-6-1434

1. BeepeHne Eo et al., 2019; Zobkov et al., 2019; Tamminga and
. Fischer, 2020; Epmosa u mp., 2021), Tak u 6ykcupye-

B HacToAllee BpEMs HE CYIMECTBYET €MHON Mele cetu (Reisser et al., 2015; Kooi et al., 2016; Dris et
YHMBEPCAJIBHOM METONMKM aHaJiM3a HacTuly MHKPO- al., 2018; Liedermann et al., 2018; Lenaker et al., 2019;
IUIACTHKA B BOJAHON Cpefie. B MCCIe0BaHMAX, NPOBO- Egger et al., 2020; Frank et al., 2021; I'ina et al., 2021).
AUMBIX PasHBIMH Hay4HBIMU TDyIIaM{, OTJINYATCA HacocHble crCTeMBI MOXHO HCIIOJIb30BaTh JjiA 0T6Opa
MeTOoJibl oTOopa Mpo6 U MxX J1abopaTOPHOIO aHAJIM3a, KaK C IOBEPXHOCTHOIO CJIOSI BOJHON TOJIIH, TAK H C
PasMEpRI NCCJIEyEMBIX HACTHUI] U MCTIOJIb3yEMbIE €111~ Apyrux BoAHbIx ropusonTos (Tikhonova et al., 2024), B
HUIBl U3MEPEHUsA. B CBA3M C 3TMM BO3HMKAIOT IIPO- TO BpeMs KaK CeTH uallie MCTOJIb3YIOT V1A 0T60pa Mpoob
6J1eMbl METOAMYECKOTO XapakTepa M CJIOKHOCTU IIPU MMEHHO B TIOBEPXHOCTHOM cJIoe Bojoema (Campanale
CPABHEHMI TIOJIYYCHHBIX JAHHBIX C PE3yJIbTATAMI JIpY- et al., 2020; Pasquier et al., 2022) 1 pexke Ha APYrUX
THX UCCJIEAOBAHII. ropusoHTax (Kooi et al., 2016; Liedermann et al., 2018;
B MUpOBOM MpakTHKe 171 0T60pa MPO6 BOAB! Ha Lenaker et al., 2019; Egger et al., 2020). Cpeau cereit
MUKPOILJIACTUK B OCHOBHOM MCIIOJIb3YIOTCH KaK Haco- HANGOJIee YACTO MCTOJb3YEMBIMH JUISl OTG0PA MUKPO-
cHble cucteMsl (Song et al., 2018; Choy et al., 2019; IUIacTUKa ABJAITCA cety ManTa (Karlsson et al., 2020;
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Pasquier et al., 2022). Pexe UCIOJIb3YIOTCA APYTHE MPO-
600TO0OpHUKY, HanpuMep OaTomeTp HuckuHa (Bagaev
et al., 2017) wiu kaccetHbi mpo6ooT6opHUK (Dai et
al., 2018).

JlaHHBIE MeTOAbl MMEIT CBOU OCOOEHHOCTH:
Tak, Iomanab GUIbTpPoBaHUA y ceTu MaHTa 3HaA4m-
TeJIbHO 0oJIbllle, YTO M03BOJIAeT OTOUIHTPOBATh OOJIb-
ol o6beM BOZBI 32 MaJiblii MPOMEXYTOK BpeMeHHU, a
TakXe yallle 3aJepXUBaTh KPyNHbIE YacTUIbl, KOTOpEIE
pexe BcTpeuawTcsi B BoAHOHN Tosme (Tamminga et
al., 2019; Karlsson et al., 2020), ogHaKo CyIIeCTBYET
BBICOKAas BEpPOATHOCTb IOTepb YacTUI] U BHEIIHEro
3arps3HeHus [IpU CMBIBe IIPOOHI € ceTKU. B To ke BpeMs
y certeii MaHTa, HEHCTOHHBIX U APYTUX ceTeil pas-
Mep sden yacto = 300 mxm (Dusaucy et al., 2021).
Hcnosnb3oBaHue ceTell € KPYNHBIM pa3MepoM sAdYeur
MOXeT MPUBOJUTH K IOTepsAM 0OoJiee MeJIKUX YacTHII,
KOTOpBIe MpeobsrafalnT B BOAHBIX o0bekTax (Lindeque
et al., 2020). Mcnosib30BaHue CETEN C pa3MepPoOM STYEU
<100 mkm (Dris et al., 2018; Song et al., 2018) yBe-
JV4yBaeT Juana3oH pa3MepoB IOJIyYEHHBIX YacCTHUIL
U NpUBOAUT K OoJlee TOYHOH OlLieHKe COepKaHuA
MHKpOIJIacTUKa B Boje. HacocHble cucTeMBl, B CBOIO
ouepelib, INO3BOJIAIOT TOYHEEe OLIEHUTb OO0beM IIpo-
dupTpOBaHHOM BOAB U M30€XaTh IIOTepb U BHEIIHEro
3arpssHeHus, HO o0beM IpOOBl OyneT 3HAYUTEeJIbHO
MeHbllle U3-3a OTHOCHUTEJIbHO HeOOJIBIION IUIomann
CeTKM U ee OBICTPOro 3a0MBaHUA B3BECbl0, a TakKke
norpebyeTrca 3HAuMTEJbHO OoJibllle BpeMeHHU MJiA
oTbopa 3HauyuMoro oowrema mpobs (1 m3). BaTomeTpsl
MHHHUMHU3UPYIOT BEpPOATHOCTh BHEIIHEro 3arpsAs-
HeHNsA, OJHAKO CYIIeCTBEHHO JIMMUTUPYIOT OO0BbeM
oTOOpaHHON MpoObl. MeHbHil 06beM NPOPUIBTPO-
BaHHOH BOABI MOXET IPUBOAUTH K IlepeydeTy cofep-
J)KaHWUA 4acCTUIl MUKPOILJIACTUKA, II03TOMY peKOMeHAy-
eTcs oTOUpaTh Kak MOXHO 60JibIINI 06beM BOJBI AJA
noJiyuyeHUs OoJjiee TOUYHBIX pe3yJsibTaToB. Ha maHHEBIN
MOMEHT OTCYTCTBYIOT KOHKPETHble PeKOMeHAAIuu II0
MHHHMaJIbBHOMy 00beMy IIpo0, OJHAKO 3TO o0CyXAa-
eTcA B HayyHoM coobiectse. Hanpumep, B Pesomtonnu
[TepBoii Becepoccuiickoil KoHpepeHIUU ¢ MeXIyHapOoI-
HBIM y4acTHeM [0 3arpsA3HeHUI0 OKpY’Kalolleil cpejbl
MUKporiacTukoM «MicroPlasticsEnvironment — 2022»
(Pezomonuif..., 2022) MUHUMAJIBHBIN NpPeJI0KeHHbIN
o6beM mpoOsl coctasssier 1 M3, OgHAKO 3TO He Bcerga
IpeJICTaBjiAeTCsa BO3MOXHBIM Takxe U JJIs HACOCHBIX
CHUCTEM B CBA3U C 3a0MBaHMUEM CeTKM IIAaHKTOHOM M
B3BECHIO.

CymecTByeT MOOBOJIBHO Majio paboT, IOCBA-
IIeHHBIX CPaBHEHWI0 HACOCHBIX CHUCTEM U TpaJUpy-
eMBIX ceTell TuUma MaHTa, ABJAIINXCA OCHOBHBIMU
MeToJaMH, HCIIOJIb3yeMBIMU IJiA 0TOO0pa Ipob BOJBI
IIpM MCCIeOBaHUM MHKpOIUIAaCTUKAa B BoJoeMax
(Tamminga et al., 2019; Karlsson et al., 2020; Du et
al., 2022; Montoto-Martinez et al., 2022; Frank et al.,
2024). HayuHsle Ipymnmsl He Bcerfa NpuxonAT K OAHO-
3HAYHBIM BBIBOJAM O TOM, KaKOH MeToH ABJIAEeTCA
Hau0oJiee NMPUMEHHMBIM [JJIA NaHHBIX LieJlel: Tak, B
pabortax Tamminga et al. (2019) u Frank et al. (2024)
yTBepxkaaeTcs, 4YTO [iBa 3TUX MeToAa ABJIAIOTCA He B3a-
MMO3aMeHseMbIMH, a KOMIUJIEMEHTapHBIMU B CBA3U C
UX pasIn4yusAMHU.
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Llenpio gaHHOU paboThl OBUJIO CpaBHEeHUE ABYX
Pa3HBIX MeTOJI0B 0TOOpa Mpob BOAB AJI ONpeJiesIeHus
coflepXaHUsA MHKPOILJIACTUKA — HACOCHOU (PUIIBTPO-
BaJIbHOI cucTeMbl U OykcupyeMoii cetu MaHrta AjA
cpaBHeHUsA UX yao0cTBa, 3PPeKTUBHOCTA U IpUMe-
HMMOCTH K HCCJIeyeMbIM BOOHBIM 00ObeKTaM, a Takxe
OIleHKa XapaKTepUCTUK MUKPOILJIaCcTHKa B Ipobax, 0To-
OpaHHBIX JaHHBIMM MeTOAaMM B HECKOJbKUX BOJHBIX
0o0BbeKTax.

2. MaTtepuanbl 1 MEeTOADI

Jna uccrnenoBanusa Obio BeIOpaHO Jlagoxckoe
03epo, a Takxe ero NpUTok pexa CBUPb U TPU MaJIbIX
o3epa JleHMHrpaAckon o0JyacTu Cyx0[J0JbCKOE,
Munuypunckoe u Kpachnoe. Jlagoxckoe 03epo U ero
IIPUTOKU HCCJIEAYIOTCA Ha CcoAepkaHue MHUKpPOILIa-
cruka ¢ 2018 roga (MBanoBa u TuxoHoBa, 2022), a BOT
MaJsible o3epa IIpuosepckoro paiioHa (CyxoHoJbCKoe,
Kpacnoe m MwuuypuHCKoe) paHee HCCIefOBaHbl He
6bu1H. 85% peuHoro croka B JlagoXxckoe 03epo Mpu-
XOJIUTCA Ha AOJII0 3 IJIaBHBIX IIPUTOKOB — pek CBUPB,
BonxoB u BypHas (Byokca) (JIagoxckoe o3epo...,
2015). Cyxo[0JIbCKOe 03epo SIBJIIeTCSI NCTOKOM peKu
Bypno#i, Bnagarmeii B Jlagoxxckoe 03epo U ABJIAIO-
Imelicsa OJHUM M3 OCHOBHBIX NIPUTOKOB Jlagoru BmecTe
¢ pexoii CBUpB, B CBA3U C YeM U3yUeHHe coiepXKaHUsA B
HeM MHKPOILIaCTHKa MOXeT OBITh I0JIE3HO AJA IOHU-
MaHUA KOJIMYeCcTBa MUKPOILIACTHKA, MONAJaloulero B
o3epa co cToOKoM pek. KpacHoe u MuuypuHckue o3epa
ObUTM BBIOpaHBl MO UX OJIM3KOMY reorpa@uiecKoMy
nosioxenuio (Puc. 1).

Jna orbopa npob BOAB MCIOJIb30BAIACH CIIeIH-
ajbHasA HacocHad QuibTpoBaibHas cucrema (Puc. 2),
[I03BOJIAIOIIAA OTOUpPaTh MPOOBI BOABI C Pa3IMYHBIX
BOJHBIX TOPU30OHTOB. J[aHHaA cucrtemMa ObLI pa3pabo-
tana B UHO3 PAH - CII6 ®HUI] PAH B 2019 r. ogHum
13 aBTOpOB JaHHOU cTaThu Kapetnukosem C.T.

OCHOBY KOHCTPYKIIMH COCTaBJIAJ  OBITOBOM
IOTPY’KHOM Hacoc ¢ HIDKHHUM B0J03ab0pOM MOII-
HocTbi0 300 Bt. Hacocel faHHOro tuma MOXHO OITy-
ckaTh Ha riayouHy He Gosiee 10 M. OmyckaTth riiyoxe
He I03BOJIAET AJIMHA 3JIeKTpUYeckoro kabessd, KpoMe
TOT0, [IPY MOBHIIIIEHNY BHEIIHero AaBJIeHusA IepecTraeT
(QyHKIMOHMpOBATh KJIalaH, NepeKphIBaloIIUi obpat-
HBII TOK BOABI B Hacoce. B cBA3M ¢ aTuM, AJ14 CO3aHuUA
HeNpephIBHOCTH IOTOKA HAcOC pa3Mellayics B IOBEPX-
HOCTHOM cJIoe BOAbL. B 3aBCMMOCTH OT HEOOXOAMMOIO
rOpU30HTA i 0TO0pa Ipo0 BOABI MOXHO HCIOJIb30-
BaThb Ha0Op LIJIAHTOB Pa3jIMYHOMN JJIMHBI, JIETKO COe-
JUHAEMBIX ApYyT ¢ APYyroM KoHHekTopamu. Ha HikHel
4acTy Hacoca HaxO[WJICS IepMeTUYHBIH IepexOJHUK
13 3JJaCTUYHOMN TPyOKHU OT BOA03aO0PHOI YacTU Hacoca
K [JIaHTy, Ha KOHIle KOTOPOr'0 HaXOAWJach YCTaHOBKA
¢ dunbTp-ceTko ¢ pasaMmepom ssiuen 100 MkM, Bce coe-
JVHEeHUs 3aKpeIUIAyIiCch pe3b0OBEIMU XoMyTaMu. Boga
3amnoJIHAJIA IIJIAHT IO AefiCTBUEeM IMAPOCTaTUYecKOro
JlaBJIeHUs, a HACOC OTKa4YMBaJI BOAY U3 BepXHeH yacTu
nuiaHra. M3mepeHue oObeMa IIpoKayaHHOH depe3
(uIbTPE BOABI OCYIEeCTBJIAIOCH C IOMOIBI0 OBITOBOTO
CYeTYMKa BOABI, pa3MellleHHOI'0 Ha BhIXOJe U3 Hacoca.
YMeHblleHe CKOPOCTU IIpPOKauyMBaHUA BOABL uepes
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Puc.1. Touku ot6opa npob B JlagoxckoMm, CyxomosibckoM, MuuypuHckoM u KpacHom o3epax.

GuIbBTp CBUIETEICTBOBAJIO O 3a0MBAaHUM CETKU B3Be-
CBI0 1 HEOOXOIMMOCTHU ee 3aMeHBl. YTOOBI coAepXuMoe
CeTOK He BBIMBIBAJIOCH IIpY UX MOJbeMe, B MecTe coe-
AVHEHUA IUIaHra ¢ GpuiIbTPOBaJIbHONM CUCTEMOM yCTa-
HaBJIMBAJICA KJjlalaH, MPONYyCKAalMUNl BOAY TOJIBKO B
OJHOM HallpaBJICHUU.

[TpoObl oTOMpanu B MOBEPXHOCTHOM CJIOe
BOAHOrO oOBeKTa ¢ OopTra Hay4HO-HCCJIeAOBaTesIb-
CKOTO CyJiHa «JKOJIor» b0 ¢ 6opTa JIOOKU C UCIOJIb-
30BaHMeM sJieKTporeHeparopa. Korga o6vem mpo-
KaunBaeMoOl uepe3 CETKYy BOJbl B eQUHHUIy BpeMeHU
3HAUNUTEJIbHO yMeHbIascs, (GUIbTPOBAHHE OCTAHAaB-
JIMBAJIOCh, CETKa BBIHMMAJAach U3 (UIBTPOBAJIBHOUN
CHCTEMEHI U ITOMelljajiach B €MKOCThb C JUCTHUJIMPOBAH-
HOU BOJIOM, a Ha ee MeCcTO IoMellasiach HOBas CeTKa
100 mxm. [Ipu masiom oO6beme NpoOBl B OAHOM TOYKe
(mo 500 suTpOB) mEIaToch HECKOJIBKO MTOBTOPHOCTEH.

Jl5ia cpaBHeHUA MpOOBI B OBEPXHOCTHOM CJIO€
OBLIM TakXe OTOOpaHbI ceThio Tuma Manta (Puc. 3).
Pasmephl pamsl Ha Bxofe — 600x257 MM, B MecCTe Kpe-
mieHusa cetku — 600x154 mm (mmomanap 924 cm?). K
paMe InpuKpeluiagach ceTb pasMepoM 2000x600 mw,
nepuMerpomM 1508 mMm. Pasmep Auen ceTu COCTaBUJI
100 mxm. ITpoOOOTOOPHUK-KOHYC C TakuUM Xe pas-
MepOM fAvYer MPUKPEIUIAJICA CHU3Y CETKU C IOMOIIbIO
(daHoBOU TpyOHI 1 pe3b00BOr0 XOMYTA.

[Tepen dunsTpoBaHueM ceTb MaHTa NpOMEBIBa-
Jace B BogoeMe 6e3 mpobooTbopHuka. [dasee mpobo-
OTOOPHUK MPHUKPEIUIANICS K CeTKe, ceTKa OIycKaJach
B BoAy U OyKcupoBasach 3a JIOAKOW WA HAyYHO-HC-
cJieoBaTeJIbCKUM Cy[JHOM Ha MaJIOl CKOPOCTU B Teye-
HHe ollpefieJileHHOoro BpemeHu. OT6op npob B o3epax
CyxopoJsbckoe, MuuypuHckoe u KpacHoe npoBoauics
C HaJyBHON MOTOpPHOU JIOAKU, NPU 3TOM BBIOOpP Bpe-
MeHU TpaJieHus o0yCcjaBvBaJiCs BHU3yaJIbHO OI[eHEeH-
HBIM KOJIMYECTBOM B3BecH B Bofe. TpoChHl CeTKU Ipu-
KpeIIsaanch K OOpPTy JIOAKM W fAajiee JIOAKA Ijla B
TeueHne 10-25 MUHYT Ha cpefHel cKopocTH 1-3 km/u.
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B JlagoxckoMm o3epe oT6op mpo6 mpoxoausa ¢ 6opra
Hay4YHO-HCCJIEJOBATeJIbCKOIO CyAHAa «JKOJIOI» BO
BpeMs ero TOpMO’KeHHUA: NIpY [TaJIeHuH CKOPOCTU CyqHa
ceTKa OIyckasjiachb B BOAy IIpPH IOMOIIM KpaHa U OyK-
crpoBaJlach O €r0 OCTAHOBKU B cpefHeM 3-5 MUHYT
co cpeniHel ckopocTeio 3,4-4 kMm/4. [Ipu nomomu GPS-
HaBuratopa (UKCHUpOBaJICA TpeK, BpeMs U CpeaHsA
CKOpOCTh TpaJjieHus. [lajlee ceTka MOAHUMAJach U3
BOJBl Ha KpaHe U HaJ BOJAOH NpoMEIBajiach ¢ 6opTa
Cy[Ha IIpU [IOMOIIY LIJIaHTa ¥ 3a00pPTHOM BOJBI, ITOCTIe
4yero NnoJHUMaJiach Ha OOPT U ¢ Hee CHUMAJICA NPoOo-
OTOOPHUK C OTQUJIBTPOBAHHBIM MAaTepHuasioM, KOTO-
PBIM CMBIBAJICS AUCTUIMPOBAHHON BOAOU B €MKOCTb.
O0beM npoOBl pacCUMTHIBAJICA C Y4YeTOM ILIOIaau
paMBbl B MecTe KperuieHus ceTku (924 cm?) u cpegHei
ckopocTu TpajieHuA. Jlo sTama JiabopaTOpHOro aHa-
J13a IpoObl XpaHUJINCh B XOJIOAUJIbHUKE.

[TpoGn1 66T 0TOOpaHH! B aBrycre 2023 r. Beero
HENCTOHHOH ceThbi0 Tuma ManTa ObpUIO 0TOOpaHo 19
npo6, ¢uiabTpoBasbHON cucremoin — 21 mnpob6a. B
CyxogosabckoM, MuuypunckoM, KpacHoMm o3epax Kax-
JBIM MeTOAOM ObUIO OTOOpaHO OT 3 A0 5 TOYEUYHBIX
npo6, a B peke CBUpb no 2 npobsl. Tak Kak B ynoms-
HyTBHIX BBIIIe BOAHBIX 00beKTax TOYe4yHble NMPOOHI OTO-
OpaHHI B TeueHMe 1-2-x qHel 1 B OJHOM palioHe, TO OHU
00BbeJHEeHE! B COCTaBHbIe IIPOOHI 711 KXKAOT'0 BOJHOTO
o0BbeKkTa coOTBeTCTBeHHO. B JlagoxckoMm o3epe OBLIO
oToOpaHo 110 1 npobe ceTbio MaHTa B 7 pa3HbIX TOUKax
U 110 2 mpo6sl GUIBTPOBAIBHON CUCTEMOM B 4 pa3HBIX
TOYKaX, HaxOo[AIMXCA Ha 3HAYMTEJIbHOM YyJaJleHuu
JApYT OT Apyra, B CBA3U C 4eM I10JIyYyeHHbIe pe3yJIbTaThl
paccMaTpuBalOTCA KaK OT[AejIbHble TOYeyHble ITPOOHL
J1a nosydenusa pedepeHCHBIX 3HaUYeHUI U CpPaBHEHUA
MIOJIyYeHHBIX JaHHBIX MeXay co00M, KOHIleHTpaluu U
0o0beM npob [uia JIagoKCKoro o3epa NpefcTaBjIeHH B
BUJle Auana3oHa I0JIy4eHHBIX 3HaueHUl U Kak cpefHee
apudmMeTHieckoe Mexay IOJy4eHHBIMM KOHI[eHTpa-
uusaMu. O6beM BOABI B TOUEUHBIX Tp0OaX, 0TOOpPaHHBIX
ceTbio MaHTa coctaBsis1 ot 9,7 o 120 m3, B mpobax,
OTOOpaHHBIX HACOCHON (UIBTPOBAIBHOU CUCTEMOH, —
ot 0,04 o 1,1 m3 CymmapHbIi 00beM MPOPUITBTPO-
BaHHOU BOABI B Ipo6aX, 0TOOpaHHBIX pPa3HBIMU MeTO-
Jamu npuBefieH B Tabiune 1. 3HauuTesibHaA pasHUIA
B oObeMe BOJBI [IPU HCIIOJIb30BAaHUU Pa3HBIX METOI0B
00BbsACHAETCA YNOMAHYTBIMH BHIIle OCOOEHHOCTAMU
00enx KOHCTPYKII, a TakXe 3HaYUTeJIbHBIM 00beMOM
B3BecU B BOoJle B OTOMpaeMBblil Ce30H.

JlabopaTtopHas o6paboTka MpoO BKJIOYasa B
cebs pacTBOpeHHe OpraHWYecKoro Marepuajia IIpHU
oMol peakrusa ®entona (30% nepekuch BogopoJa
+ Fe(ll)-xatamuzartop). I[IpoObl, oTOGpaHHBIE CETHIO

ManTa, coepxajiy oueHb MHOI'O OPraHUYecKoro Mare-
puasa, B CBA3M C 4eM UX o0paboTka U Nnocjieayrouui
aHanu3 ObBUIM 3HAYMTEJbHO Oojiee TPyAO- U BpeMs-
3aTpaTHB! [0 CpPaBHEHMIO C IIpo0aMH, OTOOpaHHBIMU
unbpTpoBanpHON cucreMoil. [IpobGbl, oTOGpaHHBIE
cetnpio MaHTa, pubTpoBaauch yepe3 cetky 100 MKkM U
BCe KpynHble GparMeHTH (JINCTbA, BOAHAA PacTUTEIb-
HOCTb, HaceKoMble W Ap.) THIaTeJIbHO NPOMBIBAJIKCh
JUCTUJIJINPOBAHHOM BOJOM Ha Ty Xe CeTKy M yJaJid-
Jck. Bech oTuUIBTpOBaHHEBIN MaTepuasl IepeHOCUIICA
B TEpPMOCTaKaH, KyAa Ao0aBJiAsachk NepeKruch Bogopoaa
BMecrte ¢ Fe(Il)-kaTanuzaropoMm (06beM A0OaBJIEHHOTO
peakTyBa 3aBHces OT oObeMa OpPraHHWYecKoro Mare-
puaJia). IIpu ob6paboTke pod, OTOGpPaHHBIX GUIIBTPO-
BAJIbHOM CHUCTEMOH, OCaXJeHHBII MaTepuaj C CeTKHU
CMBIBaJICA B TePMOCTaKaH C aHAJIOTMYHBIM peaKTUBOM.
Hanee npoba BeIgepxXuBajach mpu Temneparype 75°C
Ha necyaHoll 6aHe MUHHMMYM B TedyeHHe daca. [asee
B NpoOy NOBTOPHO no6aBiisiach IepeKkuch BoAopoAda
1 Ipolecc MpoAoJIKaIcA [0 MaKCHMAaJbHO BO3MOX-
HOro yJaJIeHus opraHnyeckoro mMarepuasna. [ npoo,
oTOOpaHHBIX CeTbl0 MaHTa, Npolecc MOBTOPAJICA [0
4-5 pas. Ilocsie pacTBOpeHUA OpraHUKU OCTaBIIMICA B
CTakaHe MaTepHaJl OCTaBJIAJICA HA CYTKH, IIOCJIe 4ero
dunsTpoBasica yepes ceTky 100 MKM U CMBIBaJICA AUC-
TUWJINPOBaHHOM BojoN Ha uamku I[lerpu (ot 1 go 8
qaulek Ha 1 mpoOy B 3aBHCHMOCTU OT oObeMa Hepac-
TBOpHMBIIIErOCA OpraHuyeckoro Marepuaaa). [aiee
yamky [TeTpu HakpseiBaiauch ceTkoil 100 MKM U OCTaB-
JIAJIMCh IO TIOJTHOTO BBICBIXQHUS.

J1A KOHTpoJiA NIOOOYHOrO 3arpsA3HeHusA napaJi-
JIeJIbHO C peaJIbHBIMU ITpobamu 00pabaThIBaIiCh X0JIO-
cThle MpoOHI ¢ UCTUJLIMPOBAHHOU BOAoOH. Bo Bpewms
BCeX 3TarnoB JlabopaTopHOI 06paboTKU peasibHBIX P06
XOJIOCTBle NMPOOBI CTOAJIM PAAOM OTKPBHITBIMH, IIOCJIE
yero oOpabaThiBajiCh aHAJIOTUYHBIM 00pa3oM (BBIAED-
XUBaHMe ¢ peakTuBoM DeHTOHA, QUIBTPOBAaHNE, CMBIB
Ha yamky [leTpu). Bce sTansl 1abopaTopHOI 06paboTKU
Ipo0 MPOBOAWINCH B BBITSAXHOM MIKady, WCIOJIb30-
BaJICs XJIONKOBBIN XaJiaT, a BcA ocyaa U GUIbTp-CeTKU
IIPOMBIBJIMCh JUCTUJUJIMPOBAHHOU BOAOH Hemocpen-
CTBEHHO IlepeJ] UX HUCI0JIb30BaHHUEM.

[Nocie BEICBIXaHMA MaTepuasia yamky [lerpu aHa-
JI3UPOBAJIMCh NOJA MHUKpocKomoM. IIpeaBapuresbHas
naeHTUUKaNMA MUKPOIJIACTHKA MIPOBOAWJIACH BU3Y-
aJIbHBIMU MeToAaMU: OTOMpAJIUCh YacTHUIBl C OTCYT-
CTBUEM KJIETOYHOM CTPYKTYpH, C eAWHOOOpa3HOM!
TOJIIMHON M I[BeTHBle. YacTulbl, NpeaBapuUTeIbHO
naeHTUUIMpOBaHHbIE KaK Me3oIIacTuk (6osbiie 5
MM), MUKPOIUIACTUK (MeHbIlle 5 MM) MJIM MaTepuall
AHTPOIIOTEHHOr'0 IPOUCXOXAEHUA MOACYUTHIBAJINCE U

Ta6sauna 1. O6beM BOJibl, TOJIyYeHHBIN IpKU 0TOOpe ceThio MaHTa 1 HaCOCHOH (GUIIbTPOBAJIBHON CUCTEMOI.

BoHbIi 00bEKT O6BeM BOABI, O6BeM BOABI,
cerb MaHTa HacocHas GUIBTpOBaJIbHAA CHCTEMA
CyXx0/[I0JIbCKOE 03epo 300,7 m® 1,1 m°
MuuypHUHCKOe 03epo 96,8 m® 0,173 m®
KpacHoe o3epo 135,6 m® 1,2 m®
Pexa CBupb 20,1 m® 2,16 m®
Jlajoxckoe 03epo* ot 9,7 0 28,4 m® ot 0,5 10 2,2 Mm®

IIpumeuanue: *[{is1 JIagoXCKOro o3epa NprBejieH AUAana3oH 06beMOB TOYEUHBIX P00, OTOGPAHHBIX PA3HBIMU METOJAMHU.
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¢oTorpaduposanuck, 3annceHBalICA UX padmep, popma
(BosiOKHA, pparMeHTH], IIJIEHKH) U 1BeT. Jlasnee Haubo-
Jlee KpynHble (BUAYMBIE I'J1a3y) U HauMeHee arperupo-
BaHHble C OPraHWYecKUM MaTepuasioM 4acCTHLbl UT0JI-
KOH INepeHOCWJINCh B OTAeJibHyI0 vamky [leTpu njia
IocJieyIoniero aHajan3a XMMUYeCcKoro cocTaBa YacTHIL
CIeKTpaJIbHBIMU MeTOJaMHu.

Ananu3 XMMHYecKOro cocTaBa BBIOOpKM OOHa-
PY’KeHHBIX 4aCTUI] MUKPOILIACTHKA METOJOM CIIeKTpO-
CKOIIMM KOMOHMHAIIMOHHOTO paccesHus cBeTa (pama-
HOBCKOU CHEKTPOCKONMUM) B TreoOMeTpHUU 0OpaTHOro
paccesHuA cBeTa Ha cnekTpoMerpe Horiba Jobin-Yvon
LabRam HR800 Obu1 mpoBeneH Ha 6a3e HaydyHoro
IMapka CIIGI'Y (pecypcHbili 1neHTp «['eoMopesns»).
HnTepnperaliisa NpoBoAWJach Ha OCHOBAaHWU CpaBHe-
HUS C UMEIONUMUCA cieKTpaMu B 6a3e nanHbx Horiba
JY Raman Library FORENSIC V2.

Jl714 onpeiesieHNA Macchl MUKPOILIACTHKA JJIMHA
Y IIMpYUHA YacTULl U3MepsJINCh NPYU IOMOIIU ONTHYe-
CKOro MMKpockona. [lJif olpefesieHHs MaccChl BOJIO-
KOH [IOIIyCKaJIOCh, YTO OHU HUJIMHAPUYECKON (HOPMBI
[0 aHaJoTUM C JPYTrMMH HccjefoBaHuaAMHU (Simon
et al., 2018, Leusch and Ziajahromi, 2021). IlupunHa
BOJIOKOH IIpMHUMAJIach 3a AuameTp HNuiauHAapa. [ajee
BBIUHCJIAJICA O0beM 4acTHUI[Bl, KOTOPHIM YMHOXAaJICA Ha
IJIOTHOCTh HauboJiee 4acTO BCTpeyaeMbIX IOJIMMEpPOB
B OKpyXammlell cpefde (MOJWUNpoONUIeHa U IOJUITH-
jeHa) — 0,93 r/cm3.

@dparMeHTH U IIJIEHKH IPUHUMAJINCh 3a TapaJijie-
nenunes. Hanbospmuye qirvHa U mMUpUHA GparMeHTOB
pacCcUMTHIBAJIMCh MPU IMOMOIIM ONTHUYECKOTO0 MUKPO-
cxona. [Ipy HeBO3MOXXHOCTH U3MEPUTh ITOA MUKPOCKO-
[IOM TpeThe HarMeHblllee U3MepeHue, y IJIEHOK 3a Hero
npuHuMasiocs 30 MKkM, a y pparmeHTOB 50 MKM, T.K.
Bce parMeHTHl ObLJIM OTHOCUTEJIBHO IJIOCKUMU. YacThb
HauboJiee KPyIIHBIX 4acTuI| ObljIa B3BellleHa Ha aHaJIU-
tnueckux Becax Mettler ToledoXP205 (1jeHa gejieHus
- 0,01 mr, cpenHekBaJpaTU4HasA oOMIMOKa HU3MeEpeHU:
He 6oJiee 0,03 mr) Ha 6aze Hayunoro Ilapka CIIGI'Y
(pecypcHBIll LIeHTp «LleHTp AWArHOCTUKYU (QYHKLIUO-
HaJIbHBIX MaTepHaJIoB AJiA MeAUIMHbI, GapMaKoJIoruu
Y1 HaHO3JIEKTPOHUKW») JJI CpaBHEHUA pacyeTHOIo U
peasibHOr0 Beca pparMeHTOB. B ciyyasax, korga macca
(dparmeHTa okasbiBajiach MeHee IOpora YyBCTBUTEJIb-
HOCTH BeCOB, YacCTHUIbl B3BeIIMBAJINCh BBIOOPKOH B
koymmyecTtBe 20 WITYK, a Macca Kaxzaoro ¢dparmeHra
BBICUMTHIBaIach kak 1/20 ot oO1mel Macchl BBIOOPKU.

Juarpammel 1 rpaduky ObLIM IOCTPOEHEL B ITPO-
rpamMme Microsoft Excel 2019. [[na co3gaHusA KapThl
Touek oTbopa nmpob HcnoJib3oBajack nporpamma QGIS
3.14.15. Tlpu cTaTUCTUYECKOM aHau3e XapakTep
pacrnpefejieHusA JaHHBIX OBUI MPOBepeH IpU MOMOILU
kputepusa llanupo-Yuika. Jlasee paBeHCTBO BHIOO-
POK JaHHBIX TOYEYHBIX Mpob npu oTdope ceTbio MaHTa
U mpu orbope HAcOCHOU (UIBTPOBAJIBHON cUCTe-
MOJ aHaJIM3upoBajioch Ipyd mnomomu U-Kpurepus
ManHna-Yutau. KoadduiieHT paHroBoil KOppeJsisaiuu
CrnupmeHa OBLT MCIIOJIb30BAH [JIA OLIEHKU OTHOIIEeHUN
Mexay 06beMoM MpoOHl ¥ KOHIleHTpaluell MUKpOILIa-
cTHka. PacyeTsl MNpoBOAMJIKCH IIPU IIOMOINU BeO-caiiTa
Statistics Kingdom (Statistics Kingdom, 2017) u mpo-
rpammMbl Microsoft Excel 2019.
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3. Pe3ynbTarthbl

B xosiocTeix npob6ax 6bs10 o6HapyxeHo oT 0 go
5 BOJIOKOH, BU3YyaJIbHO IOXO0XWUX Ha MMKPOILJIACTUK.
CpemHee KOJIMYECTBO BOJIOKOH B XOJIOCTBIX IpoOax
— 1. KosuecTBO MaHHBIX YaCTHUI[ B XOJIOCTOH mpobe
BBIUMTAJIOCh U3 KOJINYeCTBa YacTUl], OOHapy>KeHHHIX B
peaJsibHOM 1pobe.

CpenHsAs KOHIEHTpalus MHKpOIUIaCTUKa B
HCCJIeJOBAHHBIX BOAHEIX OOBeKTax mpu oTrbope Mpod
ceThio ManTa coctasuia 0,7 + 0,5 yactun,/m® (MeguaHa
0,6 wactun/m?3), a mpu oT60pe GUIBTPOBAJIBHOIN CHCTe-
Mo — 8,5+ 11,5 vactun/m® (Mmeauana 4,1 gactun/m3).
KomnuectBo yacTull, 06HapyXeHHbIX B MpoOe, a TaKxe
KOJIMYEeCTBEHHbIE (YacTUIbl, M3) U pacyeTHhIE Macco-
Bble KOHIleHTpauuu (Mr/m®) AjA KaXOoro BOIHOTO
obbekTa rnpejcrasjeHsl B Tabuie 2.

Hawnbosbiirie KOHI[eHTpalUM MUKPOIJIACTUKA
OpUIM OOHapyXeHb B MU4ypUHCKOM O3epe IIpu oTOope
0060MMH MeTO[aMH, YTO BEPOSATHO CBA3AHO C TeM, 4TO
MecTo oTbopa mpobd HaXOJUJIOCh BO3JiIe aBTOMOOWJIb-
HOM Tpacchl U IULDK aKTMBHO MCIOJIb3yeTcA B peKpe-
alMOHHBIX Leysix. OfgHako 3HauyuTeJIbHblE KOHIIeH-
Tpanuy, MOJIyueHHble MPU OTOOpe (PUIHBTPOBAIBHON
CHCTEMO}1, BeposATHee BCero 00bACHAIOTCS MaJIbIM CyM-
MapHBIM O00beMOM IpOOBl B CBA3U C OOJBIIMM KOJIU-
yecTBOM B3Becu. HauMeHbIe KOHI[eHTpaluy HabJIio-
parorca B KpacHoMm o3epe, rae npoObl OTOMPaNCh
BAaJIU OT ypOAHU3UPOBAHHBIX TEPPUTOPHUE, a TaKxXe
B JlagoXcKOM o3epe, 3a HCKJIIOUeHHEM YCTbS peKu
BypHoii. CpaBHeHHe KOJIMYeCTBeHHbIX KOHIIEHTpalui,
[OJIy4eHHBIX ceTbi0 MaHTa 1 (PpUIbTPOBAJIBHOI CUCTe-
Moij, npuBefieHo Ha Puc. 4.

B JlagoxxckoM o3epe, rae npoObl 6L OTOOPaHE
B pa3HbIX TOYKaX, HauboJIbllIe KOHIIeHTpalluy MUKPO-
IJIACTHKA MOJIYYEHHI B YCThe peku BypHO, ABJIAIOmecs
OIHUM M3 OCHOBHBIX MPUTOKOB o3epa (1,4 yacTuilsl/m>
JUTs po6, oTOOpaHHbIX ceThio MaHTa, 10,8 vactui/m?
B rpo6ax, 0TOOpaHHBIX QUIBTPOBAJILHOU crCTeMOI1). B
peke CBUpB, TOXe ABJIAIOIIENCA OCHOBHBIM IIPUTOKOM
Jlajoryu, KOHIleHTpauuu MUKPOILIAcTUKa Npu oTbope
1po0 ceThblo MaHTa TakXe OKa3ajuch BhIIIe, YeM B JIpy-
rux Touykax orbopa (Puc. 5).
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Ta6suna 2. YncieHHbIe M MacCOBble KOHIIEHTPAaI[UH YacTUI] MUKPOILJIACTUKA B Pa3HBIX BOAHBIX 00beKTax.

BoaHbIi KoJ1-Bo yacTuif Kournen- Macca vacruii, KoJ1-Bo yacTuiy Kournen- Macca vacruii,
00BEeKT (ceTr ManTa) mocJe Tpauusa®, Mr/m3 (uacocHas ¢uis- Tpauusa®, Mr/m3
BbIYeTa MOGOYHOro | yacTuubl/m? (cetp MamnTa) TpOBaJIbHAsA vactunsl/m® | (HacocHas GpuisTpo-
3arpsA3HeHUs (ceTp MamnTa) cucTeMa) mocJjie (HacocHas BaJIbHasA CHCTEMa)
BBIYETA MOGOYHOrO |(PUIBTPOBAJIB-
3arpsA3HeHUs Has cUcTeMa)
Bonoxﬂalcbparmen'rm Bonomalq)parmemm Bonoxﬂaldaparmeﬂ'rm Bo.nom{al(l)parmemm
CyxoJi0JIbcKOe 128 0,4 0,004 6 5,5 0,009
03€po 100 | 19 0,0001 | 0,004 s | 1 0,003 | 0,006
MuuypurHCKOe 136 1,4 0,1 5 28,9 0,004
osepo 100 | 36 0001 | 01 s | 1 0,002 | 0,002
KpacHoe 21 0,15 0,0004 5 4,1 0,009
03¢po 17 | a4 0,0001 | 0,0003 T 0,002 | 0,007
Pexa CBupb 24 1,2 0,0003 2 0,9 0,00008
24 | - 0,0003 | - 2 | - 0,00008 | -
Jlagoxckoe 93 0,6%* 0,001 11 3,3%* 0,002
03€po 88 | s 0,0002 | 0,0008 n |- 0002 | -

IIpuMeuaHue: *KOHIEHTPANMA PACCUNTAHA KAK OTHOIIEHNE CYMMBI YacTull, OOHapyXXeHHBIX B 00beJUHEHHO! (COCTABHOI)

npobe, K CyMMapHOMY 00BbeMY BOIBI COCTABHOU HPOOHI

** s JIaJJoXKCKOTO o3epa KOHIIEHTpAI[UsA paccunTaHa Kak cpefHee apudmernyeckoe MexIy KOHIIEHTPAIUAMHU YacTHUI]
B TOYEYHBIX NPO0aX, OTOOPAHHBEIX B PA3HBIX JIOKAIMAX BBUJY CYIIeCTBEHHON IPOCTPAHCTBEHHOHN HEOJAHOPOAHOCTH JJAHHOTO

BOJHOTO OOBbEKTA.

OTcyTcTByeT 3HauuMas KOppesiALlUsa Mexay
006BbeMoM 0TOOpaHHOM TOYEYHO! IIPOOBI M KOHI[eHTpa-
nueii mukporuiactuka (KoadduipeHT KoppesAnuu
CnupmeHa, r 0,2). Tect Ilanupo-Yuika MokasaJi,
YTO paclpefiejieHle JaHHBIX He ABJIAeTCs HOPMaJIbHBIM
(W(19) = 0,9, p = 0,042 pna gaHHBIX, MOJTyYEHHBIX
cetrpio ManTa, W(21) = 0,52, p < 0,001 gy gaHHBIX,
[IOJIyYeHHBIX HACOCHOU (UIbTPOBAJIBHON CHCTEMOI).
U-tect MaHHa-YUTHU IIOKa3ajl OTCYTCTBUE CTATUCTU-
YecKY 3HAYMMBIX pa3JjInuvil MexJy BBIOOpKaMMU, COOT-

CUMTAaHHOMY B TOYeYHBIX Npobax mpu oTOOpe CeThio
ManTa, U KOJIMYecTBy, IOJIyueHHOMY IIpu oOTOOpe
duspTpoBasibHOl cuctemoli (p = 0,5).

Ha ananmuTtnueckux Becax OBUIO B3BemIEHO 26
yactul] (¢pparMeHTOB U IUIEHOK). CpefqHUIl Bec Hau-
OoJiee MeJIKUX U Jierkux ¢pparmeHTOB (OKoJIO 1 MM)
cocrasua 0,03 mr. Haubosee kpynHbBle (PparMeHTHI
(ueckosibko MM) — oT 0,11 go 0,61 mr. IIpu cpaBHEHUN
peasIbHOrO U pacyeTHOr0 Beca YacTHI| yCTaHOBJIEHO,
YTO OHU HAaXOJATCA B IIpejiesiax OQHOTrOo MOopsiKa U pas-

BE€TCTBYKOILIIMU KOJIMYECTBY MHKPOILJIaCTHKA, pac- HHUIIa MEXOy BbI60pKaMI/I HE CyIIeCTBEHHA (p = 0,7)
07144.55 0 25 50 75 xm
0,28 /0,46
047/0 Jlagoxckoe 03.
0,15/-
1,44/10,8
0,32 /-
1,19/ 0,46
p. CBups
0,52 /-

1,44/ 10,8 - KOHIIEHTpAINH MHKPOIIACTHKA
(yacTuubl/M?) B Ipo6ax, OTOOPaHHBIX CeThI0 MaHTa/
HACOCHOH (pUIBTPOBANLHON CHCTEMOH, COOTBETCTBEHHO

Puc.5. CpenHue KOHIIEHTpalUU MUKpPOILIACTHKa Ipu oTbope npob cetbio ManTa / npu oT6ope npob HACOCHOH GUIBTPO-

BaJIbHOU crcTeMOoU (4acTuil/mM?) B pa3HbIX TOYKax 0TOOpa.
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(HIBTpOBaTBHAA CHCTEMA

cetb MaHTa

0% 10%
W 100-500 MrM
3000-4000 MEM

20%

30%

40%
500-1000 MM
4000-5000 MEM

50%  60%  70%
1000-2000 MM

B> 5000 MEM

80%  90%  100%
W 2000-3000 MrM

Puc.6. [IporjeHTHOE COOTHOIIEHNE pa3MepoB OOHAPYKEeHHBIX YaCcTHI] MUKPOIUIACTHKA.

[lo pnuHe HaUOOJBIIETO U3MepeHUs O60Jb-
IMIMHCTBO YacTHUI] IPU HCIOJIb30BaHUM OOOUX MeTOo-
OoB Haxoautcsa B auama3oHe 100-1000 mxMm (47%).
JlaHHBIN Auana3oH OB Tak e pasfesieH Ha faBa: 100-
500 MxkMm u 500-1000 MKM [J1d OL[€HKH OOJIU MUKPO-
IUIacTUKa HauMeHbllero pasMmepa. IIpu orb6ope npob
ceThio MaHTa KoJIMYeCTBO YacTHI] B Auama3soHax 100-
500 mxM 1 500-1000 MKM nMes NPUMEpPHO OAWHA-
koBele gosu (22% u 25%, CcOOTBETCTBEHHO), OJHAKO
npu otbope npob PUIBTPOBAJBHON CUCTEMOU Cpeau
BCeX YacTHUI] MUKPOIUIACTHUKA Ipeobiaganu HMeHHO
HaumeHbIue - 100-500 mxm (41%) (Puc. 6). B To xe
BpeMs 4acTUIB Me3oIUtacTuka (6oJsibliie 5 MM) BCTpe-
YaJIMch TOJIBKO Npu oTHope ceThio MaHTta. KosnuectBo
YacTUI| yMeHbIIaeTcs ¢ yBeJIMYeHueM UX pa3Mepa, 4YTo
COOTBETCTBYeT HalUM MpeAbAyIUM HCCJIeJOBAHUAM
(Tikhonova et al., 2024) u gpyrum paGotam (Hale et
al., 2020, Leusch et al., 2023).

MeTomamMu CIEKTPOCKONNU KOMOWHAIOHHOIO
paccesHus 6bU1a poBepeHa BeIOOpKa u3 106 wacTul,
U3 HUX y 44 4YacTul] yAaJI0Ch MOJy4UTh JOCTOBEPHBIE
CIIeKTpHI NMoJIMepoB. Y 23 YacTull ObUIM OmIpefeJieHbl
TOJIBKO CHEKTpPBl Pa3JIMUHBIX KpacuTesier. 22 4acTUIbl
CIJIBHO (pJTyopeciypoBajii, UYTO TakKXe 3aTpyAHUJIO
ompejiesieHUe UX crekrpa. ¥ 17 vacrtul He yAaioch
onpefesiuTh CIIeKTP M3-3a HeCcOBIaJeHus ¢ pedepeHc-
HBIMM 3HaueHUAMM B 0aze MJAaHHBIX WJIM CUJIBHOTO
3arpsAsHeHus obpasia.

Haub6oJsbiiee kosiuecTBO 00pasIi{oB ¢ IOATBEPXK-
JEeHHBIM TIOJIMMEPHBIM COCTaBOM YyAaJioch IOJIyYUThb
AnA npob u3 Cyxo[oJibcKoro u MuUuypuHCKOTO 03ep.
OTO CBsA3aHO C HaJMuKreM OOJIBIIOro KojndyecTBa ¢par-
MEHTOB B Ipobax, OTOOpaHHBIX B 3TUX 03epaxX CeThIo
ManTa. YacTuibl MUKpOILUIacTuKa B (opMe BOJIOKOH
4acTo CUJIbHO (QJiyopecliipoBajii, B TO BpeMs Kak
creKTpbl GparMeHTOB U IJIEHOK OIpeJie/IsyInCch Ooiee
ycnentHo. B CyxodoJsibCKOM o03epe MpeoOJiafaroiiM
TUIIOM TIOJIMMEpPOB sBJiseTcs nojunponuieH (66%),
a Takxe mnoyusTuieH (33%), nmomuaTuiIeHTepdTanat
U TOJIUCTHPOJI BCTpPEYaJINCh B eQUHUYHBIX 3SK3eM-
mwisgpax. B MwuuypuHckoM o3epe mnpeobaJalominumMu
TUNIAMHU TIOJIMMEPOB ABJIAIOTCA NMOJUITUIEH (45%) u
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nosiunponuieH (41%), Takxke BCTpevyalTCs MOJUSTU-
JeHTepdTanat U noaucrupoJ. B KpacHom osepe niiA
HECKOJIBKUX YacTul] ObLIN Ollpe/iesieHbl TOJBKO CIIeK-
TPpbI IUTMEHTOB, MaTepuaJl YaCcTUL] OIIpeieJINTh He yaa-
Jock. Cpeu yacTul] npob, oTo6paHHBIX B JIagoXKCKOM
o3epe, [JIl KOTOPHIX OIpejesieH TUIl MaTepuaja Kak
CUHTeTUYeCcKUl oJuMep, peobaaas noJIUNpOoInIeH
(83%), Takxe BcTpeuasica MNOJUITHUIIEHTepedTanar.
B pexe CBupb ygasocb 06HapyXUTb TOJIBKO YaCTHI[BI
MoJINSTUJIeHTepedTasaTa.

Takum o6paszoM, MpeobIafalUMU  OJIUMe-
pamMu cpedu Bcex NMPOaHAJIM3MPOBAHHBIX YacCTUI] OKa-
3aymck nosunponuieH (54%) u nonustuiieH (34%),
KOTOpBIe OTHOCATCA K OCHOBHBIM THUIMaM IOJIIMEPOB
B BOJHBIX oObekTax (Dusaucy et al., 2021) u mosume-
pamMu ¢ HauboJpmMUM 00beMOM IJI06aJIBHOTO MPOU3-
BozcTBa (PlasticsEurope, 2022).

Ml mpeamnoJiaraeM, 4YTO YacTHIbl, Y KOTOPBIX
ObU1 ompefesieH TOJIBKO MUTMEHT, MOXHO YCJIOBHO
MpUHUMATh 3a CUHTeTHYecKue, T.K. Y HUX OTCYTCTBYeT
CIIeKTp LIeJUTIOJNIO3B], U OHU He IPOropawT IpH BO3/el-
cTtBuU Jjaszepa. diyopeciieHINA MoXeT OBITh CBsA3aHa
C HaJM4yueM KpacuTeJjisi B COCTaBe YacTUIl U JeJiaeT
HEBO3MOXHBIM OIIpeJiejleHle WX CIeKTpa, OJHAaKo
ecJI 4acTUIlBl He MPOropaloT Ha HEBBHICOKUX MOIITHO-
CTAX Jla3epa UX TOXE MOXHO YCJIOBHO NMPUHUMATH 3a
CUHTEeTHUYecKUe.

4. 06¢cy)xpeHue pe3ynbTaToB

B pesysipraTe JAaHHOTO 3KCIepUMeHTa OOHAapy-
XKeHbl OCOOEHHOCTH HaHHBIX MeTONOB yXe Ha 3Tare
camoro otbopa mpob. Tak, cetp MaHTa OoJiblile MOA-
XOOUT 1A OyKCcHpoBaHMsA Ha Hay4YHO-HCCJIEeNO-
BaTeJIbCKOM CyJHe u3-3a ee OOJIBLIIMX pa3MepoB,
a Takxe MOXeT OBITh HCIOJIb30BaHA TOJIBKO MJIA
oT6opa Mpob ¢ MOBEPXHOCTHOT'O CJIOA BOAHOM TOJIIIU.
@OWIbTPOBAJIBHYI0 CHCTEMY MOXHO MCIIOJIb30BaTh He
TOJIBKO AJ1A oTOopa nmpoO BOAH ¢ 6opTa cyAHa, HO U
C rpuvaja Wiy JIeJOBOro IIOKpOBa B 3UMHUIN NEPUOJ,
a TakXe OHa IO3BOJIAET OTOMpaTh NMPOOH C pas3jIny-
HBIX BOIHBIX TOpU30HTOB. OO6BEM OT)UIBTPOBAHHON
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BOJBl IIPY HCIOJIb30BaHUM ceTH MaHTa 3HauuTeJIbHO
6oJibllle, YTO IO3BOJIAET OTOOpaTh OoJjiee pernpe3eHTa-
TUBHBle MpOOB [JIA MCCIeJOBAaHUN MMKPOILJIACTHKA
B BoZe. B To e Bpems, HacocHas (PUIbTpOBaJbHaA
cucTeMa IMo3BoJisAeT 6oJjiee TOYHO OLEHUTh KOJINYeCTBO
[IPOKAaYaHHOro Yyepe3 Hee 00beMa BOJHI, a ee HUCI0JIb30-
BaHMe Jiyis1 oTOOpa Mpob B paiioHax ¢ 6ojiee BBICOKMM
YPOBHEM 3arpsA3HeHusA O0JIerYuT JajibHelmIyio Jiabo-
paTopHyi0 00paboTKy mpoOd, uyTo OBLJIO Takke OOHapy-
xxeHo B pabore (Karlsson et al., 2020). IIpouecc ot6opa
npo6 BOABI PUIBTPOBAIBHON CUCTEMOM HoJiee MO,
OAHAKO BpeMsd, 3aTpayeHHOe Ha uX J1abopaTOPHYIO
00paboTKy, HallpOTUB 3HAYMTEJILHO MeHbllle, 4eM AJIiA
po0, oTOOpaHHLIX ceThio MaHTa, 13-3a MeHbIIero o0b-
eMa 3a/iepXXaHHOIro Ha QUJIbTpe OPraHN4Yeckoro mare-
puana. TakuMm ob6pa3oM, ABa 3TUX MeTOAa UMEIOT Npo-
THUBOIIOJIOXKHbBIE JOCTOMHCTBA U HEJJOCTaTKU, ABJIAIOTCA
KOMIJIEeMEeHTapHbIMU U Ha JaHHBI MOMEHT peKOMeH-
JyeTcsa UCMOoJIb30BaHKWe oboux MeTofoB. K Takum xe
BBIBOJIaM IIPUIIJIM aBTOPHI, KOTOpPble CPaBHUJIU JaHHbIE
MeToAbl Ha npumepe o3epa TosteHse (Tamminga et
al., 2019).

KoHuenTpaiun MUKpoOILIacTMKa B pacueTe Ha
1 M3, mostyyeHHbIe IpU 0T60pe MTPo6 PUIIBTPOBAIBHOM
CHUCTEMOM, 3HAYMTEeJIbHO MPEBHINAIOT KOHI[EHTpalun
JaHHBIX YacTUIl Ipyu oTbope ceTbio MaHTa, 4TO Takxe
6bUT0 moJiyueHO B pabotax (Montoto-Martinez et al.,
2022; Frank et al., 2024). DTo MOXeT OBITh CBA3aHO KaK
¢ oTepel yacTull npyu orbope npob ceTbio MaHTa, Tak
U, B cJiydae ¢ GUJIbTPOBAJIbHOM CUCTEMOM, C BEPOATHO-
CTBIO IlepeyuyeTa KoJM4ecTBa 4acTHIl IpU MaJIoM 00b-
eMe mpoObI. PesysbraTel pabot (Karlsson et al., 2020;
Tamminga et al., 2019) TakXke Mmokasajd, 4TO 0OBEM
po0 3HAYWUTEJIbHO BJIMAET Ha WTOrOBBE KOHIIEHTpa-
UM, MO3TOMY HeoOXOoAuMO obecledyuTh OTOOp Mpod
J0CTaTOYHO OO0JIBIIOro o6beMa B HECKOJIbKUX IIOBTOP-
HOCTAX [J1A IOJIy4eHUs pellpe3eHTaTHuBHON BHIOODKHU,
MO3BOJIAIONIEN CTAaTUCTUYEeCKHM CPaBHUTh JlaHHBIE.
Cnengyer OTMeTHTb, YTO B paMKax MaHHOI pabOTH
HauOoJiblllie KOHIIeHTpally MUKpPOIUIACTHUKa ObLIN
oOHapyxeHB B MHUYypUHCKOM O3epe, Ifle CyMMapHBII
o6beM MpoOEI pU 0TOOPe PUIIBTPOBATIBHON CHUCTEMON
OKasaJics HauMeHbIINM, YTO IOATBepxkaaeT HeoOxoau-
MOCTbh OTOOpa 6oJibiioro oobema mpodsl (KesiaTesIbHO
He MeHee 1 M®). [{714 nostyyeHus 6ojiee penpe3eHTaTUB-
HBIX IPO0 AasibHellllee ycoBeplIieHCTBOBaHue QUIIbTPO-
BaJIPHOHN CHCTEMBI MOXeT 3aKJII04aThCs B yBeJIHM4YeHU!
JuaMeTpa IpPHeMHOIl YacT, Ha KOTOpPOH pacroJara-
10TCA QUIbTPH, YTO IMO3BOJIUT YMEHBIIUTb CKOPOCTb
3abuBaHuA (QUJIBTPOB B3BEChI0 M MPOKAYMBATL 0OJIb-
muril 06beM Boabl. OAHAKO JJIA MOJIy4eHUs OOJIbIIOro
o6beMa npoObl PU MOMOIIM HAaCOCHON (PUIIBTPOBAJIb-
HOM CHCTeMBl He00XOAMMO TakKe YUYUTEIBATh CE30HHbIE
0CO0EHHOCTH BOJHBIX OOBEKTOB.

[Tlepuon otbopa nmpo0 3HAYMTEJBHO BjIMAET Ha
addexTuBHOCTh 0TOOpA 1 J1abOPATOPHON MOATOTOBKU
po0, T.K. IPUCYTCTBUE OOJIBIIOrO KOJIMYeCTBa B3BeCH
B BoJAe B JIETHUM IepHOJ CUIbHO 3aTpyaHseT obpa-
00TKy U JajpHeHmuii aHanu3 npob. B cBA3u ¢ sTum
Ul Leyiell cpaBHeHHUA 3(POeKTHBHOCTU pa3IUYHBIX
MeTo0B 0Oe3 yuyeTa CEe30HHBIX KoJjiebaHMIl U THUApO-
JIOTUYEeCKOr0 peXuMa BOJHBIX OOBEKTOB PpeKOMeH-
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nyeTrcsi oTOMpaTh MpOoOB B MEpUOAbl C HAaUMeHbBIINM
coepxaHueM B3Becu. CeTp MaHTa peKOMeHIyeTCs
HCIIOJIb30BaTh MPU HEOOXOAUMOCTU OTOOpaTh MPOOHI
C ITOBEPXHOCTHOTO CJIOS B JIETHUH Iepuoj npu 60JIb-
IIIOM KOJI4eCcTBe B3BeCU U B 3BTPO(GUPOBAHHBIX BOJO€-
MaX, T.K. GUJIbTPOBaJIbHAA CHCTEMA B TAKUX YCJIOBUAX
ObICTpPO 3a6MBaeTCs U NOJIyuYeHHble JaHHBIE IPU 0TOOpe
JIAaHHOHM cHUCTeMOHN mpu oObeMe mpoOH MeHee 1 M3
MOryT OBITh He penpe3eHTaTHBHHIMU (Kak, HalpuMep,
B 03. MUYypHHCKOM).

Taxxe ciegyeT OTMETUTh TPYIHOCTH, BO3HU-
Kawle IpU ONpeJiesileHUM IOJIMMepOB MeToJaMu
CIIEKTPOCKONNY KOMOMHAIIOHHOTO pacCesHUs CBETa.
3aTpygHeHUs MOI'YT BO3HUKAaTh ellle Ha 3Tare Ipo-
60noAroTOBKY HanboJiee MEJIKUX YacTUll, KOTOpHIE
HYXHO OTAEJUTh OT OpPraHHYecKoro BeljecTBa (opra-
HUYECKOHN CpeJbl-OKPYXeHUs, B KOTOPOIl HaxoJuJiach
YyacTuua), U IepeHecTU B OTHAeJIbHYI0 vamky [leTpu
IUIA mocjienyiomiero aHanusa. TakuMm ob6pasoM, yalie
BCEro yIaeTrcsA INPOaHAJIM3MPOBATh TOJIBKO Haubosee
KpyIHBIE BOJIOKHA, a Takxke (parMeHTH. B maHHOM
HccyIeJOBAaHUM OIpe/IeJIUTh CIEKTP BOJIOKOH OKAa3bIBa-
JIOCh 3HAYUTEJIBHO TPYQHee 13-3a 4acTol ¢JiyopecrieH-
1y o0pasIoB, B TO BpeMs Kak ¢ ¢parMeHTaMu TaKUX
TpyZAHOCTel ObUI0 MeHbIle. OJHAKO MMEHHO BOJIOKHA
COCTABJISIIOT OOJIBIIMHCTBO YacCTHUI] MUKPOILIACTHKA B
ecrecTBeHHBIX cpefiax (Acharya et al., 2021). B aToi
CBA3M, HCIIOJIb30BaHUe ceTH MaHTa Takxe MoxeT obe-
CIeYuTh NonafaHue B NMPOOH MMEHHO (parMeHTOB U
IJIEHOK, MaTepuajl KOTOPHIX YCIIENIHO OIpeesieTcs
CIeKTpaJIbHEIMU MeToJaMu. B mpobax, oToOpaHHBIX
puUnbTpPOBaNBHON CUCTEMOM, a TakXe B HalIMeHee 00b-
eMHBIX Ipo6ax, 0To6paHHbIX ceTbio MaHTa (JIagoxckoe
o3epo u peka CBupb) OOJIBIINHCTBO OOHAPYXEeHHBIX
YacTUll NPUXOJUJIOCh HAa HAMMEHBIINH pa3MepHBII
[Uana3oH M IPaKTU4YecKH He BCTpedasioch ¢dparMmeH-
TOB, UTO CYIIeCTBEHHO YMEHBIINJIO BEIOOPKY, KOTOPYIO
MOXHO [POAHaIM3UPOBaTh. IIOMHUMO 3TOro, y HeKOTO-
PBIX YaCTHUIl CIIEKTPHI He COBIANAJIU C UMEIOINMUCS B
6aze JaHHBIX, YTO MOXeT OBITh CBSI3AHO KaK C Jlerpaja-
ueli obpasiia B rpoliecce OBITOBAHMS, TaK U C pa3IniU-
SIMU B 3aMeCTUTeJIAX 1JIs OJIM3KUX I10 KJIACCY BellecTs,
a Takxe ¢ OrpaHUYeHUsIMHU caMoi OMOJIOTEKM.

5. 3akniouenue

BrUlo mnpoBeeHO cpaBHEHHE [IByX MeETO/IOB
oTbopa mpo6 BOAB Ha MHUKPOIUIACTUK Ha IpuMepe
Jlagoxckoro osepa M peku CBUpb, a TakXe [PYrux
o3ep, paHee He HCCJIEJOBAHHBIX Ha cofepXaHHe [JaH-
HBIX yacTull. Pe3ysbraThl okasaju, YTO HECMOTPS Ha
6oJiee BBICOKME CpeJIHMe KOHIIEHTpaIi MHKpPOILIa-
CTUKa Mpu 0oTOOpe Mpob HACOCHOU (PUIBTPOBAIBHON
CHCTEMOI MO CpaBHEHMIO C MpobaMu, 0TOOpaHHBIMU
ceThi0 MaHTa, JaHHbIE COIIOCTABUMEL. YUUTHIBasI JOCTO-
MHCTBA U HEIOCTaTKU OOOUX MeTONOB, Ha [aHHBII
MOMEHT HeJIb3sl cJleJIaTh BEIBOJ O TOM, YTO KaKOH-TO U3
HUX 0O0JIbIlle TOOXOAUT AJIA UCCIIeJOBAaHUIT MUKPOILIA-
CTHKA B BOJHBIX OObeKTax. J[aHHble METO/IbI SIBJIAIOTCS
KOMILIEMEeHTapHBIMU U UX CJIelyeT HCIIO0JIb30BaTh C
ydeToM HayuHbIX 3afad. Cerb MaHTa 6oJibllle IOJXO-
IUT A1 oT6opa 60JIbIIOro 06eMa BOJIbI C IOBEPXHOCT-
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HOT'O CJIOA B KpaTkue cpoku. HacocHas GuUiIbTpOBasIb-
HasA cUcTeMa MOAXOAUT IJiA oT6opa Mpob Ha JIIOOBIX
BOJIHBIX T'OPU30HTAaX U B TMOBEPXHOCTHOM CJIOE€ MpHU
He6GOoJBIIOM O0bheMe B3BeCH. Ji CpaBHEHUs JAHHBIX,
MOJTyYEeHHBIX Pa3HBIMU MeETOJaMu, HeoOXoAuMo obe-
creynTh 0TOOp O0JIbIIOro 06bemMa BOABI, UTO B cJiyyae
C HacoCHOUM (UJIbBTPOBAJILHON CHCTEMON IpeJCcTaBJisf-
€TCs1 BO3MOXHBIM TOJIBKO B MEPUOJ], KOTJIa COAEPKaHUE
IUTAHKTOHA ¥ MYTHOCTH BOJBl MUHUMAaJIbHBL.

bAaaropapHoCTH

PabGora BHIIOJIHEHAa B paMKax TIoOCyAapCcTBeH-
Horo 3amanusa MHO3 PAH - CII6 ®HUI] PAH (tema
FFZF-2024-0002 «CoBpeMeHHble YrpO3bl BOAHBIM
o0beKTaM M HHHOBAIlMOHHBIE METOABl MX COXpaHe-
HUA, BOCCTAaHOBJIGHUA M PalMOHAJIBHOIO MCIO0JIb30-
BaHUsA»). CeTb MaHTa npuoOpeTeHa IpU NOAAEpPXKKe
doHa noaaepXXKU MOJIOABIX YUeHBIX UMeHU ['eHHaauA
Komuccaposa. HccienoBaHue npoBefieHO C MCIOJIb30-
BaHHeM 000pyAoBaHUs pecypcHBIX LleHTpoB HayuHoro
nmapka CIIGI'Y «['eomopmenb» U «lleHTp AUArHOCTUKU
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MaKOJIOTMH U HaHO3JIeKTPOHUKU». ABTOPHI OJ1arogapAT
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3a IoMollb ¢ 0TO0poM Ipo6 B Masbix o3épax u R.A.
Todoroff, MA, [lerpoiit, MuuuraH, CIIIA 3a npydpu-
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ABSTRACT. The film “Diatoms: Life in Glass Houses”, produced in 2003, covers various aspects of this
ecologically important class of algae, such as their occurrence, cell biology including cell division and
reproduction, morphology, morphogenesis, motility, and the formation of colonies. The aim of this work
is to review and comment on some of the aspects presented in the video in the light of current knowl-
edge. Special attention will be given to the constraints imposed by the solid silica wall and how diatoms
cope with them. No attempt is made to be comprehensive.
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Preface

The Cytographics film Diatoms: Life In Glass
Houses, is a true testament to the scientific love and
passions of its creator, Dr. Jeremy Pickett-Heaps. His
excitement for all things algal was evident to all of
his colleagues and students, and he seemed to have a
special interest in the diatoms. Their cell wall morpho-
genesis, their method of chromosome separation and
spindle formation during cell division, and their unique
manner of cell movement - they all were fascinating to
Jeremy.

One of Jeremy’s biggest goals in the lab was
to make high resolution detailed observations of cell
phenomena, in both real-time recording and electron
microscopy, in order to, in his words, “let the cells
themselves tell you about what they are doing”. For his
live and time-lapse filming he used high resolution opti-
cal microscopes fitted with 16mm film cameras, photo
cameras, and video cameras. He often put the cells into
specialized hand-made cell chambers or mounted the
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cameras or lighting on numerous types of handmade
platforms and brackets to get that perfect orientation
for the shots. The entire filming room even had the
ability to be cooled down if necessary in order to film
cells that needed to be kept in cooler environments.
Jeremy also had a never-ending desire to present these
observations in a way that would generate the most
interesting, beautiful, and instructional educational
tools. His formation of the company Cytographics with
his wife Julianne to produce high-quality educational
films merged all of these aspirations.

This film explores many aspects of diatom behav-
ior, using live and scanning electron microscope obser-
vations made in his lab, and demonstrates the enthu-
siasm Jeremy had for these beautiful cells and their
unique forms of cellular behavior. It is the hope of the
authors that this paper will expand upon the original
presentation by discussing some of the information and
observations that have emerged since the video’s initial
release, and reignite some of the excitement and awe
for these cells in a new generation of scientists.

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

Twenty one years ago, biologist Dr. Picket-Heaps
published a teaching video, Diatoms: Life in Glass Houses
(Pickett-Heaps, 2003; Pickett-Heaps and Pickett-Heaps,
2022), shedding light on the fascinating world of dia-
toms - one of the most abundant and diverse groups
of photosynthetic microalgae. These remarkable organ-
isms play a pivotal role as primary producers in aquatic
ecosystems. Their intricate amorphous silicon dioxide
shells, known as frustules, are adorned with ornate and
porous features (Round et al., 1990). The frustules are
eponymous for this movie, and hence it can be expected
that they play an important role in it — as they may also
do for the organism, although this aspect is still widely
unknown and debated today (Goessling et al., 2024).
As we commemorate the anniversary of this publica-
tion, it presents an opportune moment to not only pay
homage to Dr. Pickett-Heaps’ work but also to reexam-
ine and expand upon its content (Fig. 1) through the
lens of contemporary scientific advancements.

Advancements in the field of diatom research
over the past two decades have been profound, encom-
passing some developments that have enriched our
understanding of these microorganisms. Researchers
have looked into various facets of diatom biology, ecol-
ogy, and biogeography, uncovering new dimensions
of their importance and functionality within aquatic
ecosystems (Keck et al., 2016; Soininen and Teittinen,
2019). One notable advancement lies in our comprehen-
sion of the molecular mechanisms controlling frustule
formation and silica biomineralization (Hildebrand and
Lerch, 2015). Additionally, advancements in imaging
techniques, such as electron microscopy and atomic
force microscopy, have enabled researchers to explore
the ultrastructure of diatom frustules with more detail
(Luis et al., 2017). Optical microscopy capabilities have
been enhanced by the use of special fluorescent dyes
that penetrate living cells and stain only growing sili-
ceous structures (see Table 1/ Fig. 3). Furthermore, the
field has witnessed a burgeoning interest in the eco-
logical roles of diatoms beyond primary production
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(Leblanc et al., 2018), including their interactions with
other organisms (Amin et al., 2012), contribution to
biogeochemical cycles, and responses to environmen-
tal changes such as ocean acidification and climate
warming (Jin et al., 2024). Studies have elucidated the
ecological significance of diatom diversity, distribution
patterns, and functional traits in shaping aquatic eco-
systems and influencing global biogeochemical cycles
(Benoiston et al., 2017). The advent of high-through-
put sequencing technologies has expanded and partly
updated diatom taxonomy and ecology within this
diverse group (Visco et al., 2015; Rimet et al., 2018).

Certain aspects of Dr. Pickett-Heaps’ teachings
may warrant reevaluation in light of these novel find-
ings and evolving perspectives. For instance, our under-
standing and thoughts of diatom ecological niches,
community dynamics, and responses to anthropogenic
stressors has evolved (Behrenfeld et al., 2021; Jin et
al., 2024), necessitating a reassessment of the ecologi-
cal principles governing diatom ecology. There has also
been substantial work on the silica structures and genes
involved in the process of biomineralization in diatoms
(Hildebrand and Lerch, 2015), including identifying
genes for cingulins (involved in patterning), silicon
transporters (involved in silicon uptake and concen-
tration), and silaffins (silicon biochemistry). Moreover,
there is also increasing interest and active work in the
applied biology of silaffins to understanding general
patterning and formation during biomineralization
(Pamirsky and Golokhvast, 2013; Lechner and Becker,
2015). In conclusion, while Dr. Pickett-Heaps’ seminal
work laid the foundation for our understanding of dia-
toms with emphasis on reproduction and frustule devel-
opment, the past two decades have had some advance-
ments in diatom research, spanning molecular biology,
ecology, and biogeography, as well as the application
of diatom products in modern technologies (Fu et al.,
2015). As we reflect on the anniversary of “Diatoms:
Life in Glass Houses,” it serves as a poignant reminder
of the dynamic nature of scientific inquiry and the con-
tinuous quest for knowledge in unraveling the myster-
ies, still existing in our natural world.

}: Diatomaceous Earth
g 2: Distribution & Ecology
It

Products and Applications
Glass Walls U i

[] Frustule Morphology
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Fig.1. Chapter Analysis of «Life in Glass Houses» Video. The video is segmented into 20 chapters, each exploring various
aspects of diatom research. Our color-coded visualization highlights the diverse range of topics addressed by Picket-Heaps, with
segment sizes in the pie chart reflecting the duration dedicated to each exploration.
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Table 1. Biosilica trackers for the study of diatoms

Substances A, Nm A, DM Fluorescence Medium Reference
quantum yield
. In water for the cationic
Rhodamine 19 525 550 0.63 form Rh19H* Arbeloa et al., 1991
“Rhodamine 6G 526 551 0.59 In water Arbeloa et al., 1991
384 540 0.31 Buffer solution pH 3
Sabnis, 2015
PDMPO (DND-160) 329 440 0.34 pH 7.7, water
338 510 0.38 pH?7, in the presence of | g\ i et al, 2001
silicic acid
HCK-123 485 535 - pH 7, water Desclés et al., 2008
NBD-N3 500 551 0.015 pH 7, water Danilovtseva et al., 2013
NBD-N2 490 554 0.061 pH 7, water Danilovtseva et al., 2019
Rhod-N3H 465 590 0.134 pH 7, water Danilovtseva et al., 2019
Q-N2 419 480 0.074 Aqueous silica nanoparti- | /ooy et al., 2019
cles, pH 5.5
Flunet 455 520 0.279 pH 7, water Annenkov et al., 2024

Note: * More rhodamines with similar spectral properties are described in (Kucki and Fuhrmann-Lieker, 2012).

Here we provide an update on the field of dia-
tom research, following the sequence of the teaching
video provided by Pickett-Heaps. The aim is to review
how the field of diatom research developed within the
past 20 years, and we take the opportunity to discuss
selected aspects from the video within the past devel-
opment in more detail. In the following text, notes are
given on topics where the authors consider that new
insights and perspectives have emerged. The notes fol-
low the chapter structure of the film. We would like
to mention that the original publication is available
with subtitles in different languages (Pickett-Heaps and
Pickett-Heaps, 2022). At the time of submission, subti-
tles are available in English, German, Hebrew, Hindi,
Italian, Japanese, Russian, French and Spanish. Others
may follow.

2. Results and discussion
2.1. Notes on Chapter 1 “Diatomaceous
Earth”

Recent applications beyond the use of Diatomaceous
Earth:

The teaching video begins with an airplane
ride over Diatomaceous Earth deposits near Lompoc,
Southern California, offering insight into the geolog-
ical significance and widespread distribution of dia-
toms. This opening segment, though untitled (we here
interpret it as Chapter 1, and named it “Diatomaceous
Earth”), serves as a fitting introduction, highlighting
the historical use of this natural material. In fact, diato-
maceous Earth has a history as building material, even
influenced prominent structures like the Hagia Sophia,
and played a pivotal role in key enabling technologies,
including Alfred Nobel’s dynamite (Ghobara and Mousa,
2019). While the video touches on previous technolog-
ical applications of diatomaceous frustules, it is essen-
tial to mention also some more recent advancements
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in its utilization. Contemporary research has revealed
properties, such as a low Young’s modulus of elastic-
ity (Hamm et al., 2003), Eigenfrequencies (Andresen
et al.,, 2024), hydrodynamic properties (Losic et al.,
2006), or slab photonic crystal properties (Goessling et
al., 2020Db), giving rise for application in bionic frontier
and emerging technologies (Rabiee et al., 2021).

The observation that frustules exhibit photonic
properties - i.e. light-matter interaction through struc-
tural design at nanoscale - has been documented for
decades, evident in their colorful appearance under
specific lighting conditions, despite being composed
of amorphous silicon dioxide, transparent for light in
the visible spectral range. However, recent studies have
demonstrated that certain frustule components func-
tion akin to slab photonic crystals (Fig. 2), owing to
their precise nanoscale structure and ability to manip-
ulate light (Goessling et al., 2020b). The groundwork
for looking at diatom frustules from this perspective
was laid by Fuhrmann et al., 2004, who proposed this
concept for the frustule parts (valves and girdle bands)
of the species Coscinodiscus granii using numerical
simulations. Of particular interest is the fact that the
concept of slab photonic crystals was developed in the
late 1980s (Yablonovitch, 1987), but that these struc-
tures may have already existed in the oceans millions,
or even hundreds of millions of years before human
invention. Slab photonic crystals are characterized by
their relatively simple structural configuration, which
enables the manipulation of light in up to three dimen-
sions. The periodic nanoscale dimensions are aligned
with refractive index contrast and the wavelength of
light, resulting in interactions that lead to guided and
prohibited light frequencies within the crystal struc-
ture. Just 15 years after the initial numerical proposi-
tions, slab photonic crystal properties were experimen-
tally confirmed in the girdle bands of the species C.
granii (Goessling et al., 2020b). It was verified that the
structure opens a photonic bandgap in the near-infra-
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Lambda (nm)
Normalized reflectance

Theta (°)

Fig.2. Photonic properties of diatom frustules with potential application in advanced optical technologies. A) Blue irides-
cence over valves of italicize Coscinodiscus granii, potentially attributed to Mi-scattering across its hexagonal nanoporous struc-
ture. B) A dark-field view of the italicize C. granii girdle band. C) Microscopic depiction of a half-girdle band illuminated from the
right with white light. The authors observed green and blue-green hues viewed through objective lenses with different numerical
apertures. A broad red spot is visible at the focus of the girdle band. D) More recent research experimentally confirmed that gir-
dle bands are slab photonic crystals. E) Fourier-space imaging demonstrating the properties of slab photonic crystals, including
reflectance of the photonic stopband, determined as a function of angle of incidence (Theta) and spectral illumination. In water,
the stopband occurs in the near-infrared spectral range at normal incidence (Theta = 0°). The white dashed line shows modelled
data based on refractive index approximation. A) and B) are reproduced from (Goessling et al., 2020a). C) is reproduced from
(Fuhrmann et al., 2004). D) and E) are reproduced from (Goessling et al., 2020b) under common license agreement.

red spectral range while facilitating light guidance in
the green spectral range when immersed in water. Such
properties find applications in modern technologies
encompassing telecommunication, information, and
quantum logic technologies, as well as light harvest-
ing technologies and battery applications (Armstrong
and Dwyer, 2015). Frustules have also been proposed
as platforms for plasmonic applications, useful, for
example, in surface-enhanced Raman spectroscopy and
various sensing applications (Wardley et al., 2021; De
Tommasi and Chiara de Luca, 2022).

Fluorescent vital dyes

The development of techniques to integrate
amine-containing fluorescent dyes during growth has
added new properties to the siliceous material and
facilitated information about its formation. It was found
that rhodamine 123 at a non-toxic concentration could
penetrate the frustules, creating fluorescent silica (Li et
al., 1989). The idea of using rhodamines in the biotech-
nological synthesis of highly ordered fluorescent mate-
rials was developed in (Kucki and Fuhrmann-Lieker,
2012). A specific disadvantage of rhodamines is the
small gap between staining and toxic concentrations.
The high quantum yield in aqueous medium made fluo-
rescence microscopy of live cells difficult (need to wash
off the dye). In addition to rhodamines, low-toxic dyes
with other fluorophore groups have been developed
(Table 1), and diatom valves with red, yellow-green,
and blue fluorescence can now be obtained (Fig. 3).
Fluorescence staining increases our ability to study
valves and girdle bands morphology using confocal
microscopy.
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2.2. Notes on Chapter 3 “Glass Walls”

Are frustules cell walls?

In the video, the term “glass walls”, “walls”, or
“cell walls” is frequently used to describe frustules,
which are doubtless a type of wall-like structure.
However, it is essential to discern whether frustules
possess the defining characteristics specifically of cell
walls, in biological terms. Traditionally, a cell wall is
an extracellular structure, meaning it exists outside the
cell membrane. This is the case of the frustule in its
final form, as it serves as an extra-cellular barrier or
structural support system. Generally, a cell wall acts
as a physical barrier against chemical or biological
agents, such as bacteria and viruses, and contributes to
the structural integrity of the cell (Zhang et al., 2021).

Fig.3. Fluorescence and confocal (bottom) images of
different italicize Ulnaria sp. valves after culturing with the
addition of dyes (blue: Q-N2; red: Rhod-N3H; and green:
NBD-N2; refer to table 1 for references). Developed over the
past 20 years, these dyes are incorporated into newly formed
frustule parts, enabling the expansion of the range for targeted
exploration in experiments requiring specific wavelengths.
Experimental details for the doping procedure are available
in Annenkov et al. 2019. Scale bar represents 10 um.
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Nevertheless, the formation process of dia-
tom frustules challenges this conventional notion. It
is believed that frustules originate, at least partially,
within the cell itself, thereby complicating the clear
delineation between intracellular and extracellular
structures typically associated with cell walls. Although
frustules provide analogous functions to traditional cell
walls in terms of structural fortification and defense,
their unique formation process blurs the distinction
between intra- and extracellular domains. Studies have
indicated that certain components, such as valves, orig-
inate inside the cell (i.e., within the plasmalemma)
before being extruded through a yet unidentified
mechanism of exocytosis (Hildebrand et al., 2018).
Conversely, emerging research indicates that some
frustule elements might undergo formation outside the
cell (Mayzel et al., 2021).

The nature of this internal formation of wall
components followed by secretion to the cell exte-
rior is likely related to similar processes seen in other
algae such as chrysophytes in which silicified scales are
formed internally then secreted. This internal mineral-
ization and secretion of wall components is typical of
several members of the algal silicifiers (Lengyel et al.,
2023).

Active regulation of cell buoyancy

Regarding cell buoyancy, an interesting recent
observation regarding centric diatom motility has been
made, in which the centric cells appear to be able to
actively adjust their placement within the water col-
umn (Krishnamurthy et al., 2019). While the mecha-
nisms behind this have not been determined, it is pos-
sible that some centric cells may be able to actively
regulate their buoyancy via osmotic regulation of small
changes in cell volume as has been observed in some
dinoflagellates (Larson et al., 2023).

“centric”

2.3. Note on Chapter 4 “Centrics,
Pennates”

The use of the terms “centric” and “pennate” in dia-
tom taxonomy, based on DNA sequencing methods

Diatom frustules are generally constructed
around one of two types of symmetry: radial and bilat-
eral. This is one of the most obvious characters of a
diatom frustule in general, and the two categories of
symmetrical organization have largely served as the
first dichotomy in their systematics and classification:
the “centrics” (radially symmetrical) and the “pen-
nates” (bilaterally-symmetrical). As more diatoms were
described and the observational power of available
tools increased, so did the number of morphological
categories used in their classification, to include radi-
ally symmetrical taxa with prism-shaped valves (the
“Mediophyceae”) and bilaterally symmetrical taxa with
and without paired slits (“raphe slits”) through the
valves through which mucilage is extruded for motil-
ity (the “Bacillariophyceae” and “Fragilariophyceae”,
respectively).

However, even with these additional categories,
the core dichotomy has remained. Molecular data, such
as DNA and RNA sequence data as well as genome orga-
nizational patterns, have suggested this dichotomy is
not necessarily reflective of the evolutionary history of
diatoms. One of the first attempts to construct a classifi-
cation of diatoms based on DNA sequence data (Medlin
and Kaczmarska, 2004) found that the centric dia-
toms were not monophyletic (Fig. 4), a result encoun-
tered again and again with the addition of more taxa
(Alverson et al., 2006, Medlin et al., 2008, Sorhannus
and Fox, 2012) and more data (Theriot et al., 2015,
Nakov et al., 2018).

“pennate”

Subdivision
Coscinodiscophytina

Class Coscinodiscophyceae Class Mediophyceae

Class Fragilariophyceae

Subdivision
Bacillariophytina

Class Bacillariophyceae

ILAALS

sensu Nakov et al. 2018

Fig.4. Tree diagram of the molecular phylogeny of diatoms based on Figure 1 in Nakov et al., 2018, a phylogenetic tree
based on a concatenated 11 gene dataset from 1151 diatom taxa. The clades are colored by the class designations of Medlin
and Kaczmarska, 2004 (labeled above the solid lines). The subdivision taxonomy above the “dot-dash” line is also derived from
Medlin and Kaczmarska, 2004, while the classic morphological categories of “centric” and “pennate”, based on valve outline and

symmetry, are indicated above the dotted line.
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The influence these results have on the utility of
the terms “centric” and “pennate” on diatom classifi-
cation has been debated (Medlin, 2009; Williams and
Kociolek, 2010), but one could argue that the use of
molecular data has spurred some interest in search-
ing for other characters which diagnose the molecu-
lar clades, such as intracellular organization and sex-
ual reproductive characters, discussed below. DNA
sequence has supported the hypothesis that “reversals”
happen, where taxa which are radially-symmetrical
occur in the phylogenetically-derived “pennate” clades.
Round and Mann (1980) proposed Coscinodiscus nitidus
was more closely related to the fragilariophycean pen-
nate Rhaphoneis than any centric genus when they trans-
ferred the taxon to the new genus Psammodiscus, on the
basis of the ultrastructure of the valve. DNA sequence
data was used to identify a second pennate genus which
has regained radial symmetry: Astrosyne (Ashworth et
al., 2012). This taxon also shares ultrastructural char-
acters with its closest genetic relatives—the pyrenoids
of their chloroplasts oriented into a siliceous, circu-
lar internal wall—which are bilaterally symmetrical
fragilariophyceans. Molecular phylogenetics have also
consistently resolved the radially-symmetrical, circu-
lar-valved order Thalassiosirales within the clades of
the radially-symmetrical, prism-valved Mediophyceae
(Medlin and Kaczmarska, 2004, Theriot et al., 2015,
Nakov et al., 2018). Clearly, shape and symmetry alone
(and the terms “centric” and “pennate”) should be
reserved for descriptive purposes but not to infer classi-
fication or phylogenetic relatedness.

2.4. Note on Chapter 7 “The Microtubule
Center (Centrosome)”

Microtubule Centers as universal structures for spa-
tial control of eukaryotic cell structures

As outlined and so beautifully displayed in the
film, diatom microtubule centers (centrosomes) are
extremely well defined in some diatom species, acting
as localization sites and guiderails (via their associated
microtubules) for the placement of numerous organ-
elles, and the localization of the spindle in mitosis. The
suggestion that diatoms can be useful model organisms
to understand such basic cell biology processes has
been further validated in the intervening years. Recent
studies (Petrova et al., 2023) have used genetic data
from a number of diatoms to demonstrate that diatom
microtubule centers have a number of components in
common with centrosomes from a wide range of plant
and animal species, including Aurora A, Centrins,
Nucleolins, and Gamma (y) Tubulin Complexes. These

y-tubulin complexes are thought to be universally cru-
cial to the organization of cell components in eukary-
otes (Teixid6-Travesa et al., 2012). The movement and
placement of centrosomes and their centrosomal micro-
tubules are responsible for the movement and place-
ment of cellular components and endosomal particles in
eukaryotes, mainly via motor proteins such as kinesins
and dyneins (Bonifacino and Neefjes, 2017; Hannaford
and Rusan, 2024).

2.5. Notes on Chapter 9 “Motility”

Movement of the diatoms of a Bacillaria paradoxa
colony

The collective, synchronous movement of
Bacillaria paradoxa colonies is commented on in the
film as follows: “Presumably, their motility system
responds to a communal signal, which synchronizes
movement and ensures that it occurs in one direction
in all the cells and then in the other.” First, the direc-
tion of movement of diatoms in colonies in a steady
state is considered. More complex movement sequences
occur when, for example, after switching on a light,
resting colonies show a transient oscillation before they
move synchronously. The alternation of expansion and
contraction is typical for smaller colonies as they can
be seen in the movie. There is a period during which
the colony remains in a stretched state. Then, the dia-
toms begin to move relative to their neighbors, with the
movement often starting with the diatoms at the ends
of the colony. The diatoms begin to move one after
the other. There is therefore always a small time delay
between the relative movements. The colony contracts
and expands until it comes to rest again. The direction
of movement is then reversed, and the colony returns to
its original position through contraction and expansion.
Fig. 5 shows such a colony shortly after it has started to
move. The outer diatoms have already begun to move.

A characteristic feature of small, synchronously
moving colonies is that the relative movements are
never in opposite directions. The synchronous back-
and-forth movement of the entire colonies has been
described in particular by Kapinga (1989), Kapinga and
Gordon (1992), and Ussing et al. (2005).

When the displacements of neighboring Bacillaria
diatoms are recorded using a tracking method, simi-
lar trajectories are found for all diatoms except for a
phase shift. With regard to the amplitude, the duration
of the state without any motion, there is a larger range,
which is presumably due to environmental conditions.
Diagrams of real trajectories can be found in Harbich
(2023a) and Yamaoka et al. (2016). It is idealized in

Fig.5. Small colony shortly after the start of movement from the resting state. The outer diatoms have moved inwards from
the stretched state. The diatoms in the middle area do not yet show any relative movement.
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Fig. 6a as a function of the phase of the oscillation. A
laser-isolated cell has also been observed to move back
and forth against the shard of its neighbor (Drum et
al., 1971). When we ablated Bacillaria cell #2 with a
pulse ruby laser, as described above, cell #1 oscillated
against the shards of cell #2, but what is perhaps of
importance, the rest of the colony sped up greatly, and
drifted out of the FOV (Field of View). Between Cohn et
al. (1999) and light variations from waves above ben-
thic diatoms (Tanabe et al., 2020), we now have indi-
cations of rapid responses of diatoms to light changes.

The gray areas indicate the period in which the
positions become stationary. Its duration was chosen to
be 1/10 of the entire period. In nature, there is a larger
range in which this time span can lie.

Fig. 6b shows the displacements of a Bacillaria
colony, assuming a constant phase shift for illustration
purposes, which only applies approximately in nature.
If we consider a colony of only five diatoms, their
movement is described by four displacements. These
are marked by the black lines in Fig. 6b. Due to the dis-
placements, there is now a narrow region (gray bar) in
which all displacements are constant over time. If the
colony is enlarged by three diatoms (green lines), this
region disappears completely. The chain does not have
a state with a finite rest period. In the last step, the
colony was further extended by additional diatoms (red
lines). This results in two time windows with opposing
movements within one period. In these regions, some
diatoms are still moving towards the resting state at
maximum displacement, while others have already
begun to move in the opposite direction. In general,
opposite movements occur if the sum of all phase shifts
becomes bigger than the phase that corresponds to
the duration of the rest period. If the sum of all phase
shifts reaches the value 7, then there is for each diatom
another diatom that moves in the opposite direction.
Larger synchronous colonies thus exhibit more complex
forms such as multiple S-shaped structures, as already
described by the discoverer of the species, the Danish
zoologist Otto Friedrich Miiller (1782), translated in
Ussing et al. (2005).

Furthermore, the movement of large colonies
shows clear irregularities. In particular, global syn-
chrony of movement no longer occurs. The further

apart diatoms are in the chain, the less often they move
synchronously over longer periods of time.

It should be mentioned that local mechanical
stimulation, for example with a brush hair, can lead to
a rapid autonomous reaction of a large number of dia-
toms. A stretched smaller colony can thus be brought to
a rapid contraction. This is described by G. Funk (1919)
and Kapinga (1989).

Modeling the movement

A communal signal that synchronizes the
Bacillaria colonies has not yet been found. A rapidly
spreading signal is not easy to reconcile with the
observed phase shift and the opposing movements.

For the movement of diatoms, a description by
oscillators and cell-to-cell communication was pro-
posed early (Kapinga and Gordon, 1987). Such a model
requires only the sensing system mentioned in the film,
but no global clock or signaling across several cells.

A mathematical modelling of the synchroniza-
tion of the movement by coupled oscillators, which
are localized at neighboring coupled raphes, leads to
a phase shift of the adjacent movements within the
framework of the Kuramoto model, if one assumes that
there is a time delay due to transport and processing
of the information about the position of the diatoms
(Harbich, 2023a). In the case of a steady colony, the
movement starts from the ends (Fig. 5) without any
additional assumptions. The maximum size of a syn-
chronously moving colony results from the coupling
strength of the oscillators. For larger colonies, the
model shows local temporary synchronization effects.
The model also explains the observation (Yamaoka et
al., 2016, Harbich, 2023a) that diatoms in advanced
division lead to separately synchronized sections of
the chain and zig-zag shapes. Further modelling of
Bacillaria has been carried out by Alicea et al. (2021)
and Alicea et al. (2023).

Finally, it should be mentioned that the move-
ment of the colonies can be synchronized by a slowly
varying periodic light. Whether the external light is
distributed in a kind of light guide in the colony has
not yet be decided. In particular, one hypothesis for
the partial synchronization of Bacillaria is that light is
transmitted along the chain of cells:

Displacement [diatom length]

Phase

(on

Displacement [diatom length]

Phase

Fig.6. a: Idealized curve of the displacement over the phase. The corresponding period lasts approximately 60 seconds. The
apical length of a diatom was chosen as the unit of length. b: A phase shift of 1/60 of the period is assumed between neighboring
diatoms. In real colonies the phase shifts are usually smaller. The two regions where opposite motions occur when all diatoms

are present are outlined in black.

1460



Harbich T. et al. / Limnology and Freshwater Biology 2024 (6): 1454-1470

“The resting stage involves alignment of all
the cells in a stack with no obvious mechanical stop
(Ussing et al., 2005). Given that there is a photosen-
sitive region at the distal ends of a pennate diatom,
which causes the diatom to respond to a ‘light wall’ by
reversing direction (Cohn et al., 1999) we would like to
hypothesize that a light pipe forms between these pho-
tosensitive regions when the cells are stacked. It might
be responsible not only for the aligned resting stage but
also for the partial synchrony of movement of the cells”
(Gordon et al., 2009).

While this hypothesis may not be consistent with
other observations, it has not yet been tested directly
by using a fiber optic to put light in one end of a colony
and seeing where it comes out, or its effects. An obvious
advantage would be to supply any whole colony with
light, especially when partially embedded in sediment.
The successful experiment on the synchronization of
Bacillaria movement in a slowly varying periodic light
field (Harbich, 2023a) supports this hypothesis.

Continuing thoughts on the movement of Bacillaria
paradoxa colonies

Because the velocities are additive, this is the
“world’s fastest microorganism” (Drum and Gordon,
2003), at least when all cells are all moving in the same
direction.

While Jeremy’s Pickett-Heap’s section on motil-
ity is visually intriguing in regard to coordinated move-
ments inside and outside of a raphe, there is the need
for light microscopy cloaking (Ghobara et al., 2019) to
better see what is going on under a valve. Hypotheses
such as the existence of raphan and raphan synthase
(analogous to cellulose synthase), hypothesized to
move under an oscillating electric gradient in the cell
membrane, and the molecular concerted movement of
raphe fibrils (Raj Vansh Singth et al., 2023), stemming
from a review of the many models for diatom motility
(Gordon, 2021), need investigation, and less compli-
cated molecular modelling.

The flow of water around a moving diatom has
preliminarily been investigated by PIV (Particle Image
Velocimetry) and suggested anomalous viscosity (Ali
Beskok and Can Sabuncu, personal communication,
2019). This could have impacts on the design of faster
ships. How/when the raphe fluid gets past the hyaline
center of a raphe is unknown.

Cohn’s work on light detecting spots at the ends
of motile diatoms needs ultrastructure and molecular
work (they have a distinct spectral sensitivity, dif-
ferent from photosynthesis). They might be involved
in the light piping hypothesis for synchronization of
Bacillaria, which needs testing for colonial diatoms. The
spots could be involved in synchronization or light dis-
tribution to all cells in other colonies of attached cells.

Bacillaria form a cloud of raphe fluid around
them, barely visible via the detritus in it (Rines, 2001).
Whether this plays a mechanical or other role in motil-
ity is unknown.

Three species of Bacillaria have been identified
(Schmid, 2007; Jahn and Schmid, 2007).

Phylogenetic notes on motility in diatoms

With regard to mobility as discussed in the film,
it should be noted that Ardissonea, despite the elongate
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shape of the frustule, is more closely related to the radi-
ally-symmetrical diatoms of the Mediophyceae than
any bilaterally-symmetrical clade (Medlin et al., 2008,
Lobban et al., 2022). Motility similar to that exhibited
by Ardissonea has also been documented in a sister
genus to Ardissonea—Toxarium (Kooistra et al., 2003).

As for the hypothesis proposing the labiate
process might be a precursor to the raphe slits of the
Bacillariophyceae, the molecular data are still ambiv-
alent. While there is a fragilariophycean genus with
a series of labiate processes which open into a single,
slit-like canal at each valve apex (Pseudohimantidium),
DNA sequence data from these diatoms suggest
that, rather than being sister to the raphe-bearing
Bacillariophyceae, these are sister to a derived group
of fragilariophyceans within the order Cyclophorales
(Gomez et al., 2018); this order includes the aforemen-
tioned genus Astrosyne. A similar morphology exists
among the raphe-bearing diatoms of the Eunotiales,
where the raphe slits are small and restricted to the
apices of the valves. However, these diatoms also pos-
sess labiate processes near the valve apices, suggesting
that labiate processes and raphe slits are independent
structures. Even the earliest molecular phylogenetic
studies failed to resolve the Eunotiales as sister to all
other raphe-bearing diatoms (Medlin and Kaczmarska,
2004), a pattern that has continued as taxon sampling
and sequencing breadth have increased (Theriot et al.,
2015, Nakov et al., 2018).

Movement along Actin Cables generated by myosins

It is demonstrated in the film that the cytoplas-
mic streaming underlying the raphe occurs at the same
speed as whole cell transport, and reported that this
transport is generated by the adjacent actin filaments.
It was also reported that cell movement was gener-
ated by «mucilage secretion coupled with cytoplasmic
transport». A more likely possibility and more accurate
description is that both the cytoplasmic transport of
organelles and the force for mucilage-based cell move-
ment is generated not by the actin in the cell, but rather
along the actin cables present, using specific actin-
based motor proteins such as the plant-specific myosin
XI known to generate a wide variety of plant and algal
based organelle transport (Buchnik et al., 2015; Kurth
et al.,, 2017; Duan and Tominaga, 2018; Davutoglu
et al., 2024). These proteins can generate movement
of about 5-10 pum s, although in some species can be
up to 50 um s!. Thus, the similarity in speeds in the
two processes of cytoplasmic transport and cell motility
may be due to force generation by the same molecular
motors.

2.6. Note on Chapter 10 “Phototaxis”

Photo-regulated movement regulated by biasing
direction change at light boundaries

As photosynthetic organisms, diatoms require
light for energy production. However, like many algae,
the cells are sensitive to the levels of light to which they
are exposed, with excessive illumination being harmful.
For instance, overly high irradiance can damage dia-
tom photopigments (Cartaxana et al., 2011), and recent
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studies with fluorescein staining of siliceous valves
have shown that the additional light from fluorescent
valves can degrade diatom chloroplasts (Annenkov et
al., 2024). While diatoms have evolved physiological
mechanisms to protect from over-exposure (e.g. some
diatom valves contain special mycosporine-like amino
acids which help protect cells from UV radiation; Ingalls
et al.,, 2010), the motility of diatoms, in which they
migrate and collect in areas of optimal illumination as
shown in the video, is likely an additional important
adaptive survival strategy. The frequency and intensity
of light which triggers such optimal cell accumulation
seems to be part of a species-specific well-regulated
response, in which different diatom species are trig-
gered by different light conditions (Cohn and Weitzell,
1996, Cohn et al., 2016).

The characteristics of movement responses rel-
ative to light frequency and light intensity have now
been characterized in several species (see e.g. Cohn et
al., 2021), and seem to indicate that light drives diatom
movement and accumulation/dispersion by regulating
the enhancement or repression of direction changes in
their movement (Cohn et al., 2015). It has been discov-
ered that not only do different species respond quite dif-
ferently to different intensity and wavelengths of light,
but have motile behaviors that can be modulated by the
presence or absence of other species (Cohn et al., 2016).
In this way, diatoms are able to accumulate into areas
of appropriate light (e.g photosynthetically active) by
changing direction at the approach from light into a
dark boundary and out of inappropriate light (e.g. high
intensity damaging light, or not photosynthetically
active) by changing direction when moving into the
light. The light sensitivity is thus not really phototaxis
in the classical sense of plant movement, but rather con-
sidered to be a photophobic response in which cells are
not driven to move toward the light, but directionally
biased to avoid the light by regulating the frequency
of direction changes when cells encounter boundaries
with different light conditions. This is likely the reason
that Pinnularia spp., which typically have mainly circu-
lar paths of cell movement, and therefore limited areas
of cell exploration, have much more limited rates of
cell accumulation into light. This light-dependent local-
ization effect, which is species-specific, coupled with
the modulation in the presence of other species, can

help give rise to niche partitioning of the diatoms, in
which species become localized and more ecologically
successful within a complex algal community.

2.7. Notes on Chapter 14 “Mitosis and
Cleavage”

Zig-zag shaped colonies

The zigzag-shaped colony shown (presumably
created by diatoms of the genus Tabellaria) is described
with the words: “These zigzag colonies result from adhe-
sive plugs on opposite corners.” In fact, it is remarkable
that the diatoms and parallel connected diatoms in gir-
dle band view form approximate rectangles, which are
connected at the opposite corners with a pad of extra-
cellular polymeric substances (EPS). Although this pat-
tern of EPS pads is very common, it should be noted
that as the colony continues to grow, it inevitably leads
to constellations in which the EPS pads are not opposite
each other (diagonal) but are arranged on the same api-
cal side (non-diagonal).

Chain-shaped clonal colonies are formed when
diatoms remain connected after cell division, for exam-
ple by mucilage, for a time that is significantly longer
than the generation time (Tiffany et al., 2010; overview
of forms in Rimet and Bouchez, 2012). Zigzag-shaped
as well as star-shaped colonies develop in pennate dia-
toms when they fold apart after cell division but remain
connected to the neighboring diatom close to an apex.
Depending on the species, this splitting into a V-shape
does not always occur immediately after the morpho-
genesis of the valves. Diatoms can also remain con-
nected valve to valve in a parallel arrangement for long
periods of time, allowing further cell divisions to take
place before splitting. In this case, groups of unsepa-
rated diatoms are observed in addition to individual
diatoms in the chain or turbulence.

The splitting of parallel diatoms after completed
cell division is a random process. Considering a single
diatom, the minimum time from its formation to the
subsequent separation is given by its doubling time. In
principle, it cannot be excluded that the probability of
separation also depends on the position in a chain.

A nomenclature introduced by Harbich (2023b)
is used to describe the various possible connections.

Fig.7. a: Types of possible patterns of adhesive pads on a diatom or a parallel connected group of diatoms, b: Assignment of

types to the colony shown in the video (Pickett-Heaps, 2003).
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Imagine a zig-zag shaped colony in horizontal position
and girdle band view and assign a specific type to each
possible arrangement of connection points to neighbor-
ing diatoms or groups of diatoms as shown in Fig. 7a.
The dots indicate that it can be one diatom, or several
diatoms connected at the entire valve. For this reason,
capital letters have been used in contrast to the charac-
ters chosen in Harbich (2023b). The notation refers to a
fixed view of the chain. The transformation of the sym-
bols for rotations and mirroring results from the sym-
metries of the defined elements. The elements A and B,
where the connection points are opposite each other,
should be named “diagonal”, C and D “non-diagonal”.

The connection pattern of a chain is character-
ized by a sequence of characters from {A, B, C, D}. The
notation of the chain in the video (Fig. 7b) is ABABAB.
As the blocks at the edge of the image cannot be unam-
biguously assigned to a type, they are not included in
the formal description. For easier identification, it is
recommended to place the chain horizontally and imag-
ine that the angles between the diatoms are reduced.
Also note that A can only be followed by a B or C and B
can only be followed by an A or D.

If elements A or B are split, the newly created
connection point can occupy two different positions.
This results in processes I to IV in Fig. 8.

In all cases, one non-diagonal element is created.
A colony or a part of it is therefore not permanently
connected by connecting points at opposite corners.
The position of the connection points is determined by
the excretion at the ends of the poles and is fixed before
detachment. When this non-diagonal element separates,
the processes V to VIII shown below in Fig. 9, occur.

Given the dominance of diagonal elements in
some colonies, processes VI and VIII appear to be absent
or rare. In Diatoma vulgaris, for example, only processes
V and VII are observed after cell division. In addition,
in this example the separation of a non-diagonal ele-
ment takes on average less time than the separation
of a diagonal element. Obviously, chains of diagonal
elements are dominant when:
the non-diagonal elements C and D separate into
diagonal elements and

the average duration of the separation of non-di-
agonal elements is small compared to the average
duration of the separation of diagonal elements.

Starting from a diagonal element, one then typ-
ically observes the sequences of processes shown in
Fig. 10.

Two successive processes replace A with ABA
and B with BAB. At a later stage, the diagonal element
formed during the first separation splits. In the case of
non-diagonal bundles of several parallel diatoms, longi-
tudinal tensile forces may play a role in favoring sepa-
ration into an AB structure, if this possibility exists due
to existing connection points.

Role of motor proteins in regulating cell division

The film shows the dramatic movement of the
microtubule center during a typical cell cycle, with its
localization near the nucleus during interphase, and
migration to the site of spindle formation during the
nuclear breakdown and onset of mitosis, often moving
a considerable distance in the cell to a new site, now
adjacent to the formation of the developing mitotic
spindle. While the diatom (and many other algae) has
a microtubule organizing center that is devoid of the
typical animal cell structure of centrosomes containing
centrioles, the described behavior of the centrosome
is completely analogous to animal cell centrosomes,
in which the movement of the centrosome is driven
by the coordinated activity of cellular motor proteins.
These motor proteins (mainly kinesins and dyneins)
along with associated cellular attachment sites and the
attachment of other components to the microtubules
emanating from the organizing center, drive the place-
ment of mitotic spindles in many eukaryotic organisms
(Karsenti et al., 1996; Marc J, 1997). The microtubule
in diatoms is thus not an exception, but rather a typical
example of the general way centrosomal-like organiz-
ing structures containing y-tubulin help to coordinate
the proper placement of mitotic spindles prior to cell
division.

Numerous studies have help to solidify the
role and importance of kinesins in the elongation of
the spindle during anaphase, for not only the diatom
central spindle but among a diverse range of eukary-
otic organisms (Wein et al., 1998; Avunie-Masala et
al., 2011; Kriiger et al., 2021). Drug perfusion studies
have also helped elucidate the energy requirements for
spindle elongation and microtubule center movement
after division. Addition of dinitrophenol (an ionophore
that rapidly eliminates mitochondrial ATP formation)
quickly stops spindle elongation in Surirella spp. as well

. A—->AC

. A>DA

. B - BD

V. B -CB

Fig.8. Possibilities for separations of diagonal elements.
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V. C > BA

or

VI.C »-CC

V. D - AB

or

vVil. D - DD

Fig.9. Possibilities for separations of non-diagonal elements.

as the localized movement of the microtubule center
(Cohn and Pickett-Heaps, 1988). Addition of the micro-
tubule poison colchicine also eliminated the movement
of the microtubule center to the corner of the cell fol-
lowing mitosis (seen also in chapter 15 of this film),
causing dramatically abnormal cell wall formation in
the daughter cells (Cohn et al., 1989a). It is clear that
the proper movement and activity of the microtubule
organizing center during mitosis is crucial for spindle
placement and subsequent valve formation.

2.8. Notes on Chapter 15 “Valve
Morphogenesis”

Role of osmotic pressure in Valve Morphogenesis

A recent study revisited the influence of osmotic
pressure on valve morphogenesis, where the authors
exposed multiple strains of the mediophycean diatom
Pleurosira laevis to varying salinities (Kamakura et al.,
2022). Two forms have been documented in this dia-
tom: one with flat valves and one with convex valves.
These two forms have been described as unique taxa
and unique forms of a single taxon, and “Janus cells”
(frustules with one flat valve and one convex valve)
have also been documented. While environmental
cues have long been suspected to have some signifi-
cance with regard to these two forms, Kamakura et al.
(2022) documented the changes wrought on the valve
shape by salinity in both strains originally isolated from
marine environments changing from a convex valve to
a flat valve in freshwater media, but also strains iso-
lated from freshwater environments changing from flat
valves to convex valves when exposed to saline media.
The authors suggested that this is most likely the conse-
quence of osmotic pressure influencing the shape of the
cytoplasm as the new valves form after mitosis.

Cytoskeletal components and biochemicals used in
regulation of Valve Morphogenesis

The requirement of cytoskeletal components
for proper valve morphogenesis was further substan-

DA
\ ABA
a

tiated by treatments of diatoms during early valve for-
mation with drug inhibitors of microtubules or actin
(Bedoshvili et al., 2018, Bedoshvili et al., 2023). Such
treatments showed that inhibition of microtubule for-
mation early in valve morphogenesis resulted in either
the very abnormal placement of valve components (as
in Surirella spp.) or abnormal raphe formation (as in
Pinnularia spp. or Hantzschia spp.). Treatment with an
actin inhibitor also inhibited the transport of newly
formed valve components to the edge of the cell in
Hantzschia spp, causing a raphe canal to be developed
on the surface of the valve face rather than in the cor-
ner of the frustule (Cohn et al., 1989a).

Monitoring of valve morphogenesis, starting
from the formation of primary silicon-containing parti-
cles, is possible using the fluorescent biosilica trackers
mentioned above (Table 1). In particular, submicrom-
eter-sized cytoplasmic silica particles (Annenkov et al.,
2013) were detected, and the formation of the silica
deposition vesicles was visualized by video (Annenkov
et al., 2019). Fluorescently tagged poly(acrylic acid)
was used as a model of oligosilicates to test the pino-
cytosis hypothesis for silicon capture from the environ-
ment (Annenkov et al., 2020). Fluorescent vital dyes
capable of staining growing siliceous structures have
been actively used in works dealing with cytoskeletal
action, growth of new valves, etc. The development of
new technologies in microscopy, including overcoming
wavelength limitations, will lead to new discoveries
based on vital biosilica trackers.

2.9. Note on Chapter 16 “Spine
Morphogenesis”

Many different structures have been called ”spines”
Much like the terms “centric” and “pennate”,
the term “spine” is purely descriptive and should not
infer any sort of ontogenetic or evolutionary homol-
ogy. Williams (2019) pointed out that, even within
the Fragilariophyceae, structures called “spines” can

CB
\ BAB
"

Fig.10. Two successive divisions, starting from an element of type A (left) and an element of type B (right).
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have significantly different ontogenetic histories (such
as arising from virgae or vimenes of the developing
valves) and cannot be considered homologous. In the
case of the “spines” mentioned in the video, some are
actually the external tubes of the labiate process, and
subject to different morphogenetic processes than, for
example, the mantle “spines” of Corethron.

The noted differentiation between Rhizosolenia
and Proboscia based on the presence or absence of a
labiate process at the peak of the valve center has been
shown to be slightly more nuanced than presented.
Jordan et al. (2019) illustrated the “spines” of sev-
eral Rhizosolenia and Proboscia spp. under SEM, docu-
menting several different internal morphologies of the
labiate process at the base of the “spine” (represent-
ing the external tube of the labiate process) in various
Rhizosolenia species. In the broken valves of several
strains, they also documented that a labiate process
exists near the tip of the “spine” in Proboscia, expressed
externally as a slit and internally as two thin, rounded
siliceous slabs. Thus, the labiate process is involved in
the “spine” of both genera, though in Proboscia the labi-
ate process is borne by the “spine”, rather than the labi-
ate process being the “spine” in Rhizosolenia.

In DLA (Diffusion Limited Aggregation), growth
of structures follows spatial chemical gradients, due to
the local depletion of the precipitant. The setae of dia-
toms, in their curvatures, look much like they follow
such gradients. To test this, we propose altering the
supposed silica gradient by flow and/or saturation.

2.10.Notes on Chaps. 20 “Sex in Pennates”

Gamete diversity in “centrics” and “pennates”

The mechanisms of sexual reproduction in dia-
toms have been shown to be far more diverse than
was understood at the time this video was produced.
Davidovich et al. (2017) documented gametes in the
mediophycean diatom genus Ardissonea with motility
driven by amoeboid cytoplasmic extensions, rather
than the flagella expected in a “centric” clade. The sex-
ual reproductive cycle in Ardissonea remains anisoga-
mous, as the amoeboid motile gamete is significantly
smaller than the immobile gamete. Among the araphid
“pennate” diatoms, a somewhat similar anisogamous
sexual cycle was described in Pseudostaurosira (Sato et
al., 2011) and Plagiogramma (Kaczmarska et al., 2017).
Rather than featuring numerous amoeboid pseudopods,
as in Ardissonea, the motile gametes of Pseudostaurosira
appear to maneuver via an elongated pseudopod.
While gamete ultrastructure has only been described
in a small fraction of the overall diversity of diatoms,
mapping the known sexual cycles to the molecular phy-
logeny appears to support a narrative of an overall evo-
lutionary trajectory from anisogomous gametes with
flagellate motile gametes, to anisogamy with amoe-
boid, pseudopod-bearing motile gametes and finally to
the isogamous, amoeboid gametes of the raphe-bearing
“pennate” diatoms.

Size regeneration, auxospore ultrastructure and the
molecular phylogeny

With regard to the auxospore and size regener-
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1500 o
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Fig.11. Publication records spanning the past two
decades since the release of Picket-Heaps’ instructional video
“Diatoms in Glass Houses,” extracted from the Web of Science
Core Collection (webofscience.com) using the keyword “dia-
tom” across all publication types.

ation in diatoms, it should be noted that one level of
the classification based on the molecular phylogeny
proposed by Medlin and Kaczmarska (2004) has con-
tinued to be monophyletic in nearly all subsequent
analyses, regardless of taxon sampling and marker:
the Bacillariophytina. This clade includes the “centric”
Mediophyceae and the “pennate” Fragilariophyceae
and Bacillariophyceae, and appears to correspond to
the evolution of perizonial bands, which shape the
immature auxospore into the elongate and prism-like
mature cells. Whether or not further taxonomic diver-
sification correlates to the diversification of perizonial
bands seen across the subdivision Bacillariophytina will
require further documentation of the early and imma-
ture auxospores from additional taxa.

The “uncanny symmetry” (Pappas et al., 2021) of
some diatom valves has yet to be explained. It might be
related to polygonal shapes in many Archaea (Gordon,
2024), which has a possible explanation in energy min-
imization of the S-layer.

Diatom pheremones in sexual reproduction

One of the key questions in diatom sexual repro-
duction is the nature of how individuals from poten-
tial mating pairs find each other prior to alignment,
secretion of the protective mucilage coat, initiation
of meiosis, and migration of the gametes for fusion.
Recent work has pointed to the presence of diatom
pheromones that act as sexual attractants during sexual
reproduction (Bondoc et al., 2016; Moeys et al., 2016;
Klapper et al., 2021). These investigations also suggest
that the pairwise association is driven by compatible
mating types, with one mating type acting as a relative
stationary cell secreting an attractant for cells of the
other mating type. Extraction of materials from cellular
exudates showed ability to attract cells of the proper
mating type. Diatom pheromones have also been indi-
cated in the regulation of the cell cycle associated with
meiotic gamete formation. The chemical nature of the
pheromones in different diatom species is still under
investigation, but in some species is thought to be
related to proline derivatives such as L-diproline.
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Cell Wall changes during sexual reproduction

In terms of valve morphogenesis after auxospore
elongation, it has also been shown that the valve of the
initial cell can have a number of distinct characteristics
in pore and striation structure compared to the normal
vegetative cells. These differences are true for both pen-
nate raphid diatoms (Cohn et al., 1989b; Kaczmarska
et al., 2000) as well as araphid diatoms (Sato et al.,
2004). These differences are not surprising given the
large amount of osmotic pressure derived cell growth
and cytoplasmic reorganizations that take place in the
auxospore prior to initial cell formation, that become
stabilized upon vegetative growth. Studies are also cur-
rently underway (S. Cohn, personal communication) to
measure the relative rate of cell size diminution during
vegetative growth after initial cell formation.

3. Conclusions

In reflecting on the enduring legacy of the teach-
ing video from Jeremy Pickett-Heaps, “Diatoms: Life in
Glass Houses,” published two decades ago, it is striking
to witness how its content remains relevant to this day.
Despite the modest size of the diatom research com-
munity and its relatively limited funding compared to
other fields, the productivity and impact of this niche
area have grown constantly, but not exponentially,
over the years (Fig. 11). The advancements made in
diatom research since the release of this video have
been profound, touching upon various aspects of dia-
tom biology, ecology, and biogeography. From inves-
tigating the molecular mechanisms behind frustule for-
mation to exploring the ecological roles of diatoms in
aquatic ecosystems, the field made significant strides in
understanding these enigmatic microorganisms better.
Moreover, the application of new imaging techniques
and high-throughput sequencing technologies have
provided deeper insights into diatom taxonomy and
ecology, expanding our understanding of their diversity
and functional traits.

As we dive into some updates and developments
in diatom research following the sequence of topics
presented in this video, it becomes evident that Picket
Heap’s pioneering work laid a solid foundation for
future investigations. From the utilization of diatoma-
ceous earth in ancient construction to the exploration
of photonic properties in diatom frustules for modern
technological applications, the relevance of diatoms
transcends time and spans across diverse disciplines.
The intricate movements of Bacillaria colonies, the clas-
sification challenges posed by molecular techniques,
and the fascinating intricacies of diatom motility serve
the ongoing quest for knowledge and understanding in
diatom research.
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ABSTRACT. Araphid diatoms of the genus Ulnaria are the dominant species in many freshwater ecosys-
tems of Eurasia. Diatom populations are genetically heterogeneous and represent a combination of dif-
ferent genotypes. Genetic diversity is a necessary factor for adaptation to different environmental con-
ditions and successful dispersal of species. We were analyzed the genetic diversity of the species Ulnaria
danica and Ulnaria ulna using the example of monoclonal strains isolated from geographically distant
water bodies of the continental part of Eurasia: Lake Ritsa, Lake Goluboe and Lake Baikal. Phylogenetic
analysis of cox1 gene fragments of the studied strains demonstrated for the first time the heterogeneity
of populations and the absence of geographic isolation for individual genotypes of the studied species.
By analyzing the 18S rRNA marker genes, rbcL and cox1, the possibility of horizontal gene transfer
between closely related species Fragilaria radians, Ulnaria acus, U. danica and U. ulna was established.
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1. Introduction

Single-celled diatoms are important players in
both freshwater and marine ecosystems. The role of the
diatoms is that they produce approximately 40% of the
primary food source in the primary production in the
world ocean (Field, 1998; Smetacek, 1999; Tréguer and
Pondaven, 2000) and are involved in the biogeochem-
ical cycles of carbon (C), nitrogen (N), phosphorus (P),
silicon (Si), and iron (Fe) (Nelson et al., 1995; Tréguer
et al., 1995; Buesseler, 1998; Tréguer and Pondaven,
2000; Sarthou et al., 2005; Benoiston et al., 2017).
They are also the priamry link in food chains in the
aquatic ecosystems. Understanding their importance in
the ecosystem leads to conclusions about the need for
their comprehensive research.

Traditionally, diatoms are classified based on the
morphology of their siliceous frustule, which is richly
ornamented with various types of openings (areoles,
pores), processes and spines. The structure, location
and number of which are species-specific. According
to recent studies, there are about 17,000 validly
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described species of diatoms (Guiry and Guiry, 2024),
but their number may increase to 100,000 (Mann and
Vanormelingen, 2013). Many species have a wide geo-
graphic distribution (Finlay et al., 2002). These prot-
tists have successfully evolved, adapting to various
environmental conditions and using a wide range of
ecological niches (Malviya et al., 2016).

The wide distribution of species certainly con-
tributes to the morphological, physiological and
genetic differentiation of populations. Genetic diversity
plays an important role in facilitating rapid adaptation
to new environmental conditions (Sz{ics et al., 2017).
Identifying and tracking the genetic diversity of these
populations allows to uncover the evolutionary mech-
anisms that influence the ability to adapt (Godhe and
Rynearson, 2017; Rengefors et al., 2017). The driving
force affecting the genetic structure of a population
and modern evolution is the constant genetic variabil-
ity, which determines the amount of variation present
within a species. Diatom populations are known to be
genetically heterogeneous and represent a mixture of
different genotypes, which reflects their ability to adapt

© Author(s) 2024. This work is distributed
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to a changing environment (Guo et al., 2015; Wolf et
al., 2019; Rynearson et al., 2022). The life cycle of
diatoms includes a long period of vegetative division
followed by a short reproductive phase. During sexual
reproduction, recombinant genetic material is distrib-
uted among offspring of the next generation, which
helps maintain genetic heterogeneity (Rynearson and
Armbrust, 2004). The frequency of sexual recombina-
tion depends on the duration of the life cycle, which for
different diatom species ranges from several months to
several years (Jewson, 1992; Montresor et al., 2016).

Under favorable conditions, there is a mass devel-
opment (“bloom”) of certain species or complexes of
species of planktonic diatoms, while the majority of the
focus of studying this process was related to studying
the influence of environmental conditions. Relatively
recently, a transition has been outlined to the study
of intraspecific genetic diversity and microevolution-
ary processes in the phytoplankton population during
the bloom period in marine ecosystems (Rynearson
and Armbrust, 2005; Rynearson et al., 2006; Chen and
Rynearson, 2016). Using the genes encoding Sigl and
B-tubulin as an example, it was shown that the genetic
composition of Thalassiosira weissflogii (Grunow)
G.A.Fryxell & Hasle exhibits relatively high levels of
sequence divergence in isolates collected from different
geographic locations (Armbrust and Galindo, 2001). At
the same time, studies of the genetic structure of Pseudo-
nitzschia multiseries (Hasle) Hasle and Skeletonema mari-
noi Sarno & Zingone populations using ITS (internal
transcribed spacer) showed that different populations
of these species may inhabit different regions of the
North Atlantic and Pacific Oceans (Evans and Hayes,
2004; Godhe et al., 2006). Using the marine centric
diatom Thalassiosira gravida Cleve as an example, it
was shown that high levels of genetic diversity were
observed during the bloom from 02 to 13 May 2008 in
the Atlantic Ocean near Iceland (Chen and Rynearson,
2016). For freshwater ecosystems, uneven distribution
of individual genotypes of a number of species was also
shown, which, according to the authors, may be due
to differences in their ecological preferences (Pérez-
Burillo et al., 2021). In freshwater benthic diatoms,
genotypic diversity varies between populations of the
same species and sometimes significantly decreases,
which may be due to the alternation of sexual and
asexual reproduction, since during periods of asexual
reproduction, genotypic diversity gradually decreases
as a result of natural selection (Vanormelingen et al.,
2015). Another reason for genetic differences may be
the geographic remoteness and isolation of water bod-
ies, which significantly affects the formation and distri-
bution of genotypes of freshwater species (Marchenkov
et al., 2022). Taken together, this makes it possible to
assert the intraspecific genetic heterogeneity inherent
in both marine and freshwater diatoms and the ability
to split into separate populations, which should con-
tribute to an increase in the ability to adapt.

The aim of our study was to determine genetic
differences in populations of planktonic freshwater
diatoms of the genus Ulnaria (Kiitzing) Compere. We
focused on the pennate araphid diatoms Ulnaria dan-
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ica (Kiitzing) Compere & Bukhtiyarova and Ulnaria
ulna (Nitzsch) Compére, as they are closely related
species with similar morphological features, but differ
in their distribution ranges, with the western part of
the Eurasian continent being inhabited by U. ulna, and
the eastern part by U. danica (Podunay, 2022). In this
regard, an analysis of the marker genes 18S rRNA, rbcL
and cox1 was carried out in monoclonal strains of these
species isolated from Lakes Ritsa and Lakes Goluboe
in the West Caucasus region (Republic of Abkhazia)
and Lake Baikal, located in the southern part of Eastern
Siberia.

2. Materials and methods
2.1. Sampling and culturing

In this work, we used 28 monoclonal strains
from the collection of living diatom cultures of the
Limnological Institute of the Russian Academy of
Sciences, isolated from phytoplankton samples of
Lake Baikal (Fig. 1, Table 1), according to the proto-
col published earlier (Zakharova et al., 2023), as well
as 12 strains from the World Ocean Diatom Collection
(WODC) of the T.I. Vyazemsky Karadag Scientific
Station (Feodosia, Russia) isolated from samples in
Lake Ritsa and Lake Goluboe (Fig. 1, Table 1). The cells
were grown in 100 ml Erlenmeyer flasks at 8 °C and
16 pmol/m2/s illumination with a 12:12 hour day/
night cycle in sterile DM (Diatom Medium) (Thompson,
1988) and subcultured once a month. The species affili-
ation of the strains was preliminarily determined using
light microscopy.

2.2. DNA extraction, PCR and sequencing
of marker genes

DNA was isolated from the biomass of monoclo-
nal diatom strains as described previously (Marchenkov
et al., 2018). Amplification of fragments of the V3-V4
18S rRNA variable loop, rbcl. and cox1 genes was
performed using the primers listed in Table 2 and a
Taq DNA polymerase kit (Eurogen, Russia). The PCR
product was loaded onto a 1,5% agarose gel in 1X
TAE, and ethidium bromide-stained gels were stud-
ied under UV-transillumination. PCR products were
purified using the Monarch® DNA Gel Extraction Kit
(NEB, USA) following the manufacturer’s instructions.
Sanger sequencing was performed using the GenSeq
kit (Synthol, Russia) on a Nanofor 05 genetic analyzer
(Synthol, Russia) at the Collective Use Instrumentation
Center for Physicochemical “Ultramicroanalysis” of the
LIN SB RAS (Ultramicroanalysis Collective Use Center,
Irkutsk, Russia). Nucleotide sequence analysis was per-
formed using the Chromos software (Technelysium Pty
Ltd, Australia). All sequences are deposited in GenBank
(Table 1).

2.3. Phylogenetic analysis

The datasets for 18S rRNA, cox1, and rbcL gene
fragments for phylogenetic reconstruction contained
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Fig.1. Map showing phytoplankton sampling stations. A) Map of Eurasia; B) Territory of the Republic of Abkhazia; C) Lake
Baikal. Blue dots — sampling stations of Lake Baikal (Russia); light blue dot — Lake Goluboe (Republic of Abkhazia); green dot

— Lake Ritsa (Republic of Abkhazia).

the sequences obtained in this work and homologs
from the NCBI database (Table 1, Supplementary
Table S1). Sequence alignment was performed using
the MAFFT online resource (https://mafft.cbrc.jp/).
Molecular evolution models were built based on the
Bayesian information criterion (BIC) in IQ-TREE v.
2.3.6 (Minh et al., 2020) using the ModelFinder module
(Kalyaanamoorthy et al., 2017). The ultrafast bootstrap
values (Hoang et al., 2018) and the approximate like-
lihood ratio test SH-aLRT (Guindon et al., 2010) were
used to assess the support for tree topology. Based on the
lowest Bayesian information criterion (BIC) value, the
TPM2u + F + 1+ G4 model was selected for the phyloge-
netic reconstruction of coxl genes, the TN+F+1+R2
model for 18S rRNA genes, and the GTR +F + G4 model
for rbcL.

3. Results and discussion

For initial identification of the strains, we ana-
lyzed the 18S rRNA gene fragment sequences for all
strains used in this work (Table 1) to confirm species
affiliation. The results of phylogenetic reconstruction
(Fig. 2) show that the analyzed sequences are assigned
to clades corresponding to the genera Ulnaria and
Fragilaria. Pennate diatoms of the genus Ulnaria are very
often the dominant species in freshwater microalgae
communities. Representatives of the genus, together
with the closely related genus Fragilaria, are subject to
constant revision (Williams and Round, 1987; Aboal
et al., 2003; Tuji and Williams, 2013; Lange-Bertalot
and Ulrich, 2014; Williams and Blanco, 2019; Williams,
2024). However, in some cases, the morphological dif-
ferences between species are so subtle that scanning
electron microscopy or molecular biology methods are
required (Zakharova et al.,, 2023). It has been previ-
ously shown that using a fragment of the 18S rRNA
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gene, including the variable regions V3-V4, it is possi-
ble to fairly confidently establish the species affiliation
of the studied specimens to U. acus or to F. radians, as
well as to the species complex of U. ulna and U. danica
(Morozov et al., 2023; Zakharova et al., 2023).

Within the Fragilaria clade, a separate group
with high reliability includes strains isolated from
phytoplankton samples of Lake Baikal (Russia) and
identified as the species F. radians (Fig. 2). Within the
Ulnaria clade, two groups are distinguished. The U.
acus group contains sequences of U. acus strains iso-
lated from Lake Baikal (Russia), as well as published
U. acus sequences from Lake Ritsa (Abkhazia) and Lake
Matana (Indonesia) (Table S1). The U. danica / U. ulna
group contains sequences of strains of these species
from Lake Ritsa (Abkhazia), Lake Goluboe (Abkhazia),
Lake Baikal (Russia), and strains isolated from water
bodies in South Korea, France, and Italy (Fig. 2, Table
S1). The absence of separation between representatives
of these two species based on the analysis of data from
different variable regions of 18S rRNA has also been
shown previously (Morozov et al., 2023; Zakharova et
al., 2023). It should be noted that U. ulna and U. dan-
ica have similar morphology in general features and
at the same time a number of subtle distinctive ones
(Zakharova et al., 2023), which, together with differ-
ences in geographic localization and reproductive iso-
lation (Podunay, 2022), do not allow their unification
into a single species.

The level of 18S rRNA divergence in diatoms in
comparison with other marker genes (ribulose-1,5-bis-
phosphate carboxylase/oxygenase large subunit — rbcL,
cytochrome C oxidase subunit 1 — cox1, internal tran-
scribable spacer — ITS, universal plastid amplicon —
UPA) showed that the rate of mutation accumulation
in the cox1 gene is higher than in other genes (Guo
et al., 2015). Phylogenetic analysis of the cox1 gene
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Table 1. Name of the studied strains

Strain Species Sampling location 18S rRNA cox1 GenBank GenBank
sequence num- [sequence number|sequence num-
ber in GenBank ber of rbcL

Russia, Lake Baikal
BZ 5 U. acus Bargusinsky Bay PQ456333 PQ497024
BZ 251 U. danica OP159836 PQ497061 OP169177
BZ 261 PQ456352 PQ497043 PQ541091
BZ 263 PQ456353 PQ497044
ACH 275 F. radians Akademician Ridge PQ472489 PQ497025 PQ541090
MM 118 U. acus Cape Zunduk PQ456347 PQ497040
MM 609 U. danica Strait Olkhon Gate PQ456366 PQ497050
M-S278 F. radians center of the Maritui- PQ456348
M-S586 Solzan section PQ456351
M-S 607 U. acus PQ456344 PQ497037

5K557 U. danica 5 km from the Kharauz PQ456355 PQ497046

Bayou, delta of the Selenga

5KH561 River PQ456356 PQ497027 PQ541092
ChZz519 U. danica Chivyrkuysky Bay PQ456354 PQ497045 PQ541095

L549 U. acus near the settlement of PQ456334 PQ497026

Listvyanka

B-T577 U. acus center of the Baikal-Turali PQ456335 PQ497028

B-T605 section PQ456343 PQ497036

T-N578 F. radians center of the Tyya- PQ456349

T-N 579 U. acus Nemnyanka section PQ456336 PQ497029
Y-T 594 U. acus center of the Wuhan-Tong PQ456340 PQ497033
Y-T 581 section PQ456337 PQ497030
Y-T 580 F. radians PQ456350
K-A 598 U. danica center of the PQ456364 PQ497047
Kotelnikovsky-Amundakan
section
15K 588 U. acus 15 km from the Kultuk PQ456338 PQ497031
15K 589 PQ456339 PQ497032
L-T 600 U. acus center of the Listvyanka- PQ456341 PQ497034
L-T 604 Tankhoy section PQ456342 PQ497035
L-T 602 U. danica PQ456365 PQ497049
Republic of Abkhazia
G.21.0309-0E-1 U. ulna Lake Goluboye PQ456367 PQ497051
G.21.0309-0OE-3 PQ456361 PQ497038 PQ541088
G.21.0309-OE-4 PQ456357 PQ497053
G.21.0309-OF-5 PQ456369 PQ497054
G.21.0309-0G-7 PQ456371 PQ497056
G.21.0309-OE-8 PQ456360 PQ497057 PQ541094
R.21.0309-OE-2 Lake Ritsa PQ456368 PQ497052
R.21.0309-0Q-6 PQ456370 PQ497055 PQ541093
R.21.0309-01-9 PQ456372 PQ497058 PQ541089
R.21.0309-OE1-10 PQ456362 PQ497059
R.21.0309-001-11 PQ456359 PQ497060
R.21.0309-001-12 U. acus PQ456345 PQ497039
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fragment makes it possible to distinguish
between genotypes of the same diatom
species isolated from geographically dis-
tant points (Ehara et al., 2000; Evans et
al., 2007; Hamsher et al., 2011), includ-
ing representatives of the genus Ulnaria
(Marchenkov et al., 2022). Thus, the use
of this gene is appropriate for establishing
genetic differentiation in natural popula-
tions of the species U. ulna and U. danica.

The choice of “universal” primers
for cox1 of diatoms is a rather complex
task due to the high degree of divergence
and the presence of extended introns
within the genes. The use of primers
designed for the cox1 gene fragment of
U. acus did not give a positive response
with the species U. ulna and U. danica
(Table 2). This result led to the need to
design primers specific only for these spe-
cies. For the first time, we obtained cox1
sequences for all strains that, based on the
analysis of the 18S rRNA gene fragment,
were assigned to the U. ulna and U. danica
group (Table 1).

The analysis showed the forma-
tion of a common group corresponding
to the genus Ulnaria. The cox1 sequences
of U. ulna and U. danica strains are not
divided into separate clades of species
order (Fig. 3). The analysis formed three
clades representing different genotypes.
Clades 1 and 2 contain sequences of U.
ulna and U. danica from Lake Baikal and
lakes of Abkhazia, as well as from water
bodies of continental Europe (Table S1).
Thus, these genotypes can be found in
geographically distant water bodies. The
geographical limits of the distribution of
these species in Eurasia were previously
shown (Podunay, 2022). The author
notes that U. ulna is widespread in the
western part of the Eurasian continent,
while U. danica inhabits water bodies of
the eastern part. Populations of U. ulna
are capable of interspecific hybridization
with populations of U. danica located in
the West Siberian Lowland and to the
east of it up to Lake Baikal (Podunay,
2022). According to the latest data, only
U. danica is present in the phytoplankton
of Lake Baikal (Zakharova et al., 2023).
Clade 3 contains only sequences of strains
from Lake Baikal (Fig. 3). Due to the
small amount of data, we cannot reliably
state that this genotype has geographical
limitations in distribution. Thus, it was
shown that, according to the cox1 gene
fragment, the populations of U. ulna and
U. danica of Lake Ritsa and Goluboe, as
well as Lake Baikal, are heterogeneous.
It should be noted that data on coxl in
representatives of the genus Ulnaria are

Table 2. Sequences of primers used in this study

Primer

Subsequence (5" - 3°)

18S_1F (Katana et al., 2001)
18S_1050R (Guo et al., 2015)
Ua_cox1_1F (Marchenkov et al., 2022)
Ua_cox1_714R (Marchenkov et al., 2022)
Uu_cox1_72F
Uu_cox1_624R
rbcL-F (Zakharova et al., 2020)
rbeL-R (Zakharova et al., 2020)

AACCTGGTTGATCCTGCCAGT
GTTTCAGHCTTGCGACCATACTCC
ATGAAGTTTGCTAATCGATGGT
AAAAAGGTGTTGGAACAGTACAG
AGCTATTTCCGGTGTAGCGGGTAC
AGCTCCTGCCAACACAGGTAAAG
ATGTCTCAATCTGTATCAGAACGG
CAACCTTGTGTAAGTCTCACTATTC

93.7/97

85/89

AT-185Gel3 Fragila

81.4/53| 82.6/60)

s0327 Fragilaria bidens
65.2/82

—68.3/77

100/100

AT186gel3 Fragilaria vaucheriae
At114gel5 Fragilaria rumpens
A-06 Fragilaria capucina

At135.13 Fragilaria delicatissima

—————— s0907 Amphora marina
76.5@‘_7 s0388 Plagiostriata goreensis
ROS D99 Fragilaria barbararum
ACH275 Fragilaria radians
MM246 Fragilaria radians
MM103 Fragilaria radians
MMO9 Fragilaria radians
M-S278 Fragilaria radians
M-S586 Fragilaria radians
Y-T580 Fragilaria radians
T-N578 Fragilaria radians
AT-124.05b Fragilaria sp.

Fragilaria radians

ria crotonensis

Genus Fragilaria

5.0227-E Ulnaria acus
L549 Ulnaria acus
MM118 Ulnaria acus
L-T604 Ulnaria acus
M-5607 Ulnaria acus
15K588 Ulnaria acus
Y-T594 Ulnaria acus
5.1015-C Ulnaria acus
15K589 Ulnaria acus
3B357 Ulnaria acus
3B327 Ulnaria acus
BZ5 Ulnaria acus
5.1015-B Ulnaria acus
B-T605 Ulnaria acus
B-T577 Ulnaria acus
Y-T581 Ulnaria acus
3B355 Ulnaria acus
T-N579 Ulnaria acus
0.0224-0OD Ulnaria acus
L-T600 Ulnaris acus
5.0227-F Ulnaria acus
I R.21.0309-0A1-12 Ulnaria acus

Ulnaria acus

of

85/

G.21.0309-OE-4 Ulnaria ulna
91.4/<{90 r HYU-D007 Ulnaria ulna )
- R.21.0309-OE1-10 Ulnaria ulna

88/93]
"“’- BZ261 Ulnaria danica

 ChZ519 Ulnaria danica
R.21.0309-OE-2 Ulnaria ulna
5KH557 Ulnaria danica

- 5KH561 Ulnaria danica

I G.21.0309-0OC-3 Ulnaria ulna
G.21.0309-OF-5 Ulnaria ulna
K-A598 Ulnaria danica
L-T602 Ulnaria danica
R.21.0309-001-11 Ulnaria ulna
G.21.0309-0 n:
G-21.0309-0E-8 Uln:
TCC626 Ulnaria ulna
G.21.0309-OE-1 Ulnaria ulna
BZ263 Ulnaria danica
R.21.0309-0Q-6 Ulnaria ulna
R.21.0309-01-9 Ulnaria ulna
MM609 Ulnaria danica
BZ251 Ulnaria danica
TCC670 Ulnaria ulna

Ulnaria ulna / Ulnaria danica

AT-101.02 Stauroneis kriegeri
AT-182.07 Stauroneis phoenicenteron

79.9/90— AT-177.13 Prestauroneis integra
99.2/98 E

0.02

SAG 1050-3 Navicula pelliculosa
Mﬁ':ﬂmmoe Pinnularia substreptoraphe
92.8/97,
AT-161.05 Pinnularia mesolepta

AT-161.02 Pinnularia viridis

Genus Ulnaria

Fig.2. Phylogenetic reconstruction based on the 18S gene fragment.
Nodes for key clusters determine the support for the superfast bootstrap
topology and the approximate likelihood ratio of SH-aLRT. The sequences
obtained in this work are highlighted in color: blue — Russia, Lake Baikal;
green — Abkhazia, Lake Ritsa, light blue — Abkhazia, Lake Goluboe.
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89.9/83)

99/99

86.8/78 Ulnaria acus

— BZ251 Ulnaria danica
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Fig.3. Phylogenetic reconstruction based on a fragment of the cox1 gene. Nodes for key clusters determine the support for
the superfast bootstrap topology and the approximate likelihood ratio of SH-aLRT. The sequences obtained in this work are high-
lighted in color: blue — Russia, Lake Baikal; green — Abkhazia, Lake Ritsa, light blue — Abkhazia, Lake Goluboe.

scarce. Previously obtained data on the heterogeneity
of the U. acus population refer to the northern basin of
Lake Baikal. Baikal (Marchenkov et al., 2022).

When comparing the results of phylogenetic
analysis for two marker genes 18S rRNA and cox1, it
was noted that three strains are grouped into different
clades of the species order (Fig. 4). According to the
18S rRNA analysis, strain ACH275 was located in the
clade of the species F. radians (Fig. 4 18S rRNA), and
strains 5KH561 and G.21.0309-OC-3 were assigned to
U. danica and U. ulna (Fig. 4 18S rRNA). According to
the results of phylogenetic analysis of the cox1 gene
fragment, these strains belong to the U. acus clade
(Fig. 4 cox1).

Based on the genetic data we obtained, it could
be assumed that hybridization is possible under natural
conditions between pairs of species F. radians and U.
acus, U. danica and U. acus, U. ulna and U. acus, and the
studied strains are first-generation hybrids. However,
we have never observed interspecific hybridization
between the species U. danica and U. acus under labora-
tory conditions (Podunay et al., 2021). Also, the identi-
fied fact may indicate the possibility of horizontal gene
transfer (HGT) between the studied species, namely the
transfer of genetic information between reproductively
isolated species. HGT is a process that occurs quite fre-
quently between organisms belonging to taxa of differ-
ent systematic ranks (Keeling and Palmer, 2008; Garcia
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et al., 2021), and can also occur in organisms belonging
to the same genus (Kavanaugh et al., 2006; Alvarez et
al., 2006). Cox1 transfer is considered to be a fairly
common phenomenon in angiosperms (Zhang et al.,
2020). It is suggested that this process occurs through
introns that encode a site-specific DNA endonuclease
and that part of the exon is replaced by gene conver-
sion (Delahodde et al., 1989; Sanchez-Puerta et al.,
2011). HGT is one of the mechanisms for improving the
adaptive capabilities of organisms. The contribution of
HGT to the development and ecological adaptation of
diatoms remains largely unexplored. Diatoms contain
plastids formed as a result of multiple endosymbiotic
events (Benoiston et al., 2017), and therefore their
mosaic genetic structure is the result of endosymbiotic
gene transfer (EGT) (Morozov and Galachyants, 2019).

To confirm the species affiliation of the strains
with possible horizontal transfer (ACH275, 5KH561,
G.21.0309-0C-3), a phylogenetic analysis of the rbcL
gene fragments was additionally performed (Table 2).
According to the results obtained, none of the three
strains was classified as U. acus. Strain ACH275 was
classified as F. radians. Strain 5KH561 was grouped with
other representatives of the U. danica species from Lake
Baikal, and G.21.0309-OC-3 was combined with other
U. ulna strains from lakes in Abkhazia, Lake Labynkyr
(Yakutia), and water bodies in continental Europe
(Fig. 5). Sequences of U. ulna strains obtained from
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Fig.4. Comparison of phylogenetic reconstruction of 18S rRNA and cox1l gene fragments. Strains ACH275, 5KH561,

G.21.0309-0OC-3 are marked in red.

phytoplankton samples from water bodies on Great
Britain Island form a separate subgroup in the clade
with sequences of U. danica from Lake Baikal. Thus,
the distribution of rbcL sequences for strains ACH275,
5KH561 and G.21.0309-OC-3 corresponds to the result
obtained from the analysis of 18S rRNA gene fragments.
The topology of the phylogenetic tree obtained by us in
this work corresponds to the results of the phylogenetic
analysis of representatives of the genus Ulnaria using
the variable fragment rbcL (Kochoska et al., 2023).

4. Conclusions

Diatoms are one of the most diverse groups
of microalgae, with a high level of latent speciation.
Intraspecific variability of diatoms is necessary to be
studied for understanding the processes of adaptation
to various environmental conditions. Genetic diversity
of marine diatoms has been studied relatively widely,
including intraspecific variability, while studies of
freshwater species remain limited. Our analysis of the
cox1 gene fragment showed heterogeneity of U. danica
and U. ulna populations from Lake Baikal and lakes of
Abkhazia. Data were obtained indicating possible hor-
izontal gene transfer between the studied species. To
reveal the processes underlying this phenomenon, it is
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necessary to conduct a comparative analysis of the plas-
tid genomes of the species F. radians, U. danica, U. ulna
and U. acus, which may help to explain some aspects of
speciation in diatoms.
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Table S1. Characteristics of nucleotide sequences
of cox1, rbcL and 18S rRNA genes
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T TumHostoeuyeckuti uHcmumym Cubupckoeo omdesteHus Poccutickotli akademuu Hayk, ys1. YiaaH-Bamopckas, 3, e. UpKymck,
664033, Poccua

2 Kapadaeckaa HayyHaa cmanyua um. T.H. Bazemckoeo — npupooHbiii 3anode0Hux PAH, yi. Hayku, 24, noc. Kypopmtoe, 298188,
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AHHOTAILIUA. BecmoBHbIE JUAaTOMOBBIE Bojgopocu u3 poxa Ulnaria sBIANTCA AOMUHHUPYIOIAMU
BUAaM{U BO MHOTMX IIPECHOBOJHBIX SKocucTeMmax EBpasuu. IlonmysiAnuy AuaTOMOBBIX BOAOPOCTEN
ABJIAIOTCS TeHeTUYeCKW HEeOAHOPOAHBIMM W Ipe[CTaBJIAIOT COOOH codyeTaHHWe pasHBIX [eHOTHUIIOB.
I'eneTnyeckoe pasHooOpasue ABJAeTCs HEOOXOAUMBIM (GAaKTOPOM IS afanTalyy K pasjIdyHbBIM yCJIO-
BUAM OKpY’Kalollleil cpefbl M YCIELIHOTO paccejeHHs BHUAOB. MbI NpoaHaIM3MpOBaild reHeThuYecKoe
pasHoobpasue BumoB Ulnaria danica v Ulnaria ulna Ha mpuMepe MOHOKJIOHAJIBHBIX IITAMMOB, BbIJe-
JIeHHBle U3 reorpaduyeckyd yaajeHHBIX OpPYr OT Apyra BOJOEMOB KOHTHMHEHTaJIbHOH uyacTu EBpasun
o3epa Puria, ozepa 'oiy6oe u o3epa Baiikai. [Ipu puioreHeTnuyeckoM aHann3e (pparMeHTOB reHa coxl
rcciiefyeMbIX ITaMMOB BIlepBble ObljIa TIOKa3aHa reTeporeHHOCTh IOMyJIALNH U OTCyTCTBHe reorpadu-
YeCKO U30JIALUY JJI OTAeJIbHBIX TeHOTUIIOB hccjleAyeMbIX BUAOB. IlyTeM aHain3a MapKepHbIX TeHOB
18S pPHK, rbcL u cox1, ycTaHOBJIEeHAa BO3MOXHOCTh TOPU30HTAJIBHOTO MIEPEHOCA TEHOB MeXay GJIM3KO-
poacTBeHHbIMU Bumamu Fragilaria radians, Ulnaria acus, U. danica u U. ulna.

Kitiouegvie cytoda: [UiaTOMOBBIE BOIOPOC/IN, TEHETUYECKOE Pa3sHooGpasye, rOpU30HTAJIBHEIN IIEPEHOC TeHOB, cox1,
18S pPHK, rbcl., Ulnaria
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1. Beepenne TpaauIoOHHO knaccupukanua — AuaTtoMen

IocTpoeHa Ha MOpP(OJIOriuy UX KpeMHUCTOT0 NaHIups,
KOTOPBHII OOWJIBHO OpHaMEHTHPOBaH pas3jIMuyHOro
TUIa OTBepCcTUAMU (apeoslamMu, MOpaMu), BEIPOCTaMU
n munamu. CTpoeHMe, paclojio)keHre U KOJINYecTBO
KOTOPHBIX fABJAETCA BUAOCIenUOUYIECKUM IPHU3HAKOM.
CorslacHO HefjaBHMM paboTaM, CyllecTByeT OKOJIO 17
000 BayMAHO ONMCAHHBIX BUJOB AUATOMOBEIX BOJOPO-
cyiett (Guiry and Guiry, 2024), 0JHaKO UX YHCJIO MOXET
Beipactu 1o 100 000 (Mann and Vanormelingen, 2013).
[Tpu 3TOM MHOrHe BHIbl UMEIOT MIKpPOKoe reorpadu-
yeckoe pacnpocrpaHenue (Finlay et al., 2002). OTtu
MPOTUCTH YCIEMHO 3BOJIIOINOHUPOBAIIY, afanTHpPO-

OOHOKJIETOYHBIE JUATOMOBBIE BOOOPOCIIU SABJIA-
I0TCA BaXXHBIM WTPOKOM KaK B IPECHOBOJHBIX, TaK U
MOPCKHX 3KocHucTeMax. Pojib auatoMed o6yciiaBiu-
BaeTCsA B TOM YKCJIE U TEM, YTO OHM MPOU3BOLAT IPU-
MepHO 40% nepBUYHON NIPOAYKIMU B MUPOBOM OKeaHe
(Field, 1998; Smetacek, 1999; Tréguer and Pondaven,
2000), a Takxe YyYacCTBYIOT B OHOTreOXMMHYECKUX
nukax yriaepoga (C), azora (N), ¢pocdopa (P), kpem-
HusA (Si) u xene3a (Fe) (Nelson et al., 1995; Tréguer
et al., 1995; Buesseler, 1998; Tréguer and Pondaven,
2000; Sarthou et al., 2005; Benoiston et al., 2017). Ouu

TaKXe ABJIAITCA HadaJIbHbIM 3B€HOM ITHILEBBIX LIEIIEN B BaBILNCH K Pa3jINYHLIM YCJIOBUAM OKPy')KaIOH.Ieﬁ cpeabt
BOJHBIX 3KocucTeMax. [loHnMaHue nx 3Ha4yeHUs B 9KO- Y KCITIOJIb3YIOT ]J.II/IpOKI/Iﬁ CIIEKTP SKOJIOTMYECKUX HHII
cucreMe MnmpuBoAWT K BbIBOAAM O HeOGXO}Z[I/IMOCTI/I nux (Malviya et al 2016)
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[Ilupokoe pacnpocTpaHeHHEe BUAOB 0E3yCJIOBHO
crnoco6cTByeT  MOpPGOJIOTMYECKOH,  (duanosioruye-
CKM U TeHeTudeckou aubdepeHIUANN TOMYJIAIUHN.
T'eHeTHYecKkoe pa3HOOOpa3ue UTrpaeT BAXHYK pPOJIb B
comeiicTBUM OBICTPOM afanTalUy K HOBBHIM YCJIOBUAM
oKpy>katolei cpeabl (Sziics et al., 2017). BrisABieHue u
OTCJIEXUBAHUE TeHETUYECKOTO pa3sHOOOpasusA MOMmyJis-
[UH TIO3BOJIAET PACKPHITH SBOJIIOIMOHHBIE MEXAHU3MBI,
BJIMAIOIE Ha criocobHocTh K amanTtarnuu (Godhe and
Rynearson, 2017; Rengefors et al., 2017). [Bwxyuieii
CHJIOM, BO3/IelCTBYIOIIEN HA TeHeTUYECKYI0 CTPYKTYPY
MOMYJIALIMM Y COBPEMEHHYIO 3BOJIIOLUI0, SBJISAETCA
MOCTOSTHHAS FreHeTUYeCcKasi U3MEHYUBOCTb, OMPeeJIAlo-
as KOJIMYeCTBO BapyalUi, MPUCYTCTBYIOIUX BHYTPU
Bua. U3BeCTHO, YTO MOMYJIALUYU AUATOMOBBIX BOAOPO-
cJIeii ABJIAIOTCA reHeTHYeCK HEOJHOPOAHBIMU U TIpe-
CTaBJIAIOT COOOM COoYeTaHWe PA3HBIX T€HOTHUIIOB, YTO
OTpaXkaeT UX CIIOCOGHOCThH afanTUPOBATHCA K U3MEHS-
Iomieics okpyxartoieii cpege (Guo et al., 2015; Wolf et
al., 2019; Rynearson et al., 2022). )Ku3HEHHbIH UK
JAUAaTOMOBBIX BOJOPOCJEN BKJIIOYAET IJIUTEIbHBIN
Mepyo]] BEreTaTUBHOIO JeJIeHUsA, CMEHSIOIUICA Ha
KOPOTKYIO penpoAyKTHBHYI (da3y. B mporiecce moJio-
BOT'O BOCIIPOUM3BENEHUS MTPOUCXOAUT OOMEH reHeTHuye-
CKMM MaTepHajoM, KOTOPHIN MepefaeTcs MOTOMKaM
CJIEIyIOUIETO TOKOJIEHUS, YTO TOMOTAET TOJJepXKU-
BaTh TeHETUYECKYyI0 reTeporeHHocTh (Rynearson and
Armbrust, 2004). YacToTa mOJIOBOM peKOMOHUHAIUU
3aBUCUT OT MPOAOJDKUTEJIBHOCTU XU3HEHHOTO IHKJIA,
KOTOpasi AJiA Pa3HbIX BUJOB JAUATOMEN COCTABJIAET OT
HECKOJIBKUX MeCsAIeB JI0 HeCKOJIbKux JieT (Jewson,
1992; Montresor et al., 2016).

[lpy O6JIArONPUATHHIX VCJIOBUAX TMPOUCXOIUT
MaccoBoe pas3BuTHe (“IBeTeHNe”) OTAeJIbHBIX BHUJIOB
WJTH KOMILJIEKCOB BU/IOB IUIAHKTOHHBIX AUATOMEH, NMpU
3TOM akIeHT M3y4YeHUs AAaHHOTO IMpolecca paHee ObLT
CMellleH Ha U3yvYeHNe BIIUAHUA YCJIOBUH OKPYKAMOLIEH
cpensl. OTHOCUTEPHO HEJAaBHO HAMETWJICA TMepPeXxo]]
K U3yYeHHWI0 BHYTPUBHUIOBOTO T€HETHMYECKOTO PAa3HO-
06pa3vsa ¥ MHUKPOIBOJIIOLMOHHBIX MPOILIECCOB B TOITY-
Jauuu QUTOIUIAHKTOHA B TNEPUOJ IBETEHUSA B MOp-
ckux 3kocucrteMmax (Rynearson and Armbrust, 2005;
Rynearson et al., 2006; Chen and Rynearson, 2016). Ha
MpUMepe reHoB, Koaupyomwmx Sigl u B-TyOyJiiH, moka-
3aHO, 4TO reHeTUYeckuil coctaB Thalassiosira weissflogii
(Grunow) G.A.Fryxell & Hasle gemoHcTpupyeT OTHO-
CUTEJIPHO BBICOKHME YPOBHHU PaCXOXIEeHUA TOCJIe0Ba-
TEJIBHOCTEH Y U30JIATOB, COOPAaHHBIX U3 Pa3HBIX I'eorpa-
duveckux sokaumii (Armbrust and Galindo, 2001). B
TO JX€ BpeMs MCCJIeJOBAaHUSA TeHETUYECKON CTPYKTYPHI
nonyJisanui Pseudo-nitzschia multiseries (Hasle) Hasle u
Skeletonema marinoi Sarno & Zingone ¢ momoisio ITS
(internal transcribed spacer) mokasasu, 4TO paziny-
HbIE MOMYJIAUY 3TUX BHUIOB MOTYT OOHUTaTh B Pa3HBIX
pernoHax CeBepHON ATnaHTUKM U THUXOro okeaHa
(Evans and Hayes, 2004; Godhe et al., 2006). Ha npu-
Mepe MOPCKOH IleHTprudeckor auatomen Thalassiosira
gravida Cleve moka3aHo, YTO BBICOKHI YPOBEHD T'€HETHU-
YeCcKOro pasHooOpa3usa HaOJI0AAJICA BO BPeMs «IIBETe-
HusA» ¢ 02 mo 13 masa 2008 r. B ATJIaHTUUECKOM OKeaHe
psanoMm ¢ Ucnanauednt (Chen and Rynearson, 2016). A
MPECHOBOAHBIX JKOCHUCTEM TaKXe MOKA3aHO HEpaBHO-
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MepHoOe paclipefieJieHre OT[JeJIbHBIX T'eHOTUIOB pAfa
BUJIOB, YTO, [0 yTBEPXJEHWUI0 aBTOPOB, MOXeT OBITh
CBA3aHO C pa3jIMuMAMU B UX 5KOJIOTMYECKUX MpeJIIo-
yteHusax (Pérez-Burillo et al., 2021). ¥ npecHOBOAHBIX
OEHTOCHBIX AMAaTOMell reHOTUNNYeckoe pasHooOpasue
oTJMvyaeTcs MeXxJy MOMyJIANUAMU OAHOTO M TOTO Xe
BUJa U MHOTAa 3aMeTHO COKpalllaeTcs, YTO MOXeT OBITh
CBA3aHO C yepefoBaHKEM II0JIOBOrO U 6ecIiojioro pas-
MHO’KeHHs, [TI0CKOJIbKY B IIepHUOAbl 6ecrosoro pasMHo-
XKeHUs TeHOTHIHNYecKoe pasHooOpas3ue IOCTelNeHHO
coKpalaeTcsa B pe3yJjibTaTe eCcTeCTBEHHOro oTbopa
(Vanormelingen et al., 2015). Eme ogHON HNPUYMHOMN
reHeTUYeCKUX pasIM4ui MoXeT ObITh reorpapuyieckas
yAaJIeHHOCTh Y M30JIALMA BOAOEMOB, KOTOpas 3Hayu-
TeJIbHO BJIMAeT Ha popMHpOBaHUe U pacnpocTpaHeHne
FeHOTHUITOB MpecHOBOAHBIX BUAoB (Marchenkov et al.,
2022). B cOBOKYIHOCTHU 3TO AaeT BO3MOXHOCTb YTBep-
XAaTh O BHYTPHUBHIOBOM I'eHEeTUYeCKOH reTeporeHHO-
CTH IPHUCYIel KaK MOPCKHUM, TaK M IIPECHOBOJHEBIM
JuaToMesM U CIOCOOHOCTU pasfiesieHrs Ha OTAeJsIbHbIe
MOMYJIALMY, YTO AOJDKHO CIIOCOOCTBOBATD MOBBIIIEHUIO
CIIOCOOHOCTH K afjanTalumu.

Llenp Hamiero ucciaefoBaHUA COCTOsAJIA B TOM,
yTOOBl ONpefie/INTh reHeTu4yecky auddepeHpanuio
B TIOMyJANUAX IUIAHKTOHHBIX IPECHOBOJHBIX OHUATO-
MOBBIX Bofopociel poma Ulnaria (Kiitzing) Compeére.
MBI cocpefoTOYMJIM CBOE BHHUMAaHHE Ha INEeHHATHBIX
OecHIOBHBIX JUATOMOBBIX Bojopociiax Ulnaria danica
(Kiitzing) Compére & Bukhtiyarova u Ulnaria ulna
(Nitzsch) Compeére, TOCKOJIbKY OHU ABJISIOTCA GJIN3KO-
POACTBEHHBIMU BHAAaMM CO CXOXHMU Mopdosoruye-
CKMMH NpU3HaKaMu, OJHAKO pa3jInyaloTcs IpeaeiaMu
pacrpocTpaHeHus, 3anagHas yacTb EBpasniickoro KoH-
THHeHTa 3acesieHa U. ulna, a Boctounasa — U. danica
(Podunay, 2022). B cBs3u ¢ 3TuM ObUI MPOBEJIEH aHa-
Ji3 MapkepHbiXx reHoB 18S pPHK, rbcL u cox1 y MoHO-
KJIOHAJIBHBIX IITAaMMOB 3TUX BHUJOB, BBIAEJIEHHBIX W3
o3ep Puna u lony6oe 3anmanHo-KaBkaskoro peruosHa
(pecnybnmika AGxasus) u o3epo batikan, Haxopsile-
rocs B 10XXHOI 4acCTH BOCTOYHOM Cubupu.

2. MaTepuanbl 1 MEeTOADI
2.1. OT60p NPO6 M KyALTUBMpPOBaHHE

B paGorte ObUIM HCHNOJIB30BaHB 28 MOHOKJIO-
HaJIbHBIX [ITAMMOB W3 KOJUIEKI[MU >XUBBIX KYJIBTYP
JUaTOMOBBIX Bofopociell JINMHOJIOrM4eckoro WHCTH-
TyTa PAH, BeigesieHHBle U3 P00 PUTONIAHKTOHA O3.
batixan (Puc. 1, Tabnuma 1), corjacHO NPOTOKOJY,
onyOsmkoBaHHOMY paHee (Zakharova et al., 2023), a
Takxke 12 mTaMMOB M3 KOJUJIEKIIMN ANATOMOBBIX BOJO-
pocJieit Muposoro okeana (WODC) Kapapaarckoii Hayy-
HoM cranuuu uM. T.U. Bazemckoro (®eogocus, Poccus)
BhIleJieHHbIe 13 pob B 03. Puria u 03. l'osy6oe (Puc. 1,
Ta6yuna 1). Kietku BeipamuBanau B 100 mu kosbax
Opsiermeriepa ipu 8 °C u ocBeleHHUH 16 MKMOJIb/M?2/C
C JyepefjoBaHMeM AHA U Houd 12:12 yacoB B CTepusib-
Hoti cpefe DM (Diatom Medium) (Thompson, 1988) u
IepeceBajIi OAWH pa3 B MecAL. Bugosasa npuHajiex-
HOCTb HCCJIelyeMbIX IITaMMOB ObljIa IpeABapUTebHO
onpejesieHa Npy MOMOIIY CBETOBON MUKPOCKOIIMU.
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Puc.1. Kapra ¢ ykazaHueM craHiuu ot6opa npo6 ¢uromnankroHa. A) Kapra Espasuit; B) Teppuropus pecry6snku A6xas3uuy;
B) 03. Batikas. CuHUI TOYKY — cTaHIMM oTO0pa npob o3. Batikai (Poccus); rosybas Touka — 03. I'osy6oe (Peciybivika A6xasus);

3eJieHas Touka — 03. Pura (Pecmy6iiiika A6xasus).

2.2. Ixcrpakuua AHK, MUP u
CeKBEeHHPOBaHME MapKepPHbIX FEeHOB

JIHK Obi1a BhIAejieHA u3 OMOMacChl MOHOKJIO-
HaJIbHBIX [ITAMMOB JUAaTOMOBBIX BOJOPOCJIEH KaK OIK-
caHo paHee (Marchenkov et al., 2018). AMmndukaluo
dparmenToB reHoB V3-V4 netsiu 18S pPHK, rbcl u
cox1 mpoBOAWTIY, UCIOJIb3Ys NpaliMephl, yKa3aHHbE B
Tabmuue 2, u Habop Taq JHK-monumepaza (EBporeH,
Poccus). [TpoaykThl aMiinpukany pasaesisiin dJieK-
Tpodopesom B 1,5% arapo3HoM rejie ¥ OUYUILAIIU OT
PeaKIMoHHON cMecH ¢ moMoupio Monarch® DNA Gel
Extraction Kit (NEB, CIIIA). CexkBeHUpOBaHHEe MeTO-
aoM CsHrepa IpPOBOAMJIM C HCIOJIb30BaHHeM Habopa
I'eiCek (CuntoJ, Poccus)) Ha reHeTHMYECKOM aHaJIu-
3atope Hanodop 05 (Cunros, Poccus) B [IpubopHOM
I[eHTpe KOJUJIEKTMBHOI'O II0JIb30BaHUA (PU3UKO-XUMHU-
yeckoro yJjbpTpamukpoaHanuza JIMH CO PAH (IIKII
«YnpTpamMukpoaHanus», Hpkyrtck, Poccus). Ananus
HYKJICOTUAHBIX I0CJIeJOBATeJIbHOCTEN INPOBOAMWIIN
C HCHOJIb30BaHMEM MpPOrpaMMHOIO obecredyeHus
Chromos (Technelysium Pty Ltd, ABctpasus). Bce
CeKBeHHUPOBaHbIe [10CJIeJOBAaTeIbHOCTY eIOHUPOBAHBL
B GenBank (Ta6smna 1).

2.3. dunoreHeTuuecKum aHanus

HaGopsl ganHbIX Ui ¢parMeHTOB reHOB 18S
PPHK, cox1l wu rbcl. mis puioreHETUYECKON PEKOH-
CTPYKLIMH COAEepXali IOCJe[oBaTeJIbHOCTH, IOJIy-
YyeHHBIe B JaHHOHN paboTe, U romoJioru nu3 6a3bl aH-
Heix NCBI (Ta6numa 1, Ilpunoxenue Tabmuma S1).
BrlpaBHUBaHUe [10CJIeJOBAaTeIbHOCTEN IPOBOAWIIN NIPU
nmoMoIny oHJIaiiH-pecypca MAFFT (https://mafft.cbre.
ip/). Mopesnu MoJIeKyIAPHOH 3BOJIIOIUY OBLITN TOCTPO-
eHbl Ha OCHOBe 0aiiecoBCKOro MH(POPMAIMOHHOT'O KPU-
Tepus (BIC) B nmporpamme IQ-TREE v. 2.3.6 (Minh et
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al., 2020) c¢ wucnosp3oBanneM moxyJsisi ModelFinder
(Kalyaanamoorthy et al., 2017). [{yia OLeHKH NOJ-
JIepXKH TOMOJIOTUU JiepeBbeB HCIIOJIb30BAJIM 3Haye-
HUA cBepxObicTporo 6yTcTpena (Hoang et al., 2018) u
TeCT MPUOJIN3UTEIPHOrO OTHOILIEHUS MPaBAONOa00UsA
SH-aLRT (Guindon et al., 2010). [Io HauMeHbIIEMY
3HaYeHHUI0 0aliecOBCKOro WH(OOPMALMOHHOTO KpHUTe-
pusa (BIC) ana duioreHeTUYeCKOl PEKOHCTPYKLUIO
reHoB cox1 Gpu1a BeiOpaHa Monens TPM2u+F +1+ G4,
ana retoB 18S pPHK mogmens TN+F+I+R2, u nia
rbcL momens GTR +F + G4.

3. Pe3yAabTathbl M 06Ccy)xpeHue

[ mepBoHavyasbHON HAeHTUGUKAIMU IITaM-
MOB HaMU OBLIM NpOAHAJIN3MPOBAHEI NOCJIEOBATEIb-
HocTu (QparmeHTta reHa 18S pPHK pgia Bcex wram-
MOB, HCIOJIb3yeMBIX B JaHHOU pabore (Tabauma 1)
JUIA TOATBEpXJeHUs BHOOBOM NpUHALJIExXHocTU. U3
pe3yJibTaToB  (GUJIOTEHeTUYeCKON  PeKOHCTPYKINU
(Puc. 2) BUJIHO, YTO aHAJIMU3MpyeMble IOCe0BaTe N b-
HOCTH COOTHECeHH K KJIaJlaM, COOTBETCTBYIOUIMMU
ponam Ulnaria w Fragilaria. [leHHaTHBIE OUATOMEU W3
poaa Ulnaria o4eHb 4acTO SABJIAIOTCA JOMUHUPYIOMINMU
BUJIaMM B COCTaBe NPECHOBOIHBEIX COOOIIECTB MUKPO-
BoopocJiell. ITpefcraBuTes posja, COBMECTHO C GJIH3-
KOpOJIcTBeHHBIM eMy pojioM Fragilaria, moxgsepraorcsa
nocroaHHON peBusun (Williams and Round, 1987,
Aboal et al., 2003; Tuji and Williams, 2013; Lange-
Bertalot and Ulrich, 2014; Williams and Blanco, 2019;
Williams, 2024). OgHako, B HEKOTOPBIX CJIy4asX MOp-
dosorryeckre pasyuyua MeXAy BHUOAMU HACTOJIBKO
TOHKHe, 4YTO TpebyeTcs MpHUMeHeHUe CKaHUPYIoLlei
3JIEKTPOHHON MUKPOCKOIINH MJIM METO/I0B MOJIEKYJIAP-
Hol 6uosioruu (Zakharova et al., 2023). Panee 6bLJIO
[I0Ka3aHo, 4YTO, UCMOJIb3yA pparmeHnT resa 18S pPHK,
BKJIIOYaromiero B ce6s1 BapuabesibHBE pertoHs V3-V4,
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Ta6suna 1. HaiMeHoBaHuUe HccilelyeMbIX IITaMMOB

IIItamm Bupg MecTto oT6opa npo6 Howmep nocneno-| Howmep mociie- | Homep mociie-
BaTeJibHOCTH 18S| moBaTe/ibHOCTH |OBaTEJIbHOCTH
pPHK B GenBank | cox1 B GenBank |rbcL B GenBank

Ozepo Baiikan (Poccus)
BZ5 U. acus BaprysuHckuil 3a1uB PQ456333 PQ497024

BZ 251 U. danica OP159836 PQ497061 OP169177

BZ 261 PQ456352 PQ497043 PQ541091

BZ 263 PQ456353 PQ497044

ACH 275 F. radians AkaneMuueckui xpeber PQ472489 PQ497025 PQ541090

MM 118 U. acus npoJsiuB Masioe Mope, MbIC PQ456347 PQ497040

3yHOyK
MM 609 U. danica npoJsius Masioe Mope, PQ456366 PQ497050
LEHTP

M-S278 F. radians LIEHTp pa3pes3a PQ456348

M-S586 Maputyit-Cornzan PQ456351

M-S 607 U. acus PQ456344 PQ497037

5K557 U. danica 5 KM OT IpoToKa Xapays, PQ456355 PQ497046

5KH561 Aensta p. Cenenra PQ456356 PQ497027 PQ541092

ChZ519 U. danica YNBBIPKYHCKUI 3aJIUB PQ456354 PQ497045 PQ541095
L549 U. acus HeJlaJieko OT M. JIMCTBsAHKA PQ456334 PQ497026

B-T577 U. acus LIEHTp pa3pes3a PQ456335 PQ497028

B-T605 barkasbcxoe-Typanu PQ456343 PQ497036

T-N578 F. radians LIeHTp paspes3a PQ456349

T-N 579 U. acus Tou-Hemrsirka PQ456336 PQ497029

Y-T 594 U. acus LIeHTp paspes3a PQ456340 PQ497033

Y.T 581 ¥xan-Torkuit PQ456337 PQ497030

Y-T 580 F. radians PQ456350

K-A 598 U. danica LIeHTp paspesa PQ456364 PQ497047

KoTtesnbHUKOBCKUI
- AmyHpaakan

15K 588 U. acus 15 kM ot p. n. Kyaryk PQ456338 PQ497031

15K 589 PQ456339 PQ497032

L-T 600 U. acus LIeHTp paspesa PQ456341 PQ497034

L-T 604 JlnersAnKa-Tauxoit PQ456342 PQ497035

L-T 602 U. danica PQ456365 PQ497049

Pecny6simika A6xasus

G.21.0309-OE-1 U. ulna 03. Tosty60e PQ456367 PQ497051

G.21.0309-OE-3 PQ456361 PQ497038 PQ541088

G.21.0309-OE-4 PQ456357 PQ497053

G.21.0309-OF-5 PQ456369 PQ497054

G.21.0309-0G-7 PQ456371 PQ497056

G.21.0309-OE-8 PQ456360 PQ497057 PQ541094

R.21.0309-OE-2 03. Puna PQ456368 PQ497052

R.21.0309-0Q-6 PQ456370 PQ497055 PQ541093

R.21.0309-0I-9 PQ456372 PQ497058 PQ541089
R.21.0309-OE1-10 PQ456362 PQ497059
R.21.0309-001-11 PQ456359 PQ497060
R.21.0309-001-12 U. acus PQ456345 PQ497039
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MOXHO JIOCTaTOYHO YBEPEHHO YCTaHO- Ta6auna 2. IocienoBaTeNbHOCTH NPadiMEPOB, MCIOJIb30BAHHBIX B
BUTh BUAOBYIO IpUHAAJIEXHOCTh U. acus HacToAmMEM HNCCJIeN0BaHNN
u F. radians, a TaKXke K KOMILIEKCY BUIOB Tipaitmep TocegopatesrocTs (5 — 37
U. ulna n U. danica (Morozov et al., 2023;
Zakharova et al., 2023) 18S_1F (Katana et al., 2001) AACCTGGTTGATCCTGCCAGT
o .

B xiane Fragilaria ¢ BBICOKON 18S_1050R (Guo et al., 2015) GTTTCAGHCTTGCGACCATACTCC
JIOCTOBEPHOCTHIO OT/IEJILHO PaciosiokeHa cox1_1F (Marchenkov et al., 2022) ATGAAGTTTGCTAATCGATGGT
rpymnma, BKJIouammias B cebs IITaMMBL, cox1_714R (Marchenkov et al., 2022) AAAAAGGTGTTGGAACAGTACAG
BBIfleJIeHHble 13 Npo0 (UTOMJIAHKTOHA Uu_cox1_72F AGCTATTTCCGGTGTAGCGGGTAC
03. Baiikama (Poccusa) u upeHTUQUIN- Uu_cox1_624R AGCTCCTGCCAACACAGGTAAAG
POBaHHHle kak pu F. radians (Puc. 2). B rbcL-F (Zakharova et al., 2020) ATGTCTCAATCTGTATCAGAACGG
Kkane Ulnaria BEAE/IAIOTCA [IB€ IPYIIIBL. rbcL-R (Zakharova et al., 2020) CAACCTTGTGTAAGTCTCACTATTC
I'pynma U. acus copepXuTr IMocjaenoBa-

TeJbHOCTH InTaMMOB U. acus, BbIJieJIeH- 0907 Amphora marina
HBIX U3 03. Barikana (Poccus), a Takxke 765%9:23212221‘;:::“9°fee"3is
onyOJINKOBaHHBIE nocJieJoBaTeIbHO- ACH275 Fragilaria radians |
MM246 Fragilaria radians s
ctu U. acus nu3 o3. Punna (A6xasus) u 98.7197| 103 Fragitaria radians | &
e B <]
03. Marana (MugoHes3us) (Ta6smna S1). 5785 MM99 Fragilaria radians =
. M-S278 Fragilaria radians 5 ©
. . T . M-S586 Fragilaria radians 5 | s
I'pymnma U. danica / U. ulna comepxu 77.1/53 = | &
: ana fac I
0CJIE/IOBATEIBHOCTA ~ ITAMMOB  J1aH- hishsabincwiiurendl | |
HBIX BUAOB H3 03. Puma (A6xaswus), 03. AT-124.05b Fragilaria sp. 2
o AT-185Gel3 Fragilaria crotonensis S
T'ony6oe (AGxa3us), o3. batikasn (Poccus) a26i60 || AT186ge13 Fragilaria vaucheriae °
81.4/53 | At114gel5 Fragilaria rumpens
M IITaMMOB, BbIJ€JIEHHBIX N3 BOJOEMOB A-06 Fragilaria capucina
B IOxHoi1 Kopee, ®panuuu u Uranuu 50327 Fragilaria bidens
At135.13 Fragilaria delicatissima
(Puc. 2, Tabnuna S1). OTcyTcTBUE pas- 65.2/82 5.0227-E Ulnaria acus
JeJeHdus MeXIy MpeICTaBUTENIAMU 3TUX R e
ABYX BHUJIOB Ha OCHOBe aHaju3a [aH- L-T604 Ulnaria acus
M-S607 Ulnari:
HBIX pasHBIX BapuaOesbHBIX y4acTKOB s
18S pPHK 6b110 TakXke moka3aHO paHee o dinarta acus
(Morozov et al., 2023; Zakharova et al., 15K589 Ulnaria acus "
2023). C I | 88.3/77 3B357 Ulnaria acus 3
). Cnenyet oTMeTuTh, uro U. ulna u 38327 Ulnaria acus 8
U. danica UMeT CXO0XyH0 MOPGHOJIOTUIO e s
o - | I U 3
B O0IIMX YepTax U MPU 3TOM PsAL TOHKUX B-T605 Ulnaria acus >
B-T577 Ulnaria acus
OTJIMYMTEJIbHBIX Tpu3HakoB (Zakharova il
et al., 2023), YTO COBMECTHO C Pa3JINYU- 3B355 Ulnaria acus
© T-N579 Ulnaria acus
AMM B reorpaduueckoi JioKajausaluuu u 0.0224-OD Ulnaria acus
penpoaykTusHoit usossnueii (Podunay, SOt o ace =
2022) He NO3BOJIAIOT NPOBECTU UX 00be- 1001100 R21.0309-0A1-12 Ulnaria acus §
G.21.0309-OE-4 Ulnaria ulna
AVMHEHNEe B OJWH BH/. o1 47{90 r HYU-D007 Ulnaria ulna §
’ I R.21.0309-OE1-10 Ulnaria ulna ]
Yposenb ausepreHuuu 18S pPHK i e sbon bty o
y JauatoMeil B CpaBHEHUM C APYrUMU - ChZ519 Ulnaria danica
R.21.0309-OE-2 Ulnaria ulna
MapKepHbBIMU TreHaMu (OoJibinas cyObe- 5KHS557 Ulnaria danica s
_ _ _ [ 5KH561 Ulnaria danica ‘c
AnHALA pH6y‘H030 1,5 6I/IC(1)0C(I)aTKap [ G.21.0309-0C-3 Ulnaria ulna 3
6okcrtassl/okcurenassl — rbcl, cy6be- G.21.0308-OF-5 Ulnaria ulna 2
K-A598 Ulnaria dani
guHuna 1 nuroxpom-C-okcuaassl — coxl, il 5
¥ ¥ o R.21.0309-001-11 Ulnaria ulna ©
BHyTpeHHHI/I TpaHCKpI/I6I/I13yeMbIH CHeI/IU G.21.0309-0G-7 Ulnaria ulna ?:s
cep — ITS, yHUBEpCaJIbHbIN TIJIAaCTUAHBIN G-21.0309-OE-8 Ulnaria ulna &
TCC626 Ulnaria ul -]
aMIuKoH — UPA) mokasaJsi, 4To CKOPOCTh e G <
HaKOILJIeHNUsA MyTaluil B reHe cox1 Bhille, 22221633‘3';2'2 :T;i“_ ;
> o - - naria uina
yeMm y npyrux reHos (Guo et al., 2015). R.21.0309-01-9 Ulnaria ulna
o MM609 Ulnaria danica
dusioreHeTHYeCKNl aHaiau3 ¢parMeHTa Wdesli
reHa coxl MO3BOJIAET pas3jiuyaTh T'€HO- 7713 Prostauroneis i TCC670 Ulnaria uina
79.9/90] C] 7 restauroneis integra
TUIBI OJTHOT'O M TOTO € BUJA JAUATOMO- 99.2/98|—£ AT-101.02 Stauroneis kriegeri
BBIX BOJIOPOCJIEH, BBIJIEJIEHHBIE U3 Teo- s oo 105‘3?32‘V?Zu:*;“erl‘l’igjl';‘;“"e”'°e"‘er°”
rpa(l)que(:KI/I yIOaJIeHHBIX TOYEK (Ehara et 90/96 93.2/95 AT-70.09 Pinnularia substreptoraphe
92.8/97] AT-161.02 Pinnularia viridis
al., 2000; Evans et al., 2007; Hamsher et AT-161.05 Pinnularia mesolepta

al., 2011), B ToM umcye U y IpeCTaBUTE-
nen u3 pona Ulnaria (Marchenkov et al.,
2022). TakuMm ob6pa3oM, HCMIOJIb30BaHUE
JaHHOTO reHa IlejiecooOpa3HO A/ ycTa-

0.02
Puc.2. ®dunoreHernyeckas peKOHCTpyKLusA o ¢pparMeHTy resa 18S.

V3Bl [JIA KJIIOYEBBIX KJIACTEPOB OIpPeesiAT IMOANEPXKKY TOIOJIOTUU
cBepxObICTPOIT 3arpy3ku U NpubIM3UTESIbHOE OTHOIIeHNe IPaBAoIo 00

HOBJIEHUA IeHeTH4YecKon aupdepeHnya- SH-aLRT. ITocJiefoBaTeJIbHOCTH, TIOJIyY€HHBIE B JaHHOM PaboTe BHIIEJIEHBI
MY B MPUPOJHBIX MOMyJIANUAX BUIOB U. BeToM: cuHUe — Poccus, o3. Batikas; 3eseHsle — AGxasus, 03. Puna, rosy-
ulna u U. danica. 6ble — A6xasus, 03. T'osy6oe.
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Bribop «yHUBepcasbHBIX» INpaliMepoB Ha cox1
JVAaTOMOBBIX BOJAOPOCJIEN SBJIsIeTCS NOCTATOYHO CJIOXK-
HOU 3ajavell 13-3a BBICOKOH CTelleHU AuBepreHIuu
U HaJUYAU MPOTSIKEHHBIX MHTPOHOB BHYTPU TI'eHOB.
Hcnonp3oBaHue mpaiiMepoB, CKOHCTPYMPOBAHHBIX Ha
¢parmeHT rena cox1 U. acus, He JaBaJii MOJIOXKUTEb-
Horo oTBeta ¢ Bugamu U. ulna u U. danica (Tabaura 2).
OTOT pe3yJbTaT NpUBEJ K HEOOXOIUMOCTU KOHCTPYHU-
poBaHUs IpaiiMepoB clenu@UUYHBIX TOJIbKO AJIA aH-
HBIX BUZOB. Hamu ObUIM BIlepBble MOJIyYeHBI IOCJe-
JoBaTesbHOCTU cox1 AJiA BceX MITaMMOB, KOTOpBIE TI0
pe3yJbraTam aHaiusa pparmeHTa reta 18S pPHK 6b11u
oTHeceHHI K rpymne U. ulna u U. danica (Ta6auna 1).

B pesynbraTe aHanmuza ObUJIO TOKazaHO ¢oOp-
MHpOBaHUe o0Ilell Tpynmnbl, COOTBETCTBYIOIIEN pOIy
Ulnaria. ITocnenoBaTtenbHocTH cox1 mrammos U. ulna u
U. danica He pa3fenAOTcA Ha OTAEeJIbHbIE KJIaAbl BUAO-
Boro mopsaaka (Puc. 3). Ilpu anamuze popmupyrorcs
TPU KJaJibl, TPeACTaBJAIIMe CcOOON pa3Hble T'eHOo-
Tunel. Knaael 1 u 2 comepxaT mocjeJoBaTeIbHOCTU
U. ulna v U. danica w3 o3. Batikan u o3ep Ab6xasuu, a
Takxe U3 BOJOEMOB KOHTUHEHTaJbHON yacTu EBpoIb
(Tabmuma S1). Takum o6pa3oMm, 3THU TeHOTHUIIBI MOTYT
BCTpevaThcs B reorpaduieckuil yaajaeHHbIX BOJIoeMax.
Panee 6bUIN Moka3aHbl reorpaduyueckye npejessl pac-
MpocTpaHeHus JaHHbBIX BUJOB Ha TeppuTtopuu EBpasuu
(Podunay, 2022). Aptop otMmeuaer, uro U. ulna
UMeeT MIMPOKOe paclpocTpaHeHHe B 3amafHOU 4acTu
EBpa3suiickoro KOHTUHEHTA, TOrja kak U. danica Hace-
JIsileT BoJoeMbl BOCTOYHOHN yactu. Ilomyssmuu U. ulna

89.9/83

99/99)

£6.078 Ulnaria acus

[ 730 i
78.8/91
98.6/98| CCMP787 Skeletonema menzelli
FTY008

CIOoCOOHBI K MEXBUIOBOM Trubpuau3any C MOMyJis-
nuamu U. danica, HaxoAAmWMUMUCA B palioHe 3amagHo-
Cubupckoil HU3ME@HHOCTH U K BOCTOKY OT Hee BILJIOTb
no o3. baiikan (Podunay, 2022). CoryiacHO HocJieJHUM
JaHHBIM B (QUTOIIaHKTOHe 03. Bailikay mpucyTcTByeT
tobko U. danica (Zakharova et al., 2023). Kimaga 3
COMEepPXUT TOJIBKO IOCJIeJOBATEJIbHOCTU IITAMMOB U3
o3. barikas (Puc. 3). M3-3a majsioro oobemMa JaHHbBIX MBI
He MOXeM JIOCTOBEPHO YTBepXJaTh, YTO JAHHBII I'eHO-
TUN HUMeeT reorpaduieckre OrpaHUYeHUs B PacIpo-
crpaHeHuu. TakuMm obpa3oM, OBLIO MOKa3aHO, YTO TO
dparmenty rena cox1 nonymnsanuu U. ulna u U. danica
ozepa Pumia u. TI'ony6oe, a Takxe o3. Batikan sBis-
10TCsA reTeporeHHbBIMU. CliefyeT OTMETUTD, UTO JaHHbIE
o cox1 y mpexncraButesieii poaa Ulnaria HeMHOTOYMC-
JleHHbl. PaHee mMoJiyyeHHble JJaHHbIE O TeTepOTreHHO-
ctu nonyJisanuu U. acus [jis ceBepHOU KOTJIOBUHBI 03.
Baiikan (Marchenkov et al., 2022).

[Ipu cpaBHeHUU pe3yabTaTOB GuUIOreHeTHYe-
CKOro aHau3a 1o AByM MapkepHbM reHam 18S pPHK u
cox1 6BLJIO OTMEUEHO, YTO TPHU MITaMMa I'PyNIUPYIOTCA
B pa3Hble Kj1ajibl BuoBoro nopsaka (Puc. 4). CornacHo
AaHHbIM aHanmsa 18S pPHK mrtamm ACH275 pacno-
narasica B kiaage suga F. radians (Puc. 4 18S rRNA),
a mramMmbl 5KH561 u G.21.0309-OC-3 oTHeceHHI K U.
danica u U. ulna (Puc. 4 18S rRNA). IIo pe3yibTatam
dunoreHeTnyeckoro aHaamusa ¢parmeHra resa coxl
9THU IITAaMMBbI OTHOCATCA K kiaje U. acus (Puc. 4 cox1).

Ha ocHOBaHUM NOJIy4YeHHBIX HAMU T'eHeTUYeCKUX
JaHHBIX MOXHO IPeJIOJIOKUTh, YTO B €CTeCTBEHHBIX

— BZ251 Ulnaria danica
R.21.0309-OE-2 Ulnaria ulna
87’4/63-|((3.2’1,0309-0&'-8 Ulnaria ulna
TCC626 Ulnaria ulna
BZ263 Ulnaria danica
G.21.0309-OE-1 Ulnaria ulna
R.21.0309-OE1-10 Ulnaria ulna
- R.21.0309-01-9 Ulnaria ulna

7!
98 16C670 Ulnaria ulna

- BZ261 Ulnaria danica

K-A598 Ulnaria danica

Ulnaria

G.21.0309-0G-7 Ulnaria ulna
61.6/70|

L-T602 Ulnaria danica

Ulnaria ulna / Ulnaria danica

R.21.0309-0Q-6 Ulnaria ulna 2

- MM609 Ulnaria danica

61,2651~ G-21.0309-OF-5 Ulnaria ulna

- G.21.0309-OE-4 Ulnaria ulna

Skatitol ChZ519 Ulnaria danica
5KH557 Ulnaria danica

99/99

98.5/100

0.03

PnKk14 Pseudo-nitzschia micropora

PnPd29 Pseudo-nitzschia cuspidata
92.3/88
PnTB31 Pseudo-nitzschia fukuyoi

Puc.3. ®dunoreHeTnueckas peKOHCTPYKIMA 0 pparMeHTy resa coxl. Y3jbl Ajid KJII0UEBBIX KJIACTE€POB ONpeAesIAloT MOJ-
JepXKy TOIOJIOTUU CBepPXOBICTPOH 3arpy3Ku U MpUOJIN3UTeIbHOE OTHOIIeHNe npaBaononobus SH-aLRT. [TocneqoBaTenbHOCTH,
roJIyueHHble B JaHHOU paboTe BbleseHH I[BeToM: cuHUe — Poccus, o3. Baiikas; 3esensle — A6xa3us, o3. Pura, rosy6eie —

Ab6xazus, 03. I'omy6oe.
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Puc.4. ConocraBiieHne ¢QuioreHeTnyeckoil pekoHCTpykiusa ¢parmeHToB reHa 18S pPHK wu coxl. HItammer ACH275,

5KH561, G.21.0309-OC-3 oTMeuyeHBl KpaCHBIM I[BETOM.

ycI0BUAX MeXxay napamu Bupos F. radians u U. acus, U.
danica u U. acus, U. ulna u U. acus BO3MOXHa TUOPULIU-
3a1us, a uccjieyeMbie IMTaMMBbl SIBJISIOTCA TUOpUIaMU
nepBoro nokojieHusA. OJHaKO MBI HUKOTa He HabJIo-
JaJii MEeXBHUIOBYI0 TMOpUaU3anuio Mexay sugamu U.
ulna u U. acus B nabopaTopHbix ycjioBusx (Podunay
et al., 2021). Takxe BHIABJIEHHBINI (aKT MOXKET CBU-
JeTeJIbCTBOBAaTh O BO3MOXHOCTH TOPU3OHTAJIBHOTO
nepeHoca rexHoB (TTII'/HGT) mexnay ucciieqyeMbIMU
BUJIaMU, a UMEHHO Iepedayn TeHeTUYecKou HUHOp-
Manuu MeXAy PEeNpOAYKTUBHO M30JIMPOBAHHBIMU
sugamu. [TII' mpoiecc, KOTOPBIYI AOCTAaTOYHO 4YacCTO
BCTpeYaeTcsi MeXJy OpraHu3MaM{ OTHOCAIIUXCA K
TaKCOHaM pas3Horo cucreMmartmueckoro panra (Keeling
and Palmer, 2008; Garcia et al., 2021), a TakXxe MOXeT
MPOUCXOAUTh Y OPTraHU3MOB, OTHOCSAIIUXCSA K OJJHOMY
pony (Kavanaugh et al., 2006; Alvarez et al., 2006).
Cuuraercsa, 4To TmepeHoc cox1 y MOKPBITOCEMEHHBIX
SIBJIAETCA AOCTATOYHO OOBIYHBIM siBJleHHeM (Zhang et
al., 2020). EcTb mpefmoJsioxkeHue, YTO JAHHBINA IPO-
IlecC MPOMCXOJUT TOCPEACTBOM UHTPOHOB, KOTOpPHIE
KOOUpywT cauT crnenuduieckyo JHK sHOoHyKIeazy
¥ C TIOMOIIbI0 TEHHOM KOHBEPCUU MPOUCXOAUT 3aMeHa
yacTtu 5k30Ha (Delahodde et al., 1989; Sanchez-Puerta
et al.,, 2011). I'TI' aBygeTcaA OOHMM N3 MEXaHHU3MOB
yJIyqIllleHWs aJalTUBHBIX BO3MOXHOCTEH OpPraHu3-
MoB. Bxuyiag I'TII' B pa3BuTHE U 3KOJIOTMYECKYI0 afarl-
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TaIMI0 JUATOMEN OCTAeTCsA MOYTH He W3YYEHHBIM.
JlnaToMOBbIE BOJOPOCJIM COAEPXKAT MJIaCTUIBI 06pa3o-
BaHHbBIE B Pe3yJIbTaTe HECKOJIBKUX COOBITUM 3HJIOCUM-
6uro3a (Benoiston et al., 2017), u, cjegoBaTesIbHO, UX
MO3anYHas TeHeTUYecKas CTPYKTypa ABJIAETCS Pe3yJib-
TaTOM 3HAOCUMOUOTHYECKOTO TepeHoca reHoB (DIIT
EGT) (Morozov and Galachyants, 2019).

Ja noaTBepXOeHWA BHOBOM IIPHHAJJIEXHO-
CTU IITaMMOB C BO3MOXHBIM T'OPHU30HTAJIbHBIM IEepe-
Hocom (ACH275, 5KH561, G.21.0309-OC-3) pgomoJi-
HUTEJIbHO OBUT IpoBelieH GUIIOreHeTUYecKull aHaIu3
¢dparmenTtoB rena rbcl. (Tabsuma 2). CorjacHO MOJTy-
YeHHBIM pe3yJbTaTaM, HA OJUH W3 TPeX IITaMMOB
He oTHeceH K U. acus. Illtamm ACH275 oTHeceH K F.
radians. lltamm 5KH561 rpynnupyeTcs BMecTe ¢ ApY-
ruMu TpefcrasutensaMu Buaa U. danica u3 o3. Batikai,
a G.21.0309-OC-3 obbemuHsAETCA BMeCTe C APYTrUMU
mrammamul U. ulna u3 ozep A6xasuu, 03. JIaGBIHKBID
(AxyTusi) ¥ BOJOEMOB KOHTHHEHTAJIBHOUW YacTH
EBpomnnr (Puc. 5). IlociemoBatesibHOCTH mTamMoB U.
ulna, moyueHHble U3 MPo6 GUTOIIAHKTOHA BOJIOEMOB
0. Besnko6puTtanus, 06pasyoT OTAEJIbHYI0 NOATPYIILY
B KJaJie ¢ mocjeqoBareabHocTaMu U. danica u3 o03.
baiikan. Takum o6pa3oM, pacnpefesieHHe IOCJIeno-
BaTesibHOCTEeH rbcl. misa mrammoB ACH275, 5KH561
n G.21.0309-0OC-3 coOoTBeTCTBYeT pe3yJbTary, MOJIy-
YeHHOMY Npu aHaause ¢pparmeHToB rea 18S pPHK.
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97.2/99

96.6/98]
!

MM99 Fragilaria radians
ACH275 Fragilaria radians
MM246 Fragilaria radians
ACH111 Fragilaria radians
BK146 Fragilaria radians
L150 Fragilaria radians
MM103 Fragilaria radians
015FraP02 Fragilaria subconstricta
CCAP1011 Centronella reicheltii

s0327 Fragilaria bidens

752 Fragilaria perminuta

Fragilaria
radians

99.5/100

AJA080-13 Fragilaria sp.
005FraP02 Fragilaria gracilis

48.3/74| TCC666 Fragilaria rumpens

018FraP02 Fragilaria gracilis

4| 94-3/98! 085FraP07 Fragilaria gracilis

139FraB04 Fragilaria gracilis

88.6/9

AnMO0011 Fragilaria striatula
80.9/86 | Fragilaria striatula
95.6/94 Lab HK371 Grammonema striatula
AnMO0018 Fragilaria sp.

CCMP1423 Synedra hyperborea

CCMP1620 Synedropsis cf. recta

Genus Fragilaria

82.3/85

100/100

ACH112 Ulnaria acus

MM117 Ulnaria acus

3B355 Ulnaria acus
033SynP02 Ulnaria acus
5.0227-E Ulnaria acus
5.0227-F Ulnaria acus
5.1015-C Ulnaria acus

3B357 Ulnaria acus

L148 Ulnaria acus

LABS58 Ulnaria danica
TCC670 Ulnaria ulna
R.21.0309-0I-9 Ulnaria ulna
G.21.0309-OE-8 Ulnaria ulna

90.6/97|

Ulnaria acus

TCC656 Ulnaria ulna
720UInK13 Ulnaria ulna
TCC634 Ulnaria ulna
TCC626 Ulnaria ulna
R.21.0309-0Q-6 Ulnaria ilna
G.21,0309-0C-3 Ulnaria ulna
LAB259 Ulnaria ulna
93/98| —— LABS59 Ulnaria ulna
061SynP05 Ulnaria ulna
<|:. 836UInN05 Ulnaria ulna
L 702UInK11 Ulnaria ulna
93.2/94| L g918ynP07 Ulnaria ulna
BZ261 Ulnaria danica
— ChZ519 Ulnaria danica
BZ3 Ulnaria danica
BZ6 Ulnaria danica
MM121 Ulnaria danica
BZ264 Ulnaria danica
BZ251 Ulnaria danica
L252 Ulnaria danica
CHZ442 Ulnaria danica
5KH561 Ulnaria danica
BZ1 Ulnaria danica
LABS55 Ulnaria danica

Ulnaria ulna

Genus Ulnaria

Ulnaria danica

0.009

0247 Pteroncola inane

Puc.5. OuioreHeTnyeckas peKOHCTPYKLUA MO GparMeHTy reHa rbcl. Y3ibl [JIA KIIIOUEBBIX KJIACTEPOB ONpPeNesIioT MOJ-
JIEPXKKY TOIIOJIOTHH CBEPXOBICTPOIT 3arpy3Ky U NPUOJIM3UTEbHOE OTHOIIeHNe npasgonofnobusa SH-aLRT. ITocieqoBaTeIbHOCTH,
HOJIy4eHHble B JaHHOP paboTe BBAEJIEHHI LIBETOM: CHHMe — Poccus, o3. Bafikan; 3esieHble — AGxasus, o3. Purja, roiyGsie —

A6xazus, o3. I'omy6oe.

TonoJsioruss (puaoreHeTUYECKOro ApeBa, MOJIy4YeHHas
HaMH B JaHHOI paboTe, COOTBETCTBYET pe3yJibTaTam
¢duioreHeTMUECKOTO aHajM3a MpeAcTaBUTesell poda
Ulnaria ¢ ucnosib30BaHreM BapuabesIbHOTO pparMeHTa
rbcL. (Kochoska et al., 2023).

4. 3aknioueHue

JluaToMOBBIE BOJOPOCJIM SIBJIAIOTCA OOHOU U3
CcaMbIX Ppa3HOOOpPA3HBIX TIPYNI MHKPOBOJOPOCJIEH,
C BBICOKUM YPOBHEM CKPBITOTO BH000pa30BaHUA.
HccnenoBaHue BHYTPUBHUIOBON H3MEHYMBOCTU MAUa-
TOMOBBIX BOJIOpOCJIell HeoOXOAUMO MJis MOHUMAaHUA
MPOLIECCOB aMIAITAlU K Pa3JINYHBIM YCJIOBUAM OKpY-
xaroeil cpensl. 'eHeTnyeckoe pasHooGpasue MOp-
CKUX [UaTOMElN H3y4YeHO OTHOCUTEJIPHO LIMPOKO, B
TOM YHCJIE C TOYKU 3PEHUM BHYTPUBUAOBOI M3MEHUU-
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BOCTH, TOTA]a KaK HccilefJoBaHue IPECHOBOAHbIX BIUJI0B
OCTalOTCA OrpaHUYeHHBIMU. [IpoBefjleHHbIII HaMU aHa-
Ju3 ¢parmMeHTa reHa coxl mokasas reTeporeHHOCTb
nonysiAuui U. danica v U. ulna u3 o3. Baiikaa u o3ep
Abxasun. IlosydeHbl AaHHbBIE, CBHAETEJbCTBYIOIIKE O
BO3MOXHOM TI'OPU30HTAJIbHOM I€PEHOCE T'€HOB MeXAY
nccsjeqyeMbIMU BuAaMu. JIjiAd BbIABJIEHUs INPOLIECCOB,
Jiexxamux B OCHOBe 3Toro (eHoMeHa, HeoOXOAUMO
IIPOBECTU CPaBHUTEJIbHBIN aHaIu3 IUIACTHUAHBIX I'eHO-
moB BujoB F. radians, U. danica, U. ulna u U. acus, 4TO
MOXeT [IOMOYb OOBACHUTH HEKOTOpBIEe acCIeKThl BHJO-
00pa3oBaHNA y AUATOMOBBIX BOAOPOCJIIEH.

AononHuTEeAbHbIEe MaTepHanbl

Tabmuia S1. Characteristics of nucleotide
sequences of cox1, rbcL and 18S rRNA genes.
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ABSTRACT. A hydroacoustic survey of the distribution of aggregations of Macrohectopus branickii
(Amphipoda) in Barguzinsky Bay of Lake Baikal was conducted for the first time in the last 30 years.
The hydroacoustic complex “Echo-Baikal” was used in the research. Verification of hydroacoustic data
is based on the results of synchronous net catches with a JOM net. The present study demonstrates that
macrohectopus aggregations are confined to slope zone areas with depths of 100-150 m. The depen-
dence between the strength of the mean volume backscattering and the density of macrohectopus was
obtained, based on which its biomass in Barguzinsky Bay was estimated at 2.7-10° kg.
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1. Introduction

The pelagic amphipod species of Lake Baikal
Macrohectopus branickii (Dybowsky, 1874) dominates in
the lake ecosystem (Rudstam et al., 1992) and is a food
resource for fish and mammals (Watanabe et al., 2020;
Didorenko et al., 2020; Petrov et al., 2021). It is known
that planktonic animals can form aggregations under
the influence of various factors (temperature, illumi-
nation, wind mixing, etc.). The changes in behavioral
patterns, in particular the amplitude of migrations, are
one of the mechanisms of their adaptation to a dynamic
habitat (Sato and Benoit-Bird, 2019). M. branickii is the
only representative of the macrozooplankton of Lake
Baikal, individuals of which form dense aggregations
that perform active migrations, which complicates
research and resource work.

Zooplankton of Lake Baikal is traditionally
studied by sampling with nets of various designs
(Karnaukhov et al., 2019; Naumova et al., 2020;
Karnaukhov et al.,, 2021). Modern remote sensing
methods, including hydroacoustic ones, are widely used
worldwide for research and monitoring of fish (Brisefio-
Avena et al., 2015; Fore et al., 2018; Lertvilai, 2020;
Mallet et al., 2021; Chacate et al., 2024) and various
species of invertebrates (Dunn et al., 2022; Lertvilai
and Jaffe, 2022; Oh et al., 2023; Liu and Tang, 2024).
The hydroacoustic method, in combination with clas-
sical net sampling, is recognized as a reliable tool for
monitoring the abundance and biomass of macrozoo-
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plankton in large lakes (Megard et al., 1997; Hembre
and Megard, 2003; Holbrook et al., 2006).

M. branickii is not only the main component of
the diet of the Baikal omul Coregonus migratorius (Georgi
1775), but also its competitor in the consumption of
zooplankton, and, due to its high biomass, it is a key
link in the trophic network of the lake's pelagic zone. It
was previously shown that the total consumption of M.
branickii by pelagic fish species significantly exceeds its
production (Mel'nik et al., 1995). The annual produc-
tion of M. branickii, calculated on the basis of daily bio-
mass increments (B/I coefficients), is 330 thousand tons,
with the total biomass of this species in the lake being
110 thousand tons (Beckman and Afanasyeva, 1977).
Previous studies of the distribution of M. branickii using
the hydroacoustic method in Barguzinsky Bay of Lake
Baikal were conducted in 1988 and 1989 (Rudstam et
al., 1992; Melnik et al., 1993).

As a result of the decrease in the number of the
Baikal omul, a ban on its industrial and recreational
fishing was introduced in October 2017 (Order...,
2017). One of the main limiting factors affecting fish
productivity is the thermal regime of the water column,
which determines the state of the food supply (Smirnov
et al., 2015). The decrease in the number of the Baikal
omul in traditional fishing areas (Sokolov and Peterfeld,
2018) is likely associated with a reduction in the bio-
mass of macrozooplankton. This showed the relevance
of developing quantitative accounting methods and the
need to assess the resources of M. branickii.

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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The aim of this research is to obtain the depen-
dence of the mean volume backscattering strengths and
the biomass density of M. branickii to assess its reserves
in Barguzinsky Bay of Lake Baikal.

2. Materials and Methods

The work was carried out in the waters area of
Barguzinsky Bay of Lake Baikal at a local site of 67 km?
(Fig. 1). Hydroacoustic survey was carried out from
the shipboard of R/V “G.Yu. Vereshchagin” on August
13-14, 2021 using the hydroacoustic complex “Echo-
Baikal” (Makarov et al., 2020). The total length of
the acoustic tacks was 158 km, of which 76 km were
completed during the daytime and 82 km at night. The
hydroacoustic complex was adjusted for two-frequency
operation mode with the following parameters: probing
signal frequency was set at 28 and 200 kHz, directional
pattern at -3 dB level, 20.9° and 12° respectively, pulse
duration at 1.0 ms, integration threshold at -86 dB.
Hydroacoustic antennas were located on an external
tow on the left side of the research vessel, at the depth
of 1.5 m in a streamlined steel hull. The hydroacoustic
complex was calibrated in accordance with the stan-
dard method (Simrad, 2003) using a copper sphere
with a diameter of 60 mm with a calculated target
strength (TS) value at a frequency of 200 kHz equal to
-33.61 dB.

Hydroacoustic data was processed using
the EchoView software package (Myriax Software,
Australia). The vertical was divided into six horizontal
layers, excluding acoustic interference from the surface
and bottom of the lake. The signal was integrated every
500 m of the traveled distance, which is equivalent to
3.2 min at a vessel speed of 5 knots. In this way, the
value of the mean volume backscattering strengths
(MVBS) was obtained for each integration interval.
The original acoustic data was corrected, using cor-
rections for energy loss due to sound propagation and
attenuation, the latter were calculated in accordance
with the absorption coefficient for each frequency (28
and 200 kHz), and water temperature was also taken
into account. Integration thresholds were used to
exclude very low values of the volume backscattering
strength, in cases where, despite the presence of scat-
terers, they were close to the internal minimum of the
hydroacoustic system. The maximum MVBS values for
the areas without sound scattering layers - SSLs were
used as threshold values, and only values higher than
this were used in the subsequent analysis. Fragments
with high MVBS values caused by scattering from fish
were removed from the echo integration area. For this
purpose, the data of the low-frequency echo sounder
channel (28 kHz) was analyzed, on which the signals
from fish were clearly distinguished (for example, the
average TS estimates for the Baikal omul are within the
range of values from -43 to -34 dB). Fragments of the
hydroacoustic recording in which individual fish and
aggregations were identified, were excluded from fur-
ther analysis.

At each station, vertical hydrophysical profil-
ing was performed with a CTD probe Rinko AAQ-177
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Fig.1. Area of hydroacoustic research: 1-5 — sampling
stations, —— hydroacoustic tacks, isobaths are indicated for
depths of 50, 100, 200, 500 and 1000 m.

(Japan) to a depth of 100 m. Data on surface water
temperature on August 14, 2021 were obtained using
the MODIS satellite system (Table). Macrozooplankton
samples were collected simultaneously with the hydro-
acoustic survey (Table). When collecting samples, a
JOM closing net with an inlet diameter of 82 cm and
a filter sieve mesh size of 160 um was used. The exact
positioning of the net by depth was determined, using
an RBR Duet submersible probe (Canada) attached to
it. Net samples were collected at five stations: 4 sam-
ples during the day and 1 sample during the night, in
two layers of 0-100 and 100-300 m. After fixation with
4% formalin, M. branickii individuals were counted,
their body length was measured and their gender was
determined. The measured body length was used to cal-
culate biomass according to the length-mass regression
W=0.047-L>%, as in the works (Rudstam et al., 1992;
Melnik et al., 1993).

The results of net sampling from different depths
for each station were combined to obtain additional
integral values of the biomass density from maximum
depths to the surface. In total, 15 values of the M.
branickii biomass density were obtained for the hydro-
acoustic survey area (Table: integral values are high-
lighted in bold).

To assess the relationship between MVBS and the
actual density of M. branickii biomass, the MVBS values
were analyzed in the layers where the net sampling was
performed. The density values recalculated to a cubic
meter were compared with the MVBS value at the net
sampling points. In further work, the obtained rela-
tionship MVBS=-73.18+10.24-Log,,W (r*=0.75) was
used, where MVBS is the mean volumetric backscatter-
ing, W is the density in mg/m?® (Fig. 2).

3. Results and discussion

Vertical distribution of sound scattering layers.
During the hydroacoustic survey, dense SSLs were
detected at a frequency of 200 kHz. At a frequency of
28 kHz, SSLs were not recorded or were at the noise
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Table. Comparison of net sampling data, hydrophysical parameters and acoustic measurements in Barguzinsky Bay on

13-14.08.2021.

Station | Water surface Time of Bottom Fishing Biomass MVBS,
No. temperature, °C day depth, m depth, m g/m? mg/m? dB

04:35 343 0-55 4.36 79.3 -55.8

1 14.3 04:50 343 55-165 15.9 144.6 -48.9
0-165 20.3 122.9 -50.1

12:30 625 0-85 2.87 33.8 -58.3

2 15.2 12:45 600 85-250 4.38 26.6 -59.8
0-250 7.25 29.0 -59.3

8:20 835 0-100 2.01 20.1 -59.4

3 15.4 8:50 935 100-300 10.4 52.0 -58.3
0-300 12.4 41.4 -58.6

9:42 454 0-85 8.69 102.3 -52.2

4 16.3 9:55 466 85-220 14.1 104.5 -53.2
0-220 22.8 103.6 -52.8

11:30 459 0-85 1.43 16.8 -57.0

5 17.3 11:40 462 85-250 10.3 62.3 -53.8
0-250 11.7 46.8 -54.5

level. Very low estimates of target strength for macrozo-
oplankton predicted at frequencies of 120 and 38 kHz,
-101 and -113 dB, respectively (Greenlaw, 1977), mean
that even with biomass density recorded in net samples
up to 123 mg/m3, MVBS is close to the threshold values
of the hydroacoustic system.

During the daytime, two dense SSLs were
recorded at depths from 0 to 300 m: from 0 to 80 and
from 80 to 250 m, respectively (Fig. 3A). The upper
layer was characterized by MVBS values from -72.47
to -54.06 dB (mean -61.11 dB), which corresponded
to biomass densities from 1.17 to 73.65 mg/m?® (mean
15.09 mg/m?). The denser lower layer was characterized
by MVBS values from -66.61 to -42.97 dB (-58.19 dB),
which corresponded to biomass densities from 4.38 to
891.65 mg/m?® (29.10 mg/m?). Control samples showed
that the SSLs consisted mainly of M. branickii: the upper
layer consisted of individuals 6-15 mm long, and the
lower layer consisted of juveniles and males up to
5 mm, as well as females over 15 mm long. Earlier, the
hydroacoustic observations in Barguzinsky Bay of Lake
Baikal showed that daytime aggregations of M. branickii
were recorded at depths from 70 to 120 m (Mel’nik et
al., 1995), which, according to our data, corresponds to
the lower layer of the SSLs (Fig. 3, 4).

At night, the maximum depth of SSLs recording
reached 250-300 m. M. branickii dispersed from the sur-
face to depths of 200-250 m (Fig. 3B). The SSLs density
was uneven with a maximum at a depth of 10-30 m,
which was evidenced by an increase in the MVBS value
from -69.56 to -46.64 dB (-56.35 dB), which corre-
sponded to a biomass density of 2.26 to 390.66 mg/
m?3 (44.01 mg/m?). At depths of 50-200 m, MVBS corre-
sponded to values from -73.49 to -52.07 dB (-64.89 dB),
which corresponds to a biomass density of 0.93 to
115.22 mg/m3 (6.45 mg/m?). As we approached the
shore, the depth decreased, which led to the concentra-
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tion of the SSLs and an increase in density to maximum
values.

The CTD data obtained for each station showed
that the temperature profile was typical for this time
of year (Fig. 4). The section of the vertical profile at a
depth of 40-50 m with a water temperature of 4.0-4.5
°C can be characterized as a thermocline zone in which
the recorded SSLs was located. We assume that in this
water column, following a sharp decrease in tempera-
ture, there is an increase in water density, which is
perceived by planktonic animals as a “solid” boundary
and contributes to the formation of dense clusters. The
SSLs recorded at a depth of 25-50 m, is reflected in the
vertical profiles of chlorophyll-a, and dissolved oxygen,
in the form of local maxima (Fig. 4). In general, a high
concentration of dissolved oxygen in the water at all
depths with an average value within the range from 9
to 14.5 mg/1 is typical for Lake Baikal (Domysheva et
al., 2016).

-62
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10 100

Fig.2. The relationship of MVBS and biomass density:
1-5 — stations.
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Horizontal distribution of the SSLs. The rela-
tionship of MVBS and the M. branickii biomass den-
sity obtained in our work MVBS=-73.2+10.2:Log,,\W
(r*=0.75), is close to the regression obtained earlier
(Rudstam et al.,, 1992), MVBS=-66.8+10.9-Log,,W
(r*=0.72), where MVBS is the average volume back-
scattering, W is the biomass density in mg/m3. The dif-
ference in the regression coefficients can be explained
by the differences in the M. branickii biomass density
that we obtained from the net samples. The average
value of the biomass density for daytime stations in our
work is 65.7 mg/m?, and in the work (Rudstam et al.,
1992) - 169.5 mg/m?. The maximum biomass density
also differs; in our work it did not exceed 123 mg/m3,
whereas in the work (Rudstam et al., 1992) there were
values of over 1200 mg/m?. The minimum estimates
of biomass density were comparable and corresponded
to values of 10-20 mg/m?®. Our findings confirm that
the sizes of M. branickii individuals in plankton nets are
consistent with those reported by L.G. Rudstam et al.
(1992).

We used the obtained relationship to estimate the
biomass density distribution in the area of the hydro-
acoustic survey, using acoustic data. The area of the
surveyed water area was 67 km?2, which corresponds
to 16% of the bay area that is of 415 km? deeper than
the 50 m isobath. The MVBS values along individual
tacks were different. For example, over greater depths,
deeper than the 500 m isobath, the MVBS corresponded
to a value of -62.2 dB, which, when converted to the
density of the M. branickii accumulation, was 12.3 mg/
m? (2.9 g/m?). At the stations with the highest MVBS
estimates and based on the results of plankton net, val-
ues of -48.9 dB were recorded, which corresponds to
a aggregation density of 144 mg/m?® (34 g/m?), while
the average MVBS estimate for the surveyed area was
-58.8 dB, i.e. 25.4 mg/m? (5.9 g/m?). Consequently, the
total biomass of M. branickii in the surveyed water area
is 0.39-10%kg.

The distribution of biomass density over the sur-
veyed water area is not uniform. It should be noted,
that aggregations were mainly observed along the 300-
100 m isobaths in the eastern part (Fig. 5A), possibly
caused by the influence of the Barguzin River waters.
In Barguzinsky Bay, the system of currents leads to

on: during the day (A) and at night (B).

(u1) ebuey

— 250

- 325

- 350

the transfer of river waters from the mouth along the
northern shore, i.e. along the Svyatoy Nos peninsula
(Sorokovikova et al., 2010). However, the temperature
map (Fig. 5B) and CTD probing data (Fig. 4) did not
show the influence of river water.

The obtained data allow us to estimate the bio-
mass of M. branickii for the entire bay. Based on the
average estimate of the biomass density for the sur-
veyed polygon of 25.4 mg/m?® (5.9 g/m?), for the entire
water area of the bay, deeper than the 50 m isobath,
the total biomass of M. branickii is 2.7-10° kg. According
to L.G. Rudstam et al. (1992), it was estimated at
3.7-10% kg, which is 27% more than our estimates.
The differences are explained by the fact that there
were more significant catches in plankton nets, which
means there were larger stocks of M. branickii in 1988
and 1989. M.Yu. Beckman and E.L. Afanasyeva (1977)
make an estimate of the total biomass of M. branickii
of 110-10°% kg (15.7 mg/m? or 3.7 g/m?) for the entire
Lake Baikal, the area of which is 29.746 km? below the
50 m isobath. Extrapolation of these data to the area of
Barguzinsky Bay yields a total biomass value of about
1.53-10° kg, which is less than the estimate obtained in
our work. Thus, our estimate of the total biomass of M.
branickii is reliable, and its low value indicates a lower
abundance and biomass in Barguzinsky Bay compared
to the estimate of L.G. Rudstam et al. (1992). Further
research is required to confirm this.
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Fig.5. Maps of the distribution of the acoustic density of amphipod aggregations at a depth of 0-250 m (A) and surface tem-
perature according to MODIS data (B), isobaths are shown for depths of 50, 100, 200, 500 and 1000 m.

4. Conclusion

M. branickii is a key species of the lake ecosys-
tem, therefore, up-to-date information on its abundance
and biomass, as well as on its distribution and dynam-
ics, is necessary to understand the ecological processes
occurring in Lake Baikal at present. The dependence
of the average volume backscattering strength and the
density of M. branickii was obtained, on the basis of
which its biomass in Barguzinsky Bay was estimated at
2.7-10° kg. The advantage of this integrated approach
is shown, as well as the fundamental possibility of
conducting an areal survey of the distribution of M.
branickii clusters throughout the entire water area of
Lake Baikal, the results of which will further help to
adjust the existing estimates of the abundance and bio-
mass of this species.

The conducted studies show that quantitative
assessments of the M. branickii biomass in Lake Baikal,
using the acoustic method in combination with control
catches using plankton nets will contribute to obtaining
new knowledge on the ecology of animals. In addition,
they will also determine the causes of changes in the
distribution of the Baikal omul in areas of traditional
fishing.
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Poccua

AHHOTALUA. l'ngpoakycTrdeckas cbeMKa paclpeesieHus CKOIIEHUH MakporekTomyca Macrohectopus
branickii (Amphipoda) B Bapry3uHckom 3ajiiBe o3epa Batika BhIIIOJIHEHa BIiepBhie 3a mocsieaaue 30 jeT.
B paboTe 1cnosib30BaH ABYXYACTOTHBIN OJHOJIyYeBOM T'MAPOAKyCTUYeCKHI KOMILIeKC «Oxobalikai».
Bepudukanusa rupoakyCcTUYecKUX AaHHBIX BHIIOJHEHA IO pe3yJibTaTaM CHHXPOHHBIX CETHBIX JIOBOB
IJIAaHKTOHHO!M ceThio J[xOM. [lokaszaHa mpuypoOuYeHHOCTb CKOIUJIEHWII MaKporekTolyca K ydacTKaM
CKJIOHOBOH 30HHI ¢ riryouHaMmu 100-150 m. [TosyyeHa 3aBHCHMOCTD CUJIBL CpeJHero 00beMHOro oopar-
HOI'O paccesAHMA U IUIOTHOCTH MakKporeKTollyca, Ha OCHOBE KOTOpOH ero 6uomacca B BaprysmuHckom

3aJiMBe olleHeHa B 2,7-10° k.

Kiioueanie ciioga: Baiikasn, Macrohectopus branickii, 6uomacca, ruJpoakycTHika

Jlna mutupoBanusa: Makapos M.M., [13106a E.B., 3aiiasikos 11.10., Haymosa E.10. I'mgpoakycTryeckue uccaefoBaHUA MaKpO300-
IIJIaHKTOHA 03. Baiikas // Limnology and Freshwater Biology. 2024. - No6.-C.1491-1502.D0O1:10.31951/2658-3518-2024-A-6-1491

1. BBeaenue

[Menarnveckuii Buj ambunon baiikana — Makpo-
rekronyc Macrohectopus branickii (Dybowsky 1874)
JOMUHUpYeT B dKocucTeMe o3epa (Rudstam et al.,
1992) u sBJsieTCA KOPMOBBIM PECYPCOM PBIO, a Takxe
miekonuTtamomux (Watanabe et al., 2020; JJumopeHKo
u ap., 2020; ITetpos u ap., 2021). M3BecTHO, YTO ILJIaH-
KTOHHbIE XHBOTHbIE MOTYT OOPAa30BHIBATH CKOIIEHHSA
noji AelicTBUEM pa3HOOoOpa3Hbix (aKTOpoB (Temre-
paTypa, OCBeIleHHOCTh, BETPOBOE IEpeMEeNINBAaHUE U
ap.). CMeHa noBeJleHYeCKUX NMATTEPHOB, B YaCTHOCTU
aMIUTUTYAbl MUTPALU, SBJISIETCS OJHUM K3 MeXaHU3-
MOB X aJanTanuyl K OUHAMHUYHOHN cpefe oOWUTaHUA
(Sato and Benoit-Bird, 2019). MakporekTomyc SBJis-
eTCs eAUHCTBEHHBIM IIPeJICTaBUTeIeM MaKpO30O0ILIaH-
KTOHa o3epa Baiikas, oco6u KOTOporo o6pasyoT IJIOT-
HbIe CKOIUIEHUs, COBEPIIAIONIIE aKTUBHBIE MUTDALIVH,
YTO OCJIOXKHSET IPOBEAEeHUE KCCIIeJOBATEIBCKUX U
pecypcHbIX paboT.

300mIaHKTOH 03. Baiikan TpaguIOHHO H3Y-
YaeTcsa ¢ MOMOIIbI0 0TOOpa mpo0b ceTAMHU pa3jIMYHbIX
koHcTpykuuii (KapHayxoB u gap., 2019; Naumova et
al., 2020; Karnaukhov et al., 2021). CoBpeMeHHbIE IHC-
TAHIWOHHBIE METOXBI, BKJIIOYAs THPOAKYCTHUYECKUE,
IIIPOKO NPUMEHSIOTCS B MUpe [JIA UCCIIeNOBAHUN U
MoHHuTOpUHTA pHIO (Brisefio-Avena et al., 2015; Fgre et
al., 2018; Lertvilai, 2020; Mallet et al., 2021; Chacate et
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al., 2024) u pa3TMYHBIX BULOB OECTIO3BOHOYHBIX KUBOT-
geix (Dunn et al., 2022; Lertvilai and Jaffe, 2022; Oh
et al., 2023; Liu and Tang, 2024). T'uapoakycTU4eCKU
MeTO[, B COYeTaHUM C KJIACCUYECKUMHU CeTHBIMU
JioBaMu, NpU3HaH HaJeXHbBIM MHCTPYMEHTOM MOHUTO-
PpHHTra YKCJIEHHOCTU U 61oMacChl MaKpO300ILJIAaHKTOHA
B Gospmux o3epax (Megard et al., 1997; Hembre and
Megard, 2003; Holbrook et al., 2006).

MaxkporeKkTolnyc He TOJIbKO OCHOBHOM KOMIIOHEHT
nuTtaHusA Oaibikasibckoro omyJisa Coregonus migratorius
(Georgi 1775), HO U ero KOHKYpPeHT B MOTpebJeHuun
300IJIAHKTOHA, a, OJylaromapsA BBICOKOHM Ouomacce —
KJII0YeBOe 3B€HO B Tpo(duUeckol ceTH MeJsaruaiu
o3epa. PaHee ObIO MoOka3zaHO, 4TO obuiee morpebJie-
HHMe MaKporeKkTollyca IejlarhYecKuM{ BHUAaMU PBIO
3HAuYMTEJIbHO IIpeBBIIaeT ero npoAaykuuio (MeJsbHUK
u ap., 1995). l'ogoBas mpoAyKIys MaKpOTeKToIyca,
paccunMTaHHas Ha OCHOBE CYTOYHBIX IPUPOCTOB OHO-
maccsl (I1/B koaddunuenTos), cocrasiseT 330 THIC. T,
mpu oO1miell 6romacce 3Toro Buja B o3epe 110 ThiC. T
(bexmaH u AdaHacwseBa, 1977). Ilpeasigymue ucciie-
JI0BaHUA paclipefieJIeHnsA MaKpOreKToIIyca ¢ UCI0JIb30-
BaHNEM I'MAPOAKyCcTH4ecKoro Meroja B baprysunckom
3ayBe o3epa batikan nposojusrch B 1988 1 1989 rr.
(Rudstam et al., 1992; Melnik et al., 1993).

B pesynbraTe cHMXeHUA YHUCJIEHHOCTH Oalikasib-
CcKOro omyJsA, ¢ okTsA6pss 2017 r. ObLT BBedeH 3amper
Ha €ero IPOMBIIUJIEHHBI U JIIOOUTEJIbCKUN BBLJIOB

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
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Commons Attribution-NonCommercial 4.0.
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(Ilpukas ..., 2017). OgHUM 13 OCHOBHBIX JINMUTHUPY-
I0IUX (PAaKTOPOB, BJUAIIINX HA NPOAYKTUBHOCTH PHIO,
ABJIAETCA TepMHYECKUl PeXHUM BOAHOM TOJIIIH, OIpe-
JeJIAIIUN cocTossHMe KOopMoBo# 6a3pl (CMHPHOB U
ap., 2015). Ilpennonaraercsi, 4TO OAHON W3 MPUYUH
CHIXXEHUS YMCJIEHHOCTH, a TakXe M3MeHeHUH B Xxapak-
Tepe paclipefiesieHnsa 0aiikajIbCKOTO OMYJIS B paiioHax
TpaauloHHOro npoMeicia (CokosoB u Ilerepdenbn,
2018) MoxeT ABIATHCA CHIXeHHe O0MoMacchl MaKpo-
300IJIAHKTOHA. JTO MOKa3ajio aKTyaJbHOCTh PasBUTUA
METOJI0B KOJIMYEeCTBEHHOI'O0 ydyeTa U HeoOXOOUMOCTb
OLIeHKU pecypcoB Makporekromyca. Llenp wucciaemo-
BaHUA: INOJIydyeHHe 3aBHUCHMOCTU CHJIBI CpeAHero
00BeMHOr0 O0paTHOI'O paccesHUs U IJIOTHOCTU OHO-
Macchl MaKpOreKToIyca AjA OLeHKH ero 3alacoB B
BaprysuHckoM 3asuBe o3epa batikai.

2. MaTepuanbl U MeTOADI

PaboTel npoBOAMIIN B aKBaTOPUHU BaprysmuHckoro
3anuBa o3epa balikan Ha JiokaJIbHOM ydYacTKe ILJIOIIA-
apo 67 km? (Puc. 1). T'MOpoakyCTHYECKYIO CBEMKY
BHINOJIHATIA € OopTa HayyHO HCCJIeJOBATEeIbCKOIO
cygHa «I'.10. Bepemarun» 13-14 asrycra 2021 r. npu
IIOMOIIM TUAPOAKYCTHMYECKOro KOMIUIeKca «IJXO-
Barikan» (Makarov et al., 2020). O06m@as OpOTKeEH-
HOCTh aKyCTHMYeCKHX rajicoB cocTaBuia 158 kM, us
KOTOPHIX B IHEBHOE BpeMsA — 76 KM, a B HOUHOe — 82 KM.
Komniiekc HacTpauBajid Ha JBYXYaCTOTHBIM PpexXUM
paboTHL cO ceAyIIUMHU MapaMeTpaMu: YacToTa 30H-
aupymomero curHana 28 u 200 xI'l, AJUTESIBHOCTD
nMnyasca 1,0 mc, mopor uHTerpupoBaHus -86 Ab.
I'mgpoakycTryeckre aHTeHHBI paclojiarajy Ha BBIHOC-
HoOI mrtanre 1o jesoMy 6opty HUC, Ha riy6une 1,5 M B
o0TekaeMOM cTaJIbHOM Kopimyce. KanubpoBky ruapoa-
KyCTU4€eCKOro KOMILJIeKca BBIIIOJIHAN [0 CTaHAapTHOMN
Metoauke (Simrad, 2003) mpu oMoy MeIHON cdheph
AuaMeTpoM 60 MM ¢ pacuyeTHBIM 3HaueHHeM CHJIbI eJii
(TS) na yacrote 200 kI'y paBHBIM -33,61 Ab.

I'mgpoakyctuueckre OaHHBle oOpabaTbiBaju B
nporpaMmMHoM kKoMiutekce EchoView (Myriax Software,
Australia). Beprukasp fenuiu Ha 6 TOPU30HTAJIBHBIX
CJIOEeB, MCKJII0Yas akyCTU4ecKue [OMeXU OT IOBepx-
HOCTH Y AHa o3epa. CUrHajJ MHTErpUpPOBaJld KaXXble
500 M mpoliieHHOH AUCTAHIWU, YTO SKBUBAJIEHTHO
3,2 MUH IIpY CKOPOCTH CyJHa 5 y3yi0B. Takum obpasom
[OoJIyYai BeJIMUYHMHY cpeJHero o0beMHOro o0paTHOIo
paccesHuA Ui KaXJ0ro MHTepBajla MHTerpUpOBaHUA,
nanee — MVBS (anri. Mean volume backscattering
strengths). VcxonHble akycTHUUecKue NaHHBE KOppeK-
TUPOBaJIM, WCIOJb3ysA MONPaBKU Ha MOTEPI0 SHepruu
3a cYeT pacnpocTpaHeHUA U 3aTyXaHUA 3ByKa, ocjied-
HUe PacCUYUTHIBAJIM B COOTBETCTBUHU C KO3(PPUIIIEHTOM
MOTJIOIEeHUA AJ1 Kaxkaon yacToThl (28 u 200 kI'l), Tak
’Ke YUYUTBIBAJIM TeMmnepaTypy Boabl. Iloporu uHTerpu-
POBaHMA HCIOJIb30BAJIM [JIA UCKJII0YEHUsA OYeHb HU3-
KHUX 3Ha4YeHU CHUJIbl 00beMHOI0 00paTHOI'O paccesHus,
B CJIyvasX, Korja HecCMOTpsA Ha Hajluue pacceuBare-
Jel, oHU ObUTH OJIN3KU K BHYTPEeHHEMY MUHUMYMY
TUpOaKyCTUYeCKON cucTeMbl. MakcuMmasbHble 3Ha-
yenuss MVBS nns obiacreii 6e3 3ByKOpacCenBaoIUx
ciioeB (3PC) mpuMeHAIU B KaueCTBe IIOPOTOBLIX 3Haye-
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Puc.1. PaiioH npoBeieHUs T'MAPOAKyCTUYECKUX HCCJIe-
JoBaHuil: 1-5 — crannuu or6opa npob, —— ruApoaKycTuie-
CKUe TaJICHl, M300aThl yKa3zaHsl [yia riryous 50, 100, 200, 500
u 1000 m.

HUI, ¥ TOJIbKO 3HaUYeHWA BhIIIe UCI0JIb30BaJIU B IIOCJIe-
aylomeM aHanusde. M3 o0JsacTu 5XOHMHTErpHpOBaHUA
yaasanu ¢pparMeHTHl ¢ BEICOKMMY 3HaueHuAMu MVBS,
BbI3BaHHBIE paccesHUeM OT puib. [[jid aToro aHaiImusu-
poBaJi JaHHBIe HU3KOYACTOTHOrO KaHaja 3X0JIoTa
(28 xT'y), Ha KOTOPOM CHUTHAJIBl OT PHIO BBIIEAINCH
OoTYeTJINBO (Halpumep, cpegHue oieHku TS nuis Gaii-
KaJIbCKOr0 OMYJIA HaxoJATCA B OuUanasoHe 3Ha4eHUN
oT -43 mo -34 nb). ®parMeHTH TUAPOAKYCTUYECKON
3alMCcl B KOTOPHIX HOEHTHUOUIMPOBAIN OTHebHBIX
oco0ell 1 CKOILJIeHNA PBI0 NCKIII0YaIN U3 JabHelIero
aHasusa.

Ha xaxmoil craHIUM BBINOJIHAJMU BepTHUKAaJIb-
Hoe rufpodusndeckoe npodpunrposanre CTD 3o0Hg0M
Rinko AQQ-177 (fAmonus) mo ray6unst 100 M. JJaHHBIE
0 TeMIlepaType BOAbl Ha IOBepXHOCTHM 14 aBrycra
2021 r. moJsiy4asny npu NOMOIIU CIIyTHUKOBOU CHCTEMBI
MODIS (Tabnuua). OgHOBpeMeHHO € THApOaKycTuye-
CKOUI CheMKOI 0TOupasiu Mpobbl MaKpO30O0IJIAHKTOHA
(Tabnura). IIpu oTrb6ope npob HCNOJIb30BATIA 3aKPHIBa-
romyloca cetb [pkOM ¢ guameTpoM BXOJHOI'O OTBep-
ctua 82 cMm U pasMepoM AYer QUIBTPYIOLIEro CUTa
160 mxM. TouHOe MO3UITMOHUPOBaHNE PabOTHl CETH IO
ryOrHe onpenesisaiyd C IOMOIIbI0 NPUKPEIJIEHHOIO K
Hell nmorpyxHoro 30oHAa RBR Duet (Kananma). CeTHble
IIpoOBI cOOMpasIu Ha IATH CTAaHIMAX: JHEM — 4 1 HOYbIO
-1, B gByX cinosax 0-100 u 100-300 m. ITocrne pukcanyu
4% ¢popmasiHOM, 0cobell MaKpOTeKTOoIyca MOICUUTHI-
BaJIM, U3MepsUIM AJIMHY TeJla U ONpeleJiAid MOJIOBYIO
[IpUHAAJIeXHOCTh. Mi3aMepeHHy10 AJIVMHY TeJjla UCIOJIb30-
BaJIM AJIA pacyeTa 6oMacchl B COOTBETCTBHUM C perpec-
cvel IMHBL 1 Macchl W= 0,047-L%%°, kak u B pabotax
(Rudstam et al., 1992; Melnik et al., 1993).

Pe3ysibTaThl CETHBIX JIOBOB C Pa3HBIX IJIyOUH AJIA
Kax oM CTaHLIUM OObeANHSAIN AJIA N0JIyYeHUA AOMOJI-
HUTEJIbHBIX MHTerpajbHbIX 3HaUeHU! IJIOTHOCTU OHO-
Macchl MaKporeKkTolyca oT MaKCUMaJIbHBIX TJIyOuH A0
oBepxHOCTU. Bcero nosiyuninu 15 3HaueHUH IIJIOTHO-
cTH OmoMacchl MakporeKkTolyca [Jia palioHa Imapoa-
KycTuuyeckoil cbeMku (Tabiuia: UHTerpajbHble 3Haue-
HUA BbI/IeJIeHbl XXUPHBIM HIpUPTOM).
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Ta6suna. CpaBHeHNe JaHHBIX CeTHBIX JIOBOB, TAPO(GU3NYECKUX ITapaMEeTPOB U aKyCTUYeCKUX n3MepeHuii B bapry3uHckoMm

3aiuBe 13-14.08.2021 r.

Homep | Temmepatypa Bpemsa [Iiy6una go| Isry6unma Buomacca MVBS,
CTaHIUM | MOBEPXHOCTHU CyTOK JOHa, M 06J10Ba, M nb
BOabI, C /D i

04:35 343 0-55 4,36 79,3 -55,8

1 14,3 04:50 343 55-165 15,9 144,6 -48,9
0-165 20,3 122,9 -50,1

12:30 625 0-85 2,87 33,8 -58,3

2 15,2 12:45 600 85-250 4,38 26,6 -59,8
0-250 7,25 29,0 -59,3

8:20 835 0-100 2,01 20,1 -59,4

3 15,4 8:50 935 100-300 10,4 52,0 -58,3
0-300 12,4 41,4 -58,6

9:42 454 0-85 8,69 102,3 -52,2

4 16,3 9:55 466 85-220 14,1 104,5 -53,2
0-220 22,8 103,6 -52,8

11:30 459 0-85 1,43 16,8 -57,0

5 17,3 11:40 462 85-250 10,3 62,3 -53,8
0-250 11,7 46,8 -54,5

Jlna oueHku cooTHomeHusAa MVBS c daxtuue-
CKOHM TIUIOTHOCTBIO OMOMAacChl MaKpOTeKTOITyca aHa-
Jau3npoBany 3HadeHusA MVBS B ¢j0sAX, B KOTOPBIX
MPOBOAWUINA OTOOp MPOO CceThio. 3HAUYEHUA MJIOTHOCTHU
nepecyuTaHHOEe K KyOWM4eCKOMY METPY COMOCTaBJLAIN
co 3HaueHreM MVBS B TOuKax CeTHBIX JIOBOB. B gaiib-
Helmel paboTe HCIOJIb30BaJIM IOJIy4eHHOE COOTHO-
menne MVBS=-73,18+10,24:Log, W (r* =0,75), tne
MVBS - cpegHee o6beMHOe obpaTHOe paccesHue, W —
IUIOTHOCTH B Mr/m° (Puc. 2).

3. Pe3aynbTaTthbl U 06Cy)KAeHHME

BepmukaibHoe pacnpedesieHue 3PC. B xome
TUIPOAKYCTUYECKON CHEMKHU TJIOTHHIE 3BYKOPACCEU-
Baromue cjou 01 06HapyxeHbl Ha yactoTe 200 I,
Ha uacrtote 28 kI'if 3PC He perucTpupoBajuch, JUOO
HaXOJIWJIMCh HA ypoBHe myMa. O4eHb HU3KHE OI[eHKU
CUJIBI IeJIN JJIA MaKpPO30OIUIAaHKTOHA, MpeJicka3aHHbIe
Ha vactoTax 120 u 38 kI'u, -101 u -113 gb cooTBeTt-
ctBeHHO (Greenlaw, 1977), o3HauaiT, YTO AaxXe IpU
IUIOTHOCTH GMOMACCHl 3aperuCTPUPOBAHHON B CETHBIX
npob6ax 0 123 mr/m® MVBS 6113K0 K IOPOTOBBIM 3Ha-
YeHUAM TMPOaKyCTUUYEeCKOU CUCTEMBEI.

B nueBHOe BpeMs Ha riyouHax ot 0 1o 300 m
OBLJIO 3aperucTpupoBaHo nBa IUIOTHBIX 3PC: ot 0
1o 80 u ot 80 o 250 M, cooTBeTcTBeHHO (Puc. 3A).
BepxHuil cjioii xapakrepusoBasics 3HaueHusaMu MVBS
ot -72,47 no -54,06 nb (cpenHee 3HaveHue -61,11 nb),
YTO COOTBETCTBOBAJIO IIOTHOCTHU Omomacchl oT 1,17
no 73,65 mr/m® (cpenHee 3Hauenwe 15,09 wmr/md).
BoJtee MJIOTHBIN HIKHUI CJIOM XapaKTepHU30BaJIiCs 3Ha-
yenusaMu MVBS ot -66,61 no -42,97 nb (-58,19 nBb),
YTO COOTBETCTBOBAJIO IIJIOTHOCTH Omomacchl ot 4,38
no 891,65 mr/m® (29,10 mr/m3). KOHTpPOJIbHEIE JIOBBI

MVBS, dB

nokasasny, yTo 3PC coCTOsAIM B OCHOBHOM U3 MaKpOTeK-
TOITyCca: BEPXHUH CJIOU — U3 0cobel IJIMHON 6-15 MM,
a HIKHUN — U3 MOJIOJU M CaMIIOB [0 5 MM, a Takxe
caMoK AJMHOHN OoJiee 15 MM. PaHee ruppoakycTude-
ckue HaOmoAeHus B baprysnHckoM 3ajivBe [TOKa3ail,
YTO JJHEBHBIE CKOIJIEHU MaKpOreKToIlyca 3aperucTpu-
poBaHsl Ha rirybuHax ot 70 go 120 m (MeJsipHUK U Ap.,
1995), yTo MO HAMIUM JAHHBIM COOTBETCTBYET HIX-
Hemy cJioto 3PC (Puc. 3, 4).

B HOYHOe BpeM: MakcruMaJsibHasA IJIyOMHa peru-
crpauuu 3PC pocrturana 250-300 m. MakporekTomyc
paccpefoTOYNBaICA OT MOBEPXHOCTU A0 IuryouH 200-
250 m (Puc. 3B). IlnotHoCcTh 3PC Gbly1a HEpAaBHOMEPHOM
¢ MakcuMyMmoM Ha riybuse 10-30 m, 06 sTOM cBUAe-
TEJIbCTBOBAJIO yBeandeHue 3HaueHus MVBS ot -69,56
1o -46,64 b (-56,35 gB), 4TO COOTBETCTBOBAJIO IIJIOTHO-
ctu 6uomMacchi ot 2,26 1o 390,66 mr/m2 (44,01 mr/m3).
Ha riy6unax 50-200 M MVBS coOTBeTCTBOBaJI 3Haye-

MnoTHocTb Bromacchbl, mr/m3 100

10

Puc.2. CoorHomeHue MVBS U IUIOTHOCTH OHMOMAacChI
Makporekronyca: 1-5 — craHuuu.
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Puc.3. 3xorpamma pacrnpefenenus 3PC: quem (A) u Houbio (B).
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HUAM ot -73,49 fo -52,07 ab (-64,89 nb), uTo cOOTBET-
CTBYET IJIOTHOCTU Gmomaccer ot 0,93 g0 115,22 mr/m3
(6,45 mr/m®). Ilpu npubmkeHuu K Oepery, riiy6uHa
yYMeHbIIaJIach, YTO MIPUBOAUIIO K KOHIleHTpanuu 3PC u
YBeJIMUEeHUI0 IUIOTHOCTU 10 MaKCHMaJIbHBIX 3HaYeHU.

[losyyenHble AJiA KaXOOH CTaHIUMU [JaHHbIE
sonaupoBaHus CTD mnokasasny, YTO TeMIepaTypHBIH
npodusib OB XapaKTepHBIM [JIA 3TOr0 BpeMEHU roja
(Puc. 4). YuacTox BepTHUKaJbHOro Inpoduis Ha IJIy-
6une 40-50 M c TemnepaTypoii BoAsl 4,0-4,5 °C, MOXHO
OXapakTepu30BaTh KaK 30HY TepMOKJIMHAa B KOTOPOH
pacmnoJarascs 3apeructpupoBanHbiil 3PC. Mul npearno-
jlaraeM, 4TO B 3TOI 30He 3a Pe3KHUM CHIKEeHUEeM TeM-
neparyphl, IPOUCXOAUT yBejnudeHre IIJIOTHOCTU BOJBL,
KOTOpOe BOCIIPUHMMAaeTCs IJITaHKTOHHBIMU )KUBOTHBIMU
KaK «TBepJas» IpaHulla U crocobcTByeT popMupoBa-
HUIO UMM IUIOTHBIX CKOIUJIEHUH. 3aperucTpupOoBaHHBIN
Ha riybuHe 25-50 M 3PC, HaXoOuT CBOe OTpa)keHusd
Ha BepTUKAJIbHBIX NpodUIAX xJopodpuisia-a U KHUC-
Jopoja, B BUJe JIOKaJdbHbIX MakcumyMmoB (Puc. 4). B
1[eJIOM BBICOKAs KOHIIEHTpalWsA KHCJIOpOoJa B BoJle Ha
Bcex IJTyOMHax co CpeJHUM 3HaueHNeM B Auama3oHe OT
9 no 14,5 mr/n xapakrepHa Ajia batikana (JJoMeinieBa

u 1p., 2016).
TI'opuzonmasnvHoe pacnpedesieHue 3PC.
[lomyyenHoe B  Hamel paboTe COOTHOIIEHUE

MVBS u nnotHoctu Ouomaccel MaKporeKkToIyca
MVBS=-73,2+10,2"Log,,W (r*=0,75), 06au3Ko K
perpeccuu, mosyueHHou paHee (Rudstam et al., 1992),
MVBS=-66,8+10,9Log, W (r’=0,72), tne MVBS -
cpeqHee oObeMHOe oOpaTHoe paccesnue, W — mjoT-
HOCTb GHMOMAacChl MaKporekTomyca B Mr/m°. Pasiuuue
K03(pPULINEeHTOB perpeccuyd MOXHO OOBACHUTh pas-
JIMYUAMU B NOJIyYeHHOU HaMU IJIOTHOCTH GHOMacChl
MaKporekToIyca o ceTHHIM npo6am. CpeAHee 3Haue-
HUe IUIOTHOCTU 61oMacchl MakporekTomnyca A JHeB-
HBIX CTAHIWI B Hallel paboTe cocTaBisAeT 65,7 Mr/m3,
a B pabore (Rudstam et al., 1992) - 169,5 mr/m3. Tak xe
OTJIMYAIOTCA U MaKCUMaJslbHas IIJIOTHOCTh OOMAacchl, B
Hale paboTe OoHa He mpeBbimana 123 mr/m3, Torma
kak B pabore (Rudstam et al., 1992) npucyTcTBOBau
sHaueHusa 6ostee 1200 mr/m3. MUHUMAaJIbHBIE OL[EHKUA
IJIOTHOCTY GrioMacchl ObUIM COIOCTABUMBI M COOTBET-
cTBoBaIM 3HauveHusAM 10-20 mr/m®. B Hameir pabote
pa3Mepsl ocobeli MaKpOTreKToIlyca B CEeTHBIX Ipobax He

() BHMGAL |

- 325

- 350

OTJIMYAJINCh OT UX pa3MepoB B paborte L.G. Rudstam c
coasTopamu (1992).

Ha ocHOBe 10JIly4eHHOTO COOTHOIIEHUS, TIO
aKyCTHYeCKUM JAaHHBIM MbI OLIEHWJIM paclpejesieHne
IUIOTHOCTH GuOMacchl B paliOHe NPOBeNeHUs THJPO-
aKycTthueckon cwemku. Ilmomaap o6ciieqoBaHHON
aKBaTOpUM COCTaBUJA 67 KM% 4YTO COOTBETCTBYET
16% ot mromaay 3aymBa 415 kM2 riy6xe n“306aThI
50 m. 3HaueHus MVBS BO0JIb OTAEJIbHBIX IaJICOB ObLINU
pasnuuHel. Hanpumep, Hajg OoJibmMMHU TJTyO6uHaMU,
riaybxe 500 MmeTrpoBoil usobaTtel, MVBS cOOTBETCTBO-
BaJI 3HaueHUIo -62,2 aB, 4TO B nepecyeTe Ha MJIOTHOCTh
CKOILJTEHUSI MaKpOreKTomyca coctaBuio 12,3 mr/m®
(2,9 r/m?). Ha cTaHnuAX ¢ MAaKCUMAaJIbHBIMU OLIEHKAMU
MVBS u 1o pesyJsibTaTaM CETHBIX JIOBOB, PErUCTPUPO-
BaJIMCh 3HaueHusA -48,9 nb, 4TO COOTBETCTBYyeT IJIOT-
HOCTH CKOIUIEHUs Makporektomyca 144 mr/m° (34 r/
M2), IpU 3TOM CcpefHsAsa oleHka MVBS mis obciemye-
MO IUIomanau cocrasmia -58,8 nb, To ects 25,4 mr/
M2 (5,9 r/m2). CriemoBaTesibHO, CyMMapHas Guomacca
MakporekTornyca Ha o00cJieJOBaHHONM aKBaTOPUU
cocrasset 0,39-10° kr.

PacnpeniesieHue MJIOTHOCTHM OWOMACCH! MO ILJIO-
maau obcjieJOBaHHON aKBaTOPMU He paBHOMEPHO.
HyXHO OTMeTUTb, 4YTO B OCHOBHOM CKOILIEHUsI HaOJIIo-
nanuch Baosib n3otat 300-100 M B BOCTOYHOM 4YacTU
(Puc. 5A), BO3MOXHO 3TO CBSI3aHO C BJIMAHUEM BOJI P.
Baprysun. B Bapry3suHckoMm 3aimBe cucTeMa Te4eHUH
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Puc.4. BeprukasnbHble npodunu TeMepaTyphl, XJIOpO-
(¢usta-a ¥ pacTBOPEHHOIO KHCJIOPOAA.
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Puc.5. KapTsl pacrnpefesneHUs: akyCTUYECKON TIJIOTHOCTH CKOIUIeHUH ambunon Ha riiyouHe 0-250 M (A) ¥ MOBepXHOCTHOM
Temmepartypsl o gaHnHeIM MODIS (B), nzo6aTsl ykasaHsl is riryous 50, 100, 200, 500 u 1000 M.

MPUBOJUT K IEPEHOCY BOJ PEKU OT YCThs BJIOJIb CEBep-
Horo Gepera, To ecTb BJI0JIb IIOJIyocTpoBa CBATOH HOC
(CopokoBukosa u ap., 2010). OgHako Ha TeMmnepaTyp-
Hoi kapTe (Puc. 5B) u mo qaaueiv CTD 30HaMpOBaHusA
(Puc. 4) BIUSHUA PEYHBIX BOJI HE MPOCJIEXUBAJIOCS.

[TosryueHHBIE JAaHHBIE TIO3BOJISAIOT OLIEHUTH OMO-
Maccy MaKporeKkTomyca JiJisi Bcero 3aimBa. Mcxomsa us
CpeJlHEel OLEHKHU IJIOTHOCTU OGroMacchl AJjig o6cyieso-
BaHHOro mnoJjmrona 25,4 mr/m® (5,9 r/m?), nya Bcen
akBaTOpuUu 3ayBa, riyoxkxe 50 M m3006aTh, o0mas
6uoMacca Makporekromyca cocraepiyser 2,7-10° kr. B
pabore L.G. Rudstam c coaBropamu (1992) ona ore-
HeHa B 3,7-10° kr, uTo GoJsiblle Ha 27% MOJTyYEHHOM
Hamu. Paznuuus o0bACHAIOTCA 00Jiee 3HAYMMBIMU YJI0-
BaMU B IUIAaHKTOHHBIX CETAX, TO €CTh (paKTUUeCKU 00JIb-
MMM 3amacaMu Makporekromyca B 1988 n 1989 r. B
pabote M.IO. Bexman u 3.JI. AdanacrseBoti (1977) npu-
BOJUTCA OIleHKa oO0Iell 6romMacchl MakporeKTomyca B
110-10° kr (15,7 mr/m® unu 3,7 T/m2), IS BCero o3epa
Batikas, Iiomanb KOTOPOTO coOcTaBiisieT 29746 km?
riryoxe 50 M M300aThl. DKCTPANOJIANUA 3TUX AAHHBIX
Ha IUIOm[@ap Bapry3wHCKOro 3ajiMBa JaeT 3HAUYeHUe
obmeii 6momMaccel okosio 1,53:10° kr, 4YTO MeHbIie
OLIeHKU IT0JIyuyeHHO! B Harmlell paboTe. TakuM o6pa3om,
MoJIyYeHHasA HaMU OIleHKa obieii 6rnoMacchl MaKpo-
reKTOIyca, JOCTOBEPHA, a ee HU3KOe 3HaueHUe CBU-
JEeTeJIbCTBYeT O MEHbIIeH YHCJIEHHOCTH U Gromacchl
MakporekToryca B Bapry3mHcKkoM 3aJjiviBe 1O CpaBHe-
HUI0 ¢ oneHKoi L.G. Rudstam c coaBTopamu (1992),
4yTO TpeOyeT TOMOJIHUTEIbHBIX UCCJIENOBAHNI.

4. 3aknioueHue

MaxkporekTonyc ABJIAETCA KJIIOYEBBIM BHUIOM
SKOCHUCTEMBI 03€pa, I03TOMY AKTyaJIbHbIE CBEAEHUA O
ero YncJIEHHOCTU U OruoMacce, a TakXe 0 pacupejesie-
HUU U AVWHAMUKU HeOoOXOJUMBI AJiA MOHUMAaHUA 3KO-
JIOTUYEeCKUX MPOIeccoB, MPOUCXOANMX Ha Balikaie B
Hacrosmee BpeMs. [TosydeHa 3aBUCUMOCTD CHJIBI CPeJ-
HEro o0beMHOro OOpaTHOr0 pacCesHUsA U MJIOTHOCTU
MaKpOreKToIlyca, Ha OCHOBe KOTOpPOI ero 6uomacca B
Bapry3uHckoM 3ayuBe oljeHeHa B 2,7-10° kr. [TokazaHo
NpEeUMYIIECTBO [aHHOTO KOMIIJIEKCHOIO IIOAXOAa,
a Takxe IpUHIMINNAJbHAs1 BO3MOXHOCTb IIpOBeje-
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HUA IUIOMIAAHON CBhEMKH paclipefiejieHusA CKOIIeHUN
MaKporekToIyca [0 Bcell akBaTopuu osepa barikai,
pe3yJibTaThl KOTOPOIi, B IepCleKTUBe, IIOMOI'YT CKOp-
PeKTHpOBaTh CYILIECTBYIOLMEe OLIeHKU YMCJIEHHOCTU U
OuromMaccel 3TOro BUjA.

BrinosiHeHHBIE KcCIeOBaHUSA [IOKA3bIBAIOT, YTO
KOJIM4eCTBEHHble OLleHKH OroMacchl MaKporeKToIyca
B o3epe Baiikas akycTUuecKuM MeTOAOM B COBOKYIIHO-
CTH C KOHTPOJIBHBIMU JIOBaMM [LITAHKTOHHBIMU CETAMU
OyayT crmocoOCTBOBATH IMOJIYYEHUI0 HOBBIX 3HAHUU 00
9KOJIOTUM XUBOTHBIX. Kpome 3TOro, oHM MOryT OBITH
[10J1Ie3HBI IPU BBIACHEHUY [IPUYMH M3MeHeHUH B Xxapak-
Tepe pacrpejiesieHuss 6aliKaabCKOro OMYJis B paliloHax
TPaJULOHHOT0 IIPOMEICJIA.

BbAaaropapHoCTH

Pa6ora BHIOJIHEHA B paMKaxX TeM rocyAapCTBeH-
Horo 3amaHusa Ne 0279-2022-0004 (122012600083-
9) u Ne 0279-2021-0005 (121032300224-8). ABTOpPHI
BhIpaxarwT OslaromapHocTh KomaHae HHC «I.IO.
Bepemarus» 3a noMmo1s B c6ope mMaTepuaa.

KoHpAMKT unTEepecosB

ABTOpPHI 3aABJAIOT 00 OTCYTCTBUU KOHQJIMKTA
HWHTEpPECOB.

CnuCOK AUTepaTypbl

Brisefio-Avena C., Roberts P.L.D., Franks P.J.S. et al. 2015.
ZOOPS- 02: A broadband echosounder with coordinated ste-
reo optical imaging for observing plankton in situ. Methods
in Oceanography 12: 36-54. DOI: 10.1016/j.mi0.2015.07.001

Chacate O.E., Coetzee J.C., Axelsen B.E. 2024. Hydro-
acoustic classification and abundance estimation of mesope-
lagic fish in deep scattering layers (DSL) of the Indian Ocean.
ICES Journal of Marine Science 0: 1-15. DOIL 10.1093/
icesims/fsae028

Dunn M.B., Pedersen G., Basedow S.L. et al. 2022. Inverse
method applied to autonomous broadband hydroacoustic sur-
vey detects higher densities of zooplankton in near-surface
aggregations than vessel-based net survey. Canadian Journal
of Fisheries and Aquatic Sciences 80(3): 451-467. DOL
10.1139/cjfas-2022-0105



https://www.doi.org/10.1016/j.mio.2015.07.001
https://www.doi.org/10.1093/icesjms/fsae028
https://www.doi.org/10.1093/icesjms/fsae028
https://www.doi.org/10.1139/cjfas-2022-0105

Makapos M.M. u Op. / Limnology and Freshwater Biology 2024 (6): 1491-1502

Fore M., Frank K., Norton T. et al. 2018. Precision fish
farming: a new framework to improve production in aquacul-
ture. Biosystems Engineering 173: 176-193. DOI: 10.1016/j.
biosystemseng.2017.10.014

Greenlaw C.F. 1977. Backscattering spectra of preserved
zooplankton. The Journal of the Acoustical Society of America
62(1): 44-52. DOI: 10.1121/1.381503

Hembre L.K., Megard R.O. 2003. Seasonal and diel
patchiness of a Daphnia population: an acoustic analysis.
Limnology and Oceanography 48: 2221-2233. DOI: 10.4319/
10.2003.48.6.2221

Holbrook B.V., Hrabik T.R., Branstrator D.K. et al.
2006. Hydroacoustic estimation of zooplankton biomass at
two shoal complexes in the Apostle Islands Region of Lake
Superior. Journal of Great Lakes Research 32(4): 680-696.
DOI: 10.3394/0380-1330(2006)32[680:HEOZBA]2.0.CO;2

Karnaukhov D.Yu., Dolinskaya E.M., Biritskaya S.A. et al.
2021. New data regarding ecology of freshwater pelagic
amphipod Macrohectopus branickii and other crustaceans of
plankton from the southern part of Lake Baikal. Acta Biologica
Sibirica 7: 39-48. DOI: 10.3897/abs.7.e65636

Lertvilai P., Jaffe J.S. 2022. In situ size and motil-
ity measurement of aquatic invertebrates with an under-
water stereoscopic camera system using tilted lenses.
Methods in Ecology and Evolution 13: 1192-1200. DOI:
10.1111/2041-210X.13855

Lertvilai P. 2020. The in situ plankton assemblage
eXplorer (IPAX): an inexpensive underwater imaging system
for zooplankton study. Methods in Ecology and Evolution 11:
1042-1048. DOI: 10.1111/2041-210x.13441

Liu J., Tang Y. 2024. Monitoring two typical marine zoo-
plankton species using acoustic methods in the South China
Sea. Sensors 24: 4827. DOI: 10.3390/s24154827

Makarov M.M., Muyakshin S.I., Kucher K.M. et al. 2020.
A study of the gas seep Istok in the Selenga shoal using active
acoustic, passive acoustic and optical methods. Journal
of Great Lakes Research 46(1): 95-101. DOI: 10.1016/j.
jglr.2019.10.014

Mallet D., Olivry M., Ighiouer S. et al. 2021.
Nondestructive monitoring of soft bottom fish and habitats
using a standardized, remote and unbaited 360° video sam-
pling method. Fishes 6(4): 50. DOI: 10.3390/fishes6040050

Megard R.O., Kuns M.M., Whiteside M.C. et al. 1997.
Spatial distributions of zooplankton during coastal upwelling
in western Lake Superior. Limnology and Oceanography 42:
827-840. DOI: 10.4319/10.1997.42.5.0827

Melnik N.G., Timoshkin O.A., Sideleva V.G. et al. 1993.
Hydroacoustic measurement of the density of the Baikal

macrozooplankter  Macrohectopus  branickii. Limnology
and Oceanography 38(2): 425-434. DOIL 10.4319/

10.1993.38.2.0425

Naumova E.Yu., Zaidykov L.Yu., Makarov M.M. 2020.
Recent quantitative values of Macrohectopus branickii (Dyb.)
(Amphipoda) from Lake Baikal. Journal of Great Lakes
Research 46(1): 48-52. DOI: 10.1016/j.jglr.2019.10.002

Oh W.S., Park G.C., Choi J.H. et al. 2023. Density estima-
tion of euphausiids and copepods by using a multi-frequency
method. Fisheries and Aquatic Science 26(12): 689-697. DOL:
10.47853/FAS.2023.e61

Rudstam L.G., Melnik N.G., Timoshkin O.A. et al. 1992.
Daily dynamics of an aggregation of Macrohectopus branickii
(Dyb.) (Amphipoda, Gammaridae) in Barguzin Bay, Lake

1502

Baikal Russia. Journal of Great Lakes Research 18(2): 286-
297. DOI: 10.1016/S0380-1330(92)71296-9

Sato M., Benoit-Bird K.J. 2019. Biological-physical cou-
pling in a highly adjective ecosystem: Through a lens of diel
vertical migration. The Journal of the Acoustical Society of
America 146 (4): 2898. DOI: 10.1121/1.5137056

Simrad A.S. 2003. Reference manual: Simrad EK60.
Scientific echo sounder system.

Watanabe Y.Y., Baranov E.A.,, Miyazaki N. 2020.
Ultrahigh foraging rates of Baikal seals make tiny endemic
amphipods profitable in Lake Baikal. Proceedings of the
National Academy of Sciences USA 117(49): 31242-31248.
DOI: 10.1073/pnas.2014021117

bexman M.IO., AdanaceeBa 3.JI. 1977. Pacnpenenenue
U IPOAyKIHA Makporekronyca. B: Bexkman M.IO. (OTB. pen.).
Buosiornyeckas mpoAyKTHUBHOCTD Iejiaruanu balikana u ee
n3MeHunBocTh. HoBocubupck: Hayka.

Hunopenko C.U., borBunkuH A.Jl., TaxTees B.B. 2020.
HoBasa Tpoduueckas cBsizb B 3KocucTteMe balikana: mesa-
ruveckue OGokorutaBel Macrohectopus branickii (Crustacea,
Amphipoda) u Jneryume wmbimu Myotis petax (Mammalia,
Chiroptera). 3oosornyeckuii xypHain 99(10): 1140-1147.
DOI: 10.31857,/50044513420100050

Hombimesa B.M., Ilectrynos [[.A., Cakupko M.B. u ap.
2016. VYriyekuciblii ra3, KUCJI0Opo U OHvOreHHbIe 3JieMeHThH
B nofJjlejHo! Bofe sutopaysu KOxHoro Batikana (2004-2016
rr.). Ontuka atmocdeps u okeana 12: 1073-1079. DOI:
10.15372/A0020161211

Kapnayxos JI.10., Bupuikas C.A., MacieHHukoBa M.A. u
ap. 2019. YnciaeHHOCTh U CTPYKTypa NONYJIALUN Iejaruyde-
ckoii amdumnoasl Macrohectopus branickii B npuGpexxHON 30He
o3epa Baiikasn. Acta Biologica Sibirica 5(3): 154-158. DOIL
10.14258/abs.v5.i3.6574

Menpuuk H.T'., Tumomikun O.A., CugeneBa B.I'. 1995.
Pacripenenenue M. branickii m HekoTOpble OCOOGEHHOCTHU
ero skojioruu. B kHure: ATyiac U oOIpeJesIUuTesIb Iejaro-
O61oHTOB Balikasa ¢ KpaTKMMU O4YepKaMu IO UX 3KOJIOTHU.
HoBocubupck: Hayxka.

IetpoB E.A., KymunHckuti A.B., ®uankos B.A. u gp. 2021.
3HaueHue GeperoBbIxX JIEXOUIN B )XU3HU 6aliKaJibCKOM HepIIbl
(Pusa sibirica Gmelin, 1788, Pinnipedia). 2. I[loBeneHue Ha
Jnexo6umax. 3oosorudeckuil xypHaa 100(6): 671-685. DOI:
10.31857/50044513421060106

IIpuka3z MuHuHCTepcTBa CeJIbCKOTO Xo3dAiicTBa P® oT
7 Hosi6pa 2017 r. N 435. 2017. «O6 yTBepxeHUU IpaBUJI
pribosoBeTBa AiA Baiikanbckoro peiboxossiicTBeHHOro 6ac-
ceiina». URL: http://base.garant.ru/70818098/ (mara o6pa-
menusa: 15.01.2020).

CmupHoOB B.B., CmuproBa-3anymu H.C., Cyxanosa JI.B. u
ap. 2015. O mMepax 1o coxpaHeHHI0 pecypcoB 0GaliKabCKOTo
omysa Coregonus migratorius. BeCTHUK pBIOOX035HCTBEHHON
Hayku 4: 42-45.

CokosioB A.B., Ilereppenpg B.A. 2018. O mpuumHax
BBeJleHUs 3alpeTa Ha IPOMBICIIOBEIN JIOB oMyJia (Coregonus
autumnalis migratorius, Georgi) o3epa Baiikaj B COBpeMeH-
HeIM nepuof. B: VI MexnayHapoHsiii BanTuiickuii MOpcKoi
dopywm, C. 158-164.

CopokoBukoBa JI.M., Tomb6epr W.B., Cuniokosuu B.H.
u ap. 2010. OcobeHHocTu GpOpMUPOBaHUA 30HBI CMeIIeHUs
peuHBIX U 03epHbIX BoJ B BaprysuHckowm 3asuBe Barikaina.
B: Ilaras Bepemjarunckas DBaiikasgbckasa KoHpepeHIs.
Hpkytck: U3a-Bo «AcnipuHT». C. 256-258.



https://www.doi.org/10.1016/j.biosystemseng.2017.10.014
https://www.doi.org/10.1016/j.biosystemseng.2017.10.014
https://www.doi.org/10.1121/1.381503
https://www.doi.org/10.4319/lo.2003.48.6.2221
https://www.doi.org/10.4319/lo.2003.48.6.2221
https://www.doi.org/10.3394/0380-1330(2006)32[680:HEOZBA]2.0.CO;2
https://www.doi.org/10.3897/abs.7.e65636
https://www.doi.org/10.1111/2041-210X.13855
https://www.doi.org/10.1111/2041-210x.13441
https://www.doi.org/10.3390/s24154827
https://www.doi.org/10.1016/j.jglr.2019.10.014
https://www.doi.org/10.1016/j.jglr.2019.10.014
https://www.doi.org/10.3390/fishes6040050
https://www.doi.org/10.4319/lo.1997.42.5.0827
https://www.doi.org/10.4319/lo.1993.38.2.0425
https://www.doi.org/10.4319/lo.1993.38.2.0425
https://www.doi.org/10.1016/j.jglr.2019.10.002
https://www.doi.org/10.47853/FAS.2023.e61
https://www.doi.org/10.1016/S0380-1330(92)71296-9
https://www.doi.org/10.1121/1.5137056
https://www.doi.org/10.1073/pnas.2014021117
https://www.doi.org/10.31857/S0044513420100050
https://www.doi.org/10.15372/AOO20161211
https://www.doi.org/10.14258/abs.v5.i3.6574
https://www.doi.org/10.31857/S0044513421060106
http://base.garant.ru/70818098/

Limnology and Freshwater Biology 2024 (6): 1503-1524 DOI:10.31951/2658-3518-2024-A-6-1503

Original Article

Changing the appearance of underwater [ IMNOLOGY
landscapes in the coastal zone of a large FRESHWATER
freshwater body under the influence of BIOLOGY
trout farming activities: a case study of - —
Mustalakhti Bay, Lake Ladoga

Dudakova D.S., Lapenkov A.E., Anokhin V.M., Guzeva A.V., Zaripova K.M.

Institute of Limnology of the Russian Academy of Sciences, SPC RAS, Sevastyanova str., 9, St. Petersburg, 196105, Russia

ABSTRACT. In Mustalakhti Bay of Lake Ladoga, which is used for placing trout farms, a study was
conducted on the structure of bottom landscapes and the transformation of the lakebed surface under
the influence of aquaculture activities. Field data for mapping bottom landscapes were collected using
hydroacoustic surveys with the SOLIX 10 SI MEGA CHIRP side-scan sonar and underwater photography
with the Limnoscout ROV. Standard sedimentological and biological studies of the lakebed were also
carried out. The identification of distinct facies elements was based on morphometric features (depth
zones, bottom slopes in different parts of the bay, and terrain elements), characteristics of bottom sedi-
ments (sediment type, fluid mud composition), surface appearance, and benthic biological communities
(dominant benthic groups, presence/absence of macrophytes). The study resulted in bathymetric and
landscape maps of the investigated bay, highlighting the characteristic features of individual landscape
facies. A total of 8 facies were identified. The study demonstrated a significant negative impact of
trout farms on the bay’s bottom. This is confirmed by: 1. substantial changes in the lakebed appear-
ance detected through video footage; 2. visual changes in the surface observed in acoustic images
(sonograms) from the side-scan sonar; and 3. increased sediment thickness and higher accumulation of
organic matter, evidenced by sonar data and previously conducted chemical analyses of sediments in
the farm areas. The data indicates that the features of the bay’s basin, specifically its steep slopes and the
extensive shallow area with relatively large depths (20-35 m), create conditions for the accumulation of
anthropogenically transformed sediments within the farm area and extending outwards by several tens
of metres (a 100 m diameter zone around each farm). Conclusion: The use of a landscape approach
with modern research tools, including acoustic and underwater photography, has provided a spatial
assessment of the impact of trout farming on the condition of the studied section of the freshwater body.

Keywords: bottom landscapes, Lake Ladoga, cage fish farms, mapping, side-scan sonar (SSS), Limnoscout ROV
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1. Introduction ture activities (Kalantzi and Karakassis, 2006; Rooney

L . and Podemski, 2009; Villnés et al., 2011; Farabi et al.,
Currently, one of the significant issues related to 2022; Elvines et al., 2024).

negative environmental changes, particularly concern-
ing aquaculture facilities, is the pollution of freshwater
bodies with organic matter and trace elements, which
can affect the trophic state of the water body, nega-
tively impact biological communities, and cause eco-
system alterations (Ryzhkov et al., 2011; Milyanchuk
et al., 2019; Dudakova et al., 2024; Guzeva et al., 2024;
Lapenkov et al., 2023; Zaripova et al., 2024). The study
of this issue is much more advanced for marine aquacul-

The methods used to study such impacts typically
rely on standard approaches in hydrochemical, hydro-
biological, and sedimentological research (Carroll et
al., 2003; Lapenkov et al., 2023). However, for pur-
poses such as mapping benthic habitats, quantitatively
assessing biological resource stocks, studying benthic
landscapes, and identifying anthropogenic transforma-
tions of the substrate and spatially assessing ongoing
changes, remote sensing methods are now widely used
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alongside traditional methods (Fish and Carr, 1990;
Cochrane and Lafferty, 2002; Quintino, 2003; Harris
and Baker, 2012; Foster et al., 2009; Che Hasan et
al., 2014). Among the latest methods, one of the most
effective is hydroacoustic technology, which involves
the use of classical single-beam and multi-beam echo-
sounders as well as side-scan sonar (SSS). Overall,
the use of multi-beam echosounders and side-scan
sonar in the field of aquaculture is primarily focused
on monitoring fish in cages and assessing their stocks
(Kristmundsson et al., 2023; Ridgway et al., 2024). The
application of these methods for assessing changes in
the condition of the substrate beneath the cages has not
been sufficiently developed (Dougall and Black, 2001;
Andrés, 2011).

Objective of the study: To assess the impact of
cage aquaculture facilities on the condition of under-
water landscapes in a large freshwater body using mod-
ern remote sensing methods.

2. Material and methods
2.1. Study area

The research was conducted in the Mustalahti
Bay (in the skerries of the Yakimvarsky Bay) of Lake
Ladoga, near the town of Lahdenpohja (Fig. 1). The bay
covers an area of approximately 2.2 km?, is elongated
in a submeridional direction, and has a total length of
2.4 km.

In this bay, fish farming facilities are operated by
«Akulovka» LLC. According to satellite images, the first
fish cages appeared in the bay in 2011. On average,
the fish farm produces 1000 tons of fish per year. A
distinctive feature of trout farming is the seasonal vari-
ation in feeding intensity, which is influenced by water
temperature. In winter, when temperatures are low, the
amount of feed is minimal. With the onset of spring and
throughout the summer, it increases, and by the end of
autumn, it gradually decreases. In August, during the
peak feeding season, the total feed input into the cages
ranges between 6 and 10 tons per day (Dudakova et
al., 2024).

The research was conducted on 1 March 2023, 6
July 2023, and 24-25 July 2024.

2.2. Research methods

The landscape studies of the bay’s lakebed were
based on echo sounding, underwater video recording,
and acoustic scanning of the bottom using side-scan
sonar (SSS), as well as bottom sampling to examine the
sediments and biota of this area.

For the purpose of identifying the structure of
the underwater terrain, echo sounding was conducted.
The Hummingbird SOLIX 10 SI MEGA CHIRP sonar was
used. During the series of passes, digital depth record-
ings were made. The creation of a digital bathymetric
model from the obtained digital data was carried out
using Surfer 9 and ArcMap 10.5 software. Depth mea-
surement points with coordinate references in the WGS-
84 system were recorded in Excel tables from the sonar
readings. To extract coordinates of zero depths for con-
structing the bathymetric map, the shoreline contours
were traced in Google Earth Pro, converted via a KMZ
file to a shapefile, and then extracted into Excel tables
in ArcMap. For a clearer representation in the map con-
struction, additional land points with positive elevation
values were included. The total dataset was analyzed
to identify and exclude sonar measurement points that
did not conform to the overall distribution patterns;
these outliers were likely due to anomalous conditions
affecting the instrument. The digital terrain model was
created in raster format using the Natural Neighbor
method. Based on the digital raster terrain model, var-
ious morphometric maps were generated using GIS
tools: slope angle (Slope), azimuth of maximum slope
(Aspect), and cross-sections of the lake bed profiles.
For a clearer representation, the maps were created in
the rectangular coordinate system Pulkovo 1942, zone
6, which required converting degree geographic coor-
dinates (x, y WGS-84) into meter coordinates. Three-
dimensional terrain models were constructed using
Surfer 9 software.
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Fig.1. Location of the study area (Mustalahti Bay) in Lake Ladoga.
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For underwater video recording, a remotely oper-
ated underwater vehicle (ROV) Limnoscout was used,
developed for the conditions of Lake Ladoga (Dudakova
et al., 2021). Its application in the study of underwater
landscapes in Lake Ladoga involved video profiling of
the lake bed over sections up to 1 km long, with paral-
lel depth and track reference. The ROV was passively
towed close to the lakebed surface (10-20 cm) using the
screen effect. The resulting images had a bed coverage
width of approximately 50-100 cm per frame. Video
recording in areas where fish farming components are
located was challenging due to numerous lines, ropes,
and anchoring elements (concrete blocks) used for
securing the cages. Consequently, the approach used
under normal video profiling conditions with direct
profile passes was modified to involve recording short
segments in different parts of the bay. In the cage areas,
filming was conducted directly from the cages, with the
camera passing over the lakebed and controlled from
the cage platforms.

For large-area surveys of the lakebed, acous-
tic scanning was conducted using a side-scan sonar
(Hummingbird SOLIX 10 SI MEGA CHIRP). The acous-
tic surveys produced a series of sonograms showing
images of different types of the lakebed and individ-
ual objects on it. Analysis of parallel strips of sonogram
mosaics (acoustic profiles) allows for the identification
of elements on various types of lakebed with spatial ref-
erence and helps delineate boundaries between distinct
landscape units. The sonograms used for mosaic con-
struction were obtained in a mode that displayed the
water column, allowing for simultaneous assessment
of changes in the lakebed characteristics with varying
depths. Data on changes in the surface layer of sedi-
ments, obtained through hydroacoustic scanning with
a lower beam sonar in low-frequency mode (455 MHz),
were also used.

The main criteria for delineating facies bound-
aries within the study bay were geomorphological and
sedimentary. Geomorphological features were ana-
lyzed based on data from the digital bathymetric model
obtained during the bathymetric survey. Parameters
such as lakebed slope and aspect were calculated. The
type of soft bottom sediments was determined by sam-
pling them using a DAC250 bottom grab. During the
2023-2024 period, 25 sites were studied (Fig. 2). Visual
surveys were conducted, along with the description and
assessment of the thickness of various layers of bottom
sediments, as well as their classification based on the
proportion of different grain size fractions through
visual and organoleptic evaluation (Instructions...,
1995). Special attention was given to the thickness of
the organic layer observed in the cage impact zone. The
biological data on the bottom landscapes are based on
the assessment of the state of macrozoobenthos from
bottom sampling conducted on July 24, 2024 (Fig. 2:
sites B24_1 to B24_21), as well as seasonal sampling
conducted at four sites in 2023 (Fig. 2: sites Koko 3, 4’,
5, and 6’). Standard methods accepted in hydrobiology
were applied in the collection and processing of ben-
thos (Methodological Recommendations..., 1983). The
bottom sediment samples for the study of zoobenthos
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Fig.2. Locations of sampling sites.

were collected using a DAC-250 box-type grab sampler
(Ekman-Birge modification with a sampling area of
1/40 m?). To assess the role of individual taxa in bottom
landscapes, the community structure and composition
of the dominant complex were evaluated. Acoustic data
on the occurrence and number of fish acoustic signals
obtained from the echo sounder were used to assess the
distribution of ichthyofauna during the study period.
Since the activity and density of ichthyofauna influence
the nature of the bottom surface, these characteristics
were also considered when evaluating the condition of
bottom landscapes according to biological criteria.

In the analysis of the feature set, distinct facies
were identified within the landscape structure of the
studied part of the water body, and as a result, a digital
model of the bottom landscapes of the bay was created.
Using this model, the areas occupied by different facies
were assessed, and the proportion of anthropogenically
altered water areas was calculated.

3. Results and discussion
3.1. Features of the bay basin

Based on the constructed digital elevation model,
the characteristics of Mustalakhti Bay have been calcu-
lated. The average depth is 12.9 meters, with a max-
imum depth of 36 metres. As shown in the obtained
bathymetric map, the maximum depths are shifted
towards the southern open part of the bay (Fig. 3: A).
Although the bay generally extends in a sublatitudinal
direction, there are several complicating features in
the terrain, including elevations in the perpendicular
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direction. This is related to the geological character-
istics of the area (Fig. 4). In geological terms, the area
is composed of the Ikkulsk and Kukhmin formations
of the Lahdenpohja metamorphic complex (State geo-
logical map..., 2015). In the western part of the bay,
the Tkhal Formation of graphite-biotite gneisses and
diopside skarns is located. This development area is
marked by a positive Ta anomaly based on magneto-
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metric data (Zuikova and Shilova, 2000), which is asso-
ciated with the presence of pyrrhotite and magnetite.
The magnetic susceptibility of the rocks in the Ikhal
Formation is noticeably higher than that of the rocks
in the Kukhmin Formation. To the east of the bay, the
Kukhmin Formation primarily consists of stigmatised
garnet-biotite gneisses, and the contacts between met-
amorphic rocks of different formations are tectonized.

Fig.4. Geological map of the area and anomalous magnetic field map (nT) (digitized from data: State Geological Map, 2015;

Zuikova and Shilova, 2000).

Note: 1. — Kukhkin Formation — migmatized garnet-biotite gneisses; 2. — Ikhal Formation — graphite-biotite gneisses; 3. —

Faults; 4. — Isobaths.
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Carbon-bearing gneisses exhibit a copper-polymetal-
lic specialisation, which may explain the presence
of anomalies in copper and zinc in the bay’s bottom
sediments, as identified during an investigation of the
sediments in the area of the trout farming facility in
Mustalakti Bay (Guzeva et al., 2024). Faulting defines
the fine block structure of different parts of the bay
and is highlighted by steep slopes with submeridional
and northeast orientations (Fig. 4). Overall, the bay
features a trough-like basin with steep slopes along its
sides and a relatively flat, level bottom in the center
(Fig. 3B). The western rim is more gently sloping com-
pared to the eastern rim (Fig. 3C). An important feature
is the uplift of the bottom in a submeridional direction
in the southern part, which hampers water exchange
with the southern portion of the water body and affects
sediment distribution. The eastern and western rims
of the bay’s basin have significant bottom uplifts that
hinder water mixing within the bay and the movement
of bottom sediments. These underwater uplifts obstruct
sediment exchange between individual basins, making
them distinctive sedimentary reservoirs for local pollu-
tion sources.

3.2. Bottom sediments and underwater
landscapes of Mustalakhti Bay

In Mustalahti Bay, five types of natural loose
bottom sediments have been identified: fine-grained
sand, aleuritic silt, clayey silt, clayey silt with an aleu-
rite admixture, and an additional type formed due to
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anthropogenic activity—intense organic matter accu-
mulation: clayey silt with an aleurite admixture, with
a thick layer of silt contaminated with organic matter
(Fig. 5). The bedrock forms the walls of the basin and
island elevations, extending down to depths of 15-20
meters. The majority of the bay’s bottom is composed
of clayey silts with an aleurite admixture (aleuripelites),
both natural and with an increased sediment layer rich
in organic matter.

Most of the bottom in the bay (as well as through-
out Lake Ladoga) is covered with what is known as a
fluid mud layer — a surface layer of highly water-satu-
rated sediment with a fluid consistency, with a thickness
of 2-4 cm. This fluid mud layer is typically composed of
silt with a significant amount of sand particles. The silt
admixture constitutes 10-30%. It usually contains up
to 5% of fine-grained sand. The layer is in the aeration
zone and represents the most active area of benthic life.
To some extent, the fluid mud layer can be compared
to the soil layer on land. In the skerry part of Lake
Ladoga, the age of fluid mud does not exceed 10 years,
as the sedimentation rate varies from 1 to 2 mm per
year (Semenovich, 1966; Subetto et al., 2002). Under
fishery cages and at some distance from them, abnor-
mally large thicknesses of fluid mud (up to 18 cm) are
observed, often enriched with organic matter. Beneath
the fluid mud layer, the majority of the bay’s bottom
is covered with clayey silts, with some silt admixture.
Typically, this sediment is gray with a yellowish tint,
soft, viscous, with some compaction downward, often
with dark streaks of organic matter.
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Fig.5. Distribution of bottom sediment types based on the composition of fluid mud (A) and the main sediment beneath the

fluid mud (B) in Mustalahti Bay at the studied sites.
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A sandy bottom is not typical for the studied
area of the water body. In samples from depths up to
3 meters, fine-grained sand was identified only at two
sites in the southwestern and southeastern parts (Fig.
5: sites B24_15 and B24_17). Acoustic survey data also
confirmed the absence of extensive areas composed
of sandy soil. Colluvium at the base of rock outcrops
was also virtually absent. The coverage of intact rocky
ledges by loose sediments is a characteristic feature of
all coastal areas along the shoreline (Fig. 6). Colluvium
was noted only in the area of the southwestern uplift at
the foot of two small islands.

Acoustic survey (Fig. 7) revealed that in areas
with unaltered bottom sediments, primarily composed
of clayey silts with an aleurite admixture, two zones
were distinguished based on depth and the presence
of woody debris on the surface: one zone, down to a
depth of 5 meters, where submerged tree trunks were
consistently observed (additional biotope elements that
increase spatial complexity and biological diversity),
and a second zone, below these depths, characterized
by a levelled and «empty» bottom (Fig. 8A).

A distinct type of lakebed surface was character-
ised by an increased layer of organic matter, distributed
in patches. Low-frequency acoustic profiles indicated
an increase in the thickness of soft sediments due to
the enhanced accumulation of fluid mud, as previously
mentioned. The cores of these «patches» were located
beneath the fish cages. Acoustic surveys allowed for an
assessment of the extent of such sediment distribution.
In the sonograms, these areas appeared in a lighter tone
(Fig. 9). The diameter of these patches extended up to
100 metres from the centre of the fish cage.

The comprehensive analysis of the collected
data enabled the creation of a landscape map (Fig. 10).
Eight landscape facies have been identified within the
studied bay.

420°520 kHz

0-0 kHz

Fig.6. Boundary between bedrock and loose sediments based on acoustic images from

echosounder with a DTL function.

30 0-0 kHz
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The overgrowth of shallow areas in the bay by
macrophytes (Facies 1) is very minimal and is only
noted on a relatively significant scale in the southern
corner of the bay. Macrophyte-dominated habitats
are characterized by more intensive development of
benthic biota and greater species diversity compared
to areas without vascular aquatic plants. Overall, this
facies covers no more than 4.5% of the bay’s bottom
area.

The slopes of the lake basin with the steepest
inclines (mainly in the eastern part of the bay) repre-
sent a distinct element of the landscapes of the stud-
ied water area (Facies 2). These slopes are composed
of bedrock with a thin layer of soft sediments in the
depressions. This facies is characterized not only by
eurytopic benthic groups found in shallow areas (such
as oligochaetes, chironomids, water mites, isopods, and
amphipods), but also by the presence of zooperiphyton
groups of benthic invertebrates, particularly sponges
and bryozoans, which are associated with hard sub-
strates; the presence of gastropods. The estimated pro-
portion of Facies 2 is 15% of the total area.

In the shallow areas up to 5 meters deep in the
western, more gently sloping part of the bay (Facies 3),
the bottom is composed of various types of sediments
(sand, silty aleurite, clayey silt, clayey silt with an aleu-
rite admixture), which increases the mosaic nature of
the biotopes forming within this facies. The spatial
complexity of the bottom surface is enhanced by sub-
merged tree trunks at these depths. The development
of the benthic biota is characterised by relatively high
quantitative indicators. Dominant taxa include groups
associated with the littoral zone (large bivalves, caddis-
flies), as well as eurytopic taxa (oligochaetes, chirono-
mid larvae). Facies 3 covers approximately 10% of the
total area of the bay.
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The lower part of the basin, with more gentle
slopes that flatten out into a plain at depths of 20-30
meters below the 5-metre depth, composed of clayey
silt with an aleurite admixture, exhibited a more homo-
geneous bottom surface and less mosaic variability in
conditions. However, due to trout farming activities
and differences in the input and accumulation of addi-
tional flows of increased organic matter (from settling
feed and fish faeces), the substrate beneath the cages
and in their immediate vicinity differed significantly
from the substrate outside the cages. As a result, two
distinct facies were identified: the untransformed
substrate of the deep-water part of the bay (Facies 4)

Fig.8. Typical

1509

and the anthropogenically transformed substrate with
increased sediment accumulation and organic matter
content (Facies 5). The biota at depths closer to 20-30
meters is mainly represented by oligochaetes, chiron-
omids, amphipods, and mysids. Beneath the cages,
in certain seasons, bacterial biofilm development has
been observed, which hinders the formation of the ben-
thic community. Notably, during periods of intense bio-
film development, there was either a complete absence
of benthic organisms or their presence was extremely
sparse. Overall, for the facies of anthropogenically
altered substrate, the biota has shown a simplifica-
tion in community structure and a reduction in species

appearance of an aleuropelitic bottom at depths below 5 metres: A - unaltered (1); B - with a thick layer of
«organic» fluid mud (3) and bacterial film (2).
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diversity. According to our data, the number of meio-
benthos species beneath the cages (Facies 5) was more
than three times lower compared to the bottom unaf-
fected by the direct influence of the cages (5 and 17
species, respectively). For macrobenthos, the situation
was even more critical: while 11 species of macroben-
thos belonging to four taxonomic groups (Oligochaeta,
Chironomidae, Crustacea, and Ceratopogonidae) were
recorded on untransformed substrates at depths of
5-30 m (Facies 4), no macrobenthic organisms were
found beneath the cages during the study period.

It is also worth noting a decline in the abundance
and biomass of benthic organisms. For meiobenthos,
these indicators decreased by 4.4 and 1.6 times, respec-
tively, in the area near the cages compared to facies
with undisturbed substrates. When compared with the
shallow zone up to the 5-meter isobath, the changes
were even more significant: abundance was 37.7 times
lower, and biomass was 7.7 times lower

It has also been noted that the concentration of
natural ichthyofauna, according to acoustic survey data,
increases specifically near the cages. During daylight
hours in July 2024, the highest concentration of fish
was observed in the layer at a depth of 12-20 meters.
Overall, Facies 4 occupies the largest area—58%, while
the anthropogenically altered substrate (Facies 5) cov-
ers about 9.5%. And it is likely that the localization
and area of the latter may change depending on the
position of the cages, their movement, and be related to
the intensity of the load and the rate of organic matter
dispersion when fresh pollution input ceases after the
cages are relocated. The negative impact of pollutants
from farming activities affects the entire aquatic eco-
system due to the presence of trophic links between
its various components. Similar effects have been con-
firmed for marine ecosystems (Elvines et al., 2024).The
negative impact of pollutants from farming activities
affects the entire aquatic ecosystem due to the pres-
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ence of trophic links between its various components.
Similar effects have been confirmed for marine eco-
systems (Elvines et al., 2024). It has been found that
the impact on the benthos leads to the accumulation
of organic nutrients from uneaten feed and fish waste
on the bottom of the water body, where they decom-
pose too slowly for biodegradation and transformation
to occur within the ecosystem. This results in a toxic
effect on the biota and its suppression. In cage farms
located in areas with high water flow, waste accumu-
lation is unlikely. Under such conditions, waste from
farming activities disperses beyond the area adjacent
to the farm, undergoes aerobic decomposition, and is
assimilated by benthic organisms. Conversely, in low-
flow areas, waste tends to accumulate (Brooks et al.,
2003). The situation in the freshwater area we studied
closely resembles the latter scenario.

In addition to the main facies, three other types
of landscape units of the same level have been identi-
fied, occupying a small area but differing from other
facies in terms of surface characteristics, sediment type,
or the role of hydrodynamic impact. Acoustic surveying
revealed two areas with distinct bottom characteristics
(collectively covering no more than 1.8% of the bay’s
total area), where cages were presumably located in
the past (Facies 6—transitional between Facies 4 and
5). This is reflected in the condition of the substrate
surface, as evidenced by the increased thickness of the
upper substrate layer in acoustic images, changes in the
shape of surface objects, and color intensity on side-
scan sonar images.

The complexity of the bay’s relief has led to the
presence of areas with narrow straits, where hydrody-
namic activity is higher. In these areas, acoustic surveys
have shown an increase in the roughness of the bottom
surface, and video footage also indicated increased tur-
bidity near the bottom. Consequently, the bottom of
the strait in the southwestern part of Mustalakhti Bay
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was classified as a separate landscape facies (Facies 7),
occupying a small area (1.6%). At the base of the bed-
rock uplift in the western part of the bay, colluvium
was identified. The increased spatial complexity due
to debris of varying sizes and the infilling of spaces
between them with soft sediments creates a complex
that differs from other locations. This small area (0.1%
of the total area) has also been classified as a separate
facies (Facies 8).

In discussing the obtained data, it is important
to note the following. Traditionally, various monitor-
ing methods are employed to study the environmen-
tal impact of aquaculture facilities, which vary in cost
and required expertise: (1) visual surveys by divers,
(2) fauna analysis, (3) chemical analysis of bottom
sediments, and (4) Sediment Profile Imagery (SPI).
The results indicate that all methods are consistent
in identifying the general «impact zone» beneath the
cages and immediately adjacent to them. However,
each method differed in its sensitivity to detecting
more subtle impacts at greater distances from the cages
(Carroll et al., 2003). In our case, an additional signif-
icant method from the landscape approach toolkit was
the hydroacoustic survey of the bottom and its surface
characteristics using «side» scanning. For spatial assess-
ments, this method, in our view, shows great promise
and accuracy. This hypothesis requires verification and
further research.

4. Conclusion

The use of a landscape approach, with its range
of studies, allowed us to comprehensively combine sev-
eral methods and utilize remote sensing data, which
overall represents a novel approach to studying the
impact of fish farming on the condition of freshwater
bodies — a method that has been scarcely used previ-
ously for freshwater environments.

The data obtained demonstrated that the appli-
cation of a landscape approach, along with a full suite
of modern remote methods, offers a new perspective on
the issue of anthropogenic impact on the environment
due to aquaculture activities. Research conducted in
the impact zone of the trout farm revealed that the farm
significantly contributes to changes in the composition
of bottom landscapes. In the case of the studied area,
the bottom area occupied by anthropogenically altered
landscapes can cover a substantial portion of the water
body where the cages are located. Considering the
structural and material-energy interconnections, the
potential transformative influence of this landscape ele-
ment on the entire bay should be taken into account.
This issue requires further investigation.
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OpuruHanbHan craTbf

U3meHeHHe o6nuKa NOABOAHBIX [ IMNOLOGY
AaHAWadTOB NPHOEPEIKHON 30HBI KPYNMHOIO 1 nor 1 ATER
NPEecHOBOAHOIO BOAOEMA NOA BAUAHHEM BIOLOGY
ACATEeAbHOCTH jopeneBoro Xo3aucTea Ha - —
npumepe 3an. MyctanaxTtu AapoXxckoro

o3epa

Hynaxosa [I.C., Jlanenkos A.E., AHoxuH B.M., I'yzeBa A.B., 3apumnosa K.M.

Hrcmumym o3epogedeHua Poccutickoii akademuu Hayk — 060cobyieHHoe cmpykmypHoe nodpasdesterue DedepabHOCO
2ocydapcmaeHHo20 6:00cemHoeo yupedxcdeHua Hayku «CaHkm-IlemepOypeckuti @edepatbHlil ucc/1edo8amestbekull yeHmp
Poccutickoti akademuu Hayk», yi1. CegdacmesaHoaa, 9, Carkm-Ilemepoype, 196105, Poccua

AHHOTAIIHAA. B 3anuBe Mycrtanaxtu JIagoxcKoro osepa, UCIOJIb3yeMOM [JIA pasMelieHus ¢opee-
BBIX CAJKOB, IPOBEJEHO HCCJIeJoBaHNe CTPYKTYpPHl AOHHBIX JIaHAMAMTOB U TpaHchopMaluy MoBepX-
HOCTH JHA [OJ BJMAHNEM PBIOOBOJHOIO X03slcTBa. B LesfAxX moJiydeHus I0J€BOr0 Marepuasia g
KapTHpOBaHUA JOHHBIX JlaHAMA(TOB MPOBOAWIIMCH TMAPOAKyCTHUYECKHe UCCIeA0BaHUs C FUApPOJIOKa-
Topa 6okoBoro o63opa (I'JIBO) SOLIX 10 ST MEGA CHIRP u ¢oToBHUe0ChEMKA C MTOABOJHOTO ammapaTa
Limnoscout. Takxe ocyIlecTB/IAIUCH CTaHAAPTHEIE CeAUMEHTOJIorndecKre 1 61oJioruieckre uccaeno-
BaHUA AHA. BeigeseHne oTAe IbHBIX (haliajibHbIX 3J1IEMEHTOB IIPOBOAMJIOCEH C UCHOJIb30BaHKEM MOp(do-
MeTPUYeCKUX MPU3HAKOB (30HBI MNIyOMHHON AuddepeHnany, YKJIOHb AHA B pa3HBIX YacTAX 3auBa
U 3JIeMeHTH pesbeda), CBeleHNII O XapakTepe IOHHBIX OTJIOXEHUU (TUI JOHHOTO OCajJika, COCTaB
HaWjKa), MO0 XapaKTepHOMY OOJIMKY IOBEPXHOCTH AHA U MO JOHHBIM OHOJIOTMYECKUM COO0OIecTBaM
(moMmuHUpyloLYe Tpynnbl 6eHToca, Hajauuyne/0TCyTCTBHe Makpo@uToB). B pe3ysibTaTe NpoBeJeHHBIX
paboT ObLIM MOJIyYeHbl 6aTHMeTpryeckas U JjaHamadTHas KapThl HMCCJIeyeMOoro 3ajiBa, BbIAEJIEHbB
XapaKTepHble 0COOEHHOCTU OTJeJIbHBIX JIaHAma@THRIX daruil. Bcero BeigesneHo 8 ¢ganuii. Beuio noka-
3aHO 3HauYMTeJIbHOe HeraTUBHOeE BiIMAHME (opeJieBbIX CaJKOB Ha AHO 3aJiMBa. JTO NOATBepXkaaercs: 1.
3HauYMTeJIbHBIMU N3MeHeHNUAMHU BO BHelIHeM 00JIMKe JHA, 0OHapyXuBaeMble 10 JaHHBIM BUAEOChEMKY;
2. BU3yaJIbHBIMU M3MEHEeHUAMY [I0OBEPXHOCTH Ha aKyCTUYeCKUX U300pakeHNAX (coHorpamMmax) c I'JIBO;
3. yBesIm4eHreM MOLIHOCTH JOHHBIX OCAAKOB 1 NOBBIIIEHHBIM HAKOILJIEHHEeM OpraHUYecKoro BellecTBa,
JOKa3aHHBIX CbeMKaMH C 3X0JIOTa U paHee NPOBeJEeHHBIMU Halllell IPYIION HCCJIeJOBaHUAMU XUMU-
YeCcKOro cocTaBa I'PyHTOB B 30He cafgkoB. COrjlacHO MOJIy4YeHHBIM JAaHHBIM, 0COOEHHOCTU KOTJIOBHUHBI
rcciiefyeMoro 3ajiiBa, B YaCTHOCTH, JOCTaTOYHO KpyThle OOpTa M 3HauuTeJbHaA IJIOMaAb I10JIOroro
ydacTKa C OTHOCUTEJIbHO OospmmMu riayouHamu (20-35 M), IpUBOAAT K BO3HUKHOBEHUIO YCJIOBUIA
HaKOIUJIEHWsI aHTPOIIOreHHO TpaHC(pOpMHPOBAaHHOIO OcajKa Ha y4acTKe, COOTBETCTBYIOMEM ILJIOMAN
MO/ICaIKOBOT'O MPOCTPAHCTBA, U Ha y[aJeHUM OT Hero Ha nepBble AecATKU MeTpoB (3oHa o 100 M B
JAuaMeTpe BOKPYT KaxAoro cagka). 3akjodeHue: Vcnosb3oBaHue JIaHAMAGTHOIO MOAX0AA C MCIO0JIb-
30BaHHEM COBpPeMEHHBIX HMHCTPYMEHTOB HCCJIE[OBAHMUI, B YaCTHOCTH aKyCTHMYeCKOW M IIOJBOJHOM
doToBUAEOCHEMKH, [TO3BOJIUJIO AaTh NPOCTPAHCTBEHHYI OLIEHKY BJIMAHKA (OpesieBOro xo3sAicTBa Ha
COCTOsIHME HCCJIeAyeMOU YacTy IIPECHOBOJHOIO BoJgoeMa.

Kitiouegsie cioga: noHHbe TaHAmadThI, Jlamoxckoe 03epo, caKOBbIe X03AHCTBa, KApTUPOBaHNe, TUAPOJIOKATOPD
6okoBoro o63opa (I'JIBO), TesreynpaBisgeMblii HEOOUTaeMBbI TOABOAHBIH ammapat THITA
Limnoscout

Jna nurtupoBanua: Jynakosa [.C., Jlanenkos A.E., Anoxun B.M., T'yzeBa A.B., 3apunosa K.M. M3MmeHeHne o0jMKa MOABO-
JHBIX JaHJMAaGTOB NMPUOPEXHOI 30HB! KPYITHOTO IMPECHOBOJHOIO BoJoeMa IOJ BINAHUEM JeATeJIbHOCTU (OopeseBoro Xo3si-
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1. BBeapenue

B Hacrosiee BpeMs OTHON M3 CyI€CTBEHHBIX
npo6JieM, CBS3aHHBIX C HETaTUBHBIMUA HU3MEHEHUSAMU
COCTOSIHUS OKPY’KAIOIIEeH cpefbl, B YaCTHOCTH, CO CTO-
POHBI OOBEKTOB aKBaKyJIbTYPHI, SABJIAETCA 3arps3HEHNE
MPECHOBOAHBIX BOJIOEMOB OPraHUYECKUM BELIECTBOM U
MUKPO3JIEMEHTaMH, YTO MOXXET BBI3BIBATh M3MEHEHUE
yPOBHA TpodHU BOIJOEMOB, OTPULIATETHLHO BJIMATH Ha
O6uosiornueckrie CooOIlecTBa, WHUIMUPOBATH Iepe-
crpotiku skocucteM (PppxkoB u ap., 2011; MusiaHuyK
u ap., 2019; Lapenkov et al., 2023; JymakoBa u Ap.,
2024; Guzeva et al., 2024; Zaripova et al., 2024).
W3y4eHHOCTh [AHHOTO BOMpOCA TOPa3fO BHIIIE [JIA
MOpCKMX 00OBbekTOB akBakyJibTypsl (Kalantzi and
Karakassis, 2006; Rooney and Podemski, 2009; Villnas
et al., 2011; Farabi et al., 2022; Elvines et al., 2024).

[IpuMeHsieMble METOABl H3Y4YEHUsS MOJ0OHOTO
BJIMSIHUSA, KaK MPAaBUJIO, OMUPAKTCA Ha CTAaHAAPTHBIE
METOABl TUAPOXUMUYECKUX, T'HUIPOOHOJIOTUYECKUX,
ceuMeHTOJIornuyeckux wuccaemosannii  (Carroll et
al., 2003; Lapenkov et al., 2023). OgHako B HacCTOS-
mee BpeMs IS IieJiell KapTUPOBaHWA JOHHBIX OHO-
TOIOB, KOJIMYECTBEHHOM OILIEHKM 3aIlacoB OHOJIOrHye-
CKUX DECypCOB W M3yYeHHsA AOHHBIX JIaHAMadToB, a
TaKXe BBIABJIEHUS AaHTPOMOTeHHON TpaHcdopMaluu
JHA BOJHBIX OOBEKTOB M NPOCTPAHCTBEHHOM OLIEHKU
MPOUCXOJANINX H3MEHEHUH, IIMPOKO WCIOJIb3YIOTCA
METOMBl IUCTAHI[MOHHOTO 30HAMPOBAHUS, TOMOJIHSAIO-
mue tpamunuoHHble (Fish and Carr, 1990; Quintino,
2003; Foster et al., 2009; Cochrane and Lafferty, 2002;
Harris and Baker, 2012; Che Hasan et al., 2014). Cpequ
MocJieJHUX OJHUM U3 HauboJsee 3¢ PeKTUBHBIX METO-
OB sIBJIIeTCSL TUAPOAKyCTUYECKH, OCHOBAaHHBI Ha
KICIIOJIb30BAaHUM KJIACCUYECKUX OHOJIYYEBBIX, & TAKKE
MHOTOJTyY€EBBIX 3XOJI0OTOB U THIPOJIOKATOPOB GHOKOBOTO
o63opa (I'JIBO). B nesiom, Hcroib30BaHLE MHOT'OJIyYe-
BbIX 3X0J10TOB U ['JIBO B obyiacTu m3yuyeHUs 0OBbEKTOB
aKBaKyJIbTYphl OOJIbIIIE HalleJIeHO Ha HaOJIofeHue 3a
pBIOOI B cazikax U oleHKy ee 3amacoB (Kristmundsson
et al., 2023; Ridgway et al., 2024). Bonpoc ero mpu-
MeHEeHUs IJIs OLIeHKU M3MeHEeHHs COCTOSHUA JHA IO

30°30'0"B

camkamu paspaboraH HepocratoyHo (Dougall and
Black, 2001; Andrés, 2011).

Llesis paGoOTHL: OIlEHKA BJIUSAHUA OOBEKTOB Cajl-
KOBO¥1 aKBaKyJIbTYPhl Ha COCTOSIHHE TOABOIHBIX JIAHM-
madToB B KPYIHOM NPECHOBOJHOM BOJOEME C UCIIOJIb-
30BaHUEM COBPEMEHHBIX METOJOB OUCTAHIHOHHOTO
30HANPOBAHU.

2. MaTtepuanbl U MEeTOADI
2.1. PanoH uccnepoBaHmunA

HccrenoBaHus  IPOBOOWJIMCH B 3ajuBe
Mycranaxtn (B mxepax fKMMBapcKoro 3ajuBa)
Jlagoxckoro osepa Hedajleko OT TI. JlaxOeHIOXbA
(Puc. 1). Ilnomaap 3aiuBa cocTaBjAeT MOPAAKa
2.2 KM?, OH BHITSIHYT B CyOMepUILOHAJIBHOM Harpas-
JieHnH, o61as NpOTAXKEHHOCTh COCTaBJIAET 2.4 KM.

B nmanHOM 3asmBe pacnosioXeHbl 0ObeKTHl caj-
koBoro d¢openeBoro xoszsiictBa OO0 «AKyJIOBKa».
CorjlacHO CHYTHHKOBBIM CHHMKAaM, IIlepBble CaJKu
B Oyxte mossuiauchk B 2011 r. B cpennem wusyuvae-
Moe X03:aKcTBO mpou3BoguT 1000 TOHH phHIOH B rof.
OcobeHHOCTBI0O  (QYHKIMOHUPOBAHUA  (oOpesieBhIX
XO3AVCTB ABJIAETCA CE30HHOEe N3MeHeHle NHTeHCUBHO-
CTH pexuMa KOpPMJIeHUs, CBA3aHHOe C TeMIlepaTypoi
BOABlL. 3MMOM IIpM HU3KUX TeMmIepaTypax o0beM BHO-
CHMOr'0 KOpMa MHHUMAaJIeH, ¢ HacTyIJIeHHeM BeCHBl U
B TeueHUe JieTa yBeJIMYMBaeTcs, K KOHI[y OCeHM IocTe-
[IEHHO CHWXaeTcA. B aBrycre Bo BpeMs caMOro aKTHB-
HOI'O Ce30Ha KOpMJIeHHA oflllee NOCTyIJIeHre KopMa B
caaxku cocrapisieT 6 — 10 ToHH B cyTku ([ymakoBa u
ap., 2024).

Hatsl npoBefeHus uccienosanuii: 01.03.2023,
06.07.2023 u 24-25.07.2024.

2.2. MeToabl MCCAEAOBaAHMA

.HaH,E[IIIa(I)THbIe nccjeoBaHrA OHa aKBaTOpPUU
3a/iMBa OBLIM OCHOBAHBI Ha 9X0JIOTUPOBAHWM, VICIIOJIb-
30BaHNU HOJIBOI[HOIZ BUACOCHEMKN W aKyCTHU4YE€CKOI'O
CKaHMpOBaHWA JHA C NPUMEHEHMEM TI'HMApOoJIoKaTopa
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Puc.1. PacnosioxeHue paiioHa npoBeJieHNs nccjeqoBaHuil (3an. MycranaxTtu) B JIagoxcKkoM o3epe.
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6okoBoro o63opa (I'JIBO), a Takxke NOHHOM HPOOOOT-
6opa [ U3yvueHus JJOHHBIX OTJIOXXeHU! 1 OUOTH JaH-
HOI'O y4acTKa aKkBaTOPHU.

Jl1a nesiell BBIABJIEHUA CTPYKTYPH IOJBOLHOTO
peJibeda IPOBOANIIOCH 3X0JI0THpOBaHue. VcnoJsib3oBaH
axosi0T Hummingbird SOLIX 10 SI MEGA CHIRP. I[Ipu
MIPOXO’KAEHUM CepuU TajicoB Mpou3BoAMJIach Hudpo-
Bas 3anuch r1ybuH. Co3maHue nudpoBoil 6aTuMeTpu-
YecKo! Mofesiyd IO MOJIyYeHHBIM HU(GPOBBIM JaHHBIM
IIPOBOAMJIOCH € HCIOJIb30BaHWEM mporpamm Surfer 9
u Arc Map 10.5. Touku 3amepoB rjIyOHMH C KOOpAU-
HaTHOU mnpuBsa3koil B cucremMe WGS-84 cHumanuch B
tabsuisl Excel ¢ mokasanuii axosora. [ u3BJieyeHus
KOOpAVHAT HyJIeBbIX I'JIyOMH IPU NOCTPOeHuu OaTu-
MeTPHYeCKOlN KapThl OTPUCOBHIBAJINCh KOHTYpPH Oepe-
ropoil siuHuM B Google Earth Pro, koHBepTUpPOBAINChH
yepe3 paityi-KMZ B shp-daiin u B ArcMAP u3Biiekaivch
B Tabsuisl Excel koopauHatel Tovek. [{ia GoJiee 4eT-
KOU KapTHUHBI [IPU [TOCTPOEHUH KapT A00aBjieHbl TOYKU
Ha cylle C IOJIOXUTEJbHBIMU T'HMIICOMEeTPUYECKUMU
oTMeTkaMmu. CymMMapHasA BeIOOpKa MoABeprajach aHa-
JIU3y C LeJIbl0 BBIABJIEHUS U OTOPaKOBKU TOYEeK 3aMe-
POB 3X0JI0Ta, He COIJIACYIOIMXCA C OOMUMH 3aKOHO-
MEpHOCTAMH paclipefieJieHNs, 3T0 eUHUYHbIe TOYKHU,
KOTOpHle, IO-BUANMOMY, CBA3aHBI C AaHOMAaJIbHBIMU
yciaoBusAMH paboTel mnpubopa. LudpoBasa Mofaesb
pesibeda cosnaBajlach B BHAE pacTpa, IPUMEHANICA
Meton Natural neighbor. Ha ocHoBe 1iugpoBoii pactpo-
BOI MoJesii peJibeda ¢ noMoinbio nHcTpymeHToB I'IC
MOJIyuyeHbl pasjuuHble MopdoMeTpuyecKue CXeMBI:
yron HakJioHa (Slope), HampaBiieHue (a3uMyT) Mak-
CHUMaJIbHOTO yKJIOHA (Aspect), IOCTpOeHBl pa3peshl 10
npoduiaM AHa. [ 6osiee HarIAAHONM KApTUHBI CXEMBI
CO3[1aBaJICh B INPAMOYIOJIBHOH cHucCTeMe KOOpAWHAT
[TynkoBo, 1942, 30Ha 6, AJA 4ero rpagycHble reorpa-
¢uueckue koopauHatel Touek (X,y WGS-84) mnepe-
CUUTBHIBAJIMCh B METpPOBble KOOPAMHATHL. TpexMepHbIe
Mojiesii pesibeda cTponsuch B mporpamme Surfer 9.

Jid noABOOHOM BHUOEOCHEMKH NPUMEHSICA
TejleynpaBisAeMblil HeoOUTaeMblil NOJBOAHBIN anna-
par Limnoscout, pa3paboTaHHBIII [J YCJIOBUIl
Jlagoxckoro o3epa ([dynmakosa u ap., 2021). Ero npu-
MeHeHUe B KCCJIe[JIOBaHUAX MOABOAHBIX JaHAMAdTOB
Jlamoxckoro osepa OCHOBAaHO Ha NPOBeeHUU BHUEO-
npodWINpOBaHNA Ha y4yacTKax AHA AJMHON A0 1 KM
¢ mapaJiiesibHOM MPUBA3KON K I'TyOWHAaM U MPOXOJU-
MoOMy Tpeky. OCyIlecTBJIAJIOCh TaCCUBHOE MPOTATHBa-
HUe IIOJIBOJJHOIO annapara 0JIM3K0 K IOBepXHOCTU AHA
(10-20 cMm) c ucrnosp3oBaHueM (pusnyeckoro sdpdexra
napenus. [lomyuyaemble n300paskeHNUA MMeJU LIUPUHY
3axBaTa uzo0paxkeHUsA AHA B Kagpax nopsaaka 50-100
cM. BupeocreMka Ha yyacTkax, Iie pacriosIoXXeHbl KOM-
MIOHEHTHI CaAKOBBIX YCTAaHOBOK, 3aTpPyJAHEHa B CBA3U C
O0JIBIIMM YMCJIOM paCTSXeK, TPOCOB U AKOPHBIX dJie-
MeHTOB (6eTOHHBIe OJIOKM) Ui (UKcalUU CaIKOB.
COOTBETCTBEHHO, MOAXOM, MCIIOJIb3yeMbIH MpPU OOBIY-
HBIX YCJIOBUAX BHAEONpOPUIMpPOBAHUA IPU MPAMBIX
npoxofdax npodusei, O0b1 MoANGUIIMPOBaH Ha BHe-
OCbeMKy Ha OTJeJIbHBIX KOPOTKHX OTpe3kax Ha pas-
HBIX 4acTAX 3ajlMBa. B 30He caJkoB chbeMKa NPOBOAU-
Jlach HeNOCpeJICTBEHHO C HUX NPOXOXJeHreM KaMephl
HajJ JHOM C yIpaBJjieHHeM C IIPOXOAHBIX IIOAJOK Ha
cajiKax.
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J1A ntoma HeIX CbeMOK JHA PUMEHAIOCh aKy-
CTHYeCKoe CKaHMpPOBaHHE C HCIOJIb30BaHHEM TIHJIpo-
Jiokatopa 6okoBoro o63opa (Hummingbird SOLIX 10
SI MEGA CHIRP). 1o faHHBIM aKyCTHYeCKHUX CheMOK
[IOJIy4eHBbl CepUMr COHOTpaMM, Ha KOTOPHIX OToOpaxa-
eTca n3obpakeHre TUIOB JHA U OTAEJIbHBIX 00bEeKTOB
Ha HeM. AHaiW3 napajijlesIbHBIX [10JIOC MO3auK COHO-
rpaMM (aKycTHYecKHUX Ipoduseli) NO3BOJIAET Bbife-
JIATh 3JIeMEHTH Ha pasHBIX TUMNAX [JHA C I[IPOCTpaH-
CTBEHHOM NPUBA3KOHN U JaeT BO3MOXHOCTb IPOBOAUTH
rpaHULbl MeXJy OTHAeJbHBIMU JiaHAma@THBIMU edu-
HunaMy. CoOHOrpaMMBI I TOCTPOEHUA MO3auK I0JIy-
YeHBl B peXXuMe ¢ oToOpakeHHeM TOJIIU BOJBI, COOT-
BETCTBEHHO, 3TO [103BOJIAJIO IPOU3BOAUTH CUHXPOHHYIO
OIleHKy M3MeHeHNs XapakTepa JHa CO CMeHOM IJIyOuH.
Hcnosp3oBaiuch Takke OaHHBle 00 M3MEeHEHWM MOII-
HOCTH [TIOBEPXHOCTHOTI'O CJI0S1 AOHHOTI'O 0CajiKa, IoJIyya-
eMble C IIOMOIIbI0 TUAPOaKyCTUYECKON ChbeMKH C HUX-
Hero Jjiyya 3X0JI0Ta Ha HU3KOYaCTOTHOM pexume (455
mI').

OCHOBHBIMM KpUTEpPHUsAMH BbAeJIeHUsa daru-
aJIbHBIX TpaHUI] B MacmTabax uccjaefyeMoro 3ajinBa
O6bUI TeoMOp(dOJIOTHUUeCKUl U CceAUMeHTAI[MOHHBIM.
T'eomopdonornueckne INpU3HAKU aHAJIU3HPOBAJIKCh
Ha OCHOBAaHMU [aHHBIX C IOJIyYeHHOH INpu OaTuMme-
TpHUYecKoll chbeMke IU(POBOM Mojeau pesbeda AHA.
PaccuuthiBasich napaMeTphl: YKJIOH [HA, OSKCIO3U-
1ya. Tun MArkux AOHHBIX OCAJAKOB OnpeAdesiayics Ipu
oTOOpe UX € UCIoJIb30BaHNeM JHouepmaTesisa JAK250.
B nepuog 2023-2024 rr. 6s1710 UccaefoBaHO 25 cTaH-
nuii (Puc. 2). IlpoBoausiock BU3yasibHOe 00cje/loBa-
HMe, ONMCaHKWe U OIleHKa MOIIHOCTU pPa3HBIX CJIOEB
JIOHHBIX OCaJIKOB, a TaKXe TUIIHMPOBaHHE UX IO COOT-
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HollleHWIo (pakuuil pasHOW KPYMHOCTHU IpU BU3Y-
aJbHOM U opraHoJientuyeckoi oneHke (MHcTpykuus
no..., 1995). Ocoboe BHUMaHUe YIeJsJIOCh MOIHO-
CTU OPraHUYECKOro cJjIosl, HabJIlIoJaeMoro B 30He BO3-
neyicTBuA cagkoB. J[aHHbBIe MO OMOJIOTUYECKOM YacTU
JOHHBIX JIaHAIa(TOB OCHOBaHHBI Ha OIleHKe COCTOSHUSA
MakKpo3000eHTOoca Mo AaHHBIM JOHHOTO MpobooTbopa,
npoBeAeHHOro 24.07.2024 (Puc. 2: crannum ¢ b24_1
no B24 21), a Takxe ce30HHOro npo6oorbopa, Mpo-
BeleHHOro Ha ueThipex crtaHmuax B 2023 r. (Puc.2:
Crannuu Koko 3, 4°, 5 u 6°). Ilpu cbope u obpaboTke
OeHToca TNPUMEHsUIMCh CTaHOApTHBIE NPUHATHIE B
ruapobuosiorun Mertofsl (Metoauueckue peKOMeH-
Januu..., 1983). Otr6op npob AOHHBIX OTJIOXEHWI Ha
uccie/joBaHue 3000eHTOCAa MPOBOAUJICA C ITOMOIIbIO
kopobuartoro gHouepmnatessa JAK-250 (mogudukarys
OxMaHa-Bepmxu miomaneio 3axpata 1/40 m2). s
OIleHK! POJIM OTJAEJIbHBIX TaKCOHOB B JIOHHBIX JIAHA-
madTax olleHUBajach CTPYKTypa coOoO0IIecTBa U COCTaB
JOMHUHaAHTHOT'O KOMILIeKca. AKyCTUYecKre JaHHbIe 0
BCTPEYaeMOCTH U YMCJIy aKyCTUUYEeCKUX CUTHAJIOB OT
PBIOBI, TOJIyYeHHBIE 3X0JIOTOM, KCIOJIb30BAaJIUCh MJIf
OIleHKU pacnpefiesieHus1 UXTUO(ayHbl B Tepuo/ MpoBe-
JAeHus ucciiefgopaHus. I10ckoabKy akKTUBHOCTD U ILJIOT-
HOCTh UXTHO(AYHBI OKa3blBaeT BJIMAHUE HAa XapakTep
MOBEPXHOCTU [IHA, 5TU XapaKTePUCTUKU TaKXe yUUTHI-
BaJIUCh NPU OLIEHKE COCTOSHUA AOHHBIX JaHAmAadTOB
1o 61oJIOrnYeckKM KpUTepUusM.

[Ipu aHanu3e KOMILJIeKcAa MPU3HAKOB BhHIJEJISA-
Juch OTHenbHble (daluu B CTPyKType JaHAmadToB
U3yyaeMoOl 4YacTU akBaTOpPWUM, UM, KaK WUTOr, CO3[1aHa
uudpoBada Mopesb AOHHBIX jgaHAamadTos 3anusBa. C
MOMOII[BI0 3TOUW MOJieIM TpOBefleHa OlleHKa ILIolia-
JAel, 3aHATHIX MO Pa3JINYHBIMU (palusaMH, pacculuTaHa
J0J11 aHTPOIIOTeHHO U3MeHeHHOU aKBaTOPUU.

3. Pe3yAabTatbl M 06Ccy)xpeHue
3.1. 0co6eHHOCTH KOTAOBHMHbI 3aAUBa

[To moctpoeHHo! HUPPOBOIN Momenu pebeda
paccunTaHbl XapaKTepuCTHKU 3anuBa MycTanaxTu.
CpenHsasa riyOumHa ero cocrasiader 12.9 M, Makcu-
MasibHasA — 36 M. Kak MOXHO BHeTh M3 MOJyYeHHOMH
6aTUMeTpHUYeCKON KapThl, MaKCUMAaJIbHbIE TJTyOUHBI
CMelleHbl K I0KHOM OTKphITOM dactu 3aimBa (Puc. 3:
A). U, HecMOTps Ha TO, YTO B I[€JIOM 3aJIUB UMEET Cy0-
HIMPOTHOE MPOCTHpaHue, UMeeTcs P OCJIOXKHAIMINX
ocobeHHOCTel peJibeda, BEIPaXXEHHBIX B HAJTUYUU MTO-
HATUY B NepHeHAVKYJIIPDHOM HanpaBJjieHuu. JTO CBf-
3aHO ¢ ocobeHHOCTsAMU reoJiornu ydactka (Puc. 4). B
reojIornyeckoM OTHOIIEHWM y4acTOK CJIOXeH obpaszo-
BAHUSIMU UXOJIbCKON M KyXMHHCKOHN TOJII JIaX{eHIOX-
ckoro Meramop@duueckoro komiiekca (I'ocreosnkapra,
2015). B 3amagHO¥M yacTH 3a/IMBa 3aJjieraeT UxajbcKas
ToJIAa TpaduUT-OMOTOBBIX THENMCOB U OUOICHUIOBBIX
CKapHOB, Y4aCTOK ee pa3BUTHsA BbIAeJIAETCA IOJIOXKU-
TeJIbHON aHoOMaJsvel Ta 1Mo JaHHBIM MarHUTOpa3Be KU
(3yiikoBa u IllusoBa, 2000), 4TO cBA3aHO C BKpaILieH-
HOCTbI0 NHPPOTMHA U MarHeTura. MarHuTHas BOC-
IIPUUMYKBOCTD NIOPOJ], BXOAAMNX B UXaJIbCKYIO TOJIITY
3aMeTHO BBhIllle, YeM y IOopoj KyXMMHCKON Tojm. Ha
BOCTOKe 3ajliBa B COCTaBe KyXKHWHCKOH TOJIIY IIpe-
o0JyiafaloT MUTrMaTH3WpOBaHHBIE I'PaHAT-OMOTUTOBBIE
THelicbl, KOHTAaKTH MeTamMop@uyecKux IOpoA pas-
HBIX TOJII TEeKTOHU3WPOBaHHL. YTIJlepojcoepxalire
rHelicbl 00HaApyXHBAlOT MeAHO-IOJIMMeTaJLIINYeCcKyI0
crenuaan3aluio, 4yTo, Hapsagy c (akTopoM 3arpssHe-
HUA OT O0BEKTOB PHIOOBOAYECKUX CAKOB, BO3MOXHO,
00BbsACHAET HaJIN4Me aHOMaJIM{ Mey, IMHKA B JOHHBIX
OTJIOKEHUAX 3aJI1Ba, BBIABJIEHHBIX IIpU 00CJIeJOBAaHUU
JOHHBIX OTJIOXKEHUU B paiioHe ¢GopeJieBOro X03sKHCTBa
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Puc.3. BatuMeTpuueckas kapTa 3ajiiBa MycTaiaxTy, 10 JaHHBIM 5XO0JIOTHBIX IPOMEPOB: A — IByxMepHas 6aTuMeTpuieckas
KapTa; B — nonepeunsie npodbuinu penbeda aHa; C- TpexmepHas Mojes peabeda AHA; D — kapTa YKJIOHOB JHA.
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Puc.4. l'eonoruyeckas cxema y4acTKa U KapTa aHOMaJIbHOTO MarHUTHOro noJis (HTi) (onudpoBaHo no gaHHEM: 3yHKOBa U

MIumnosa, 2000; I'ocreosikapra, 2015)

IMIpumeuanme: 1. — KyxkrHcKas ToJIa — MUTMau3pOBaHHbIE TPaHAT-ONMOTUTOBBIE THelchl; 2 — Mxanbckas ToJma — rpa-

dut-6uoTUTOBHIE THElickH; 3. — Passiomer; 4. — 306aThL.

oyxtel Mycranaxtu (Guzeva et al., 2024). Pa3pbsiBHBIE
HapyLeHUs ONpeaesIIoT MEJIKYI0 6JIOKMPOBKY Pa3HBIX
YJacTel 3aJIMBa U OJYepKUBAIOTCS KPYTHIMU CKJIOHAMU
cyOMepHUNOHAaIbPHOM U CeBepO-BOCTOYHON OpUEHTU-
poBku (Puc. 4). B 1jesiom 3a11B MMeeT KOPHITOOOpas-
HYI0 KOTJIOBHHY € KPYTHIMH YKJIOHaMmu 1o 6oprtam u
JIOCTAaTOYHO BHIPOBHEHHBIM ILJIOCKUM JHOM IO HEHTPY
(Puc. 3: B). 3anagnsiii 60pT GoJiee MOJIOTUII MO CpaB-
HeHuio ¢ BocToyHBIM (Puc. 3: B). BaxHbBIM 3JIeMeH-
TOM SBJIAETCA IOHATHE IHA CyOMepUANOHAJIBHOTO
HalpaBJIeHUs B I0XXKHOH YacTU. DTO OIpeiesisieT 3aTpyd-
HeHUe BOJI0OOMeHa C I0)KHee pacHoJIOXKeHHOH 4acThio
aKBaTOPUU U BJIMSET Ha paclpejiesieHre JOHHBIX 0cal-
KOB. BocTOuHBIl U 3amaHbIl 60pTa KOTJIOBUHBI 3aJI1Ba
MMeIOT 3HaYUTeJIbHBIE TIOAbeMbI JHA, [IPEMSATCTBYIONe
IepeMellBaHuUI0 BOABl B OyXTe U IepeMelleHUI0 JOH-
HBIX ocaakoB. [TogBoAHBIE MOAHATHUA NPENATCTBYIOT
00MeHy OCA[JOYHBIM MaTepHUaIoM MeX[y OTIeJIbHbIMU
KOTJIOBUHAaMHM, KOTOpBIe TakUM 00pa3oM IpeicTaB-
JIII0T cBoeoOpa3Hble KOHEYHBIE CeqUMeHTAlVOHHbIe
6acceliHbl 1A JIOKAJIbHBIX NCTOYHHUKOB 3arps3HeHus.

3.2. AOHHbIE OTAOXXEHMA U NMOABOAHbDbIE
AanpwadThl 3aanuBa MycranaxTu

B 3amuBe MycTrasnaxTu BBIABJIEHO [ATH PasHO-
BUAHOCTEIl eCTeCTBEHHBIX PBIXJIBIX JOHHBIX OTJIOXe-
HUI: TIECOK MEeJIKO3ePHUCTBIN, WJI aJleBPUTOBBIM, WJI
TJIMHUCTBIN, WJI TJIMHUCTBHINA C MPUMEChIO ajIeBpUTa, a
TaKkXxe elle OJUH TUIl, 0Opasymluiici B pe3yJibTare
aHTPOIIOTeHHOM aKTUBHOCTY — YCUJIEHHOI'O IToNafaHus
OpraHn4ecKkoro BellecTBa: WJI IJIMHUCTHIN C IPUMECHI0
ajleBpUTa, C MOLIHBIM CJIOEM HaWKa, 3arps3HEHHOro
opraHudeckum BeiectBoM (Puc. 5). KopeHHble nopoist
cjaraloT 60opTa KOTJIOBUHBL U OCTPOBHBIE MOJHATHA U
NpoABIAITCA A0 riybuH 15-20 M. OcHOBHaA IIoMAaab
JHa 3aJIMBa CJIOKeHA MJIMHUCTBIMU MJIaMU C IPUMEChI0
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aneBputa (ajieBpomnesiMTamMu), KaK eCcTeCTBeHHBIMU,
TaK U C yBeJINUYEeHHBIM CJIOeM 0CaJiKa C BBICOKHMM COAep-
JXKaHKeM OpraHu4ecKoro BellecTBa.

Bosnpmas vacth OHa B 3ajuBe (Kak U BO BCEM
JlajoxckoM 03epe) MOKphITa TaK Ha3blBaeMBIM HauJl-
KOM — NOBEPXHOCTHBIM CJIOEM CHJIBHO OOBOAHEHHOI'O
ocajika TeKky4yell KOHCHUCTEHI[UM MOIIHOCTBI0 2-4 cM.
OOBIYHO S5TOT HaWJIOK IIpeACTaBJieH aJjleBPUTOBHIM
0CaJIKOM C CyIlleCTBEHHO! IIPHUMEeChIO lTIeCUaHbIX YacTHll.
[Ipumecy aneBputra cocrabisgeT 10-30%. OOGBYHO
comepxuT Ao 5 % wmenkosepHucToro mnecka. Crioi
HauJIKa HaxOJUTCA B 30HE a’paliuy U ABJIAETCA 30HOU
HauboJiee aKTUBHOHN XU3HeOeATEeJbHOCTH OMOTHL. B
IIPUHIMIIE CJIOM HaujKa MOXHO CONOCTaBUTh C IOY-
BEHHBIM CJIOeM cylIu. B mixepHoil yactu JlaoxcKoro
o3epa BO3pacT Hawika He mpessimaeT 10 JieT, Tak Kak
CKOPOCTb OCaJJKOHAKOILJIEeHUs BapbupyeT oT 1 A0 2 MM
B rofi (CemenoBuu, 1966; Cyberto u np., 2002). Ilox
caZikaMu peIOHOTO XO35ICTBa U HA HEKOTOPOM yzajie-
HUU OT HUX HaOJII0JAI0TCS aHOMAaJIbHO OOJIbIIIE MOIII-
HocTH Hauiaka (go 18 cwm), 3avyacTyio HachIIIEHHOTO
opraHuyeckuM BemecTBoM. Ilon cjioeM Hawika Ha
OoJibllleli IUIOMIAU 3ajiMBa paclpOCTPaHEeHbl TJIMHU-
CThble WJIBI C IIpuMechio ajieBpyuTa. OOBIYHO 3TO OCAZOK
ceporo I[BeTa C XeJIThIM OTTeHKOM, MATKUHN, BA3KUMH, C
HEKOTOPHIM YILUIOTHeHHEeM KHH3Y, YacTO — C TeMHBIMU
IIpuMa3kaMM OpraHnu4ecKoro BellecTBa.

[lecuanoe AHO He XapakTepHO IJiA HCCiefdy-
eMOoro ydacTka akBaTopuu. B mpobax c riy6usn go 3
M IIeCOK MeJIKO3epHHCTHIN BBIABJIEH TOJIBKO Ha JBYX
CTAQHI[UAX B IOro-3amajHoOM M I0ro- BOCTOYHOH YacTU
(Puc.4: Cr. b24_15 u B24_17). laHHble aKyCTHYeCKOM
CbeMKHU MOATBEpAWIM OTCYTCTBUE OOLIMPHBIX ydacT-
KOB, CJIO)KEHHBIX IlecYaHbIM I'PyHTOM. Takoke pakTuye-
CKM OTCYTCTBOBaJl KOJUIIOBUI B OCHOBAHUHU CKaJIbHBIX
obHaxeHul. IlepekpbiTe Hepa3pyIIeHHBIX CKaJIbHBIX
YCTYIIOB PHIXJIBIMU OCaJKaMH fABJIAETCA XapaKTepHOM
4epTON BceX NMPUOPEXHBIX y4acTKOB B0JIb OeperoBoi
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Puc.5. Pacripe/iesieHre TUIIOB JOHHBIX OCAJIKOB IO cOCTaBy HawKka (A) 1 OCHOBHOro ocajika noj HauiakoM (B) mo akBatopuu

3aJiiBa MyCTaJ'IaXTI/I Ha HMCCJIEJOBAaHHBIX CTaHIUAX.

nauaun (Puc. 6). KosutioBuil oTMedeH JIMIIb B pailioHe
I0ro-3aMnaJHoro MOAHATUA Y HOAHOXUA ABYX MeJIKHUX
OCTPOBOB.

Axycrtuueckas cbemka (Puc.7) mokasasna, 4To Ha
ydacTkax ¢ HeTpaHCOOPMHPOBAHHBIM AOHHBIM OCaf-
KOM, CJIO)K€HHBIX B OCHOBHOM TIJIMHHUCTHIMH HJIaMU
C IpHUMechbl0 ajleBpuUTa, MO TJIyOMHe M HaJUYMUI0 Ha
MOBEPXHOCTU [IpEBECHOr0 ONajia BHIAEJIAIINCH JBe
30HBLI: OAHA - A0 IJTyOMHBI 5 M C MOBCEMECTHO OTMe-

0-0 kHz

30 0-0 kHz

JaeMBIMU 3aTOHYBIIMMU CTBOJIaMU JepeBbeB (HOMOJI-
HUTeJIbHBle 3JIeMeHTH OMOTONOB, yBeJINYUBaloliyie
IIPOCTPAHCTBEHHYIO CJIOXKHOCTh 1 OHOJIOrHyeckoe pas-
HooOpa3sue), BTOpas — HUXXe 3TUX IJIyOMH C BBIDOBHEH-
HBIM U «IIyCTHIM» JHOM (Purc.8A).

OTpenbHON  Pa3HOBHUIIHOCTBIO  IIOBEPXHOCTU
JTHA BbI/IeJIsAsIach MMOBEPXHOCTh C YBEeJIMYEHHBIM CJIOEM
opraHudeckoro BelnjecTBa. Ha HM3KOYacCTOTHBIX aKy-
CTHUYeCcKUX Mpoduisax oTMeyaeTcs yBeJMueHHe MOII-

30

Puc.6. I'panna KOpeHHBIX MOPOJ] U PHIXJIBIX OTJIOXKEHUH MO aKyCcTU4YecKUM HN300pakeHUsIM C BRICOKOYACTOTHOT'O HIXHEro

Jy4a sxoJsiota ¢ dyukuueit ['JIBO.
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Puc.7. 30HajIbHOCTH JHA 10 AKyCTUYE€CKUM HpO(I)I/IJIHMZ C HUXXHETro HU3KO4YaCTOTHOI'O Jiy4da (1) u o mo3auke c TuaApoJIOKa-

Topa 6okoBoro o63opa (2)

IIpumeuanue: w — 3aTomieHHbie AepeBbs (flooded wood), m — 3apociu makpoduToB (macrophytes), s — oTesibHbIE KaMe-
HHCTBIEe 006JI0MKH (stones), t — ocbinu (talus), r — mogBogHbIe cKaJibHbIe 0OHaXeHus (rocks).

HOCTU MATKOTO TpPyHTa 3a CYeT IOBHIIIEHHOTO HAaKo-
IJIeHUs Haujika, 0 yeM OBbLJIO CKa3aHO BhIlIe. Snpamu
TaKuX «IATeH» OBLJI0 IIPOCTPAHCTBO IOA CaJKaMM.
AxycTuueckas cbeMKa I0O3BOJIAJIA OLIEHUTh MaciiTab
pacripefiejieHUsA Takoro Tuma IpyHTOB. Ha coHorpawm-
Max mn3obpaxeHre nMeso 6oJiee cBeTsIbl TOH (Puc. 9).
JluameTp oxBaTa AHa AJIA TaKUX IIATEH COCTAaBJIAI OO
100 M ot yeHTpa cagka.

Kommiiekc  mpoaHa/IM3UPOBaHHBIX  JaHHBIX
MO3BOJIUJI TOCTPOUTD JlaHAmadTHyI0 Kapty (Puc. 10).
BeigesieHO BoceMb JiaHAMAaGTHHIX (pauuil B Impenesax
uccJieqyeMoro 3ajiuBa.

3apacTtanue MeJIKOBOAUU OyXThl MakpoduTamu
(darusa 1) Belpa’keHO OYeHb HE3HAYMTEJIbHO U OTMe-
YeHO B OTHOCHTEJIbHO 3HAaYMMOM Macuitabe JUIIb B
KyTOBOH I0)KHOM 4YacTu OyxThl. [IA 3apociieBBIX OHO-
TOIIOB XapaKTepHO 0ojiee MHTEHCUBHOE pa3BUTHE JOH-
HOI OMOTHI U NOBHIIEHNE BUOBOTO pa3HO0Opa3usA 1o
CpaBHEHMIO C He3apoCUIMMHU y4yacTKaMu akBaTopuu. B
1[eJIoM o[ JaHHOM darueli HaxoauTca He 6oJiee 4,5%
IJIONIaay JHA 3aJIUBa.

Bopra KOTJIOBUHBE, HMelomue Haubosiee Kpy-
Thle YKJIOHHI (B OCHOBHOM B BOCTOYHOMH YacTH 3aJIUBa),
MIpeJICTaBJIAIT OTAEJIbHEBIN 5J1eMeHT JaHAmadToB U3y-

Puc.8. XapakTtepHsili 061K ajIeBpOIeJINTOBOro AHA Ha IiyOrHax Huxe 5 M: A — HeTpaHcdopMupoBaHHEIi (1); B — ¢ Beico-
KOU MOIIIHOCTBIO «OpPraHnu4eckoro» Hawika (3) u 6akTepuasibHOU IIeHKOH (2).
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Puc.9. AkycTtuueckre mpoduiiv ¢ y4aCcTKOB B paiioHe CagKoB (30HBI pa3MellleHHs CaJKOB MMOKa3aHbl KPACHBIM KPYTOM)
IIpuMeuanue: u — HeHapyieHHbie Wbl (undisturbed silts), b — wsl ¢ 6akTepuansHoil mieHkoi (bacterial films), ¢ — ase-

MEHTHI CaIKOB B TOJIIIe BOJEI (cages).

yaemMoro yvactka akBatopuu (@amusa 2). CioXeHbI
KOPEHHBIMM TMOpPOAaMH C HeOOJIBIINMU IePEeKPHITH-
MM MATKUMU OCafKaMH B TOHMXeHUsX. {11 JaHHOH
danum ToOMUMO 3BPUTOITHEIX TPYIIT OEHTOCA, BCTpeYa-
IOIUXCSI HAa MEJIKOBOJIbe (OJIUTOXETH, XUPOHOMHU/IbI,
BOJIHBIE KJIEIW, U30MOABl U aM(PUIIObI), XapaKTePHO
HaJIn4uie 3001epuGUTOHHBIX TPYIII JOHHBIX 6eCIo3BO-
HOYHBIX, B YACTHOCTU I'yOOK U MIIAHOK, ACCOIIMHUPOBAH-
HBIX C TBEPABIM CyOCTpPaTOM; MPUCYTCTBHE TaCTPOIOA,.
PacuetHas goss ®aruu 2 — 15% oO1el miommaau.

Jl1a MenkoBOAbA 0 5 M TJIyOMHBI B 3amaHOU
6oJiee moJsioroil vactu 3ajuBa (PDanysg 3) BBIABIECHO
JHO, CJIOXKEHHOE Pa3HOTUITHBIMU IPyHTAMU (TIeCKU, I
aJIeBPUTOBBIM, WJI TJIMHUCTBIM, WJI TJIMHUCTBIN C IpU-
MEeChIO aJIEBPUTA), YTO YBEJIMYMBAET MO3aUYHOCTh OHO-
TOMOB, GOPMUPYIOIIUXCA B IpejesiaXx JaHHON (daluu.
[IpocTpaHCTBEHHAs CJIOXKHOCThH TTOBEPXHOCTH JIHA yBe-
JIMYeHa 3a CYeT APEBECHBIX CTBOJIOB, 3aTOIIEHHBIX Ha
3THUX IJIyOMHax. PazBuTre MOHHOU OMOTHI XapakTepu-
3yeTcsA OTHOCUTEJIBHO BBICOKMMM KOJIMTYECTBEHHBIMU
rnokazarejiAMu. B cocTaB JOMHHUDPYIOIIUX TaKCOHOB
BXOAT T'PYIIbI, IPUYPOYEHHBIE K JINTOPAJIBHON 30HE
(KpymHBIE [OBYCTBOpYAThie MOJLUTIOCKHM, PYYEHHUKH),
a TakXXe DBPUTOIHBIE TAKCOHHBI (OJIMTOXETHI, JIMTYMHKU
xupoHomun). Hosis panuu 3 cocrassiseT mopsaaka 10%
oT o0IIel nJIomaau 3aJI1Ba.

IToHMXeHHasA 4YacTh KOTJIOBMHBI ¢ 0oJiee I0JIO-
TMMH YKJIOHAaMH U BBINOJIQXKUBAOMIASACA B PaBHUHY Ha
riybuHax 20-30 M HUXe rJIyOrH 5 M, CJI0XeHHas UJIOM
TJIMHUCTHIM C IIPUMECHI0 ajleBpuTa, nMmesia 6ojiee 0JHO-
POZIHOE COCTOSIHME IOHHOHN MOBEPXHOCTH, MEHBIIYIO
MO3auvYHOCTh ycj0oBUi. OQHAKO B CBA3U C JeATeJIbHO-
CThI0 hopesieBOro X03:ANCTBA U PA3IUUUAX B IOCTYILIIe-
HUM U HaKOIUIEHUM MOIOJIHHUTEJIbHBIX IOTOKOB ITOBHI-
IIEHHOTO OPraHWMYecKOoro BelecTBa (C OcemaromuMu
KopMamMu U (pekaysuAMHU phib) HO IMOJ] cagKkaMul U B
HeIocpeACTBEHHON OJIM30CTU OT HUX MO CPaBHEHUIO

1521

C JTHOM BHE CaJKOB MMeEJIO 3HAUMTEJIbHBIE PA3JINYMsL.
B wuTore OBUIO BBHIJAETIEHO JBE OT/HebHbIE Garuu —
HeTpaHCHOPMHUPOBAHHOTO AHA TJTyOOKOBOAHON YaCTU
sasmBa (Darua 4) u AHO, TpaHCHOPMHUPOBAHHOE
AHTPONOTEHHO, C yBEJIMYEHHBIM OCAaAKOHAKOILJIEHUEM
U coAepxaHreM OpraHmdeckoro BemectBa (darmus 5).
buora Ha riaybunHax Omixe Kk 20-30 M mpefacTasiieHa,
TJIaBHBIM 00pa3oM, OJINTOXeTaMU, XHUPOHOMHIAMU,
améurnogamu, musugaMmu. Ilog cagkaMy B HEKOTOPBIE
Ce30Hbl rofja OTMeYaeTcsi pa3BUTHE OAKTePUAIbHON
IJIEHKH, YTO CJIYXKUT IPENATCTBUEM IJis (POpMHUPOBa-
HHUA OEHTOCHOrO coobufecTBa. XapaKTepHO, 4TO IpU
WHTEHCUBHOM €€ Pa3BUTHU OTMEYaJIOCh OTCYTCTBHE
OEHTOCHBIX OPraHU3MOB WJIM WX YPE3BBIYAMHO CKY[I-
HOe MpucyTcTBue. B nesom ajia ¢panuy aHTPOTIOTeHHO
U3MEHEHHOT0 JHA I OMOTHl OTMEYEHO YIpOIleHHe
CTPYKTYPHI COOOIIEeCTBA M COKpallleHWe BUIOBOTO pas3-
HooOpa3usi. Tak, corjiacHO NoJIyYeHHBIM HaMU JaHHBIM,
YHCJIO BUJIOB Mero30006eHTOca mon cagkamu (Danus
V) 6puUto Goslee yeM B 3 pa3a MeHbIlle 10 CPaBHEHUIO
C OHOM, HE3aTPOHYTHIM MPAMBIM BJIUSTHUEM CaKOB
(17 u 5 BUIOB, COOTBETCTBEHHO). /1A MaKpo30006eH-
TOCa cuTyanus Obuia emfe 60Jjlee KPUTUYHOM: €CJIU Ha
HeTpaHCHOPMUPOBaHHBIX TPyHTaxX Ha riaybomHax 5-30
M (®anus IV) BctpeueHo 11 BHIOB Makpo3000eHTOCA
13 dveThipex TakcoHoMmuueckux rpymm (Oligochaeta,
Chironomidae, Crustacea u Ceratopogonidae), To mox
caZikaMu B IepUOJ MPOBENEHUs KCCJIeIOBAaHUS Opra-
HU3MBI MaKp0O3000eHTOCa OTCYTCTBOBAJIH.

Takxe cJjieqyer OTMETUTh, YTO IPOUCXOIUIIO
CHIXKEeHHeE YHCJIEHHOCTH U GroMacchl 6€HTOCHBIX Opra-
Hu3MoOB. Tak, i1 MelHoOeHToca OTMeYeHO COOTBET-
CTByIOIllee CHIKeHHe 3TUX mokasaresieil B 4,4 u B 1,6
pasa B palioHe CaJKOB 10 CpaBHEHUIO ¢ (aluell HeHa-
PYIIEHHBIX TPYHTOB. A ecJiid MPOBOJUTH CPaBHEHUE C
MEJIKOBOOHOI 30HOU OO0 5 MeTpoBOi uM300aTsl, TO 3TU
U3MeHeHUs ObUIM elle OoJiee CyIIeCTBEHHBIMU: YHC-



Hydakosa [.C. u dp. / Limnology and Freshwater Biology 2024 (6): 1503-1524

JleHHOoCTh Oblyia Huxe B 37,7, 6uomacca — B 7,7 pasa.
[Ipu 3TOM OTMeYeHO, YTO KOHIIeHTpauus NnpeacTaBu-
Tejlell ecTeCTBEHHON MXTUo(ayHBI, COIJIaCHO AaHHBIM
aKyCTHYeCKON CheMKH, B 3aJI1Be MOBHIIIAETCS UMEHHO
BOJIM3U caAKoB. B qHeBHOe BpeMs B utosie 2024 r. Hau-
OoJiblllee KOHI[EHTPHUPOBaHUE PhIObI OBLJIO IPUYPOUYEHO
K ciioro Ha 12-20 m riny6uHe. B nesom ®auusa 4 3aHu-
MaeT HaubOJIBIIYI0 YacTh Iiom@aau — 58%, aHTporo-
reHHo u3MeHeHHoe AHO (Panus 5) — nopsaxa 9,5%.
U, BeposATHO, JIOKanu3alys U IUIONIA[b MOcCJieqHeil
MOXeT U3MEHAThCA B 3aBUCHMMOCTHU OT PacHoJIOXKeHUs
Ca/IKOB, UX TepeMellleHls, U ObITh CBSI3aHHOU C UHTEH-
CHUBHOCTBIO Harpy3ku 1 CKOpPOCTBIO paccerBaHUs opra-
HUYECKOro BellleCTBa MPU NCUYe3HOBEHUM MOCTYILJIEHUS
CBeXero 3arpsisHeHHs IpPU MlepeHoce CaJKOB B Jpyroe
Mecto. OTpulaTesibHOE BJIUSHME 3arpsA3HUTEsIell OT
depMepckux XO03AHCTB CKa3bIBaeTCs Ha BCell 3KOCU-
cTeMe BoJijoeMa B CBSI3U ¢ HaJnyrieM TPpoOUUecKuX CBs-
3ell MeX/ly OTAeJIbHBIMU ee KoMIIoHeHTaMU. [1ojo6HbIe
3ddexTs MOATBEPXIEHBl [J1 MOPCKUX 3KOCHUCTEM
(Elvines et al., 2024). ;i1 HUX OBLIO BBISBJIEHO, YTO
BO3/elicTBUe Ha GEHTOC MPUBOJUT K TOMY, YTO Opra-
HUYecKre MUTaTesIbHble BellecTBa, cojepXaluecs B
Heche[leHHBIX KOpMaX U PBIOHBIX OTXOJaX, CKaIllJHiBa-
I0TCS Ha JHe BoJ0eMa U paszjaramTcs HeJoCTaTOYHO
OBICTPO, YTOOBI MPOUCXOAWJIO UX OuopassiokeHUE U
TpaHcopMalyisg BHYTPU 3KOCHUCTEMBI. DTO NMPUBOLUT
K TMOSIBJIEHUIO TOKcuYeckoro 3¢ dekra 1 6UOTH U ee
yrHeteHuo. Ha depmax, pacnosiokeHHBIX HaJl JHOM
B palioHax C BBICOKOH IPOTOYHOCTBIO, HaKOILIeHHe
OTXOJIOB MaJIOBEPOATHO. B Takux ycJIOBHAX IMOMaaalo-
e B BOJOEM OTXOJbl AeATeJIbHOCTU XO3sIHCTBa pac-
CceMnBaloTCs 3a NpefeslaMyd TePPUTOPUH, NpUJIeramolei
Kk (depMe, moaBepraioTcs a3pobHOMY pa3JIOKeHUI0 U
yCBauBalOTCsA JOHHBIMU opraHusmamu. Y, HaobopoT, B
MecTax cJIabOMpOTOYHBIX, KaK NMPaBUJIO, OTXOABI CKa-
wmBatoTca (Brooks et al., 2003). Curyauus Ha ucce-
JOBaHHOM HaMM YyuacTKe IPEeCHOBOJHOrO BojoeMa
61M3Ka KO BTOPOMY BapHaHTYy.

[ToMuMo OCHOBHBIX anuil BHIJEJIEHO ellfe
TPU Pa3HOBUJHOCTU JIAaHAMA(PTHBIX €QUHUI[ TOTO Xe
YPOBHs, 3aHUMAI[le He3HAUYUTeJIbHYI0 ILIOL[a/lb,
OJHAKO OTJINYaloluecs oT Apyrux daluii o xapakrepy
MOBEPXHOCTU, TUIy OCaJKa WA POJIU THAPOAUHAMU-
YecKoro Bo3JielicTBUA. AKycTHUYecKas CheMKa BhIABUJIA
JBa yyacTKa C OTJIMYAIIIMMMCA XapaKTepHUCTUKaMU
aHa (cymMMapHO 3aHMMaloT He 6osee 1,8% oOrielt nio-
maau 3ajuBa), rAe, MpeArnoJoXUTeIbHO, paHee ObLIN
pacnosioxeHsl cafgku (darusa 6 — nepexogHas MeXIy
@anusavu 4 u 5). [locienHee oTpaxaeTcs Ha COCTOS-
HUU [OBEPXHOCTU [HA, YTO, B YACTHOCTHU, JOKa3bIBa-
eTcs yBeJIMYeHHeM MOITHOCTU BepXHero cJios JHa Ha
aKyCcThYeckux u300paxeHUAX, HU3MeHeHUeM (POpMbI
TOBEPXHOCTHBIX OOBEKTOB U IIBETOBOI HACHIIIEHHOCTU
Ha COHOI'paMMax c JlokaTopa 60KoBOro oo63opa.

CroxHOCTh pesibeda 3ajiiBa ompefensia Hajlu-
Yye Y4YacTKOB C Y3KUMU IpOJIMBaMH, rfie TUAPOAU-
HaMu4eckasd aKTUBHOCTh Bhile. Ha 3TuUx yvacTkax
OTMEYeHO IOBhIllIeHe HEPOBHOCTU MOBEPXHOCTU JHA
Ha aKyCTHYeCKHUX CheMKaX, BUAeOoCheMKa TaKXke yKa-
3aJia Ha TMOBBIIIEHHYI0 MyTHOCTh BOABI Y AHA. B cBA3u
C 3TUM [JHO TIPOJIMBa B I0r0o-3amaJHON 4acTU 3ajiiBa
Mycrasaxtu OBUIO BBIAEJIEHO B OT/JEJbHYI0 JIaH[-
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Puc.10. JlanamadTtHele daruu 6yxTel Mycracaapu
IIpumeuanmue:

. 3apociiu MakpodUTOB — 10 3 M;

. CKaJIbHble BBIXOZBI, OTKPHIThIe B MUHMMAJIBHBIX IJIyOU-
HaX, 3aHeCeHHble TOHKUM CJIoeM HaHOCOB Ha IJIyOuHe OT
0 go 15 m);

. [IpubpexHble yyacTKy A0 TJIyOUH OKOJIO 5 M ¢ MATKUMU
WiaM{d U 4YacTO BCTPevalIMMMCA APEBECHBIMH CTBO-
JlaMH{ Ha ITOBE€PXHOCTY;

. Henapymensnsie uisl oT 5 10 30 M;

. J1HO B 30He BJIMAHUA CAJKOB C Y4acTKaMM HOKPBITHIMHU
6akTepuabHOI IeHkoit; h ot 20 1o 27 Mm;

. YyacTKu JHa ¢ UI3MEeHEeHHO! I0BEPXHOCTHI0 OT (PaKTOPOB
HEMOHATHOIO NPOMCXOXAeHUA (BO3MOXHO, MecTa, rie
JIOKaJIM30BaJIMCh cTapbie cagku) ¢ h 19-20 u 32-33 m;

. B3pbixjileHHOe [OHO B TNpOJMBE MeXJy OCTPOBaMH Ha
21-22 m;

. KosutioBuii B OCHOBaHMU OTKPBITHIX CKaJIbHBIX BBIXOJIOB
Ha 5-9 u 21-22 m.

—

N

madTHyo Qauuio (Darusa 7), 3aHUMANYI0 HeGOIb-
myto momans (1,6%). B ocHoBaHMU KOpPeHHOTO MOA-
HATWA B 3amafHON YaCTU 3aJIMBa BHIABJIEH KOJLIIOBUMH.
[ToBeiIeHNE CJIOXKHOCTHU MMPOCTPAHCTBA 3a cUeT 06JI0M-
KOB pa3HOU KPYIMHOCTU U 3aloJIHEHUe MPOCTPaHCTBA
MeXAy HUMMU MATKUMHU OTJIOXKEHUSMH CO3JaeT KOM-
IJIEKC, OTJIMYAIUIUICA OT APYTrUxX MecT. DTOT HebGOoIb-
moi yvactok (0,1% oT obmieil miom@aau) BbeIeH
Takxe B oTAesibHyI0 pauuio (Darus 8).

Ob6cyxaas MoJiyuieHHble AaHHBIE, CTOUT OTMe-
TUTH cJiefyoilee. Kiaccuuecku AA ucciieOBaHUN
BJIMAHUSA 00bEKTOB aKBAKyJIbTYPBI UCIIOIB3YIOT Pa3Iny-
HBle MeTOAbl MOHUTOPUWHIA IpHU BbHIIBJIEHUN BO3JAeH-
CTBUA Ha OKPYXaloIIyl0 Cpeqly, KOTOpble pa3yIn4yaloTcs
[0 CTOUMOCTU U TpebyemMbiM 3HaHUAM: (1) BU3yab-
HBle UCCJle/IoBaHUA aaliBepoB, (2) aHanu3 ¢ayHsl, (3)
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aHaIM3 XUMMYECKOI'O0 COCTaBa JOHHBIX OTJIOXKEHUH
u (4) dorodukcanusa npoduiaA HOHHBIX OTJIOXKEHUI
(Sediment Profile Imagery SPI). Pe3ysbTaThl MOKAa3bI-
BalOT, YTO BCe METOJ[bl COIJIaCOBAHBI B 0OOIIel “30He
BO3AeNCTBUA” MO CaIkaMU U HEMTOCPEICTBEHHO PAIOM
¢ HuMu. OHAKO KaXIbIil 3 METOIOB OTJINYAJICSA CBOEH
YYBCTBUTEJIBHOCTBIO TIPY OOHApYyXeHUH 60Jiee TOHKUX
BO3/leficTBUII Ha OOJIBIINX PACCTOSHUAX OT CAOKOB
(Carroll et al., 2003). B Hamem ciy4yae JOTOJHUTEJIb-
HBIM 3HAYUMBIM METOJIOM M3 apceHasia JIaHAmadTHBIX
METO/IOB OBLJT METO/] TUAPOAKYCTUYECKON CHEMKH JHA
U XapakTepa ero MOBEPXHOCTU MPU «OOKOBOM» CKAHHU-
poBaHMU. [J1 MPOCTPAaHCTBEHHBIX OLIEHOK, TOT METO/I,
Kak Tpe/CTaBJIAETCA HaMU, MOKa3bIBaeT cebs OuYeHb
MepPCIEKTUBHBIM M TOYHBIM. DTO MPEATOJIOXKEHHE Tpe-
OyeT BepudUKaIMU U NIpoBefeHNs NaJIbHENIX paboT.

4. 3aknioueHue

Hcnosp3oBaHue JIAHAMAGTHOTO MOAX0JA C €ro
CIEKTPOM HCCJIEJOBAHUI TO3BOJIUIIO KOMILIEKCHO 00b-
€IMHUTh HECKOJIbKO METOJIOB U KCIIOJIb30BaTh JAaHHbIE
JUCTAaHLMIOHHOTO 30HVUPOBAHUA, YTO B LIEJIOM Mpe[-
cTaBJisieT co00I HOBBIU NMOAXOJ K U3YUEHUIO0 BJIUSAHUA
PBIOOBOJTHBIX XO3AKMCTB HA COCTOSHUE BOAOEMa, MpaK-
TUYECKH He KCIOJIb30BaBUIMICA paHee IJiA MPeCHOBO-
JHBIX BOJOEMOB.

[MoyiyueHHBIE JJAHHBIE TIOKA3aJIk, YTO MpUMEHe-
HUe JIaHAIAGTHOrO MOAX0Ja CO BCEM KOMILJIEKCOM
COBPEMEHHBIX JIUCTAHI[MOHHBIX METO/IOB, IO3BOJIAET
MMO-HOBOMY B3TJIAHYTH Ha MPOOGJIEMY aHTPONOTeHHOTO
BJIMAHUA Ha OKPYXaIIIyI0 Cpefy AeATeJIbHOCTU 00b-
€KTOB aKBaKyJIbTyphl. McciieqoBaHus, TpoBeJeHHbIE B
30He BO3JeHCTBUA (PopesieBOoro Xo3sHCTBa, MOKA3AJIH,
YTO MOCJeJHee BHOCUT CBOM 3HAUMTEJIBHBIM BKJIAL B
“3MeHeHUe COCTaBa JOHHBIX JJaHamadToB. Ha mpumepe
U3y4YeHHOro 00beKTa, IUIOMAAh AHA, 3aHATasA aHTPOIIO-
reHHO-U3MEHEHHBIM JIaHAmadTOM, MOXET 3aHUMAaTb
JIOCTaTOYHO OOIIMPHYIO JOJIIO0 TUIOUIAX Y9acTKa BOAO-
eMa, TAe pacrojaranTtci cagku. C yIYeTOM CTPYKTYp-
HBIX YW MaTepUAJIbHO-D)HEPTeTUYECKUX B3aNMMOCBA3EN
cJlelyeT YYUTHIBATh BO3MOXHOCTh TPaHCHOPMUPYIO-
IIero BJIMSAHUSA JAaHHOTO 3JIeMeHTa JIaHmadTa Ha Bech
3aJIMB B 1eJIOM. [ToqHUMaeMbIi Bompoc TpebyeT naib-
HEHIIero u3y4eHus.

bAaaropapHoCTH

ABTOpBI BBIpAXalT KCKPEHHIO IIpU3HAaTeJb-
HocTh nupektopy CaHkrT-IletepOyprckoro HayuHoro
uentpa PAH M.U. Opnosoii u CII6GHI] PAH 3a mpe-
JocTaBjeHHOe 000py0oBaHNA, UCIOJIb30BAHHOIO INpHU
MpoBeJIeHNM JaHHBIX paboT (ruaposiokaTop GOKOBOIO
o63opa I'JIBO SOLIX 10), Bemymemy reosory OOO
«Kususapsu» C.H. IOauHy 3a cocraBjieHUe reoJiormuie-
CKOH cxeMbl yyacTka, onu(pOBKYy M HWHTepIpeTalyio
reoJIOTUYeCKUX U reoPu3nyecKMx MaHHBIX, a TaKxe
BeayuieMy wuHxeHepy Jla6. ruapobuonornu HMHO3
PAH-CII6®UL] PAH M.O. [lygakoBy 3a HeOl[eHHMOe
cofelicTBHe B IIPOBe[leHMH II0JIEBOIO 3Tala HacTos-
IIero MccjIeJoBaHusA, B T.4. [IOMOIIb B IIOArOTOBKe 000-
pyAoBaHus, 0TO0pe AOHHBIX OTJIOXKEHU! 1 IIPOBeIeHU !
BUI€OCbEMKHU AHA.
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KoHpAUKT UHTEpecoB

ABTOpHI 3asABJIAIOT 00 OTCYTCTBHUU y HUX KOH-
¢rukTa MHTEpeCoB.

CobalopeHne 3THUECKUX HOPM

Bce mprMeHnMBIe 3THYecKrie HOPMbI COOJTI0/IeHEI.

duHancupoBaHue

HccrienoBaHue BHIIIOJIHEHO 3a CYET CpeJCTB
rpanta PH® 23-24-00202 «Ce30HHass AMHaMUKaA reo-
XUMUYECKUX XapaKTepUCTHK AOHHBIX OTJIOXKEeHUH U
OMOJIOTMYeCcKrUX CcOoOOI[eCTB MPUPOAHBEIX BOAOEMOB B
30HE BJIMSAHUSA CAJKOBBIX (POPEJIEBBIX XO3SANCTB».
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ABSTRACT. This article presents the 2023 data on the snow cover in the northern basin of Lake Baikal.
We estimated the spatial distribution of the main chemical elements in the snow cover. The high relative
concentration of nitrates and hydrogen ions was a characteristic of the ionic composition of snowmelt
water in comparison with the industrial areas of the Baikal region. We calculated the accumulation of
major ions and biogenic elements in the snow cover. A comparative analysis of the obtained experimen-
tal data with regional background values and results of the similar previous studies revealed a trend
towards a decrease in mineralization and an increase in the acidity of snow melt waters over the past 11
years. Low values of the total amount of ions and pH in the snow cover of some areas of the northern
basin of Lake Baikal allowed us to classify them as a background for the entire Baikal region.
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1. Introduction

The use of snow cover as a study object for the
ecological and geochemical characterization of areas
with different anthropogenic pressures has recently
become increasingly relevant (Wang et al., 2018; Thapa
et al., 2020; Szuminska et al., 2021; Shen et al., 2023).
Such a trend is due to the simplicity and accessibility
of the snow cover sampling process, its high sorption
capacity to accumulate pollutants from the air through
dry and wet deposition, and the possibility of assessing
air pollution level over several winter months. Melted
snow can affect the state of soil, changing its acidity,
and contribute to eutrophication of water bodies. The
study of the chemical composition of precipitation in
the Baikal region is of particular importance because
this area allocates the unique Lake Baikal, a source of
clean drinking water of global importance.

In the early 1950s, K.K. Votintsev (1954) con-
ducted the first studies on the chemical composition
of precipitation in the Baikal region. Since 1962, the
Irkutsk Hydrometeorological Service has carried out
monitoring at five stations. Between the 1970 and
1980s, studies focused on changes in the chemical
composition of precipitation caused by an increase
in overall air pollution from various industrial facili-
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ties (Votintsev and Khodzher, 1981; Khodzher, 1983;
Valikova et al., 1985). Since the early 1990s, much
attention has been paid to the precipitation acidity due
to the launch of new enterprises in the region (Obolkin
and Khodzher, 1990; Ermakova, 1998; Urbanavichene
et al., 1998).

In recent decades, snow in the Southern Baikal
region has been extensively studied. The isotopic and
elemental composition of the snow was determined in
the Irkutsk city, the Listvyanka settlement, and on the
shore of Lake Baikal (Chizhova et al., 2015; Chebykin
et al., 2018; Onishchuk et al., 2023). The pollution
level of snow at Lake Baikal with petroleum products
(Belozertseva et al., 2018; Yanchuk, 2018), polycyclic
aromatic hydrocarbons (Marinaite, 2005; Afonina,
2024), and polychlorinated biphenyls (Mamontov et
al., 2006; Nikonova and Gorshkov, 2007) was assessed.
The macrocomponent composition of snowmelt water
was determined in the southern basin of Lake Baikal
(Sorokovikova et al., 2004; Tomberg et al., 2016;
Vorobjeva et al., 2016; Paradina et al., 2016) and on
the southwest coast of the lake (Yanchuk, 2020). The
influence of large industrial centers in the south of the
Irkutsk Region and the Republic of Buryatia on the snow
pollution in the Baikal region was analyzed (Obolkin
et al., 2016; Molozhnikova et al., 2022). As shown by

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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previous studies, the atmosphere of the Southern Baikal
region is experiencing a tangible anthropogenic pres-
sure. For instance, in 2022, air emissions from thermal
power plants of the Irkutsk Region amounted to 270.4
thousand tons (State Report..., 2023).

The assessment of the degree of anthropogenic
impact on the unique natural environment of Lake
Baikal requires the study of the chemical composition
of snow not only in areas with developed industry but
also in non-industrial background area, the ecosystem
of which is particularly sensitive to any negative impact.
Precipitation in the Baikal Nature Reserve located on
the southeast coast of Lake Baikal was studied in suf-
ficient detail (Ermakova, 1998; Urbanavichene et al.,
1998; Netsvetaeva et al., 2004; Molozhnikova et al.,
2023a). The geochemical characteristics of the snow
in the Northern Baikal region, which experiences less
impact of human economic activity than the Southern
Baikal region, were studied to a lesser extent (Khodzher,
1987; Belozertseva et al., 2018; Netsvetaeva et al.,
2020; Belozertseva et al., 2023).

The Northern Baikal region is situated in the
territory of the Irkutsk Region and the Republic of
Buryatia. The climate in the Northern Baikal region
is sharply continental. Based on the Nizhneangarsk
weather station data, the average annual precipitation
is ~353 mm. The highest amount of precipitation for
the study period of 2022-2023 was recorded in January
(35 mm). February was the least snowy month (6 mm).
Northwesterly wind direction prevailed (Chronicle...,
2022; Weather..., 2022). The Severobaikalsk town
and the Nizhneangarsk settlement are the largest
populated areas, with a population of ~23 and 15
thousand people, respectively (All-Russian Census...,
2020). The main stationary sources of air pollution in
Severobaikalsk include thermal power and industrial
enterprises, automobile and rail transport, etc. In 2023,
total emissions of pollutants from the stationary sources
in Severobaikalsk amounted to 3.9 thousand tons (State
Report..., 2024).

This study aimed to investigate the peculiarities
of the chemical composition of the snow in the north-
ern basin of Lake Baikal and to assess the accumula-
tion level of major ions and biogenic elements in snow
during the modern period.

2. Materials and methods

Snow surveys were carried out to assess the eco-
logical state of the air in the northern basin of Lake
Baikal and the number of pollutants entering the under-
lying surface in the cold season of 2022-2023 (from
November to March) during the maximum snowfall
accumulation in the Baikal region. Stable snow cover in
this area formed in mid-November, 2022. Snow surveys
were carried out from 8 to 12 March 2023. Sampling
in the northern basin of Lake Baikal was carried out in
the basin of the tributaries on the north and northwest
coasts of Lake Baikal at the following sites (stations):
the Upper Angara (stations 23 and 24), Kichera (station
21), Kholodnaya (station 22), and Tyya (station 14) riv-
ers, Severobaikalsk (station13), from the lake ice near
the Kichera gap (stations 19 and 20), taiga zone along
the 25N-152 Magistralny-Okunaiskiy and 25K-258 Ust-
Kut-Severobaikalsk highways (stations 1-11) (hereinaf-
ter referred to as the Zhigalovo-Severobaikalsk high-
way). To exclude the influence of road dust and vehicle
exhaust gases, sampling was carried out at a distance
of 100-200 m from the roads. Moreover, on 20-28
February 2023, snow was sampled in other areas of the
Baikal region, with no large industrial enterprises: on
the southwest coast of Lake Baikal, in the Listvyanka
settlement (stations 26 and 27), the southeast coast of
the lake, in the basin of the Snezhnaya, Pereyomnaya,
Khara-Murin, Solzan and Utulik rivers (stations 36-41),
and in the forest along the 25N-209 Irkutsk - Listvyanka
highway (stations 28-35) (Fig. 1).

To compare the obtained materials, data on the
chemical composition of snow sampled in 2012, 2015,
and 2020 at the same stations of the northern basin of
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Fig.1. Map of snow sampling in the Baikal region in 2023.
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Lake Baikal, as well as the 2022 data on the snow sur-
vey in industrial centers of the Baikal region (Irkutsk,
Shelekhov, Angarsk, and Ulan-Ude cities), were used
(Molozhnikova et al., 2023b). Table 1 shows the data
on the number of samples and snow depth.

Overall, 66 snow cover samples (Table 1) were
collected in the study area in 2023, and ~100 sam-
ples were collected in the northern basin of Lake Baikal
between 2012 and 2020. Snow cores were sampled to
the full snow depth, excluding the capture of soil par-
ticles, using a graduated plastic pipe with a diameter
of 11 cm. On the lake ice, where the snow depth was
small, samples were taken from a certain area with a
plastic scoop. Stored snow cover moisture was deter-
mined as the ratio of melted sample volume to the area,
from which the snow cover was sampled (Vasilenko
et al., 1985). The chemical composition of snow melt
water was determined through generally accepted
hydrochemical methods (Khodzher et al.,, 2016;
Analytical..., 2017) in the accredited Hydrochemistry
and Atmosphere Chemistry Laboratory and Collective
Instrumental Center at Limnological Institute SB RAS
(Irkutsk). The concentrations of metal cations were
determined by atomic absorption spectroscopy (con-
trAA 800 atomic absorption spectrometer, Germany),
anions-by ion chromatography (Dionex ICS-3000 ion
chromatograph, USA), biogenic elements-by photoco-
lorimetric method (KFK-3-01-“ZOMZ” photoelectric
photometer, Russia; SPEKS SSP-705M, Russia), and
pH-by potentiometric method (“Expert-pH” pH meter,
Russia).

3. Results and discussion
3.1. pH value in the snowmelt water from
the northern basin of Lake Baikal

Snow melts on the coast of the northern basin of
Lake Baikal in the winter of 2022-2023 had a slightly
acidic reaction. The pH value ranged from 4.6 to 6.1,
averaging 5.3 (Fig. 2). We recorded the minimum
values on the coast of the Kichera River (station 21),
and the maximum-on the coast of the Tyya River near
Severobaikalsk (station 14). In this town, pH reached
7.2, which was likely due to the impact of emissions
from thermal power plant and local boiler houses (alka-
line components of ash from burnt fuel).

In the interannual dynamics, pH value in the
snow melt water gradually decreased over the study
years (Fig. 2). At the same time, from 2012 to 2023,
the equivalent concentration ratios of major ions that
determine precipitation acidity ([Ca2*]+[Mg*]/
[SO,>]+ [NO,]) reduced from 1.5 to 0.9. This ratio is
less than 1, which indicates incomplete acidity neu-
tralization of strong acid anions in snow melt water.
This resulted from a more significant increase in the
calcium concentrations (by a factor of 4.6) compared
to the concentrations of nitrates and sulfates (by a
factor of 1.6. to 3.6) over the study period. The aver-
age concentration ratio of major neutralizing cations
(K=[NH,*]+[Ca*"]+ [Mg**]+[Na*]+[K*]) to the
anion concentration (A=[SO,>]+ [NO,] + [CI']), K/A,
is 1, which, along with low mineralization, indicates
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Table 1. Study area and the number of snow sampling
sites in the Baikal region in 2023.

Study area Number of | Snow depth,
samples cm
Northen basin of Lake Baikal, 6 15-35 (26)
ice
North coast 65-94 (79)
Northwest coast 18-48 (32)
Zhigalovo-Severobaikalsk 12 33-147 (64)
highway
Southwest coast (Listvyanka 11 1-52 (35)
settlement)
Irkutsk-Listvyanka highway 8 30-60 (47)
Southeast coast 15 47-83 (65)

Note: average values are given in brackets.
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Fig.2. pH value in the snow melt water in the northern
basin of Lake Baikal in March 2012, 2015, 2020, and 2023.

that at present the system is still in a state of equilib-
rium, i.e. there is no current snow cover acidification on
the coast of the northern basin of Lake Baikal (Komov
and Lazareva, 1994; Vasilevich et al., 2011) (Table 2).
Although noteworthy is that from 2012 to 2023, there
was a trend of a gradual decrease in this ratio from 1.6
to 1.0

The average pH value for the four-year obser-
vation period was 5.9, which is typical of unpolluted
atmospheric precipitation. The obtained pH values are
comparable with corresponding average values of pre-
cipitation in 2023 at ten background Russian stations
included in the World Meteorological Organization
(WMO) Global Atmosphere Watch Programme, for
which this parameter ranges from 5.5. to 6.5 (Pershina
et al., 2024). The average pH value in the snow cover
on the coast of the northern basin of Lake Baikal (5.3)
in 2023 was comparable with those in the southwest
and southeast coasts of the lake that are not directly
affected to emissions from large industrial enter-
prises (5.0-5.3). However, it was higher that pH val-
ues characteristic of the snow cover in the Arctic areas
(4.97) and the background area of Lake Baikal-the
Baikal-Lena Nature Reserve (4.96) (Netsvetaeva et al.,
2020; Shevtsova et al., 2022). In the taiga zone, near
Zhigalovo-Severobaikalsk highway, the average pH
value was higher and ranged from 4.9 to 7.3.
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Table 2. Ratios of equivalent concentrations of major ions in the snow melt water from the northern basin of Lake Baikal

in 2023.
Ratio The coast of the Lake Baikal Zhigalovo-Severobaikalsk
northern basin highway
[SO,*1/INO,] 0.8 0.8
[NH,*]+ [Ca**]+ [Mg**] + [Na*] + [K*]/ 1.0 2.8
[SO,*]1+[NO,]+ [CL]
[Ca?*]+[Mg?*]1/[SO,>]+ [NO,] 0.9 3.0

3.2. Major ions in the snow meltwater
from the northern basin of Lake Baikal

The distribution of major ions in the snow cover
on the coast of the northern basin of Lake Baikal was
as follows: Ca** >NO, >S0 *>H*>Mg>* >HCO, >CI
>Na*>K*>NH,* (Fig. 3).

The chemical composition of the snow cover on
the coast of the northern basin of Lake Baikal and in the
industrial centers of the Baikal region differed signifi-
cantly in the relative concentrations of major cations
and anions. Calcium (30 eq%) and hydrogen (12 eq%)
predominated in the cation composition of the snow-
melt water from the coast of the northern basin of Lake
Baikal, while nitrates (19 eq%)-in the anion compo-
sition. The ratio of equivalent concentrations, [SO,*]/
[NO,T = 0.8 (Table 2) also evidences the leading role
of nitrates among anions. Nitrates also dominated over
sulfates on the southeast coast of Lake Baikal where the
relative concentration of nitrates was 20 eq%, with the
[SO,>1/[NO,] ratio of 0.7. This anion distribution is
typical of unpolluted background areas because of the
long-range transport of nitrogen oxides (Obolkin et al.,
2016; Sicard et al., 2023). In 2022, in the snow cover

2% 2%
2%

3%

4%

5%

14%
Southeast
coast

North
coast

9%
21%
Y .
1%
20%
19%
17% 13%

Irkutsk

Angarsk

of the industrial cities in the Baikal region, sulfates, flu-
orides, and bicarbonates prevailed among anions, and
calcium, magnesium, and sodium-among cations (Fig.
3). Such a ratio of major ions is usually characteristic of
snow cover in large industrial centers where the impact
of fuel and energy complex and industrial enterprises is
significant (Novorotskaya, 2018; Gladun et al., 2024).
For instance, in the Ulan-Ude city, the relative sulfate
concentrations reached 18-23 eq%, while the nitrate
concentrations did not exceed 5-9 eq%.

The snow cover on the coast of the northern
basin of Lake Baikal was highly correlated (r=0.7-1.0)
between the following pairs of ions: SO,*-Ca**, HCO,
-Mg**, HCO,-Ca**, SO,>-Mg**, and HCO,-NH,*. This
indicates their common sources mainly of terrigenous
origin (Fig. 4).

Figure 5a shows a schematic map of the distri-
bution of major ions in the snow cover of the north-
ern basin of Lake Baikal in 2023 based on the Q GIS
software package. The size of each cartodiagram cor-
responds to a certain value of the total amount of ions
calculated for each snow cover sampling station. These
cartodiagrams allow simultaneous display of the con-
centrations of all ions and identification of the most

2%
3%

Southwest
coast

2%
2%
2%

Ulan-Ude

Shelekhov

Fig.3. Average relative ionic concentration (eq%) in the snow of the Baikal region in 2022-2023.
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As shown in Fig. 5a, the snow cover at station Fig.4. Pearson correlation coefficients between the ionic

13 (Severobaikalsk) had the highest total ionic concen- concentrations in the snow cover on the coast of the northern
tration (up to 31 mg/L) due to the impact of anthropo- basin of Lake Baikal in 2023.
genic sources of air pollution in the town. We recorded
the minimum values in the samples taken from the ice
of Lake Baikal near the Kichera gap, 1.2 mg/L (station
20), and in the basin of the Kichera, Upper Angara, and age). We recorded the maximum 2, 105 km away from
Dzelinda rivers, up to 2.6 mg/L (stations 21, 23, 24, the Zhigalovo settlement (station 2), which was due to
and 25, respectively). Notably, pH values at these sta- high air dustiness at this sampling site. Low Z, values
tions were small (5.2 on average). Relative remoteness were observed on the border of the Irkutsk Region and
of these areas from anthropogenic pollution sources the Republic of Buryatia where the snow cover depth
explains low pH and 2, values in the snow cover. In was maximum (station 10). Compared to the previous
the snow cover of the taiga zone near the Zhigalovo- snow survey data, 2, on the coast of the northern basin
Severobaikalsk highway, the total amount of ions var- of Lake Baikal showed a two- to fivefold decrease (Fig.
ied widely, from 1.1. to 17.1 mg/L (4.1. mg/L on aver- 6). Based on the concentrations of major ions and pH
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values, we classified stations 10, 20, 21, 23, 24, and 25
as a background for the northern basin of Lake Baikal
and the entire Baikal region.

Table 3 shows the average concentrations of
major ions in the snow cover on the coast of the north-
ern basin for the four-year observation period (2012,
2015, 2020, and 2023). The concentrations of most
ions varied significantly depending on the type of ter-
rain and proximity to industrial zones and transporta-
tion routes.

The average concentration of major ions in the
snow cover of the northern basin of Lake Baikal in 2023
was 2 to 23 times lower than in 2012 (Table 3). A sim-
ilar trend can be traced in other regions of Russia. For
example, between 2019 and 2023, the average concen-
trations of major air pollutants and the emissions from
stationary sources and motor vehicles mainly decreased
in the Russian cities. Total sulfur dioxide emissions
from stationary and mobile sources reduced by 11%,
and nitrogen oxide emissions-by 2% (Yearbook of the
state..., 2024).

3.3. Biogenic elements in the snowmelt
water from the northern basin of Lake
Baikal

Mineral and total nitrogen. The average concen-
tration of mineral nitrogen in the snow cover of the
northern basin of Lake Baikal was 0.22 mg/L, ranging
from 0.13 to 0.28 mg/L. The total nitrogen concentra-
tion at different sites of the study area was from 1.8
to 2.2 times higher. We recorded the maximum con-
centration of mineral and total nitrogen in the vicin-
ity of Severobaikalsk (station 12). The bulk of nitrogen
outside the zone of anthropogenic impact had mineral
forms (56-60%). In areas with elevated anthropogenic
pressure (vicinities of Severobaikalsk, the coast at the
estuary of the Tyya River, the Baikalskoye settlement,
at the 105" km of the northern highway), in 2023, up
to 77% of nitrogen was organic. Calculation of the ratio
of different forms of nitrogen in the snowmelt water
indicated the predominance of nitrate nitrogen over
ammonia nitrogen.

Table 3. Average concentrations of major ions (mg/L) in the snow cover of the northern basin of Lake Baikal in 2012, 2015,

2020, and 2023.

Study area Period HCO, [ SO> | NO_ Cl Na* K+ Ca’* | Mg?>* | NH *
Northern basin of 2012 3.6 2.33 1.64 0.17 0.21 0.08 1.80 0.28 0.05
Lake Baikal, ice 2015 0.8 0.57 | 069 | 0.09 [ 0.08 | 0.03 | 053 | 0.09 | 0.01
2020 3.5 131 | 175 | 011 | 036 | 012 | 1.34 | 0.35 | 0.05
2023 0 0.47 | 0.80 | 0.03 [ 0.05 [ 0.03 | 0.32 | 0.05 | 0.03
M 2.0 1.17 | 1.22 | 0.10 | 0.18 | 0.07 | 1.00 | 0.19 | 0.04
s 1.8 0.86 | 055 | 0.06 | 0.14 [ 0.04 | 0.69 | 0.15 | 0.02
CV, % 94 73 45 58 81 67 69 75 55
North coast 2012 0.4 064 | 1.06 | 021 [ 01 | 011 | 049 | 0.07 | 0.11
2015 0.1 067 | 078 | 0.08 | 0.06 | 0.05 [ 033 | 0.06 | 0.11
2020 0.3 0.53 | 1.03 | 0.07 [ 003 | 012 | 0.70 | 0.08 | 0.05
2023 0 054 | 091 | 0.10 [ 0.05 | 0.06 | 0.40 | 0.06 | 0.01
m 0.2 0.60 | 0.95 | 0.12 | 0.06 | 0.09 | 0.48 | 0.07 | 0.07
s 0.2 0.07 | 013 | 0.06 [ 0.03 | 0.04 | 0.16 | 0.01 | 0.05
CV, % 91 12 14 56 49 41 33 14 70
Northwest coast 2012 11 442 | 155 | 0.16 | 0.14 | 0.24 | 451 | 0.49 | 0.29
2015 3.4 179 | 0.88 | 0.17 | 0.10 | 056 | 1.03 | 0.23 | 0.34
2020 1.7 141 | 118 | 0.10 | 0.06 | 037 | 1.19 | 0.22 | 0.26
2023 1.1 096 | 0.84 | 009 | 005 [ 014 | 079 | 013 | 0.07
m 4.3 2.15 | 1.11 | 0.13 | 0.09 | 0.33 | 1.88 | 0.27 | 0.24
) 4.6 155 | 0.33 | 004 | 004 | 018 | 1.76 | 0.16 | 0.12
CV, % 106 72 30 31 47 55 94 58 49
Zhigalovo- 2012 1.4 0.47 | 1.00 | 0.09 | 007 [ 010 [ 059 [ 0.09 | 0.09
Soneelelivlk 2015 1.9 059 | 072 | 0.16 | 0.08 | 0.13 | 0.76 | 0.10 | 0.12
highway
2020 2.6 0.65 | 0.84 | 0.10 | 0.06 [ 0.10 | 1.10 | 0.13 | 0.03
2023 1.8 0.44 | 083 | 019 | 007 [ 0.07 | 1.01 | 0.07 | 0.02
M 1.9 054 | 0.85 | 0.14 | 0.07 | 0.10 | 0.87 | 0.10 | 0.07
s 0.5 0.10 | 0.12 | 0.05 | 0.01 [ 0.02 | 023 [ 0.03 | 0.05
CV, % 26 18 14 36 12 24 27 26 74

Note: |1 — average value; X — standard deviation; CV - coefficient of variation, %.
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Unlike other ions, the concentrations of nitrate
nitrogen were evenly distributed in the snow cover of
the northern basin of Lake Baikal. The concentration of
this element in 2023 averaged 0.19 mg/L, which was
two to five times lower than similar values in other
areas of the Baikal region. Insignificant variation in the
concentrations of nitrate nitrogen (26% on average)
in comparison with other ions evidences the predomi-
nance of transboundary and regional background com-
ponents over the influence of local air pollution sources
(Table 3). In clean areas, the proportion of nitrate
nitrogen was 96-97% of its total concentration and
decreased to 77% in the vicinities of Severobaikalsk. In
Severobaikalsk itself, ammonia nitrogen dominated (up
to 70%), indicating its anthropogenic origin.

Mineral and total phosphorus. The concentra-
tion of mineral phosphorus in the snow cover of the
northern basin ranged from 0.3 to 33 pg/L, and the
total phosphorus concentration—from 3 to 61 pg/L.
We observed the maximums of average values of
these elements (14 and 33 ng/L, respectively) on the
northwest coast, near the Severobaikalsk town and the
Baikalskoye settlement. Noteworthy is that obtained
values were rather high at this site, which was likely
due to the increased natural background, the presence
of phosphorus compounds in the soil (Belozertseva et
al., 2023), and anthropogenic pollution.

3.4. Pollutant accumulation in the snow
cover of the northern basin of Lake Baikal

We determined pollutants entering the underly-
ing surface in the northern basin of Lake Baikal based
on the results of chemical analysis of samples of the
snow cover that formed during the winter (November
to February-March) (Table 4). The accumulation of
chemical elements in the snow cover depends on the
stored snow moisture and the concentrations of the ele-
ments to be determined.
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The total accumulation of ions characterizes the
overall pollution of the snow cover. In the northern
basin of Lake Baikal, this value over four years of obser-
vations ranged on average from 230 to 440 mg/m?. In
2023, we determined the highest = accumulation in the
taiga zone of the Zhigalovo-Severobaikalsk highway
owing to the large volume of the stored snow moisture
in some areas of this route (up to 135 mm). The mini-
mum accumulation in 2023 was recorded on the lake
ice where stored moisture was ~50 mm. Moreover, the
period of accumulation of the studied elements in the
snow cover on the lake ice was two times lower than
on the coast. To correctly compare the accumulation
values on the ice and on the coast, we doubled the cal-
culated data on the accumulation in the water area of
the lake (Table 4). The comparison revealed that the Z,
accumulation in the snow cover of the northern basin
of Lake Baikal was two times lower than in the south-
ern basin and two to six times lower than in the indus-
trial canters of the Southern Baikal region (Table 4).

The calcium (the main alkaline element) accu-
mulation in the snow cover of the northern basin for
the study period ranged on average from 40 to 70 mg/
m? In 2023, this value was 1.3 and 2.3 times lower
than that on the southeast and southwest coasts of Lake
Baikal, respectively. Compared to the industrial centers
in the Baikal region (except for the Shelekhov city), this
value was two to six times lower.

The most significant for non-industrial “clean”
areas is the accumulation of acidic elements such as
sulfate sulfur (S(SO,*), mineral nitrogen (ZN_,
= N(NO,)+N(NH,*), and hydrogen ions (H*). The
total accumulation of mineral nitrogen in the northern
basin of Lake Baikal during the study years was 16-27
mg/m?2. In 2023, we recorded the highest values on
the ice of the Umbella River (station 8) and near the
Kunerma settlement (station 9) where the stored mois-
ture was maximum (190-215 mm). The minimum val-
ues of the nitrogen accumulation (less than 10 mg/m?)
were observed on the west coast and on the ice of
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Table 4. Accumulation of chemical elements (mg/m?) and stored moisture (mm) in the snow cover of the Baikal region in

2022-2023.
Study area HCO, [ S(S0,») N Ca** H* P 2, Stored
moisture, mm
Northern basin of 0 12-20 12-22 22-38 0.6-1.4 0.02-0.2 124-214 32-55
Lake Baikal, ice 14 18 30 1.0 0.1 164 47
North coast 0 10-27 11-28 22-54 0.3-2.0 0.04-0.8 117-291 72-150
19 22 42 0.9 0.3 225 106
Northwest coast 0-108 8-25 7-14 14-70 0.03-1.0 0.2-1.6 76-335 29-59
45 14 11 35 0.3 0.7 180 44
Zhigalovo- 0-1522 7-24 8-41 16-563 0.01-2.8 0.06-1.6 92-2288 46-215
Severobaikalsk 192 14 20 101 0.7 0.7 460 108
highway
Southern basin of 0-170 1-120 10-105 3-285 0-4.2 0-1.3 280-1270 1-190
Lake Baikal 6 50 50 115 0.9 0.2 610 100
Shelekhov* 33-350 | 20-160 | 20-235 1-190 0-0.04 0.03-1.6 260-2130 20-50
92 60 50 40 0.02 0.2 820 35
Irkutsk* 5-1055 | 15-135 8-66 25-420 0-0.38 0.02-3.6 175-2035 20-62
130 66 36 150 0.04 0.4 680 33
Angarsk* 7-8100 | 17-850 20-60 35-3135 0-0.07 0-1.8 190-14900 12-45
630 105 32 320 0.02 0.2 1460 27
Ulan-Ude* 0-320 25-340 15-70 40-190 0-0.09 0.2-2.6 200-2280 11-36
120 60 35 110 0.02 0.7 540 20

Note: *- the 2022 data.

Lake Baikal where the stored moisture was seven times
lower. Compared to the southern basin of Lake Baikal,
the mineral nitrogen accumulation was three times
lower.

The accumulation of sulfate sulfur in the snow
cover of the northern basin of Lake Baikal in the study
years ranged from 14 to 25 mg/m?, with the minimum
values recorded in 2023. Analysis of the obtained data
indicated that the average accumulation of sulfur in the
snow cover of the northern basin of Lake Baikal was
three to seven times lower than on the south coast of
the lake and in the industrial cities of the Baikal region,
respectively.

As shown in Table 3, the H* accumulation in the
snow cover of the northern basin of Lake Baikal was
on average 1.2. times lower than in the southern basin.
This is associated with both a lower stored snow mois-
ture in the north of the lake and higher pH values in the
snowmelt water.

The P_, . accumulation in the snow cover of
some areas on the northwest coast of Lake Baikal and in
the taiga zone along the northern highway was rather
high. It was comparable to the similar value in the
Ulan-Ude city and was two to four times higher than
in the industrial centers of the Southern Baikal region.

4. Conclusion

Currently, the snow cover in the northern basin
of Lake Baikal shows low mineralization and domi-
nance of nitrates in the anion composition. In the inter-
annual dynamics, the total amount of ions and pH in
the snowmelt water gradually decreased over the study
years. Nitrate nitrogen was the predominant form of
mineral nitrogen in the snowmelt water. The bulk of
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chemical elements had lower concentrations than on
the southwest coast of the lake and were comparable
to regional background values. The concentrations of
mineral phosphorus in the snow cover of some areas of
the northern basin of Lake Baikal were rather high due
to the increased natural background and anthropogenic
pollution.

The accumulation of the total amount of ions,
calcium, sulfate sulfur, and mineral nitrogen in the
snow cover of the northern basin of Lake Baikal was
two-three times lower than in the southern basin and
two to seven times lower than in the industrial cen-
ters of the Southern Baikal region. The accumulation
of mineral phosphorus in some areas of the northern
basin was comparable to the corresponding value in the
Ulan-Ude city and two to four times higher than in the
industrial centers of the Southern Baikal region.

Based on the concentrations of major ions and
pH values, we identified areas that can be considered
background for the northern basin of Lake Baikal and
the entire Baikal region. The relative remoteness of
these areas from large sources of anthropogenic pollu-
tion explains the low concentration of the total amount
of ions and pH value.
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AHHOTAILHMA. [TpeacTasiieHsl pe3yabTaThl NUCCIEeIOBAHNUA XMMHUYIECKOr0 COCTaBa CHEXXHOIO IIOKPOBA B
patione CeBepHoro Baiikasa B 2023 r. OnieHeHO IPOCTPaHCTBEHHOE paclipefiejieHlie OCHOBHBIX XUMU-
YeCKHUX KOMIIOHEHTOB B CHEXHOM IOKpoBe. OCOOEHHOCTBhI0 NOHHOTO COCTAaBa CHETOBBIX BOJ B CpaBHE-
HUU C IPOMBIIIJIEHHBIMY PalilOHaMU ABJIsIETCA BEICOKOE OTHOCUTEJIBHOE cofiepXaHle HUTPAaTOB U NOHOB
BOJIOpoAa. PaccunTaHO HaKoOIJIeHNE IJIaBHBIX MOHOB U OMOTeHHBIX KOMIIOHEHTOB B CHEXXHOM IIOKPOBe.
[TpoBesieH cpaBHUTEJIbHBIN aHAIN3 OJIyYeHHBIX SKCIIepUMEHTaIbHBIX JaHHBIX C PETMOHAJIbHBIMU (POHO-
BBIMU 3HAUeHUsAMHU U pe3yJjibTaTaMy aHaJIOTUYHBIX KCCJIeJOBAHNUI B IpoLLIble rogpl. OTMedeHa TeHeH-
[ K CHMXXKEHUI0O MUHEpaIn3ali U yBeJIMYeHNI0 KMCJIOTHOCTH CHErOBHIX BOZ 3a nocienHue 11 jert.
Huskue 3HaueHNs CyMMBbI HOHOB U BeJIMYMHEL PH B CHEXXHOM IIOKPOBE B OTAEJIbHEIX palioHax CeBepHOro
Baiikajia Mo3BoJIAIOT OTHECTU UX K (GOHOBBEIM TeppUTOPHUAM [JiA Bcero batikaabckoro pervosa.
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1. BBeapenue

Hcnosp30BaHue CHEXHOrO IOKpPOBa B KayecTBe
o0beKkTa HccaefOBaHUA I 3KOJIOTO-Tre0OXUMHUYEeCcKOH
XapaKTepPUCTUKU TEPPUTOPUI C pasjIMyHOM aHTpO-
MOTeHHOU Harpys3koil B mocjieqHee BpeMA Ipuodpe-
Taet Bce GosblIyio aktyasibHOCTh (Wang et al., 2018,
Thapa et al., 2020; Szuminska et al., 2021; Shen et al.,
2023). INomobHas TeHeHIMA 00yCJIOBJIEHA MTPOCTOTON
U JOCTYIHOCTBIO IIpoljecca Npo6ooTOOpa CHEXHOIO
MOKPOBA, €ro BHICOKOIN COPOLIMOHHON CIIOCOOHOCTBIO K
HaKOIUJIEHUIO0 3arpsA3HAKIINX BellecTB, MOCTYIAMNX
u3 arMocdepsl B pe3yJibTaTe CyX0oro U BJIaXXHOI'O BEIMA-
JleHus, a Tak’ke BO3MOXXHOCTBIO OIIeHKU YPOBHA 3arpss-
HeHUA aTMOocGepHOro BO3iyXa B TeueHKe HECKOJIbKUX
MecsIeB 3uMHero nepuopa. Kak nsBecTHo, Tajible cHe-
roBBle BOABI MOT'YT OKa3blBaTh BJIMAHLE Ha COCTOSHUE
[I0YBEHHOTO IIOKPOBAa, BHI3bIBasg HM3MeHeHUe ero KHC-
JIOTHOCTH, a TakKXe CIOCOOCTBOBaTh 3BTpOdUKaAINN
BOJHBIX 00beKTOB. [ BalikaibCcKoro permoHa uccie-
JIoBaHUe XMMUYeCKOoro cocTaBa aTMocgepHBIX BhIIaje-
HUI UMeeT 0COOyI0 3HAQUMMOCTh, IIOCKOJIBKY Ha 3TOH
TeppUTOPHUU PACIIOJIOKeHO YHUKaJIbHOe 03epo bBatikai,
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ABJIAIONIEECS HCTOYHUKOM YHCTON ITMTHEBOUM BOJIBI
MHUPOBOT'0 3HAUYEHUA.

[TepBeie pabOTEHI IO OLIEHKE XUMUYECKOTO COCTaBa
aTMocdepHbIX ocagkoB balikajpCKOro perruoHa mpoBe-
nennl B Havasie 1950-x rr. BorunneBsiM K.K. (1954).
C 1962 r. MOHUTOPHHTOBEIE MCCJIEAOBAaHMA BEJINCh HA
OATU CTAaHOUAX WPKyTCKUM yIpaBJIEeHMEM THPOMET-
cayx0el. B 1970-1980 rr. ucciegoBaHUA KacajlUCh
U3MEHEHUN B XMMHYECKOM COCTaBe OCAJIKOB B CBS3U
C yBeJMuYeHHeM OOIIero 3arpsAsHeHus artMocdepnl OT
PA3JIMYHBIX MPOMBIILIEHHBIX 00beKTOB (BOTWHIIEB U
Xomxep, 1981; Xomxep, 1983; Basmukosa u ap., 1985).
C Havasna 1990-x IT. B CBA3U C 3allyCKOM HOBBIX IIpeJ-
MpUATUN B pervuoHe OOJIBIIOE BHUMAHUE Y]IEJISAIOCH
KHCJIOTHOCTU aTMocdepHbix ocagkoB (OOOJIKUH U
Xopxep, 1990; EpmakoBa, 1998; YpbanasuueHe u ap.,
1998).

3a nocjeqHue eCcATUJIETUS B OOJIbIIEH CTEeNeH!
HCCJIeJOBAH CHEXHBIN MOKPOB Ha TeppuTtopuu KOXXKHOTO
[Tpubatikaabpa. OnpenesieH U30TOMHBIN U 3JIeMeHTHBIN
cocTaB CHEXHOIO IOKpoBa B UpkyTcke, JInCTBAHKE, HA
nobepexbe 03. Batikan (UrkoBa u ap., 2015; YeObkuH
u ap., 2018; Orumyk u ap., 2023). IIpoBegeHa oreHKa
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eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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YPOBHA 3arps3HeHNus CHeXXHOI'o ITOKpoBa o3epa barikan
HedTenpoaykramu (BesnosepiieBa u Ap., 2018; AHuyK,
2018), NOJUIUKINYECKUMU apoMaTU4ecKUMU yTJie-
Bogopomamu (Mapunatite, 2005; Adonuna, 2024),
MOJIMXJIOPUPOBAaHHBIMU OudeHunamu (MaMOHTOB U
ap., 2006; HuxonoBa u I'opmikos, 2007). OnpeneieH
MaKpOKOMIIOHEHTBIII COCTaB CHEroBBIX BOJ B pai-
oHe IOxHoro Baiikama (CopokoBukoBa u Ap., 2004;
Tombepr u pap., 2016; BopobGreBa u ap., 2016;
[Mapaguna u fp., 2016), Ha 1oro-3anagHoM mobepexbe
o3epa Baiikan (AHuyk, 2020). VccienoBaHo BJIMsAHNE
KPYIIHBIX NPOMBIIIJIEHHBIX I[eHTpOB Iora MpKyTCKOI
obsactu u Pecny6iuku BypATua Ha 3arpssHeHue
cHexxHoro mokpoBa IIpubGatikanmba (Obolkin et al.,
2016; Molozhnikova et al., 2022). Atmocdepa FOxHOro
[Tpubalikanbsd, Kak cjaefyeT U3 paHee NpPOBeJeHHBIX
HccjieJIoOBaHul, UCHBITHIBAET OLIYTUMYI0 aHTPOIOIeH-
Hylo Harpysky. Tak, BEIOpockl B aTMocdepy OT Ipef-
NpUATUN TeIUIOHepreTUKu B MpKyTckoil ob6jacTd B
2022 r. coctaBuinu 270,4 Teic. T (T'oc. Hokiag..., 2023).

JI714 o1leHKU cTelleHY TeXHOTeHHOI'O BO3AeCTBUA
Ha yHUKaJIbHYI0 IPUPOJHYI0 cpeay o3epa balikas HeoO-
XO[MO MCCJIeJOBaHHE XMMHUYECKOI'O0 COCTaBa CHEX-
HOIO MOKPOBa He TOJIBKO B palioHax ¢ pasBUTOH INpo-
MBIIIIJIEHHOCTBIO, HO U B HENPOMBIIJIEHHBIX (POHOBBIX
paiioHax, sKocuCcTeMa KOTOPBIX 0c000 YyBCTBHUTEJIbHA
K J1000My HeraTUBHOMY BO3[eHCTBUIO. J{OBOJIBHO
OAPOOHO H3ydeHb aTMocgepHble BBHIIAJIeHUA Ha
Tepputopuu balikajabCKOro rocyiapcTBEHHOIO IIpH-
POAHOrO 3aloBeJHUKA, PacloOXeHHOIo Ha I0ro-BoC-
TOyHOM MobGepexbe o3epa Baiikan (EpmakoBa, 1998;
YpbaHaBuueHe u Ap., 1998; HeuseraeBa u ap., 2004;
MounoxHukoBa u fp., 2023). l'eoxumuyeckue xapak-
TepUCTUKU CHEXHOro IOKpoBa B paiioHe CeBepHOro
ITpubalikasibs, UCOBITHIBAIONIEIO HE CTOJIb 3HAUYUTEJIb-
Hoe B cpaBHeHuu c IOxubM [IpubalikaibeM BIHAHUE
XO3AMCTBEHHO! [1eATeJIbHOCTU YesloBeKa, M3Yy4YeHBl B
MeHblieil crerenu (Xomxkep, 1987; Besnosepiesa u ap.,
2018; Netsvetaeva et al., 2020; BesmosepueBa u [p.,
2023).

CeBepHoe [Ipubaiikajibe pacloJioXXeHO Ha Tep-
putopuu MpkyTckoil obaactu u Pecriybamku BypsaTus.
Knumar CeseprHoro IIpubaiikasibsg pe3KO KOHTHHEH-
TanbHBIN. [lo maHHBIM MeTeocTaHUMM HukHeaHrapck,
CpefHAs rojioBasg CyMMa OCaJKOB COCTaBJIET OKOJIO
353 mM. Haunbosblee KOJIMYeCcTBO OCAAKOB 3a HCCJIe-
ayemblil 3uMHUI nepuon 2022-2023 rr. BBHIAJIO B
AHBape (35 Mm). ®eBpasib ABIAJICA CaMBIM Majloc-
HeXHBIM MecsieM (6 mM). IIpeobiafaiiee Hampas-
JeHUe BeTpa - ceBepo-3amagHoe (Jleromucs..., 2022;
IMoroma..., 2022). HawuboJyiee KpynHBIMM HaceJeH-
HBIMU IIyHKTaMH B palioHe HCCJIe[JOBaHUS SABJIAIOTCA
r. CeBepobaiikaibcK U noc. HuxHeaHrapck ¢ Haceie-
HUEeM OKoJIO 23 U 15 ThIC. YeJIOBEK COOTBETCTBEHHO
(Bcepoccutickas nepenucs..., 2020). K ocHOBHEIM cTa-
LIOHApHBIM HMCTOYHHKAaM 3arps3HeHus aTMochepHOro
Bo3ayxa r. CeBepoOaliKajbCK OTHOCATCA IpefIpu-
ATHA TeIJIOBHEPreTUKU U IMPOMBIIIJIEHHOCTY, aBTO-
MOOUJIBHBINL U XKeJIe3HOJIOPOXXKHBI TpaHCHOPT U Ap.
CyMMapHble BHIOPOCHI 3arpA3HAIIINX BelleCcTB OT CTa-
LIMOHAPHBIX UCTOYHUKOB I. CeBepobaiikasibcka B 2023
r. coctaBuiu 3,9 Teic. T. (I'oc. moknaf..., 2024).
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Hacrosimjasa pa6oTa HOCBAIEHA KCCIIEAOBa-
HUIO OCOOEHHOCTEN XMMHYECKOr0 COCTaBa CHEXHOTO
nokpoBa Ha CeBepHOM Baiikajsie U OIleHKe YpOBHEP
HAaKOIUJIEHUs] OCHOBHBIX MOHOB M GHOTEHHBIX KOMIIO-
HEHTOB B CHEXXHOM ITOKPOBE B COBPEMEHHBIN EPUO/.

2. MaTtepuanbl U MEeTOADI

J71A OLleHKH 3KO0JIOTUYeCKOro COCTOSHUA aTMOoC-
depsl B paiioHe CeBepHoro balikana u KkoJsmdecTBa
3arpA3HAINIYX BellecTB, NOCTYNAKIUX Ha MOACTHIIA-
IOIIYI0 TIOBEPXHOCTh 3a XOJIOAHBIN mepuof 2022-2023
rr. (HosI6pb-MapT), B Iepro MakKCUMaJIbHOI'0 CHeroHa-
KoIIeHuA B balikajbCKOM permuoHe, poBefieHbl CHEero-
MepHbIe ChbeMKU Y CTOMYUBBIN CHEXHBIN TOKPOB Ha 3TOM
TeppuTopuu chopMupoBascsa B cepequHe HOAOpsA 2022
r. CHeromepHble Cb€MKU BHIIIOJIHeHBl HaMu 8-12 mapTa
2023 r. Ot6op mpob B patioHe CeBepHoro baiikasa
ocyllecTBJIAJICA B OacceliHe IIPUTOKOB CEBEPHOIO U
ceBepo-3anaaHoro nobepexuii baiikasga Ha momagKax
(crannusax) - (pp. Bepxusa Aurapa (craniuu 23, 24),
Kuuepa (crannusa 21), XonoaHas (craHius 22), Teid
(crannusa 14)), B r. CeBepobatikayibcke (cTaHius 13),
co Jpaa o3epa B patioHe Kuuepckoil nmpopssl (cTaHINA
19, 20), B TaexHOI 30He BHOJb aBTOTpacc «25H-152
MaructpanbHbii — OkyHaiickuii», 25K-258 «Yerb-KyTt —
CeBepobaiikasbck» (ctannuu 1-11) (gaiee aBTogopora
XKuranoso-CeBepobarikasbck). [ UCK/II0UeHus BJIU-
SAIHWAA JOPOXXHOM INBUIM M BBIXJIONHBIX I'a30B aBTOTpaH-
criopta otrbop mpousBedeH Ha paccrosHuu 100-200
M oT aBTogopor. Kpome toro, 20-28 ¢despana 2023 r.
cHer otoOpaH B [pyrux paiioHax balikaibckoro peru-
OHa, I'le OTCYTCTBYIOT KPYIHbIE IIPOMBIIIIEHHBIE IIped-
IIpUATHA - Ha 10ro-3alaJHOM Iobepexbe o3epa balikai
B moc. JlucrBsgHka (ctaHuuuy 26, 27), Ha Or0-BOCTOY-
HOM mnobOepexbe o3epa (B OacceliHe pek CHexHas,
[NlepeemHas, Xapa-MypuH, CoJsizaH, YTyJIUK — CTaHIIU
36-41)) u B JlecHOM MaccuBe BJI0Jib Tpacchl «25H-209
UpkyTck — JluctBsanka» (ctannuu 28-35) (Puc. 1).

JnA cpaBHeHUs TOJIy4eHHBIX MaTepHasoB
HCIIOJIb30BAJIMCh JaHHBIE II0 XMMHYECKOMY COCTaBy
CHEXHOI'0 MOoKpoBa, orobpaHHoro B 2012, 2015, 2020
IT. B palioHe CeBepHoro bBalikayia Ha Tex Xe CTaHLUAX,
a TakXe JaHHble CHerocb€MOK 2022 r. B MPOMBIILIEH-
HBIX LeHTpax baiikasbckoro permoHa (rr. HpkyTck,
[lenexoB, AHrapck, YaaH-Ya3) (Molozhnikova et al.,
2023). JlaHHbBIe MO KOJIMYECTBY OTOOpaHHBIX Mpob6 U
BBICOTE CHEXXHOT'0 [IOKPOBA Npe/icTaBiieHkl B Tabune 1.

Bcero Ha uccnegyemoil Tepputropun B 2023 T.
oTobpaHo 66 mpob cHexHoro mokposa (Ta6iuma 1),
3a nepuof ¢ 2012 no 2020 rr. Ha CeBepHOM bBaiikase
- okoJio 100 mpo6. OTH6Op KepHOB CHEXHOrO MOKPOBa
[IpoBefieH Ha IOJIHYI0 ITyOMHY ero 3ajieraHus, HCKJIo-
yasA 3axBaT 4acTHI] IPyHTa C UCIOJIb30BaHUEM rpajy-
WPOBaHHOM IJIACTUKOBON TpPyOBl Auamerpom 11 cwm.
Ha spay o3epa, rae BbICOTa CHEXHOI'O IMOKPOBBI HEBHI-
COKa, IIpoOBl OTOMpasiach C ONpeAeseHHON IJIOMAaau ¢
[IOMOIIBI0 IIJIACTUKOBOTO COBKa. Bjiarosamac B CHeX-
HOM IIOKpOBe ompefesiAjcsa Kak OTHOLIeHHe oObema
pacTomnsieHHON mnpoObl K IUIOMIAIM, C KOTOPOU OTOU-
pasncsa cHer (Bacusenko u np., 1985). OnpepneneHue
XMMUYECKOr0 COCTaBa CHEroBOM BOJBI BHINOJIHATIOCH C
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Puc.1. Kapra or6opa nmpob CHeXXHOro okposa B BalikajibckoMm peruoHe B 2023 r.

HCIOJIb30BaHNeM OOMIeNPUHATHIX T'MAPOXUMUYECKUX
metroauk (Khodzher et al., 2016; AHajJuTHYECKHUE...,
2017) B aKKpeqUTOBaHHOH J1abopaTOpUU I'UIPOXUMUU
U xuMum atMocdepsl U LleHTpe KOJIJIEKTUBHOTO I10JIb-
3oBaHusa JIMMHOJIOrMYeckoro MHCTUTyTa CubHpPCKOro
oTheneHus Poccuiickoit akafgemuu Hayk (r. UpkyTck).
KonneHTpanuy KaTUOHOB MeTaJJIOB OINpelesiain
METOJIOM AaTOMHO-abCOpPOIIMOHHON  CIIeKTPOMETPUU
(cnekTpoMeTp aTOMHO-abcopOIMOHHBIN contrAA 800,
F'epmaHNs), aHMOHOB — MIOHHOU xpomartorpadueit (MoH-
HbeI!l xpomaTtorpad ICS — 3000, Dionex, CIIIA), 6uoreH-
HBIX 3JIEMEHTOB — (POTOKOJIOPUMETPUYECKIM METOJI0M
(botomerp dotoanektpuueckuii KDK-3-01-«30M3»,
Poccus; CIIEKC CCII-705M, Poccus), pH — noreHnu-
oMeTpuuyeckuM wmetoaoM (pH-meTp «Oxcrept-pH»,
Poccus).

3. Pe3ynbTatbl M MX 06Cy)XpAeHHue
3.1. Beanuuna pH B cHeroeom Boae B
pavoHe CeBepHoro bankana

PacriaBel CHeXHOro moKpoBa Ha IoOepexbe
CeBepHoro bBaiikasa B 3umHuil nepuon 2022/23 r.
uMesu cJIaboKUC/IyI0 peakuuio cpefbl. BemmumHa pH
u3MeHsAJIach B AuanasoHe 4,7-6,1, cocraBisas B cpen-
HeM 5,3 en. pH (Puc. 2). MuHuMaJsbHble 3HAauYeHUs
3adukcrupoBaHbl Ha mnobepexbe p. Kuuepa (craHuus
21), makcumMmasibHble - Ha nobepexbe p. ToiA BOIM3U
r. CeBepobatikasibck (crannus 14). B camom ropoje
BesinunHa pH mocturasna 3Havenuit 7,2 en. pH, uro,
BEPOSITHO, O0YCJIOBJIEHO Bo3zelicTBreM BeIOpocos TOL]
Y MeCTHBIX KOTeJIbHBIX (I1[eJIOYHBIX KOMIIOHEHTOB 30JIb
CrOpeBIIero TOIUINBA).

B MexromoBoil [uHaMHKe OTMeUYeHO INOCTelleH-
HOe yMeHbllleHHe BeJInurHb pH B CHeroBbx BoAax 3a
roasl uccienosanusa (Puc. 2). [Ipu aTomM BennunHa
OTHOIIEHUs S5KBHUBAJIGHTHBIX KOHLIEHTpAIlMil OCHOB-
HBIX JOHOB, OIpENeJIAIIMX KHUCJIOTHOCTh OCAgKOB

Ta6smna 1. PaiioH McciieJoBaHUSA M KOJIMYECTBO TOYEK
oTbopa cHeXHOro 1nokposa B balikasibckoM pervone B 2023 1.

PaiioH HMcciieJOBaHUA KosmmuecTBO BricoTa
npo6 CHEXHOI'0
MOKPOBA, CM
CeBepHbii Baiikasn, jef 15-35 (26)
CeBepHoe mobepexne 65-94 (79)
CeBepo-3anajjHoe mobepexne 18-48 (32)
ABTOmOpOTa 12 33-147 (64)
XKuranoso-CesepobaiikaabCck
IOro-3anamHoe noGepexse 11 1-52 (35)
(mmoc. JIncTBAHKA)
AsTonopora UpkyTck 8 30-60 (47)
— JIucTBAHKA
IOro-BocTouHoe nobepexne 15 47-83 (65)

IIpumeyaHue: B ckOOKax -

pH
oy bh -1 Lh em

bl

Lh

cpeaHee 3HauYeHUeE.

Lh LA

2012 2015

Puc.2. BenuunHa pH B

2020 2023

CHEroBOH BOJle B paiioHe

CeBepHoro baiikana B maprte 2012, 2015, 2020, 2023 rT.
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[Ca**]+[Mg>*]1/[SO,*]1+ [NO,], ¢ 2012 r. mo 2023 r.
cHu3wiack ¢ 1,5 mo 0,9. 3HaueHHe JaHHOIO OTHOIIIE-
HUA MeHbllle 1, YTO CBUETeIbCTBYET O HENOJIHOM Hell-
Tpaju3aniy KUCJIOTHOCTU aHUOHOB CUJIBHBIX KHCJIOT
B CHEroBOH Boje. DTO IPOM3OLLIO BCJieACTBUE OoJiee
3HAYUTEJIBHOTO YMEHbIIeHUsA KOHLIEHTpauii KaJiblus
(B 4,6 pa3za) o cpaBHEHUIO C cofepXaHUeM HUTPATOB
u cynabdaros (B 1,6-3,6 paza) 3a paccMaTprBaeMbIil
nepuop. CpeliHee Xe OTHOIIEHUe COJAepXaHUs TJiaB-
HBIX HelTpanusyommux katnoHoB (K = [NH4+] + [Ca?
1+ [Mg?*]1+[Na*]+[K*]) Kk comepXaHUI0 aHUOHOB
(A=[SO,>]1+[NO, ]+ [CI']) K/A paBHoO 1, uTO Hapangy
C HM3KOU MUHepaJ3al{iil CBU/IeTeJIbCTBYET O TOM, 4TO
B HACTOSAIIWI IEPUOJ] CHCTeMa ellle HaXOAUTCS B COCTO-
SIHUM paBHOBECHs, T.e. 3aKUCJIeHre CHEXXHOro MOKPoBa
Ha nobepexbe CeBepHoro balikayia B HacToslee BpeMs
He npoucxoaut (Komos u JlazapeBa, 1994; BacuseBuu
u ap., 2011) (Tabnuna 2). XoTs cieqyeT OTMETUTb, YTO
¢ 2012 r. mo 2023 r. HaMeTUJICA TPeH[ MOCTEIIeHHOro
CHMXEeHMs JaHHOro oTHomeHus ¢ 1,6 mo 1,0.

CpenHee 3HaueHMne BennunHbl pH 3a paccMmatpu-
BaeMblll 4-X JIeTHUI Nepuof HaOJII0JIeHN COCTaBUIO
5,9, 4To XapakTepHO [JJis He3arpsA3HeHHbIX aTMocdep-
HBIX ocafkoB. [losydyeHHble BenuuuHbl pH comocra-
BUMBI C COOTBETCTBYIOU[MMHU CpeJHMMH 3HaueHUSIMU
ana ocaakoB Ha 10 GOHOBBIX pPOCCUMCKUX CTaHIUAX,
BXOJAILIUX B ccTeMy I'1o6ambHOM ci1yX0Obl aTMocdhepbl
BceMupHol1 MeTeopoJsioruiyeckoii opranuzanuu (BMO)
3a 2023 r., 4J11 KOTOPHIX 3TOT MOKa3aTesib HaXOAWJICA
B npefenax 5,5-6,5 (IlepmunHa u np., 2024). Cpennss
BeJinurHa pH B CHeXHOM IIOKpoBe Ha Iobepexbe
CeBepHoro Baiikana (5,3) B 2023 r. cpaBHHUMA C TaKo-
BBIMM Ha IOro-3alajHoOM U I0r0-BOCTOYHOM IobGepe-
XbAX 03epa, He IOJIBEp)KeHHBIX HeloCpeJCTBEHHOMY
BO3/IeMICTBUIO BBIODOCOB KPYIHBIX IPOMBIIIJIEHHBIX
npeanpusatuii (5,0-5,3). OgHako OHa BhIllle BeJTUYUH
pH, xapakTepHBIX [Jii CHEXHOrO IOKpOBa apKTHue-
CKUX parioHOB (4,97) u ¢oHoBoro parioHa o3. Baiikan
- batikamno-JleHckoro 3anoBeHuKa (4,96) (Netsvetaeva
et al., 2020; [leBrioBa u Ap., 2022). B TaexHON 30He
B paiioHe aBToTpacch JKuranoso-CeBepobaiikaibCck
cpeniHee 3HaueHue pH 65110 BhiIe (5,8) 11 M3MeHAIOCh
B IIpefenax 4,9-7,3.

3.2. N'haBHbIe HOHBbI B CHEroBOM BoAe
CeBepHoro baKkana

PacnpenieneHvie ry1aBHBIX UMOHOB B CHEX-
HOM TIOKpoBe Ha mnobGepexbe CeBepHoro Baiikasna
BRITJIAAUT ciefgyoommMm obpasom: Ca?* > NO, >SO 42'
>H*>Mg** >HCO, >CI'>Na*>K*>NH,* (Puc. 3).

X¥MHYecKuil cocTaB CHEXHOIO IOKpoBa B pail-
oHe nobOepexbs CeBepHoro balikasia ¥ B IPOMBIILIEH-
HBIX IleHTpax balikaibckoro pernoHa cyuiecTBeHHO pas-
JIN4aeTcs 0 OTHOCHUTEJIbHOMY COAepKaHUI0 OCHOBHBIX
KaTHOHOB M aHMOHOB. B KaTMOHHOM COCTaBe CHEroBOM
BoJibl mMobepexbsi CeBepHoro balikasiia npeoGiagaroT
noHsl Kanmbuua (30%-3kxB.) u Bomopona (12%-3kB.), B
aHMOHHOM cocTaBe - HUTpaThl (19%-3kB.) u cyabdaThl
(17%-3kB.). O Benymieil pojM HUTPATOB Cpedu aHUO-
HOB CBUJETEJIbCTBYeT M OTHOIIeHHe SKBHUBAaJIEHTHBIX
KOHI[eHTpauui [8042'] / [N03'] = 0,8 (Tabauma 2).
JloMuHUpOBaHNe HUTPATOB Haj cyiabdaTaMu OTMe-
YeHO Takke Ha I0ro-BOCTOYHOM mnobepexbe baiikaia,
rfie OTHOCHUTEJIbHOe COoflepkaHue HUTPATOB COCTaBUJIO
20%-3KB., IpU 3TOM OTHOIIIeHNe [8042']/ [N03'] cocra-
Buio 0,7. Takoe pacnpepeseHrie aHOHOB XapaKTepHO
JUIA He3arpA3HeHHBIX (OHOBBIX PAliOHOB U OOBACHA-
eTcd AaJIbHUM MepeHocoM okcuoB aszora (Obolkin et
al., 2016; Sicard et al., 2023). B cHEXXHOM TTOKPOBE MPO-
MBIIIeHHBIX TopofoB [Ipubatikanesa B 2022 r. npeod-
Jaganu cyabdaTsl, GTOPUAL, THAPOKapOOHATH cpeau
AHMOHOB U KaJIbI[U, MarHuii, HaTPUH cpeJu KaTHOHOB
(Puc. 3). IlogqoOHOe COOTHOIIIEHHE OCHOBHBIX HOHOB,
KaK IpaBWIO, XapaKTepHO [JIA CHEXHOro IIOKpOBa
KPYIIHBIX IIPOMBIIJIEHHBIX LIEHTPOB, I'Zle CyLeCTBeHHO
BJIUAHNUE TPeANpUATHI TOILUIMBHO-IHEPreTUYecKoro
KOMILTeKca U npoMebinuieHHocTu (HoBoporkas, 2018;
I'maays u ap., 2024). Tak, B r. Y1aH-Y/13 OTHOCUTEJIb-
Hoe cofepxaHue cyiabdartoB gocturaino 18-23%-3ks.,
B TO BpeMs KakK cofepkaHye HUTPATOB He MPeBhIIaio
5-9%-3kB.

JnA cHexHoro nokposa nodepexbsa CeBepHOro
bBaiikasia oTMeueHa BBICOKAasA CTeleHb KOPpeJIAuU
(r=0,7-1,0) Mexnay ciaegyoIMM{A NapaMd HOHOB:
SO,>-Ca**, HCO,-Mg?**, HCO,-Ca**, SO,*-Mg**, HCO,
-NH,*, 4T0 yKasbiBaeT Ha OOI1e UCTOYHUKHU UX MOCTY-
IIJIeHUs, TPEeUMYIeCTBEHHO TePPUTeHHOr0 IIPOHUCXOX-
nenus (Puc. 4).

Ha Puc. 5a npefcrasjieHa cxeMaTnueckas Kapra
pacnpefiesieHus IJIaBHBIX MOHOB B CHEXHOM IIOKpOBe
CeBepHoro batikana B 2023 r., co3gaHHass Ha 0Oase
nakera Q GIS. Pasamep kaxaoil OTHeIbHON KapToau-
arpaMMBl COOTBETCTBYyeT OIpe[eJIEHHON BeJIM4YuHe
CYMMBI HOHOB, PacCUMTaHHON [JIA KaxJOoH CTaHIUU
oT6opa mpo0 CHEXHOro MokpoBa. J[aHHBIE KapTOAU-
arpaMMBbl II03BOJIAIOT OJHOBPEMEHHO OToOpaxaThb
cojlepkaHue BCeX MOHOB, a TakXe BBIABUTH Haubojee
3arpsA3HeHHble paloHBl. /1A cpaBHeHHUA NOJIyuYeHHBIX
pe3yJIbTaTOB aHaJIOTWYHAsA KapTa-cxema IIpOCTpaH-
CTBEHHOT'0 paclipefieJieHN A IJIaBHBIX NOHOB IIOCTpOeHa
s FOxuoro Ipubatikanesa (Puc. 56).

Ta6suna 2. CooTHOLIEHNA SKBUBaJIEHTHBIX KOHIIEHTpaLUH IJIaBHEIX HOHOB B cHeroBol Boje CeBepHoro Baiikana B 2023 r.

ITokxa3sarteJsib ITo6epexnse CeBepHOro Baiikaya ABTOmOpora
XKurasoBo- CeBepobaiiKaIbCK
[SO,>]/[NO,] 0,8 0,8
[NH,*]+[Ca**] + [Mg**] + [Na*]+ [K*]/ 1,0 2,8
[SO,*]+[NO,]+ [Cl]
[Ca**] +[Mg>*]/[SO *]+ [NO,] 0,9 3,0
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Puc.3. CpefjHee oTHOCUTEJIbHOE coflepkaHue MOHOB (%-3KB) B

B paiione no6epexbsa CeBepHoro baiikana cym-
MapHOe cojJepXaHue HMOHOB (X ) B CHEroBOW BOJeE
U3MEHAJIOCh B Ipenenax 1,2-6,9 mr/i U B cpeaHeM
cocTaBuio 2,7 Mr/ja. DTW 3HAYeHUs COMNOCTaBHUMBI
C MUHHMAaJIbHBIMM BeJMYMHAMM Ha Oro-BOCTOYHOM
nobepexbe o3epa — B OacceliHe pek CHexHas u Xapa-
MypuH (cranuuu 37 u 38 cootBeTcTBeHHO) (Puic 5a, 6),
a TakXxe C perioHaJIbHBIMU (POHOBBIMHU 3HAUYE€HUAMU Ha
Teppuropuu Baiikasno-JleHckoro 3anoBegHUKa (3 Mr/J1)
(Netsvetaeva et al., 2020). B cpaBHeHUM € KPYITHBIMU
MIpOMBINUIEHHBIMU IeHTpamu lOxHoro IIpubaiikasbs
aTOT mokasaresib B 8-20 pa3 Hmxe (Molozhnikova et
al., 2023).

Kak BuaHo u3 Puc. 5a, HauGoJsiblllee cymmap-
HOe cojepxaHue HOHOB 3aperucTpUpOBaHO B CHEX-
HOM mnokpoBe Ha crtaHiuu 13 (r. CeBepobaiikasbCk)
— 70 31 Mr/in, uTo 00ycJIOBJIEHO BJIMAHNEM aHTPOIIO-
TreHHbIX MCTOYHUKOB 3arps3HeHus BO3[yXa B ropoje.
MuHumMmanbHbele 3HayeHUs (QUKCUPOBAINCH B IMpodax,
oTroOpaHHBIX cO Jibaa batikana B paiioHe Kuuepckoit
npopBsl — 1,2 mr/n (cradmusa 20), a Takxe B 6acceiiHe
pek Knuepa, Bepxusaa Aurapa u [{senmHpga — ao 2,6
mr/n (cranomu 21, 23, 24 u 25 COOTBETCTBEHHO).
Cienyer OoTMeTUTh, YTO BeJuMHBI pH Ha 3THUX cTaH-
HUAX TakxXe OBUIM HEeBBICOKU (B cpemHem 5,2 en. pH).
Huskue 3Havenus pH u 2 B CHEXHOM IIOKpOBe 00y-
CJIOBJIEHBI OTHOCHUTEJIbHOY yAaJIeHHOCTbI0 JaHHBIX
TeppUTOpUil OT UCTOYHHUKOB aHTPOIOI'€HHOI'O 3arpsAs-
HeHUs. B CHeEXHOM ITOKPOBE TaeXHOU 30HH B pali-
oHe aBToTpacchl JXurasoBo-CeBepobaiikajbCK CyMMa
WOHOB H3MeHsIach B IIMPOKUX Ipepenax, oT 1,1 nmo
17,1 mr/n (cpeanee - 4,1 mr/mn). Makcumym 2 OTMe-
yeH B 105 kM ot p.1. JKurasoBo (cTaHius 2) 1 00y cJI0B-
JIEH TIOBBIIIEHHOH 3arblJIEHHOCTHIO BO3[yXa B JAaHHOU
TOuKe OTOOpa. Huskue 3HaueHus X PperucTpupoBa-
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CHEeXXHOM IokpoBe Baiikasbckoro pernona B 2022-2023 rr.

Juchk Ha rpaHulle Mpkytckoit obiactu u PecnyGiuku
Bypsarus, rae BelcoTa CHEXXHOT'O ITOKPOBa Oblla MaKCH-
masibHOH (cTaHrus 10). B cpaBHeHUM ¢ JaHHBIMU CHe-
TOMEPHBIX ChEMOK, NPOBE/IEHHBIX paHee, X B palloHe
nobepexbsa CeBepHoro Baiikasa cHusuiach B 2-5 pas
(Puc. 6). Cranuuu 10, 20, 21, 23, 24 u 25 no cogep-
KaHUIO TJIaBHBIX MOHOB U BejnuuHe pH Hamu Bbife-
Jiennl kak ¢onoBble 1y CeBepHoro bBaiikana u Bcero
BalikasibCKOro perroHa B IeJIOM.

B Tabiune 3 mpejicTaBieHO cpeliHee colepxka-
HMe OCHOBHBIX HOHOB B CHEXHOM IIOKpPOBe N0oOepexbs
CeBepHoro baiikaa 3a 4-neTHuii nepuoj HabI0JeHUN
(2012, 2015, 2020, 2023 rr.). Konuenrparuu 60JIb-
[IMHCTBAa UOHOB CYIeCTBEHHO BapbUpPOBAJIM B 3aBUCH-
MOCTU OT THIIAa MECTHOCTU Y OJIN30CTHU K IIPOMBIILIEH-
HBIM 30HaM U TPaHCIOPTHBIM MarucTpasisaM.
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Puc.5. CxemaTuueckas KapTa pacrnpeaejseHuda CoAepXaHus I'NTaBHbBIX NOHOB B CHEXHOM ITOKPOBE Baiikaabckoro pernoHa B

2023 r. (a - CeBepHuriii Batikas; 6 - FOxxHbIE Batika).

CpenHee cofepXaHUe TJIaBHBIX MOHOB B CHEX-
HOM IoKpoBe Ha CeBepHoM baiikane B 2023 r. cHU3H-
Jock B cpaBHeHuM ¢ 2012 1. ot 2 10 13 pas (Tabauna 3).
[TogoOHass TeHOeHIMsA MpOCJeXuBaeTcsi U B APYruUx
paiioHax Poccun. Tak, 3a mepuox 2019-—2023 rr. B
ropoaax Poccuy B OCHOBHOM IPOU30IILIIO yMeHbIIIeHUe
CpeJIHUX 3HauYeHUI KOHIIEHTpAaI1il OCHOBHBIX 3arpss-
HAIIMNUX Bell[eCTB B BO3[yXe U KOJIMYECTBA BBIOPOCOB
OT CTaIlMOHApHBIX HCTOYHUKOB M aBTOTPAHCIIOPTA.
CyMMapHble BHIOPOCH JUOKCHAA CEPHl OT CTAal[MOHAap-
HBIX U TepeABMXXHBIX HNCTOYHHUKOB CHU3WINCH Ha 11
%; oxcuioB azoTa — Ha 2% (EXeroJHUK COCTOSHMUA...,
2024).

3.3. BbuoreHHble KOMNOHEHTbI B CHEroBom
Boae CeBepHoro bankana

Munepartonstii u 06wuil azom. CpefHee cofep-
’)kaHue MHMHepaJIbHOIO a30Ta B CHEXHOM IIOKpOBe
Ha CeBepHoM batikane cocraBuio 0,22 mr/ji, usme-
HaAch oT 0,13 go 0,28 wmr/n. Coamepxanue o6Iero
as3oTa B pasHBIX palioHax MCCIIeAyeMON TeppUTOpuun
6bL10 BhIIE OT 1,8 Mo 2,2 pa3. MakcuMasibHOe cofAep-
xanme N N 3apuKcHpoBaHO B OKPeCTHOCTAX
CeBepobaiikasbcka (craHuuA 12). BHe 30HBI aHTPOIIO-
TeHHOI'0 BJIMAHMA 00JIbIIasA 4acTh a30Ta MpejCcTaBjieHa
ero MuHepasabHbEIMU popMmamu (56-60%). B parionax ¢
MOBBINIEHHON aHTPOIIOTeHHOU Harpy3koi (OKpecTHO-
ctu r. CeBepobalikajbcka, nobepexne B ycTbe p. Thid,

c. Batikanbsckoe, 105 kM ceBepHOI Tpaccel) B 2023 r. o
77% a3oTa HaXOAUJIOCh B opraHndeckoi popme. Pacuer
COOTHOIIIEHUA pa3HbIX (OpPM MHHEpPAJIbHOTO as3oTa B
CHEroBOl BoJle MOKasaJl mpeobyaiaHhe HUTPATHOTO
a3oTa HaJ aMMOHUIHBIM a30TOM.

B oTinune OT ApYyrMX HOHOB KOHIEHTpanuu
HUTPATHOI'O a30Ta paclpefiesieHbl B CHEKHOM ITOKPOBe
B parioHe CeBepHoro Batikasa paBHOMepHO. B cpeiHeM
cojiepxaHue JaHHOro kommnoHeHTta B 2023 r. cocrta-
Bwio 0,19 mr/i, 4yto B 2-5 pa3 HUXe aHaJOTMYHBIX
3HaYeHU! B APYIUX palioHax BalikaJbCcKOro pervoHa.
HesHauuTenbHasa Bapualis KOHIEHTpaluii HUTpAT-
Horo asoTa (B cpefHeM 26%) B cpaBHEHUU C APYTUMU
HOHaMM CBUETeJIbCTBYeT O IpeobiaaHUM TpaHCIpa-
HUYHOY U permoHaIbHON (POHOBOM COCTaBJIAIOLINX Hal
BJIMSIHUEM JIOKaJbHBIX McTOYHUMKOB (Tabmmma 3). B
YHCTHIX palioHaxX A0JiA HUTPATHOTO a3oTa COCTaBJIAET
96-97 % ot ero oOImiero cofgepXaHusA, B OKPECTHOCTAX
r. CeBepo0atiikasibcka cHuUxaercsa no 77 %. B camom
CeBepoOaiikajbCKke OTMEYEeHO AOMHWHMPOBaHHE aMMO-
HuUitHOro asora (o 70%). 3To cBUAETEIbCTBYET 00 ero
AHTPONOTeHHOM IPOUCXO0XAEHUMN.

Muneparohstii u 06wuti pocop. Conepxanre
MUHepaJbHOro ¢ochopa B CHEXHOM IIOKpOBE
CeBepHoro Baiikasa BappupoBajio B npefesax 0,3-33
MKT/J1, obmero docdopa - 3-61 Mmkr/n. MakcumMyMbl
CpelHUX 3Ha4YeHUM JaHHbIX KOMIOHeHToB (14 u 33
MKT/JI COOTBETCTBEHHO) HalOJII0JaInCch Ha CeBepo-3a-
nmagHoM noOepexbe B paiioHe r. CeBepobalikajbcKa U
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Ta6suna 3. CpeaHee cojepkaHUe OCHOBHBIX MOHOB (B MI/JI) B CHeXXHOM IOKpoBe B parioHe CeBepHoro balikana B 2012,

2015, 2020, 2023 rrT.

Paiton Ilepuon HCO, SO, > NO, Cl Na+* K* Ca?* Mg?* | NH,*
HCcJIeJOBAaHUSA
CeBepHBIii Baiikan, | 2012 3,6 2,33 | 1,64 | 0,17 | 0,21 | 0,08 | 1,80 | 0,28 | 0,05
Ten 2015 0,8 0,57 | 0,69 | 0,00 | 0,08 | 0,03 | 0,53 | 0,09 | 0,01
2020 3,5 1,31 | 1,75 | 0,11 | 0,36 | 0,12 | 1,34 | 0,35 | 0,05
2023 0 0,47 | 0,80 | 0,03 | 0,05 | 0,03 | 0,32 | 0,05 | 0,03
n 2,0 1,17 | 1,22 | 0,10 | 0,18 | 0,07 | 1,00 | 0,19 | 0,04
) 1,8 0,86 | 0,55 | 0,06 | 0,14 | 0,04 | 0,60 | 0,15 | 0,02
CV, % 94 73 45 58 81 67 69 75 55
CeBepHoe nobepexbe 2012 0,4 0,64 1,06 0,21 0,1 0,11 0,49 0,07 0,11
2015 0,1 0,67 | 0,78 | 0,08 | 0,06 | 0,06 | 0,33 [ 0,06 | 0,11
2020 0,3 0,53 | 1,03 | 0,07 | 0,03 | 0,12 | 0,70 | 0,08 | 0,05
2023 0 0,54 | 091 | 0,10 | 0,05 | 0,06 | 0,40 [ 0,06 | 0,01
i 0,2 0,60 [ 0,95 | 0,12 | 0,06 | 0,09 [ 0,48 | 0,07 | 0,07
> 0,2 0,07 | 0,13 | 0,06 | 0,03 | 0,04 | 0,16 [ 0,01 | 0,05
CV, % 91 12 14 56 49 41 33 14 70
Cesepo-3anagHoe 2012 11 4,42 1,55 0,16 0,14 0,24 4,51 0,49 0,29
noGepexee 2015 3,4 1,79 | 0,88 | 0,17 | 0,10 | 0,56 | 1,03 | 0,23 | 0,34
2020 1,7 1,41 | 1,18 | 0,00 | 0,06 | 0,37 | 1,19 | 022 | 0,26
2023 1,1 0,96 | 0,84 | 0,09 [ 0,05 | 0,14 | 0,79 | 0,13 | 0,07
M 4,3 2,15 | 1,11 | 0,13 | 0,00 | 0,33 | 1,88 | 0,27 | 0,24
> 4,6 1,55 | 0,33 | 0,04 | 004 | 018 | 1,76 | 0,16 | 0,12
CV, % 106 72 30 31 47 55 94 58 49
ABTOzOpOTa 2012 1,4 0,47 | 1,00 | 0,09 [ 0,07 | 0,20 | 0,59 | 0,09 | 0,09
CeBﬁi?;;}f:};bCK 2015 1,9 059 [ 0,72 | 0,16 | 0,08 [ 0,13 | 0,76 | 0,00 | 0,12
2020 2,6 0,65 | 0,84 | 0,10 | 0,06 [ 0,10 | 1,10 | 0,13 | 0,03
2023 1,8 0,44 | 0,83 | 0,19 | 0,07 | 0,07 | 1,00 | 0,07 | 0,02
I 1,9 0,54 | 0,85 | 0,14 | 0,07 | 0,10 | 0,87 | 0,10 | 0,07
) 0,5 0,10 | 0,12 | 0,05 [ 0,01 | 0,02 | 0,23 | 0,03 | 0,05
CV, % 26 18 14 36 12 24 27 26 74

IIpumeuaHue: | - cpeHee 3HaueHNe; 2 - CTaHAApTHOe OTKJIOHeHue; CV - koo PuuneHT Bapuanuu, %.

c. Barikasibckoe. BakHO OTMETHTBH, YTO TMOJIyYEeHHBIE
BEJIMYMHBI HA JIAaHHOM y4YacTKe [JOBOJILHO BBHICOKHE,
YTO BEPOATHO, OOYCJIOBJIEHO TMOBBIIIEHHBIM ITPUPO/I-
HBIM (OHOM, HaJIMYMEM coerHeHn ¢ocdopa B IouBe
(BenozepiieBa u ap., 2023), a Takxe aHTPOIOTeHHBIM
3arpsA3HeHNEeM.

3.4. HakonneHHe 3arpA3HAIOWUX BELLECTB
B CHe)XHOM nokpoee CeBepHoro bankana

[MocTynneHue 3arpA3HAKIMX  Bel[eCTB  Ha
MOACTUJIAIONIYI0 TOBEPXHOCTh B paiioHe CeBepHOro
Batikasa omnpezesisaioch 1o pe3yJibTaTaM XUMHAYECKOTO
a”ayn3a npob CHEXHOro IOKpoBa, cpopMupoBaslie-
rocs 3a 3UMHUU nepuof (c HoAOpA no deBpaab-MapT)
(Tabsmmna 4). Kak u3BecTHO, BeJIMYMHA HaKOILJIEHMS
XUMUYeCKIX KOMIIOHEHTOB B CHEXXHOM IIOKPOBE 3aBH-
CUT OT BJIaro3amaca B cHere U KOHIIEHTpaIuii onpeje-
JIsieMbIX KOMIIOHEHTOB.
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CyMMapHOe HakoIUJIeHHe HOHOB CJYXUT Xapak-
TEpPUCTUKOI OOIIero 3arpsA3HeHUs CHEXXHOT'O MOKpOBa.
Ha CeBepnoMm Batikasie sTa BesnunHa 3a 4 rofa HabJIio-
JeHnl U3MeHsAIach B cpeqHeM B npefesax 230-440 mr/
M. B 2023 r. Han6oIbIIYe BEJIMIMHBL aKKYMYJIALNN 2
omnpejieJieHbl B TaeXXHOU 30He aBToTpacchl JKuraaoso-
CeBepobaiikajibCK, YTO 00yCJIOBJIEHO OOJIBIINM BJIaro-
3aracoMm B CHere Ha OTJeJIbHBIX y4acTKax 3TOr0 Maplil-
pyTa (mo 135 Mm). MuHuMyM HakoimieHus B 2023 T.
3aperucTpupoBaH Ha JIbJly 03epa, I'[le Bjarosamnac ObLI
okoJio 50 mMm. Kpome TOro, 1eproi HakoIJIeHUs Ucce-
JyeMBIX KOMIIOHEHTOB B CHEXHOM IIOKpOBe Ha JIbAYy
o3zepa ObLT B [iBa pa3a MeHbIlle, 4eM Ha Iobepexsbe.
711 KOppEeKTHOrO CpaBHEHUA BeJIMYMH HaKOIUJIeHUs
Ha JIbAY U nobepexbe paccuuTaHHbIe JaHHBIE IO aKKy-
MYJIALIUM Ha aKBaTOPUU o3epa ObLIIN YBeJIUUeHHBI BIBOE
(Tabnura 4). CpaBHeHUe TOKAa3aJio, 9YTO aKKyMYJIALUA
2 B cHexHoM mokpose CeBepHoro Baiikana B 2 pa3sa
HUXe, yeM Ha KOkHOM Batikase u B 2-6 pa3 HUXe, UeM



YebyHuHa H.C. u dp. / Limnology and Freshwater Biology 2024 (6): 1525-1545

30 b3
1 02012
m2015
m2020
25
m2023
20 -
E
E 15 4
—
2 119
10,2
10 - 8.9
30
5 4.6 45
B I
0 —
Cepepnnii Bafiran, CesepHoe nodepesbe CeBepo-3amainoe AgpTogopora HOro-samagnoe AsTogopoera Hro-soctounoe
aea nofepexne Kuramgeo— nofepenne HpryTek — nofepexne

Cegepofaiirateck JncTeanka

Puc.6. CpefjHue cyMMBbl MOHOB (B Mr/JI) B CHEXXHOM ITOKpOBe Balikaibckoro perviosa 3a 4-x JieTHUH nepuo]i HabioieHui.

B MpOMBIILIEHHBIX IleHTpax lOxHoro IIpubaiikasibs
(Tabsmna 4).

HaxkorieHre kaJsbmusa (OCHOBHOTIO IEJIOUHOTO
KOMIIOHEHTa) B CHEXXHOM IoKpoBe CeBepHoro Baiikasna
3a HuccjieqyeMblii lepro] U3MeHAJIoCh B cpeiHeM oT 40
no 70 mr/m2. B 2023 r. 3T0 3HaueHue 6buI0 B 1,3 1 2,3
pa3a COOTBETCTBEHHO HIUXe, YeM Ha I0T0-BOCTOYHOM U
oro-3anagHoM nobepexbax Baiikana. B cpaBHeHUU c
MPOMBIIJIEHHBIMU IIeHTpaMM bBaiikajbckoro permoHa
(3a uckiouenueM r. IllesexoB) aTa BeJIMUUHA HUXE B
2-6 pas.

Haubosiee 3HauMMO [Jisi HENPOMBIILIEHHbBIX
«4UCTBIX» PaliOHOB HaKoOIJIeHNe KUCJIOTHBIX KOMITOHEH-

1 MOHOB Bogopoaa (H*). CymMa HakolieHUA MUHe-
pasibHOrO azota Ha CeBepHOM Batikajie 3a rofpl HUccJe-
JoBaHUM cocTtaBuiia 16-27 mr/m? B 2023 r. HaubGo-
Jiee BBICOKME 3Ha4YeHUsA 3a(pUKCHUPOBAHBI HA JIBOAY P.
YwMmb6esna (cranius 8) u B paiioHe noc. KyHepma (craH-
nus 9), rae Baarosamnac 6b1 MakcuMaibHbIM (190-215
MM). MUHUMAaJIbHBIE 3HAYEeHUA aKKyMyJIALAW a30Ta
(menbme 10 Mr/m?) onpefesieHb Ha CeBepo-3ana HOM
nobepexbe U Ha JibAy 03. Balikas, rae Biarosamac B 7
pa3 meHsbiIe. B cpaBHeHnu ¢ FOxHBIM BalikajioM akky-
mysanusa N B 3 pasa Huxe.

BesmunHa HakomsieHUs cyJib(paTHON cepbl B
CHEXHOM IMOoKpoBe Ha CeBepHOM Balikasie B ucciefnye-

MBIe TOIBI HAXOAUIach B mpeAenax 14-25 mr/m?, MUHU-
MaJibHBle 3HaUYeHuA 3adurkcrupoBaHsl B 2023 r. AHanns

TOB B CHEXHOM ITOKPOBeE — CyJibdaTHOH cepsl (S(SO,*),
MHUHepaJbHOro azora (N = = N(N03‘) +N(NH 4+)

Ta6smmna 4. HakorieHre XUMUYECKUX KOMIIOHEHTOB (Mr/m?) u Biaro3amnac (MM) B CHEXXHOM MOKpPOBe BaiikajibCKOro peru-
OHa, 2022-2023 rT.

PaiioH HCO, [ S(sO,) N, Ca?* H* P, . Z, Biyarosamac,

HccJieJOBaHUA MM

CeBepHbiit Baiika, 0 12-20 12-22 22-38 0.6-1.4 0.02-0.2 124-214 32-55
nex 14 18 30 1.0 0.1 164 47

CeBepHoe 0 10-27 11-28 22-54 0.3-2.0 0.04-0.8 117-291 72-150
no6epexne 19 22 42 0.9 0.3 225 106

CeBepo-3amnaHoe 0-108 8-25 7-14 14-70 0.03-1.0 0.2-1.6 76-335 29-59
no6Gepexne 45 14 11 35 0.3 0.7 180 44

ABTOmoOpora 0-1522 7-24 8-41 16-563 0.01-2.8 0.06-1.6 92-2288 46-215
Kurajoso- 192 14 20 101 0.7 0.7 460 108

CeBepobalikaJibCck

I0xHbI# Baiika 0-170 1-120 10-105 3-285 0-4.2 0-1.3 280-1270 1-190
6 50 50 115 0.9 0.2 610 100

IllestexoB* 33-350 | 20-160 | 20-235 1-190 0-0.04 0.03-1.6 260-2130 20-50
92 60 50 40 0.02 0.2 820 35

UpkyTck* 5-1055 | 15-135 8-66 25-420 0-0.38 0.02-3.6 175-2035 20-62
130 66 36 150 0.04 0.4 680 33

Anrapck* 7-8100 | 17-850 20-60 35-3135 0-0.07 0-1.8 190-14900 12-45
630 105 32 320 0.02 0.2 1460 27

VYiau-Yas* 0-320 25-340 15-70 40-190 0-0.09 0.2-2.6 200-2280 11-36
120 60 35 110 0.02 0.7 540 20

IIpumeuanme: *- naHHble 3a 2022 1.
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MOJIYYEHHBIX JaHHBIX [TOKa3aJl, YTO B CHEXXHOM ITOKPOBe
CeBepHoro Baiikasa B cpeiHeM HaKaIlJIUBaeTcsA OT 3 0
7 pa3 MeHbllle cephl, YeM Ha I0KHOM Iobepexbe o3epa
U B MPOMBIILJIEHHBIX Topojiax Baiikasibckoro permoHa
COOTBETCTBEHHO.

Kak cnenyer uz Tabauip 3, HakomieHue HY B
cHexxHOM MokpoBe CeBepHoro balikana B cpegHeM B
1,2 pa3a meHblle, yeM Ha IOxHoMm batikane. 3To cBs-
3aHO KaK C MeHbIINM BJIaro3anacoM B cHere Ha ceBepe
o3epa, Tak u OoJiee BBICOKMMU BeJnunHamu pH B cHe-
TOBOMH BOJE.

Hakoruienne P B CHEXHOM IMOKPOBE OT[EJIb-
HBIX paliOHOB Ha ceBepo-3amaJHOM Iobepexbe o3epa
Batikan u B TaexHO! 30He BJ0JIb CEBEPHOI aBTOTPACCHI
JOBOJIBHO BBICOKO: COIIOCTAaBHMO C aHAJIOTMYHON BeJIU-
YMHOU B I'. YaH-Ya3 u B 2-4 pasza Bbhlllle, YeM B IIpPO-
MBIIIEHHBIX NleHTpax HOxHoro ITpubarikanbs.

4. 3aknioueHue

B mBacroAamuii mepuos CHEXHBII IIOKPOB
CeBepHoro balikana xapakTepu3yloTcs HU3KON MUHe-
payjmzanueil, JOMUHUPOBaHNEM HUTPaTOB B aHUOHHOM
cocraBe. B MexXronoBoil AuMHaMuKe OTMeUYeHO IOCTe-
IIeHHOe YMeHbllleHre CyMMBbl MOHOB U BeJIMunHbl pH B
CHEroBBIX BOAAxX 3a oAbl uccienoBaHuA. HuTpaTHbIN
asoT sABJIAJICA Ipeobsajarmomell (GopMoil MHHepab-
HOro asoTa B cHeroBoll Boje. KoHmeHTpaiuu 00Jib-
IIMHCTBA KOMIIOHEHTOB XMMMYECKOI'O COCTaBa HUXe,
yeM Ha I0ro-3anajHoM nobepexne o3epa, COOCTaBUMBI
C pervoHaJlbHBIMU (OHOBBIMU 3HAUYe€HUsAMU. B cHex-
HOM I[IOKpOBe OTAeJIbHBIX palioHoB CeBepHoro baiikasa
cofepxaHue MHHepaslbHOro (¢ocpopa AOBOJIBHO
BBICOKO BCJIE[ICTBHE IOBBHIIIEHHOI'O IIPUPOAHOro ¢oHa
U aHTPOIIOI€HHOI0 3arpsA3HeHN .

AXKyMyJIALMA CYMMBI NOHOB, KaJIbLiysA, CyJIbdaT-
HOH cepsl U MUHepaJIbHOr'O a30Ta B CHEXXHOM IOKpOBe
CeBepHoro Baiikasna B 2-3 pa3a Huxe, yeM Ha HOxHOM
Batikane u B 2-7 pa3 HUXe, yeM B IIPOMBIIIJIEHHBIX
neHrpax lOxHoro IIpubalikanbda. HakonseHue MuHe-
panpHOro docdopa B oTAeNIbHBIX palioHax CeBepHOro
Balikasma comocTaBHMO C COOTBETCTBYIOLIEN BeJINYH-
HOH B I. Y1aH-Y I3 U B 2-4 pa3a Bblllle, YeM B [IPOMBIIII-
JneHHbIX neHTpax HOxHoro IIpubatikanbs.

BoiAiBJIEeHB TEpPpPUTOPUY, KOTOpPHIE [0 COAEP-
’KaHWIO TJIaBHBIX MOHOB U BesnuvHe pH B cHeXXHOM
IIOKPOBE MOTYT ABJIATbCA (POHOBBIMU AjiA CeBepHOro
Batikana u Bcero Baiikasbckoro peruoHa. Huskoe
cofiepxaHue CyMMBI MOHOB U BesnuuHbl pH 00ycJi0B-
JIeHBl OTHOCHUTEJIbHOM YyAaJIeHHOCTbI0 JaHHBIX Tep-
PUTOPHUII OT KPYNHBIX HCTOYHHUKOB AHTPOIOre€HHOI'O
3arpsA3HeHus.

BbAaaropapHoCTH

Pabora BhIIOJIHEHAa B paMKax TrocyAapCTBeH-
Horo 3amanusa JIMH CO PAH no teme 0279-2021-0014
«AccnenoBanue posiu aTMocdepHBIX BhINAJIeHUI Ha
BOJHBIE U Ha3eMHble 3KOCHCTeMBbl 0OacceiiHa o3epa
Batikan, ugeHTUdUKANMA HNCTOYHMKOB 3arpsA3HeHus
aTtMocepsl».

1543

KoHpAUKT UHTEpecoB

ABTOpPHBI 3asBJAIOT 00 OTCYTCTBUU KOHQJIMKTA
HMHTEPECOoB.

CnucoK AuTepartypbl

Khodzher T.V., Domysheva V.M., Sorokovikova L.M.
et al. 2016. Part II. Method and case studies for understanding
and monitoring the landscapes of Siberia. Chapter 3. Methods
for monitoring the chemical composition of Baikal water. In:
Mueller L. et al. (Ed.), Novel Methods for Monitoring and
Managing Land and Water Resources in Siberia. Cham, pp.
113-132. DOI: 10.1007/978-3-319-24409-9 3

Molozhnikova Y.V., Shikhovtsev M.Yu., Marinaite LI.
et al. 2022. Spatial distribution of anthropogenic tracers in
the snow cover of the Southern Baikal region. Proceedings of
SPIE 12341: 1-7. DOI: 10.1117/12.2644206

Molozhnikova Y.V., Shikhovtsev M.Y., Netsvetaeva O.G.
et al. 2023. Ecological Zoning of the Baikal Basin Based
on the Results of Chemical Analysis of the Composition of
Atmospheric Precipitation Accumulated in the Snow Cover.
Applied Sciences 13(8171): 1-17. DOI: 10.3390/app13148171

Netsvetaeva O.G., Onishchuk N.A., Marinaite LI. et al.
2020. Chemical composition of snow cover in specially
protected, non-industrial, and industrial areas of the Baikal
region. Proc. SPIE 11560, 26th International Symposium
on Atmospheric and Ocean Optics, Atmospheric Physics
115603N. DOI: 10.1117/12.2575035

Obolkin V., Khodzher T., Sorokovikova L. et al. 2016.
Effect of long-range transport of sulphur and nitrogen oxides
from large coal power plants on acidification of river waters
in the Baikal region, East Siberia. International Journal of
Environmental Studies 73(3): 452-461.

Shen J., Song Y., Cheng C. et al. 2023. Spectroscopic and
compositional profiles of dissolved organic matters in urban
snow from 2019 to 2021: Focusing on pollution features
identification. Water Research 229 (119408): 1-9. DOI:
10.1016/j.watres.2022.119408

Sicard P., Agathokleous E., Anenberg S.C. et al. 2023.
Trends in urban air pollution over the last two decades: A
global perspective. Science of The Total Environment 858
(160064): 1-13. DOI: 10.1016/j.scitotenv.2022.160064

Szuminska D., Potapowicz J., Szopiniska M. et al. 2021.
Sources and composition of chemical pollution in Maritime
Antarctica (King George Island). Part 2: Organic and inorganic
chemicals in snow cover at the Warszawa Ice field. Science of
the Total Environment 796 (149054): 1-13. DOI: 10.1016/j.
scitotenv.2021.149054

Thapa P., Xu J., Neupane B. et al. 2020. Chemical
composition of inorganic and organic species in snow/ice in
the glaciers of western China. Science of the Total Environment
135351: 1-9. DOI: 10.1016/j.scitotenv.2019.135351

Wang Y., Bian J., Zhao Y. et al. 2018. Assessment of
future climate change impacts on nonpoint source pollution
in snowmelt period for a cold area using SWAT. Scientific
reports 8: 2402. DOI: 10.1038/s41598-018-20818-y

AHanuTryeckye, KUHeTUYeCKHe U pacyeTHBlE METOZBI
B ruapoxuMmuueckoil mnpakruke. 2017. B: JlazoBuk ILA.,
Edpemenko H.A. (Pen.). Caukr-Iletep6ypr: Hectop-HcTopusi.

Adonnna T.E. 2024. [Tonunukinyeckyue apoMaTuyeckre
YIJIEBOAOPOLBl B CHeXHOM IOKpoBe [Ipubatikambss u 6ac-
ceiiHa o3epa Barikas. BectHruk BopoHexcKoro rocyiapcTBeH-
Horo ynusepcurerta, Cepus: I'eorpadus. I'eoskosiorus 2: 114-
119. DOI: 10.17308/ge0/1609-0683/2024/2/114-119

benozepreBa U.A., Bopo6reBa U.B., Bnacosa H.B. u fp.
2018. DxoJioruueckoe cocTosiHUE oOepexbs o3epa batikan u
€ro BJIMSHME Ha 3arpsA3HeHUe 03epa. YCIeXyu COBPEMEHHOI'0
ecTecTBO3HaHuA 11: 85-95.



https://www.doi.org/10.1007/978-3-319-24409-9_3
https://www.doi.org/10.1117/12.2644206
https://www.doi.org/10.3390/app13148171
https://www.doi.org/10.1117/12.2575035
https://www.doi.org/10.1016/j.watres.2022.119408
https://www.doi.org/10.1016/j.scitotenv.2022.160064
https://www.doi.org/10.1016/j.scitotenv.2021.149054
https://www.doi.org/10.1016/j.scitotenv.2021.149054
https://www.doi.org/10.1016/j.scitotenv.2019.135351
https://www.doi.org/10.1038/s41598-018-20818-y
https://www.doi.org/10.17308/geo/1609-0683/2024/2/114-119

YebyHuHa H.C. u dp. / Limnology and Freshwater Biology 2024 (6): 1525-1545

BenosepreBa U.A., Bopo6sesa U.b., Biacosa H.B. 2023.
3arpsAsHeHue cHera U IIOYB CeBEPO-3allaJHOrO MoOGepeXxbs
o3epa Baiikan. BecTHuk BopoHexXckoro rocygapcTBeHHOTO
yHuBepcurera. Cepus: I'eorpadus. I'eoskosorusa 1: 76-92.
DOI: 10.17308/ge0/16090683/2023/1/76-92

BanukoBa B.M., MatBeeB A.A., YUeGaHenko B.B. 1985.
[TocTynieHre HEKOTOPBIX BeLIeCTB C aTMOChEpPHBIMU Ocaf-
KaMH B peruoHe o3epa Baiikan. CoBeplieHCTBOBaHUE
peruoHajbHOIO MOHUTODHUHIA COCTOAHMA o3epa balikai.
Jlenurpap, C. 58-66.

BacuneBuu M.U., Besnocukos B.A., KouapateHok B.M.
2011. XuMuueckuil cocTaB CHEXHOIO IIOKpOBa Ha TeppUTO-
pun TaexHoi 30HH Pecny6inky Komu. BoaHele pecypebr 38
(4): 494-506.

Bacunenko B.H., Hazapos U.M., ®pugman MI.]]. 1985.
MOHUTOPUHT 3arpsA3HEHUs CHEXHOIO IOKpoBa. JleHuHrpan:
I'mapomerteouspar.

Bopo6reBall.b.,BnacosaH.B.,I"araputoBaO.B.np.2016.
CoBpeMeHHOe COCTOSIHUE TeppUTOpHHU Ioceska JIMCTBAHKa
10 JJaHHBIM aHajM3a pacTUTEJIbHOCTH, NOBEPXHOCTHBIX BOJ
U CHEXHOro nokposa. 'eorpadusa u npupoaHsle pecypcel 6:
93-98. DOI: 10.21782/GIPR0206-1619-2016-6(93-98)

Borunnes K.K. 1954. Xumuyeckuili cocTaB BOJ aTMOC-
depHbix ocaakoB [Ipubatikanbsa. JJoxiaasl AkageMun Hayk
95 (5): 979-981.

Botunnes K.K., Xomxep T.B. 1981. Xumunueckuii coctaB
arMocdepHbIX 0CaOKOB B paiioHe o3epa balikas. I'eorpadus
U nIpupoHble pecypcs 4: 100-105.

Bcepoccuiickas nepenuch HaceneHus 2020 roga. Tom 1.
2020. YuceHHOCTH U pa3MeleHus HaceseHus, GeaepasibHas
ciyxb6a rocyaapctBeHHod crartuctuku (Poccrat). URL:
https://rosstat.gov.ru/vpn popul (02 OxTaA6ps 2024).

I'manyn WU.B., llenranoBa A.A., Maiioposa JLII. 2024.
TexHoreHHOe 3arpsA3HeHHe CHEXHOro IIOKpPOBa Ha TePpUTO-
puu Xabaposckoro kpas B nepuof ¢ 2015 no 2022 r. BecTHuk
eBpasuiickoii Hayku 16(3): 1-14. URL: https://esj.today/
PDF/94NZVN324.pdf

T'ocymapcerBeHHBIl! Aokiaan «O cocTosHUM U 06 oxpaHe
oKpyxaromieli cpenbl UpkyTckoi obsactu B 2022 rogy». 2023.
MuHHCTepCTBO IPUPOJAHBIX PECYPCOB U 3KoJioruu UpKyTckoi
obsactu. pkyTcK.

lFocymapcrBeHHBII Aokiag «O COCTOSHUM U OXpaHe
okpyxaromeli cpenpl Pecniybiuku Bypatusa B 2023 rogy».
2024. MUHUCTEpPCTBO NPUPOAHBIX PECypCOB U 3KOJIOTUU
Pecniy6smiku Bypsartusa. Yian-Ye.

ExxeroqHUK COCTOAHWA 3arpsA3sHeHUs arMmocdepnl B
ropogax Ha teppuropuu Poccuu 3a 2023 r. 2024. CaHKT-
[TetepGypr. ®I'BY «I'TO».

EpmakoBa O.[]. 1998. 3aBucumocTb (GyHKIMOHHUPOBA-
HUA OTAEJIbHBIX KOMIIOHEHTOB 3KocucTeM balikasbckoro
3alo0BeIHMKA OT KHCJIOTHOCTH aTMoc(depHHIX BBINAJeHU.
B: [Tpo6GsieMbl 3KOJIOrMYecKoro MOHUTOpUHra. Marepuassl X
Batikasnbckoil mkoJbl-ceMuHapa, C. 106-118.

Komos B.T., JlazapeBa B.W. 1994. I[Ipuunnbl 1 nocsien-
CTBUA AHTPOIOIeHHOro 3aKUCJIEHWA IOBEPXHOCTHBIX BOJ
CeBepHOro perroHa Ha IpuMepe CpaBHUTEIbHO-JIMMHOJIOTH-
YecKoro MccijieJoBaHUs dKocucTeM o3ep J[apBMHCKOIo 3aro-
BeaHuka. Tpyasl MHcTuTyTa GUosioruu BHyTpeHHUX Bog PAH
70: 3-30.

MamonToB A.A., Tapacosa E.H., MamonToBa E.A. 2006.
Crolikue opraHuyeckue BellecTBa IIpubatikaspsa (IOIMXJIO-
pupoBaHHble OM(eHUIIBl U XJIOPOpraHuvecKyre NecTUIUAb).
Tpyabl rocygapcTBEHHOrO  INPUPOAHOIO  3alOBeJHUKA
«barikasno-JleHckuii» 4: 15-24.

MapuHaiite U.U. 2005. ITomunukjinyeckye apomMaruyie-
CKUe YTJIeBOJIOpOAbl B OKpyXxamomeil cpefe ITpubatikasibs.
Jluccepranus Ha coMCKaHMe Y4eHOH CTeleHM KaHJujaTta
XuMuueckux Hayk, MHctutyt reorpaduu CO PAH, Poccus.

1544

Monoxnukosa E.B., l'ono6okosa JI.II., Mapunatite U.W.
u fp. 2023. Xumunuyeckuil coctaB aTMocdepHBIX BhIIaJe-
HUI Ha Tepputopuu BaiikaiabcKoro rocyapcTBeHHOIO IpU-
ponHoro 3amoBefHUKA (BocTouHOe moGepexbe HxHOro
bBatikana). Mereoposiorusa u ruzaposiorus 4: 10-21. DOI:
10.52002/0130-2906-2023-4-10-21

HeneraeBa O.I'., Xoaxep T.B., 'osno6oxosa JLII. u ap.
2004. XuMuuecKHil COCTaB CHEXHOTO IIOKpOBa B 3aroBe[l-
Hukax IIpubaiikanpsa. I'eorpadusa u npupojHsie pecypch 1:
66-72.

HukonoBa A.A., T'opmkos A.I'. 2007. CoBpeMeHHbIe
YPOBHM HAaKOIUJIEHUs NOJIMXJIOPUPOBAHHBIX OH(EeHUI0B B
obbekTax BaiikajbCcKol NpUPOAHON TeppuTOopuu. XuMusa B
HHTepecax ycroiumBoro passutusa 15(3): 363-369.

Hosoponkasa A.I. 2018. O pesysbpTaTax XHUMHUYECKOTO
MOHUTOPHHIa CHEXKHOT'0 TIOKpoBa XabapoBcka. Y crexu coBpe-
MEHHOro ecrectBo3HaHusa 12(2): 374-379. DOI: 10.17513/
use.37023

O6oskuH B.A., Xomxkep T.B. 1990. I'ofjoBoe nocTynieHue
n3 atMocdepsl cyibGhaToB U MUHEPAJIBHOTO a30Ta B pErMOHe
03. batikasn. Meteoposiorus u ruaposiorus 7: 71-76.

Onumyk H.A., Hengeraesa O.I'., MosoxHukosa E.B.
2023. MexromoBasd JUHaAMUKA XMMUYECKOTO COCTaBa CHEX-
Horo nokposa B [Ipubaiikanse. MeTeopoJiorus u ru/ipoJIorus
4: 33-42. DOI: 10.52002/0130-2906-2023-4-33-42

[MTapaguna JI.®., Xaxypaes O.A., Boauesa E.H. u 1p.
2016. CHeXHBII1 IOKPOB B OLleHKe 3KOJIOTMYeCcKOro COCTOsI-
HusA HOxHoro Baiikasa o u nocjie 3akpeiTys Batikanbckoro
11eJUTI0JI03HO-0yMaxxHoro koMbrHaTa. B: Ananurtuka Cubupu
u lanpHero Bocroka: X Becepoccutiickasa HayuHas KoHpepeH-
ouA ¢ MeXOyHapoAHBIM ydyactueM. bapnays, C. 133.

Ilepminna H.A., [TaBnosa M.T., EpumoBa O.H. u ap.
2024. VouHBIN cocTaB aTMOC(epHBIX OCaJKOB Ha pPOCCHUU-
CKUX CTaQHIUAX, BXoAAMUX B cucTeMy ['s1o6anbHON CiryxOb
Atmocdepst BMO. O630p cOCTOSHUSA U 3arpsi3HEHUs OKpY-
xatomieil cpensl B Poccutickuii ®@enepanuu 3a 2023 rop.
Mocksa. Pocruapomer. C. 47-54.

Iloroma B ropome CeBepobarikanbek. 2022. URL:
https://weatherarchive.ru/Temperature/Severobaikalsk
November-2022 (22 centsabpsa 2024)

[Toropa u knumar. Jleronrcs noroas! B HukHeaHrapcke.
MecsAyHble U TOAOBble CYMMBI BBIIABHIMX OCAAKOB B
Hwxueanrapcke. 2022. URL: http://www.pogodaiklimat.ru
history/30433 2.htm (25 centa6ps 2024)

CopoxkoBukoBa JI.M., Heuseraesa O.I'., Tomb6epr U.B. u
ap. 2004. Bnusanue atMochepHBIX 0CaIKOB Ha XUMUYECKUH
coctaB peuHbix Boj lOxHoro Batikasa. OnTrka atMocdepsl 1
okeaHa 17 (5-6): 423-427.

Tombepr WU.B., CopokosukoBa JI.M., Hereraera O.I.
u ap. 2016. XuMudeckuil cocTaB U TeHJEHIMN 3aKUCJIeHUs
CHEroBBIX BOJ U BoJ mnputokoB HOxHoro Batikama. Ontuka
atmocdepsl u okeaHa 29(6): 516-520. DOI: 10.15372/
A0020160612

VYpbanasuuene W.H., Yp6auasuutoc I'.Il., Xomxep T.B.
1998. MOHUTOpPUHI 3arpsA3HeHus aTMOC(epHBIX OCaJKOB B
BatikanbckoMm OGuocdhepHoM 3amoBefHuke. IIpobyieMbl 3KO-
Jioruyeckoro MoHuTopuHra. B: Marepuasisl. X Batikanbckoi
mKoJibl-ceMyuHapa. Batikasgbck. UH-T 3KOJIOTMYecKOl TOKCU-
xosiornu. C. 181-187.

Xomxep T.B. 1983.Xummnueckuil coctaB aTmMocdepHbIX
ocaakoB. DxoJorus IOxHoro Barikaia. C. 44-50.

Xomxep T.B. 1987. [TocTynyieHue BemecTs U3 aTMocdepsl
B patioHe [Ipubaiikajibsg 1 UX poJib B XUMUYeckoM OasiaHce
o3. Batikan. [luccepramusa Ha coOHCKaHUE Y4YEeHOH CTeleHU
KaHauaarta reorpaduueckux Hayk, Jlenunrpan, Poccus.

YebrikuH E.II., Jambunos l0.A., Xaxypaes O.A. u ap.
2018. HcTOYHUKM TMOCTYIJIEHHWA XHUMHUYECKHUX 3JIEMEHTOB
B CHeXHBI!I NOKpOB OeperoBoil 30HBI mMocejika JIucTBsSHKa



https://www.doi.org/10.17308/geo/16090683/2023/1/76-92
https://www.doi.org/10.21782/GIPR0206-1619-2016-6(93-98)
https://rosstat.gov.ru/vpn_popul
https://esj.today/PDF/94NZVN324.pdf
https://esj.today/PDF/94NZVN324.pdf
https://www.doi.org/10.52002/0130-2906-2023-4-10-21
https://www.doi.org/10.17513/use.37023
https://www.doi.org/10.17513/use.37023
https://www.doi.org/10.52002/0130-2906-2023-4-33-42
https://weatherarchive.ru/Temperature/Severobaikalsk/
http://www.pogodaiklimat.ru/history/30433_2.htm
http://www.pogodaiklimat.ru/history/30433_2.htm
https://www.doi.org/10.15372/AOO20160612
https://www.doi.org/10.15372/AOO20160612

YebyHuHa H.C. u dp. / Limnology and Freshwater Biology 2024 (6): 1525-1545

(O3epo Batikain). 'eorpadus u npupoaHsle pecypcsl 3: 74-85.
DOI: 10.21782/GIPR0206-1619-2018-3(74-85)

Ymxosa I0.H., Bacwmbuyk JJO., WMommkasa K.
u ap. 2015. HM30TOmHBIM cocTaB CHEXHOro IIOKpOBa
Batikanbckoro peruona. Jlem u cHer 55(3): 55-66. DOI:
10.15356/2076-6734-2015-3-55-66

[lesnoBa O.B., o6potuna E.[l., 'onuapoBsa A.B. u np.
2022. XuMmuueckre XapaKTepHUCTUKNA CHEXHOro IIOKpOBa
B BBICOKOMIUPOTHOV Apkruke (Mbic bBapaHoBa, ocTpoB
BospmeBuk, apxunesnar CeBepHasa 3emuis). JIEq u CHer 62
(4): 564-578. DOI: 10.31857/52076673422040152

Aruyk M.C. 2018. HccrepnoBanue pacnpefesieHUsa U
OIleHKa 3arpsA3HeHus CHEXHOro IIoKpoBa o3epa baiikas
Hedrenpoaykramu. I'eofesus u kaprorpadus 8: 60-64. DOIL:
10.22389/0016-7126-2018-938-8-60-64

Argyk M.C. 2020. OneHKa COCTOSHUA CHera U JibJa
Ha Ioro-3amajHoM mnobepexbe o3epa balikan (Ha mpumepe
l'osloycTHEHCKOro mocesieHHMs W INpUMBIKaoIlell aksa-
TOpHUU O3epa) MO JaHHBIM XUMHUYECKOro aHajn3a Tajlou
BoAnl. M3Bectusa HpKyTCKOro rocyJapCTBEHHOIO YHHU-
Bepcutera. Cepusa Hayku o 3emuie 32: 128-139. DOL:
10.26516/2073-3402.2020.32.128

1545


https://www.doi.org/10.21782/GIPR0206-1619-2018-3(74-85)
https://www.doi.org/10.15356/2076-6734-2015-3-55-66
https://www.doi.org/10.31857/S2076673422040152
https://www.doi.org/10.22389/0016-7126-2018-938-8-60-64
https://www.doi.org/10.26516/2073-3402.2020.32.128

Limnology and Freshwater Biology 2024 (6): 1546-1562 DOI:10.31951/2658-3518-2024-A-6-1546

Original Article

LIMNOLOGY
FRESHWATER
BIOLOGY

M

Investigation of applicability of different
approaches to calculation of geostrophic
currents on the example of under-ice
eddies forming ice rings on Lake Baikal

Aslamov I.A.**", Zhdanov A.A.'", Granin N.G.!", Blinov V.V.1",
Zyryanov D.V.% Gnatovsky R.Yu.!

 Limnological Institute Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia
2 Water Problems Institute, Russian Academy of Sciences, Gubkina Str., 3, Moscow, 119333, Russia

ABSTRACT. This study examines the spatial distribution of horizontal currents within under-ice anticy-
clonic eddies that lead to the formation of ring structures on the spring ice of Lake Baikal. Horizontal
geostrophic current fields were calculated using the dynamic method, with a focus on comparing vari-
ous approaches to determining water density, including a package specifically adapted for Baikal con-
ditions, TEOS-10. Measured water temperature and conductivity data from the 2009 ring structure
area served as the primary dataset, while reference data comprised velocity and direction profiles from
a similar 2020 eddy, measured for the first time. Comparisons revealed that outdated methods, such
as the Krotova method or the Chen-Millero equation, result in significant discrepancies from actual
measurements, whereas the adapted TEOS-10 package shows the best agreement. Overall, the dynamic
approach proved effective and can be successfully applied to study current fields in Lake Baikal. The
research also identified and described several characteristic features of current structures within the
examined under-ice circulations for the first time.
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1. Introduction from these observations were summarized in studies

by V.M. Sokolnikov, A.A. Ainbund, V.I. Verbolov, and

Lake Baikal is the world’s largest freshwater lake others (Sokolnikov, 1960; Ainbund, 1973; Currents in

and is renowned for its exceptional water purity and
unique properties, which are shaped by its formation
conditions and the life processes of its flora and fauna.
The ecosystem of the lake is largely depended on the
dynamics of its water masses. Water movement and
turbulent exchange affect energy distribution, thermal
regime, the transport of nutrients and pollutants, the
spatial distribution of phytoplankton and zooplankton,
and oxygenation of the deep waters. Therefore, under-
standing these hydrodynamic processes is essential for
studying the functioning of Baikal’s ecosystem.
Extensive data on Baikal’s currents were collected
during the 1960s and 1970s using direct measurements
at buoy stations with various types of current meters.
However, these measurements had significant limita-
tions, such as high start-up thresholds that prevented
measurements of velocities below 2 cm/s. The findings
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Baikal, 1977). More recent studies (Granin et al., 1991;
Granin et al., 1999; Zhdanov et al., 2001) revealed
insights into current intensification zones, deep water
renewal processes, and the generation of under-ice
currents. These studies required substantial material
investments, including costly equipment as well as
installation and removal work at the buoy stations.
While feasible during the Soviet era, such large-scale
projects became financially unavailable in the early
1990s, resulting in a decline in similar research activ-
ities at the Limnological Institute over the past three
decades. The first modern current meter was only
acquired by the institute in the late 2010s.

Given the lack of advanced instrumentation,
alternative approaches were employed for current
measurements, such as the deployment of free-floating
drifters (Zhdanov et al., 2014). Direct measurements of

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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relatively low velocities in Lake Baikal from a research
vessel during the summer also presented challenges,
requiring precise correction for vessel movement and
its exact orientation in space. Since drift of the vessel
typically exceeds current velocities by a factor of ten
or more, even minor errors in determining the posi-
tion or velocity of the ship can significantly distort the
measured currents. As a result, currents in Lake Baikal
have been studied mainly in recent years during winter
from the ice cover (Aslamov et al., 2017; Zhdanov et
al., 2017; Kirillin et al., 2020).

The need for spatial data on currents in Lake
Baikal, without the use of expensive electromagnetic or
Doppler current meters, has grown significantly. A via-
ble alternative is the calculation of geostrophic currents
using the balance between horizontal pressure gradi-
ents and Coriolis force resulting from the rotation of the
Earth. For Lake Baikal, the first work on geostrophic
currents were conducted by V. A. Krotova (1970) in
the late 1960s and early 1970s. The study calculated
current velocities for the upper layer utilizing water
temperature data from deep thermometers and apply-
ing a dynamic method to estimate currents. However,
this approach saw limited application thereafter, with
a notable exception being the work of Shimaraev and
Troitskaya (2005).

The advantage of the geostrophic methodology
lies in its capacity to calculate current directions and
velocities solely from the spatial distribution of water
density. Accurate water density calculations, in turn,
require measurements of key parameters influencing
density: temperature, salinity (for fresh water — min-
eralization) and pressure, and calculate the desired
density from the equation of state of water. Modern
oceanographic CTD probes (such as SBE-25 and simi-
lar instruments) can measure hydrophysical parameters
with high accuracy. The question remains in finding
the relationship between the electrical conductivity
measured by the probe and the water mineralization,
which depends on the chemical composition of a par-
ticular body of water, and in selecting the equation of
water state itself, suitable for describing the waters of
the lake under study.

In the late 1970s and early 1980s, Chen and
Millero published a series of studies on seawater den-
sity (Chen and Millero, 1978). Their findings were
summarized in the first International Equation of State
of Seawater (EOS-80) in 1980. Based on EOS-80, a
set of algorithms developed by Fofonoff and Millard
in 1983 allowed for the calculation of various funda-
mental thermodynamic properties of seawater, such
as sound speed, thermal expansion, compressibility,
and dynamic viscosity. However, both EOS-80 and the
UNESCO-1983 equations used practical salinity, which
limited their accuracy for non-standard conditions and
prevented their application to fresh water bodies.

It was not until 1986 that Chen and Millero (1986)
adapted the seawater equation of state for freshwater.
Unfortunately, the use of this equation for low miner-
alized waters and deep depths in Lake Baikal resulted
in large disagreements between theoretical data and
in-situ measurements. To adapt the equation to Baikal’s
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conditions, the staff at the Laboratory of Hydrology and
Hydrophysics at LIN SB RAS with Swiss colleagues from
EAWAG conducted special experiments to determine
the relationship between electrical conductivity, pres-
sure, and temperature in Lake Baikal (Hohman et al.,
1997; Blinov et al., 2006). These experiments helped to
minimize the disagreement between theory and obser-
vation. Additionally, limnologists working on other res-
ervoirs had raised questions about the suitability of the
Chen-Millero equation in certain situations as early as
the 1980s.

In order to address the numerous discrepan-
cies in the Chen-Millero equation and to achieve
broader data coverage for the global ocean, SCOR
(Scientific Committee on Oceanic Research) and IAPSO
(International Association for the Physical Sciences of
the Oceans) established the Working Group (WG 127)
in 2005 on Thermodynamics and Equation of State of
Seawater. The results of the international project TEOS-
10 (IOC, SCOR and IAPSO, 2010) were published five
years later in 2010, comprising a set of programs for
calculating the thermodynamic properties of water.
The new standard marked a qualitative leap forward
based on fundamental physics: a complete inter-con-
sistency of all thermodynamic parameters of water was
ensured by using the free energy equation, the basis of
which is the Gibbs potential (Wagner and Prub, 2002;
Feistel, 2003; Feistel, 2008). In addition, the different
aggregate states: water, ice and humid air are described
as a single thermodynamic system in TEOS-10. These
advancements, along with the transition from practical
salinity to absolute salinity, ensured the applicability of
the new standard to low-salinity water bodies.

When trying to apply TEOS-10 for calculate the
geostrophic currents of Lake Baikal, it became clear
that, as in the case of the Chen-Millero equation, there
are discrepancies in the density calculation, and the
TEOS-10 model also requires regional adaptation. The
study is therefore aimed comparing different methods
of geostrophic currents calculations (with different
density calculation algorithms) for Lake Baikal and
to correlate the calculation results with the available
experimental data.

2. Materials and methods

Initial data

To compare different methods of calculating
geostrophic currents, winter data on the distribu-
tion of hydrophysical characteristics measured under
snow-covered ice can be considered the most perspec-
tive. At this time, the influence of external destabilizing
factors is minimal: there is no tangential wind stress
and, consequently, no drift currents and wave activ-
ity. The ice cover thermally insulates the water masses
from air temperature fluctuations. Consequently, data
from a two CTD transects performed on April 7, 2009,
across the ice ring structure detected in Southern Baikal
(Granin et al., 2015; 2018), were selected as the pri-
mary dataset (Fig. 1A). Since the laboratory did not
have current meters as of 2009, detailed data obtained
on a similar ring structure that appeared in the same
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area in 2020 were used as reference currents to verify
the calculations.

Measurements in 2020 were conducted on April
4-5, prior to the appearance of the ring structure on
April 16. Without a visual reference, an expanded sta-
tion grid was performed along the same transects as in
2009, as a result they have passed almost tangentially
to the ring (Fig. 1B).

In 2009, measurements were taken using an SBE-
19plus CTD probe, providing profiles of temperature
(accuracy *0.002°C) and water conductivity (= 0.0003
S/m). These data were used to calculate the total con-
centration of major water ions (hereafter referred to as
mineralization) following the method proposed by R.
Hohman et al. (1997) and adapted for Baikal conditions
by Blinov et al. (2006). Data for the upper 100-meter
water layer were averaged over 5-meter intervals, as
shown in Fig. 2.

In 2020, measurements of current velocities
were made with the JFE INFINITY-EM AEM-USB elec-
tromagnetic meter (JFE) with a velocity resolution of
0.02 cm/s and a direction resolution of 0.01°. Since the
JFE is not equipped with a pressure sensor, a special
suspension system with a stabilizing wing was con-
structed to prevent the current meter from rotating
around its axis and equipped with a temperature and
pressure meter RBRDuo?T.D to record the depth of cur-
rent measurements.

Calculation methods

To calculate geostrophic currents, we used a
dynamic method, which determines the gradient of
dynamic height between stations along a transect, as
detailed by Fomin (1964). This method has been suc-
cessfully used in lake studies during the under-ice
period, as shown in the works of Rizk et al. (2014) and
Palshin et al. (2017). It involves determining the gra-
dient of dynamic height between two vertical stations.
The component of current velocity normal to the direc-
tion of transect is calculated using the balance between
the horizontal pressure gradient and Coriolis force:

1 6P,
dy

U = , (D)

z

Po

103°54 103°54' 103°57"

where: f — Coriolis parameter, u_— current velocity com-
ponent at depth z, P, — pressure at depth z, p, — aver-
age water density, dy — horizontal distance between
stations. The pressure for each station was found by

vertically integrating the expression:

P = [ pgdz, @
20
where: p — water density, g — acceleration of free fall, z
— depth. Integration was carried out from bottom to top
from the initial depth z, to the depth z. Then, after sub-
stituting the integrated pressure difference for a pair
of stations into equation (1), the transverse velocity
between stations was found as:

p ()f zg dy
where C is the integration constant, which was assumed
to be equal to zero based on the fact that we consider a
stationary eddy located in the center of the lake, away
from the coastal currents, and, accordingly, the mean
flow through its cross section is equal to zero. The
assumption of zero equality of velocities at the initial
depth z, was also adopted.

The described method is valid provided that the
geostrophic balance is observed, and, therefore, the fol-
lowing conditions must be met (Gill, 1982):

1. the lake width must exceed the Rossby deforma-
tion radius (R_ )

2. the Rossby number (Ro=u/Lf, where u and L are
characteristic scales of current velocity and lake
size) should be much less than 1

+C,(3)

rad

frictional forces should not affect the geostrophic
equilibrium, so the currents should be considered
outside the Ekman boundary layers.

In previous studies of ring structures on the ice
of Lake Baikal (Granin et al., 2015; 2018), it was shown
that the radius of the ice rings is comparable to the
Rossby baroclinic deformation radius, whose estimates
range from 1400 to 2300 m, and is much smaller than
the horizontal dimensions of Lake Baikal. The estimate
of the Ro number for the under-ice currents of Lake

A\ 10297 il ]

& (10345

Fig.1. Light-corrected satellite images and schemes of cross-sectional transects station locations in the area of ring structures

on the lake ice in South Baikal:

A -19.04.2009 (MODIS, Aqua https://ladsweb.modaps.eosdis.nasa.gov/ — accessed 01.12.2024);

B - 15.04.2020 (Sentinel-2 L1C https://dataspace.copernicus.eu/ — accessed 01.12.2024).
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Fig.2. Spatial distribution of water temperature (A,B) and mineralization (C,D) under the ring structure on two cross-sec-
tions, 07.04.2009.

Baikal (1-10 cm/s) is of the order of 102 and, accord-
ingly, the Ro < < 1 condition is realized. Previous field
studies of currents in Lake Baikal, both in the back-
ground areas and in places of their intensification,
have shown that the boundary layer in which velocities
decrease and currents turning occurs is located in the
first meters (1-3 m) from the ice (Zhdanov et al., 2017;
Kirillin et al., 2020), and, therefore, the influence of
friction at greater depths can be neglected. Considering
all of the above, it can be stated that the field of cur-
rents under the ice of the ring structures of Lake Baikal
is in a geostrophic balance, and the use of a dynamic
method for calculating their velocity is justified.

Using the described dynamic method, geos-
trophic currents were calculated by four different
approaches to calculating water density:

1. The density was calculated according to V.A.
Krotova (1970), using the average mineralization
of Baikal water. For more accurate determination
of densities, the values from the specific volume
table given in the paper were approximated by
parabolas for each horizon.

2. According to the equation of state for fresh water
(up to 0.6 g/kg) obtained by Chen and Millero
(1986).

3. Using the original TEOS-10 software package,
which uses the calculation of various thermody-
namic parameters of the water state from the Gibbs
function and its derivatives.

4. With TEOS-10 (IOC, SCOR and IAPSO, 2010),
adapted for Baikal conditions.
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The work done on regional adaptation of TEOS-
10 algorithms consisted of the following. The use of
standard S_ mineralization was changed from marine
(35.16504 g/kg) to average Baikal mineralization
(0.0965 g/kg). In this connection, the value of specific
heat capacity was changed to the corresponding for this
mineralization 4217.42 J/(kg K). The last one serves
as a proportionality coefficient in the transition from
potential enthalpy and conservative temperature. The
standard atmospheric pressure was also changed to be
appropriate for an altitude of 456 m above sea level
(the water surface altitude of Lake Baikal). In addition,
in the adapted TEOS-10 we use the calculation of vari-
ous thermodynamic parameters directly from the Gibbs
function and its derivatives, while the original version
uses 75-degree polynomials to reduce the calculation
time.

3. Results and discussion

By using four different water density methods,
geostrophic current velocities were calculated on two
cross sections through the 2009 ring structure (Fig. 1).
The east-west cross-section, featuring a greater number
of stations, was analyzed in detail, with results displayed
in Fig. 3. It is clear that the geostrophic currents cal-
culated using the first two methods differ significantly
from those obtained using TEOS-10. This applies not
only to the values of current velocities, but also to the
directions. Thus, according to the Krotova method (Fig.
3A), both cyclonic circulation in the upper 20-meter
layer with current velocities up to 4 cm/s and counter-
current in deeper layers with velocities up to 3 cm/s are
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Fig.3. Spatial distribution of current velocities on the section through the ring structure from west to east, calculated by
different methods: A — by Krotova, B — by Chen-Millero, C — by original TEOS-10, D — by TEOS-10 adapted for Baikal. Negative
currents are directed to the South, positive currents to the North.

observed. For TEOS-10, as for Chen-Millero the general
character of the current distribution is different.

In Fig. 3B-D, we obtained an anticyclonic cir-
culation in the entire 100-meter layer without count-
er-currents in the near-surface layer. The currents
deeper than 40 meters calculated by Chen-Millero and
Krotova are generally close in amplitude. In contrast,
methods based on TEOS-10 show a significant enhance-
ment of currents (up to 5 cm/s) in the thermocline zone
(Fig. 3C,D) located at the periphery of the ring at 30-50
metres depth (Fig. 2). The peculiarity of the calculation
using the Chen-Millero equation was that there was no
decrease in the velocity of currents when approaching
the surface (Fig. 3B), in contrast to the calculations
using TEOS-10. The general trend for all methods indi-
cated a decrease in currents as we approach the 100-
meter depth due to the assumption of zero currents
at the lower limit of integration (see Materials and
Methods section).

The differences between the methods based on
TEOS-10 are outwardly slightly noticeable. The char-
acter of the distribution of current directions at the
stations generally coincides, but there are small differ-
ences in current velocities. In 75% of cases, the devi-
ations between the methods do not exceed 0.1 cm/s
(Fig. 4), but in 20% of cases they can reach 0.3 cm/s
and higher, which can be already significant for winter
currents.

To make a detailed comparison of the calculated
geostrophic current velocities in the eddy under the
ice in 2009 with the actually measured currents in the
similar eddy in 2020, vertical profiles of currents were
constructed for two contrasting regions (Fig. 5.):

1. at the maximum of the currents between stations
4kW and 3kW, i.e. ~3.5 km from the center of the
ring structure
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2. outside the ring structure, between stations 7kW
and 4kW, i.e. ~5.5 km from the center of the ring

The 2020 stations were chosen, respectively, at
similar distances from the center of the ring, and the
current moduli were calculated for them.

Analysis and comparison of calculated and mea-
sured current velocities showed that circulation in the
area of the ice rings is anticyclonic, i.e. the currents
rotate clockwise, which confirms the previous results of
measurements (Granin et al., 2018) and mathematical
modeling (Granin et al., 2015). The calculated current
velocities using the TEOS-10 software package showed
the best agreement with the measured data, both in
terms of distribution and absolute values: the maximum
velocities of the measured currents were 6 cm/s, the cal-
culated ones — 5 cm/s, while according to the modeling
results the range of maximum velocities was 5-7 cm/s

0.4

s S
(%} (X

Frequency

=
—

1 1 1 1
04 -0.2 0 0.2 0.4

Velocity difference, cm/s

Fig.4. Probability distribution of the difference in calcu-
lated current velocities between the original TEOS-10 and the
adapted one for Lake Baikal.
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(Granin et al., 2015). Out-of-date equations of state of
water have been shown to be untenable. The maximum
current velocities calculated with their application are
twice underestimated compared to measurements. In
the case of Krotova’s method, the currents even change
their direction to the opposite, which is not confirmed
either by experiments or theoretical estimates. The ten-
dency of currents velocity decrease when approaching
the surface was observed at most stations, although it
was less pronounced compared to the results obtained
using the dynamic method. The underestimated current
velocities at a depth of 80 meters, relative to measured
values, are attributed to the 100-meter depth limit of
the integration.

By transitioning to a rectangular coordinate
system centered on the ice rings, the current fields of

= 2009 (5m)
= 2009 (40m)

=—> 2020 (2m)
e 2020 (40m)

0 35 7cm/s
—t—+—

under-ice eddy structures from 2009 and 2020 can be
compared visually (Fig. 6). Two depths were chosen for
analysis: under-ice currents at a depth of 2-5 meters
and maximum currents at a depth of 40 meters. The
analysis shows that, despite the diameter of the 2020
ring (~4 km) being nearly 1.5 times smaller than the
2009 ring (> 6 km), the spatial structure of the currents
is similar. It is worth noting some of the identified fea-
tures. In general, the currents in 2020 were higher than
in 2009. The maxima of the under-ice currents occur in
the area of the ice ring itself (which leads to its accel-
erated melting and appearance on satellite images). In
the same area, the currents at a depth of 40 meters can
reach the equal magnitude as the under-ice currents.
But the maximum currents develop beyond the bound-
ary of the thawed area, forming a deep under-ice eddy
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Fig.6. Current field in the region of ice rings formation in 2009 and 2020, combined relative to their centers, based on data
of field observations and calculation by the dynamic method. The grid spacing is 500 m.
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of larger diameter, which is confirmed by both mea-
surements (Fig. 6) and calculations (Fig. 3D).

The detailed study of the formation and develop-
ment of the 2020 ring, based on the analysis of satel-
lite imagery and meteorological conditions in Southern
Baikal, was carried out by Kouraev et al. (2021). The
observed difference in the diameter of ice structures
can be explained by the fact that, in 2020, the eddy
did not have enough time to influence the ice surface.
High daytime air temperatures, liquid precipitation,
and strong wind gusts led to the rapid destruction of
ice in the ring area. By tracking the drift of ice field
fragments, Kouraev and co-authors (2021) estimated
the current speeds in the eddy to be 7 cm/s, which cor-
responds well with the measurements obtained in this
study and indicates the long-term stability of the eddy
structure, as the currents remained unchanged over
three weeks. This stability raises questions about pos-
sible energy sources that sustain circular currents for
extended periods. Moreover, such anticyclonic currents
act like pumps, continuously lifting biogen-rich deep
water, thereby can enhance the spring phytoplankton
productivity in the region of its formation. The presence
of under-ice water with higher temperatures and lower
mineralization (Fig. 2) further supports the notion of
deep-water upwelling at the eddy center.

4. Conclusions

For the first time, using distributed data on
the spatial variability of under-ice water temperature
and mineralization in the area of the Lake Baikal ring
structure, geostrophic currents were calculated using
the dynamic method with different equations of state
of water. A series of vertical profiles of velocity and
direction of currents, first measured in-situ in a simi-
lar eddy in 2020 to depths of more than 100 meters,
were used as a reference. A comparison of different
methods for calculating water density showed that out-
dated approaches, such as the Krotova method and the
Chen-Millero equation, do not provide sufficient accu-
racy in determining specific volumes, leading to signifi-
cant discrepancies between the calculated currents and
in-situ data. In contrast, the TEOS-10 software package,
adapted for Lake Baikal, demonstrated the highest cal-
culation accuracy, reproducing both the vertical distri-
bution of currents and their velocities.

The study of the spatial structure of under-ice
eddies in 2009 and 2020 revealed their similarities
despite differences in the diameters of the formed ice
rings. The maximum velocities of under-ice currents cal-
culated by TEOS-10, which reached 6 cm/s, are in good
agreement with both in-situ observations and model-
ling results of previous researchers. It was established
that circulation in the ice ring areas has an anticyclonic
character and extends to depths of at least 100 meters,
with maximum current speeds developing near the
thermocline, which in both cases was located at depths
of 40-50 meters. It was also shown that the maximum
current velocities develop beyond the boundary of the
melted ice ring area, forming a deeper under-ice eddy
of larger diameter.
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This work is important for deepening the under-
standing of hydrodynamic processes occurring in Lake
Baikal, as well as for the development of currents mon-
itoring methods.
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UccrhnepoBaHMe NPUMEHHUMOCTH Pa3AHUYHbBIX
NOAXOAOB K pacueTty reocTpoduuyeckKmux
Te4YeHUH Ha NpUMepe NOANEAHDBIX BUXPEWN,
dopMUpyIOLLHUX AeAOBbIe KOAbLEBble
CTPYKTYpbI o3epa bankan

AcmamoB N.A.'*", dKmanoB A.A.'", I'panun H.I'.'", BaiuHoB B.B.1",
3eipsHoB [.B.%, 'natoBckuii P.1O.!

T TumHostoeuyeckuti uHcmumym Cubupckozo omdesteHus Poccutickoti akademuu Hayk, ys. YaaH-Bamopckas, 3, Hpkymck, 664033,
Poccua
2 HHcmumym 800Hbix npobsiem Poccutickoii akademuu Hayk, Y. I'ybkuxa, 3, Mockea, 119333, Poccusa

AHHOTAIIHS. Pa6oTta nocesiieHa 1ccjieJOBaHUI0 MPOCTPAHCTBEHHOI'O pacipe/iesieHus TOPU30HTaJIb-
HBIX T€YeHU! B NOMJIEAHBIX aHTUIMKJIOHNYECKUX BUXPAX, IPUBOAAIINX K (POPMHPOBAHUIO KOJIbI[EBBIX
CTPYKTYyp Ha BeceHHeM JibJly o3epa balikas. 'opr3oHTaIbHEIe 10JI1 FeoCTpo(PrIecKrx TeueHUH paccuu-
THIBAJIUCh C IIpMMeHeHHeM AMHAMUYecKOro MeTOo[a, IpX 3TOM OCHOBHOE BHUMAaHUe yAessjioch Cpas-
HEHUIO Pa3/IMYHbIX IOAXOA0B K pacyéTy IIJIOTHOCTH BOABI, BKJII0YasA CIel[MalbHO afalTHUPOBAHHBIN U1
ycsioBuli Batikana nmaker mporpamM TEOS-10. B kauecTBe MCXOAHBIX JaHHBIX HCIIOJIb30BAJINCh M3Me-
peHHble TeMIlepaTyphl U 3JIEKTPOIPOBOLHOCTU BOABI B paiioHe KoJjblleBou cTpykTypsl 2009 roga. A B
KayecTBe pedepeHTHBIX — cepuu npodusiell CKOpoCcTU 1 HallpaBjieHus TeYeHU B aHaJIOTMYHOM BHUXpe
2020 roga, n3aMepeHHbIe BIepBeie. [IpoBeieHHBIe CpaBHEHUA MOKa3ajy, YTO MCIOJIb30BaHUE yCTapeB-
X METOJ0B, TaKuX kak MeTod KpoToBoii niu ypaBHeHue YeHa-Muiepo NpUBOAUT K 3HAUUTEJIbHBIM
pacxoXIeHUsIM C peajbHbIMU M3MePEHUsAMHU, TOT[ja Kak afanTupoBaHHbi nakeT TEOS-10 gemMoHCTpU-
pyeT HauJlyulllee corjiacoBaHue. B mesioM, AuHaMHUYeCKUI OAXOJ OKa3ajCsA COCTOATEJIbHBIM U MOXET
YCIeIIHO IPUMEeHAThCA AJIA U3y4YeHUs NoJleli TeyeHN B o3epe balikas. B xoie npoBei€HHBIX UCCIEAO-
BaHUI BIIEpBBIE BBIABJIEH U OMMCAH PAJl XapaKTePHBIX 0COOEHHOCTEN CTPYKTYPHl TeUEHUHN B UCCIIEN0-
BAHHBIX NMOJJIEAHBIX HUPKYJIALIUAX.

Kitiouegsie citoga: siefoBble KOJblia, reocTpodrueckrie TeueHNs, aHTUIUKJIOHUYECKUU BUXPb, yPaBHEHUA
cocTosHMA Bofbl, batikan

Jia nutupoBanusa: Acinamo U.A., XXganos A.A., I'panun H.T'., Biiuxos B.B., 3sipanos [1.B., 'HaToBckuii P.10. Mccnenosanue
[IPUMEHUMOCTH Pa3/IMYHBIX IOAXOJOB K pacyeTy reocTpoduueckux TeyeHW!I Ha IpuMepe MNOANENHBIX BUXpel, GopMupy-
IOLMX JIeJIOBbIe KOJIbIIEBBIE CTPYKTYpPHI o3epa Baiikan // Limnology and Freshwater Biology. 2024. - Ne 6. - C. 1546-1562.
DOI: 10.31951/2658-3518-2024-A-6-1546

1. BBeAeH"e " MPpUAOHHBIX CJIOEB BOABI 1 MHOTMIE APYyTIUE ABJICHUA

B XM3HMU o3epa. [losToMy ucciegoBaHue TMAPOAMHA-
MHUYEeCKHX IPOLIECCOB fABJIAETCA OJHOU M3 BaXHEWIINX
3afjay [Uig NOHMMaHUA (PYHKIMOHMPOBAHUA BSKOCU-
creMb! baiikasa.

Boubiioit 06beM JaHHBIX IO TeYeHUsAM 03epa ObLIT
nojiyyeH B 60-70-X rogax NpOLLIOrO CTOJIETUA IyTeM
HemnocpeACTBEeHHbIX HaOJIoeHnil Ha OYyMKOBBIX CTaH-

Batikan - KpymnHellee MPeCHOBOAHOE O03€EpPO
Mupa. Pemkas 4mcTOTa U HUCKJIIOYUTENIBHBIE CBOMCTBA
6alikaIbCKOM BOJIbI OTIPEIESIAIOTCA YCI0BUAMU ee Gop-
MUPOBaHUS, a TaKXe XU3HEeAesTEJIbHOCTBIO XXUBOT-
HOTO U PacTUTEJIBHOr0 Mupa o3epa. JKu3Hp o3epa BO
MHOT'OM 3aBHCUT OT JUHAMUKN BOOHBIX Macc Barikara.

[TepemerlrieHuie BoJ U TypOyJIEHTHBI OOMeEH BJIUSAET Ha
pacripefiejieHrie SHepruy B BOAHOMU TOJIIIIe, ee TepMuye-
CKUI pexXuM, IlepeHoc O1OreHHbIX 2JIeMEeHTOB U 3arpss-
HeHUl, NPOCTpPaHCTBEHHOe paclpefeyeHue GUTO- U
300IUTAaHKTOHA, oboraijeHre KUCJIOPOAOM TIIyOMHHBIX
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A1i6ynna, B.U. Bep6onosa u fp. (CokoabHUKOB, 1960;
Antubyna, 1973; Teuenus B Batikarne, 1977). bousee
no3gHue pabotsl (I'paHuH u ap., 1991, I'panuH u ap.,
1999; XnauoB u Ap., 2001) mo3BOJUIIU NMOHATH, YTO
IIPOMCXOAUT B 30HaX MHTeHCHU(]UKAIMU TedeHUM, Kak
MIPOMCXOAAT MPOollecChl 0OHOBJIEHUA ITyOWHHBIX BOA, a
TakXe reHepanus Te4eHU! MOAO0 JIbAOM o3epa. Takue
paboThl noTpeboBajy OrPOMHOrO BKJIafa MaTepHalib-
HBIX PeCypCcOB KaK Ha IOKYINKY JOPOrocToAIero ooopy-
JI0BaHus, TaK U Ha NPOU3BOACTBO paboT IO yCTaHOBKE
u cHATHo BC. B coBeTckuil mepuoj ocyliecTBjeHUe
TaKUX KOJIOCCAJIBHBIX IIPOEKTOB OBLJIO [IOCTYIHO,
oaHaKo ¢ Hauasia 1990-X ro1oB 3T BO3MOXHOCTH ObLIU
yTpayeHHl, IJIaBHBIM 00pa3oM IO (UHAHCOBBIM IIPH-
yiHaM. B cBA3M ¢ yeMm, B MocJjiefHUE TPU AecATKa JieT
MoJI0O0HBIX MacmTabHBIX paboT B JIMMHOJIOTMYECKOM
WHCTUTYyTe He IpPOBOAWJIOCh. bBoJsiee TOro, nepBBIi
COBpPeMeHHBII U3MepHuTesb TeUeHUs B UHCTUTYTe I0s-
BUWJICA JIUIIB BO BTOPOH moJsioBuHe 2010-bIX TOJI0B.

OTtcyTcTBUe nmpuUOOPHOIN 6a3el TpebOBao NpU-
MeHeHUs JpPYTUX NOAXOJ0B K U3MepeHHUI0 TeueHUM, B
YaCTHOCTHU pa3pabOTKU U U3rOTOBJIEHNUA CBOOOIHO ILjIa-
atomux napudrtepoB (KmaHos u ap., 2014). IIpsameie
’)Ke M3MepeHUs CPaBHUTEJIBHO HeOOJIBLINX CKOpOCTel
TedeHUI B o3epe balikas B JIeTHUI1 IepUO[ CBSI3aHHBI CO
3HAYMTEJIbHEIMUA TPYOHOCTAMHU, M3-3a HeOOXOAUMOCTH
yuéTa ABHXXEHMA CyJHa U ero TOYHOM OpHeHTalu{ B
IIPOCTPAHCTBE C OYeHb BBHICOKOM TOYHOCTHIO. B cBsA3M ¢
TeM, 4TO Apeld cyAHa, KaKk IpaBUJIO, HA MOPAAOK U
6oJiee MpeBhIlIaeT CKOPOCTU TeUeHNs, TO Aaxe HeOOoJIb-
mye OMKOKY B ONpeJieJIeHUHU ero MoJIOXKEeHUA WK CKO-
POCTH CIIOCOOHBI KapAWHAJIBHO MCKAa3UTh PacCUYUTHI-
BaeMble TeueHUs. [IoaToMy TedeHuA B o3epe bBaiikana B
nocjeqHHe rofAbl UccaefoBaJd B OCHOBHOM B 3MMHUM
nepuoj co JibAa o3epa (Acmamos u ap., 2017; XaaHos
u ap., 2017; Kirillin et al., 2020).

HeynuBurenbHO, YTO B HacTosllee BpeMA
HabJi0jaeTcs 3HaUUTe IbHBIM POCT HHTepeca K [ojIyye-
HUIO IPOCTPAHCTBEHHBIX JaHHBIX O TeYeHUSX B 03epe
Batikan 6e3 mpuMeHeHUs OOPOTOCTOSAIIENl CeTU 3JIeK-
TPOMarHUTHBIX WJIM [JONIUIEPOBCKUX H3MepuUTesei
TedyeHUH. Takyi0o BO3MOXHOCTb IIpefOCTaBJIAET pac-
yeT reocTpodUUeCcKuX TeuyeHUl, olpefesisseMbIX U3
ycoBuA reocrpoduyeckoro 0ajaHca MeXAy FOpHU30H-
TaJbHBIM I'paAlieHTOM JaBJjieHus U cuiioil Kopuonmuca,
BO3HUKAIOIIE B cJle[CTBHe BpamleHus 3eMuu. [iA
Batikasa nepBble paGoTH 1O reocTpoPUUECKUM Teue-
HUAM IpoBefeHBl B KoHLe 60-x Havyasne 70-x rogos B.
A. Kporosoii (1970). OHa no AaHHBIM O TeMIlepaType
BOJIbl, ITOJIy4YeHHO! IJIyOOKOBOAHBIMM TepMOMeTpaMu
u TepmoOarurpadamy, ¢ IpuUMeHeHHeM AuUHaMuye-
CKOTO MeTOojla paccuuTaja CKOPOCTU TedeHUs .AJid
BepxHero cJjiog o3epa. B manbHelimem AUHaMWYeCKUI
MeTOo[ NMpaKTUYeCKU He MCHoJib3oBasica AiA balikaia,
3a uckiodeHueM pabotel (IllumapaeB u Tpourkas,
2005).

[IpenMy1iecTBO paccMaTpUBaeMoOy MeTOIUKU
3aKjroyaeTcs B TOM, YTO OHA IIO3BOJIAET BBIYKCJIMTH
HalpaBJIeHUA U CKOPOCTU TeUeHUH, UCIOJIb3ys JIMIIb
IIPOCTPAHCTBEHHOE paclipefiesieHue IJIOTHOCTH BOJBL
JliiA TouyHOro pacuera IIJIOTHOCTH BOZABI, B CBOIO Oye-
pelb HeoOXOAMMO H3MepUTh KJII0UeBble MapaMeTpHl,
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KOTOphble Ha Heé BJIMAIOT: TeMIlepaTypy, MUHepau3a-
I[MI0 U JaBJjieHWe, U pacCuuTaTh MCKOMYIO ILIOTHOCTh
13 ypaBHEHHUs COCTOSHUA BoJbl. COBpeMeHHbIe OKeaHo-
rpaduueckue CTD 30Hab! (Tuna SBE-25 u aHasioruyHbie
IpuOOpHl) NO3BOJIAIOT H3MepATh TruapodUusnYecKue
IapaMeTpHl C BBICOKOM TOYHOCTBIO. Bompoc ocraércs B
HaXOXJEeHUM CBA3U MeXIy M3MepseMON 30HIOM dJIeK-
TPONPOBOAHOCTBIO U NICKOMOI MUHepaJn3anueil BOOH,
KOTOpas 3aBUCUT OT XMMHYECKOro cOCTaBa TOTO HJIU
HMHOI0 BOJIoeMa, U B BBIOOpe caMOro ypaBHeHHA COCTO-
SIHWA BOABI, OAXOAIIEro JI ONKCAaHUs BOA UCCIedy-
eMoro osepa.

B konie 70-x-Hauasie 80-x XX B. roJioB BHIILJIA
cepus npaktudyeckux pabor YeHa u Mwuiepo (Chen
and Millero, 1978) mo uccieJoBaHUIO IJIOTHOCTU MOP-
ckoii Bofel. [TonmyueHHsle uMu pe3ysibTaThl B 1980 rogy
ObUIM O0O0OIIEeHH B MEPBOM MeEXIYHApOAHOM ypaBHe-
HUU COCTOAHMA Mopckoit Boabl — EOS-80 (Equation of
State of Seawater, 1980). 3atem B 1983 rogy 661 pas-
pabortan Habop anroputmoB UNESCO-1983 (Fofonoff
and Millard, 1983), ocuoBaHHbix Ha EOS-80, mis
pacuera pasjnyHbBIX (QyHAaAMEHTaJIbHBIX TepMOJAWHa-
MHUYECKHX CBOMCTB MOPCKOHI BOZIBI (CKOPOCTbH 3BYKa,
k03¢ UIMEeHTH TepMUYECKOr0 paclIpeHus U CXUMa-
eMOCTH, JUuHaMuueckas BA3KocTh U Ap.). Kak B EOS-
80, tak u B UNESCO-1983 ncnosib3oBaach pakTuye-
CKasA COJIEHOCTh, YTO CHMUXAJIO TOYHOCTb pacyeToB AJiA
HeCcTaHJApTHBIX YCJIOBUM, 1 He MO03BOJIANIO IPUMEHATD
ypaBHeHHe COCTOSHUA K IIPeCHBIM BOJOEMaM.

JIumes B 1986 r. ypaBHeHMe COCTOSTHUS MOPCKOM
BoAbl ObUIO amamTupoBaHo YenoMm u Musmiepo (Chen
and Millero, 1986) muis npecHoi BoAsl. K coxaieHuro,
JUIA c1aboOMIHepaIM30BaHHBIX BOA U 60JIbIINX IJTyOUH
o3epa baiikas rcrosbp30BaHue 3TOr0 ypaBHeHU HaNps-
MyI0 NPUBOAWJIO K OOJIBIINM PacXOXKAeHWAM C JaH-
HBIMU in situ. J{74 aganTtanuy ypaBHeHHUs K YCJIOBUAM
o3epa Baiikaj, mBefiapckumu kossteramu nu3 EAWAG
1 COTpPyJHUKaMH JIabopaTOpuuM I'MAPOJIOTUU U TMIpO-
¢usuxu JIMH CO PAH 6bu11 npoBefieHHl clieliajibHble
JKCIlepUMeHTa/IbHble pabOTHl [0 ONpefesIeHUI0 3aBU-
CHMOCTHU 3JIEKTPONIPOBOAHOCTH OT AaBJIeHUA U TeMIle-
parypsl (Hohman et al., 1997; BaunoB u ap., 2006),
KOTOpBle IO3BOJIMJIM MUHUMH3UPOBATh pacXoxAeHue
TeopeTHYeCKUX M HaTypHBIX JaHHBIX. Kpome Toro, u
Ha JpyTux BojoeMax y JIMMHOJIOIOB-IIPAKTHKOB ellle B
1980-x rogax BO3HUK pAJA BOIPOCOB K IPUMEHUMOCTHU
ypaBHeHHUsA cocToAHuA YeHa-Mussiepo B OTHe/IbHBIX
cITydasx.

[ ycTpaHeHHUsA MHOTOYMCJIEHHBIX HeCTBIKOBOK
B ypaBHeHuMn Yena-Mwusisiepo, a Takxe 6oJiee IIOJIHOTO
oxBaTa JaHHBIX [0 BceMy MuposoMy okeaHy B 2005
roay SCOR (Scientific Committee on Oceanic Research)
u IAPSO (International Association for the Physical
Sciences of the Oceans) yupeguiu pabouyw Tpymnmy
WG 127 no TepMoauHaMUKe U YPaBHEHUIO COCTOSHUA
Mopckoi Boasl. Crycrsa 5 et B 2010 rogy 6su1M omy-
OJIMKOBaHBl pe3yJjbTaThl MeXAYHApOAHOIO IpoeKTa
TEOS-10 (IOC, SCOR and IAPSO, 2010), KoTOpHI€e Tpe-
CTaBJIAIOT cOOO0M MaKeT MporpamMM AJjis pacyeTa TepMO-
JHaMW4eCcKUX CBONCTB BOAHL. B HOBOM cTanAapTe ObLI
Ipou3BeleH KayeCTBEHHBbIN CKA4OK, OCHOBAHHBIM Ha
dynngameHTanibHON ¢pu3nKe: OblsIa obecnieyeHa MOJIHAA
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B3aMIMOCOIJIACOBAHHOCTh BCeX TEPMOJUHAMUYECKUX
rnapaMeTpoB BOJIbI 3a cuUeT KCIOJIb30BaHMsA ypaBHe-
HUsA CBOOOAHON 3HEpPruu, OCHOBOU KOTOPOTO SBJISAETCS
noteHuan I'n66ca (Wagner and Prub, 2002; Feistel,
2003; Feistel, 2008). Kpome TOro, pa3Hble arperatHsie
COCTOSIHMA: BOZA, JIEN W BiaxHbil Bo3gyx B TEOS-
10 omuceBalOTCA KaK eauHas TepMoAuHaMUYecKas
cucreMa. Bcé BrienepeurcieHHOe, BMeCTe C Iepexo-
JOM OT IMpaKTUYeCKON COJIEHOCTU K abCOJIIOTHOH obe-
CIleynJi IPUMEHUMOCTh HOBOTO CTaHAapTa K cjabo-
MUHepaJIM30BaHHBIM BOJOEMaM.

[Tpu nonwiTke npruMeHenusa TEOS-10 nyia pacuera
reoctpoduyeckux TeueHUN o3epa Baiikas BEISACHHUIIOCH,
YTO, KaKk U B cJiyyae c ypaBHeHHeM YeHa-Mwusuiepo,
MPUCYTCTBYIOT HETOYHOCTU B pacyére IJIOTHOCTU, U
naker TEOS-10 Taxxe TpebyeT mpoBefeHUsA peruo-
HaJIbHOM aflamTaiiuu. B ¢BsA3u ¢ 3TuM, Obljla HaMeueHa
LleJlb JaHHON MeToAuuyeckoil paboThl MO CpaBHEHUIO
Pa3HBIX METOJI0B pacueTa reoCcTpodriecKux TeueHUil
(Ipu pa3JIMYHBIX aJITOPUTMaxX pacueTra IJIOTHOCTH) JJIs
o3epa Baiikajs u cOOTHeceHUs pe3yJIbTaTOB PacyeToB C
UMeIOIMMUCS 3KCIIepUMeHTaIbHBIMU JaHHBIMU.

2. MaTepuanbl U MEeTOADI

HcxooHble OaHHble

Jlna cpaBHeHHA pa3HBIX METOJIOB pacueTa reo-
cTpodUuecKUX TedyeHUH, HauboJiee NepCreKTUBHBIMU
MOXHO CYMTaTh 3UMHHE [JaHHBle O paclpejiesieHun
ruapodU3NYecKNX XapaKTepHUCTUK, HM3MepeHHble IOJ
3aCHeXeHHBIM JIbAIOM. B 3TO BpeMsa MUHHUMAaJIbHO BJINA-
HUe BHeIIHUX AecTa0uIN3UpyIomux (pakTopoB: OTCYT-
CTByeT KacaTeJIbHOe HalpsbkeHHe BeTpa U, COOTBeT-
CTBEHHO, Apeli(doBble TeueH!s U BOJHOBasA aKTUBHOCTb.
A 5ef0BBIN IOKPOB TEIJIOU30JIUPyeT BOAHBIE MAacChHl OT
koJsiebaHUI TeMmepaTyphl Bo3ayxa. [losTtomy, B Kaue-
CTBE MCXOJIHBIX JaHHBIX ObLIa BhIOpaHa CceTh CTaHIIMU,
BBIIIOJIHEHHBIX B BUfe Kpecrta 7 ampesnsa 2009 roga B
pailioHe oOHapy>XeHUsA KOJIbLEBOM CTPYKTYPHI Ha JIbIY
o3epa B lOxHowMm Batikane (I'panuH u ap., 2015; 2018)
(Puc. 1A). B Bugy Toro, uto Ha 2009 roa naboparopus
He pacrnoJjiarajia U3MepuTesiAMU TedeHuii, TO B Kaue-
cTBe pedepeHTHBIX TeYeHWH AJiA IIPOBEPKU pacueToB

OBLIY KCIIOJIb30BaHHI ieTajlbHble AaHHbIe, 10JIyYeHHbIe
Ha aHaJIOTUYHOM KOJIBI[€BOI CTPYKType IPOsIBUBIIENCS
B 3TOM Xe paiioHe B 2020 ropay. Tak kak B 2020 rogy
U3MepeHusA IPOBOAWINCH 4-5 ampesid, a KoJjblieBad
CTPYKTypa Ha JIbJly IIpOoABUJIACh JIUIIb 16 ampess, To,
He 1Mes BU3yaJIbHOTO OpPHeHTHpa, pacllipeHHas ceTka
cTaHnu ObljIa IPOJIOXKEHA II0 TeM e pa3pe3aM 4TO U B
2009 rogy. B utore ceueHus NpOLLIN NPaKTUYECKU I10
KacaTeJibHBIM K KoJiblly (Puc. 1B).

H3mepenus Ha craniuax B 2009 rogy nposo-
aurck CTD 3oum0M SBE-19plus, mostyuyeHs! npoduiiu
pacnpefieyieHus: TemnepaTypsl (TouHocts +0,002°C) u
3JIeKTpoInpoBogHOocTU BoAwl (+0,0003 S/mM), mo naH-
HBIM O KOTOPBIX paccuMTaHa CyMMa OCHOBHBIX MOHOB
BOAHI ([ajiee B TeKCTe MUHepaJu3alnua) N0 MeTOAuKe,
npeqyioxeHHoil P. XomaHHOM c¢ coaBTopamu (1997)
U aJlanTUPOBaHHOU Ui ycjoBull batikana B (BiviHOB
u ap., 2006). Vicnonp3oBanuchk HaHHbBIE [1J11 BEPXHETO
100-MeTpoOBOro €JI04 BOABL, yCPeAHEHHEIE 10 5-MeTpo-
BBIM MHTepBaJjaM, IpuBeJieHHble Ha Puc. 2.

B 2020 rogy nmpoBOAMIIMCH W3MEpEeHUA CKOPO-
cTell TeueHUM 3J1eKTpoMarHuTHeIM usMepuresneMm JFE
INFINITY-EM AEM-USB (JFE) c pa3pelieHueM IO CKO-
poctu 0,02 cMm/c, u no HampasieHuto 0,01°. Tak kak
JFE He obopyaoBaH AaTuWKOM JaBjieHus, Oblia M3ro-
TOBJIEHA clieliajibHasA IoJBecHas cucrema co crabu-
JIN3allMOHHBIM KPBUIOM, [JIA WCKJIIOUeHMA BpalleHud
n3MepuTesd BOKPYI CBOeH oOcu, U 00OpyAdoBaHHAas
“3MepUTesieM TeMIepatypsl U faejeHrus RBRDuo?T.D
A GUKcanyuy IJIyOMHBL U3MepeHus Te4eHUH.

Memodut pacuema

JnA pacuera reocTpoduyecKkUx Te4eHUI HaMU
IpUMEHAJICA AWHAMUYecKWil MeTOJZl, OCHOBAaHHBIN
Ha ollpefieJIeHMU IpajueHTa AUHAMHAYECKOH BBICOTHI
MeXJy CTaHLIMUAMU BepTHUKaJIbHOIO pa3pe3a, ONKCaH-
HbIN noApobHO ®omuHbM (1964), 1 UMeBIIUHI yCIell-
HOe IpuUMeHeHHe Ha o3epax B MNOJJIEJHBIN Nepuon
(cm. Hamp. Rizk et al., 2014, anpmuH u gp., 2017).
KomnoHeHTa CKOpPOCTU Te4yeHHs, HOpMaJjbHad K
HanpaBJIeHUI0 BepTUKAJIbHOIO CeueHUs, B 3TOM MeTojie
BHIUMCJIAETCA W3 ycjaoBUA OajiaHca MeXJy TOpHU30H-
TaJIbHBIM I'paJiieHTOM JaBjieHus u cuyioi Kopuosmuca:
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Puc.1. CBETOCKOPPEKTHUPOBAHHEIE CIIyTHUKOBbIE CHUMKY M CXEMBI PACIOJIOXKEHIS CTAHIUE [I0NIEPEYHBIX Pa3pe30B B paiioHe

KOJIBIIEBBIX CTPYKTYP Ha JIpAy o3epa B IOxxHoM Batikaite:

A -19.04.2009 r. (MODIS, Aqua https://ladsweb.modaps.eosdis.nasa.gov/ — nara obpamenus 01.12.2024);

B - 15.04.2020 r. (Sentinel-2 L1C https://dataspace.copernicus.eu/ — ngarta obpamenus 01.12.2024).
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Puc.2. IIpocTpaHCcTBeHHOE pacupejesieHre TemnepaTypsl (A,B) u munepasmzanuu (C,D) BoAbl IO KOJIBIIEBOH CTPYKTYPOH

Ha JIByX IonepevHbIX paspesax, 07.04.2009.

1 OP

- Z

py dy
rae: f - napamerp Kopuosmca, u, — KOMIIOHEHTa CKOPO-
CTU Te€YEHUs Ha ryOuHe z, P — naByieHre Ha TiiyOuHe
2, p, — CPeHAA IJIOTHOCTD BOJbI, dy — FOPU30HTaJIbHOE
paccrosgHue MexAy craHuuaMu. IIpy s3ToM HaBieHue
OJA KaXJoW M3 CTaHUUN HaXOAWJIOCh MyTeM BeEPTU-
KaJIbHOT'O UHTEIPUPOBaHUs BEIpaXeHUs:

u

z

, (1)

z
P.=[pgdz, 2

2o
rge: 0 — IUIOTHOCTb BOZBI, § — YCKOpeHue CBOOOJHOIO
najieHus, z — rayouHa. HTerpupoBaHue NpoBOAUIIOCH
CHU3Y BBEPX OT HAYaJIbHOW TJIyOWHBI Z, A0 TJIyOUHBI
Z. 3aTeM, mocje MOACTaHOBKU MHTErpPUPOBAaHHOMN pas-
HOCTM AaBJIEHWH [JId Mapsl CTaHui B ypaBHeHue (1),
Haxo[uJIach MonepeyHas CKOPOCTh MeXOy CTaHIMAMMU:

:—L a—ga’ZJrC, (3)

Pof Z dy
rae C — MOCTOAHHAA MHTErPUPOBAHUS, IPUHATAS PaB-
HOMH HYJIIO UCXO[ISI U3 TOT'O, YTO MBI pacCMaTpUBaeM CTa-
LIMOHAPHBIN BUXPb, PACIIOJIOXKEHHBIN B IleHTpe 03epa,
BAAJIN OT NMPUOPEXHBIX TeUueHWU!, 1, COOTBETCTBEHHO,
pacxod BOIBI Uepe3 ero IoNepeyHoe CceyeHHe MOXHO
CYNTATh PaBHBIM HYJII0. Takxe GBLJIO IPUHATO AOMIyIIle-
HHUe paBeHCTBAa HYJII0 CKOPOCTEell TeueHHl Ha Hadaslb-
HOU TJIyOuHE 2.

OmnucaHHas MeTOAMKA CIpaBeJiMBa IPU YCJIO-
BUHU COOJIIOJIeHns reocTpoduyeckoro 6anaHca, a, cje-
JI0BaTeJIbHO, JTOJDKHBI BBIIIOJIHATHCA CJIeAYIONINE yCJIO-
Bus (Gill, 1982):

z

z
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IIMpKHA 03€pa A0JDKHA NPEeBBIIIATh paguyc aedop-
manuu Poccou (R );

yuciio Poccou (Ro=u/Lf, rae u u L — xapakTepHbIe
MaciTabbl CKOPOCTU TeYeHUs U pa3MepoB 03epa),
JOJDKHO OBITh MHOTO MeHbllle 1;

CHUJIBI TPEHWA HE OOJIXKHBI OKAa3bIBaTh BJIMAHUA Ha
FeOCTPO(l)I/I‘-IeCKOE paBHOBEecCHE, a, CJIEA0OBATEJIbHO,
HY>XHO pa6OTaTb BHE IIOr'PaHUYHBIX CJIOEB JKMaHa.

B npeppigymux paboTax IO HCCIeJOBaHUIO
KOJIBI[EBBIX CTPYKTYP Ha b1y o3epa batikan (I'panuH u
ap., 2015; 2018) 6sU10 MOKa3aHO, YTO PAJIUYC JIEJOBBIX
KOJIel] CONOCTaBUM ¢ OApPOKJIMHHEIM paguycoM aedop-
Manuu Poccbu, olleHKH KOTOpOTro JiexaT B MHTepBaJjie
1400-2300 M, 1 ropasfgo MeHbIIe TOPHU3OHTAJIBHBIX
pa3MepoB o3epa batikain. Onenka uucia Ro aida nof-
JeHBIX TedeHUl o3epa Barikan (1-10 cm/c) umeer
mopsAnok 102 u, COOTBETCTBEHHO, ycjoBue Ro < < 1
BoIOJIHAeTcA. [lpenapiayiiyie HaTypHBIe HCCJIeIOBa-
HUuA TeyeHUl Ha Dbalikayie, kak B (POHOBBIX parioHax,
TaKk ¥ B MecTaxXx UX MHTeHcudukanuy, nokasasiu, 4To
MOTPAaHUYHBIN CJION, B KOTOPOM MPOUCXOAUT CHIXKEHNE
CKOPOCTH U NOABOPOT TeYeHWIl HaXOAUTCS B NEpPBBIX
Metpax (1-3 m) oto spga (Kmanos u ap., 2017; Kirillin
et al., 2020), a, cyiemoBaTeIbHO, Ha GOJIBIIUX TJIyOU-
Hax BJIMAHNEM TPeHMA MOXHO NpeHeOpeub. YUHThHIBaA
BCE BhIIIellepeyrcIeHHOe, MOXHO KOHCTaTUPOBaTh 4TO
oJjie Te4eHuH MoA0 JIbJOM KOJIbIIEBEIX CTPYKTYP 03epa
Baiikan HaxoauTcsa B reocTpodruecKoOM paBHOBECUU, U
IIpuMeHeHHe JUHaMHUYeCcKoro MeToJa pacieTa X CKo-
POCTH OIpaBJaHoO.
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Puc.3. [IpocTpaHCTBEHHOE paclpejie/ieHre CKOPOCTel TeueHUl Ha pa3pese dyepe3 KOJIbLEBYI0 CTPYKTYpPY C 3amaja Ha BOC-
TOK, PaCCUMTaHHBIX pasHBIMU MeTofgaMu: A — no Kpotosoii, B — no Yeny-Muiiepo, C — o opuruHainbHoMy TEOS-10, D — no
TEOS-10 agantupoBaHHOMY i Baiikana. OTpuljatesbHble TeueHUA HanpasJieHsl Ha IOr, nosoxuTessHble Ha CeBep.

[To omnucaHHOMy JUHAaMHYeCKOMYy MeETOAY
ObUT Npou3BeJileH pacueT reocTpoduueckux TeUeHUH
HCII0JIb3Ys YeThipe PasHBIX IOJXoAa K pacyery IUIOT-
HOCTU BOJIBL:

1. IInoTHOCTL paccuuThHBasiach o B.A. KpoToBoit
(1970), mpu 3TOM HCINOJIb30BaJIaCh CPeqHAA MUHE-
panusauua 6alikanabckoil BoAwl. [[yia Oojiee TOuU-
HOT0 ollpeJiesleHNsA IJIOTHOCTEH, 3HaueHU 13 pu-
BeZleHHOU B paboTe TaOJULBl yAeJbHBIX 00beMOB
OBUIM annpoKCMMHPOBaHB apabosaMu AJA Kax-
JI0TO TOPU30HTA

ITo ypaBHeHUO cocTOosAHUA npecHoun (o0 0.6 r/Kr)
BOJIbI ToJTyueHHOM YenoMm n Mustiepo (1986)

C ucnosib30BaHMEM OpPUTHMHAJIBHOIO NakeTa IIpo-
rpamM TEOS-10 B KOTOPOM UCIIOJIb3yeTCs BBIYMC-
JIeHue pas3jIMyHBIX TepMOJANHaMHYecKux Napame-
TPOB COCTOSIHUSA BOAbl U3 ¢QyHKIuu I'mbdca u eé
IIPOU3BOAHBIX

[To TEOS-10 (IOC, SCOR and IAPSO, 2010),
afanTUpoBaHHOMY HaMMU JJiA ycjaoBui Batikaa.

[IpoBenenHas pabGoTa MO pervuoHajIbHON ajar-
Ttaruu anroputMmos TEOS-10 3aksrogasnach B CJeAyro-
meM. 3aMeHeHO HCIOJIb30BaHWe CTaHAAapTHOH MuHe-
paymzanuu S_ ¢ MOpckou (35,16504 r/Kr) Ha CpeHIoI0
6atikansckymo (0,0965 r/kr). B cBsi3u ¢ aTuM, n3MeHeHa
U BeJINYMHA YJIeJIbHOH TellJIOEMKOCTU Ha COOTBETCTBY-
ome Ay 3Tou MuHepaymzanuu 4217,42 Jix/(xr K).
[NocnegHAa ciIyXUT KO3GPUIIMEHTOM NPONOPLMIOHAIIb-
HOCTHU IIPU Ilepexojie OT MOTeHI[HaIbHOM SHTAJIbINU U
KOHCepBaTHBHOI TeMIlepaTtype. CTaHAapTHOE aTMOC-
dpepHOe pOaBiieHHMe TakXke OBUIO M3MEHEHO Ha COOT-
BETCTBYyIOIee AJIA BBICOTH 456 M HajJ YpOBHEM MOps
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(BpICOTA BOAHON mMOBepXHOCTH o3epa baiikai). Kpome
aToro, B agantuposaHHoM TEOS-10 HaMu MCHOJIb3Y-
eTcsi BBIUMCJIEHHE Pa3jINyHbIX TepMOAUHAMHUYECKUX
IlapaMeTpoB HanpaMyo u3 GyHknuu I'nboca u e€ npo-
WU3BOJHBIX, B TO BpeMs KaKk B OpUTMHAJIBHOW Bepcuy,
C I[eJIbI0 COKpallleHUsA BpeMeHHU BBIUMCIIeHUs, A1 HUX
MIOCTPOEHHI OTAeJIbHBbIE TIOJIMHOMBI 75 CTEeleHuU.

3. Pe3yAabTathbl M 06Ccy)xpeHue

C ucnoJsib30BaHWEM YeThIpeX MeTOAOB olpeserie-
HUA IJIOTHOCTH BOAB! OBLJIM pacCUUTaHbI CKOPOCTH Ieo-
CcTpodHUeCKUX TeYeHU! Ha JIByX IIONIepeyHbIX pa3pe3ax
yepe3 KoJiblleByI0 cTpyKTypy 2009 roga (Puc. 1). Tak
Kak paspe3 ¢ 3amnajia Ha BOCTOK OBbLI ITpeficTaBjieH 00JIb-
1M KOJIMYECTBOM CTAaHIMN, OCTAaHOBUMCS NOAPOOHee
Ha [I0JTy4YeHHBIX Ha HEM pe3yJIbTaToB, IpeiCTaBJIeHHBIX
Ha Puc. 3. OueBugHO, UTO reocTpopuryecKkre TeueHus,
BBIUVCJIEHHBIE 10 IEPBBIM ABYM MeTOaM, 3HaUUTeJIbHO
OTJIMYAIOTCA OT Te4YeHWI, IOJIyYEHHBIX C MCIOJIb30-
BaHueM TEOS-10. 3TO OTHOCUTCA HE TOJIbKO K BeJId-
YyHaM CKOpPOCTel TeueHWH, HO U K HallpaBJIeHUsM.
Tak, mo merony Kpotosoii (Puc. 3A) oTMmedaeTcs Kak
IMKJIOHNYecKasa LUPKYJIANUA B BepxHeM 20-MeTpOBOM
CJI0€ CO CKOPOCTAMH TedeHusA A0 4 cM/C, TaK U IPOTU-
BOTeyeHUe B OoJjiee IrJIyOOKHX CJI0SAX CO CKOPOCTAMU 0
3 cm/c. ITo TEOS-10 o6muii xapakTep pacipezesieHus
TeYyeHUU APyrow, Kak u no Yeny-Muuiepo.

Ha Puc. 3B-D nostyyniiack aHTULMKIIOHNYECKaA
nupKyAnuA Bo BceM 100-mMeTpoBoM ciioe, 6e3 Mpo-
TUBOTEUYEHUII B IPUIIOBEPXHOCTHOM cJjioe. TedeHusA
riry6xxe 40 MeTpoOB, paccuuTaHHbIe 110 YeHy-Musiiepo u
o KpoToBoii B iesjomM OJIM3KU 0 aMILIUTyAe. B oTyu-
ype OT HUX, MeToAbl ocHOBaHHbIe Ha TEOS-10, moka-
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3BIBAIOT 3HAUUTEJIbHOE yCUJIeHHe TeueHui (o 5 cm/c)
B obisactu TepmokinHa (Puc. 3C,D) pacnosarasiie-
rocsi Ha nepudepuu KoJibiia B obaactu riayour 30-50
MeTpoB (Puc. 2). OcobeHHOCTh pacueTa [0 ypaBHEHUIO
Yena-Muuiepo 3akjoyajgach B TO, YTO He NPOABJIA-
JIOCh yMeHbllIeHre CKOPOCTH Te4eHUI Ipu npubJirke-
HUU K noBepxHocTy (Puc. 3B), B oTjiMune OT pacuéToB
c ucnosb3oBaHueM TEOS-10. O6miada TeHOeHIMA OJ1A
BCeX MeTOJAOB — CIaj Te4eHui N0 Mepe MpUOINXKeHUA
k 100 MeTpOBOMY TrOPHU30OHTY, OOBACHAETCS MPUHATHIM
JOIylleHreM paBeHCTBa HYJII0 TeYeHWI Ha HIDKHEM
npejiejie UHTerpupoBaHuA (cM. pasfesl Marepuasbl U
METO/IbI).

Paznuuna mexnay MeToAgaM{, OCHOBAaHHBIMU Ha
TEOS-10 BHemiHe cjiabo 3aMeTHBI, XapakTep paclpe-
JleJleHrs HallpaBjleHHUI Te4eHUl Ha CTaHIUAX B [[eJIOM
COBIIafjaeT, HO CYIIeCTBYIOT HeOOJIbIlINe PacXOXAeHU:A
B CKOpOCTAX TeueHUil. B 75% ciyuasx OTKJIOHEHUs
Mexay Metofgamu He npessimaior 0.1 cm/c (Puc. 4), Ho
B 20% MmoryTt pocturath 0.3 cM/C U BBILIE, YTO MOXET
OBITb yXe CyILleCTBeHHBIM JJIA MOJIeJHbIX TeuyeHU.

Jlna npoBefieHUA [eTajbHOTO CpaBHEHHUA pac-
YeTHBIX CKOPOCTel reocTpoprUUecKUX TeYeHUl B BUXpe
nono JibaoM 2009 rofa, ¢ peajabHO U3MEPEHHBIMU Teye-
HUAMU B nogo0HOM xe Buxpe 2020 rosia, 66L1M IOCTPO-
eHbl BepTUKaJIbHble NpodUIN TeuyeHUH AJA JBYX KOH-
TpacTHbIX obsacteit (Puc. 5):

1. B MakcuMyMme TeYeHUN Mexny cTaHmuavu 4kW
u 3kW, T.e. B ~3,5 KM OT I[eHTpa KOJIbI[EBOI

CTPYKTYPHI

3a TMpeAeslaMUd KOJIBIIEBOM CTPYKTYPhI, MEXOY
craunusavu 7KW u 4kW, T.e. B ~5,5 kM OT 11eHTpa
KOJIBI[A

Cranuuu 2020 roma BeIOMpaIMCh, COOTBET-
CTBEHHO, Ha CXOXUX PAaCCTOSHUAX OT LIeHTpa KOoJIblia, U
JUI1 HUX PacCUUTHIBAJIVICH MOAYJIU TeUeHUH.

Ananus u cpaBHeHHe pacueTHHIX U U3MepeHHBIX
CKOPOCTel TeueHHI MoKa3ajo, YTO HUPKYJIAIUA B pai-
OHe JIe[IOBBIX KoJIell aHTUI[UKJIOHNYecKas, T.e. TeueHUs
BpalaloTCsA [0 4acOBOIl CTPeJIKH, YTO MOATBepXKAaeT
npeapIAyIIe pe3yabTaThl u3mMepenusl (I'panuH u Ap.,

0.4

0.3

Yacrora
e
(%)

0.1

0 I B L e
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OTKJIOHEHHEe CKOPOCTH, CM/C
Puc.4. BeposATHOCTHOe paclnpejiesieHre pa3HOCTU B pac-
YeTHBIX CKOPOCTAX TeUeHUI1 MeXAy OpUTrhHaJIbHBIM ITaKeTOM
TEOS-10 1 aganTupoBaHHBIM AJ1A 03. Batikait.

2018) u martemaruveckoro mojenupoBaHus (I'paHuH
U ap., 2015). PaccumtaHHBlE CKOPOCTHM TeueHUH ¢
ncnoJib3oBaHueM nakera nporpamm TEOS-10 nokaszanu
HauJlyulllee corjlacoOBaHMe C U3MepeHHBIMH AaHHBIMU,
Kak II0 XapaKTepy paclipejiejieHus, TaKk 1 1o abcoJioT-
HBIM 3Ha4YeHUsAM: MaKcHUMaJlbHble CKOPOCTU U3MepeH-
HBIX TeUYeHU! COCTaBMJIM 6 CM/C, PacUeTHHIX — 5 cM/cC,
B TO BpeMs Kak II0 pe3yjbTaraM MOJeINpOBaHUA
Jyana3oH MaKCHMaJIbHBIX CKOPOCTell COCTaBIAl 5-7
cM/c (I'panuH u fp., 2015). Ycrapesuinie ypaBHeHUA
COCTOSIHUA BOZHBI IOKAa3ajid CBOI HECOCTOATEJIBHOCTE.
PaccuutanHble ¢ HX IIpUMeHeHHeM MaKCHUMaJlbHble
CKOpPOCTH TeueHMH B [iBa pa3a 3aHIDKeHHl II0 CpaBHe-
HUIO C U3MepeHUusIMU. A B ciiydae ¢ MmetoioM KpoToBoit
TeueHUs Jaxe MeHAI0T HallpaBjeHHe Ha NPOTHBOIIO-
JIOXKHOe, YTO He MOATBepXOaeTcsA HU SKCIIepUMEHTOM,
HU TeOpeTUYecKUMHU olleHKaMU. TeHqeHI[A CHIXXKeHUs
CKOPOCTel TeueHUI NMpu MpUOJIMKEHUU K MOBEPXHO-
cTH Ha OOJIBIIMHCTBE CTAHIMI NMeeT MeCcTo, HO He TaK
BbIpaX€HAa, KaK 3TO IOKa3blBaeT pacyeT II0 JUHAMU-
yecKkoMy MeToAy. 3aHMXeHHble pacueTHble CKOPOCTHU
TeueHUil Ha I1yOuHe 80 MeTpPOB OTHOCUTEJIBHO HU3Me-
PEeHHBIX, CBA3aHHBI ¢ orpaHnyeHHoN 100 meTpamu Iiiy-
OMHOU MHTErPUPOBAHUA.

0 0
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Puc.5. BepTukasnbHoe pacripefiejieHrie pacCUYMTAHHBIX Pa3HBIMU MeTOAdaMU CKOPOCTel reoctpoduyeckux TeuyeHUI B cpaB-
HEeHUU C HAaTypHBIMU JaHHBIMU ITOJIyYeHHBIMU Ha KoJjiblle 2020 rona, uisa: A — B palioHe ¢ MaKCHMYMOM Te4YeHUI Ha rpaHUIle
xosbna (~3,5 kM oT LeHTpa), B — 3a npeaeslamMu KoJibLIeBOH CTPYKTYPHI (~5,5 KM OT I[eHTpa).
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Tenepp, eciau ImepeldTU B MPAMOYIOJIBHYIO
CHUCTeMy KOOpJMHAaT C HavyajJoM B LIeHTpax JieAOBBIX
KoJiell, TO MOXXHO HarJIAHO CPaBHUTH IOJie Te4eHUN
B MOJJIEHBIX BUXPEBBIX CTpPyKTypax 2009 u 2020
ronos (Puc. 6). [1na ucciejoBaHusA ObIJIU BBIOpaHHBI ABa
TOpU30HTA: MOJJIEHbIE Te4eHuA B cjoe 2-5 M, U Ha
riaybuHe 40 M, B palioHe MaKCHUMaJIbHBIX CKOpPOCTeM.
Ananu3s nokasbplBaeT, YTO, HECMOTpPA Ha TO, YTO Aua-
MeTp KoJibnia 2020 roaa (~4 KM) NOYTH B ITOJITOpa pasa
MeHblite 2009 roza (> 6 kM) IpocTpaHCTBEHHAs CTPYK-
Typa Te4eHu! B HUX cX0Xa. CTOUT OTMETUTh, HEKOTO-
pble BBIABJIEHHBIe OCOOEHHOCTU. B mesioMm, TeueHuA B
2020 roxy 6bnu Bhille, yeM B 2009. MakcuMyMBI CKO-
pocTell MOAJENHBIX TeueHUN MPUXOAATCA Ha 06sacTh
HeIocpeACTBEHHO JIe[JOBOro KOoJjbla (YTO M IPUBOOUT
K ero yCKOpeHHOMY NpOTaWBaHUIO U IPOSABJIEHUI0 Ha
KOCMOCHMMKax). B aToM ke palioHe CKOpPOCTU Teue-
HUl Ha riaybuHe 40 MeTpPOB MOTYT JOCTUraTh TaKOMl
’Ke BeJIMYMHBL YTO U nopasenHele. Ho camble Gosibline
CKOPOCTH TeueHMI pa3BUBAIOTCA yXXe 3a IPaHulLlei] Ipo-
TasBIIel o6sacTy, GopMUpPYS TJIyOMHHBIN MOJ1e HBIN
BUXph OOJIBIIET0 JuaMeTpa, YTO NOATBepKAaeTcs Kak
uaMmepenusamu (Puc. 6) tak u pacueramu (Puc. 3D).

[Tlonpo6bHOe wusyvyeHue (GOpMHPOBaHUA U pas-
Butua kosbna 2020 roma Ha OCHOBaAHUMM aHaIM3a
KOCMHYEeCKHX CHMMKOB U MeTeoycjioBUM B IOxHOM
Batikase nmposeJi B cBoei pa6ote (Kouraev et al., 2021).
BrisfByieHHas pasHuUIla B AuUameTpe JIe[OBBIX CTPYKTYp
MoXxeT ObITh 00bsicHeHa TeM, uTo B 2020 roay BUXPb
IIPOCTO He UMeJI JOCTaTOYHOr0 BpeMeH! AJiA BIUAHUA
Ha JIeJJOBYI0 IOBEPXHOCTb: BHICOKHE JHEBHBIe TeMIle-
paTypel BO3AyXa, XXUJKHe OCaJKU U CUJIbHbIE NOPHIBHI
BeTpa, IpUBeJId K CTPeMUTEIbHOMY pa3pylLIeHUIo JIbAa
B paiioHe KoJbla. [Ipocienus 3a nepeHOCOM 00JIOMKOB
nenoBbix nosieri Kypaes ¢ coaBTropamu (2021) mosy-
YMJIA OLIEHKU CKOPOCTH TeYeHHI B BHUXpe PaBHbIMU 7
CM/C, YTO XOpOILIO COrJIacyeTcA € HAllMMM H3MepeHU-

= 2009 (5m)
—p 2009 (40Mm)

sIMM, U CBUJIETEJIbCTBYET O JJOJITOBPEMEHHOM CTabnJib-
HOCTH BUXPEBOH CTPYKTYPBHI, TeueHUsA B KOTOpPOH 3a 3
HeJeau He M3MeHWIuch. Takas cTabUIbHOCTh 3aCTaB-
JisieT 3aJyMaThCs O BO3MOXHBIX KCTOYHMKAaxX 3Hep-
reTU4ecKoyl TMOJNUTKH, CIOCOOCTBYIOUIUX AJIUTENID-
HOMY MOJJiepXXaHUI0 Kpyroporo teuenus. Kpome toro,
nmofo6HOe aHTUIMKIIOHUYecKoe TeueHre paboTaeT Kak
Hacoc, moAfepXuBas MOCTOSAHHBIN MOABEM oOoramiéH-
HBIX 6MOTeHaMU TJIyOOKUX CJI0EeB BOJBI, U CIIOCOOCTBY S
MOBBIIIEHHON OUONPOAYKTUBHOCTA BeceHHero Guro-
IJTAaHKTOHA B paiioHe ee oOpa3oBaHus. O moabeme riy-
OMHHBIX BOJ| B LIeHTpe BUXPA TaKkKe CBUAETEIbCTBYET
MPUCYTCTBUE TMOJJIeJHON BOJbI C MOBBIIIEHHON TeMIle-
paTypoil U MoHMXeHHOU MuHepanu3auueit (Puc. 2).

4. BoiBOADI

BrepBble, mo JaHHBIM O IPOCTPAHCTBEHHOM
M3MEHYMBOCTU TeMIlepaTypbl 1 MUHepaIu3aluy MoAd-
JleqHOI BOJIBI B palioHe KOJIbI[EBOIl CTPYKTYpPHI 03epa
bBaiikan npoBefeH pacyeT reoCTpopuyecKUx TedeHUN
JUHaAMMYeCKMM MeTOAOM C HCII0JIb30BaHMEM pa3HBIX
ypaBHEHUIl COCTOSHUA BoAbl. B kadecTBe 3TajioHa
HCII0JIb30BaJIMCh CePUH BepPTUKAJIBHBIX IPoduIeil cKo-
POCTH U HalpaBjleHUs TedeHuli, BIlepBble U3MepeHHbIe
in-situ B aHajoruuyHoMm Buxpe 2020 roga Ao rJiyOuH
6osee 100 merpoB. CpaBHeHUE Pa3IMYHBIX METOJIOB
pacuéTra IJIOTHOCTU BOABI I1OKa3ajlo, 4YTO yCTapeBlIHe
MOIXO/Ibl, TaKMe Kak TabanuHbiii MeTod B.A. KpoToBoii
U ypaBHeHHe YeHa-MuJiiepo, He obecrieurBaloT AoCTa-
TOYHOM TOYHOCTH OllpeJiesIeHNA yAeJIbHbIX 00beMOB 4TO
IIPUBOAUT K 3HAUWUTEJIbHBIM PacCXOXJEeHWAM pacciu-
TAHHBIX TeYeHUIl ¢ HaTypHBIMHU AaHHBIMU. B TO Bpems
KaK afanTUpOBaHHBIN 1A balikana makeT nmporpamm
TEOS-10 nmpoaeMOHCTpUPOBaJl HAMBBICIIYIH0 TOYHOCTH
pacuéToB, BOCIIPOM3BO/AA KaK XapaKTep BepTHUKaJIbHOI'O
pacrpefiesieHIsA TeUeHUH, Tak U UX CKOPOCTb.
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Puc.6. Ilosie TeueHuti B patioHe ¢popmupoBanus jJeqoBsix kosel 2009 u 2020 ro1oB, coBMelleHHOe OTHOCUTEJIBHO UX I[eH-
TPOB, 10 JaHHBIM HaTypPHBIX HabII0leHnlt U pacuyeTa quHaMuieckuM MetoqoM. [lar cetku — 500 m.
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HccrienoBaHue MOpPOCTPAaHCTBEHHOH CTPYKTYPHI
no/uiéaHeIx Buxpeil B 2009 u 2020 rojax mokasaso
UX CXOXeCTb, HeCMOTps Ha pasjuuusa B JuameTpe
oOpa3oBaBIIMXCA JIefOBBIX KoJiell. PaccunTaHHBIE IO
TEOS-10 MakcumasibHble CKOPOCTU IMOMAJIEOHBIX Tede-
HUH, pocturaemme 6 CM/C, XOpOIIO COIJIACyIOTCA
Kak ¢ HaTypHBIMU HaOJIIOJeHUAMU, TaK U C pe3yJib-
TaTaMM MOJeJINpOBaHuA MNpeAbAyIINX HccjiefoBaTe-
Jlefi. YCTaHOBJIEHO, 4TO IUPKYJIALKA B palioHe Jiedo-
BBIX KoOJIell MMeeT aHTUIMKJIOHMYECKHI XapakTep U
pacnpocTtpaHseTrcs 1o riiyouH He MeHee 100 meTpoB,
C MakKCHMaJIbHBIMU CKOPOCTAMM TeueHUH, pa3BHUBalo-
IMMUCA B palioHe TepMOKJIMHA pacliojiaraBlierocs B
oboux cirydanx Ha riybuHax 40-50 meTpos. IlokaszaHo,
YTO MaKCHMaJIbHble CKOPOCTH TeUeHUH pa3BUBAaIOTCA
3a rpaHullell nporassiIeil 06JacTu JieJOBOro KOJIbIa,
opmupys riIyOUHHBINA MOAJIEAHBI BUXPh OOJIBIIETO
JuaMerpa.

[IpoBenenHas paboTa uMeeT BaXHOe 3HayeHUe
[y yriyOJjieHHMA [OHHMMaHUA T'MAPOJAWHAMMYeCKHUX
IpoLleccoB NMPOMCXOAANIMX B o3epe baiikain, a Takxke
Pa3BUTHA METOAOB MOHUTOPHHIA TeUeHUH.

bAaaropapHoCTH

ABTOpHl € 0J1arOApPHOCTBI0 OTAAIOT JaHb
namAta B.H. 3pIpAHOBY 3a opraHusanuio U QpuHaHCH-
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