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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

the fishing sector (Samad et al., 2022).

Bangladesh is fortunate to have several inland
freshwater bodies (4706171 ha) support a rich diver-
sity of aquatic species, with fish providing over 60%
of the nation’s animal protein intake, where has sig-
nificant contribution of small indigenous species (DoF,
2023). Moreover, small indigenous fish species (SIS)
offers a unique opportunity to contribute to optimal
nutrition during the first 1000 days of life, due to their
content of both fatty acids and micronutrients such
as iron, zinc, calcium, vitamin A, and vitamin B12,18
(Bogard et al.,2015; Paul et al., 2023). In fact, SIS pro-

The length-length and length-weight relationship
of fish are important models in the field of fisheries biol-
ogy and ecology (Kodeeswaran et al., 2023; Ferosekhan
et al., 2022, Rana et al., 2022; Paul et al., 2021b; Loh
et al., 2011). It serves as a valuable tool for research-
ers and fisheries managers, enabling them to estimate
the weight of fish by considering their length, and vice
versa. The significance of this connection is in its con-
tribution to the comprehension of fish development
patterns (Sarker et al., 2022; Awasthi et al., 2015), the
evaluation of fish populations (Patiyal and Mir, 2017),
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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

Fig.1. Measurement of morphometric parameter of L. guntea
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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., 2021¢; 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-
BO0OZ5KETD4) 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

Gonad weight <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):
Feo Gonad weight (G) x Number of eggs in sub sample(n) ;

al., 1982. GSJ =

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.
Suntea

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 c¢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 1.9 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 | 7.80-801 | 642661 | 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
£ = 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 | 806829 | 663684 | 1.191.24 | 050052 | 3.83-3.97
% TL B 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 | 290322 | 717736 | 5.90-6.08 | 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

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 (r?) 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
the pooled and female samples of L. guntea. However,
in the male specimens of L. guntea, the distribution of
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).

3.5. Length-Length relationship of L.
guntea

In all of category (Pooled, female, male), the
value of coefficient of regression for total length (TL)
and standard length (SL) existed between the range

Fig.2. Condition factors of L. guntea based on different
length groups

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
(Table 4). However, the correlation distribution was
not symmetrical for TL vs. HL and TL vs. BD in male
fish, when r = 0, hence we use the Z distribution over
fisher transformation to create the confidence interval
(Table 4). The growth pattern among the various length
measurements was negatively allometric (Table 4).

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

Regression parameters

Species Equation a b 95% CIlofa | 95% Clof b | r2 P Growth Type

Lcl | vcr | La | ua
Pooled | BW =a+b x TL | -1.93 | 2.83 | -2.14 | -1.73 | 2.60 | 3.06 |0.74| 0.00 | Neg. Allometric
nijgi ol BW=a+bxSL|-165]277 |-1.82]-1.48| 256 | 299 |0.76] 0.00 | Neg. Allometric
BW=a+bxHL| 052|107 | 049 | 055 | 0.75 | 1.40 |0.17| 0.00 | Neg. Allometric
BW =a+b xBD |-056| 202 [ -0.73|-039| 1.73 | 231 |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 1 gw=a+bxsL [-1.52 | 263 [-1.72 [ -1.33 | 240 [ 287 |0.77] 0.00 |Neg. Allometric
BW=a+bxHL| 058|083 |055]|062]| 048 [1.19]0.13| 0.00 [Neg. Allometric
BW=a+bxBD |-043 | 1.85 [ -0.63 | -0.24 | 1.52 | 2.17 |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 | Bw—a+bxSL|-081|1.65]-1.37|-024| 092 |238]0.26| 0.00 |[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?=
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Table 4. Estimated parameters of the length-length relationships of Lepidocephalichthys guntea in Bangladesh.

Regression parameters
S Equation a b 95% CIlofa | 95% CIlof b | 12 P Growth Type
LCI | uct | LCI | UcI
Pooled |TL=a + b x SL| 0.61 | 1.12 | 0.34 | 0.88 | 1.08 | 1.16 | 0.93 0.00 Neg. Allometric
nijgi olTL=a+bxHL| 459 | 278 | 3.81 | 537 | 213 | 3.44 | 025 0.00 |Neg. Allometric
TL=a+bxBD| 305 | 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
=148 (o _ a4+ bxHL| 521 | 244 | 433 | 6.00 | 1.72 | 3.15 [0.24| 000 |Neg. Allometric
TL=a+bxBD| 346 | 1.21 | 264 | 428 | 1.00 | 1.42 |0.47| 0.00 |Neg. Allometric
Male TL=a+ b xSL| 1.51 | 0.96 | 0.74 | 2.29 | 0.83 | 1.09 | 0.79 0.00 Neg. Allometric
m=62 |1y —a+bxHL| 719 | 007 | 613 | 8.25 | -0.88 | 1.02 [0.00| 0.89 |Neg. Allometric
TL=a+bxBD| 658 | 020 | 5.41 | 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
Spzni Equation a b 95% CI of a 95% CI of b r? P Growth Type
Lcl | va | La | va

Pooled GSI=a+bxTL | -1.96 | 2.06 | -3.05 [ -0.86 | 0.96 | 3.16 | 0.05 0.00 Neg. Allometric
nijzio GSI=a+bxBW| 524|557 | 619 | -429 | 458 | 6.57 | 0.32| 0.00 | Pos. Allometric
GSI=a+bxGW| 040 | 060 | 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 | GS1=a+bxBW| -556 | 591 | -6.84 | 428 | 462 | 7.21 [0.32| 0.0 | 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 | -213 | 3.83 | -432 | 1.85 | 0.01 | 0.43 | Neg. Allometric
n=62 | Gsi=a+bxBW|-280 | 278 | -5.68 | 0.08 | -0.46 | 6.02 | 0.04| 009 | Neg. Allometric
GSI=a+bx GW| 0.10 | 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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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
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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; Jakubavicitte 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 (Gongalves 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-

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
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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 uL) 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’tcgtcggeagegtcagatgtgtataagagacagGGWACWGGWT-
GAACWGTWTAYCCYCC and dgHCO2198 5’gtctcgt-
gggctcggagatgtgtataagagacagTAIACYTCIGGRTGIC-
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
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

Thelagzia
Bosc, 1819

Thelazia californiensis MW055239
Thelazia callipaeda, AB538283
Thelazia gulosa AJ544881
Thelazia rhodesi, MT511659

Pneumospiruridae
Wu & Hu, 1938

Metathelazia
Skinker, 1931

Metathelazia capsulata, ON995621

Habronematoidea
Ivaschkin, 1961

Cystidicolidae Skrjabin, 1946

Spinitectus
Fourment, 1883

Spinitectus humbertoi, MH778494
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 1L.C331044
Sobolev, 1949 Molin, 1857 Gongylonema nepalensis, LC388892
Gongylonema pulchrum, LC388897
Spirocercidae Mastophorus Mastophorus muris, MG821081

Chitwood & Wehr, 1932

Diesing, 1853

Cylicospirura
Vevers, 1922

Cylicospirura felineus, GQ342967
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 & Blax

ter, 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

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 CoxI. Rhabdochonidae* - a sequence
from Godlewski’s sculpin

infraorders: Spiruromorpha (Comephoronema werests-
chagini Layman, 1933) u Ascaridomorpha (I. hamula-
tum, Contracaecum osculatum baicalensis Mosgovoi et
Ryijikov, 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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(Spiruromorpha: Thelazioidea). Panee B cocTaBe ¢ayHbI Tapa3uTOB 03EPHBIX NIMPOKOJIOO0K MPEACTaBU-
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1. BBeaenue

Hcmonp30oBaHuEe  COBPEMEHHBIX — TEXHOJIOTHEH
BBICOKOTIPOM3BOAUTEJIBHOTO CEKBEHHpOBaHUA (MeTa-
fapKoANpOBaHUEe) TO3BOJIAET CYLIECTBEHHO MOIOJI-
HUTH Pe3yJIbTATHI, MOJIyYEHHBIE C IMOMOLIBI0 TPAIU-
[[MOHHBIX METOJIOB HCCJIe[JoBaHUsA (GayHBl MapasuToB
(Villsen et al., 2022; TenukuHa u 1p., 2023a; b; I3106a
u ap., 2024), xoropas sABjAeTCA 3HAYMMBIM Halpas-
JleHHEeM B 3Kojioruu peib. HecMOTpsi Ha psn OrpaHu-
yenuit (Siddall et al., 2012; Kvist, 2013; Sakaguchi et
al., 2017), JOCTOMHCTBA MOJIEKYJIIPHO-TEHETUYECKOTO
noaxofa oOycJyioBJieHbl ero 3¢G@eKTUBHOCTHIO 3a CYeT
BBICOKOT'O paspelleHus U BO3MOXHOCTHU HJieHTUdUKa-
ouu mUpokoro cnekrpa BuaoB (Harms-Tuohy et al.,
2016; Jakubaviciiité et al., 2017; Yoon et al., 2017).
B nccreioBaHUAX, MOCBAMEHHBIX CUCTEMATHUKE U TaK-
COHOMHUU HEeMaToJ], UIMPOKO NPUMEHSIOTCA MOJIEKY-
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JIIpHO-TeHeTHYecKre MeTOAbl ITPUX-KOAUPOBAHUSA C
HCIIOJIb30BaHWeM pa3HOOOpa3HBIX (AJepHbIX U MUTO-
XOH/pUAJIbHbIX) TeHeTUYeCKUX MapKepoB, BKJIIOYasd
reH majioil cybbeauHuipl pubocomasnbHoii PHK (18S
SSU rRNA), ren 6oJibuiol cy6beJUHUIBI prOOCOMAITb-
Hoii PHK (28S LSU rRNA), reH nepBoil cyObeqUHUIIBI
HUTOXpOM OKcrjassl I (cox1) v BHyTpeHHUE TPAaHCKPU-
6upyeMsble cnericepHbsie obnactu (ITS) mokyca pubo-
comansHor PHK (Knot et al., 2020). HcnoJib30oBaHue
¢parmeHTOB reHa coxl anaa mrpux-koauposanusa JHK
Hemarto[] 3(pdeKTUBHO AJIA U3y4YeHus pasHooOpasu:s
BU/IOB C BO3MOJKHBIM [IOPOIOM I'€HeTHYeCKOI'o paccTo-
AHUA B 5% MexAy KOHCnenu@u4ecKMMH U MeXBUJIO-
BBIMU I10CJIeJOBATEJIbHOCTAMU, OJJHAKO NMeeT HEeKOTO-
pble OrpaHHYeHHus, oOyCJIOBJIEHHBIE CYyIleCTBEHHbIMHU
npoGesiaMyd B MHQOpManMu O peajibHOM pa3HooOpa-
3Md U TaKCOHOMHHU TIPYIIB,, a TakXke OTCyTCTBUEM
JOCTAaTOYHOM 0a3pl [aHHBIX IIOCJIeAOBaTeJIbHOCTEN

© ABTop(s1) 2024. DTa paboTa pacnpocTpaHs-
eTCs o] MeXAyHapoJHOI inneH3uel Creative
Commons Attribution-NonCommercial 4.0.
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cox] (Armenteros et al., 2014). Onenka >dpdexTus-
HOCTU HCIIOJIb30BaHUA TeHa cox] B KadyecTBe IITPUX-
xoma JHK 1A pasHBIX poAOB HEMaTo[ IoKasasa, 4YTo
Ul u3y4YeHHsA UX pasHooOpas3usa HeoOXoAuMO TIia-
TeJIbHOE oOllpeJiejieHre IOpOoroB AjiA 0ojiee HU3KUX
TakcoHOMHUYeckux ypoBHell (Goncalves et al., 2021).
MetabapKOAUHT CTajJl YAOOHBIM HHCTPYMEHTOM MJIA
nAeHTU(PUKaALNK 1 OL[eHKU pasHooOpas3us, HO ero Ipu-
MeHeHUe IIPU U3y4YeHUN HeMaToJ] HaXO4UTCsA Ha 3Tale
craHosyienus (Gongalves et al., 2021).

OHJIeMUYHbIH By 03. Baiikayi mIMpokoJioOka
TogmeBckoro Abyssocottus (Limnocottus) —godlewskii
(Dybowski, 1874) o6urtaer Ha riy6unax ot 100 1o
900 M (BormanoB, 2023). dayHa Mmapas3uTOB 3TOTO
BUJa 03epHBIX IINPOKOJIOO0K A0 HACTOAIIEro BpeMeH!
ocraercsa MajioudydeHHOH. CJIOXXHOCTH B HcCCJIejoBa-
HUAX TJIyOOKOBOJAHBIX PBHIO BBI3BAHBI MaJjIbIM KOJIHYe-
CTBOM BBIOOPOK PBIO B CBA3U C TPYAOEMKUM IIPOLIECCOM
oTJIOBa. B pe3yspTaTe ucciiefoBaHUSA MUILEBOIO CIIEK-
Tpa MMPOKOJIOOKU ['0/1JIEBCKOrO C UCIOJIb30BaHUEM
METO/IOB CeKBEHHMPOBaHUSA HOBOI'O IIOKOJIEHHS ObLIN
[I0JIy4YeHHl 110CJIeJOBAaTeIbHOCTY NTapa3suTU4eCKuX Mpo-
creiimux ceM. Eimeriidae (I3106a u ap., 2024) u Hema-
Tof. Llespio paboThHl ABJIAJIOCH IIPOBeJieHHe aHasn3a
rocjefoBaTeJIbHOCTel HeMaTo[ W3 MuIleBapuTeb-
HOI'O TpakTa IINPOK0JI0OkH ['ofiyieBcKoro.

2. MaTepuanbl U METOAbI

COop npo6 ocymecTBJIsIM ¢ 60pTa Hay4yHO-HUC-
ciefoBaresbckoro cyana «I'.10. Bepemarna» B CeHTA-
6pe 2019 r. B patioHe cTBOopa UMBBIPKYIHCKOTO 3aJiiBa
o3epa barikan (53°59.674°N, 109°09.086’E) ¢ riiy6uH ot
790 no 820 M. BuoBy1o npruHaJIeXXHOCTb PBIO UEHTU-
(uirpoBasn B COOTBETCTBUU C IOCJEAHUMH PEBU3U-
svu (Bormanos, 2017; 2023). 4 aHasM3a HUCHOJIb30-
BaJIU IATHh 0co0ell MUPOK0JI0OKU I'o/11eBCKOro Maccom
oT 8,7 no 28,5 r, obmei aiauHOM oT 95 g0 149 MM.

B j1a6opaTOpHBIX YCJIOBUAX COJAEPXKUMOE BCEro
nuinieBapyuTesibHOro Tpakra (250-700 MKJI) OT KaXXJJ0ro
OTJZIeJIbHO B3ATOr0 3K3eMIUIApAa Pa3BOAWIN PaBHBIM
o6beMoM BOJbI MQ, M3Mesbyalid M THATeJbHO Iepe-
MemyBaiad. CymmapHyo JHK Bbiessany ¢ IOMOIIBIO
Habopa aiia skerpaknun «AmminCenc JJHK-cop6-AM»
(Poccus) B COOTBETCTBUU C MHCTPYKI[HEN MPOU3BOAU-
TesnA. dparMeHT reHa coxl AJIVMHON NPUOIN3UTESIHBHO
350 map ocHoBaHMI aMILTUMUIIUPOBATIUA OJIA KaXI0U
11po6s1 30 UKJIOB C MOHMXXEHUEM TeMIlepaTyphl OTXXUra
Ha 0,3°C ot HavanmbHbIX 55°C ¢ mpaiiMmepamu MiSeq:
COIintF 5’tcgtcggcagegtcagatgtgtataagagacagGGWAC
WGGWTGAACWGTWTAYCCYCC u dgHCO2198 5 gtct
cgtgggctcggagatgtgtataagagacagTAIACYTCIGGRTGICC
RAARAAYCA (Leray et al., 2013). Bce aMIJIUKOHBI 00B-
eIMHAJIU AJ1A HOATOTOBKU IPOOH! K CeKBEeHHPOBAHUIO.

BubyinoTeKy 13 OYUIIEHHOTO IyJla aMIJIMKOHOB
KOHCTPYHPOBAJIU C MCIOJIb30BaHHeM Habopa Nextera
XT (Illumina, XeiiBopa, Kamudopuus, CIIA), Hyke-
OTHJIHBIE II0CJIeJOBAaTeJIbHOCTU OIpefesisyli C IIOMO-
mpio Illumina NextSeq. [TosiyueHHOMY MacCHUBY [OaH-
HBIX TIPUCBOEH pPEruCTpanuoHHbI HoMmep GenBank:
PRJNA1086215. VcxonHble JaHHBIE TPUMMHPOBAJIN 110
KavecTBY B mporpaMmmMe Trimmomatic V 0.39 (Bolger et
al., 2014) c omuAMU: cpeiHee KauecTBO mpouTeHus 20,
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MUHUMAaJIbHasA aauHa npouteHua 140. CO0OpKy ucxon-
HBIX TIPOYTEHUI B KOHTUTH, COOTBETCTBYIOIUE ITOJTHO-
pa3MepHBIM MPOAYKTaM aMILTU(MUKAIUN, TPOBOAIN B
mporpamme metaSPAdes (Nurk et al., 2017) aiuHamu
k-mer 21, 33, 55, 77, 99 u 121. BuiGpaHHble AJIHUHBI
k-mer mo3BoJIMIM IPUBECTH arperamuio B eIUHbIE KOH-
TUTU TOJIBKO MPOYTEHUH, Crielu(UYHBIX TepBOHAYAITb-
HBIM (parmenTam coxI cmecu JJHK pa3ianyHBIX BHUIOB
MeTareHOMHOro ob6pasna. PedepeHcHoii 6a3oii JaH-
HBIX I TAKCOHOMMYECKOr'0 aHajIM3a MOC/IyXWJI MOoJI-
HBIII HAbOp TOCJIeOBaTEIbHOCTEN Mapkepa cox1 u3
International Barcode of Life Database (iBOL) (https://
ibol.org/). TlocnenoBartenpHocTy JHK c60pKu aMIuiu-
KOHOB COIOCTAaBJIAIU ¢ pedepeHCcHOU 6a30il JaHHBIX C
momoIneio mpuitoxkenus local BLASTn (Altschul et al.,
1990). PesynbraTsl BLAST ananusa npeo6pa3oBbiBain
B Tabuiy npefcTaBjieHHOCTH TakcoHOB B JTHK comep-
XMIMOTO MUIEeBAPUTENIBHBIX TPAKTOB PHIO. [IepBUYHYIO
00paboTKy  HYKJIEOTUAHBIX TOCJe0BaTeJIbHOCTEN
IpeACTaBUTENIENl HEMATOA U COOTBETCTBYIOIIUX [JaH-
HBIX, [Ipe/ICTaBJIEHHBIX B MeXIyHapOOHOH 6a3e
NCBI (Ta6suma 1), mpoBoauiu B perakrope BioEdit,
BBIpaBHUBAJIX C MOMOINb0 Tporpammbel  ClustalW.
[MocienoBaTeIBHOCTH HEMATOJ 3apErvMCTPHUPOBAHHEL B
GenBank: NoNo PP567251 u PP567252.

B pabore mnpumeHsanu kiaccuukanuio Ha
OCHOBe MOJIeKYJIApHBIX JaHHbIX (SSU rDNA), ¢ yueToM
MOpPGOJIOTYECKUX, OHTOI€HETHYeCKMX U OHOJIOTU-
yeckux npusHakoB u3 World Database of Nematodes
(Nemys, 2024).

@duIoreHeTUYECKUH aHaJN3, BKJIIOYAss BBEIOOD
Mofiesiell PeKOHCTPYKIIMHU 3BOJIIOIIMOHHON HCTOPUU U
onpejieJieHlle T'eHeTHYeCcKoro pasHoobpasusa BHYTPU
TPy, TPOBOJWJIN C HCIIOJIb30BAaHNEM IIPOTPAMMBI
MEGA7 (Kumar et al., 2016). O1ieHKy cpeHero 3BOJII0-
IMOHHOTO pa3HooOpa3uA BHyTpu pomoB Rhabdochona
u Spinitectus MPOBOAWIIN C MCIIOJIb30BAaHUEM MOMEIN
Tamype-Hes (Tamura and Nei, 1993). V3meHneHue
CKOPOCTH MeXAy caiTaMy MOJEJIHpOBaJid C IOMO-
mpl0  raMma-pacnpepeseHus.  OUIOreHeTHYeCKyo
PEKOHCTPYKLUIO 3BOJIOIIMOHHON HCTOPUU, OCHOBAH-
HOM Ha HYKJIEOTUAHBIX IOCJIE[OBATEJIBHOCTAX, IPO-
BOOWJIM METOAOM MAaKCHMAaJIbHOTO IIpaBONoao6us
no momenu Tamypei-Hea ¢ ramMma Koppeknueil pas-
JIMYUI B CKOPOCTAX HAKOIUJIEHUA 3aMeH B Pa3IMYHBIX
caitax (TN93+G) (Tamura and Nei, 1993; Kumar
et al.,, 2016). @UIOTEeHETHUYECKYI0 PEKOHCTPYKIUIO
SBOJIIOIIMOHHON WCTOPUHM, OCHOBAaHHONW Ha aMHHO-
KHCJIOTHBIX II0CJIe[IOBATEeIbHOCTSAX, MPOBOAWIIA METO-
JOM MAaKCHMMAaJIbHOTO MpaBAoNofodOusa IO MOZesu
JIn-T'ackyais ¢ raMMa KOppeKIyeil pa3jinuuil B CKOpo-
CTAX HAKOIUIEHUs 3aMeH B pasyinyHbiX caitax (LG +
G protein evolutionary model) (Nei and Kumar, 2000;
Le and Gascuel, 2008). TecTupoBaHUe JOCTOBEPHOCTHU
TomoJiornu (UJIOTEHETUYECKUX JEePeBbeB MPOBOIU-
Jioch HemapaMeTpuudeckuM OycrepoMm (1000 pemuk).
HyxJseoTuiHble nocjefoBaTeJbHOCTU reHa cox1 npen-
craButesieli Ascaridomorpha (Contracaecum osculatum
(Rudolphi, 1802) Baylis, 1920, Raphidascaris trichiuri
u Ichtyobronema hamulatum (Moulton, 1931) Moravec,
1994) u3 NCBI, 1cIoJb30BaJI B aHAJIM3€e B KaueCTBe
ayT-TPYTIIIHL.
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Ta6smma 1. Homepa HyKJI€OTHIHBIX MOCJIEIOBATEILHOCTEN r'eHa cox] TmpeacTaBuTesiel mogoTpsama Spirurina Railliet &
Henry, 1915, ucnosib3oBanHbx B aHanuse (GenBank).

HUHbpaoTpsan Spiruromorpha De Ley & Blaxter, 2002

HanacemMeiicTBo CeMeHCTBO Popg Bua, HoMep nociieJOBAaTEJIbHOCTH
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 LC331044
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
Nudpaorpsan 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. Pe3yabTartbl U 06cy)xpeHue

B pesynbTaTe aHasM3a JaHHBIX METareHOMHOT'O
cexkBeHupoBanua JHK copepxumoro mnuiieBapuTesib-
HBIX TPaKTOB MHIMPOKOJIOOKN ['0/IJIEBCKOTO HETEKTH-
POBaHbI TOCJIEIOBATEIPHOCTH HEMATO/I, KOJIMYECTBO
HYKJIEOTUAHBIX IPOUYTEHUI KOTOPBIX cocTaBuio 2,6%
OT OOINero KoJinuecTBa PHIOB. IloJiyueHHBIE MOCIe-
JI0BaTEeJIbHOCTY OBLIM TIpeACTaBJIeHbl IBYMs Traruio-
TUMIAMM, OTJIMYAIUMHUCA MeXAy Cco0Oll IATHIO
MOJTYAIIUMU 3aMeHaMM U HMEIOINUMH MaKCHUMaJlb-
Heie ToMmoJsioruu (83,2 u 80,8%) ¢ mocjegoBaTEIHHO-
cramu Rhabdochona kidderi Pearse, 1936 cemericTBa
Rhabdochonidae Skrjabin, 1946.

B ¢punoreHeTnueckor peKOHCTPYKIIUU 3BOJIIOIH-
OHHOH HMCTOPUU, OCHOBAHHOM Ha HYKJIEOTHHBIX JaH-
HbIX (Puc. 1), mocjieoBaTeIbHOCTU KJIACTEPUIYIOTCS C
npejcTaBuTesiAMu poaoB Rhabdochona (Thelazioidea)
u Spinitectus (Habronematoidea). Ilpu 3ToM poj
Spinitectus copMrpoBas MOHOPUINTUYHYIO ILJIOTHYIO
TPYIINY ¢ HU3KUM IOKa3aTeJleM reHeTUYeCKOro pasHo-
obpasus (0,004), a poxg Rhabdochona mpogeMOHCTpU-
pOBaJI 3HAYUTEJIbHYI0O TE€HETUUYECKYI0 TeTEPOTeHHOCTh
(0,019). HykieoTuaHble MOCJIENOBATEIBHOCTH BUOB,
mpuHaJJIexammx cemelictBaM  Gongylonematidae,
Habronematidae, Pneumospiruridae, Spirocercidae,
Spiruridae u Thelaziidae (Tabsmna 1), chdopmupo-
Basu obmui kiactep. CielyeT OoTMeTUTb, YTO IHOPH-
JIOK BeTBJIEHUs B (UJIOTEHETUYECKOU PEKOHCTPYKIUU
He BcCerja COOTBETCTBYET TAaKCOHOMUYECKOMY II0JIO-
JKEHUIO0 KaK Ha YPOBHE BUOB, TaK U Ha YPOBHE KpPYII-
Heix TakcoHoB (Thelazioidea u Habronematoidea).
HykJteoTHIHBIE MTOCTIEJOBATEIPHOCTH reHa cox1 mpen-
craputesiedl Ascaridomorpha (Contracaecum osculatum
(Rudolphi, 1802) Baylis, 1920, Raphidascaris trichiuri (B
HacTosiee BpeMms — Ichthyascaris trichiuri (Yin & Zhang,
1983) Luo & Huang, 2001) u Ichtyobronema hamulatum
(Moulton, 1931) Moravec, 1994) us NCBI, ucnojb30-
BaJIM B aHAJIM3€e B KavecTBe ayT-rpynnsl (Puc. 1).

Jna cpaBHeHUA ObUTa TpoBefeHa GuioreHe-
TUYeCcKasd PEKOHCTPYKIHS 3SBOJIIOIMOHHON WCTOPHH,
OCHOBaHHAasA Ha aMHWHOKMCJIOTHBIX IIOCJIE/I0BATEJIbHO-
ctax (Puc. 2). TpaHciaumpoBaHHblE aMHHOKHCJIOTHBIE
MOCJIEJOBATEIBHOCTY U3 KUIIEeYHUKA [IHPOKOJIOOKHU
l'oyieBCKOro, Tak e, KaKk U HyKJIEOTUAHBIE, KJIacTe-
puU3yloTCa ¢ TpeAcTaBuTeNsAMH pojaoB Rhabdochona
(Thelazioidea) wu  Spinitectus (Habronematoidea).
OnHako pabJoOXOHBI B 3TOM ciydyae (pOpMHUPYIOT eau-
HYI0 TPYIIY, SBJIAIIYIOCA CECTPUHCKON BETBBIO IO
OTHOIIIEHUI0O K poxay Spinitectus. IIpy 3TOM MOCIENO-
BaTespHOCTU Rhabdochonidae*, mosyvyeHHbie B maH-
HOM HCCJIe[JOBaHUM, Kak U Ha PucyHke 1, 3aHMMAaiOT
0azajibHOE MOJIOXKEHUEe M0 OTHOIIEHUI0 K 3TUM ABYM
ponam (Puc. 2).

B mesiom, HecMOTpA Ha OOLUN HU3KUI yPO-
BeHb MojjepXkeK, ¢ JOCTaTOYHOU [0Jiell BEpOATHOCTHU
MOXHO TPENOJIOKUTh MPUHAJIEXHOCTh MOJTyYeHHBIX
13 MUIEBAPUTETIHHOTO TPaKTa PhI0 MOCIIEe0BATEIbHO-
cTell HeMaTo/I pejicTaBuTes0 poaa Rhabdochona.

CemerictBo Rhabdochonidae Travassos, Artigas
& Pereira, 1928 Brxuiouaer B ceb6sa 12 pomoB u 198
BunoB (Hodda, 2022). Y mpecHOBOAHBIX PHIO OTMEUEHBI
mpeACTaBUTEN POAoB Beaninema Caspeta, Mandujano,
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Puc.1. OusoreHeTnyeckoe [IpeBO IpeACTaBUTEJIEN
nomoTpsfa Spirurina, MOCTPOEHHOE MEeTOJIOM MaKCHMaJlb-
HOT'O NPaBAONOO0MA HA OCHOBAaHHUH HYKJIEOTHIHBIX IOCTIE-
JoBaresibHOCTel (pparmeHToB reHa coxI. Rhabdochonidae*
— [OCJIEJOBATEJIBHOCTH U3 MKPOKOJIOOKYU I'0/1/1eBCKOr0o

Puc.2. O®usoreHeTnyeckoe [IpeBO IpeACTaBUTEJIEN
nomoTpsfa Spirurina, MOCTPOEHHOE MeTOJIOM MaKCHMaJlb-
HOro Ipapaonofobus Ha OCHOBaHMU TPaHCIMPOBAHHBIX
aMUHOKHCJIOTHBIX TOCJIeJoBaTeJIbHOCTel dparMeHTOB Heska
Cox1. Rhabdochonidae* - nocsiefoBaTe€IbHOCTU U3 MIUPO-
KoJ100Kku ['oj171EBCKOTO

Moravec & Salgado Maldonado, 2001 u Rhabdochona
Railliet, 1916. Pon Beaninema BKJjiouaeT B cebs OOUH
BUJI HEMAaTO[l, MapasUTUPYIOUIUI B KEJTYHOM My3bIpe
nmxaasoMel O6enHa Cichlasoma beani (Jordan, 1889)
(Caspeta-Mandujano et al., 2001). KocMOMOJIMUTHBIH
poxn Rhabdochona copmepxut 169 BHI0OB, 0OUTAIOIINUX
MPENMYIIIECTBEHHO B MHUINEBAPUTEIBHON CHCTeMEe
peI0 u3 cemericTB: Cyprinidae, Salmonidae, Cottidae u
ap. (Moravec, 1972; 2010; Mejia-Madrid et al., 2007;
Moravec and Muzzall, 2007; Moravec and Nagasawa,
2018; 2021; Hodda, 2022). OCHOBHBIMH NPOMEXYTOU-
HBIMHU X03s1€BaM1 HEMATO/I ABJIAIOTCSA JTUYNHKYI 1 IMaro
mofieHOK oTpsina Ephemeroptera (Moravec, 1994,
Hirasawa and Urabe, 2003; Hirasawa and Yuma, 2003;
Hirasawa et al., 2004). Pyueiinuku poga Hydropsyche n
BECHSIHKM B KaueCTBe MPOMEXYTOUYHbBIX X035€B OTMeYa-
foTcs pexe (Moravec, 1995; Saraiva et al., 2002).

Mpe1 mpenosiaraem, uTo HemaTtona (nau eé JTHK)
MOTJIa TIOCTYIIUTD B TUIIEBaPUTEIbHBIN TPAKT MIMPOKO-
J100ku I'ofyteBckoro AByMs My TAMU: NPAMBIM (AL u/
wm JHK oxpyxaromieli cpebl) 13 BHeIIHel cpefbl 1/
WJIM HETIPSIMBIM U3 €€ KOPMOBBIX OOhEKTOB.
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W3BecTHO, YTO siilla MHOTUX BHUJIOB HEMAaTO.
00J1a1a10T yCTONYMBOCTBIO K IEHCTBHUIO (PaKTOPOB OKPY-
xartoriert cpeanl (McSorley, 2003; Mkandawire et al.,
2022), 4TO MO3BOJIAET AETEKTUPOBATh MX B obOpasmax
Bombl u ocankax (Rusch et al., 2018; Trujillo-Gonzéalez
et al., 2019).

B cocraBe dayHbl MapasuTOB O3epHBIX IMINPO-
KOJIOOOK oOOHapyXeHHble BHOB HeMAaTo[ MpuHaj-
Jexamu K AByM wudbpaotpsamam: 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). Hematomsl poga Rhabdochona paHee He GObLIU
W3BECTHHI JIJIs TJIyOOKOBOJIHBIX PBIO Batikama, o/fHaKo
OHU OBLTM HaKIeHbl B KUIIEYHUKAX 0alKaJIbCKUX XapU-
ycoB u esbiia (Ilyraues, 2004).

HeMmaTobl ABJIAIOTCA OJHOU M3 HauMeHee HU3y-
YEHHBIX FPYIII Mapa3uToB PhI6 B BalikaJibCKOM pervoHe
(PuH4MHOB U Jip., 2017), a cBejeHNsA 0 TPOMEXYTOYHBIX
xo3sieBax Hemarod poja Rhabdochona oTCyTCTBYIOT.
M3BEeCTHO, YTO OCHOBHBIMHU MPOMEXYTOUYHBIMU XO3s€e-
BaMu Hemarto]i poaa Rhabdochona ABAATCA JTUYMHKU
1 umaro mojeHok Ephemeroptera (Moravec, 1994,
Hirasawa and Urabe, 2003; Hirasawa and Yuma, 2003;
Hirasawa et al., 2004), B Tom uucyie ponos Heptagenia
u Ephemera, BcTpevawmyecs B cocTaBe (ayHbl MpuU-
TokoB Baiikana (Kiore, 2009). [IpencraButenu poja
Hydropsyche Taxxe OTMEYalOTCSA B Ka4eCTBE MPOMEXY-
TOYHBIX X035ieB HeMaTo poaa Rhabdochona (Moravec,
1995; Moravec and Scholz, 1995; Saraiva et al., 2002)
U BXOJAT B cocTaB (payHBl PyYEHHUKOB BaliKaJbCKOTo
peruona (Poxxkosa u ap., 2020).

[TokazaHO, YTO OCOOEHHOCTH TMTAHUA PBIO
MOTYT CIOCOOCTBOBaTh WX 3apakeHHI0 HeMaToJaMu
(Axkpamosa u fp., 2019; Haxmugauaos u gp., 2021),
JKM3HEHHbIE ITMKJIBl KOTOPBIX MPOTEKAanT CO CMEHOU
x03sieB. POJIb MTPOMEXYTOUYHBIX X035€B UTPAOT amMpu-
OuoTHYeCKe HACeKOMBIE, a pe3epBYapHBIX — PBIOBI
(Axpamosa u p., 2019). Hanpumep, y ceBepoamepu-
KaHCKUX BUZOB ceM. Cottidae B KUIlleYHUKe TTapa3sUTU-
pyet Rhabdochona cotti Gustafson, 1949 (Moravec and
Muzzall, 2007). B cocTaBe NUIM 3TUX PbI0 OTMEYEHBI
npefcrasutesnin oTpsAga Ephemeroptera (Scott and
Crossman, 1973; Mason and Machidori, 1976).

YepHeiii Galikanmbckuil  xapuyc, Thymallus
baicalensis Dybowski, 1874 TunuuHbIil NpeACcTaBUTEIb
nxtrodayHsl jgutopanu balikana, crekTp norpe0bsis-
€MbIX MM OpraHU3MOB OYeHb IIMPOK W BKJIIOYAET B
ce0s1 KaK KUBOTHBIX 6EHTOCA, TaK ¥ UMAaro PasIMYHbIX
BufoB Hacekombix (Tyrapmua u Kymnuunckas, 1977,
Tyrapuna, 1981; Kumwxun u ap., 2006). BecHsAHKH,
MMOJIEHKU U Py4YeliHUKH, B TOM umcje poaa Hydropsyche,
yKa3aHbl B MUIIEBBIX ClleKTpax xapuycos (TecyieHKO U
ap., 2011; Kosecos, 2018). Cubupckuii esten, Leuciscus
baicalensis (Dybowski, 1874) oburaetr B mpubpexHOI
30He 03. Baiikaj, ero 3ajmMBax U MPUTOKAaxX C HEOOJIb-
muMHu rnyonHamu. OCHOBY €ro IUTAHUA COCTAaBJIAIOT
0ecro3BOHOYHBIE OeHTOca, MMaro HaceKOMBIX, BOJO-
pociiu u nerput (IlomoB u Ilomos, 2015). YuuTeiBas
0COOEHHOCTH SKOJIOTMM 3TUX BUJOB HAaXOXIEHUE Y
HUX Hematoq poja Rhabdochona mupepncTaBysieTcs
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BNOJIHE OOBACHHAMBIM. B NMUIIEBOM CIEKTpe O3epHBIX
IIMPOKOJIOO0K JOMUHUPYIOT aMUIOAB, MOJIOAb PHIO
u onuroxeTsl (BasukasioBa u ap., 1937; Tanues, 1955;
CupersnieBa u MexaHukoBa, 1990). FI3BecTHbIe IPOMEXY-
TOYHBIE X035eBa HeMaTo poaa Rhabdochona — mogeHku
U py4YelHVKYU He yKa3aHbl B MUTAaHWU O3€pHBIX MINPO-
kos000k. TakuMm oOpa3oM, [eTeKTHpOBAaHHAasA HaMU
JHK HemaTtonpl MOXeT NpUHAAJIeXaTh Kak INapasuTy
COOCTBEHHO MIMPOKOJIOOKHU I'o/iyIeBCcKOro, Tak U napas-
HUTaM ero KOpPMOBBIX OOBEKTOB.

4. 3aknioueHue

Hemaromer poma Rhabdochona panee He
OBUTM W3BECTHHBI VIl TJIyDOKOBOIHBIX PhIO Baiikasa.
[TostyueHHBle pe3yJIbTAThl MO3BOJIAIOT IMPEANOIOKUThH
Haju4ue y SHAEeMUYHBIX BUJIOB OalikaJbCKUX MIHNPOKO-
JI00OK He ONMCaHHBIX paHee BUOB Iapa3uToB. B cBA3u
C 9TUM NepCleKTUBHBIMU ABJIAIOTCA KaK KOMIIJIEKCHBIE
[1apasuToJioruieckue U MOJIeKyJIApHO-TeHeThu4ecKue
rccyieioBaHusA QayHbl apasuToB, TaKk U IpOBeJieHHe
PeBU3MM ONMCAHHBIX paHee BUJO0B y phl0 o3epa baiikai.
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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
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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

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'1*
Erosion-thermokarst 95 1.9 3.0 0.011 V = 0.0012A%%
Water-erosion 90 1.1 0.28 0.0004 V = 0.0036A'?2
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

I 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).
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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

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 5-10° J/m?,
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

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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Poccusa

AHHOTALIUA. Llens ncciefoBaHUA — BbIABJIEHNE BO3MOXHOCTEM MaTeMaTU4eCcKoro MOJeIpOBaHusA
[IpY pelleHnHy 3a7a4 KOJINYeCTBEHHON OIl[eHKHU U IPOrHOo3a riApOoTePMOANHAMUYECKUX XapaKTepUCTHK
03ep pas3INYHOro MPOMCXOXIEHNA B 30He MHOT'0JIeTHel Mep3JIOThl HA OCHOBE AOCTYIIHOM MH(OpManun
00 ux Mopdomerpuu. OObEKTOM HccieoBaHuA ABIATCA 420 MopdoMeTpuuecKr H3yYeHHBIX 03ep
AKyTUM pas3jIMYHOIO TreHeTHYecKoro MpoucxoxieHus. OO0CHOBaH BHIOOp aJeKBaTHOW TI'MAPOTEpMO-
JAVUHaAMHYeCcKON MOJeJsii IIPOLeccoB B cucTeMe «aTMocdepa — 03epo — AOHHBIE OTJIOXKEHUA», a Takxke
HMCTOYHUKOB MHMopManuu 06 atMochepHOM BO3AelCTBUM Ha o3epa (peaHaaus U KJIMMaTUYeCKUH IIpo-
THO3) AJiA u3ydaeMoro pervosa. [IpoBefeHbl MMUTAI[MIOHHbIE pacyeThl IO OLleHKe PeTPOCHeKTHBHON
MEXIOJIOBOIl ¥ BHYTPUI'OJOBOM AMHAMUKHN aOWOTUYECKUX MPOLECCOB B BOJE 1 JAOHHBIX OTJIOXKEHUAX
03€ep, PacloJIOKeHHBIX B 30He MHOI'0JIETHEl Mep3JIOThl pa3/IMYHbIX KJIMMaTH4YecKux obsactell AKyTun.
BrInoJIHEeHBI IPOTHOCTHYECKHUE pacyeThl [0 OIleHKe MeXTOAOBOU AMHAMUKHU M3ydaeMBIX IIPOLEeCCOB B
BOJIe M JOHHBIX OTJIOXKEHMAX HauboJjiee pacIpoCTPaHEHHBIX TePMOKAPCTOBBIX 03P, PaCIOIOXKEHHEIX B
30HaX MHOI0JIeTHell Mep3JI0THL. IIpy aToM ncnosb3oBainchk Asa RCP crieHapus sBoJIIONMY aHTPONOreH-
HBIX BBIOPOCOB ITAPHUKOBBIX I'a30B B aTMocdepy B OyaylleM — «Iy4lldil» U «XyAIMIUN» ¢ TOYKHA 3peHusAd
BO3AENCTBUA Ha OKpY’Kalollyio cpefy. JlaHa oljeHKa MepCcleKTHB JaJIbHeNIIero MCIojb30BaHuA MeTo-
JI0B MOJIeJINPOBaHysA [IpY CO3JaHNN CHCTEMBbl AUCTAHIMOHHOIO MOHUTOPHHIA HeN3yYeHHBIX U MaJIou3-
YUYEeHHBIX 03ep apKkTudeckux obnacren Poccuiickoit denepanuu.

Kitioueagwie cioga: o3epo, MaremMaruieckas MoJiesib, TEIJIONEPeHoC B BoJle U JOHHBIX OTJIOXKEeHUAX, MHOT0JIeTHAA
MEep3JI0Ta, peaHasin3, KJIMMAaTUYeCKUN CIleHapUil

Jisa nutuposBanusa: Kougpartees C.A., I'onocos C.[., 3BepeB 1.C., Pacynosa A.M., Kprutosa B.1O., Pesynosa A.B. OneHka tep-
MMYECKUX XapaKTePUCTUK 03ep 30HBI MHOTOJIeTHEl Mep3JI0Th MeTOAOM MaTeMaTH4ecKoro MoJieJINpoBaHusA (Ha IpuMepe o3ep
Axytun) // Limnology and Freshwater Biology. 2024. - No 6. - C. 1380-1398. DOI: 10.31951/2658-3518-2024-A-6-1380

1. BBeAeH“e OUOHHBIMHM METOAdaMM HCCJIENOBAaHUA (aKTI/IBHbIMI/I 14

MaccMBHBIMM). Mcrosib30BaHUe NaHHBIX AUCTAHIMOH-
HOTO 30HAMPOBAHUA JAET BO3MOXHOCTH OIpeNeJIATh
royouHy o3epa (BkJouas OaTUMETPUIO), W3MEPSTh
TeMIlepaTypy BOZBI, OTCJIeXMBaTh oOpa3oBaHMe JIbA,
Hab0AaTh 3a M3MEeHeHUsAMHU OeperoBoii JMHUHU U IJI0-
maau BOAOEMOB, M3y4yaTh GJiopy U (ayHy O3EpHBIX
9KOCHCTEeM, YTO KpaliHe BaXXHO JJIA OI[eHKU COCTOSHUA
9KOCHCTEMBI, 1 MHoroe Apyroe. Takoil moaxona 3Ha4u-
TEeJIbHO paclinpseT BO3MOXHOCTU HCCJIEJOBAaHUSA 03ep
30HBl MHOTOJIETHEN Mep3JIOThl, IO03BOJIAA MOJIyYUThb
LleHHble JTaHHBIe AJIA 3KOJIOTMYeCKOrO0 MOHUTOPHHTA.

B Hacrosmiee BpeMs abCoJII0THOE OOJIBIINH-
CcTBO 03ep Iwiomansio Ao 100 kM? 30HBI MHOTOJIET-
Hell Mep30Tel Poccyi MOXHO OTHECTH K KaTeropuu
HeN3yueHHBIX, TaK KaK Ha HUX He MPOBOJATCA KakKue-
100 KOHTaKTHBIe u3Mepenus (PymsaHues u ap., 2021).
[IprunHON 3TOr0 fABJAETCA HX MHOTOYNCJIEHHOCTb
U TPyAHONOCTYHnHOCTb. C pa3BUTHEM TeXHOJIOTMH
MOSBUJIMCh BO3MOXXHOCTU MOJIy4aTh HMHGMOPMAIUIO O
TPYAHOMOCTYIIHBIX 03€pax, He MPOBOAA TPYAOEMKHX
U JOpPOTOCTOAMMX KOHTAKTHBIX H3MepeHHl, ANCTaH-
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Anpec e-mail: arasulova@limno.ru (A.M. PacysoBa)
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OpaHako nmpuMeHeHHe JUCTAHIMOHHBIX MeTOJOB Orpa-
HUYEeHO MHOTMMHU (aKTopaMu, OCHOBHBIMH U3 KOTO-
PBIX ABJIAIOTCA paspelamnias ClIoCOOHOCTh JaTYUKOB,
3aTpyAHAIAA HU3yYeHre MeJKOMACIITaOHBIX 00beK-
TOB U nporeccoB (06er9H0 MeHee 10-30 M?) u riry6uHa
[IPOHMKHOBEHUSA 3JIEKTPOMAarHUTHOTO W3JIyuYeHUs B
BOJI0EM, YTO MeMIaeT MOJIy4eHNn0 nHhOopMaLuu O Tep-
MMYecKUX IpoIieccax B BOAHOH Tosme. HemoctaTok
nHopManuy 0 BOJHOU Macce MHOTOYHMCIJIEHHBIX 03ep
HeraTuBHO BJIMsAET Ha IJIAHHMPOBaHUE X03ANCTBEHHON
JlesITeJIBHOCTU B CeBepHBIX PerroHax, a Takxxe Ha Hayy-
Hy10 000CHOBAaHHOCTb IPOTHO30B BO3MOXHBIX H3MeHe-
HUI XapaKTepUCTUK 03ep U UX JIOHHBIX OTJIOKEHUH B
YCIIOBUAX KJIMMAaTHU4eCKUX U3MeHeHU.

B Hacrosmee BpeMa wu3 723 THCAY 03€p
Pecniybniuka Caxa (Axytnu) nadbopmanus o6 ux riy-
OuHe U IUIOW[A[M [OBEPXHOCTH HMeeTcs MeHee 4eM
A 500, koTopble cuuTanTCs MOPGOMETPUYECKHU U3Y-
ueHHbIMU (Basnaunenko, 2016). [Ipu aToMm o3epa peciiy-
OJIMKY MCHOJIB3YIOTCA AJ1A BOAOCHAOXeHNUs, BOJOOTBe-
JeHus, pel00JIOBCTBA, peKpeannu, J0OBYN canponesis,
a TakXe BO MHOTHX JPyTruX OO0JIacTAX YeJIOBeuecKOM
JeATeJbHOCTH, TpelOyoumx uHbopManuu O Xapakre-
PUCTHKAX UX BOJHOU MacChl U JOHHBIX OTJIOXEHUM.

Llenp HacToOAlero uccjefoBaHUs — BbIABJIE-
HUe BO3MOXHOCTEHl MaTeMaTH4ecKOro MOJe/IMpoBa-
HUA IpU pellleHWU 3aJayd KOJIMYeCTBEHHOH OLeHKU U
nporHosa ruaporepmouHamuueckux (I'TH) xapak-
TEpUCTUK O3ep Pa3IMYHOI0 NPOUCXOXIEHHsA B 30He
3ajieraHudsl MHOroJieTHeMep3sbix mopoxd (MMII) Ha
OCHOBe JOCTyNHOH nHdopManuu o6 ux MophoMeTpun.
OOBeKTOM HccjieqoBaHNs ABIAIOTCA 420 reHeTUYECKU
Pa3HOTHUIIHBIX 03ep AKyTuu, MOpdoMeTpusa KOTOPBIX
onucana B pabote (basnanenko, 2016).

2. 06beKT uccnepoBaHUA

AKyTusA 3aHUMaeT IJI0mAaab 0KoJio 3.1 MJTH. KM2.
Ha ceBepe Tepputopus ombiBaeTcsi MOpsAMHU JlanTeBbIX
u BoctouHo-CubupckuM. @opmbl pesbeda noAcTUIA-
IoM1ell TOBepXHOCTH pa3HOOOpa3Hbl. MOXHO BBIJIEIUTD
[Be OCHOBHBIe 06JlacTU: 3amagHoO-IUIaTOOPMEHHYI0 U
BOCTOYHO-TE€OCMHKJINHAIbHYI0, KOTOpble (GOpMUpOBa-
JIUCh B TeUeHHe KaHO30MCKOI 3Pl 1O BO3elCTBUEM
aJBNUNACKOTO TOpooOpa3oBaHUs, BEKOBBIX KoJieba-
HUII 3€MHOHN KOpPBI, TEKy4YMX BOJ], JIEJJHUKOB, TEPMO-
KapctoBoro u Jpyrux mnpoijeccoB (HectepeBa, 2011;
bananienko, 2016). O3epa pacnoJioxXeHbl B pa3IMYHbIX
(pusuko-reorpadpuiecKrux U KJIMMaTAUYECKUX YCIOBUAX,
YTO OTpaxkaeTcsi Ha MPOUCXOXIOEHUU U CTPOEHUU UX
KOTJIOBHH, a COOTBeTCTBeHHO u Ha ['TJ] mporeccax
B O3epax, a Takxe (YHKIMOHUPOBAHUU SKOCUCTEM.
OpnHoll 13 ocobeHHOocTel AKyTHuu ABIAETCA MHOTOJIET-
HAA MepajioTa. bosbinasg 4yacte Teppuropum AkyTnun
(90%), 3a WHCKIIOYEHHEM IOro-3amagHoN U I0XHOI
YacTW PAacIOJIoXKeHa B 30HE CIUIOMIHOM MHOTOJIETHEN
MEP3JIOTHl, MOITHOCTh KOTOPOU 3aBHUCUT OT KJIMMATA,
penbeda MECTHOCTH, XapaKTepa MOYBEHHOT'O U PaCTU-
TEJIbHOT'O ITIOKPOBA, COCTaBa U CTPOEHUA TOPHBIX IOPOJ,
SKCHO3UIMU CKJIOHOB U APYTUX MPUPOJHBIX YCJIOBUU.
Haubousbmas momHocTs gocturaet Ao 1500 M B Bepxo-
BbsIX peku Mapxa (J1eBbIii mpuTOK p. Buutioit). Bes ceBep-
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Has U 4YaCTUYHO I[eHTpajbHas yacTh Ky THUu npeacras-
JIAI0T c06011 30HY crtomHbIX MMII mMortHocThio 0T 400
M u 6oJiee. B 10XHOH U 0ro-3anagHoi yacTax AkyTtuun
HaboaeTcsa MpephiBHUCTOe pacnpocTtpaHeHue MMII,
MOIITHOCTBIO 10 60 M.

Kimumat fAKyTMH pe3Ko KOHTUHEHTAJIbHBIN, Ha
ceBepe U OCTpOBax — CyOApKTUUYECKUN 1 apKTUYeCKUU.
Ha 6Gospmeii yactu fxytum (LleHTpaspHo-AKyTckas
HU3MEHHOCTh) 3UMa MpPOAOJDKUTeNIbHAsA, CypoBasd,
MaJIOCHEXHasd C aHTUIMKJIOHAJIBHBIM  PEeXUMOM
norofsl. TemnepaTypa sHBaps KoJjieGjercsa oT -26°C
no -68°C. JleTo KOPOTKOe, HO TEIJIOE U 3aCYIILINBOE,
TeMIepaTypa uioJis coctaniser oT 2°C go 38°C. B cuity
ocobeHHOcTell peJyibeda U yAaJIeHHOCTU OT MOPS KJIU-
MaT MMeeT CBOU OCOOEHHOCTU B Pa3/IMYHBIX YaCTAX
pecny6iuku. Tak Ha Boctouno-Cubupckoii niargopme
HabogaeTcsa 6osiee MATKUKA KaumaT. OCHOBHBIE KJIH-
MaTtuuyeckue obsiactu KyTum npuBefeHsl Ha Puc.1.

Ha Puc. 1 ykasaHO pacroJioxeHue IeHTpOU-
JoB (LIEeHTPOB TsKECTH) YyKa3aHHBIX obJjacTel, pac-
[I0JIOKEeHHe KOTOpbIX Oy[eT HCIIOJIb30BaHO B IOCJIe-
AYIOIMX BblUMCJIeHuAX. KoopAauHaTH LIeHTPOUOB
KaXXqou M3 KJIMMaTuueckux odjacren (135.905985° E,
71.075318°N-o6sactb 1,130.522173°E, 66.934360° N
— obyactp 2, 124.756209° E, 60.887526° N — obJj1acTh
3) ompefeieHbl C UCTOJIb30BaHKEM IporpamMsl QGIS.
Kaxpmeiil 1ieHTpouj| npejcTaBjsieT coO0il GapuIleHTp
CJIOA KJIMMAaTU4ecKou 061acT, ero KOOpAUHATHL — 3TO
cpefiHIe 3HaUeHNUA KOOPAUHAT BCeX y3JI0B IOJIUTOHA.

MopdomeTpus o3ep oTpaxaeT Kak crnenUudUKy
Pa3BUTHUA KOTJIOBUHEI, TaK U MPOLECCH], IIpOTeKaolue
B BOJHOIM Macce M JIOHHBIX OTJIOXeHHUAX (AJaMeHKO,
1985; Mypasetickuii, 1960; Hexuxosckuii, 1973;
HecrtepeBa, 2011; bamanenko, 2016). K uucny Hawu-
OoJiee pacnpoCTpaHEHHBIX TUIIOB 03ep MO Mopdore-
Hetnueckol kiaccupukanuu (OKupkos, 1983) oTHO-
cATCA TepMOKapCTOBBIE, 3PO3MOHHO-TEPMOKAapCTOBbIE,
BOJJHO-3PO3MOHHEIE, JIEJHUKOBblE, TEKTOHHYeCKHue U
Jpyrue MeHee pacrnpocTpaHeHHble. OCHOBHBIMU MOP-
(pomeTprUecKUMI XapaKTEPUCTUKAMU O3ep ABJIATCA
cpefqHAA U MaKcuMasibHasA TJIyOUHBI 03epa, IUIOLajb
3epKasia 03epa, o0beM BOLHOI Macchl, AJMHA U U3pe-
3aHHOCTh OeperoBoil JMHUU U (GopMa 03epHOU KOT-
JoBUHBL. B Tabs.1 mpepacTaBiieHbl 3HaYeHUA CpedHeill
royounsl o3epa (H, m), mromanu 3epkana (A, xkvm?)
u obbemMa BOJHOM Macchl o3epa (V, kM) ana pas-
JIMYHBIX THUIIOB MOpPGOMeTpUYeCcKr H3YYeHHBIX 03ep
Axytun (Banarenko, 2016). Kak mpaBuJio, mpu mMoje-
JIMPOBAaHUU O3€p B KadyecTBe BXOJHBIX IapaMeTpOB
HCIIOJIb3yeTCs cpelHAA IJIyOMHAa BOJOEMOB OIHOTO
Mop¢oreHeTrudeckoro mnpoucxoxaeHus. OJHaKO, Kak
[IpaBUJIo, He JJiA BCeX 03ep M3BeCTHHI Bce Mopdome-
TpyUuyeckue HapameTphl. B3aumHas 06ycI0BJI€HHOCTD
reHeTUYecKoro IPOUCXOXAeHUs o3epa U (GOPMBI ero
KOTJIOBUHBI OIpejiesifieT KOppeJiAnuio Mexnay mMopdo-
MeTpUYecKrMHU lapaMeTpaMy BOAOEMOB OAVMHAKOBOTO
npoucxoxaeHus. biarogapsa 3ToMy MOXHO IpubJIM3u-
TeJIbHO OLeHUTh HeJocTamwlre MopdoMeTpuyeckue
XapaKTepUCTHUKY 03€p Ha OCHOBE OJJHOT'O MJIU HECKOJIb-
KHX MU3BECTHBIX [TapaMeTpOB B OAHOPOIHON IO reHe-
TUYeCKOMY IIPOUCXOXAEHHUI0 Ipymne BoJoéMOB. Tax,
Hanpumep, B paborte (banarenko, 2016) congepxatcsa
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SMIIPUYECKHe re0CTaTUCTHYecKre 3aBUCUMOCTH, CBS-
3bpIBaoIrie 06beM BOABI B 03epe ¢ IUIomaabio. Takoro
poja 3aBUCHMMOCTH MOTYT HCIIOJIb30BAThCA AJIA KOJIU-
YEeCTBEHHOU OIeHKH U Jpyrux MopdoMeTUiecKux
XapaKTepUCTUK 03ep, Hanmpumep — ri1yOuHbL.

Kak BHMOHO M3 paccMaTprBaeMol BBIOOPKU
HauboJiee MIMPOKO pAaCIpOCTpPaHEHBH Ha TEePPUTOPUHU
fkyTunu ozepa mepmoKapcmMoGO20 NPOUCXOXAEHUA.
OTU o3epa OoJIbIIell YacThl0 HEBEJIMKU IO pa3Mepam
U UMEIT OKpYTJIO-OBaJIbHyl0 (opmy. WX TiTyOUHBI
paBHB 1-3 M ¥ TOJIBKO B OTAEJIBHBIX O3epax AOCTH-
raloT 10-15 M. K GOOHO-3PO3UOHHBIM OTHOCATCA
[oliMeHHble, peyHble U PpacloJIOKeHHBle B JlesbTax
WIN B YCThAX peK o3epa. JlaHHble o3epa o0pasyloTcsA
B pe3yJIbTaTe OTJIeJIeHUs OT peKu MPOTOK (PyKaBOB)
U y4acTKOB cTaporo pycia (crapwuil), JubO Mpu 3aTo-
IUIGHUM [OJIBIMM BOAAMM IIOHMXXEHHBIX y4acTKOB.
O3epa BOOHO-IPO3MOHHOIO IIPOHCXOXAEHUs pacIpo-
CTpaHeHB! BJIOJIb peK, [l HUX XapaKTepHa MpOAOJI-
ropatas ¢gopma u Hebosbmas riayounHa (0.9-3.6 M) u
wiomaap (0.01-2.39 km?) (TopoaHuveB u Ap., 2020).
Opo3uoHHO-MepMoKapcmosble o3epa 00pa3oBajvCh
B JIpPeBHUX [IOJIMHAX KPYIHBIX peK, Ha Teppacax cpen-
Hero U BepXHero KOMILJIEKCOB. JTO HauboJjiee KpynHbIe
o3epa permoHa, KOTOphle 10 Mepe NMOoJHATHA Ha OoJiee
BBICOKHE T'MIICOMeTpHYeckre yPOBHU YTPaTUJIU SBHBIE
IIPM3HAKN JPO3MOHHOIO IPOUCXOXAEeHHUsA, NpUodpen
OKpYTJIble U OKpYIJIO-yAJIMHeHHBle ouepTaHusA. O3epa
JIeOHUK0B020 TIPOUCXOXJIEHUs IIPEeCTABJIAIOT COOOM
cjefpl NMpeObIBaHUA M [BUXEHUA JIEJHUKOB YeTBep-
TUYHOTO IlepHofa B BHAe IIpamoB, OapaHbuX JIOOB,
KOTOpBble XOpOIIO 3aMeTHBl Ha CKaJIMCThIX Oeperax u
ocTpoBax. bepera osep cJioXeHB IPeHMMYyIeCTBEHHO
U3 TBepJOKaMEHHBIX IIOpOJ, ¢Jabo MNOAMA0IINXCA
9p0o3UH, 4TO ABJIAETCA OJHOM M3 IPUYUH €J1aboro mnpo-
Iecca ocafgkoHaKomuieHus. O3epa mMeKMOHUYECK020
MPOUCXOXJEeHHUs OTJINYAIOTCA HauOoJbIIel riTyOuHON
U MPO3PAaYyHOCTHI0, OOJIBIIMHCTBO M3 HUX IMPOTOYHEIE.
OHH 00pa3yloTcs B MeCcTax pa3jiOMOB U CIIBUTOB 3eM-
HOU Kopbl. Kak mpaBuiio, 3TO TJIyOOKHe y3KHe BOJO-
eMBl C KPYTBIMU OTBECHBIMU U KaMEHUCTHIMU Oepe-
raMu, pacroJyIoXeHHbIe B IJIyOOKHX CKBO3HBIX YIIEJIbAX
(bamnanenko, 2016).

3. MarepuManbl U MEeTOAbI

O)Z[HI/IM N3 OCHOBHBIX HpeﬂHaBHa'{EHI/Iﬁ Mare-
MaTU4YE€CKOro MoAe/IMpoBaHusA IMPUPOAHBIX ITPOLECCOB
ABJISAETCA IMPOBEACHME HMMHWTAMOHHBIX M IIPOTHOCTHU-
YECKUX pacCyueToB, IMO3BOJIAKMINX OCYIMIECTBUTb BBIXO
3a paMKKX BO3MOXHOI'O HATYpPHOr'o O3KCIE€pHMEHTa

(Camapckuii, 1983; Konapartees, 2007). J1a qocTrxe-
HUA MOCTaBJIEHHOU LIeJIU, TO €CTh [JIA BbIABJIEHUS BO3-
MOXXHOCTel MoeupoBaHusA mpu oueHke I'T/] xapakTe-
PUCTUK 03ep Pa3IUYHOTO MPOUCXOXKIEHU B YCIIOBUAX
3ajeranusa MMII, a Takxe uX BO3MOXHBIX U3MeHEeHUI
B pe3yJibTaTe KJINMAaTU4YeCKHX BO3AENUCTBUI peliajiich
cJeaylome 3aaun:

* Bribop anmexBaTHOUM wmopeynu I['TJ] mpolieccoB B
cuctemMe «arMmocdepa — 03epo — OOHHBIE OTJIO-
KEHUA», a Takke HCTOYHUKOB MHpopManuu 06
armocdepHOM Bo3JelicTBUM Ha o3epa (peaHa-
JIu3, KJIMMaTU4ecKuil IPOrHo3) AJiA uU3ydaeMoro
peruoHa.

» TIpoBeeHue MMHUTALMOHHBIX PACUETOB I10 OLl€HKE
PEeTPOCIIEKTUBHON MEXrofOBOI 1 BHYTPUTOJO-
Boii quHamuku ['T/] mporieccoB B Bofe U JOHHBIX
OTJIOXKEHUAX 03€p, PacCIIOJIOKEHHBIX B 30HE MHO-
rojeTHel Mep3JI0Thl Pa3IMYHBIX KIMMaTUYeCKUX
obnacreri fAxyTtuu. PacueTbl BBINOJIHAJINCH [J1A
TUNOTETUYECKNX 03ep CO CPeJHNMU XapaKTepu-
ctukaMu u3 Tabswuiel 1, pacrnosiokeHHBIX B TOU-
Kax ¢ KOOpAWHATaMHU LIEHTPOUI0B KJIMMAaTUUYECKUX
obJyiacTem.

+ [IIpoBeeHre TNPOTHOCTUYECKUX PACUETOB IO
OIleHKe MEeXTOOBOM 1 BHYTPUTOIOBOU JUHAMUKU
I'TlT mponeccoB B BOAE U AOHHBIX OTJIOXKEHUAX
HauboJiee PpPaCIpOCTPAHEHHBIX TEPMOKAPCTOBBIX
03€ep, pacloJIOKEeHHBIX B 30HaX 3asieraHuss MMII
Pa3JINYHBIX KJIMMaTU4YecKux obsacted fkyTtuu.
PacueTsl BHIMOJHAINCH OJIA TUTMIOTETUYECKUX O3ep
co cpemHuMU xapaktepuctukamu (Tabmmma 1),
pacrnoyIoKeHHBIX B TOYKAaX ¢ KOOpAWHATaMU LeH-
TpOUOB Kiumatudyeckux obsacreit (Puc.l), u ¢
HCIIOJIb30BaHUEM PA3JIMUHBIX CI[eHapHeB 13MeHe-
HUsA KJIUMAaTa B pervoHe.

+ OlueHKa nepcreKTyB AaJIbHEHIIero UCIoJIb30BaHUA
METOJIOB MOJEJMPOBaHUA B CO3JaHUU CHUCTEMEI
JUCTAHI[MOHHOTO MOHUTOPUHTAa HEW3YYeHHBIX
1 MaJIOM3yUYeHHBIX O3ep apKThuecKux objacTen
Poccutickoit ®enepanuu.

Bribop Mozenu I'T/I mpoieccoB B cucreme
«arMocdepa — 03epo — IOHHBIE OTJIOXKEHUS», a TAKXKE
HMCTOYHUKOB HHpopMamuu o6 atMochepHOM BO3-
JelCcTBHU Ha o3epa. PaccmarprBaemsble B HACTOSAIIEN
pabore o3epa fKyTun, pacnoJyioKeHHbIE B 30HE 3aJie-
raHUsA MHOIOJIeTHEMep3JIblX IOpoJ, o0JafaioT OLHOM
BaXXHOI OCOOEHHOCTBIO — B HUX IIPaKTUYeCKH Bcerga
NIPUCYTCTBYIOT I'OPU30HTaJIbHASA OJHOPOIAHOCTb IIOJIA
TeMIepaTyphl U NpeobyafaHue BepTUKAJIbHON M3MeH-

Ta6suna 1. CpefjHre 3HaYeHNsA OCHOBHBIX MOP(}OMEeTPHUYECKHX XapaKTepUCTUK 03ep SAKYTUM ¢ pa3IMYHbIM T'eHeTUYeCKUM

Tunom npoucxoxgenus (Bamarenko, 2016)

TuUnsl KOTJIOBUH Kos-Bo 03ep H, m A, xm? V, kM3 V = f(A)
TepMOKapCTOBEIE 231 1.4 0.8 0.001 V = 0.0024A!14
DPO3UOHHO-TEPMOKAPCTOBBIE 95 1.9 3.0 0.011 V = 0.0012A'%
BoaHO-3p031OHHEIE 90 1.1 0.28 0.0004 V = 0.0036A'2
TeKkTOHUYECKIE 8 34.2 36.3 1.64 V = 0.085A3%2
JleJHUKOBBIE 17 4.3 35.5 0.15 V = 0.085A32
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YMBOCTU TEPMHYECKUX XapaKTePUCTUK BOJHON MacChl
HaJ ropusoHTaIbHON ([1aBsoB, 1999). IIpu Moaeupo-
BaHHUU TePMUYECKOr0 peXrMa BOJOEeMOB 3TOro Kjacca
3a4acTyl0 JOCTAaTOYHO HCIIOJIb30BAaTh IPOCThIE OHO-
MepHBle MOJeJId, OCHOBAaHHBIe HAa WHTErpHpOBaHUU
ypaBHeHUs BepTUKaJIbHOU AU(y3nn Temia U pasind-
HBIX crioco6ax mpeAcTaBjieHNs BePTUKAJIbHOTO pacipe-
JejeHus TeMilepaTtyphl. Takue MoJesy, Kak IpaBUilo,
OCHOBaHbI Ha OCHOBOIIOJIArAlONINX (PU3NIECKUX 3aKO-
Hax, He TpedyIoT 3aaHnA K03GPUINEHTOB BePTUKAIIb-
HOro TypOyJieHTHOro o0MeHa, IIPOCTHl B peajin3aluu u
yOOOHBI /I IPOBeJIeHNUA YKUCJIEHHBIX dKCIIepUMEeHTOB.
OpHoil u3 Takux mopesien spisercsa Flake (Mironov,
2008).

T'ugpoTepMoaHaMUYecKas Mojiesib o3epa FLake!
SIBJISIETCSI COCTABHOM YaCTHIO MPEIJIOKEHHON METO UK
U pa3paboTaHa COBMECTHBIMH yCUJIMAMU COTPYIHUKOB
HNuctutyta o3epoBeneHusa PAH, MHcTuTyTa BOAHBIX
npobJiem CeBepa PAH, MHcTUTyTa BOAHON 3KOJIOTUU U
BHyTpeHHero peiboBofcTBa 'epmanuu (IGB) u Ciryx0bl
noroasl I'epmanuu (DWD) (Mironov, 2008; Mironov
et al., 2010; Golosov and Kirillin, 2010; Kirillin et al.,
2011). Mopernb mpejicTaBjsieT co00 YHHBepPCAaJIbHYIO
rapamMeTpHU30BaHHYI0 OOHOMEPHYI0 MaTeMaTH4ecKyio
mogesnb I'TJ] mporjeccoB B 03epe, B KOTOPOH peajin3o-
BaHBl pe3yJIbTaThl UCCJIe[JOBaHU, [T0JIyYeHHbIe B X0/e
MHOT'0JIETHUX HaTypHBIX U JIJaDOpaTOPHBIX KCCJIe[oBa-
HUH, BBIIOJHEHHBIX Ha JIMMHOJIOTMYECKOH CTaHIUU
WuctutyTa o3epoBeneHusa PAH, a Takxke mnociegHue
MMPOBBIe JOCTHXXKeHUA B 00J1acTH (PU3NYEeCKOH JIMMHO-
Jorud. J{yig yCIemHoro MCIoJb30BaHUA MojJeau 00b-
eKT MOJeJINPOBAaHMUA [OJDKEeH YIOBJIETBOPATh CJIeAyIO-
MM OCHOBHBIM TpeOOBaHUAM:

* TPOTSXEHHOCTh He [JOoJDKHA OBITh HaCTOJIBKO
BeJIMKa, 4TOOBI NOPOAWTH 3HAUMUTEJIbHble KJIMMa-
TUYeCKHe pas3jIndusa MexXAy OTAeJIbHBIMH y4acT-
KaM{ aKBaTOpUY, U He HACTOJIbKO Majia, YTOOBI
BTOpHYHAas BeTpOBas LUPKYJALMUA Urpaja OueHb
CyIL[eCTBEHHYIO POJIb;

¢ JAHO MOXHO allIIpOKCUMHPOBATh FOpHBOHTaJ’IbHOﬁ
IIJIOCKOCTBIO,

* aJBeKTHUBHBIe IIpollecChl He [JOJDKHBI  BHO-
CUTHb CYyILIeCTBEHHOIO0 BKJIafla B TypOyJieHTHoe
IepeMelIiBaHue.

B nacrosmee Bpemsa FLake ciyxutr 6a30BBIM
WHCTPYMEHTOM I pa3paboTku Mofesiell GyHKI[OHU-
pOBaHUA BOJHBIX 3KOCHCTeM U (HOpPMHPOBAHUA Kaue-
CTBa BOJBI B IPUPOAHBIX U MCKYCCTBEHHBIX BOJOEMaX,
HCHOJIb3yeTCs Kak yueOHoe rnocobue mpu MOATOTOBKE
CIe[MaJIICTOB 3KOJIOTOB M 'MIPOMETEe0pOJIOTOB KaK B
Halleil cTpaHe, Tak U 3a pybexoM. [IpoaykT cuHTe3a
Mozeu o3epa FLake M MpUIOBEPXHOCTHBIX METEOPO-
JIOTUYeCKNX MaHHBIX peaHai3a IOJIyYyWJ Ha3BaHUe
FLake-Global (Kirillin et al., 2011). Otmeuaetcs, 4TO
FLake-Global mno3BoJisseT mnpakTUYecKM MIHOBEHHO
OLIEHUTh CEe30HHBIY LUMKJ TeMIepaTypsl U YyCJIOBUH
repeMelrBaHusA B JIIOOOM MEJIKOBOJAHOM IIPECHOBOJ

Puc.1. Kiumatuueckue o6jacTd Ha TeppUTOpPUU
Pecriybsimka Caxa: 1 — kjIMMaT apKTUYeCKUX MYCThIHb U
TYHJP, 2 — YMepeHHBII1 KOHTUHEHTAJIbHBIN KJIMMAT C JJOCTa-
TOYHBIM YBJIaXHeHHeM, 3 — KJINMaT Talrhd ¢ YCTOHYUBBIM
yByaaxHeHueM (HauuonasnbeHbIHN aTiac..., 2007), 4 — neHTpo-
WUABI KJIMMaTHYecKHx obJacTe, 5 — o3epa

HOM O3epe 10 BceMy MHpY. B kauecTBe MeTona yuera
BJIMAHUA o03ep Ha (QOpMUpPOBaHME JIOKAJbHBIX KJIM-
MaTH4YecKUx ycJioBuili Mofesib FLake mmpoko BHe-
JpeHa B IpaKTHUKy YKUCJIEeHHOTO IIPOrHO3a IOrofbl B
MeTeOpOJIOTUYeCKUX OpraHu3alUsax pasHbIX CTpaH U
MexpayHapoaHoro EBpormetickoro LleHTpa cpegHecpou-
HBIX TPOTrHO30B noroas! (Mironov, 2008). EBporierickas
nporHoctuyeckas cucrema COSMO?, ucnosibdyemas u
B Halllell cTpaHe [JiA COCTaBJIEHMUs NMPOTHO30B IOTOLBI
PocrungpomeroM Ha Bcell Teppuropuun PO, Takxe
BrtovaeT FLake B kauecTBe cpe/icTBA OIIEHKU BITMSHUS
IIPeCHOBOAHBIX O3ep Ha JIOKAJIbHBI KJIMMAT IO BCEMY
Mupy. VI3 aToro cienyert, 4ToO MOAEJIb allprOpU MOXeT
HCIOJIb30BaThCA HA HEU3YYEHHBIX MAaJIBIX U CPEIHUX
BOJl0eMax Halllell CTpaHsbl.

Kpome TOro, B IpeAlecTBYIOMUX MCCIIEI0Ba-
HUAX aBTOPOB, BBHIIIOJIHEHHBIX COBMECTHO C KOJIJIeraMu
n3 UHcTtuTtyTa BOogHBIX npobsem Cesepa KapHIl PAH
n CaHkr-IleTepOyprckoro rocyJapCTBeHHOIO yHUBED-
cureta (Zdorovennov et al., 2020), mpezacTaBJeHBI
pe3yJibTaThl Bepudukaiuu monaenau FlLake Ha o3e-
pax octpoBa CaMOMJIOBCKUM, HaXOAAIIMXCA B I0KHOMN
yacTy JAesbThl peku JleHsl. Ha ocTpoBe pacnoyiokeHO
HECKOJIBKO 03€p IIPEeUMYIeCTBEHHO TePMOKapCTOBOIO
npoucxoxaeHus. A sepudukanuy MOJeJN UCIOJIb-
30BaJINCh pe3yJIbTaThl H3MepeHUH TOJIIMHB JbAa
03ep, NPUAOHHBIX Y TOBEPXHOCTHHIX TEMIIEPATYP YEThI-
pex o3ep B amnpeJsie 2013 roga, MpoBeIeHHbIX I'PYIIION
CIIeNMaJINCTOB U3 MHCTUTYTA MOJIAPHBIX U MOPCKHUX
ucciefoBaHuii nMmeHu Amnbdpena Berenepa (AWI, .
[MoTcmam, I'epmanusa) B pamkax skcrmenunuu «JleHa»
(Zdorovennov et al., 2020).

JlaHHBIE METEOpOJIOTUYEeCKOro peaHau3a
HCIIOJIb30BAJINCh [UIA 3aJaHusA aTMocGepHOro BO3-
nJerictBusa («popcuHra») Ha osepa. Peananus oO0bedu-
HAeT JaHHble JeTePMUHUPOBAHHOI'O MOAEJINPOBaHUA

! I'TH moxmens Flake https://www.lakemodel.net (gata o6pamierus 15.03.2024) (Mironov, 2008).

2 TIporHoctuueckas cucrema COSMO, Pocrugpomer. https://www.meteorf.gov.ru/product/cosmo/ (mara obpamieHust

15.03.2024) (Rockel et al., 2008).
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C HATYpHBIMHU HaOJIOAEHUAMU 10 BCEMY MUPY B IJIO-
0aJbHO IMOJIHBIL W COTJIACOBAHHBINL HabOp AaHHBIX.
[IpuHIMI Takoro oO6beAWHEHUs MAaHHBIX OCHOBAH Ha
aCCUMWIANMY JAaHHBIX, WCIOJB3YEMBIX B I€HTpPaX
YHCJIEHHOT'O IMPOTHO3MPOBAHUA IMOTOAbL, IAe KaKable
HECKOJIPKO YacCOB MPEIBIAYIINI MPOTHO3 ONTUMAJIb-
HBIM 00pa30M KOMOUHUPYETCSI C HOBBIMH JIOCTYITHBIMU
HabyofeHuAMU [J1A HOoJIyYeHUs HOBOW Haulydiiei
OLleHKHN cocToAHuA aTtMocdepsl. IIpu 3ToM peaHanus
He CBA3aH C HEOOXOAMMOCTBIO OIlepaTUBHO BBIIYCKaTh
MeTeOpOoJIOTHYeCKre MPOTHO3H, CJIeOBATEJIBHO, €CTh
Oosibllle BpeMeHU [Jid cOopa HaOI0AeHUNl U ydeTa
VJIyUIIEHHBIX BEPCUU WCXOMHBIX HAOJIO[EHUH, YTO
0JIaronmpUsATHO CKAa3bIBAETCA HA KavyecTBe MPOAYKTA
peaHam3a.

B Hacrosmieii paboTe B KayecTBe BXOJHOU
vH@OpManUu Il TUAPOTEPMOAUHAMUYECKOTO MOJe-
JIMPOBAHUS MOCJTYXUJIN TaHHBIE peaHan3a ceMencTBa
ERAS. Peananussl ERA5® comepXxat psisl BOCCTaHOB-
JIEHHBIX 3HAUYeHUH MeTeOPOJIOTUYEeCKUX IapaMeTpOB
O BCEero 3eMHOTO Iapa, KOTOpble OOHOBJIAIOTCS
exeJTHEBHO C 3ajiepxXkKoii okosio 5 aHeir. ERAS5 - aTo
MATOe TMOKOJIEHWE peaHam3a AJiA TJ100aJbHOro KJIH-
Mara U MoroJsl 3a nocjennue 8 necarusetuil. JlanHsle
goctynHel ¢ 1940 roga mo Hacrtosmee BpeMA. ERAS
MpeoCTaBJisieT II0YacOBble OIeHKU [JiA OOJIBIIOro
yrcJia napaMeTpoB aTMocdepbl, OKeaHNUUYeCKHUX BOJIH U
MOBEPXHOCTU 3eMJIM. BpeMeHHOI mar Mexay cpokamu
«HaOJII0/IeHUil» cocTaBjsAeT 6 YacoB, MPOCTPAHCTBEH-
HOe paspellleHue peaHanusa — 0.25° o mmpore u g0JI-
rote. Broibopka HeEOOXOAVMMBIX [JIsi pacueToB AaHHBIX
MPOU3BOJIUTCA IO KOOpAWHATAM pACUYETHON TOYKU.
Juia oGsieryeHus pabOThl MHOTUX KJIMMaTUYECKUX MPU-
JIO)KEHUN pacCUMTHIBAIOTCA TaKXe U CcpeJHeMecsYHble
3HaUeHUs I'MJJpOMeTe0POJIOTUUeCKUX mapaMeTpoB. [Ipu
MopenupoBaHun I'T/] mpolieccoB B TPYAHOAOCTYIIHBIX
pervoHax JaHHblE peaHasil3a 3aMeHAIT OTCYTCTBYIO-
1y nHGOpMarIuio Ha3eMHBIX U3MepeHNni.

CileHapyu H3MeHEeHUs KJIMMaTra B peruoHe.
Jl714 oLleHKH TIoCJIeACTBUI BO3MOXHBIX KJINMAaTUYeCKUX
U3MeHeHUH B paboTe ObLIN KCIOJIb30BaHHI /IBa CI[eHa-
PHs SBOJIIOIMY aHTPOIIOT€HHBIX BEIOPOCOB TAPHUKOBBIX
ra3oB B atMmocdepy B Oyayiiem, T.H. RCP-cueHapuu
(Representative Concentration Pathway) — RCP 2.6
u RCP 8.5 — «Iyumuii» U «XyAUINi» C TOYKNA 3peHus
BO3/elICTBUA Ha OKPYXKAIOIIYI0 Cpealy, COOTBETCTBEHHO
(Meinshausen, 2011; Moss, 2010; Nakicenovic and
Swart, 2000; Rogelj et al., 2012). Cuenapuit RCP 2.6
TpelyeT, 4ToObl BRIOpOCH Auokcuzaa yryepoga (CO,)
HayaJM HEYKJIOHHO CHMXAaThCA U [OCTUIJIA HYyJIA K
2100 r. Beibpocs metana (CH 4) JOJDKHBI YMEHBIINUTCA
Ha TOJIOBUHY, MPU 3TOM YPOBEHb BHIOPOCOB AMOKCHA
cepl (SO,) cocraBut nmpumepHo 10% ot ypoBHa 1980-
1990 roxos. B cuenapum RCP 8.5 BBIOpOCH mpoaoJI-
JKalOT pacTU B TeueHue Bcero 21 Beka TeMU XKe TeMIIaMu,
yTo U ceiiuac. Lfudppsl B aGbpeBuarypax clieHapueB
(2.6 1 8.5) yka3wplBalOT Ha JOMOJHUTEJIBHOE KOJIIYe-
cTBO 3Hepruu (BTt/m2), kKoTOpoe OymeT aKKyMYyJIHpO-
BaHO aTMocdepoil B pe3ysbTaTe BBIOPOCOB MapHUKO-
BBIX Tra30B. 3HAYEHUS METEOPOJIOTUYECKIX ITapaMeTPOB

(ocagkoB U TeMIlepaTypsl BO3AyXa), COOTBETCTBYIOMINX
peanu3anuy CIieHapHeB COLMaJIbHO-3KOHOMUYECKON
JeAaTesbHOCTH YesioBeka RCP B n3yyaeMoM pervuoHe Ha
nepuon Ao 2100 roga, paccuyuTaHbl C UCHOJIb30BAHUEM
kanMaTtudeckoin mopenu MPI-ESM-MR  (UHcTUTyT
Makca Ilnanka, I'epmanus), yuactBymomeii B ®aze 5
[TpoekTa B3aMHOI'O CpaBHeHUA Mofesiell BceMupHO
nporpaMmmbl uccyaegoBanuii kaumara (WCRP CMIPS)
U peKOMeHJIOBaHHBIX B IIATOM OIIEHOYHOM [OKJiaje
MexnpaBuTeIbCTBEHHO!N I'PYIIIIBI SKCIIEPTOB 110 U3Me-
HeHUI0 KJnMaTa®. [losryueHne HeOOXOAUMBIX AJIs pac-
YeTOB AAHHBIX OCYIIEeCTBJIAJIOCh IIyTeM IOoJadd COOT-
BEeTCTBYIOIIEro 3amnpoca, BKJIIOYAIOIIero KOOpPAWHATHI
MHTEepeCcyIIUX Touek (B HalleM cjIydyae — KOOpAUHATHI
LIEHTPOU/IOB KJIMMAaTHUYeCKnXx obJiacTeli), Ha3BaHUeE
kanMmaTtudeckux mogenern (MPI-ESM-MR), tun RCP-
ciuenapus (RCP 2.6 u RCP 8.5), HazBaHUs MeTeOopo-
JIOTUYECKUX IMepeMEHHBIX U BpeMeHHOe pa3spellieHune
JaHHBIX Ha caiTe EBpomelickoro nmeHTpa cpeaHecpoy-
HbBIX porHo3oB morosl (CORDEX..., 2021). UcxoaHyio
nHboOpMaLU0 AJA KJIUMaTU4YeCKHX IIPOrHO30B COCTaB-
JIAI0T TufijpoMeTeoposiornueckue napametpsl (RCP cie-
Hapuu) 3a nepuop 2006-2100 rr.

Jna mnpoBefeHWsA HMMTALMOHHBIX pacyeToB
BBINOJIHAJIACH CTHIKOBKA T'HMPOMETe0POJIOrHnYecKomn
nHbopMalUy peaHaJM3a U KINMaTUYeCKUX IIPOrHO-
30B. AnanTtanuu cueHapueB RCP K peTpoCneKTUBHBIM
JaHHBIM peaHasi3a IIPOBOJWJIMChH C MCIOJIb30BaHHEM
MeTola KOPPEKTHMPOBKM 3HAueHUH KJINMaTUYeCKuX
rnapamMeTpoB, pacCcuuTaHHBIX 0 momenu MPI-ESM-MR
ana nepuoga 2006-2022 rr. B COOTBETCTBUHU C AaH-
HBIMU peaHaJiu3a 3a 3TOT Xe IlepuoJ BpeMeHUu. Metofq
OCHOBaH Ha HCIIOJIb30BAaHMU COOTHOIIEHUH, CBA3BIBA-
IOIIMX 3HAaueHUs peaHaau3a (aHajora M3MepeHHBIX
KJIMMaTU4YeCcKUX IlapaMeTpoB) M PpACCYMTAHHBIX 110
MoAesnu obuelt 1upKyaAnun atMocdepsl (KoHgpaTses
u BoBeikun, 2003).

[Tpy HanMMYMKU HEOOXOAUMOM UCXOOHOU MHOOP-
MalM MOJeJib PaCCUMTHIBAET CJefyIolle XapaKTepu-
CTHKHU BEIOpAHHOIO 03epa:

* TemjomIepeHOoC Mexay aTMocdepori, JIbJJOM, BOJON
Y IOHHBIMU OTJIOXKEeHUAMU;

*  BepTHUKaJIbHBIN NpodUsIb TeMIlepaTyphl BOJbI, TeM-
nepaTypy y IOBEPXHOCTH U y JTHA;

* mpoduJib TEMIEPATYPHI B JOHHBIX OTJI0XEHUAX;

« [maTy oOpa3oBaHUsA JIEOOBOTO IOKPOBa, €ro Ipo-
JIOJDKUTEJIBHOCTD U TOJIIUHY;

* rIyOUHY NMPOTAuBaHUsA JOHHBIX OTJIOXEHUH B 03e-
pax 30HbI BEYHON Mep3JIOTHI.

4. Pe3yAnbTaTtbl U MX 00Ccy)KpeHHe

Bo3MOXHOCTH MaTeMaTHU4eCcKOro MOAeINpOBa-
HUA NIpY pellleHu! 3aJa4 KOJINYEeCTBEHHOU OLeHKU U
MIPOrHO3a BO3MOXHBIX U3MeHeHUH I'T/[ xapakTepucTuk
03ep Pas3JIM4YHOr0 IPOUCXOXKAEHUS B YCJIOBUAX 3aJlera-
HusA MMII Ha ocHoBe mHbopMaluu o6 ux mopdome-

3 Caiit ERAS https://confluence.ecmwf.int/display/CKB/ERA5 (nata o6pamenus 15.03.2024) (Hersbach et al., 2020).

4 Ccpuika Ha goknaf https://www.ipce.ch/sr15/ (nata ob6pamenus 15.03.2024).
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TPUU IIPOJIEMOHCTPUPOBAHEI Ha IpUMeEpe pelleHNs clle-
AYIOIIUX TPEX 3a7a4 UMUTALMOHHOI'O MOJEJINPOBAHUA:
Pacuer BHyTpuromosoi aquHamuku I'TJl xapakre-
PUCTUK BOAHON MAacChl M JOHHBIX OTJIOKEHUI B
PA3JIMYHBIX KJIMMaTU4eCcKnx obiactax AkyTun.

Pacuer BHyTpuromosoi nuHamuku ['TJ] xapakre-
PUCTUK BOJHON Macchl M JOHHBIX OTJIOXEHUHN B
03epax pas3JjIMYHOro MPOUCXOXKAEHUA.

PerpocriekTBHasA ” MPOTHOCTHAYECKAs OLIEHKU
AuHaMuky cpeaHeronoseix I'TJ] xapakTepuCTUK
o3ep 3a nepuop 1940-2100 rr.

3HaueHus rjayOnH NepBbIX TPeX TUIOB 03ep (Tep-
MOKapCTOBBIX, BOJHO-3PO3MOHHBIX U 3PO3UOHHO-TEp-
MOKAapCTOBBIX) OJIM3KU Mexay cobon (Tabmuna 1). Ux
pas3nnuys He OKasblBaeT CyILIeCTBEHHOI'O BJIMAHUA Ha
pe3yJibTaTel MoAesrpoBaHuA. IloaTomMy B nociefylo-
IUX pacyeTax paccMaTpHUBaJIlCh TOJIbKO TePMOKapCTO-
Bble 03epa, Kak IIpeBaJMpylollle B paccMaTpuBaeMON
BbIOOpKe. MogespoBaHye BBINOJIHAINCDH AJIA THUIOTe-
TUYECKUX 03ep, PAacCIOJIOKEHHBIX B TOYKax C KOOpAU-
HaTaMu I[eHTPOUJOB KJIMMAaTUYeCKHUX obJacTei, co
CpeqHUMM 3HaueHUAMHU MOpQPOoMeTpHUUYecKUX XapaKTe-
pHUCTUK, coAepxamumucs B Tabnune 1.

Pacuer BHyTpUTrOnOBOM muHamMuku I'T[
XapaKTepUCTUK BOJHOHM Macchl M JOHHBIX OTJIO-
)KEHUH B Ppa3jIMYHBIX KJIIMMaTHYeCKUX O06JiacTsix.
HWmurannonHoe I'T/] MoenrpoBaHue BOJHOU MacChl U
JIOHHBIX OTJIOXK€HUH IIPOBOANJIOCH Ha NpUMepe TepMo-
KapCTOBOr'0 03epa B KJIMMAaTHUYeCKUX 00JIacTAX apKTU-
YEeCKUX ITyCTBIHb U TYHp, KOHTUHEHTaJIbHOr0 KJIuMarTa
C IOCTaTOYHBIM yBJIQXXHEHHEM, a TaKXe KJIMMaTa Tauru
C ycToMuuBBIM yBJyiaxkHeHueM (Puc. 1). BospnericTBue
KIMMaTa B JaHHOW 3ajave Ha I'TJ] xapakTepuUCTHUKHU
BOJHOM MacChl U JOHHBIX OTJIOKEHWI pean30BaHO
yepe3 THAPOMETEOpPOJIOTNYecKylo MHpOPMAIMI0 pea-
Hajiu3a [Jig [eHTPOUAOB YKa3aHHBIX KJINMAaTUYeCKUX
obsacteii. Pe3ysibTaThl HMMUTALMOHHBIX PaCyeToB,
ocpenHeHHble 3a nepuon 1940-2022 rr., npencras-
JleHbl Ha PucyHnke 2.

JlauHole PrcyHka 2 OeMOHCTPUPYIOT 30HaJlb-
HOCTh BHYTPUT'OAOBOTO XO[a CpedHell N0 TIJIyOuHe
TeMIlepaTypsl BOJbI, TOJIKHE JibJa U MOTOKA Temsa
MeXy BOAON U JJOHHBIMM OTJIOXKEHHUAMU B T€pMOKap-
CTOBOM O3epe TpeX OCHOBHBIX KJIMMAaTHYeCKux o0Jia-
crern fAkytnn. Haumbosiee TelJIBIMU SABJIAIOTCA O3epa
o6sacTH 3 ¢ KJIMMaTOM TaWrd M YCTOMYMBBIM YyBJIaX-
HeHUeM, JIeTHUe TeMIlepaTyphsl 3eCb MOTYT JOCTUTaTh
16°C. 3a HUMU CJIeAYIOT BOJI0EMBI 06J1acTU 2 ¢ yMepeH-
HBIM KOHTHMHEHTAJIbHBIM KJIMMaTOM U JOCTaTOYHBIM
yBJIaxXHeHHeM. HaumeHblne TeMnepaTypbl BOJHOU
Macchl (He 6osiee 6—7°C B JIeTHUI [IepHOM) XapaKTepHBI
1A 03ep 00J1acTy ¢ KJIMMAaTOM apKTUYeCKUX IyCThIHb
U TyHAp. Pe3ysibTaT JOCTAaTOYHO NpeicKa3yeM, YUUTHI-
BasA MIMPOTHOE paclojiokeHue KINMaThdeckux obJia-
crefi. OfHaKo BpeMeHHasA AWHAMUKa TeMIepaTyphl
BO/Ibl B 03epax, PacloJIOXKeHHBIX B perloHax 3ajleraHus
MMII, B 3UMHUI NepUOJ CyIIeCTBEHHO OTJIMYAeTCs OT
TaKOBOI B 03epax, Ifie BeuHas Mep3JI0Ta OTCYTCTBYeT.
B nocyienHux nepuof JiefocTaBa xapakTepusyeTcs Kak
npaBuyio 3GPeKTOM «IOJJIEJHOTO NMPOrpeBa» BOJHOMU
Macchl 3a cuYeT IlepepaclpefiejieHus Telula MeXAy
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Puc.2. Buytpurogosasa auHamuka I'TJl xapakTepuUCTUK
BOJTHOI MaccChl W J[OHHBIX OTJIOKeHUH (cpelHell MO TIJy-
OuHe TeMnepaTyphl BOABI, TOJIIMHEI JibJa M MOTOKAa Tela
MeX/y BOJOH 1 JOHHBIMU OTJIOKEHUAMM), OCPEeJHEHHBIMU 3a
nepuoq 1940-2022 rr. B TepMOKapCTOBBIX 03epax objacTeil
¢: 1 — KJIMMaTOM apKTUYeCKUX ITyCThIHb U TYHJP, 2 — yMepeH-
HBIM KOHTHMHEHTAJIbHBIM KJIMMAaTOM C AOCTaTOYHBIM YBJIaX-
HeHMeM, 3 — KJIMMaTOM TalTy C yCTOMYMBBIM yBJIaXHEHUEM

TeIJIBIMU AOHHBIMHU OTJIOKEHUAMHU U XOJIOJHOH BBIIIe-
Jiexxaniell BoJo. B pe3ysbTaTe B Takux o3epax B 3UM-
HUI Iepyuoj] NMPOMCXOAUT IOBHIIEHHWE TeMIlepaTyphl
BOJIbI o0 JbAOM. B 0o3epax ¢ MMII nanHbii addexT
BBIpaXeH oueHb cjabo. OH HaOsofgaeTrcss TOJIBKO B
nepBble HefesIn Jie[oCcTaBa, Korjga IMOTOK Tella OTpu-
naresieH (HampasjieH U3 JOHHBIX OTJIOXKEHHUI B BOAY),
3aTeM MOTOK TeIljla MeHseT 3HaK U CTAHOBUTCH I0JIO-
KHUTEJIbHBIM, T.e. HallpaBJIeHHBIM W3 BOJBI B JOHHBIE
oTJioxeHUs. [Ipu 3ToM TeMmmepaTypa BOAHON MacChl
MOJ0 JIbJIOM YMEHbIIAaeTcA. JTO IPOUCXOOUT BCJIeHd-
CTBHE TOT'0, UTO, BO-IIEPBBIX, CE30H JIETHEr0 IIpOrpeBa B
o3zepax ¢ MMII Henpoao/KUTesIeH — BCETO OKOJIO JIBYX
MecslleB, YTO He MO3BOJIAET CYL[eCTBEHHO yBEJINYHUTh
TeIIoco/iep’kaHre [OHHBIX OTJIOKEHUH. Bo-BTOpHIX,
ckasbiBaerca BiausHre MMII ¢ oTpunjatesibHBIMU TeM-
nepaTypaMu. 3HaUUTeJIbHAsA 4acTh TellJIa B IEPUOJ JIeT-
HEero Mporpesa pacxoyeTcs Ha HarpeB U IpoTanBaHue
nenosoy (ppakiuu MMII. B pesysbTrate Temnso, MoCTy-
ramoliee M3 BOAHON MaccChl, pacXoAyeTcsA CHayasjla Ha
obpa3oBaHHe Ce30HHOI'0 CJIOS IPOTanBaHUs, a TOJBKO
3aTeM Ha HeNOCPEeJCTBEHHBINI HarpeB CaMuX JOHHBIX
oryioxeHn. C obpa3oBaHueM JIeJOBOIO IOKpPOBA TO
HeboJIbIlIOE KOJIMYeCTBa TeIIa, HAKOIJIEHHOE B CJIoe
NIpOTanBaHUA B TeUeHHe Ileproja JIeTHEro Nporpesa,
OBICTPO pacxoAyeTcs Ha He3HAYNTeJIbHBIN Harpes Mpu-
JIOHHOI BOJBI, IIOCJIE Yero CJI0A IpOoTanuBaHuA Aerpaau-
pyeT, a MOTOK TeIlJla MeHseT HalpaBJieHue ¢ OTpHlia-
TEJIBHOT'O Ha MOJIOKUTEIbHOE.

Ce3oHHasA [MHAMUKA TOJIIMHB  JIEJOBOTO
nmokposa B o3epax ¢ MMII orsimyaercsi OT TakOBOW B
o3epax ¢ orcyrctBueM MMII TOJIBKO B KOJIMYECTBEHHBIX
napameTpax. 34ecb HEOOXOOAUMO OTMETUThb JJIUTEJIb-
HBIN Tlepuof JefgocTtasa — 1o 10 mecsies, v OOJIBIIYIO
TOJIIMHY JIbJ]a — CpeJHNEe 3HaYeHUs 3a paccMaTpuBae-
MBIl Ilepro cocTaBJIAoT A0 1.5 M. KauecTBeHHBIX pas-
JMYni He HabsofaeTcsA. Pe3ybTaTel pacyeTa Terjoo-
OMeHa yepe3 rpaHully “Bojga — AHO” JIEMOHCTPUPYIOT
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BJIMSHIE MHOT'OJIETHEMEeP3JIbIX TOPOJ Ha TepPMUYECKUN
pexuM o3ep. B o3epax Bcex KJIMMaTUYeCKUX oOJacTei
3HAQUUTEJIBHYI0 9acCTh rojia MOTOK TelJsla NMeeT I0JIO-
JKHUTeJIbHBIE 3HAaueHWs, T.e. OH HalpaBJieH U3 BOJBI B
AHO. I TOJIBKO B KOPOTKUI BpeMEeHHO! IIPOMEXYTOK B
Hayajle OCeHU, Korjja HauWHaeTcsA Iepuoj JiedocTaBa
OH CTAHOBUTCA OTpULIATEJIbHBIM, T.e. HalpaBJIeHHBIM
U3 JOHHBIX OTJIOXEHU! B BOAY.

Pacyer BHyTpurozoBoii muuHamuku I'T[
XapaKTepUCTUK BOJHOM Macchl U JOHHBIX OTJIO-
)KeHHH B o03epax pasIMYHOIro MNPOUCXOXKIEHM:.
NvuranmonHoe I'TJ] MoemMpoBaHue BOJHOU MACCHl U
JIOHHBIX OTJIOKEHUII MPOBOAUJIOCH Ha AJIA TPeX TUIIOB
03ep ¢ HauboJsiee OTIMYAONIMMUCA TJIyOMHaMH — Tep-
MOKapCTOBOr'0, JIEHUKOBOI'O U TEKTOHWYECKOI'O CO
cpegHHMH MOpP(OMETPHUYECKHMH XapaKTepHCTHUKaMU
(Tabsmna 1) gjda objsacTy 2 KOHTUHEHTAJIbHOTO KJIU-
MaTa C J[JOCTaTOYHBIM YBJIaXXHeHHeM. BosnelicTBue
TUMNA 03epa B JJaHHOU 3ajave Ha ['T]/] xapakTepucTUKU
BOJHOM MacChl U JOHHBIX OTJIOKEHUN peasn30BaHO
yepes3 pas3jiMuuA B CpeJHUX IVIyOMHaX o3ep yKa3aHHBIX
TUNOB. Pe3yJsibTaThl UMUTAIMOHHBIX pacyeToB, OCpen-
HeHHble 3a nepuof 1940-2022 rr., npeacTaBjieHbl Ha
PucyHke 3.

[TpoucxoxaeHue o3epa onpepessAer crenudUKy
Pa3BUTHUA €ro KOTJIOBUHBI U TaKyl0 BaXHYI0 MOpPQO-
MeTPHYeCcKyI0 XapaKTepUCTUKy KaK CpeAHAs IilyOuHa,
KoTOpas fABJIAeTCA BXOAHBIM IIapamMeTpoM MoOAesu
FLake. Kak cienyer u3 Tabouubl 1 3HaYeHUs TJIyOUH
Pa3HOTHUIIHBIX 03ep CYLIEeCTBEHHO pa3NydaioTcs MexXAy
co0O0I1, YTO CKa3blBaeTCA Ha pe3yJibTaTax MOAEJINPOBa-
HuA. TpexkpaTHOe IpeBbllleHre IJTyOrUHBI Jie JHUKOBBIX
o3ep M0 CPaBHEHUIO C TePMOKAapCTOBLEIMU NPUBOJUT K
CyILIeCTBEHHBIM Pa3/IM4UAM B UX TEPMUYECKOM PeXrUMe
B IIOJJIeAHBIN MepuoA. B MeHbIleM 1o o60beMy BOJHOM
Macchl TepMOKapCTOBOM O3epe Tello3anac yMeHb-
maetcs ObicTpee m3-3a BausAHUA MMII ¢ oTpunares-
HBIMU TeMIlepaTypaMH, BCJIeACTBUE Yero TeMreparypa
BOJIbl IPUOJIIXKAETCA K HyJIEBBIM 3HAUYEeHUAM B KOHI[E
nepuoja JiefocTaBa. B JileIHMKOBBIX O3epax TeMIe-
paTypa TakXe yMeHbIIAeTcs, HO C MeHbIel CKOpo-
CTBIO, U K KOHIIy JIe[JOCTaBa OCTAETCA MOJIOKUTEIbHOM!.
[TocieiHee BiIMAET Ha CTapTOBBIE YCJIOBHA HavaJsia JieT-
Hero ImporpesBa o3ep 00OMX TUINOB. TepMOKapCTOBBIE
HAYMHAIOT [IPOrpeBaThCA C MPaKTUUYeCKH HyJIeBBIX 3Ha-
YyeHU! TeMIlepaTypsl, TOrAa KakK JeJHUKOBBIE — C [10JI0-
JKUTEJIbHBIX. DTO ABJIAETCA OJHOU M3 IPUYMH TOTO, YTO
BOJla B JIEHUKOBBIX O3€pax B IIeJIOM B TedeHHue JieT-
Hero mporpesa AocTuraer 6ojiee BBICOKUX TeMIepaTyp
110 CPaBHEHUIO C TePMOKAapCTOBBIMU. [IpocTas orjeHKa
CBUAETEJIbCTBYET, YTO TEIJIo3anac cpeJHecTaTuCTuyde-
CKOT'O TepMOKapCTOBOTO 03epa K KOHITy 3MHero nepu-
ona (paccuuTteiBaeTcsa nmo AaHHeIM Tabsmier 1) Gortee,
yeM B TPH pa3a MeHbllle TeIlUlo3anaca JieJHUKOBOI'O
osepa — 1.6:10° u 5-10° JTxx/M? COOTBETCTBEHHO. J[pyroi
BO3MOXHO! IIPUYMHON 6oJiee 3pHeKTUBHOTO IIporpesa
JIETHUKOBBIX 03€P MOT'YT CJIYy>KUTbh YCJIOBUA NTepeMeln-
BaHUA BOJHON MaccHl B 03epax 0601X THUIOB. B MeJKux
TEPMOKapCTOBBIX 03€pax B NepUoJ JIETHEro Nporpesa
Oosiee 3(PpPeKTUBHO NPOUCXOOUT HOYHOE KOHBEKTHB-
HOe BBIXOJIaXMBaHMe, YTO B CBOIO ouepefpb BJjMsAeT Ha
CKOpOCTh IporpeBa BOAHOI Macchl. I'yiybokue TeKTo-
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Puc.3. Buyrpurogosasa auHamuka I'TJl XxapakTepuCTUK
BOJJHOM Macchl U JOHHBIX OTJIOKEHUH (TeMIlepaTyphl BOJBI,
TOJIIIMHBI JIbJJa 1 NOTOKA TellJla MeXAy BOJAON M AOHHBIMU
OTJIOXKEHUsAMH), OCpefAHEeHHHBIX 3a nepuoa 1940-2022 rr. B
TepMOKapCTOBBIX — 1, JIEIHUKOBHIX — 2 U TEKTOHUYECKUX — 3
o3epax 00JIaCTH C yMepeHHBIM KOHTHHEHTAJIbHbIM KJIMMaTOM
U JOCTAaTOYHBIM YBJIAXXKHEHUEM

HUYecKHe o3epa IIporpeBaloTcs ropasfo MefJjeHHee 110
CpaBHEHHUIO C IpeAbAYIMMY TUlaMu o3ep. Makcumym
TeMIepaTypbl BOAB! B HUX IPUXOAUTCA Ha KOHel] aBry-
cTa — epBYI0 MOJIOBUHY CeHTAOP:A (B TEPMOKACTOBBIX U
JIEAHUKOBBIX O3epax MaKCUMyM IIPUXOAUTCS Ha KOHell
HI0JIA — Havasio asrycra). [Ipu aToM abcosioTHBIE 3Ha-
YyeHHs TeMIepaTypbl BOJbl 3HAUMTEJIbHO HUXKe 10 CPaB-
HEHMIO C IpyTMMU TUIIaMU o3ep — Bcero 6°C, Toraa kKax
B TePMOKAapCTOBBIX U JIeQHUKOBBIX — 12-14°C. M3-3a
6ospIioN ryyouHbl 3¢gdekT 3umHero BiuAHusA MMII
B TEKTOHMYECKHX O3epax IpakTU4ecku He3aMeTeH.
[To3aHMII nporpeB BOAHOU MaccChl B I'JTyDOKOM TeKTO-
HUYECKOM O3epe NPUBOAUT K BpeMEHHOMY CABUTY B
CpOKax Hayaja Jie[ocTaBa — IIPaKTMYeCKu Ha MecAl.
[TockoJibKy JiegocTaB HayMHAETCA IPU CYLIECTBEHHO
OTpHUIAaTeJIbHBIX 3HA4YeHUsAX TeMIepaTypsl BO3AyXa,
CKOpOCTh 00pa30oBaHUsA Jib/la IPEBHIIIAET TAaKOBYIO B
TEepPMOKapCTOBBIX U JIEAHUKOBBIX 03€pax. OTO MPUBOAUT
K TOMY, YTO B 11eJIOM B TEKTOHMYECKUX 03epax TOJIIIHA
JbAa OoJiblile, Y4eM B TePMOKapPCTOBBIX 1 JIeJHUKOBBIX.
TermiooOMeH 4Yepe3 rpaHuLly pasfesia Bofa-AHO
B TEKTOHNYECKHUX 03epax TakXe CUJIbHO OTJINYAETCs OT
TaKOBOTO B TEPMOKApCTOBBIX U JIEJHUKOBHIX. B JByX
MIOCJIeAHUX THUIIAX O3ep XapakTep TelsooOMeHa depe3
TIOBEPXHOCTh JIOHHBIX OTJIOKEHUN pa3yindyaeTcs TOJIbKO
B KOJINYECTBEHHBIX [IapaMeTpax — B JIEAHUKOBBIX 03epax
OH HEMHOTI'0 MHTeHCHUBHee. B TEKTOHMYeCKUX XXe 03epax
n3-3a oTpunaresbHHX TeMmneparyp MMII B TeueHue
BCEro rojia MOTOK TelJla HalmpaBjeH U3 BOAHOW MacChl
B JIOHHBIE OTJIOXeHUA. IIpu 3ToM He HabiofaeTcA
3aMeTHOTr'0 CHVXXeHUA TeMIlepaTyphl B 3UMHUI [TepHOJ.
Jlesio B TOM, 4TO M3-3a OOJIBIION TJIyOMHBI NMPOLECCHI
IepeMelIMBaHus B TEKTOHUYECKUX 03epax I0faBJIeHbl
1 TeIIOOOMEH OCyIIecTB/IAeTCS KpaiiHe MeJJIeHHBIM
MOJIEKYJIIDHBIM MeXaHu3MoM. TeM He MeHee NHTeHCH-
dukanua TensiooOMeHa yepes3 IpaHUIly pasfesa Boja-
JHO MPOUCXOAUT INOCJIe AJOCTHXEHUA TeMIepaTypHOro
MakcuMyMa C HadyajoM OCEeHHero OxXJIaXJeHU:d, Korga
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MIpY IJIOTHOCTHOY KOHBEKLINM IlepeMellriBaHye IPOHU-
KaeT B IPUAOHHEBIE 00JIaCTH, 3a CUeT Yero TenjIooOMeH
UHTEeHCUPUIUPYETCS.

PerpocniekTuBHasA u NpOorHocTruyecKas
OLlEHKM [UHaMMKU cpeaHeronosbix I'TJ[ xapak-
TepuCTUK 03ep 3a mepuon 1940-2100 rr. Pacuets
BBIIOJIHAJINCH [JIA O3epa JIeJHUKOBOTO IIPOMCXOXAe-
HUsA, PACIOJIOKEHHOTO B KJIMMATUYeCKON obyactu 2
(Puc.1), co cpenHuMu MopdoMeTpruiecKiMU XapakTe-
puctukamu (Tabsmra 1). PeTpocnekTUBHAS JUHAMUKA
CpeHeroJIoBoll TeMIlepaTyphl BOJHON MacChl U Cpef-
Hell TOJIIUHBI JIEJOBOTO TOKpoBa 3a mepuojy 1940-
2022 rr. MoAenrpoBaiach ¢ UCIOJIb30BaHUEM HUH(OOP-
MaliM THAPOMETeOpOJIOrNYeCcKoro peaHanusa. Jlagee
1o 2100 B xauecTBe BXOAHOU MHGOpPMAaIUU B pacueTax
VICTIOJIb30BAJINICh JAaHHBIE KJIUMATHYECKUX MPOTHO30B
(RCP 2.6 u RCP 8.5) nysa paccMaTpuBaeMoOn KJIMMAaTU-
yeckoil ob6sactu. Pe3ysibTaThl MMUTAI[MOHHBIX pacue-
TOB, BBINIOJIHEHHBIX AJ1A Bcero nepuoga 1940-2022 rr.,
NpeficTaBJieHbl Ha PucyHke 4.

Ha mpencraBjieHHOM PHUCYHKe HarJsgHO IpO-
CJIEXMBAIOTCA TEHJEHIUN PEeTPOCIEKTUBHOIO H3Me-
HEHUsI TePMUYECKUX XapaKTepPUCTUK 03ep B YCJIOBUAX
MeHsApLeroca kimMara ¢ 1940 r. no HacTos1ee BpeMs.
CpenHsasa TeMnepaTypa BOJHOM MaccChl 03epa yBeJInuu-
nack Ha 0.7°C, npu 3TOM TOJII[MHA JIEJOBOTO MOKPOBa
ymenbmmaach Ha 0.06 m. [lanee usmenenue I'T/] xapak-
TEPUCTUK O3epa CYIIeCTBEHHO 3aBUCHUT OT ClieHapueB
pasBuTuaA kiauMara. CorjlacHO «XyJlleMy» ClieHapuio
(RCP 8.5), xorga BBIOPOCH MAPHUKOBBIX T'a30B IPO-
J0JIXAI0T pacTu B TeueHHe Bcero 21 Beka, BO3MOXHO
JaJibHellllee yBeJIMYeHNe TeMIlepaTypbl BOJHOU MacChl
ozepa enfe Ha 1.5°C Ha k 2100 r. TosuHa JieqOBOTO
nokposa yMeHbpmuTes Ha 0.10-0.15 m. «Jly4muii» Kiu-
matudeckuii cueHapuii (RCP 2.6), B COOTBETCTBUU C
KOTOPBIM BHIOpOCH! JUOKCHA yrjepofa B atMocdepy
AOCTUTHYT HyJiA K 2100 r., MOXeT CYIL[eCTBEHHO CTa-
OunusupoBaTh AMHAMUKy uaMeHeHusa ['TJl xapakre-
PUCTHUK PpacCMOTPEHHOI'0 THIIOTEeTUYecKoro o3epa.
Cutyanusa ¢ TOJIMHON JIbJja Pa3HOTUIIHBIX O3€p B
paccMaTpuBaeMBbIX KJINMATHUUYeCKUX ob6sactax fAkyTtuu
MOJIHOCTBIO COOTBETCTBYET COBPEMEHHBIM IIpe/iCcTaBJie-
HUAM O IOTellJIeHn! B ApkTuke. ToJlrHa Jibja yMeHb-
maeTcsi BO BCeX BoJoeMax, mpuieM oOpa3oBaHUe,
HapacTaHMe M TasgHue JibJa B 03epax IJIaBHBIM o0Opa-
30M fABJIAETCA pe3ysIbTaTOM B3auMMOJEHCTBUsA BOAHON
Macchl ¢ atMocdhepoil.

B cBA3M ¢ OueBUAHBIM BJIMAHHEM BO3MOXHOTO
MOTeIIeHUA KJNMaTa Ha JUHAMUKY TOJIIIMHEI JieJl0-
BOr'0O MOKPOBA B 03€pax BO3HMKaeT BONPOC O BO3JEH-
cTBUU Takoro norerieHua Ha MMII, kotopeie ABJA-
I0TCS COCTABHOM YAcCThI0 JOHHBIX OTJIOXEHHH. [leso
B TOM, YTO BOJIHas Macca JIlo0oro Bofoema, BKJII04as
o3epa, ABJIAETCA €CTECTBEHHBIM TeIJIOU30JIATOPOM
Mexnay atmocdepoil M AOHHBIMU OTJOXeHUAMHU. K
TOMY X€ TaKOU TeIJIOU30JIATOp 00JiajlaeT elle U aHo-
MaJIbHO BBICOKOH TeIJIoeMKOCThIo. [ToTemnsieHre aTMoc-
(deprl npuBeAeT K HEKOTOPOMY YBEJINYEHUIO B IIEPBYIO
ouepeZib IIOBEPXHOCTHOH TeMIepaTyphl B 03epaX, UYTO
CKOpee BCEro yBeJIMYUT BEePTUKAJIBHYIO IIJIOTHOCTHYIO
cTpaTUUKANUI0 B HUX, TEM CaMbIM YCHUJIUBas H30-
JIALUI0 TPUJIOHHBIX CJIOEB OT NMPOHUKHOBEHHs B HUX
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Puc.4. PerpocnexktuBHasA — 1, u nporHocruyeckas — 2
(RCP 2.6) u 3 (RCP 8.5) oneHKr JUHAMHUKU CpeTHErOOBBIX
I'TA xapaxkrepucTtuk (cpefHerofoBasl TeMIlepaTypa BOIHOM
Macchl U CpeJiHAA TOJIIIMHA JIeJOBOI'0 TIOKPOBa) JIeIHUKOBBIX
o3ep o6sactu 2 (Puc. 1) 3a nepuopg 1940-2100 rr.

aTMocdepHoro Teria. AGCOTIOTHbIE 3HAUYEHMs MOTOKa
TeIlJIa Yepe3 rpaHUIly pasfesia BoAa-AHO KpaliHe HeBe-
Jukd — 710 10 Bt/m? (Puc. 2, 3), K TOMy Xe B TeUeHHe
rofia OH MoOXeT ObITh pa3HOHAIIpaBJIEHHBIM, T.€. CyM-
MapHBII NIOTOK TeIljla, HallpaBJIeHHBI B JOHHBIE OTJIO-
xeHus OypaeT elle MeHblle. TakuM o0pa3oM MOXHO
O0XWAaTh, YTO IOTEIJIEHHWE KJIMMAaTa NPaKTUYeCKU He
okaxert BiauAHuA Ha MMII, HaxoAmecs o o3epaMu.

PazyMHO NpeAnosIoXNTh, YTO CUTyaLUsA C U3Me-
HEeHMEeM KJIMMaTa B pesyJibTaTe NesATEeJbHOCTU YeJio-
BeKka OyAeT IpOTeKaTh II0 HEKOEeMY NPOMEeXYTOYHOMY
creHapuo. Kpome T0ro, BaXkHO IOMHUTD, YTO TEOPETU-
YyecKue aclieKThl BO3AeNCTBUA U3MeHeHNH KIruMaTa Ha
OKpYXalolylo cpey 1 BOAHBIE CHCTEMBI, B YaCTHOCTY,
HaxXoJATCA B CTaAUM MHTEHCUBHOT'O pa3BUTUA. BecbMa
BEPOATHO, YTO B CKOPOM BpeMeHH OyayT pa3paboTaHbl
HOBBIE CIIeHapU{ 3MUCCUU MTapHUKOBBIX I'a30B U KJIU-
Matuueckue mMopesnu. [1osToMy HyXHO OBITb TOTOBBIM
K YTOYHEHHIO IPOTHOCTUYECKUX OIIeHOK BO3/IeHCTBUA
OyAyILMx M3MeHeHU! KJIMMaTa Ha BOJHbIE CHCTEMBI.

[IpencraByieHHblEe pe3yJIbTAaThl UMUTALLIOHHOIO
U MPOTHOCTHYECKOT0 MOJIeJIMPOBAHUA NOATBEPXKAA0T
IIUPOKUI CIIEKTP BO3MOXHOcTell Mofenu FLake mpu
pellleHnN 3aJad KOJMWYeCTBEHHOHN OLeHKHU U IMpo-
rHoza usMmeHeHuil I'TJ] mpolieccoB B o3epax pasianu-
HOTO TPOUCXOXEHUs, PaClOJIOXKEHHbIX B Pa3JIMUHBIX
(usnKo-reorpa@uUeCKux U KINMaTUYECKUX yCIJIOBUAX
IIpY HeAOoCTaTKe WJIN OTCYTCTBUM AAHHBIX HAaTYPHBIX
HabmogeHui. Takum obpa3oMm peasmsyeTcs OJHO U3
OCHOBHBIX NpeJHa3HaYeHUu!I MOAEINPOBAHUA — BBIXOJ
3a paMK{ BO3MOXHOTI'0 HAaTYpPHOT'O 3KCIePHUMEHTA.

5. 3aknioueHue

B pesysibTaTe mpoBefeHUs KOMILJIeKca HMMUTa-
I[MOHHBIX U IPOTHOCTHUYECKUX pacyeToB IIOKa3aHbI
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MepCrneKTUBbl JaJbHENIIero KCIoJb30BaHUA MeTOJI0B
MOJ(eJIMPOBaHNA B pelleHun 3aaayd onenku I'TJ] xapak-
TEPUCTUK Pa3HOTUMHBIX HEU3yYeHHBIX MW MaJIOU3y-
YEeHHBIX 03€p Pa3IMYHBIX KJIMMAaTHYeCcKux obJacTei
Axytnn. Mmes B HaJIMUUM YHUBEPCAJIBHYIO U IUPOKO
anpoOMpOBaHHYI0 MaTeMaThuieckyo mMofmeab I'TJ] mpo-
1ieccoB B o3epax FLake, KoTopas yCIIeIIHO UCTIOJIb3yeTCsA
IIpY COCTaBJIEHUM NPOTHO30B NOroAbl Pocruapomerom,
MO>KHO TOBOPUTH O peasIbHBIX IPEeANOChIIKAX AJA pas-
paboTKy CHUCTEMBl JUCTAaHIIMOHHOIO MOHUTOPHHIA
03ep apkTuueckux obsacrein Poccuiickoit @ejieparuu.
OcHOBHBIE 3Talbl CO3JaHUA TAKOU CUCTEMBI CBOLATCA K
cJleAyoImeMy:

C ucnosb30BaHUEM CPECTB AUCTAHIIOHHOIO 30H-
JVPOBaHMsA NOBEPXHOCTU 3eMJin AemudpupyeTcs
WHTEPEeCYIOIMUN BOAHBIN OOBEKT, HAXOIATCA €ro
reorpaduyeckrie KOOpAUHATHL U IJIOLIAb BOJAHOU
IIOBEPXHOCTU.

Ha ocHOBe reocTaTUCTUYECKUX B3aMMOCBs3E
Mexnay MOpq)OMETpI/I‘IeCKI/IMI/I XapaKTepUuCTUKaMUu
OHHOpO}lHOﬁ Tpynnbl BOAHBIX 00BEKTOB OIl€HMBAa-
€eTCA FJIYGI/IHa o3epa.

[To reorpadpuyeckuM KOOpAMHATaM BOJHOTO
oO0bexkTa M3 0a3 [OaHHBIX METEOPOJIOTHYECKOTO
peaHasn3a U KJIMMaTU4ecKoro MOZeINpOBaHUA
u3BJIeKaeTcsa MeTeonHpopmManusa TpedyeMoro pas-
pellleHus I NOC/JIeAYIOIMNX PETPOCIeKTHUBHBIX U
[IPOTHOCTHUYECKUX PacyeToB.

I'mybuHa o3epa M MeTeomnapaMeTphl SBJIAIOTCA
BXOAHBIMU JAHHBIMU [JIS1 pacueToB TEIJIOo- U Mac-
coobmeHa B cucTteMe “armocdepa — BoJHasA Macca
— JIOHHBIE OTJIOXKeHUsA”, YCJIOBUH NepeMelInBaHNsA
U BepTUKAJIbHOTO paclpefiesieHuss TeMIlepaTyphl
B BOJIe U JJOHHBIX OTJIOXKEHUAX, a TaKXe JIEAOBOTO
pexuma o3ep mo mogenu FlLake. Ilpu sTom mpo-
THOCTHUYECKHe pacyeThl [T03BOJIAT OLIEHUTh OCHOB-
Hble TeHJeHIu n3MmeHeHus I'T/] mapameTpoB o3ep
IIpY peany3aluy pas3JjIMuHBIX ClleHapueB H3MeHe-
HUA KJIMMaTa B pervuoHe.

[TocTpoeHHasas TakuM 00pa3oM cxeMa OLeHKU U
nporuo3a usmeHeHun I'T/] xapakTepHUCTUK Pa3HOTHUII-
HBIX 03€p Pa3JIMYHOI'0 reHeTUYeCKOro MPOUCXOXKIeHUA
MOXeT IPUMEHAThCA AJIA LIKUPOKOro CHeKTpa MaJibIX
U cpenHux (mromaapio MeHee 100 KM?) HeU3y4YeHHBIX
U MaJjiousydyeHHbIX BogoeMoB Poccuu. [Ipu ycioBuu
JomnosHeHuss Mogenu FLake cOOTBETCTBYOIIMMU TIPO-
rpaMMHBIMU MOJYJISIMU, TIO IPUBEIEHHO BBIIIE CXEMe
MOTYT OBITH OIlEeHEeHBl U JpYyrue XUMHUKO-OHoJiornye-
CKUe XapaKTepUCTUKU BOJOEMOB, TaKue Kak, Hamlpu-
Mep, KHCJIOPDOAHBIN pexuM, 6uomacca U HepBUYHASA
MPOAYKLNA BOAOPOCTIeH, TPO3pauHOCTh BOJBI U JIp.
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Problems of quality assessment of

highly colored water of Lake Onego
urbanized tributary using hydrochemical,
microbiological and toxicological
indicators
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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
iron content, low pH values, etc.) complicate the task of
assessing its quality.

The unique features of Karelia’s surface water
are due to a humid climate and geomorphologic char-
acteristics, such as low mean annual air tempera-
ture, excessive humidification, the exposure of old
crystalline rocks and the multiple glaciations in the

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
increases (Liu et al., 2017; Kong et al., 2021; Zhang et
al., 2021; Akhtar et al., 2024).

In Petrozavodsk (the capital of the Republic of
Karelia), in recent decades, due to the increase in the
amount of transport and active construction work, the
impact of storm water runoff on the urbanized tribu-
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 Ca?*, 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 m3/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 = ,/COL*xCOD,,, , 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.

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 (Dpores = 0.2 yum) 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 (Dpores 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.

COD,,, mg O/L
COD_, mg O/L

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

Titrimetric determination in acidic media (Kubel method)

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, <2.1
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
0Oil 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 km?/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 56MAC) 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
O,/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.,
2019), COD_, decreased. OM concentration declined, as
did the water color (Table 3). Fe_, decreased down the

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.

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 10.3x0.5
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 80+2
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 3.4+0.7 1.0+0.1 5.0+1.5 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
1P, ng P/L 10-42 49-191 33-205 4-31 39-—-273 117 —209
292z 98 +27 117 =38 18+6 148 +46 16020
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
0, 0.0 0.8 0.5
% of O, saturation -0.7 -0.1 0.2
COoD,,, 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
P -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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b

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

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
o, 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.

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
1P -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.

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.

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. affinis 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

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

Fe_, COD,).

PC1 PC 2

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

P -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.

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+x2.75 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+x23
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 1.0x+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
August, September and 2014, the survival rate of the
crustaceans C. affinis in river water samples from the
reference area increased to 80-100%. In 2015, a lethal
effect in water samples from station N-1 took place
throughout the entire study period from May to August
(Fig. 10a).

An entirely different toxicological situation took
place at stations N-2 and N-3, located at the urban
stretches of the river and affected by human activities.
The results of bioassay in 2014-2015 show that the sur-
vival rate of test-objects in river water from stations
N-2 and N-3 was 100% (Fig. 10b,c). Only in one case
(May 2014, a river water sample from station N-2)
the survival rate of the crustaceans declined slightly to
90%. The high buoyancy of the crustaceans and the fill-
ing of their brood pouches with juveniles indicated that
the animals were in good state at the end of a 2-day
experiment on bioassay of river water at stations N-2
and N-3. Thus, water samples taken from two urban
stretches of the river, showed no acute toxic effect on
the crustaceans C. affinis in all seasons for two years.

4. Discussion
4.1. Quality of water from the River
Neglinka, as shown by chemical indices

As shown by the analysis of chemical data using
the PCA (Section 3.1.3), the main problem of assessing
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
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
areas (the second group).

For differentiated assessment of the influence
of two factors, the SCWCI calculation was performed
using two sets of data. In this case, when calculating the
index, data for 2015 were used, when the widest range
of chemical indicators was obtained. At the first stage,
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
water at the studied stations is characterized by an
increased level of pollution, which was associated both
with indicators reflecting anthropogenic load and with
indicators associated with the impact of the swampy
catchment area (pH, Fe_.) (Table 10).

According to literature (Borodulina, 2013;
Borodulina et al., 2020), the high Fe_, content and low
pH values in the water of the River Neglinka reflect
the influence of regional natural factors. In this regard,
at the second stage, the indicators characterizing the
influence of the regional natural factor were excluded
from the SCWCI calculations, in accordance with
Guidelines 52.24.643-2002. New calculations showed
that the water of the River Neglinka in the upper
reaches corresponds to “clean waters”, while during
transit through the city of Petrozavodsk, the status of
the water changes sharply to “polluted”. Thus, a new
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Fig.8. Spatial distribution of TBA, SB and TCB at the
River Neglinka stations in 2014 and 2015.

Table 9. Significance levels of Mann-Witney’s U-criterion
between the suburban and urban stretches of the River
Neglinka in 2014-2015.

Data suburban / urban urban
st. N-1 / st. N-2 | st. N-1 / st. N-3 [ st. N-2 / st. N-3
2014
TBA 0.006 0.110 0.035
SB 0.006 0.002 0.085
TCB 0.004 0.006 0.142
2015
TBA 0.004 0.016 0.200
SB 0.004 0.004 0.020
TCB 0.004 0.006 0.004

Note. Shown in bold type are the loads of features with a
valid contribution (p < 0.05).
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2014

2015

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

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 (c¢); 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. affinis 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

1412

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

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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OpuruHaAbHan cTaTbA

Mpobhrembl OLEeHKH KauecTBa
BbICOKOLBETHOM BOAbI NPUTOKA

OHe)XCKOro o3epa, NpoTreKalowero no
yp6anu3upoBaHHOU TePpPUTOPUMU, NO
rMAPOXMMHYECKUM, MMKPOOMOAOrHUECKHUM U
TOKCUKOAOrMYECKHM NoKa3aTenam

Maxkaposa E.M.*, Kasinukuna H.M.

Hrcmumym @o0Hbix npobstem Cedepa Kapestbckoeo HayuHozo yenmpa Poccutickoti akademuu Hayk, np. Astekcandpa Heackozo, 50,
IMempo3zasoock, 185030, Poccus

AHHOTAILHUA. IIpencraBiieHbl pe3ybTaThl XMMUYECKUX, MUKPOOUOJIOTNYECKUX M TOKCUKOJIOTUYECKUX HCCIIeO-
BaHui 3a 2014-2015 rr. kauecTBa BoAsl mpuToka OHexcKoro osepa (p. HersimHka), mporekaromniero no ypbaHnusu-
POBaHHOI TeppPUTOPUU. BrIsABIeHA BBICOKAs aHTPOINOTeHHAsA HAarpy3ka Ha M3ydyaeMylo peKy: 00beM JIMBHEBBIX BOJ
JOCTUTAJT TPETH OT 00bEMAa PEYHOrO CTOKA, MakcumasibHoe mpessbinieHue I1JIK B siBHeBbiX Bofax 1o BIIK, Gbuio
80-90-kpaTHbIM, 10 HeTenpoaykraM — 50—60-KpaTHBIM, IO B3BELIEHHBIM BemecTBaM — 40-KpaTHEIM. B BepxHeM
TeueHnu p. HersimHka (BHe rOpOZCKON TEPPUTOPUU) UCIBITHIBAET BIIUSAHUE 3a00JI0Y€HHOTO BOOCO0pa, YTO OTpa-
’KaeTcs Ha XMMUYeCKOM CocTaBe BoAbl (HM3KUe 3HaueHNs pH, BeICOKHe MokasaTesny nBeTHocty, XIIK u comepxaHus
obmiero xesesa). Meroguieckue npo0seMbl ObUIN CBA3aHBI C BBLABJIEHWEM 30H aHTPOIOI€HHOro BO3JEMCTBUA Ha
¢oHe HeraTUBHOTO BJIMAHNA IPUPOAHOTrO (paKkTopa Ha KauecTBO BOALI p. HernmmHKY Ha BceM NPOTSXKEHUU ee pyciia.
Hcnonb3oBanue moaudumnuposanHoro YKU3B, npu pacuere KOTOPOro OBLIN MCKJIIOUEHBI TOKA3aTe TN XUMIUIeCKOT0
COCTaBa, OTpakalollye BJIUAHNE IPUPOAHBIX (PaKTOPOB, TO3BOJIMJIO YTOYHUTD 30HBI BJIUAHUA aHTPOIIOT€HHOT 0 (ak-
Topa Ha p. Heryimuky. Mukpo6uosioruyeckue rmokasaresu (o0Ias YucJIeHHOCTh OakTepuil, obmre KordopMHbIe
6akTepuu, canpoduTHEIE OaKTEpUU) CBUAETEIHCTBOBAJI O BBICOKO! CTENeHH 3arpsi3HeHHOCTH p. HersmHKY 1 0co-
OeHHO CaHUTapHO-NI0KAa3aTeJIbHON MUKPOQJIIOPOI, YTO CBA3AHO C BIMAHUEM Ha peKy KaK TOUYeYHBIX, TaK U paccesH-
HBIX ICTOYHUKOB 3arpsA3HeHus. BoiABIeHa HempUuroaHoOCTh p. HernmmHkY 71 peKpealioHHOro NCIoJIb30BaHuA, YTO
onpefesiieT HeoOXOAUMOCTb NPOBefileHNs MePOIPUATHI 110 PeJOTBPALIeHHUI0 3arpsA3HeHNsA PeYHbIX BOJ CTOKAMU
C TOPOJCKUX TeppUTOpUi. BruoTecTpoBaHe 03BOJIMJIO BBIABUTh TOKCUYHOCTh PEYHOI BOABI B BEpXHEM Te4eHU!,
YTO OTPaXxasIo BJIMAHHE PEerHOHaJIbHOro NIPUPOAHOro (akTopa — BEHICOKYI0 3a00JI09€HHOCTh BOJOCOOPHOI Teppu-
TOPUH, CTOK I'YMYyCOBBIX BEIIeCTB, KOTOpble CHU3MJIN BeJIMYUHY PH BOABI 10 TOKCUYHBIX ypOBHEN. OTCyTCTBHE TOK-
CHUYeCKHX CBOICTB PEYHOH BOJBI HA 'OPOACKHX TEPPUTOPUAX OBITIO CBA3AHO C GapbepHOI pPOJIbI0 MOA3EMHBIX BOZ,
NOCTyIJIeHHEe KOTOPHIX PUBOAMJIIO K yBeJan4eHuo pH BoAbl, U KOMILIEKCOOOpasyroliell CI0COOHOCThIO I'YMYyCOBBIX
BeIlleCTB, KOTOPhbIe CHIXXaIN OMOAOCTYITHOCTD TSKEJIBIX MeTaJIoB. MccienoBaHue AoKa3aslo, YTo OljeHKa KayecTBa
BBICOKOILIBETHBIX PEUHBIX BOJ BO3MOJXKHA TOJIBKO IIPY KOMIJIEKCHOM INpOBeAeHNN XUMHUYeCKUX, MUKpPOOHoIornye-
CKUX M TOKCHKOJIOTMYECKHX HCCIIeJOBaHU.

Kitioueagwie citoga: npuTok OHEXCKOro o3epa, ypoaHMU3MpOBaHHAA TepPUTOPHS, XUMUYECKUI COCTaB,
0aKTepUOIJIaHKTOH, o01[re KoaudopMHble 6akTepuy, OMOTEeCTUPOBaHNE

Ja nutupoBanusa: Makaposa E.M., Kanunkuna H.M. [Ipo6JsieMsl OLleHKY KayecTBa BBICOKOIIBETHOI BO/IbI TpUTOKa OHEXCKOTo
o3epa, IpoTeKamwlero no ypoaHUu3MpoBaHHON TEPPUTOPHUH, IO T'MAPOXUMUYECKHUM, MUKPOOHOJIOIMYeCKUM M TOKCHUKOJIOTHAYe-
cKkuM nokaszaresisam // Limnology and Freshwater Biology. 2024. - No 6. - C. 1399-1433. DOIL: 10.31951/2658-3518-2024-A-6-1399

1. Beepenne Ha teppuropuu r. IleTposaBojcka (crosnuna

Pecniy6iuku Kapenus) B mHocjiefHUe AeCATUJIETUA B
CBA3U C POCTOM KOJIMYECTBA TPAHCIOPTA WM AKTUB-
HBIMU CTPOUTEJIBHBIMU pabOTaMU yCHJINBAETCA BJIMSA-

B HacTosIee BpeMs cepbe3HOI MpobaeMoii cTa-
HOBUTCSA yXy[IIeHe KauecTBa BOIBI TOPOJCKUX BOJO-

€MOB U BOJIOTOKOB, IIOCKOJIBKY C Pa3BUTHEM T'OPOIOB
aHTpONoOreHHas Harpy3ka Ha Hux Bospacraer (Liu et
al., 2017; Kong et al., 2021; Zhang et al., 2021; Akhtar
et al., 2024).
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HUe JINBHEBBIX CTOKOB Ha MpuUTOKM OHEXCKOro 03epa,
mporekaioie B uepre ropoma (TekanoBa u Ap.,
2021; Makarova et al., 2022; MakapoBa u fp., 2023).
AKTyaJIbHOI CTaHOBUTCS OIleHKa COBPEMEHHOI'0 COCTO-
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SAHWUA PUTOKOB, IPOTEKAIOIMNX M0 YpOaHN3UPOBAaHHON
Tepputopun. OOHAKO, peruoHajbHble OCOOEHHOCTHU
XMMHYECKOT0 COCTaBa BOJbI (BBICOKHME LIBETHOCTh U
coJiepXaHUe Xejle3a, IOHXKeHHble 3HaueHus pH u 1p.)
YCJIOXKHAIOT 33]a4y OLIeHKU ee KauecTBa.

PernonanpHble  OCOOEHHOCTH  XMMHUYECKOI'O
cocTaBa MOBEPXHOCTHHIX BoJ Kapenuu onpepessorcs
TYMUJHBIM KJIMMAaTOM M reoMop(OJIOTHYeCKUMH OCO-
OEHHOCTAMHN TEeppUTOPHU: HH3KasA CpeJHeroaoBas
TeMIepaTypa BO3AyXa U WU30BITOYHOE YBJIQXXHEHNE,
a Takxe HajJuyue BHIXOZ[a Ha NOBEPXHOCTh APEBHUX
kpucrtajumdeckux nopon (Jlykamos, 2004; TexaHoBa
u ap., 2018). B Takux ycJI0BUAX IOBEPXHOCTHBIE BOJBI
Kapesnbckoro rugporpaduieckoro paiioHa OTJIAYal0TCA
BBICOKOM M3MEHUYMBOCTBIO COJepKaHUsA MHHepabHBIX
Y OpraHn4ecKyX BelllecTB, XeJjle3a, OOreHHBIX dJIeMeH-
TOB, ra3oBoro cocrasa u pH Boabl. Tak, MuHepaiusa-
[ B IIOBEPXHOCTHBIX BOJAX M3MeEHseTCA B IMINPOKUX
npenenax (5-460 mr/n, cpegHee MeOuaHHOe 3Haue-
Hue — 19 mr/i). Cpeu KaTMOHOB Mpeobs1ajaloT MOHBI
Ca?*, Mg?* u penko Na*. B cocTaBe aHHOHOB HapsIy
¢ rugpokapboHaTaMM 3a4acTylo BHICOKA [10J1 aHNOHOB
OpraHnu4ecKHx KHUCJIOT, & B HU3KOIeJIOYHOCTHBIX BBICO-
KOTYMYCHBIX BoJIaX OHU JOMUHUPYIOT (JIo3oBuK, 2006;
Lozovik, 2013). BesieqcTBrE BHICOKOM 3a00JI04€HHOCTH
BOJOCOOPOB, peyHble BOABl XapaKTepU3YIOTCA IIOBHI-
IIeHHBIM CcojiepXaHWeM I'yMyCOBBIX BelllecTB, 4YTO, B
CBOI0O ouepefb, 00ycCjIaB/JMBaeT, BBICOKYIO LIBETHOCTb
BOJIBI, BBICOKOE cojiepxkaHue O0Iero ’xesesa, a Takke
KHCJIyI0 peakLyio cpelbl. OTU (aKTOPB MOI'YT Hera-
TUBHO BO3[IEHCTBOBaTh Ha OMOTY BOAHBIX dKOCHUCTEM
(James, 1991a; b; Arvola et al., 2014; TexaHoBa u 1p.,
2018).

Hacrosmee ucciegoBaHue OCBAILIEHO U3y YeHUIO
OJHOTO U3 NPUTOKOB OHexckoro o3epa — p. HermiuHke,
IpoTekarlell 1o Teppuropuu r. IlerpozaBoacka. Ha
OCHOBaHMH INPOTOKOJIa KoMmccuu mno ycTaHOBJIEHUIO
KaTeropuil 0ObeKTOB PBIOOXO3ANCTBEHHOIO 3HA4YeHUA
1 ocobeHHOCTeH JOOBIYM (BBLJIOBA) BOJHBIX OMOJIOTYe-
CKHX pecypcoB, oburaiomux B Hux, CeBepo-3anajgHoro
TEeppUTOpPUAJIBHOTO  ympaBjeHUsA Pocprib0JIOBCTBA,
Ne 3 ot 11.04.2013, p. HersinHke nprcBoeHa BBICIIAsA
Kareropus pbIOOX03ANCTBEHHOro 3HaueHuA. OJHaKo
peKka HCIBITBIBaeT CHJIbHellllee 3arps3HeHue JIMBHe-
BBIMM CTOKaMH ropoja. B Hee Taxxe mocTymnaioT OHo-
reHHble BellecTBa C TEePPUTOPHII YACTHOTO CEKTOpa,

0Cco0eHHO BO BpeMs MaBOAKOB. BoJbl peky 3arpA3HAIT
[TeTpo3aBojickylo Try0y OHeXCKOro o3epa, KOTopas
CJIy’XUT UCTOYHUKOM NHUTHEBOTO BOAOCHAOXeHUA AJA
HaceJIeHUsl.

Pexa HersmHka B BepxHeM TeYeHUU IpPOTeKaeT
cpenu 60JI0T, U3 KOTOPBIX BO BpeMsA BeCeHHero MaBojika
B peKy IOCTyHalT BBICOKOI'YMYyCHble BoAbl. Iloiima
3a0oJi0UueHa U cJIoKeHa TOPMPAHUCTHIMU U NeCYaHbIMU
rpyHTamu. OTH (akTOpel OOYyCJIOBJIMBAIOT BBICOKYIO
1BeTHOCTH Bofbl B peke (Puc. 1) (Bopoaysnuna, 2013;
Kapmeuko, 2013).

Kpome BiuaAHuA 3a00JI04€HHOCTY, Ha XUMHU-
YecKUil cocTaB BoAbl p. HersiMHKM OKa3blBalT BO3-
JelicTBe  OCOOEHHOCTM  NOJACTUJIAIOIIUX  I[OPOJ.
Teppuropus r. [leTpo3aBoacKa pacnojioxXeHa B IIpefe-
Jnax cybapre3maHcKoro H6acceiiHa, BKJIIOYAIOIEr0 Hau-
0ojiee BOOOOOMJIPHBIN HIKHEKOTJIMHCKUI BOJOHOC-
HBIII TOPU30HT, KOTOPHIN MEePEeKPHIT MOIIHOM TOJIIEN
YeTBePTUYHBIX OTJIoXeHu!. Cpeou HUX BbIEJIAITCA
OHEro3epcKuil MeXMOPEHHBIN BOJIOHOCHBINI TOPHU30HT
Y TPYHTOBBble BOABI JIEAHUKOBBIX M O3€PHO-JIEJHUKO-
BBIX IIeCYaHBIX U CyleCYaHBIX OTJIOXKEHHN. DTH BOJBI
BCcKphiBatoTess poanuxkamu (Kpyrckux u ap., 2016),
YTO U OlpefeJisAeT MOCTyIJleHWe POJHHUKOBHIX BOJ B
p. Hernmunky B ee cpequeM Teuenun (Andronikov et al.,
2019). TlocTynsieHue MOA3EMHBIX BOJl 00yCJIaBJIMBAET
U3MeHeHUs 0011lell MUHepaJn3aluy BOAbl B peKke BI0JIb
o teuenuio ot 35 o 400 mr/n (Bopoaynuua, 2013).

B ycioBuAX KapesibCKOr0 perdoHa akTyaJIbHOU
11po0JIeMO CTAHOBUTCA OlleHKa BJIMAHUA aHTPOIIOTeH-
Horo ¢akTopa Ha KauyecTBO Pe4YHBIX BOJ Ha (OHe MOCTy-
IJIeHUA OOJIBLIOrOo KOJIMYecTBa I'yMYCOBBIX BeIeCTB
(pervoHasbHBIN TPUPOAHBIN (GAKTOP), KOTOPBIE Ompe-
JIeJIAI0T MOBBIIIEHHYI0 [IBEeTHOCTh BOABL. BBUIYy Takoro
creny(puUYHOro BJIMAHUA PErMOHAaJIbHOTO NPHUPOJHOIO
daxkTopa cTasio BaXHbIM AP EpeHIPOBAHHO Olle-
HUTb BO3AeNCTBHE IPUPOAHOTO U AaHTPOIOIe€HHOIO
(akTOpOB Ha KauecTBO BOJB p. HerJIMHKY, MOCKOJIBKY
COBpeMeHHBIe Kjaccu(PUKaTOPHl KauyecTBa BOABI Iped-
Ha3HAYeHBl [JIA OIeHKH aHTPOIIOTeHHOrO0 BO3Jel-
CTBUA, TJIaBHBIM 00pa3oM, CBETJIOBOAHBIX BOOEMOB.
Jo HacTosiero BpeMeHH OTCYTCTBOBAJIM KOMILIEKC-
HbIe Ce30HHBIE HCCJIeI0BaHNA, TO3BOJIAIIINE AATh pa3-
HOCTOPOHHIOIO OI[eHKY KauecTBa PeYHOU BOZBI U OIle-
HUTH BJIUSAHNE PEYHBIX BOJ Ha OHOTY.

Puc.1. O6muii Bug p. Hersmuuaku: cpefiHee TeueHue (a), ycrbe peku (6).
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]_Ieflb JAaHHOI'0O MCCJIEJOBAHHA — OLIEHHUTH Kayde-
CTBO BO/bI TOPO;[CKOP’I p. HerauHku mo XVMHWY€CKHUM,
MI/IKPO6I/IOJ'IOTI/I‘-ICCKI/IM 1 TOKCHMKOJIOTMYECKHM II0OKa3a-
T€JIAM C YYE€TOM PErmoHaJIbHbIX 0coOEeHHOCTEN XUMU-
YeCKOoro cocrasa BOAbI.

2. MaTepuanbl M MeTOAbI MCCAEAOBaAHUA
2.1. Onucanue obnacTn uccnepoBaHusa

JumHa p. Hersmmmuku — 14 kM. ['omybuHa BOJO-
TOKa BappupyeT B npefenax 0.2-0.5 M Ha mopoxu-
CTHIX y49acCTKax U 0 1-3 M — Ha IIJIECOBBIX y4YacCTKax.
CpeTHEMHOTOJIETHUI pacxo/l Bofbl B peke — 0.5 m3/c.
[Inomanp BomocOOpHON Teppuropuu peku — 46.1
KMZ, ee 3a00JI04EHHOCTh — 13%, 03€pHOCTb — MeHee
1% (Kapmeuko, 2013). [IutaHue CMeIIaHHOTO TUIIA.
[ToBepxHOCTHOE NWTaHWE OCYLIECTBJIAETCA 3a CueT
TasHUA CHeroB U BBINIaJIeHUsA AOXKAEBBIX OCAAKOB, I1OA-
3eMHOe — pojgHukamu (Bopoaynamna, 2013). Jlegoctas
HauynHaeTcs B HoAOpe — fekadpe, CHer CXOAUT B ampesie
— Mae. [To BesimumHe ykjaoHa p. HernmHka Oim3ka K
pexkam mosiyropHoro tumna (7.6%o) (Slukovskii and
Polyakova, 2017).

2.2. OT60p NpPO6

OT60p P06 BOBI TPOU3BOAUIICSA B IEPUOJ C Mast
1o HosA6ph B 2014 r. u ¢ Mas 1o okTA6ps B 2015 r. Ha
pasanyHBIX yyacTtkax p. Herymuku. Craninuu otbopa
po6 HaXOAUJIUCh KaK 3a MpeAesiaMu ropoJCKON YePThI
(ct. N-1), Tak u B uepTe ropoaa (cr. N-2, ct. N-3)
(Puc. 2). B 2014 r. oTMeueH BeCeHHUU NaBOIKOBBIN
nepuof Ha p. HersmHke B Mae 1 HeOOJIBIION OCEHHUN
— B OKTAOpe—Hos0pe. B 2015 r. B nepuop ot6opa oTme-
YyeH TOJIbKO BECEeHHHII NaBOJKOBBIN MepuojJ — B Mae,
ocTajibHble TMpPOOBI OTOOpaHB B MEXEHHBI Iepuoj
(Puc. 3). IIpoObl oTOMpannd B MHOBEPXHOCTHOM CJIO€
BOJIbl M3 IEHTPaJIbHOW 4YacTU TeuyeHUs. Boma makcu-
MaJibHO Iporpesasiach B 2014 r. go 15 °C B aBrycre, B
2015 1. — go 13 °C — B utone (Puc. 3).

B 2014 r. ana aHanu3a XMMHYECKOTO COCTaBa
BOABI HA KaXXJOM CcTaHIIUM OBJIO OTOOpaHO ceMb Mpod
BOJIBI IJI onipefieieHrsi pH, I[BeTHOCTH, IepMaHTaHaT-
Hol okucisgeMmoctu (I10), comepkaHuA pacTBOPEHHOTO
B BoJe kwuciopona, BIIK,, comepxaHus OMOTEHHBIX
BEII[eCTB (NOZ',NO3', Poﬁm, P ), B TOM uncJie, IATh Npo6
(MIOHB—OKTAOPH) — Ui OmpeneeHus HepTempoayK-
ToB. B 2015 r. Ha KaxOo# cTaHIuu OBLIIO OTOOpaHO
mecTh Mpob BOIBI IJisA ompenesneHus pH, 1BeTHOCTH,
COJIepXKaHus PACTBOPEHHOIO B BOJIe KUCI0PO/a, BIIK,,
XIIK, B3BemeHHHIX BemecTB (BB). B maTu nmpo6ax BobI
(MIOHB—OKTAOPH) ONpeJIesISJIN CojlepXKaHre GMOTeHHbIX
BemecTB (P _ , P )uFe _, B Tpex mpobax (Mau, Ui0JIb,

06’ MUH: o6’

ceHTAOpD) — HeDTEeNpPOAYKTHL.

2.3. MeToAabl XMMHUYECKOro aHaAu3a

Bce o6pa3iipl 6611 COOpaHbl, COXpAaHEeHH! U Mpo-
aHaJIM3MPOBaHbI B COOTBETCTBUU C MEXIOCyAapCTBeH-
HBIM cTaHAapToM «Bopaa. Obmue TpeboBaHUs K 0TOOPY
po6» (I'OCT 31861-2012). [ina onpefesieHUsA XUMuye-
CKUX IIapaMeTpOB BOJBI NPUMEHAIN OOIIeNpUHATHIE B
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Puc.2. Kapra-cxema crannuii oréopa mpob (kpacHble
Kpyru) u JiuBHeBBIX cTOKOB (No 1-10) (¢duosieToBble KBa-
apatsl) Ha p. HersmHke.

Puc.3. Temnepatrypa u pacxon Boasl B p. HersimHke B
2014 —-2015 rr.; L — teBas ocp, R — npaBas ocb

TUJIPOXUMUYECKOU MPAaKTUKe aHaJIUTUYeCKHe MeTObI
(Tabauna 1). [MomyueHHBIe pe3yJIbTaThl CONOCTABJIIAIN
C HOpMaTHUBaMU IpeJieJIbHO JOMYCTUMBIX KOHIIeHTpa-
LUH BpeIHBIX BEIIEeCTB B BOJIHBIX 00bEKTax phI60X035ii-
CTBEHHOr'o 3HaueHus PO (H,[[pr) (O6 yTBepxaeHUM...,
2023).

JI71 KOCBEHHOM OIleHKHU COoJiepKaHUsA I'YMYCOBBIX
BemlecTB B BoAde II.A. JlozoBukoMm (2013) 6vUsIO mpen-
JIOXEHO WCIIOJIb30BaTh MOKAa3aTesb I'yMYCHOCTU BOJIBI
(Hum), paccuutsiBaeMoii o hpopmy.Jie:

Hum = \/I_[THO , €. TYMyCHOCTH
rae, LB — 3HaueHWe BETHOCTH BOJIbI, TPaf.;

I10 — nepmaHranaTHasA OKUCJIAEMOCTb, M O/

2.4. Pacuet YAeAbHOro KOMOMHATOPHOrO
MHAEKCa 3arpA3HeHuA BOAbI

OreHKa 3arpsA3HEHHOCTU IO XUMUYECKUM TIOKa-
3aresiAM p. Hernmuku BeimosiHeHa B 2015 r. coriacHo
PYKOBOJIAIIIEMY JTOKYMEHTY «MeToJT KOMIIJIEKCHOM
OI[eHKU CTeNeHU 3arps3HEHHOCTH MMOBEPXHOCTHBIX BO/I
10 TUIPOXUMMUYECKUM MOKa3aTesIAM». [10 XUMHUIeCKIM
IoKasaTesjasAM pPacCYMTHIBAJIM YJAEJIbHBIN KOMOHWHA-
TOPHBIN WHJIeKC 3arpsi3HeHus: Boabl (YKU3B) — meton
KOMILJIEKCHOM OIIEHKM CTeleH! 3arpsA3HeHHOCTU,
KOTOPBIN TIO3BOJISIET OHO3HAYHO CKAJIAPHOUN BEJIMYU-
HOU oreHuTh 3arps3HeHHOCTh (PJ] 52.24.643-2002).
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Ta6smima 1. MeToibl XUMUYECKOTO aHaIn3a.

ITapameTpsl MeTonp! onipeaesieHUs H,Z[K“
pH [ToTeHnMOMeTpUYECKOE OlpefesieHre 6.5-8.5
CTeKJIAHHBIM 3JIEKTPOAOM
I[BeTHOCTSH, rpaf. doTomMmeTpuyeckoe onpeaeneHne, A= 410 nm —
Cr-Co mxkai.
Fenﬁm, Mr/J1 ATOMHO-a6COPOIMOHHBIN METOJ C MJIJaMeHHBIM paclblIeHueM 0.1
I10 mr O/n TuTpuMeTprUYeCKOoe OnpeeieHre B KUCJIBIX cpefax (MeTox —
Ky6eJis)
XIIK, mr O/n JluxpoMaT CEPHOKUCIJIOTHOE OKMCJIEHNE OPTaHUYeCKUX —
Bel[eCTB ¥ TUTPUMeTpHUUYeCKoe onpefesieHne ¢ peppornHoM
O,, Mr/J CTaHZAPTHHIN MeTo BuHKITepa > 6.0 B meproj OTKPHITOU BOBI
BIIK,, mr O,/11 OnpeneneHune CKJITHOYHBIM MeTooM BuHkiepa < 2.1
BB I'paBuMeTpUYecKoe ompefeieHne, MeMOpaHHbIH GuibTp 0.45 don +0.25
MKM
NO,, mr N/n CnexTpodoToMeTpuiecknii MeTo ¢ cyabbaHmiamMmuioM u N—- < 0.02
(1-HadTw)-3TUIEHAUAMUIHAUTUAPOXJIOpUAOM, A= 543 nm
NO,, mr N/n Boccranossienue 10 NO,™ ¢ IOMOIIbIO KOJIOHKH [JIsI BOCCTa- <9
HoBJieHus Cd u onpejiesieHre Kak NO,-N
P . MKr P/ CnexTpodoTOMeTprUecKril MeTOJ] C BOCCTAHOBJIEHHEM —
MoJymb1aTa aMMOHUA U aCKOPOUHOBOM KUCJIOTH 10 dhocdaTo-
MOJIMO/1eHOBOH I'eTepOIOoJINKUCIOTH., A= 882 nm
P o MKT P/ Oxwucrienne oprannueckux BemecTs K,S,0, B KUCJIBIX Cpefiax U =
ompejenenue PO P.
HedTenpoaykrsi, HNHbpaxkpacHbIN CIEKTPOMETPUYECKUI MeTO. 0.05
MI/J1
IIpumeyanue: «—» — He HOPMHUPYETCS.

MeToauuecKol OCHOBOM KOMILJIEKCHOT'O cItoco0a sBJIs-
eTcs OJHO3HayHas OlleHKa CTeleHU 3arpsA3HeHHOCTHU
BOJIbl BOAHOI'O OOBEKTa [0 COBOKYIHOCTH 3arpsA3HAIO-
X BEIeCcTB: JJIA JII0OOro BOJHOTO OOBbEKTa B TOUKE
orbopa npob BOABI; 3a JIIOO0OU OmpejiesIeHHbIN mpoMe-
KyTOK BpeMeHH; MO JboMy HabOpy TruApoXUMUYe-
CKUX I[IOKazaTesiell. B kaduecTBe HOpMaTuBa MCIOJIb-
3YIOT IIpefieJIbHO J0IyCTHMble KOHIIeHTpaly BpeAHBIX
Bell[eCTB [JiA BOABl PBHIOOXO3ANCTBEHHBIX BOJOEMOB
(I'[I[pr) — HauboJsiee xecTkue (MUHUMAaJIbHBIE) 3HA-
YeHHUs W3 COBMeEI[EeHHBIX CIIHCKOB, PeKOMeHAYyeMbIX
U1 MOATOTOBKU HMH(GOPMALKMOHHBIX TOKYMEHTOB IIO
KauecTBy noBepxHOCTHBIX BoA (P 52.24.643-2002).
3HaueHnue YKU3B onpepesiAeTcsa I0 4acTOTe U KPaTHO-
ctu npesbiieHnsa [1JIK Mo HECKOJIBKHMM IOKa3aTeJIsAM.
BospiemMy 3HaueHUIO MHAEKCA COOTBETCTBYeT XyJllee
Ka4yecTBO BOJBIL.

2.5. MeToabl MUKPOGHOAOrHUECKOTO
aHanm3a

Obujass 4YucIeHHOCTh OaKTepuil olpejessaiach
MeTOJOM IIPAMOIO cueTa Ha 4YepHBIX NOJMKapOoHaT-
HBIX TPEKOBBIX MeMOpaHax (D“Op 0.2 MKM) mpowus-
BoacTBa Whatman Ha JIIOMUHECIIEHTHOM MMKPOCKOIIE
MHKME/I-2 (yBesmueHue X 1600) c mpegBapuTeib-
HBIM OKpalllBaHUEM KJIETOK aKpPHUIWHOBBIM OpaHXe-
BeiM (Handbook of Methods..., 1993). CanpoduTtHbie
6aktepun (CB) BpIpalMBaji Ha PBHIOO-NIENTITOHHOM
arape (PITA) B Teuenue 5-10 cyT. npu 22 °C (Ky3He1oB
u [ybununa, 1989). [lna onpeneneHusA oOLIMX KOJIH-
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¢opmubix OakTepuil (OKB) mpobObl BoAB! (PUIBTPO-
BaJ yepe3 MeMOpaHHble (PUIIbTPHI (DHop = 0.45 MKM),
GuabTpE NOMENAJIM Ha arapu30BaHHYI Cpefy OHJAO
n uHKyouposanu npu 37 °C B TeueHue 24 4. [locie
MHKyOaluy BBHIIOJIHAJICA ITUTOXPOMOKCHIA3HbII TeCT.
YuurteBanuch crnenudryeckre KOJIOHUH, KOTOpble He
M3MeHUJIU cBolo okpacky (MYK 4.2.3690-21).

OneHky KauyecTBa BOZBI II0 MHUKpPOOMOJIOTHYe-
CKMM IIOKa3aTeJIAM BBINOJIHAIN [0 OOLIeNIPUHATOMY
B POCCUMCKOH BOJHOU MHUKPOOMOJIOTUH «IIOKA3aTeJIIo
KavectBa BoAd» (PomaHeHko, 1985; JIzwo6aH, 2000),
oTpaxamwiieMy noiio (%) canpodUTHHIX OaKTepuil B
obmiem KosinuecTBe 6akTepuoriankToHa (Cb/0Ub, %).
[Ixasia 3TOro nokasaTeJsis BHIJIAAUT CJIeAyIOIUM oOpa-
3oM: < 0.003 - oco6o uncras; 0.003-0.03 — uyucras;
0.03-0.1 — cna6o 3arpsasHenHas; 0.1-0.3 — 3arps3HeH-
Hasg, 0.3-3.0 — rpsasHasn; > 3.0 — ocobo rpss3Has. [y
KOPPEKTHOMH OIleHKH! KauecTBa BOBI IO OOIIel YncJieH-
HOCTH OaKTepHOIIJIAHKTOHA B COOTBETCTBMHM CO IIKa-
Joii B.U. Pomanenko (1985) (cBeToBass MUKPOCKONNSA),
ObUI HcCNoJib30BaH Koadpduiuent 2.06 s nepecuera
Ha HOBBHIA MeTo[1 (3nudJiyopeciieHTHas MUKPOCKONNA)
(Makarova et al., 2022).

2.6. buorecTtupoBanue

OaHOBpeMEHHO ¢ OTOOpOM Npo0 Ha XUMHue-
CKM U MHUKpPOOMOJIOTMYECKUI aHajiu3 B BECEHHU,
JIETHUII M OCEHHUI Ce30HBl OTOMpasiid MpOOBI BOJBI
p. Hernunaku asa 6uortectupoBanus. B 2014 r. npoOsl
BOJIbI /I OMOTECTUPOBAaHUA ObLIM OTOOpPAHBI HA CTaH-
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musax N-1, N-2 u N-3 (Puc. 2) B Mae, Ui0OHe, aBT'yCTe,
ceHTsI0pe, OKTsAOpe U HOs10pe (Bcero 6 cepuil OMBITOB,
18 mpo6 Boxel). B 2015 r. Ha crannusax N-1, N-2 u N-3
po0bl OTOMpaIM B Mae, MIOHe, UI0JIe U aBrycre (BCero
4 cepuu onbIToB, 12 npo6 BoAsl). IIpo6EI peuHO BOABI
noMenjajgd B MJjIacTMaccoBble OyThIM 00beMOM 1 J1 U
HeMe[[JIeHHO JIO0CTaBJIAIN B JJabopaTopHIo.

B kauecTBe TecT-0ObeKTa MCIOJIb30BAJIU BeT-
BHCcTOycoro pauka Ceriodaphnia affinis Lilljeborg (cuHo-
Hum Ceriodaphnia dubia Richard, 1894). BniepBbie 3TOT
BUA OB IpeaJIoXKeH [JIA UCIOJIb30BAaHUA B KayecTBe
TecT-00beKTa IIPU OLleHKe TOKCUYHOCTHU BOLHOM Ccpefibl
B pabore (Mount and Norberg, 1984). [lnsa nenei
OUOTeCTUPOBAHUA IUIAHKTOHHBI pavok C. affinis B
2008 r. 6pL1 1106€3HO npenocrasyieH MHCTUTYTOM O6MO0-
Joruu BHyTpeHHUX Boj PAH u B majpHeHIIeM KyJib-
THUBHpOBaJicA Ha 0a3e jabopaTopuu ruApoOHOJIOTUU
WHctutyTa BOaHBIX mnpobsiem Cesepa KapHI[ PAH
(Kalinkina et al., 2013). PaukoB C. affinis KyJIbTUBU-
pOBaJIA C UCIOJIb30BaHUEM I'PYHTOBOI BOABI, KOTOPas
XapaKTepu3oBajach CJIeAYIONM XUMHYEeCKUM COCTa-
BOoM: copaepxaHue Na* — 7-19 wmr/m; K - 2-4 mr/m;
Ca** — 12-24 mr/m; Mg?** — 4-11 mr/m; HCO,” — 31-58
mr/n; CI- - 8-21 mr/m; SO,> - 15-40 mr/i; cymma
voHoB — 100-200 mr/n (BoxHble pecypchl..., 2006).
BesnmunHa pH rpyHTOBOI BOABI BapbUpoOBaJia B Mpeje-
nax 8-8.3. PaukoB B KyJIbType KOPMUJIU OJHOKJIETOY-
HBIMU 3eJIeHbIMU Bojjopocisimu Chlorella vulgaris.

CxeMa ONBITOB IO OHWOTECTUPOBAHUIO BOJBI
p. Hernuuku Oblla opraHus3oBaHa B COOTBETCTBUM C
yTBepXAeHHbIMU B Poccun MeTonaMy, peKoMeHA0BaH-
HBIMU 1711 OMOMOHUTOPHUHIA BOAHBIX 00beKTOB (XKMyp,
1997; MeToauka onpepesieHNs] TOKCUYHOCTU..., 2007),
a Takke COIJIaCHO MeXAYHapOAHBIM CTaHAAPTHBIM TOK-
cukoJsiornueckuM MetosaM (Oslo and Paris Commission,
1997; USEPA, 2002). ITocyie npuBeieHUs TeMIIepPaTy phl
00pa3roB peyHOU BOJbI K KOMHATHOW TeMmIeparype
HauyyHaiu OuorecTupoBaHue. TemnepaTypa BOABI B
omnbiTax 3a Bech nepuof 2014-2015 rr. BapbupoBasia
B 3aBHCHUMOCTH OT Ce30Ha MCCJIeOBAaHUI B AUana3oHe
18-25 °C. OpgHako B ImpefesiaX KaxOoro 2-CyTOYHOIO
JKCIIepUMeHTa B OT/eJIbHOM Ccepyuu B pa3Hble MeCHAI[bI
BapbUpOBaHUE TeMIlepaTypbl BOJABI He IPEeBHIIIAIO
0.5-1 °C. Ilpu 6uOTeCTUPOBAHUU PEYHBIX BOJ IpHMe-
HAJIM BapUaHT dKCIIEpUMEHTa CO CTaTUYeCKHUMU YCJIO-
BUAMM, NPU KOTOPOM TeCT-OPraHU3MBI MTOABEPrajrch
BO3/IEHICTBUIO M3yYaeMOU BOAHOM cpe/ibl (peyHas BOJa)
B TeueHUe BCero Iepuojia HCIHTaHWUUI 6e3 3aMeHBI
cpedsl Ha cBeXyl. [IpoJOIXHATEBHOCTh JKCIIepU-
MeHTa cocTaBma 48 yacoB. B ombITax HCIIOJIB30BaIN
ocobGeii C. affinis B Bo3pacTe 2 cyT. ONBITH TPOBOAVIIN
B JIByX IMOBTOpax. B kauecTBe KOHTPOJIBHOU Cpezsl
HCIIOJIb30BaJI IPYHTOBYIO BOAY, XUMHUUYECKUH COCTaB
KOTOpOU mpefcTaBjieH Bbimie. OO0beM KOHTPOJIBHOM
cpefnl U TeCTUPyeMON Pe4YHOI BOJBI B KaX101 [TOBTOP-
HocTH cocTaBsst 100 Mut. B kaxapIil cocy/] MoMeIiaiu
IO 5 3K3. paukoB. B ombiTax paykoB He KOpMWIU. B
KOHIIe 3KCIepHuMeHTa OLleHHWBaJll BBDKMBAEMOCTh pay-
KOB Kak IIPOLIEHTHOe OTHOIIeHNe KOHEYHOro KoJjnye-
CTBA BBDKMBIIMX OcOo0ell OT MX HayaIbHOI'O KoJInde-
ctBa. Kpome TOro, B KOHIle SKClIepUMeHTa YUUTHIBAIN
obliee cOCTOsIHNE PAaYKOB 10 aKTUBHOCTH UX [lepeiBU-
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K€HHUA B COCyl€ 1 HAIIOJTHEHHOCTU BBIBOAKOBBIX KaMeEp
MOJIOJBIO.

2.7. XapaKkTrepucTUKa aHTPONOreHHOM
Harpy3kuv Ha p. HerAmHKy

Hcrounukamu 3arpsasHeHus p. HersmmHku ABJIA-
I0TCS JIMBHEBBIE CTOYHBIE BOAB!I I. [leTposaBopcka,
caMoOTeyHble CeTH KaHaJU3aluM, CTOK C CceJUTeOHON
TEeppPUTOPUH, CTOKU XeJIE3HOJOPOXHOr0 Aemno U T.A.
(TocymapcTBeHHBIN AOKIAS ..., 2000-2022).

[To odpunmanbHBIM NaHHBIM OTAEJIa 5KOJIOTUHU
Mapunr.Ilerpo3aBoscka, Bp. Hernunaky Bnagatot 101mB-
HeBbIX cTOKOB (Puc. 2) o6muM o6semom 0.004 km/rog,
KOTOpBIE COCTaBJIAIOT TpeTh OT odbmero oobema (0.013
KM>?/TOL) pEYHOro CTOKa. JlaHHBIE O 3arps3HsAI-
KX BelllecTBaxX JIMBHEBBIX CTOKOB IIpeJiCTaBJIeHHl B
Tabsue 2.

B 2014 r. npesbieHue I'II[KPx no BIIK, wu
HepTenpoaykraM Habmopanock B 9 crokax us 10.
(Tabsauna 2). MakcuMasibHasi KpaTHOCTD MPEBBIIIEHUS
l'IL[KpX no BIIK, mouru B 80 pa3 oTMeyasiach B CTOKe
No5. KonmnuectBO HepTENpOAYKTOB OBIO MaKCHUMaJib-
HBIM B cTokax Ne6 u No7 — 52I1JIK u 56I1JIK, cooTBeT-
ctBeHHO. CTokyu No5-Nol(Q mmesnyu mpeBbIeHUs l'II[Kpx
I10 KoJIn4ecTBY BB, ¢ MakcuMaIbHBIMU IIPEBHIIEHUAMUI
H,[[pr B 40 u 36 pa3 B ctokax Nol0 u No6, coorBet-
CTBeHHO. [IpeBbllieHNsA HOPMATUBOB [0 XJOpUAaM He
OTMeyaJIoCh.

B 2015 r. or6op mpo6 JIMBHEBBIX BOJ IpO-
uspoauIn B 9 crokax, crok NelO He yuuMTBIBaAJIU.
[Tpesrimenvie BIIK, HaGJroganocs B 7 cTokax us 9, npu
9TOM MakcuMajbHaA KkpatHocTs IIJIK — oTmeuasacs,
kak u B 2014 r., B ctoke No5 (94 I1K). [IpeBbimieHne
HOpPMAaTHBOB 110 HedTenpoAyKTaM OBLJIO OTMEUYEHO BO
BCcex cTokax. MakcuMmaJsibHble KOHIleHTpauuu He@re-
NPOAYKTOB BBIABJIEHBI B cTOKax NoS u Ne7 — B 52 1 57.6
pasa, cooTBeTcTBeHHO. CoaepxaHue BB ObLIo mpeBhH-
IIeHO TOJIBKO B cToKax Nel, No8 u No9 B cpennem B 1.9
pasa. IlpeBnlllleHUs HOPMATHUBOB IO XJIOpHJaM OTMe-
YeHO He OBLIIO.

Tabsuna 2. 3arpsA3HsAINME BEIlecTBa B BOJE JIMBHEBBIX
cToKOB TI. IleTpo3aBojcka, nocrynawomyx B p. HerjmHky B
okTs0pe 2014 r. u urose 2015 .

ITokasarens |IIJAK| Oxta6pe | IIAK Hroin
2014 2015
min —max* min —max
M=m M=m
BB, mr/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,/J1 26.5+15.8 28.8+21.2
Hedrenpoaykrs, | 0.05 | 0.04—2.8 | 0.05| 0.1—-2.88
MrI/J1 0.97 +0.32 1.21+0.39
Xnopupapl, Mr/a | 300 4-72 300 16.8—96
25.2+10.7 49.7+18

IIpuMmeyanue: *min—max — MUHMMaJbHble U MaKCHU-
MaJibHble BeJINUYMHBI, M+ m — CpeJHAA BeJIMYMHA U OLINOKa
cpeaHen. A pacuera IIJIK  ~ B3BEIIEHHBIX BELIECTB (BB)
ncnosp3oBaiu B 2014 r. — gaHHBIE OTJeJia SKOJIOTUN M3pUU
r. [Terpo3aBoacka, B 2015 r. — coOOCTBEHHbBIE JaHHBIE.
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2.8. CtaTMCTHYECKHUN aHaAAU3

B KadecTBe CTAaTUCTHUYECKUX XapaKTePUCTUK
W3MEHUYNBOCTH XUMUUYECKHX I[IOKaszaTeseil pacCUUThI-
BaJIu MeAMaHHble 3HaueHMs N0 BBIOOpKaM M CTaHAapT-
Hyl0 omunOKy. [/ cpaBHeHUs BBIOOPOK U BBIABJIEHUA
Ce30HHBIX M3MEHEeHU! NpPUMEeHsUIM HelapameTrpuye-
CKHe MeTOABl CTAaTUCTUKU: KO3(POUIMEeHT Koppesis-
nuuu CrnupMmeHa, HemapaMeTpHUYecKuil aHanu3 MaHHa
— YutHu. [Ipu oneHke JOCTOBEPHOCTU KO3 duiueHTa
KOppeJisAllMM  KCIOJIb30BaJICI YPOBEHb 3HAUYNMOCTHU
0.05.

Jlna u3ydyeHusA CTPYKTYpPhI CBA3€H MeXIy MoKa-
3aresiAMU XMMHYEeCKOro cocTaBa BOABI HCIIOJIb30BAJIN
MeToJ[ rJ1aBHbIX KoMnoHeHT (MI'K). OcHOBOI IS TOr0O
aHaiM3a MOCIYyXWIN JorapuGMUPOBAHHBIE XUMU-
yecKue IoKasaTesd C LeJbl0 CHHU3UTh COOTHOIIEeHNE
pa3MepHOCTHU MoKa3aTeJsiell ¥ MpUOIN3UTh UX pacipe-
JeneHue Kk HopMmasibHOMy (IllmtmkoB u Ap., 2005). B
KayecTBe 3HaYMMBbIX IPUHUMAJIH IJIaBHble KOMIIOHEHTHI
¢ aucnepcueil =1 u GakTOpHBIE HArpy3KU MIPHU3HAKOB
C OTHOCHUTeJbHBIMM 3HaueHusAMHu = |0.7| (Kopocos,
2007). Cratuctuueckasa oOpaboTka [AaHHBIX OCY-
IIeCTB/IAIAaCh B JIMIIEH3MPOBAHHOM Takere Statictica
Advanced 10 for WindowsRu.

3. Pe3ynbTaTthbl
3.1. XumuMueckum cocTtaB BOAbI

B peunsIx BoAax B CpeqHEM cCOAepKaHUe MOHOB
Ca?* m Na* pocturaer 25.6 u 19.5 mr/ji, cooTBeT-
cTBeHHO. [lo MOHHOMY cocTaBy BoJa PeKU OTHOCUTCA
K THUJpoKapOOHATHO-KaJIbLIMEBOMY THITy, OJHAKO B
TeueHUe JIeTHe-OCeHHero rnepruoja BOJa peKu MeHseT
Tpyniy c Kajbl[ueBoM Ha HatpueByio (CabbuiMHA U
Edpemosna, 2017).

CorylacHo panHbIM (CabeuinHa u Edpemosa,
2017), B xumMnueckoM cocTase Boj p. Hernmuku 3a MHO-
roJIeTHUI Nepruo/]i npeobJiaaoliiMy Cpen MeTaJlJIOB
AIBJIAIOTCA KeJle30 U Maprasell. Bricokoe coaepkaHue
Mn u Fe o0ycJioBJIeHO BBICOKUM NPUPOAHBIM permo-
HaJIbHBIM (POHOM, YTO MO3BOJIsIET MCKJIIOYUTH AAaHHBIE
MeTasUsIbl U3 CIHUCKA 3arpsA3HAIIMX KOMIIOHEHTOB
(JIozoBuk u IlnatoHos, 2005). KoHneHTpanuu Takux
MeTtaJuioB kak Cu, Zn, Pb, Cd yBenuuuBaroTcsa Ipu
TpaH3uUTe peku uepes I. [leTpo3aBoACK, IEPUOAUYECKU
NpeBbIlas HI[KPX. B Gospiieli cTeneHn KOHIIEHTpAIUU
Cu ¥ Zn yBenuyuBaJIUCh Ha TEPPUTOPHUU ropoja IO
CPaBHEHMIO C 3aropoAHBIM ydacTKoM — B 3 u 20 pas,
cooTBeTcTBeHHO (CabpuinHa U Ap., 2022).

I[Ipu aHagu3e XUMHUUYECKOT'O COCTaBa BOMBI
p. HernuHku Bce mokasaTesiu ObIM pa3fieieHbl Ha JiBe
rpynmsl. B mepByoo rpynmny BOILIW MTOKa3aTed, Xapak-
Tepusymwllie BMAHHE 3a00JI0YEHHON BOAOCOOPHOM
TeppuTopuu (IPUPOIHBIHN (HaKTOP): IoKa3aTesH, OTpa-
Karwlye coAepXxaHue TPyAHOMUHepPaJInu3yeMbIX TyMy-
coBbIxX BemecTB (I10, XITK), IBETHOCTh 1 CBSI3aHHOE C
Hell obImiee xeje30, a Takxe pH — nHaUKaTop comep-
’)KaHUA BellleCTB KUCJOTHOU MPUPOJBI, B TOM UYUCTIE U
rYMHUHOBBIX KucJIoT (Lozovik, 2013).

Bo BTOpyw Tpylny BOLLIM XWMUYECKHEe MOKa-
3aTesyiv, XapaKTepu3ylolirie aHTPOIOreHHOe BJIMAHUE:
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pasyimuHble GOpMBI MHUHEpPAJIbHOro azora u ¢ocdopa,
BIIK,, conepxanvie BB u HepTenpoayKToOB, MOCTYyILIE-
HHEe KOTOPBIX CBA3aHO C BBIIyCKaMM JIMBHEBBIX BOJ,
PACHOJIOXKEHHBIX B HIPKHEM TeUYeHHN U3ydyaeMON peKu
Ha Teppurtopuu I. [lerpo3aBoacka. KoHljeHTpanus Kuc-
JopojJia B BoJie OTpaxaeT, C OHON CTOPOHHI, a3paluio
BOABI Ha MOPOXHUCTBIX y4acTKaX peKu, ¢ APYroi CTo-
POHBI, NoTpebJieHNe KHUCJI0poJa Ha MUHEpaJIu3aljyio
JerkoMuHepanuszyeMmoro OB. B Hamux ucciieoBaHUAX
MBI OTHECJIM KHCJIOPOJ K IOKa3aTessAM, OTpaXarliuM
AHTPOIIOTeHHOe BO3/elCTBUe, CBA3aHHOE C MOCTYILIe-
HMEM JIMBHEBBIX CTOKOB, HeCyI[UX OOJbIIOe KoJnye-
ctBO OB.

3.1.1. XuMHnuecKkue mokKasaTesid, XapaKTepu-
3yolye oco0eHHOCTH NPUPOJAHOrO cocTaBa BOMBI
p. Hernuuku B 2014-2015 rr.

ITo nokasareso rymycHocTy Boga p. Hernmnaku
Ha BCeM CBOeM MPOTAXKEHUU, N0 AaHHBIM 3a 2014 r.,
XapakTepus3oBajlach KakK BBICOKOI'yMycHas (moAxJiacc
Me30IoJIMTYMyCHas),  COoIJlacCHO  Kjaccubukanum
(Lozovik, 2013).

Ha 3aropogHom yuactke p. Hernumnakuy, noasep-
J)K€HHOM BJIUAHUIO OOJIOTHBIX BOJI, BBICOKOMY COJep-
’KaHUI0 opraHuuveckux BemlecTB (OB) rymycoBoit
npupofsl, omnpepessgemoro no XIIK, comyTcTBOBav
BBICOKME IIOKa3zaTesd IBeTHOCTU M KOHI[eHTpaluu
FeOsm (Tabsura 3). IpeBbiieHne H,[[KPX I10 II0Ka3aTeJIio
Fe , oTmedanocs B 12-51 pas.

Ha ropojackoMm yuacTke peKH, KOHILIEHTpalusd
XTIK cHmxajach, Kak M IoKa3aTeJd LIBETHOCTU BOJBI
(Tabauna 3). CHUKeHre KOHIIeHTpaluu Fe ., BAOJIB 11O
TEYEHUI0 PEKU COCTaBUJIO: OT 2.7 MI/JI B BepXHEM Teue-
Huu 10 1.38 mMr/;1 B HIKHEM TedeHnu. Ha BceM npots-
J)KEHUM PEeKU MpeBbIlIeHNe I'IL[Kpx o oOiieMy xejesy
Jocturasno 7-50-KpaTHBIX 3HaUeHU.

3.1.2. XuMuyeckue nokasarejid aHTPOIIOT'eH-
HOTrO 3arps3HeHus BoAasl p. Hersimuku.

KoHIleHTpauusa JierkoMUHepaan3yeMoro Bellle-
cTBa, onpefessiemMoro mo BIIK,, Ha 3aropojHOM y4yacTke
p. Hersmuaku, 6b11a HEOOJIBIIOMN, JIUIIb ABAXKIBI TPEBHI-
mas 3a oba roga l'II[KpX B 1.5 pa3za. B cBsA3u ¢ nocryruie-
HHeM OOJIbIIOrO KOJIMYEeCTBA JIerKOMHHepPaJIN3yeMbIX
OB c simBHeBBIMU cTOKaMmu (Tabsuima 2), Ha TOPOACKOH
4acTu pycsia sHaveHue BIIK yBenunBasioch mo cpas-
HEHUIO C BepXHUM Te4YeHNeM, MIPeBhIIas I'[JI[KpX B cpen-
HeM B 2 pa3sa (Tabsmra 3).

B 2014 r. comepxaHue KUCJI0pOJa BAOJIb pycJia
peKrd MEeHAJIOCh He3HAuMTeJbHO U HMeJIO BBICOKHE
nokaszarend. B 2015 r. oO6HapyXuUBajoCh CHUXEHUeE
a06COJIIOTHOTO COAEPXXaHUA KHUCJI0poJa B BOAE M HACHI-
ImeHuA BOABl KucjaopoaoM. Hanbosiee 3aMeTHO CHUXe-
HME HACBHIINEeHNUA BOABI KUCJIOPOAOM HAOJII0AIOCh Ha
ct. N-2, uto 6BLJIO CBA3aHO ¢ nmocTyiuieHueMm OB, ompe-
nensemMbix 1o BIIK, Bhiiie cTaniuu oT6opa npoo.

Konnentpanuu HutputoB (NO,) Ha 3aropof-
HOM y4YacCTKe peKU 4YacTO ObLJIM HEBBICOKHMMU, OJHAKO
9TOT II0Ka3aTeJib ABaXK/bl IIPEBBIIIAJ I'II[KpX B 1.2 pa3sa.
Ha ropopckux yvyacTkax peKd KOJMYEeCTBO HUTPUTOB
YBeJIMYMBAJIOCh HA MOPAMNOK, IPU 3TOM HabOI0AaIoCh
IIOBCEMECTHOE NPEBLIIIEHNE l'I,[[KpX B cpefHeM B 8 pas.
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Ta6uunia 3. [TokazaTesu XUMUYECKOTro cocTaBa BoAsl p. Hersimuku 3a 2014-2015 rr.

IToxa3aTeJsb 2014 r. 2015r.
¢oHOBBII TOPOACKOHN Yy4aCTOK ¢oHOBBII TOPOACKOH Y4acCTOK
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 7.0+0.3 7.4+0.3
LIBeTHOCTD, rpajg 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 g, Mr/i H.J. H.J. H.J. 1.2-5.1 1.1-4.0 0.7—-2.8
2.7+0.4 2.1+0.3 1.4+0.2
I10, mr O/n 9.37-12.69 9.1-11.2 9.4-11.1 H.[. H.J. H.J.
10.34+0.84 10.1+0.4 10.3+0.5
Hum, en. 30-64 14-57 18-50 H.I. H.[. H.[1.
44+9 34=+8 25+6
XIIK, mr O/n H.1. H.[. H.[. 33.7—47.2 20.3—46.8 12.5—-40.4
39.3+£3.6 27.6*+3.3 20.4+4.6
0,, Mmr/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
% Haceinenus 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.1. H.J. H.I. 9-92 6—97 4—-120
27 +7 16+6 16+5
BIIK,, mr O, /1 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+0.9 3.4+0.7 1.0+£0.1 5.0+1.5 2.3+0.4
NO,, mr N/n 0.009-0.024 0.026-0.254 0.027-0.243 H.JI. H.I. H.1.
0.016 +£0.004 0.198 +0.065 0.149+0.05
NO,, mr N/ 0.035-0.26 0.41-1.12 0.33-2.89 H.1. H.1. H.J.
0.21+0.06 0.59+0.1 0.67+0.61
P .o 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 +44
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 +46 160 =20
Hedrenponykrsl, 0.03* 0.37* 0.05* 0.05* 0.34* 0.04*
MI/JI (ceHTAODS, (aBrycT) (oxTa6pB) (ceHTA6pBD) (ceHTA6pPD) (ceHTAOPD)
OKTS0Pb)

IIpuMmeuaHue: B 4nCJIUTE/E — Min-max — MUHUMaJIbHble 1 MaKCHUMaJibHble BEJINUMHBL, B 3HAMeHaTeJjle — MeJliaHa 1 CTaH-
JapTHas ommbka; “H.A.“ — HeT JaHHBIX; * — yKa3aHa MaKCHMaJibHasA KOHILeHTpanusa HepTenpoayKTOB.

Conepxanue B Bofe p. HersmHkyu HUTpaToOB
(NOB‘) OBLJIO 3HAUYUTEJIBHO HUXEe H/:[pr- OTMeuasioch
yBeJIMYeHHe HUTpPaTOB IpU TpaH3UTe peKu uepes
rOpo/ICKyl0 TeppuTopuio rnouytu B 3 pasa (Tabiuna 3).
[TosrydyeHHBle HaMH [AaHHbBle IO COAEpPXKaHUI0 MUHe-
pasbHBIX (popM aszora B p. HersmHke coryacylorcs ¢
JaHHBIMHM APYIUX HccilefloBaTesiell, OCyIleCTBJIABLINX
orbop mpo6 Ha peke B 3TOT Xxe Iepuon ([3100yk u
Kimokuna, 2015).

Conepxanue obuero docpopa (P ) B 2014 1.
OBLJI0O HAMHOT'O MeHbIIle, yeM B 2015 I., UTo 00bsCHAETCA
METeOpOJIOTUYeCKUMU ycjaoBuAMU, T.K. 2014 1. ObLI
6ostee cyxumu 1o cpaBHeHui ¢ 2015 r. Iloctymnenue
P ., C JIMBHEBBIMU CTOKaMU U CTOKAMH C TEPPUTOPUU
YacTHOTO CeKTopa OOyCJIaBJIMBAJIO yBeJIMYeHUe ero
KOHIIEHTpaI[il B BOZEe PeKH Ha TOPOJCKOH TeppHUTO-
pun. IloslyyeHHble faHHBIE 10 COAEPKAHUIO Poﬁm ubP
B BoJle p. HersimHKY XOpOIIO COoTJiacyloTcs C pe3yJibTa-
TaMHu TpeAlIecTBYIOMUX uccieqoBaHuil (CabbiHa U
Edpemona, 2017).
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Munepanbhbiii pocdop (P ) BBoje p. HernmmHku
“MeeT B OCHOBHOM aHTPOIIOIeHHOe IPOMCXOXIeHUe.
006 3TOM CBUETEIBCTBYET ero Beicokasn qoJiA (28-98%)
oT obuero ero coaepxaHus. 1A BogoeMoB Kapenuu
YCTaHOBJIEHO, YTO IIPU COAEP>KaHUM B BoJie MUHepaJlb-
Horo ¢ocdopa B KOHLIEHTpauusAX, npesbimanmmx 10%
oT obmiell GopMBI 3TOr0 3jeMeHTa, ero MCTOYHUKOM
ABJIAETCA AHTPOIIOreHHOoe 3arps3HeHue (3aaudeBa U
BouikoB, 1994; JlozoBuk, 2017).

Copepxanue He(QTenpoAyKTOB B BOJIE
p. HernuHku Ha BepxHeM yyacTKe pycjia 3a oba roga
uccyefioBanuii He mpesbimano MK —mo HedTenpo-
aykraMm, pasHoi 0.05 mr/m. Ha ct. N-2 B 2014 1.
IOBCeMeCTHO HabJIl0[ajioch IMpeBbIlIeHNe I'II[KPX o
HedTenpoAyKTaM B cpeJiHEM JI0 2 pa3, AOCTUras Mak-
CUMAaJIbHBIX KOHIIEHTpaIl[il I[pHd CEMUKpPAaTHOM IIpe-
BBILLIEHUU HI[KPX. Takasa curyanus oObsCHAETCA Haxo-
’KJeHreM Bbille ¢T. N-2 XeJe3HOLOPOXHOIo Jero, a
TakXe HaJINuheM JIMBHEBBIX CTOKOB C BBICOKMMM KOH-
neHTpanuaAMu HedTenpomaykros (pasmen 2.7). Ha crt.
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N-3 koHLeHTpanusa HePTENpOAyKTOB CHMXajach 10
0.04 mr/sn. CHMXeHHe KoJimyecTBa He(PTeNpOAYyKTOB
K YCTbeBOMY Y4aCTKy peKd MOXHO OOBACHUTDH 4acCTHY-
HBIM OCaX[eHHeM Ha AHO, OKHCJIEHNEeM 3a CUeT HaJlu-
Yy Ha peke MepekaToB U yTuian3anuei 0akTepusaMu.
B 2015 r. B ropoCKoi 4epTe JINIIb OAHAKABI Ha CT.
N-2 HaGurofasioch 7-KpaTHOe IpeBhIIIeHNe l'II[KPX 1o
HedTenpoAyKTaM.

ComepxaHue B BOJAE B3BEIIEHHHIX BeIleCTB
OBLJIO MaKCHUMAaJIbHBIM Ha 3arOpOJHOM Y4YacTKe peKU.
HecmoTpsa Ha TO, YTO B 4YepTe ropojia B3BElICHHBIE
Bell[eCTBa [TOCTYIAIOT C JIMBHEBBIMU CTOKAMU, B PeUHON
BOJie HaOJII0JaeTCsA CHIKEeHYEe X COAEPXKaHNA 110 CpaB-
HEHUIO0 C 3aTrOPOJHBIM Y4YaCcTKOM, YTO TaKxe OOBbACHSA-
eTcs UX YaCTUYHBIM ocaxkaeHueM Ha JHO. HeGosbioe
npessbimeHye [1/1K o B3BelIeHHBIM BelljecTBaM HalJIio-
Jlajioch B TOPOACKON depTe B MIOHe U OKTs0pe 2015 1.
(mo 1.3 IIK), uTO CcBA3aHO C BHICOKUM (POHOBHIM COZIED-
’KaHUeM B3BellleHHBIX BelllecTB B Bofe p. Hersnuuku.

3.1.3. AHanmu3 CTPYKTYpBI CBs3€d MeXAy
XUMHYECKHMH MOKa3aTeJIsIMU

Jyia aHanM3a COBMECTHOTO BJIUSIHUA peruo-
HaJIBHOTO MPUPOJHOTO U aHTPOIOTeHHOro (PaKTOPOB C
HCIIOJIb30BaHNUEM MeTo[a IJIaBHBIX KoMmnoHeHT (MI'K)
MeXJy XUMUYeCKUMU I[oKa3aTessAMU Obljla HU3ydeHa
cTpyKTypa cBsaseil. MI'K nmpumeHsieTcs Kak JiJisl COKpa-
meHUs1 pa3MepHOCTU IPOCTPAHCTBA IIPU3HAKOB C
MHHMMAaJIbHOU MoTepel moJjie3Hol nH(popManuu, Tak u
71 BBIABJIEHUS IPYNIl 00beKTOB, OTJINYAIOUIUXCA APYT
OT JipyTa II0 cuJie KOppeALUH.

[Ipn ananuse gaHHbIX 3a 2014 1., 10 pe3yJibTa-
Tam MI'K, Tpu nepBble TjiaBHble KOMIIOHEHTHI OTpas-
nau BMmecte 81% ob1iell M3MEeHUYMBOCTY IIOKa3aTesiein
cocraBa Bojbl p. Hernmuuku. 3naunMeiil Bkiag B I'K1
(nepBas ry1aBHas KOMIIOHEHTA) BHecJiu pH, HackilleHne
BOJIBI KHCJIOPOZOM, COJepXaHue B BoAe OHMOTeHHBIX
5JIEMEHTOB (NOZ‘, NO3‘, Poﬁm’ PM“H) U JIETKOMUHEpaInsy-
emoro OB (Bl'IKs), B I'K2 (BTOpas ryiaBHass KOMIIOHEHTA)
— cojiepkaHue pacTBOPEHHOIo B BOJAe KHCJIOpoAa U
I10, B I'K3 (TpeTbs ryiaBHasA KOMIOHEHTA) — IBETHOCTh
Boasl (Tabsmia 4). Ha guarpamMme pacnpefesieHUs
snaueHuii 'K1 u I'K2 (Puc. 4 A) 06beKTH pa3aenuiiuch
Ha JIBe OCHOBHBIE IPyNIbl. B IByX mpaBbix KBaJpaHTax
HaxogATCA MpOoOBl, OTOOpaHHBIE HA 3arOPOAHON CTaH-
LUK BO BCe MecAIpl HabJoieHuA. B OByxX JIeBBIX KBa-
JpaHTaxX 0Ka3aJiiuch MpoOkl, 0OTOOpaHHBIE Ha TOPOACKUX
CTaHLMAX 3a Bech epuof HabogeHuA. Ha nuarpamme
pacnpenesienus 3HaueHuin I'K1 u I'K3 (Puc. 4 B) 06b-
eKTHI pa3fiesInIUCh TakXe Ha JBe OCHOBHBIE TPYIIHL: B
ABYX MpaBbIX KBaApaHTaX HaXoAATCA MPOOBL, OTOOpaH-
Hble Ha 3aTOPOJHON CTAHIMU BO BCe MecCAIbl HabToe-
HUA, B JIBYX JIEBBIX KBaJpaHTaX — NpoObl, 0TOOpaHHbIe
Ha CTAHIUAX B TOPOJICKON uepTe. PacroJioxeHye CTaH-
Uil Ha rpadukax CBUAETEJIbCTBYeT O BBIpaXXEHHOM
MPOCTPAHCTBEHHOU HEOTHOPOIHOCTH YYaCTKOB PEKU,
CBSI3aHHOM, BO-TIEPBBIX, C BJIUSIHHEM OOJIOTHBIX BOJ B
BepxHeM TedeHUHU p. HernuHkuy, rae oOHapyKeHbl Hau-
MeHbIIMe BeJMYUHB pH 1 BBICOKME MOKa3aTeIn LBeT-
HOCTHU, BO-BTOPHIX, C MOCTyIJIEHUEM NOA3E€MHBIX BOJ,
KOTOpBIe HEUTPAJIU3YIOT BOAY Ha T'OPOJCKUX yYaCTKAaX,
B-TPETHUX, C TIOCTYILUIEHUEM OWOTeHHBIX 3JIEMEHTOB
U JierkoMuHepaauszyemoro OB ¢ ypGaHU3UPOBaHHOMN
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Teppuropuu. [Tostomy 66sb1Ire BesmuuHbl pH, moHu-
’K€HHas LIBEeTHOCTh U CUJIbHOE 3arpsi3HeHne peku OHo-
TeHHBIMM 3JIeMeHTaMU U JierkoMuHepaiandyeMbiM OB
XapakTepHbl AJIA TOPOACKHX Y4YacTKOB p. HermmHku
(Tabmuua 3). Ha ¢oHe pe3koro pasandusa XUMHUYECKOTo
cocTaBa (pOHOBOTO 1 FTOPOJICKMX YYacTKOB p. HernmmHku
HX Ce30HHasA U3MEHUYMBOCTh BBIpaXkeHa cj1abo.

I[Mpumenenne MI'K A gaHHBIX 0[O XHUMUKYe-
CKOMy cocTaBy Boas! p. Hernmukuy 3a 2015 r. nokasaiio,
YTO TPU INEepBbIe TJIaBHble KOMIOHEHTH oTpasuyiu 83%
obmiell M3MeHYMBOCTU IIPM3HAKOB. 3HAUMMBIN BKJIaf
B I'K1 BHeciu pH, nBetHocTh, XIIK, U comepxaHue
docdopa, B K2 — copepxaHue Kucjaopoja B BOAe U
HachlmeHne Boasl kucjopoaom, B I'K3 — comepxaHue
BB B Bome (Tabsurma 5). PacmosioxeHue CTaHIIUN Ha
rpaduke pacnpenesenus 3Hauennil I'K1 u I'K2, u I'K1
u I'K3 nosropswoT BoiABIeHHYI0 B 2014 r. mpocTtpas-
CTBEHHYI0 HEOJHOPOAHOCTb yuyacTKoB p. HernmHku
no ruppoxumuyeckum nokazartessim (Puc. 5 A, B):
BEpXHUI Y4YaCTOK peKU XapakTepusyercs BJIMAHUEM
00JIOTHBIX BOJ, CHIXawomux pH BoAwl U yBeJMuHBalo-
IUX ee I[BeTHOCTb U XapaKTepU3YIOIIUXCA MOBBIIIeH-
HBIM cofepxaHueM XIIK, a ropoAckue y4yacTKU peKu
XapaKTepusyloTcsA IOCTyIJIeHWeM IOJ3eMHBIX BO[I,
HeUTpajn3yoluX peyHylo BOAY U 3arpsA3HeHUeM coe-
AuHeHUAMU ¢ocdopa, MOCTymamIero ¢ ceJauTeOHON
Tepputopuu (Tabnuma 3). Bomeamune B I'K2 copep-
xanue O, u HaceieHrie BoAbl O, BBIIUIA OTIEJIBHO B
IJIaBHYI0 KOMIIOHEHTY 3a CcueT CUJIbHOH KOoppeJianuun
MeXAy 3TUMM [ByMs IIOKa3aTessAMM, XapaKTepHu3ylo-
MU U3MeHeHNe KICJIOpPoia B BOJie 3a cUeT Ce30HHBIX
U3MeHeHU.

Takum oOpa3oM, XapakTep paclnpejeseHus
CTAHIMH B OCAX IJIaBHBIX KOMIIOHEHT CBA3aH C MOCTY-
IIJIEHWEeM CTOKa ¢ 3a00JIOUeHHBIX TEPPUTOPUI B Bepx-
HeM Te4YeHHU U MOA3EeMHBIX BOJ B CpefHeM Te4YeHUH
peku (BopoaysuHa, 2013), koTOopble O0YCJIOBJIUBAIOT
U3MeHeHle ee XMMUYeCKUX IoKasaTesieli, XxapakTepu-
3YIOIIMX PerruoHajbHble 0COOEHHOCTU peuHbIX BoA (pH,
I[BETHOCTH). B TO xe Bpems npuMeHeHre MI'K BBIABUIIO

Ta6smna 4. Paciipefesenue GakTOPHBIX Harpy30K IJIaB-
HBIX KOMIIOHEHT IPU U3yYeHUU B3aUMOCBA3eH XMMHUYEeCKHUX
nokasaresiedl p. Hersmuku B 2014 1.

HUcxomHble MOKa3aTeiv T'K1 T'K2 I'K3
pH -0.9 -0.1 -0.1
L{BeTHOCTH 0.5 0.1 -0.7

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

110 0.3 0.8 -0.1

BITK, -0.7 0.5 -0.4

NO,” -0.8 0.1 -0.1

NO,” -0.8 0.2 0.3

. -1.0 0.0 -0.2

P . -0.9 0.0 -0.2
Hucnepcus 5.2 1.7 1.2

Jonsa B obmieil aucnepcuu, % 52 17 12

IIpumeuanue: 3HaunMble (PaKTOPHBIE HATPY3KU IPU3HA-
KOB BblJIeJIeHbI )XMPHBIM IIPUDTOM.
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Puc.4. Opgunanus craHiuil Ha p. HernmHke B ocAx nepBoil U BTOpoll (A) u mepBoil u TpeTheil (B) rjlaBHBIX KOMIIOHEHT
10 IOKa3aTesisAM XUMHuYeckoro cocraBa BoAsl p. Hernmuku B 2014 r. KBagpaT 1 — npoGsl BepxHero yuyactka peku (cr. N-1),

KBaJpaT 2 — NpoObl TOPOJICKUX YYACTKOB

B XapakTepe kJjaccuduKanuy CTaHLUUNA 3HAaYUTEIBbHYI0
poOJib aHTpomoreHHoro @akropa (mocrymiaeHue ¢oc-
dopa c TOpoACKUX TeppUTOPUIT). B 11eJI0M pe3ysibTaThl
CTAaTUCTUYECKOTO aHa/IM3a WITIOCTPUPYIOT COBMECTHOE
BJIMSHUE ABYX (HaKTOPOB (IPUPOAHOTO U AHTPOIOTEH-
HOr0) HAa XMMHYECKUN COCTaB BOBI, YTO OMpeJesisieT
MeToAuvYecKue MpoOJieMbl B OlleHKe KauyecTBa BBICOKO-
LBEeTHBHIX BoA p. Hernmuku.

[IpegocTaBiAJIO MHTEpPEC pPacCMOTPeTh KJiacCu-
ukanurio craHnuil Ha p. HersimHKe ¢ yYeTOM JTaHHBIX
TOJIBKO TI0 AHTPOIOTE€HHOMY 3arpsisHeHHi0. C 3TOU
1eJibl0 M3 Hava/JbHBIX MAaCCHMBOB JaHHBIX 3a 2014-
2015 rr. UCKJIIOYWIN [TOKa3aTen, OTpaxaloliye BJIUA-
HHe npupoHbXx ¢aktopoB (pH, BeTHOCTSH, 10, XIIK,
Feoﬁm). PesynbpTatel MI'K npeacrtassieHsl B Tabaunax 6
u 7 uHa Puc. 6 u 7. Kak B 2014 r., Tak u B 2015 1.,
TepBble TJIABHBIE KOMIIOHEHTHl OTPA3WIN BJIMAHUE
aHTpPONOreHHOro (aKTopa, a HWMEHHO IMOCTyIJIeHe
C JIMBHEBBIM CTOKOM OMOTE€HHBIX BEIEeCTB, JIETKOMU-
Hepanusyemoro OB (Tabnuubl 6 u 7). Koppenanusa
WICITOJIb30BAHHBIX TIOKa3aTeJiell XMMHUUYEeCKOr'0 COCTaBa
BO/IBI OTPAXAET UX IMPOUCXOXEHUEe, CBA3aHHOE C JIUB-

Ta6auna 5. PacnpeneseHne GakTOpHBIX Harpy30K IJIaB-
HBIX KOMITOHEHT IPU U3yYeHUU B3aUMOCBA3EH XMMUYECKUX
nokasatesieil p. Hersmaku B 2015.

HUcxomHble MoKa3aTeiu T'K1 T'K2 I'K3
pH -0.9 0.1 -0.1
LlBeTHOCTH 0.9 0.1 0.0

0, 0.0 1.0 0.0
Hacpimenue O, -0.3 0.9 0.3
XTIK 0.7 -0.5 -0.1

BITK, -0.6 -0.6 0.0

BB -0.1 -0.2 0.9

o -0.8 -0.1 -0.2

- -0.8 -0.1 -0.4

Fe o 0.6 0.2 -0.6
Jucnepcus 4.4 2.4 1.5

Jona B obmieil aucnepcuu, % 44 24 115

IIpumeyanue: 3HaunMble (PaKTOPHbBIE HATPY3KU IPU3HA-
KOB BblJIeJIeHbI )XMPHBIM IIPUDTOM.

Puc.5. Opgunanus craHiuil Ha p. HersmmHke B ocsAx mepBod u BTOpol (A) u mepBoii U TpeTheil (B) ryIaBHBIX KOMIIOHEHT
10 TI0Ka3aTesAM XUMHYecKoro cocrasa BofAsl p. Hersmuku B 2015 r. Kagpar 1 — npo6bl BepxHero yyactka peku (N-1),

KBaZpaT 2 — npoObl TOPOACKUX yYaCTKOB
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HeBBIMU cTOKamMu. OpAuHAaIusA CTaHIUU B OCAX JBYX
TJIaBHBIX KOMIIOHEHT YeTKO MoKas3ajla HUX pasfjesieHue
Ha (OHOBBINI U TOPOACKHE ydacTKU. Takum oOpazom,
HCKJIIOUeHHMe U3 OOIIero MaccmuBa JaHHBIX XapaKTepH-
CTHK XMMHYECKOT0 COCTaBa, ONpeesisieMbIX BIUSHUEM
perroHasibHOro npupoAHOro ¢axropa, 000CHOBAJIO
HeoOXOAMMOCTh OI[eHKU KaudecTBa BOZAbl p. HersmHku
TOJIBKO [0 [IOKasaTessAM, OTPaXaoIUM BJIMAHNE
aHTPONOreHHOro ¢GaKTopa.

3.2. Mukpobuonornueckue nokasaTenv

Pacnipeniesiennie obueli 4rceHHOCTU OakTepuil
(O4YB), canpodutHbix 6akTepuil (Cb) 1 oOmuUx KO-
dopmubix Gaxtepuii (OKB) 3a oba roma wucciemoa-
HUI Ha TpeX CTAHIUAX p. HerJmHKYU mpeJicTaBJIEHO B
Tabnuue 8 u Ha Puc. 8. Bce nokasaresy BapbupoBan
B IIMPOKOM AuanasoHe BAoJb pycia pexku. OUb, Cb n
OKbB xapakTepu30BaIMCh HU3KUMU IIOKas3aTessAMU Ha
¢onoBoit ct. N-1 U yBeMUYMBAJINCh HA CTAHIUAX B
ropoackon uepte (Tabiuma 8 u Puc. 8). KomriekcHoe
BJIMSIHUE TOYEYHBIX U HETOYEUHBIX MCTOYHUKOB 3arpss-
HEHUsI MOXeT MPUBOAUTH K BHICOKUM KOHIIEHTPAIUAM
OUYB, Cb u OKB Ha cTaHIMAX, PACHOJIOKEHHBIX B TOPOJI-
ckoii ueprte (Puc. 8). Haubosibias yucjaeHHOCTh Obljia
xapakTepHa [Jia cT. N-2, 4TO CBs3aHO C BHaJileHHeM
JIMBHEBBIX CTOKOB BBIIIE cTaHiuu orbopa (Puc. 2) u
BJIMSHHUEM HebJ1aroyCTpOeHHBIX KUJIbIX TOCTPOEK, pac-
M0JIOXKEHHBIX Ha caMoM Oepery peku.

Ha mpoTsxeHnn AByX JIeT MaKCUMaJbHbIE MTOKa-
satesin OUb, Cb u OKB Habmomanucek B 2014 r., uTo
BEPOSITHO CBfI3aHO C METEOPOJIOTMYECKUMU YCJIOBU-
MM, JIYYIIUM NporpeBoM Bofwl (Puc. 3). 3aBucuMocThb
pa3BuTuA OakTepuil OT TeMIeparypbl BOABl YaCTO
oTMeuaeTcsa MHoruMu aBropamu (Rheinheimer, 1977,
Lee et al., 2016; Seo et al., 2019), ogHako HaM He yJa-
JIOCh YCTAaHOBUTb 3HAYMMON KOPpPEJIAIMU pa3BUTHUA
0aKTepUOIJIaHKTOHA C TeMIlepaTypoil BOJBI B CBA3U C
BBICOKOI CKOPOCTBIO TeueHUs, MeJIKOBOJHOCTbIO, CUJIb-
HBIM BJINSIHEM aHTPOIIOreHHOro (akTopa.

HenmapameTpuuecknii aHaju3 C MpUMeHeHUEM
U—-xputepusa MaHHa — YUTHM NOKa3ajl CTaTUCTUYECKU
3HaYMMble pa3jIAuUA MeXOy KOJIMUeCTBEHHBIMU IOKa-
3aTesIAMUA 3aTOPOAHOIO0 ydacTKa pPeKu U TOPOACKUX
craniuii N-2 u N-3 (Tabsmmna 9). Ilpu cpaBHEHUMN
TOPOACKUX CTAHIMI MeXAy co0O0ii ObLJI0 0OHApYXeHO,
4to B 2014 r. cT. N-2 cTaTUCTUYECKU 3HAYMMO OTJI4a-
Jilack OoT ¢T. N-3 smmmb no nokasareaaMm OUYb, a B 2015
r. — Hao6opoT, 1o uucjaeHHoctu Cb u OKB.

W3 Puc. 9 BUAHO, YTO yBeJnueHUe OaKTepuo-
IJIAaHKTOHA XapaKTepHO AJiA JIeTHero mepuopa, Koraa
OTMeYaeTcs IMOBHIIIEHNEe TeMnepaTrypbl Bojbel (Puc.
3), ¥ B OCEHHUU Mepuoj — MpU yBEJIMYEHUU BHITIAJIe-
HUSA OCAJIKOB, CITOCOOCTBYIONIUX CMBIBY 3arps3HEHUN C
cesmTeOHOU TeppuTOpuU. Bojlee paHHUE HCCJIEI0Ba-
HUA NOATBEpPXOAIT HabsogaeMoe HaMHU yBeJIM4eHUe
YHCJIEHHOCTU OaKTepuii B JIETHUI U OCEHHUN I1epHOJbI
13-3a MPUTOKA 3arpA3HAIIMIMX BeIecTB C OCaJKaMu,
BHIABIIMMU HakaHyHe oToopa npob (Tumakosa, 2013;
TexanoBa u ap., 2015).

[TokazaTesm OaKTepPUONJIAHKTOHA B CE30HHOM
acrexkTe MeXay co00l KOppeJnpoBasIy B eJIOM CJIabo,
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Ta6auna 6. PacnpenesneHne GakTOpHBIX Harpy30K IJIaB-
HBIX KOMITOHEHT INPU U3yYeHUU B3aUMOCBA3EH XMMUYECKHUX
nokasatesieil p. Hernnnaku B 2014 r. 6e3 ydeTa nokasaTesiei,
XapaKTepu3yoIUX BJINAHME NpUpoAHBIX (akTopoB (pH,
nBetHoctH, I10).

HcxomHble MoKa3aTeJiu 'Kl T'K2
0, -0.1 -1.0
Haceimenne O, -0.7 -0.1
BIIK, -0.8 -0.2
NO, -0.8 -0.1
NO.~ -0.8 -0.2
P . -1.0 0.2
P -0.9 0.3

ML
Jucnepcus 4.2 1.15
Josa B npucnepenu % 60 16

ITpumeuanue: 3HaunMble paKTOPHBIE HArPY3KU IPU3HA-
KOB BbIJIeJIEHBI )XUPHBIM IPUDTOM.

Puc.6. OpauHanusa crannuil Ha p. HersimHke B ocAx nep-
BOI 4 BTOPOH IJIaBHBIX KOMIIOHEHT IIO IOKa3aTeJiAM XHUMHU-
yeckoro cocraBa Bofpl p. Hersmuku B 2014 r. 6e3 yuera
nokasaTeJsiell, XapaKTepU3yIOINUX BJINAHNE NPUPOAHBIX dak-
TopoB. KBagpar 1 — mpoOrl BepxHero ydacTtka peku (N-1),
KBagpaT 2 — IpoObl FTOPOACKHUX y4acTKOB

YTO O00BACHAETCA OBICTPHIM TeueHHeM peku. Jlumb
B OTAEJIbHBIX CJIy4asX Ko3(Q(PUIUEHT KOppessanun
CrnupmeHa 6611 3HaunM: Mexay OYb u OKB nHa ct. N-2
(0.86) u ct. N-3 (0.86) — B 2014 r. u myia Cb u OKB Ha
cT. cT. N-3 (0.81) — B 2015 T.

3.3. Pe3ynbtrartbl 6MOTECTUPOBAHUA BOADI
p- HernmHku

B oskcnepumeHTax, npoBefeHHBX B 2014 u
2015 rr., B KOHTPOJIPHOM BapHaHTe BBDKMBAEMOCThb
paukoB C. affinis K KOHIy 5KCIIEPUMEHTOB COCTaBJIsIa
100%. JIump B ogHOM ciiy4ae (B OJHOUM MOBTOPHOCTH
u3 J1Byx) B mae 2014 r. K KoHIy 48-4acoBOro OIbITa
BBDKIJIO 4 pauka u3 5, B Ipyroil — 5 5K3. paukoB (cpen-
HAA BbDKUBaeMocTb — 90%). Bo Bcex cepusix oOmbl-
TOB B KOHIle 3KCIIepHMeHTa KOHTPOJIbHBIE XUBOTHBIE
AKTHBHO [lepeJIBUTrajIich B TOJIIE BOALI, B X BEIBOJKO-
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BBIX CyMKax HaxoJwuJach MOJIOAb, YTO CBUAETEIbCTBO-
BaJIO O XOPOILIeM COCTOSTHUM HCIIOJIb3yeMOU B SKCIIEPH-
MeHTax KyabTyphl C. affinis.

B o0pasuax pedyHbIX BOJ BBDKMBAEMOCTbh PAuyKOB
C. affinis X KOHIy 2-CyTOYHBIX ONBITOB M3MEHAJIACh B
mrpokux npefesiax — ot 0 7o 100% (Puc. 10). ITpu aToM
[IOBTOPSAEMOCTh Pe3yJIbTaTOB IO JBYM IMOBTOPHOCTAM
BO BCEX CepHAX OMBITOB ObLIa MOJIHOW. HckroueHue
COCTaBWJI OAWH cCjiy4yall ¢ HeOOJIbIINM OTKJIOHEHHEeM
MeXay HOBTOpHOCTAMU. B mae 2014 r. npu 6uoTtecTtu-
poBaHuM obpasija BoAsl co cT. N-2 B 0AHO U3 IOBTOP-
HOCTEN BBIXHUJIO 5 3K3., B JIpyroil — 4 3k3. (cpenHss
BbDKHBaeMocTb 90%).

Hawubosee TokcruHble TpoOs! BOAH p. HernmHkn
(Ipy1 MUHMMAaJIBHOHM BBDKMBAeMOCTH pavkoB C. affinis
BILIOTH /10 UX IOJIHOU rubenn), kak B 2014 1., Tak u B
2015 r., ObLJIM BHIABJIEHH] B €€ BEPXHEM T€UeHUH — Ha CT.
N-1 (Puc. 10 A). DTa cTaHI[Us pacnojoXeHa B BEDXOBbe
pekH, B Tak HasbiBaeMoM (OHOBOM palioHe, pacloJio-
’K€HHOM 3a uepToii I. [leTpo3aBoicka 1 He UCHIbITHIBAIO-
1eM aHTPONOTeHHOoro Bo3elicTBus. B 2014 r. nosHas
rubeJsib paukoB B IIpobax BoAwl co ¢T. N1 oTMevaiach B
Mae, UloHe U HosOpe. B aBrycre, ceHTAOpe U OKTAOpe
2014 r. BepKMBaeMocTh paukoB C. affinis B oOpasnax
peuHol BoJibl 13 (POHOBOI'O paiioHa yBeJIMYKuBajach A0
80-100%. B 2015 r. sieTanpHbIi 3¢ PekT B mpobdax BOABI
co cT. N-1 oTMeuasics Ha NPOTAKEHUU BCEro U3yyYeH-
HOro nepuoja, ¢ Mas no asryct (Puc. 10A).

[TpuHIIMNIaIbHO MHAA TOKCUKOJIOrMYecKas CUTY-
anya oTMevasiach Ha rOpoAcKUX cTaHnuAx N-2 u N-3,
HCIBITHIBAIOIINX BBICOKYI0 aQHTPOIOIeHHYI0 Harpysky.
[To pesysbraTaM OuortectupoBaHus B 2014-2015 rr.,
BBDKMBAaeMOCTh TeCT-00beKTOB B peYHBIX BOJaX CO CTaH-
i N-2 u N-3 cocrasuiia 100% (Puc. 10 B, B). JIuib B
ofHoM ciiydae (Mmaii 2014 r., ob6paszer] peuyHOI BOIBI CO
cT. N-2) BEIXMBaeMOCTb Pa4yKOB HE3HAUUTEJIbHO CHU3U-
jack U coctaBuiia 90%. Beicokas nyiaBaTesibHasA aKTHB-
HOCThb PAyKOB U HAIlOJIHEHHE WX BBIBOJKOBBIX CYMOK
MOJIObI0 CBUJIETEJICTBOBAJIM O XOPOIIEM COCTOSHUU
TEeCT-00BbEKTOB B KOHIIE 2-CyTOYHOI'O SKCIIepUMeHTa 10
0MOTeCTHPOBAaHUIO PEYHBIX BOA €O cTaHui N-2 u N-3.
TakuMm obpas3oMm, B TeueHUe JIBYX JIET BO BCe MU3yUeH-
HBIe Ce30HBI MPOOBI PeYyHOH BOABI, OTOOpaHHBIE C JIBYX
TOPOJICKUX Y4aCTKOB, He MPOSABUJIM OCTPOr0 TOKCHYe-
CKOro JieiicTBUA Ha paukoB C. affinis.

Ta6suna 8. Mukpo6uoJiornueckye nokasaresim.

Ta6auna 7. PacnpenesneHue GpaKkTOpHBIX Harpy30K IJIaB-
HBIX KOMIIOHEHT IPU M3yYeHUU B3auUMOCBA3EH XMMUYEeCKHX
nokasareJsiedl p. Hersmuku B 2015 1. 6e3 yueTa nokasareJsieid,
XapaKTepU3yIOINUX BJIMAHUE NPUPOAHBIX ¢akTopoB (pH,
nsetHocTy, Fe , XIIK).

HcxomHble mMoKa3aTeiu 'Kl T'K2
0, 0.5 0.8
Hacpimenue O, 0.4 0.9
BIIK, -0.9 -0.0
BB 0.2 -0.5
P -0.8 0.4
P -0.8 0.5

MUITH
Jucnepcus 2.4 2.0
Josa B aucnepcuu % 40 34

IIpumevanue: 3HaurMble paKTOPHBIE HArPY3KU IPHU3HA-
KOB BBIfIeJIEHBI )KUPHBIM HIpHU(TOM.

Puc.7. OpauHanus ctannuil Ha p. HersimHke B ocsx nep-
BOI U BTOPOH IJIaBHBIX KOMIIOHEHT IIO IOKa3aTeJiAM XHUMHU-
yeckoro cocraBa Bofel p. Hermmuku B 2015 r. 6e3 yuera
rokasareJsiell, XapaKTepU3yIOIUX BJINAHNE NPUPOAHBIX dak-
TopoB. KBagpar 1 — mpoOrl BepxHero ydactka peku (N-1),
KBagpaT 2 — IpoObl FTOPOACKUX y4aCTKOB

ITokasaresn 2014 r. 2015 .
donoBEII TOPOACKOM y4acTOK donoBBII TrOpOACKOI y4acTOK
y4acToK y49acToK
cT. N-1 cr. N-2 cT. N-3 cT. N-1 cT. N-2 cT. N-3
OYB, ~10° ky1./MJ 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/min 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/0YB, % 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

Hpumeqaﬂne: B YHCJIMTEJIE — Min—-max — MUHUMAaJIbHbIE M MaKCUMaJIbHbIE BE€JIMYMHDBI, B 3HAMEHATeJI€ — MelriaHa U €e omnmoka.
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4. 06cy)xpenue
4.1. OueHKa KauecTBa Pe4yHoM BOABI p.
HerAMHKM MO XMMHUYECKHUM NMoKa3aTenim

Kak nokaszaJs aHan3 XUMHUYeCcKrX JaHHBIX MeTO-
OOM TrJjiaBHbIX KoMmoHeHT (pa3szen 3.1.3), OoCHOBHOI
npobseMol OIfeHKU KadecTBa BoAbl p. HersmHku mo
XAMHUYECKHM IOKa3aTesisAM fABJIAeTCA BJUAHWE aHTPO-
MOTreHHOoro (Qaxkropa (Poﬁm, P ., BIIK)) Ha ¢omHe BO3-
JeiCTBUA perMoHaJIbHOrO IPUPOAHOTro dakTopa (1IBeT-
HocTh, pH). JIBa (hakTOopa BHEC/IM 3HAYUMBIA BKJIA[ B
pasfeneHue CTaHIUM Ha [Be TPYIIBl — CTAHIUU, pac-
MOJIOKeHHble Ha (POHOBOM ydacTKe (mepBas rpymna)
U CTaHIMH, PAacHoJIOKeHHble Ha TOPOACKUX ydacTKax
(BTOpas rpymnna).

Juta muddepeHITMPOBAHHON OIEHKN BJIMSHUA
ABYyX (akTOpOB ObLI BHIIOJIHEH pacueT YKHW3B no aBym
HabopaM pAaHHBIX. [Ipy 3TOM Ipu pacueTe HHAEKCA
OBLIN MCIOJIb30BaHbI AaHHbIe 3a 2015 r., Korga ObLI
nojiyuyeH HauboJjlee IMMPOKUI IepedeHb XUMUYeCKUX
nokasatesieli. Ha mepBom stane pacueT YKHU3B Gbin
BBHINOJIHEH C HCIIOJIb30BaHMEM Bcero Habopa xumuye-
CKUX IOKazaTesiell. PacueTsl mokasasyiy, 4TO Ha BCeM
NIpOTSXKeHuu pycia p. HerJimHku Boja Ha U3y4eHHBIX
CTAaHLIMAX XapaKTepusyeTcs IOBBIIIEHHbBIM YpPOBHEM
3arpsa3HeHus, KOTopoe OBbLIO CBA3AaHO KaK C IIOKasa-
TeJIIMY, OTpaXalml[MH aHTPOIOTeHHYI0 Harpysky,
TaK U ¢ [IOKa3aTesIAMHM, CBA3aHHBIMU C BO3AelCTBUEM
3abosioueHHO BogocGopHou Tepputopun (pH, Fe ;)
(Tab6suna 10).

[To nutepaTypHbIM naHHbBM (BopoayninHa, 2013;
Bopoaysmua u ap., 2020), Beicokoe copepxanue Fe oo
1 Hu3kue rnokasareau pH B Boge p. HersimHku otpa-
JKaIOT BJIUAHNE PerlOHaJIbHBIX IPUPOAHBIX (aKTOPOB.
B cBA3M ¢ 3TUM, Ha BTOPOM 3Tamne u3 pacuetos YKU3B
ObLJIM HCKJIIOUEHBl IOKasaTesld, XapaKTepusyloliue
BJIMsAHUE PerloHaJIbHOrO MNpUpPOJHOro Gakropa, B
cooTBeTcTBUN C PJ1 52.24.643-2002. HoBBIEe pacyeTh
[oKa3aJjik, 4To BojAa p. HersimHKU B BepXHeM Te4eHUU
COOTBETCTBYeT YMCTBIM BOAaM, B TO BpeMs Kak IIpHU
TpaH3uTe 4Yepe3 I. IleTpo3aBOACK CTaTyC BOABI PE3KO
MeHseTCs Ha «TPsA3Hble» WIN «3arpsA3HeHHble». Takum
o6pa3oM, ObljIa [TOJIyYyeHa HOBas OLleHKa 3arpsA3HeHHO-
CTH BOJBI, KOTOpas I03BOJIMJIa 0oJiee TOYHO BBIABUTH
aHTPOIIOTEHHO M3MeHEeHHble ydacTKud p. HersmHku u
cTeneHb ux 3arpsAsHeHus (Tabmuua 10).

4.2. OueHka KauecrTBa BOAbI p. HernMHkm
no MUKPO6MoONOrMYeCcKuM NoKa3aTeram

[IpoGsiema OLIEHKU KavecTBa BHICOKOIIBETHBIX
BOJ 110 MMKPOOMOJIOTUYECKUM MOKa3aTeJsisIM CBs3aHa C
MaJIo M3y4YeHHBIM B HacCToslee BpeMsA BO3AeliCTBHEM
TyMYCOBBIX BellleCTB Ha OaKTepuii.

H3BecTHO, UTO TYMHUHOBBIE U (DYJIbBOBBIE KIUC-
JIOTHI MOTYT OKa3bIBaTh Ha OaKTepuil KaK CTUMYJIMPY-
olee, Tak M yrHertawilee Bo3aercTeue (Visser, 1985;
Tranvik and Hofle, 1987; Jones et al., 1988). TpyaHocTb
OMOWHAVKaLMK BBICOKOLIBETHBIX BOJ OIpenesiseTcsa u
TeM, 4TO OOJIBIIMHCTBO OMOJIOTMYECKUX KJiaccuduka-
LU paccMaTPUBAIOT BJIWAHME aHTPOIMOTeHHOro ¢ax-
TOpa Ha BOJOEMHI Oe3 yueTa permoHaJIbHBIX 0COOEHHO-
creli ux Bof ([paues, 1964).
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Puc.8. IlpocTtpaHcTtBeHHOe pacnpeneneHue OUb, Cb u
OKB na cranuusax p. Hernuuku B 2014-2015 rr.

Ta6smna 9. YposHu 3Haunmoctu U-kputepus MaHHa —
YUTHU MeXAy 3aropoAHBIM y4acTKOM PeKH U TOPOJACKAMHU B
p. Hernuuke B 2014-2015 rr.

ITokasarTenu @DOHOBBIN YYaCTOK / T'opoxckoii
Topoxckoii ygacTok y4acTok
cr. N-1/ cr. N-1/ cr. N-2 /
cr. N-2 cr. N-3 cr. N-3
2014 r.
O4Yb 0.006* 0.110 0.035
CBb 0.006 0.002 0.085
OKB 0.004 0.006 0.142
2015r.
OYb 0.004 0.016 0.200
CB 0.004 0.004 0.020
OKB 0.004 0.006 0.004

IIpumeuanmue: * XXupHbIM WIpUPTOM yKa3aHBl Harpy3Ku
IIPU3HAKOB C AOCTOBepHHBIM BKJIagoM (p < 0.05)
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Jlna peitenusa npobsemMbl OMOMHAMKAIIMU Kade-
CTBa BOJABI C BBICOKHMM COZAEpXaHUEM TI'yMYCOBBIX
Bell[eCTB, B MpeAbAylUX HccilefoBaHuAx (MakapoBa
u ap., 2023), Ha npuMmepe 12 mpuTokoB OHEXCKOTO
ozepa OblIa pacCMOTpeHa CTPYKTypa CBf3ed MexXay
xummnueckumu (pH, nsernocts, XIIK, BIIK,, Feomu, 0,,
COfiepXaHUe B3BELIEHHBIX BewlecTB U P, ) 1 MUKpO-
ouosornueckumu (OUDB, rerepoTpodHble OakTepuw,
CB, ofbmee mukpo6Hoe unciio, OKB, dpeHoI0KHCIA-
e GaKTepwu, YIJIeBOJIOPOJOKUCIIAIONIE OAKTEPUN)
ToKasaresiAMHU BoAbl. Beljia BhIABJIEHA BBICOKAas KOppe-
JIAIMA MUKPOOHOJIOTMYeCcKUX IoKa3aTeJsieil ¢ cojepxa-
HHEM JIETKOMHHEepPaJIN3yeMOro OpraHh4YecKoro Belle-
CTBa, OTpaXxarlliM aHTPOIIOTeHHOe BO3AelcTBUe Ha
peKd, U OTCYTCTBUE CBs3el C TOKa3aTeJIsIMH, Xapak-
TEepU3YIOUIMMU BJIMAHUE 3a00JIOUeHHOro Bojgocbopa.
Takum o6pa3oM, ObUla [JoKa3aHa IIPUMEHUMOCTH
OOILIENPUHATHIX KJIacCUPUKALUH IS OIIeHKN KayecTBa
BOJI BBICOKOIIBETHBIX IPUTOKOB, HAXOMAIIUXCA TO.
AHTPONOTEeHHBIM BJIMSAHUEM, 10 MUKPOOMOJIOTUYECKUM
MoKa3aTeJisM.

CorjlacHO OMOMHOUKAIIMM KadyecTBa  BOJBI
p- Hernmuuku (Tabiuma 8), Bomga Ha (oHOBOM ee
y4yacTKe o MeJuaHHbIM NokasaTtenam CB/0O4Yb B 2014
I. COOTBETCTBOBAJIA «3arpsA3HEeHHBIM» BojdaM, B 2015 T.
— «4guCcThIM». Boga Ha cT. N-2 3a oba rozga 1mo Memgu-
aHHBIM [I0Ka3aTeJiAM COOTBETCTBOBAJI KJlacCy «I'Ps3-
HBIX» BOJ, Ha cT. N-3 B 2014 r. — «rpA3HBIM», B 2015
. — «3arpsAA3HeHHBIM». B niesiom B 2014 1. 4nCJIeHHOCTH
0OaKTepUOIJIaHKTOHA ObLyIa BhIllle IO cpaBHeHUIo ¢ 2015
r. (Puc. 8), uTo, BEpOATHO, CBsI3aHO C MeTeopoJioruye-
CKMMM YCJIOBUSIMH — Pa3HbIM KOJIMYECTBOM OCA/IKOB,
00yCJIOBIMBAIOIIUM TOCTYIJIEHWEe OakTepuil C cesu-
TeOHOU TeppUTOPHU.

Menuannubsie 3HaueHuAa OKB (Ta6smna 8) mosce-
MECTHO NpPEeBHIIAJIN CaHUTAapHBIe HOPMBI JJI peKpe-
allMOHHBIX 30H, KOTOpBle cocTanssAlT 5000 KOE/m.
Tak, Ha (GOHOBOM y4acTKe PeKU NpeBBIIeHre HOPMBI
Habofanoch B 2-3 pasa, Ha cT. N-2 — B 119-709 pas,
Ha cT. N-3 — B 15-93 paza. MHorokpaTHoe npeBbllIe-
HUe caHUTapHbIX HOpM KosimdectBa OKB cBuperesnb-
CTByeT O HeOJIaronoJy4yHol caHUTapHOU CUTyal[u Ha
peke.

TakuMm oOpa3oM, OlleHKa KayecTBa BOJbI IO
MHKPOOMOJIOTUYECKUM [TOKa3aTessAM I03BOJIMJIA BbIA-
BUTh HENPUTrOAHOCTb P. HersamHKM Ui peKkpeanuioH-
HOr'o HCIIOJIb30BaHUs. BaxkHellel 3ajgaueill ABJISETCS
NpoBeJleHNe MIMPOKUX MEepONpHUATHI IO IpeloTBpa-
IIEHUI0 3arpsA3HEHUs PeYHBIX BOJ CTOKaMU C TOpPOA-
CKHUX TEeppUTOpUM. AKTyaJbHOCTh YJIyUIIEeHUsA 3SKO-
JIOTUYECKON CHUTyal[uM Ha BoAocOOpe yCHUIMBaeTcs
B CBA3M C TeM, YTO yCTbe P. HersjmHKU pacnosioxeHo
BOsIM3u Bojo3abopa MUTHEBOM BOABI [JiA HaceJleHUA
r. [leTpo3aBopcka.

4.3. OueHKa TOKCUYHOCTH BOADI

B pesyJjbTare OMOTEeCTUPOBAHUA BOJ(bI
p. Hernunaky, nputoka OHEXCKOro o3epa, IpOTeKaro-
mero o yp6aHU3NupoOBaHHOM TeppuUTOpuY, Oblia OOHA-
pyXeHa MapajokcajibHasA cuTyanusd. [Ipo6sl peuHON
BOABL, OTOOpaHHbIe HA (OHOBOM y4acTKe, He CIIBIThIBA-
I0llleM KaKoro-jnbo 3arps3HeHus, IPOSABUJIU BBICOKYIO
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TOKCUYHOCTbD I BETBUCTOYCHIX paukoB C. affinis. B To
’Ke BpeMs, Ha CTaHIMAX, PACIOJIOKEHHBIX B IIpefesax
TeppuTOpuU KpymnHoro r. [TeTpo3aBojcka, rae oTMeyda-
eTCs KOHIIEHTpAaIYs UCTOYHNUKOB 3arpsA3HeHNs, peYHble
BOJIBl OKAa3aJMCh HETOKCUYHBIMHU [JI BETBHUCTOYCBIX
PAYyKOB B 2-CyTOYHBIX OIBITaX.

Jiia o0bsACHEHUWA 3TOTO IPOTHUBOpeuYrs ObLIN
NIpYBJIeYEHB! JaHHBIE TI0 XMMHYECKOMY COCTaBYy BOJBI
p. Hernunky, a nMeHHO, aKTHMBHOW peakIuu Cpezbl
(pH) u 1uBetHOCTHM BOABL. Peunsie Boapl co cT. N-1,
OKa3bIBaloIl[le JieTaJIbHOe IelCTBHe Ha PayKoB, Xapak-
TepU30BaJINCh OYeHb HU3KoW BeauunHoil pH. Tax,
B 2014 r. 3HaueHUA aKTHUBHOU peakIuu cpefbl ObLIN
MuHuMasbHeIMU (4.3-5.4) B Mae, uUOHe U HoOs0Ope
(Puc. 10 A). IMeHHO B 3TH MeCAIbl OTMevYaJiach IOJI-
Haa rubesib pavykoB B npobax. B aBrycre, ceHTAOpe U
oktTsa0pe 2014 r. BesauuuHa pH Bospacraina (5.7-6.6),
YTO COMPOBOXIAJIOCHh YBEJIMUeHHUEM BbIKUBAEMOCTHU
paukoB B npobax g0 80-100%. B 2015 r. Bo Bcex mpo-
6ax Boabl pH 6b11a ouenb HU3KOU (4.3-5.2). IIpu aTux
3HaueHUsx pH Bce mpoObl BOJBI OKAa3ajuCh JieTaslb-
HbIMU [T paukoB C. affinis.

[Tpo6sl peuHoil BoAsl Ha craHuuAx N-2 u N-3 B
2014-2015 rr., KOTOpBle HE BBI3BIBAJIA TOKCHUYECKOI'O
a(pdekra, B TeueHUe Bcero Iepuoga HaOIIOAeHUN
XapaKTepHU30BAJIMCh 3HAUUTEJIbHO 0OoJiee BBICOKUMU,
yeM Ha cT. N-1, BesmmunHamu pH BOfbl, U3MeHABLIN-
Mucs B npefenax 6.5-7.9 (Puc. 10 B, B).

Ju1a BeIsABJIeHUA GaKTOpa TOKCUYHOCTU PEUYHBIX
BOJ1 OBLJIO BBHIMIOJIHEHO CpaBHeHNe BeJnM4yuH pH u 1BeT-
HOCTM Ha pa3HbIX yuacTkax p. HernuHku. MenuaHHble
3HAUeHUs U CTaHJapTHble OMMOKU BeauuuHbl pH
peuHoii BoAsl 3a 2014-2015 rr. Ha Tpex CTaHLUAX Ha
p. Hernunke npefcrassiensl B Tabauige 11.

[Ipu nonapHOM cpaBHeHUU BeanduH pH Ha Tpex
CTaQHIUSAX C UCN0JIb30BaHUEM KpuTepusa MaHHa—-YUTHU
ObL10 BBIABJIEHO 3HaunMoe (p < 0.05) paznuune Mexay
BesinunHaMu pH Ha ct. N-1, a Takxe 3HaueHusaMu pH
Ha crtaHuuAX N-2 u N-3. B TO ke BpeMs, MeXAy CTaH-
nuamu N-2 u N-3 3HaueHus pH peyHo! BoJbl 3HAYMMO
He paznuyanuch (p > 0.05).

Ha rpadguxe B ocsax, oTpaxawimux 3HayeHus pH
U TOKCUYHOCTH peuHoii BoAwl (Puc. 11), Bce mpoObI oka-
3aJIMCh pas/esieHHbBIMU Ha [JBe TpyNIbl — JieTaJibHble
NpoOBl ¢ HU3KWMHU 3Ha4eHUAMH pH 1 HeTOKCUYHBIE
NpoOkI co 3HaUeHUAMU pH, 6JIM3KkKMMU K HEUTpaJIbHBIM,
WUJIA CO CJIaOOKUCJION peakiiueil cpebl.

BecpMa BaxHO, 4TO TpaHuna no BeauuuHe pH
MeXJy JieTaJIbHBIMU M HETOKCHYHBIMU NpobaMu OKa-
3aj1ach ouyeHb y3kas, Bcero 0.3 exn. pH — B auanasone
5.4-5.7 (Puc. 11). 3TO AOKA3bIBAET, YTO TJIABHOM MPU-
YUHON rubesiu TecT-o0beKTOB B BoAe p. HernmHku co
cT. N-1 ObuIM HU3KHE BeJINYNHBL pH.

[lo sureparypHbeiM [naHHeM (Belanger and
Cherry, 1990), moporoBble ypOBHU HU3KUX 3HAUYEHUI
pH mmsa paukoB Ceriodaphnia dubia COOTBETCTBYIOT
BesnuuHe (48 1) LC 50 kucsibix Boj co 3HaueHueM pH,
paBHBIM 4.6. Takum o6pa3om, BesnurHa pH, BEI3BIBalO-
masi ru6esTb BETBUCTOYChIX paukoB C. affinis 3a 48 4acos,
Oo4eHb OJiM3Ka K HaOJII0JaeMBIM B JKCIEepHMEHTax IO
OuoTecTpoBaHMI0 BOAH p. HernuHku 3HaueHusaM pH
JleTajabHbIX P06 BOH (4.3-5.4). DTO CIIyXUT MOMOJI-
HUTEJIbHBIM [0KAa3aTeJIbCTBOM KpUTHYeCKOu posii pH
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2014

2015

Puc.9. Ce3onnoe pacnpefnesnenue OUB, OKB u CB (ctanmapTu3npoBaHHbE 3HAYeHHA) Ha cTaHIuAX p. Hernmuuku B 2014 u

2015 rr.

JUIA BBDKMBaHMA/TUOenn padkoB C. affinis B dKcnepu-
MeHTax No OMOTeCTUPOBaHUIO BOARI p. HernmHku.

B cBoio ouepenp, MPUUYMHON HU3KUX 3HAUEHUN
pH peunoii Boas! Ha GpoHOBOU cT. N-1 sABIAETCA BBHICO-
KOe cojiepXaHHe B BOAE T'YMHHOBBIX KUCJIOT, MOCTY-
naomux B p. HernmmeKy ¢ 3a00JI04€HHOTO B BEPXHEM
TeyeHUU Bogocobopa. O6 3TU CBUAETEIbCTBYeT BbICOKAA
LIBETHOCTb BOABI, KoTOopas Ha cT. N-1 B 2014-2015 rr.
BappupoBasna B npenenax 98-380 rpaa. MenuaHHBIE
3HaueHWsA W CTaHJApTHBE OMMNOKKW MeAuaHbl IOKa-
3aTesiell IIBETHOCTM BOABl Ha pa3HBIX CTAHIUAX Ha
p- Hernunke mpepacrtaByieHsl B Tabaune 11. Huskue
BeJIMYMHB pH 1Ipy BEICOKOI LIBETHOCTH BOJIBI ABJIAIOTCA
XapaKTepHON 4YepTON MHOTHX peuyHbix Boj Kapemuw,
[IOCKOJIPKY TyMYCOBble KHCJIOTBI BHOCAT OCHOBHOH
BKJIaJT B KUCJIOTHOCTD cpefibl (Lozovik, 2013).

1429

OTCyTCTBHE TOKCHUYHOCTU BOABI p. HersmHku
Ha FOPOJCKHUX yYacCTKaX MOXHO OOBSCHUTH BIIUSHUEM
MIO/I3€MHBIX BOJ, KOTOPHIE CIIOCOOCTBYIOT YBEJIMUEHUIO
pH Boasl peunsix Boa (Andronikov et al., 2019). B cBoto
ouepenb, MpU MOBHIIeHNH pH A0 3HAYeHUI 6 yCHUIIU-
BaeTcs KOMILIEKCOOOpa30BaHUe XeJjie3a U T'yMyCOBBIX
kucyaotr (Fang et al.,, 2015). Kommiekcoo6pa3oBaHue
IPUBOJUT K YMEHBUIEHUI0O TOKCUYHOCTU TSDKEJIBIX
MeTaJUJIOB AjiA OMOTHl M3-3a YMEHbIIeHus UX O0Mofjo-
crynHoctu (Moiseenko, 2019; Lozhkina et al., 2020).
Tak, B pe3ysbTaTe CBA3BIBAHUS TSDKEJIBIX METAJIOB
TYMUHOBBIMM KHCJIOTAMH U OpPraHUYecKMMU Bellle-
CTBAMM AHTPOIIOT'€HHOT'O MPOUCXOXIEHUSI OTMEYAIOCh
CHIDKeHVe TOKCUYHOCTU PEYHBIX BOZ JIsI BOJOPOCJIEH
Chlorella vulgaris (Vishnyakov et al., 2016).
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Cyapba TsKeJIbIX METaJlJIOB, TMOCTYHawIuX C
BOAOCOOPHOI TeppuTOpUH, B 3KocucteMe p. Hernmuku
6bL1a pocJiexena B pabote (Slukovskii and Polyakova,
2017). B ropoickoi uepTe BHISIBJIEHO OCeIaHUe XKejle3a,
a Taxxe MukpoassiemeHnToB (Cu, Zn, Cd, Sb, W) Ha gHo
p. HerimHkY 1 X HaKOILJIEHNE B JOHHBIX OTJIOXKEHUAX,
a TakXke aKKyMyJiAIUA B TKaHAX OJIUTOXEeT, O0uTarw-
I[AX Ha JHe peKu. BplIo moKa3aHo, 4TO OOJIBIIYIO POJIb
B Mpolleccax HAKOIUIeHUA Ha JHe TAXKeJIBIX MeTaJIOB
UTparwT OKHUCJIBL XKeJjie3a, KOTOPOe COAEPXKUTCA B BBICO-
KHUX KOHIIEHTpAIMAX B Boje p. HernmHkmu.

TakuMm 00pa3oM, OCOOEHHOCTH 3KOJIOTHMYECKOM
curyarnuu B p. Hersiuake cBs3aHa ¢ TeM, 4TO MUHepa-
JIM30BAaHHbIE MOJ3EMHBIE BOABI BMECTE C T'YMYCOBBIMU
BemecTBaMu (HOPMUPYIOT TeOXUMUYECKUi Oapbep Ha
MyTU TSKEJIBIX METAJIIIOB ¢ YPOAHU3NPOBAHHON TEPPU-
Topuu B Boay p. Hersimnku. Tem He MeHee, BBIABJIEH-
Hble IpEeBBIIEeHUA H,[[pr [0 coAepxXaHu HedTenpo-
JYKTOB MOXET ONpeeisiTh XPOHUYECKOe TOKCUYeCKOoe
JeliCcTBHe pevyHbIX BOJ Ha ruapodbuoHToB (JIykmHa
u BemnueBa, 2013). TIOTOK TOKCHUYECKUX BEIECTB C
rOpPOJICKUX TEPPUTOPHUI HallpaBJieH, TJIaBHBIM 00pa-
30M, B JJOHHBIE OTJIOXKEHUA PeKu. DOTUM U O0bACHAETCA
OTCYTCTBUE OCTPOU TOKCMYHOCTHU BOJIbI p. Hernuuku Ha
ropoJicKoN TeppuTopuu. Pe3ysibTaThl JaHHOTO HCCJIe-
JOBaHMsA TOJYEepKUBAIOT HEO0OXOAMMOCTh JOIOJIHe-
HUs XMMHWYECKUX aHaJIN30B TeCcTaMy Ha TOKCHUYHOCTb
A7 BBIABJIEHUA NMPUYUH ONACHOCTU PEYHBIX BOJ IS
BOJIHBIX OPraHN3MOB.

5. BoiBOABI

l'eoxumMnueckue pervoHajJbHbBle OCOOEHHOCTU
U3y4eHHOro npuroka OHeXCKoro osepa — p. Hersmmzkuy,
npoTekamwneil no ypOaHMU3UPOBAaHHOM TeppUTOPHUU,
onpeAesJid TPU OCHOBHBIX IpOOJIEMBI IPU OLIEeHKe
KayecTBa PEYHbIX BOJ.
[lepBasa mpob6seMa Obljla CBsA3aHA C BBICOKHUMU
KOHLIEHTpalUsAMU XeJjle3a, NOCTYIAIIIEro C MOA3eM-
HBIMU BOJIaMU, U CTOKOM I'YMYCOBBIX Bell[eCTB ¢ 3a00J10-
YeHHBIX BOJOCOOPHBIX TEPPUTOPUIN. DTU KOMIIOHEHTHI
oInpefesINJIM HU3KOe KavyeCcTBO BOAB Ha (POHOBOM
ydacTKe NMPUTOKA, KOTOPHIN He HCIBITHIBAET aHTPOIIO-
reHHoe Bo3felicTBue. Ha oHe HeraTUBHOTO BJIMAHUA Puc.10. Mexrogopaa (2014-2015 rr.) U ce30HHasd AUHAMUKA
IIpUPOJAHOIO (I)aKTopa Ha KavyeCcTBO BOJBI P. HEF.TII/IHKI/I, rokasareJsieil BBDKUBAe€MOCTU pavKkoB C. aﬂinis B npoGax BOJI[I;I
MeTOANYEeCKre TPYAHOCTU OBUIM CBA3AHEL C BHIABIE- ?Af;r_”;g;‘)“é ;e_gﬂ(qBP;{']’j f’gegla;zeci?%ciyg;;f;’; :fb.CTaH“mX N
HYEM 30H aHTPOIIOT€HHOIO BO3[eNCTBUA. PemuTh 3Ty
npobjeMy MO3BOJIMJIO UCIOJIb30BaHWE MOAUDUIMPO-
BaHHoro YKW3B, npu pacuetre KOTOPOro ObLIN HCKIIIO-

Ta6smmna 10. XapakTepucTrKa 3arpsA3HeHHOCTH U 3HaYeHns YKU3B, 1o cOBOKYIHOCTH HOPMHPOBAHHBIX ITOKa3aTesel Ha p. Hernmake

CraHnuu YKHU3B XapakTepuCcTHKa COCTOSHUA IToxasartesu c npeBbimeHueM I1J[K
3arpsA3HEeHHOCTH BOJBI

C Yy4ueToM BCEX U3YUYEHHbBIX XMMUYECKNX rmokasaTeJjen

Ct. N-1 2B 30, oueHb 3arps3HeHHas pH, Fe o
Cr. N-2 5.44 4a, rpA3Hasa Feoﬁg, O,, BIIK,, P_ . HeprenpoaykTsi, BB
Cr. N-3 3.67 30, oueHb 3arpA3HeHHasA Fe ., BIIK, P BB
oouL MUH.
Be3 yueTa permoHaJIbHBIX IPUPOAHBIX XUMUYECKUX MOKa3aTesen
Cr. N-1 0 Yci10BHO uncras —
Cr. N-2 4.96 4a, rpA3Haa O,, BIIK,, PW, HedTenpoayKTsl, BB
Cr. N-3 2.63 3a, 3arpsA3HeHHas BIIK,, Pw, BB
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YeHBI IOKa3aTeIl XUMUYECKOI0 COCTaBa, OTpaxarolue
BJIMAHNE NPUPOAHBIX (akTopoB. [IprMmeHeHue peru-
OHAJIBHOTO MOJAXO0Aa MO3BOJIMJIO YTOUHUTH 30HBI BJIM-
SAHWUA aHTPOIIOreHHOoro ¢axkTtopa Ha p. HersmHKy, uTo
BaXHO [JIA I[eJIeBOrO0 IPUHATUA NPUPOAOOXPaHHBIX
Mep.

Bropas mpoOJiemMa CBfi3aHa CO CJIOKHOCTBIO
WHTeplpeTaluy [JaHHBIX OHWOWHAWKANMNN KadecTBa
BBICOKOI[BETHBIX BOJI N0 MHKPOOMOJIOTUYECKUM ITOKa-
3aresiaM. OcTaBajsioCh HEMW3BECTHBIM, BJIMAHNE KAKOIO
¢axTopa, NPUPOAHOIO MJIM AHTPONOTEHHOIO, OTpa-
JKaloT NoKasaTesun OakTepHuoIlIaHKTOHA. MceiefoBaHne
CTPYKTYpPHl CBs3ell MexAy MUKPOOUOJIOrYecKUMU
U XMMHWYECKHMMM IIOKasaTeJiIMM, AOKasaBllee WHAU-
KaTOPHYI0 poJib OaKTepUOILUIaHKTOHA [Jid OLeHKHU
KayecTBa BBICOKOTYMYCHBIX BOJI, [TO3BOJIMJIO BBISBUTH
HebJ1aronoryuHsle 30HH B p. HerinHke 1o MUKpOOUO-
JIOTUYeCcKUM IIOKa3aTesiAM. BbiABjIeHa HeNpUrogHOCTb
p. HernmuHku Ay pekpearioHHOTO MCIOJIb30BaHUA,
YTO olpefesisieT HeoOXOAUMOCTh IIpPOBedeHUs Mepo-
NpUATUN [0 NpeJOTBpallleHUI0 3arps3HeHus pedyHBIX
BOJl CTOKaMU C F'OPOJCKUX TepPUTOPU.

[Ipobsiema 6rOTECTUPOBAHUA PEUYHBIX BOJ ObLia
CBA3aHa C HU3KUMHU 3HaueHUAMU pH peuHOHl BOAHI,
onpeAesMBIINMU BBICOKYI0 TOKCUYHOCTD BOJbI Ha (OHO-
BOM yuacTke p. HersimHky, He ofBepXeHHOMY aHTPO-
[IOTeHHOMY Bo3AelcTBUI0. Ha 3arpA3HeHHBIX yyacTKax
p. HersimHku ToKcHueckue CBOMCTBA BOABI OTCYyTCTBO-
Bajy M3-3a 6apbepHON poJiM MOA3EMHBIX BOJ, IOCTY-
IIJIeHWe KOTOPHIX IIPMBOAWJIO K yBeanueHuio pH Bofw,
U KoMIJIekcooOpasyiomiell CIOCOOHOCTH I'yMYyCOBBIX
Bell[eCTB, KOTOPble CHIXXaJIN OMOJOCTYNHOCTD TAXeJIbIX
MeTaJUIOB. MccienoBaHusA MOKa3ay, 4TO NPU OLIeHKe
TOKCUYHOCTHU BBICOKOIIBETHBIX BOJ TOKCHKOJIOTYeCKHe
MeTOAbl [JOJDKHBI HCIIOJIb30BaTbCA MCKJIIOYMTEJIBHO
B KOMIUIEKCe C TMAPOXWMHUYECKHMMU U MHUKPOOHOJIO-
TMYecKUMHU MeTOJaMH U CJIyXUTb [JIA paclii@poBKU
CJIOXKHBIX MEXaHN3MOB B3aMMO/IeNCTBIA IPUPOJHBIX 1
AHTPONOreHHBIX (HaKTOPOB.
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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.
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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
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
methodological difficulties arise when comparing the trawls (Karlsson et al., 2020; Pasquier et al., 2022).
obtained data with the results of other studies. 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 Fischer, 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; Lenaker et al., 2019; Egger et al., 2020; volume of water to be filtered in a shorter period of
Frank et al., 2021; I'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 um (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).

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 um 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 pm 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).

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 m?, 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 pym 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(Il) 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 m®

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. Results

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
system) .
fibers [fragments fibers [fragments| fibers [fragments fibers [fragments
Sukhodolskoye 128 0.4 0.004 6 5.5 0.009
Lake 100 | 19 0.0001 | 0.004 5 | 1 0.003 | 0.006
Michurinskoye 136 1.4 0.1 5 28.9 0.004
Lake 100 | 36 0.001 | 0.1 T 0.002 | 0.002
Krasnoye Lake 21 0.15 0.0004 5 4.1 0.009
17 | 4 0.0001 | 0.0003 4 | 1 0.002 | 0.007
the Svir River 24 1.2 0.0003 2 0.9 0.00008
24 | - 0.0003 | - 2 | - 0.00008 | -
Lake Ladoga 93 0.6%* 0.001 11 3.3%* 0.002
88 | 5 0.0002 | 0.0008 11 | - 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 pum (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 pm had approximately equal proportions

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 pym) 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.

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

system, respectively (particles/m?).
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Fig.6. The percentage ratio of microplastics of different sizes.

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
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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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OpuruHaAbHan cTaTbA

CpaBHeHue 3P PEeKTUBHOCTHU ABYX
MEeTOoAOB oTOopa Npob BoAbLI ANA U3YUEHHA
coaep)XaHUuA MMKPONAACTUKA B BOAHDbIX
obbekTax

Tuxonosa J[.A.**, [llanyHosa E.I1.%, KapetHukos C.T.!

T MHcmumym o3eposedeHus Poccuiickoll akademuu Hayk — 060cobiieHHoe cmpykmypHoe nodpasdesteHue @I'BYH «CaHkm-
ITemep6ypeckuti @edepastbHetil uccsredosamestbekutl yeHmp Poccutickotll akademuu Hayk», yit. CedacmovaHosa, 0. 9, Cankm-
ITemepbype, 196105, Poccua

2 Cankm-Ilemep6ypeckuti 20cy0apcmaeeHHblll yHugepcumen, YHugepcumemckasn HadepedxcHas, 0. 7—9, Carkm-Ilemepbype, 199034,
Poccua

AHHOTAILIUSL. B cBsA3U ¢ OTCYTCTBUEM €IMHON METOAUKN O0TOOpa MPOO HA MUKPOILIACTUK CYIIECTBYIOT
TPYAHOCTH NPYU CPaBHEHUHU IIOJIyYeHHBIX Pe3yJIbTaToB IIpU OTOOpe pasHBIMU MeTodamu. Beiio npose-
JIeHO cpaBHeHMe HacOCHOW (UIbTPOBaJIbHOM cucTeMbl 1 ceTr MaHTa AJ1d OljeHKU uX 3(pGdeKTUBHOCTA
Y NPUMEHNMOCTH IIpU 0TOOpe Mpob BOABI Ha cojepXaHKe MHUKPOILJIACTUKA Ha IpuMepe JlagoxcKoro
o3epa, peku CBUpb U MaJjblx o3ep JleHuHrpaackoi obsactu (CyxomoJibekoe, MudypuHckoe, KpacHoe).
PesysibTaThl TOKa3ajl, YTO HECMOTPs Ha 0oJiee BBICOKKE CpelHHe KOHLEHTpalluy MUKPOIJIaCTUKA NIpU
oT6ope mpob HacocHou cucremoi (8,5+11,5 wacTtuiy/m®) mo cpaBHeHuw ¢ cetbio Manrta (0,7 0,5
4acTuIl/M>), pe3yJIbTaThl COMNOCTABUMBL MeTOObl MMEIOT MPOTUBOINOJIOXHbBIE JOCTOMHCTBA U HEZO-
CTaTKU U ABJIAIOTCA KoMIuleMeHTapHbIMH. CeTh MaHTa 0oJibllie MOAXOAUT AJiA 0TO0pa 60JIbIIOro 00b-
eMa BOJBI C IIOBEPXHOCTHOT'O CJIOA B KpaTKKUe CPOKU U B IIEPHOAB! ¢ OOJIBIINM COAepKaHUeM B3BecH, B
TO BpeMs Kak HacocHasA QpuIbTpoBaJbHasA cucTeMa MOAXOAUT [Ji 0TO00Opa Ipo0 Ha pa3HbIX TOPHU30HTAX
Y B IOBEPXHOCTHOM cJIoe IIpY HeOOoJIbIIOM oObeMe B3BeCH U I103BOJIAeT 0ojiee TOUHO OLIEHUTh 00beM
npo6sl. Heo6xoauMo obecrnieunTs 0TO0p 60JIbIIOro 06bemMa BOJIbI, YTO B CJIyYyae C HAaCOCHOM QUIIbTPO-
BaJIPHOI CHCTEMOM MpeJcTaBiIAeTCs BO3MOXHBIM TOJIBKO B IepUOJ, Korjga coAepkaHue IJIaHKTOHa U
MYTHOCTb BOJbl MUHHUMAaJIbHEIL.

Kitiouegsle ctoga: MUKpPOIJIACTUK, OTOOP MpoO BoAwL, ceTb MaHTa, HacocHasA pUIbTpPOBaJbHAA CUCTEMA,
3arpsA3HeHre MUKPOILJIACTUKOM

Jiisa mutupoBanusa: TuxoHosa [I.A., Illanynosa E.I1., Kapetnukos C.I'. CpaBHeHUe 3G GEeKTUBHOCTH IBYX METOAOB 0TOOpa Ipod
BOJIBI [T M3YYEeHUs COAepXKaHUs MUKDOIUIACTHKA B BOJHBIX o0bekTax // Limnology and Freshwater Biology. 2024. - No 6.
- C. 1434-1453. DOI: 10.31951/2658-3518-2024-A-6-1434

1. Beepenne Eo et al., 2019; Zobkov et al., 2019; Tamminga and

Fischer, 2020; EpmoBa u ap., 2021), Tak u 6ykcupye-
Mbie cetu (Reisser et al., 2015; Kooi et al., 2016; Dris et
al., 2018; Liedermann et al., 2018; Lenaker et al., 2019;
Egger et al., 2020; Frank et al., 2021; [I'ina et al., 2021).
HacocHble crcTeMbl MOXHO KCIIOJIb30BaTh AJIA 0TOOpa
KakK C TIOBEPXHOCTHOTO CJIOsSI BOAHOM TOJIIIH, TakK U C
npyrux Boanbeix ropusonTtos (Tikhonova et al., 2024), B
TO BpeMs KaK CEeTH Yallie UCTIOJIb3YI0T JJisi 0TOopa mpob
MMEHHO B MMOBEPXHOCTHOM cJjioe BojoeMa (Campanale
et al., 2020; Pasquier et al., 2022) u pexe Ha IPyrux
ropusonTax (Kooi et al., 2016; Liedermann et al., 2018;
Lenaker et al., 2019; Egger et al., 2020). Cpenu ceteit
HauboJiee YacTO MCIOJIb3yeMBIMU JIJIsT 0TGOpa MUKPO-
iacTuka asysoTes cet Manra (Karlsson et al., 2020;

B HacTosee BpeMs He CYIIeCTByeT eIUHON
YHUBepCaJIbHOM MeTOOWKU aHaIM3a YacTUll MHUKPO-
IJIacTHKa B BOJOHOW cpeflie. B mcciienoBaHuAX, IPOBO-
JUMBIX Pa3HbBIMH HayYHBIMU TPyNIaMU, OTJIAYAIOTCA
MeToAbl 0oTOOpa Mpo0 M KX J1abopaTOpHOIO aHaIu3a,
pasMepsl Kccle[lyeMbIX YacTUIl U KCIOJIb3yeMble efll-
HUIBl M3MepeHUA. B ¢BA3M ¢ 3TUM BO3HUKAIOT IIPO-
Gs1eMBl METOANYECKOTO XapaKTepa U CJIOKHOCTU IPHU
CpaBHEHUH ITOJIy4eHHBIX JaHHBIX C pe3yJbTaTaMu JIpy-
I'UX HCCJIeJOBAaHU.

B MupoBoii npakTuke i 0TO0pa Mpobd BOABI Ha
MUKPOILJIACTUK B OCHOBHOM HCIIOJIb3YIOTCS KaK Haco-
cHble cucteMbl (Song et al., 2018; Choy et al., 2019;
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Pasquier et al., 2022). Pexe UCIOJIb3YIOTCs APYTHE TIPO-
6oorbopHuKY, HanpuMep 6aToMeTp HuckuHa (Bagaev
et al., 2017) niu kacceTHbIN mpobooT6opHUk (Dai et
al., 2018).

JlaHHBle MeTOAbl HMEKT CBOU OCOOEHHOCTH:
Tak, miomans GWIbTpoBaHUA y ceTu MaHTa 3HAYU-
TeJbHO 60JIbIlle, YTO MO3BOJIAET OTPUIBTPOBATH OOJIb-
o o0beM BOABI 32 MaJIblli IPOMEXYTOK BpeMeHH, a
TakXe yallle 3aJepXXUBaTh KPYIHbIE YaCTHUI[B, KOTOPBIE
pexe BcTpeyaoTcsa B BofgHOH Toume (Tamminga et
al., 2019; Karlsson et al., 2020), ogHaKoO CyIIeCTByeT
BBICOKAasi BepPOATHOCTh IIOTeph YaCTUILl 1 BHEUIHEro
3arpsA3HeHus py CMbIBe IPOOHI ¢ ceTKU. B To xe Bpems
y cereii ManTa, HEHCTOHHBIX U APYruxX ceTeil pas-
Mep siuen dacto = 300 mxMm (Dusaucy et al., 2021).
Hcnosib3oBaHUe ceTell € KPYNHBIM pa3MepoM fA4Yeu
MOXeT IPHUBOJAUTH K NOTepsAM OoJjiee MeJIKUX YacTHl,
KOTOpBIe MpeobJIafialoT B BOAHBIX o0bekTax (Lindeque
et al., 2020). Vcriosp30BaHue CETEN C pa3MepPOM sSYEN
<100 mxkm (Dris et al., 2018; Song et al., 2018) yse-
JM4MBaeT [uana3oH pasMepoB IOJIyYeHHBIX YacTUll
U TpUBOAUT K 0Oo0Jilee TOYHOU OIleHKe COJiep>KaHusd
MUKpOIJIacTUKa B Boje. HacocHble cucTeMsl, B CBOIO
odepelb, IIO3BOJIAIOT TOYHee OLIEHUTb OObeM Ipo-
puIbTPOBAHHON BOJBI 1 U30eXaTh OTePh U BHEIIHET0
3arpsi3HeHusi, HoO 06beM NPoOOBl GyJeT 3HAUYUTEJIBHO
MeEHbIIIE K3-32 OTHOCHTEJIbHO HeOOJIBIIION ILJIOIagN
CeTKH U ee OBICTPOro 3a0MBaHUA B3BEChbIO, a TaKXe
norpebyercad 3HAuYMTEJbHO OoJibllle BpeMeHH MAJiA
oT6opa 3Hauumoro oorveMa mpoOs! (1 m*). BaTomeTps
MHUHUMU3HUPYIOT BEpOATHOCTh BHEIIHEro 3arpas-
HEeHHsA, OJHAKO CYyIIeCTBEHHO JIMMUTHPYIOT 00beM
oTroO6paHHOI NpoOB. MeHbHIUE 00beM IPOMUIBTPO-
BaHHOI BOABI MOXET IPUBOAUTL K IlepeydyeTy cozep-
JKaHWUA 4acCTHI] MHKPOIIJIACTUKA, IIO3TOMY PeKOMeHAY-
eTcs OTOMpaTh KaK MOXHO OOJIBIINI 00beM BOABI AJIA
IoJIyuyeHUs OoJjiee TOYHBIX pe3yJibTaToB. Ha naHHBIN
MOMEHT OTCYTCTBYIOT KOHKDETHBIe peKOMeHJaluu 110
MHHMMaJIbHOMYy o0OBbeMy npo0, OgHAaKO 3TO obcyxAaa-
ercs B HAyYHOM coobiectBe. Hanpumep, B Pe3ostonmu
[TepBoii Becepoccuiickoil KOHpepeHINU ¢ MeXAyHapo-
HBIM yYacTHeM [0 3arpsA3HEeHUI0 OKpY’Kalomleil cpezsl
MuKpomsacTukom «MicroPlasticsEnvironment — 2022»
(Pezosroniuis..., 2022) MUHUMAJIBHBIN TpeJI0KeHHbBIN
o6beM mpobel cocTasiiAer 1 M3 OgHAKO 3TO He Bcerga
MpeJICTaB/AeTCA BO3MOXHBIM TakXe U JJI HACOCHBIX
CUCTeM B CBA3M C 3a0MBaHUEM CETKU IUIAHKTOHOM U
B3BECHIO.

CyliecTByeT MOOBOJIBHO Majio paboT, MOCBA-
IIeHHBIX CPAaBHEHUI0 HACOCHBIX CHUCTEM U TpaJiupy-
eMBIX ceTell Tuma MaHTa, ABJIAIINXCA OCHOBHBIMU
MeToJaMU, HCIIOJIb3yeMbIMU AJiA 0TOOpa mpob BOZBI
IIpU HCCAeJOBaHUM MHKPOIUJIAaCTUKAa B BoJoeMax
(Tamminga et al., 2019; Karlsson et al., 2020; Du et
al., 2022; Montoto-Martinez et al., 2022; Frank et al.,
2024). HayuHble IpyInbl He Bcerga NpUXOAAT K OAHO-
3HAYyHBIM BBIBOJAM O TOM, KaKON MeTOJ SABJIAETCA
HaubOoJiee NMPUMEHUMBIM [JI JaHHBIX IeJieil: Tak, B
paborax Tamminga et al. (2019) u Frank et al. (2024)
yTBepXAaeTcs, YTo ABa 3TUX MeToJa ABJIAI0TCA He B3a-
MMO3aMeHseMbIMY, a KOMIJIEMEHTapHBIMU B CBSA3U C
UX pa3In4yusAMHU.
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Lenpio gaHHON paboThHl OBLJIO CpaBHeHHE ABYX
Pa3HBIX METOA0B 0TOOpa Npob BOABI AJIA OIpeAesIeHNUs
cofilepXaHUsA MUKPOIUIACTUKA — HACOCHOU (UIBTPO-
BaJIbHOU CHCTeMBl U OykcupyeMmon cetu MaHTta AjA
CpaBHeHHUs UX yaoOcTBa, 3(PGEKTUBHOCTH U IpHMe-
HUMOCTH K HCCJIeAyeMBIM BOAHBIM OOBbeKTaM, a Takxe
OIleHKa XapaKTepPUCTHUK MUKPOILJIaCcTHUKa B Tpobax, OTO-
OpaHHBIX JaHHBIMH MeTOHaMM B HECKOJIbKUX BOJHBIX
OOBEeKTax.

2. MaTepuanbl U MeTOAbI

Jia uccreqoBaHuA ObUIo BeIOpaHO Jlagoxxckoe
03epo, a Takxe ero NpUTok pexka CBUPb U TPU MaJlbIX
ozepa JleHuHrpaackoil ob6JiacTu CyxomoJbcKoe,
Mwnuypunckoe n KpacHoe. Jlagoxckoe 03epo U €ro
IIPUTOKU MUCCJIEAYIOTCA Ha COAepxaHue MHUKpOILIa-
ctuka ¢ 2018 roga (MBanoBa u TuxoHoBa, 2022), a BOT
Majsele o3epa [Ipuosepckoro pationa (Cyxo[oJjbCKoe,
Kpacnoe m MwudypuHckoe) paHee HCCIefOBaHbl He
O6ptn. 85% pevyHOro croka B JIaJjoXKCKOe 03epo Npu-
XOAUTCA Ha AOJII0 3 IJIaBHBIX NPUTOKOB — peK CBUDB,
BonxoB u Bypnas (Byoxkca) (JIagoxckoe o3epo...,
2015). CyxoJi0JibcKOe 03epO SABJIAETCS HNCTOKOM peKH
BypHoii, Bnapatomeii B Jlafjoxckoe 03epo U SBJIAIO-
miericA OHUM 13 OCHOBHBIX NIPUTOKOB Jlagoru Bmecte
¢ pexoii CBUpb, B CBA3U C YeM U3ydeHHe CcoepKaHUsA B
HeM MUKPOILJIACTHKA MOXeT ObITh [10JIe3HO [JIA IOHU-
MaHHA KOJIMYeCTBA MHUKPOILJIACTUKA, [TONAaJaiouiero B
o3epa co cToOKoM pek. KpacHoe u MuuypuHckue o3epa
ObUIM BBIOpPAHBI MO MX OJM3KOMY Treorpaduyeckomy
noJioxenuto (Puc. 1).

J1a or6opa npo6 BOABI MCIOJIb30BAJIACH CIIEIH-
ajlbHasA HacocHas GuibTpoBasbHas cucreMma (Puc. 2),
[I03BOJIAIOIIAA OTOMpaTh MNPOOBI BOABI C Pa3JIMYHBIX
BOJHBIX TOpPU30HTOB. Jl[aHHaA cucTteMa ObLI pa3pabo-
ta"na B UHO3 PAH - CII6 ®UIl PAH B 2019 r. ogHum
U3 aBTOpPOB AaHHOM cTaTthu KapetHukosbMm C.I.

OCHOBY KOHCTPYKIIMU COCTAaBJIsJI  OBITOBOM
MOTPYXHOM HAacoc ¢ HWKHAM BOA03abOpoM MOII-
HocTh0 300 Bt. Hacocel gaHHOro tuma MOXHO OILy-
ckaTh Ha TyyOuHy He Oosiee 10 M. OmyckaThb riiyoxe
He TMO03BOJIAeT AJINHA 3JIeKTpUYecKoro kabess, Kpome
TOr0, IIPY MOBHIIIEHNY BHEIIHero JaBJjieHus IepecTaeT
(pyHKIMOHMPOBATh KJIAllaH, MepeKphIBaloMuil obpat-
HBIH TOK BOJBI B Hacoce. B ¢BA3M ¢ 3TUM, [JId CO3qaHUs
HeIpepBIBHOCTHU MMOTOKA HACOC pa3Meliacs B IIOBepX-
HOCTHOM CJIoe BOZBL. B 3aBHCHMOCTH OT HEOOXOAUMOTIO
TOpPU30HTA I oTOOpa Mpo6 BOJBI MOXHO HCIIOJIB30-
BaTh HAOOp IJIAHTOB Pa3JIMYHOM MAJIMHBI, JIETKO Coe-
JAVHAEMBIX APYT C APYroM KOHHekTopamu. Ha HuxHel
YacTU Hacoca HaXOAWJICA TePMETHUYHBIN NepexOqHUK
U3 3JIACTUYHOU TPYyOKU OT BOA03a0OPHOI YacTu Hacoca
K [JIAHTY, HA KOHIle KOTOPOTr0 HaXOAWJIach YCTaHOBKA
¢ GunbTp-ceTKkou ¢ pasMepoM suen 100 MKkM, Bce coe-
JAVHEHN 3aKpelIAJINCh pe3bOOBBIMU XOMyTaMu. Bonma
3aloJIHAJIA IJIAHT oA AeliCTBUEM I'MAPOCTaTUYECKOT0
JlaBJIeHUs, a HacoC OTKaYuBaJI BOAY U3 BepXHel yacTu
nulaHra. VsmepeHue oObeMa IIpOKayaHHON depe3
(GuabTPE BOABI OCYIECTBIIAIOCH C IIOMOIIBI0 OBITOBOTO
cyeTyrKa BOAHI, pa3MellleHHOI'0 Ha BhIXOJe U3 Hacoca.
VMeHbllleHe CKOPOCTU IpOKauyMBaHUA BOABI uepe3
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Puc.1. Touku or6opa npo6 B Jlamoxckom, CyxogoabckoMm, MuuypuHckoM u KpacHoM o3epax.

(GUIBTp CBUIETEIBCTBOBAJIO O 3a0MBaHUU CETKU B3Be-
CbI0 1 HEOOXOAMMOCTH ee 3aMeHBI. UTOOBI cofiepKUMoe
CETOK He BBIMBIBAJIOCHh NPU UX MOAbEME, B MecTe coe-
JUHEHUs IUTaHra ¢ GuIbTPOBaJIbHON CUCTEMOH ycTa-
HaBJIUBaJICA KJIallaH, MPOIMYCKAIOUUil BOAY TOJIBKO B
OZHOM HaIlpaBJIeHUU.

[Ipo6bl oTOMpas i B IOBEPXHOCTHOM CJIOE
BOJHOTO 00OBeKTa ¢ OopTa HayYyHO-HCCJIeAOBaTesIb-
CKOTO CyJiHa «JKO0JIOT» JInbo ¢ 6opTa JOAKU C UCIOJIb-
30BaHUEM 3JIeKTporeHepartopa. Korma o6GbeMm mpo-
KaynBaeMoOl yepe3 CETKy BOJbl B e€IUHUI]y BpeMeHU
3HAYMTeJIbHO yMeHblIasicsA, (UIbTpOBaHHE OCTaHAaB-
JIMBAJIOCh, CeTKa BBIHUMAaJach U3 (PUIIbTPOBAJIBHOU
CHCTeMBI U IIoMelllajlach B eMKOCTh € JUCTUJIJIMPOBaH-
HOI BOJIOHM, a Ha ee MeCTO IMOMeIljajach HOBas CeTKa
100 mxwm. [Tpu majsiom oO6beme NMpoObI B OJHOI TOYKe
(mo 500 suTpOB) MEes1ajioch HECKOJIBKO MTOBTOPHOCTEN.

Ja cpaBHeHUs NMpoOHl B ITOBEPXHOCTHOM CJIOE
OpUIM Takke OTOOpaHbI ceThio Tuma Manrta (Puc. 3).
Pasmepsl pambl Ha Bxofie — 600x257 MM, B MecTe Kpe-
mieHus cetku — 600x154 mm (mwiomans 924 cm?). K
pamMe mnpukperiaaachk cetb padmepoM 2000x600 mw,
nepuMerpoM 1508 mm. Pasmep sden ceTu COCTaBUII
100 mMxm. ITpoGOOTOOPHUK-KOHYC C TaKUM Xe pas-
MepOoM fAuYel IPUKPEIIAICA CHU3Y CeTKU C IIOMOIIbIO
¢anHoBoI TpyOHI U pe3bOOBOr0 XOMYTA.

[lepen dunbTpoBaHMeM ceTb MaHTa HIpOMBIBa-
Jachk B BojioeMe 6e3 mpoGooTtbopHuKa. Jlasee mpobo-
OTOOPHUK IPUKPEIUIAJICA K CeTKe, CeTKa OIycKajach
B BOAy U OykcupoBajach 3a JIOAKOM WM Hay4HO-KC-
cJleJoBaTeIbCKUM CyJJHOM Ha MaJIOl CKOPOCTH B Tede-
HUe ollpefejieHHOro BpeMeHu. OT6op npo6 B o3epax
Cyxonosbckoe, MuuypuHckoe u KpacHoe nmpoBoausicsa
C HaJlyBHOM MOTOPHOW JIOJKU, MPU 3TOM BBIOOpP Bpe-
MeHHU TpaJieHusa o0ycJIaBJIMBaJICA BU3yasIbHO OlLleHeH-
HBIM KOJIMYEeCTBOM B3BecHu B Bofe. Tpocwl ceTKU Ipu-
Kpeluianch K OOpPTy JIOAKM W Jajiee JioJKa Lula B
TedueHue 10-25 MUHYT Ha cpefHeli ckopocTu 1-3 KM/4.
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Puc.2. HacocHaa ¢uibTpoBajibHas cucrema, paspabo-
TaHHas u ucnosbsdyemas MHO3 PAH — CI16 ®UL] PAH c 2019
r. (TTo3gusAkoB u 1p., 2021).

Puc.3. Cxema cetu ManTa (MM).
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B JlagokckoM o3epe oTOOp mpo6 mpoxoAusa ¢ 6opra
HaAy4YHO-MCCJIEAOBATEJIbCKOTO CyJHA «JKOJIOT»  BO
BpeMs ero TOPMOXeHUA: IIPU NaJIeHNU CKOPOCTHU CyAHA
ceTKa oIyckajach B BOAY NPU MOMOILM KpaHa U OyK-
CHpOBajlach 10 €ro OCTAaHOBKU B cpelHeM 3-5 MHHYT
co cpenHeli ckopocThio 3,4-4 km/4. IIpu nomoiu GPS-
HaBUratopa (UKCUPOBAJICA TPeK, BpeMs U CpeaH:AA
CKOpOCTh TpajieHusA. Jlajiee ceTka NOAHMMAJach U3
BOJBl Ha KpaHe U HaJ BOAOW NpoMbIBajiach ¢ 6opTa
Cy[Ha IpH MOMOIY [IJIaHra U 3a00pTHOM BOJEL, [TOC/IE
yero noJHUMAaJsach Ha 60pPT U ¢ Hee CHUMAJICA IPobo-
OTOOPHUK C OT(PUJIBTPOBAHHBIM MaTepUaIOM, KOTO-
PBIII CMBIBAJICA AUCTUJINPOBAHHONI BOAOU B €MKOCTb.
O6bemM npoOBI PACCUMUTHIBAJICA C Y4YE€TOM IIOIAAU
paMbl B MecTe KpeluieHus ceTku (924 cm?) u cpeaHen
ckopocTu TpajieHudA. Jlo aTama JiabopaTOpPHOrO aHa-
Ji3a npoObl XPaHUJINCh B XOJIOAUJIbHUKE.

[TpoO6s1 6bi7i 0TOOpaHH! B aBrycre 2023 r. Beero
HeICTOHHOU ceTblo Tuna ManTa ObUIO oTOOpaHO 19
npo6, duabTpoBasbHOU cucrtemoln — 21 mpoba. B
CyxopoJsibckoM, MuuypuHckoMm, KpacHOM o3epax Kax-
OBIM MeToAOM ObLIO OTOOpaHO OT 3 A0 5 TOUYEUYHBIX
npoO, a B peke CBupb 0 2 npoOul. Tak Kak B yImoMms-
HYTBIX BBIIIe BOAHBIX 00beKTax TOUe4yHble IIPOOHI OTO-
OpaHbl B TeueHue 1-2-x AHeN U B OJHOM paioHe, TO OHU
00beJHEeHE! B COCTaBHbIe IPOOHI 1A KaXXA0r0 BOAHOTO
o0beKTa COOTBeTCTBeHHO. B JlajjokckoM o3epe ObLIO
orobpaHo 1o 1 mpobe ceTbio MaHTa B 7 pa3HbIX TOUKax
U 110 2 1po6bl PUIBTPOBAIBHON CUCTEMON B 4 pa3HBIX
TOYKaxX, HaxOo[ALIMXCA Ha 3HAYUTEJIbHOM yAaJIeHUuHu
JApYT OT Apyra, B CBA3U C YeM II0JIyYeHHbIe pe3yJIbTaThl
paccMaTpuBalOTCs Kak OT[esIbHble TOYEYHBle IIPOOHL.
J1a nosydenus pedepeHCHBIX 3HaYeHUH U CpaBHEHUA
IIOJIyYeHHBIX JAHHBIX MeXJy cOOOH, KOHIIeHTpaluu U
o6beM 1po0 1A JlaJoXXCKOro osepa NnpefcTaBjieHbl B
BUJle AUana3oHa I0JIy4eHHBIX 3Ha4eHU 1 KaK cpefHee
apudmMeTHUecKkoe MexJy IOJIydeHHBIMU KOHI|EHTpa-
nuamMu. O6beM BOJBI B TOUEYHBIX TP06aX, 0TOOpaHHBIX
ceTblo MaHTa coctaBii1 ot 9,7 1o 120 m3, B npobax,
0TOOpaHHBIX HACOCHON (PUJIBTPOBAJIBHON CUCTEMOH, —
ot 0,04 mo 1,1 m°. CymmapHbIii 06beM IpodUIbTPO-
BaHHOH BOJBI B Mpo6ax, OTOOPaHHBIX PAa3HBIMU METO-
namu npuBefieH B TaOsuile 1. 3HaunuTebHAA pasHUIA
B oObeMe BOJIbl IIPM HCHOJIb30BAaHUM PAa3HBIX METO/I0B
00BACHAETCA YHNOMSAHYTBIMM BBIIIE OCOOEHHOCTSAMU
00enx KOHCTPYKINI, a TaKkXe 3HaUYNTeJIbHbBIM 00beMOM
B3BeCH B BOJIe B OTOMpaeMblil Ce30H.

JlabopatopHasa oOpaboTka MpoO BKJIOYAsia B
cebsA pacTBOpeHHe OpraHuvyecKoro Martepuasna IpHU
oMoy peaktua @entona (30% mepekuch Bogopoa
+ Fe(Il)-kataymzaTtop). IIpoGbl, OTOGpPaHHBIE CETHIO

MasnrTa, coiepxajii 0O4eHb MHOI'O OPTaHUYECKOTO MaTe-
puasa, B CBA3M C YeM uUX o0paboTKa M MocJeayomui
aHanu3 OBUTM 3HAYWTEJIbHO OoJjiee TPyAO- U BpeMs-
3aTpaTHB 10 CPaBHEHHIO C MpoOaMu, OTOOpPaHHBIMU
unpTpoBasbHON cucteMoi. [IpoObl, oTOOpaHHBIE
ceTblo MaHTa, GuiabTpoBaInCh yepe3 ceTKy 100 MKM U
Bce KpynHble ¢dparMeHTH (JIMCThA, BOAHAA PaCTUTEIb-
HOCTb, HAaceKoOMble U Ap.) TIIAaTeJbHO MPOMBIBAJINChH
JUCTUJINPOBAHHOM BOJON Ha Ty Xe CeTKy U yHaJid-
Jmck. Bech oTPUIbTPOBAHHEBIN MaTepHasl IepeHOCUIICA
B TepMOCTaKaH, Kyfa gobasJisijiach Iepekruch Bogopoaa
BMmecte ¢ Fe(ID)-kaTanmuzatopoMm (06bemM J0OABJIEHHOTO
peakTHBa 3aBHces] OT ob6beMa OpraHu4eckoro mare-
puasna). IIpu o6paboTke pod, OTOOPaHHBIX (PUIIBTPO-
BaJIbHOM CHCTEMOU, OCaXJIeHHBIII MaTepuaj C CeTKU
CMEBIBaJICA B TePMOCTAKaH C aHAJIOTMYHBIM PeaKTUBOM.
Jasnee npob6a BblaepxuBajiach Ipu Temneparype 75°C
Ha necyaHoll 6aHe MUHUMYM B TeueHUe yaca. [lasee
B IpoOy MOBTOPHO Ao00aBJisAjiach MepeKuch BOAOpoJa
U Ipoliecc MNpoAoJDKajca [0 MaKCHMaJIbHO BO3MOX-
HOro yAaJjieHus opraHuuyeckoro Matepuasna. s npoo,
oTOOpaHHBIX CeTbl0 MaHTa, mpolecc MOBTOPAJICA [0
4-5 pasz. I[Tocye pacTBOpeHUs OpraHUKU OCTABIIUICA B
CTakaHe MaTepHaJl OCTaBJIAJICA Ha CYTKH, IIOCJIe 4ero
dunbTpoBasica yepes ceTky 100 MKM U CMBIBaJICA AUC-
TUJJINPOBAaHHOM Bojioi Ha yvamku Ilerpu (or 1 go 8
yamek Ha 1 nmpoOy B 3aBUCMMOCTH OT ob6bemMa Hepac-
TBOpHUBIIErocs oOpraHuyeckoro Marepuasia). [asee
yamku [leTpu HakpsiBasuch ceTkoir 100 MKM U OCTaB-
JIAJIACH J10 TIOJIHOT'O BBICBIXQHUS.

J71A KOHTpoJiA NOOOYHOrO 3arpsA3HeHusA napaJl-
JIEJIbHO C peaJIbHBIMU ITpobamy 06pabaThIBaIiCh X0JI0-
cThle MpOOBI ¢ JAUCTUJLIMPOBAHHOU BOJON. Bo Bpewms
BCeX 3TarnoB JlabopaTopHOI 06paboTKU peasibHbIX P06
XO0JIOCTble NMPOOHI CTOAIM PAAOM OTKPBITBIMH, IIOCJIE
yero oOpabaTeBaJINCh aHAJIOTMYHBIM 06pa3oM (BbIAED-
JXHBaHHe ¢ peakTuBoM DeHTOHa, GUIbTPOBaHNE, CMBIB
Ha vauky ITetpn). Bece saTansl 1abopaTopHOY 06paboTKn
mpo6 MPOBOAWJIMCH B BBITSAKHOM MIKady, HCIOJIB30-
BaJICSA XJIOTIKOBBIN XaJaT, a BCsA Mocy1a U GUIbTp-CeTKU
IIPOMBIBAJINCh JUCTUIJIMPOBAHHOM BOAOH HeNocpen-
CTBEHHO TepeJ] UX KCIO0JIb30BaHUEM.

[MocJte BRICBIXaHMA MaTeprasia Yamky [leTpu aHa-
JIM3UPOBAJIMCh MOJA MHUKpockornoM. [IpeaBapuresbHasA
naeHTU(PUKANA MUKPOIUJIACTUKA MMPOBOAWJIACH BU3Y-
QJIBHBIMU METOAAMU: OTOMPAJIUCh YACTHUIBI C OTCYT-
CTBHEM KJIETOYHON CTPYKTYpH, C eAWHOOOpasHOM!
TOJIMHON U I[BeTHBIe. YacTUlbl, NpeBapUTEJIbHO
naeHTU(PUIIMPOBaHHbIE KaK Me3oIUIacTuk (6oJsibire 5
MM), MUKPOIUIACTUK (MeHbIlle 5 MM) WU MaTepualt
AHTPOIIOTeHHOT0 IPOUCXOXAEHU MOACYUTHIBAINCh U

Ta6auna 1. O6beM Bo/Ibl, MOJIyYeHHBIN Tpyu 0TOOpe ceThio MaHTa 1 HAaCOCHOHN QUIIbTPOBAIBHON CHCTEMOM.

BoaHbIl 00BEKT O06BeM BOAHI, O6BeM BOAEI,
cets MaHTa HacocHas GUIbTPOBAIBHAA CHCTEMA
Cyxo[0JIbCKOE 03epO 300,7 m* 1,1 m®
MuuypHUHCKOE 03epo 96,8 m* 0,173 m®
KpacHoe 03epo 135,6 m® 1,2 m®
Peka CBuph 20,1 m® 2,16 m®
Jlapgoxckoe 03epo* or 9,7 1o 28,4 m* or 0,5 10 2,2 Mm*

IIpumeuanmue: *[{1a JIagoxxcKoro o3epa nprusefeH Auana3oH o0beMOB TOYEYHBIX P00, OTOOpaHHBIX Pa3HBIMU METOJAMHU.
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doTorpaduposannch, 3aNUCLIBAJICA UX pa3Mmep, Gpopma
(BoJsiOoKHA, ¢pparMeHTHl, IJIEHKN) U 1BeT. Janee Haubo-
Jlee KpynHble (BUAVMEIE IJ1a3y) U HauMeHee arperupo-
BaHHbIe C OPraHMYecKUM MaTepuajioM YacCTHUI[bl UTOJI-
KON IepeHOCWJINCh B OTAesIbHyI0 4Yamky [letpu Assa
MOCJIeAYIONIero aHaan3a XUMHUUeCKOro COCTaBa 4acTHI]
CIEKTPaIbHBIMU MeTOJaMH.

Ananu3 XMMHYeCcKoro cocTaBa BBHIOOPKH OOHa-
PYXEHHBIX 4aCTUI] MUKPOILJIACTHKA METO/IOM CIIEKTPO-
CKOIIMKM KOMOMHAIIMOHHOTO paccesHus cBeTa (pama-
HOBCKOH CIIEKTPOCKONNMM) B TeoMeTpuu 0oOpaTHOIo
paccesiHusA cBeTa Ha criekTpoMerpe Horiba Jobin-Yvon
LabRam HR800 6pu1 mpoBemeH Ha 6a3e HayuHoro
[Tapka CII6I'Y (pecypcHbili IeHTp «['eoMoesn»).
HnTepnpeTaljis poBoAWJIach Ha OCHOBAaHHUU CpaBHe-
HUSI C UMEIOIINMUCA CIeKTpaMu B 6a3e manHex Horiba
JY Raman Library FORENSIC V2.

J714 onpenesieHnsA Macchl MUKPOILIACTHKA JJIMHA
Y IIMpYUHA 4acTUL] U3MepPAINCh NIPYU IIOMOIIU ONTHYe-
CKOro MMKpockona. [y ompefejieHHs MacChl BOJIO-
KOH JI0IlyCKaJIOCh, YTO OHU IWJIMHAPUYECKON (OPMEI
10 aHaJOTUM C APYrUMU uccyiefoBaHuAMU (Simon
et al., 2018, Leusch and Ziajahromi, 2021). IMupuHa
BOJIOKOH IIpPMHUMAJIach 3a AuaMmeTp nuiauHapa. [asee
BBIUMCJIAJICA O0beM YacTHIBl, KOTOPbII YMHOXAaJICA Ha
IJIOTHOCTh HamboJiee 4acTO BCTpedaeMbIX IOJIMMEpPOB
B OKpyXamwlleil cpee (mosunponuieHa M IMOJIUITH-
neHa) — 0,93 r/cm3.

@dparMeHTHI U [IJIEHKU IPUHUMAJINCh 3a TapaJijie-
Jgenunes. Hanbospimne AivHa U mKUpUHa GparMeHTOB
pacCYMThIBAJIMCh NPU IMOMOIIM ONTHYECKOr0 MUKPO-
cxona. [Ipy HeBO3MOXHOCTH U3MEPUTh [IOA MUKPOCKO-
IIOM TpeThe HauMeHblllee U3MepeHUe, y IIJICHOK 3a Hero
npuHuMasiocs 30 MKM, a y ¢pparmMeHTOB SO0 MKM, T.K.
Bce (pparMeHTHI OblJIM OTHOCUTEJIBHO IIJIOCKUMU. YacThb
Hau0oJiee KPyIIHBIX 4acTHI] Obljla B3BellleHa Ha aHaJIN-
tnuecknux Becax Mettler ToledoXP205 (1jeHa nejieHus
- 0,01 mr, cpegHexkBaAgpaTUdHas omubKa M3MepeHUs
He OoJjiee 0,03 mr) Ha 6ase Hayunoro [lapka CII6TY
(pecypcHbifi 1eHTp «LleHTp AMArHOCTUKU (GYHKLHO-
HaJIbHBIX MaTEePHUaJIOB JJI MeAULMHEL, (apMaKoJIOTun
U HAHO3JIEKTPOHUKU») [JI1 CpaBHEHUsS PacyeTHOro u
peasibHOTO Beca pparMeHTOB. B ciyuasx, korga Macca
¢parMeHTa OKas3blBajach MeHee IOpora 4yBCTBUTEJIb-
HOCTHU BECOB, YacCTHUI[bl B3BEIINBAJINCh BBIOOPKOU B
xoymyecTtBe 20 WITYK, a Macca Kaxaoro ¢parMeHra
BBICUMTBIBasIach Kak 1/20 oT oO1eli MacChl BHIOOPKU.

Juarpammsel 1 rpaduky ObLUIN IOCTPOEHH! B IIPO-
rpamme Microsoft Excel 2019. s co3gaHus KapThl
Touek oTbopa npob ucnosb3oBasaack nporpamma QGIS
3.14.15. IIpu cTaTUCTUYECKOM aHajn3e XapaKTep
pacripefiejieHNsA JAaHHBIX ObLI NpOBepeH IpU IOMOIIU
kputepusa Illanupo-Yusnka. [lajee paBeHCTBO BHIOO-
POK aHHBIX TOYEYHBIX P06 npu oTdope ceTbio MaHTa
U 1pu oTOOpe HAacOCHOW (GUIBTPOBAJIBHON CUCTe-
MOl aHaJM3upoBaJioch Ipu mnomomu U-Kputepus
Manna-Yutau. KoaddunpmeHT paHroBON KOPPEJIANNU
CrnupMeHa ObLT UCTIOJIB30BAH IS OIIEHKN OTHOIIEHUH
Mexay 06beMoM IPoOhl 1 KOHI[eHTpanuell MUKpoILIa-
cTyka. PacueTsl poBOAMIINCH IIPU IIOMOIIHU Beb-caiita
Statistics Kingdom (Statistics Kingdom, 2017) u npo-
rpammel Microsoft Excel 2019.
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3. Pe3syabTarhbl

B xosiocThix mpobax 6b17I0 oOHapyxeHo oT 0 1o
5 BOJIOKOH, BH3YaJIbHO IOXOXUX HA MHKPOILJIACTUK.
CpefHee KOJIMYECTBO BOJIOKOH B XOJIOCTHIX Ipobax
— 1. KosuvecTBO [JaHHBIX YaCTHUI] B XOJIOCTOU Mpode
BBIUMTAJIOCh U3 KOJIMYECTBA YaCTHI], OOHApyXeHHHBIX B
peaJibHOI mpooe.

CpenHsA KOHIIEHTpalUsA MHMKPOIUIACTUKA B
HCCJIeJOBAaHHBIX BOAHBIX OOBEKTaxX mpu oTOope IMpod
ceThio ManTa coctasuia 0,7 + 0,5 gactun,/m® (MequaHa
0,6 vactui/m?®), a mpu oT60pe PUIBTPOBATIHBHON CUCTE-
mor — 8,5+ 11,5 vactun/m?® (Meauana 4,1 wactuiy/m?).
KonnuectBo yactury, oOHapyXeHHBIX B Ipo0e, a Takxe
KOJTMYeCTBeHHbIe (YacTUIlbl, M®) U pacyeTHBIE MaccCo-
Bble KOHIleHTpanuu (Mr/m°) AJA KaXIOro BOIHOTO
oObeKTa NpeAcTaBjeHsl B Tabaune 2.

Haubospiivie KOHI[EHTpaluy MHKPOILJIACTUKA
01N 0OHapyXeHBl B MUYypUHCKOM 03epe Npu oTbope
00601MH MeTOJaMH, YTO BEPOATHO CBA3AHO C TeM, 4TO
MecTo OTOoOpa mpobd HaxOAWJIOCh BO3JIe aBTOMOOWJIb-
HOU TPaCChl U IJIIX aKTUBHO WCIOJIB3YETCA B peKpe-
arnuoOHHBIX TeJiax. OJHaKo 3HAYUTeJIbHble KOHIIeH-
Tpanuy, MOJIyYeHHble NMpU OTOOpe (UIBTPOBAIBHON
CHUCTEMOM, BepOsATHEE BCETO OOBACHAIOTCA MAJIbIM CyM-
MapHBIM 00BEMOM IPOOBI B CBA3U C OOJIBIIMM KOJIU-
4YecTBOM B3Becu. HanMeHbIMe KOHIIEHTpaIuu HabJIio-
paworca B KpacHoMm o3epe, rae mnpoObl OTOMpAINCh
BAaJIM OT ypOAHU3UPOBAHHBIX TEPPUTOPHI, a TaKXe
B JlaJloXXCKOM oO3epe, 3a HCKJII0YEHUEM YCThsS peKu
BypHoii. CpaBHeHNEe KOJINYeCTBEHHBIX KOHIIEHTpAIn,
TOJIy4eHHbIX ceThio MaHTa 1 PUIbTPOBAJIBHON CHUCTe-
MOH, npuBefieHo Ha Puc. 4.

B JIagoxckoMm o3epe, rae mpobbl ObLIN OTOOPaHBL
B pa3HbIX TOYKaX, HAaUOOJIbIIINEe KOHIIEHTPAi MUKPO-
TJIACTHKA [OJIyYeHHI B yCThe peKu bypHO, ABJIsAIONmeics
OIHUM M3 OCHOBHBIX MPUTOKOB 03epa (1,4 yacTuisl/m>
JU1s Ipo6, oToOpaHHbBIX ceThio MaHTa, 10,8 vactui/m>
B npo6ax, 0ToOpaHHBIX GUIBTPOBAJIbHOU crcTeMoIl). B
peke CBUpB, TOXe fABJAIOIIENCS OCHOBHBIM IIPUTOKOM
Jlagoru, KOHLIEHTpaluyU MUKPOIUJIACTHUKA MPU OTOOpe
npob ceTrpio MaHTa Takke OKa3aJliCh BBIIIE, YeM B JIpY-
rux Toukax oroopa (Puc. 5).

Puc.4. YncieHHble KOHLIEHTPAII MUKPOILJIACTUKA NIPU
oT0ope pa3HbIMU MeTOJaMHM.
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TaﬁJmua 2. YucieHHbIE U MacCOBbIE KOHI.[eHTpaLII/If/)I JacTUll MUKPOIUIAaCTHUKA B pa3HbIX BOJHBIX o0BbeKTax.

BoaubIit Koui-Bo yacTuig KouriieH- Macca vacruii, KoJ-Bo vyactuig Kournen- Macca vacrtu,
00BEKT (ceTp ManTa) mocJje Tpanua*, Mr/m3 (HacocHas ¢uib- Tpamusa~, Mr/m3
BbIYETa MOOGOYHOTro | YacTHIbI/M> (cets MaHTa) TpOBaJIbHASA yactunpl/M® | (HacocHas GUIBTPO-
3arpsA3HeHus (ceTr ManTa) cHucTeMa) mocJje (macocHas BaJIbHAasA CHCTEMaA)
BbIY€Ta NO60YHOTO |(UIBTPOBaJIB-
3arpsA3HeHUsI HasA cucTeMa)
Bonoxnald)panueﬂ'rm Bonoxnalcbparme}mﬂ Bonoxnal(bparmem‘m Bonomald)parmem‘m
CyxofoJibckoe 128 0,4 0,004 6 5,5 0,009
03€po 100 | 19 0,0001 | 0,004 T 0,003 | 0,006
MuuypuHCKOe 136 1,4 0,1 5 28,9 0,004
e 100 | 36 0001 | o1 4 | 1 0,002 | 0,002
Kpacnoe 21 0,15 0,0004 5 4,1 0,009
03€po 17 | a4 0,0001 | 0,0003 4 | 1 0,002 | 0,007
Peka CBupsb 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
o3epo 88 | s 0,0002 | 0,0008 n |- 0002 | -

IIpuMeuanue: *KOHIIEHTPANNA PACCUNTAHA KAK OTHOIIEHME CyMMBI YacCTHUI], 0OHAPYXEHHBIX B 00beqUHEHHON (COCTAaBHOM)
npobe, K CyMMapHOMY 00beMy BOABI COCTABHOI MPOOHI

**nysa JIaloKCKOTO O3epa KOHIIEHTpaIMs pacCuMTaHa Kak cpefiHee apudMeTHYecKoe MeXOy KOHIIEHTPAUUSAMU YaCTHIl
B TOYEYHBIX MIP0OAX, OTOOPAHHBIX B Pa3HBIX JIOKALUAX BBUAY CYIIECTBEHHOHN MPOCTPAHCTBEHHON HEOOHOPOJHOCTU JAHHOTO
BOJTHOTO OOBEKTA.

OTcyTcTByeT 3HauuMas KOppesAlrsa MexXAy
06beMOM OTOOpaHHOM TOYeYHOU MPOOLl U KOHILIEHTPa-
nueii mukporviactuka (KoadduimeHt koppeanuu
CnupmeHa, r 0,2). Tect [lanmupo-Yuika mokasal,
YTO pacipefesieHre JaHHBIX He ABJIAeTCA HOPMaJIbHBIM
(W(@19) = 0,9, p = 0,042 nnsa gaHHBIX, MOJTyYeHHBIX
cetrpio ManTa, W(21) = 0,52, p < 0,001 s maHHBIX,
MOJIyYEHHBIX HACOCHOHM (UIBTPOBAJIBHOU CHUCTEMOI).
U-tect MaHHa-YUTHUA NOKa3ajl OTCYTCTBUE CTATUCTU-
YecKY 3HAUYMMBIX pa3jinyuuii MexJy BBIOOpKaMU, COOT-
BETCTBYIOIIMMHU KOJIMYEeCTBY MUKpPOIUIACTHKa, pac-

CYMTAaHHOMY B TOYEYHBIX MPO6aX NMpU OTOOpPE CeThIO
MaHTa, U KOJIMYECTBY, MOJyYeHHOMY Ipu OTOOpe
¢unpTpoBasibHOU cuctemoni (p = 0,5).

Ha ananuTuyeckux Becax OBLIIO B3BelIeHO 26
yactul] (¢pparMeHTOB U TUIeHOK). CpeqHUI BeCc Hawu-
OoJiee MeJIKUX U Jierkux ¢parmMeHTOB (OKoJioO 1 MM)
cocrasua 0,03 mr. Hambosiee kpynHBIe (PparMeHTHI
(ueckosibko MMm) — ot 0,11 mo 0,61 mr. Ilpu cpaBHEHUM
peasibHOr0 U PacueTHOTO Beca YaCTUI] YCTAHOBJIEHO,
YTO OHU HAXOMATCSA B IpeJiesiaXx OJJHOTO MOPsAAKA U pas-
HUI[a MeXy BBIOOpKamMu He cyiiectBeHHa (p = 0,7).

Puc.5. CpefHue KOHILIEHTpald MUKPOILJIACTHKA NpU oT6ope npob ceThio MaHTa / npu oT6ope mpobd HAaCOCHOU GUIIBTPO-

BaJIbHOI crcTeMol (4acTuil/M®) B pa3HbIX TOYKAx O0TOOpa.
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Puc.6. IIponieHTHOE COOTHOIIIEHNE pa3MepoB 0OHAPYXEeHHBIX YaCTHUI] MUKPOILIACTUKA.

I[lo pyuHe HauboJbllero m3MepeHUs O60JIb-
MIMHCTBO YacTHUI] IPU HCIOJIb30BaHUU OOOUX METO-
noB Haxomutcsas B guamasoHe 100-1000 mxMm (47%).
JlaHHBII Iuana3oH OB Tak Xe pasjesieH Ha fBa: 100-
500 MxkMm u 500-1000 MKM [J1A OL€HKH AOJIU MUKPO-
IJIaCTUKa HauMeHbllero pasMepa. IIpu otbope mpob
ceThio MaHTa KoJIMUeCTBO yacTuI] B Auamna3oHax 100-
500 mxMm 1 500-1000 MKM nMMesy NPUMEpPHO OAWHAa-
KoBble josin (22% m 25%, cOOTBETCTBEHHO), OJHAKO
npyu orbope mpo0 (PUIBTPOBAJIBHONM CUCTEMOH Cpeau
BCEX YacTHUI] MUKPOIUIAaCTHKA Ipeobyafaad HMMEHHO
HaumeHbIe - 100-500 mxm (41%) (Puc. 6). B To xe
BpeMs 4acTHIB Me3oIlacThuka (0oJsiblie 5 MM) BCTpe-
YaJIMCh TOJIBKO IpU oT60pe ceThio MaHTta. KonmnuecTBo
YacTUI] yMeHbIIaeTcs ¢ yBeJMYeHeM UX pa3mepa, 4To
COOTBETCTBYEeT HAlUM IpeAbAYLIAM HCCIeJOBaHUAM
(Tikhonova et al., 2024) u apyrum paboram (Hale et
al., 2020, Leusch et al., 2023).

MeTogaMu CHeKTPOCKOMUM KOMOMHaLOHHOTO
paccesHuA 6bpIa poBepeHa BeIOOpka u3 106 uacTuil,
U3 HUX y 44 4yacTuI] yOaJoCh IMOJYyYUTh JOCTOBEPHEBIE
CIIEKTPHI MOJMMepoB. Y 23 yacTul] ObUIN OIpedeieHb
TOJIBKO CHEKTPHI Pa3/JIMYHBIX KpacuTtesiel. 22 4acTUIIbI
CIJIBHO (pJTyopeciypoBaIi, YTO TakKXke 3aTpPyIHHJIO
ompefesieHUe WX clekTpa. ¥ 17 yacTui] He yAaJioch
OnpefeIuTh CIEeKTP U3-3a HecoBNaJeHus ¢ pedepeHc-
HBIMHA 3HAaYeHuAMU B Oasze [AaHHBIX WM CHUJIBHOTO
3arps3HeHus obpasna.

Haubosbiiee kosin4ecTBO 00pasIoB ¢ MOATBEPXK-
JEHHBIM TOJIMMEPHBIM COCTaBOM YAaJOCh MOJIYYUTH
AnA npo6 u3 Cyxo0JIbCKOTO U MUYypHHCKOTO 03€ep.
OTO CBA3AHO C HaJIW4YMeM OOJIBIIOro KoJmdecTBa dpar-
MEHTOB B Ipof0ax, OTOOpaHHBIX B 3THUX 03€paxX CeThbI0
ManTa. YacTuibl MUKpOILUIacTUKa B (popMe BOJIOKOH
4acTo CHUJIbHO (QJIyOpecIipoBajii, B TO BpeMs Kak
CIIeKTPHl (parMeHTOB U IJIEHOK ONpefessInch 6ojee
ycnemHo. B CyxomosbckoMm o3epe npeoOJiafarmiliyiM
TUIIOM IIOJIMMEpOB sABJiAeTcsA mnojunponuseH (66%),
a Ttaxxe nonudTuieH (33%), noaustusieHTepdTasaT
U TOJIUCTUPOJI BCTpPEYAJIUCh B eJUHUYHBIX OK3eM-
wisipax. B MwuuypuHCcKOM o3epe mpeobJiafaroiniuMu
TUNIAMU TIOJIUMEPOB SABJIAIOTCA MOJUaTHUIIeH (45%) u
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nosiunponusied (41%), Takxke BCTpevyalTCs MOJIUITU-
neHrepdranat u noguctupos. B KpacHom ozepe s
HECKOJIBKUX YacTUl] ObLIM OIpejiesieHbl TOJIBKO CIIeK-
TPbI IUTMEHTOB, MaTepuaJl YaCTUI] OIIpeJleJINTh He y1a-
Jnock. Cpenu yacTul mpob, oTodpaHHBIX B JIaoXCKOM
o3epe, [JI1 KOTOPBIX OIpe/iesieH TUIl MaTepuajia Kak
CUHTeTUYeCKUH MoJiuMep, peobsiaaas noJIUMpOoInIeH
(83%), Takxe BcTpeuasica MNOJUITUIEHTepedTasar.
B pexe CBupb yhajochb 0OHapyXUThb TOJIBKO YACTHI[BI
NoJIN3TUJIeHTepedTasaTa.

TakuMm oOpazoM, npeobafarliMUA TOJIHUMe-
paMu cpeau BceX NMPOAHAJM3MPOBAHHBIX YaCTHUI] OKa-
3aymch nosunponuieH (54%) u nonusTtuiieH (34%),
KOTOphble OTHOCATCA K OCHOBHBIM THIIAM MOJIUMEPOB
B BOJHBIX oO0bekTax (Dusaucy et al., 2021) u mosmme-
pamMu ¢ HauboJBIINM OOBEMOM TIJI00AJIBHOTIO IIPOM3-
BojctBa (PlasticsEurope, 2022).

MsbI mpennoJiaraeM, YTO YaCTHUIbI, Y KOTOPBIX
ObLI ompefesieH TOJIBKO IUTMEHT, MOXHO YCJIOBHO
MPUHUMATh 32 CUHTETUYECKUE, T.K. Y HUX OTCYTCTBYET
CIIEKTP LIeJUTI0JIO3Bl, M OHU He MPOropawT MpU BO3JAel-
cTBUM Jiazepa. diiyopecrieHIMA MOXeT OBITh CBA3aHa
C HaJIuMeM KpacuTesid B COCTaBe YacCTUI[ U JejaeT
HEBO3MOXHBIM ONpeJieJIeHNe WX CIIEKTPa, OJIHAKO
€CJTM JaCTUIIBl He MPOTroparoT HAa HEBBICOKUX MOIHO-
CTAX Jla3epa UX TOXE MOXHO YCJIOBHO NMPUHUMATH 3a
CHUHTEeTUYeCcKUe.

4. 06¢cy)xpeHue pe3yAbTaToB

B pesyspTate JaHHOrO 3KClIepuMeHTa OOHapy-
JK€HBl OCOOEHHOCTH [aHHBIX METOAOB yXX€ Ha 3Talme
camoro orbopa npob. Tak, cerb ManTa OoJblile MOA-
XoOUT JJia OyKCHpOBaHMA Ha Hay4yHO-HCCJIe[o-
BaTeJIbCKOM CyJHe u3-3a ee OOJIbIINX pa3MepoB,
a Takxe MOXeT OBITb MCIOJIb30BaHa TOJIBKO MAJIA
orbopa Mpob ¢ MOBEPXHOCTHOT'O CJIOS BOAHOM TOJIIIU.
OUIbTPOBAJIBHYI0 CUCTEMY MOXHO HCIIOJIb30BaTh He
TOJIBKO AJ1A oTOopa mpob BOJbI ¢ GopTa CyAHA, HO U
¢ Ipuyajia Wiy JieJOBOro IIOKPOBa B 3UMHUN I1epHof,
a Takxe OHa IO03BoJiAeT OTOMpaTh IPOOBl C pasjinuy-
HBIX BOJIHBIX TOPM30HTOB. OO0beM OT(PUIBTPOBAHHOMN
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BOJbl IIPM HCIIOJIb30BAaHUU ceTH MaHTa 3HayuTeJIbHO
0oJibllle, YTO MO3BOJIAET OTOOpaTh GoJiee pernpe3eHTa-
TUBHBIe MPOOBI [JIA HCCIeJOBAaHUN MUKPOIIACTHKA
B BoZe. B To xe Bpewms, HacocHasd (uUIbTpOBaJIbHAA
cucTeMa I03BOJIAET 0oJiee TOYHO OLeHUTh KOJINYECTBO
[IPOKAaYaHHOI0 Yyepe3 Hee 00beMa BOLHI, a ee HCI0JIb30-
BaHMe Ui oTOOopa Mmpob B parioHax ¢ Oojiee BBICOKUM
YPOBHEM 3arpsi3HeHHus 00JIerduT AaJibHeNIIyio Jiabo-
paTopHy 06paboTKy MmpoO, 4yTO OBLIIO TakXke OOHapy-
xeHo B pabote (Karlsson et al., 2020). IIpomecc oT6opa
po6 BOABI (PUIIHBTPOBAIBHON CUCTEMOM OoJiee JIOJIrni,
OHAaKO BpeMsd, 3aTpauyeHHOe Ha HuX JiabopaTOPHYIO
00paboTKy, HAaIpOTUB 3HAYUTEJBHO MEHbIIle, YeM JJiA
po0, 0TOOpaHHBIX CeThI0 MaHTa, 13-3a MeHbIero o0b-
emMa 3ajlep)kaHHOro Ha GUJIbTpe OpraHUYecKoro Mare-
puana. Takum ob6pa3oM, ABa 3TUX MeToAa UMeIOT IIpo-
THUBOIIOJIOXKHbIE JOCTOWHCTBA U HEeJJOCTATKH, ABJIAIOTCA
KOMILJIEMEeHTapHbIMM 1 Ha JaHHBI MOMEHT peKOMeH-
AyeTcs HUCHoJIb30BaHMe oboux meTtodoB. K Takum xe
BBIBOJIaM IIPUIILIM aBTOPHI, KOTOpPble CPaBHUJIN JaHHbIe
MeTobl Ha mpuMepe o3epa Tosutensze (Tamminga et
al., 2019).

KonneHTpanuu MUKpOIUIaCTHKa B pacueTe Ha
1 M3, mosTyyeHHbIe TPU 0TOOpe MPO6 PUITBTPOBAJIBHOM
CHUCTEeMOY, 3HAYMTEeJIbHO MPEeBHIIAIT KOHIIeHTpaluu
JaHHBIX YacTuIll npu orbope ceTbio MaHTa, 4TO Takxe
ObUT0 TOJTy4eHO B paborax (Montoto-Martinez et al.,
2022; Frank et al., 2024). DTo MOXeT ObITh CBA3aHO KaK
¢ roTepel yactul] pu or6ope npod cetbio MaHTa, Tak
U, B cJiydae ¢ pUJIbTPOBAJIBHON CUCTEMOM, C BEPOATHO-
CTBIO IlepeyyeTa KoJiMyecTBa 4acCTHUIl IpU MaJIoM 00b-
eMe mpoObl. PesysbraTel pabot (Karlsson et al., 2020;
Tamminga et al., 2019) TakXe Mokasajau, 4TO 0OBEM
po0 3HAUUTEJIbHO BJIMAET Ha WMTOrOBbIE KOHILIEHTpa-
UM, MO3TOMYy HeoOXOAUMO obecrneuuTb OTOOp Mpob
J0CTaTOYHO OOJIBIIOro o6beMa B HECKOJIbKUX IIOBTOP-
HOCTAX [AJIA IOJIy4eHHs pellpe3eHTaTUBHOI BBIOOPKH,
MO3BOJIAIOLIEN CTAaTUCTUYECKH CPaBHUThH JaHHBIE.
CinengyeT OTMETUTb, YTO B paMKaxX AAaHHONM pabOTHI
HauOoJIbIIINe KOHIIEHTPAl[MX MHUKPOIUIACTHUKA OBLIN
obHapyxeHbl B MUUypUHCKOM O3epe, TAe CyMMAapHbIHI
06beM MpoOHI Ipu 0TOOpe PUIBTPOBATIBHOU CUCTEMOLT
OKa3aJicsi HauMeHBIINM, YTO MMOATBepXaaeT HeoOX0qu-
MOCTh 0TOOpa 60JIbIIOT0 0OBbeMa MPOOHl ((keaTesIbHO
He MeHee 1 M?). [I14 noJyiyueHus 60Jiee pernpe3eHTaTUB-
HBIX IpO0 AajibHelIlee ycoBepIIeHCTBOBaHNEe (PUIIbTPO-
BaJIPHOH CHCTeMBI MOXeT 3aKJIF0YaThCA B YBEJIMYEHUN
JuamMeTpa IpHUeMHOI YacTy, Ha KOTOpPOH pacroJara-
I0TCA QUIBTPHI, YTO MO3BOJIUT yMEHBUIUTh CKOPOCThb
3abuBaHuA QUIBTPOB B3BEChI0 U NPOKAYMUBATH OOJIb-
muil o0beM BoAbl. OQHAKO JJIA MOJIyYeHUA OOJIBIIOTO
ob6beMa IpoObl IPU MIOMOIY HACOCHON (UIBTPOBATID-
HOU cHcTeMbl HeOOXOAMMO TaKXe YIUTHIBATh Ce30HHBIE
0Cc0O0eHHOCTU BOJHBIX O0OBEKTOB.

Ilepuiog otbopa mpo6 3HAUMTEJIBHO BJIWAET Ha
3 dexTUBHOCTH OTOOpPA U J1aOOPATOPHOU MOATOTOBKU
1po0, T.K. IPUCYTCTBHE OOJIBIIOrO KOJIMYecTBa B3BeCU
B BoJe B JIETHUM IepuoJ| CUJIBHO 3aTpyIHseT obpa-
0OTKy U AajipHeNIMil aHaiu3 npob. B cBA3M ¢ aTum
Ui Leyiell cpaBHeHUs 35(@GeKTUBHOCTU pPa3INYHBIX
MeTOJZI0B 0e3 ydeTa CEe30HHBIX KoJjieOaHWN W THUPO-
JIOTUYECKOT0 peXuMa BOJHBIX OOBEKTOB peKOMeH-
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JayeTrcsa oTOUpaTh MPOOBl B MEPHUOABl C HAaNMEHBITHUM
cogepxxanueM B3Becu. CeTp MaHTa peKoMeHOyeTcsA
HCIIOJIb30BaTh NMPU HEOOXOAMMOCTU OTOOpaTh MPOOHI
C MOBEPXHOCTHOTO CJIOA B JIETHUI Mepuoj npu 00Jib-
IIIOM KOJIMYECTBe B3BECH U B 3BTPOGHUPOBAHHBIX BOJOE-
Max, T.K. QUJIbTpOBa/IbHasA CHUCTEMA B TaKUX YCJIOBUAX
OBICTpO 3a6uBaeTcs U MOJIy4eHHbIe JaHHbIe IPU 0TOope
JaHHOI cucTeMoll mpu obbeMe Mpo6Gs MeHee 1 M°
MOryT OBITh He pelpe3eHTaTUBHBIMU (KaK, Hampumep,
B 03. Mu4yprHCKOM).

Takxe cjegyeT OTMETUTh TPYAHOCTU, BO3HU-
Kamwlljie NpU OIpefieJiIeHNH IOJIMMEPOB MeTOoJaMu
CIEKTPOCKONNY KOMOMHAIIMOHHOTO paccesHUusA CBeTa.
3aTpyaHeHHsA MOTYT BO3HHKaTh ellle Ha 3Tale Ipo-
OOmOArOTOBKM HauboJiee MeJIKUX YacTull, KOTOphIe
HYXHO OT[AeJUTb OT OpraHHYecKoro BemjecTBa (opra-
HUYECKOU CPeABI-OKPYXXeHMsA, B KOTOPON HaXOJUjach
yacTulia), U [epeHecTu B OTAesbHyI0 4vaumky Iletpu
JUIA mocJieAylollero aHaiamusa. Takum oOpas3oM, yalle
BCcero ypaercs MpoaHaIM3UpOBaTh TOJIBKO Haubosee
KpyIIHble BOJIOKHa, a Takxe (parMeHTH. B manHOoM
HccJieJOBaHNN ONpeflesIUTh CIeKTP BOJIOKOH OKa3blBa-
JIOCh 3HAUMTEJIBHO TPyJIHee 13-3a YacTol (yopecrieH-
uuy o0pasLoB, B TO BpeMsA Kak ¢ pparMeHTaMy TaKKiX
TpyaHOCTel ObIO MeHbIlle. OJHAKO UMEHHO BOJIOKHA
COCTaBJIAIOT OOJIBIIMHCTBO YacCTHI] MHUKPOILJIACTUKA B
ecrecTBeHHBIX cpefiax (Acharya et al., 2021). B atoi
CBA3MY, MCIIOJIb30BaHUe ceTy MaHTa Takxe MOXeT obe-
CIeYUTh IolaJlaHue B IIPOOB MMEHHO (PparMeHTOB U
IIJIEHOK, MaTepuajl KOTOPBHIX YCIIeIIHO OIpejesiseTcs
CIIeKTpaJIbHBIMH MeTofaMu. B mpobax, oTOOpaHHBIX
(puIbTPOBaJIBHON CUCTEMOM, a TakXe B HanMeHee 00b-
€MHBIX Ipo0ax, oTOOpaHHbIX ceTbio MaHTa (Jlagokckoe
03epo u peka CBUpb) OGOJIBIIMHCTBO OOHAPY>XKEHHBIX
YacTULl NPUXOAWJIOCh Ha HaMMEHbIINH pa3MepHBIN
JUanasoH U NpakTU4YecKd He BCTpevasioch (pparMeH-
TOB, YTO CYLIECTBEHHO YMEHbIINJIO BEIOOPKY, KOTOPYIO
MOXHO MPOAHAJIM3UPOBATh. [IOMUMO 3TOro, y HEKOTO-
PBIX YaCTHUIL CIIEKTPHl HEe COBNAJAJIN C UMEIIUMUCA B
0a3e JaHHBIX, YTO MOXET OBITh CBA3AHO KakK C Jerpaja-
1yel oOpasiia B mpoliecce OBITOBaHUSA, TaK U C Pa3INiK-
AMHU B 3aMeCTUTEJIAX JIA OJIM3KHUX 110 KJIacCy BelecTs,
a TakXe C OrpaHUYEeHUAMU caMOU OMOJINOTEKM.

5. 3aknioueHue

Beuto mpoBeeHO cpaBHeHHEe [ABYX MeTOJIOB
orbopa mpo0 BOABl Ha MUKPOIUJIACTUK Ha IpHUMepe
Jlagoxckoro o3epa u pexku CBHpb, a Takxe APYrux
03ep, paHee He HCCJIEJOBAHHBIX Ha COJepXXaHue JaH-
HBIX yacTull. Pe3ysbTaTel OKa3aayd, YTO HECMOTpPs Ha
0Oojlee BBICOKHE CpeAHUe KOHIeHTpaluul MMKPOILIa-
cTUKa Npu oTOope Mpo6 HACOCHOU (UIIBTPOBAIBHOMN
CHCTEMO II0 CpaBHEHUI0 ¢ Mpobamy, OTOOpPaHHBIMHU
ceTpi0 MaHTa, JaHHBIE COMMOCTABUMEI. Y YU THIBasA JOCTO-
WHCTBA M HENOCTaTKU 000UX METO/AOB, Ha JaHHBIN
MOMEHT HeJIb3s1 cieJIaTh BBIBOJ] O TOM, YTO KaKON-TO U3
HUX 0OJIbIlle IOAXOAUT JJIA MCCJleJOBaHUN MHUKpOILIa-
CTUKa B BOAHBIX 00beKTax. JlaHHBIe METOAB! ABJIAITCA
KOMILJIEMEHTapHBIMM U HUX CJIeAyeT HCIOJIb30BaTh C
y4eToM HayuyHbIX 3amad. CeTb MaHTta GoJibllie MTOAXO-
AUT 114 0TOOpa 60JIbIIOro 00beMa BOABI C HOBEPXHOCT-
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HOTO CJI0s1 B KpaTkue cpoku. HacocHas ¢uibTpoBaib-
Has cucTtemMa MOAXOOUT IJjiA oTOopa mpod Ha JIIOOBIX
BOJIHBIX TOPU30HTAaxX U B IMOBEPXHOCTHOM CJIOE TpU
HebGoJibIIOM 00beMe B3BecU. [11A cpaBHEHUA AaHHBIX,
MOJIyYEeHHBIX PA3HBIMU MeETOJIaMU, HeoOXoaumo obe-
credynTh 0TOOp 0OJIBIIOr0 0oObeMa BOJBI, UTO B CJIyuyae
C HACOCHOHM (UJIBTPOBAJILHOU CHCTEMOU IPeICTaBJIs-
eTCs1 BO3MOXHBIM TOJIBKO B ITEPUO/I, KOT1a COJIepKaHue
IUTAHKTOHA Y MYTHOCTb BOJIBI MIUTHUMAJTbHEI.
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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

(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.

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, M 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 | gi o 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- | o1y 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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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).

”
3

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).

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).

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 m, 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:

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.
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“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 um 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



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

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.

Fig.8. Possibilities for separations of diagonal elements.
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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
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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-

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

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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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 (Szfics 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
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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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) Compeére & 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 umol/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 coxl 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.cbre.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 cox1 genes, the TN+F+I+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

S5KH561 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.21.0309-0OE-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.21.0309-0OE-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 Table 2. Sequences of primers used in this study

betV\{een' genotypes of the same d1atqm Primer Subsequence (5"~ 3)

species isolated from geographically dis-

tant points (Ehara et al., 2000; Evans et 18S_1F (Katana et al., 2001) AACCTGGTTGATCCTGCCAGT

al., 2007; Hamsher et al., 2011), includ- 185_1050R (Guo et al., 2015) GTTTCAGHCTTGCGACCATACTCC

ing representatives of the genus Ulnaria Ua_cox1_1F (Marchenkov et al., 2022) ATGAAGTTTGCTAATCGATGGT

(Marchenkov et al., 2022). Thus, the use Ua_cox1 714R (Marchenkov et al., 2022)|  AAAAAGGTGTTGGAACAGTACAG

of this gene is appropriate for establishing Uu_cox1_72F AGCTATTTCCGGTGTAGCGGGTAC

genetic differentiation in natural popula-

tions of the species U. ulna and U. danica. LIS 2l SXEEIEEEEE S G s VL
The choice of “universal” primers rbcL-F (Zakharova et al., 2020) ATGTCTCAATCTGTATCAGAACGG

for cox1 of diatoms is a rather complex rbel-R (Zakharova et al., 2020) CAACCTTGTGTAAGTGTCACTATTC

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

Fig.2. Phylogenetic reconstruction based on the 18S gene fragment.
U. danica of Lake Ritsa and Goluboe, as & yos & &

Nodes for key clusters determine the support for the superfast bootstrap

well as Lake Baikal, are heterogeneot{s. topology and the approximate likelihood ratio of SH-aLRT. The sequences
It should be noted that data on cox1 in obtained in this work are highlighted in color: blue — Russia, Lake Baikal;
representatives of the genus Ulnaria are green — Abkhazia, Lake Ritsa, light blue — Abkhazia, Lake Goluboe.
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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 coxl 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.

Supplementary Materials

Table S1. Characteristics of nucleotide sequences
of cox1, rbcL and 18S rRNA genes
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Fig.5. Phylogenetic reconstruction based on the rbcL 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 high-
lighted in color: blue — Russia, Lake Baikal; green — Abkhazia, Lake Ritsa, light blue — Abkhazia, Lake Goluboe.
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AHHOTAILIUSA. BecmoBHBlE UAaTOMOBBE BOAopocau u3 poxa Ulnaria sBISIOTCA AOMUHHUPYIOMINIMU
BUIAMH BO MHOTUX IIPECHOBOJHBIX 3KocucTeMax EBpasum. IlomysAnuy OUATOMOBBIX BOZOPOCJIEH
SIBJIIOTCSI T€HETHYeCKW HeOAHOPOAHBIMH U MPEeNCTaBJIIIOT COOOI coYeTaHHe Pa3HBIX TE€HOTHUIIOB.
T'eneTmyeckoe pasHoOOOpa3ue sBJAETCA HEOOXOAUMBIM (GaKTOpPOM AJIA afanTanuy K Pa3IMYHBIM YCJIIO-
BUSM OKPY’XXAIoOWmIel Cpefbl U YCIIENIHOTO pacceyieHus BUAOB. MbI IPOAHAIM3UPOBAIA TeHETUYECKOe
pasHoobpasue BunoB Ulnaria danica u Ulnaria ulna Ha nprMepe MOHOKJIOHAJIBHBIX IITAMMOB, BbIJIe-
JIeHHble 13 reorpaduvecky yAaJeHHBIX APYr OT Apyra BOOOEMOB KOHTHMHEHTAJIbHOHN 4yacTu EBpasuu
o3epa Puria, o3epa l'osty6oe u o3epa Batikai. [Ipu pumoreHeTndeckoM aHaau3e GparMeHTOB reHa coxl
nccsiefyeMbIX IITaMMOB BIIepBble ObIa MOKAa3aHa FeTePOreHHOCTh MOIYJIALMI 1 OTCyTCTBHe reorpadu-
YeCcKOU M30JIALUY [T OTAEJIbHBIX TeHOTUIIOB HcCcaeAyeMbIX BUAOB. [TyTeM aHasi3a MapKepHBIX FeHOB
18S pPHK, rbcL u cox1, ycTaHOBJIEHA BO3MOXHOCTh TOPU30HTAJIBHOTO IIepeHoca T'eHOB MeXay OJIM3KO-
poAcTBeHHbIMU BuAamMu Fragilaria radians, Ulnaria acus, U. danica n U. ulna.
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1. Beepenue TpaguirioHHO kJaccudukanua auaTtoMernt

MOCTpOeHa Ha MOP()OJIOTUH UX KPEMHUCTOTO TMAaHIUPS,
KOTOPHII OOMJIBHO OpHAaMEHTHUPOBaH PpPas3INYHOIO
TUMA OTBepCcTUAMM (apeoJyiaMy, [IOpPaMU), BHIPOCTAMU
u mmnamu. CTpoeHHe, PachojIoKeHHe W KOJUYeCTBO
KOTOPBIX SIBJISIETCS BUIOCIENUMUIECKUM TPU3HAKOM.
CorslacHO HefJaBHUM paboTaMm, CyIiecTByeT OKojio 17
000 BasMOHO ONMMCAHHBIX BUJOB AUATOMOBEIX BOJOPO-
cyieti (Guiry and Guiry, 2024), 0qHAKO UX YUCIIO MOXET
BbIpacTu 1o 100 000 (Mann and Vanormelingen, 2013).
[Ipy 3TOM MHOTHE BHIBI UMEIOT IIUPOKOe reorpadu-
yeckoe pacnpoctpanenue (Finlay et al., 2002). Otu
MPOTUCTHl YCHEMIHO 3BOJIIOIMOHUPOBAJIY, aJaNTHUPO-
BaBIINCh K PA3JIMYHBIM yCJIOBUSIM OKPYXAIOIIEN Cpelbl
U WCIOJIB3YIOT MIUPOKUM CIIEKTP 3KOJIOTUYECKUX HUII
(Malviya et al., 2016).

O/THOKJIETOUHbIE TUATOMOBBIE BOJOPOCIIU SBJIS-
IOTCSI BaXHBIM UTPOKOM Kak B IPECHOBOJHBIX, TaK U
MOPCKUX 3KocucTteMax. Ponp auartomeil o0ycJiaBiu-
BaeTCs B TOM YHCJIE U T€M, YTO OHU IPOU3BOIAT HPU-
MepHO 40% MepBUYHOI TPOAYKIMHI B MHPOBOM OKeaHe
(Field, 1998; Smetacek, 1999; Tréguer and Pondaven,
2000), a TakXe YyYacCTBYIOT B OHOTreOXUMHUYECKUX
nukiax yraepoga (C), asora (N), docdopa (P), kpem-
Hus (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). Oun
TaKXe SIBJIAITCS HAaYaJIbHBIM 3BeHOM NUIIEBHIX LIeel B
BOIHBIX JKOCHCTeMaX. [IoOHMaHNe UX 3HAUeHUs B KO-
CUCTEME NPUBOAUT K BBIBOJAAM O HEOOXOAMMOCTU UX
BCECTOPOHHUX KCCJIEJOBAHUI.
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[Mlupokoe pacmpocTpaHeHre BUI0B 6e3yCJI0BHO
criocoOcTByeT  Mop@osioruueckoii,  (Qusnosormuye-
CKM U TeHeThueckoi auddepeHIranvy MomyJIsauL.
l'eHeTHYeCcKoe pasHOOOpasue UrpaeT BaXHYH pPOJib B
COeMCTBUM OBICTPOM afamnTalii K HOBHIM YCJIOBHSIM
oKpyxarorieii cpefpbl (Szlics et al., 2017). BeisiBsieHUe U
OTCJIEXUBaHUE TEHETUYECKOT0 PasHooOpasus MOMmyJis-
I TIO3BOJIAET PACKPBITh DBOJIIOIIMOHHBIE MEXaHU3MBI,
BJIMSIONIE Ha crocobHocTh K amantanuu (Godhe and
Rynearson, 2017; Rengefors et al., 2017). [Bmxymiei
CUJION, BO3/JeHCTBYIOIIEl Ha TeHeTUYeCKyl0 CTPYKTYpPY
MOMYJIAIIMM Y COBPEMEHHYIO OSBOJIIOIUI0, SBJISETCSA
MMOCTOSTHHAS TeHeTUYeCcKas U3MEeHYUBOCTb, OTPeIeIAi0-
mas KOJIMYECTBO BapHaIlUi, MPUCYTCTBYIONUX BHYTPHU
BHUa. 3BECTHO, YTO MOMYJIAIUU JUATOMOBHBIX BOAOPO-
CJIeil ABJIAIOTCSA FreHeTUYeCKU HEOJHOPOHBIMU U TIPEJI-
CTaBJIAIOT COOOW CcOYeTaHHWe Pa3HbIX TE€HOTHUIIOB, YTO
OTpaXkaeT UX CIOCOOHOCTb aallTUPOBATHCA K M3MEHS-
Iolerics okpyxkartoiieii cpene (Guo et al., 2015; Wolf et
al., 2019; Rynearson et al., 2022). )Ku3HEHHBIN LUKJI
JAUATOMOBBIX BOJIOPOCJIEH BKJIIOYAET JIJINTEJIbHBIN
MepUoJ] BEreTaTUBHOTO [eJIeHWs, CMEHSIONMICA Ha
KODOTKYIO PeNnpoAyKTHBHYyI0 (a3y. B mporiecce moJio-
BOT'O BOCIIPOM3BENEHUS TPOUCXOIUT OOMEH TeHeTHye-
CKUM MaTepuajioM, KOTOPBIN MepefaeTrcsi MOTOMKAM
CJIEIyIOUIET0 TOKOJIEHUs, YTO IIOMOTAaeT MOJIepPKU-
BaTh T€HETHUYECKYyI reTeporeHHocTh (Rynearson and
Armbrust, 2004). YacToTa mOJIOBOI peKOMOWHAIUU
3aBUCHUT OT MPOAOJIKUTEIBHOCTU XKU3HEHHOTrO ITUKIIA,
KOTOpas AJIA Pa3HbIX BUIOB JUATOMEN COCTABJISAET OT
HECKOJIBKMX MeCsIeB OO0 HecKOoJIbKHX JieT (Jewson,
1992; Montresor et al., 2016).

[Ipy OGJIArONPHUATHBIX YCJIOBHUAX TPOUCXOJUT
MaccoBoe pasBuTHe (“IiBeTeHHe”) OTAesIbHBIX BU/IOB
WJIM KOMILJIEKCOB BU/IOB IUTAHKTOHHBIX AUATOMEH, MpU
3TOM aKIIeHT U3yYeHUs JAaHHOTO Ipollecca paHee OBLI
CMelleH Ha U3yveHue BIMAHUA YCJIOBUM OKPYXaloIlen
cpenpbl. OTHOCUTEIBPHO HEOABHO HAMETHJICS IMepeXo[
K M3Y4YEeHUI0O BHYTPUBUIOBOTO T'€HETHMYECKOTO Pa3HO-
ob6pa3us U MHUKPOIBOJIIOI[MOHHBIX IPOIECCOB B MOMY-
AUy GUTOIUIAHKTOHA B TMEPHUOJ I[BETEHUS B MOp-
ckux 3KocucreMmax (Rynearson and Armbrust, 2005;
Rynearson et al., 2006; Chen and Rynearson, 2016). Ha
puMepe reHoB, Koaupyoumx Sigl u B-TyOysiuH, moka-
3aHO, 4TO reHeTudeckuil cocras Thalassiosira weissflogii
(Grunow) G.A.Fryxell & Hasle gemoHcTpupyeTr OTHO-
CUTEJIHO BBICOKHME YPOBHU PaCXOXXIEHUS MOCJIeI0Ba-
TeJIbHOCTEH y U30JIATOB, COOpaHHbBIX U3 Pa3HBIX reorpa-
uyeckux stokaruii (Armbrust and Galindo, 2001). B
TO JX€ BpeMs MCCJIeOBaHUS TeHETUIEeCKON CTPYKTYPHI
monyJisanuii Pseudo-nitzschia multiseries (Hasle) Hasle u
Skeletonema marinoi Sarno & Zingone ¢ nomorpio ITS
(internal transcribed spacer) mokaszasiu, 4TO pasny-
Hble MOMYJIAIUYA 3TUX BHUJOB MOTYT OOUTaTh B Pa3HBIX
pernoHax CeBepHOH AtnaHTuku 1 THXOro oxeaHa
(Evans and Hayes, 2004; Godhe et al., 2006). Ha npu-
Mepe MOPCKOH IeHTpuueckoil auatoMmen Thalassiosira
gravida Cleve noka3aHo, 9TO BBICOKHI YPOBEHb r€HETHU-
YeCcKoro pasHooOpasusA HabJII0[aaca BO BpeMs «I[BeTe-
HUA» ¢ 02 mo 13 mas 2008 r. B ATJIaHTUYECKOM OKeaHe
psagom c Ucmanauer (Chen and Rynearson, 2016). s
MIPECHOBOAHBIX DKOCHUCTEM TaKXe MOKAa3aHO HEpPaBHO-
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MepHoe pacmpefesieHre OTAeJIbHbIX TeHOTHUIIOB psAAa
BU/IOB, YTO, [0 YTBEpPXJEHHI0 aBTOPOB, MOXeT OBITh
CBA3AaHO C Pa3JINYUAMU B UX 3KOJIOTMYECKUX IMPesIo-
ytenusx (Pérez-Burillo et al., 2021). ¥ mpecHOBOAHBIX
OEHTOCHBIX AUaTOMell reHOTHINYecKoe pasHooOpasue
OTJINYaeTcs MexJy MOMyJANUAMU OOHOTO M TOTO Xe
BUJa U MHOTJ|a 3aMeTHO COKpAIaeTcs, YTO MOXeT OBITh
CBA3aHO C yepefoBaHUEM II0JI0BOrO U 6ecrosioro pas-
MHOX€eHUs, IOCKOJIbKY B IIEpHOAbl OeCroJIoro pa3MHoO-
XKEeHHs TeHOTHINYecKoe pa3HooOpas3ue IOCTelneHHO
CcOoKpallaeTcs B pe3yJibTaTe ecTeCTBEHHOro oTbopa
(Vanormelingen et al., 2015). Eme ogHOI NpUYHHOM
reHeTUYeCKUX pasyInuuil MoxeT OBITh reorpaduyeckas
yAaJIeHHOCTh 1 M30JIALMA BOAOEMOB, KOTOpas 3Hayu-
TeJIbHO ByIMsAeT Ha GOpMHpPOBaHUe U paclpocTpaHeHue
TE€HOTHUIIOB MpeCcHOBOAHBIX BuAoB (Marchenkov et al.,
2022). B cOBOKyIIHOCTH 9TO JaeT BO3MOXHOCTb yTBep-
XIaTh O BHYTPUBHUOBON T'eHETUYECKOU I'eTepOreHHO-
CTH IpHUCyLlell KaK MOPCKHUM, TaK M IPECHOBOJHBIM
JuaToMesM U CIOCOOHOCTU pasfiesieHrs Ha OTAeJsIbHble
MIOIYJIALMH, YTO JOJDKHO CIOCOOCTBOBATD IOBBIIIEHUIO
CIIOCOOHOCTHU K aJiamnTallim.

Llenp Hamiero uccjaefOBaHUA COCTOsJIa B TOM,
yTOOBI ONpefesINTh reHeTuueckyn AuddepeHLpaINO
B IONYyJIALMAX IUIAHKTOHHBIX IIPECHOBOJHBIX OUATO-
MOBBIX BogopocJiell poga Ulnaria (Kiitzing) Compére.
Mbl cocpefoTOYMJIM CBOE BHHMMAaHHe Ha IeHHaTHBIX
OeCIIOBHBIX AMATOMOBBIX Bogopocysix Ulnaria danica
(Kiitzing) Compére & Bukhtiyarova u Ulnaria ulna
(Nitzsch) Compére, TOCKOJIBKY OHU ABJIAIOTCA GJIN3KO-
POACTBEHHBIMM BHAAMU CO CXO0XUMHU Mopdosiornge-
CKMMU NpU3HaKaMU, OJHAKO pa3jInyaloTcs IpeaeiaMu
pacIpocTpaHeHus, 3anagHas yacTb EBpasuiickoro KoH-
THHeHTa 3acejieHa U. ulna, a BoctouHasa — U. danica
(Podunay, 2022). B cBa3u ¢ 3TuM ObUI IPOBEJIEH aHa-
3 MapkepHbIXx reHoB 18S pPHK, rbcL u cox1 y MOHO-
KJIOHAJIBHBIX IITaMMOB 3THX BHUOB, BBIICJIEHHBIX W3
o3zep Puna u T'osy6oe 3anagHo-KaBkaskoro peruosHa
(pecniybimka AOxasus) u o3epo baiikasi, HaxopAlle-
rocs B 100KHOH 4acTy BocTO4HOM Cubupu.

2. MaTrepuanbl U METOADI
2.1. OT60p NPO6 ¥ KyALTUBMPOBaAHHE

B paboTte ObLIM HCNOJIB30BaHBI 28 MOHOKIIO-
HaJIbHBIX IITAMMOB W3 KOJUIEKIMU XWUBBIX KYJBTYP
JUaTOMOBBIX BozopocJyeli JIMMHOJIOTMYeCKOr0 UHCTH-
TyTa PAH, BhIAesieHHble 13 Tpo0 (QUTOIJIAHKTOHA 03.
Batikan (Puc. 1, Tabiuma 1), corjlacHO MPOTOKOJTY,
omybJyinkoBaHHOMY paHee (Zakharova et al., 2023), a
Takxe 12 mMTaMMOB U3 KOJUJIEKIIMN AUATOMOBBIX BOJO-
pociieit Muposoro okeana (WODC) Kapanarckoii Hay4-
Ho¥ ctaHiu uM. T.U. Basemckoro (Deogocus, Poccus)
BhIfleJIeHHbIe 13 po0 B 03. Puria u 03. T'osry6oe (Puc. 1,
Tabmuma 1). Kirerku BeipammBaiau B 100 mu1 kosibax
OpJienMetiepa npu 8 °C u ocBermeHun 16 MKMOJIb/M?/C
¢ yepefoBaHMEM AHA UM Houu 12:12 yacoB B CTepuib-
Hoii cpefe DM (Diatom Medium) (Thompson, 1988) u
IepeceBajy OOWH pa3 B MecsdAl. BugoBas npuHajiiex-
HOCTb HcCJIelyeMbIX IITaMMOB Obljla IpeJiBapuTesIbHO
omnpejesieHa MpY IOMOIIY CBETOBON MUKPOCKOIMU.
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Puc.1. Kapra c ykazanueM crannuu otéopa npo6 ¢uromianktoHa. A) Kapra EBpasuii; B) Tepputopus pecry6ivku A6xasuy;
B) 03. Batikas. CHUHHMI TOYKH — cTaHIUK oTOopa npob o3. Baiikasn (Poccus); rosry6as Touka — 03. 'omy6oe (Pecriybiika A6xasus);

3eJieHas Touka — 03. Pura (Pecny6sinka A6xasus).

2.2. Ikcrpakuusa AHK, MUP 1
CEeKBEeHHpPOBaHMEe MapKepPHbIX FEeHOB

JIHK Opu1a BbIZEJIeHA M3 6MOMacCchl MOHOKJIO-
HaJIBHBIX IITAMMOB JJUAaTOMOBBIX BOJOPOCJIel KakK OMu-
caHo paHee (Marchenkov et al., 2018). AMmtndukamo
dparmenToB reHoB V3-V4 nersu 18S pPHK, rbcl. n
cox1 mpoBOAWJIM, UCIIOJIb3yA MpaliMepHl, yKa3aHHbIE B
Tabmuue 2, u Hatop Taq JHK-nonumepasa (EBpores,
Poccus). ITpoaykThl aMIIMpUKaum pasiessain dJ1eK-
Tpodopesom B 1,5% arapo3HoM rejie U OuyvIAJIA OT
peakIMoHHON cMecH ¢ moMollpio Monarch® DNA Gel
Extraction Kit (NEB, CIIIA). CexkBeHUpOBaHHE METO-
aom CsHrepa NpoOBOJAWJIM C MCIIOJIb30BaHHMEM Habopa
I'enCek (CuHTOJI, Poccus) Ha reHeTUYEeCKOM aHaJIu-
3arope Hanogop 05 (Cunros, Poccus) B [IpubopHOM
[[EHTPe KOJUJIEKTUBHOI'O IOJIb30BaHUA (PU3UKO-XUMHU-
yeckoro yiabTpaMukpoananusza JIMH CO PAH (LIKII
«YnpTpaMuKpoaHanus», UpkyTck, Poccus). Anamus
HYKJIEOTUAHBIX IIOCJIEJOBATEIbHOCTEN  MPOBOIUIIN
C WCMOJIb30BaHUEM TMPOTrPaMMHOTO OOecreyeHus
Chromos (Technelysium Pty Ltd, ABcrpamms). Bce
CEeKBEHHPOBAHBIE [TOCJIEI0BATEIHHOCTU JIETIOHUPOBAHBI
B GenBank (Ta6smna 1).

2.3. dunroreHeTHUECKHMHN aHaAAU3

HaGopel gaHHBIX [iA ¢GparMeHTOB reHOB 18S
pPHK, cox1l u rbcl nnma ¢uioreHeTUYECKOH pPEKOH-
CTPYKLMU COAEepXaii IocJie[oBaTeIbHOCTH, IOJIy-
YyeHHBIE B JAHHOUW paboTe, U roMoJioru 13 6a3bl J1aH-
Heix NCBI (Tabmuma 1, Ilpunoxenue Tabauma S1).
BripaBHUBaHUe [10CJIeJOBaTeIbHOCTEN IPOBOAMIIN IIPU
oMoty oHyaitH-pecypca MAFFT (https://mafft.cbre.
ip/). Mopeny MOJIeKyJIApHOM 3BOJIIOLIUY ObLIM IIOCTPO-
eHbI Ha 0CHOBe 0aliecoBCKOro MH(POPMAIIOHHOTO KpU-
tepus (BIC) B mporpamme IQ-TREE v. 2.3.6 (Minh et
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al., 2020) c¢ wucnosp3oBanneM MmoxyJsisi ModelFinder
(Kalyaanamoorthy et al., 2017). [{yia OLeHKH TNOJ-
JEepXKUA TOMOJIOTUU JIepEeBbEB HCIIOJIb30BAJIN 3HAye-
HUsA cBepxObicTporo 6yrcrpena (Hoang et al., 2018) u
TeCT MPUOJIU3UTEIPHOTO OTHOILIEHUS MPaBONO 00U
SH-aLRT (Guindon et al., 2010). [To HauMeHbIIEMY
3HaueHU 0OaliecoBCKOro WHOOPMAIMOHHOTO KpHUTe-
pusa (BIC) nia ¢uioreHeTUYecKONM PEKOHCTPYKIIUIO
reHoB cox1 Obu1a BeIOpa"a Mofesib TPM2u+F +1+ G4,
amna resos 18S pPHK mogmens TN+F+I+R2, nu s
rbcl. mozmens GTR +F + G4.

3. Pe3yabTaTtbl M 06Ccy)xpeHue

Jia mepBoHavasibHON HAeHTU(UKALUU IITaM-
MOB HaMH ObLTH ITPOAHAJIU3UPOBAHKI MOCJIENOBATETh-
Hoctu (parmenta reHa 18S pPHK pajia Bcex wmram-
MOB, HCIIOJIb3yeMbIX B OJaHHON pabore (Tabsmra 1)
1A TIOATBEPXOEHUs BUIOBON MNpUHAAJIEXHOCTU. U3
pe3yIbTaTOB  (QUIIOTEHETHYECKOW  PEeKOHCTPYKINU
(Puc. 2) BUAHO, YTO aHAJM3UPyEMEbIE MMOCIIEOBATETh-
HOCTH COOTHECEHBI K KJIaZjlaM, COOTBETCTBYIOI[UMU
ponam Ulnaria v Fragilaria. [leHHATHBIE AUATOMEUN U3
pona Ulnaria oueHb 4acTo SABIAOTCA JOMUHUPYIOIMIUMU
BUJI[aMU B COCTaBe MPECHOBOJHBIX COOOIIECTB MUKPO-
BojiopocJteit. [IpeacTaBuTe M poAa, COBMECTHO ¢ 6JIM3-
KOPOJICTBEHHBIM eMy poxoM Fragilaria, moaBepraoTcs
moctosHHON 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-
dosiornyeckre pasuuvs MeXIy BHIAMH HaCTOJIBKO
TOHKHE, YTO TpebyeTcs NpUMeHeHUEe CKaHUPYoIIen
3JIEKTPOHHOM MUKPOCKOIIUY HJIK METOIOB MOJIEKYJISIP-
Hou 6uoJsiornu (Zakharova et al., 2023). Panee ObLI1O
II0OKa3aHo, 4YTO, HCINOJIb3ysA ¢parMeHT resa 18S pPHK,
BKJIIOUAmKIIero B cebsa BapruabesibHble pernoHsl V3-V4,
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Ta6uunia 1. HauMmeHoBaHMe UCCIIeAyeMBIX IITaMMOB

IItamMmm Bup MecTto oT6opa npob Homep nocieno-| Homep nmociie- | Homep mociie-
BaTeJIbHOCTHU 18S| noBaTesIbHOCTH |ZI0BATEJIBHOCTH
pPHK B GenBank | cox1 B GenBank |rbcL B GenBank

O3zepo batikan (Poccus)
BZ 5 U. acus Bapry3uHckuii 3a1uB PQ456333 PQ497024

BZ 251 U. danica OP159836 PQ497061 OP169177

BZ 261 PQ456352 PQ497043 PQ541091

BZ 263 PQ456353 PQ497044

ACH 275 F. radians Axapemuueckuii xpebet PQ472489 PQ497025 PQ541090

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

SyHAyK
MM 609 U. danica nposimB MaJjioe Mope, PQ456366 PQ497050
LEHTP

M-S278 F. radians LIEHTp paspesa PQ456348

M-S586 W e - e PQ456351

M-S 607 U. acus PQ456344 PQ497037

5K557 U. danica 5 kM oT npoToka Xapays, PQ456355 PQ497046

5KH561 Aiesbra p. Ceienra PQ456356 PQ497027 PQ541092

ChZ519 U. danica YNBBIPKYHCKUI 3aJIUB PQ456354 PQ497045 PQ541095
L549 U. acus Heaeko OT 1. JIuCTBsHKa PQ456334 PQ497026

B-T577 U. acus LIEHTp paspesa PQ456335 PQ497028

B-T605 Barikaswcxoe-Typasu PQ456343 PQ497036

T-N578 F. radians [[EHTpP paspesa PQ456349

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

Y-T 594 U. acus LIEHTP paspes3a PQ456340 PQ497033

Y.T 581 R PQ456337 PQ497030

Y-T 580 F. radians PQ456350

K-A 598 U. danica LIEHTp paspesa PQ456364 PQ497047

KoTeslbHUKOBCKUI
- AMyH1akaH

15K 588 U. acus 15 xm ot p. n. Kynatyk PQ456338 PQ497031

15K 589 PQ456339 PQ497032

L-T 600 U. acus LIeHTp pa3pes3a PQ456341 PQ497034

L-T 604 ncrsamia-Tarxoi PQ456342 PQ497035

L-T 602 U. danica PQ456365 PQ497049

Pecnybiinika AGxasus
G.21.0309-OE-1 U. ulna 03. T'oy6oe 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.21.0309-01-9 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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MOXHO [JIOCTaTOYHO YBEPEHHO YCTaHO- Tabsuma 2. IlocsieqoBaTeIbHOCTU NpPayiMepOB, MCIIOJIb30BAHHBIX B
BUTH BUJOBYIO NPUHAIJIEXHOCTb U. acus HACTOAIEM NCCIEA0BAHNN
u F. radians, a Takxe K KOMIUIEKCY BUIOB Tpaimep Tocnenosarensiocts (5 - 3)
U. ulna u U. danica (Morozov et al., 2023;
Zakharova et al., 2023). 18S_1F (Katana et al., 2001) AACCTGGTTGATCCTGCCAGT

B wrame Fragilaria ¢ BHICOKOA 18S_1050R (Guo et al., 2015) GTTTCAGHCTTGCGACCATACTCC
JIOCTOBEPHOCTHIO OT/IeJIbHO PacHoJIoxKeHa cox1_1F (Marchenkov et al., 2022) ATGAAGTTTGCTAATCGATGGT
rpyIma, BKJIIOYAmIas B celd IITaMMBL, cox1_714R (Marchenkov et al., 2022) AAAAAGGTGTTGGAACAGTACAG
BhIJIeJIEHHbIE U3 MP0o0 (UTOIUIAHKTOHA Uu_cox1_72F AGCTATTTCCGGTGTAGCGGGTAC
o3. Baiikana (Poccus) u npeHTHULM- Uu_cox1_624R AGCTCCTGCCAACACAGGTAAAG
posanmbie kak suj F. radians (Puc. 2). B rbcL-F (Zakharova et al., 2020) ATGTCTCAATCTGTATCAGAACGG
knafe Ulnaria BHZENAIOTCA JBe TPYNILL rbcL-R (Zakharova et al., 2020) CAACCTTGTGTAAGTCTCACTATTC

I'pynnma U. acus comepxuT IOCJeqoBa-
TeJIbHOCTU ITaMMoB U. acus, BblJieJIeH-
HBIX 13 03. Barikana (Poccus), a Takxe
Ony0JIMKOBaHHbIE rocjieJoBaTeJIbHO-
ctu U. acus u3 o3. Pumja (A6xasus) u
03. Marana (MumoHe3us) (Tabsauma S1).
I'pymma U. danica / U. ulna comepxur
[ocjefloBaTeJIbHOCTY  HITaMMOB  [JlaH-
HBIX BUAOB H3 03. Puma (A6xaswus), 03.
T'omy6oe (Abxa3usi), o3. Batikan (Poccus)
U IITaMMOB, BBIJIEJIEHHBIX M3 BOJOEMOB
B IOxHoi1 Kopee, ®panHuum u Hranuu
(Puc. 2, Tabnuna S1). OTcyTcTBUE pas-
JlejleHrs MeXxIy IpefCTaBUTesIAMU 3TUX
JByX BHUJIOB Ha OCHOBe aHaju3a MAaH-
HBIX pa3HBIX BapuabesIbHBIX YYacTKOB
18S pPHK 651710 TakXke MokKa3aHO paHee
(Morozov et al., 2023; Zakharova et al.,
2023). Cnegyer oTMeTuTh, uTo U. ulna n
U. danica ©MeT CXOXyH MOP()OJIOTHIO
B OOIIMX YepTax U IPU 3TOM psAJ TOHKUX
OTJIMUNTEJIBHBIX Ipu3HakoB (Zakharova
et al., 2023), YTO COBMECTHO C Pa3JIN4U-
AMU B reorpa®uyeckoyl JoKaJusaluu U
pernpoAyKTHUBHON u3ossAnueit (Podunay,
2022) He MO3BOJIAIOT MPOBECTU UX 00be-
JVHEeHUe B OAWH BUJ.

Yposenb ausepreniuu 18S pPHK
y OUaToMell B CpaBHEHUHN C JpPyTUMU
MapKepHbIMU TreHaMu (OoJjibinas cyoObe-
auHuna — pubysozo-1,5-6ucdocdaTkap-
Ookcuiasel/okcureHassl — rbcl, cyObe-
auHuna 1 nuroxpom-C-okenaassl — coxl,
BHYTPEHHUI TpPaHCKpUOUPYeMBIl crHein-
cep — ITS, yHuBepcabHBIN MJIaCTUAHBIN
amrnkoH — UPA) mokasaJi, 4YTO CKOPOCTh
HaKOIUUIEHUS MyTauuil B TeHe cox] Bhile,
yeM y apyrux reHo (Guo et al., 2015).
dusioreHeTH4YecKuil aHanu3 ¢parMeHTa
reHa cox1 MO3BOJIAET pa3jnyaTh TreHO-
TUMBI OOHOTO U TOTO e BUAa AUATOMO-
BBIX BOJOPOCJIel, BblJIeJIeHHble U3 Ieo-
rpaduvecku ynaneHHsx Touek (Ehara et
al., 2000; Evans et al., 2007; Hamsher et
al., 2011), B TOM umcJie U y IpeICTaBUTe-
sett u3 poxa Ulnaria (Marchenkov et al.,
2022). TakuM 0o0pa3oM, HCIOJIb30BaHUE
JaHHOTO reHa liejiecooOpasHO [JiA ycTa-

Puc.2. ®unoreHeTn4eckas peKOHCTPYKLUA Mo pparMeHTy reHa 18S.
V31bl [JiA KJIIOYEBBIX KJIACTEPOB ONpPeAesIAIT MOAAEpPXKYy TOMOJIOTHU
cBepxOBICTPON 3arpy3Ku U NMPUOJIN3UTEIbHOE OTHOIIEHNE PaBAONOq00Ms

HOBJIEHUs reHeTH4eckon auddepennna- SH-aLRT. [MocsegoBaTeIbHOCTH, TIOJIyYeHHbIE B JAHHON paGoTe BhIIEIEHBI
LU B MMPUPOIHBIX IOMYJIANNAX BUAOB U. BeToM: cuHue — Poccus, 03. Barikasn; 3eseHsle — A6xa3us, 03. Puna, rosy-
ulna n U. danica. Gbie — AGxasus, 03. ['osty6oe.
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Bribop «yHHBepcaJbHBIX» INpaliMepoB Ha cox1
JUaTOMOBBIX BOOOPOCJIEl ABJIAETCA AOCTATOYHO CJIOXK-
HOHM 3ajaveil u3-3a BBHICOKON CTeNeHU AUBEepreHI[UU
U HaJINYUU TOPOTHKEHHBIX WHTPOHOB BHYTPU T'€HOB.
Hcnosib30oBaHUe IpaiiMepoB, CKOHCTPYHMPOBAaHHBIX Ha
dparmeHT reHa coxl U. acus, He AaBajii MOJIOXKUTEJIb-
Horo oteeTa ¢ Bugamu U. ulna v U. danica (Tabauna 2).
OTOT pe3yJibTaT IIpHBeJ K HEOOXOAMMOCTH KOHCTPYU-
poBaHUA IpaliMepoB CIelU(PUYHBIX TOJIBKO IJIA [IaH-
HBIX BUJOB. Hamu ObLIM BIlepBble IOJIyYeHHI IOCJIe-
JI0BaTeJIbHOCTU cox1 [JiA BceX IITaMMOB, KOTOPHIE IO
pe3yabTaTam aHaausa pparmenTa resa 18S pPHK 6b11n
oTHeceHH K rpynme U. ulna u U. danica (Tabauna 1).

B pesysprare aHanmsa ObIO NOKasaHo ¢op-
MHpOBaHUe OOIIell TPyNIbl, COOTBETCTBYIOIIEH POy
Ulnaria. ITocienoBaTesbHOCTH cox1 mrammMoB U. ulna u
U. danica He pa3gesATCs HA OTAEIbHbBIE KJIAIbl BUJIO-
Boro nopsagka (Puc. 3). Ilpu ananuse popMupylorca
TpU KJajpl, IpefcTaBJiAolie coO0l pasHble I'eHO-
tunel. Knagel 1 u 2 copgepxatr mocjaeqoBaTeIbHOCTU
U. ulna u U. danica u3 o3. Baiikan u o3ep A6xa3uu, a
TakXe U3 BOJI0EMOB KOHTHMHEHTaJIbHON yacTu EBpOIBI
(Tabmuma S1). TakuMm o6pa3om, 3THU T€HOTHUIIBI MOTYT
BCTpeuaTthcs B reorpaduyeckuil yjajeHHbIX BojoeMax.
Panee ObLIM IOKa3aHb! reorpaduyeckye mpefesibl pac-
IIpOCTpaHeHUs AaHHBIX BUAOB Ha Tepputopuu EBpaszuu
(Podunay, 2022). Aptop otTMmeuaer, uro U. ulna
UMeeT LIMPOKOe paclpocTpaHeHUe B 3alafHOH 4acTu
EBpasmuiickoro KOHTUHeHTa, Torfa Kak U. danica Hace-
JIsieT BojoeMbl BocTouHOH wactu. INonmymnanuu U. ulna

CIIOCOOHBI K MEXBHJIOBON THOpHUAM3ANUU C TOMYJiA-
nusamu U. danica, HaxoAAMUMUCS B paiioHe 3amaiHo-
CubUpCKON HU3MEHHOCTU M K BOCTOKY OT Hee BILJIOTh
Io o03. Batikan (Podunay, 2022). CorjiacHO mOCIeqHUM
JaHHBIM B (PUTOIIAHKTOHE 03. BaiikaJl mpHUCYyTCTBYET
tosibko U. danica (Zakharova et al., 2023). Kiaga 3
COJZIEPXUT TOJIBKO IOCJIEJOBATETbHOCTUA IITAMMOB U3
03. Batikas (Puc. 3). M3-3a Majoro oobemMa JJaHHBIX MBI
He MOX€eM JIOCTOBEPHO YTBEPXJaTh, YTO JJAHHBIN I'€HO-
TUN UMeeT reorpaduvecKkrie OrpaHUYEHUs] B PaCIpo-
cTpaHeHuu. TakuM o6pa3oM, OBLIO IOKAa3aHO, YTO IO
(dparmenty rena cox1 momysanuu U. ulna u U. danica
o3epa Puria n. T'osyboe, a Takxe o3. Baiikay sBJis-
10TCs reTeporeHHbBIMU. CJielyeT OTMETUTD, YTO JaHHBIE
o cox1 y mpexacraButesneil poga Ulnaria HeMHOTOY¥C-
JeHHbl. PaHee MOJIydyeHHbIE JJAHHBIE O TE€TEPOTeHHO-
ctu nonyJisAanuu U. acus JJisi ceBepHOUM KOTJIOBUHBI 03.
Baiikan (Marchenkov et al., 2022).

[Ipn cpaBHeHUU pe3yJIbTAaTOB (QuIoreHeTHYe-
CKOT0 aHaIn3a o AByM MapKepHbIM reHaM 18S pPHK u
cox1 6BLJIO OTMEYEHO, YTO TPU IITAMMA T'PYIIUPYIOTCSA
B pasHble Kjajibl BuioBoro nopsaaka (Puc. 4). CorsacHo
AaHHpIM aHanusa 18S pPHK mramm ACH275 pacno-
narascs B kaane Buga F. radians (Puc. 4 18S rRNA),
a mraMmMmbl 5KH561 u G.21.0309-OC-3 oTHeceHnl K U.
danica n U. ulna (Puc. 4 18S rRNA). [To pe3yspTatam
duoreHeT4YeCKOro aHajmsa (¢parmeHra resa coxl
STU IITAaMMHBI OTHOCATCA K Kjiane U. acus (Puc. 4 cox1).

Ha ocHOBaHUM NOJTyYeHHBIX HAMU T'eHeTUYeCKUX
JaHHBIX MOXHO IPEJIOJIOKUTh, YTO B €CTeCTBEHHBIX

Puc.3. ®duoreHeTnveckass peKOHCTPYKIUA N0 GparMeHTy reHa coxl. Y3ibl AjA KIIIOUEBBIX KJIACTEPOB ONpefesIsAioT MOJ-
JIepXKKY TOIIOJIOTUY CBepXOBICTPON 3arpy3Ku U MpUOJIN3UTEJIbHOEe OTHOIIeHye npapaonoobus SH-aLRT. [TocieqoBaTesbHOCTH,
MoJTyYeHHble B JAaHHOU paboTe BhIIeJIEHBI I[BETOM: cuHHe — Poccus, 03. Baiikam; 3esieHsle — A6xa3us, 03. Puma, romybeie —

Ab6xasus, o3. ['onyboe.
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Puc.4. ConocraBiieHue GuioreHeTnyeckoll peKoHCTpykmusa ¢parmeHTtoB rea 18S pPHK wu cox1. Iltammer ACH275,

5KH561, G.21.0309-0OC-3 oTmMeueHb! KPaCHBIM IIBETOM.

ycaoBusx Mexay napamu Bunos F. radians u U. acus, U.
danica n U. acus, U. ulna u U. acus BO3MOXHa rTUOpUAN-
3anus, a uccjieyeMble ITaMMBbI SIBJIAIOTCA THOpUIaMu
nepBoOro nokosieHusA. OQHAKO MBI HUKOTJa He HalJIo-
Jajii MeXBUOBYI0 TUOpUAN3ANUI0 MexXy Bugamu U.
ulna n U. acus B ysabopatopHbix ycyioBusax (Podunay
et al.,, 2021). Taxxe BBIABJIEHHBIH (DAKT MOXET CBU-
JIeTeJIbCTBOBAaTh O BO3MOXHOCTH TOPHU30HTAJIBHOTO
neperoca reHoB (ITII'/HGT) mexnay ucciieqyeMbIMU
BUJIJaMU, a MUMEHHO TepeJayl reHeTU4eckon MHGOp-
Maluuu MeXAy PenpoAyKTUBHO W30JIMPOBAHHBIMU
Bugamu. I'TI[' mpoliecc, KOTOPBIM AOCTaTOYHO YaCTO
BCTpeYaeTcsi MeXJy OpraHU3MaMu OTHOCAMMXCA K
TaKCOHaM pa3HOro cucremaruveckoro panra (Keeling
and Palmer, 2008; Garcia et al., 2021), a TakXe MOXeT
MPOUCXOAUTh ¥ OPTaHU3MOB, OTHOCSAIMIMNXCA K OJJHOMY
poay (Kavanaugh et al., 2006; Alvarez et al., 2006).
CuuTaercs, 4TO mepeHoc cox1 y MOKPBITOCEMEHHBIX
ABJIAETCS AOCTAaTOYHO OOBIYHBIM sBJIeHMeM (Zhang et
al., 2020). Ectp mpeanosioXeHUWe, YTO MAHHBIA IPO-
1lecC IPOMCXOJUT IOCPeJACTBOM HHTPOHOB, KOTOpBIE
KoAupyloT cauT crnenududeckyo JHK sHOoHyKIJIEa3y
U C IOMOIIbI0O T€HHOU KOHBEPCUU MPOUCXOAUT 3aMeHa
yactu sk30Ha (Delahodde et al., 1989; Sanchez-Puerta
et al., 2011). I'TII' aBigeTcd OMHUM U3 MeEXaHHU3MOB
yIIydIleHNuA aJalTUBHBIX BO3MOXHOCTEH OpraHus-
MoB. Bxuiag I'TII' B pasBuTHe U 3KOJIOTUYECKYIO ajall-
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TAI[MI0 JUATOMEN OCTaeTCA IMOYTH He WN3YYEeHHBIM.
JlnaToMOBBIE BOJOPOC/IM COAEPXKAT MJIAaCTUIBI 06pa3o-
BaHHBIE B Pe3yJIbTaTe HECKOJIBKUX COOBITUM 3HIOCUM-
6uo3a (Benoiston et al., 2017), u, cjiegoBaTesIbHO, UX
MO3auyYHas TeHeTUYecKas CTPYKTypa SABJIAETCA pe3yJib-
TaTOM 3HAOCUMOUOTHYECKOro TepeHoca reHoB (DIIT
EGT) (Morozov and Galachyants, 2019).

Juia moaTBepXKIeHus BUIOBOM IPUHAJJIEXHO-
CTU IITaMMOB C BO3MOXHBIM T'OPHU30HTAJIbHBIM IIepe-
Hocom (ACH275, 5KH561, G.21.0309-OC-3) mormoJi-
HUTEJIbHO ObLT MpoBefleH (UIOTeHeTUYeCKUi aHaJiu3
dparmenToB rena rbcl. (Ta6auna 2). CorjiacHO MOJTy-
YeHHBIM pe3yJibTaTaM, HU OJUH M3 TpeX IITaMMOB
He oTHeceH K U. acus. lllTamm ACH275 oTHeceH K F.
radians. lltTamm 5KH561 rpynmupyeTcsi BMECTe C JIpy-
rUMHU TipeficTaBuTessiMu Buga U. danica u3 03. batikad,
a G.21.0309-0C-3 obbeaunsAeTcsa BMeCTe C APYTUMU
mramMmamu U. ulna u3 o3ep A6xa3uu, 03. JIaGBIHKBIP
(AxkyTuss) U BOJOEMOB KOHTHMHEHTAJIbHOU YacTH
EBponnl (Puc. 5). IlocnemoBaTesibHOCTH mITamMMoB U.
ulna, nostyueHHbIe 13 P06 GUTOIJIAHKTOHA BOJOEMOB
0. Benuko6puranus, 06pa3yioT OTAeJIbHYI0 NOATPYIIY
B KJIaZle ¢ mocjeqoBaTesibHOCTAMU U. danica u3 03.
Batikan. Takum oOpasoM, pacipefiejieHhe IOoCjeo-
BaresibHOcTel rbcl. s mrammoB ACH275, 5KH561
n G.21.0309-OC-3 coOoTBeTCTBYET pe3yJbTaTy, IMOJIy-
YeHHOMY IIpU aHaju3e (pparMeHToB rera 18S pPHK.



MapueHkos A.M. u dp. / Limnology and Freshwater Biology 2024 (6): 1471-

1490

Puc.5. duoreHeTnueckas peKOHCTPYKIUA N0 pparMeHTy reHa rbcl. V3ibl A KIII0UeBHIX KJIACTepPOB ONpefdesIsioT IOA-
Jep>KKy TONOJIOTHU CBEPXOBICTPOU 3arpy3Ky M MpUOIM3UTeIbHOe OTHoLIeHre npaBgonoao6ua SH-aLRT. [TocienoBaTeslbHOCTY,
NoJIyueHHBle B JaHHOU paboTe BbIJeJIeHB I[BeTOM: cHHHe — Poccus, 03. Baiikan; 3esieHsle — A6Gxasus, 03. Puma, romyOble —

Ab6xasus, o3. ['onyboe.

Tonosiorusa GuUIOreHeTUYECKOro ApeBa, MOJIydyeHHas
HaMyd B JJaHHOHN paboTe, COOTBETCTBYET pe3yJibTaTam
(dusoreHeTHYECKOr0 aHajanW3a IpeAcTaBUTes el poAda
Ulnaria ¢ ucriosib30BaHeM BapuabesibHOTO (parMeHTa
rbcL (Kochoska et al., 2023).

4. 3aknloueHue

JluaToMoBEIE BOJOPOC/IM SBJIAIOTCA OJHON U3
caMbIX pa3sHOOOpa3HBIX TIPYIN MUKPOBOAOPOCJIEH,
C BBICOKMM YyPOBHEM CKpBITOIO BH1000pa30BaHUA.
HcciieqoBaHre BHYTPUBHOBOM WM3MEHYMBOCTH [JUa-
TOMOBBIX BOJOpPOCJIell HEOOXOOUMO [JIA MOHMMAHUSA
MIPOL[ECCOB AANTANNK K PA3JINYHBIM YCJIOBUSAM OKPY-
Xaromer cpefsl. 'eHeTnyeckoe pasHOOOpasue MOp-
CKUX IUATOMeH H3y4YeHO OTHOCUTEJIbHO ILIMPOKO, B
TOM YHCJIE C TOYKU 3PEHUN BHYTPUBUIOBOH N3MEHYU-
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BOCTH, TOTJja KaK HCCJIeJoBaHNe MPEeCHOBOAHBIX BU/I0B
OCTalOTCA OrpaHUYeHHBIMU. [IpoBeeHHbIN HaMU aHa-
nu3 ¢parMeHTa reHa coxl ToKasajl reTeporeHHOCTh
nonyssauii U. danica u U. ulna u3 o3. Baiikan u o3ep
Ab6xasum. IlosyueHbl AaHHbIE, CBUETEIbCTBYIOIINE O
BO3MOXXHOM TOPU30HTAJIbHOM TepeHOoce T€HOB MeXAy
HccJielyeMbIMU BUAaMU. J[JiA BBHISIBJIEHHS IIPOIIECCOB,
Jexanux B OCHOBe 3Toro ¢deHomeHa, He0OXOOUMO
MIPOBECTY CPABHUTEIbHBINA aHAJN3 IJIACTUIHBIX T'€HO-
moB BuoB F. radians, U. danica, U. ulna n U. acus, 4To
MOXeT MOMOYb OOBSICHUTH HEKOTOPHIE ACIEKTHI BUIO-
06pa3oBaHusA y JUATOMOBBIX BOJOPOCIIEL.

AONOAHUTEAbHbIE MaTepHuaAbl

Tabymma S1. Characteristics of nucleotide
sequences of cox1, rbcL and 18S rRNA genes.
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macrohectopus aggregations are confined to slope zone areas with depths of 100-150 m. The depen-
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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; Fgre 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=0.047-1?>%, 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/m?3, MVBS is close to the threshold values
of the hydroacoustic system.

During the daytime, two dense SSLs were
recorded at depths from O 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?® (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/m? (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).

Fig.2. The relationship of MVBS and biomass density:
1-5 — stations.
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Fig.3. Echogram of the SSLs distribution: during the day (A) and at night (B).

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/m?. 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/m?,
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? 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
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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
3.710% 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.

Fig.4. Vertical profiles of temperature, chlorophyll-a,
and dissolved oxygen.
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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

AHHOTALIUA. l'mgpoakycTruieckas CheMKa pacipeiesieHus CKOILIEHNI MakporekTomyca Macrohectopus
branickii (Amphipoda) B BaprysuHckom 3a1uBe o3epa BaiikaJi BeIIoJIHEHa BIiepBhIe 3a mocJieaHue 30 JieT.
B paboTe McnoJyib30BaH [ABYXYAaCTOTHBIN OAHOJIYYEBON THAPOAKYCTUYECKHNI KOMIUIeKC «Dxobaiikam».
Bepudukanusa rugpoakyCcTUYECKUX JAHHBIX BBHIIOJHEHA IO pe3yJbTaTaM CHHXPOHHBIX CETHBIX JIOBOB
IUTAaHKTOHHOU ceThio J[KOM. IlokazaHa IpHypOYEHHOCTb CKOIJIEHWI MAaKpOreKTomyca K ydacTKaM
CKJIOHOBOH 30HHI ¢ rirybuHaMmu 100-150 M. [TosyyeHa 3aBHCUMOCTD CUJIBI CpeHero o0beMHOro 00paT-
HOTO paccesHUs U IJIOTHOCTH MaKpOTeKTOIyca, Ha OCHOBe KOTOpo ero 6uomacca B baprysuHckom

3ajimBe oreHeHa B 2,7-10° kr.
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1. BBeaenue

[enaruveckuit Bua ambunon batikana — makpo-
rekronmyc Macrohectopus branickii (Dybowsky 1874)
JOMHUHUpYeT B 3KocucTeMe o3epa (Rudstam et al.,
1992) u sBJIsieTCA KOPMOBBIM PECYPCOM PBIO, a Takxke
miekonuTtammmx (Watanabe et al., 2020; JumopeHko
u ap., 2020; Iletpos u ap., 2021). M3BecTHO, YTO IJIaH-
KTOHHBIE XXMBOTHBIE MOTYT OOpa30OBbIBaTh CKOILJIEHUA
oA JelicTBMeM pa3HOOOpasHblX (akTopoB (Temile-
parypa, OCBelleHHOCTb, BEeTpPOBOe IepeMelllBaHue U
Ap.). CMeHa noBefjeHYeCKUX NMATTEPHOB, B YAaCTHOCTU
aMIUIMTyABl MUATpAIUii, ABJIAETCA OAHUM U3 MeXaHM3-
MOB HUX ajanTaluy K AWHaAMHUYHON cpefe OOMTaHUA
(Sato and Benoit-Bird, 2019). MakporeKkToryc ABJA-
eTcA eMHCTBEHHBIM IpeACcTaBUTEIeM MaKpO30O0IJIaH-
KTOHa o3epa balikai, ocobu KOTOpOro o6pasyT IJIoT-
HbBIe CKOIUJIEHUs, COBEPIIAOIIE aKTUBHBIE MUTPALNH,
YTO OCJIOKHAET IpOBeEeHNe KCC/IeOBaTeIbCKUX U
pecypcHBIX paborT.

300mJIaHKTOH 03. Baiikaja TpagulliOHHO U3Yy-
yaeTcsA € MOMOIIpI0 0TOOpa NpoO CeTAMH Pa3IMYHBIX
xoHcTpykuuil (KapuayxoB u gp., 2019; Naumova et
al., 2020; Karnaukhov et al., 2021). CoBpeMeHHbI€E JIHC-
TAHIIMOHHBIE METOABI, BKJIIOYas TUAPOAKyCTUYeCKHe,
[IIMPOKO NPUMEHAITCA B MHUpe [JIA HCCIeJOBaHUM U
MoHuTOpuHTa peid (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 BUJOB GECTIO3BOHOYHBIX KUBOT-
veix (Dunn et al., 2022; Lertvilai and Jaffe, 2022; Oh
et al., 2023; Liu and Tang, 2024). TuapoakycTuuecKui
METOJ, B COYETAaHUM C KJIIACCUYECKUMH CETHBIMU
JIOBaMU, IPU3HaH HaJIeXXHBIM MHCTPYMEHTOM MOHUTO-
PHIHTA YHCJIEHHOCTH U 61OMacchl MaKpO30OIJIaHKTOHA
B Oospiiux o3epax (Megard et al., 1997; Hembre and
Megard, 2003; Holbrook et al., 2006).

MakporeKkToIyc He TOJIbKO OCHOBHOHM KOMITOHEHT
nuTaHusA Oalikajbckoro omyJia Coregonus migratorius
(Georgi 1775), HO U ero KOHKYPEHT B NOTpeOJieHnN
300IJIAaHKTOHA, a, 6jlaromapsA BHICOKOI Ouomacce —
KJII0OYEBOE 3BEHO B TPO(GUUECKON CeTH Iejarvaiu
o3epa. Panee 6pUIO mOKa3aHO, YTO oOlee moTpebdIie-
HME MAaKpOTreKTOomyca IeJlarnyeCKUMH BUOAMH PbIO
3HAYUTEJIPHO IPEBBIMIAET ero MpoayKiui (MerbHUK
u ap., 1995). T'ogoBass MpOAYKIMS MaKpPOTEKTOIyca,
paccunTaHHas Ha OCHOBE CYTOYHBIX MPUPOCTOB OHO-
Macchl (IT/b koaddunmeHnToB), coctarisget 330 ThIC. T,
npu oOmiell 6riomacce 3Toro Buja B osepe 110 TwIC. T
(Bexman u AdanacweBa, 1977). Ilpeasigymue ucciie-
JIOBaHMsA pacrnpeesieHrss MAKPOTeKTOITyCa C UCT0JIb30-
BaHWEM THPOaKyCTHIECKOro MeToAa B bapry3muHckom
3auBe o3epa batikasn npoBogusuchk B 1988 u 1989 rr.
(Rudstam et al., 1992; Melnik et al., 1993).

B pe3yJsipTaTe CHIXKEHUS YMCJIEHHOCTU OaiiKaib-
CKOT0 OMyJif, ¢ OKTAOpA 2017 r. ObLI BBeJeH 3ampeT
Ha €ero TPOMBIIUIEHHBI U JIIOOWUTETbCKUN BBLJIOB
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(ITpukas ..., 2017). OgHUM U3 OCHOBHBIX JIMMUTUDY-
0IMUX HPaKTOPOB, BIUAKIINUX HA MPOAYKTUBHOCTD PHIO,
ABJIAETCA TEPMHUUYECKUIN pPeXuM BOAHOU TOJIMIM, Ompe-
JEJIAINAN COCTOSIHNE KOPMOBOU 6a3bsl (CMUPHOB U
ap., 2015). Ipenmosiaraercs, YTO OJHOM W3 MPUYUH
CHIDXEHUs YMCJIEHHOCTH, a TaKXe M3MEeHEeHWN B Xapak-
Tepe paclipefejieHuA 0aliKaJbCKOr0 OMYJIA B palioHax
TpaaunroHHoro npomseicia (CokosioB u Iletepdernpg,
2018) MoxeT SBJATHCS CHIXEHHWEe OMOMAacChl MaKpo-
300IJIAHKTOHA. JTO [0Ka3ajl0 aKTyaJIbHOCTh Pa3BUTUA
METOZ0OB KOJINUYECTBEHHOr0 ydeTa W HeoOXOOUMOCTh
OI[EHKU pecypcoB Makporekromnyca. Llenp wucciaeno-
BaHUA: IOJIydeHUe 3aBHUCHMOCTU CHJIBI CpedHero
00BbEMHOr0 00paTHOr0 paccessHUA U IJIOTHOCTH OHo-
MacChl MaKpOTreKTOIyca JJisi OI[eHKU ero 3aracoB B
Bapry3suHckoMm 3asuBe o3epa batikai.

2. MaTepuanbl U METOAbI

PaboThl NpoBOAWIN B aKBAaTOPUU Bapry3nHcKoro
3ayiuBa o3epa balikajy Ha JIOKaJIbHOM y4acTKe ILJIOMIa-
npio 67 xm? (Puc. 1). TmapoakyCTUYECKyH0 CheMKY
BHIIOJIHATIA € OOpTa Hay4yHO HCCJIeJOBATEIbCKOI0
cyaHa «[.10. Bepemarun» 13-14 asrycra 2021 r. npu
[IOMOIIM TUAPOAKYCTUYECKOr0 KOMIUIeKca «JXO-
Barikan» (Makarov et al., 2020). Ob6was OpoOTsKEH-
HOCThb aKyCTUYeCKHX rajicoB cocTaBuiaa 158 xm, u3
KOTOPBIX B JHEBHOE BpeMsA — 76 KM, a B HOUHOe — 82 KM.
Komniekc HacTpanBajiyd Ha ABYXYaCTOTHBIN peXUM
paboTHL cO CileAyIOIIUMU lTapaMeTpaMu: 4acToTa 30H-
aupyromero curHana 28 u 200 k', MIMTEJSIBHOCTH
nMnyasca 1,0 Mmc, mopor mHTerpuposaHusa -86 Ab.
I'mapoakycTuyeckre aHTeHHBI paclojiarajy Ha BBIHOC-
HO mrtaxre 1o jiesomy 6opty HUC, Ha riry6une 1,5 M B
o6TekaeMOM CTaJIbHOM Kopnyce. KaauGpoBKy rugpoa-
KyCTH4Y€eCKOI'0 KOMILJIEKCA BBIINOJIHAY 10 CTaHAAPTHON
MeTtoauke (Simrad, 2003) npu oMoy MeAHOH cdepsl
auaMeTpoM 60 MM ¢ pacueTHBIM 3HaYeHUeM CUJTHI [[eJIn
(TS) na yactote 200 kI't paBHBIM -33,61 1b.

I'mgpoakycTudeckre JaHHble oOpabaThiBajii B
nporpamMmMHoM koMmiutekce EchoView (Myriax Software,
Australia). BepTtukasp gemau Ha 6 TOPHU30HTAJIBHBIX
CJIOEeB, WCKJII0Yasg aKyCTHUYecKHe IMOMEXH OT IOBepX-
HOCTU U AHA o3epa. CUrHaJ UHTETPUPOBAIN KaXKAble
500 M mpoiileHHOI AWCTaHIIMM, YTO SKBUBAJIEHTHO
3,2 MUH IIpU CKOPOCTH cyAHa 5 y3710B. Takum ob6pasom
[OJIyYaJii BeJINYUHY CpeJHero o0beMHOro 00paTHOIO
paccesaHuA JJiA KaXJOT0 MHTepBajla MHTerpupOBaHMUs,
nanee — MVBS (anri. Mean volume backscattering
strengths). McxonHble akycThyeckue AaHHBIE KOPpeK-
TUPOBAJIM, WCIOJIb3yA MOMPABKU Ha NOTEPI0 dHEPruu
3a cyeT pacupocTpaHeHUs U 3aTyXaHUsA 3ByKa, [Ocel-
HUe PacCUYUTHIBAJIU B COOTBETCTBUU € KOI(PDULILIEHTOM
MOTJIOIEeHUA AJIA KaX o yacToTsl (28 u 200 xI'1y), Tak
’Ke YYUTBIBAJIM TeMIepaTypy Bogbl. Iloporu mHTerpu-
POBaHUA MCIOJIb30BAIN I UCKJIIOUEHUA OYeHb HU3-
KHUX 3HAYEHUH CUJIBI OOBEMHOTO 0OPATHOT'O PACCEeAHNS,
B CJIyyasx, Korja HecMOTps Ha Hajluyue pacceuBare-
Jlei, oHu ObUIM OJIN3KM K BHYTPEHHEMY MHHUMYMY
TUPOAKyCTUYeCKON cucTeMbl. MakcumasibHble 3Ha-
yeHuss MVBS pna obsactell 6e3 3ByKOpacCenBaIOIIIX
ciioeB (3PC) mpuMeHAIU B KauecTBe IIOPOTOBBIX 3HaUe-
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Puc.1. PalioH mpoBeeHUsA THAPOAKYCTHMYECKUX HCCITe-
noBaHui: 1-5 — crannum oT6opa Npod, —— TUIpoaKycTuye-
CKHe rajchl, u300aTel yKkazaHsl AjiA riryoud 50, 100, 200, 500
n 1000 m.

HUMH, ¥ TOJIbKO 3HAU€HMU BBHIIIE UCII0JIb30BaJIl B IIOCJIe-
AyiomeM aHajuse. V3 o0JsiacTu 5XOHMHTerpUpoBaHUA
yaasanu GparMeHTH ¢ BBICOKMMU 3HaueHuAMUu MVBS,
BbI3BaHHBIE paccesHHeM OT puib. [[jid aToro aHaausu-
poBaJi JaHHBle HM3KOYACTOTHOIO KaHajia 3XO0JIoTa
(28 xI'y), Ha KOTOPOM CHUTHAJIbl OT PHIO BBIJIEJIAINCH
oTYeT/INBO (Harpumep, cpefgHue oieHku TS fuis Oaii-
KaJIbCKOI'O0 OMYyJIA HaxofATcA B [Juana3oHe 3Ha4YeHUN
oT -43 o -34 ab). ®parMeHTH TUAPOAKYCTUYECKON
3alliCh B KOTOPHIX HAEHTHU(DUIMPOBAIN OTHEIbHBIX
ocobell 1 CKOTJIeHUA PBIO MCKJTI0YAJIU U3 JaJIbHENIIero
aHaan3a.

Ha xaxpaoil cTaHIMM BBIIOJIHAJM BepTHUKaJIb-
Hoe ruapodusnveckoe npopunuposanue CTD 30HOOM
Rinko AQQ-177 (AImonus) go ray6unsl 100 M. JlaHHBIE
0 TeMIepaType BOJbl Ha IOBEpXHOCTH 14 aBrycra
2021 r. nostyyaJy py NOMOIIY CIIyTHUKOBOM CHCTEMBI
MODIS (Tabauua). OgHOBpeMEeHHO € THMApOaKycThye-
CKOI CheMKOH OTOMpasnu Mpobbl MaKpO300IJIaHKTOHA
(Tabsnuna). [Ipu ot6ope mpobd MCMOJIB30BATIN 3aKPhIBa-
owmywca cerb [JpxkOM ¢ auameTpoM BXOAHOTO OTBEp-
ctua 82 ¢cM U pa3MepoMm AYerd QUIbTPYIOLIero cura
160 mxM. TouHOE MO3UIMOHMPOBaHNE PabOTHl CETH 0
IJTyOuHe onpeAesisaand ¢ MOMOIIbI0 IPUKPEIJIEHHOTO K
Hell morpyxHoro 3oH7a RBR Duet (Kanaza). CerHble
poOBI cOOMpay Ha IATYU CTAHIUAX: JHEM — 4 U HOUbIO
-1, B aByx ciiosax 0-100 u 100-300 m. IMTocne ¢pukcanumu
4% dopMmaniHOM, 0cobell MaKpOTeKTOIyca MOICUNTHI-
BaJ, U3MepAIU AJIMHY Tejla U ONpefesiaiii IOJIOBYI0
NIpUHAIJIEXXHOCTh. Vi3MepeHHy10 JUINHY TeJsla UCI0JIb30-
BaJy AJ1A pacueTra 6MOMacchl B COOTBETCTBUM C perpec-
cuel JHH 1 Macchl W=0,047-L>%, xak u B pabotax
(Rudstam et al., 1992; Melnik et al., 1993).

Pe3ysibTaThl CETHBIX JIOBOB C Pa3HbIX TJIyOHH AJIA
KaxJI0! CTaHUUM 00beUHAIN [JIA [TOJIyYeHUs 0M0JI-
HUTEJIbHBIX MHTerpajibHbIX 3HAaUeHUH IJIOTHOCTU OHO-
Macchl MaKporekTolyca OT MaKCUMaJIbHbIX TJIyOUH [0
IoBepxHOCTU. Becero mosyumnu 15 3HaueHUI MIIOTHO-
cTu GmoMacchl MakporekTomyca i palioHa ImApoa-
KycTudyeckoi creMku (Tabsmia: nHTErpasibHble 3HaYe-
HUA BblJIeJIeHbl )KUPHBIM HIPUGTOM).
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Ta6smna. CpaBHEHNE JaHHBIX CETHBIX JIOBOB, THAPOMU3NYECKUX TapaMeTPOB U aKyCTUYECKUX U3MepeHUil B Bapry3nHckoM

3aiuBe 13-14.08.2021 r.

Homep | Temmeparypa Bpems I'my6buna no| I'sry6uHa buomacca MVBS,
CTAaHIMHU | IOBEPXHOCTH CyTOK AHa, M 06J10Ba, M nb
BoABI, °C /M2 Mr/M?

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 cooTHomeHusa MVBS ¢ daxrtude-
CKOU IJIOTHOCTBIO OMOMAacchl MaKpOTreKToIlyca aHa-
au3upoBann 3HauyeHusa MVBS B ¢J0sAX, B KOTOpPBIX
MPOBOAWIN OTOOp MpOO ceThio. 3HAUEHUA IJIOTHOCTU
NepecunuTaHHOe K KyOHM4YeCKOMy MeTpy COINOCTaBJIAIN
co 3HaueHreM MVBS B TOUKax CETHBIX JIOBOB. B fajib-
Hellell paboTe HCIOJIb30BAJIM IIOJIy4YeHHOE COOTHO-
menne MVBS=-73,18+10,24:Log, W (r* =0,75), tne
MVBS - cpennee o6beMHOe oOpaTHOe paccesHue, W —
IUIOTHOCTE B Mr/m°® (Puc. 2).

3. Pe3ynbTaTtbl M 06cy)xpeHue

Bepmukamstoe pacnpedesrenue 3PC. B xome
TUJPOaKyCTUYeCKON CbeMKU IUIOTHBIE 3ByKOpacceu-
Bamlye cjou ObUTu 0OHapyxeHsl Ha yactoTe 200 kI'm.
Ha uacrtote 28 kI'y 3PC He perucTprupoBaInch, JIUOO
HaXOAWJINCh Ha ypoBHe myma. OueHb HU3KHE OLeHKHU
CUJIBI LIeJIU AJ1 MaKpO30OIIaHKTOHA, Npe/cKa3aHHbIe
Ha yacrtoTtax 120 u 38 kI'1, -101 u -113 b cooTBeT-
ctBeHHO (Greenlaw, 1977), o3HavaiT, YTO Jaxe NP
IUJIOTHOCTH OMOMAacChl 3aperucTpUpPOBAHHON B CETHBIX
npo6ax 0 123 mr/m* MVBS 6JIM3KO0 K IOPOTOBBIM 3HA-
YeHUAM I'HJpPOaKyCTUYeCKON CUCTEMHEL.

B nHeBHOe BpeMs Ha riyouHax ot 0 1o 300 m
ObUIO 3aperucTpupoBaHo ABa IUIOTHEIX 3PC: ot O
o 80 u ot 80 no 250 m, coorBeTrcTBeHHO (Puc. 3A).
BepxHuii cjoii xapakTepu3oBasica 3HaueHUsAMu MVBS
oT -72,47 no -54,06 b (cpenHee 3HaueHue -61,11 ab),
YTO COOTBETCTBOBAJIO IJIOTHOCTH 6Guomaccel oT 1,17
no 73,65 mr/m® (cpenHee 3Hauenwe 15,09 mr/m3).
BoJiee MIOTHBIN HUXXHUK CJION XapaKTepHU30BaJscsA 3Ha-
yenusamu MVBS ot -66,61 no -42,97 nb (-58,19 nb),
YTO COOTBETCTBOBAJIO IJIOTHOCTH Oumomacchkl oT 4,38
no 891,65 mr/m3 (29,10 mr/m®). KOHTpOJIbHBIE JIOBBI

nokasasy, 4yTo 3PC cOCTOs/I B OCHOBHOM M3 MaKpOTeK-
TOIlyCca: BEPXHUU CJION — U3 0cobel JJIMHON 6-15 MM,
a HIDKHUN — U3 MOJIOOU M CaMIIOB [0 5 MM, a Takxe
caMoK AJMHON OoJiee 15 MMm. Panee ruppoakycTude-
ckue HaOsofeHusA B bapry3snHCKOM 3ajiiBe IOKasasy,
YTO AHEBHBIE CKOIJIEHUsA MaKpPOTeKTOIlyca 3aperucTpu-
poBaHbl Ha riryouHax ot 70 mo 120 m (MesibHUK U Ap.,
1995), yTO MO HAmMIUM JAHHBIM COOTBETCTBYET HIX-
Hemy cJiioio 3PC (Puc. 3, 4).

B HOYHOe BpeM: MakcruMaJsibHasA IJIyOnHa peru-
crpanuu 3PC pgocrurana 250-300 M. Makporekromyc
paccpefoTOUYMNBAJICA OT MOBEPXHOCTU [0 riiyouH 200-
250 M (Puc. 3B). IlnotHocTts 3PC 6bls1a HEpaBHOMEPHOH
¢ MakcuMyMmoM Ha riyboune 10-30 m, 06 aTOM cBUAE-
TEJIbCTBOBAJIO yBeJnuyeHne 3HauyeHus MVBS ot -69,56
1o -46,64 1b (-56,35 gb), 4TO COOTBETCTBOBAJIO IIJIOTHO-
ctu 6uomaccs ot 2,26 1o 390,66 mr/m® (44,01 mr/m®).
Ha riy6unax 50-200 m MVBS cooTBeTCTBOBaJI 3Haye-

Puc.2. CootHomenrne MVBS u IJIOTHOCTU OMOMACCHI
Makporekromyca: 1-5 — craHuu.
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Puc.3. Oxorpamma pacnpepesienus 3PC: nueMm (A) u Houbo (B).

HUAM oT -73,49 fo -52,07 nb (-64,89 nb), 4To cOOTBET-
CTBYyeT IJIOTHOCTHU Guomaccer ot 0,93 mo 115,22 Mr/m?®
(6,45 mr/m®). Tlpu npubsmxeHun K Gepery, rirybuHa
YMeHbIIaIach, YTO NPUBOANIIO K KOHIeHTpanuu 3PC n
YBeJIMYEHUIO IUIOTHOCTH 10 MaKCHMaJIbHbIX 3HaUeHUH.

[losiyyeHHBle 719 KaXxJOW CTaHLUUM [JdaHHbIe
sopaupoBaHusa CTD mokasasnu, 4TO TemIepaTypHBIN
npodusib OB XapaKTepHBIM [JIA 3TOr0 BpeMeHU rojaa
(Puc. 4). YyacTok BepTUKaIbHOroO NMpoduis Ha IJIy-
6uHe 40-50 M ¢ Temnepatypoii Boasl 4,0-4,5 °C, MOXHO
OXapaKTepu30BaTh KakK 30HY TepPMOKJIMHA B KOTOPOH
pacnoJarasics 3apeructpupoBanHbiii 3PC. Mbl pefro-
jlaraeM, 4TO B 3TOM 30He 3a pe3KHUM CHUXeHHeM TeM-
neparyphl, IPOMCXOAUT yBeslM4yeHue IJIOTHOCTU BOLH,
KOTOpOe BOCIIPUHUMaeTCs IVIAaHKTOHHBIMU )KUBOTHBIMU
KaK «TBepJas» I'paHulla U crocobcTByeT popMupoBa-
HMIO UMM TIJIOTHBIX CKOILJIEHUH. 3aperucTpupoBaHHbBIN
Ha riybuHe 25-50 m 3PC, HaXoguT cBOe OTpaxeHHs
Ha BepTUKAJIbHBIX NpoduiIax Xxjopoduilia-a U KHC-
JjopoAa, B BUJe JIOKaJIbHBIX MakcuMyMoB (Puc. 4). B
1[eJIOM BBICOKAs KOHIIEHTpalys KUCJIOpoJa B BOJe Ha
Bcex IJIyOMHax co CpeHMM 3HaueHNeM B uana3oHe OT
9 no 14,5 mr/n xapakTepHa AjA balikana ([loMbleBa
u ap., 2016).

TI'opuzonmasvHoe pacnpedesieHue 3PC.
[TossyyeHHoe B  Hamell paboTe  COOTHOIIEHHE
MVBS u 1moTHoCcTM OnoMmacchl MakKporekTomyca
MVBS=-73,2+10,2"Log,,W (r*=0,75), 0au3Ko K
perpeccum, mojaydeHHo! paHee (Rudstam et al., 1992),
MVBS=-66,8+10,9Log, W (r*=0,72), tne MVBS -
cpegHee oObeMHOe oOpaTHoe paccesHue, W — IJOT-
HOCTh OMOMAacchl MakporekTomyca B Mr/m°. Pasinune
K03 QUINEHTOB perpeccuyd MOXHO OOBACHUTH pas-
JIMYMAMU B IOJIyYeHHON HaMM IJIOTHOCTU OMOMACCHI
MakporekTollyca 1o ceTHbIM npobam. CpefHee 3Haue-
HMe IJIOTHOCTU OMOMacchl MaKporeKkTomyca AJisd JHEB-
HBIX CTAHIWI B Hamlel paboTte cocTaByseT 65,7 Mr/me,
a B pabore (Rudstam et al., 1992) — 169,5 mr/m®. Tak xe
OTJIMYAIOTCSA U MaKCHUMaJIbHasA IIJIOTHOCTh OMOMACCHI, B
Haiell paboTe oHa He mpeBbimana 123 mr/m3, Torga
kak B pabore (Rudstam et al., 1992) mpucyTcTBOBaIN
3HaueHus 6osiee 1200 mr/mM3. MuHHMAaIbHBIE OI€HKU
IJIOTHOCTY OMOMAacChl OBLJIM CONOCTAaBUMEBI M COOTBET-
cTBOBa/IM 3HaveHusM 10-20 mr/m®. B Hamieil pa6oTe
pa3Mepsl ocobeil MaKporeKTollyca B CeTHBIX ITpobax He

1500

OTJINYAJIUCh OT UX pa3MepoB B pabote L.G. Rudstam c
coasropamu (1992).

Ha ocHOBe mNOJy4eHHOTO COOTHOIIEHWs, IO
AKyCTUYECKUM JAHHBIM MBI OLIEHWUJIN paclpejesieHne
IUIOTHOCTU OMOMAcCCHl B paliOHe MPOBENEHUsA THIPO-
aKycTudeckon cbeMmku. Ilmomagap o6cieqoBaHHON
aKBAaTOpUM CcOCTaBMWJA 67 KM2Z, 4YTO COOTBETCTBYET
16% ot mmomanu 3anuBa 415 kM? ryOxke M300aThl
50 m. 3HaueHus MVBS BO0JIb OTAEJIbHBIX IaJCcOB ObLIU
pasnuyHel. Hampumep, Hajg OOJBHIMMHU TJTyOUHaAMU,
riayoxe 500 meTpoBoli m3obatsl, MVBS cOOTBETCTBO-
BaJI 3HaueHuIo -62,2 ab, 4To B nepecyeTe Ha MJIOTHOCTh
CKOIUIEHHsI MaKpOorekrTomyca coctaBuio 12,3 mr/m®
(2,9 r/m?). Ha cTaHIMAX ¢ MaKCHMaJIbHBIMU OLIEHKAMU
MVBS u no pe3syjbTataM CETHBIX JIOBOB, PerMCTPUPO-
BaJIMCh 3HaueHus -48,9 nb, 4TO COOTBETCTBYeT IJIOT-
HOCTU CKOIUIEHUs Makporektomyca 144 mr/m® (34 r/
M?2), TIpU 3TOM cpefdHsAs oneHka MVBS mjia obciefnye-
MOM mJomaau cocrasuia -58,8 ab, To ecth 25,4 mr/
m® (5,9 r/m?). CiiemoBaTesibHO, CyMMapHasa GuomMacca
Makporekromyca Ha 00cJieJOBaHHOI aKBaTOpUU
cocrasJser 0,39-10° kr.

PacnpepesieHre MJIOTHOCTH OHMoOMacchl MO IJIO-
maau oOcJjieJOBaHHOM aKBaTOPUU He paBHOMEPHO.
HyXHO OTMeTHuTb, 4YTO B OCHOBHOM CKOILIEHUs HaOJIIo-
gamchk BroJsib nsobar 300-100 M B BOCTOYHOM YacTH
(Puc. 5A), BO3MOXHO 3TO CBfI3aHO C BJIMSHUEM BOJ P.
BaprysuH. B BaprysuHckoMm 3aiuBe cucTeMa TeueHUH

Puc.4. BeprukasnbHble Npoduin TeMepaTyphl, XJIOpO-
¢$muta-a m pacTBOPEHHOT'0 KHUCJIOPOAA.
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Puc.5. KapTel pacnpepeseHus akyCcTUYeCKON IIJIOTHOCTH cKoIleHni ambunon Ha riryouHe 0-250 M (A) 1 TOBepXHOCTHOM
Temnepatypsl o gaHHbeIM MODIS (B), nzo6aTsl ykazans! i riryous 50, 100, 200, 500 1 1000 M.

MPUBOAUT K MEPEHOCY BOJ PEKU OT YCThs BIIOJIb CEBEP-
Horo Oepera, TO eCThb BAOJIb MOJyocTpoBa CBATOU HOC
(CopokoBukosa u Ap., 2010). OgHako Ha TeMIepaTyp-
Hoi kapte (Puc. 5B) u mo qaaueiM CTD 30HaMpOBaHUA
(Puc. 4) BIUSHUSA PEYHBIX BOJT HE MTPOCJIEXUBAJIOCH.

[TosrydeHHbIE JJAHHBIE MO3BOJIAIOT OIEHUTH OHO-
Maccy MaKporeKTomyca JiJisi Bcero 3ayimBa. Mcxoas us
CpeJlHel OLIEHKU IJIOTHOCTU OmoMacchl AJiA o6csieo-
BaHHOro mnoJmmrona 25,4 mr/m® (5,9 r/m?), A Bcen
akBaTOpUU 3ajnBa, riayoxke 50 M m300aTh, 00mas
fuomMacca Makporekromyca coctasysieT 2,7-10° kr. B
pabote L.G. Rudstam c coaBTopamu (1992) oHa orie-
HeHa B 3,7-10° kr, yTo GoJsibllle Ha 27% MOJyYEHHON
Hamu. Paznnuusa o6bAcHAIOTCA O0Jiee 3HAYMMBIMU YJI0-
BaMU B IUIAaHKTOHHBIX CETAX, TO €CTh (paKkTHUIeCcKU 00JIb-
MMM 3amacaMu Makporekromyca B 1988 u 1989 r. B
pabote M.IO. Bexman u 3.JI. AbanacrseBoii (1977) npu-
BOJIUTCSA OIleHKa o0Iell OromMacchl MaKpoOreKToIyca B
110-10° kr (15,7 mr/m® uiu 3,7 T/m2), U BCero o3epa
Barikas, IJIomaab KOTOPOro cocTaBiisgeT 29746 kM2
riy6xe 50 M u306aThl. DKCTPAMOJIANUA 3TUX AAHHBIX
Ha IUIomaab Bapry3uHckoro 3ajuBa JaeT 3HaueHUe
obmieii 6uomaccel okoyio 1,53-10° kr, 4TO MeHbIle
OI[eHKU T0JIyYeHHO! B Hallel paboTe. Takum obpazom,
MoJiyueHHass HaMu oIleHKa oOieii 61oMacchl Makpo-
reKTomyca, JIOCTOBEPHA, a ee HU3KOe 3HauyeHUe CBU-
JeTeJIbCTByeT O MeHbIllell 4YMCJIEHHOCTU U OHoMacchl
MakporekToryca B bapry3uHckoM 3aJiiiBe 10 cpaBHe-
HUI0 ¢ oneHkod L.G. Rudstam c coaBropamu (1992),
4yTO TpeOyeT JIOMOJIHUTEIbHBIX HCCIeJOBAHNN.

4. 3aknoueHue

MakporekTonyc sBJISE€TCA KJII0YEBBIM BHIOM
9KOCHCTEMBI 03epa, I03TOMY aKTyaJIbHble CBEJEHUA O
€ro 4ucJeHHOCTH 1 OuoMacce, a Takke O pacrnpejesie-
HUM U JUHAMUKU HEOOXOAMMSBI AJIA MOHUMAaHUA 3KO-
JIOTUYeCKUX MPOLEeCcCoB, IPOUCXOAAIIMX Ha balikase B
HacToslIee BpeMs. [ToslyuyeHa 3aBUCMMOCTD CHJIBI CpeA-
Hero o0beMHOIo OOpaTHOro paccesHUs U IIJIOTHOCTHU
MaKpOreKToIyca, Ha OCHOBe KOTOpOH ero 6uomMacca B
BaprysuHckoM 3ajuBe olleHeHa B 2,7-10° kr. [TokasaHo
NpenuMyIecTBO [JaHHOIO KOMIIJIEKCHOTO IOAX0[a,
a TakXe MPUHLUNHAJIbHAsA BO3MOXHOCTH IIpOBeje-
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HUA IUIOIAAHON ChEMKHU pacupefeseHUs CKOIJIeHUN
MakporekTollyca IO Bcell akBatopuu osepa balika,
pe3ybTaThl KOTOPOH, B MepPCIeKTHBe, IOMOTYT CKOp-
PEKTUPOBaTh CyIIECTBYIOI[ME OLIEHKU YKUCJIEHHOCTU U
OuoMaccel 3TOTo BUA.

BrInosTHeHHBIE UCCIEJOBAHNSA MOKA3bIBAKOT, 4TO
KOJIMYeCTBEHHBIe OI[eHKM OMOMAacChl MaKpOTEeKTOIlyca
B o3epe Baiikan akycTuiyeckKuM MeTOAOM B COBOKYIIHO-
CTU C KOHTPOJIbHBIMU JIOBAaMU IJIJAHKTOHHBIMU CETAMU
OyZyT criocoOCTBOBATh NOJIyYEHNUIO0 HOBBIX 3HAHUN 00
9KOJIOTUM XUBOTHBIX. Kpome 3TOro, oHuU MOTryT OBITh
[I0JIE3HHBI IIPU BBIACHEHUH [IPUYMH M3MeHeHU! B Xxapak-
Tepe pacripejiesieHnss 6aliKaJabCKOro OMYJis B paliloHax
TPaJAUIMOHHOr0 IIPOMEICIA.
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Original Article
Changing the appearance of underwater

landscapes in the coastal zone of a large
freshwater body under the influence of
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

o . and Podemski, 2009; Villnis 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 ST 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.

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 ST 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



Dudakova D.S. et al. / Limnology and Freshwater Biology 2024 (6): 1503-1524

Fig.3. Bathymetric map of Mustalahti Bay based on echo sounding data: A — Two-dimensional bathymetric map; B — Cross-
sectional profiles of the bottom terrain; C — Three-dimensional model of the bottom terrain; D — Bottom slope map.

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-

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

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.

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.

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.

Fig.6. Boundary between bedrock and loose sediments based on acoustic images from a high-frequency downward beam

echosounder with a DTL function.
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Fig.7. Zonation of the lakebed according to acoustic profiles: from the lower low-frequency beam (1) and from the mosaic

of side-scan sonar (2).

Note: w - flooded wood, m — macrophyte thickets, s — isolated stone fragments, t — talus, r — underwater rock outcrops.

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)

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

Fig.8. Typical 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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Fig.9. Acoustic profiles from areas near the cages (cage placement zones are marked with a red circle).
Note: u — undisturbed silts, b - silts with bacterial films, c — cage elements in the water column.

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.

Acknowledgements

The authors express their sincere gratitude to
M.L Orlova, Director of the St. Petersburg Scientific
Center of the Russian Academy of Sciences, and the
SPbSC RAS for providing the equipment used in this
study (side-scan sonar SOLIX 10), to S.N. Yudin, Chief
Geologist of Kiviyarvi LLC, for compiling the geolog-

1511

Fig.10. Landscape facies of Mustasaari Bay.
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OpuruHaAbHan cTaTbA

U3meHeHMe 06AMKa NOABOAHDBIX
AaHawadpToB NpUbpPE)XHON 30HbI KPYNHOIO
NPeCHOBOAHOIO BOAOEMaA NoA BAMAHUEM
AefiTeAbHOCTH popeneBoro Xxo3aucTasa Ha
npumepe 3an. MyctanaxTu Aapo)xckoro
o3epa

Hynakosa [I.C., Jlanenkos A.E., AHoxuH B.M., I'vzeBa A.B., 3apunosa K.M.

Hrcmumym o3epogedeHus Poccutickoii akademuu Hayk — 060cobieHHOe cmpykniypHoe nodpazdesieHue DedepaibHO20
20cy0apcmaeHH020 6100JcemHo20 yupedxcOeHusa Hayku «CaHkm-ITemep6ypeckuti @edepatoHblll UCC1e008ameTbeKULl yeHmp
Poccutickoti akademuu Hayk», yi1. CegdacmvaHoga, 9, CaHkm-Ilemep6ype, 196105, Poccus

AHHOTAILIHA. B 3anuBe Mycranaxtu JIagoxcKoro osepa, UCIOJIb3yeMOM I pasMelieHus ¢opere-
BBIX CaJIKOB, MIPOBEJEHO HCCJIeJloBaHNe CTPYKTYpPHl JOHHBIX JIaHAMAMTOB U TpaHchopMaluy MnoBepx-
HOCTH [HA [OA BjNsAHHEM PBIOOBOJHOIO X03AlCTBa. B IeyiAxX moJiyueHHsA IOJIEBOTO MaTrepuasa AJid
KapTUpPOBaHMUA JOHHBIX JIlaHAMA(TOB MPOBOAWINCH TMAPOAKYCTHYECKHE UCCIeJOBaHUs C FUApPOJIoOKa-
Topa 6okoBoro 063opa (I'JIBO) SOLIX 10 ST MEGA CHIRP u (oToBUe0ChEMKA C MTOABOJHOTO ammapaTra
Limnoscout. Taxxe ocyllecTBIAINCH CTaHAAPTHBIE CeAUMEHTOJIornYeckre 1 61oJiornieckre 1uccaeao-
BaHUA AHA. BeigesieHre oTAesIbHBIX (anuaibHbIX 3JIEMEHTOB IIPOBOANJIOCH C UCIOJIb30BaHKEM Mop(do-
MeTpHYeCcKUX IIPH3HAKOB (30HHBI ITyOUHHON AuddepeHInanyy, YKIOHH JHA B PAa3HbIX YacTAX 3aJIMBa
U 3JIeMeHTHl penbeda), cBelleHNI O XapaKTepe JOHHBIX OTJIOXXKEHUU (TUM JOHHOTO OCaj/ika, COCTaB
HaWJKa), MO0 XapaKTepHOMY OOJIMKY IOBEPXHOCTM AHA U MO JOHHBIM OHOJIOTMYECKUM COO0OIecTBaM
(moMmuHUpyloNMe rpynnbl 6eHToca, Hajauyue/0TCyTCTBHe Makpo@uToB). B pesyJsibTaTe NpoBeJeHHBIX
paboT ObUIM MOJIyYeHbl OaTuMeTpuueckas U JaHAmadTHaA KapThl MCCIeyeMOro 3aJiiBa, BhIAEJIEeHB
XapaKTepHble 0COOeHHOCTH OTAesIbHBIX JIaHAma(THHIX (aruii. Becero BeigesieHo 8 ganuil. beuio noka-
3aHO 3HaYMTeJIbHOe HeraTuBHOE BiMAHKE (QOpesieBbIX CaJKOB Ha JHO 3aJiMBa. DTO MOATBepxAaeTcs: 1.
3HaYMTeJIbHBIMU U3MEHEeHUAMY BO BHellIHeM OOJIMKe AHA, 0OHapyXUBaeMble 110 JaHHBIM BUAE0CheMKU;
2. BU3yaJIbHBIMHU M3MEHEHUAMU I0BEPXHOCTH Ha aKyCTHYeCcKUX n3o0paxeHusax (coHorpammax) c I'JIBO;
3. yBesJIM4eHreM MOIIHOCTY JOHHBIX OCAAKOB U IOBBIIIEHHBIM HAaKOIJIEHEM OpraHUYeCcKOro BellecTBa,
JOKa3aHHBIX CbeMKaMM C 9X0JI0Ta U paHee NMpPOBeJeHHBIMU Hallell I'PyNIoN MCCIeJOBaHUAMM XUMU-
YeCcKOro cocTaBa I'PyHTOB B 30He cafgkoB. COrJIaCHO IMOJIyYeHHBIM JAaHHBIM, OCOOEHHOCTH KOTJIOBHHEI
HccJIe;yeMoro 3ajiBa, B YaCTHOCTH, JOCTAaTOYHO KPyThle OOpTa M 3HauuTeJbHaA IJIOMaAb I10JIOroro
y4acTKa C OTHOCUTEJIbHO OosbmnMu riiyomHamu (20-35 M), NpUBOAAT K BO3HUKHOBEHUIO YCJIOBUU
HaKOIUJIEHUSI aHTPOIIOreHHO TPaHC(HOPMHUPOBAHHOIO OCAAKA HA YYaCTKe, COOTBETCTBYIOIIEM ILIOLIAN
MMOACAKOBOTO MIPOCTPAHCTBA, U HAa yJaJIeHUU OT Hero Ha IepBble JecATKA MeTpoB (30Ha 10 100 M B
JuaMeTpe BOKPYT KaxJoro cagka). 3akjwueHue: Vcrnosb3oBaHue JIAaHAMAGTHOTO MOAX0AA C UCIIOJIb-
30BaHHEM COBpPEMEHHBIX HWHCTPYMEHTOB HCCJIE[OBAHUI, B YaCTHOCTH aKyCTHUYECKOH U IOABOJHOU
doToBUAEOCHEMKH, TTO3BOJIMJIO AaTh MPOCTPAHCTBEHHYI0 OIEHKY BJIMAHUA (OpeJIeBOro Xo3sAncTBa Ha
COCTOSIHUE HCCIIeyeMOl 4acTyu NPeCHOBOJHOTO BOoJoeMa.

Kiioueavie citoga: nounsle gaHamadTel, JIagoxkckoe 03epo, CaIKOBbIe X035IHCTBA, KAPTUPOBAHUE, IUAPOJIOKATOP
6okoBoro ob3opa (I'JIBO), TeseynpasJisieMblii HeoOUTaeMblll NOABOAHBIN anmapat THITA
Limnoscout
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JHBIX JaHAmadTOB IpUOPeXHOI 30HBI KPYIHOTO IIPECHOBOAHOTO BOJOEMA O[] BIMSHNEM AeATebHOCTH (PopesieBoro Xo3si-
cTBa Ha mpuMepe 3ay. Mycraiaxtu Jlagoxckoro ozepa // Limnology and Freshwater Biology. 2024. - No 6. - C. 1503-1524.
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1. BeepeHue

B HacTosAmee BpeMs OIHOI U3 CYIIeCTBEHHBIX
mpo6JieM, CBSI3aHHBIX C HEraTUBHBIMU H3MeHEeHUsMU
COCTOSIHUsI OKpPY’KaloIel cpelpl, B YaCTHOCTH, CO CTO-
POHBI OOBEKTOB aKBaKYJIbTYPhI, SABJIAETCS 3arps3HeHre
MPECHOBOAHBIX BOJOEMOB OPraHUYECKHUM BEl[eCTBOM U
MUKpO3JIEMEeHTaMH, YTO MOXKET BBI3BIBATH M3MeHeHHe
ypPOBHs TpodUM BOAOEMOB, OTPHUIATEIPHO BJIUATh Ha
Ouosioruueckye cooOlecTBa, HWHULMHAPOBATH Iiepe-
cTporiku skocucteM (PepkkoB u ap., 2011; MuisHuyK
u ap., 2019; Lapenkov et al., 2023; JygakoBa u ap.,
2024; Guzeva et al., 2024; Zaripova et al., 2024).
V3yuyeHHOCTh AAHHOTO BOIIpOCa TroOpa3fo BHINIE JIsA
MOpPCKUX O00BeKTOB akBakyJbTypel (Kalantzi and
Karakassis, 2006; Rooney and Podemski, 2009; Villnds
et al., 2011; Farabi et al., 2022; Elvines et al., 2024).

[IpumeHsieMble METOJbI W3y4YeHUs IO0J00HOT0
BJIMSIHUSA, KaK MPaBUJIO, OMUPAIOTCS Ha CTaHJapTHBIE
METOAbl TUAPOXUMUYECKUX, T'HAPOOHOJIOTUYECKUX,
cequMeHTOJIornueckux wuccaegosanuil  (Carroll et
al., 2003; Lapenkov et al., 2023). OgHako B HacCTOS-
Imee BpeMs IS Iiejiell KapTUPOBaHUSA JOHHBIX OHO-
TOIOB, KOJIMYECTBEHHON OLIEHKM 3allacoB OHoJIoruye-
CKUX DEeCcypCcoOB W W3yYeHHs JOHHBIX JIaHAmadToB, a
TaKXe BBbIABJIEHUS AaHTPOINOTEHHON TpaHchopManuu
JIHA BOJIHBIX OOBEKTOB U IPOCTPAHCTBEHHOW OILIEHKU
MPOUCXOAANINX H3MEHEHUH, LIMPOKO WCIOJIb3YIOTCA
METObl UCTAHI[MOHHOTO 30HAMPOBAHUSA, TOMOJIHSIO-
mme tpagunuoHHsle (Fish and Carr, 1990; Quintino,
2003; Foster et al., 2009; Cochrane and Lafferty, 2002;
Harris and Baker, 2012; Che Hasan et al., 2014). Cpeau
rocJjieJHUX OJHUM U3 Haubosiee 3GPeKTUBHBIX METO-
OB sIBJIsIeTCS TUAPOAKyCTHYECKU, OCHOBAHHBI Ha
KICIIOJIb30BAaHUM KJIACCUYECKUX OJIHOJIYYEBBIX, @ TAKKE
MHOT'OJTyY€EBBIX 3X0JI0OTOB M THAPOJIOKATOPOB GOKOBOTO
o63opa (I'JIBO). B niesiom, 1cnoJsib30BaHUE MHOTOJIyYe-
BBIX 5x0J10TOB U I'JIBO B 06sacTy usyueHus 06beKTOB
aKBaKyJIbTYphl OOJIbIlEe HalleJIeHO Ha HalOJIojieHue 3a
pBIOOI B cagkax M oueHKy ee 3amacoB (Kristmundsson
et al., 2023; Ridgway et al., 2024). Bomnpoc ero npu-
MeHEeHUs IJIs OlleHKU M3MeHEeHMs COCTOSHUS qHA IO

cagkamu paspaboran HemoctatouHo (Dougall and
Black, 2001; Andrés, 2011).

Llesib paGoOTHL: OIlEHKA BJIMAHUA OOBEKTOB Ca-
KOBOH aKBaKyJIbTYphl HA COCTOsIHKE IO BOAHBIX JIAHI-
madTOB B KPYITHOM IIPECHOBOLHOM BOJIOEME C KCITOJIb-
30BaHMEM COBPEMEHHHBIX METO/OB IMCTAHIIMOHHOTO
30HIUPOBAHUSL.

2. MaTrepuanbl U MEeTOAbDI
2.1. PaioH uccaepoBaHus

Uccnenosanusa [IPOBOWJIVICH B 3ajiiBe
Mycranaxtu (B mxepax SkumBapckoro 3aJvBa)
Jlamoxckoro osepa Hefaseko OT I. Jlax[eHNOXbA

(Puc. 1). Ilnmomags 3ajMBa COCTABJIAET TMOPSAKA
2.2 XM2, OH BBITAHYT B CyOMepUAMOHAJILHOM Halpas-
JIEHUH, 0011as NPOTKEHHOCTD COCTABJIIAET 2.4 KM.

B nmanHOM 3ajiviBe paclojioXeHbl 0ObeKThl caj-
koBoro ¢opesneBoro xosfaiictBa OOO «AKyJIOBKa».
CorjlacHO CHOYTHUKOBBIM CHHMKaM, IIepBble CaJKu
B Oyxre mosBwianch B 2011 r. B cpegHem usyuae-
Moe x03AUcTBO mpousBoguT 1000 TOHH pHIOBI B rof.
OcobeHHOCTBIO  (QYHKIIMOHMpPOBaHUA  (opesieBbIX
XO3ANCTB ABJIAETCA Ce30HHOEe N3MeHeHle NHTeHCUBHO-
CTH peXxruma KOPMJIeHUs, CBA3aHHOe C TeMIlepaTypou
BOJIbl. 3UMOM NPH HU3KHUX TeMIepaTypax oO0beM BHO-
CHMOr'0 KOpMa MUHUMAaJIeH, ¢ HacTylJleHHeM BeCHBl U
B Te4eHUe JieTa yBeJIM4YMBaeTCs, K KOHI[y OCeHM IocTe-
[IeHHO CHWXaeTcA. B aBrycre Bo BpeMs caMOro akTHB-
HOI'O Ce30Ha KOpMJIeHUsA oflliee NOCTyIJIeHHe KopMa B
cagku cocrtasiisieT 6 — 10 ToHH B cyTku ([lyzmakoBa u
ap., 2024).

Jatsl npoBefeHus uccienosanuii: 01.03.2023,
06.07.2023 u 24-25.07.2024.

2.2. MeToabl MCCAEAOBaAHMA

JlanamwagTHBIE MCCIeAOBaHWA [HA aKBaTOpUU
3aJi1Ba ObLIM OCHOBAHBI HA 3XOJIOTMPOBAHUMU, UCIOJIb-
30BaHUHU TMOABOJHON BHIIEOCHEMKH U aKyCTHUUYECKOTO
CKaHUPOBAHUA OHA C MPUMEHeHUeM T'HApoJIoKaTopa

Puc.1. PacnosioxxeHue palioHa IpOBeJieHNA UccyiefoBaHui (3as1. MycrasaxTi) B JIagoxXCKOM o3epe.
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b6okoBoro o63opa (I'JIBO), a Takxkxe NOHHOM HPOGOOT-
Oopa [Ji u3yueHusA JOHHBIX OTJIOKeHUU U OUOTHI JaH-
HOTO yYacTKa aKBaTOPHUU.

Jliia neneli BBIABJIEHUA CTPYKTYPHl IOABOLHOIO
pesbeda TpoBOANIIOCH 3X0JI0OTHpOBaHue. Mcnoib3oBaH
axos0T Hummingbird SOLIX 10 SI MEGA CHIRP. IIpu
MPOXOXAEHUN Cepur TajiCcoB MPOU3BOAMJIACh HUDPO-
BasA 3anuch riayouH. Co3maHue nu@poBou GaTUMeTpH-
YecKOl MOZesy IO MOJIyYeHHBIM LU(POBBIM JaHHBIM
MPOBOUJIOCH C MCIIOJIb30BaHWEeM mporpamm Surfer 9
u Arc Map 10.5. Touku 3amepoB TJIyOMH C KOOpAM-
HaTHOH npuBsA3koil B cucteMe WGS-84 cuumanuch B
tabsusl Excel ¢ mokasanuii axos1ota. Ui U3BJIe4eHUA
KOOpMHAT HYJIEBHIX IJIyOMH IPU IOCTPOEHUM OaTu-
MeTPUYeCcKOl KapThl OTPUCOBBIBAJINCh KOHTYPHI Oepe-
roBoii siunun B Google Earth Pro, KOHBepTUPOBAJINChH
yepes daitsi-KMZ B shp-daiin u B ArcMAP u3Bjiekarch
B Tabauiel Excel koopauHathl Touek. A Gosiee 4eT-
KO KapTUHBI [IPX IOCTPOEHUM KapT A00aBjIeHbl TOUKU
Ha cylle C IOJIOKUTEJbHBIMU T'HMICOMETPUYECKUMU
orMmeTkamu. CymMmapHas BbIOOpKa IoABeprajach aHa-
JIU3y C LieJIbl0 BBIABJIEHUS 1 OTOPaKOBKU TOYeK 3ame-
POB 3X0JI0Ta, He COrJIacyIOUUXCA ¢ OOLI[MMM 3aKOHO-
MepHOCTAMU paclpefiesieHUs, 5T0 eAUHUYHble TOYKH,
KOTOpBle, IO-BUAMMOMY, CBfI3aHbl C aHOMAaJIbHBIMU
ycyioBusiMu  pabotel  mpubopa. Lludposas Mojens
pesibeda cosfaBajlacb B BHUAE pacTpa, NPUMEHACA
Meton Natural neighbor. Ha ocHoBe 11t poBoii pacTpo-
BOI MoJiesii peJibeda ¢ MoMoIbi0 HHCTpyMeHTOoB I'MIC
MIOJIyuyeHbl pasjuyHble MOpdoMeTpUYecKHe CXeMbl:
yroJ HakJioHa (Slope), HampaBJieHHe (a3UMyT) Mak-
CHUMaJIbHOTO yKJIOHA (Aspect), IOCTPOEHBl pa3pe3bl 10
npoduiaM AHa. [y 0osiee HarJIAJHON KapTUHBI CXeMBI
CO3[]aBaJINCh B INPAMOYIOJIBHOM CcHUCTeMe KOOpAMHAT
[TynkoBo, 1942, 30Ha 6, AjiA 4ero rpajycHble reorpa-
¢uueckre koopauHaThl Touek (X,y WGS-84) mnepe-
CUATBHIBJIMCh B METPOBBble KOOPAMHATHL. TpexmMepHble
Moziesu pesbeda CTPOMJINCh B TporpamMe Surfer 9.

JIsia ToABOAHON BHAEOCHEMKH IPUMEHAIICA
TejleynpaBjAeMblil HeoOUTaeMblil IMOJBOAHBINA amnma-
patr Limnoscout, pa3paboTaHHBII [JIA YCJIOBUU
Jlagoxckoro o3epa (dymaxkosa u ap., 2021). Ero npu-
MeHeHHe B KCCJIeIOBAaHUAX NOABOAHBIX JIaHAMIA(PTOB
Jlagoxckoro o3epa OCHOBaHO Ha IPOBEJIEHUU BH[IEO-
NnpouINpoBaHus Ha y4yacTKaxX AHA JUJIMHOW 10 1 kM
C MapaJuiesIbHON NPUBA3KOHN K IJIyOMHaM U MPOXOJu-
MoMy TpeKy. OcyIecTBJIAIOCh TACCUBHOE MPOTArMBa-
HMe [MOJBOJJHOrO0 anmnapara 6J11M3K0 K TIOBEepXHOCTU AHA
(10-20 cm) c ucnosib3oBaHueM ¢usndeckoro 3¢ dexra
napeHus. [losydaemble M300pakeHUs UMeJIU MIUPUHY
3axBaTa n3obpaxeHus AHA B kaapax nopsaka 50-100
cM. BuzleocreMka Ha yyacTkax, Iie paciosIoXKeHbl KOM-
TIOHEHTHI CaJKOBBIX YCTAaHOBOK, 3aTpyAHEHa B CBA3U C
OOJIBIIIIM YMCJIOM PacTsPKeK, TPOCOB U SAKOPHBIX 3Je-
MeHTOB (OeTOHHBIE OJIOKM) Ui (PUKCAnUU CaIJKOB.
COOTBETCTBEHHO, TOAXO]], WCIOJIb3YEMbIH MPU OOBIY-
HBIX YCJIOBUAX BUAEONPOGUINPOBAHUA NPU IPAMBIX
npoxopax npoduseli, 6p11 MoAUGUIMPOBAH Ha BUe-
OCbEMKY Ha OTAEJIbHBIX KOPOTKMX OTpe3KaxX Ha pas-
HBIX YacTAX 3aJuBa. B 30He cafKOB CheMKa IIPOBOAU-
Jlach HENOCPeJICTBEHHO C HUX MPOXOXJeHreM KaMephbl
HaJ JHOM C yIpaBJieHHeM C IIPOXOAHBIX IUIOLIAZ0K Ha
cajiKax.
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Puc.2. Pacnosioxenue ctaHiuii or6opa npoo.

JlJ1a mioma HbIX ChbeMOK JHA MPUMEHsJI0Ch aKy-
CTUYecKOoe CKaHUPOBaHUE C HKCIOJIb30BaHUEM THJIPO-
Jokatopa 6okoBoro o63opa (Hummingbird SOLIX 10
SI MEGA CHIRP). [Io naHHBIM aKyCTHYeCKHUX CheMOK
TOJIy4eHbl CEPUU COHOI'PaMM, Ha KOTOPBIX OTOOpaxa-
eTcs n3obpaxeHue TUIIOB JHA 1 OTJIeJIbHBIX 0OBEKTOB
Ha HeM. AHaJyu3 NapajuIeIbHbIX M0JIOC MO3auK COHO-
rpaMM (aKycTuuyeckux Mpoduieii) Mo3BOJIsAET BbIje-
JIATH 3JIEMEHThl Ha pasHbIX TUNAX AHA C NPOCTPaH-
CTBEHHOU NPUBA3KOHN M AaeT BO3MOXHOCTb IIPOBOAUTD
TrpaHMIbl MeXAy OTHeJbHbIMU JaHAMAGTHEIMU eau-
HunaMmu. CoHOrpaMMBbl [JIs IOCTPOEHU MO3auK IOJIy-
YeHBI B peXXuMe ¢ oTobpakeHreM TOJIIIA BOJbI, COOT-
BETCTBEHHO, 3TO ITO3BOJIAJIO TPOU3BOAUTH CUHXPOHHYIO
OlIeHKY M3MeHeHUsA XapaKTepa JHa CO CMeHOMH IIyOuH.
Hcnosib30Bajiich Takke AaHHble 00 M3MeHEHUU MOIIl-
HOCTHU MOBEPXHOCTHOI'O CJIOA JOHHOTO OCajKa, [oJiyya-
eMble C TIOMOII[bI0 THUAPOAKYCTUUYECKON CheMKHU C HUX-
HEeTo JIyYa 3X0JI0Ta Ha HMU3KOYaCTOTHOM pexume (455
mIp).

OCHOBHBIMM KPUTEPUAMM BbIflejieHua (alu-
aJIbHBIX TpaHUI] B MacmTabax HcceJyeMOoro 3ajiriBa
ObUTH TeOMOP(QOJIOTUYECKUN U CeUMEHTalIOHHBIM.
Feomopdosiornueckye NOpU3HAKA aHAJIU3UPOBAJIUCH
Ha OCHOBAHUM JAHHBIX C TIOJIyYeHHOUW Mpu OaTume-
TPUYECKON CcbeMKe I[UpoBON MoAenu pesbeda AHA.
PaccuuTpiBasiich MmapamMeTphl: YKJIOH [HA, OSKCIIO3U-
uuA. TUn MATKUX JOHHBIX OCAAKOB OMpelesiasca MpU
oT0OOpe UX ¢ ucnoab3oBaHueM aHouepnarensa JJAK250.
B mepuog 2023-2024 rr. ObLJIO HCCIEOOBAHO 25 CTaH-
nuii (Puc. 2). IIpoBoawmsiochk BuU3yaJibHOE 00CIIEI0Ba-
HHe, OINUCAaHWEe U OIleHKAa MOIIHOCTU PAa3HBIX CJIOEB
JOHHBIX OCAJIKOB, a TAKXe TUIIMPOBAaHHE HX IO COOT-
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HomeHU10 Gpakiuil pa3HONW KPYMHOCTA TPU BUIY-
QJIPHOM U OpraHoJIenTUYeckomn oreHke (MHCTPyKIUsA
1o..., 1995). Ocoboe BHHMMaHME yOeJIsIJIOCh MOIHO-
CTU OPTraHUYeCKOro CJIos, HalJIIoAaeMoro B 30He BO3-
aenictBuA caAkoB. JlaHHble MO OMOJIOTUYECKOH YacTu
JOHHBIX JIaHAMA(TOB OCHOBAHHBI Ha OIIeHKe COCTOSHUA
Makpo3000eHTOoca N0 AAaHHBIM AOHHOI'O Mpob6ooTHopa,
npoBefeHHOro 24.07.2024 (Puc. 2: cranium ¢ 5241
nmo B24 21), a Takxe Ce30HHOro mpo6oordopa, Mpo-
BEJIEHHOTO Ha veThipex craHnusax B 2023 r. (Puc.2:
Cranamuu Koko 3, 4°, 5 u 6’). Ilpu cb6ope u o6paboTke
OeHTOCAa MNPUMEHAJINCh CTaHAAPTHBIE IPUHATHIE B
ruapobuosiornu  Metonsl (MeTonuveckue peKOMeH-
manu..., 1983). OT6op mpob AOHHBIX OTJIOXEHHN Ha
vccye/joBaHre 3000€HTOCA TPOBOAUJICS C TIOMOIIBIO
kopobuatoro aHouepnaressa JAK-250 (moaudukanus
OkMaHa-Bepmxu miomanaeio 3axpata 1/40 m?). s
OI[eHKU POJIK OTAEJIbHBIX TAKCOHOB B JIOHHBIX JIAH]I-
madTax oleHuBajach CTPYKTypa coo0IIecTBa U COCTaB
JOMHUHAHTHOTO KOMILJIeKca. AKyCTUYeCKre JaHHbBIE 0
BCTPEYAEMOCTH U YUCITy aKyCTUYECKUX CUTHAJIOB OT
PBIOBI, TOJIy4YeHHBIE 3X0JIOTOM, HKCIIOJIb30BAJIUCh MJIsA
OI[eHKU pacIipejiesieHus uxTruodayHsl B Iepuo Ipose-
JeHus uccienosanus. [10ckobKy aKTUBHOCTD U ILJIOT-
HOCTh UXTUOGAYHBI OKa3blBaeT BJIMsAHNE Ha XapakKTep
MOBEPXHOCTU JIHA, 9TU XapaKTEPUCTUKU TaKXe YUUTHI-
BaJIUCh NPU OLleHKe COCTOSHUSA JOHHBIX JIaHAMIAa(dTOB
1o 6G1OJIOTNYeCKM KPUTepUsiM.

[Ipu anHanu3e KOMILIEKca MPU3HAKOB BBIJEJIsA-
JMch OTHenbHble daiuu B CTPYKType JjaHAmadTOB
U3y4aeMol 4YacTHh akBaTOPWUM, M, KaK WTOT, CO3/laHa
uudposada MoAesib AOHHBIX JlaHAmadroB 3anusa. C
MOMOII[BI0 3TOM MOJIeJIM TpOBefleHa OIlleHKa IUIoNia-
Jel, 3aHATHIX [0 Pa3JIMUHBIMU (palisaMU, paccuuTaHa
J10J11 aHTPOIIOT€HHO N3MeHEeHHO! aKBaTOPUN.

3. Pe3yabTaTtbl M 06Ccy)xpeHue
3.1. 0co6eHHOCTH KOTAOBHHbI 3aAMBa

ITo moctpoeHHO! 1UGPOBON MoAenau pesibeda
paccunTaHbl XapaKTEPUCTUKU 3ajimBa MycTajiaxTu.
Cpenusasa raybuHa ero coctaBjisieT 12.9 M, Makcu-
MaJibHasg — 36 M. Kak MOXHO BHUJAETh U3 IOJIyueHHOMN
OaTUMeTpHUUYECKON KapThl, MaKCHUMAaJIbHbIE TJTyOUHBI
CMeIIeHbl K I0XHON OTKPHITON wactu 3aiumBa (Puc. 3:
A). U, HecMoTpsA Ha TO, YTO B I[€JIOM 3aJIUB MMeeT Cy0-
IIMPOTHOE MPOCTUPaHUE, NMeeTCA PAM OCJIOXHAIIINX
ocobeHHOCTel pesibeda, BBIpaXXeHHBIX B HAJTUYNU [TOA-
HATUN B TEPNEHAUKYJISIPHOM HamlpaBjeHUU. DTO CBS-
3aHO ¢ OCOOEHHOCTsMU reoJiorun ydactka (Puc. 4). B
reoJIOTMYecKOM OTHOLIEHWH y4YacTOK CJIOXeH o0paso-
BaHUSIMU MXOJIBCKON Y KyXMHUHCKOU TOJIII JIAaX I€HIOX-
ckoro Metamopduyeckoro komrtekca (I'ocreoskapra,
2015). B 3amagHOM 4acTU 3aJiMBa 3aJjieraeT MxajIbCcKas
Toyma rpadUT-OMOTOBBIX THEWMCOB U JUOICUIOBBIX
CKapHOB, YYaCTOK €€ Pa3BUTHSA BBIJIEJIAETCS IOJIOKU-
TeJIbHOU aHOMaJsinel Ta 1Mo JaHHBIM MarHUuTOpPa3Be KU
(3ytixoBa u Illuosa, 2000), 4TO cBA3aHO C BKpaIlJieH-
HOCTBHI0 TMHPPOTHMHA W MarHetuta. MarHuTHas BOC-
MIPUMMYUBOCTD TIOPO/I, BXOIAMNX B UXAJIbCKYIO TOJIITY
3aMeTHO BBIIIe, YeM Yy MOPOJ KyXMHUHCKOU ToJml. Ha
BOCTOKE 3aJiiBa B COCTaBe KYXKUHCKOU TOJIIM TIpe-
00J1afjal0T MUTMAaTHU3UPOBAHHBIE T'PaHAT-OMOTHUTOBEIE
THEMCH, KOHTAKThl MeTaMOp(puuyecKux TMOpof pas-
HBIX TOJII] TEeKTOHU3UPOBAHHL. YTJIepoJicojiepxkaliye
THeHMchl 0OHApyXUBAIT MeHO-TOJINMETALITNYECKYT0
crienaJn3aluoo, 4yto, Hapsaay ¢ GakTopoM 3arpssHe-
HUsA OT O0BEKTOB PHIOOBO/IUECKUX CAJKOB, BO3MOXHO,
00bsICHAET HAJINUKE aHOMAJIMN MeJiyd, IMHKA B JIOHHBIX
OTJIOXKEHUSIX 3aJI1Ba, BBIABJIEHHBIX MPU 00CJIeJOBaHUU
JIOHHBIX OTJIOXKEHUU B paiioHe (popesieBoro Xo3sicTBa

Puc.3. bBatumeTrpuyueckas kapTa 3ajanBa MycTaslaxTH, 10 JAHHBIM 5XOJIOTHBIX IIPOMEPOB: A — IByXMepHas OaTuMeTpuiecKas
kaprta; B — nonepeunsie npodum penaveda aHa; C- TpexMepHas MoAesb pesbeda aHa; D — kapTa yKJIOHOB JHA.
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Puc.4. Teosiornyeckas cxema y4acTKa M KapTa aHOMaJsIbHOro MarHuTHoro noJsig (HTi) (orudposaHo no AaHHBIM: 3yHKOBa U

[Innosa, 2000; T'ocreosikapra, 2015)

IMpumeuanue: 1. — KyxKrHCKas TOJIA — MUTMaN3UPOBaHHBIE TPAHAT-ONOTUTOBBIE THEHCH;, 2 — Mxasbpckas ToJma — rpa-

dut-6uotuToBHIE THeliCch 3. — Pa3iomsl; 4. — VI306aThI.

OoyxTel Mycranaxtu (Guzeva et al., 2024). Pa3pbiBHBIE
HapyIleHUs ONpefesisioT MeJIKyI0 OJIOKUPOBKY pa3HBIX
yacTel 3aJiMBa U MOAYEPKUBAIOTCA KPYTHIMU CKJIOHAMU
cyOMepH/IMOHAJIbHO! 1 CEeBepO-BOCTOYHOMN OpPUEHTU-
poBku (Puc. 4). B 1jesioMm 3ajuB MMeeT KOpPHITOOOpas-
HYI0 KOTJIOBUHY C KPYThIMU YKJIOHaMu 1O OOpTam u
JOCTaTOYHO BBIPOBHEHHBIM IJIOCKUM JHOM IO LIEHTPY
(Puc. 3: B). 3anagusiii 60pT 6oJiee MOJIOTHI N0 CPaB-
HeHUI0 ¢ BocTOyHBIM (Puc. 3: B). BaxHbIM 3JieMeH-
TOM sBJIIeTCS NOAHATHE JHa CyOMepHUaNOHaIbHOIO
HallpaBJIeHUs B I0)KHOU 9acTU. DTO OIpeJieiseT 3aTpy -
HeHUe BOJIooOMeHa C I0)KHee pacClOJIOKEHHOM YacTbhio
aKBaTOPHMU U BJIMSET Ha paclipefiesieHre JOHHBIX 0caj-
KOB. BocTouHBIl U 3anagHbIl O0pPTa KOTJIOBUHEI 3aJIBA
UMEIOT 3HAYNTeJIbHBIE TOBEMBI JJHA, TIPEMATCTBYOLIIe
repeMenIrBaHui0 BOABl B OyXTe U MepeMeleHNI0 JOH-
HBIX 0CaAKOB. IloABOAHBIE TOMHATHA MPENATCTBYIOT
00MeHy 0CaJIOYHBIM MaTepHUaIoM MeXIY OTJeJIbHbIMU
KOTJIOBUHAMHU, KOTOpPhlE TaKMM 00pa3oM IIpejCTaB-
JIAIOT CBOeoOpa3Hble KOHEYHbIE CeJUMEeHTalOHHbIe
OacceliHbl [J1s JIOKAJIbHBIX NCTOYHUKOB 3arps3HeHUs.

3.2. AOHHbIEe OTAOXKeHMA U NOABOAHbDbIE
AaHpwadTbl 3aruea MycTtanaxTu

B 3anmuBe MycTajaxTy BBISBJIEHO MATH Pa3HO-
BUIHOCTEN €CTECTBEHHBIX PHIXJIBIX JOHHBIX OTJIOXE-
HUI: TIECOK MEJIKO3EPHUCTHIN, WJI aJI€BPUTOBBIA, WJI
TJIMHUCTBINA, WJI TJIMHUCTHINA C MPUMECHI0 aJIeBPUTA, a
TaKXxe elle OJIMH THUIl, 0OPa3yIOIIUICSA B pe3yJibTaTe
AHTPONIOTEHHON aKTUBHOCTH — YCUJIEHHOTO TTOMAaJaHUA
OpPraHNYeCKOT0 BEM[eCTBA: WUJI TJIMHUCTHIN C IIPUMECHIO
ajieBpuTa, ¢ MOIIHBIM CJIOEM HAWJIKa, 3arpsI3HEHHOTO
opraunveckum BemjectBoM (Prc. 5). KopeHHbIe TOPO/IbI
cJjlaraloT 60pTa KOTJIOBUHBI M OCTPOBHBIE TOAHATUA U
NPOABIAITCA A0 riiyouH 15-20 M. OcHOBHAaA IJIOMaAb
JTHa 3aJIMBa CJIOKEHA TJIMHUCTBIMU UJIAMU C IPUMECHIO
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aneBputa (ajeBpomesMTamMu), KaK eCcTeCTBeHHBIMU,
TaK U C yBeJINUeHHBIM CJI0eM 0CaJiKa C BBICOKHM COAep-
JKaHHeM OpraHu4ecKoro BellecTBa.

Bosypmias wacTe JHa B 3ajvBe (Kak U BO BCEM
JlajoxxckoM o3epe) MOKpHITa TaK Ha3blBaeMBIM HauJl-
KOM — IOBEPXHOCTHBIM CJIOEM CHUJIbHO OOBOJHEHHOI'O
ocajka TeKydell KOHCHCTEHIMM MOIIHOCTBIO 2-4 CM.
OOBIYHO S5TOT HAWJIOK IIpeACTaBJieH aJjleBPUTOBHIM
0CaJIKOM C CyIleCTBEHHO! IPUMEeChIO ITIeCUaHbIX YacTHII.
[Ipumecy aneBputa coctabisgeT 10-30%. OOGbIYHO
coAepXxuT A0 5 % Mesiko3epHUCTOro mnecka. Crion
HauJIKa HaXOJUTCA B 30HE a’pallu U ABJIAETCA 30HOHN
HauboJiee aKTHUBHON >XH3He[eATeJbHOCTH OWOTH. B
IIPUHLMIE CJIOM HauJIKa MOXHO CONOCTaBUTh C IIOY-
BEHHBIM CJI0eM cylu. B mxepHoi#l yactu JlaioXKcKOro
o3epa BO3pacT HauJika He IpesbimaeTr 10 JieT, Tak Kak
CKOPOCTb OCaJIKOHAKOIJIEHHA BapbUpyeT OT 1 10 2 MM
B rof; (CemeHoBuu, 1966; Cyberto u ap., 2002). Iox
caJkaMU PBIOHOTO XO35AKMCTBAa U HA HEKOTOPOM yzajie-
HUM OT HUX HaOJII0A0TCA aHOMAaJIbHO OOJIbIIIKE MOIII-
HOCTH Hamiika (go 18 cm), 3aYacTyio HacCHIIIEHHOTO
opraHmyeckuM BemlecTBoM. [loj cjioeM HawjIka Ha
OospIell IUIOMIAAW 3ajMBa paclpOCTpaHEeHHB! IJIMHU-
CTHIe WJIBI C IIpHMechio ajeBpruTa. OOBIYHO 3TO 0CaZOK
Ceporo I[BeTa C XeJITBIM OTTEeHKOM, MATKUM, BA3KUMH, C
HEKOTOPHIM YIUIOTHEHHEM KHHU3Y, YaCTO — C TEMHBIMU
[IprUMa3KaMH OpPraHNu4eckoro BellecTBa.

[lecuaHoe AHO He XapaKTepHO [JIA UCCIeay-
eMoro ydvacTka akBaTopuu. B mpobax c¢ riybuH go 3
M IIeCOK MeJIKO3ePHMCTHIN BBIABJIEH TOJIBKO Ha JBYX
CTAHIMAX B IOro-3alafHOM M IOr0- BOCTOYHON YacTu
(Puc.4: Ct. B24_15 u B24_17). JlaHHbIe aKyCTAYECKOMN
CbeMKHU NOATBEPAWJIM OTCYTCTBHUE OOLIMPHBIX ydYacT-
KOB, CJIO’)KE€HHBIX ITlecYaHbIM IpyHTOM. Takxke IpakTuye-
CKM OTCYTCTBOBaJI KOJUIIOBUII B OCHOBAHUHU CKaJIbHBIX
obHaxeHul. [lepekpbiTHe Hepa3pylIeHHBIX CKaJIbHBIX
YCTYIIOB PBHIXJIBIMU OCAaJKaMU fABJIAETCA XapaKTepHOU
YepTON BCeX NMPUOPEXHBIX yYaCTKOB BJI0JIb OeperoBoun
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Puc.5. Pacripe/iesieHre TUIIOB JOHHBIX OCAJIKOB 10 cOCTaBy HaruiKa (A) M OCHOBHOr0 ocajika noj HausakoM (B) mo akBatopuu

3aJiiBa MyCTaJ’IaXTI/I Ha MCCJIeJOBAHHBIX CTAHIUAX.

auaun (Puc. 6). KosutioBuil oTMeueH JiUIIb B palioHe
I0r0-3aMaHOr0 MOAHATUA Y TOJHOXUA JIBYX MEJIKUX
OCTPOBOB.

Axyctuueckas cbemka (Puc.7) mokasaja, 4To Ha
y4acTKax ¢ HeTpaHCHOPMHUPOBAHHBIM JOHHBIM OCa/I-
KOM, CJIO)KEHHBIX B OCHOBHOM TJIMHHCTHIMM WJIAMU
C NPUMEChI0 aJeBpUTA, MO TJIyOMHE W HAJIUYUI0 Ha
MOBEPXHOCTU JIPEBECHOTO OMajia BHIAEJIAINCh [BE
30HBL: OffHA - A0 TJIyOMHBI 5 M C MMOBCEMECTHO OTMe-

yaeMbIMHU 3aTOHYBIIMMM CTBOJIaMU JiepeBbeB (OIOJI-
HUTEJIbHBIE 3JIEMEHTHl OHOTOIOB, YBEJIWYMBAOLIE
MIPOCTPAHCTBEHHYIO CJIOXKHOCTh U OMOJIOTHYecKoe pas-
HooOpasue), BTOpas — HUXe 3TUX IJIyOMH C BBIDOBHEH-
HBIM U «IIyCTBIM» THOM (Puc.8A).

OTaenpHON  Pa3sHOBUAHOCTBIO  [MOBEPXHOCTU
JIHa BBIJIeJIAJIach MMOBEPXHOCTh C YBEJIMUEHHBIM CJIOEM
OpraHnveckoro BemjecTBa. Ha HU3KOYACTOTHBIX aKy-
CTUYECKUX NPOQUIAX OTMeYaeTcsA yBeJIMYeHHe MOII-

Puic.6. I'paHuIia KOPEHHBIX OPOJ M PBIXJIBIX OTJIOXKEHUH 10 aKyCTUYeCKUM M300pakeHUsAM C BBICOKOYACTOTHOI'O HIXKHErO

JIy4a axoJsioTa ¢ dyskiueit I'JIBO.
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Puc.7. 30HaapHOCTDH JHA 110 aKyCTUYECKM IIpO(bI/IJIHMl C HUKHEro HU3KO4YaCTOTHOI'O Jiy4da (1) u mo mo3auke c ruapoJiokKa-

Topa 60okoBoro o63opa (2)

IIpumeuanue: w — 3aTorieHHbie AepeBbs (flooded wood), m — 3apocsin makpoduTos (macrophytes), s — OTeJIbHBIE KaMe-
HHCTBIE 00JIOMKH (Stones), t — ochinu (talus), r — MoABOHBIE cKaJIbHBIE OOHaXkeHUs (rocks).

HOCTH MATKOTO TPYHTA 3a CYET IOBHIINIEHHOTO HAKO-
IUIEHUsT HaWJIKa, O 4eM ObLJI0 cKa3aHO BhIIe. fapamu
TaKUX «IATEH» OBLJIO MPOCTPAHCTBO TMOJ] CAAKAMU.
AxycTrdeckass cheMKa TO3BOJIMJIA OIEHUTh MaciiTad
pachpefieJieHHs] Takoro Turma rpyHToB. Ha coHorpam-
Max mn3obpaxkeHue nmesio 6oJiee cBeTsbli TOH (Puc. 9).
JluameTp oxBaTa JHA IS TaKUX ISATEH COCTABJIAI IO
100 M oT neHTpa cajka.

KoMmiuiekc  mpoaHaJIM3UPOBAHHBIX  JTAHHBIX
[I03BOJIMJI IOCTPOUTH JlanAmwadTHy0 kapTy (Puc. 10).
BrizesieHo BoceMb JraHAmAGTHBRIX (panuil B mpejeaax
HccyelyeMoro 3aJinBa.

3apacTaHue MeJIKOBOAWU OyXThl MakpoduTamu
(®arus 1) BeIpaxeHO OYeHb HE3HAYWTEJIBHO U OTMe-
YeHO B OTHOCUTEJbHO 3HAYMMOM Macmitabe JIUIb B
KYTOBOM 10°)KHOU 4YacTH OyXTel. [/ 3apOCjeBBIX OHO-
TOMOB XapaKTepHO 0oJiee UHTEHCHUBHOE Pa3BUTHE JOH-
HOI OMOTHI U MOBBIILIEHNWE BUOBOT0 pa3HO0Opa3us 1Mo
CpaBHEHMIO C He3apOCHIMMH y4yacTKaMy akBaTOpuu. B
11eJIOM TIOJ] JaHHOU (arren HaxoauTcsa He 6ostee 4,5%
IJIOmMAaau JHA 3aJIUBa.

BopTta KOTJIOBUHEI, HMemlde Haubojee Kpy-
ThIe YKJIOHBI (B OCHOBHOM B BOCTOYHOM YaCTU 3aJIMBA),
MIPEe/ICTaBJIAIT OTAEJIbHBIN dJIEMEHT JTAaHAMA(TOB U3Y-

Puic.8. XapakTepHblii 00JIMK aJeBpOIEeIMTOBOro IHA Ha IJybuHax Hike 5 M: A — HeTpaHcopMmuposaHHBIi (1); B — ¢ BbIco-
KOH MOITIHOCTBIO «OPTraHNYecKoro» Hawika (3) u 6aKTepuaibHOU IJIEHKOMH (2).
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Puc.9. Akyctuueckre mpoduiin ¢ y4acTKOB B palioHe cafKOB (30HBI pa3MelleHHUsl CaJKOB [TOKa3aHbl KPACHBIM KPYT'OM)
IIpuMeuanue: u — HeHapymeHHble Wbl (undisturbed silts), b — wnbl ¢ 6akTepuanbHoil mieHkoi (bacterial films), ¢ — ae-

MEHTHI Ca/IKOB B TOJIIIIe BOJH! (cages).

yaemoro ydvactka akBatopuu (@ammsa 2). CJIOXKeHBI
KOPEeHHBIMU TOpoAaMU ¢ HeOOJIbIIMMU IepeKpPhITU-
AMM MATKUMU OCafKaMM B MOHMXeHUAX. [1jd maHHOU
(ary MoOMHUMO 3BPUTONHBIX I'PyIN OeHTOca, BCTpeya-
I0IUXCA Ha MeJIKOBOAbe (OJIMIOXETHl, XMPOHOMUH,
BOJIHbIe KJIEIIY, U30HO0Abl U aM(UIIO/b), XapaKTepHO
Hasinuye 300Nepr(pUTOHHBIX TPy JOHHBIX 0eClo3Bo-
HOYHBIX, B YaCTHOCTU I'yYOOK U MIIIAHOK, aCCOI[UPOBaH-
HBIX C TBepJbIM cyOCTpaTOM; PHUCYTCTBHE IacTPOIOL.
PacuetHas gosisa @anuu 2 — 15% o61meil mioIagum.

JU1s1 MeJIKOBObsA 10 5 M TJIyOMHBI B 3amaHON
OoJstee moJioro yactu 3asyuBa (Danus 3) BBIABJIEHO
JIHO, CJIOXKEeHHOe Pa3HOTUIIHBIMU I'pyHTaMu (I1ecKH, K1
aJIeBPUTOBBIN, WJI TJIMHUCTBIM, W TJIMHUCTHINA C NpU-
MecChI0 aJIeBpUTa), YTO yBeJIM4YUBaeT MO3anyHOCTh O1O-
TOMOB, (GOPMUPYIOIUXCA B IpefesiaX JaHHO! daruu.
[TpocTpaHcTBEeHHAA CJIOKHOCTh IIOBEPXHOCTU AHA yBe-
JIM4eHa 3a cueT JpeBeCHbIX CTBOJIOB, 3aTOIJIEHHBIX Ha
3TUX ryIyOrnHax. Pa3BuTue NOHHON OWOTHI XapaKTepH-
3yeTcsi OTHOCHUTEJIbHO BBICOKMMU KOJIMYeCTBEHHBIMU
IokasaTesiAMH. B cocTaB [OMUHUPYIOIIMX TaKCOHOB
BXOJAT I'PYIIIB, IPUypPOUYEHHBIE K JIMTOPAJIbHON 30He
(KpymHBIE [IBYCTBOpYAThle MOJLTIOCKH, PYYEHHUKN),
a Takxe 3BPUTOIHBIE TAaKCOHbI (OJIMIOXETHl, JIUYMHKU
xupoHoMup). Houss panum 3 cocrasiseT mopsaaka 10%
OT OOIIel IJIOIaaN 3aI1Ba.

[NonmxeHHas yacTb KOTJIOBUHBEI c 0oJiee II0JIO-
UMY YKJIOHAMU U BBIOJIQXUBAIOIIAACA B PaBHUHY Ha
riryouHax 20-30 M HUXe TJIyOuH 5 M, CJI0’)KeHHas UJIoM
IJIMHUCTBIM C IIPHMMeChI0 ajleBpUTa, uMeJia 6oJjiee OHO-
POAHOE COCTOsHHE [OHHOM IOBEPXHOCTY, MEHBIIYIO
MO3alYHOCTh ycJIOBUK. OJJHAKO B CBA3U C JeATeJIbHO-
CTBI0 GOPesIeBOro X03ANCTBA U Pa3IM4UAX B IOCTYILIe-
HUM U HaKOIUJIEHUM [OIOJIHUTEJIbHBIX IOTOKOB IIOBBI-
IIEHHOT0 OpraHMYecKoro BellecTBa (C oceAalIUMU
kopMaMu U ¢pekanusaMU pbi0) AHO MOJ caJkaMu U B
HeNnocpeACTBeHHON OJIM30CTU OT HUX [0 CPaBHEHUIO
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C THOM BHE CAaJKOB MMEJIO 3HAUMTEJIbHbIE Pa3INYMs.
B wuTore OBUIO BHIEJIEHO JIBE OTHAEbHBIE Garuu —
HeTpaHC(hHOPMHPOBAHHOIO JIHA TJIyOOKOBOJHOM 4YacTU
3asimBa (Marusa 4) w OHO, TpaHCHOPMHUPOBAHHOE
AHTPOMOTEHHO, C YBEJWYEHHBIM OCAaAKOHAKOIJIEHUEM
U cofepxaHueM opraHudeckoro BemectBa (Darmus 5).
buora Ha riybunax 6mumke k 20-30 M mpejcTaBJieHa,
TJIaBHBIM 00pa3oM, OJINTOXETaM{, XWPOHOMUIAMU,
ampumnogamu, musugamu. [log cagkaMy B HEKOTOPBIE
Ce30HHI Tofla OTMeYaeTcsi pa3BUTHe OAKTEPUATbHON
IUIEHKH, YTO CJIYXKHUT TPENATCTBUEM IJis (popMUpPOBa-
HUA OEHTOCHOTO coobmiecTBa. XapakTepHO, YTO MpU
VHTEHCUBHOM €€ Pa3BUTHU OTMEYAJIOCh OTCYTCTBUE
OEHTOCHBIX OPraHU3MOB WJIM WX YPE3BBIUYANHO CKY[I-
HOe TpucyTcTBUE. B 11esiom Ay anum aHTPONOreHHO
U3MEHEHHOTr0 JHA I OWOTHl OTMEYEHO YIIPOIeHue
CTPYKTYPHI COOOIIECTBA M COKpAIlleHre BHUIOBOTO pas-
HooOpa3usi. Tak, corjacHoO NoJIyYeHHBIM HAMU JaHHBIM,
YK1CJIO BUOOB Melio3000eHToca Mo cagkamu (Dainus
V) 610 Ooslee yeM B 3 pa3a MeHbllle 10 CPaBHEHUIO
C OHOM, He3aTPOHYTBIM MPAMBIM BJIUSTHUEM CaJKOB
(17 u 5 BUAOB, COOTBETCTBEHHO). 111 MaKpo3006eH-
Toca cuTyanus Obuia emfe 0oJjiee KPUTUYHOW: €CJId Ha
HeTpaHCHOPMUPOBAHHBIX I'PYHTaX Ha riiyomHax 5-30
M (@arus IV) BcrpeueHo 11 BuaoB Makpo3006eHTOCA
U3 yeThipex TakcoHoMmmuyeckux rpynn (Oligochaeta,
Chironomidae, Crustacea u Ceratopogonidae), To mof
caZlkaMU B Iepuoj MpOBefeHUsA UCCJIe/IOBaHUs Opra-
HM3MbI MAaKp03000eHTOCa OTCYTCTBOBAJIU.

Takxe ciienyer OTMETUThb, YTO INPOUCXOIUIIO
CHM)XeHNe YKCJeHHOCTH U GroMacchl 6€HTOCHBIX Opra-
Hu3MOB. Tak, i1 Melio6eHTOca OTMeueHO COOTBET-
CTBYyIOIllee CHIXXeHHe 3TUX Iokaszatesieil B 4,4 u B 1,6
pasa B palioHe CaJIKOB II0 cpaBHeHUIO ¢ ¢alreli HeHa-
PYIIEHHBIX TPYHTOB. A ec/ii IPOBOAUTH CPaBHEHUE C
MeJIKOBOAHON 30HOM /10 5 MeTpOBOIM U300aThl, TO 3TU
u3MeHeHUs ObUIN elle OoJiee CyIL[eCTBEHHBIMU: UHC-
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JIeHHOCTh ObLIa HuXe B 37,7, Ouomacca — B 7,7 pasa.
[Ipy1 3TOM OTMEYeHO, YTO KOHIIEHTpalus MpeACcTaBU-
TeJjiell eCTeCTBEHHOUN UXTHUO(AayHBI, COTJIACHO JaHHBIM
aKyCTUYECKOHN CheMKH, B 3aJIMBE TOBBIIIAETCSI UMEHHO
BO/IM3U cagkoB. B qHeBHOe BpeMmsA B utosie 2024 r. Hau-
6oJIbIlIee KOHI[EHTPUPOBAHUE PHIOBI OBLJIO MPUYPOUYEHO
K cjioro Ha 12-20 m riny6une. B nesnom ®anua 4 3aHu-
MaeT HaubOJIBIIYI0 YacTh Iiomanu — 58%, aHTpomo-
reHHO u3MeHeHHoe AHO (Darus 5) — mopsaka 9,5%.
U, BepoATHO, JIOKAIU3alus W IUIOMAb IOCJIeTHEN
MOXeT MU3MEHATHCA B 3aBUCHUMOCTU OT PaCIOJIOXEeHUA
CaJIKOB, UX TIepeMeIeHNs, U ObITh CBA3aHHOU C MHTEH-
CHUBHOCTBIO HArpy3KU U CKOPOCTBIO PAacCENBaHUsA Opra-
HUYECKOT'0 BeI[eCTBa IMPU NCUYE3HOBEHUU MOCTYILJIEHUS
CBEXero 3arpsi3HeHUs MPU MepeHoCe CaIKOB B Apyroe
Mecto. OTpuIaTesIbHOE BJIUSHUE 3arps3HUTEJIEN OT
(pepMepcKUX XO3ANCTB CKA3bIBAETCA HA BCEU 3KOCU-
cTeMe BOJi0eMa B CBSI3U C HAJIMYMeM TPODUUECKUX CBS-
3ell MeX/ly OTAeJIbHBIMU ee KoMroHeHTamu. [Toqo6Hbie
3P @deKTh MOATBEepXIOEeHbl [JiA MOPCKUX 3KOCHUCTEM
(Elvines et al., 2024). [l HUX OBLIO BBISBJIEHO, YTO
BO3/lelicTBUe Ha GEHTOC MPUBOAUT K TOMY, YTO Opra-
HUYecKre MUTaTesIbHble BeIecTBa, cojiepXKaluiecs B
HecheJ[eHHBIX KOpMaX M PBIOHBIX OTXOJaX, CKarIuBa-
I0TCS Ha JIHE BOJl0eMa U pasJiaraloTcs HeJJOCTaTOYHO
OBICTPO, YTOOBI MPOUCXOAWJIO UX OuopasjioxeHUE U
TpaHchopMalysa BHYTPU SKOCHUCTEMBL. DTO IPUBOAUT
K TIOSIBJIEHUIO TOKcHYecKoro sddekra /it 6UOTH U ee
yrHereHun. Ha depmax, pacrosiokeHHbIX HaJl JHOM
B palioHaXx C BBICOKOM IPOTOYHOCTBIO, HAaKOILJIEHUeE
OTXOJIOB MaJIOBEPOATHO. B Takux ycJIOBHAX IONajalo-
e B BOJOEM OTXO[bl AeATeJIbHOCTH XO03AHCTBa pac-
CeuBaloTCs 3a NpejeslaMyd TeppPUTOPUY, MpUJieralomen
Kk (depMme, mojBepraiwTcs a3poOHOMY PasjIOKeHHI0 U
ycBauBaloTCsA JJOHHBIMM opraHusmMamu. YU, Hao6opoT, B
MecTax cJ1abOoMpOTOYHBIX, KaK MPaBHUJIO, OTXOABI CKa-
wiiBatTcA (Brooks et al., 2003). Curyauus Ha uccie-
JOBaHHOM HaMM YyyYacTKe INPecHOBOJHOIO0 BoAoeMa
0J1M3Ka KO BTOPOMY BapHaHTY.

[ToMmruMo OCHOBHBIX (auuii BbIJEJIEHO elle
TPU PA3HOBUHOCTH JIAHAMA(MTHHIX €OUHHI] TOT'0 e
VPOBHA, 3aHUMamIlUe He3HAUUTEJIbHYI0 IUJIOadb,
OZIHAKO OTJIMYaIIUecs OT APYTrux (aiuii o xapaktepy
MOBEPXHOCTH, TUITy OCAJKa WA POJIU THIPOJUHAMMU-
YecKoro Bo3eicTBuA. AKycTudeckas cheMKa BbIABUJIA
OBa ydYacTKa C OTJIMYAKIUMMCA XapaKTepUucCTUKaMu
aHa (cymMMapHO 3aHMMAIOT He 6oJiee 1,8% obImel mio-
maau 3ajmBa), TAe, MPeanoJIoXKHUTETbHO, paHee ObLIN
pacnosioxeHbl canku (Darusa 6 — mepexoAHas MeXIy
Q@anusavu 4 u 5). [locienHee oTpaXaeTcs Ha COCTOS-
HUU [OBEPXHOCTH HA, YTO, B YACTHOCTHU, JTOKA3bIBa-
eTcsA yBeJMYeHHeM MOIIHOCTU BepXHero cjosA JHa Ha
aKyCTUYeCKUX U300paXeHUsAX, H3MeHeHueM (HOpPMBI
TMOBEPXHOCTHBIX OOBEKTOB ¥ IIBETOBOM HACHIIEHHOCTU
Ha COHOrpaMMax ¢ JiokaTopa 60KoBOTro 0630pa.

CrioxHOCTh pesibeda 3aimBa onpeaesnsia HaJIU-
Yye Y4YacTKOB C Y3KUMU MPOJIMBAMHU, TJle TUAPOMIU-
HaMHYecKas aKTUBHOCTH Bhime. Ha 3TuUxX ydvacTkax
OTMEYEHO TOBHIIIeHe HEPOBHOCTU MMOBEPXHOCTU JTHA
Ha aKyCTUYECKHUX CHhEMKAX, BUJEOCHEMKA TaKXe yKa-
3aJia Ha TOBBIIIEHHYI0 MyTHOCTh BOJBI ¥ HAa. B cBs3mn
C 3TUM [JHO TPOJIMBA B IOT0-3amMaJHON YacTU 3aJIMBa
MycrasaxTu OBLIO BBIAEJIEHO B OT/EJIbHYIO JIAH/I-
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Puc.10. Jlanamadrable danuu 6yxTel Mycracaapu
I[IpuMmeyanue:

. 3apociy MakpouTOB — 10 3 M;

. CkaJibHBle BBIXOABI, OTKPBITBIE B MUHHMAJIbHBIX IJIyOU-
HaXx, 3aHeCceHHble TOHKHUM CJIoeM HaHOCOB Ha IJIyOuHe OT
0 1o 15 m);

. [TpubpexHble yyacTKH 10 JIyOUH OKOJIO 5 M ¢ MATKUMU
WIaMH WU YacTO BCTPEYaILMMUCA APEeBECHBIMH CTBO-
JlaMH Ha NTOBEPXHOCTH;

. Henapymensnsie uisl oT 5 10 30 M;

. JIHO B 30He BJIMAHUA CAAKOB C y4acTKaMU IOKPBITBIMU
GakTepraJIbHON JIEHKOM; h ot 20 10 27 M;

. Y4acTku AHa ¢ U3MEeHEeHHO! [T0OBEPXHOCThI0 OT GaKTOpOB
HEIIOHATHOT'O0 INPOMCXOXAeHUs (BO3MOXXHO, MecTa, e
JIOKQJIM30BAJIUCH cTapsie cagku) ¢ h 19-20 u 32-33 wm;

. B3pbixjleHHOe [OHO B IpOJIMBE MEXAY OCTpOBaMU Ha
21-22 v

. KonmoBuil B OCHOBaHUM OTKPBITBIX CKaJIbHBIX BBIXOAOB
Ha 5-9 u 21-22 M.

madTHyo ¢anuio (Danusa 7), 3aHUMAIYI0 HeGOJIb-
mywo mtomans (1,6%). B ocHOBaHMYM KOPEHHOTO MOJ-
HATHUA B 3aMaHOIN YacTU 3aJIMBa BHIABJIEH KOJITIOBHUI.
[ToBBIIIIEHNE CJIOKHOCTU MPOCTPAHCTBA 32 CYeT 06JI0M-
KOB Pa3HOU KPYIMHOCTU U 3allOJIHEHUE IPOCTPaHCTBA
MeXIy HUMU MATKUMHU OTJIOXKEHUSIMH CO3/IaeT KOM-
IJIEKC, OTJIMYAIOLIUICA OT APYTUX MecCT. DTOT HeOOJIb-
mo# y4yactok (0,1% ot ofmel momaau) BbiIeIeH
TakXxe B OTAeJIbHYI0 ¢anuio (Darus 8).

O0cyxnad mMoJiyueHHble JaHHBIe, CTOUT OTMe-
TUTh ciaenyomee. Kiaccuuecku AJiA MCCJIeOBAaHUN
BJIMAHUS 0OBEKTOB aKBAKYJIBTYPBI UCTIOJIB3YIOT Pa3jIny-
Hble METOJbl MOHUTOPUHIA TPU BBISABJIEHUUW BO3JIEH-
CTBUS Ha OKPYXXAIIIYI0 CPeZly, KOTOPbIE Pa3INyalTCs
10 CTOUMOCTU U TpebyembiM 3HaHusAM: (1) BU3yasb-
HBIe KCCJIe[IOBaHus JjaliBepoB, (2) anamm3 dayHsl, (3)
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aHajM3 XUMHYEeCKOro COCTaBa MJOHHBIX OTJIOXKEHUH
u (4) doropukcanua npoduis AOHHBIX OTJIOXKEHUN
(Sediment Profile Imagery SPI). Pe3ysbTaThl MOKa3bl-
BalOT, YTO BCE METO/bl COTJIaCOBaHHI B OOIIel “30He
BO3AelcTBUA” oA cajKaMU 1 HeloCcpeICTBEHHO PAAOM
¢ HuMu. OHAKO KaXablil 13 MeTO0B OTJIMYAJICS CBOEl
YYBCTBUTEJIBHOCTBIO IIPU OOHapyxeHUU 60jiee TOHKUX
BO3AelCTBUI Ha OOJIBIIMX PacCTOAHUAX OT CAAKOB
(Carroll et al., 2003). B HatieMm cjiy4yae JOTIOJHUTETb-
HBIM 3HAYUMBIM MeTOJOM U3 apceHasa JiaHAmadTHBIX
MeTOJ0B OBLJT MeTOJ I'MAPOAKyCTUYECKON CheMKU AHa
U xapakTepa ero MoBepXHOCTU IPU «0OKOBOM» CKaHU-
poBaHUU. [1711 IPOCTPaHCTBEHHBIX OLIEHOK, 3TOT MeTOJ,
Kak Ipe/CTaBiieTcsa HaMH, NOKasbiBaeT cebs OuyeHb
[IepCHIEeKTUBHBIM M TOYHBIM. DTO IPeANoJIoXKeHue Tpe-
OyeT BepudUKaIui U IPOBeJIeHN AAJIbHENINX paboT.

4. 3aknioueHue

Hcnonp3oBaHue JlaHAMa@THOrO MOAXoAa C ero
CIIeKTPOM HCCJIEOBAHUI TO3BOJIUIIO KOMILJIEKCHO 00h-
eJMHUTh HEeCKOJIbKO METOJOB U HCII0JIb30BaTh JAaHHBIE
JVICTAHI[MOHHOTO 30HAUPOBAHUsA, YTO B LIeJIOM IpeJ-
cTaBJisieT coOOM HOBBIN MOAXOM K U3yUeHUI0 BJIUSHUA
PBIOOBOJIHBIX XO3SIICTB Ha COCTOSIHUE BOJOeMa, IMpak-
TUYECKU He UCIO0JIb30BaBIIUICA paHee AJis MPECHOBO-
JHBIX BOJOEMOB.

[TosrydyeHHble AaHHBIE MOKa3aJiv, YTO MpUMeHe-
HUe JaHAmadTHOro MOAX0Ja CO BCEM KOMILJIEKCOM
COBpeMeHHBIX AUCTAHLUOHHBIX METO0B, I03BOJIAET
M0-HOBOMY B3IJIAHYTh Ha IMpo6jeMy aHTPONOTeHHOI'o
BJIMAHUA Ha OKPYXaIOIIyI0 cpefly AeATeJbHOCTU OOb-
eKTOB aKBaKyJIbTyphl. MccieqoBanuis, IpoBeJieHHbIE B
30He BO3/AelcTBUA (OpesieBoro X03s1CcTBa, moKa3asy,
YTO TOCJIe/IHEe BHOCUT CBOI 3HAUUTEJIbHBIN BKJIAJ B
U3MeHeHHe cocTaBa JJOHHBIX JJaHAmadToB. Ha npumepe
U3y4eHHOro o0beKTa, MJIOmAaAb AHA, 3aHATas aHTPOIIO-
reHHO-U3MeHEeHHBIM JIaHAMmadTOM, MOXeT 3aHHUMaThb
JIOCTaTOYHO OOIIMPHYIO JOJII0 IUIOMIAAY y9acTKa BOJO-
eMa, rje pacroJiaraiorcs caaku. C y4eToM CTPYKTyp-
HBIX M MaTepHaJIbHO-D)HEPreTUYeCcKHuX B3anMOCBA3EN
cJielyeT YYWUTHIBAaTh BO3MOXHOCTH TpaHCHOPMUPYIO-
Iero BJIWSHUSA JJAHHOTO 3JIeEMeHTA JlaHAmadTa Ha Bech
3a/IuMB B 1eJioM. [TogHUMaeMbIll BOIIPOC TpebyeT /1ajib-
HeWIIero u3yveHus.
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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
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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).

Fig.1. Map of snow sampling in the Baikal region in 2023.
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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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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 ([Ca%*]+[Mg2*]/
[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,] + [Cl]), K/A,
is 1, which, along with low mineralization, indicates

1527

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.

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, 1 = 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

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

Fig.3. Average relative ionic concentration (eq%) in the snow of the Baikal region in 2022-2023.
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polluted areas. To compare the results, we constructed
a similar schematic map of the spatial distribution of
major ions for the Southern Baikal region (Fig. 5b).

On the coast of the northern basin, the total
amount of ions (Z) ranged from 1.2 to 6.9 mg/L and
averaged 2.7 mg/L. These values were comparable
with the minimum values recorded on the southeast
coast of the lake, in the basin of the Snezhnaya and
Khara-Murin rivers (stations 37 and 38, respectively)
(Fig. 5a, b), and with regional background values in
the Baikal-Lena Nature Reserve (3 mg/L) (Netsvetaeva
et al., 2020). This value was 8 to 20 times lower than
in the large industrial centers of the Southern Baikal
region (Molozhnikova et al., 2023b).

As shown in Fig. 5a, the snow cover at station
13 (Severobaikalsk) had the highest total ionic concen-
tration (up to 31 mg/L) due to the impact of anthropo-
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
Dzelinda rivers, up to 2.6 mg/L (stations 21, 23, 24,
and 25, respectively). Notably, pH values at these sta-
tions were small (5.2 on average). Relative remoteness
of these areas from anthropogenic pollution sources
explains low pH and 2, values in the snow cover. In
the snow cover of the taiga zone near the Zhigalovo-
Severobaikalsk highway, the total amount of ions var-
ied widely, from 1.1. to 17.1 mg/L (4.1. mg/L on aver-

Fig.4. Pearson correlation coefficients between the ionic
concentrations in the snow cover on the coast of the northern
basin of Lake Baikal in 2023.

age). We recorded the maximum 2, 105 km away from
the Zhigalovo settlement (station 2), which was due to
high air dustiness at this sampling site. Low Z, values
were observed on the border of the Irkutsk Region and
the Republic of Buryatia where the snow cover depth
was maximum (station 10). Compared to the previous
snow survey data, 2, on the coast of the northern basin
of Lake Baikal showed a two- to fivefold decrease (Fig.
6). Based on the concentrations of major ions and pH

Fig.5. Schematic map of the distribution of major ions in the snow cover of the Baikal region in 2023 (a-northern basin of

Lake Baikal; b-southern basin of Lake Baikal).
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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, [ SO2> | 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 0.8 057 | 069 | 0.09 [ 0.08 | 0.03 | 053 | 0.09 | 0.01
2020 3.5 131 | 1.75 | 011 | 036 | 0.12 | 1.34 | 0.35 | 0.05
2023 0 0.47 | 0.80 | 0.03 | 0.05 [ 0.03 | 032 | 0.05 | 0.03
n 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 | 069 | 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 | 011
2015 0.1 067 | 0.78 | 0.08 | 0.06 | 0.05 | 0.33 | 0.06 | 0.11
2020 0.3 053 | 1.03 | 0.07 | 0.03 | 0.12 | 0.70 | 0.08 | 0.05
2023 0 054 | 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
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 | 016 | 0.14 | 0.24 | 451 | 049 | 0.29
2015 3.4 179 | 0.88 | 017 | 0.10 | 056 | 1.03 | 0.23 | 0.34
2020 1.7 141 | 118 | 010 | 0.06 | 037 | 1.19 | 0.22 | 0.26
2023 1.1 096 | 0.84 [ 0.09 [ 0.05 [ 014 | 079 | 0.13 | 0.07
i 4.3 2.15 | 1.11 | 0.13 | 0.09 | 0.33 | 1.88 | 0.27 | 0.24
s 4.6 155 | 033 | 0.04 | 0.04 | 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
SevertlbailiEli 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 | 0.83 | 0.19 | 0.07 | 0.07 | 1.01 | 0.07 | 0.02
u 1.9 0.54 | 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 | 0.23 | 0.03 | 0.05
CV, % 26 18 14 36 12 24 27 26 74

Note: p — average value; X — standard deviation; CV - coefficient of variation, %.
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Fig.6. Average amounts of ions (mg/L) in the snow cover of the Baikal region over the four-year observation period.

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 ug/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 pg/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 =,
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?2. 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? 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(sO,*) - Ca2* H* ineral 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 00
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
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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OpuruHanbHan CcTaTbA

0co06eHHOCTH XMMHYECKOro coctasa
CHE)XHOro NoKposa B paioHe CeBepHOro

Bbaukana

Yebynuna H.C.", JIyukun E.C.", Cakupko M.B.", Heuseraesa O.I.

JIumHostoeuueckuti uHcmumym Cubupckozo omdesteHusa Poccutickoti akademuu Hayk, YoiaH-Bamopckas, 3, Hpkymck, 664033,

Poccua

AHHOTAILIUA. [TpencTaBiieHsl pe3yabTaThl UCCAEOBAHNA XMMUYECKOIO COCTaBa CHEXXHOTO TIOKPOBA B
patioHe CeBepHoro Batikana B 2023 r. OnieHeHO MPOCTPAHCTBEHHOE pacrpefesieHrie OCHOBHBIX XMMU-
YeCKHUX KOMIIOHEHTOB B CHEXXHOM IOKpoBe. OCOOEHHOCThI0O HOHHOTO COCTaBa CHETOBHIX BOJ B CpaBHe-
HHU C IPOMBIIIJIEHHBIMU PallOHAMU ABJISAETCS BBICOKOE OTHOCUTEJIbHOE COAepKaHre HUTPATOB 1 NOHOB
BoJiopofia. PaccunTaHO HaKOIJIEHNE TJIaBHBIX NOHOB U OMOT€HHBIX KOMIIOHEHTOB B CHEKHOM IIOKpOBe.
[IpoBenieH cpaBHUTEJIBHBIN aHAJIN3 IOy Y€HHBIX 9KCIIepUMEHTAIbHbIX JaHHBIX C PErMOHaJIbHBIMU (DOHO-
BBEIMU 3HAaYeHUAMU U pe3yjibTaTaMU aHAJIOTUYHBIX KCC/IeJOBAaHUI B IpoLLIble ToAbsl. OTMeueHa TeH eH-
[MA K CHIXXEHUI0 MUHepaJu3allii 1 yBeJIMYEHUI0 KHMCJIOTHOCTH CHEroBhIX BOJ 3a mocienHue 11 jert.
Huskue 3HaueHUs cyMMEBI HOHOB U BeJIMYMHEL pH B CHEXXHOM IIOKPOBE B OTAEJIbHBIX palioHax CeBepHOro
Batikajia Mo3BoOJIAIOT OTHECTU UX K (POHOBBIM TeppUTOPUAM JJIA Bcero balikaabCKoOro perruoHa.

Kitioueasie ctoda: CHEXHBIN IIOKPOB, XUMUYECKU CocCTas, pH, TJIaBHbIE MOHBI, OHOTeHHbIe KOMITOHEHTHI,

CeBepHbili baiikan

JAa mutupoBanma: Yebynuna H.C., Jlyukun E.C., Caxkupko M.B., HeuperaeBa O.I'. OcOO6eHHOCTHM XHMMHYECKOTO COCTaBa
CHEXHOro MoKpoBa B paiioHe CeBepHoro Baiikana // Limnology and Freshwater Biology. 2024. - No 6. - C. 1525-1545.

DOI: 10.31951/2658-3518-2024-A-6-1525

1. BBeapenue

Hcnosib30BaHUe CHEXHOTO IIOKpPOBa B KauecTBe
obbekTa HccaeOBaHUA [JIA 5KOJIOrO-re0XUMUYecKOn
XapaKTEPUCTUKU TEPPUTOPUM C Pa3JIAYHOU AHTPO-
MOTeHHOW Harpy3Koil B TocJjefHee BpeMs IpuoOpe-
Taet Bce GosblIylo akTyasbHOCTh (Wang et al., 2018,
Thapa et al., 2020; Szuminiska et al., 2021; Shen et al.,
2023). I[NogobHas TeHAeHNIMA 00yCIJIOBJIEHA TPOCTOTOM
U JAOCTYHNHOCTBIO IpoIjecca npobooTdéopa CHEXHOro
TOKPOBAa, €ro BICOKOUN COPOLIMOHHON CIIOCOOHOCTHIO K
HaKOIUJIEHUIO 3arpsA3HAINIMX BellecTB, MOCTYNAOUIIX
13 aTMocdeprl B pe3yJibTaTe CyX0oro U BJIaXXHOI'O BhINa-
JIeHns, a Tak)ke BO3MOKHOCTBIO OLIeHKU yPOBHA 3arpss-
HeHHA aTMochepHOro Bo3lyXa B TeueHHe HeCKOJIbKUX
MecsIeB 3UMHero nepuoja. Kak nsBecTHo, Tajble cHe-
roBble BOABI MOI'YT OKa3blBaTh BJIUAHNE Ha COCTOSHHE
[I0YBEHHOI'0 IIOKPOBA, BHI3bIBasg M3MeHEHHEe ero KHC-
JIOTHOCTH, a TaKXe CIOCOOCTBOBATh 3BTPOQUKAIUU
BOJHBIX 00beKTOB. [11a Balikasibckoro pernoHa uccie-
JI0BaHNe XMMHUYeCKOr0 COCTaBa aTMOC(epHBIX BhIIaje-
HUI UMeeT 0coOyl0 3HAaYMMOCTh, IOCKOJIbBKY Ha 3TOW
TeppUTOPHUHU PACIIOJIOKEHO YHUKaJIbHOe 03epo balikai,

*ABTOp ISl HEPENUCKU.
Anpec e-mail: nchebun@lin.irk.ru (N.S. Chebunina)

INocmynuna: 25 Hosi6psa 2024; IIpunama: 20 nexabps 2024;
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ABJIAIOIIleeCsT HMCTOYHMKOM UYKCTOM IIHMTHEBOM BOJBI
MHPOBOTO 3HAYEHUSI.

[TepBbie pabOTHI 11O OI[eHKE XUMUYECKOTO COCTaBa
aTMocdepHbIX ocafkoB balikajabCKOro perruoHa mpoBe-
neHbl B Hayaste 1950-x rr. BoruHinesbiM K.K. (1954).
C 1962 r. MOHUTOPHHIOBbIE MCCJIEJOBAHNA BEJIUCh HA
MATA cTaHUUAX MpKyTCKUM yIipaBJjieHHMeM T'HpOMeT-
ciyx0bl. B 1970-1980 rr. ucciefoBaHUs Kacajuch
U3MEeHEeHUH B XMMHUYECKOM COCTAaBE€ OCAAKOB B CBA3U
c yBenuueHHeM oOIero 3arpsi3HeHus atmocdepsl OT
PA3JIMYHBIX TIPOMBIILIEHHBIX 00BeKTOB (BoTuHIEB U
Xomxep, 1981; Xoaxep, 1983; Banukosa u ap., 1985).
C Havana 1990-x IT. B CBA3M C 3aIllyCKOM HOBBIX IIpe[I-
MpUATUN B pervuoHe OOJbIIOEe BHUMAaHUE Y]IeJAJIOCH
KHCJIOTHOCTU aTMocdepHbix ocaakoB (OOO0JKUH U
Xomxep, 1990; EpmaxoBa, 1998; YpbanasuueHe u Ap.,
1998).

3a nociiegHue AecATUIETH B 60JIbIIeli cTeneHn
HccyieJoBaH CHeXHBIN MOKPOB Ha TeppuTopuu FOxHOTO
[Tpubarikasnba. OnpeneseH U30TOMHBIN U 3JIeMEHTHBIN
coCTaB CHEeXHOIo IIoKpoBa B Mpkyrtcke, JIncTBsAHKe, Ha
nobepexbe 03. batikan (Ynxosa u ap., 2015; UeObIKUH
u ap., 2018; Ouunyk u ap., 2023). [IpoBeneHa oljeHKa

© ABTop(s1) 2024. DTa paboTa pacnpocTpaHs-
eTCs o] MeXAyHapoJHOI inneH3uel Creative
Commons Attribution-NonCommercial 4.0.
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YPOBHSA 3arpsA3HEeHMs CHEXHOTro IOKpoBa o3epa barikan
HedTenpoaykramu (BesiozepiieBa u Ap., 2018; AHUYK,
2018), MNOJUIUKINYECKUMU apOMaTUYECKUMU YTJie-
Bomopomamu (Mapunatite, 2005; Adonuna, 2024),
[OJIMXJIOPUPOBAaHHEIMU OudeHmwIamu (MaMOHTOB U
ap., 2006; HukonoBa u T'opmkos, 2007). OnpepnesieH
MaKpOKOMIIOHEHTHIII COCTaB CHETrOBBIX BOJA B paml-
one IOxHoro Barikama (CopokoBukoBa u Ap., 2004;
Tombepr u gp., 2016; BopobreBa u gap., 2016;
[Mapaguna u 1p., 2016), Ha Oro-3anaJHOM Mobepexbe
o3epa Barikan (Axuyk, 2020). McciieqoBaHO BJIMAHUE
KPYIIHBIX NPOMBIIUJIEHHBIX IIeHTPOB ora VIpKyTcKom
obnmactu u Pecnybsuku BypAtua Ha 3arpsAsHeHue
cHexxHoro mokpoBa IIpubaiikanesa (Obolkin et al.,
2016; Molozhnikova et al., 2022). Atmocdepa FOxHoro
[Tpubaiikasibs, Kak cJieayeT M3 paHee MPOBEIEeHHBIX
VICCJIeJIOBAHUI, HCIBITHIBAET OL[YTUMYI QHTPOIOTeH-
HyI0 Harpysky. Tak, BEIOpOCH B aTMocdepy OT mpen-
MpUATUIN TeIJIodHepreTuku B HpKyTcKou obJacTu B
2022 r. coctaBuiu 270,4 Teic. T (T'oc. oknagm..., 2023).

J1J1s1 OLIeHKU CTeleH! TEXHOTE€HHOT'0 BO3/1eHCTBUSA
Ha YHUKAJIbHYIO IPUPOIHYI0 cpeqy o3epa batikas HeoO-
XOUMO HCCJIe[JOBaHMe XUMHUUYeCKOTO COCTaBa CHEeX-
HOTrO MOKPOBa He TOJIBKO B palioHaX C pa3BUTOH Ipo-
MBIIIJIEHHOCTHIO, HO U B HENPOMBIILJIEHHBIX (OHOBBIX
pailioHax, sKocucTeMa KOTOPBIX 0CO00 UyBCTBUTEJIbHA
K J1I000My HeraTMBHOMY BO3eUCTBUI0. J[OBOJIBHO
MoJjpo6HO u3y4YeHbl aTMocdepHble BBIMAJAEHUSA Ha
TeppuTopuu bBalikajabCKOro rocyJapCTBEHHOrO IIpH-
POIHOIO 3aMoBeJHUKA, PAaCIOJI0KeHHOTO Ha 0ro-BocC-
TOYHOM Mob6epexbe o3epa Baiikan (EpmakoBa, 1998;
Ypb6anaBuueHe u ap., 1998; Heuperaesa u ap., 2004;
MoJsioxHUKOBa U Jp., 2023). I'eoxumuueckre xapak-
TEPUCTUKU CHEXHOTO IOKpoBa B palioHe CeBepHOIo
[Tpubaiikasibs, UCHBITHIBAIOIIETO HE CTOJIb 3HAYUTEJIb-
Hoe B cpaBHeHuu c IO0xHBIM [IpubalikanbeM BIMsAHE
XO3AMCTBEHHOUN [eATeJIbHOCTH ueJIOBeKa, M3y4YeHBHl B
MeHbleil crenenu (Xomxkep, 1987; Besnosepiiesa u Ap.,
2018; Netsvetaeva et al., 2020; BesyozepueBa u [p.,
2023).

CeBepHoe [Ipubaiikajsibe pacIoJioXKeHO Ha Tep-
putopuu MpkyTckoii obaactu u Pecriybaniku BypaTus.
Knmumar CeBepHoro IIpubaiikaibid pe3Ko KOHTHUHEH-
TanbHBIN. [lo maHHBIM MeTeocTaHIMU HinkHeaHrapck,
cpeJiHAA rojoBas CyMMa OCAaJKOB COCTaBJIsAeT OKOJIO
353 MmM. HauboJibillee KOJIMYECTBO OCAAKOB 3a HCCJIe-
AyeMblil 3uMHUU nepuop 2022-2023 1T. BBHIAJO B
suBape (35 mM). ®eBpasib ABJIAICA CAMBIM MaJioC-
HeXHBIM MecsieM (6 mM). IlpeoGiafaroiiee Hampas-
JeHne BeTpa - ceBepo-zamagHoe (JleTomucs..., 2022;
IMoroma..., 2022). HawuboJiee KpymHBIMH HaceJieH-
HBIMM NyHKTaM{ B paliOHe HCCJIeOBAHUA SABJIAITCA
r. CesepoOarikayibCK M noc. HuxHeaHrapck ¢ Haceie-
HHEeM OKoJIO 23 U 15 TBIC. YeJIOBEK COOTBETCTBEHHO
(Bcepoccutickas mepenuck..., 2020). K ocHOBHBIM cTa-
LIMOHApHBIM MCTOYHHMKAM 3arps3HeHUsa aTMOC(epHOro
Bo3ayxa rI. CeBepoOailKajbCK OTHOCATCA Mpenlpu-
ATUA TEIJIODHEPreTUKU U TNPOMBIIIJIEHHOCTH, aBTO-
MOOWJIBHBII U >KeJIe3HOAOPOXHBI TPaHCIOPT U [Ip.
CyMMapHbIe BBIOPOCH 3arpsA3HANININX BEl[eCTB OT CTa-
[[IOHApHBIX MCTOYHUKOB I'. CeBepobalikaibcka B 2023
r. coctaBuiu 3,9 Teic. T. (T'oc. gokaap..., 2024).
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Hacrosmasa paGoTa mNOcBsAlleHa HCCIeq0Ba-
HUI0O OCOOEHHOCTEH XMMHYECKOrO COCTaBa CHEXXHOIO
nokpoBa Ha CeBepHOM Dbaiikajsle M OIleHKe YpOBHeN
HaKOIJIEHWsI OCHOBHBIX MOHOB M OMOT€HHBIX KOMIIO-
HEHTOB B CHE’)KHOM IIOKpOBE B COBPEMEHHBIN NIEPUOJ.

2. MaTepuanbl 1 MeTOAbI

714 oLleHKU 3KOJIOTUYeCKOro COCTOSHUSA aTMOoC-
deper B patione CeBepHoro baiikaja M KOJIMYECTBA
3arpA3HAINX BellecTB, NOCTYNAKIUX Ha MMOACTUIIA-
IOMIYI0 TIOBEPXHOCTh 32 XOJIOAHBIN mepuop 2022-2023
IT. (H0A0pb-MapT), B IepHOJ MaKCUMaJIbHOTO CHErOHa-
KoILIeHNA B BalikajbckoM perroHe, IpoBefieHbl CHero-
MepHbIe CheMKH Y CTOMYMBBIN CHEXXHbIE IOKPOB Ha 3TOHN
TeppuTopun chOpMUPOBAJICA B cepeinHe HOosA0ps 2022
r. CHeromepHble CheMKHU BBIIIOJIHEHE HaMu 8-12 mapTa
2023 r. Otbop mpo6 B palioHe CeBepHoro baiikasa
ocyllecTBJIsUIcsA B 0OacceliHe IIPUTOKOB CEBEPHOIO U
ceBepo-3anagHoro nobepexwuii batikasga Ha IJIOMAgKaX
(cranmusx) - (pp. Bepxusia Aurapa (cranium 23, 24),
Kuuepa (cranmnusa 21), Xonoauas (cranius 22), Teid
(cranmusa 14)), B r. CeBepobatikaibcke (cTaHius 13),
co Jbpa o3epa B patioHe Kuuepckoil mpopssl (cTaHINA
19, 20), B TaexHOI 30He BHOJIb aBTOTpacc «25H-152
MarucrtpanpHbiil — OkyHalickuii», 25K-258 «Yerb-KyTt —
CeBepobaiikasbek» (ctannuu 1-11) (gasee aBrogopora
JKuranoso-CeBepobaiikasbck). i UCKJIIOUeHus BJIU-
SIHWSA AOPO’XXHON IBLJIM U BBIXJIONHBIX I'a30B aBTOTPaH-
criopta orbop mpousBedeH Ha paccrosHuu 100-200
M oT aBtogopor. Kpome toro, 20-28 despana 2023 r.
cHer oto0OpaH B JIpyrux pailioHax balikajbCKoOro peru-
OHa, I'le OTCYTCTBYIOT KPYINHbIE IIPOMBIIIJIEHHBIE IIped-
IIpUATHA - Ha 10ro-3anajHoM nobepexbe o3epa balikai
B moc. JlucTBsaHka (ctaHmuu 26, 27), Ha IOro-BOCTOY-
HOM TmobGepexbe o3epa (B OacceiiHe pek CHexHas,
[lepeemHas, Xapa-MypuH, CoJsizaH, YTyJIUK — CTaHIIU
36-41)) u B JlecHOM MaccHBe BJI0JIb Tpacchl «25H-209
UpkyTck — JIucrBanka» (ctannuu 28-35) (Puc. 1).

Jna  cpaBHeHUA TIOJIyYeHHBIX MaTepHajioB
HCIIOJIb30BAJIMCh JJAaHHBIE IO XUMHYECKOMY COCTaBY
CHEXHOT'0 MOKpoBa, oTrobpanHoro B 2012, 2015, 2020
IT. B palioHe CeBepHoro balikayia Ha Tex Xe CTaHLUAX,
a Takxe JaHHBIE CHErocbéMoK 2022 r. B IPOMBIIIJIEH-
HBIX LleHTpax bBarikayibckoro permoHa (rr. WpKyTcK,
[MlenexoB, AHrapck, YiaH-Ya3) (Molozhnikova et al.,
2023). JlaHHBIE [0 KOJIMYECTBY OTOOPaHHHBIX MPOO U
BBICOTE CHEXXHOT'O IIOKPOBA MpejicTaBiieHkl B Tabuie 1.

Bcero Ha ucciegyemoini teppuropuu B 2023 T.
oTrobpaHo 66 mpob6 cHexHoro mokposa (Tabswurma 1),
3a nepuof ¢ 2012 no 2020 rr. Ha CeBepHOM barlikase
- okoj10 100 mpob. OTOOP KepHOB CHEXHOTO MOKPOBA
IIpOBeJieH Ha IOJIHYI0 IJTyOUHY ero 3ajieraHus, HUCKITIo-
yas 3axBaT YacTHUI| PYHTA C UCIOJIb30BaHUEM Trpajy-
MPOBAaHHON IJIaCTUKOBOU TpPyObl auamerpoM 11 cwm.
Ha 51y o3epa, rije BbICOTa CHEXHOI'O ITOKPOBBI HEBHI-
COKa, IIpoOBl OTOMpasach ¢ ONpeAeeHHON IJIOmaau ¢
IIOMOIIBI0 IIJIACTUKOBOTO COBKa. Bjiarosamac B CHeX-
HOM IIOKpOBe OIpefesiayicsd KakK OTHolleHue obbema
pPacTOMJIEHHON NpOoOBl K IUJIOMIAU, C KOTOPON OTOU-
pancsa cHer (Bacunenko u 1p., 1985). Onpenesnenue
XMMUYECKOr'0 COCTaBa CHEroBOI BOJIbI BHIIOJIHAJIOCH C
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Puc.1. Kapra or60opa npo6 cHexxHOoro nokposa B bailikainbckoM perrose B 2023 T.

HCIIOJIb30BaHUEeM OOLIeNPUHATHIX TI'MAPOXUMUYECKUX
meroquk (Khodzher et al., 2016; AHaiuTHUYeCKUE...,
2017) B akkpeAUTOBaHHO! J1ab0paTOpyUy I'MAPOXUMUN
U xuMuu atMmocdepsl U LleHTpe KOJIJIEKTUBHOIO MOJIb-
30BaHuA JIMMHOJIOrMYyeckoro MHCTuryra CubHupckoro
otneneHus Poccuiickoil akagemun Hayk (r. UpKyTck).
KonnenTpanuu KaTUOHOB MeTaJlJIOB OIpefesisaan
METOJIOM AaTOMHO-abCOPOIIMOHHOM CHeKTPOMEeTpPUU
(cnexkTpomMeTp aTOMHO-abcopburoHHbIN contrAA 800,
l'epMmaHus), aHOHOB — MIOHHOM xpomarorpaduei (MoH-
HbeIll xpomatorpad ICS — 3000, Dionex, CIIIA), 6uoren-
HBIX 3JIEMEHTOB — ()OTOKOJIOPUMETPUYECKHUM METO0M
(botomerp doroanekTpuueckuii KDK-3-01-«30M3»,
Poccus; CITEKC CCII-705M, Poccus), pH — nmoTteHnu-
oMerpuueckuM MeTtoaoM (pH-merp «DkcnepT-pH»,
Poccus).

3. Pe3yabTaTtbl M UX 06Cy)XpAeHUue
3.1. Beanuuna pH B cHerosou Boae B
paione CesepHoro bankana

PacriaBel CHEXHOro IOKpoBa Ha mobepexne
CeBepHoro baiikana B 3umHuil nepuon 2022/23 r.
nMesn cJIabOKHCIyI0 peakuuio cpefpl. BenuuuHa pH
u3MeHsIach B AuanasoHe 4,7-6,1, cocraBiifas B cpef-
Hem 5,3 en. pH (Puc. 2). MuHUMAaJbHblE 3HAaY€HUs
3aduKcrpoBaHbl Ha nobepexbe p. Kuuepa (cTaHnmusA
21), makcumaJsibHble - Ha mobepexbe p. Twia BOIMU3U
r. CeBepobarikasibck (cranmus 14). B camom ropoje
BesmunHa pH gocturana 3navenuil 7,2 en. pH, uro,
BEPOATHO, 00YCJIOBJIEHO BO3AelcTBreM BeIOpocoB TOI]
Y MECTHBIX KOTEJIbHbIX (I[eJIOYHBIX KOMIIOHEHTOB 30.JIbI
CTOPEBIIIETO TOILJINBA).

B MeXxrosoBoii AuHaAMHKe OTMeueHO IOoCTereH-
HOe yMeHbllleHWe BeJIMYMHBI pH B CHeroBwIx BoJax 3a
roasl uccienoBauusa (Puc. 2). [Ipu sTOoM BesmYmHa
OTHOIIIEHUS] JKBUBAJIEHTHBIX KOHIIEHTPAIIUI OCHOB-
HBIX HOHOB, ONpeJesAIIINX KHCJIOTHOCTh OCaAgKOB
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Ta6smna 1. PaiioH mcciieJoBaHUSA U KOJIMYECTBO TOYEK
oTOOpa CHeXHOTo MokpoBa B balikasibckoM pervoHe B 2023 r.

PaiioH ucciieI0BaHuA KosmuecTBO BricoTa
npoo CHEXHOro
MOKPOBA, CM
CeBepHbIil Batikas, jef 6 15-35 (26)
CeBepHoe mobepexne 65-94 (79)
CeBepo-3amnaiHoe nobepexne 9 18-48 (32)
ABTopnopora 12 33-147 (64)
XKurasoBo-CeBepobalikaibCK
IOro-3anaHoe nobepexne 11 1-52 (35)
(moc. JIucTBAHKA)
AsTopnopora UpkyTtck 8 30-60 (47)
— JIucTBAHKa
IOro-BocTouHOe nobepexne 15 47-83 (65)

IIpuMeuaHue: B CKOOKAX - cpeJHee 3HAUEHNE.

Puc.2. BesmmumHa pH B CHEroBoll BOJEe B parioHe
CesepHoro Baiikana B mapte 2012, 2015, 2020, 2023 rT.
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[Ca**]+[Mg>*1/[SO,>] + [NO,], ¢ 2012 r. no 2023 r.
cHu3wiachk ¢ 1,5 go 0,9. 3HaueHHe JaHHOI'O OTHOIIIe-
HUs MeHbIIle 1, YTO CBUAETEIbCTBYET O HETIOJTHON HE-
TpaJIU3aI KUCJIOTHOCTU aHHMOHOB CUJIBHBIX KHCJIOT
B CHEroBOU BOJie. DTO MPOU3OILIO BCJIeACTBUE OoJjiee
3HAUYUTEJIPHOTO YMEHbBIIEHUs KOHIIEHTPAIIUHA KaJIbITs
(B 4,6 pa3a) no cpaBHEHHIO C cojepXXaHUeM HUTPATOB
u cyabdaros (B 1,6-3,6 pasza) 3a paccMaTpuBaeMbIii
neprof. Cpe/lHee Xe OTHOIIEHUE COJIEpPXaHUs TJIaB-
HBIX HedTpanusyrommx katuoHos (K =[NH,*]+ [Ca?
*1+[Mg?*]+[Na*]+[K*']) K comepXaHUI0 AaHHOHOB
(A=[SO,>]+[NO, ]+ [CI']) K/A paBHo 1, uTo HapAny
C HU3KOU MUHEPAJIN3aI[1i CBUJIETEJICTBYET O TOM, UYTO
B HACTOSAIIUH TEPUOJ CHCTeMa elrle HaXOAUTCSA B COCTO-
STHUW PABHOBECHS, T.e. 3aKHCJIEHNEe CHEXXHOI'0 TTOKPOBa
Ha no6epexbe CeBepHoro balikasnia B HacTosIlee BpeMs
He npoucxoaut (Komos u JlazapeBa, 1994; BacuneBuy
u np., 2011) (Tabnura 2). XoTA cJiefyeT OTMETUTD, YTO
¢ 2012 r. o 2023 r. HamMeTUJICA TPEeH[ IOCTEIEHHOTO
CHIXEHMA JJaHHOTO OoTHomeHwus ¢ 1,6 go 1,0.

CpenHee 3HaueHue BeJnunHb pH 3a paccMmaTtpu-
BaeMblll 4-X JIETHUU Nepuoj HaOJII0eHUl COCTaBUJIO
5,9, 4TO XapaKTepHO [Ji He3arpsa3HeHHBIX aTMocdep-
HBIX ocankos. IlosyueHHble BesnuyuHBI pH comocra-
BUMBI C COOTBETCTBYIOUIMMH CpeIHUMH 3HaueHUsAMU
ansa ocaakoB Ha 10 HOHOBBIX POCCUMCKUX CTaHLUAX,
BXO[AILIUX B cucTeMy ['ToGabHOM c1ykObl aTMOC(eph
BceMupHoI1 MeTeopoJsioruieckoii opranusanuu (BMO)
3a 2023 r., AJ1A KOTOPBIX 3TOT MOKa3aTeslb HaXOAUJICA
B npefenax 5,5-6,5 (IlepmunHa u np., 2024). Cpennss
BeJinurHa pH B CHEXHOM IIOKpoBe Ha mobepexbe
CesepHoro Baiikana (5,3) B 2023 r. cpaBHHUMa C Tako-
BBIMM Ha IOr0-3alaJJHOM U 0r0-BOCTOYHOM IMobepe-
KbAX 03epa, He IOJIBEP)KeHHBIX HeloCpeICTBEHHOMY
BO3/JIefICTBUI0O BBIOPOCOB KPYMHBIX NPOMBIILIEHHBIX
npeanpuatuil (5,0-5,3). OpgHako OHa BhIle BeJINYNH
pH, xapakTepHBIX [Jisi CHEXHOrO IOKpOBa apKTuye-
ckux parioHoB (4,97) u doHoBoro paiioHa o3. batikan
- barikaso-JIenckoro 3anosegHuKka (4,96) (Netsvetaeva
et al., 2020; leBuoBa u Ap., 2022). B TaexHO! 30HE
B palioHe aBTOTpacchl JKuranoBo-CeBepoOaliKaabCK
cpenHee 3HaueHue pH 6bu10 BhitIe (5,8) 1 M3MeHAIOCH
B npefnesax 4,9-7,3.

3.2. ThaBHbIE HOHBbI B CHErOBOM BoAE
CeBepHoro bankana

PacnipesiesieHrie  TJIaBHBIX KOHOB B CHEX-
HOM IIOKpoBe Ha mnobOepexbe CeBepHoro baiikasa
BRIIJIAIUT criefyromum obpasom: Ca?* >NO, >SO >
>H*>Mg>* >HCO, >CI'>Na*>K*>NH,* (Puc. 3).

XUMHUYeCKUi COCTaB CHEXHOIo MOKpoBa B pali-
oHe mobepexbs CeBepHoro batikasia U B MPOMBIILIEH-
HBIX LleHTpax balikasibCcKOro perrnoHa CymecTBeHHO pas-
JIM4aeTcs [0 OTHOCUTEJIBHOMY COAEPKaHNI0 OCHOBHBIX
KaTHUOHOB U aHMOHOB. B KaTHOHHOM CcOCTaBe CHErOBOM
Bonbl mobepexbsas CesepHoro balikana npeoGisagaroT
vioHsl Kasbnusa (30%-2kB.) u Bomopoaa (12%-3kB.), B
AHMOHHOM cocTaBe - HUTpaThl (19%-3kB.) u cysbdaTsl
(17%-3xB.). O Benymiell poju HUTPATOB Cpefy aHUO-
HOB CBHUJIETEJIbCTBYET M OTHOIIEHHE SKBUBAJIEHTHBIX
koHneHtpanuii [SO,*]/[NO,] 0,8 (Tabauma 2).
JoMmuHUpoBaHNe HUTPATOB Haj cyjabdaTaMu OTMe-
YeHO Takxe Ha I0ro-BOCTOYHOM Iobepexbe Baiikasa,
rJe OTHOCHUTeJIbHOe coAepkaHle HUTPAaTOB COCTaBUIIO
20%-3KB., IpU 3TOM OTHOIIEHNEe [SO42']/ [NO3'] cocra-
Busio 0,7. Takoe pacnpefiesieHe aHUOHOB XapaKTEepHO
11 He3arps3HEHHBIX (DOHOBBIX PAHOHOB U OOBACHSA-
eTcs JaJIbHUM MepeHocoM okcuioB azorta (Obolkin et
al., 2016; Sicard et al., 2023). B cHEXXHOM TOKPOBE MPO-
MBIIJIEHHBIX ropofoB IIpubaiikanba B 2022 r. npeob-
nananu cyiabdatsl, GTOpUAb, TUAPOKAPOOHATHL Cpeu
AHMOHOB U KaJIbI[UI, MarHuii, HATPUHN cpeiu KaTHOHOB
(Puc. 3). ITomo6HOEe COOTHOIIEHHE OCHOBHBIX HOHOB,
Kak IpaBWJIO, XapaKTepHO [JIA CHEXHOro IIOKpoBa
KPYIIHBIX MPOMBIIIJIEHHBIX [[EHTPOB, I'le CYLIeCTBEHHO
BJIMSAHUE INPeANpUATHN TOILIMBHO-IHEPreTUYecKoro
KOMILIeKca u mpombinuieHHocTu (HoBoporkas, 2018;
I'maays u gp., 2024). Tak, B r. YyaH-Y 13 OTHOCUTEIb-
Hoe cofepxkaHue cyiabdaTtoB pocturaiao 18-23%-3ks.,
B TO BpeMs Kak coAepkaHye HUTPATOB He MPeBhIIalo
5-9%-5KB.

Jna cHexHOro nokposa nodepexbs CeBepHOro
balikana oTmeueHa BBICOKAs CTelleHb KOppeJAlun
(r=0,7-1,0) ™Mexay cjiegyoUMM{A MapamMyd HOHOB:
S0,>-Ca**, HCO,-Mg**, HCO,-Ca**, SO,*-Mg**, HCO,
-NH,*, 4To yKasbiBaeT Ha OOIIME UCTOYHUKH UX TIOCTY-
IIJIEHWA, IPeMYyIeCTBEHHO TePPUTIeHHOI0 IIPOHUCXOXK-
nenus (Puc. 4).

Ha Puc. 5a npezacrasiieHa cxemMaThyeckas Kapra
pacnpefiesieHrs TJIaBHBIX MOHOB B CHEXHOM IOKpPOBe
CeBepHoro batikana B 2023 r., co3gaHHas Ha 0Oase
nmaketa Q GIS. Pasamep kaxaol OTHeJIbHOU KapTOOU-
arpaMMBl COOTBETCTBYET OIpeeIEHHON BeJITUiHe
CyMMBl HMOHOB, PacCUMTAHHON [JIA KaXJOU CTaHIUU
orbopa MpoO CHEXHOro IMOKpoBa. [laHHBIE KapTOAU-
arpaMMBbl TO3BOJIAIOT OJHOBPEMEHHO OTOOpaxaTb
cofilepXXaHUe BCeX HMOHOB, a TaKXe BBIABUTH Haubosee
3arpsi3HeHHble paloHBl. [[J1A cpaBHEHMA MOJIyYeHHBIX
pe3ybTaTOB aHAJOTMYHasA KapTa-cxeMa IpOCTpaH-
CTBEHHOTO paclpefeJieHUs IJIaBHbIX MOHOB MOCTPOEHa
nns FOxuoro IMpubatikamnes (Puc. 56).

Ta6suna 2. COOTHOIIeHNsA SKBUBAJIEHTHBIX KOHIIEHTPALUH I'JIaBHBIX HOHOB B cHeroBoil Boe CeBepHoro Baiikana B 2023 r.

ITokxa3zaTeJyib IToGepexbe CeBepHoro Baiikaya ABTOmOpora
XurasoBo- CeBepobaiiKkaibCK
[SO,*1/INO,] 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. CpengHee OTHOCUTEJIBHOE cofiepkaHne HOHOB (%-5KB) B CHEXXHOM IIOKpoBe Bafikasbckoro pernona B 2022-2023 rr.

B paiione noGepexbsa CeBepHoro Baiikana cym-
MapHOe cojJepxaHue HMOHOB (X ) B CHEroBOM BOJE
U3MEeHAJIOCh B mpefesnax 1,2-6,9 Mr/ia u B cpeaHeMm
cocTtaBuio 2,7 Mr/j. 3TH 3HA4YeHUA COMNOCTABHMBI
C MUHUMAJIBHBIMU BeJIMYMHAMN Ha IOr0-BOCTOYHOM
nobepexbe o3epa — B H6acceliHe pek CHexHas u Xapa-
Mypus (cranuuu 37 u 38 cooTBeTcTBeHHO) (Puc 5a, 6),
a Takxe C peruoHaJIbHIMU (DOHOBBIMM 3HAUYEHUAMU Ha
TeppuTopuu batikasno-JleHckoro 3anoBeqHuKa (3 Mr/Jr)
(Netsvetaeva et al., 2020). B cpaBHeHUM ¢ KPYITHBIMHA
MPOMBIILJIEHHBIMU IleHTpaMu lOxHoro ITpubGariikasibs
3TOT nokasaresb B 8-20 pa3 Huxe (Molozhnikova et
al., 2023).

Kak BugHo u3 Puc. 5a, HauOosblnee cymmap-
HOe coj/lepkaHie HOHOB 3aperucTpupoBaHO B CHEX-
HOM mnokpoBe Ha craniuu 13 (r. CeBepobalikayibCK)
— Jio 31 Mr/na, 94To 06yCJIOBJIEHO BJIUSHUEM aHTPOIO-
TeHHBIX MCTOYHUKOB 3arpsi3HeHUs BO3[yXa B ropoje.
MuHMMaJIbHBIe 3Ha4YeHUA (PUKCHUPOBAIMCh B NpoHaXx,
oTOOpaHHBIX cO Jibja balikasa B paiioHe Kuuepckoil
npopBsl — 1,2 mr/n (crannua 20), a Takxke B OacceliHe
pex Kuuepa, Bepxuaa Axrapa u [izesmHpa — no 2,6
mr/n (cranumu 21, 23, 24 u 25 COOTBETCTBEHHO).
CrnemyeT OTMETUTh, YTO BeJIWYMHBI pH Ha 3TUX cTaH-
UUAX Takxke ObLIM HeBBICOKU (B cpenHem 5,2 en. pH).
Hwuskue 3navenus pH u 2 B CHEXHOM IMOKpoOBe 00y-
CJIOBJIEHBI OTHOCHUTEJIPHON yOaJIeHHOCTBhIO JTaHHBIX
TEPPUTOPUI OT MUCTOYHWKOB AHTPOIOTEHHOI'O 3arpss-
HeHUs. B CHEXHOM ITOKPOBE TAaeXHOHM 30HBI B pail-
oHe aBTOoTpacchl JKurasioBo-CeBepobalikajbCK CyMMa
VOHOB M3MEHsJIach B IIMPOKHWX mpefesax, or 1,1 Ao
17,1 mr/n (cpeanee - 4,1 mr/m). Makcumym 2 OTMe-
yeH B 105 kM ot p.m. XKurasoBo (cTanHius 2) u 00ycIoB-
JIEH TIOBBIIIIEHHOW 3aIlbJIEHHOCTHIO BO3yXa B JTAHHOM
Touke OTGopa. Huskue sHaueHWsa 2 PErvMCTPUPOBa-
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Juch Ha rpanHuile MpkyTtckoii obnactu u PecnyOiuku
BypsTus, rae BbICOTa CHEXHOI'O IOKpPOBa OblIa MaKCU-
MasibHOU (cTanuusA 10). B cpaBHeHHU ¢ JaHHBIMU CHe-
TOMEPHBIX ChEMOK, TIPOBEJIEHHBIX paHee, 2 B panioHe
nobepexbsi CeBepHoro balikasa cHuswusiach B 2-5 pas
(Puc. 6). Cranuuu 10, 20, 21, 23, 24 u 25 no coaep-
JKaQHUIO I'JIaBHBIX MOHOB U BejuuuHe pH Hamu Bbife-
JeHbl kak ¢oHoBble A CeBepHoro batikana m Bcero
BalikaibcKoro peruoHa B LieJIOM.

B Tabsune 3 mpencTaBjieHO cpefHee COAepKa-
HUe OCHOBHBIX MOHOB B CHEXHOM IIOKpOBe 100epexbs
CesepHoro baiikaa 3a 4-yieTHUI nepyuo/ HabJTiogeHu!
(2012, 2015, 2020, 2023 rr.). KoHnenrtpanuu 60Jb-
HIMHCTBA MOHOB CyIIeCTBEHHO BapbHMpOBaJIA B 3aBHUCU-
MOCTH OT THIIA MECTHOCTH M OJIM30CTHU K IPOMBIILIEH-
HBIM 30HaM U TPaHCHIOPTHBIM MarucTpasisaM.

Puc.4. KosdopunueHnts koppensanuu [IupcoHa mexay
colep)XaHUEM KOHOB B CHEXHOM IIOKpOBe Ha Iobepexbe
CesepHoro Baiikana B 2023 .
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Puc.5. CxemaTuueckas KapTa pacnpenesjieHus CoaepXaHus I'NflaBHbIX NOHOB B CHEXHOM IIOKPOBE BaiikabCcKoro peruoHa B

2023 1. (a - CeBepHnerii Batikas; 6 - FOxxHbIi Batikasn).

CpenHee copepaHUe IJIaBHBIX MOHOB B CHEX-
HOM nokpoBe Ha CeBepHoM baiikasne B 2023 r. cHU3H-
Joch B cpaBHeHuu ¢ 2012 1. ot 2 10 13 pa3 (Tabsmra 3).
[TogoOHas TeHAEHNIMsA IIPOCJIeXUBAETCA U B JOPYIHUX
patioHax Poccun. Tak, 3a mepuom 2019-—2023 rr. B
ropoaax Poccuy B 0CHOBHOM IPOU3OIIIO YMeHbIIeHe
CpelHUX 3HAUYeHUU KOHIIEHTpAaIliii OCHOBHBIX 3arpss-
HAIIUX Bel[eCTB B BO3[yXe M KOJMYECTBA BHIOPOCOB
OT CTaIlMOHApHBIX HCTOYHUKOB M aBTOTPAHCIOPTA.
CyMMapHble BHIOPOCH JUOKCHAA CEpBl OT CTaljoOHap-
HBIX 1 INEepeABMXHBIX MCTOYHUKOB CHU3WINCH Ha 11
%; oxcuaoB azoTa — Ha 2% (EXeroJHUK COCTOSHUA...,
2024).

3.3. BuoreHHble KOMNOHEHTbI B CHEroBoM
Boae CesepHoro Balkana

Muneparonutil u 06wuii azom. CpefHee coaep-
’)KaHUe MUHepaJIbHOIO a3oTa B CHEXHOM IIOKpOBe
Ha CeBepHoM batikane cocraBusio 0,22 Mr/j, usme-
Haiace ot 0,13 pmo 0,28 mr/n. ComepxaHue oOL[ero
a30Ta B Pa3HBIX palOHAX MCCJIeIyeMOU TeppUTOpPUM
651710 BhIIe OT 1,8 M0 2,2 pa3. MakcumMasibHOe cofep-
xanune N N 3apUKCHPOBAHO B OKPECTHOCTAX
CeBepobatikasnbcka (ctaHuus 12). BHe 30HBI aHTpOIO-
TeHHOI 0 BJIMAHMA 00JIbllIas 4acTh a3oTa IpecTaBjeHa
ero MuHepajbHBIMU popmamu (56-60%). B paiioHax c
TOBBIIIEHHON aHTPOIOTeHHOW Harpy3koil (OKpecTHO-
cru r. CeBepobaiikasibcka, nobepexne B ycTbe p. Thid,
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c. batikanbckoe, 105 kM ceBepHOI Tpacchl) B 2023 . 10
77% a3oTa HaXOAWJIOCh B OpraHnyeckon popme. Pacuer
COOTHOIIIEHN Pa3HbIX (OpM MHHepaJbHOrO0 a3oTa B
CHEroBOoyl BojJie MOKasaJl IpeobsafaHre HUTPATHOTO
a30Ta HaJ] aMMOHUIHBIM a30TOM.

B orsmune oT Apyrux HOHOB KOHIEHTpaluu
HUTPATHOT'O a30Ta pacupejesieHbl B CHEXXHOM ITOKpOBe
B parioHe CeBepHoro Balikasa paBHOMepHO. B cpeiHeM
colepkaHue JaHHOro koMmoHeHTa B 2023 r. cocrta-
Bwio 0,19 mr/ma, uto B 2-5 pa3 HuXe aHaJOTUYHBIX
3HaueHUl B APYyrux paiioHax BalikajbcKoro pervosa.
HesnauuTesnibHaA BapuanusA KOHIEHTpaluil HUTpAT-
Horo asora (B cpegHeM 26%) B cpaBHeHHUU C JPYTUMU
HOHaMU CBUJIETEJIbCTBYET O IIpeobJiafjaHuu TpaHCIrpa-
HUYHOU 1 perroHasIbHON (POHOBOH COCTABJIAIOIINX HaJ|
BJIMSHMEM JIOKAJIbHBIX HCTOYHMKOB (Tabmuma 3). B
YHCTBIX palioHax [0JiA HUTPATHOr'O a3oTa COCTaBJIAET
96-97 % ot ero oOuiero cofepXaHus, B OKPECTHOCTAX
r. CeBepobalikasibcka cHukaetcsa Ao 77 %. B camom
CeBepobalikajabcKke OTMEYeHO JOMUHNPOBaHHE aMMO-
HUKHOrOo a3ota (10 70%). DTO CBUAETEIbCTBYET 00 ero
AHTPOIIOIeHHOM IIPOUCXOXKAEHUM.

Munepamohstii u o6wuti pocop. Conepxanue
MuHepasibHOro (Qocdhopa B CHEXKHOM IOKpOBe
CeBepHoro Baiikana BapeupoBasio B npefeax 0,3-33
MKTr/Ji, obmiero docdopa - 3-61 MKr/ji. MakcUMyMbl
cpeHUX 3Ha4YeHUH JaHHbIX KOoMIOHeHTOB (14 u 33
MKT/JI COOTBETCTBEHHO) HaOJII0aJnch Ha CeBepo-3a-
nagHoM nobepexbe B paiioHe r. CeBepobalikayibcka U
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Ta6suna 3. CpefqHee cofepxaHrie OCHOBHBIX MOHOB (B Mr/JI) B CHEXXHOM IMOKpOBe B paiioHe CeBepHoro Baiikana B 2012,

2015, 2020, 2023 rT.

Paiion Ilepuox | HCO, SO,> [ NO; Cl Na* K+ Ca** | Mg>* | NH,*
HuccijieaoBaHuA
CeBepHblit Baitkan, | 2012 3,6 2,33 | 1,64 | 0,17 | 0,21 | 0,08 | 1,80 | 0,28 | 0,05
el 2015 0,8 0,57 | 0,69 | 0,00 | 0,08 | 003 | 0,53 | 0,00 | 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 | 0,056 | 003 | 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
) 1,8 0,86 | 0,55 | 0,06 | 0,14 | 0,04 | 0,69 | 0,15 | 0,02
CV, % 94 73 45 58 81 67 69 75 55
CeBepHoe nobepexne 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 | 0,05 | 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
M 0,2 0,60 | 0,95 | 0,12 [ 0,06 | 0,090 | 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
CeBepo-3anagHoe 2012 11 4,42 1,55 0,16 0,14 0,24 4,51 0,49 0,29
noGepexne 2015 3,4 1,79 | 0,88 | 0,17 | 0,10 | 0,56 | 1,03 | 023 | 0,34
2020 1,7 1,41 | 1,18 | 0,00 | 0,06 | 0,37 | 1,19 | 022 | 0,26
2023 1,1 0,9 | 0,84 | 0,00 | 0,05 | 0,14 [ 0,79 | 0,13 | 0,07
n 4,3 2,15 | 1,11 | 0,13 | 0,09 | 0,33 | 1,88 | 0,27 | 0,24
b 4,6 1,55 | 0,33 | 0,04 | 0,04 [ 0,18 | 1,76 | 0,16 | 0,12
CV, % 106 72 30 31 47 55 94 58 49
ABToopora 2012 1,4 0,47 | 1,00 | 0,00 | 0,07 | 0,10 | 0,59 | 0,09 | 0,09
CeBﬁ‘f)%a;;If;;mK 2015 1,9 0,59 | 0,72 | 0,16 | 0,08 | 0,13 | 0,76 | 0,10 | 0,12
2020 2,6 0,65 | 0,84 | 0,10 | 0,06 | 0,00 | 1,10 | 0,13 | 0,03
2023 1,8 0,44 | 0,83 | 0,19 | 0,07 | 0,07 | 1,01 | 0,07 | 0,02
M 1,9 0,54 | 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 [ 0,23 | 0,03 | 0,05
CV, % 26 18 14 36 12 24 27 26 74

I[IpumeyaHwue: | - cpeHee 3HaYeHNeE; 2 - CTaHAapTHOe OTKJIOHeHue; CV - koadpdunreHT Bapuanuu, %.

c. Baiikasibckoe. BaXXHO OTMETUTH, UTO TOJIyYEHHBIE
BeJIMYMHBI Ha JAHHOM Yy4YacTKe JIOBOJIBHO BBICOKUE,
YTO BEPOATHO, OOYCJIOBJIEHO MOBHIIIEHHBIM MPUPOA-
HBIM (POHOM, HAJIMYKMEM coeluHeHn! pocdopa B mouBe
(BenozeprieBa u np., 2023), a TakXKe aHTPONOTeHHBIM
3arpsA3HeHUeM.

3.4. HakonneHue 3arpA3HAIOUWIUX BELULeCTB
B CHe)XHOM nokpose CeBepHoro balkana

INocTymiieHWe  3arpsA3HAINUX — BEIeCTB  Ha
MOACTUJIAIONIYI0 TMOBEPXHOCTh B parioHe CeBepHOro
Barikasia onpezesisioch Mo pe3yJibTaTaM XUMUYECKOTO
a”asr3a npo0 CHEXHOTO IMOKPOBa, cHopMupoBaBIie-
rocs 3a 3UMHUU nepuoy (¢ HosAGpsA 1o deBpaib-MapT)
(Tabauna 4). Kak u3BeCTHO, BeJMYMHA HaAKOILJIEHUS
XUMHYECKHUX KOMIIOHEHTOB B CHEXXHOM TOKPOBE 3aBU-
CUT OT BJIaro3amnaca B CHere U KOHIIEHTpAaIuii onpejie-
JIAEMBIX KOMIIOHEHTOB.
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CyMMapHOe HaKOIUJIEHHE HOHOB CJIYXXWAT Xapak-
TEpUCTUKO! 00IIero 3arpsA3HeHus CHEeXHOTO IIOKpOBa.
Ha CeBepnowm balikasie 3Ta BesinurHa 3a 4 roga HabJIio-
JeHUI N3MeHsIach B cpe/iHeM B npefesiax 230-440 mr/
M2 B 2023 r. HauGoIbIIKe BeJIMYMHbI aKKyMyJIALUN X
omnpejlesieHbl B TaeXXHON 30He aBTOTpacchl JKuraioBo-
CeBepobaiikaabCcK, 4YTO 00yCI0BIeHO OOJIbIINM BJIAaro-
3alacoM B CHere Ha OT[ieJIbHBIX y4acTKax 3TOro Mapii-
pyra (mo 135 mm). MunuMyM HakomeHus B 2023 T.
3aperucTpupoBaH Ha JibAy 03epa, e Bjarosanac ObLI
okoJ10 50 mM. Kpome TOro, nepuof HakoIJIeHUs HUcciie-
JlyeMbIX KOMIIOHEHTOB B CHEXHOM IIOKpOBe Ha JIbAY
o3zepa ObUI B ABa pa3a MeHbllle, yeM Ha moOepexsbe.
J71A KOPpeKTHOro CpaBHEHMA BeJIMYMH HaKOILJIeHUsd
Ha JIbAy U [tobepexbe pacCudTaHHbIe JaHHbBIE [0 aKKy-
MyJIALMHM Ha akBaTOPUM o3epa ObLIN yBeJIM4eHBl BBOe
(Tabauna 4). CpaBHeHUe OKAa3aJi0, YTO aKKyMYJIALUA
2 B cHexHOM mokpose CeBepHoro bBaiikana B 2 pasa
H1Xe, ueM Ha IOxxHoM Balikase u B 2-6 pa3 HUXe, YeM
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Puc.6. CpegHue cyMMBI HOHOB (B MI'/JI) B CHEXXHOM IOKpOBe BalikajibCKOro permoHa 3a 4-x JIeTHUI nepruoj HabJrroAeHu .

B TPOMBIILIEHHbIX IleHTpax IOxHoro IIpubariikasibs
(Tabsuna 4).

Hakonnenue Kajblusa (OCHOBHOTO II€JIOYHOTO
KOMITOHEHTA) B CHEXXHOM IoKpoBe CeBepHoro Baiikana
3a HccJIelyeMBIl Ieproj] U3MeHAIoCh B cpeffHeM oT 40
no 70 mr/m2 B 2023 r. 3TO 3HaueHue 6610 B 1,3 11 2,3
pasa COOTBETCTBEHHO HMXe, YeM Ha I0ro-BOCTOYHOM U
Ioro-3anagHoM mnobepexbsax Baiikana. B cpaBHeHUU c
MIPOMBIIIUIEHHBIMU IIeHTpaMi bBalikajbcKoro permosHa
(3a uckmoyenueM r. [llesiexoB) 3Ta BeJIWYMHA HIXKE B
2-6 pas.

Haubosiee 3HAUMMO [JiA HEMPOMBIILIEHHBIX
«YHCTHIX» PAHOHOB HAKOIUJIEHUE KHUCJIOTHBIX KOMIIOHEH-
TOB B CHEXHOM MOKPOBe — cyJibdaTHO# cepsi (S(SO,>),
MHuHepaJbHOro azora (ZN = = N(NO3') +N(NH 4+)

Ta6suiia 4. HakornieHre XUMUYECKUX KOMIIOHEHTOB (MI/M?)
OHa, 2022-2023 rT.

1 UOHOB Bozopoaa (H*). Cymma HakoIieHUs1 MUHe-
panpHOro azora Ha CeBepHoMm balikase 3a rofsl uccie-
JoBaHUI cocraBuiia 16-27 mr/m2 B 2023 r. Haubo-
Jlee BBICOKHE 3Ha4yeHUs 3apUKCHUpPOBAHBI Ha JIBAY P.
YmMmbenna (cranius 8) u B paiioHe noc. KyHepma (craH-
nms 9), rae Baarosamnac 61 MakcuMaJIbHbIM (190-215
MM). MuHuUMabHble 3HAYeHUs aKKyMyJIALUM a30Ta
(menpie 10 Mr/m?) ompefesieHbl Ha CeBepo-3ana HoOM
nobepexbe U Ha JibAy 03. Baiikas, rae Biarosamnac B 7
pa3 MeHbIIe. B cpaBHeHuu ¢ FOxueiM balikaiom akky-
MyJsisinus N B 3 pasa HUXe.

BenmunHa HakomsieHUs cyJibpaTHON cepbl B
CcHexXHOM nokpoBe Ha CeBepHoM bBaiikasie B ucciefnye-
MBI€e T'oJIbl HaX0JuJIach B mpefesax 14-25 mr/m?, MUHU-
MaJibHble 3HaueHusA 3apukcuposansl B 2023 r. AHanus

U BJyiarosanac (MM) B CHEXXHOM IIOKpoBe balikajibCKOro peru-

Paiion HCO, [ S(sO,*) N . Ca2* H* P 2 Biiarosamac,

HccJieJOBaHUA MM

CeBepHbIl Barika, 0 12-20 12-22 22-38 0.6-1.4 0.02-0.2 124-214 32-55
nen 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-3anajHoe 0-108 8-25 7-14 14-70 0.03-1.0 0.2-1.6 76-335 29-59
no6epexne 45 14 11 35 0.3 0.7 180 44

ABTopmopora 0-1522 7-24 8-41 16-563 0.01-2.8 0.06-1.6 92-2288 46-215
JKuranoso- 192 14 20 101 0.7 0.7 460 108

CeBepobalikaibCK

HOxHBIIT Barikai 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

IlestexoB* 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

UpkyTCcK* 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

AHrapck* 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

Vinau-Y g~ 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

*

IIpumeuanmue: *- gaHHble 3a 2022 T.
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MOJIyYeHHBIX JaHHBIX [TOKa3aJl, 9YTO B CHEXXHOM IIOKpOBe
CeBepHoro baiikasa B cpeiHEM HaKaIJInBaeTcA OT 3 10
7 pa3 MeHbllle cephl, YeM Ha I0XHOM nobepexbe o3epa
U B MPOMBIIIEHHBIX Topojax baiikajibCcKoro permoHa
COOTBETCTBEHHO.

Kak cnegyer u3 Tabsaunel 3, HakorieHre H* B
CHe’)xHOM IokpoBe CeBepHoro balikana B cpeiHEM B
1,2 pasza mensine, yem Ha FOxxHOM Batikane. OTo CBs-
3aHO KaK C MEHBIIMM BJIaro3anacoM B CHere Ha ceBepe
o3epa, Tak u 6oJiee BBICOKMMU BesnunHamu pH B cHe-
TOBOI1 BoJe.

Haxomiernne P B CHEXHOM TIOKPOBE OT/EJIb-
HBIX pPallOHOB Ha ceBepo-3amagHoM Iobepexbe o3epa
Batikas u B TaeXXHO! 30He BJI0JIb CEBEPHOM aBTOTPaCChl
JI0BOJIBHO BBICOKO: COIIOCTABMMO C aHAJIOTMYHON BeJsIu-
YMHOH B I'. YJIaH-YA3 U B 2-4 pasa Bblllle, YeM B IIpO-
MBIIJIEHHBIX LeHTpax 0xHoro Ilpubaiikaibs.

4. 3aknoueHue

B HacToAmUIiI TMepuoj CHEXHBIA IOKPOB
CeBepHoro Baiikasa xapakTepusylTCs HU3KOU MUHe-
payimizanueil, JOMUHUPOBaHNEM HUTPATOB B aHUOHHOM
cocraBe. B MexronoBoil AMHaMuKe OTMeYeHO IIoCTe-
[IeHHOe yMeHbllIeHre CyMMBl MOHOB U BeJIMYuHbl pH B
CHEroBBIX BOAAX 3a rofnl HcciefoBaHUA. HuTpaTHBIN
a3oT ABJIACA MNpeoObsafaroiieil GopMoil MUHepaJib-
HOro a3oTa B cHeroBoul Bofe. KoHijeHTpauuu 060Jib-
HIMHCTBA KOMIIOHEHTOB XMMMUYECKOI'0 COCTaBa HIIXe,
yeM Ha I0ro-3anajHoM nobepexbe o3epa, COIOCTaBUMBI
C peruoHaJIbHBIMU (OHOBBIMU 3Ha4YeHUAMU. B cHex-
HOM I[IOKpOBe OTAeJIbHBIX palioHoB CeBepHoro barikasa
cojepxaHue MuHepajbHOro ¢ocdopa IOBOJIBHO
BBICOKO BCJIE[ICTBHE IOBBIIIEHHOI'O NMPUPOAHOr0o GoHa
Y aHTPOIIOT€HHOI'0 3arpsA3HeHus.

AKKyMyJIALAA CyMMBI MOHOB, KaJIbLUsA, CyJIbdat-
HOH cepsl 1 MUHEPaJIbHOI'O a30Ta B CHEXXHOM IIOKPOBe
CesepHoro balikasna B 2-3 pa3a Huxke, yeM Ha IOxHOM
bBalikase u B 2-7 pa3 HUXe, YeM B NPOMBIILJIEHHBIX
nenTtpax HOxHoro IIpubaiikanbesa. HakomineHue MmuHe-
panpHOro docdopa B oTAEIbHBIX palioHax CeBepHOIo
Balikasa cONOCTaBMMO C COOTBETCTBYIOL[EN BeJINUH-
HOU B I. Y1aH-Y 13 U B 2-4 pa3a Bblllle, Y4eM B IIPOMBIIII-
JeHHbIX neHTpax HOxHoro ITpubarikaibs.

BuifABJIeHBI TEPPUTOpPUM, KOTOPBHIE IO COAEep-
’)KaHWIO TJIaBHBIX MOHOB U BesjnuuvHe PH B CHeEXHOM
IIOKPOBE MOTYT ABJIATbCA (POHOBHIMU A1 CeBepHOro
batikama u Bcero Barikajbckoro peruoHa. Huskoe
cofepxxaHue CyMMBl MOHOB U BeanuynHBl pH 00ycJioB-
JIeHbl OTHOCUTEJIbHOW YaJIeHHOCTBI0 JAaHHBIX Tep-
pUTOPUIl OT KPYIHBIX HCTOYHUKOB AHTPONOTEHHOI'O
3arps3HeHusl.
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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

Lake Baikal is the world’s largest freshwater lake
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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from these observations were summarized in studies
by V.M. Sokolnikov, A.A. Ainbund, V.I. Verbolov, and
others (Sokolnikov, 1960; Ainbund, 1973; Currents in
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:

__top

- 5

= , (1)
Po

u

z

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 = fpgdz, 2
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:
b a—pgder C, @3
Pof 2 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_ )

rad

z

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

. 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

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.

According to the equation of state for fresh water
(up to 0.6 g/kg) obtained by Chen and Millero
(1986).

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.

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



Aslamov I.A. et al. / Limnology and Freshwater Biology 2024 (6): 1546-1562

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

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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Fig.5. Vertical distribution of geostrophic current velocities calculated by different methods in comparison with in situ data
obtained at the ring in 2020, for: A — in the area with maximum currents at the ring boundary (~3.5 km from the center), B —

outside the ring structure (~5.5 km from the center).

(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

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

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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OpuruHaAbHan cTaTbA

UcchepoBaHMe NPUMEHUMOCTH Pa3AHUYHbBIX
NOAXOAOB K pacueTy reocTpopuueckux
TeYeHHMM Ha NpuMepe NOANEAHDBIX BUXPEWn,
dopMUpylolLUX AeAOBbl€ KOAbLEBbIe
CTPYKTYpbI o3epa baMkan
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AcmamoB U.A.**", XKnanoB A.A.'Y, I'panux H.I'.'Y, BauHoB B.B.17,
3eipsHoB [1.B.%, 'natoBckuii P.JO.!

T JTumHostoeureckuti uHcmumym Cubupckoeo omdeseHus Poccutickoti akademuu Hayk, yJi. Ynan-Bamopckas, 3, Hpkymck, 664033,
Poccua
2 Mncmumym 800HbIx npodstem Poccutickotl akademuu Hayk, Y. I'ybkuHa, 3, Mockea, 119333, Poccua

AHHOTALIUA. Pa6oTta nocssileHa nccjieJOBaHUI0 IPOCTPAHCTBEHHOI'O paclpeiesieHrs TOprU30HTaIb-
HBIX T€YeHU! B IOJIEAHBIX aHTUIMKJIOHNYECKUX BUXPSAX, IPUBOAAMNX K HOPMUPOBAHNUIO KOJIbIEBBIX
CTPYKTYp Ha BeceHHeM JibJly o3epa balikai. I'opr3oHTasIbHbIe [10J1A reocTpodUUecKrX TeUeHN paccuu-
THIBAJIUCh C IpMMeHeHHeM AMHAMHUYecKOro MeTOoJa, IPpX 3TOM OCHOBHOE BHHMAaHUe yAesisjoch CpaB-
HEHUIO pa3/IM4HbIX IOAXO0M0B K pacuéTy IJIOTHOCTY BOJBI, BKJII0YAA CHelaJbHO aAanTHPOBaHHBIN A
ycnoBull batikana naketr nporpaMMm TEOS-10. B kauecTBe MCXOAHBIX JAHHBIX HCIOJIb30BaJIMCh H3Me-
peHHble TeMIlepaTyphl U 3JIeKTPOIPOBOJHOCTY BOABL B palioHe KOJIbIeBOM CTPyKTyphl 2009 roma. A B
KayecTBe peepeHTHBIX — cepuu npoduseli CKOpoCTH 1 HalpaBJjieHUA TeYeHU! B aHAJIOTUYHOM BUXpe
2020 roma, usMepeHHbIe BIepBhle. IIpoBefileHHbIE CpaBHEHM [10Ka3aJjid, YTO UCIOJIb30BaHME yCTapeB-
KX MeTOJI0B, TaKux kak MeTod KpoToBoii niu ypaBHeHHe YeHa-Muiepo IPUBOAUT K 3HAUYUTEJIbHBIM
PacxoXAeHUsAM € peaJIbHBIMU M3MepeHUsAMH, Tor[a Kak agantupoBaHHbIH nakeT TEOS-10 neMoHcTpu-
pyeT Haujlyulllee corjiacoBaHue. B 1esioM, AUHAMUYeCKUH TOAXOA OKa3aJICsA COCTOATEIBHBIM U MOXeT
yCIIeIIHO IPUMEeHAThCA AJIA M3y4YeHUs NoJiel TeyeHU B o3epe balikaj. B xoe npoBeI€HHBIX UCCJIeAO0-
BaHU BIIEpBBIE BBIABJIEH U ONMCAH PsAA XapaKTePHBIX 0COOEHHOCTEN CTPYKTYpBl TeYeHHUI B KCCJIeAOo-
BaHHBIX IOJJIEAHBIX UPKYJIALNNAX.

Kitiouegsie cstoga: yie[IoBble KOJIbI[A, Te0CTpOPUUecKrie TeUeH s, aHTUIMKJIOHNYECKUN BUXPh, YPABHEHUS
COCTOSTHMs BOJIbI, Batikait

Jna mutupoBanusa: Aciamos U.A., XXnanos A.A., I'parun H.T'., Baunos B.B., 3eipsHoB [.B., 'naToBckuii P.1O. HccienoBaHue
[IPUMEHVMOCTH PAa3JINYHbIX MOJXOJOB K pacyeTy reocTpodrvecKUx TeYeHUI Ha IpUMepe IMOMJIENHBIX BUXpel, GopMupy-
I0IMX JIeJIOBBIE KOJIbI[EBBIE CTPYKTYphl o3epa Baitkan // Limnology and Freshwater Biology. 2024. - Ne 6. - C. 1546-1562.
DOI: 10.31951/2658-3518-2024-A-6-1546

1. BBeAeH“e 1 IPUAOHHBIX CJIOEB BOJABI 1 MHOIrve Apyrue ABJICHUA

B XM3HHM O3€pa. HOBTOMY HncciaegoBanre rugpoariHa-

bBalikan - kpymHelilllee IPeCHOBOAHOE 03epO
Mupa. Pegkas yucroTra M UCKJIIOUHTEJIbHBIE CBOMCTBA
0aiikaJIbCKOM BOJIbI ONIpe/esiAITCA YCJIOBUAMU ee Gop-
MHpOBaHUsA, a TakXe >XHU3HeAeATEeJIbHOCTbI0 XXUBOT-
HOT'O U pacTUTeJIbHOro Mupa osepa. JKu3Hb o3epa BO
MHOTI'OM 3aBHMCHUT OT JUHAMHKHU BOJHBIX Macc Baiikaa.
[lepeMmerieHuie BOA U TypOyJIeHTHBIII OOMeH BJIMsET Ha
pacnpefesieHre SHepriu B BOJAHOMH ToJIIlle, ee TepMuye-
CKHUI peXxuM, IepeHoC OMOTeHHbIX 5JIEMEHTOB 1 3arpss3-
HeHMli, MPOCTPAaHCTBEeHHOe pacmpenesieHue GUTO- U
300IJIaHKTOHA, oboraiieHre KUCJIOPOJOM TJIyOMHHBIX
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MHYEeCKHX MPOLIeCCOB ABJIAETCA OLHOU M3 BaXXHEHIINX
3aady Ui MOHMUMaHUA (QYHKIMOHMPOBAHUS S5KOCH-
cTtemsbl barikana.

Bosp1011 00beM AAaHHBIX 110 TeUYeHUAM 03epa OBl
nosiyyeH B 60-70-X rogax mpouuioro CToJIeTUA MyTeM
HeINoCpeACTBeHHbIX HabmoAeHnll Ha OyHKOBBIX CTaH-
rusax (BC) BepTymkaMu pasyiMyHbIX TUMOB. OCHOBHBIM
HeJOCTaTKOM IOCJIeTHUX ABJIAETCA BBICOKHI IOPOT
CTparuBaHuA U, KaKk CcJeCTBUe, HEBO3MOXHOCTb N3Me-
PATb CKOPOCTHU HIUKe 2 cM/c. Pe3ysbTaThl 3TUX HaOJII0-
JeHui 0600meHs B paborax B.M. CokosibHHKOBa, A.A.

© ABTop(s1) 2024. DTa paboTa pacnpocTpaHs-
eTCs o] MeXAyHapoJHOI inneH3uel Creative
Commons Attribution-NonCommercial 4.0.
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Anbynnaa, B.U. Bep6osioBa u ap. (CokopHUKOB, 1960;
Annbyna, 1973; Teuenus B Batikane, 1977). BoJiee
no3guue paboTsl (I'panwH u ap., 1991, 'panuH u Ap.,
1999; XmauoB u ap., 2001) MO3BOJMIIN MOHATH, YTO
MPOUCXOAUT B 30HAaX MHTeHCU(PUKAIUU TeUeHUH, Kak
MPOUCXOAAT MPOoLiecChl 0OHOBJIEHUA TJIyOMHHBIX BOJ, a
Takxe reHepanus TeYeHu! MOJ0 JbJOM o3epa. Takue
paboThl oTpeboBaIM OTPOMHOIO BKJIaJa MaTeprab-
HBIX PECypPCOB KaK Ha MOKYIKY JOPOrOCTOAMEero 000py-
JOBaHUA, TaK U Ha IPOM3BOACTBO pabOT MO yCTaHOBKeE
u cHatuio BC. B coBeTckuil mepuoj] OCyIIeCTBJIEHUE
TaKUX KOJIOCCAJIBHBIX TIPOEKTOB OBLJIO JIOCTYIIHO,
oAHako ¢ Havasia 1990-x rogoB 3TU BO3MOXHOCTU ObLITN
yTpaueHbl, I'JITaBHBIM O0pa3oM MO (PUHAHCOBBIM IIpHU-
yrHaM. B cBA3M C YeMm, B MOCJIEJHUE TPU AeCATKA JieT
NMOJOOHBIX MAacIITaOHBIX paboT B JIMMHOJIOTMYECKOM
WHCTUTYTE He MPOBOAWUJIOCh. Bojiee TOro, MepBHIT
COBpeMeHHBII U3MEPUTESTb TeUeHUsA B UHCTUTYTE TOs-
BUJICA JIUIIb BO BTOPO#1 noJioBuHe 2010-bIX FOI0B.

OtcyTcTBue npubOpHOU 6a3pl TpeboBasio IMpu-
MeHeHUs JIPyTuX MOAXOAO0B K U3MEepeHHI0 TeUYeHUi, B
YaCTHOCTH pa3pabOTKU U U3rOTOBJIEHU CBOOOJHO ILj1a-
Batomux npudrtepoB (KmanoB u ap., 2014). [Ipsmeie
ke U3MepeHMs CPaBHUTEJbHO HeOOJIBIINX CKOPOCTeH
TedyeHU B o3epe Baiikas B JleTHUI EPUOJ CBA3aHbI CO
3HAUUTEJIbHBIMU TPYJHOCTSAMM, M3-32 HEOOXOOUMOCTHU
yuyéTa ABWXEHUs Cy[HAa U ero TOYHOU OpUeHTaIuu B
MPOCTPAHCTBE C OUYeHb BBICOKOM TOYHOCTHIO. B cBsA3M C
TeM, 4TO Apeld cyaHa, Kak IpaBuJio, Ha MOPAAOK U
0oJiee MpeBbIIIaeT CKOPOCTU TeUeHUs, TO Aaxe HeGOoJIb-
1IMe OMMOKY B OIpeJie/IeHUN ero NoJI0XXeHUs UJIU CKO-
poCTU CIOCOOHBI KapAWHAJIBHO HCKa3WUTh PACCUUTHI-
BaeMble TeueHus. [loaTomMy TeueHus B o3epe baiikain B
rocJjie/IHre TOABl KCCJIeqOBaIM B OCHOBHOM B 3UMHUI
nepuoj co Jibaa o3epa (Aciamos u ap., 2017; XXgaHos
u ap., 2017; Kirillin et al., 2020).

HeynuBurenpHO, UYTO B HacTosllee BpeMA
HabJTI0jaeTcsA 3HAUUTEJIBHBIN POCT UHTepeca K MoJiyye-
HMIO NIPOCTPAHCTBEHHBIX AAHHBIX O TEUEHUAX B O3epe
bBaiikan 0e3 mpruMeHeHUs AOPOTOCTOAIIEN CeTH 3JIeK-
TPOMarHUTHHIX WJIU [IONIJIEPOBCKUX H3MepuTesen
TeueHUl. Takyi BO3MOXHOCTb IIpeJOCTaBJisAeT pac-
yeT TeoCTpopUUECKHX TeueHUM, ompeessaeMblX U3
yCJIOBUSA TeocTpoduieckoro dasaHca MeXay rOprU30H-
TaJIbHBIM T'paJiueHTOM JAaBjieHus u cuioi KopuoJiuca,
BO3HUKAIOIIe! B CJIeACTBUe BpameHuda 3emuid. Jia
batikasia mepBble pabOTH MO TeOCTPOPUUECKUM Teue-
HUAM pOBeJleHbl B KOHIle 60-x Hauyasie 70-x rogos B.
A. KporoBoii (1970). OHa mo JaHHBIM O TeMIlepaType
BOJBI, MOJyUeHHOHN TJIyOOKOBOAHBIMU Te€pMOMETpPaMU
u TepMmoOaturpadamu, ¢ OpUMeHeHueM AJuHaMuye-
CKOTO MeTOJa paccuuTaja CKOPOCTHU TedeHusA MOJid
BEpxXHero cjosA o3epa. B masnpHeiimeM AuHaAMWUYeCKUN
MeTo[ MpaKTUUYeCKU He UCIOJib3oBasicA AJiA batikaa,
3a uckyouyeHrneM pabotsl ([[lumapaeB u Tpowuikas,
2005).

[IpenMymiecTBO paccMaTPpUBAEMON METOIUKU
3aKJII0YaeTcA B TOM, YTO OHA MO3BOJIAET BBIYHCJIUTH
HalpaBJIeHUsA U CKOPOCTU TE€YeHUH, WCIIOJIb3Ys JIUIIb
MPOCTPAHCTBEHHOE paclpefesieHre MJIOTHOCTU BOJBIL.
JJis TOYHOTO pacyeTa IJIOTHOCTUA BOMBI, B CBOIO Ove-
penp HeoOXOOUMO W3MEPHUTHh KJIIOUEBBIE MapameTphl,
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KOTOpHIE Ha Heé BJIVAIOT: TeMIepaTypy, MHUHepan3a-
LU0 U J1aBJieHue, 1 pacCuuTaTh WMCKOMYIO IJIOTHOCTD
13 ypaBHEHUs COCTOSIHUA BOJbl. COBpeMeHHbIE OKeaHO-
rpaduueckre CTD 30HbI (Tuma SBE-25 1 aHasiornvyHbIe
puOOphl) MO3BOJIAIOT U3MEpATh ruapodusnYecKue
rapaMeTphl ¢ BBICOKOU TOYHOCTBIO. Bommpoc ocTaércs B
HaXO0XAEHUM CBA3W MEXJy U3MepseMOoU 30HJO0M 3JIeK-
TPOIPOBOIHOCTHIO ¥ ICKOMOY MUHEpaJIM3aI[iell BOIbI,
KOTOpas 3aBHUCUT OT XMMHUUYECKOTO COCTaBa TOrO WUJIU
WHOTO BOJ0OEMA, U B BEIOOpE caMOro ypaBHEHHUs COCTO-
SIHWA BOJIBI, TOAXOAAIIEr0 AJIA ONUCAaHUA BOA UCCIIeAy-
€MOro 03epa.

B koHie 70-x-Hauajie 80-x XX B. roj0B BbIIILIa
cepus mpaktuueckux pabotr Yena n Mwuuiepo (Chen
and Millero, 1978) mo ucciieJoBaHUIO TIJIOTHOCTU MOP-
ckoii Bopl. [TosryueHHble MU pe3ybTaThl B 1980 roay
ObLIM 000OIIEeHBl B IIEpBOM MeXAyHAapOAHOM ypaBHe-
HUU COCTOsAHUS MOpcKo# Bomel — EOS-80 (Equation of
State of Seawater, 1980). 3aTem B 1983 rogy 6511 pas-
paboran Ha6op anroputMoB UNESCO-1983 (Fofonoff
and Millard, 1983), ochHoBauHbix Ha EOS-80, njs
pacueTra pasJIMYHBIX (PyHOaMeHTaJIbHBIX TepMOAWHA-
MHYECKUX CBOMCTB MOPCKOH BOIBI (CKOPOCThH 3BYKa,
K03(pOULMEHTH TEPMHUYECKOI0 paclIMpeHusa U CKXUMa-
eMOoCTH, JUHaMuuyeckas BA3KOCTh U Ap.). Kak B EOS-
80, tak u B UNESCO-1983 ncnosb3oBajiach npakTuye-
CKas COJIEHOCTb, YTO CHMKAJIO TOYHOCTb pacyeToB AJiA
HeCcTaHJapTHHIX YCJIOBUI, 1 He MI03BOJIAJIO IPUMEHATh
ypaBHeHHe COCTOSHHUA K IIPeCHBIM BOJOEeMaM.

JIvmes B 1986 r. ypaBHeHMe COCTOSHUSA MOPCKOM
BoABl ObUIO amantrpoBaHo YeHoMm u Musiepo (Chen
and Millero, 1986) muis npecHoi BoAsl. K coxaeHuio,
JUIA cJ1ab0OMIHepaIM30BaHHbBIX BOA U O0JIbIINX IJIyOMH
o3epa baiikas ucrosb3oBaHue 3TOr0 ypaBHeHUs HaNps-
MyI0 NPHUBOAMJIO K OOJIBIIMM pacXOXAEHUAM C JaH-
HBIMU in situ. JIjA ajantanuy ypaBHeHHUA K YCJIOBUAAM
o3epa bBaiikan, mBeliiapckumu kossteramu nu3 EAWAG
U COTPyJAHHKaMHM J1abopaTopuy r'UpoJIOTUU U THUIPO-
¢usuxu JIMH CO PAH Obliin IpoBeieHs! creluaIbHble
SKCIeprUMeHTaJIbHble paboTHl MO Olpe/ie/IeHUI0 3aBU-
CUMOCTH 3JIEKTPOIIPOBOJHOCTU OT [IaBJIEHUSA U TeMIle-
patypnl (Hohman et al., 1997; BiaunoB u ap., 2006),
KOTOpBIE MO3BOJIMJIM MHUHUMU3UPOBATh PACXOXJeHNe
TeopeTUYeCcKUX M HaTypHBIX JaHHBIX. Kpome Toro, u
Ha ApYrux BojoeMax y JINMHOJIOTOB-NIPAKTHUKOB ellle B
1980-x rogax BO3HUK pPsAJ BOIIPOCOB K IIPUMEHUMOCTU
ypaBHeHHUs COCTOsAHUA YeHa-Muyuiepo B OTHeJIbHBIX
cJIydasnx.

J1a ycTpaHeHMsI MHOTOUNCJIEHHBIX HECTBIKOBOK
B ypaBHeHUHu YeHa-Mmusuiepo, a Takxke 6oJee IOJHOTO
OXBaTa AaHHBIX [0 BceMy MuposoMy okeaHy B 2005
rogy SCOR (Scientific Committee on Oceanic Research)
u IAPSO (International Association for the Physical
Sciences of the Oceans) yupemuiu pabGouyio TpymHILy
WG 127 o TepMOANHaAMUKe ¥ yPaBHEHUIO COCTOSHUSA
Mopckoi Bofel. Criycta 5 et B 2010 roay Obutn OITy-
OJINKOBAHBl Pe3YyJIbTATBl MEXAYHAapOAHOI'O MpOEeKTa
TEOS-10 (I0C, SCOR and IAPSO, 2010), xoTopkle npen-
CTaBJIAIT cOOO! MMakeT NporpamMM AJjis pacyeTa TepMo-
JUHaMUYecKUX CBOMCTB BOAHL. B HOBOM cTanaapTe ObL1
IIpou3BefleH KayecTBEHHBIN CKa4yOK, OCHOBAHHBIN Ha
dynmameHnTanpHOU ¢Gu3nKe: ObIJIA 0OecrieyeHa MOJTHAA
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B3alMOCOIJIACOBAHHOCTh BCeX TepMOJUHAMUYECKUX
rapamMeTpoB BOJBI 3a CYeT MKCIIOJIb30BaHUA YpaBHe-
HMsA CBOOOAHON 3HEPruu, OCHOBOW KOTOPOTO SABJISETCS
noteHnuan I'm66ca (Wagner and Prub, 2002; Feistel,
2003; Feistel, 2008). Kpome TOro, pa3Hsie arperatHble
COCTOSHMA: BOAa, JIén U BjaxHb Bo3ayx B TEOS-
10 onwuceBawTCA Kak eAuHAas TepMoAUHaMMIiecKas
cucreMa. Bcé BhllenepeuricieHHOE, BMeCTe C Iepexo-
JIOM OT IIPaKTUYEeCcKOHN COJIEHOCTH K abCOJIIOTHOH obe-
CHeYrIN IPUMEHMMOCTh HOBOT'O CTaHAapTa K cjabo-
MMHepaJM30BaHHBIM BOJOEMaM.

[Ipu nonsiTke npuMeHeHusa TEOS-10 gy pacueTa
reoctpoduyeckux TeueHNN o3epa baikasl BBIsICHUIOCH,
YTO, KaK U B Cjly4ae ¢ ypaBHeHueM Yena-Mwuiuiepo,
IIPUCYTCTBYIOT HETOYHOCTH B pacuéTe IJIOTHOCTH, U
naker TEOS-10 Taxxe TpeOyeT NpOBeAeHUA peruo-
HaJIbHOM afanTtauuu. B ¢BA3u ¢ aTuM, Obljla HaMedyeHa
1eJib JAHHOM MeTOAWYEeCcKOH paboThl MO CPaBHEHUIO
Pa3HBIX METOAOB pacueTa reocTpo@uyecKux TedeHUH
(Ipu pa3yIMyYHBIX aITOPUTMax pacieTa IJIOTHOCTU) JJI
o3epa Baiikan 1 cooTHeceHUA pe3yJIbTaTOB pacyeToB C
MMEeIOIUMUCA dKCIIepUMeHTaIbHbBIMU JaHHBIMU.

2. MaTepuanbl U METOADI

HcxooHvle daHHble

Jlna cpaBHeHHs pa3HBIX METOJIOB pacyeTa Ieo-
cTpoduyeckux TeueHUH, HauboJiee TMepPCHeKTUBHBIMU
MOXHO CYMTaTh 3UMHUE [JaHHBle O paclpefesieHUun
ruapodU3NYecKUX XapaKTepUCTUK, M3MepeHHble M0J
3aCHeXXeHHBIM JIbJIOM. B 3T0 BpeMs MUHHUMAaJIbHO BJINA-
HUe BHEIIHUX AecTa0uIN3Upyomux (akTopoB: OTCyT-
CTByeT KacaTeJIbHOe HallpspkeHHe BeTpa M, COOTBeT-
CTBEHHO, Apeli(doBble TeUeH!s U BOJHOBasA aKTUBHOCTD.
A 5e0BBIM IOKPOB TEIJIOU30JIMpyeT BOAHBIE MACCHI OT
koJsiebaHUI TeMIepaTyphl Bo3ayxa. IToaTtoMy, B kaue-
CTBe HMCXOJHBIX AaHHBIX OblIa BbIOpaHa ceThb CTAHLMWM,
BBIIIOJIHEHHBIX B Bufe kpecra 7 ampeid 2009 roga B
paiioHe oOHapy>XXeHUs KOJIbLIEBOW CTPYKTYpPHl Ha JIbAY
ozepa B IOxuHoMm Batikane (I'panuH u fp., 2015; 2018)
(Puc. 1A). B Bugy Toro, uto Ha 2009 rox sabopatopus
He pacriojiaraja U3MepuTesIsIMU TeueHHii, TO B Kadye-
cTBe pedepeHTHBIX TeueHUH AJiA MPOBEPKU pPacyeTOB

OBLIIN UCIIOJIb30BAHHI IeTajIbHbIe JaHHbIe, I0JIyYeHHbIe
Ha aHAJIOTMYHOU KOJIBLIEBOM CTPYKTYpe MPOsABUBIIENCA
B 3TOM Xe parioHe B 2020 roxy. Tak kak B 2020 roay
U3MepeHus MpOBOAWINCH 4-5 ampesdA, a KoJbleBas
CTPYKTypa Ha JIby IpOsABMJIACh JUIIb 16 ampess, To,
He MMes BU3yaJIbHOTO OpPUEeHTHpa, pacliipeHHas ceTka
CcTaHIK ObLIa MPOJIOXKeHa N0 TeM JKe pa3pe3am 4To U B
2009 roxny. B utore ceueHus MpoOLILIM NPAaKTUYECKU 10
KacaTeJIbHbIM K KoJibily (Puc. 1B).

U3mepenusa Ha craniuax B 2009 rogy nposo-
muchk CTD 3ougom SBE-19plus, nmosyuens! npoduiiu
pacripefiesieHus TeMieparyphl (TouHocts +0,002°C) u
3JIEKTPOIpoBOoHOCTU BOjbI (+0,0003 S/m), mo maH-
HBIM O KOTOPBIX paccuuTaHa CyMMa OCHOBHBIX HOHOB
BOJIBI ([1ajiee B TEKCTe MUHEPAIM3ANNs) M0 METO/IUKeE,
npeasioxenHonn P. XomanHoMm c¢ coaBTtopamu (1997)
U alanTUPOBAHHON JUis yciioBull batikana B (ByimHOB
u 1p., 2006). Vcnosp30Bainch HaHHBIE [J1 BEPXHETO
100-MeTpOBOro €J1051 BOABI, YCPEAHEHHBIE 110 5-METPO-
BBIM MHTepBaJjiaM, IpuBeJeHHbIe Ha Puc. 2.

B 2020 rogy mpoBOAMINCH U3MEPEHUA CKOpO-
CcTell TeyeHUM 3J1eKTpOMarHuTHbeIM uaMepureseMm JFE
INFINITY-EM AEM-USB (JFE) c pa3spelnieHueM IO CKO-
poctu 0,02 cm/c, u no Hampasjenuto 0,01°. Tak kak
JFE He obopyloBaH AaTYMKOM [AaBJjieHus, Oblia U3ro-
TOBJIEHA crelMajibHasA IOJ[BECHas cucTemMa co cTrabu-
JIM3aLMOHHBIM KPBLJIOM, AJI WCKJIIOUeHMs BpalleHus
U3MepUTesia BOKPYT CBOeil ocu, U 00OopyJloBaHHAasd
U3MepUuTesIeM TeMIepatypsl U JasjaeHus RBRDuo?T.D
A1 pUKcanuy riiyOMHB U3MepeHUs TeUeHNH.

Memodut pacuema

Juia pacuera reocTpoduuecKnx TeUueHUN Hamu
MpUMeHSAJICA JUHAMUYeCKUil MEeTOJ|, OCHOBAHHBIN
Ha ompefesieHUU TpaJjieHTa AMHAMUYEeCKON BBICOTHI
MeXJy CTaHIUAMHU BepTUKAJIbHOTO pa3pes3a, ONMCaH-
HbII ToApoOHO ®oMuHbIM (1964), 1 UMeBIINI yCIem-
HOe MpUMeHeHNe Ha O3epax B MOJAJIeNHBIN Iepuoj
(cm. Hamp. Rizk et al., 2014, INanpuua u ap., 2017).
KoMmnoHeHTa CKOpPOCTU TeyeHHUs, HOpPMaJibHasA K
HaNpaBJIeHUI0 BEPTUKAJIBHOTO CeYeHHUs, B 3TOM MeToJle
BBIUMCJIIAETCA M3 yCJI0BUA OajiaHca MeXOy TOPHU30H-
TaJIbHBIM IPaJINEHTOM JiaBjieHus U cuyiont Kopuosrca:

Puc.1. CBeTOCKOPPEKTUPOBaHHbIE CIIyTHUKOBbIE CHUIMKH 1 CXEMBI PACIIOJIOKEHUA CTAHIMI [TONIePEYHbIX Pa3pe30B B parioHe

KOJIBLIEBBIX CTPYKTYD Ha JibZy o03epa B OxHoM Baiikare:

A -19.04.2009 r. (MODIS, Aqua https://ladsweb.modaps.eosdis.nasa.gov/ — mgarta obpamierus 01.12.2024);
B - 15.04.2020 r. (Sentinel-2 L1C https://dataspace.copernicus.eu/ — faTta ob6parenus 01.12.2024).
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Puc.2. TIpocTpaHCTBEeHHOE pacmpejiesieHre Temnepatypsl (A,B) n munepanusarnuu (C,D) BoJbI 10/ KOJIBLIEBOH CTPYKTYPOU

Ha [IByX IONepeYHbIX paspesax, 07.04.2009.

1 OP

—_ z

py dy
rae: f - napamerp Kopuosmca, u, — KOMIIOHEHTa CKOPO-
CTH TeYeHUs Ha riyOuHe z, P — naBjieHue Ha riryOuHe
2, P, — CPeHAA IJIOTHOCTh BOJbI, dy — TOPU30HTAJIbHOE
paccTossHUEe MeXAy cTaHuusaMu. [Ipu 3ToM AaBiieHue
A7A KaXJ0U U3 CTaHLUUM HaXOAWJIOCh MyTeM BepTHU-
KaJIbHOTO MHTEIPUPOBAHUSA BRIPAXEHUA:

u

z

, (1)

z
P =[pgdz, 2
Z0
rae: 0 — IUIOTHOCTh BOJBI, § — YCKOpPEHUE CBOOOIHOTO
najieHus1, Z — TJiyouHa. MTHTerpupoBaHue IIPOBOIUIIOCh
CHU3Y BBEPX OT HavaJbHOW TIyOWMHBI Z, 10 TJIyOUHBI
2. 3aTeM, TocJjie MOJCTAaHOBKM MHTETPUPOBAHHOM pas-
HOCTH AaBJIeHUH [JiA Mapsl CTaHIU B ypaBHeHue (1),
HaXOAMJIaCh MOMEPEYHas CKOPOCTh MEXAY CTAHIUAMU:
1 z

a—pgol’z +C,(3)
pof z, dy

rae C — MOCTOsAHHAA WHTErpUpPOBAaHUsA, IPUHATAA paB-
HOU HYJIIO UCXO/Isl U3 TOT0, YTO MBI paccMaTpHBaeM CTa-
LIMOHAPHBIN BUXPb, PACIOJIOKEHHHBIN B I[EHTPe 03epa,
BAQJIM OT NPUOPEXHBIX Te€UeHHUH, 1, COOTBETCTBEHHO,
pacxon BOABI yepe3 ero MolepevyHoe cedeHre MOXXHO
CYMTATh PaBHBIM HYJII0. Takxe ObJIO IPUHATO AOMyIIle-
HHMEe PaBEeHCTBAa HYJII0 CKOPOCTEU TeUeHWH Ha Hayvalb-
HOY TJIyOuHE 2.

OnucaHHasA MeTOAWKA CIpaBefjiiBa MPU yCJIO-
BUHU COOJIIOJIeHNs reocTpodrueckoro dajaHca, a, cie-
JI0BaTeJIbHO, NOJDKHBI BBIIOJIHATHCA CJleylolue ycJIo-
Bus (Gill, 1982):
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IIMPUHA 03epa JOoJDKHA MPEeBHIaTh paguyc aedop-
manuu Poccou (R ),

grcyio Poccobu (Ro=u/Lf, rae u u L — XxapakTepHbIe
MacIITaObl CKOPOCTH Te4YeHHUs U pa3MepoB 03epa),
JIOJDKHO OBITh MHOT'O MeHblie 1;

CIJIBI TPEHUs He JIOJDKHBI OKa3blBaTh BJIMAHUA Ha
reocTpouvecKkoe paBHOBECHE, a, CJIEJOBATEJIbHO,
HY>XHO paboTaTh BHE MOIPAaHUYHBIX CJIOEB DKMaHa.

B npeppiaymux paboTax IO HCCIeJOBaHUIO
KOJIBLIEBBIX CTPYKTYP Ha JibJy o3epa balikan (I'paHuH u
ap., 2015; 2018) 6bU10 MOKa3aHO, YTO PaIUYC JIEJOBBIX
KoJIell COIIOCTaBUM ¢ OapOKJIMHHBIM paauycoM aedop-
Manuu PoccOu, OleHKH KOTOpOro JjiexaT B MHTepBaje
1400-2300 M, u ropasfo MeHblle TI'OPHU30HTaJIbHBIX
pa3MmepoB o3epa bafikan. OneHka uucia Ro aja mof-
JleqHbIX TeueHUU o3epa bBaiikan (1-10 cm/c) umeert
mopsAgok 102 u, cOOTBETCTBEHHO, ycjioBue Ro < < 1
BhINOJIHAETCA.  [lpeapigynivie HaTypHBIE MCCJIeIOBa-
HUA TedeHUM Ha baiikase, kak B (POHOBBIX palioHax,
Tak U B MeCTax X MHTeHcu®dUKaIuy, MokKasaan, 4To
MIOrPaHUYHBIN CJION, B KOTOPOM NIPOHUCXOAUT CHUXXeHNe
CKOPOCTH U TNOJBOPOT TeUYeHUI HAXOAWUTCA B IMEpPBBIX
MeTpax (1-3 m) oto spaa (OKmauoB u Ap., 2017; Kirillin
et al., 2020), a, cjienoBaTeJIbHO, HA OOJIBIIUX TJTyOU-
Hax BJIMsAHNEM TPeHUA MOXHO NpeHeOpeub. YUUThIBasA
BCE BBIIIENIepeyuricIeHHOe, MOXHO KOHCTaTUPOBAaTh 4TO
1oJie Te4eHUH OA0 JIbJOM KOJIBI[EBBIX CTPYKTYP O3epa
Batikan HaxoauTcs B reocTpoprueckoM paBHOBECUH, U
IIprMeHeHNe NUHAMUYeCKOro MeToAa pacdyeTa UX CKO-
POCTHU ONpaBAaHoO.
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Puc.3. [IpocTpaHCTBeHHOE pacnpejesieHre CKOPOCTel TedyeHUI Ha pa3pese uepe3 KOJIbLIeBYI0 CTPYKTYpy C 3amaja Ha BocC-
TOK, PaCCUMTaHHBIX pasHBIMU MeTofaMu: A — o KpoToBoii, B — no Yeny-Musiepo, C — o opuruHaibHoMy TEOS-10, D — no
TEOS-10 amantupoBaHHOMY 1A Baiikana. OTpuljatesbHble TeueHUA HanpasJieHs Ha IOr, nosoxurespHble Ha CeBep.

I[To onucaHHOMYy JOUHAMHYeCKOMY MeTOAY
OBUI TpoM3Be/ieH pacyeT reocTpoduUecKuxX TeUeHUH
HCII0JIb3Ysl 4eThlpe pasHBIX IOJXoAa K pacyery ILJIOT-
HOCTH BOJIBL:

1. IlnotHOCTh paccuuTeiBasiack mo B.A. Kportooii
(1970), npu 3TOM HCIOJIb30BajIaCh CpeqHAA MUHe-
panuzanuA Oaiikajbckoi BoAwl. [Ijia OoJiee TOU-
HOTO OIpe/iesieHUA IIJIOTHOCTEN, 3HaUeHNA U3 MPU-
BeJleHHOI B paboTe TabGJMLBI yeJIbHBIX 00BEMOB
OBLIM alMpPOKCUMMPOBAHHBI MapabojaMu AJiA Kax-
JOT0 TOPU30HTA

[To ypaBHeHUI0 cocTOsAHUA npecHo (10 0.6 r/KT)
BOJ1bI ostyyeHHOM YeHnom u Musiepo (1986)

C ucroJsib30BaHVMEM OPUIMHAJIBHOTO IakeTa IIpo-
rpamMm TEOS-10 B KOTOPOM UCIIOJIb3YETCs BBIUYNC-
JleHWe pa3JINuHbIX TepMOAWHAMWYEeCKHX Mapame-
TPOB COCTOSIHMA BOABI 13 QyHKUuU ['mbbca u eé
TIPOM3BOIHBIX

[To TEOS-10 (I0C, SCOR and IAPSO, 2010),
aanTUpPOBAaHHOMY HaMM [Jis ycjoBui Batikaa.

[IpoBenieHHasa paboTa IO pervoHaJIbHON ajal-
Tanuu aaroputMos TEOS-10 3akirouasach B cJleaylo-
meM. 3aMeHeHO HCIIOJIb30BaHKe CTaHAApPTHON MUHe-
paymzanuu S_ ¢ mopckoi (35,16504 r/kr) Ha cpeqHION
batikanabckyio (0,0965 r/kr). B cBA3U ¢ 9TUM, U3MeHeHa
U BeJINUMHA YVJIeJIbHON TeIlJIOEMKOCTH Ha COOTBETCTBY-
oiye 1A 3To MuHepanusauu 4217,42 Jx/(kr K).
ITocneguAA cyXuUT KO3PPUIUEHTOM MPOIOPLIMOHATIb-
HOCTU NPU Nepexojie OT MOTeHLUNAIbHON SHTABINUU U
KOHCEpBAaTUBHOI TemmepaType. CTaHOapTHOe aTMOC-
depHOe OaBJjieHUe TakXe OBLJIO M3MEHEHO Ha COOT-
BETCTBYyIOLee JIA BBICOTHL 456 M Haj ypOBHEM MOpA
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(BpIcOoTa BOAHON MOBepXHOCTH o3epa baiikai). Kpome
aroro, B agantupoBaHHoM TEOS-10 HamMu uCHOJIB3Y-
eTcs BBIUMCJIEHHE Pa3jIUyHbIX TepMOAUHAMHUYECKUX
rnapaMeTpoB Hamnpamyio u3 ¢yHkiuu 'nobca u e€ npo-
W3BOJHBIX, B TO BpeMs KaKk B OpPUTMHAJIBHOW BepCuU,
C I[eJIbI0 COKpallleHUsA BpeMeHHU BBIUMCIIeHUs, AJIA HUX
IIOCTPOEHHI OT/eJIbHbIEe TIOJIMHOMBI 75 CTeleH!U.

3. Pe3yabTaTtbl M 06Ccy)xpeHue

C ucnosip30BaHNEM YeThIpeX METOLOB omIpezesie-
HUA IJIOTHOCTY BOJIbI OBIM PACCUYUTAHBI CKOPOCTHU r'eo-
cTpodruecKrx TeUeHN Ha JBYX [TONIePeYHbIX paspe3ax
yepe3 KoJIbIleBYI0 CTPYKTypy 2009 roga (Puc. 1). Tak
Kak paspes ¢ 3arnajia Ha BOCTOK ObLI MpeACcTaBJIeH O0JIb-
IIMM KOJIMYeCTBOM CTAHIIMI, OCTAHOBUMCA NOJpOOHee
Ha MOJIyYeHHBIX Ha HEM pe3yJIbTaTOB, IpeCTaBJI€HHBIX
Ha Puc. 3. OueBugHO, YTO reocTpopuieckrie TeuyeHus,
BBIYMCJICHHBIE TI0 IIEPBBIM JIBYM MEeTOAaM, 3HaUNTEeJIbHO
OTJINYAIOTCA OT Te4YeHUl, MOJIyYEHHBIX C MCIOJIb30-
BaHneM TEOS-10. 3TO OTHOCUTCA He TOJIBKO K BeJIU-
YHAM CKOPOCTell TeueHWI, HO U K HallpaBjieHUAM.
Tak, no meroay KpotoBoii (Puc. 3A) oTMeuaeTcs Kak
LUKJIOHWYeCKasA [UPKyJIAnUA B BepxHeM 20-MeTpOBOM
cJIoe CO CKOpPOCTAMU TedeHus A0 4 cM/C, TaK U IPOTU-
BoTeueHHe B OoJiee rJIyOOKHUX CJIOAX CO CKOPOCTAMU [0
3 cm/c. ITo TEOS-10 obuiuii xapakTep pacnpejeieHns
TeueHUU APYrou, kak u no Yeny-Mwusuiepo.

Ha Puc. 3B-D nosyunsach aHTULHKJIOHUYECKAs
UpKyJiAnuA Bo BceM 100-meTpoBoM ciioe, Ge3 Ipo-
TUBOTEUYEHUINl B IPUIIOBEPXHOCTHOM cJioe. TeueHU:A
riyoxe 40 MeTpoB, paccuuTaHHbIe 10 YeHy-Mwusuiepo u
o KpoToBoii B iejioM 6JIM3KU 10 aMILUTUTyAe. B oTyu-
yye OT HUX, MeToJZibl ocHoBaHHble Ha TEOS-10, moka-
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3BIBAIOT 3HAYMTEJIBHOE YCUJIeHUe TeueHnH (110 5 cm/c)
B obsiactu TepmokinHa (Puc. 3C,D) pacmoJiarasiie-
rocsa Ha nepudepun KoJbna B obgactu riayous 30-50
MeTpoB (Puc. 2). Oco6eHHOCTh pacyeTa Mo ypaBHEHUIO
Yena-Musiepo 3akjiouajsiack B TO, YTO He MOPOABJIA-
JIOCh YMEHbIIIEHNE CKOPOCTU TE€YEHUN TIPU MPUOJIIIKe-
HUU K oBepxHocTu (Puc. 3B), B OTJiIMuMe OT pacuéToB
¢ ucnosibzopanreM TEOS-10. OOmas TeHOgeHIUA IJIs
BCEX METOJOB — CIaJ] TEYEHUN MO0 Mepe TMPUOJIIKEeHV
Kk 100 MeTpoBOMY FOPHU30HTY, OOBACHAETCA IPUHATHIM
JOMyIIeHeM PaBEHCTBA HYJII0 TEYEHUH Ha HIKHEM
npejiesie UHTErPUPOBAHUSA (CM. pas3jiesl MaTepuasbl U
METO/IBL).

Paznnuusa mexay MeTofaMu, OCHOBAHHBIMU Ha
TEOS-10 BHemHe cyiabo 3aMeTHBI, XapakTep pacupe-
JeJIeHVs HampaBJIEHWH TeUeHUU Ha CTAHIUAX B [[€JIOM
COBIIA/JAeT, HO CYIIECTBYIOT HeOOJIbIINE PACXOXAEHUS
B CKOpOCTAX TeueHu. B 75% ciyyasax OTKJIOHEHUA
Mexay Metofamu He npesimaioT 0.1 cv/c (Puc. 4), HoO
B 20% MoryT gocturath 0.3 ¢M/C U BHIILIE, YTO MOXET
OBITH yXKe CyIIeCTBEHHBIM [JIA TMOAJIeJHbBIX TeUeHN.

Jyia mpoBelieHUs [eTajIbHOTO CpaBHEHMs pac-
YeTHBIX CKOPOCTelN reocTpopuyecKrux TeueHUl B BUXpe
nono JibaoM 2009 rofa, ¢ peajbHO U3MEpPEeHHBIMU Tede-
HUAMU B TooOHOM Xke Buxpe 2020 rojia, 65111 OCTPO-
eHbl BepTHKaJibHble NMPOPUJIN TeueHU A ABYX KOH-
TpacTHbIX obsacteit (Puc. 5):

1. B MakcuMyMme TeYeHUI MexnAy craHmusamu 4kW
u 3kW, T.e. B ~3,5 KM OT I[eHTpa KOJIbLIEBOW

CTPYKTYPHI

3a TpedesiaMu KOJIBIIEBOH CTPYKTYDhl, MEXOY
crannuavu 7kW u 4kW, 1.e. B ~5,5 KM OT IieHTpa
KOJIbI[A

Crannuu 2020 roma BbIOUpPAJIUCh, COOTBET-
CTBEHHO, Ha CXOXUX PAaCCTOAHUAX OT LeHTpa KoJIblia, U
JUIl HUX PacCUYUTHIBAJICh MOAYJIU TeUeHUH.

Ananus u cpaBHeHHe pacueTHbIX U M3MepeHHbIX
CKOpOCTel TeueHHUl MoKa3aso, YTO UUPKYJIALNA B pai-
OHe JIe[JOBBIX KoJlel] aHTULHUKJIOHWYecKas, T.e. Te4eHUsA
BpalaloTCA 10 4acOBOM CTPEeJIKW, YTO MOATBepxAaeT
npeAplayliye pe3ysbTaThl usMepeHuli (I'paHuH u ap.,

Puc.4. BeposaTHOCTHOe paclipe/iejieHre pa3HOCTU B pac-
YEeTHBIX CKOPOCTAX Te€UYeHUI MeXy OpUIMHAJIbHBIM 1aKeTOM
TEOS-10 u aganTupoBaHHBIM AJIA 03. Barikait.

2018) u matemarudeckoro MofesnupoBanusa (I'paHuH
u ap., 2015). PaccumTaHHBlE CKOPOCTH TeYeHUH C
ncnoJb3oBaHueM nakera nporpamm TEOS-10 nokaszanu
HaWJIyullee COrJlacOBaHue C N3MEpPEeHHBIMU JaHHBIMU,
Kak II0 XapakTepy pachpefesieHus, TaK U 10 abCOII0T-
HBIM 3HAQUE€HUAM: MaKCHUMaJIbHble CKOPOCTU U3MepeH-
HBIX T€UYEeHWN COCTaBMWJIK 6 CM/C, PACUETHHIX — 5 cM/C,
B TO BpeMs KakK IO pe3yjbTaraM MOJAeINpOBaHUA
JuanasoH MaKCHUMaJIbHBIX CKOPOCTell COCTaBjAl 5-7
cM/c (I'panuH u fp., 2015). Ycrapesuine ypaBHeHUA
COCTOSIHMSA BOJBI TOKa3ajlld CBOI HECOCTOATEJIbHOCTE.
PaccunTanHble ¢ uX IpPUMEHEHHeM MaKCcUMaJibHble
CKOpPOCTH Te4YeHHI B JiBa pa3a 3aHI’KeHHl II0 CpaBHe-
HUIO C U3MepeHusAMU. A B ciiydae ¢ MeTofjoM KpoToBoi
TeueHUs Jaxe MEHAIOT HalpaBjeHKe Ha MPOTHBOIIO-
JIOXHOe, YTO He MOATBepXkJaeTcsA HU SKCIIepUMEeHTOM,
HU TeopeTHu4eCcKUMHU olleHKaMmu. TeHAeHI1sA CHIXeHUA
CKOpOCTelN TeYeHUM Npu MpUOJIMKEHUU K MOBEPXHO-
CTH Ha OOJIBIIMHCTBE CTAHIMI UMeeT MeCcTO, HO He TaK
BBIpaXX€Ha, KakK 3TO IIOKa3blBaeT pacyeT IO JUHAMU-
4YeckoMy MeToAy. 3aHMXXeHHBle pacueTHble CKOPOCTH
TedyeHU! Ha ryiyorHe 80 MeTpPOB OTHOCUTEBHO H3Me-
PEHHBIX, CBsA3aHBI ¢ orpaHuveHHoN 100 MeTpamu riiy-
OMHOI MHTErprupOBaHUS.

Puc.5. BepTukaybHOe pacrnpefiesieHne PacCYUTAHHBIX PAa3HBIMU METOJaMK CKOpPOCTel reocTpoduYecKuX T€YeHUH B Cpas-
HEHUM C HaTypHBIMM JJaHHBIMU IOJIy4eHHBIMU Ha KoJjiblle 2020 roga, ayia: A — B palioHe ¢ MakKCUMYMOM Te4YeHUH Ha rpaHule
xosbra (~3,5 KM OT eHTpa), B — 3a mpeaesraMu KOJIbLIEBOU CTPYKTYpPHI (~5,5 KM OT 11eHTpa).
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Tenepp, ecji nNepeldTd B MPAMOYTOJIBHYIO
CUCTeMy KOOpJAWHAT C HayajioM B I[eHTpaX JieJOBbIX
KoJIell, TO MOXXHO HAarJIAfHO CPaBHUTH IOJie TeYeHUH
B IOJUIEJHBIX BUXPEBBIX CTpyKTypax 2009 u 2020
roaoB (Puc. 6). [lnsa ucciaegoBaHus ObLTU BRIOPAHbBI ABA
TOpU30HTA: MOJJIENHBIE TeUYeHHUs B cJjioe 2-5 M, U Ha
riayouHe 40 M, B palioHe MaKCHUMAaJIbHBIX CKOPOCTEN.
Ananu3 nokasblBaeT, YTO, HECMOTPS Ha TO, YTO Aua-
MeTp KoJibnia 2020 roga (~4 KM) mouYTH B OJITOPA pa3a
Menbie 2009 rosa (> 6 KM) IpoCTpaHCTBEHHAS CTPYK-
Typa TedeHull B HUX cX0Xa. CTOUT OTMETUTh, HEKOTO-
pble BBIABJIEHHBIE OcOOeHHOCTU. B 1iesioM, TeueHus B
2020 romy 6vnn Bhime, yeM B 2009. MakCcuMyMBI CKO-
pocTel MOAJIEMHBIX TeUYeHWN MPUXOAATCSA Ha 06J1acTh
HeIocpeACTBeHHO JIe[JOBOro KoJjiblia (YTO U IPUBOAUT
K ero yCKOpeHHOMY NpOTaWBaHUI0 U MPOsABJIEHUI0 Ha
KOCMOCHHUMKAx). B 3TOM e palioHe CKOPOCTHU Teue-
HUH Ha riayouHe 40 MeTpPOB MOTYT JOCTUraTh TaKOH
’Ke BeJIMYMHBL YTO U nopsiefHble. Ho camble Gosibiine
CKOPOCTU TEUeHUH Pa3BUBAIOTCA yKe 3a TPaHUIle Ipo-
TasABIIer 06J1acTu, GOPMUPYS TJIyOMHHBINA MO THBIN
BUXph OO0JIbIIIEro JuaMeTpa, YTO NOATBEpXKAaeTcs Kak
uaMmepenusamu (Puc. 6) tak u pacueramu (Puc. 3D).

[ToapobHoe wusyueHue ¢GOpMHUPOBAHUA U pas-
Butusa koJsibna 2020 roma Ha OCHOBAHMHM aHasM3a
KOCMHYECKHX CHMMKOB U MeTeoycsioBUi B HOxHOM
Barikasie nposeJi B cBoei padote (Kouraev et al., 2021).
BrisByieHHas pa3HuIla B AuUaMeTpe JIEJOBLIX CTPYKTYP
MoxeT ObITh 0ObscHeHa TeM, 4TOo B 2020 rogy BUXpb
IIPOCTO He UMeJI JOCTaTOYHOrO BpeMeH! AJIA BIUAHUA
Ha JIeJJOBYI0 IOBEPXHOCTb: BHICOKHE [JHEBHBIE TeMIle-
paTypul BO3/AyXa, XUJKHEe OCaJKU U CUJIbHBIE NIOPHIBBI
BeTpa, NpUBeJId K CTPeMUTEIbHOMY pa3pylLIeHHUIo JIbAa
B paiioHe KoJbLa. [Ipocieaus 3a nepeHOCOM 00JIOMKOB
nenoBbix mnosieii Kypaes ¢ coaBTopamu (2021) mosy-
YMJIA OLIEHKH CKOPOCTH T€YEeHWI B BHUXpe PaBHBIMHU 7
CM/C, YTO XOpOILO COIJIacyeTcsA ¢ HallMMU H3MepeHU-

MU, U CBUJETEJbCTBYeT O JOJITOBPEMEHHON CTabuJIb-
HOCTU BUXPEBOU CTPYKTYpPHI, TeUeHUs B KOTOPOH 3a 3
HeJlesid He M3MeHWINCh. TakasAa cTaOUJIbHOCTh 3aCTaB-
JIAeT 3aAyMaThCA O BO3MOXHBIX HCTOYHUKAX JHEp-
reTUYeCKO NOAMUTKH, CHOCOOCTBYIOMIUX JJIUTEJIb-
HOMY HOAJepXXaHUI0 KpyroBoro teyeHus. Kpome Toro,
noo0HOe aHTULMKJIOHNYeCKOe TeueHue paboTaeT Kak
Hacoc, NoAAepXKUBasA MOCTOAHHBIN MOABEM OOOTraIéH-
HBIX OMOTreHaMU TJIyOOKUX CJIOEeB BOABI, U CIIOCOOCTBY
MIOBBIIIEHHON OMONPOJYKTUBHOCTU BeceHHero (uro-
IUTAHKTOHA B paiioHe ee oOpa3oBanus. O mogbpeme riiy-
OUMHHBIX BOJI B IIEHTPE BUXPS TaKXe CBUAETEIhCTBYET
MPUCYTCTBUE TOJJIEAHON BOJIbI C MOBBIIIEHHON TeMIIe-
paTypoi u MOHMXeHHON MuHepaausauuei (Puc. 2).

4. BbiBOABI

BniepBble, mo JaHHBIM O HPOCTPAHCTBEHHOM
M3MEHYMBOCTU TeMIlepaTypbl U MUHepaIu3aluy MoAd-
JIeTHOU BOJBI B paliOHe KOJIBI[EBOM CTPYKTYpPHI 03epa
Batikan mpoBefileH pacyeT reocTpodUYECKUX TeueHUN
JAUHaAMUYecKMM MeTOAOM C HCIIOJIb30BaHUEM pPas3HBIX
ypaBHEHUIl COCTOSHHA BoAbl. B kadecTBe 3TajioHa
HCIIO0JIb30BaJIMCh CepUU BepTUKAJIbHBIX IPOoduIeil cKo-
POCTH U HallpaBJIeHUs Te4eHU!, BllepBble N3MepeHHbIe
in-situ B aHajoruuHoMm Buxpe 2020 roga mo TrJIyOuH
6osee 100 merpoB. CpaBHeHUE pa3INYHBIX METOJIOB
pacuéra IUIOTHOCTU BOABI [IOKA3ajio, YTO ycTapeBlIne
TIOZIXO/Ibl, TaKHe Kak TabianuyHbiil MeTod B.A. KpoToBoii
U ypaBHeHue YeHa-Musiiepo, He obecnieurBaloT AOCTa-
TOYHO TOYHOCTH Ollpejie/IeHNsA yAeJIbHbIX 00beMOB 4TO
IIPUBOJUT K 3HAUYUTEJIbHBIM PacX0XJEeHHAM pacCiu-
TaHHBIX TEYEHWI C HaTypHbIMHU AaHHBIMU. B TO Bpems
KaK aJanTHpOBaHHBIN Aj1A Balikasa makeT IporpaMm
TEOS-10 mpoeMOHCTpUPOBaJl HAWBBICIIYI0 TOYHOCTH
pacyéToB, BOCIIPOM3BO/IA KaK XapaKTep BePTHUKAaJIbHOI0
pacrpefieJieHUsA TeYeHUH, TaK U UX CKOPOCTb.

Puc.6. Ilose TeueHuii B patioHe ¢popMupoBaHusA jeqoBsix kosel 2009 u 2020 ro1oB, COBMeEI[eHHOEe OTHOCUTEJIBHO UX I[€H-
TPOB, 110 JaHHBIM HATyPHBIX HAOJIIOIeHUI U pacueTa JuHaMudeckuM metomom. Ilar cetku — 500 M.
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HccrenoBaHue MNpPOCTPAHCTBEHHOU CTPYKTYPBI
noanénueix Buxpel B 2009 u 2020 romax mokasajio
UX CXOXeCTb, HECMOTPS Ha pasjuuyus B [OuaMmeTpe
o0pa3oBaBIINXCsA JIEOBBIX KoJell. PaccunTaHHBIe IO
TEOS-10 MakcumaJsibHble CKOPOCTU MOJJIEAHBIX Teue-
HHUI, AocTurasmue 6 CM/C, XOPOIIO COTJIacylTCA
KaK ¢ HaTypHBIMU HaOJIIOJeHUAMU, TaK U C pe3yJib-
TaTaMu MOJeJINPOBaHUA MNpeIbayIIUuX HcciiefoBaTe-
Jlef. YCTaHOBJIEHO, YTO LUPKYJIANUA B paliOHE JIe[o-
BBIX KOJIEI] MMeeT AHTHUI[UKJIOHMYECKUN XapaKTep U
pacnpocTpaHsaeTcs [0 riyouH He MeHee 100 meTpos,
C MakKCHMaJIbHEIMU CKOPOCTSMH TeueHUI, pa3BUBalo-
IIMMUCA B palioHe TEPMOKJIMHA PAaCHOJiaraBIIerocs B
oboux ciyyasx Ha riayouHax 40-50 meTtpos. Ilokaszaso,
YTO MaKCHUMaJIbHbie CKOPOCTH TEYeHUH Pa3BUBAIOTCS
3a rpaHUIel MPOTAsABIIEH 006J1aCcTH JIEJOBOTO KOJIbIIA,
dopMupys rIyOMHHBIA TMOJJIEAHBIN BUXPh OOJIBIIETO
auamerpa.

[IpoBenenHas pabora MMeeT BaXXHOe 3HAaUeHUE
anA  yroaybJeHuss TMOHMMAHUA TUAPOJAUHAMUYECKUX
MpOI[eCCOB MPOUCXOIAIUX B o3epe baiikaiy, a Takxe
Pa3BUTUA METOJIOB MOHUTOPUHIA TEYEHUH.
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