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ABSTRACT. An in-situ experiment was conducted within the limits of the city of Krasnoyarsk, at the
dammed part of the Yenisei River, which is affected by the activities of a fish farm and water discharged
by the thermal power plant. The aim of the experiment was to study possible secondary contamination
of the aquatic ecosystem by heavy metals (HMs) and nutrients during decomposition of a submerged
macrophyte — Myriophyllum spicatum L. The rate of decomposition of M. spicatum biomass was deter-
mined. Release and accumulation of macro elements and trace elements, including HMs, were studied
using inductively coupled plasma atomic emission spectrometry (ICP-AES), and nitrogen and carbon
were determined using high-temperature catalytic combustion. Throughout the experiment, Al, Be, Cu,
Fe, Ga, Li, Mo, Ti, and V were accumulated in the decaying M. spicatum biomass, and In, K, Mg, Mn,
Na, P, Pb, S, TI, N, and C were released from it. The study showed that decomposition of M. spicatum
biomass is a probable source of the secondary contamination of the ecosystem by HMs and nutrients
(G, N, P).
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1. Introduction Schierup, 1981; Best et al., 1990; Ochiai and Nakajima,
. . 1994; Deng et al., 2016; Zhou et al., 2018), but these
Aquatic  ecosystems today are subjected  to processes, as well as biomass decomposition rate, are
human impacts including contamination by heavy met- species specific (Zhou et al., 2018). The lack of the data
als (HMs) and. nutrients (phospl_19rus a}1§1 nitrogen). on the likelihood of secondary contamination of aquatic
HMs are not biodegradable, exhlblt toxicity, apd are ecosystems caused by decomposition of macrophytes
gble to migrate and agcumulate in food chains, includ- is an obstacle to adequate water quality management
ing fish, being potentially }.1azardous to human health through timely removal of macrophyte biomass.
(Gladyshev et al., 2009; Aziz et al., 2023; Emon et ?l-’ The Abakanskaya anabranch of the Yenisei River,
2023). T_he inflow of nutrients leads to eutrophication which is one of the favorite recreation spots of the res-
of aquatic ecosystems and development of large quan- idents of the city of Krasnoyarsk, is situated within
tities of harmfl.ll algal flora, or algal blooms (Lan et the city limits, 35 km downstream of the Krasnoyarsk
al., 2012; O’Neil et al., 2012; Gladyshe'v et al., 2020). Hydroelectric Power Plant. In its upper reaches, the
Macrophytes — representatives of aquatic higher plants anabranch is crossed by the dam, inside which there are
- are capable. O'f ta}ang up HMs and nutrients, and they pipes supplying water from the part of the anabranch
are used for bioindication and phytoremediation (Ansari upstream of the dam; downstream of the dam, heated
et al., 2020). However, as the biomass of aquatic plants water from the thermal power plant and storm water
is decomposed, pollutants accumulated in the plats are flow in, and there is a cage fish farm. During 2018-19,
released to water, and this should be taken in account the following parameters of the water downstream of
in water quality management. Release of nutrients and the dam were significantly increased: total dissolved
HMs from decaying biomass has been only studied for solids (TDS); B, Ba, Ca, Mg, Li, Na, Sr, and Mn con-
a limited number of macrophyte species (Larsen and centrations, resulting from the inflow of storm water
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and, probably, ground water; Cu, which entered the
anabranch with the thermal power plant water; and
potassium and nitrites, whose source was the fish farm.
In the central part of the Abakanskaya anabranch, Cu,
Pb, and Sr contents in Myriophyllum sp., one of the dom-
inant macrophytes, were higher than in the reference
river section (Anishchenko et al., 2023). Myriophyllum
spicatum - a commonly occurring macrophyte species
— is a rooted submerged aquatic plant (Milojkovi’c et
al., 2016). Release of nutrients by Myriophyllum spi-
catum biomass was studied in eutrophic lakes in the
northeast of the U.S. (Carpenter and Adams, 1979) and
in the north of China (Lan et al., 2012). A study by
Milojkovi’c et al. (2014) demonstrated that M. spicatum
compost had high sorption capacity for water-dissolved
HMs (Pb, Cu, Cd, Ni, Zn). However, the release/accu-
mulation rate and secondary contamination by HMs
caused by decomposition of M. spicatum have not been
studied so far.

In hydroecology, biomass decomposition rate
and release and accumulation of elements are studied
not only in laboratory experiments under controlled
conditions but also in situ, using the “litterbag method”
based on studying tree litter decomposition (Olson,
1963). Results obtained using this method are influ-
enced both by ambient conditions (temperature, oxy-
gen concentration, pH) and by conditions of the exper-
iment (bag mesh size, placement of the bags relative
to the bottom, preliminary treatment of biomass) (Lan
et al., 2012; Deng et al., 2016). In most studies, plant
biomass is dried and homogenized prior to experiment,
but the use of wet biomass makes the conditions of
the experiment similar to natural ones, as submerged
macrophytes grow underwater. To start the decompo-
sition process, biomass is maintained at low tempera-
ture (reaching -80 °C) (Conover et al.,, 2016). Some
HMs accumulate during the course of plant biomass
decomposition, but some other elements are released.
For example, Deng et al. (2016) reported that during

decomposition of Potamogeton crispus biomass, con-
tents of Al, Cd, Cr, Fe, Mn, and Pb were considerably
increased while Cu and Zn contents were decreased.
Therefore, some elements can be expected to accumu-
late and other elements to be released during decom-
position of M. spicatum biomass. Thus, the purpose of
the present study was to evaluate the likelihood of the
secondary contamination of the aquatic ecosystem by
nutrients and HMs as the result of decomposition of M.
spicatum biomass affected by human activities (inflows
of wastewater and fish farm waste). The objectives of
the study were to determine the decomposition rate of
M. spicatum biomass and to reveal elements that are
accumulated and released during its decomposition in
the in-situ experiment.

2. Material and methods

The study was conducted in the central part
of the Abakanskaya anabranch of the Yenisei River.
Sample collection was performed on 16 August 2024
(the sampling position is shown in Fig. 1). The plants
were hand-collected from boat and placed into a plastic
bag. In laboratory, the collected biomass was washed
first in tap water and then in distilled water. The bio-
mass was dried on filter paper to determine wet bio-
mass. Wet biomass of M. spicatum plants was placed
into 15 X 20-cm mesh bags with mesh size about 1 mm,
about 9 g per bag. A few plants were selected to mea-
sure moisture content and initial contents of elements.
The bags with plants were stored for two days at a tem-
perature of -35 °C and then for two days at -80 °C. At
Day 5, the bags were fastened to a large-mesh net with
cable ties (Fig. 2) and placed below the water surface,
without contacting the bottom, outside of the fence of
the fish farm. Three large-mesh nets, with rows of bags
containing M. spicatum plants in three replicates (30
bags in total) fastened to them, were installed. During
the experiment, slime suspension was detected at the
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Fig.1. A diagrammatic map of the study area.
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external surface of the bags with plants, and, therefore,
on 18 September 2024, an empty bag was fastened to
the net, in order to collect the settling slime, which was
then analyzed to determine its elemental composition.

2.1. A field study

The in-situ experiment was conducted from 21
August to 25 October 2024. Experimental samples were
collected at Days 2, 3, 6, 8, 15, 29, 44, and 66. Between
Days 2 and 44, three bags were collected every collec-
tion day, and at Day 66, 9 bags plus one empty bag
with slime were collected. At the start of the experi-
ment and on days of sample collection, temperature,
pH, specific electrical conductivity (SEC), and oxygen
concentration in water at the experimental site were
measured at a depth of 0.5 m using a multiparame-
ter probe HI7698194 (Hanna Instruments, Romania).
Water for hydrochemical analysis was collected with
a plastic bucket, filtered through a plankton net with
mesh size about 100 um, and poured into 1-L bottles.

2.2. Laboratory measurements

Concentrations of nutrients were determined in
water samples filtered through Vladipor 0.45-um cellu-
lose acetate membrane filters using a vacuum filtration
apparatus. Conventional procedures were used: nitrate
nitrogen was determined using colorimetric method
after reacting with sulfanilamide and a-naphthylamine
(Griess reagent) (RD 52.24.380-2017); nitrate nitro-
gen was determined by reduction to nitrite nitrogen
by means of a cadmium column (RD 52.24.380-2017);
mineral phosphorus was assayed photometrically (RD
52.24.382-2006). Ammonium nitrogen was determined
by the Nessler method (PND F 14.1:2:4.262-10) after
filtration through a syringe attachment with single-use
filters with pore size 0.45-um (Vladipor, Russia). To
determine concentrations of dissolved organic carbon
(DOC) or non-purgeable organic carbon (NPOC) and
total dissolved nitrogen (TDN), water samples were
preliminarily filtered through Vladipor 0.22-um mem-
brane filters using a vacuum filtration apparatus. DOC
and TDN concentrations in water were determined
using a FormacsHT analyzer of carbon and nitrogen
(Skalar, Netherlands). Total phosphorus was deter-
mined in nonfiltered water samples with inductively
coupled plasma atomic emission spectrometry (ICP-
AES) using an iCAP 6300 Duo spectrometer (Thermo
Scientific, U.K.)

The outer surface of the bags with plants col-
lected during the experiment was washed in distilled
water; the biomass was taken out of the bags, placed
on filter paper to remove excess water, and weighed in
Petri dishes (of known weight) to determine wet bio-
mass. Later on, when there were only small amounts
of biomass in the bags, the biomass was immediately
placed into Petri dishes, weighed, and dried at 105 °C
in an ED 53 drying oven (Binder, Germany) to con-
stant weight to determine dry biomass. The dried plant
samples were homogenized in an agate mortar for ele-
mental analysis. The amounts of biomass in the sam-
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Fig.2. Bags with M. spicatum plants in the in-situ exper-
iment in the Abakanskaya anabranch of the Yenisei River.

ples collected at the end of the experiment were small,
and they were combined for analysis: the biomass from
three bags collected at Day 44 was combined to make
one sample, and the biomass from 9 bags collected at
Day 66 made three samples. The slime was washed off
from the outer surface of the empty bag into a polypro-
pylene tray, and the resulting suspension was filtered
through 0.7-um glass fiber filters (Laboratoriya vody).

Total nitrogen and carbon in the plants and ses-
ton were determined using high-temperature catalytic
combustion with Flash 2000 NC Soil Analyzer (Thermo
Fisher Scientific, Germany) (Gladyshev et al., 2007);
10-mg aliquots were used. Macro elements and trace
elements in water and plants were determined using
ICP-AES. M. spicatum plant samples (0.2 g) dried to
constant weight were ashed in the mixture of nitric
and chloric acids (1:1) on a laboratory electric stove
(Tomanalit, Russia) and diluted with deionized water
(18 MQ) to 15 ml. Internal standard was scandium solu-
tion (5 mg/L). Measurement conditions and spectrom-
eter specifications are described in detail elsewhere
(Anishchenko et al., 2020). The limits of detection of
elements for water and plants are listed in Table 1.
Filters with concentrated suspended matter were used
to conduct a blank test: the filter was ashed under the
same conditions as the suspended matter samples, and
the concentrations of elements were determined.
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2.3. Computations and statistical data
processing

Statistical processing of the data was performed
using the Past 4.03 software. As most of the data fol-
lowed non-normal distribution, the relationships
between the contents of elements in biomass were esti-
mated using Spearman’s correlation.

The rate of weight loss (R, %) of the decompos-
ing biomass was calculated using the following equa-
tion (Luo et al., 2023) (1):

R:%xloo%, where t is the period of

decompositiono(day), W, (g) the dry weight of the bio-
mass remaining after decomposition over time t, and
W, (g) is the initial dry weight of the biomass at the
zero time point.

“The litter decomposition rate” k was calculated
according to (Olson, 1963; Zhou et al., 2018) using for-

—kt .

W

mula (2): In—-
0

To evaluate accumulation/release of the ele-

ments during decomposition of M. spicatum biomass,
accumulation index, AI, was calculated using formula
(Deng et al., 2016) (3):

a1 =1

biomass at It/Ii/f)ne0 point t, X, (mg/kg) is the content of
element X in the biomass at time point t, W, (g) is the
initial weight of biomass, and X (mg/kg) is the initial
content of element X in biomass. AI=1 indicates that at
time point t, degrading biomass contains the same mass
of element X as at the time point when the biomass
is originally placed into the bag. At AI<1, element x
is released from the degrading biomass. At AI>1, the
degrading biomass accumulates element X.

The rate of release of elements (ER) from decom-
posing biomass was calculated from equation (Luo et

z&,mmm(ﬂ:Emmmyf%_qum%,mmaeGom

, where W, (g) is dry weight of the

0
the initial concentration of the element in the biomass
(mg), and G,is the content of the element in biomass at
time point t.

3. Results

During the experiment, the total average con-
centrations of Al and Cu in water were 1.11 and 4.87
times, respectively, higher than the MACs for fishery
water bodies (Table 2). The maximal concentrations of
Li and Mn were also higher than their MACs for fishery
water bodies (Order..., 2016). Based on the concentra-
tions of mineral and total phosphorus, the study waters
were oligotrophic (Order..., 2016). The average water
temperature was higher than the established summer
limit for water bodies inhabited by cold-water fish spe-
cies (salmonids and whitefish) (20 °C). A temperature
maximum was observed on 28 August 2024; it was fol-
lowed by a temperature decrease and another rise on 3
October 2024 (Fig. 3). Oxygen concentration increased
as the temperature decreased. Concentrations of Ca,
Mg, DOC, NH,, B, Ba, SEC, Na, and K in water were

1016

Table 1. Detection limits (mg/L) of inductively coupled
plasma atomic emission spectrometry.

Element| Wavelength, A Water Plants
Al 396.1 0.0001 0.005
As 189.0 0.001 0.0008

B 249.6 0.0002 0.0004
Ba 455.4 0.000007 0.000008
Be 313.1 0.00002 -

234.8 - 0.00002

Bi 223.0 0.0007 0.002
Ca 317.9 0.002 0.002
Cd 214.4 0.0001 0.00009
Co 228.6 0.0003 0.0002
Cr 267.7 0.0002 0.0002
Cu 324.7 0.00009 0.0001
Fe 238.2 0.0002 -

259.94 - 0.001
Ga 417.2 0.0003 0.0004

K 769.8 0.02 0.03
Li 670.7 0.000003 0.000005
Mg 279.0 0.01 0.02
Mn 257.6 0.00003 0.0002
Mo 202.0 0.0004 0.0003
Na 589.5 0.002 0.005
Ni 231.6 0.0007 0.0005

P 213.6 0.001 0.02
Pb 220.3 0.002 0.001

S 182.0 0.17 0.26
Sb 206.8 0.0009 0.002
Se 196.0 0.001 0.001
Sr 421.5 0.000004 0.00008
Ti 337.2 0.00007 0.00008
Tl 190.8 0.0009 0.0008
A% 268.7 0.0003 0.0002
Zn 213.8 0.0001 0.0001

Note: dash (-) indicates that the wavelength was not
used.

the least variable (Table 2, Fig. 3), while concentra-
tions of some of the HMs — Cd, Ni, and Pb — were the
most variable during the experiment. Variations in the
total concentrations of Al, Fe, and Mn were similar to
each other and reached their maxima on 18 September
2024. Li, Mn, and DOC concentrations were decreasing
from 4 September 2024 to the end of the experiment.
By Day 15 of the experiment, 54% and by Day 44,
92.7% of M. spicatum biomass had been decomposed
(Fig. 4.10). During the course of the experiment, the
contents of most elements were increased as the bio-
mass decayed (Fig. 4). By the end of the experiment (25
October 2024), the contents of a number of elements in
the M. spicatum biomass had increased by several tens
of times: Al by 53.5 times, Fe by 42 times, Ti by 76.2
times, and Ga by 84.8 times. Other elements had been
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Table 2. Hydrochemical characterization of water in the Abakanskaya anabranch of the Yenisei River at the site of the exper-
iment in decomposition of M. spicatum biomass (21 August — 25 October 2024) compared with MACs for fishery water bodies
(Order..., 2016).

Parameter, mg/L Minimum Maximum Mean Error Coefficient | MAC for fishery
of variation | water bodies
(%)

Al 0.0166 0.0906 0.0446 0.0082 55.16 0.04
As ND 0.003 0.001 0.0003 81.31 0.05
B 0.0043 0.0062 0.0049 0.0002 11.12 0.5
Ba 0.019493 0.031714 0.0231514 | 0.001317 17.07 0.74

Be ND ND ND ND ND 0.0003
Bi ND 0.0023 0.0006 0.0003 135.63 -
Ca 23.250 29.644 26.204 0.800 9.16 180
Cd ND 0.00020 0.00004 0.00002 163.46 0.005
Co ND ND ND ND ND 0.01
Cr 0.0001 0.0006 0.0003 0.0001 60.05 0.02
Cu 0.00263 0.00646 0.00487 0.00045 27.84 0.001
Fe 0.0285 0.0945 0.0562 0.0076 40.74 0.1
Ga ND 0.0005 0.0003 0.0001 59.29 -
K 0.63 0.97 0.75 0.03 13.87 10
Li 0.002323 0.008787 0.0066884 | 0.000859 38.53 0.008
Mg 3.97 4.86 4.37 0.08 5.67 40
Mn 0.00273 0.01232 0.00870 0.00092 31.88 0.01
Mo 0.0006 0.0010 0.0008 0.0000 17.25 0.001
Na 2.929 5.693 3.588 0.275 22.97 120
Ni ND 0.0005 0.0001 0.0001 206.25 0.01
P ND 0.026 0.012 0.003 66.05 -
Pb ND 0.001 0.000 0.000 300.00 0.006
S 2.76 4.85 3.57 0.29 24.03 -
Sb ND 0.0007 0.0003 0.0001 120.78 -
Se ND 0.001 0.000 0.000 118.88 0.002
Sr 0.156247 0.334916 0.226790 0.019789 26.18 0.4
Ti 0.00051 0.00364 0.00148 0.00040 80.39 0.06
Tl ND 0.00010 0.00001 0.00001 300.00 -
\Y% 0.0002 0.0009 0.0005 0.0001 40.15 0.001
Zn ND 0.0064 0.0029 0.0009 87.83 0.01
NO, 0.0049 0.0100 0.0075 0.0007 27.18 0.08
NO, 0.1429 0.2466 0.1978 0.0104 15.84 40
N, . 0.270 0.570 0.394 0.036 27.34 -
DOC 1.086 1.517 1.248 0.048 11.60 -
NH, 0.0765 0.1070 0.0917 0.0035 11.33 0.5
P-PO, 0.0005 0.0023 0.0010 0.0002 63.82 0.05
t, °C 12.93 26.68 21.63 1.77 24.57 20
pH 7.10 7.45 7.25 0.04 1.80
0, 6.7 10.9 8.6 0.5 15.77 6 (min)
SEC, puS/cm 179 196 187 2 3.19 -
TDS 90.3 98.9 94.5 1.0 3.19 -

Note: Bold type denotes values higher than MAC. Dash (-) indicates that there are no limits for the parameter, “ND” - con-
centration is below the detection limit, TDS - total dissolved solids.
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Fig.3. Variations in concentrations of elements and ions (mg/L), specific electrical conductivity (uS/cm), and temperature
(°C) in water of the Abakanskaya anabranch of the Yenisei River during the in-situ experiment. Here and below, error bars indi-
cate standard errors of the mean.
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Fig.4. Dynamics of element concentrations (1-9) in the decaying M. spicatum biomass and biomass decomposition (10) in
the experiment in the Abakanskaya anabranch of the Yenisei River.
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released, as their contents decreased relative to their
initial contents: B by 67%, Bi by 100%, K by 83%, Na
by 96%, Pb by 78%, P by 85%, S by 95%, C by 37%
(Table 3). Estimated by accumulation index (AI>1),
most elements (Al, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe,
Ga, Li, Mo, Ni, Se, Sr, Ti, V, and Zn) accumulated in the
biomass over the first two weeks (Fig. 5). Between Day
8 and Day 66, Sb was released. By Day 29, a release
of such elements as Ba, Cd, and Zn was observed, and
by Day 44, As, Co, Cr, Cu, Mo, Ni, Se, and Zn were
released. In, K, Mg, Mn, Na, P, Pb, S, Tl, N, and C were
released throughout the experiment.

Most elements (Al, As, Ba, Be, Cd, Co, Cr, Cu,
Fe, Ga, In, K, Li, Mg, Mn, Mo, Se, Ti, V, Zn, and N) in
M. spicatum biomass showed significantly high (rs>0.5,
p=0.05) Spearman’s correlation (Fig. 6), except the Mo
— K pair (rs=0.34, p>0.05). Bi, Ca, P, S, and C were
negatively correlated with the group of elements listed
above and formed statistically significant correlations
between each other, except the Ca — C pair (rs=0.33,
p>0.05). Pb, Sb, and Sr were not significantly cor-
related with other elements (Fig. 6). The contents of
the elements in the organomineral suspended matter
washed off the empty bag at the end of the experiment
are presented in Table 4.

4. Discussion

The Al and Cu concentrations higher than their
MAGs for fishery water bodies that were measured in
the Abakanskaya anabranch during the experiment
(Table 2) had been observed there previously as well
(Anishchenko et al., 2023). In the reference section of
the Yenisei River located 9 km upstream of Krasnoyarsk
(30 km downstream of the dam of the Krasnoyarsk HPP)
(Anishchenko et al., 2009) and in the conditionally
background section upstream of the dam (Anishchenko
et al., 2023), Al and Cu concentrations were also found
to exceed their MACs. During the experiment, the maxi-
mal Mn and Li concentrations in water were also higher
than their MACs. The study section of the anabranch
receives water from the thermal power plant, which
may be a source of copper from soil and cause ther-
mal pollution (Anishchenko et al., 2023), which is con-
firmed by the water temperature higher than the estab-
lished summer limit for cold-water fish. As reported
elsewhere, the water temperature in this section of
the anabranch was significantly higher than the back-
ground value, by 8.9 °C on average (Anishchenko et
al., 2023). Increased nitrite concentrations in this sec-
tion of the anabranch were also reported previously
(Anishchenko et al., 2023), and their source may be
cage fish farming. It is a known fact (Wright, 1995) that
ammonia is the main product of nitrogen metabolism
in fish: when nitrified, it is converted into nitrates and,
then, nitrates (EPA, 2002).

At the beginning of the experiment, the dry bio-
mass of M. spicatum plants contained higher contents
of B (1.44 — 1.46 times), Ca (1.12 -1.25 times), Mn
(1.32 times), Na (2 — 1.41 times), Pb (11.57 — 10.01
times), Sr (1.23 - 1.18 times) than Myriophyllum sp.
plants collected in the riparian zone of this section of
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Table 3. Element release rates (ER, %) in the 66-d
experiment in decomposition of M. spicatum biomass in the
Abakanskaya anabranch of the Yenisei River (determined
using Equation (4) (Luo et al., 2022)).

Element ER, %
Al -5248
As -636

B 66.78
Ba -365
Be -2751
Bi 100
Ca -1
Cd -222
Co -523
Cr -644
Cu -1342
Fe -4158
Ga -8383
In -310

K 83
Li -1657
Mg -128
Mn -315
Mo -1947
Na 96
Ni -912

P 87
Pb 78

S 95
Sb -26
Se -738
Sr -96
Ti -7519
Tl -93
\Y -4163
Zn -363
N -40

C 37

Note: Negative values indicate accumulation — a process
inverse to release.

the anabranch, as reported elsewhere (Anishchenko et
al., 2023). However, contents of some other elements
were lower: Cd by a factor of 2.58 — 2.88, Co by a factor
of 1.58 — 2.22, Cr by a factor of 1.68 — 2.48, Cu by a
factor of 1.58 - 1.86, Li by a factor of 2.62 — 2.69, Ni by
a factor of 2.49 — 5.03, V by a factor of 5.95 - 7.05, Zn
by a factor of 1.05 — 1.925, and Al and Fe by one order
of magnitude.
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Fig.5. Dynamics of accumulation index (AI) of elements in the decaying M. spicatum biomass in the experiment in the

Abakanskaya anabranch of the Yenisei River.

The rate of decomposition of aquatic plants is
species-specific, and it is higher in submerged macro-
phytes than in floating and emergent ones (Zhou et al.,
2018). The decomposition rate of M. spicatum biomass
varied from 0.031 to 0.059 g/d over the experiment
duration, being 0.037 g/d for the entire period (at Day
66). A study by Carpenter and Adams (1979) demon-
strated that in a eutrophic lake, the decomposition rate
of dry detritus prepared from M. spicatum biomass was
linearly related to the initial nitrogen content in plant
biomass. The decomposition rate of M. spicatum bio-
mass obtained in the current study (on a dry matter
basis) is in good agreement with the result obtained
using the model proposed in a study by Carpenter and
Adams (1979): k, = 0.01192N + 0.00672, where k

is the average decomposition rate of coarse particu-
late organic matter (CPOM), i.e. M. spicatum dry detri-
tus, and N is initial nitrogen content in M. spicatum
detritus. That relationship was obtained in laboratory
experiment, and it described well the results of the field
experiment. The decomposition rate of M. spicatum bio-
mass in the Abakanskaya anabranch over the entire
study period using the above equation was 0.035 g/d,
and that value was very similar to the value obtained
using formula (2). This equation is valid for studying
decomposition of M. spicatum biomass at a temperature
of 22+1 °C, which is close to the average tempera-
ture of water during our experiment (21.6+1.8 °C).
As reported in previous studies, enhanced availability
of nitrogen and phosphorus is favorable for microor-
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Table 4. Contents of elements (mg/kg dry weight) in M. spicatum plants at the beginning (16 August 2024) and end of the
experiment (25 October 2024), in the matter washed off the empty bag (25 October 2024) from the Abakanskaya anabranch of
the Yenisei River, in bottom sediments (BS) of the Yenisei River upstream and downstream of Krasnoyarsk (Anishchenko et al.,
2010), in commercial fish food (minima and maxima, authors’ unpublished data).

Element |M. spicatum SE M. spicatum SE Washed- SE Yenisei BS Fish food
16 August 25 October off matter (min. - max.)
2024 2024
Al, g/kg 0.267 0.002 14.291 1.490 14.950 0.442 35.3-26.7 0.034 0.333
As 0.977 0.007 7.187 0.773 5.614 0.391 NA 0.699 7.458
B 18.297 0.025 6.079 1.554 ND NA NA
Ba 49.310 0.138 229.454 9.286 85.999 38.281 NA 2.197 | 5.562
Be 0.028 0.000 0.795 0.048 0.673 0.021 NA NA
Bi 0.140 0.021 ND ND NA ND 0.098
Ca, g/kg 29.30 0.04 29.60 1.91 30.57 0.99 10.5-10.2 7.07 28.32
Cd 0.244 0.005 0.786 0.011 1.236 0.035 0.037 - 0.004 0.056 0.413
Co 1.36 0.01 8.47 0.56 9.15 0.21 8.7 -8.0 0.08 0.41
Cr 4.44 0.01 33.01 9.06 13.91 8.63 16.8 - 15.3 0.47 4.38
Cu 24.39 0.06 351.77 21.62 162.47 4.41 7.0 - 28.7 10.37 18.09
Fe, g/kg 0.37 0.002 15.80 2.08 18.10 0.66 19.9-17.9 0.21 0.70
Ga 0.140 0.008 11.835 1.120 10.251 0.333 NA 0.028 0.265
In 22.908 0.016 94.003 10.240 64.005 5.520 NA NA
K, g/kg 17.47 0.12 3.03 0.55 3.24 0.32 1.78 -1.34 5.57 11.22
Li 1.081 0.004 19.015 2.741 19.421 0.572 NA 0.398 1.085
Mg, g/kg 2.45 0.01 5.59 0.52 5.33 0.10 7.0 -6.7 1.30 1.99
Mn, g/kg 0.74 0.01 3.09 0.16 2.11 0.11 0.43-0.33 0.03 0.07
Mo 0.572 0.002 11.708 7.015 0.498 0.079 NA 0.287 1.503
Na, g/kg 13.34 0.09 0.54 0.02 0.36 0.32 0.52 - 0.49 1.98 8.03
Ni 3.530 0.044 35.729 1.041 31.206 0.772 30-28.3 0.469 5.662
P, g/kg 2.86 0.04 0.36 0.05 1.69 0.08 NA 5.30 17.55
Pb 40.054 0.060 8.917 1.762 9.410 0.593 3.8-25.2 ND 0.413
S, g/kg 3.46 0.07 0.17 0.03 1.26 0.20 NA 4.75 7.19
Sb 0.202 0.015 0.255 0.014 ND NA ND 0.105
Se 0.481 0.035 4.034 0.276 2.381 0.156 NA 0.321 1.917
Sr 201.106 2.744 394.779 32.649 453.342 14.998 NA 11.472 70.175
Ti 6.536 0.003 498.008 41.629 597.297 42.440 NA NA
Tl 0.530 0.039 1.024 0.204 0.012 0.012 NA ND
\% 0.802 0.003 34.202 1.252 32.577 1.480 NA 0.469 2.502
Zn 85.242 0.119 394.592 21.372 167.961 21.115 43 - 83.9 139.510 | 396.842
N, g/kg 23.39 0.002 32.85 0.003 27.13 0.003 NA 87 102
C, g/kg 402.03 0.36 251.37 0.25 184.41 0.17 NA 477 497

Note: “NA” — data not available, “ND” — values below detection limit, “SE” — standard errors.

ganisms decomposing plant biomass, thus facilitating
activity and development of microbial community and,
hence, increasing decomposition rate of plant biomass
(Lan et al., 2012; Zhou et al., 2018).

Based on the initial C/N and C/P ratios, N and P
can be expected to be either accumulated or released:
at C/N <20 and C/P <80, nitrogen and phosphorus are
released, and at C/N > 20 and C/P > 80, these elements
are immobilized (Zhou et al.,, 2018). At the begin-
ning of the experiment, in M. spicatum plants of the

Abakanskaya anabranch, C/N was 17.2 (< 20), indi-
cating nitrogen release and consistent with the forecast,
and C/P was 140.6 (> 80), but, in accordance with the
accumulation index, phosphorus was released as well
(Fig. 5).

Myriophyllum spicatum is a bioaccumulator of
HMs (Ni, Mn, Cd, Fe, Zn, Cu, Pb) (Keskinkan et al.,
2003; Galal and Shehatab, 2014). Compost prepared by
drying M. spicatum biomass can also be used for phy-
toremediation of aquatic ecosystems polluted by Pb,
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Fig.6. Spearman’s correlation matrix showing the relationships between concentrations of elements in the decaying M.
spicatum biomass in the Abakanskaya anabranch of the Yenisei River (Significant values (p<0.05) are highlighted in gray

background).

Cu, Cd, Ni, and Zn (Milojkovi’c et al., 2016). As sug-
gested by the data obtained using accumulation index
(AD, most elements, including HMs, accumulated in the
decaying M. spicatum biomass (Fig. 5). Such elements
as Al, Be, Cu, Fe, Ga, Li, Mo, Ti, and V accumulated in
the biomass throughout the experiment, and at the end
of the experiment, Al, Be, Fe, Ga, Li, V, As, Ca, Co, K,
Mg, Mn, Na, Ni, and Pb contents in M. spicatum biomass
were similar to those in the suspended matter washed
off the empty mesh bag installed at Day 44 and removed
at the end of the experiment (Table 4). As is known, a
high statistically significant relationship between con-
tents of elements in compartments of aquatic ecosys-
tems is indicative of their common source (Gladyshev
et al., 2001). In the decaying M. spicatum biomass, most
elements showed significantly high correlation (Fig. 6),
probably suggesting organomineral suspended matter
as their common source. At the same time, the elements
that were not accumulated in the biomass (AI<1),
such as B, Bi, Ca, P, S, and C, were correlated to each
other. B, Bi, and Sb were not detected in suspended
matter (Table 4). Pb, Sb, and Sr were not correlated
to other elements (Fig. 6). Pb was released throughout
the experiment (Fig. 5), and its content in dry biomass
dropped by 78% (Table 3). Sb was accumulated only at
Days 3 and 6, and Sr had been accumulated until Day 8
(Fig. 5). The composition of organomineral suspended
matter can be determined by such sources as bottom
sediments (BS), fish farm wastes, including residual fish
food, and wastewater from the thermal power plant.
Table 4 presents the data on contents of elements in the
sand-and-shingle BS of the Yenisei River that are not
affected by fish farming and in commercial fish food
(authors’ unpublished data). It is well-known that fish
farms are sources of C, N, P, sulfides, and HMs (As,
Co, Cu, Mn, and Zn) in BS, which are contained in
released fish waste and food residues; at the same time,
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water does not necessarily contain increased concen-
trations of these elements (Varol, 2019). The decaying
M. spicatum biomass could both accumulate dissolved
elements (Milojkovi’c et al., 2016) and, probably,
adsorb organomineral suspended matter. During the
experiment, in the bags collected from the water, we
found Chironomid larvae and Gammarus, which were
removed with a tweezer to determine the weight of the
macrophyte biomass. To be able to quantify the con-
tribution of M. spicatum to the secondary contamina-
tion by HMs and nutrients, it is necessary to determine
the biomass of the macrophyte accurately, taking into
account the plant growth area in the study section of
the anabranch, which is planned as the next phase of
this research. Another task of the future research is to
conduct the experiment described in the current study
in the section of the anabranch that is not directly
affected by the activities of the fish farm in order to
verify the results obtained in the present study.

5. Conclusion

The 66-d in-situ experiment performed in the
part of the ecosystem of the Abakanskaya anabranch of
the Yenisei River subjected to human impacts (cage fish
farm and water from the thermal power plant) allowed
the authors to determine the decomposition rate of M.
spicatum biomass (0.037 g dry biomass/d) and reveal
elements that are continuously accumulated (Al, Be,
Cu, Fe, Ga, Li, Mo, Ti, and V) and released (In, K, Mg,
Mn, Na, P, Pb, S, TI, N, and C) during the decomposi-
tion of M. spicatum biomass. The decomposition of M.
spicatum biomass certainly has a beneficial effect, accu-
mulating most of the HMs and, thus, immobilizing con-
taminants. Being, however, a source of food for zooben-
thos, the decomposing M. spicatum biomass facilitates
the transfer of HMs to food chains and to the highest
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trophic level, humans. Moreover, the released nutri-
ents — carbon, nitrogen, and phosphorus - are involved
into the cycling, which may be a factor in increasing
the eutrophication of the anabranch. Thus, the current
study showed that decomposition of M. spicatum bio-
mass is a likely source of the secondary contamination
of an aquatic ecosystem.
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HakonneHue U BbicBO6OXXAEHHE
3AEMEHTOB NpPU pa3noXXeHun 6uomacchbi
Myriophyllum spicatum L. B peke EHucen B
YCAOBHAX aHTPONOreHHOro Bo3AeMCTBUA
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AHHOTAIIHUS. B uepre r. KpacHosipcka Ha 3aperyJiipoBaHHOM yuyacTKe p. EHuceil, moaBepxKeHHOM
BJINHUIO PBIOOBOJYECKOTO XO3AKCTBA W MocTynaiomux Boa TOLl, ¢ mesibio u3ydeHHsA BO3MOXHOCTHU
BTOPUYHOIO 3arpsA3HeHus TsokeapiMu MeTajuiaMu (TM) u 61oreHHBIMU 3J1eMeHTaMU [IpY pasJyioXeHun
Oromacchl MOTPyKEHHOTO MaKpoduTa - ypyTu kosiocucton (Myriophyllum spicatum L.) mpoBefieH dKcIie-
pUMeHT in-situ. IlosydyeHa oLleHKa CKOPOCTHU pasjioxeHusA 6uomMaccel M. spicatum. YicciieqOBaHO BBICBO-
OoxaeHNe U HaKOIUIeHHe MaKpo- U MUKPO3JIeMeHTOB, BKjioyasg TM, MeTogoM aTOMHO-3MHCCHOHHON
CIIEKTPOMETPUU C MHAYKTUBHO-CBsI3aHHOM I1a3moi (MCII-A3C), azoTa u yriepofa ¢ MOMOIIbI0 BbICO-
KOTeMIIepaTypHOro KaTaJIUTUYECKOIr0 CXXUraHusd. B xofe skcmepuMeHTa B pasJaramuielica oromMacce
YPYTHU MOCTOSTHHO akKymyaupoBasiuch Al, Be, Cu, Fe, Ga, Li, Mo, Ti u V, mpu 3ToM BBICBOOOXJTHCH In,
K, Mg, Mn, Na, P, Pb, S, Tl, N u C. [Toka3aHa BO3MOXXHOCTb BTOPUYHOT'O 3arpsA3HeHUs sKocrucrteMsl TM
u buorenHeiMu ss1eMeHTamu (C, N, P) npu gectpykiyu 6uomMaccsl ypyTH KOJOCUCTOMN.

Kitioueavle ct08a: ypyTh KOJIOCHUCTAs, TAXKEIble MeTaJLJIbl, OOTeHHbIE DJIEMEHTHI, peyHas 3KOCHCTEMA,
PBHIGOBOTUECKOE XO3AUCTBO, BHICIIAS BOAHAS PAaCTUTEIBHOCTD

Jia nutupoBanua: Anumenko O.B., Anumenko [0./]., BanoBa E.A., KonmakoBa A.A. HakomieHne U BBICBOOOXJEHUE 3Jie-
MEHTOB TpU pasjioxeHun Guomacchl Myriophyllum spicatum L. B peke EHuceil B yC/IOBHAX aHTPOIOT€HHOTO BO3[elcTBUSA //
Limnology and Freshwater Biology. 2025. - Ne 4. - C. 1013-1038. DOI: 10.31951/2658-3518-2025-A-4-1013

1. BBeaenue

B Hacrosmee BpemsA BOAHBIE 3KOCUCTEMBI
[IOABEpXKeHbl AHTPOIIOIeHHOMY BO3[EMCTBHIO, B TOM
yycJie 3arpsA3HeHu0 TskebiMu Metajutamu (TM) u
6uoreHHBIMU 3yieMeHTamu (pochopoM u az3oToM).
TM He Ouopasnaraemsl, 00JIafal0T TOKCHUYHOCTEIO,
CIoCOOHBI MUIPHPOBaTh M HakallJIMBaTbCA B IuIIle-
BBIX IlelfAX, B TOM uucjie B pbibe, U INpefCTaBIATb
[IOTEHI[HaJIbHYI0 OINACHOCTb [JI 3JOPOBbs 4eJsiOBeKa
(Gladyshev et al., 2009; Aziz et al., 2023; Emon et al.,
2023). IlocTtymienne OHMOTeHHBIX 3JIEMEHTOB CIOCO0-
CTByeT 3BTPO(HPOBAaHUIO BOAHBIX 3KOCHUCTEM KU Mac-
COBOMY Pa3BUTHIO HeXeJlaTeJbHOH aJbrodJopsl WIN
«1BeTeHn0» Boabl (Lan et al., 2012; O’Neil et al., 2012;
I'nappimes u Ap., 2020). MakpoduThl — IpeacTaBUTENN
BBICIIENl BOJIHOIM pPACTUTEJBHOCTU CIOCOOHBI TIOTJIO-
maTte TM 1 OUOreHHBIe 3JIEMEHTHl U UCIOJIb3YIOTCA
JU1s GuonHuKaIuu u dutopemequanuu (Ansari et al.,
2020). OpHako TpU pasjiokeHUU OHOMAacChl BOJIHBIX
pacTeHuil B BOAY BBICBOOOXAIOTCS HAKOILJIEHHBIe MU

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: hydrakr@rambler.ru (O.B. AHuIeHko)

INocmynwna: 30 utosnia 2025; IIpunama: 19 asrycra 2025;
Ony6tukoadana online: 31 aprycra 2025
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HOJUTIOTAHTHI, YTO HEOOXOMMO YYUTHIBATh [IPU yIIPaB-
JIeHUM Ka4yecTBOM IPHUPOIHBEIX BoAd. BricBoGoXxmeHue
6uoreHoB u TM B xofe pa3jioxeHUA OMOMACCH UCCIe-
JIOBAaHO MJI1 OrpaHMYEeHHOIO 4YKCJIa BHUOB BBICIIEN
BogHON pactutenbHOcTU (BBP) (Larsen and Schierup,
1981; Best et al., 1990; Ochiai and Nakajima, 1994;
Deng et al., 2016; Zhou et al., 2018) u, KaK U CKOPOCTb
pasjoxeHUs OMOMACCH, MMeeT BUJIOBYIO CHEIMGUKY
(Zhou et al., 2018). OTcyTCcTBHE HAHHBIX O BO3MOXHO-
CTU BTOPUYHOTO 3arps3HEHUs BOAHBIX SKOCHUCTEM IPU
pasnoxeHuu BBP He o3BoJIfeT afeKBaTHO YIIPaBJIATH
KavyeCcTBOM IPUPOJHBIX BOJ, NPOBOJsSI CBOEBpEMeHHOe
n3bATHE OLOMACCH BOJHBIX pacTeHUN.

B uepte r. KpacHospcka, B 35 KM HuXe
KpacHosipckoii I'SC, pacnosioxeHa AbGakaHcKas Mpo-
ToKa p. EHucell, KoTOpas sBJseTCS OOHUM U3 JIIOOU-
MBIX MECT OTAbIXa ropoxaHs. [IpoToka B BEpXOBbe Iepe-
KpBITa Jam0o0l, BHYTPU KOTOPOH MPOXOLAT TPYOHI,
obecrieyrBaomyie IOCTYIJIEHUE BOJABL CBEPXY, HIDKE
JlaMOBl IOCTYMAOT ogorpeTsie BoAsl TOLl U JIBHEBEIE
CTOYHBIE BOJBI, a TaKXe PaCIOJIOKEHO CAAKOBOEe PHIO-

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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Hoe x03a1cTBo. B 2018 — 2019 rr. HIXe gamMObl ObLIO
OTMeYeHO IOCTOBEpHOE yBeJInueHHe B BOJle MHHepa-
Jnu3anuu, KoHneHTpaiuu B, Ba, Ca, Mg, Li, Na, Sr u Mn
B pe3yJibTaTe MOCTYIUIEHUs JINBHEBBIX, U, BEPOSATHO,
I'PYHTOBHIX BoA, a Takxke Cu — ¢ Bogamu TOLI, xanusa
U HUTPUTOB — IOJA BO3JeCTBUEM PBIOHOI'O XO3fH-
ctBa. B mneHTpaspHOU yacTu AGakaHCKOM NPOTOKU
OTMEYeHO IIOBHIIIEHHOEe, IO CpPaBHEHUI0 ¢ (OHOBBIM
ydacTtkoM, comepxxanue Cu, Pb u Sr B Myriophyllum sp.
(Anishchenko et al., 2023), ogHOM 13 JOMUHUPYIOIUX
BunoB BBP. Myriophyllum spicatum - mApoKo pacrmpo-
CTPaHEHHBIY BHUJ] BhHICIIEIl BOAHON pacTUTEbHOCTU,
OTHOCUTCA K YKOPeHeHHBIM rujipoduram (IOrpyxeH-
HeM) (Milojkovi’c et al., 2016). BoineneHue GUOreH-
HBIX 3JIeMEHTOB Gromaccoit Myriophyllum spicatum wu3y-
4Yasoch B 3BTPO(QHEIX 03epax Ha ceBepo-BocToke CIIMA
(Carpenter and Adams, 1979) u ceBepe Kuras (Lan et
al., 2012). ITokazaHO, YTO KOMIIOCT, MOJTyYEHHbIH 13 M.
spicatum, obJiafjaeT BEICOKOIM COPOIOHHON CIIOCOOHO-
CTBHIO B OTHOIIEHUU pacTBOpeHHHIX B Boge TM (Pb, Cu,
Cd, Ni, Zn) (Milojkovi’c et al., 2014). OgHaKO, CKOPOCTh
BBICBOOOXEHNA/HAKOILIEHUSI 1 BTOPUYHOE 3arpssHe-
Hue TM mpu passioxkeHuu 6momaccel M. spicatum He
nccseJoBaHa.

B ruaposKoJIOruy CKOpPOCTb pasyioxkeHUs Ouo-
Macchl, BBICBOOOXAEHMA U aKKYMYJIALUU 3JIEMEHTOB
HapsAay c J1abopaTOpHBIMU SKCIEPUMEHTaMH B KOH-
TPOJIUPYEMEBIX YCJIOBUAX HCCIIEAYIOTCS in-situ ¢ HIpu-
MeHeHreM MeToa «MeIIKOB ¢ omagom» («method of
litterbag»), ocHOBaHHOrO Ha HU3y4eHUM AECTPYKINU
omazga aepeBbeB (Olson, 1963). Pe3yJsibTaThl, MOJIy4YeH-
Hble C IpUMeHeHHeM HaHHOTO MeTOJa, 3aBUCAT Kak
OT YCJIOBUH cpefibl (TeMIlepaTyphl, COJepXKaHUA KIC-
nopona, pH), Tak U OT ycJoBUHM 3KcrnepuMeHTa (OT
pasMmepa suer MellKa, pa3MelleHUs] MEIIKOB OTHOCH-
TeJIbHO JHa, MpeJiBapUTeJIbHOI 06paboTKU GroMacchl)
(Lan et al., 2012; Deng et al., 2016). B GoJibIIMHCTBE
pabor Ouomacca pacTeHUIl BHICYIIMBaeTCsi U romMore-
HU3UpYyeTcs Iepel] HAa4aJoM SKCIEepHUMeHTa, OJHAKO

HCIIOJIb30BaHue ChIpOI OHMoMacchl N03BoJIAeT NpubJin-
3UTh YCJIOBUA K €CTeCTBEHHBIM, ITOCKOJIbKY IIOTPYXeH-
Hble MakpO®UTHl MPOU3PACTAOT B TOJIE BOABL J[i1a
3arycka Ipolecca pasJIoxkKeHUs HUCIOJIb3YIOT BhIAEPXKU-
BaHye GMOMACCHI TPU HU3KUX TeMrepaTypax (1o -80°C)
(Conover et al., 2016). ITokazaHo, 4TO HEKOTOpbie TM
MOT'yT HaKalUIMBaThCA B IIpoliecce pas3jIokeHus pacTu-
TeJIbHOY Ouomacchl, HO TakXe IIPU 3TOM HEeKOTOphle
3JIeMeHTHl MOTyT BBICBOOOXmaThcA. Hampumep, ycra-
HoeJsieHO (Deng et al., 2016), yTo B X0[€e pa3JIOXeHUA
6uomaccel Potamogeton crispus xoHnentpauus Al, Cd,
Cr, Fe, Mn, Pb 3HaunTeIbHO YBEJIUYMBAJIACh, TOTAA KAK
Cu u Zn cHmxanack. [T03TOMy MOXHO NPEANOJIOKUTD,
YTO PAJ 3JIEMEHTOB OyJeT HakalvBaTbCsd, a Apyrue
— BBICBOOOXJAThCS B XOJ€ pasjoxeHus OuoMacchl
M. spicatum. Takum ob6pasom, Iiejib JaHHOU paboTHI
— HcciIeloBaTh BO3MOXHOCTb BTOPUYHOIO 3arpsisHe-
HuA OuoreHamu u TM npu passioxeHUM OHOMAaCCH
M. spicatum moj BIWAHKWEM aHTPOIOTeHHOro BO3Zel-
cTBUA (MIOCTYILJIEHUA CTOYHBIX BOJ M OTXOJIOB PBIOO-
BOJYECKOro XO3AKMCTBA). B 3amaum BXOOWJIO: OLIEHUTH
CKOpOCTb pasJjioxeHus O1MoMacchl ypyTH KOJIOCUCTON U
BBIAABUTH 3JIEMEHTHI HaKaIIMBarlyecs U BRICBOOOX1a-
olIMecs IpY ee pasJIoKeHNU B dKCIIepUMeHTe in-situ.

2. MaTtepuanbl U MEeTOAbDI

HcciienoBaHusa NpoBOAWIIN B LIeHTPaJIbHOM YacTU
AbaxaHckoii mpoToku p. EHuceii. Pactenus cobupasnu
16.08.2024 (Touka oTOopa ykazaHa Ha Puc. 1) c joqxu
BPyUHYI0 U IOMeIasyd B MOJIM3THUJIEHOBBHIN MeEIIOK.
B nabGopatopuu coOpaHHyl0 Ouomaccy IPOMBIBAIN
BOJIONIPOBOJHO, a 3aTeM AUCTUJUIMPOBAHHOU BOJIOW,
[IpocylIMBaiId Ha GUJIbTPOBAJIbHON OyMare Ajifd omIpe-
JeneHusa cbipoil 6uomaccel. Okoso 9 r cwipoli Guo-
Macchl ypyTH IIOMeIllaJIi B ceTyaThle akeThl pa3MepoM
15X 20 cM ¢ pasmepoM suen okoJsio 1 MMm. Heckosibko
pacTteHuil ObLIM OTOOpaHBI AJiA OIpefesieHUs BJIax-
HOCTHU Y MCXOAHOTO COAEepKaHWA dJIeMeHTOB. IlakeThl
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Puc.1. KapTa-cxema palioHa ucciaefoBaHUA.
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C pacTeHMAMM XpaHWIM [Ba OHA NpU TeMIeparype
-35°C, 3aTem aBa qua npu -80°C. Ha 5-e cyTku makeThl
3aKpenuiiy Ha KpyMHOSYeHUCTON ceTKe C IOMOIIBIO CTH-
xkek (Puc. 2) 1 ycTaHOBUJIM NOJ NMOBEPXHOCTHIO BOJBI
CHapyX{ OTpaxAeHHs pblIOOBOAYECKOrO0 XO3ANCTBa,
BHe KOHTaKTa CO JHOM. BBIJIO yCTaHOBJIEHO TP CETKHU,
Ha KOTOpHIX psAaMU B TpexX MOBTOPHOCTAX pa3Melia-
JIMCh MEIIKHU ¢ ypyThio (Bcero 30 memkoB). B xone skc-
neprMeHTa Oblla OOHapyXeHa CJIM3KCTasA B3BeCh CHa-
PYXH1 MEIIKOB € YPYThio, Mo3ToMy 18.09.24 r. K ceTke
OBLTT IPUKpeIlJIeH AONOJIHUTEJIbHO MyCTON MeLIOK AJiA
nocjieyoniero onpefesieHUs 3JIeMEHTHOI'O cocTaBa
ocefalolieil B3BecHu.

2.1. NoneBble uccAepOBaHUA

DKcIlepuMeHT in situ nmpooausu ¢ 21 aBrycra mno
25 okTabpsa 2024 r. OT6op npob 13 sKcIepruMeHTa Mpo-
BOAMJIM Ha 2-U, 3-H, 6-11, 8-H, 15-i1, 29-1, 44-i1 u 66-1
auu. M3Biiekanau mo 3 mMemika co 2-ro no 44-ii feHb, B
3aKJII0UYUTEJIbHBIN IeHb CHATN 9 MeIIKOB U OANH IIyCTOM
co B3Bechlo. [Ipy mocTaHOBKe 3KcllepUMeHTa U B AHU
oTbopa npob u3MepsAnu TeMmneparypy, pH, yAesapHyio
asiekTponpoBoAHocTh (YIII), comepxaHue KUCIOpoAa
B BOJIe B TOUKe IIPOBe/IeHNUsA dKcllepuMeHTa Ha IJIyOuHe
okosio 0,5 M ¢ IOMOIIBI0 MYJIbTUNAPMETPHUYECKOro
3oHga HI7698194 (Hanna Instruments, PymbiHus:m).
Bony anA rugpoXMMH4ecKux aHaJIM30B 0TOMpasIy IJia-
CTHKOBBIM BeJIpOM 1 HaNoOJIHAIMU 1 j1 OyTHUIKY, IpeJBa-
PUTEIbHO IPOGUIBTPOBAB Yepe3 IJIAHKTOHHYIO CeTh C
pasMepoM fYen 0kosi0 100 MKM.

2.2. NabopaTopHbie U3MepeHun

KonreHTpanuio 610reHHbIX 3JIEMEHTOB OIpejie-
JIAM B po6ax BOJibl, MPOMUIIBTPOBAHHBIX Yepe3 MeM-
OpaHHBble PUIIBTPHI U3 alleTaT-1[eJII0JI03bl C pa3MepoM
nop 0,45 mkm («Byiagumop») ¢ MOMOIIBI0 BaKyyMHOM
YCTAQHOBKU IO OOMIENPUHATHIM MeETOAWKaM: HUTPUT-
HBIN a30T — KOJIOpUMETPUYECKU peakiireli ¢ cyJbdaHu-
namMuoM u a-HaptuiaamuHoMm (peaktuB I'pucca) (P[]
52.24.381-2017); HUTpaTHBII a30T — pefgyKuuei Ao
HUTPUTHOTO Ha KagMueBoil kosioHke (P 52.24.380-
2017); muHepaabHbIi pochop aHaIU3upoBasu GOTO-
MeTtpudecku (P[] 52.24.382-2006). AMMOHUIIHBIN a30T
omnpenensiu MetogoM Hecenepa (TTHO @ 14.1:2:4.262—
10) mocne ¢uabTpauuM yepe3 MINPHULIEBYI0 HacagKy
CO CMeHHBIMU (¢uiabTpaMu ¢ pasMmepom mnop 0,45 MKM
(«Bmagumnop», Poccus). [ina onpefeseHns: KOHIIEHTPa-
UM PacTBOPeHHBIX (HOpM OpraHmuyeckoro yriepoja
(POY, DOC (dissolved organic carbon) wmau NPOC
(non-purgeable organic carbon)) u o6igero azora (POA,
TDN (total dissolved nitrogen)) mpoGbl BOABI mpeBa-
puTesibHO GUIBTPOBAIN depe3 (PUIBTPHL C pa3MepoM
mop 0,22 MM («Biagumop», Poccus) moJ BakyyMOM.
Konnenrpanuwo POY u POA B BoAe omnpefessaad Ha
a”aji3atope yriepoaa u aszora FormacsHT (Skalar,
Hupepnanger). Cogepxkanue obmero ¢ocdopa ompe-
Aesisiny B HeUJIbTPOBAHHBIX NMPoOax BOJBI METOAOM
aTOMHO-3MHCCUOHHON CIIeKTPOMETPUU C WHAYKTUB-
Ho-cBsaAzaHHou mi1asmon (MCIT-ASC) ¢ MOMOIIbIO CIIEK-
TpoMetpa iCAP 6300-Duo (Thermo Scientifc, Aarsms).
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Puc.2. Memku ¢ ypyTbIo KOJIOCHCTOI B 3KCIIepUMeEHTe in
situ B AbakaHCcKoH mpoToke p. EHuceil.

Memiky ¢ pacTeHUsAMH, OTOOpaHHbIe B X0[e JKC-
IlepyMeHTa M[pPOMBIBAId AUCTUUIMPOBAHHON BOJOH
CHapyXH, 3aTeM OHMOMaccy Hu3BjeKasu, MOACYIINBAaIN
Ha GUJIbTPOBAJIbHOI OyMare 1 B3BelIMBAJIM B YalllKax
[MeTpu (c u3BeCcTHOM Maccoil) JiJisl onpefiesieHUs CBIpO
6uomaccel. B mocienyomeM, korga 6uomacchl ocTa-
BaJIOCh MaJjio B MellIKaX, ee cpa3y MoMelaay B YallKu
[leTpy, B3BemMBaMu U cymuan npu 105 °C B cymuib-
HoM 1mkady ED 53 (Binder, ['epmanus) 10 MOCTOSAHHOTO
Beca JIJIA ollpefieJieHNsA Cyxoi 61uomMacchl. BricylieHHbIe
obpa3nsl pacTeHUI TOMOTeHU3UpPOBaJIl B araTOBOM
CTyNKe [JiA MOCJeAyIoUlero 3JIeMeHTHOrO aHaju3a.
O6pa3ipl, oToOpaHHbBle B KOHIlE 3KCIepUMeHTa, ObLIn
o6beqVHEHHI AJ1A aHaJIM30B B BUJy MaJjioll OMOMacChI:
mpobbl U3 TpexXx MeIIKOB, oToOpaHHble Ha 441 JeHb,
COCTaBWJIM OOHY Mpoby, a B 3aKJIIOYMTEJIbHBIM, 661
JieHb, ObLJIO IIOJIy4eHO TpU NpoOH! 13 9 MelKoB. B3Bech
CHapyX{ IyCTOrO MeIKa CMBIBAJIM AWCTUJIJINPOBAH-
HOM BOJIOY B JIOTOK U3 NOJIUNPONUJIEHA U NOJIyYeHHYI0
cycneH3nio GUIbTpPoBaIu depe3 QUIBTPH M3 CTEKJIO-
BOJIOKHa ¢ pasMepoM nop 0,7 mkMm («JIabopaTopus
BOJIBI»).

ConepxaHue obuiero asora M yrjepoja B pac-
TeHUAX U CeCTOHe OIlpefesisyli MeTOAOM BEICOKOTEM-
[epaTypHOro KaTaJuTUYeCKOro CXKUTaHuA C IOMOIIbI0
ananu3aropa Flash 2000 NC Soil Analyzer (Thermo
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Fisher Scientifc, T'epmanus) (Gladyshev et al., 2007),
AnA storo otoémpanu no 10 mr obpasna. ComepxaHue
Makpo- M MHKpPO3JIeMeHTOB B BOJe U PpacTeHUAX
onpefiesisiin Metogom (MCII-ASC). [lnsa aHanmsa
MmerozoM HCII-ASC no 0,2 r o6pasloB ypyTH, BhICY-
IIeHHBIX [10 IOCTOAHHOIO Beca, O30JIAJIM B CMecHd
a30THOU U xJiopHOU kucyor (1:1) Ha ytTabopaTOpHOMN
wTke («TombaHaMuT», PoccusA), 3aTeM pa3BOAUIIU
JeroHu3upoBaHHoN Bomoil (18 MOwm) mo 15 mii B
KayecTBe BHYTpPeHHEro CTaHAapTa HCIOJIb30Bajd
pactBop cka"ausa (5 mr/ma). YcioBus u3MepeHUN U
XapaKTepUCTUKHU CIeKTpoMeTpa IOAPOOHO ONMCAHBI
B pabote (Anishchenko et al., 2020). IIpenesns o6Ha-
Py’XeHH:A 3JIeMeHTOB [JIA BOABI U pacTeHWUH yKa3aHBI
B Tabmune 1. Ilpu ananuse QUIbBTPOB C OCAOKOM U3
B3BeCU IIPOBOJIWJIM XOJIOCTOH OIBIT — 030JIUIN QUIBTP
B TeX Xe yCJIOBUAX, 4YTO U 00pasubl B3BeCH U oIpefe-
JIATIA cofepkaHue 3JIeMeHTOB.

2.3. PacueTtbl M cTaTUCTHUECKAA
o6paboTka pAaHHBIX

Cratuctudeckas oOpaboTka MNOJIyYEeHHBIX [AaH-
HBIX [IPOBOAWJIACH C MOMOILIBI0 nporpaMMel Past 4.03.
ITockosibKy OOJIBIIMHCTBO AAHHBIX MMEJIO HEHOpMaJlb-
HOe pacnpejiejieHue, AJiA OLleHKH CBA3U MeXay coaep-
’)KaHUeM 3JIeMeHTOB B 61oMacce MCI0JIb30BajIu Koppe-
nAnuo CnupMeHa.

Ckopoctb notepu Beca (R, %) passaratomieiics
6romaccol paccuuThiBaM Mo ypaBHeHwio (Luo et al.,
2023) (1):

R= t_VVO

x100%, TAe «t» — 3TO MEePUOJ pasJio-

0
XeHUus (IeHb), Wt (r) — ocraBmMiicsA cyxou Bec Ouo-

Macchl 3a BpeMs pasjioxeHus «t», u W, (r) — aTo cyxomn
HUCXOHEIN Bec 61ioMacchl B HyJIeBOM MOMEHT BpeMeHU.

CkopocTh pasyioxeHus Ouomacchl («the litter
decomposition rate») k, paccuuTHIBaX COTJIACHO
(Olson, 1963; Zhou et al.,, 2018) mo dopmyse (2):

1nE:—kt-

0
J1A OIleHKM HaKOILJIEHMs/BbhICBOOOXIEHUS dJIe-
MEHTOB B XOJ€ Pa3JIoXKeHUsA OMOMAaCChl yPYTU PacCUU-
THIBAJIM MHJEeKC HakoIluieHua (accumulation index, AI)

o dopmyie (Deng et al., 2016) (3):
Al = WX,

, e W, (r) — 310 cyxoi Bec GnoMaccht

B MOMEHT Bpoe1v[0em/1 t, X, (Mr/kr) — copepxaHue sJie-
MeHTa «X» B Ouomacce B MOMEHT Bpemenu t, W, (1)
- MCXOAHBIM Bec 6romacchl U X, (Mr/Kr) — MCXOJQHOe
cofepxaHue «X» sjeMeHTa B Ouomacce. AI=1 cBupe-
TeJIbCTByeT O TOM, UTO pasjararomjascsa Ouomacca B
MOMEHT BpeMeHU t cofepxkajia TaKyl Xe Maccy 3Jie-
MeHTa «X», Kak 1 MOMeHT, Korjia 6iomacca Obljia U3Ha-
YaJpHO MoMelleHa B makeT; npu AI<1 HaOiwogaercA
BBICBOOOX[eHME D3JieMeHTa «X» W3 pasJiararoliencs
6uoMaccel, npu Al > 1- HakoIIeHHe 3JIeMeHTa «X» pas-
Jjararormiericss 611oMacCcom.

CkopocTbh BhICBOOOXAeHUsA 3JieMeHTOB (ER) u3
pasnaratoriericss 6MoMacchl pacCUYUTHIBAJIA 110 YPaBHe-

G, -G
Huto (Luo et al., 2022) (4): ER(MR)=—""—-x100%,

0
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Ta6suna 1. IIpepensl ob6HapyxeHus (Mr/J) MeTOHOB
aTOMHO-3MHUCCHUOHHOU CIEKTPOMETPUM C UHAYKTUBHO-CBS-
3aHHOH IJIa3MOM.

DJieMeHT | J[J11iHA BOJIHBI, A Bopma PacreHus
Al 396,1 0,0001 0,005
As 189,0 0,001 0,0008
B 249,6 0,0002 0,0004
Ba 455,4 0,000007 0,000008
Be 313,1 0,00002 -

234,8 - 0,00002
Bi 223,0 0,0007 0,002
Ca 317,9 0,002 0,002
Cd 214,4 0,0001 0,00009
Co 228,6 0,0003 0,0002
Cr 267,7 0,0002 0,0002
Cu 324,7 0,00009 0,0001
Fe 238,2 0,0002 -
259,94 - 0,001
Ga 417,2 0,0003 0,0004
K 769,8 0,02 0,03
Li 670,7 0,000003 0,000005
Mg 279,0 0,01 0,02
Mn 257,6 0,00003 0,0002
Mo 202,0 0,0004 0,0003
Na 589,5 0,002 0,005
Ni 231,6 0,0007 0,0005
P 213,6 0,001 0,02
Pb 220,3 0,002 0,001
S 182,0 0,17 0,26
Sb 206,8 0,0009 0,002
Se 196,0 0,001 0,001
Sr 421,5 0,000004 0,00008
Ti 337,2 0,00007 0,00008
Tl 190,8 0,0009 0,0008
\Y% 268,7 0,0003 0,0002
Zn 213,8 0,0001 0,0001

IIpuMeyaHue: IPOYEPK — JJIMHA BOJIHbI HE
HICII0JIb30BAJIACh.

rae G, - HaYaJbHOE COZIepXaHue dJIeMeHTa B Guomacce
(M), G, - coiepxaHue sJieMeHTa B ouomMacce B MOMEHT
BpEMEHU t.

3. Pe3ynbTarthbl

B mepuona mpoBeneHus sKclepuMeHTa oblee
cogepxanre Al u Cu B BoAe B CpedHEM MPEBHIIIAIO
MK s perboxo3saiicTBeHHBIX BogoemoB B 1,11 u 4,87
pa3za cootBercTBeHHO (Tabmuma 2). MakcumasbHas
KoHIleHTpauusa Li u Mn Takxe mpeBbilllaja yCTaHOB-
Jnennsie [TIK (ITpukas..., 2016). [1o cogepxaHuI0

PBI6.-X03.
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Ta6suna 2. 'mapoxumudeckas XapaKTepucTHKa BoJbl AGakaHCKOI HpoToku p. EHucell B Touke IpoBefeHUs 3KCIIepHU-
MeHTa I10 pa3JjioxeHuo 6uomaccel ypyTu kosiocucroit (21.08 — 25.10.24) B cpaBHeHuu c [1/IK pri60xo3s{icTBEHHBIX BOJI0€MOB
(ITpukas..., 2016).

IToxa3aresnb, Mr/s | MuHHUMYM MakcuMyM CpenHee Omubka | Koad.sap. | IIAKpsI6-x03.
(%)
Al 0,0166 0,0906 0,0446 0,0082 55,16 0,04
As H.O. 0,003 0,001 0,0003 81,31 0,05
B 0,0043 0,0062 0,0049 0,0002 11,12 0,5
Ba 0,019493 0,031714 0,0231514 | 0,001317 17,07 0,74
Be H.O. H.O. H.O. H.O. H.O. 0,0003
Bi H.O. 0,0023 0,0006 0,0003 135,63 -
Ca 23,250 29,644 26,204 0,800 9,16 180
Cd H.O. 0,00020 0,00004 0,00002 163,46 0,005
Co H.O. H.O. H.O. H.O. H.O. 0,01
Cr 0,0001 0,0006 0,0003 0,0001 60,05 0,02
Cu 0,00263 0,00646 0,00487 0,00045 27,84 0,001
Fe 0,0285 0,0945 0,0562 0,0076 40,74 0,1
Ga H.O. 0,0005 0,0003 0,0001 59,29 -
K 0,63 0,97 0,75 0,03 13,87 10
Li 0,002323 0,008787 0,0066884 | 0,000859 38,53 0,008
Mg 3,97 4,86 4,37 0,08 5,67 40
Mn 0,00273 0,01232 0,00870 0,00092 31,88 0,01
Mo 0,0006 0,0010 0,0008 0,0000 17,25 0,001
Na 2,929 5,693 3,588 0,275 22,97 120
Ni H.O. 0,0005 0,0001 0,0001 206,25 0,01
P H.O. 0,026 0,012 0,003 66,05 -
Pb H.O. 0,001 0,000 0,000 300,00 0,006
S 2,76 4,85 3,57 0,29 24,03 -
Sb H.O. 0,0007 0,0003 0,0001 120,78 -
Se H.O. 0,001 0,000 0,000 118,88 0,002
Sr 0,156247 0,334916 0,226790 0,019789 26,18 0,4
Ti 0,00051 0,00364 0,00148 0,00040 80,39 0,06
Tl H.O. 0,00010 0,00001 0,00001 300,00 -
\Y 0,0002 0,0009 0,0005 0,0001 40,15 0,001
Zn H.O. 0,0064 0,0029 0,0009 87,83 0,01
NO, 0,0049 0,0100 0,0075 0,0007 27,18 0,08
NO, 0,1429 0,2466 0,1978 0,0104 15,84 40
No6m 0,270 0,570 0,394 0,036 27,34 -
POY 1,086 1,517 1,248 0,048 11,60 -
NH, 0,0765 0,1070 0,0917 0,0035 11,33 0,5
P-PO, 0,0005 0,0023 0,0010 0,0002 63,82 0,05
t, °C 12,93 26,68 21,63 1,77 24,57 20
pH 7,10 7,45 7,25 0,04 1,80
o, 6,7 10,9 8,6 0,5 15,77 6 (MuH)
V3II, MkCM/cM 179 196 187 2 3,19 -
MuHepanusanus 90,3 98,9 94,5 1,0 3,19 -

IIpumeuanue: XupHeiM mpudTOM BEIJieJIeHb 3HaUYeHus, npesbimawnye [1J1K. [Tpouepk - moka3aTejb He HOPMUPYETCH,
«H.0.» - KOHI[eHTpalus H1Xe npejesa oOHapyXeHus.
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pacTBOpeHHOro MuHepajabHOro u obigero ¢ocdopa
vccie/loBaHHbE BOABl OTHOCUJIUCh K OJIUTOTPOMHBIM
(Ilpukas..., 2016). Temneparypa BOAbl B CpeJIHEM IIpe-
BBIIIAJIa YCTAHOBJIEHHBIN Npefiesl Ji1 BOOHBIX 0Obek-
TOB, I'’le OOUTAIOT X0JIO/I0JII00HBBIE PBHIOH (JIOCOCEBBIE U
curosbie) B JieTHU nepuo (20 “C). MakcuMyM TeMIie-
paTypsl otMeueH 28.08.24 r., mocJie yero Ha6JII04a10Ch
ee cHkeHne U Bropoul noabeM 3.10.24 r. (Puc. 3).
CopepxaHue KHCJIOpOJia TMOBHIIAJIOCH MO Mepe CHU-
)keHUsA TeMmepaTypel. HauMeHblnell BapuaGesibHO-
CTBI0 XapaKTepu3oBaJiach KOHIleHTpaius B Bojie Ca,
Mg, POY, NH,, B, Ba, VOII, Na, K (Ta6bsiuua 2, Puc. 3),
Torga Kak 1A psaga TM — Cd, Ni, Pb, ormeueHs Hau-
OoJibllIvie U3MEeHEeHUs1 KOHI[eHTpalUu B XOJle 3KCIepu-
MeHnTa. Obmiee comepxanue Al, Fe u Mn umesno cxo-
KYI0 JUHAMUKY, JOCTUTHYB MaKCHUMaJIbHBIX 3HAaUeHUN
18.09.24 r. Habmomasoch CHUXeHHEe KOHI[eHTpaluu
Li, Mn u POY c 4.09.24 go koHIa 3KClepUMeHTa.

K 15 gHio skcniepuMeHTa pas3Jsioxuiocs 54% 6uo-
Macchl ypyTH, a 44-my AHio - 92,7% (Puc. 4.10). B xone
JKCIepMMeHTa cojiepkaHue OOJIBIIMHCTBA 3JIEMEHTOB
yBeJIMUYMBaJIoCch 0 Mepe cHiXeHusA 6romMaccsl (Puc. 4).
K xoH1y skcniepumenTa (25.10.24 r.) comepxaHue psfga
3JIeMeHTOB B 61ioMacce ypyTH YBeJIMUYNJIOCH B JIECATKU
pas: Al B 53,5 pa3sa, Fe-B 42 pa3a, Ti-B 76,2 pa3a, Ga-B
84,8 paza. HaGioanocsk BEICBOOOX/IeHNe, IO CpaBHe-
HUIO C HayaJIbHBIM coJepXaHheM, TaKuX 3JIeMEHTOB,
Kak B —Ha 67 %, Bi —Ha 100%, K — Ha 83 %, Na — Ha 96
%, Pb—na 78 %, P —Ha 85 %, S—Ha 95 %, C—Ha 37 %
(Tabmuna 3). ITo unpekcy akkymyssanuu (AI>1) 60b-
muHCTBO 3eMeHToB (Al, B, Ba, Be, Bi, Ca, Cd, Co, Cr,
Cu, Fe, Ga, Li, Mo, Ni, Se, Sr, Ti, V, Zn) HakaruBajoch
B Ouomacce B nepBble fBe Hefeau (Puc. 5). C 8-ro o
66-i1 IeHb OTMeYeHO BhICBOOOXIeHUe Sb. K 29-My [HIO
HabJuo1asiock BeicBoOoXAeHue Ba, Cd u Zn, x 44-my
JHIO — BeIcBOOOXIeHue As, Co, Cr, Cu, Mo, Ni, Se, Zn. B
X0Jle BCero sKcnepuMeHTa BeicBoOOXanuch In, K, Mg,
Mn, Na, P, Pb, S, TI, N u C.

BoasmmnHeTBOo 3emenToB (Al, As, Ba, Be, Cd,
Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Mo, Se, Ti, V,
Zn, N) B 6uomMacce ypyTH UMeJIU JOCTOBEPHO BBICOKYIO
(rs>0.5, p=0.05) KOppeJyIAINOHHYI0 CBA3b MO KpHUTe-
puio CnupmeHa (Puc. 6), 3a uckioueHreM napsl Mo —
K (rs=0.34, p>0.05). B, Bi, Ca, P, S, C, oTpuuiaTeysbHO
KOpPpeJIMpOBaJi C BhIIENepeurcJIeHHOU Ipynnoi aJe-
MEHTOB 1 00pa30BbIBAJIU JOCTOBEpPHbIE 3HAUYUMBIE KOP-
peJIALUOHHBIE CBA3U MeXAy CcOoO0OMH, 3a HCKJIIoUeHHeM
mapel Ca — C (rs=0.33, p>0.05). Pb, Sb, Sr He o6pa-
30BBIBAJIU 3HAUUMBIX KOPPEJIAIUIl ¢ JPYyTUMHU dJIeMeH-
tamu (Puc. 6). ComepxaHue 371eMEHTOB B OpraHOMU-
HepaJIbHOM B3BeCU, CMBITOH C IyCTOr0 MeIIKa B KOHIIe
SKCIIepUMEHTA, ipeJicTaByieHo B Tabsuile 4.

4. 06cy)xpeHue pe3yAbTaToB

OTMeueHHOe B X0/le SKcniepruMeHTa B AGaKkaHCKOM!
MPOTOKe IIpeBhIllIeHNe H,[[Kpm_xoz. mo obuieMy copep-
xkannio Al u Cu (Ta6smna 2) B Bojae HaGJII04AIOCh U
paHee Ha maHHOM yyacTtke (Anishchenko et al., 2023).
Ha ¢onoBom yuactke p. EHmcell, pacrnoyioxxeHHOM B
9 kM Bhinle T. KpacHosipcka (B 30 KM HIXe IJIOTUHBI
KpacHosipckoit I'DC) (Anishchenko et al., 2009) u Ha
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Ta6auna 3. CkopocTh BeicBo6oXAeHNs 3yieMeHTOB (ER,
%) B 66-TH NHEBHOM SKCIEpPHMEHTe [0 pa3JIoXeHUI0 Ouo-
maccel M. spicatum B AbGakaHckoil npotoke p.EHuceit (pac-
cuntaHo 1o ypaBHenuio (4) (Luo et al., 2022)).

DJjieMeHT ER, %
Al -5248
As -636

B 66,78
Ba -365
Be -2751
Bi 100
Ca -1
Cd -222
Co -523
Cr -644
Cu -1342
Fe -4158
Ga -8383
In -310
K 83
Li -1657
Mg -128
Mn -315
Mo -1947
Na 96
Ni -912
P 87
Pb 78

S 95
Sb -26
Se -738
Sr -96
Ti -7519
Tl -93
\Y -4163
Zn -363
N -40
C 37

IIpumeuanue: OTpuraTesbHble 3HAYEHUSA MOKA3BIBAIOT
06paTHBIN BEICBOOOXIEHNIO ITpollecC HAKOILJIEHUA.

yCJIOBHO (POHOBOM y4YacTKe, PacIOJIOXKeHHOM Iiepej
nmamb6oii (Anishchenko et al., 2023) 6sUT0 Takxe 3ape-
ructpupoBaHo npesbimenre [TJK B Boge o Al u Cu.
MaxkcuMasibHas KoHLIeHTpauus Mn u Li B BoJje Takxe
mpeBbIIaJio ycraHoBjeHHble [IJ][K B mepuop mnpose-
JleHUs sKcrnepuMeHTa. Ha uccrienyemMoMm yvacTtke B
MPOTOKY nocTymnamT Bofsl TOLl, KoTopble MOTYT OBITH
HWCTOYHUKOM Me[u, MOCTYMalolieil U3 MOYBhl, a TaKxe
BBI3BIBAIOT TeruioBoe 3arpssHeHue (Anishchenko et
al., 2023), o yeM CBUETEJIbCTBYET IPEBBIIIEHNE YCTa-
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Puc.3. /luHamuKka cofepXXaHus 3JIEMEHTOB U MOHOB (Mr/Ji), YAeJbHOH ayieKkTpornpoBogHocTy (MKCM/CM) U TeMIepaTypsl
(°C) B Bozie B AGakaHcCKoii mpoToke p. EHucelt B X0/ie 3KCIIepUMeHTa in situ. 37ech U ajiee TUIaHKY MOTPEIHOCTel Ha rpadukax

[TOKAa3BIBAIOT OLUIMOKY CPEeJHUX 3HAYEHU.
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9KcIlepuMeHTe B AGakaHCKOH npoToke p. EHucen.
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Puc.5. [lunamuka uHpaekca HakoruieHus (AI) ajieMeHTOB B pasJaramwlneiicas 6uomacce M. spicatum B SKCIepUMeHTe B

Abakanckon npoTtoke p. Ennceri.

HOBJIEHHBIX HOpM [1JK 111 X0JI0[0JIOGMBEIX PHIO B
netHuil nepuoj. Kak 6pUIo IOKa3zaHO, TeMIlepaTypa
Ha JJaHHOM YydYacTKe [POTOKU B CpeJHeM JOCTOBEPHO
mpeBhiiaia GoHoBoe 3HaveHue Ha 8,9 °C (Anishchenko
et al.,, 2023). INoBblmeHHasA KOHIIEHTpAIs HUTPUTOB
Ha JaHHOM y4YacTKe IIPOTOKU TaKXe OTMedeHa paHee
(Anishchenko et al., 2023), uTo MoOXeT OBITH CBSA3aHO
C JleATeJIbHOCThI0 PHIOOBOAYECKOro xo3siicrBa. Kakx
n3BectHO (Wright, 1995) aMMuak - 0CHOBHOM IPOJYKT
Metabonm3Ma aszoTa y pbIO, KOTODHIH, [OABEPrasch
HUTpudUKanuY, 1peobpasyloTcs HUTPUTH, a 3aTeM B
Hutpatsl (EPA, 2002).

B cyxoii 6uomacce ypyTH B Hauajie SKCIEpU-
MeHTa, Habmofasock 6ojiee BBICOKOE cojiepxaHue B
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(8 1,44 - 1,46 paza), Ca (8 1,12 -1,25 pasa), Mn (B
1,32 paza), Na (B 2 - 1,41 pasza), Pb (8 11,57 - 10,01
pasa), Sr (8 1,23 — 1,18 paza), yeM oTMedasioch paHee
B Myriophyllum sp. npuGpeXXHO! 30HBI JAHHON YacTHU
npotoku (Anishchenko et al., 2023), HO comepxxaHue
pAna sneMmeHTOB ObLTO HUXe: Cd B 2,58 — 2,88 pa3a,
Co-8B1,58-2,22 paza, Cr - B 1,68 — 2,48 paza, Cu—-B
1,58 — 1,86 pa3a, Li — B 2,62 — 2,69 pa3za, Ni — B 2,49 —
5,03 pasa, V- B 5,95 - 7,05 pa3za, Zn - B 1,05 - 1,925
pasa, Al u Fe Ha mOpAIOK.

CkopocTh pazjioxeHuss 6uoMacchl BOJHBIX pac-
TeHUM BuAocnenuduyHa, oHa BHIIE y MOrPYKeHHBIX,
yeM y IUJIABAIOUIMX Ha MOBEPXHOCTU U BO3AYIIHO-BO-
aHbBIX MakpoduTtos (Zhou et al., 2018). CkopocTs pas-
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Ta6suna 4. CofepxaHue 3J1eMeHTOB (MI/KI' CyXOro Beca) B ypyTH KoJiocucTol B Havase (16.08.24 r.) u B KOHIle 3KCIIepu-
MeHTa (25.10.24 r.), B cMBIBe ¢ ImycToro Memrka (25.10.24 r.) uz A6akaHckol npotoku p. EHucell, B JOHHBIX oTJI0XeHUsAX (JO)
p. EHuceii, Boite u Hike 1. KpacHosipcka (Anishchenko et al., 2010), B koMMepuecKUx KOpMax JjiAg pei0 (MUHUMAJIbHBIE U MaK-
crMaJibHble 3HaueHNs], COOCTBeHHbIe HeollyOJIMKOBaHHbIEe TaHHEIE).

DJjieMeHT YpyTs Ommubka YpyTs Ommubka CMBIB Ommubka | 1O p. EHucei Kopma
16.08.24 25.10.24 (MuH. - Makc.)
Al, r/xr 0,267 0,002 14,2901 1,490 14,950 0,442 35,3 - 26,7 0,034 0,333
As 0,977 0,007 7,187 0,773 5,614 0,391 H.J. 0,699 7,458
B 18,297 0,025 6,079 1,554 H.O. H.J. H.[1.
Ba 49,310 0,138 229,454 9,286 85,999 38,281 H.J. 2,197 | 5,562
Be 0,028 0,000 0,795 0,048 0,673 0,021 H.J. H.J.
Bi 0,140 0,021 H.O. H.O. H.1. H.O. 0,098
Car/kr 29,30 0,04 29,60 1,91 30,57 0,99 10,5 - 10,2 7,07 28,32
Cd 0,244 0,005 0,786 0,011 1,236 0,035 0,037 - 0,004 0,056 0,413
Co 1,36 0,01 8,47 0,56 9,15 0,21 8,7 -8,0 0,08 0,41
Cr 4,44 0,01 33,01 9,06 13,91 8,63 16,8 - 15,3 0,47 4,38
Cu 24,39 0,06 351,77 21,62 162,47 4,41 7,0 - 28,7 10,37 18,09
Fe, r/xr 0,37 0,002 15,80 2,08 18,10 0,66 19,9-17,9 0,21 0,70
Ga 0,140 0,008 11,835 1,120 10,251 0,333 H.[. 0,028 0,265
In 22,908 0,016 94,003 10,240 64,005 5,520 H.J. H.J.
K, r/xr 17,47 0,12 3,03 0,55 3,24 0,32 1,78 -1,34 5,57 11,22
Li 1,081 0,004 19,015 2,741 19,421 0,572 H.A. 0,398 1,085
Mg, r/kr 2,45 0,01 5,59 0,52 5,33 0,10 7,0 - 6,7 1,30 1,99
Mn r/Kr 0,74 0,01 3,09 0,16 2,11 0,11 0,43 - 0,33 0,03 0,07
Mo 0,572 0,002 11,708 7,015 0,498 0,079 H.A. 0,287 1,503
Na, r/kr 13,34 0,09 0,54 0,02 0,36 0,32 0,52 - 0,49 1,98 8,03
Ni 3,530 0,044 35,729 1,041 31,206 0,772 30 - 28,3 0,469 5,662
P, r/kr 2,86 0,04 0,36 0,05 1,69 0,08 H.A. 5,30 17,55
Pb 40,054 0,060 8,917 1,762 9,410 0,593 3,8-25,2 H.O. 0,413
S, r/kr 3,46 0,07 0,17 0,03 1,26 0,20 H.A. 4,75 7,19
Sb 0,202 0,015 0,255 0,014 H.O. H..I. H.O. 0,105
Se 0,481 0,035 4,034 0,276 2,381 0,156 H.A. 0,321 1,917
Sr 201,106 2,744 394,779 32,649 453,342 14,998 H.[. 11,472 70,175
Ti 6,536 0,003 498,008 41,629 597,297 42,440 H.J. H.J.
Tl 0,530 0,039 1,024 0,204 0,012 0,012 H.O. H.O.
\Y 0,802 0,003 34,202 1,252 32,577 1,480 H.O. 0,469 2,502
Zn 85,242 0,119 394,592 21,372 167,961 21,115 43 - 83,9 139,510 | 396,842
N, r/kr 23,39 0,002 32,85 0,003 27,13 0,003 H.O. 87 102
C, I/Kr 402,03 0,36 251,37 0,25 184,41 0,17 H.O. 477 497

IIpumeuanue: «H.n.» - JaHHbIE OTCYTCTBYIOT, «H.0.» - 3HAUE€HUs HIXe Ipejiesia oO0HapyXeHUs.

JoxeHusA 6uomaccsl M. spicatum B xo[e 3KCIIeprMeHTa
B AbGakaHCkol mpoToke BapbupoBasnachk oT 0,031 mo
0,059 r/cyT, cocTaBuB 3a Bech nepuoj (Ha 66-i1 JeHb)
0,037 r/cyrt. IlokazaHo (Carpenter and Adams, 1979),
YTO B 3BTPO(HOM 03epe CKOPOCTh PA3JIOXKEHUA CYyXOro
JeTpuTa, IOJlydeHHOro u3 Ownomaccel M. spicatum,
VMeeT JIMHEHHYI0 3aBUCUMOCTh OT Ha4aJIbHOTO COZep-
’KaHUsA a30Ta B pacTUTeJIbHON 6uomacce. IlosryuyeHHas
HaMM CKOpOCTb pasJioxkeHus 6uomaccel M. spicatum (B
repecyeTe Ha CyXOe BeI[eCcTBO) XOPOIIO COTJIacyeTcs C
pe3yJIbTaTOM, IOJIyYeHHBIM C IIOMOIIBI0 MOJeJIU, TIpe-

JioxeHHoM B pabote (Carpenter and Adams, 1979): k =
0.01192N + 0.00672, rae k- cpeaHsAs CKOPOCThb pas-
snoxeHus CPOM («coarse particulate organic matter»,
rpy6oro B3BelIEHHOTO OPraHMYECKOTO BeIecTBa), T.€.
cyxoro gerpura ypyTd, N — KMCXOOHOE cOJiepXaHue
azora B JeTpuTe ypyTu. JlaHHasA 3aBHCUMOCTh ObLIa
MoJIy4ueHa B JIJabOpaTOPHOM 3KCIEpUMEHTE U XOPOIIO
ONHMChIBajia pe3yJIbTaThl TOJIEBOTO JKCIIEPUMEHTA.
CKOpOCTb pa3jioKeHUss GOMAaCChl YPYTU KOJIOCUCTOM B
AGakaHCKOHM MPOTOKE, paCYMTAHHASA C MMOMOIIBI0 TaH-
HOT'0 ypaBHEHMs 3a BeCh MEPUO/I UCCJIEJOBaHUsA COCTa-
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Puc.6. MaTtpuna koppessanuii CiipMeHa Mex[Jy cofepkaHuheM 3JIeMEeHTOB B pasJararoleiica 6uomacce M. spicatum B
Abakanckoi npotoke p. EHuceil. CepsiM (HOHOM BBIIEJIEHEl JOCTOBepHBIe 3HaueHus: (p < 0.05).

Buia 0,035 r/cyT, yTO IpakTUYeCKH COBMAZAET CO 3Ha-
yeHHeM, NOJIyueHHBIM IpHU pacuere o dopmysie (2).
JlaHHOe ypaBHeHUe NPUMEHNMO [JIA pa3jioxeHus O6uo-
MAacChl YPyTH KOJIOCUCTOM mipu Temmepartype 22 +1°C,
KoTopas OJin3Ka K cpeJiHell TeMIiepaType, OTMeuyeHHOM!
HaMM B Xoje skcrnepumMenTta (21,6=+1,8°C). Kak moka-
3BIBAIOT MCCJIEJOBAHUsA, I[IOBBIIIEHHAsA JOCTYIIHOCThb
azora u ¢pocdopa MoxeT obecrneduTh OJIaronpuUATHLIE
yCJI0BUA AJA MUKPOOPraHM3MOB, pasJjiarammux Ouo-
Maccy, yCuiamBas TakuM 00pa3oM akTHBHOCTb U pas-
BUTHE UX COOOIIECTBa, YTO CIIOCOOCTBYET IMOBHIIIEHUIO
CKOPOCTH PAa3JIOKEHUsA pacTUTesibHON Gromacchl (Lan
et al., 2012; Zhou et al., 2018).

[To ncxoguomMmy cootHomenuo C/N u C/P MOXHO
[IPeJNOoJIOKUTh OyAyT JIM HaKaIlJIMBaTbCA WJIN BBICBO-
6oxmarecsa N u P: mpu C/N <20 u C/P <80 a3or u ¢oc-
dop, cooTBeTcTBEHHO, OYAYT BEICBOOOXAAThCA, ITpu C/
N>20 u C/P >80 yka3zaHHBIE 3JIeMEHTH OyJyT NUMMO-
6uusoBanbl (Zhou et al., 2018). B ypyTu KOJIOCHUCTOH
AbaxaHCKoOll IpPOTOKM B Hauajle skcnepuMmeHta C/N
cocraBmwio 17,2 (< 20), 4TO CBUIETEJIBCTBYET O BBIC-
BOOOXJIEHNU a30Ta U corjiacyercs ¢ nmporsosomM, a C/P
=140,6 (>80), ogHaKO MpU 3TOM TaKXe HAOJII01aJIOCh
BBICBOOOXeHNe ¢ochopa MO MHAEKCY aKKyMYJIAUNA
(Puc. 5).

Myriophyllum spicatum sBysieTcsi GMOAKKyMYyJIsi-
TopoMm B otHomeHuu TM (Ni, Mn, Cd, Fe, Zn, Cu, Pb
(Keskinkan et al., 2003; Galal and Shehatab, 2014).
Komnoct, mojiydyeHHBIHI IyTeM BBICYMIMBAaHUA OHO-
Macchl ypyTH KOJIOCHUCTOM, TaKXe MOXeT MCIO0JIb30-
BaTbcA [UIA duTOopeMequalUN BOIHBIX 3KOCHCTEM
npu 3arpsasHeHuun Bod Pb, Cu, Cd, Ni, Zn (Milojkovi’c
et al,, 2016). Kak cyieqyer 13 IMOJIyYeHHBIX JaHHBIX
no wHpekcy HakorieHus (AI) GOJBIIMHCTBO 3JI€MeEH-
TOB, BKJIIouass TM, HakamIMBaJIMCh B pas3Jiararoliencs
6uomacce ypytu (Puc. 5). IIoCTOSHHO aKKyMyJIHpoO-
Basuch Al, Be, Cu, Fe, Ga, Li, Mo, Ti u V, npu sToM
B KOHIIe 3KcIlepuMeHTa cofepxanue Al, Be, Fe, Ga,
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Li, V, As, Ca, Co, K, Mg, Mn, Na, Ni u Pb B 6uomacce
ypyTu OBUJIO OJIM3KMM K TaKOBOMY BO B3BeCH, CMBI-
TOU C MYCTOr'O CETYATOr0 MEINKA, YCTAHOBJIEHHOTO Ha
44-i1 eHb U CHATOIO IO 3aBeplLIeHHUI0 SKCIepruMeHTa
(Tabsuma 4). V3BeCcTHO, YTO BBICOKAA CTATHCTHUYECKU
JIOCTOBEPHAS CBSI3b MEX/Y COJIepXXaHNEeM 3JIEMEHTOB B
KOMITAPTMEHTAX BOJHBIX 3KOCHUCTEM CBHETEJIbCTBYET
06 obmeM ncrouHvke ux nocrymienus (Gladyshev et
al., 2001). B paasararorekicsi 6uoMacce ypyTH KOJIO-
CHUCTOUM OOJIBIIMHCTBO 3JIEMEHTOB HMMEJIM JOCTOBEPHO
BBICOKYIO KODpeJIAINMOHHYH cBA3b (Puc. 6), uro,
BEPOSITHO, CBUJETEJIBCTBYET O IMOCTYIUIEHUW HJAaHHBIX
3JIEMEHTOB U3 OpPraHOMHWHEpPAJIbHOM B3Becu. B Toxe
BpeMs PsJl DJIEMEHTOB, KOTOPble He HAKAIIUBAJIVICh B
6uomacce (AI<1), B, Bi, Ca, P, S, C 1oCcTOBEpHO KOp-
pespoBau Mexay coboii. B, Bi, Sb He Gbiin 06Ha-
pyXeHH B cocTaBe B3Becu (TaGiuma 4). Pb, Sb, Sr He
KOppeJMpoBajiv ¢ Apyrumu ajiemeHtamu (Puc. 6). Pb
BBICBOOOXJAJICSI HA MPOTSIKEHUN BCETO SKCIIEPUMEHTA
(Puc. 5), ero comepxaHue B CyXoil Guomacce CHU3U-
Jock Ha 78 % (Ta6smra 3). Sb HakarmmBaach TOJIBKO
Ha 3-U U 6-U [jeHb, a St aKKyMYJIUPOBAJICA 0 8-Tr0 JHSA
(Puc. 5). CoctaB u coaepxaHue OpraHOMHHepaJIbHOMI
B3BECH MOXET OIpeeAThCSA TAKUMU HCTOYHUKAMU,
Kak JIOHHBIE OTJIOXKEHUs, OTXOJBl PBIOOBOIYECKOTO
XO03AICTBa, BKJIIOYasg OCTAaTKU KOPMOB, a TaKXe CTOY-
HBIMU Bofamu, mocrtymnatomumu ¢ TOLl. B TaGnuie 4
MpeJICTaBJIEHH JJAHHBIE [0 COJEPXAHUI0 JJIEMEHTOB B
necuyaHo-rajieysslx 10 pexu Enuceli, He mojBepxeH-
HBIX BJIMSTHUIO PHIOHOTO XO35KMCTBA, U B KOMMEPUYECKUX
PHIOHBIX KopMax (coOcTBeHHble HeOomyOJIMKOBaHHEIE
naHHbIe). M3BecTHO, 4TO PHIOOBOUYECKHE XO3SAMCTBA
crocoOcTBy10T nocryminenuo C, N, P, cynpdpugos u TM
(As, Co, Cu, Mn u Zn) B 10 B Buje NpOAYKTOB MeTa-
6osm3Ma pBIO M HECheJeHHBIX KOPMOB, NPU 3TOM B
BOJIe TOBHIIIIEHHBIE KOHIIEHTPAI[UU 3JIEMEHTOB MOTYT
He obOHapyxuBaThcsa (Varol, 2019). Passararwrmascs
6uomMacca ypyTH MOTJIa HaKalIMBAaTh 3JIEMEHTHI KaK



AnuweHko O.B. u dp. / Limnology and Freshwater Biology 2025 (4): 1013-1038

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

B pactBopeHHOH ¢opme (Milojkovi’c et al.,, 2016),
Tak Y, BEPOATHO, ajcopOljuell opraHOMHUHepabHOU
B3Becu. CrelyeT OTMeTUTh, YTO B XOJ/ie IKCIIepUMeHTa
B U3BATHIX M3 BOJOTOKA MemIKax OBLIM OOHApPYXEHBI
JIMYMHKY XUPOHOMHUJ], U raMMapychl, KOTOpbIe BHIOU-
paJiich NUHIIETOM I ONpejiesieHUsl Beca OGroMacchl
Makpodura. [[A OLEeHKH KOJIMYECTBEHHOrO BKjana
YPYTH KOJIOCHCTOII BO BTOpPUYHOe 3arpsa3HeHue TM u
OUOreHHBIMU 3JIeMeHTaMH HeoOXoAuMa aJieKBaTHas
olleHKa 611OMAacCCHI € y4eTOM ILJIOI[A Y 3apacTaHus JaH-
HOTO ydYacTKa NPOTOKY, KOTOpas 3aljlaHHpoBaHa Ha
CTIeAyIOUMI 3Tamn uccjlefoBaHusa. HeobxoquMo Takxe
MpOBeCTU NpPeACTaBJIeHHBII B JaHHON paboTe 3KcIe-
PUMEHT Ha ydYacTKe, PacIOJIO)KEHHOM BHe 30HHI HeIo-
CPeICTBEHHOTO BJIMSHUSA PHIOOBOIYECKOrO XO3sHCTBA
JIJIs IPOBEPKU NOJIyUYeHHBIX pe3yJIbTaTOoB.

5. 3akniouenue

B xope 66-Tu AHEBHOrO 3KClIepHMeHTa in-situ B
YCJIOBUSIX aHTPONOTEHHOTo Bo3AelicTBus (priboBoue-
CKOro xX03AHcTBa U nocrynatomux sog TOL]) Ha akocu-
cremy AbGakaHckoil mpoToku p. EHucell naHa oreHka
CKOpOCTHU pazJioxeHusn 6uomaccel M. spicatum (0,037 r
cyx. OMOMacchl/CyT); BbIABJIEHbI 2JIEMEHTHI IOCTOSHHO
HakanBalomuecs (Al, Be, Cu, Fe, Ga, Li, Mo, Ti u V)
u BeicBoOoXxmaromuecs (In, K, Mg, Mn, Na, P, Pb, S,
Tl, N u C) npu pasjoxeHun 6roMaccs YpyTU KOJIO-
CUCTON. MOXHO BBIAEJIUTDH MTOJIOXKUTEJIBHYIO POJIb pas-
naraorielics 6uomaccel M. spicatum Kak HaKONUTEJIs
6osabmuHcTBa TM, criocobCTByOIEr0 UMMOOUIU3AINN
3arpasHANMX BellecTB. OJHAKO, ABJAACH HUCTOYHU-
KOM IIMIIM JJIA OpraHW3MOB 3000€HTOcCa, pasJiaramomia-
Acs buomMacca ypyTu cnoco6cTByeT nocryisieHuio TM B
NuUIeBble el U [lepefjlauyl Ha BHICHINN TpoduuecKuil
ypoBeHb, K 4YesioBeKy. Hapsaay c sTum BbICBOOOXAA-
fomuyecss 6UOreHbl — yrjepof, asoT U ¢ocdop, BKIIO-
4yalTCcA B KPYyroBOPOT, YTO MOXET CIOCOOCTBOBATb
MOBBINIEHNI0 TPOPHOCTU B NMpoToKe. TakuM o6pasoM,
IIpoBefleHHOe HCccjlefloBaHKe II0Ka3ajlo BepOATHOCTD
BTOPUYHOTO 3arpsA3HeHUA IIPU pa3JjoXeHuHu 6HoMacChl
M. spicatum.
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