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ABSTRACT. The article presents the long-term experimental data on spectral water transparency in the
surface layer of Lake Teletskoye (21 sampling stations) obtained in summer of 2017-2022. During the
study period, values of the light attenuation index calculated at the natural logarithmic base at four
wavelengths (430, 450, 550 and 670 nm) ranged within 0.2—4.0 m™!. The index of light absorption by
yellow substance varied from 0.1 to 3.2 m™. Relative transparency measured with the use of a white
Secchi disk made up 0.8-11.7 m at its average of 6.3 m. Over a 6-year study period, the content of chlo-
rophyll-a in the surface layer was 0.1-4.1 mg/m? that corresponded to the oligotrophic type of lakes.
The concentration of yellow substance in the lake, optically determined through measuring light absorp-
tion by yellow substance at a wavelength of A =450 nm, ranged from 0.9 to 15.0 g/m?>. Calculations
of the spectral contribution of the main optically active components of lake water to light attenuation
in the surface layer of Lake Teletskoye in various sampling sites indicated that yellow substance and
suspension had the greatest optical effect on the total attenuation. It is shown that the optic structure of
the study reservoir (dynamics of major primary hydro-optical properties) depends on spatial-temporal
variability of concentrations of different optically active components influenced by the in-water pro-
cesses closely related with those occurred in the lake catchment.
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1. Introduction errors (20% or more) and limitations in application

during a winter under-ice period. Being universal and

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

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

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

2. Material and methods

Object of study

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

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

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

Research methods

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

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

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

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

101 v. Kyga (pelagial)

103 nv. Kyga (littoral)

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

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

law
¢(2) :(%)m(m)} ™

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

The spectral dependence of light absorption by

YS was approximated by the exponential law

a,(A)~e"", @

where p — the coefficient of spectral variability, char-

acterizing the qualitative composition of dissolved

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

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

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

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

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

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

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

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

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

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

from the formula
a,,(1)]. ®

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

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

3. Results and discussion

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

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

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

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

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

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

3,6
3.4

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4. Conclusions

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

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

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

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

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

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

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

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

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

OTHOCUTEJIBHYI0 TMPO3PavyHOCTh MPUPOIHBIX BOJ pas-
HOro Tuna (OKeaHOB, MOP€H, 03€p, BOAOXPAHWJIHII, PeK
U Ip.) OIpeJIe/IAI0T MOJIyUHCTPYMEHTAJIBHBIM METOI0M
— M0 IIpeJieJIbHOM TJIyOMHe BUANMOCTU 6esloro CTaH-
naptHoro aucka CeKKu B BOAHOH TOJIIE, O MOJIHOTO
ero WMCYe3HOBEeHUs M3 BUAY (M3MepsieTcsi B MeTpax).
Hanpumep, mpo3pavyHoCTh BOJBI 03epa baiikay sBjis-
eTCsl OJJHOUW M3 CaMBIX BBICOKMX CPeIu IPECHOBOIHBIX
BOJIOEMOB, TaK KaK COJIEPXUT MaJi0 PACTBOPEHHBIX U
B3BEIIEHHBIX BEHIeCTB U OJIM3KA K MPO3PAavyHOCTHU BOJ

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: akulova8282@mail.ru (O.B. AkysioBa)

INocmynuwna: 03 utonsa 2024; Ilpunama: 17 ceHntsabpsa 2024;
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610JIOrOB B CUJIy CBOEH IIPOCTOTHI U NPaKTUYHOCTH,
BCE-TaKMU CUYMTAeTCs CyObeKTUBHBIM U o6OJjiafiaeT 3Ha-
YUTEeJIbHON IOrpelHOCThI0 u3Mepenuit (20% u 6osiee)
U CyIIeCTBEHHBIM OTpaHWYE€HNEM €ro MCIOJIb30BaHUA
B 3UMHUX MOJJIENHBIX yCJIOBUAX. A BOT HCIIOJIb30Ba-
HMe dJIEKTPOHHBIX CIIEKTPOGOTOMETPHUUECKUX METO0B
U 1npubopoB (cnekTpooToMeTpoB, TypOUAUMETPOB,
[IPO3pavyHOMEPOB U Ap.), KOTOpHle MO3BOJIAIOT OIpe-
JIeJINTh CIEeKTPaIbHYI0 IIPO3pavyHOCTh BOABI Ha JII0OOM
rJlyOuHe Kak JHEM, TaK Y HOYbIO, a Pe3yJibTaThl 3alu-
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caTh Ha CaMOMUIIYMINX Npubopax, ABJIAIOTCA MPAKTU-
YyecKU YHUBepCaJIbHbIMU, a IJIaBHOe — O00Jiee TOUHBIMU.

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

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

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

2. MaTepuanbl U MEeTOADI

0O6bekm uccT1e008aHuA

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

Memoobl ucciedosaHus

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

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

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

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

, (1)

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

6 8
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0
HH

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

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

023 M. BakTpl (menaruanin)

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

037 p. Kamra (menarnans)

038 p. Kamra (siuropans)

040 1. Slimro (Tenarnains)

045 M. AKXy (Tenaruans)

101 p. Kerra (menaruais)

103 p- Keira (;turopais)

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

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

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

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

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

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

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

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

OTHOCUTEJIbHBIN CIeKTpaJbHBIN BKJIAZ OCHOB-
HBIX ONITUYECKN aKTUBHBIX KOMIIOHEHTOB O36PHOM BOJIbI
(B3Becu, XKENTOTO BellecTBa, XJIOpoduLIa-a U YUCTOU
BOJIbI) B C(A) B TOBEPXHOCTHOM CJIOE HCCJIEyEMOTO
BOAOEMA pacCUMTaJIM C UCIOJIb30BaHMEM MOAUbUIU-
POBaAHHOU MOJIy3IMIIUPUYECKON MoJeIu ocjabJieHus
cBeta (AkysoBa, 2015), koTopas BHepBbie MpeJIOKeHa
0O.B. Konenepuuem (Komnesnesuu, 1983) u umeer Bujg
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c(A)=ag, (2)+a,(2)+b,, (A)+b,(1)+a,,, @
rae a,,(A) u a, CIIeKTpaJIbHbIe TOKa3aTesu
TIOTJIO[eHUA XJIOPODUIIIOM-a U KEJITHIM BeI[eCTBOM,
COOTBETCTBEHHO, bmol()\,) — CIIeKTpaJIbHBIM TOKa3aTeJib
MOJIEKYJIAPHOTO paccesHus YUCTOM BOOOH, b (A) -
CTEeKTPAJIBHBIN [I0Ka3aTesb PacCeAHHsA B3BeCho, d, (A)
— CHEeKTpaJIbHBIM IOKa3aTejb I[OTJIOMIEHUA YKCTOU
BoZoH. Kak BUHO U3 JaHHOTO BHIPAXXEHUS CHEKTPAIb-
Hoe ocjiabJieHre CBeTa ONMCAHO C IOMOIIBI0 TPéxmapa-
MeTpuYecKkoi Mozenu. Tak Kak B 3KCIIepUMeHTe oIlpe-
JIeJTAJIV TTapaMeTp ays(?\,), TO CIIEKTPAJIbHBIN MIOKA3aTeJTh
paccesaHus B3BeCh0 b (A) MOXHO HalTH 1o Gpopmyie
b (A)=c(2)-[ag, (A)+a, (1)+b,,(A)+a,,(2)]. &)
Tpoduueckuii cTaTyc OLEHUJIA C IPUMeHeHUeM
Tpodudeckoro uHaekca Kapscona TSI (Trophic State
Index) (Carlson, 1977) u MexayHapoaHO# Tpodude-
cko kytaccudukanuy Bogoémos (Environment Canada,
2004). Takxe HUCIOJIb30BATIN 3HAUEHUS CIIEKTPAIbHOTO
nokasatens ocjabieHusa csera c(A), re oJUroTpod-
HOMY THUILy BOOOEMOB OyJeT COOTBETCTBOBATh AUara-
30H 3HaveHuit c(A) ot 0 7o 2 M, Mme3oTpodHOMY — OT
2 o 3 M}, 3BTpodHOMY — OT 3 A0 23 M}, rUnepIBTPO-
dHOMY — OT 23 M™! U Gosiee (CyTopuxuH u 1ip., 2017).

3. Pe3yAabTathbl M 06Ccy)xpeHue

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

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

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

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

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

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

HBIX TOuKax TesenKoro o3epa

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

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

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

48

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

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

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

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

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

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

2022 r. Hanbosbmwmil Bkiaag XXB mpu A =430 HM
IPUXOJUTCS Ha IejlarkajibHyl0 4YacTb pek Kamra u
Catimeii, rie oH coctapsiet 90,0%. [Ipu aviHe BOJIHBL
550 uMm Bkiag KB Bapeupyer B npepenax oT 33,3%
(nemaruanpHass vacte p. Kamra) mo 88,8% (menaru-
asibHaA 4dacTh n. Aimo). B3Bech HaéT MaKCHMaJIbHBIA
BKJIA]T B TIOKa3aTeJib 0cJabseHus cBeTa mpu A =430 HM
B Touke 014 (nmenaruasibHas 4acThb p. UyJIomn:) v cocTaBs-
nset 40,3%. Bkiiag BB Bo3pacraet 1o 46,1% (Touka 002
— meJjlarvajbHas 4acth p. UyJibimMad) npu A =550 HM.
Yucras Boga BHOCUT HeCyIleCTBeHHBIN BKJIaJ B ocJia-
GneHue cBeta pu A =430 HM U cOCTaBJIAeT He Gosee
0,1%, HO pe3ko yBeauuuBaeTcs mpu A.=550 HM — 10
28,2%. Briag xnopodwia mpu A=430 HM Haxo-
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auics B quanasose ot 3,2 go 29,3%, mpu A =550 HM
- ot 0,8% mo 10,5%. MoJiekyisapHOe paccesHUe CBeTa
YHCTOH BOJIOU B HCCJIEAYEMOM CIIeKTpaJbHOM HUHTep-
BaJie He BHOCUT OIyTHMBII BKJIaJl U COCTaBJIsIeT OKOJIO
0,1%.

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

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

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

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

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

4. 3aknioueHue

Takum obpas3oM, 3a @epuof HccIeAoBaHUsA
2017-2022 rr. Tenenkoro o3epa 6v711 cOOpaHBI HOBBIE
HaTypHBle [AaHHble 10 IPOCTPAHCTBEHHO-BpPeMEeHHOM
W3MEeHYMBOCTH CIIEeKTPaJIbHOrO IoKasaTtessd ocjabie-
HUA CBeTa, CIEKTPaJIbHOIO IOKa3aTesiA IOTJIOMIeHUA
cBeTa JXKEJITHIM BellecTBOM, OTHOCHUTEJIbHOIN Ipo3pad-
HocTH 1o OesioMy Aucky CeKKH, KOHI[eHTpaluH XJIO-
pOodUILIIOB U XKEITOro BellecTBa U1 Pa3IM4HBIX TOYEeK
oT6opa npob. [IpuMeHeHa MoaudUIIpOBaHHAA MOJTY-
SMIIMpHUYecKas MoJiesib AJi ONMCaHUA CIeKTPabHOTo
BKJIaJla OCHOBHBIX ONTUYECKH aKTHUBHBIX KOMIIOHEHTOB
IIPUPOAHON BOABI B CIIeKTpaJIbHBIM MOKa3aTesb OcJia-
6j1eHusa cBeTa, yuWTHIBaIOIlasA NOIJIOIIeHre cBeTa Tep-
pUreHHBIMU ¥ OMOreHHBIMU YacTuliaMu. MecsenoBanus
Tesnenkoro o3epa JieTOM NOKa3ajlyd OTCYTCTBUE 3HAYM-
TeJIbHBIX M3MEeHeHUI B MHOT'0JIeTHel JUHaMUKe THAPO-
ONTHUYECKUX XapaKTepUCTUK, YTO CBUJETEJIbCTBYET O
COXpaHEHUHU OJIMIOTPOMHOCTH SKOCHUCTEMBI M BBICO-
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KOr'o KauecTBa BOJbI TeJIeIKoro o3epa B YCJIOBUAX yBe-
JINYEHUS XO3ANCTBEHHOM eATEeJbHOCTH Ha BOLOEME
U ero BomocbopHoM GacceiiHe. J[aHHBIE Pe3yJIbTaThI
MIOJITBEPXKJA0T BO3MOXHOCTh HKCIIOJIb30BAaHUA THUPO-
ONTUYECKUX XapaKTEPUCTUK MPU MCCJIeJOBAHUM KPYII-
HBIX 03€p, BOOOXPAHWIHII U peK [JiA HabJoaeHus 3a
HEOQHOPOAHOCTHI0O YPOBHS 3arps3HeHUs] BOMbI, Kaye-
CTBEHHOUN OIIeHKU COfepXaHusA B3BelleHHhIX U pac-
TBOPEHHBIX BEIEeCTB U, CJIe0BATEJIbHO, OJI KOHTPOJISA
5KOJIOTMYECKOI'0 COCTOSTHUS BOJ] Pa3/IMYHOrO THIIA.
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