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ABSTRACT. Recent research suggests that climate change is contributing to rising solute concentrations in streams. This
study focuses on assessing the concentrations of major elements, nutrients, and dissolved organic carbon (DOC), and their
release through the bog-river system in the taiga zone of Western Siberia. The research was carried out in the northeastern
part of the Great Vasyugan Mire (GVM), the largest mire system that impacts the quality of river water in the Ob River basin. By
using PCA and cluster analysis, we examined the long-term dynamics of the chemical composition of headwater streams of
the GVM affected by drainage and wildfires. Our data from 2015-2022 revealed that the concentrations of Ca?*, Mg”*, K*, Na*,
and HCO, in stream water from the drained area of the GVM were, on average, 1.3 times lower than those at the pristine site.
Conversely, the concentrations of NH*, Fe ., Cl, 5042’, NO-, DOC, and COD were higher, indicating the influence of forestry
drainage and the pyrogenic factor. Our findings also demonstrated that the GVM significantly impacts the water chemical
composition of small rivers. We observed a close correlation in the concentrations of K*, Na*, Cl, Fe,., NH*, HCO,, and COD
between the GVM and the Gavrilovka River waters. PCA analysis revealed that air temperature influences the concentrations
of Ca?*, Mg”, NH,* NO,, HCO_, Fe _ , and DOC in the studied streams, with an inverse correlation with river discharge. The
removal of major elements, nutrients, and DOC from the drained area of the GVM was most pronounced in April, being twice
as high as in the pristine area. However, the total export from the drainage area of the Gavrilovka in April-September 2022
was 1.3 times lower than in the pristine area, amounting to 8487 kg/km?, with DOC removal at 42%.
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INTRODUCTION precipitation with changes in its patterns, i.e. an increase
in extremely heavy rainfall during summer and autumn
Western Siberiais a large peatland-dominated region in (Kharyutkina et al. 2019).
the northern hemisphere (Neishtadt 1971; Liss et al. 2001). The rise in air temperature, atmospheric precipitation,
Peatlands occupy vast areas on terraces and interfluves,  and the prevalence of wildfires can enhance the
playing an important role in the region’s temperature and ~ mobilization of mineral and organic substances from
water balance. These peatlands also influence the water  peatlands and accelerate their transport into surface
quality of the Ob River and its tributaries, thereby affecting waters and the Arctic Ocean (Frey 2005; Pokrovsky et al.
the overall flow of mineral and organic substances into  2015). Studies of river water chemistry in Western Siberia
the Arctic Ocean (Kirpotin et al. 2009; Evseeva et al. 2012;  across climatic gradients (Krickov et al. 2019) revealed that
Berezin et al. 2014; Pokrovsky et al. 2015; Terentiev et al. ~ under conditions of climate change, the greatest increase
2016; Savichev et al. 2016; Krickov et al. 2019; Dyukarev et al. in dissolved organic carbon (DOC) occurs in streams with a
2019). Siberia experiences the highest rate of temperature catchment area of less than 1,000 km?, particularly during
change in the surface layers of the atmosphere (1.39°C/100  summer and autumn.
years), surpassing the average rate for Northern Eurasia Temperature rise contributes to more frequent wildfires
and Northern Asia, the Arctic, and the entire northern in Siberia and other regions (Kharuk et al. 2021; Nelson et al.
hemisphere (Groisman et al. 2013). According to (Third  2021), often associated with dry conditions in the summer
Assessment Report of Roshydromet 2022), Western Siberia period. Drained peatlands are particularly vulnerable to
has seen a positive trend in average annual air temperature, climate change and wildfires, as lower water table levels
with an increase of +0.42 °C/decade between 1976 and make them prone to burning, negatively impacting water
2020. The region also experiences a growth in atmospheric ~ quality. Various peatland use practices, such as forestry,
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agriculture, peat extraction, and peat fires, as well as
their impact on water pollution, have been extensively
studied (Nieminen et al. 2017; Marttila et al. 2018; Sulwinski
et al. 2020, etc). Peatlands drainage and fires lead to
increased erosion, water pollution, eutrophication, and
brownification, especially in headwater catchments
(Broder, Biester 2017; Marttila et al. 2018; Ackley et al. 2021;
Finér et al. 2021; Nieminen et al. 2020, 2021). Although
water chemistry and substance removal from the medium-
size river basins in the Middle Ob basin have been well-
studied (Savichev 2007; Dubrovskaya and Brezhneva 2010;
Savichev etal. 2016; Savichev et al. 2018), and some data on
peatland-dominated streams are summarized in (Peatlands
of Western Siberia 1976), there is a lack of detailed data on
the effect of drainage and the pyrogenic factor on stream
water chemistry in Western Siberia. Therefore, this study
aims to assess the concentrations of major elements,
nutrients, and DOC, as well as their release through the
bog-river system in the taiga zone of Western Siberia.

MATERIALS AND METHODS

The study was carried out within the Gavrilovka River
basin, a left-bank tributary of the lksa River in the Middle
Ob River basin (Fig. 1). Covering an area of 81 km?, the
Gavrilovka River basin is located in the drained area of
the northeastern part of the Great Vasyugan Mire (GVM).
The drainage network covers 39 km?, while the peatlands
account for approximately 75 km? or 93% of the catchment
area. The bog was drained in the 1980s through a network
of open ditches spaced 160-180 m apart (Maloletko et al.
2018). Currently, due to ditch overgrowth, self-restoration
has been observed (Sinyutkina 2021). In 2016, a fire burned
an area of 3.10 km? in the Gavrilovka River basin, with a
burnt layer thickness of 5-15 cm (Sinyutkina et al. 2020). A
similar pristine area of the GVM, located 3 km to the north
within the 76 km? catchment area of the Klyuch River, a
right-bank tributary of the Bakchar River, was selected as a
background area. Peatlands in the Klyuch River basin cover
around 60 km? or approximately 79% of the catchment
area. The study area is characterized by poor infrastructure
development, with the primary sources of pollution
(industry, thermal power plants, etc.) located 200 km away.

River water sampling was conducted monthly from
March to September between 2015 and 2022. In 2022,
to assess spatial variation in water chemistry within the
drained part of the GVM, simultaneous sampling was carried
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out at 6 key sites in the Gavrilovka River basin: pine dwarf-
shrub Sphagnum, sedge Sphagnum communities, and the
hummock-hollow complex. In the background watershed
of the Klyuch River (a pristine part of the GVM), sampling
was carried out in similar plant communities (Table 1). We
measured water temperature, pH, O,, and CO, immediately
after sampling. Samples were preserved to determine
Fe . NO, and NH*,. Dissolved O, was measured using a HI
9146-04 HANNA Instruments (Germany), pH was measured
using a pH-200 field device from HM Digital (South Korea),
and redox potential (Eh) was determined using ORP-200
from HM Digital (South Korea). The electrical conductivity
(EC) was measured using a HI 8733 from HANNA
Instruments (Germany) (Table 2). Dissolved carbon dioxide
was measured by titrating samples with NaOH solution
in the presence of Rochelle salt and the phenolphthalein
indicator (FR.1.31.2005.01580).

The chemical analysis of water samples was carried out
atthe analytical laboratory of the Siberian Research Institute
of Agriculture and Peat. Prior to analysis, water samples
were filtered through a paper filter with a pore diameter
of 1.0-2.5 um. The concentrations of Ca**, Mg**, HCO,, and
CI were determined using the titrimetric method, while
Fetotal, NO-,, NH*,, and SO,” were analyzed using the
spectrophotometric method (Specol-1300, Analytik Jena
AG, Germany). The concentrations of K* and Na* ions were
determined using flame photometry (PFA-378, Russia).
Chemical oxygen demand (COD) was estimated with
potassium dichromate, and DOC was determined using
the Tyurin method with potassium dichromate, along with
photometric termination according to (STP 0493925-008-
93) (Table 3).Total dissolved solids (TDS) were estimated by
summing the concentrations of ions.

Statistical analysis of the chemical composition of
water was performed using principal component analysis
(PCA) and cluster analysis in Statistica 10. The chemical
composition of water was analyzed using a cluster
analysis with the classification of water samples based on
homogeneity within classes (hierarchical method). The
cluster analysis was carried out using the calculation of the
Euclidean distance and the Ward method. Factor analysis
was carried out using the principal component method
(PCA), which is based on the calculation of vectors and
eigenvalues of the covariance matrix of the initial data,
along with the construction of a scree plot to determine
the leading factors and the assessment of the factor
loading matrix.
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Fig. 1. Study area with sampling points in the Gavrilovka and Klyuch River basins
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Table 1. Location, vegetation type, and water table level in the key sites of the Great Vasyugan
Mire in March-September 2022

Ne Vegetation type Coordinates Catchment Land use type Water table level, cm
: N56°53'25,8" : : )
1 Pine dwarf-shrub Sphagnum (RG) £82°40'50.5" Gavrilovka Forestry drainage 13
) N56°53'57,10» ) )
2 Pine dwarf-shrub Sphagnum (RG2) £82°41105,95» Gavrilovka Forestry drainage -41
3 | Pine dwarf-shrub Sphagnum (RG3) N|;5862§j1 31297 Gavrilovka Forestry drainage -18
) N56°53'18,6" ) :
4 Pine dwarf-shrub Sphagnum (PG2) o . Gavrilovka Forestry drainage and fire event area -27
£82°40'36,7
N56°52'23,6, . ) .
5 Sedge Sphagnum lagg (TG) £82°41'30.1" Gavrilovka Forestry drainage 10
N56°53'18,8" . .
6 Hummock-hollow complex (D2) E82°3948.6" Gavrilovka Forestry drainage -29
. N56°58'24, 3", )
7 Pine dwarf-shrub Sphagnum (P3) £82°36'41 2" Klyuch Forestry drainage -13
N56°58'17, 3" )
8 Sedge Sphagnum lagg (P5) E82°37°04,5" Klyuch Forestry drainage -10
N56°58'22,1» )
9 Hummock-hollow complex (D1) £82°3722.4 Klyuch Forestry drainage -8
Table 2. Instrument accuracy
Ne Component Instrument Accuracy
1 0, HANNA 9146-04, Germany +5%
2 pH/T PH200, HM Digital, South Korea +0.1 °C +0.02pH
3 Eh ORP200 HM Digital, South Korea +2MB
4 EC HANNA HI 8733, Germany +1%

Waterlevelsin Klyuchand Gavrilovka headwater streams
were measured using Micro-Diver loggers (Eijkelkamp,
Netherlands) every hour throughout the year. Discharge
measurements were made using an acoustic current meter
OTT Hydromet (Germany) at gauging stations set up at the
Klyuch and Gavrilovka rivers, with measurements carried
out every 5-10 days during typical water content periods
in 2015-2022. The release of major elements, nutrients,
and DOC was calculated in 2022 as the product of the
total volume of river runoff and the concentrations of
components in the Klyuch and Gavrilovka rivers obtained
from the results of laboratory analysis of river water samples.
On average, during spring flood and summer-autumn low
water in 2022 (April-September), water flow was 0.35 m3/s
in the Klyuch River, and 0.24 m3/s in the Gavrilovka River.

The average annual air temperature for the study
period was 1.04 °C. Among the 8 years, 2015 and 2020 were
the warmest, with average annual air temperatures of 2.05
and 3.03 °C, respectively (Table 4), marking the absolute
maximum for the observation period from 1970 to 2022 at
the Bakchar weather station. Throughout the study period,
the annual precipitation averaged 537 mm, with decreases
to 431-486 mm observed in 2016, 2019, and 2020. In 2018,
the annual precipitation reached 677 mm, the highest
value for a long period.
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RESULTS AND DISCUSSION

Stream water chemistry

The pH values and concentrations of Ca’", Mg?*, K-,
Na*, and HCO, in the waters of the Gavrilovka River, were
1.3 times lower than in the Klyuch River, which drains
the pristine area of the GVM. Conversely, the waters of
the Gavrilovka River exhibited high concentrations of
NH*, Fe . cl, SO42’, and NO,, as well as DOC, COD, and
CO, were revealed as indicators of forestry drainage.
The increased concentrations of major elements in the
Klyuch River are probably determined by the smaller
peatland-dominated area (about 77%) and the removal of
substances from the catchment area occupied by mineral
soils or ion-rich groundwater supply. Similar findings were
made by (Tokareva et al. 2022), whose research in the
Yenisei River basin demonstrated that streams draining
basins with a higher number of pristine ombrotrophic
bogs (atmosphere-fed bogs) receive more atmospheric
precipitation and have ion-poor runoff.

Analysis of the data revealed that, similar to previous
studies (Kharanzhevskaya 2022a, b), the chemistry of
river waters in the drained and pristine areas of the GVM
may be similar in certain periods. Studies conducted in
drained raised bogs in Canada also showed a slight effect
of drainage on mire water chemistry. The differences in the
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Table 3. Analytical methods

Ne Component Method Standart Accuracy,%

1 Ca%*, Mg? Titrometry PNDF 14.1:2.98-97 +15

2 K* Flame photometry (PFA-378, Russia) +12

PNDF 14.1:2:4.138-98

3 Na* Flame photometry (PFA-378, Russia) +17

4 5O,” Spectrophotometry (Specol-1300, Analytik Jena, Germany) PNDF 14.1:2.159-2000 +20

5 cr Titrometry PNDF 14.1:2:4.111-97 +12

6 NH*, Spectrophotometry (Specol-1300, Analytik Jena, Germany) PNDF 14.1:2.1-95 +10

7 Fe Spectrophotometry (Specol-1300, Analytik Jena, Germany) PNDF 14.1:2:4.50-96 +15

8 HCO,. Titrometry PNDF 14.2.99-97 +25

9 NO, Spectrophotometry (Specol-1300, Analytik Jena, Germany) PNDF 14.1:2:4.4-95 +10

10 DOC Spectrophotometry (Specol-1500, Analytik Jena, Germany) STP 0493925-008-93 +10

1 CcOoD Titrometry (Lurie, 1973) +10

12 Co, Titrometry FR.1.31.2005.01580 +10

Table 4. Hydrometeorological conditions according to the weather station near Bakchar village

Year Annual precipitation, mm Precipitation in April-September, mm Average annual air temperature, °C Sum
2015 616 382 2.05 T>10°C
2016 486 347 0.72
2017 566 419 1.30 1972
2018 677 495 -0.80 2162
2019 431 284 0.88 1891
2020 477 293 3.03 1781
2021 497 311 0.29 1860
2022 545 376 0.86 2136

Source: (http://meteo.ru/)

water chemistry between pristine and drained peatlands
are influenced by the rate of decomposition of organic
residues and biogeochemical processes in the region,
which are largely dependent on the average annual air
temperature (Harris et al. 2020).

Comparison of long-term data on Gavrilovka and
Klyuch river waters using the nonparametric Mann-
Whitney test revealed significant differences in the pH
value (Z=-2.94, p=0.003), as well as in the concentrations
of K* (Z=-2.26, p=0.024), Mg** (Z=-2.21, p=0.027), Fe_
(=263, p=0.009), NH*, (Z=2.31, p=0.021), NO, (Z=2.52,
p=0.012), HCO, (Z=-2.31,p=0.021), COD (Z=2.10, p=0.036),
CO, (Z=2.10, p=0.036), and DOC (Z=3.05, p=0.002). These
findings partially align with the results obtained in 62
small peatland-dominated watersheds in Finland (Marttila
et al. 2018), which indicated increased concentrations,
particularly of nitrogen and phosphorus, in headwater
streams where peat extraction and peatland forestry
were the main types of land use. While DOC, COD, and Fe
concentrations in stream waters in Finland were at similar
levels with near pristine sites, those sites exhibited lower
pH levels in comparison to areas affected by peatland
drainage (Marttila et al. 2018). However, our studies showed
higher DOC content and concentrations of NO', and NH*,
in stream water of the GVM compared to data from Finland.
On the contrary, the stream water pH in the drained part

of the GVM was lower, which is determined by higher
concentrations of DOC resulting from the decomposition
of peat layers due to intensive drainage. Studies conducted
in the Yenisei River basin (Tokareva et al. 2022) also showed
lower pH values and elevated concentrations of NH*, in
stream water chemistry due to the input of highly acidic
organic-rich solutes from a pristine peatland area within
the basin and specific biogeochemical processes occurring
directly in the stream channel.

Our data showed that differences in water chemistry
between the Klyuch and Gavrilovka rivers varied from
year to year, with no significant differences found in 2021.
Differences were observed in the content of Fe _ _ (Z=2.56,
p=0.011) in 2015, and of K* (Z=-2.04, p=0.041) and CO,
(Z=2.87, p= 0.004) in 2016. In 2017 and 2018, there were
differences in the content of NO , (Z=2.30, p=0.021), and
also COD (Z=2.87, p=0.004) in 2018. In 2019, there were
significant differences in SO,* (Z=2.17, p=0.030) and DOC
(Z=2.68, p=0.007). In 2020, significant differences were
observed only in the pH value (Z=-2.30, p=0.021). Finally, in
2022 differences were found in the concentrations of DOC
(Z=2.24, p<0.05), NO, (Z=-2.68, p<0.05), and CI" (Z=-2.81,
p<0.05).

Cluster analysis showed that all the samples taken in
the Klyuch River, except the ones from 2019 and 2022, and
the samples taken in the Gavrilovka River in 2017, 2020,
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and 2021 belonged to the first cluster. The water samples
taken in 2017 and 2021 stood out as a separate subcluster,
as an indicator of the pyrogenic factor and the temperature
regime. The second cluster included samples taken in 2015,
2016, 2018, 2019, and 2022. The first subcluster included
the samples taken in the Gavrilovka River during high water
in 2018 and low water in 2019, as well as in 2016 and 2022.
The second subcluster included the water samples from
the Gavrilovka River taken in 2015, as well as the samples
from the Klyuch River taken in 2019 and 2022. Thus, under
drought conditions, an increase in major element content
was observed in the Gavrilovka River, and, as a result, water
chemistry became comparable to the Klyuch River (Fig. 2).

Seasonal dynamics in stream water chemistry is
characterized by an increase in pH, K*, Na*, Ca*, Mg*",
NH,*, Fe ., CI, and HCO, in March after the winter low
water period, by 1.3-3 times. In winter, an increase in total
dissolved solids is observed due to the displacement of
ions during the formation of the ice cover on the river. The
second maximum of ion content is achieved during the
flood period (SO,”, NO,, DOC, NH,*, CI) and at the end of
the summer-autumn low water period (K*, Na*, Ca**, Mg?*,
HCO,).

Differences are also observed in the long-term dynamics
of river water chemistry. Our studies have shown that in the
Gavrilovka River, it is determined by hydrometeorological
conditions, forestry drainage, and the pyrogenic factor. The
pH value of the Gavrilovka River waters was highest in 2016-
2017 and 2022 (pH=6.53), with a decrease to the minimum
values (pH=6.07) in the high-water year 2018 due to water
supply from the GVM with high DOC content. In 2015, there
was an increase in pH (6.93) in the Klyuch River due to high
air temperature, while the minimum pH value (6.41) was
observed in the dry year 2019. The Klyuch River catchment
differs from the Gavrilovka River by a larger proportion of
peatland area and regular groundwater discharge, factors
contributing to higher content of main ions and pH in the
Klyuch River.

Our data demonstrated that in 2017, following the fire,
the waters of the Gavrilovka River showed an increase in the
concentrations of K*, Na*, Ca*, Mg*, Fe__, CI, SO,*, NO-,,
and HCO,, consistent with the results obtained for the GVM
(Kharanzhevskaya and Sinyutkina 2021). In the high-water
year 2018, there was a sharp decrease in concentrations
of these elements due to dilution by atmospheric
precipitation. Subsequent years saw an increase in the
content of Ca**, Cl, NO,, and HCO, in 1.2-3 times in the
Gavrilovka River, attributed to increased air temperatures

in 2020 and further degradation of the pyrogenic layer.
Studies (Lydersen et al. 2014; Rust et al. 2018; Stirling et al.
2019; Wu et al. 2022) showed that after a fire, there is an
increase in pH and the concentrations of the main cations
(Ca**, Mg™, Na*, K*), anions of strong acids (SO,”~, CI7, NO,"),
ammonium ions, total nitrogen, phosphorus, and DOC. The
greatest changes occur within three years after the fire, but
the influence of the pyrogenic factor can persist for about
12 years (Sulwinski et al. 2020).

The water chemistry of the Klyuch River, draining
the pristine part of the GVM, is mainly influenced by
changing climatic conditions. As a result, in 2020, which
was characterized by an absolute maximum of the average
annual temperature, the Klyuch River waters showed
increased concentrations of Ca*", Mg™", K*, Na*, HCO,, and
NO, exceptforFe  ,NH*,SO,”,and Cl.Inthedryyear2019,
the content of Ca**, Mg*", K*, SO,*, Cl-, and HCO, decreased
due to the decomposition of organic matter in the active
layer above the water table level. Its dissolution in water
occurs when the water table level rises during precipitation
events. Peatland drainage leads to increased leaching of
nutrients over time because of the decomposition and
degradation of peat deposits (Nieminen et al. 2017).

On the contrary, our studies have shown that, as a result
of ditches’ overgrowth, the river water chemistry of the
drained area of the GVM becomes closer to the natural site.
For example, in 2021, we did not find significant differences
in major element, nutrient, and DOC concentrations.
However, fires and elevated air temperatures impacted this
trend. As a result, in 2020, with an absolute maximum air
temperature over a long period, there was a sharp increase
in major element and DOC content (Table 5). Similar results
obtained in Finland showed positive correlations of organic
matter (TOC, DOC, COD, LQOI) and Fe with air temperature
(Marttila et al. 2018). Additionally, a positive correlation
between increasing nitrogen concentrations in waters
discharging from drained boreal peatland forests in Finland
and Sweden and temperature was noted (Nieminen et al.
2021). River waters exhibit concentrations of K, NH,*, Fem‘,
CI, SO,*, and DOC similar to those in the waters of the GVM,
with higher pH values of Na*, Ca’*, Mg**, NO, , and HCO, .

Mire water chemistry

Water samples taken in 2022 from the drained area (RG,
RG2, RG3, PG2, TG, D2) of the GVM are characterized by a
1.5-3 times higher content of almost all components in
comparison with the pristine area (P3, P5, D1). Conversely,
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Table 5. Long-term dynamics of the average concentrations in river waters (March-September 2015-2022)

EC | pH | K | Na* | Ca* | Mg* | NH; | Fe_, | CF | S0 | NO, | HCO, | DOC | TDS

K | 186 | 693 | 082 | 475 | 243 | 894 | 405 | 187 | 393 | 426 | 114 | 1200 | 598 | 174

PP T [ s | 625 | oa8 | asa | 192 | 756 | 507 | a1 | 331 | 387 | 155 | e76 | e | 137
K | 188 | 682 | 065 | 653 | 27.19 | 1081 | 538 | 293 | 429 | 409 | 214 | 13981 | 540 | 204
T s [653 | 031 | 9 | 186 | 693 | 664 | 488 | 398 | 516 | 207 | 764 | 650 | 129
K | 201 | 685 | 067 | 880 | 288 | 109 | 361 | 543 | 525 | 280 | 157 | 1417 | 614 | 210
PTG s [ 653 | om0 | 796 | 273 | 914 | 429 | 827 | a7 | 771 | 361 | 1104 | 714 | 164
K | 144 | 657 | 091 | 652 | 2400 | 940 | 327 | 283 | 366 | 228 | 136 | 1194 | 514 | 174
e T | 607 | 057 | 571 | 14 | 762 | a8 | 848 | 428 | 360 | 350 | 857 | 746 | 145
K | 138 | 641 | 063 | 516 | 2072 | 873 | 241 | 297 | 329 | 141 | 167 | 933 | 524 | 140

O T s [ 6o | om | 577 | 233 | w07 | 357 | ass | ann | 222 | 219 | o1 | 717 | s
K | 221 | 688 | 094 | 911 | 3941 | 1925 | 341 | 371 | 361 | 255 | 282 | 1996 | 459 | 284
P0G [ i | oma | os6 | 746 | 89 | 737 | ass | as0 | ass | 201 | 365 | 17 | e0a | 182
K | 170 | 670 | 066 | 650 | 27.16 | 1091 | 387 | 376 | 452 | 3.3 | 206 | 1139 | €75 | 177

. G | 165 | 637 | 065 | 613 | 269 | 888 | 490 | 748 | 516 | 407 | 454 | 108 | 793 | 177
K | 117 | 670 | 063 | 600 | 2087 | 634 | 383 | 250 | 508 | 362 | 139 | 818 | 576 | 132

P e s [es6 | 057 | 61 | 2134 | 686 | sis | 353 | 679 | 507 | 381 | 7050 | 759 | 130

there is a lower pH due to high organic substance content
and minimal concentrations of HCO.-. Spatially, samples
from the pine dwarf-shrub Sphagnum communities of the
drained part of the GVM taken in 2022 (RG, RG2, RG3, PG2)
had low pH and higher concentrations of K*, Na*, NH,*,
Fe . ..»CImNO,", and DOC compared to the sedge Sphagnum
community (TG) and the hummock-hollow complex (D2).
At the same time, in the waters of the sedge Sphagnum
community (TG), there was an increase in the content of
Ca”*, Mg*, HCO,, and pH, indicating deep groundwater
supply. We also saw an increase in SO, and DOC in the
waters of the hummock-hollow complex, indicating high
peat decomposition rates due to a significant water level
decrease (Table 6).

Principal component analysis (PCA) showed similarity
in weather condition impact on the Klyuch and Gavrilovka
rivers water chemistry. Air temperature (-0.42) and water

temperature (-0.40) significantly affect the content of Ca?*
(-0,93), Mg** (-0,75), Na* (-0,78), HCO, (-0,96), and Fetotal
(-0.78) in the Gavrilovka River (Fig.3). We see a direct
correlation with the concentrations of NO, (0.42) and
Gavrilovka River discharges (0.60). The second component
is less significant, but it also reflects an increase of NH*,
(0.59) and DOC (0.51) in river waters with an increase in air
(0.64) and water (0.81) temperatures. Similarly, the leading
factors determining the concentrations of NO, (0.54), NH*,
(0.69), Fetotal (0.59), and DOC (0.65) in the Klyuch River
are air (0.70) and water (0.79) temperatures. Klyuch River
discharges (-0.63) are inversely correlated with nutrient
content, indicating a dilution effect (Fig. 3). Thus, factor
1 characterizes the increase in the content of chemical
substances in river waters as a result of an increase in air
and water temperatures. Factor 2 mainly characterizes the
dilution effect of river waters by precipitation.

Table 6. Spatial patterns in water chemistry of the drained (RG, RG2, RG3, TG, PG2, D2) and pristine (P3, P5, D1) areas of

the GVM in April-September 2022, mg/I
EC pH Kt Na* Ca* Mg? NH,* Fe . cr SO,” NO, | HCO, | DOC TDS
RG 56 3.55 043 143 3.88 1.53 7.52 227 4.74 3.87 2.84 0.46 753 290
PG2 48 346 0.95 1.02 4.06 1.29 7.53 212 4.66 3.29 2.36 1.86 74.5 29
RG2 65 3.21 0.92 1.78 512 1.51 8.69 2.31 522 552 2.83 0.00 91.2 339

RG3 64 3.31 048 1.10 558 1.89 9.25

2.55 543 5.16 3.12 1.25 94.4 358

P3 47 346 047 0.90 2.33 0.76 6.11 1.83 439 3.16 1.86 0.56 52.7 224
TG 39 3.82 047 1.15 6.15 2.26 4.95 1.68 3.94 261 1.86 9.1 61.5 342
P5 29 3.70 0.57 0.92 2.71 1.15 355 1.03 3.05 1.28 1.18 4.75 416 20.2
D2 50 3.60 0.63 133 4.78 1.99 7.22 1.95 4.77 541 2.87 2.72 81.3 33.7
D1 31 3.92 0.55 1.30 3.70 143 428 145 3.30 2.81 142 7.76 53.0 280
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To assess which key site of the drained part of the GVYM
had the most significant impact on the water chemistry of
the Gavrilovka River, a correlation analysis was performed,
which showed the closest positive relationship for the
content of K*, HCO,, NH*,, COD, and TDS in the Gavrilovka
River and the GVM, and to a lesser extent for pH, Na*, CI,
Fe . 5042’, NO,, and DOC (Table 7). The pH value and the
content of 5042', NO., and DOC in the Gavrilovka River and
the GVM were predominantly in an inverse relationship,
which characterizes dry periods when river discharges
are the lowest and the correlation in water chemistry is
violated due to low hydrological connectivity of the river
and the bog. The highest correlations in water chemistry
were found between the Gavrilovka River and the sedge
Sphagnum lagg (TG), where the river bed is formed. We
also noticed that even 6 years after the fire, the pyrogenic
factor still influences river water chemistry, with the highest
correlation coefficients in the content of K+, NH*,, HCO,,
COD, DOC, and TDS in the waters of the Gavrilovka River
and the post-fire area (PG2).

Our data showed that there was primarily an inverse
correlation between the content of Na*, Ca?*, Mg?*, CI,
HCO, , and SO,” in the waters of the Gavrilovka River and
river discharges, which indicates dilution and a subsequent
decrease in the concentration of substances during the
spring flood. In certain periods, there was a significant
positive correlation between water discharges in the river
and the content of K*, NO, in April and June, DOC in June-
July, and NH,, in September (Table 8). The total removal
of substances from the Gavrilovka River catchment area in

A 1o

Twater
.

Factor 2 ;: 16,82%

1.0 05 0,0 05 10
Factor 1 : 29,32%

April-September 2022 was 8487 kg/km?, with DOC release
equal to 42% or 3603 kg/km?2 Removal from the pristine
part of the GVM was 1.3 times higher, totaling 11385 kg/km?
in April-September 2022, with DOC flux at 37% (4243 kg/
km?). Generally, the higher removal of mineral components
from the Klyuch River basin may be due to groundwater
inflow into the river bed and the removal of substances
from the part of the catchment area with mineral soils.

Export of major elements, nutrients, and DOC

The seasonal dynamics of major elements, nutrients,
and DOCrelease fromthe studied watershedsis determined
by differences in the hydrological regime. Thus, the largest
flux of mineral and organic substances in the Gavrilovka
River during the studied period was observed in April-
May, coinciding with the spring flood. In June-September,
substances removal decreased to 270-382 kg/km?. The total
flux of mineral and organic substances from the drained
area of the GVM in April 2022 was 1.2-22.0 times higher
than from the pristine area. Similar trends were observed in
May, while in other months, removal from the pristine area
was 3-5 times higher (Fig. 4). This aligns with findings from
previous studies (Lepistd et al. 2014; Finstad et al. 2016)
which link the leaching of nutrients and organic carbon to
changes in seasonal weather conditions.

PCA indicates that with increasing precipitation
and river water levels, the concentration of chemical
components decreases. However, the total removal of major
elements, nutrients, and DOC is greatest during periods of

B

10

Factor 2 : 18,00%

1.0 05 0,0 05 10
Factor 1 : 32,49%

Fig. 3. PCA diagrams of the chemical composition of the waters of the Gavrilovka (A) and the Klyuch (B) rivers in April-
September 2015-2022

(P

2wsum

temperature at the sampling date, °C; Q - river discharge, m?/s)
Table 7. Pearson correlation of the GVM and the Gavrilovka River water chemistry in 2022 (significance level p<5 %)

- total precipitation during 2 weeks before sampling, mm; T - air temperature at the sampling date, °C

T

! water

— water

Gavrilovka River

Key site EC pH Kt Nat | Ca** | Mg” | NH4* | Fe | CI SO,” | NO, | HCO, | COD | DOC | TDS

v RG -057 | 048 | 051 -0.21 | -0.02 | 0.05 085 | -043 | 0.11 056 | -0.11 0.98 0.76 | -050 | 062

é PG2 010 | 029 | 0.79 | -0.16 | 046 024 | 084 | -060 | 0.01 -0.09 | -044 | 053 0.79 | 062 0.67

g RG2 -062 | 018 | 053 | 043 | 002 | 027 | 075 | 059 | 018 | -044 | -054 | 093 | 061 | -040 | 094
3

% RG3 -0.28 | 003 | 048 088 | -0.05 | -0.12 | 0.81 025 | -0.09 | -053 | -0.71 0.51 064 | -0.15 | 092

S TG 033 | 065 | 082 | -025 | 028 | -0.13 | 0.65 0.69 074 | -081 | -064 | -035 | 050 | -044 | 0.27

D2 -0.18 | -0.10 | 050 | 011 | -052 | -0.14 | 081 | 035 | 090 | 044 | -068 | -066 | 064 | 047 | -0.70
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Table 8. Pearson correlation of Gavrilovka River water chemistry and river discharges in 2015-2022
(significance level p<5 %)

Month EC pH K* Na* G | Mg | NH,, | Fe_, cr SO,7 | NO, | HCO, | DOC TDS
Apr -0.32 0.39 054 | -0.72 | -089 | -036 | -0.55 | -0.02 | -043 | -0.74 | -0.28 | -0.61 -0.54 | -0.82
GQJ’ May -0.19 0.00 -034 | 018 | 049 | -032 | -0.27 | -0.31 | -048 | -0.13 0.24 -043 -0.07 | -051
©
c
% Jun -023 | -064 | 059 | -037 | -0.06 | 0.11 014 | 046 | -020 | 0.11 0.62 -0.29 0.72 -0.16
é Jul -0.13 0.21 010 | -0.14 | -020 | 0.12 041 034 | -045 | -0.18 | -0.05 -0.34 0.63 -0.28
©
% Aug -045 | 079 | -048 | -058 | 065 | -037 | 0.18 | -0.70 | 029 | -0.05 | -0.01 -0.74 037 | 073
3@ Sep -064 | -054 | -031 | -064 | -0.70 | -052 | 0.78 | -057 | -0.50 | 038 0.20 -0.59 -0.26 | -0.62
Alldata | -0.25 | -0.08 031 -0.26 | -048 | -044 | -0.15 | -047 | -0.21 0.01 0.58 -0.50 -0.13 | -049
140 140
A —K g —®
120 i 120 — Nt
100 — Ca?+ 100 — Ca?*
% e ~ 80 Me’:
s — NH, E — NH,
i W — Feyoral W 60 — Feral
ob g
= 40 —ct —
40
20 — S0* — 502
— oy 20 — NOs
0 co
—HCO; 0 — HCOy
y.d“ Rg‘ @ @ & S $ ! S &R "
N ,;yé\ ,,,\:é A &’ & —opoc V‘,Q‘ qu,Q‘ o @fb*%\;‘&o’\ ‘\9’\0“ '&»‘} ,,Q"‘)\ '\9&9’0 q,&e}? q,‘b"’eQ — poc

Fig. 4. Export of major elements, nutrients, and DOC by the Gavrilovka (A) and Klyuch (B) rivers in April-September 2022

high water levels, suggesting that a combination of high
air temperatures and increased precipitation contributes
to substance removal from river catchment areas.

CONCLUSIONS

The analysis revealed increased concentrations of NH*,,
Fe . cl, SO, NO ,, DOC, COD, and CO, in the waters of
the Gavrilovka River, attributed to long-term forestry
drainage. Additionally, a fire-related increase in pH, Ca’",
Mg**, K*,Na*, Fe  ,SO,”, and NO , was observed in the first
year after the fire, with minimum concentrations of major
elements registered mainly in 2015-2016, before the fire.
Changes in water chemistry of the Gavrilovka River after
the fire had a pulsating character, with extreme increase
in air temperature in 2020 and the decomposition of the
peat deposit's burnt layer leading to a repeated increase
in Ca*, Na*, and HCO,, and nearly a threefold increase in
NO, concentration over the studied period. PCA analysis
showed that air and water temperature affect the content
of Ca?*, Mg**, Na*, Fe, NH NO,, and DOC in the studied

total’ 441

streams and that there is an inverse correlation between
them and river discharges.

Correlation analysis revealed the closest positive
relationship between the content of K*, HCO,, NH*,
COD, TDS in the Great Vasyugan Mire and the Gavrilovka
River waters. There is an inverse correlation between the
content of Na*, Ca?, Mg?*, CI, HCO, , SO42* in the waters
of the Gavrilovka River and river discharges, which is a sign
of dilution during spring floods. However, a significant
positive correlation with river discharges was noted for
K*, NO, in April and June, DOC in June-July, and NH,, in
September.

The total export of major elements, nutrients, and
DOC from the drained area of the Great Vasyugan Mire
was 1.3 times lower in comparison to the pristine area,
amounting to 8487 kg/km?, with DOC flux at 42% or 3603
kg/km?. Overall, our study suggests that climate change,
alongside increased air temperature and precipitation in
the region, will likely contribute to the removal of nutrients
and organic substances from peatlands. [l
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