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• The river size (6 order ofmagnitude inwa-
tershed area) had weak impact on CO2

fluxes.
• CO2 concentration and emission de-
creased from spring to summer and au-
tumn.

• Lack of diel CO2 variation in rivers
• Terrestrial DOC and POC may control C
emission from small rivers.

• C emission from river surfaces was compa-
rable to dissolved and particulate C export
by rivers.
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Despite the importance of small and medium size rivers of Siberian boreal zone in greenhouse gases (GHG) emission,
major knowledge gaps exist regarding its temporal variability and controlling mechanisms. Here we sampled 11
pristine rivers of the southern taiga biome (western Siberia Lowland, WSL), ranging in watershed area from 0.8 to
119,000 km2, to reveal temporal pattern and examine main environmental controllers of GHG emissions from the
river water surfaces. Floating chamber measurements demonstrated that CO2 emissions fromwater surface decreased
by 2 to 4-folds from spring to summer and autumn,were independent of the size of thewatershed and streamorder and
did not exhibit sizable (>30 %, regardless of season) variations between day and night. The CH4 concentrations and
fluxes increased in the order “spring ≤ summer < autumn” and ranged from 1 to 15 μmol L−1 and 5 to 100 mmol
m−2 d−1, respectively. The CO2 concentrations and fluxes (range from 100 to 400 μmol L−1 and 1 to 4 g C m−2

d−1, respectively) were positively correlated with dissolved and particulate organic carbon, total nitrogen and bacte-
rial number of the water column. The CH4 concentrations and fluxes were positively correlated with phosphate and
ammonia concentrations. Of the landscape parameters, positive correlations were detected between riparian vegeta-
tion biomass and CO2 and CH4 concentrations. Over the six-month open-water period, areal emissions of C
(>99.5 % CO2; <0.5 % CH4) from the watersheds of 11 rivers were equal to the total downstream C export in this
part of theWSL. Based on correlations between environmental controllers (watershed land cover and thewater column
parameters), we hypothesize that the fluxes are largely driven by riverine mineralization of terrestrial dissolved and
particulate OC, coupled with respiration at the river bottom and riparian sediments. It follows that, under climate
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warming scenario, most significant changes in GHG regimes of western Siberian rivers located in permafrost-free zone
may occur due to changes in the riparian zone vegetation and water coverage of the floodplains.
1. Introduction

The greenhouse gas (GHG) emissions from rivers of boreal zone
(Koprivnjak et al., 2010; Campeau and del Giorgio, 2014; Chadburn
et al., 2017; Vonk et al., 2019; Vachon et al., 2021) have been estimated
to play an important role in the carbon (C) cycle (Stackpoole et al., 2017;
Tranvik et al., 2018; Karlsson et al., 2021). The global C emissions from riv-
ers and streams range from 0.6 to 1.8 Pg C y−1 (Raymond et al., 2013;
Lauerwald et al., 2015), which correspond to a non-negligible fraction
(10 to 20 %) of total anthropogenic emissions. The atmospheric C fluxes
from the river surfaces are fairly well studied in the European and North
American boreal zone (Dawson et al., 2004; Dinsmore et al., 2009, 2013;
Teodoru et al., 2009; Butman and Raymond, 2011; Wallin et al., 2013;
Campeau et al., 2014; Leith et al., 2015; Rocher-Ros et al., 2019; Bretz
et al., 2021; Pearce et al., 2022), and some Arctic and subarctic rivers of
Alaska (Striegl et al., 2012; Crawford et al., 2013; Stackpoole et al.,
2017). Although high latitude regions currently play a sub-ordinary role
in global riverine CO2 emissions (30 % temperate, 13 % Arctic regions,
Liu et al., 2022), these territories are important because of their large C
stocks, partly located in the permafrost, and their extreme vulnerability
to observed and projected warming, which can release 80 Pg C upon
abrupt thaw and up to 200 Pg C upon gradual thaw by 2300 (Turetsky
et al., 2020). However, there are serious biases in geographical coverage
of the land in terms of directly measured fluvial GHG concentrations and
fluxes.

Among the boreal and subarctic regions, Siberia remains probably less
studied due to logistic difficulties of conducting seasonal investigations
with sufficient spatial coverage in this vast and often highly remote terri-
tory. Although recent progress in Western and Eastern Siberia allowed
first-order assessment of riverine C export and emission fluxes (Denfeld
et al., 2013; Serikova et al., 2018; Pokrovsky et al., 2020; Vorobyev et al.,
2021; Krickov et al., 2021; Castro-Morales et al., 2022), further high spatial
and seasonal resolution measurements of GHG concentration and fluxes of
these underrepresented regions are needed. Under on-going climate
warming, these organic C-rich regions may become a cornerstone in
large-scale natural response (in terms of C emission and uptake) to rising
water and soil temperatures (Chen et al., 2021), change of the hydrological
regime (Bring et al., 2016), increase in plant biomass and northward shift of
biome boundaries (Rosbakh et al., 2021). In particular, among various
peatland-dominated small river catchments of the subarctic zone, those of
the taiga region of the western Siberian Lowland (WSL) demonstrate most
significant increase in water discharge, chiefly because rates of climate
warming in this region are highest (Mack et al., 2021). It is expected that
the changes of hydrological regime of large northern peatlands may induce
sizablemodification of both export (Frey and Smith, 2005; Pokrovsky et al.,
2020) and emissions (Karlsson et al., 2021). TheWSL inland waters act as a
major regulator of GHG exchange with atmosphere, given that the current
annual C (CO2 + CH4) emissions from this territory (lakes and rivers to-
gether) amount to 0.1 Pg C y−1, which largely exceeds (7 to 9 times) C ex-
port to the Arctic Ocean and reach nearly half of the region's land uptake
(Karlsson et al., 2021). However, the main environmental factors that gov-
ern the CO2 and CH4 evasion from fluvial systems of this region remain
poorly known. This gap in knowledge does not allow foreseeing possible fu-
ture changes in fluvial C export and emission in this region, which is sub-
jected to strong environmental changes due to climate warming and
likely act as major regulator of GHG fluxes between the land and the atmo-
sphere in Northern Eurasia.

Towards better understanding of the magnitude of C transport and
emission and main physico-chemical and landscape controllers for the C
2

cycle of pristine river watersheds of contrasted land cover, we selected a
suite of small to medium-size rivers of the WSL non-permafrost zone. We
studied both GHG concentrations and CO2 emission over 3 main hydrolog-
ical seasons, including the day/night period. We hypothesized, first, that
microbial processing and photodegradation of particulate and dissolved or-
ganic carbon (POC and DOC, respectively) in the water column are impor-
tant drivers of CO2 and CH4 supersaturation of the river waters. This has
been shown on a number of rivers in western Europe and Northern
American regions (Battin et al., 2009; Vonk et al., 2015; Attermeyer et al.,
2018) but hast not been tested in the vast territory of Siberian riverine net-
work. Thus, a local maximumof POC concentration inWSL rivers located at
the permafrost thaw boundary (Krickov et al., 2018) can tentatively explain
elevated CO2 emissions observed in this part of the WSL, discontinuous to
sporadic permafrost zone (Serikova et al., 2018).

Our second hypothesis was that watershed size and OC quality exert im-
portant control on aquatic CO2 and CH4 emission, in accordance with stud-
ies of other regions (Hotchkiss et al., 2015). Indeed, it is quite frequent that
lower order streams show higher CO2 concentrations and emissions than
the higher order rivers (Butman and Raymond, 2011). In the WSL, we
thus expect variations of CO2 per stream size, with small systems showing
higher values than large systems as predicted conceptually (Hotchkiss
et al., 2015) and verified at the basin-scale of other regions (e.g. Borges
et al., 2015). The main reason for systematically higher CO2 concentration
and flux in small tributaries compared to the main stem is that the former
are fed by mire waters with ‘non-processed' organic matter, suitable for mi-
crobial degradation and leading to enhanced CO2 production in the water
column (i.e., Lim et al., 2022). Up to present time, these drivers of CO2

emission were tested in temperate and boreal regions, however, it remains
totally unknown, to which degree these factors can operate in the largest
lowland in the world.

Third, we expected that diel variations in concentration and fluxes of
CO2 are mostly pronounced during summer/autumn period compared to
the spring flood, due to enhanced respiration and primary productivity in
warmer waters during baseflow (Rocher-Ros et al., 2021). For this reason,
investigating GHG patterns with both seasonal and daily resolution is
needed to rigorously quantify the fluxes at the annual scale. Thus, it has
been shown that ignoring night-time emissions fromhumic lakes ofwestern
Siberia may strongly underestimate the summer-time CO2 fluxes
(i.e., Shirokova et al., 2020); however, it remains unknown, to which de-
gree this is true for the rivers of the region.

Fourth, we hypothesized a direct control of land cover (bog, peatland,
forest, riparian zone coverage) of the river watershed on GHG pattern in
the river waters, as it is known for large Siberian rivers such as Lena
(Vorobyev et al., 2021) and generally across the subarctic zone (Hutchins
et al., 2019). Testing the above-stated factors to elucidate GHG emissions
from the river water surfaces constituted the first objective of the present.
Our second objective was to compare total C emission flux with lateral ex-
port (yield) of dissolved and particulate carbon of the rivers, and placing
this finding within previous studies of Siberian rivers. The C emission: ex-
port ratio is a fundamental parameter of carbon biogeochemical cycle in
riverine systems, which is needed for integral assessment of the role of
lothic waters in C transport between the land and the sea (Serikova et al.,
2018) and which allows discerning the degree to which terrestrial C is
lost in the fluvial network or exported to downstream coastal areas
(Striegl et al., 2012). Overall, we anticipate that results of the present
work should allow better understanding of environmental controllers for
CO2 and CH4 emissions from small Siberian rivers andmay allow foreseeing
future changes in fluvial exchange and export under on-going climate
warming. This will constitute an important step towards large scale
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modeling of C emission and export fluxes from permafrost-free forest and
peatland rivers of the boreal zone.

2. Study site, materials and methods

2.1. Small and medium size WSL rivers

We studied 11 tributaries (watershed area from 0.8 to 5854 km2, Fig. 1,
Table S1) of the two largest eastern rivers draining to the Ob River: the
Chulym and the Ket River (catchment areas of 134,000 and 94,000 km2, re-
spectively). The Strahler order of the studied rivers ranges from 1 to 9.
Among these 11 rivers, two were not sampled during summer and autumn
due to insufficient water level. The mean annual air temperature (MAAT)
ranges from+0.1 °C at the Chulym watershed to−0.9 °C at the Ket water-
shed, and the mean annual precipitation is 520± 20mm in this part of the
WSL. The lithology of studied catchments is dominated by Pleistocene silts
and sands with carbonate concretions overlayed by Quaternary loesses, flu-
vial, glacial and lacustrine deposits. The dominant soils are podzols in forest
areas and histosols in peat bog regions. There is no permafrost on small riv-
ers, but two large rivers (Ket and Chulym) exhibit between 5 and 14 % of
isolated permafrost coverage. The chosen watersheds are highly contrast-
ing in terms of land cover parameters (Table S1 of the Supplement). The
peatland coverage ranges from 0 to 30 %, the dominant light needleleaf
and broadleaf forest occupy from 1 to 70 %, and the grassland coverage
varies from 0 to 19 %. There is no arable land of any agricultural use on
studied rivers except Chulym (9.4 %).

The peak of annual discharge in WSL rivers of the permafrost-free
zone occurs in the end of May; in August, the discharge is 3 to 5 times
Fig. 1. Map of the sampling points and main land cover of the 11 river tributaries
Table S1 of the Supplement.

3

smaller (Pokrovsky et al., 2020). The seasonally frozen soil (0–30 cm)
starts to thaw in the end of April – beginning of May and freezes in the
beginning of October. During three main hydrological seasons in
2020, we visited 11 rivers from May 17 to 20, and 9 rivers from July
23 to 26 and from September 22 to 25. At about 500 m upstream of
the river bridge, we collected surface water samples from the middle
of the river (using waders or a boat depending on river depth) for deter-
mination of water characteristics and installed floating flux chambers as
outlined below.
2.2. GHG concentrations and CO2 fluxes by floating chambers

Surface water CO2 concentration was measured in-situ at 0.3–0.5 m
depth by submersing a portable infrared gas analyzer (IRGA, GMT222
CARBOCAP® probe, Vaisala®; accuracy ± 1.5 %) of two ranges (2000
and 10,000 ppm). A Campbell logger was connected to the system allowing
continuous recording of the CO2 concentration, water temperature and
pressure every minute during at least 30 min of deployment.

In-situ CO2 fluxes (FCO2) were measured using floating chamber
method. Typically, 3 to 4 replicate chambers were deployed at each river
for a duration of 0.5 to 1.0 h. The chambers were small lightweight plastic
bins (∼30–32 cm in diameter,∼300 g, 10 L) equippedwith non-dispersive
infrared CO2 loggers (SenseAir) (Bastviken et al., 2015). The CO2 concen-
tration inside the chamber was recorded continuously at 10 s interval and
we used the first 10 to 30 min of measurements for computing CO2 fluxes
(Serikova et al., 2019). The CO2 concentrations vs time were fit using a lin-
ear regression; in 99 % cases R2 was higher than 0.80.
of the two main watersheds – Ket and Chulym. See parameters of the rivers in

Image of Fig. 1
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Based on measured FCO2 and CO2 concentration in the river water, we
obtained the gas transfer coefficient KT using Fick's law (Eq. (1)):

FCO2 ¼ KH � KT Cwater−Cairð Þ ð1Þ

where KH is the Henry's constant corrected for temperature and pressure
(mol L−1 atm−1) which also incorporates pH-dependent chemical en-
hancement factor, Cwater is the water CO2 concentration (ppmv), and
Cair is the CO2 concentration in the ambient air (ppmv).

For CH4 analyses of grab samples, unfiltered water was collected from
30 cm depth in 60-mL Serum bottles, closed without air bubbles using
vinyl stoppers and aluminum caps and immediately poisoned by adding
0.2 mL of saturated HgCl2 via a two-way needle system. The samples
were wrapped in aluminum foil and stored approximately one week in
the refrigerator before the analyses. In the laboratory, a headspace was cre-
ated by displacing approximately 40 % of water with N2 (99.999 %). The
delay between the sampling and the headspace creation never exceeded
1 week. In our previous methodological works in this region with DOC-
rich surface waters, we verified that on-site and post-field laboratory
headspace creation in the vials poisoned with HgCl2 do not produce signif-
icantly different results (Shirokova et al., 2013; Pokrovsky et al., 2013).
Two 0.5-mL replicates of the equilibrated headspace were analyzed for
their concentrations of CH4, using a Bruker GC-456 gas chromatograph
(GC) equipped with flame ionization and thermal conductivity detectors
(Serikova et al., 2019; Vorobyev et al., 2021). After every 10 samples, a
calibration of the detectors was performed using Air Liquid gas standards
(i.e. 145 ppmv). Duplicate injection of the samples showed that results
were reproducible within ±5 %. The specific gas solubility for CH4

(Yamamoto et al., 1976) were used in calculation of the CH4 content in
the water.

We calculated instantaneous diffusive CH4 fluxes for each of the cham-
bers using chamber-specific gas transfer velocity (KT) and the concentra-
tions of dissolved CH4 in the water and in air-water equilibrium (atm =
1.8 ppm), following the procedure outlined in Serikova et al. (2018), who
used the same setup for measurements of GHG emissions from rivers and
lakes of the WSL. Note that this setup does not allow measuring the
ebullitive CH4 fluxes and thus it is possible that the evasion of CH4, espe-
cially in the stagnant zone of the river flow and floodplain in this study is
sizably underestimated (i.e., Stanley et al., 2016; Krickov et al., 2021;
Villa et al., 2021).

2.3. Chemical analyses of river water

The dissolved oxygen (CellOx 325; accuracy of±5%), specific conduc-
tivity (TetraCon 325; ±1.5 %), and water temperature (±0.2 °C) were
measured in-situ at 20 cm depth using a WTW 3320 Multimeter. The pH
was measured using portable Hanna instrument via combined Schott
glass electrode calibrated with NIST buffer solutions (4.01, 6.86 and
9.18 at 25 °C), with an uncertainty of 0.01 pH units. The temperature of
buffer solutions was within ±5 °C of that of the river water. The water
was sampled in pre-cleaned polypropylene bottle from 20 to 30 cm
depth in the middle of the river and immediately filtered through
disposable single-use sterile Sartorius filter units (0.45 μm pore size).
The first 50 mL of filtrate was discarded. The DOC and Dissolved
Inorganic Carbon (DIC) were determined by a Shimadzu TOC-VSCN
Analyzer (Kyoto, Japan) with an uncertainty of 3 % and a detection
limit of 0.1 mg L−1. Blanks of Milli-Q water passed through the filters
demonstrated negligible release of DOC from the filter material. For cal-
culating SUVA254, an indicator of aromaticity of DOM and its allochtho-
nous (terrestrial) origin, we measured ultraviolet absorbance at 254 nm
(UV254) using a 10-mm quartz cuvette on a Bruker CARY-50 UV-VIS
spectrophotometer.

The nutrient analyses were based on colorimetric assays (Koroleff,
1983a,b). Total dissolved organic nitrogen (DON) was measured from the
difference between the total dissolved nitrogen (persulfate oxidation) and
the total dissolved inorganic nitrogen (DIN, or the sum of NH4

+, NO2
− and
4

NO3
−). Uncertainties of DON and DIN analyses were between 10 and 20 %

and detections limits were between 10 and 50 μg L−1. The P-PO4 analyses
were based on the formation of molybdenum blue complex from the reaction
of orthophosphate and ammonium molybdate followed by reduction with
ascorbic acid in the aqueous sulfuric acid medium, with an uncertainty of
5 % and a detection limit of 2 μg L−1.

The concentrations of C and N in total suspended solids (TSS) were
determined via filtration of freshly collected river water (1–2 L) on-
site (at the river bank or in the boat) with pre-weighted GFF filters
(47 mm, 0.45 μm) and Nalgene 250-mL polystyrene filtration units
using a Mityvac® manual vacuum pump. The C and N concentrations
in the TSS (CTSS and NTSS, respectively) were measured using catalytic
combustion with Cu-O at 900 °C with an uncertainty of ≤0.5 % using
Thermo Flash 2000 CN Analyzer at EcoLab, Toulouse. The samples
were analyzed before and after 1:1 HCl treatment to distinguish be-
tween total and inorganic C; however the ratio of Corganic: Ccarbonate in
TSS was always above 20 and the contribution of carbonate C to total
C in the TSS was equal in average 0.3 ± 0.3 % (2 s.d., n = 30). The
TSS was examined by Scanning Electron Microscopy (SEM) using a
JEOL JSM 6360LV SEM coupled with a SDD PGT Sahara EDS analyzer
operating at 30 kV.

Total bacterial cell concentration (TBC) was measured after sample fix-
ation in glutaraldehyde, by a flow cytometry (Guava® EasyCyte™ systems,
Merck). Cells were stained using 1 μL of a 10 times diluted SYBRGREEN so-
lution (10,000×, Merck), added to 250 μL of each sample before analysis.
Particles were identified as cells based on green fluorescence and forward
scatter (Marie et al., 1999).
2.4. Landscape parameters and water surface coverage of this part of the
permafrost-free WSL territory

The physio-geographical characteristics of the Chulym and Ket Riv-
ers and their selected tributaries were determined by applying available
digital elevation model (DEM GMTED2010), soil, vegetation and litho-
logical maps. The landscape parameters were typified using TerraNorte
Database of Land Cover of Russia (Bartalev et al., 2011, http://
terranorte.iki.rssi.ru). This included various types of forest (evergreen,
deciduous, needle-leaf/broadleaf), grassland, tundra, wetlands, water
bodies and other area. The climate the watershed were obtained from
CRU grids data (1950–2016) (Harris et al., 2014) and NCSCD data
(doi:https://doi.org/10.5879/ecds/00000001, Hugelius et al., 2013),
respectively, whereas the biomass and soil OC content were obtained
from BIOMASAR2 (Santoro et al., 2010) and NCSCD databases. The li-
thology layer was taken from GIS version of Geological map of the
Russian Federation (scale 1: 5,000,000, http://www.geolkarta.ru/).
We quantified river water surface area using the global SDG database
with 30 m2 resolution (Pekel et al., 2016) including both seasonal and
permanent water for the open water period of 2020 and for the
multiannual average (reference period 2000–2004). We also used a
more recent GRWLMask Database which incorporates first order wetted
streams (Allen and Pavelsky, 2018).

GHG concentrations and fluxes and solute concentrations for all
dataset were tested for normality using a Shapiro-Wilk test. Because
data were not normally distributed, we used non-parametric statistics.
Thus, the median and interquartile range (IQR) were used to represent
C concentration and fluxes in sampled rivers. Comparisons of GHG con-
centration and CO2 fluxes during different seasons were conducted
using a non-parametric Mann Whitney test at a significance level of
0.05. For comparison of unpaired data, a non-parametric H-criterion
Kruskal-Wallis test was used to reveal the differences between different
study sites. The Pearson rank order correlation coefficient (Rs, p < 0.05)
was used to determine the relationship between CO2 concentrations and
emission fluxes and main landscape parameters of the river watersheds,
as well as other potential drivers such as DIC, DOC, POC and total bac-
terial number.

http://terranorte.iki.rssi.ru
http://terranorte.iki.rssi.ru
https://doi.org/10.5879/ecds/00000001
http://www.geolkarta.ru/


Table 1
Mean (±1SD) physical, chemical and biological characteristics of the water column for the 11 small and middle size WSL rivers.

Parameter Spring Summer Autumn All season

pCO2, μatm 6300 ± 2320 4450 ± 3640 4010 ± 4540 5010 ± 3580
CH4, μmol L−1 1.47 ± 1.33 3.31 ± 5.17 5.65 ± 8.56 3.25 ± 5.53
NRSM, mg g−1 10.2 ± 4.31 8.79 ± 3.2 12.6 ± 6.38 10.5 ± 4.85
CRSM, mg g−1 140 ± 73.4 126 ± 63.9 158 ± 72 142 ± 68.8
KT, m d−1 0.954 ± 0.316 1.91 ± 1.28 1.45 ± 1.09 1.40 ± 1.00
FCO2, g C m−2 d−1 2.92 ± 1.81 1.72 ± 0.913 2.38 ± 4.26 2.40 ± 2.57
FCH4, mmol m−2 d−1 5.67 ± 6.1 34.6 ± 74.2 43.1 ± 72.1 25.7 ± 57.2
POC, mg L−1 1.37 ± 1.08 1.37 ± 0.713 1.29 ± 1.04 1.35 ± 0.935
DIC, mg L−1 2.57 ± 2.88 19.1 ± 13.8 20.7 ± 16 13.3 ± 14.3
DOC, mg L−1 28.4 ± 8.18 11 ± 3.67 9.93 ± 4.68 17.3 ± 10.6
SUVA254 4.4 ± 0.37 3.55 ± 0.474 3.35 ± 0.653 3.81 ± 0.679
Cl, mg L−1 0.193 ± 0.154 0.323 ± 0.33 0.46 ± 0.557 0.316 ± 0.375
SO4, mg L−1 1.38 ± 1.74 1.46 ± 2.38 1.87 ± 3.36 1.56 ± 2.44
Ptotal, μg L−1 44 ± 10.8 44.1 ± 11.5 35.2 ± 10.3 41.3 ± 11.3
Ntotal, μg L−1 847 ± 146 489 ± 99.1 489 ± 89 625 ± 210
TBC, cells mL−1 1.0 × 107 ± 7.3 × 106 1.7 × 106 ± 1.1 × 106 3.7 × 106 ± 2.9 × 106 5.6 × 106 ± 3.0 × 106
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3. Results

3.1. Seasonal variations of particulate and dissolved carbon in river water

The concentration of suspendedmaterial in studied rivers varied from 1.1
to 27 mg L−1 without systematic effect of seasons (Table 1, Fig. 2 A). Partic-
ulate Organic Carbon (POC) concentration ranged from 0.2 to 4.5 mg C L−1

with maximal variations observed during the spring flood and minimal vari-
ations observed during autumn baseflow (Fig. 2 B). The content of organic
carbon in the TSS ranged from 13 % in spring and summer to 20.5 % in the
autumn baseflow. High Corg content in the TSS was further confirmed by
SEM and elementary study of the suspended matter on filters collected
from small rivers, especially during spring flood (Fig. S2 A, B). In large rivers
Fig. 2.Concentration of total river suspendedmatter (A), particulate organic carbon (B),
and IQR).

5

(Chulym and Ket), the TSS was represented by mineral components such as
quartz and feldspars with sizable amount of diatom frustules and phytoliths
(Fig. S2 C–F). The total bacterial number was the highest during spring
flood and the lowest during autumn baseflow (Table 1).

The DOC and DIC concentration in small rivers were subjected to strong
seasonal variations, with almost 3-fold decrease in DOC concentration from
the spring to the autumn, and a 7 to 8-fold increase in DIC concentration be-
tween spring and summer-autumn (Fig. 2 C, D). This pattern was observed
for both second and third order streams, but also two large rivers (Ket and
Chulym). The SUVA remained quite stable across seasons with 20–25 %
higher values during spring flood compared to summer and autumn
baseflow. The nutrient concentrations were more conservative across sea-
sons compared to that of C, especially for phosphorus (Ptot, P-PO4), while
DOC (C) and DIC (D) in small andmedium-size rivers ofWSL across seasons (median

Image of Fig. 2
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for nitrogen there were a two-fold increase in [NH4] and a two-fold de-
crease in [Ntot] between spring and summer-autumn (Table 1).

3.2. GHG regime: seasonal and diel variations

CO2 concentrations were highest (p < 0.05) during season of spring
flood (6300 ppm) and decreased approximately 1.5 times during summer
and autumn (Fig. 3 A). CH4 concentrations and fluxes increased in the
order spring ≤ summer < autumn and ranged from 1 to 15 μmol L−1 and
from 5 to 100 mmol m−2 d−1, respectively (Fig. 3 B, D). The emissions of
CO2 decreased (p < 0.05) from spring to summer and autumn, from
2.9 ± 1.8 to 2.0 ± 0.3 g C m−2 d−1, respectively (Fig. 3 C). These values
are consistent to CO2 emissions reported by Serikova et al. (2018) for
other rivers of the WSL permafrost-free zone.

The diel variations of CO2 concentration and emissions were assessed for
two small rivers, Inguzet and Suiga (Swatershed of 1216 and 464 km2, respec-
tively) during all three hydrological seasons (Fig. 4). The difference in CO2
Fig. 3. Median (IQR, range) concentrations of CO2 (A) and CH4 (B) and fluxes of
CO2 (C) and CH4 (D) in rivers of the WSL during three main hydrological seasons.

6

emission fluxes between day and night was not significant (Mann-Whitney
U test difference, p > 0.05), and the FCO2 varied within <10–20 %. The
diel variations of pCO2 and FCO2 were not related to those of temperature,
pH and O2 (not shown).

3.3. Potential controlling factors of C concentration and emission

The CO2 concentration in the river water decreased with the size of the
watershed during summer and autumn but less so in spring (Fig. 5 A;
Table 2). However, the watershed size exerted negligible impact on mea-
sured CO2 emission and CH4 concentration and calculated CH4 emissions
regardless of seasons (Fig. 5 B, C). Among other hydrochemical parameters,
only DIC and organic C concentration in the TSS sizably increased with the
catchment size, whereas DOC, POC, TBC, and nutrient concentration did
not exhibit any link with Swatershed (Fig. S3).

The CO2 and CH4 concentrations positively correlated with DOC and
POC, major nutrients and bacteria (Figs. S4 and S5 of the Supplement).
However, these correlations were strongly season-specific (Table 2). Thus,
in spring, CO2 concentration significantly (p < 0.05) correlated with C
and N content in the TSS, in summer it correlated only with dissolved
NH4, and for all seasons the correlations of CO2 were significant with
POC, Ptot and NH4. Methane concentration was significantly (p < 0.05) cor-
related with CTSS, DOC, NO3 and TBC in spring; PO4 in summer, and dis-
solved and particulate N in autumn.

The impact of the water column physico-chemical and biological pa-
rameters on the CO2 fluxes was also variable among seasons. Thus, FCO2

significantly (p < 0.05) correlated to NO2 concentration and TBC in spring;
TBC in summer and POC in autumn (Table 2).When considering all seasons
together, FCO2 were positively correlated to the sum of concentrations
of particulate and dissolved organic carbon (R2 = 0.3–0.5, p < 0.05,
Fig. S6), total dissolved N and P, and TBC (Fig. 6).

Among the landscape parameters, only the proportion of light needle-leaf
forest and wetlands at the watershed positively correlated with CO2 fluxes in
spring (Fig. 7 A, B; Table 3). These land cover parameters also correlatedwith
CO2 concentrations (Fig. 7 C, D) although these correlations were generally
weaker than those with riparian zone coverage; the latter was also correlated
with both CO2 and CH4 concentrations during summer and autumn (Fig. 7 E,
F; Table 3). Note however that these dependences could partially reflect an
artifact due to lack of data points between 20 and 95 % of riparian coverage
of the river watershed. Furthermore, the resolution of land cover for 1st and
2nd order streams could not allow quantifying direct impact of some land-
scape type on GHG pattern in the river water.

3.4. Carbon emission and export from WSL river watersheds

Considering that 3 main hydrological seasons allow first-order assess-
ment of C (>99.5 % CO2, <0.5 % CH4) evasion from river surfaces, we cal-
culated the average land-area normalized riverine evasion flux for 6 open
water months as the sum of spring (May and June), summer (July and Au-
gust) and autumn (September and October). The seasonal and permanent
river water surface areas (lakes excluded) provided by GIS assessment for
the Ket River and ChylumRiver basins (towhich the sampled rivers belong)
for 6 months of open water period were 427 and 1007 km2, respectively.
The main rationale of using GIS-based total river water surface area for cal-
culating areal C emissions is that the watershed area and stream order did
not exert significant impact on FCO2 and FCH4 (see Section 3.3).

The measured 6-month average C emission for both river basins (2.40 g
C-CO2m−2 d−1, Table 1) multiplied by total river water surface area yields
a C evasion of 2.1 × 1011 and 5.0 × 1011 g C yr−1 for Ket and Chulym ba-
sins. These values were normalized to the surface area of Ket and Chulym
basins sampled in this work (67,141 and 119,117 km2 land area, respec-
tively) thus yielding net evasion of 3.6 t C km−2 over 6 month period.
This value contain major uncertainties, likely at least 30 %, related to the
spatial and seasonal variations inmeasured CO2 emission fluxes and poorly
constrained seasonal water coverage, given sizable floodplain of both rivers
in this part of the WSL.
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Fig. 4.Diel variations of CO2 concentrations (A, B) andCO2 emissions (A–F) of two small rivers of theWSL (Inguzet, Swatershed=1216 km2, A, C, E and Suiga, Swatershed=464
km2, B, D, F) during spring flood and summer and autumn baseflow.
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The lateral yield of C by western Siberian rivers is fairly well
constrained by studies of particulate (Krickov et al., 2018) and dissolved
(Pokrovsky et al., 2020) organic and inorganic C fluxes measured with
sufficient seasonal and spatial resolution. According to these studies, over
6 months of open water period, from May to October, small and medium-
size rivers in the southern (permafrost-free) part of the WSL export 1.2 t
DOC km−2, 2.1 t DIC km−2, and 0.1 t POC km−2. Therefore, the total dis-
solved + particulate C export (3.4 t km−2/period) of small and medium
size southern WSL rivers is similar to total CO2 evasion from the river sur-
faces during the same open-water period of the year.

4. Discussion

4.1. Potential drivers of aquatic C (POC, DOC, DIC) concentration in small WSL
rivers

The average concentrations of TSS in studied WSL rivers (10–13 mg
L−1) are in general agreement with those of other small and medium-size
boreal rivers of low runoff, draining through wetland territories (Krickov
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et al., 2018, 2020). The concentrations of POC in studied river waters
were similar to the values measured to other small and medium size rivers
of the WSL obtained by our group (Krickov et al., 2020) and other re-
searchers (1.2–2.4 mg L−1, Gebhardt et al., 2005; Le Fouest et al., 2013;
McClelland et al., 2016). These values are generally consistent with mean
annual POC of subarctic Eurasian river that drain through wetland terri-
tories such as Severnaya Dvina, Pechora, and Ob (Gordeev et al., 1996;
Pokrovsky et al., 2010; Savenko et al., 2004). Note quite high concentration
of organic C in the TSS observed in the WSL rivers (13 to 20 %). This is
much higher than the world river average of 1 % (Meybeck, 1993) and
the concentrations reported in the Ob, Lena, Yenisey and Kolyma Rivers
(2.3, 3.6, 5.0 and 3.0 %, respectively, Gordeev and Kravchishina, 2009).
For example, typical POC concentration in the TSS of large (Swatershed >
100,000 km2) rivers of Central Siberia are between 0.4 and 0.5 %
(Pokrovsky et al., 2005), and in the Severnaya Dvina River that has sizable
amount of wetlands on its watershed, the Corg concentration in the TSS is
between 2 and 6 % (Savenko et al., 2004). In small rivers of the WSL, siz-
able amount of the TSS is represented by peat and vegetation debris, espe-
cially during spring flood. Indeed, the main source of OM in these rivers is
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Fig. 5.Weak dependences of CO2 (A) and CH4 (B) concentrations and lack of CO2

emission dependence (C) on river watershed area of small and medium size WSL
rivers during three seasons. The regression line fits the data of all seasons together.
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organic-rich waterlogged riparian soils, along with plant litter that is deliv-
ered to the river from large floodplains especially during the spring freshet.
During summer and autumn baseflow, the TSS contains large amount of
phytoplankton debris which is likely due to increase in biological produc-
tivity with water temperature. Such high concentration of organic carbon
in the riverine particulatematerial likely promote strong heterotrophic deg-
radation and provide necessary niches for OM-mineralizing bacteria
(Attermeyer et al., 2018).

The DOC concentration of studied WSL rivers (10 to 30 mg L−1) is con-
sistent with former results of our group (Pokrovsky et al., 2015; Pokrovsky
et al., 2020) and other researchers (Frey and Smith, 2005) on other rivers of
the WSL region in particular and peatland catchments of the boreal zone in
general (Hope et al., 1994, 2001; Dinsmore et al., 2013; Dyson et al., 2011).
Similar to POC, DOC concentration exhibited a maximum during spring
flood period, as also reported for the Ob River middle course (Swatershed =
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260,000 km2) of the region (Vorobyev et al., 2019). The spring maximum
of DOC concentration can be linked to strong leaching of DOC from plant
litter at the flood zone, as it is known for other riverine systems
(i.e., Greenway et al., 2006). Another source of elevated DOC during this
period of the year could be DOC mobilization from peatlands, due to high
hydrological connectivity between these organic-rich mires and rivers
(Ala-aho et al., 2018). As such, high DOC concentrations in small WSL riv-
ers corroborate numerous former studies of other regions (i.e., Mzobe et al.,
2020), which demonstrate that catchments with low runoff and high pro-
portion of mires exhibit the highest DOC concentrations (Kicklighter
et al., 2013) and that small size catchments (headwaters) have higher
DOC concentrations due to higher connectivity between terrestrial DOC
sources and adjacent streams (Ågren et al., 2007).

The seasonal pattern of DIC concentration was opposite to that of DOC,
with a maximum during baseflow and a minimum during the spring flood.
This is consistent with DIC control by the underground discharge from car-
bonatemineral-bearing sedimentary deposits, as it is known for other river-
ine systems of the WSL permafrost-free zone (Pokrovsky et al., 2020),
including the largest one, the Ob River in its middle course (Vorobyev
et al., 2019). Furthermore, progressive involvement of soil mineral layers
in DIC mobilization from spring to summer and autumnmay produce grad-
ual enrichment in DIC in shallow (subsurface) flow that feeds the river.

4.2. Physico-chemical and microbiological parameters impacting the GHG regime

Despite significant progress in quantifying the patterns of C evasion
from lotic waters over past two decades (Butman and Raymond, 2011;
Duvert et al., 2018; Hotchkiss et al., 2015; Horgby et al., 2019; Schneider
et al., 2020; Gómez-Gener et al., 2021a,b; Hao et al., 2021; M. Li et al.,
2021; Y. Li et al., 2021; Xiao et al., 2021; Liu et al., 2022), regional esti-
mates of CO2 emissions in rivers and streams are highly variable, due
mostly to strong heterogeneity of water objects and insufficient knowledge
of factors controlling the emissions (Richey et al., 2002; Humborg et al.,
2010; Striegl et al., 2012; Borges et al., 2015; Pearce et al., 2022). One of
such factor can be particulate organic matter supplied to river and streams
via soil and shore erosion, given that the rate of POC biodegradation greatly
(more than an order of magnitude) exceeds that of DOC (Attermeyer et al.,
2018). The permafrost-free rivers studied in the present work are strongly
enriched in organic matter which is supplied from the watershed via shal-
low subsurface and surface runoff, mostly from coastal peatlands erosion
and floodplain drainage. Elevated concentrations of organic carbon in the
TSS of studied rivers may be linked to weak erosional force of the stream-
flow, given low river slope (typically from 0.2 to 0.7 m km−1) and limited
involvement of minerals into particle transport. It is thus possible that high
CO2 emissions from rivers of this region are due to efficient bioprocessing of
elevated amount of particulate organic matter in the water column. Most
likely, microbial activity in suspended solids, leading to efficient POC bio-
degradation (i.e., Attermeyer et al., 2018), largely contributed to GHG
emissions. Results of the present study are consistent with this hypothesis
because both the concentration and emission of CO2 and CH4 concentration
positively correlated with riverine POC across the seasons (Table 2;
Fig. 6A). The overwhelming role of OM biodegradation in CO2 emission
is further confirmed by a positive relationship between FCO2 and total bac-
teria count (Fig. 6 E).

The CO2 fluxes also exhibited positive (although not significant at p <
0.05) correlations with DOC of the water column. The DOC has been re-
ported as important driver of dissolved CO2 in surface waters (Lennon,
2004; Xiao et al., 2020). Therefore, the first hypothesis of the present
study – an overwhelming role of POC and DOC mineralization as driver
for CO2 emission – is found to be consistent with obtained results, as con-
firmed by positive (RPearson = 0.60–0.68, p < 0.05) correlations of FCO2

with sum of DOC and POC concentrations. We suggest that high concentra-
tions of organic matter in river water, notably in most headwater streams,
allow efficient mineralization processes thus producing the highest CO2

concentrations (Fig. 5 A). This possibility is consistent with other studies
across the world (M. Li et al., 2021; Y. Li et al., 2021), including boreal
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Table 2
Linear (Pearson) correlation matrix of GHG and C concentrations and CO2 fluxes with the main characteristics of the water column. TSS is for total suspended solids. Signif-
icance: * p < 0.05.

Spring Summer Autumn All season

FCO2 [CO2] [CH4] FCO2 [CO2] [CH4] FCO2 [CO2] [CH4] FCO2 [CO2] [CH4]

n 11 10 11 8 7 9 8 9 8 27 26 28
SUVA 254 0.31 0.15 0.60 0.43 −0.21 −0.02 −0.16 −0.32 −0.49 0.11 0.08 −0.35
O2 −0.49 −0.83* 0.10 −0.11 −0.96* −0.84* −0.17 −0.57 −0.52 −0.01 −0.33 0.07
pH −0.09 −0.11 −0.35 0.12 0.28 0.11 −0.06 0.01 0.09 −0.14 −0.14 0.17
Twater 0.03 0.30 −0.08 −0.09 −0.84* −0.68* −0.29 −0.67* −0.62 −0.10 −0.12 −0.48*
TSS 0.09 −0.16 0.09 0.25 0.21 0.14 0.85* 0.65 0.66 0.41* 0.30 0.31
NTSS 0.61* 0.75* 0.32 0.12 0.11 0.15 −0.08 −0.34 −0.32 0.13 −0.03 −0.06
CTSS 0.68* 0.67* 0.62* −0.18 −0.03 0.02 −0.01 −0.30 −0.29 0.18 0.02 −0.03
POC 0.62* 0.47 0.34 0.31 0.64 0.37 0.94* 0.47 0.47 0.70* 0.48* 0.33
DIC −0.03 0.02 −0.31 −0.22 0.2 0 −0.11 −0.04 0.16 −0.18 −0.17 0.20
DOC 0.63* 0.35 0.86* 0.63 −0.32 −0.08 0.44 −0.28 −0.38 0.37 0.23 −0.24
C total 0.67* 0.39 0.85* 0.68 −0.2 −0.01 0.60 −0.16 −0.25 0.42* 0.27 −0.21
Cl −0.45 −0.55 −0.29 −0.06 −0.35 −0.21 0 −0.22 −0.2 −0.08 −0.34 −0.09
SO4 −0.55 −0.70* −0.28 −0.12 −0.38 −0.21 −0.18 −0.28 −0.25 −0.23 −0.37 −0.19
PO4 −0.13 −0.28 −0.05 0.59 0.74 0.77* −0.29 −0.42 −0.41 −0.01 0.26 0.04
P total 0.06 −0.04 −0.02 0.33 0.61 0.62 −0.19 0.52 0.44 0 0.48* 0.25
NO2 0.72* 0.55 0.75* 0.41 0.45 0.45 −0.01 −0.34 −0.48 0.30 0.34 −0.18
NO3 0.37 0.10 0.86* −0.24 0.6 0.43 −0.01 −0.34 −0.50 0.16 0 −0.03
NН4 −0.44 −0.11 −0.55 0.01 0.76* 0.44 −0.23 0.71* 0.64 −0.20 0.47* 0.55*
N total 0.53 0.32 0.44 0.61 0.32 0.40 0.38 −0.22 −0.29 0.34 0.30 −0.19
TBC 0.81* 0.56 0.66* 0.85* 0.45 0.41 0.57 −0.02 −0.06 0.51* 0.35 −0.06
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non-permafrost regions (Hotchkiss et al., 2015; Marx et al., 2017) and spe-
cifically, small-scale peatland settings (Dawson et al., 2001, 2004; Leith
et al., 2014, 2015).

The second hypothesis of this study – on the watershed size and OM
quality control on GHG emissions – could not been verified neither for indi-
vidual seasons, nor for the full open-water period of observations. Although
the pCO2 decreased with Swatershed increase during all three season, the
FCO2 remained independent on the watershed size and stream order, and
Pearson correlations were not significant (p > 0.05, see Tables 2 and 3).
As for the DOM quality, which is reflected by SUVA, there was no link be-
tween this parameter and riverine GHG concentration and fluxes. It is pos-
sible that relatively high and stable SUVA254 across the river size and season
(3.8± 0.7 Lmg C−1 m−1) corresponds to stable input of essentially alloch-
thonous DOM from surrounding peatlands which does not vary across the
river size and period of the year.

The lack of diel cycle in CO2 emission over all three contrasting seasons
(no difference in FCO2 between the day and night, see Fig. 4) suggests a
negligible role of both photo-degradation of OM and primary production
in the rivers, including both the water column (plankton) and the river
bed (periphyton). This result dismisses the third hypothesis of this study,
that the diurnal variations in C emissions are mostly pronounced during
summer/autumn baseflow.

4.3. Landscape control on C emissions from river waters

Examining the land cover control on C concentrations and emissions
allowed testing the fourth hypothesis of this study. The CO2 flux from the
river surface to the atmosphere during the spring flood was sizably higher
than that during baseflow, suggesting, in accord with observations in
other small streams of wetlands (i.e., Khadka et al., 2014) that excess pre-
cipitation (or snow thaw)flushes soil organic carbon to the river via surface
and shallow subsurfaceflow. At the same time, thisfinding contrasts the re-
sults of studies in other boreal catchments, where elevated CO2 during sum-
mer compared to other seasons was due to enhanced microbial respiration,
DOM photodegradation and groundwater import at low flow conditions
(D'Amario and Xenopoulos, 2015), as also known from coastal peatlands
(Dinsmore et al., 2010). We believe that the primary source of the spring-
time elevated CO2 inWSL river waters could be wetlands and bogs, as con-
sistent with i) positive correlations between this type of land cover and both
pCO2 and FCO2 during spring (Fig. 7 B, D) and ii) strongest connectivity be-
tweenwetlands and rivers during this period of the year as demonstrated by
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water isotope study in the permafrost-free WSL streams (Ala-aho et al.,
2018). In this regard, homogeneous land coverage by peatland and taiga
forest of studied watersheds provides stable allochthonous input of DOM
as confirmed by weak spatial and seasonal variations of DOM aromaticity.
These factors may be partially responsible for relatively weak impact of the
land cover on CO2 and CH4 emissions measured in this study.

At the same time, the riparian zones and floodplain of even small rivers
of the WSL may turn out to be the main sites of elevated CO2 generation in
the water column as supported by a positive correlation (RPearson =
0.81–0.84, p < 0.01) between pCO2 and riparian vegetation of the
watershed during summer and autumn baseflow (Table 3, Fig. 7 F). Specif-
ically, a positive control of ammonia and phosphate on both CO2 and CH4

concentration in the summer likely reflects respiration of sediments accom-
panied by enhanced diffusion of these nutrients from partially anoxic pore
waters to the water column. The latter is consistent with anoxic environ-
ment at the bottom layers of flooded zones and a negative correlation of
both GHG with O2 concentration in the water column during summer and
spring. Similar features were reported for the middle course of the Ob
River (i.e., Krickov et al., 2021) and agricultural river network of subtropi-
cal climate (Xiao et al., 2021) whereas numerous observations in other
boreal regions demonstrated that the lateral transfer of CO2 from the terres-
trial to the aquatic system is strongly controlled by the riparian zones (Leith
et al., 2015; Ledesma et al., 2018; Abril and Borges, 2019). In Ontario
streams, Canada, elevated CO2 concentrations were linked to terrestrially-
derived DOM, originated from riparian wetlands, where CO2 was imported
with this complex material and produced through microbial respiration
(D'Amario and Xenopoulos, 2015).

Among other land cover drivers of CO2 emissions during highwater sea-
son is the presence of light needle-leaf forest which positively correlated
with pCO2 and FCO2 (Fig. 7 A, C). This type of trees could supply elevated
amount of POC (in the formof needle litter) during springflood at highflow
whenmassive mobilization of the vegetation debris from the forest floor to
the river occurs. As discussed above, this fresh particular organic matter, in
turn, could enhance the CO2 production in the water column.

The pattern of CH4 concentration dependence on hydrochemical pa-
rameters of the water column and land cover of the river watershed was
generally similar to that of CO2, with strong impact of POC, DOC, dissolved
N and bacteria concentration in spring, dissolved P and N in summer and
particulate and dissolved N in autumn (Table 2). This pattern could reflect
methane generationwithin local hot spots associatedwith organic-rich par-
ticles of the water column. Among the landscape parameters of the



Fig. 6. CO2 flux dependence on particulate (A) and dissolved (B) organic carbon, dissolved nitrogen (C) and phosphorus (D) and total bacterial number (E). The regression
line fits the data of all three seasons together. Only significant (RPearson > 0.40, p < 0.05) correlations are shown.
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watershed, only the coverage by riparian vegetation positively correlated
with CH4 concentration during summer and autumn (Table 3, Fig. 7
E) which is consistent with CH4 generation in nutrient-rich sediments of
the floodplain or stagnant zones of the river bed and its riparian zone.
Therefore, the fourth hypothesis of the present study – about strong land
cover control on GHG emissions – was only partially verified by obtained
data since, among the landscape parameters, only riparian zone vegetation
correlated with CH4 concentrations in the river water, but none of the land
cover parameters impacted the CO2 flux.

4.4. Carbon emission and export

The areal normalized C emission fluxes (CO2, >99.5 %; CH4, <0.5 %)
during 6 months of open water period in the rivers belonging to Ket and
Chulym watersheds range from 3 to 4 t C km−2 y−1, respectively, which
is comparable to the dissolved (DOC+DIC) and particulate C yield of
WSL rivers at this latitude (3.4 ± 0.4 t C km−2 y−1). These values are in
agreement with emission: export ratio close to 1 reported by Serikova
et al. (2018) for other WSL permafrost-free rivers (essentially eastern tribu-
taries of the Ob River in its middle course, not belonging to the Ket and
10
Chulym watersheds). Moreover, the ratio assessed in the present work
across three seasons is consistent with the value of 1.3:1 for global inland
waters (Raymond et al., 2013; Lauerwald et al., 2015). Altogether, this
shows the significance to account for riverine C emissions in order to under-
stand the fate of terrestrial C and its link to the large hydrological C cycle.
Overall, the fate of terrestrial C export may be sensitive to changes in cli-
mate and terrestrial C cycling and runoff. In the present study, we suggest
that the fluxes are largely driven by riverine mineralization of terrestrial
OC in the water column (both DOC and POC), coupled with respiration at
the river bottom and riparian sediments. Thus, raised temperature may
facilitate larger internal losses therefore increasing the ratio of evasion to
export. In contrast, increased runoff and lower transit times of water due
to enhanced precipitation, notably during summer and autumn, could re-
sult in the opposite trend. This dual effect of on-going climate change on
aquatic C cycling is a particular feature of boreal zone with humic rivers ca-
pable to process terrestrial OC and which would not have been the case if
emissions are largely driven by CO2 supply from land (Vachon et al., 2021).

Furthermore, given that the vegetation of the riparian zone was the sole
environmental parameter significantly (p < 0.05) and positively correlated
with CO2 and CH4 concentrations (Table 3), we strengthen the importance
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Fig. 7. Positive correlations of CO2 fluxes (A, B) and CO2 and CH4 concentrations (C–F) with landscape parameters of the watersheds across seasons. The regression line on A
to D fits the data during spring period, when the links are strongly pronounced, but the fit to the data on CO2 and CH4 dependence on riparian vegetation is for summer and
autumn.
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of the changes in the hydrological regime of the river floodplain and ripar-
ian vegetation productivity for assessing the response of GHG pattern in the
river waters to the climate change in this part of Siberia. On a global scale,
current C emissions from inland waters of the whole WSL reach nearly half
(35–50%) of the region's land C uptake (Karlsson et al., 2021). The effect of
C emission from water surfaces can be even more important in the north-
ern, permafrost-affected part of the WSL territory, given that the lakes can
strongly offset net terrestrial C uptake by tundra vegetation (Beckebanze
et al., 2022). In this regard, on-going increase in terrestrial biomass and
greening of the tundra biome (Berner et al., 2020) can sizably modify the
C balance between the land and the atmosphere via decreasing the share
of C fluvial emissions.

5. Conclusions

A combined GHG emission and dissolved and particulate carbon
dynamics in 11 small and medium size western Siberian rivers in the
permafrost-free zone during three main hydrological seasons allowed
quantification of C fluxes and testing the main physico-chemical, and
11
biological factors of the water column and watershed landscape charac-
teristics controlling the C export and evasion. The particulate and dis-
solved organic carbon revealed strong correlations with CO2 emissions
and thus could be responsible for sizable CO2 generation in the water
column and/or concomitant export from the peatland and forest zones
of the watersheds. The latter mechanism is supported by a sizable in-
crease in CO2 concentration with a decrease of watershed size during
summer and autumn baseflow suggesting CO2 generation in some
hotspots of the peatland and riparian zones hydrologically connected
to the smallest rivers. This is consistent with the result that, among var-
ious physico-chemical and biological parameters of the water column,
DOC, POC, total bacterial cells and nutrients exhibited positive correla-
tion with CO2 and CH4 concentrations and CO2 fluxes. The underground
discharge of carbonate-rich waters, mostly pronounced during summer
and autumn did not sizably contribute to CO2 evasion from the rivers.
Instead, the CO2 and CH4 pattern in the river was most likely controlled
by a combination of continuous input of C-rich peatland waters and dif-
fusion from riparian sediments and flooded vegetation and in-stream
processes (OC mineralization).
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Table 3
Linear (Pearson) correlation matrix of GHG and C concentrations and CO2 fluxes with the main watershed parameters of small and medium size WSL rivers. Signif-
icance: * p < 0.05.

n Area
watershed

Dark
Needleleaf
Forest

Light
Needleleaf
Forest

Deciduous
Forest

Mixed
Forest

Grassland Peatlands
and bogs

Arable
land

Riparian
Vegetation

Water
Bodies

Biomass

Spring
CO2 10 −0.23 0.22 0.52 −0.23 −0.22 −0.13 0.44 −0.32 −0.05 −0.08 −0.15
CH4 11 −0.36 −0.02 −0.02 0.33 0.42 −0.45 −0.19 −0.26 −0.35 −0.37 0.47
FCO2 11 −0.45 0.14 0.49 −0.13 0.18 −0.25 0.24 −0.39 −0.3 −0.28 0.22
POC 11 −0.27 0.55 0.5 −0.52 0.17 −0.34 0.09 −0.2 −0.03 −0.26 0.27
DIC 11 0.70* 0.24 −0.2 0.06 0.13 0.57 −0.37 0.84* −0.2 0.43 0.13
DOC 11 −0.56 0.04 −0.02 0.38 0.46 −0.67* −0.26 −0.48 −0.31 −0.55 0.62*
NTSS 11 −0.51 −0.17 0.11 −0.12 −0.05 −0.39 0.09 −0.46 0.23 −0.25 0.06
CTSS 11 −0.54 −0.08 0.19 0.12 −0.07 −0.37 0.06 −0.45 0.01 −0.41 0.06

Summer
CO2 7 −0.49 −0.53 −0.41 −0.46 −0.35 −0.6 −0.23 −0.37 0.81* −0.11 0.04
CH4 9 −0.29 −0.44 −0.48 −0.28 −0.36 −0.35 −0.48 −0.19 0.89* −0.38 0.05
FCO2 8 0.24 0.45 0.02 −0.15 0.36 −0.29 −0.01 −0.08 −0.39 −0.15 0.37
POC 9 −0.4 0.07 0.19 −0.47 0.3 −0.52 0.07 −0.29 0.1 0.05 0.36
DIC 9 0.31 −0.08 −0.74* 0.89* 0.32 −0.08 −0.6 0.32 −0.08 0.33 0.43
DOC 9 −0.23 0.06 0.46 −0.32 0.17 −0.11 0.32 −0.42 −0.17 −0.54 0.1
NTSS 9 −0.75* −0.23 0.66 −0.64 0.02 −0.19 0.44 −0.65 0.04 −0.54 −0.03
CTSS 9 −0.71* −0.3 0.73* −0.67* −0.19 0.04 0.51 −0.55 0.06 −0.53 −0.29

Autumn
CO2 9 −0.34 −0.4 −0.39 −0.35 −0.3 −0.39 −0.4 −0.24 0.84* −0.38 0.08
CH4 8 −0.35 −0.45 −0.52 −0.35 −0.22 −0.4 −0.57 −0.23 0.81* −0.44 0.22
FCO2 8 −0.15 0.07 0.19 −0.29 0.44 −0.11 −0.13 −0.1 −0.24 −0.28 0.43
POC 9 −0.21 0.18 0.23 −0.42 0.35 −0.25 −0.01 −0.16 −0.03 −0.17 0.4
DIC 9 0.38 −0.08 −0.79* 0.91* 0.35 −0.03 −0.68* 0.39 −0.08 0.27 0.47
DOC 9 −0.35 0.34 0.90* −0.54 0.15 0.03 0.65 −0.41 −0.45 −0.33 −0.09
NTSS 9 −0.37 −0.24 0.59 −0.26 −0.24 0.27 0.52 −0.38 −0.15 −0.42 −0.41
CTSS 9 −0.51 −0.2 0.67* −0.32 −0.14 0.15 0.55 −0.49 −0.18 −0.48 −0.32

All seasons
CO2 26 −0.34 −0.27 −0.19 −0.19 −0.17 −0.41* −0.18 −0.29 0.54* −0.22 0.09
CH4 28 −0.25 −0.28 −0.29 −0.19 −0.18 −0.29 −0.34 −0.17 0.61* −0.32 0.09
FCO2 27 −0.18 0.08 0.19 −0.15 0.27 −0.17 −0.02 −0.16 −0.15 −0.24 0.31
POC 29 −0.28 0.31 0.33 −0.47* 0.25 −0.35 0.05 −0.21 0.001 −0.16 0.33
DIC 29 0.3 0.04 −0.39* 0.38* 0.11 0.05 −0.36 0.31 −0.04 0.26 0.2
DOC 29 −0.26 −0.04 0.04 0.17 0.3 −0.25 −0.04 −0.26 −0.2 −0.3 0.29
NTSS 29 −0.46* −0.19 0.39* −0.24 −0.1 −0.05 0.32 −0.42* 0.02 −0.35 −0.14
CTSS 29 −0.57* −0.17 0.47* −0.18 −0.12 −0.08 0.33 −0.48* −0.04 −0.46* −0.15
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The C emission (>99.5 % CO2; <0.5 % CH4) to export (DOC, DIC, POC)
ratio of permafrost-free WSL rivers was close to 1 and consistent with the
world average. Among land cover parameters, only the riparian vegetation
was positively correlated with CO2 and CH4 concentrations in the river
water. As such, under climate warmings scenario, the change in the hydro-
logical regime of the floodplain and riparian vegetation productivity likely
to be the main factors controlling the response of GHG pattern in the river
water.
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