1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 06 July 2021
doi: 10.3389/feart.2021.699365

OPEN ACCESS

Edited by:
Shafi Mohammad Tareq,
Jahangirnagar University, Bangladesh

Reviewed by:

Mohammad Mohinuzzaman,
Noakhali Science and Technology
University, Bangladesh

Thibault Lambert,

University of Lausanne, Switzerland

*Correspondence:
Shinya Takano
hawk-field@ees.hokudai.ac.jp

Specialty section:

This article was submitted to
Geochemistry,

a section of the journal
Frontiers in Earth Science

Received: 23 April 2021
Accepted: 21 June 2021
Published: 06 July 2021

Citation:

Takano S, Yamashita 'Y, Tei S, Liang M,
Shingubara R, Morozumi T,
Maximov TC and Sugimoto A (2021)
Stable Water Isotope Assessment of
Tundra Wetland Hydrology as a
Potential Source of Arctic Riverine
Dissolved Organic Carbon in the
Indigirka River Lowland,
Northeastern Siberia.

Front. Earth Sci. 9:699365.

doi: 10.3389/feart.2021.699365

®

Check for
updates

Stable Water Isotope Assessment of
Tundra Wetland Hydrology as a
Potential Source of Arctic Riverine
Dissolved Organic Carbon in the
Indigirka River Lowland, Northeastern
Siberia

Shinya Takano >3, Youhei Yamashita'?, Shunsuke Tei*®°, Maochang Liang ",

Ryo Shingubara™”, Tomoki Morozumi™>%, Trofim C. Maximov® and Atsuko Sugimoto?°°

Graduate School of Environmental Science, Hokkaido University, Sapporo, Japan, 2Facu/z‘y of Environmental Earth Science,
Hokkaido University, Sapporo, Japan, *Research Institute for Humanity and Nature, Kyoto, Japan, “Department of Forest
Management, Forestry and Forest Products Research Institute, Tsukuba, Japan, SArctic Research Center, Hokkaido University,
Sapporo, Japan, ®College of Horticulture and Gardening, Yangtze University, Jingzhou, China, ’Graduate School of
Environmental Studies, Nagoya University, Nagoya, Japan, ®Research Faculty of Agriculture, Hokkaido University, Sapporo,
Japan, ®Institute for Biological Problem of Cryolithozone, Siberian Division of Russian Academy of Science, Yakutsk, Russia,
9Global Station for Arctic Research, Global Institution for Collaborative Research and Education, Hokkaido University, Sapporo,
Japan

Arctic tundra wetlands may be an important source of dissolved organic carbon (DOC) in
Arctic rivers and the Arctic Ocean under global warming. We investigated stable water
isotopes and DOC concentration in wetlands, tributaries, and the mainstream at the lower
reaches of the Indigirka River in northeastern Siberia during the summers of 2010-2014 to
assess the complex hydrology and role of wetlands as sources of riverine DOC. The
wetlands had higher values of 8'®0 and DOC concentration than the tributaries and
mainstream of the Indigirka River. A relationship between the two parameters was
observed in the wetlands, tributaries, and mainstream, suggesting the wetlands can be
a source of DOC for the mainstream through the tributaries. The combined temporal
variations in riverine §'®0 and DOC concentration indicate the mainstream water flowed
into the tributaries during relatively high river-level periods in summer, whereas high DOC
water in the downstream wetlands could be discharged to the mainstream through the
tributaries during the low river-level periods. A minor fraction (7-13%) of riverine and
wetland DOC was degraded during 40 days of dark incubation. Overall, the downstream
wetlands potentially provide relatively less biodegradable DOC to the Arctic river and costal
ecosystem during the low river-level periods—from late summer to autumn.

Keywords: Arctic tundra wetland, riverine dissolved organic carbon, wetland hydrology, stable water isotopes,
Northeastern siberia
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INTRODUCTION

The pedosphere of the Arctic has substantial stocks of organic
carbon and plays an important role in the global carbon cycle as
sources and sinks of CO, and CHy, which are affected by global
warming (McGuire et al.,, 2009; McGuire et al., 2010b). Arctic
rivers transport large amounts of organic carbon, mostly in the
form of dissolved organic carbon (DOC), from the Arctic
pedosphere to the Arctic Ocean (Gordeev et al., 1996; Dittmar
and Kattner, 2003; Rachold et al., 2004; Raymond et al., 2007;
McClelland et al., 2012). Although the Arctic Ocean corresponds
to only 1% of the global ocean volume, it receives more than 10%
of both global river discharge and DOC, namely 25-36 TgCyr ™"
(Lobbes, 2000; Lammers et al, 2001; Raymond et al., 2007;
Holmes et al, 2012). In the future, riverine DOC
concentration and flux are predicted to increase due to Arctic
warming (Frey and Smith, 2005); yet, some proportion of the
DOC in Arctic rivers is known to be degraded by microbes (e.g.,
Kohler et al., 2002; Holmes et al., 2012; Stanley et al., 2016). Thus,
the transport of DOC from the Arctic pedosphere to the Arctic
Ocean by rivers is possibly an important process controlling not
only organic carbon stocks in soil but also marine ecosystems, in
particular microbial loops.

The transport of DOC from the pedosphere to the river
networks of Arctic watersheds is unique because of the
presence of permafrost. The terrestrial runoff carries DOC
derived from organic-rich surface soil and fresh vegetation in
boreal forests (Finlay et al., 2006; Amon et al., 2012) to rivers
during the spring because the frozen ground limits the infiltration
of rain and snowmelt. Therefore, the river discharge and riverine
DOC concentration generally reach their maxima during the
snowmelt season in Arctic rivers (Cooper et al., 2008; Prokushkin
et al., 2009, 2011; Holmes et al., 2008, 2012). After the peak of
river discharge, the DOC concentration generally decreases
correspondingly with the decrease in discharge (Cooper et al.,
2008; Prokushkin et al., 2009, 2011; Holmes et al., 2008, 2012), a
phenomenon which can be attributed to the longer flow path of
the infiltration water, created by seasonal deepening of the active
layer. This longer flow path allows DOC decomposition and/or
adsorption onto mineral particles in the soil before leaching into
the stream (MacLean et al., 1999; Striegl et al., 2005; Petrone et al.,
2006; Prokushkin et al., 2007).

This mechanism of decrease in DOC concentration after
snowmelt is possibly less effective in the downstream tundra
wetlands, which have a shallower active layer than the upstream
boreal forests. In fact, Amon et al. (2012) reported that the
contribution of mosses and peat bogs to Arctic river DOC
significantly increased after spring (i.e., after thawing of the
active layer). It has also been pointed out that the degradation
of permafrost in the subsurface of the downstream peatland
probably releases DOC from the permafrost into rivers,
thereby increasing the DOC concentration and flux in Arctic
rivers (Frey and Smith, 2005; Frey and McClelland, 2009).
Therefore, knowledge regarding DOC leaching from
downstream tundra wetlands to rivers is crucial for a better
estimation of the DOC flux in Arctic rivers under global
warming. However, downstream tundra wetlands have not
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received considerable attention as a DOC source, because
previous studies have focused mostly on major Arctic rivers
(e.g., Kattner et al., 1999; Amon et al, 2012; Holmes et al,
2012; Kicklighter et al., 2013; Pokrovsky et al., 2015) for which
the watersheds cover extensive regions of boreal forests.

In this study, we evaluated the DOC concentration in the
mainstream, tributaries, and wetlands at the lower reaches of the
Indigirka River in summer to assess the role of the wetlands as a
source of riverine DOC. The Indigirka River basin, located in
northeastern Siberia, is relatively small compared with other
major Arctic river basins in the continuous permafrost zone,
and tundra wetlands are widely distributed in the middle and
lower reaches. Therefore, the study region is suitable for
evaluating the potential of wetlands as DOC sources for Arctic
rivers. In addition, we used stable isotopes of water to assess the
complex hydrology in the study region (Woo, 2012), that is, the
occupation of tributaries by water from the mainstream during
snowmelt, as well as the contribution of water from downstream
tundra wetlands to tributaries after the snowmelt.

MATERIALS AND METHODS

Study Sites
The study area is located in the downstream region of the
Indigirka River near Chokurdakh (70°37’N, 147°53'E),

Republic of Sakha (Yakutia), Russia (Figure 1). The upper and
middle reaches of the Indigirka River basin mostly consist of taiga
forest, alpine desert, and mountain tundra landscapes with an
altitude of up to 2,800 m, whereas the lower reaches consist of the
forest tundra and tundra landscapes with a relatively low altitude
(Geodesy and Cartography Bureau of Soviet Council of Ministers,
1989; Gusev et al., 2013; Tei et al.,, 2020).

Observation and sampling were conducted in four sites (V:
Verkhny Khatistakha; K: Kodac; CKH: Chokurdakh; B: Boydom),
which are adjacent to the Indigirka River or its tributary. The
study area is located on the taiga—tundra boundary, and tree
density decreases from site V to site B, which is relatively close to
the tundra landscape. Trees/shrubs and wetlands are distributed
in patches in the area. The only tree species present is Siberian
larch (Larix cajanderi; syn L. gmelinii) and the dominant shrubs
are dwarf birches (Betula nana), dwarf willows (Salix spp.), and
dwarf alders (Alnus fruticosa; syn Deschekia fruticosa). The area
where the trees/shrubs grow is covered by green-mosses
(including Tomentypnum nitens, Hylocomium splendens, and
Aulacomnium turgidum), and the vegetation of the wetlands
includes sedges (Eriophorum spp. and Carex spp.) and
sphagnum-mosses  (including  Sphagnum  balticum, S.
squarrosum, and S. angustifolium). The mainstream and
tributaries are surrounded by bare-ground/shrub and wetland-
dominant (>50%) land cover, respectively, in the Indigirka
lowland (Morozumi et al, 2019a). More details of the
vegetation and dominant species in the study area are
described in Morozumi et al. (2019b).

The observation area is located in the Russian Arctic and
underlain by continuous permafrost with the mean annual air
temperature and precipitation of -13.9°C and 208 mm,
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FIGURE 1 | Location of the study area. (A) Location of the study region in northeastern Siberia (ArcGIS ESRI, Redland, CA, United States) modified by Takano et al.
(2019). The Indigirka River basin boundaries are shown with a black line. (B) Satellite image of the Indigirka River lowland around the village of Chokurdakh from Landsat 8
modified by Shingubara et al. (2019). Observation points of the mainstream (CKH, B, and V) and one tributary (K) of the Indigirka River are shown. Those of the other
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respectively, for the period of 1950-2008 according to the
Baseline Meteorological Data in Siberia (BMDS) Version 5.0
(Yabuki et al, 2011). Snowmelt and active layer thawing
usually start in late May to early June. The growing season is
from late June to early August, with a thaw depth of
approximately 20-30 cm (Shingubara et al, 2019; Takano
et al,, 2019). The maximum thaw depth (more than 50 cm in
depth) typically occurs in the first half of September, whereas the
depth of the surface organic layer is approximately 30 cm
(Takano et al., 2019). Active layer freezing usually starts in the
second half of September to October and freezes completely from
November to December.

Field Observations

Field observations and sample collection were conducted during
14-July 24, 2010, 9-July 28, 2011, 25 June—August 11, 2012, 17
June—July 25, 2013, 23-April 26, 2014, and 30 June—August 2,
2014. The observation team traveled to each sampling site by
motorboat in summer and snowmobile in spring.

River water samples from the Indigirka mainstream and
tributaries, wetland water, precipitation, and snow cover were
mainly collected in the four observation sites (Figure 1). The
sampling points of river water adjacent to sites B, K, V, and CKH
are hereinafter referred to as points B, K, V, and CKH,
respectively. Time-series observations of the mainstream and
tributary water were conducted at intervals of 2 or 3 days for
isotope analysis sampling and 1 week for DOC analysis sampling.
Those of the tributary water were conducted at point K, and the
sampling points of the other tributary waters are shown in
Figure 1B. Wetland water was collected from the surface
water of the wetlands, whereas bulk snow was obtained as a
core of diameter 10 cm and placed in a plastic bag to melt. The
water samples for isotope analysis were stored in 3- or 6-ml glass
vials. For this study, the isotopic compositions of the Indigirka

mainstream and tributaries in 2011 and 2012, summer
precipitation in 2012-2014, and snow cover were obtained
from Takano et al. (2019).

Samples for the DOC analysis were collected in a 60 ml plastic
syringe after three consecutive rinses with the sample water in
each sampling point and passed through polyvinylidene
difluoride (PVDF) filters (Durapore, Millipore) of pore size
0.45 um. After three consecutive rinses with the filtrates, the
final filtrates were stored in 50 ml polyethylene bottles, which
were wrapped with aluminum foil and maintained frozen in dark
until analysis. The syringes and bottles were pre-washed by
soaking in 0.1mol 1™" HCI for 24h and then rinsed with
Milli-Q water.

To evaluate the biodegradability of DOC, bottle incubation
experiments were performed as described by Yamashita et al.
(2013). Water samples were passed through PVDF filter of pore
size 0.45 um and collected in 50 ml polyethylene bottles, which
were wrapped with aluminum foil; then, the samples were
incubated in dark at room temperature (16-25°C). After
40 days of incubation, the samples were stored frozen in dark
until analysis without any filtration. The incubation experiment
was carried out with a single sample.

Analysis

Stable isotope ratios of water have long been used in studies on
the water cycle (e.g., Craig, 1961; Dansgaard, 1964; Craig and
Gordon, 1965). They are considered to be a useful tool for
determining source water and assessing hydrological processes
in Arctic rivers (Welp et al., 2005; Cooper et al., 2008; Yi et al.,
2010, 2012; Sugimoto and Maximov, 2012). The stable isotopic
compositions of water (oxygen and hydrogen) were determined
using the CO,/H,/H,0 equilibration method with a mass
spectrometer (MAT  253; Thermo Fisher Scientific,
United States, manufactured in Germany) with a gas bench
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FIGURE 2 | sD-8'80 plot grouping Indigirka mainstream and tributaries, wetlands, precipitation in summer, and snow cover with different colors and showing
distributions as boxplots on the top and side panels. The Global Meteoric Water Line (GMWL; 8D = 8 x §'80+ 10) is shown as a black solid line. These data were obtained
during summer in 2010-2014, and the data of snow cover were obtained in April 2014. The isotopic compositions of Indigirka mainstream and tributaries in 2011 and
2012, summer precipitation in 2012-2014, and snow cover are cited from Takano et al. (2019).

(Thermo Fisher Scientific, United States, manufactured in
Germany). The isotopic compositions are expressed in delta
notation relative to Vienna Standard Mean Ocean Water
(VSMOW), defined as follows:

8"00r8D = (Rymple/Rysmow — 1) X 1000 (%0), (1)

where Rgample and Rysmow are the isotopic ratios of water (807
'°0 or D/H) of the samples and VSMOW, respectively. The
precision of the analysis was within +0.2%o for §'*0 and +2%o for
SD.

The concentration of DOC was determined by high-
temperature catalytic oxidation using a total organic carbon
analyzer (TOC-Vcsy, Shimadzu, Japan). The DOC
concentration was calculated from the standard curve with 0,
3.6, 7.2, and 12 mg C L™ potassium hydrogen phthalate solution,
which was determined daily.

RESULTS

Isotopic Composition of Water Samples

Figure 2 shows the 8D - 80 diagram for water from the
Indigirka mainstream, Indigirka tributaries, wetlands, lakes,
precipitation in summer, and snow cover. The summer
precipitation had the highest delta values, with §'®O values
ranging from -24.3%0 to —10.2%o (median of —-15.3%o),
whereas the snow cover had the lowest delta values, with §'*0
values ranging from —36.5%o to —25.5%o (median of —29.9%o).
The 8'®0 values of Indigirka mainstream water ranged from

—23.5%0 to —19.9%o (median of —21.3%o), and they were between
the values of summer precipitation and snow cover. The §'*0
values of the Indigirka tributary water ranged from —23.6%o to
—18.0%o (median of —20.9%o), and they were slightly higher than
the values of the mainstream (p < 0.05, student’s t-test). The
wetlands mostly had higher 8'*O values than the river water,
ranging from —20.1%o to —18.0%o (median of —19.2%o).

Temporal Variations in the §'0 Values of

River Water

The 80 values of river water in both mainstream and
tributary at point K generally increased with time during
the summer, irrespective of the difference in the observation
year (Figure 3). In 2011, the mainstream and tributary showed
the same 8'0O values until day-of-year (DOY) 203, and the
tributary on DOY 212 showed a 1%o higher value than the
mainstream on DOY 210. In 2012, the §'30 of the mainstream
observed at three points (CKH, B, and V) showed almost the
same values, but only at point B on DOY 195, the value was
—20.3%0, which was higher than that of the mainstream
predicted from the variation trend. The &0 of the
tributary was always approximately 2%o higher than that of
the mainstream since the start of the observation, and the
difference between them gradually increased with time. The
8'80 of the tributary showed a unique variation in 2013. The
values were almost the same as those of the mainstream until
DOY 183, and then gradually increased and reached —20.5%o,
which was 1.5%o higher than those of the mainstream on DOY
199. Thereafter, the 8'®0 value of the tributary dropped

Frontiers in Earth Science | www.frontiersin.org 4

July 2021 | Volume 9 | Article 699365


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Takano et al.

mainstream CKH < mainstream B
@ mainstreamV A tributary K
-18 - . . . —

[N
o
T
1

3180 (%0)
»

22 o ]

165 175 185 195 205 215 225

A
A A Aa a4 . B
A A
~-20 | N ]
e A ¢ o
9 fod ® , o ® 4
o 22 L s 4
¥ |
2012
_24 L I L I L I L I L I L |
165 175 185 195 205 215 225
-18 . . . . . —
~-20 | ]
B\\Q’ MA A
A i
S P\ (RPN
w 22 L R Aﬁ -
A
A i
. 2013
24 L L

165 175 185 195 205 215 225
Day of Year

FIGURE 3 | Time series for "0 grouped to the Indigirka mainstream

and tributary during summer in 2011-2013. The mainstream samples were
observed at sampling points CKH, B, and V, and the tributary samples were
observed at point K.

sharply and reached almost the same values as those of the
mainstream by DOY 202.

Dissolved Organic Carbon Concentration
Figure 4 shows the box plots of DOC concentration in the
Indigirka mainstream, Indigirka tributaries, and wetlands. The
DOC concentration in the tributaries tended to be higher,
ranging from 4.42 to 23.46 mg C L' (median of 9.19 mg C
L"), than that in the mainstream, which ranged from 4.20 to
9.04mg C L' (median of 6.84 mg C L™"). Overall, the DOC
concentration range of the tributaries was wider than that of the
mainstream. The wetlands had the highest DOC concentration
with the range from 12.04 to 44.43mg C L' (median of
18.60 mg C L™).

Arctic Wetland Dissolved Organic Carbon

Temporal Variations in the Dissolved
Organic Carbon Concentration in the
River Water

The DOC concentration in the mainstream did not largely change
during the observation periods of 2011 and 2012, but it showed a
gradual decrease from 8.63 to 4.89mg C L' during 2013
(Figure 5). The DOC concentration in the three other
mainstream points CKH, B, and V was similar. However, at
point B, the value was 8.47 mg C L' on DOY 195, and it was
higher than the value of mainstream predicted from the variation
trend. In 2011, the DOC concentration in the tributary observed
at point K was almost the same as that in the mainstream until
DOY 203, whereas the tributary showed approximately 5 mg C
L ™" higher value than the mainstream on DOY 212. The DOC
concentration in the tributary, ranging from 9.06 to 12.50 mg C
L', was consistently higher than that in the mainstream, at
approximately 5mg C L' in 2012. In 2013, the DOC
concentration in the tributary was similar to that in the
mainstream until DOY 183, after which it was 9.12mg C L™,
which was approximately 4 mg C L' higher than that in the
mainstream, on DOY 192. Subsequently, it decreased again to a
value similar to that of the mainstream by DOY 207.

Biodegradation of Dissolved Organic

Carbon

The DOC loss (%) after 40 days of dark incubation of the water
samples was compared with the initial concentration (Figure 6).
The loss in the Indigirka mainstream, ranging from 7.1 to 8.6%,
was slightly lower than that in the tributaries, ranging from 7.8 to
12.6%. A plot of tributaries showed the highest initial DOC
concentration of 21.3mg C L™ nevertheless, the DOC loss
(7.8%) was not significantly different from that in the other
sites. The DOC loss in one wetland water sample with a high
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FIGURE 4 | Boxplots showing the distribution of DOC concentration
during summer in the Indigirka mainstream and tributaries in 2010-2013, and
wetlands in 2010-2012.
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DISCUSSIONS

Hydrological Processes in the Downstream
Region of the Indigirka River

Generally, the §'®0 of Arctic rivers rapidly decrease in spring
with the highest discharge due to the inflow of snowmelt water,
followed by an increase in summer due to the recession of the
snowmelt water and the contribution of runoff of summer
precipitation (Welp et al., 2005; Cooper et al., 2008; Yi et al.,

FIGURE 7 | Seasonal and interannual variations in the river water level of
Indigirka mainstream at CKH during 2009-2017. The data are from Tei et al.
(2020). The blue line denotes the temporal average of the river water level
during 2009-2017, and the red, green, and purple lines show the river
water level in 2011, 2012, and 2013, respectively.

2010, 2012; Sugimoto and Maximov, 2012). Similarly, in the
Indigirka River, the water level reaches the maximum during the
snowmelt season, and then gradually decreases in summer
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(Figure 7). For this study area, snow cover and summer
precipitation with the lowest (median of —29.9%o) and highest
(median of —15.3%o0) 8'®O values, respectively, can be considered
as end-members of the surface water of the Indigirka River and its
catchment (Figure 2). This is because the 880 of the Indigirka
mainstream and tributary water increased in summer (Figure 3),
and it was between the value of summer precipitation and that of
snow cover (Figure 2). These results indicate that the increasing
trends of the riverine §'*0 in summer are due to the recession of
snowmelt water and the contribution of summer precipitation
runoff to riverine water, as is typically observed for other Arctic
rivers (Welp et al., 2005; Cooper et al., 2008; Yi et al., 2010;
Sugimoto and Maximov, 2012).

In the permafrost zone, precipitation and snowmelt water are
generally limited infiltrating to the subsurface by the frozen
ground during spring (Sugimoto et al., 2003), whereas during
summer, they flow into the river through the subsurface owing to
deepening of the seasonal thawed active layer. Therefore,
wetlands and soil water in summer are assumed to be
mixtures of residual snowmelt water, summer precipitation,
and soil water remaining from the previous year. In this study,
the 8O of wetlands was between the 8O of summer
precipitation and snow cover, and closer to that of summer
precipitation (Figure 2), suggesting slightly more contribution
from the summer precipitation. This indicates that drainage from
wetlands may contribute to the increasing trends of riverine §'*O
in summer (Figure 3).

The high 8O of the tributary compared with that of the
mainstream suggests the drainage of wetland water, whereas the
same delta values of the tributary and mainstream may show
inflow from the mainstream to the tributary. The temporal
variation in 8'®O of the tributary in 2012 was approximately
2%o higher than that of the mainstream (Figure 3), indicating the
contribution of drainage from the wetlands into the tributary and
thus probably into the mainstream. On the contrary, both
mainstream and tributary showed the same delta values and
variations up until DOY 183 and after DOY 202 in 2013
(Figure 3), implying the possibility that the mainstream water
was flowing into the tributary at these times.

Flooding commonly occurs during the snowmelt season in
Arctic river lowlands (Woo, 2012). The flooding of the Indigirka
River mainstream probably extends and contributes to the
tributaries, as the water level of the tributary has been
observed to suddenly increase even though snow melting had
not yet progressed sufficiently in the tributary basin (Morozumi
et al., 2020). The same trend of variation in the 8'0 of the
mainstream and tributary until DOY 183 in 2013 (Figure 3)
indicates that this contribution of the mainstream water
continued until early summer when the flooding had already
ended. In fact, the §'°0 of the tributary became higher than that
of the mainstream after DOY 183 in 2013 (Figure 3), indicating
that the contribution of drainage from the wetlands into the
tributary was increased due to the decrease in river level in
summer (Figure 7). A similar variation in the 880 of the
tributary was observed before this at the end of the
observation period in 2011 (Figure 3) when the river level
began to decrease (Figure 7). Thus, in 2013, the mainstream
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observed at point K.

and tributary showed renewed 8'8O values after DOY 202
(Figure 3), indicating that the mainstream water again
contributed to the tributary, possibly due to an increase in the
water level of the mainstream (Figure 7).

According to these results, it can be considered that the
mainstream water flowed into the tributaries during both
flooding period and relatively high river-level period in
summer. On the contrary, water in the downstream wetlands
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can discharge to the tributaries and mainstream when the river
level is lowered, thereby contributing as a source. Namely, the
contribution of drainage from the wetlands to the river becomes
the largest after summer.

Downstream Wetlands as the Source of

Dissolved Organic Carbon in Arctic Rivers
Overall, the wetlands showed obviously higher DOC
concentration than the rivers (Figure 4). The DOC
concentration in wetlands was also higher than that of the six
largest Arctic rivers (Ob’, Yenisey, Lena, Kolyma, Yukon and
Mackenzie), which ranged from 4.39 to 10.14mg C L! in
summer (from 4.35 to 11.37mg C L' annual average)
(Cooper et al., 2008; Amon et al., 2012; Holmes et al., 2012).
Furthermore, the organic layer of the surface soil is known to
store large amounts of organic carbon in the Arctic region
(Hugelius et al., 2014), and in this study area, the surface
organic layer is relatively thick, with a depth of approximately
30cm (Takano et al, 2019). Therefore, the high DOC
concentration in the wetlands is considered to be the result of
sufficient dissolution from the soil organic carbon stored in the
organic layer.

The 80 and DOC concentration in the tributary showed
similar or higher value than those of the mainstream, and the
timing of the temporal variations in the DOC concentration
accorded with that of the 8'%0 (Figures 3, 5). These temporal
variations indicate the degree of hydrological control of the DOC
concentration in the tributary. Based on this, the §'*0 and DOC
concentration were directly compared to further evaluate the
hydrological effect as a factor controlling the DOC concentration
(Figure 8). From this comparison, the relationship between the
8'*0 and DOC concentration showed that the wetlands had the
highest values, whereas the mainstream had the lowest values.
Furthermore, the tributary was plotted between the mainstream
and the wetlands, indicating that the wetland water drains into
the mainstream through the tributaries. For 2012, a plot of
mainstream point B (DOY195) was close to the tributary plots
(Figure 8), indicating that the sample was more strongly affected
by the tributary water because sampling point B was closer to the
confluence with the tributaries than mainstream points CKH and
V (Figure 1). Therefore, it can be concluded that wetland water in
this study area (i.e., the downstream region) can be the source of
DOC in the Indigirka River mainstream.

The DOC concentration in the mainstream tended to decrease
during the summer observation period in 2013 (Figure 5). This
decreasing trend was also observed for other Arctic rivers after the
snowmelt season (Cooper et al., 2008; Prokushkin et al., 2009,
Prokushkin er al., 2011; Holmes et al., 2008, Holmes et al., 2012).
This was possibly caused by a longer flow path of the infiltration
water created by seasonal deepening of the active layer in boreal
forests; the longer flow path allows DOC decomposition and/or
adsorption onto mineral particles in the soil before leaching into
the stream (MacLean et al., 1999; Striegl et al., 2005; Petrone et al.,
2006; Prokushkin et al., 2007). The subarctic taiga distributed in
the upper and middle reaches of the Indigirka River basin could
be considered to cause a decreasing trend in the DOC
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concentration in the mainstream. Additionally, the wetland
water with a high DOC concentration in the downstream
region could not drain to the tributaries and mainstream due
to the relatively high river level (Figure 7), as described for the
temporal variation in 8'®0. The combination of these two factors
is possibly the reason of the decrease in DOC concentration in the
mainstream and tributary in the summer of 2013.

From a previous study, Amon et al. (2012) reported that the
proportion of DOC derived from wetlands in Arctic riverine
DOC increased after the high-flow season. Yet, in 2012, the DOC
concentration in the mainstream was relatively uniform during
the entire observation period (Figure 5). During that period, both
8'80 and DOC concentration of the tributary were consistently
higher than those of the mainstream (Figures 3, 5), indicating the
wetland water drained to the tributary and probably to the
mainstream. This was consistent with the relatively low river
level during the period (Figure 7). Therefore, it can be considered
that the relatively uniform DOC concentration of the mainstream
in 2012 may be due to the drainage from the downstream
wetlands with high DOC concentration through the tributaries.

In 2011, the DOC concentration in the mainstream was also
relatively uniform at approximately 8 mgC L' during the
observation period, except on DOY 208 with 6.26 mg C L'
DOC (Figure 5). Although it is not certain because the amount of
data was small and the period was short, the recovery of DOC
concentration from the depression on DOY 208 might have been
caused by the drainage from the downstream wetlands through
the tributaries due to a decrease in the river level (Figure 7). On
the basis of this finding, it can be considered that the drainage
from the downstream wetlands likely increases with a decrease in
the river level; therefore, the effect of the downstream wetland
water on mainstream DOC concentration potentially increases
from late summer (i.e., after the decrease in river level) to autumn.

The limitation of drainage due to high river levels not only
disturbs DOC release but also maintains high soil moisture
during the growing season. This may have several effects such
as an increase in methane emissions (Shingubara et al., 2019;
Murase et al.,, 2020), the withering of trees at the taiga-tundra
boundary (Liang et al., 2014), and thickening of the seasonally
thawed active layer (Takano et al.,, 2019). Such biogeochemical
changes can affect the overall carbon cycle in the Arctic region
(McGuire et al., 2010a). For example, the thickening of the active
layer (i.e., thawing of surface permafrost), in which an estimated
1,000 + 150 Pg of organic carbon could be stored at 0-3 m depth
(Hugelius et al., 2014), potentially causes not only an increase in
carbon emission to the atmosphere (Turetsky et al., 2020), but
also an increase in the DOC concentration in soil water and
wetlands (Fouché et al., 2020). This in turn causes an increase in
the Arctic riverine DOC concentration in late summer to autumn
(Frey and Smith, 2005; Frey and McClelland, 2009).

Regarding the loss of riverine DOC from the river system, such
a loss may be caused by photochemical and microbial
degradation within the system during transport (Wiegner and
Seitzinger, 2001; Yang et al., 2021). For example, in the Alaskan
and Kolyma Rivers, a substantial fraction of DOC in spring
freshet water (20-40%) has been found to be biodegradable,
whereas only a minor fraction (less than 10%) has been found
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to be degraded during summer by microbes (Holmes et al., 2008;
Mann et al., 2012). The high DOC lability of spring freshet water
has been attributed to less degraded recently formed
(<5-10years) DOC (Neff et al, 2006; Raymond et al., 2007),
derived from the organic-rich surface soil and fresh vegetation
(Finlay et al., 2006; Amon et al., 2012). Additionally, a limitation
of microbial processing due to cold temperatures and a relatively
short residence time in the flow path may contribute to a less
degraded DOC. Contrarily, the lower lability of summer riverine
DOC is considered to be due to the component of a relatively old
DOC (Neff et al., 2006; Raymond et al., 2007), which originates
from the deeper part of the active layer where DOC
decomposition and/or adsorption onto mineral particles occur
during the thawing season of active layer (MacLean et al., 1999;
Striegl et al., 2005; Petrone et al., 2006; Prokushkin et al., 2007). In
this study, a minor fraction (7-13%) of DOC was degraded
during the 40 days of dark incubation of riverine and wetland
DOC observed in summer (Figure 6). This is comparable with
the lability of Arctic river DOC in summer (Holmes et al., 2008;
Mann et al,, 2012), implying that downstream wetlands supply
relatively less biodegradable DOC. Meanwhile, the predicted
release of highly biodegradable DOC due to permafrost
thawing has been generally established (Abbott et al., 2014;
Fouché et al, 2020). Furthermore, the photochemical
degradation of DOC has known to be the other important
degradation process of Arctic terrestrial DOC, which in turn
affects biodegradation (Mann et al., 2012; Cory et al., 2014; Ward
and Cory, 2016; Ward et al., 2017). As riverine DOC affects Arctic
coastal ecosystems, such as primary production, food webs, and
elemental cycles (Dittmar and Kattner, 2003; Dunton et al., 2006),
changes in the chemical characteristics and bio- and photo-
reactivity of DOC from downstream wetlands with ongoing
climatic change need to be further clarified.

CONCLUSION

We investigated the DOC concentration and stable isotopes of
water in the lower reaches of the Indigirka River in northeastern
Siberia during summer to assess the complex hydrology and role
of wetlands as a source of Arctic riverine DOC. The §'*0 and
DOC concentration in wetlands were higher (medians of —19.2%o
and 18.60 mg C L', respectively) than those of the mainstream
(medians of -21.3%o and 6.84mgC L', respectively) and
tributaries  (medians of -20.9%0 and 9.19mgC L7,
respectively) of the Indigirka River. The relationship between
880 and DOC concentration indicated that the downstream
wetland water could be a source of DOC in the Indigirka River
mainstream through the tributaries. The temporal and seasonal
variations in riverine §'*O showed the nature of complex
hydrological processes in this region; the mainstream water
flows into the tributaries during relatively high river-level
periods in summer, whereas the water in the downstream
wetlands can drain into the mainstream through the
tributaries when the river level decreases. The temporal
variations in the DOC concentration were coupled with those
in 8'%0 in one tributary, indicating the apparent hydrological
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control of DOC concentration in the tributaries. These results
imply that the downstream wetland water potentially affects the
Arctic riverine DOC concentration as one of the major sources
after the decrease in river level (i.e., from late summer to autumn).
Biodegradation in riverine and wetland waters collected in
summer indicates that a major fraction of DOC was less labile,
that is, less than 13% of the initial DOC was degraded during
40 days of incubation. Because riverine DOC affects the Arctic
coastal ecosystems, changes in flux and chemical characteristics
(bioavailability) of DOC from the downstream wetlands
controlled by hydrology with ongoing climatic change need to
be further clarified.
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