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Abstract Intense climate change and permafrost degradation impact northern watersheds

and ultimately organic carbon transfer from terrestrial to aquatic ecosystems. We investigated the
contemporary dissolved organic carbon (DOC) dynamics in a northern catchment underlain by
discontinuous permafrost (Graviyka River, northern Siberia), where historical meteorological and
hydrological data are available since 1936. Mean annual air temperature (MAAT), in contrast to
precipitation and discharge was found to show a significant increasing trend since 1950. Using in situ
sensing of fluorescent dissolved organic matter (fDOM), we estimated DOC concentrations at a high
temporal frequency (1h) during 3 years (2015-2018), and calculated annual specific fluxes of 5.2-5.5g C
m? yr~L. High DOC concentrations (above 10 mg L!) are sustained all year, exhibiting nearly chemostatic
behavior. Nevertheless, the high-frequency survey of DOC and other water parameters revealed the
seasonality of DOC origin and pathways in the watershed. The spring freshet dominates the annual
export (up to 80%), but summer and autumn floods can also contribute up to 9% and 8% respectively. The
high-frequency sampling was able to capture the specific dynamic of DOC concentration during spring
flood (DOC peak preceding discharge, dilution during the spring freshet) and summer and autumn floods
(contribution of DOC-rich, low conductivity water). These observations suggest a significant contribution
of organic-rich water originating in peatlands, potentially from degrading palsas. The study demonstrates
both that high-frequency sampling is essential to capture key events for DOC export, and that more long-
term monitoring is urgently needed in these rapidly evolving watersheds.

Plain Language Summary Carbon transported by rivers forms a large part of the planetary
carbon budget. In a changing climate, it is important to know how much carbon is transported to rivers,
especially in the Arctic, where soils are rich in organic carbon and are experiencing permafrost thaw.
We installed in situ equipment for long-term high-frequency observations in a river in northern Siberia
in order to track changes in water quality and carbon content. The climate has been becoming warmer
in this region since 1950, but there has been no increase in the precipitation or water volume in the
river. The waters of the studied river are rich in dissolved organic carbon throughout the year. Spring
floods transport the majority of carbon, owing to high water discharge. In summer and autumn, there is
less water flowing, but the carbon content in the water is still high. This water and carbon originate in
peatlands. Today, these peatlands are partially frozen, but are expected to thaw in the near future. This
process can increase the amount of carbon in the water, whereas the increased thawing soil depth can
reduce carbon export. Therefore, more long-term studies are needed to forecast future carbon export from
northern watersheds.

1. Introduction

Northern latitude soils represent approximately 50% of the global soil organic carbon pool, or 1,300 = 200 Pg
C, of which ~800 Pg C are perennially frozen in permafrost (Hugelius et al., 2014; Strauss et al., 2017; Tar-
nocai et al., 2009). In this context, northern catchments contribute significantly to organic carbon transfer
from terrestrial to aquatic ecosystems, and the Arctic Ocean receives the largest amount of organic carbon
on a volume basis (Opsahl et al., 1999). The dissolved organic carbon (DOC) fluxes reaching the Arctic
Ocean from the six largest Arctic rivers range from 18.3 Tg C yr~! (Amon et al., 2012; Holmes et al., 2012) to
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21.6 Tg C (Mu et al., 2019), while the pan-Arctic fluxes reach 33 Tg C yr~! (McGuire et al., 2009). However,
the actual fluvial organic carbon transfers from northern terrestrial to aquatic ecosystems are expected to
be even higher. A significant fraction of the DOC fluxes to surface waters is subject to microbial minerali-
zation and photodegradation in first-order streams or immobilized in soils and sediments before reaching
the Arctic Ocean (Abbott et al., 2016; Mann et al., 2015; McGuire et al., 2009; Wild et al., 2019). Quantifying
fluvial organic carbon export at smaller scales is crucial, in order to establish accurate carbon budgets from
northern ecosystems (Lundin et al., 2016; Olefeldt et al., 2013).

Northern watersheds are facing climate change and permafrost degradation. Vegetation shifts and disrup-
tion to hydrological connectivity alter biogeochemical cycles (Frey & McClelland, 2009; Lafreniére & Lam-
oureux, 2019; Stieglitz et al., 2003). In contrast to the consistent increase in availability of inorganic nutrients
in the Arctic's aquatic ecosystems, organic carbon's response to thaw is much more variable with respect to
local topographic, geologic and permafrost status (Frey & McClelland, 2009; Tank et al., 2012, 2020). In ad-
dition, the diversity of soil and ecosystem types within a watershed strongly controls fluvial organic carbon
fluxes. For instance, peatlands coverage directly drives the intensity of organic carbon transfer to streams
(Laudon et al., 2004; Olefeldt et al., 2013). Permafrost degradation is expected to further increase organic
carbon transfer from peatlands by deepening the active layer (Frey & Smith, 2005), and it may release DOM
with higher biodegradation potential (Selvam et al., 2017). Alternatively, increased fire frequency, as ob-
served in recent years in the Arctic (Hu et al., 2015) may reduce organic transfer from terrestrial to aquatic
ecosystem (Parham et al., 2013; Rodriguez-Cardona et al., 2020). With regard to this complexity, the scarce
(Laudon et al., 2017) long-term records of fluvial organic exports from northern watersheds report contrast-
ing trends (Frey & McClelland, 2009). In the Yukon River, organic carbon fluxes decreased during summer
and autumn from 1978-1980 to 2001-2003 (Striegl et al., 2005), whereas fluxes have remained steady since
the 1930s in the Severnaya River (Chupakov et al., 2020) and in small watersheds of Northern Sweden
since the early 1980s (Giesler et al., 2014). Meanwhile, organic carbon fluxes to rivers have increased in
the Central Siberian Plateau since the 1960s (Prokushkin et al., 2011), and in the McKenzie River and its
sub-catchments over a survey period of nearly 40 years (Tank et al., 2016).

In northern watersheds, water and DOC fluxes are highly seasonal (Giesler et al., 2014; Holmes et al., 2012;
Townsend-Small et al., 2011). A key characteristic of these watersheds is the dominance of the spring fresh-
et. Most (50%-90%) of the fluvial organic carbon export occurs during a short period, ranging from a few
days to a few weeks in June (Amon et al., 2012; Carey, 2003; Finlay et al., 2006; Holmes et al., 2012; Johnston
et al., 2018). Recent observations from the high Arctic suggest that northern watersheds could shift from
this nival regime to a multimodal one, with an increased influence of summer rains (Beel et al., 2021; Lam-
oureux & Lafreniére, 2017). This renders it necessary to monitor rivers year-round and to include “shoulder
seasons” in surveys of organic carbon transfer (Shogren et al., 2020; Song et al., 2019). The origin and com-
position of exported dissolved organic matter (DOM) is also highly seasonal (Fouché et al., 2017; O’Donnell
et al., 2012; Shatilla & Carey, 2019). During the spring freshet, mostly modern carbon, originating in shal-
low organic soil layers, is exported, whereas the contribution of deeper soil layers and, potentially, thawed
permafrost carbon is higher under autumn and winter base-flow conditions (Amon et al., 2012; Johnston
et al., 2018; Raymond et al., 2007). The composition of DOM depends on the relative contribution of sourc-
es and DOM lability may be higher in permafrost layers (Fouché et al., 2020; Selvam et al., 2017). This has
important implications, because DOM origin (i.e., thawing permafrost or recently fixed carbon from the
atmosphere) and lability control the potential ecosystem feedback on climate change of its transfer from
terrestrial to aquatic ecosystems (Estop-Aragonés et al., 2020; Gandois et al., 2019; O’Donnell et al., 2020).

In northern watersheds, remoteness, harsh conditions and the prevalence of the spring freshet on annual
budgets have let to focus sampling on this period, with a higher sampling frequency (up to daily) (Car-
ey, 2003; Chupakov et al., 2020; Finlay et al., 2006; Holmes et al., 2008; Juhls et al., 2020). In the past
decade, optical properties of DOM (both absorbance and fluorescence) have been used to develop in situ
sensors able to quantify DOC concentrations (Downing et al., 2012; Grayson and Holden, 2012; Ruhala &
Zarnetske, 2017) at a much higher resolution (hours to minutes). The use of these in situ sensors has re-
vealed an unexpected variability of DOC concentrations, at various time scales (Pellerin et al., 2012; Rosset
et al., 2019; Shultz et al., 2018; Tunaley et al., 2018). The high-frequency analysis of DOC, combined with
other hydrochemical tracers, makes it possible to track DOC origin and export processes during high flow
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Figure 1. (a) Location of study area and permafrost status (data: NASA) (b) In gray: Graviyka catchment adapted from Tananaev (2016). The diamond
indicates the location of the gauging station and the multiparameter probe.

events (Fovet et al., 2018; Pellerin et al., 2012; Rosset et al., 2020; Shogren et al., 2021; Tunaley et al., 2016;
Vaughan et al., 2017).

This article focuses on a northern watershed located in Siberia underlain by discontinuous permafrost. Cli-
mate change has already impacted this region, and induced permafrost degradation (Streletskiy et al., 2015).
We hypothesize that this may have affected organic carbon fluvial export, through modifying hydrological
pathways within the watershed. In this perspective, we combine high-frequency hydrochemical data with
historical records, for a long-term hydrological perspective. The objectives of the article are to: (a) describe
the DOC concentration and export dynamics using high-frequency sensing, (b) outline the seasonality and
potential shifts in hydrological and organic carbon export (c) identify the DOC export processes and origin
for different hydrological events.

2. Materials and Methods
2.1. Study Site

The Graviyka River is a medium-sized subarctic river and one of the northernmost tributaries of the Yenisey
River. The river outlet is located near the city of Igarka, Krasnoyarsk Krai (Figure 1). The catchment, with
an area of 320 km?, is underlain by discontinuous permafrost (Figure 1a), and is characterized by a for-
est-tundra ecotone, dominated by larch (Larix sibirica), birch (Betula pendula), and Siberian pine (Pinus
sibirica), and by palsa (frozen peat mounds) landscapes (Streletskiy et al., 2015; Tananaev, 2016). Palsas are
covered by lichens, Labrador tea (Rhododendron spp), mosses and dwarf birch (B. nana). Permafrost thaw
promotes the development of thermokarst depressions and ponds of various sizes, where Sphagnum spp.
and Eriophorum spp. are abundant. The vegetation in the area is an indicator of the permafrost status. For-
ested areas cover drained silty soils developed on Pleistocene permafrost with an active layer ranging from
one to several meters deep, while palsa-dominated areas are indicative of Holocene permafrost with a shal-
low active layer (<1m). Peatland accumulation in the region started around 9,500 yr BP (Peteet et al., 1998,
and references therein). Permafrost degradation has been observed in the past 30 years in the Igarka region,
evidenced both by ground temperature records and the evolution of permafrost landscapes (Streletskiy
et al., 2015).

2.2. Historical Hydrological and Meteorological Data

Meteorological data have been collected since 1936 at the Igarka meteorological station. Data are available
on the RTHMI-WDC web-portal (http://aisori-m.meteo.ru/waisori/). In the 1940 and 1950s, new rain gauges
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were deployed in the USSR, and precipitation records are known to be non-homogeneous (Groisman &
Rankova, 2001). Precipitation data corrected for rain gauge bias, available at RIHMI-WDC, were used for
trend analysis for the 1936-2015 period. Uncorrected data from 2015 to 2018 were used for descriptive
purposes.

The Russian Hydrometeorological Service (Roshydromet) has maintained the gauging station on the Gravi-
yka River since 1936, although observations ceased in 1993. Hydrological data for this period (water stage
and daily flow) were obtained from the official hydrological yearbooks published by the Roshydromet. The
gauging station was revisited in 2014 for this study. Water level was measured hourly, and a historical rating
curve (Figure S1) along with systematic gauge leveling was used to reconstitute hourly water stage and
discharge values.

2.3. Instrumentation

In June 2015, an EXO2 multiparameter probe (YSI, Xylem Inc., USA) was installed at the historical gauging
station location, its observations spanned the period from June 2015 to September 2018. The probe record-
ed water level, temperature, conductivity, pH, turbidity, dissolved oxygen (DO), and fluorescent dissolved
organic matter (fDOM) values hourly. The fDOM signal, with a single excitation (365 + 5 nm) and emission
(480 = 40 nm) wavelength couple acted as a proxy for DOC concentration (Downing et al., 2012).

2.4. Water Sampling and Analysis

Water was sampled regularly during the ice-free period at the outlet of the Graviyka catchment. Bulk sam-
ples were stored in sealed 10 ml plastic or glass vials for water stable isotopes, and kept refrigerated prior
to analysis. Water was filtered using pre-combusted glass fiber filters (GF/F, Whatman) for DOC, dissolved
inorganic carbon (DIC), major element concentrations and ultraviolet-visible (UVvis) spectra. UVvis spectra
were measured using a Cary 100 spectrometer (Agilent, USA). Non-purgeable organic carbon (hereafter
DOC) was analyzed on filtered samples after acidification to pH 2 (HCI) by TOC Vario Cube (Elementar,
Germany). DIC concentrations measured using the same instrument without the catalytic combustion step.
The quantification limit for the determination of DOC and DIC was <0.5 mgC L. The specific UV absorb-
ance at 254 nm (SUVA, L mg C~'m~!) was calculated as follows: SUVA = A /(b x [DOC]) (L mg ~' m™),
where A, is the sample absorbance at 254 nm (nondimensional), b is the optical path length (m), and DOC
the concentration in milligrams per liter. SUVA is a proxy for DOM aromaticity (Weishaar et al., 2003). Ma-
jor elements (Cl~, SO,*~, Ca®*, Mg**, K*) were analyzed by ion chromatography (Dionex ICS-1100, Thermo
Fischer Sci., USA). The precision of measurement was 0.2 mg L. Certified material (ion 915, Environment
and Climate Change Canada, Canada) was included in the analytical loop and recovery was >90% of the
certified value. Flow injection analysis (QuikChem 8500 Series 2; Lachat Instruments, USA) was used for
low levels of NO,~ and PO*~. Water isotopic composition (5'30 and §°H) was measured using cavity ring-
down spectroscopy (Picarro L-2120-i, Picarro Inc., USA). Both water isotopes were determined for the same
water sample. The values are given relative to the Vienna Standard Mean Ocean Water (VSMOW). The
accuracy of the method is +0.2%o. for §¥0 and +1.0%. for §°H.

On three occasions, water was sampled for *C analysis of DOC. Water was filtered using combusted GF/F
filters, stored in acid washed and burned glass bottles, and freeze-dried. The radiocarbon content of DOM
was measured at “Laboratoire des sciences du climat et I'environnemen” (LSCE, Gif-sur-Yvette, France) on
the ECHoMICADAS compact Accelerator Mass Spectrometry (AMS) system, through elemental analyzer
gas interface system (EA-GIS) coupling (Tisnerat-Laborde et al., 2015). The 8'3C value of the freeze-dried
powder was compared to the direct analysis of §'3C-DOM on the liquid sample after acidification, to eval-
uate the need for removal of inorganic carbon. Typically, 0.5 mg of sample material was prepared in a tin
capsule and acidified with 3 uL of HC1 1 M. Samples were duplicated, and the reproducibility of duplicates
was checked (Chi-squared test). Blanks and standard materials (C7 and OXA2 oxalic acid) were included in
the analysis sequence. All **C results were corrected for isotopic fractionation according to the conventions
of Stuiver and Polach (1977) and reported as F*C following the recommendation of Reimer et al. (2004).
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2.5. Data Treatment and Flux Calculations

The pH, conductivity, DO and turbidity sensors of the YSI EXO2 probe were calibrated using commercial
solutions. The raw fDOM data were corrected following the sequential correction procedure described by
De Oliveira et al. (2018). The correction was limited to temperature and turbidity correction, as the absorb-
ance at 254 nm (A, ) was always <0.6. The corrected signal was on average 8 * 4% different from the raw
signal. The corrected fDOM signal was calibrated using grab sample DOC concentrations. A linear model
(DOC = 0.217*fDOM, n = 58, r* = 0.27, p < 0.001) was established between DOC concentrations and cor-
rected fDOM values. The relatively low r? can be related local heterogeneity between the probe location (bal-
lasted in the river) and the sampling point (surface water), as well as potential evolution of DOM composi-
tion with hydrological conditions (Saraceno et al., 2009). The fDOM sensor mostly records terrestrial DOC
signal, and may be affected by the contribution of non-fluorescent DOM. This was the case during the dry
summer 2016, when a lack of response of the fDOM sensors was observed. Nevertheless, the slope between
DOC concentrations and the fDOM signal was very close to the one established in the Yenisei River close
to the Graviyka outlet over a larger range of DOC concentrations (1.8-19 mg L) (a = 0.225, = 2 = 0.93,
p < 0.0001, n = 100) (Figure S2).

The water level recorded by the probe was linked to a gauge datum by leveling, and converted to water
discharge using the historical rating curve (Figure S1). The hourly DOC fluxes were calculated as described
in Equation 1.

(0 *[poc] +o., =[poc] )

2
The observation period ranged from June 18, 2015 to September 28, 2018. However, logistical constraints
and vandalism led to a loss of data. Indeed, from August 9 to September 21, 2017, no data could be record-
ed, because the probe was vandalized. On June 19, 2018, the water level probe became dysfunctional, so
no fluxes could be calculated after this date. In summer 2016, owing to the extremely low water level, the
fDOM records showed no response to the evolution of DOC concentrations and were discarded. For DOC
flux calculations, the mean grab sample DOC concentration for the period (11.7 + 0.4 mg L-1, n = 15) was
used. This has a negligible influence on the flux calculation because the water discharge was very low dur-
ing this period.

@

Fooc = [0 *[DOC|*dt ~ At + 3

The hydrograph was divided into four hydrological periods. (a) the spring freshet from the end of May to
mid-July; (b) the pronounced summer low-flow from mid-July until early September; (c) the autumn flood
period from mid-September to late October; and (d) the winter base flow period, from November to May.

Flood events were identified (via visual identification of the inflexion point and checking for a 10% in-
crease in discharge) in spring, summer, and autumn. The flood hysteresis were characterized following the
methodology described by Godsey et al. (2019); Koenig et al. (2017); Shogren et al. (2021) and Vaughan
et al. (2017). The direction (clockwise, anticlockwise) of the hysteresis was identified. The slope of the loga-
rithmic C-Q relationship () was calculated as an indicator of transport limitation (8 > 0), source limitation
(B < 0), or chemostatic behavior (8 = 0) in the watershed. The flushing index (FI = C
was calculated as an indicator of the flushing or diluting effect of the rising limb.

Qpeak, norm - Cinitial, norm)’

2.6. Statistical Analysis

Statistical analysis was performed using R (R Core Team, 2019) and the RStudio software (Version 1.2.1335),
using the ggplot (Wickham, 2016), tidyverse (Wickham, 2017), dplyr (Wickham et al., 2019), dunn.test
(Dinno, 2017), and trend (Pohlert, 2020) packages. Significant differences (p < 0.05) between groups were
evaluated using the Kruskal-Wallis and Dunn's post hoc multiple tests. The Mann-Kendall test was used
to assess the presence and the significance of linear trends in data, and the Pettitt test to detect breakpoint
changes in the time series.
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Table 1
Mean Annual Air Temperature (MAAT), Annual Precipitation and Hydrological Data for 1938-1992 and the Study
Period

1938-1992 (mean =+ SD) 2016 2017
MAAT (°C) -78 1.5 =55 —-5.8
Annual precipitation (mm) 647 £ 99 452 706
Annual water flux (km? yr—1) 0.160 + 0.032 0.169 0.158
Water specific Flux (m* m? yr—!) 0.496 + 0.01 0.524 0.489
DOC flux (T) / 1,770 1,690
DOC specific flux (g m? yr—1) / 5.5 5.2

Note. Annual DOC Fluxes Estimated for the Study Period (2016 and 2017).

3. Results
3.1. Meteorology and Hydrology: Historical and Contemporary Data

Over the long-term period (1936-2019), Igarka's climate was continental subarctic, or “Dfc,” using the Kop-
pen climate classification (Peel et al., 2007), with a mean annual air temperature (MAAT) of —7.8°C £ 1.5°C,
and mean annual precipitation (P) of 647 + 99 mm (Table 1). Since 1936, MAAT has presented a significant
(p < 0.05) increasing trend. No monotonic trend existed for annual precipitation (Figure S3). MAAT and P
fluctuations could be separated into different periods: (a) from the 1930s to the late 1950s, with decreasing
MAAT and increasing P (counterphase); (b) from the late 1950s to the late 1970s, cold and mostly humid;
(c) from the late 1970s to the late 1990s, moderate and dry; and (d) since the early 2000s, increasing MAAT
and P (synphase).

During the observation years with full high-frequency records, 2016 and 2017, MAAT (—5.5°C and —5.8°C)
was above the long-term average of —7.8°C (Table 1). The climate for the first observation year, 2015, was
close to the average, except for intense July rains. In 2016, the region experienced a rare drought period. No
rain was recorded for 30 days, from June 29 to July 28, 2016, the longest dry period on record (Figure S4a).
The mean annual water flux for the historical record (1938-1992) was 0.160 + 0.032 km? yr~. This corre-
sponded to a daily flow of 5.08 + 1.02 m? s~! and a specific water flux of 0.496 + 0.01 m* m? yr~1. No trend
appeared for mean annual daily flow (Figure 2). The spring peak flow (black dot on Figure 2) showed cyclic
behavior. The variation in peak flow timing was associated with a negative trend in May runoff, p < 0.05,
and the mean May air temperature, which reached a pronounced minimum in the 1960 and 1970s. Sub-
sequently, an insignificant runoff increase was observed in June and July, p > 0.05, followed by a decrease
from August to October, p > 0.1.

Water fluxes for the studied period were comparable to historical means (Table 1). Monthly flows differed
from historical trends in relation with the extremely variable climate and hydrology during the observation
years. The observed June runoff was 15%-30% above the average (2016-2017). The July runoff was 200%
higher than the average in 2015%, and 6% above the previously observed maximum (1968), but 25%-75%
lower than the average in 2016-2017. The September 2015 discharge was twice the historical average value,
but both the September and the October discharge were 40%-60% lower than average in 2016-2017.

3.2. Grab Water Sample Characteristics
The grab sample chemistry is summarized in Table 2.

The ranges of selected parameters for the different periods considered are presented in Figure 3. The Gravi-
yka River's water chemistry wass characterized by a relatively high pH and high DOC concentrations. The
Graviyka River's composition showed a strong seasonal pattern. High values of specific conductivity, asso-
ciated with high values of DIC and Ca, were measured during winter, with a consistent drop in spring. Pos-
itive correlations were found between conductivity and DIC concentrations (r> = 0.51, p < 0.001, n = 74),
and between DIC and Ca concentrations (7> = 0.53, p < 0.001, n = 30). Relatively high DOC concentrations
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Figure 2. (a) Annual variation of discharge at the outlet of the Graviyka River from 1936 to 1992. Black dots indicate
the freshet discharge peak. The black line is the average date for the freshet discharge peak.

were measured all year round (DOC = 11.1 + 1.5 mg L), with significantly lower concentrations recorded
in winter (9.9 £ 1.0 mg L™!), and higher concentrations during spring (12.1 + 1.8 mg L™!). The SUVA val-
ues showed a slight increase from winter to autumn, indicating a higher proportion of aromatic DOM in
autumn. The highest SO, values were reported in autumn (2.00 + 0.88 mg L~'). Water isotopes also showed
clear seasonal patterns (Figure S5). Winter and spring were characterized by depleted values, indicating the
snow signature, whereas autumn showed the highest values. During summer, the lowest d-excesses were
measured, reflecting highly evaporated sources (Streletskiy et al., 2015).

The '“C values of DOC (Table 3) were highly depleted. Values of F*C of 0.963 + 0.005 and 0.956 + 0.005
(corresponding to 300 + 40 yr BP and 355 + 40 yr BP, respectively) were measured on the July 2 and August
17, 2015. On August 2, 2016, a value of F**C of 0.873 + 0.009 (1120 =+ 80 yr BP) was measured.

3.3. High-Frequency in situ Data
3.3.1. Hydrochemical Annual Trends

The timelines of the meteorological, hydrological and water chemistry parameters (water discharge, con-
ductivity, pH, turbidity, DOC and dissolved oxygen concentrations) acquired at the gauging station of the
Graviyka River are presented in Figure S4. Figure 4 presents the annual dynamics of daily means of water

Mean and Standard Deviation for pH, Conductivity, Dissolved Inorganic Carbon (DIC) and Dissolved Organic Carbon (DOC) Concentrations, SUVA Index, and
Major Element (Cl, SO,, Ca, and Mg) Concentrations in Grab Samples, for Each of the Periods Considered

Period Conductivity (uS cm=1) pH DIC (mgL™?) DOC(mgL™?) SUVA(LmgC'm™) SO,(mgL?) Ca(mgL™') Mg(mgL™)
Winter 195.3 £ 48.4 7.3+04 151+ 6.4 9.90 + 0.98 3.26 + 0.35 1.56 + 0.35 14.07 + 4.56 3.89 +1.19
Spring 75.3 £24.9 6.8 £ 0.4 4.2+ 2.6 12.10 £ 1.83 3.48 £ 0.36 1.31 + 0.55 6.27 £ 1.76 1.85 £ 0.51
Summer 137.9 + 37.0 7.7 0.5 10.5 + 4.5 11.46 £ 1.41 3.44 +0.38 1.27 £ 1.16 13.68 £ 2.57 4.07 £1.48
Autumn 135.5 £ 20.7 7.5+ 0.7 11.5+ 3.8 11.51 £ 1.23 3.53+£0.33 2.00 £ 0.88 9.67 £ 2.06 314+ 1.21
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Figure 3. Ranges of several water characteristics (specific conductivity, dissolved inorganic carbon (DIC), Ca, dissolved organic carbon (DOC) concentrations,
SUVA, and SO, concentrations) in grab samples for each sampling season. The black line is the median. The lower and upper levels of the box represent the
25% and 75% quartiles, respectively. The lower whisker is the smallest observation greater than or equal to the lower hinge —1.5 * IQR (inter-quartile range), the
upper whisker is the largest observation less than or equal to the upper hinge +1.5 * IQR. Letters represent significantly different groups (Kruskall-Wallis and
Dunn's post hoc multiple tests [p < 0.05]).

discharge, dissolved oxygen, conductivity, pH, turbidity and DOC concentration. The physico-chemical
composition of the Graviyka River water showed consistent patterns during observation period. The river
presented a neutral to basic pH (pH = 7.06 + 0.86) throughout the year. A sharp decrease in pH values oc-
curred during the spring freshet, while the highest pH values were observed during summer. Conductivity
values varied widely over the year (from 37 to 298 uS.cm™). The highest values were measured at the end
of the winter period (increasing from 100 to 250 uS cm™! during winter). Conductivity values then sharply
declined (up to fivefold) during the spring freshet. The values rose again during summer and autumn, with
occasional drops during rainstorm floods. With very few exceptions, turbidity remained low throughout the
year (<10 FNU). The main peak almost coincided with the spring freshet peak. The Graviyka River waters
were under-saturated in oxygen during winter. The values rose during summer and oscillated between 90%
and full saturation during summer and autumn. The calculated DOC concentrations ranged from 8.0 to

gcallrb;ll;l?ng Date, Sample Codes, §*C-DOC and F**C of Graviyka River Samples Investigated for Radiocarbon Content
Sampling date Sample ID GifA- Sample ID ECHo- 813C-DOC (%o) F4C Age (conv cal BP)
02/07/2015 GifA16508 ECHo-1287 —28.4 0.963 + 0.005 300 + 40
17/08/2015 GifA16519 ECHo-1298 —28.9 0.956 + 0.005 355 £ 40
02/08/2016 GifA17335 ECHo-1900 —29.0 0.870 £+ 0.009 1,120 £ 80
GANDOIS ET AL. 8 0f 18
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Figure 4. Evolution of daily means of water physico-chemical parameters of the Graviyka river water depending on
day of year (DOY) for the studied period. The different periods are indicated by dotted lines. W=Winter, Sp = Spring,
S=Summer, A = Autumn.
14.9 mg L™}, with a mean annual average of 10.8 + 1.0 mg L™ in 2016 and 10.3 + 0.9 mg L' in 2017. A
sharp increase in DOC preceded the water level rise of the spring freshet. At the discharge peak, DOC con-
centrations dropped. During summer and autumn, DOC concentrations varied in relation to hydrological
conditions: intense peaks were observed during autumn floods in 2015, while low values were measured
during the dry summer of 2016.
GANDOIS ET AL. 90f18
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Figure 5. Evolution of daily dissolved organic carbon (DOC) concentrations depending on conductivity, for the
different seasons considered, including the discharge values.

3.3.2. Seasonality of DOC Dynamics

The combined evolution of DOC concentrations and conductivity evidences the seasonality of water and
organic carbon origin (Figure 5). During the spring freshet, the discharge peak induced a dilution of river
water and both DOC concentration and conductivity decreased sharply. Dilution was much greater for
conductivity compared to DOC. During the summer and autumn high-discharge periods, the highest DOC
concentrations were measured and were associated with relatively low conductivity values. During winter,
the lowest DOC concentrations but the highest conductivity values characterized the baseflow conditions
in the Graviyka River.

The contrasted dynamics of DOC during high flows in spring, summer and autumn are highlighted in the
normalized C-Q plots in Figure 6. In the three years studied, spring floods showed a consistent pattern in
two steps (Figure 6a): an increase in DOC concentration before the Q peak, followed by a decrease of DOC
concentration due to dilution by snow-melt. The C-Q is a clockwise hysteresis, and dilution is the dominant
pathway (overall 8 = [—0.055; 0.005], FI = [—0.24; —2.4]). During storm events in summer (Figure 6b), a
quick increase in DOC concentration was observed and the DOC concentration peak was simultaneous
with the Q peak. Subsequently, DOC concentrations decreased slower than discharge. The hysteresis pat-
terns were anticlockwise, with positive values of § [0.015; 0.0.5] and FI [0.95; 0.99], typical of subsurface
flows with no source limitation. Autumn floods (Figure 6c), ending with the freezing of the watershed
showed specific patterns, with DOC concentration rising and falling in line with discharge, inducing a qua-
si-linear form to the hysteresis loop (8 = [0.04; 0.11], and FI = [0.43; 1.05]).

3.4. DOC Exports

The annual DOC exports were calculated for 2016 and 2017. Consistent values of 1,770 and 1,690 tons of
carbon were exported at the outlet of the Graviyka River. This corresponded to specific fluxes of 5.5 and
5.2 gm?yr ~1. Most of the DOC export, up to 85%, occurred during the spring freshet, while the summer and
autumn periods accounted up to 9% and 8% respectively. In 2015, the DOC flux was 1,070 t for the period of
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Figure 6. Hysteresis plots of normalized dissolved organic carbon (DOC) with normalized discharge during the Spring freshet (a), Summer flood (b) and
Autumn flood (c). The color scale is the water temperature. S and the arrow represent the starting point of the flood.

record, starting after the spring freshet. Using the average annual export, summer and autumn flood would

represent 30% and 23% of the annual organic carbon export, respectively for this year.

Discharge was the main driver of DOC fluxes. The strong linear relationship between hourly water and
DOC fluxes was seasonal (Table 4). Autumn floods showed the highest slope. These events, although minor
in terms of discharge, proved very intense in terms of organic carbon export.

4. Discussion

4.1. High-Frequency Hydrochemical Surveys in High-Latitudes Watersheds

This study has reported the results of a long-term (three years), year-round, high-frequency (1h) hy-
dro-chemical monitoring in a subarctic catchment north of the Arctic Circle. In northern watersheds,
stream and river sampling strategies vary from monthly to weekly sampling, depending on the season,
with a higher sampling frequency during the spring freshet (Carey, 2003; Chupakov et al., 2020; Finlay
et al., 2006). In northern Eurasia, recent studies have reported efforts for year-round high-frequency sam-
pling, ranging from weekly to daily sampling for the Severnaya Dvina River (Chupakov et al., 2020), as well
as a systematic four-day sampling for the Lena River (Juhls et al., 2020). These studies have shown that
higher frequency surveys improve annual flux calculations, for instance by revealing seasonal relationships
between discharge and DOC concentrations (Juhls et al., 2020), or by improving discharge measurements
during low flow periods (Chupakov et al., 2020). In addition to improving the quantification of annual
fluxes, high-frequency surveys are highly relevant in the context of permafrost-affected watershed, as it
can track both immediate and delayed impacts on stream hydrology and biogeochemistry of permafrost

Table 4
DOC Exports (F,,) for the Different Periods Considered and Models of F,, . Versus Water Fluxes (Q) for the Different
Periods
Fpoc (kgh™) Fpoc (kg h™) versus Q (m* h™?)

Mean Min Max a b i p
Spring 1,900 + 1,795 17 9,401 0.0098 67.5 0.98 <2.10716
Summer 197 + 254 243 1,724 0.0127 —5.95 0.99 <2.10716
Autumn 192 + 158 42 795 0.0134 —-9.53 0.99 <2.107%6
Winter 59 + 59 4 657 0.0106 —0.08 0.99 <2.10716
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degradation and subsequent catchment disturbance (Beel et al., 2021; Bowden et al., 2008; Lafreniére &
Lamoureux, 2019). At our site, the systematic high-frequency sensing revealed seasonality in water and
DOC origin. The year-round survey, including during winter baseflow revealed sustained high DOC con-
centrations. The in situ high-resolution sensing could capture flood events (Figure 6), and allowed the use
of a normalized methodology to track the origin of water and carbon (Shogren et al., 2021). As a result, it
revealed the specific behavior of northern watersheds during spring and autumn floods, in relation to snow-
melt and the refreezing of the watershed.

4.2. Climatic Control on Hydrology and Recent Evolution in the Graviyka Watershed

In the Igarka region, the weather has been extremely unstable over the past decade. Within a few months,
both the highest daily temperature (+34.0°C, July 22, 2013) and the lowest monthly temperature (—44.7°C,
January 2014) were recorded, along with the highest annual precipitation (717 mm in 2018). For the first
time on record, June was the warmest month of the year in 2011, and this reoccurred in 2018. These facts
illustrate a climatic system in distress and out of balance, and are most likely related to the recent climate
warming (Diffenbaugh et al., 2017).

In Igarka, no trend in precipitation has appeared since 1936. In the Arctic, precipitation observations are
deemed uncertain and a global increasing trend is considered with low confidence (Meredith et al., 2019).
The Graviyka River annual runoff did not show any trend. This contrasted with the discharge increase
reported for large Siberian rivers (Makarieva et al., 2019; Tananaev et al., 2016), and the projections for
the area (Bring et al., 2017). This stresses the need for regional and lower scale studies to assess climate
change and permafrost degradation effect on northern catchments hydrology (Laudon et al., 2017). The
study period covered a highly peculiar climatic context, making it difficult to infer any conclusions on
contemporary links between annual precipitation and discharge. In addition to this inter-annual variability,
permafrost degradation observed in the 1970 and 1980s (Streletskiy et al., 2015) potentially alters the links
between precipitations and discharge in the Graviyka catchment. First, the deepening of the seasonally
thawed layer increases water retention capacity, especially in organic soils. In 2017, in spite of extremely
high precipitations, over 700 mm, water runoff was only 0.158 km?3, close to the historical average. Intense
precipitations might have replenished storage compartments that had been exhausted by the 2016 drought.
Increased ground-water flow for a similar total discharge has been reported in other subarctic watersheds
(Lapp et al., 2017). The ultimate impact of permafrost degradation on outlet discharge is related to wa-
ter connectivity in the watershed (Lafreniére & Lamoureux, 2019). Permafrost degradation (ground ice
thaw and related cryogenic processes) promotes thermokarst pond inception and development. These small
ponds evolve with time into larger thermokarst lakes or wetlands, depending on their initial pond position
within the catchment, that is, close to the river valley or at the water divide. They can therefore constitute
a transitory buffer for water circulation in the watershed, and explain the lack of response of discharge to
changes in precipitations.

4.3. Seasonality of DOC Exports in the Graviyka Watershed

At the outlet of the Graviyka catchment, DOC concentrations varied in a narrow range, exhibiting a nearly
chemostatic behavior (Godsey et al., 2009; Koenig et al., 2017). Despite this relative stability, DOC origin
and DOC export were highly seasonal. The spring freshet represented from 76% to 80% of the annual DOC
export. This is typical of northern catchments, where the spring freshet largely dominates organic carbon
export (Amon et al., 2012; Laudon et al., 2004, 2011; Olefeldt et al., 2013; Prokushkin et al., 2011). Just
before snow melt, an increase of DOC concentration indicated the contribution of water flowing through
shallow organic-rich layers from forest soils or some thermokarst ponds and lakes from the watershed.
This later origin was suggested by punctual negative d-excess values measured during early spring freshet
(Streletskiy et al., 2015), reflecting inputs from thermokarst lakes or other evaporated sources. But snow-
melt was of course by far the dominant water source in the Graviyka River throughout the spring freshet, as
evidenced by the overall dilution of all major elements (conductivity DIC, Ca) at the flood peak. The DOC
concentration decrease was not as drastic, suggesting an important storage of DOC in shallow organic layer,
only partially diluted by snowmelt. Summer and autumn floods accounted for up to 9% and 8% respectively
of the annual DOC export. Summer floods hysteresis, with a positive flushing index, and anticlockwise
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hysteresis, were typical of subsurface flows from organic-rich soils (no limitation by DOC source) (Godsey
et al., 2019; Shogren et al., 2021; Vaughan et al., 2017). This is close to the behavior described for tundra
watersheds in Alaska (Shogren et al., 2021) and may represent peatland contribution to the Graviyka river.
Autumn floods, coinciding with re-freezing of the watershed, were characterized by synchronous DOC
and discharge dynamics. Autumn was the most intense period in terms of DOC exports, as revealed by the
highest F, . = f(Q) relationship (Table 4). This appeared as a specific feature for permafrost affected water-
shed. This role of watershed freezing on riverine DOC has been highlighted for the Tibetan Plateau (Song
et al., 2019). The relative contributions of summer and autumn floods to annual runoff depend on the tim-
ing of precipitations, and the rain/snow ratio. This ratio is expected to increase with the potential evolution
of the precipitation regime and an increase in the rain/snow ratio (Beel et al., 2021; Makarieva et al., 2019).
During winter, the conductivity of the Graviyka River water rised, with an important contribution of DIC.
This suggested the input of water draining supra- and intra-permafrost groundwater. Part of the Yenisei
catchment includes carbonated rocks (Beeskow & Rachold, 2003), and high winter DIC concentrations
have been recorded in the Nizhnyaya Tunguska River, a contributor to the Yenisei, whose watershed is
dominated by carbonate rocks in its southernmost portion (Prokushkin et al., 2011). The Graviyka catch-
ment develops over silty fluvial-glacial sediments (Rodionov et al., 2007). The existence of winter water
pathways, partially related to permafrost degradation in recent decades has already been revealed before
in the area (Streletskiy et al., 2015). Interestingly, this water sustains relatively high DOC concentrations
(winter mean DOC concentration of 9.9 + 0.9 mg L™1). This is higher than what has been reported in the
Yukon River Basin during winter (O’Donnell et al., 2012), and in the Central Siberian Plateau (Prokushkin
et al., 2011), but in the lower end of values reported for western Siberian rivers (Pokrovsky et al., 2015). This
may indicate that supra-permafrost and sub-permafrost water drains organic-rich soil layers during winter
in the Graviyka catchment.

4.4. Leading Role of Peatlands in DOC Exports

The annual DOC fluxes estimated in this study, 5.5 and 5.2 g m? yr—%, are in the range of the TOC (total
organic carbon) exports recorded in northern latitude catchments of various sizes. It was not possible to
estimate TOC export in our study, but it is plausible that the particulate organic carbon fluxes were low com-
pared to DOC ones, since turbidity values remained low all year round (Figure S3). Moreover, in the context
of a significant contribution of peatlands, it has been largely shown that DOC dominates annual TOC fluxes
(Dinsmore et al., 2010; Laudon et al., 2011; Rosset et al., 2019). In northern Sweden, Laudon et al. (2004)
reported fluxes from 3.5 to 7.6 g m? yr—! and Giesler et al. (2014) and Olefeldt et al. (2013) reported fluxes
from 0.8 to 2.3 g m? yr~* for catchments from 0.3 to 61 km?. In Alaska, small catchments of a few km? export
from 4.34 to 8.34 g m? yr~! (Petrone et al., 2006), when in Siberia, larger subcatchments of the Yenisei ex-
port from 4.3 to 7.3 g m? yr~! (Prokushkin et al., 2011). DOC specific fluxes relate not to catchment size but
rather to the wetland proportion in the watershed (Olefeldt et al., 2013). In the Graviyka catchment, peat-
lands cover 27% of the watershed surface (Streletskiy et al., 2015), and show the highest carbon densities
(Rodionov et al., 2007). A typical pattern for large Arctic rivers is a DOC peak almost synchronous with the
discharge peak (Amon et al., 2012; Juhls et al., 2020). Here, we have reported a different dynamic: A DOC
peak preceding the discharge peak, an almost twofold dilution of DOC concentration at the discharge max-
imum, and an overall nearly chemostatic behavior of DOC. This pattern is typical of peatland-dominated
watersheds (Finlay et al., 2006; Laudon et al., 2004), sustaining a high DOC concentrations throughout the
year, diluted during snowmelt. DOM aromaticity (as indicated by the SUVA index) increased in summer
and autumn. In the Graviyka catchment, potential contributors to summer and autumn floods were large
degraded permafrost peatland complexes, which produce highly aromatic DOM (Gandois et al., 2019). The
depleted C values of DOM measured during summer low flows, suggest that previously frozen permafrost
layers including permafrost peatlands may export old carbon (Gandois et al., 2019; Streletskiy et al., 2015)
and that this DOM is not consumed before reaching the main stream. This contrasts with observation from
the context of Yedoma, where only modern carbon has been detected in the Kolyma River and its tribu-
taries, old carbon originating from degrading permafrost being preferentially consumed upstream (Mann
et al., 2015; Rogers et al., 2021). In large Arctic rivers, mostly modern carbon is exported in the form of DOC,
with the exception of a few measurements during summer and autumn (Amon et al., 2012; Estop-Aragonés
et al., 2020). But increase of the export of old carbon has recently been reported in the MacKenzie River
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Basin in the context of warm years, this dynamic could be amplified in the future (Schwab et al., 2020). This
is in line with our results suggesting a higher contribution of permafrost carbon during the 2016 drought.

4.5. Potential Implication of Permafrost Degradation for DOC Export

The future evolution of fluvial organic carbon export from northern watersheds is crucial for the global
carbon budget. The observed seasonality of DOC export and changes in hydrological cycles allow us to
formulate hypotheses regarding the evolution of DOC export in the coming years and decades. In the Gravi-
yka catchment, no significant discharge increase has been observed since 1936. With the hypothesis of a
stable discharge, and given that DOC fluxes are mainly driven by discharge, they should not evolve greatly.
In the Graviyka catchment, palsa degradation and forest expansion have been reported since the mid-80s
(Streletskiy et al., 2015). Forest expansion could lead to an increase of DOC concentration in surface waters
(Skerlep et al., 2020). In addition, the degradation of permafrost peatlands has been shown to potentially
increase DOC export to surface water in western Siberia (Frey & Smith, 2005). In Scandinavia, permafrost
peatland degradation and transition from intact palsa to flow through fens has been shown to increase DOC
specific fluxes (Olefeldt & Roulet, 2012). Following these hypotheses, it can be surmised that the extensive
palsa degradation observed in the watershed may lead to an increase in DOC exports in the future. On the
other hand, the increase in the active layer thickness across the catchment, largely underlain by mineral
soils, will increase adsorption to mineral phases and lead to a decrease in DOC export to surface waters.
Such competing effects occurring at the same time in northern watersheds may explain the lack of signifi-
cant evolution of DOC export reported for Swedish catchments (Giesler et al., 2014), and for the Severnaya
Dvina River (Chupakov et al., 2020).

5. Conclusions

This study combined 3 years of high-frequency hydrochemistry data and historical climatic and hydrolog-
ical data in a northern catchment underlain by discontinuous permafrost. The long-term increase in mean
annual temperature and unstable climatic observations evidence recent climate evolution in the region.
The year-round high-frequency in situ sensing of a proxy of DOC concentration (fDOM) revealed the key
features of fluvial organic carbon export in this watershed. Relatively high DOC concentrations were sus-
tained throughout year, including during winter base-flow, leading to specific fluxes of 5.2-5.5 gm=2 yr=1.
The Spring freshet dominated the annual export, but high flow events during summer and autumn were
particularly effective for DOC export. High frequency sensing proved essential in capturing these high flow
events, and characterizing export processes, that are specific of each hydrological conditions. In autumn,
the freezing of the watershed and the flushing of organic-rich layers and lakes led to intense DOC export.
The degrading peatlands of the watersheds appeared to be potentially important contributors at the catch-
ment scale to DOC export, including from previously frozen layers. Although the climate is clearly evolving
in the region, the future of organic fluvial export is uncertain, in relation to complex processes at the water-
shed scale. This article highlighted the temporal and spatial complexity of terrestrial-aquatic linkages in the
Artic and calls for more long-term monitoring of Northern watersheds.

Data Availability Statement

Data are available at Gandois, Laure (2021): Hourly record of water level, temperature, pH, specific conduc-
tivity, turbidity, f{DOM and dissolved oxygen at the outlet of the Graviyka River (Siberia), from 2015 to 2018.
PANGAEA, https://doi.pangaea.de/10.1594/PANGAEA.927871.

References

Abbott, B. W., Jones, J. B., Schuur, E. A. G., Iii, F. S. C., Bowden, W. B., Bret-Harte, M. S., et al. (2016). Biomass offsets little or none of per-
mafrost carbon release from soils, streams, and wildfire: An expert assessment. Environmental Research Letters, 11(3), 034014. https://
doi.org/10.1088/1748-9326/11/3/034014

Amon, R. M. W,, Rinehart, A. J., Duan, S., Louchouarn, P., Prokushkin, A., Guggenberger, G., et al. (2012). Dissolved organic matter sourc-
es in large Arctic rivers. Geochimica et Cosmochimica Acta, 94, 217-237. https://doi.org/10.1016/j.gca.2012.07.015

Beel, C. R., Heslop, J. K., Orwin, J. F., Pope, M. A, Schevers, A. J., Hung, J. K. Y,, et al. (2021). Emerging dominance of summer rainfall
driving High Arctic terrestrial-aquatic connectivity. Nature Communications, 12(1), 1448. https://doi.org/10.1038/s41467-021-21759-3

GANDOIS ET AL.

14 of 18


https://doi.pangaea.de/10.1594/PANGAEA.927871
https://doi.org/10.1088/1748-9326/11/3/034014
https://doi.org/10.1088/1748-9326/11/3/034014
https://doi.org/10.1016/j.gca.2012.07.015
https://doi.org/10.1038/s41467-021-21759-3

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG006152

Beeskow, B., & Rachold, V. (2003). Geochemical processes in the Yenisei River and estuary. In R. Stein, K. Fahl, D. K. Fiitterer, E. M. Gal-
imov, & O. V. Stepanets (Eds.), Siberian river run-off in the kara Sea : Characterization, quantification, variability, and environmental
significance (p. 125): Elsevier. http://oceanrep.geomar.de/27065/

Bowden, W. B, Gooseff, M. N., Balser, A., Green, A., Peterson, B. J., & Bradford, J. (2008). Sediment and nutrient delivery from thermokarst
features in the foothills of the North Slope, Alaska: Potential impacts on headwater stream ecosystems. Journal of Geophysical Research,
113(G2). https://doi.org/10.1029/2007JG000470

Bring, A., Shiklomanov, A., & Lammers, R. B. (2017). Pan-Arctic river discharge: Prioritizing monitoring of future climate change hot
spots. Earth's Future, 5(1), 72-92. https://doi.org/10.1002/2016EF000434

Carey, S. K. (2003). Dissolved organic carbon fluxes in a discontinuous permafrost subarctic alpine catchment. Permafrost and Periglacial
Processes, 14(2), 161-171. https://doi.org/10.1002/ppp.444

Chupakov, A. V., Pokrovsky, O. S., Moreva, O. Y., Shirokova, L. S., Neverova, N. V., Chupakova, A. A., et al. (2020). High resolution multi-an-
nual riverine fluxes of organic carbon, nutrient and trace element from the largest European Arctic river, Severnaya Dvina. Chemical
Geology, 538, 119491. https://doi.org/10.1016/j.chemge0.2020.119491

De Oliveira, Guilherme, F., Edoardo, B., Rodney, A. S., John, A., & Aleicia, H., et al. (2018). Multi-parameter compensation method
for accurate in situ fluorescent dissolved organic matter monitoring and properties characterization. Water. 10(9). 1146. https://doi.
0rg/10.3390/w10091146

Diffenbaugh, N. S., Singh, D., Mankin, J. S., Horton, D. E., Swain, D. L., Touma, D., et al. (2017). Quantifying the influence of global
warming on unprecedented extreme climate events. Proceedings of the National Academy of Sciences, 114(19), 4881-4886. https://doi.
org/10.1073/pnas.1618082114

Dinno, A. (2017). Dunn.test: Dunn’s test of multiple comparisons using rank sums. https://CRAN.R-project.org/package=dunn.test

Dinsmore, K. J., Billett, M. F., Skiba, U. M., Rees, R. M., Drewer, J., & Helfter, C. (2010). Role of the aquatic pathway in the carbon and green-
house gas budgets of a peatland catchment. Global Change Biology, 16(10), 2750-2762. https://doi.org/10.1111/j.1365-2486.2009.02119.x

Downing, B. D., Pellerin, B. A., Bergamaschi, B. A., Saraceno, J. F., & Kraus, T. E. C. (2012). Seeing the light: The effects of particles, dis-
solved materials, and temperature on in situ measurements of DOM fluorescence in rivers and streams. Limnology and Oceanography:
Methods, 10(10), 767-775. https://doi.org/10.4319/1om.2012.10.767

Estop-Aragonés, C., Olefeldt, D., Abbott, B. W., Chanton, J. P., Czimczik, C. I., Dean, J. F,, et al. (2020). Assessing the potential for mobili-
zation of old soil carbon after permafrost thaw: A synthesis of 14C measurements from the northern permafrost region. Global Biogeo-
chemical Cycles, 34(9), €2020GB006672. https://doi.org/10.1029/2020GB006672

Finlay, J., Neff, J., Zimov, S., Davydova, A., & Davydov, S. (2006). Snowmelt dominance of dissolved organic carbon in high-lat-
itude watersheds: Implications for characterization and flux of river DOC. Geophysical Research Letters, 33(10). https://doi.
org/10.1029/2006GL025754

Fouché, J., Christiansen, C. T., Lafreniere, M. J., Grogan, P., & Lamoureux, S. F. (2020). Canadian permafrost stores large pools of ammo-
nium and optically distinct dissolved organic matter. Nature Communications, 11(1), 4500. https://doi.org/10.1038/s41467-020-18331-w

Fouché, J., Lafreniére, M. J., Rutherford, K., & Lamoureusx, S. (2017). Seasonal hydrology and permafrost disturbance impacts on dissolved
organic matter composition in High Arctic headwater catchments. Arctic Science, 3(2), 378-405. https://doi.org/10.1139/as-2016-0031

Fovet, O., Humbert, G., Dupas, R., Gascuel-Odoux, C., Gruau, G., Jaffrezic, A., et al. (2018). Seasonal variability of stream water quality
response to storm events captured using high-frequency and multi-parameter data. Journal of Hydrology, 559, 282-293. https://doi.
0rg/10.1016/j.jhydrol.2018.02.040

Frey, K. E., & McClelland, J. W. (2009). Impacts of permafrost degradation on arctic river biogeochemistry. Hydrological Processes, 23(1),
169-182. https://doi.org/10.1002/hyp.7196

Frey, K. E., & Smith, L. C. (2005). Amplified carbon release from vast West Siberian peatlands by 2100. Geophysical Research Letters, 32(9).
https://doi.org/10.1029/2004GL022025

Gandois, L., Hoyt, A. M., Hatté, C., Jeanneau, L., Teisserenc, R., Liotaud, M., & Tananaeyv, N. (2019). Contribution of peatland permafrost
to dissolved organic matter along a thaw gradient in North Siberia. Environmental Science & Technology, 53(24), 14165-14174. https://
doi.org/10.1021/acs.est.9b03735

Giesler, R., Lyon, S. W., Morth, C.-M., Karlsson, J., Karlsson, E. M., Jantze, E. J., et al. (2014). Catchment-scale dissolved carbon concen-
trations and export estimates across six subarctic streams in northern Sweden. Biogeosciences, 11(2), 525-537. https://doi.org/10.5194/
bg-11-525-2014

Godsey, S. E., Hartmann, J., & Kirchner, J. W. (2019). Catchment chemostasis revisited: Water quality responds differently to variations in
weather and climate. Hydrological Processes, 33(24), 3056-3069. https://doi.org/10.1002/hyp.13554

Godsey, S. E., Kirchner, J. W., & Clow, D. W. (2009). Concentration-discharge relationships reflect chemostatic characteristics of US catch-
ments. Hydrological Processes, 23(13), 1844-1864. https://doi.org/10.1002/hyp.7315

Grayson, R., & Holden, J., (2012). Continuous measurement of spectrophotometric absorbance in peatland streamwater in northern Eng-
land: Implications for understanding fluvial carbon fluxes. Hydrological Processes, 26(1), 27-39. https://doi.org/10.1002/hyp.8106

Groisman, P.Y., & Rankova, E. Y. (2001). Precipitation trends over the Russian permafrost-free zone: Removing the artifacts of pre-process-
ing. International Journal of Climatology, 21(6), 657-678. https://doi.org/10.1002/joc.627

Holmes, R. M., McClelland, J. W., Peterson, B. J., Tank, S. E., Bulygina, E., Eglinton, T. L, et al. (2012). Seasonal and annual fluxes of nu-
trients and organic matter from large rivers to the Arctic Ocean and surrounding seas. Estuaries and Coasts, 35(2), 369-382. https://doi.
org/10.1007/s12237-011-9386-6

Holmes, R. M., McClelland, J. W., Raymond, P. A., Frazer, B. B., Peterson, B. J., & Stieglitz, M. (2008). Lability of DOC transported by Alas-
kan rivers to the Arctic Ocean. Geophysical Research Letters, 35(3). https://doi.org/10.1029/2007GL032837

Hu, F. S., Higuera, P. E., Duffy, P., Chipman, M. L., Rocha, A. V,, Young, A. M., et al. (2015). Arctic tundra fires: Natural variability and
responses to climate change. Frontiers in Ecology and the Environment, 13(7), 369-377. https://doi.org/10.1890/150063

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J. W., Schuur, E. a. G., Ping, C.-L., et al. (2014). Estimated stocks of circumpolar perma-
frost carbon with quantified uncertainty ranges and identified data gaps. Biogeosciences, 11(23), 6573-6593. https://doi.org/10.5194/
bg-11-6573-2014

Johnston, S. E., Shorina, N., Bulygina, E., Vorobjeva, T., Chupakova, A., Klimov, S. L, et al. (2018). Flux and seasonality of dissolved organic
matter from the Northern Dvina (Severnaya Dvina) River, Russia. Journal of Geophysical Research: Biogeosciences, 123(3), 1041-1056.
https://doi.org/10.1002/2017JG004337

Juhls, B., Stedmon, C. A., Morgenstern, A., Meyer, H., Hélemann, J., Heim, B,, et al. (2020). Identifying drivers of seasonality in lena river
biogeochemistry and dissolved organic matter fluxes. Frontiers in Environmental Science, 8. https://doi.org/10.3389/fenvs.2020.00053

GANDOIS ET AL.

15of 18


http://oceanrep.geomar.de/27065/
https://doi.org/10.1029/2007JG000470
https://doi.org/10.1002/2016EF000434
https://doi.org/10.1002/ppp.444
https://doi.org/10.1016/j.chemgeo.2020.119491
https://doi.org/10.3390/w10091146
https://doi.org/10.3390/w10091146
https://doi.org/10.1073/pnas.1618082114
https://doi.org/10.1073/pnas.1618082114
https://CRAN.R-project.org/package%3Ddunn.test
https://doi.org/10.1111/j.1365-2486.2009.02119.x
https://doi.org/10.4319/lom.2012.10.767
https://doi.org/10.1029/2020GB006672
https://doi.org/10.1029/2006GL025754
https://doi.org/10.1029/2006GL025754
https://doi.org/10.1038/s41467-020-18331%2Dw
https://doi.org/10.1139/as%2D2016-0031
https://doi.org/10.1016/j.jhydrol.2018.02.040
https://doi.org/10.1016/j.jhydrol.2018.02.040
https://doi.org/10.1002/hyp.7196
https://doi.org/10.1029/2004GL022025
https://doi.org/10.1021/acs.est.9b03735
https://doi.org/10.1021/acs.est.9b03735
https://doi.org/10.5194/bg%2D11-525-2014
https://doi.org/10.5194/bg%2D11-525-2014
https://doi.org/10.1002/hyp.13554
https://doi.org/10.1002/hyp.7315
https://doi.org/10.1002/hyp.8106
https://doi.org/10.1002/joc.627
https://doi.org/10.1007/s12237-011-9386-6
https://doi.org/10.1007/s12237-011-9386-6
https://doi.org/10.1029/2007GL032837
https://doi.org/10.1890/150063
https://doi.org/10.5194/bg%2D11-6573-2014
https://doi.org/10.5194/bg%2D11-6573-2014
https://doi.org/10.1002/2017JG004337
https://doi.org/10.3389/fenvs.2020.00053

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG006152

Koenig, L. E., Shattuck, M. D., Snyder, L. E., Potter, J. D., & McDowell, W. H. (2017). Deconstructing the effects of flow on DOC, nitrate,
and major ion interactions using a high-frequency aquatic sensor network. Water Resources Research, 53(12), 10655-10673. https://doi.
0rg/10.1002/2017WR020739

Lafreniére, M. J., & Lamoureux, S. F. (2019). Effects of changing permafrost conditions on hydrological processes and fluvial fluxes.
Earth-Science Reviews, 191, 212-223. https://doi.org/10.1016/j.earscirev.2019.02.018

Lamoureux, S. F., & Lafreniére, M. J. (2017). More than Just Snowmelt: Integrated Watershed Science for Changing Climate and Permafrost
at the Cape Bounty Arctic Watershed Observatory (Vol. 16).

Lapp, A., Clark, I. D., Macumber, A. L., & Patterson, R. T. (2017). Hydrology of the North Klondike River: Carbon export, water balance
and inter-annual climate influences within a sub-alpine permafrost catchment. Isotopes in Environmental and Health Studies, 53(5),
500-517. https://doi.org/10.1080/10256016.2017.1355795

Laudon, H., Berggren, M., Agren, A., Buffam, L., Bishop, K., Grabs, T., et al. (2011). Patterns and dynamics of Dissolved Organic Car-
bon (DOC) in boreal streams: The role of processes, connectivity, and scaling. Ecosystems, 14(6), 880-893. https://doi.org/10.1007/
$10021-011-9452-8

Laudon, H., Kohler, S., & Buffam, I. (2004). Seasonal TOC export from seven boreal catchments in northern Sweden. Aquatic Sciences,
66(2), 223-230. https://doi.org/10.1007/s00027-004-0700-2

Laudon, H., Spence, C., Buttle, J., Carey, S. K., McDonnell, J. J., McNamara, J. P, et al. (2017). Save northern high-latitude catchments.
Nature Geoscience, 10(5), 324-325. https://doi.org/10.1038/nge02947

Lundin, E. J., Klaminder, J., Giesler, R., Persson, A., Olefeldt, D., Heliasz, M., et al. (2016). Is the subarctic landscape still a carbon sink?
Evidence from a detailed catchment balance. Geophysical Research Letters, 43(5), 1988-1995. https://doi.org/10.1002/2015GL066970

Makarieva, O., Nesterova, N., Post, D. A., Sherstyukov, A., & Lebedeva, L. (2019). Warming temperatures are impacting the hydrome-
teorological regime of Russian rivers in the zone of continuous permafrost. Cryosphere, 13(6), 1635-1659. https://doi.org/10.5194/
tc-13-1635-2019

Mann, P. J., Eglinton, T. ., McIntyre, C. P., Zimov, N., Davydova, A., Vonk, J. E., et al. (2015). Utilization of ancient permafrost carbon in
headwaters of Arctic fluvial networks. Nature Communications, 6, 7856. https://doi.org/10.1038/ncomms8856

McGuire, A. D., Anderson, L. G., Christensen, T. R., Dallimore, S., Guo, L., Hayes, D. J., et al. (2009). Sensitivity of the carbon cycle in the
Arctic to climate change. Ecological Monographs, 79(4), 523-555. https://doi.org/10.1890/08-2025.1

Meredith, M., Sommerkorn, S., Cassota, S., Derksen, C., Ekaykin, A., Hollowed, A., et al. (2019). Polar Regions. In H.-O. Portner, D. C.
Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, et al. (Eds.), IPCC special report on the ocean and cryosphere in a
changing climate.

Mu, C., Zhang, F., Chen, X,, Ge, S., Mu, M., Jia, L., et al. (2019). Carbon and mercury export from the Arctic rivers and response to perma-
frost degradation. Water Research, 161, 54-60. https://doi.org/10.1016/j.watres.2019.05.082

O’Donnell, J. A., Aiken, G. R., Walvoord, M. A., & Butler, K. D. (2012). Dissolved organic matter composition of winter flow in the Yukon
River basin: Implications of permafrost thaw and increased groundwater discharge. Global Biogeochemical Cycles, 26(4). https://doi.
0rg/10.1029/2012GB004341

O’Donnell, J. A., Carey, M. P., Koch, J. C., Xu, X., Poulin, B. A., Walker, J., & Zimmerman, C. E. (2020). Permafrost hydrology drives the
assimilation of old carbon by stream food webs in the Arctic. Ecosystems, 23(2), 435-453. https://doi.org/10.1007/s10021-019-00413-6

Olefeldt, D., Roulet, N., Giesler, R., & Persson, A. (2013). Total waterborne carbon export and DOC composition from ten nested subarctic
peatland catchments—Importance of peatland cover, groundwater influence, and inter-annual variability of precipitation patterns.
Hydrological Processes, 27(16), 2280-2294. https://doi.org/10.1002/hyp.9358

Olefeldt, D., & Roulet, N. T. (2012). Effects of permafrost and hydrology on the composition and transport of dissolved organic carbon in a
subarctic peatland complex. Journal of Geophysical Research, 117(G1), G01005. https://doi.org/10.1029/2011JG001819

Opsahl, S., Benner, R., & Amon, R. M. W. (1999). Major flux of terrigenous dissolved organic matter through the Arctic Ocean. Limnology
& Oceanography, 44(8), 2017-2023. https://doi.org/10.4319/10.1999.44.8.2017

Parham, L. M., Prokushkin, A. S., Pokrovsky, O S., Titov, S. V., Grekova, E., Shirokova, L. S., & McDowell, W. H. (2013). Permafrost and
fire as regulators of stream chemistry in basins of the Central Siberian Plateau. Biogeochemistry, 116(1), 55-68. https://doi.org/10.1007/
510533-013-9922-5

Peel, M. C., Finlayson, B. L., & Mcmahon, T. A. (2007). Updated world map of the Képpen-Geiger climate classification. Hydrology and
Earth System Sciences Discussions, 4(2), 439-473.

Pellerin, B. A., Saraceno, J. F., Shanley, J. B., Sebestyen, S. D., Aiken, G. R., Wollheim, W. M., & Bergamaschi, B. A. (2012). Taking the pulse
of snowmelt: In situ sensors reveal seasonal, event and diurnal patterns of nitrate and dissolved organic matter variability in an upland
forest stream. Biogeochemistry, 108(1-3), 183-198. https://doi.org/10.1007/s10533-011-9589-8

Peteet, D., Andreev, A., Bardeen, W., & Mistretta, F. (1998). Long-term Arctic peatland dynamics, vegetation and climate history of the
Pur-Taz region, Western Siberia. Boreas, 27(2), 115-126. https://doi.org/10.1111/§.1502-3885.1998.tb00872.x

Petrone, K. C.,Jones, J. B., Hinzman, L. D., & Boone, R. D. (2006). Seasonal export of carbon, nitrogen, and major solutes from Alaskan catch-
ments with discontinuous permafrost. Journal of Geophysical Research: Biogeosciences, 111(G2). https://doi.org/10.1029/2005JG000055

Pohlert, T. (2020). Non-Parametric Trend Tests and Change-Point Detection (Vol. 18).

Pokrovsky, O. S., Manasypov, R. M., Loiko, S., Shirokova, L. S., Krickov, I. A., Pokrovsky, B. G., et al. (2015). Permafrost coverage, watershed
area and season control of dissolved carbon and major elements in western Siberian rivers. Biogeosciences, 12(21), 6301-6320. https://
doi.org/10.5194/bg-12-6301-2015

Prokushkin, A. S., Pokrovsky, O. S., Shirokova, L. S., Korets, M. A, Viers, J., Prokushkin, S. G., et al. (2011). Sources and the flux pattern
of dissolved carbon in rivers of the Yenisey basin draining the Central Siberian Plateau. Environmental Research Letters, 6(4), 045212.
https://doi.org/10.1088/1748-9326/6/4/045212

R Core Team. (2019). A language and environment for statistical computing: R Foundation for Statistical Computing. http://R-project.org/
http://R-project.org/

Raymond, P. A., McClelland, J. W., Holmes, R. M., Zhulidov, A. V., Mull, K., Peterson, B. J., et al. (2007). Flux and age of dissolved organic
carbon exported to the Arctic Ocean: A carbon isotopic study of the five largest arctic rivers - Raymond - 2007 - global biogeochemical cycles.
Wiley Online Library. https://doi.org/10.1029/2007GB002934

Reimer, P.J.,, Baillie, M. G. L., Bard, E., Bayliss, A., Beck, W., Bertrand, C., et al. (2004). Intcal04 terrestrial radiocarbon age calibration, 0-26
Cal Kyr BP. Radiocarbon, 46(3), 1029-1058. https://doi.org/10.1017/S0033822200032999

Rodionov, A., Flessa, H., Grabe, M., Kazansky, O. A., Shibistova, O., & Guggenberger, G. (2007). Organic carbon and total ni-
trogen variability in permafrost-affected soils in a forest tundra ecotone. European Journal of Soil Science, 58(6), 1260-1272.
https://doi.org/10.1111/j.1365-2389.2007.00919.x

GANDOIS ET AL.

16 of 18


https://doi.org/10.1002/2017WR020739
https://doi.org/10.1002/2017WR020739
https://doi.org/10.1016/j.earscirev.2019.02.018
https://doi.org/10.1080/10256016.2017.1355795
https://doi.org/10.1007/s10021-011-9452-8
https://doi.org/10.1007/s10021-011-9452-8
https://doi.org/10.1007/s00027-004-0700-2
https://doi.org/10.1038/ngeo2947
https://doi.org/10.1002/2015GL066970
https://doi.org/10.5194/tc%2D13-1635-2019
https://doi.org/10.5194/tc%2D13-1635-2019
https://doi.org/10.1038/ncomms8856
https://doi.org/10.1890/08-2025.1
https://doi.org/10.1016/j.watres.2019.05.082
https://doi.org/10.1029/2012GB004341
https://doi.org/10.1029/2012GB004341
https://doi.org/10.1007/s10021-019-00413-6
https://doi.org/10.1002/hyp.9358
https://doi.org/10.1029/2011JG001819
https://doi.org/10.4319/lo.1999.44.8.2017
https://doi.org/10.1007/s10533-013-9922-5
https://doi.org/10.1007/s10533-013-9922-5
https://doi.org/10.1007/s10533-011-9589-8
https://doi.org/10.1111/j.1502-3885.1998.tb00872.x
https://doi.org/10.1029/2005JG000055
https://doi.org/10.5194/bg%2D12-6301-2015
https://doi.org/10.5194/bg%2D12-6301-2015
https://doi.org/10.1088/1748-9326/6/4/045212
http://R-project.org/http://R-project.org/
http://R-project.org/http://R-project.org/
https://doi.org/10.1029/2007GB002934
https://doi.org/10.1017/S0033822200032999
https://doi.org/10.1111/j.1365-2389.2007.00919.x

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG006152

Rodriguez-Cardona, B. M., Coble, A. A., Wymore, A. S., Kolosov, R., Podgorski, D. C., Zito, P., et al. (2020). Wildfires lead to decreased
carbon and increased nitrogen concentrations in upland arctic streams. Scientific Reports, 10(1), 8722. https://doi.org/10.1038/
$41598-020-65520-0

Rogers, J. A., Galy, V., Kellerman, A. M., Chanton, J. P., Zimov, N., & Spencer, R. G. M. (2021). Limited presence of permafrost dissolved
organic matter in the Kolyma River, Siberia revealed by ramped oxidation. Journal of Geophysical Research: Biogeosciences, 126(7),
€2020JG005977. https://doi.org/10.1029/2020JG005977

Rosset, T., Binet, S., Antoine, J.-M., Lerigoleur, E., Rigal, F., & Gandois, L. (2020). Drivers of seasonal- and event-scale DOC dynamics at the
outlet of mountainous peatlands revealed by high-frequency monitoring. Biogeosciences, 17(13), 3705-3722. https://doi.org/10.5194/
bg-17-3705-2020

Rosset, T., Gandois, L., Roux, G. L., Teisserenc, R., Jimenez, P. D., Camboulive, T., & Binet, S. (2019). Peatland contribution to stream
organic carbon exports from a montane watershed. Journal of Geophysical Research: Biogeosciences, 124(11), 3448-3464. https://doi.
0rg/10.1029/2019JG005142

Ruhala, S. S., & Zarnetske, J. P. (2017). Using in-situ optical sensors to study dissolved organic carbon dynamics of streams and watersheds:
A review. The Science of the Total Environment, 575, 713-723. https://doi.org/10.1016/j.scitotenv.2016.09.113

Saraceno, J. F., Pellerin, B. A., Downing, B. D., Boss, E., Bachand, P. A. M., & Bergamaschi, B. A. (2009). High-frequency in situ optical
measurements during a storm event: Assessing relationships between dissolved organic matter, sediment concentrations, and hydrolog-
ic processes. Journal of Geophysical Research, 114(G4). https://doi.org/10.1029/2009JG000989

Schwab, M. S., Hilton, R. G., Raymond, P. A., Haghipour, N., Amos, E., Tank, S. E., et al. (2020). An abrupt aging of dissolved organic car-
bon in large arctic rivers. Geophysical Research Letters, 47(23), e2020GL088823. https://doi.org/10.1029/2020GL088823

Selvam, P. B, Lapierre, J.-F., Guillemette, F., Voigt, C., Lamprecht, R. E., Biasi, C., et al. (2017). Degradation potentials of dissolved organic
carbon (DOC) from thawed permafrost peat. Scientific Reports, 7(1), 45811. https://doi.org/10.1038/srep45811

Shatilla, N. J., & Carey, S. K. (2019). Assessing inter-annual and seasonal patterns of DOC and DOM quality across a complex alpine wa-
tershed underlain by discontinuous permafrost in Yukon, Canada. Hydrology and Earth System Sciences, 23(9), 3571-3591. https://doi.
org/10.5194/hess-23-3571-2019

Shogren, A. J., Zarnetske, J. P., Abbott, B. W., Iannucci, F., & Bowden, W. B. (2020). We cannot shrug off the shoulder seasons: Addressing
knowledge and data gaps in an Arctic headwater. Environmental Research Letters, 15(10), 104027. https://doi.org/10.1088/1748-9326/
ab9d3c

Shogren, A. J., Zarnetske, J. P., Abbott, B. W., Iannucci, F., Medvedeff, A., Cairns, S., et al. (2021). Arctic concentration-discharge relation-
ships for dissolved organic carbon and nitrate vary with landscape and season. Limnology & Oceanography, 66(S1), S197-S215. https://
doi.org/10.1002/1n0.11682

Shultz, M., Pellerin, B., Aiken, G., Martin, J., & Raymond, P. (2018). High frequency data exposes nonlinear seasonal controls on dissolved
organic matter in a large watershed. Environmental Science & Technology, 52(10), 5644-5652. https://doi.org/10.1021/acs.est.7b04579

Skerlep, M., Steiner, E., Axelsson, A.-L., & Kritzberg, E. S. (2020). Afforestation driving long-term surface water browning. Global Change
Biology, 26(3), 1390-1399. https://doi.org/10.1111/gcb.14891

Song, C., Wang, G., Mao, T., Chen, X., Huang, K., Sun, X., & Hu, Z. (2019). Importance of active layer freeze-thaw cycles on the riverine
dissolved carbon export on the Qinghai-Tibet Plateau permafrost region. Peer Journal, 7, €7146. https://doi.org/10.7717/peerj.7146

Stieglitz, M., Shaman, J., McNamara, J., Engel, V., Shanley, J., & Kling, G. W. (2003). An approach to understanding hydrologic connectivity
on the hillslope and the implications for nutrient transport. Global Biogeochemical Cycles, 17(4). https://doi.org/10.1029/2003GB002041

Strauss, J., Schirrmeister, L., Grosse, G., Fortier, D., Hugelius, G., Knoblauch, C., et al. (2017). Deep Yedoma permafrost: A synthesis of
depositional characteristics and carbon vulnerability. Earth-Science Reviews, 172, 75-86. https://doi.org/10.1016/j.earscirev.2017.07.007

Streletskiy, D. A., Tananaev, N. L., Opel, T., Shiklomanov, N. I., Nyland, K. E., Streletskaya, I. D., et al. (2015). Permafrost hydrology in
changing climatic conditions: Seasonal variability of stable isotope composition in rivers in discontinuous permafrost. Environmental
Research Letters, 10(9), 095003. https://doi.org/10.1088/1748-9326/10/9/095003

Striegl, R. G., Aiken, G. R., Dornblaser, M. M., Raymond, P. A., & Wickland, K. P. (2005). A decrease in discharge-normalized DOC export
by the Yukon River during summer through autumn. Geophysical Research Letters, 32(21). https://doi.org/10.1029/2005GL024413

Stuiver, M., & Polach, H. A. (1977). Discussion Reporting of #C Data. Radiocarbon, 19(3), 355-363. https://doi.org/10.1017/
S0033822200003672

Tananaev, N. 1. (2016). Sediment and solute fluxes at the Igarka field site, Russian Subarctic. In A. A. Beylich, J. C. Dixon, & Z. Zwolinski
(Eds.), Source-to-Sink fluxes in undisturbed cold environments (pp. 144-153). Cambridge University Press. https://doi.org/10.1017/
CB09781107705791.013

Tananaev, N. 1., Makarieva, O. M., & Lebedeva, L. S. (2016). Trends in annual and extreme flows in the Lena River basin, Northern Eurasia.
Geophysical Research Letters, 43(20), 764-810. https://doi.org/10.1002/2016GL070796

Tank, S. E., Frey, K. E., Striegl, R. G., Raymond, P. A., Holmes, R. M., McClelland, J. W. & Peterson, B. J. (2012). Landscape-level controls
on dissolved carbon flux from diverse catchments of the circumboreal: Dissolved carbon flux from boreal rivers. Global Biogeochemical
Cycles, 26(4). https://doi.org/10.1029/2012GB004299

Tank, S. E., Striegl, R. G., McClelland, J. W., & Kokelj, S. V. (2016). Multi-decadal increases in dissolved organic carbon and alkalin-
ity flux from the Mackenzie drainage basin to the Arctic Ocean. Environmental Research Letters, 11(5), 054015. https://doi.
0rg/10.1088/1748-9326/11/5/054015

Tank, S. E., Vonk, J. E., Walvoord, M. A., McClelland, J. W., Laurion, I., & Abbott, B. W. (2020). Landscape matters: Predicting the bio-
geochemical effects of permafrost thaw on aquatic networks with a state factor approach. Permafrost and Periglacial Processes, 31(3),
358-370. https://doi.org/10.1002/ppp.2057

Tarnocai, C., Canadell, J. G., Schuur, E. a. G., Kuhry, P, Mazhitova, G., & Zimov, S. (2009). Soil organic carbon pools in the northern cir-
cumpolar permafrost region. Global Biogeochemical Cycles, 23(2). https://doi.org/10.1029/2008 GB003327

Tisnerat-Laborde, N., Thil, F., Synal, H.-A., Cersoy, S., Hatté, C., Gauthier, C., et al. (2015). ECHoMICADAS: A new compact AMS system to
measuring '*C for environment, climate and human sciences (p. 22). International Radiocarbon Conference.

Townsend-Small, A., McClelland, J. W., Max Holmes, R., & Peterson, B. J. (2011). Seasonal and hydrologic drivers of dissolved organ-
ic matter and nutrients in the upper Kuparuk River, Alaskan Arctic. Biogeochemistry, 103(1), 109-124. https://doi.org/10.1007/
$10533-010-9451-4

Tunaley, C., Tetzlaff, D., Lessels, J., & Soulsby, C. (2016). Linking high-frequency DOC dynamics to the age of connected water sources.
Water Resources Research, 52(7), 5232-5247. https://doi.org/10.1002/2015WR018419

GANDOIS ET AL.

17 of 18


https://doi.org/10.1038/s41598-020-65520-0
https://doi.org/10.1038/s41598-020-65520-0
https://doi.org/10.1029/2020JG005977
https://doi.org/10.5194/bg%2D17-3705-2020
https://doi.org/10.5194/bg%2D17-3705-2020
https://doi.org/10.1029/2019JG005142
https://doi.org/10.1029/2019JG005142
https://doi.org/10.1016/j.scitotenv.2016.09.113
https://doi.org/10.1029/2009JG000989
https://doi.org/10.1029/2020GL088823
https://doi.org/10.1038/srep45811
https://doi.org/10.5194/hess%2D23-3571-2019
https://doi.org/10.5194/hess%2D23-3571-2019
https://doi.org/10.1088/1748-9326/ab9d3c
https://doi.org/10.1088/1748-9326/ab9d3c
https://doi.org/10.1002/lno.11682
https://doi.org/10.1002/lno.11682
https://doi.org/10.1021/acs.est.7b04579
https://doi.org/10.1111/gcb.14891
https://doi.org/10.7717/peerj.7146
https://doi.org/10.1029/2003GB002041
https://doi.org/10.1016/j.earscirev.2017.07.007
https://doi.org/10.1088/1748-9326/10/9/095003
https://doi.org/10.1029/2005GL024413
https://doi.org/10.1017/S0033822200003672
https://doi.org/10.1017/S0033822200003672
https://doi.org/10.1017/CBO9781107705791.013
https://doi.org/10.1017/CBO9781107705791.013
https://doi.org/10.1002/2016GL070796
https://doi.org/10.1029/2012GB004299
https://doi.org/10.1088/1748-9326/11/5/054015
https://doi.org/10.1088/1748-9326/11/5/054015
https://doi.org/10.1002/ppp.2057
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1007/s10533-010-9451-4
https://doi.org/10.1007/s10533-010-9451-4
https://doi.org/10.1002/2015WR018419

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG006152

Tunaley, C., Tetzlaff, D., Wang, H., & Soulsby, C. (2018). Spatio-temporal diel DOC cycles in a wet, low energy, northern catchment: High-
lighting and questioning the sub-daily rhythms of catchment functioning. Journal of Hydrology, 563, 962-974. https://doi.org/10.1016/j.
jhydrol.2018.06.056

Vaughan, M. C. H., Bowden, W. B., Shanley, J. B., Vermilyea, A., Sleeper, R., Gold, A. J., et al. (2017). High-frequency dissolved organic
carbon and nitrate measurements reveal differences in storm hysteresis and loading in relation to land cover and seasonality. Water
Resources Research, 53(7), 5345-5363. https://doi.org/10.1002/2017WR020491

Weishaar, J. L., Aiken, G. R., Bergamaschi, B. A., Fram, M. S., Fujii, R., & Mopper, K. (2003). Evaluation of specific ultraviolet absorbance
as an indicator of the chemical composition and reactivity of dissolved organic carbon. Environmental Science & Technology, 37(20),
4702-4708. https://doi.org/10.1021/es030360x

Wickham, H. (2016). Ggplot2: Elegant graphics for data analysis: Springer-Verlag.

Wickham, H. (2017). Tidyverse: Easily install and load the “tidyverse”. R package.

Wickham, H., Francois, R., Henry, L., & Miiller, K. (2019). Dplyr: A grammar of data manipulation. https://CRAN.R-project.org/
package=dplyr

Wild, B., Andersson, A., Broder, L., Vonk, J., Hugelius, G., McClelland, J. W,, et al. (2019). Rivers across the Siberian Arctic unearth the
patterns of carbon release from thawing permafrost. Proceedings of the National Academy of Sciences, 116(21), 10280-10285. https://doi.
org/10.1073/pnas.1811797116

GANDOIS ET AL.

18 of 18


https://doi.org/10.1016/j.jhydrol.2018.06.056
https://doi.org/10.1016/j.jhydrol.2018.06.056
https://doi.org/10.1002/2017WR020491
https://doi.org/10.1021/es030360x
https://CRAN.R-project.org/package%3Ddplyr
https://CRAN.R-project.org/package%3Ddplyr
https://doi.org/10.1073/pnas.1811797116
https://doi.org/10.1073/pnas.1811797116

	Seasonality of DOC Export From a Russian Subarctic Catchment Underlain by Discontinuous Permafrost, Highlighted by High-Frequency Monitoring
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Study Site
	2.2. Historical Hydrological and Meteorological Data
	2.3. Instrumentation
	2.4. Water Sampling and Analysis
	2.5. Data Treatment and Flux Calculations
	2.6. Statistical Analysis

	3. Results
	3.1. Meteorology and Hydrology: Historical and Contemporary Data
	3.2. Grab Water Sample Characteristics
	3.3. High-Frequency in situ Data
	3.3.1. Hydrochemical Annual Trends
	3.3.2. Seasonality of DOC Dynamics

	3.4. DOC Exports

	4. Discussion
	4.1. High-Frequency Hydrochemical Surveys in High-Latitudes Watersheds
	4.2. Climatic Control on Hydrology and Recent Evolution in the Graviyka Watershed
	4.3. Seasonality of DOC Exports in the Graviyka Watershed
	4.4. Leading Role of Peatlands in DOC Exports
	4.5. Potential Implication of Permafrost Degradation for DOC Export

	5. Conclusions
	Data Availability Statement
	References


