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Abstract. Lakes in permafrost regions are dynamic
landscape components and play an important role for climate
change feedbacks. Lake processes such as mineralization
and flocculation of dissolved organic carbon (DOC), one
of the main carbon fractions in lakes, contribute to the
greenhouse effect and are part of the global carbon cycle.
These processes are in the focus of climate research, but
studies so far are limited to specific study regions. In
our synthesis, we analyzed 2167 water samples from 1833
lakes across the Arctic in permafrost regions of Alaska,
Canada, Greenland, and Siberia to provide first pan-Arctic
insights for linkages between DOC concentrations and
the environment. Using published data and unpublished
datasets from the author team, we report regional DOC
differences linked to latitude, permafrost zones, ecoregions,
geology, near-surface soil organic carbon contents, and
ground ice classification of each lake region. The lake
DOC concentrations in our dataset range from 0 to
1130mgL~" (10.8mgL~! median DOC concentration).
Regarding the permafrost regions of our synthesis, we

found median lake DOC concentrations of 12.4mgL™~!
(Siberia), 12.3 mg L~! (Alaska), 10.3 mgL~! (Greenland),
and 4.5mgL~! (Canada). Our synthesis shows a significant
relationship between lake DOC concentration and lake
ecoregion. We found higher lake DOC concentrations
at boreal permafrost sites compared to tundra sites. We
found significantly higher DOC concentrations in lakes
in regions with ice-rich syngenetic permafrost deposits
(yedoma) compared to non-yedoma lakes and a weak but
significant relationship between soil organic carbon content
and lake DOC concentration as well as between ground ice
content and lake DOC. Our pan-Arctic dataset shows that the
DOC concentration of a lake depends on its environmental
properties, especially on permafrost extent and ecoregion, as
well as vegetation, which is the most important driver of lake
DOC in this study. This new dataset will be fundamental to
quantify a pan-Arctic lake DOC pool for estimations of the
impact of lake DOC on the global carbon cycle and climate
change.
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1 Introduction

At northern high latitudes where mean annual ground
temperatures are below 0°C, permafrost has been an
important carbon (C) sink for thousands of years since
freezing is one of the most effective mechanisms for long-
term C fixation in soils (Schuur et al., 2008; Grosse et al.,
2011). Permafrost landscapes store large amounts (~ 1300
to 1600 Pg C) of soil organic C (Hugelius et al., 2014) and
are a potential source for C emissions to the atmosphere
when soil temperatures exceed 0°C and permafrost thaws
(McGuire et al., 2009; Koven et al., 2011). Through recent
climate change, Arctic permafrost regions have experienced
an increase of permafrost temperatures by 0.5 to 2°C
and a local deepening of the active layer of up to 90cm
since the 1970s (Romanovsky et al., 2010; IPCC, 2013;
Biskaborn et al., 2019). More recently, permafrost warmed
globally by an average of 0.29 °C £0.12 °C over the 2007-
2016 period due to higher air temperatures, with some of
the strongest warming trends (about 0.9°C per decade)
measured in individual boreholes at the polar stations Marre
Sale in northwest Siberia and Samoylov Island in northeast
Siberia (Biskaborn et al., 2019). In addition, thermokarst
and thermo-erosion processes act as a mechanism for the
rapid release of permafrost C in the climate system (Walter
Anthony et al., 2018; Turetsky et al., 2020). Hence, the
impact of global climate change on permafrost regions and
their C cycling has to be thoroughly investigated.

Of particular interest is ice-rich permafrost, which
is vulnerable to rapid degradation processes, such as
thermokarst and thermo-erosion, which lead to ground ice
melt, subsequent soil volume loss, and ground subsidence.
Consequently, characteristic landforms such as thermo-
erosional valleys, thaw slumps, and thermokarst lakes form
in these regions. Thermokarst lakes are quite dynamic and
widespread landscape features in the Arctic (Jones et al.,
2011; Grosse et al., 2013; Manasypov et al., 2015), and their
biochemical processes play an important role for C cycling
and climate change feedbacks in the Arctic and beyond
(Walter Anthony et al., 2018).

In lakes, dissolved organic carbon (DOC) is one of the
main C fractions (Tranvik et al., 2009). It is mobile and can
be chemically labile (Vonk et al., 2013a, b). DOC in lakes
can be produced in the lake itself (autochthonous DOC) or
in the catchment of the lake (allochthonous DOC) (Sobek
et al., 2007). The organic carbon (OC) content of terrestrial
soils is the main source for allochthonous DOC. DOC in
lakes can be transferred to and stored in lake sediments
due to flocculation (Tranvik et al., 2009). DOC can also be
degraded by photo-oxidation or microbial activity, resulting
in the mineralization of OC to carbon dioxide (CO;) and
methane (CHy) and the emission to the atmosphere (Frey and
Smith, 2005; Battin et al., 2008; Tranvik et al., 2009; Vonk
et al., 2013a, b). These processes are important components
of the northern C cycle and affect greenhouse gas emissions

Biogeosciences, 18, 3917-3936, 2021

L. Stolpmann et al.: First pan-Arctic assessment of dissolved organic carbon

from lakes. Vonk et al. (2015) suggested that the C flux
from surface waters to the atmosphere and from land to
ocean represents roughly one-third to one-half of the net C
exchange from land to the atmosphere in the Arctic.

Numerous studies have estimated OC pools in Arctic
soils (Zimov et al., 2006; Strauss et al., 2013; Hugelius et
al., 2014, 2020), while others have investigated DOC and
its release from northern high-latitude soils and ground ice
(Freeman et al., 2004; Wickland et al., 2007; Prokushkin et
al., 2009; Fritz et al., 2015; Tanski et al., 2016).

In recent years, DOC concentrations, lability, and mobility
in Arctic lake systems, including thermokarst lakes, have
been investigated; however, these studies have largely been
limited to specific regions. For example, it was found that
hydrologic linkages between a pond and its catchment affect
the load of DOC in ponds in northern Siberia (Abnizova et
al., 2014) and that DOC in different lake basin types responds
differently to climate change (Larsen et al., 2017). For
specific regions of western Siberia, Shirokova et al. (2013)
found a negative correlation between DOC concentration and
the size and age of thermokarst lakes. Among global lakes
(7500 lakes from 35 land-cover types), Sobek et al. (2007)
found no correlation between lake area or other lake
properties and DOC concentration, but DOC concentration in
lakes was found to depend on catchment properties such as
topography and climate. However, permafrost region lakes,
which represent approximately 25 % of global lakes (Lehner
and Doll, 2004), only comprised about 10 % of the 7500
global lakes studied with respect to DOC (Sobek et al.,
2007). Hence, a pan-Arctic-focused analysis of the spatial
variability of lake DOC in permafrost regions is still missing.

The objectives of this study are to synthesize existing
datasets of lake DOC in northern permafrost regions,
to provide first insights into linkages between DOC
concentration and environmental parameters (permafrost
zone, ecoregion, deposit types, ground ice content, and soil
organic carbon content), and to identify drivers for lake
DOC concentration in this region affected by rapid climate
change. Our synthesis includes published datasets as well as
unpublished datasets from the author team to find regional
differences in DOC concentration of lakes across the Arctic.

2 Study areas

In our synthesis, we included 2167 samples from 1833 lakes
of 13 study areas (22 sites) across the Arctic, sampled from
1979 to 2017 (Table 1, Fig. Al). Lakes in our study are
located from 59.2 to 82.5° N latitude. A total of 49.3 % of
our dataset comes from sites in Alaska, 24.2 % from Canada,
23.3 % from Siberia, and 3.2 % from Greenland. The study
areas of our dataset are dominated by tundra climate and
very cold subarctic climate. The Nunavut study area is also
characterized by cool continental climate. The mean annual
air temperature of our study areas ranges from —18 °C in the
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Canadian Arctic Archipelago (Michel, 2011) to —0.7°C in
Whitehorse, Yukon (Bonnaventure and Lewkowicz, 2011).
All study lakes are located in landscapes influenced by
permafrost (Fig. 1a). Lakes in this synthesis cover the full
range of permafrost extents from continuous, discontinuous,
isolated, and sporadic permafrost areas.

Study sites of the North and Northwest Alaska study area
(Fig. 1a, 1-3) are predominantly located in the continuous
permafrost zone (82 % of the lakes studied in this area).
Forty-six percent of the studied lakes in this study area are
located in the tundra ecoregion, and 54 % in the tundra—
boreal transition region. The North and Northwest Alaska
study area is mainly composed of fluvial and yedoma
deposits (62 %). The Southcentral Alaska study area (Fig. 1a,
4) is predominantly underlain by discontinuous permafrost.
Studied lakes in this study area are located in the boreal
ecoregion and are surrounded by glacio-moraine (67 %) and
mountain alluvium (13 %) deposits. The study sites in the
Interior Alaska study area (Fig. 1a, 5-6) are predominantly
located in the discontinuous permafrost zone (65 %); 19 %
of studied lakes in this study area are located in the isolated
permafrost zone, belonging to the Denali National Park and
Preserve (Fig. la, 5). The Interior Alaska study area is
situated in the boreal zone and mainly underlain by fluvial
(55 %) and yedoma (16 %) deposits.

The study sites in the Yukon and Northwest Territories
study areas (Fig. 1a, 7-10) are predominantly situated in the
continuous permafrost zone (65 % of studied lakes in this
area) and the discontinuous permafrost zone (30 %), with
some lakes in the sporadic permafrost zone (5 %), located
in the Whitehorse transect.

Studied lakes of this study area can be found in the
tundra ecoregion, in the boreal-tundra transition zone, and
in the boreal forest, with glacial deposits. Study sites in
the Nunavut study area (Fig. la, 11-14) are located in the
zone of continuous permafrost. Studied lakes in this area
are situated in the tundra ecoregion and are surrounded by
glacial, bedrock, and colluvial deposits. Studied lakes of
the Manitoba study area (Fig. la, 15) are located in the
continuous permafrost zone and are predominantly situated
in the boreal forest, underlain by glacio-marine deposits.

The Qeqqata study area (Fig. la, 16) in Greenland is
situated in the continuous permafrost zone. Studied lakes in
this area are located in the tundra ecoregion and surrounded
by eolian deposits.

The Siberian Yamalo-Nenets Autonomous Region (A.R.)
study area (Fig. 1a, 21) covers the continuous, discontinuous,
and sporadic permafrost zones. Here, 72 % of the studied
lakes are situated in boreal forest, and 28 % in the tundra
ecoregion, especially on the Yamal Peninsula. The Yamalo-
Nenets A.R. study area is underlain by glacial-moraine,
glacio-lacustrine, glacio-fluvial, and alluvial deposits. Stud-
ied lakes of the Khanty-Mansi A.R. study area (Fig. 1a, 22)
are situated in the continuous and isolated permafrost zone.
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This area is situated in the boreal forest and dominated by
glacio-fluvial deposits.

The Chukotka A.R. study area (Fig. la, 17) is situated
in the continuous permafrost zone and covers the full
range of tundra ecoregion, boreal forest, and tundra—boreal
transition region. Lakes in this study area are surrounded
by ice-rich syngenetic permafrost deposits (yedoma) and
fluvial deposits. The Khatanga study site in the Krasnoyarsk
Krai study area (Fig. la, 20) is located in the continuous
permafrost zone. This area is situated in the tundra ecoregion
and underlain by lacustrine, alluvial, and eluvial deposits.
The Sakha Republic (Yakutia) study area (Fig. 1, 18-
19) includes sites in the Lena River delta (Kurungnakh
Island, Sobo-Sise Island, Samoylov Island, and Bykovsky
Peninsula) and sites close to the Kolyma River. These sites
are situated in the continuous permafrost zone. The Lena
Delta study site is situated in the tundra ecoregion, whereas
the Kolyma study site is situated in the boreal forest. The
study lakes of the Sakha Republic study area are mainly
located in ice-rich syngenetic permafrost deposits (yedoma)
or fluvial and alluvial deposits.

3 Methods
3.1 Data extraction from existing studies

For this synthesis, we searched the scientific literature for
the keywords DOC and lakes in permafrost regions and
largely focused on local to regional lake DOC syntheses that
provided data at the individual lake level (i.e., not averaged
values for groups of lakes or regions). From identified
references (Pienitz et al., 1997a, b; Hamilton et al., 2001;
Lim et al., 2001; Kokelj et al., 2005; Medeiros et al., 2012;
Halm and Griffith, 2014; Manasypov et al., 2014, 2015;
Northington and Saros, 2016; Larsen et al., 2017; Osburn et
al., 2017; Coch et al., 2019; Serikova et al., 2019; Johnston
et al., 2020) data for 1757 DOC samples, collected from
1478 individual lakes, were extracted into a database for
further analysis. Unpublished field data of the author team
was included in the database (410 samples from 355 lakes).
The database includes samples that were collected during
the period of April to early October (Table 1). When there
was a lake sampled once in a month for more than 1
year, we calculated the average lake DOC concentration.
Samples from the author team were taken from or near
the water surface as well as the vast majority of the
synthesized data. Although some of the synthesized data
do not provide the sampling depth, we can assume that
the majority of these Arctic lakes and ponds are shallow
and well mixed. Across our synthesis dataset, various well-
established methods (Bauer and Bianchi, 2011) were used
to quantify DOC concentration, including high-temperature
catalytic combustion, low-temperature chemical oxidation,
and photochemical oxidation. The 246 samples from the
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Figure 1. Overview of study regions (underlined bold font), study areas (bold font) and sites overlain on the map of permafrost zones (a);
histogram of the amount of lakes in percentage by the study area in our dataset (b); and pie chart of lake distribution in the dataset by

overarching regions (c) (background map after Brown et al., 1997).

Alfred Wegener Institute (AWI), Helmholtz Centre for Polar
and Marine Research, were analyzed with high-temperature
catalytic combustion, described in Appendix A.

3.2 Sample database and geospatial analysis

We created a geospatial database of permafrost region lakes
with DOC data (Permafrost Region Lake-DOC version 1,
or PeRL-DOCv1) in the desktop geoinformation system
(GIS) ArcMap (10.4.1, Esri) containing all 1833 lakes as
point features. Additional data layers were included in the
PeRL-DOCv1 GIS for the analysis of lake environmental
characteristics, including layers on permafrost and ground
ice distribution (Jorgenson et al., 2008), surface geology
(Jorgenson et al., 2008), and yedoma distribution (Strauss et
al., 2016). For all lakes, a range of parameters (Table Al)
were extracted and exported into the spreadsheet database
for further analysis.

For the determination of yedoma and non-yedoma areas,
we used the Database of Ice-Rich Yedoma Permafrost
(IRYP) by Strauss et al. (2016). Using the study site
descriptions from the synthesized lake DOC literature and
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a map of terrestrial ecoregions (Olson et al., 2004), we
assigned an ecoregion for each data point.

To infer lake genesis, each data point was assigned a
deposit type, which refers to the surrounding deposit type of
each lake. For this, we used the Permafrost Characteristics
of Alaska map by Jorgenson et al. (2008) for Alaska,
Nielsen (2010) for Greenland, the Map of the Quaternary
Formations of the Russian Federation (Petrov et al., 2014),
the Geological Survey of Canada map of Fulton (1995)
for Canada, and the yedoma distribution database of IRYP
(Strauss et al., 2016). Furthermore, we added the ice content
for the surrounding area of each lake, using the term
“low”, “moderate”, “high”, and “variable” (Jorgenson et al.,
2008; Brown et al., 1997). Finally, we used the Northern
Circumpolar Soil Carbon Database (NCSCDv2) to add the
soil organic carbon content (SOCC) of the area surrounding
each lake for the upper 0 to 100 cm, 100 to 200 cm, 200 to
300 cm, and aggregated 0 to 300 cm of soil (Hugelius et al.,
2014).

https://doi.org/10.5194/bg-18-3917-2021
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Table 1. Overview of temporal sample distribution for each study area. Numbers in brackets are numbers of samples collected in each year.

Study area Months of Years of sample collection
sample collection (number of samples)
Greenland  Qeqqata Apr-Aug 2002 (10), 2003 (23), 2009 (5), 2013(20), 2014(23)
Siberia Yamalo-Nenets Autonomous Region  Jun—-Aug 1999 (8), 2000 (17), 2001 (1), 2010 (14), 2011 (43),
2013 (93), 2015 (24), 2016 (49)
Khanty-Mansi Autonomous Region Jul-Aug 1999 (21), 2000 (1), 2001 (1), 2016 (18)
Chukotka Autonomous Region Jul 2016 (20)
Krasnoyarsk Krai Jul-Aug 2013 (32)
Sakha Republic (Yakutia) Jul-Oct 2002 (27), 2013 (3), 2014 (38), 2016 (59)
Canada Yukon Jul-Aug 1990 (22), 2012 (3), 2013 (6), 2014 (22), 2015 (1)
Northwest Territories Jul, Sep 1990 (37), 1991 (20), 2004 (22)
Nunavut Jun-Sep 1979 (5), 1980 (17), 1983 (17), 1984 (2), 1985 (21),
1989 (22), 1990 (6), 1991 (4), 1992 (17), 1993 (22),
1994 (22), 1995 (20), 1996 (5), 1997 (7), 2017 (19)
Manitoba Jul-Aug 2006-2010 (17)
Alaska North and Northwest Jun-Sep 2008 (15), 2009 (30), 2010 (2), 2011 (71), 2012 (98),
2013 (56), 2014 (115), 2015 (10), 2016 (102)
Southcentral May-Sep 2009 (25), 2010 (9), 2011 (96), 2015 (4), 2016 (4)
Interior May-Sep 2003 (13), 2004 (14), 2005 (14), 2006 (30), 2007 (35),

2008 (92), 2010 (65), 2011 (63), 2012 (60), 2013 (36),
2014 (13), 2015 (20), 2016 (72)

3.3 Statistical analysis

To conduct statistical tests, we used RStudio (ver-
sion 1.0.153). We tested normality by using the Shapiro—
Wilk test. Because our data do not follow a normal
distribution, we used the Spearman rank correlation
coefficient (p) to measure each relationship between DOC
concentration and a further parameter (latitude, permafrost
zone, ecoregion, ground ice content, deposit type, SOCC)
for all lakes in our dataset. We used the Wilcoxon—Mann—
Whitney test to determine the difference in means between
two populations. To analyze the relationship of DOC and
multiple parameters, we performed a principal component
analysis. Our dataset contains six samples from Qeqqata in
Greenland (Osburn et al., 2017), collected in April in under-
ice conditions. For the sake of comparability, these data have
not been included in the statistical analysis.

4 Results
4.1 Temporal variability of DOC concentration data

For only 81 of 1833 lakes in our dataset we had multi-
temporal data, which means that these lakes were sampled
at least two times during the ice-free period.

https://doi.org/10.5194/bg-18-3917-2021

For 42 % of the multi-temporal subset we found increasing
DOC concentrations in a year, regarding the variation of
sub-annual samples. For 42 % of the multi-temporal subset
we found decreasing DOC concentrations, and for 6 % of
the multi-temporal subset we found fluctuating values in
sub-annual samples. In some cases, the DOC concentration
increased after snowmelt and further decreased until fall or
decreased in summer and increased until fall.

In our dataset, 16 lakes were sampled multiple times over
the same seasonal period at the study site North Slope in
North Alaska, and six lakes were sampled multiple times
over the same seasonal period in the study area Qeqqata,
Greenland (Osburn et al., 2017). The six lakes located
in Qeqqgata were sampled in April, June, and August in
2014, whereas lakes in North Slope were sampled in mid-
June, late June, July, and August in 2014. For five of
the six lakes in Qeqqata, the highest DOC concentration
of the respective sampling series was found for April
samples. Then, the DOC concentration decreased in June and
increased in August (Table 2). For these lakes, a 30—45 %
higher DOC concentration in April and up to 25 % higher
DOC concentration in August were observed in comparison
to the June sampling and therefore demonstrate a seasonal
DOC variability.

Biogeosciences, 18, 3917-3936, 2021
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Table 2. DOC concentration of six lakes from Qeqqata, Greenland, sampled three times in 2014 (Osburn et al., 2017) and 16 lakes from

North Slope, Alaska, samples four times in 2014.

Region Study area  Lake name DOC concentration [mg L

Apr Mid-Jun Late Jun Jul  Aug
Greenland Qeqqata SS906 8 5.2 5.8
SS1381 39.2 24 31.3
SS2 35.1 23.8 27.7
SS8 52.5 28.7 38.3
S$S904 8.1 52 5.8
SS1590 31.1 36.6 25
Alaska Northand  Hannahbear 5.5 6.5 2.7 1.7
Northwest  Ini-001 0.4 2.5 0 0.2
Ini-002 12.9 20.8 19.7 16.7
Ini-003 0.5 0.3 0 0
Ini-004 6.5 4.5 0.7 0.4
Ini-005 4.7 4.7 34 3.1
Ini-006 0 0.2 0 0
LonelyWolf 1.6 2.1 0.1 1.3
CrazyBear 0.9 22 1.6 0
Duckfish 2.1 1.4 0.7 0.7

FC-L9811 0 1.9 0

FC-L9819 3.6 1.2 0
FC-L9820 4.6 6.5 2.7 2.5
FC-M9925 2.5 2.6 1.3 23
FC-MC7916 53 35 0.8 0.6
FC-R0066 0.8 1.9 8.7 0

In contrast to the Qeqqata samples we found decreasing
DOC concentrations in 12 of 16 lakes in North Slope when
comparing DOC concentrations of mid-June and August
samples (Table 2). We also checked for seasonal variability
in a larger dataset available from the study areas Southcentral
and Interior Alaska, where different sets of lakes were
sampled during each month from May to September. This
allowed an analysis of the median DOC concentration for
each month for each of the two study areas. For Southcentral
Alaska we found a pattern similar to that in Qeqqata, with
a 17 % higher DOC concentration in May and September
compared to July (Table A2). Additionally, we compared
samples of the whole dataset from the months June and
August. For these months, in addition to the Qeqqgata and
North Slope samples, samples from the study areas Yamalo-
Nenets A.R., North and Northwest Alaska, Southcentral
Alaska, and Interior Alaska were available. In three of the
four study areas we also found higher DOC concentrations
in August than in June, comparable to the Qeqqata lakes.

4.2 Variable DOC concentrations across the Arctic
Lakes in our database from sites across the Arctic — covering
different permafrost zones, ecoregions, and deposit types

— show a high variation of lake DOC concentration. We
found differences between the four regions of Alaska,

Biogeosciences, 18, 3917-3936, 2021

Canada, Greenland, and Siberia, as well as between study
areas and study sites within these regions (Figs. 2, 3;
Table A3). The median DOC concentration across the entire
dataset was 10.8 mgL~!. The concentration ranged from 0
to 1130 mgL_1 (Table 3). A total of 91.8% of the lakes
included in our dataset have a DOC concentration between
0 and 30mgL~!. Comparing DOC concentrations of lake
water in permafrost regions of Alaska, Canada, Greenland,
and Siberia, we found median DOC concentrations of 12.3,
4.2,10.3, and 12.4 mg L1, respectively.

Figure 3 highlights the variability of median DOC
concentration in the permafrost regions of Alaska, Canada,
Greenland, and Siberia and demonstrates the large range
of DOC concentration in Alaska. In contrast, lakes in the
Canadian permafrost region had a smaller range of DOC
concentrations (Fig. 2d). We found that 80.3 % of samples
collected in Canadian lakes had a lower DOC concentration
than the dataset median of 10.8mgL~'. In Alaska and
Siberia, we found that about 58 % of the lakes had higher
DOC concentrations than the dataset median. Lakes in
Greenland showed a 50 : 50 ratio with DOC concentrations
below and above the dataset median. A large number of lakes
with DOC concentrations above 30 mgL~! were found in
Interior Alaska in the Yukon Flats and Yukon—Charley Rivers
National Preserve (Fig. 2c). We had four lakes with strikingly
high DOC concentrations more than 10 times higher than the

https://doi.org/10.5194/bg-18-3917-2021
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Table 3. DOC concentrations according to study sites.

3923

Study area No. of samples/no. of lakes  DOC concentration [mg L1

range mean median

Greenland  Qeqqata 81/59 1-61.3 18.5 10.3
Siberia Yamalo-Nenets A.R. 249/249  3.2-634 18.1 15.6
Khanty-Mansi A.R. 41/41  5.8-36.1 13.7 11

Chukotka A.R. 20/20  1.1-19.6 9.5 9.6

Krasnoyarsk Krai 32/32  2.3-194 8.3 8.3

Sakha Republic (Yakutia) 127/85  2.4-333 9.6 9.8

Canada Yukon 54/54  3.1-38.7 15.4 14.7
Northwest Territories 79/79 1.7-30 10.2 9.1

Nunavut 302/294 0-31.9 39 29

Manitoba 17/17 27212 9.1 7

Alaska North and Northwest 499/397 0-53.3 9.6 8.6
Southcentral 138/126  0.8-36.8 14.1 13.8

Interior 528/380 1.4-1130 25 16.8

Total 2167/1833 0-1130 14.3 10.8

dataset median. These concentrations are 1130, 507, 433, and
173 mg L', and all four lakes were located in the Yukon
Flats in Interior Alaska. In addition, about 25 % of lakes
with a DOC concentration above 30 mg L~ were located in
the Yamalo-Nenets A.R. (Fig. 2b). We found that lake DOC
concentration was negatively correlated with geographic
latitude of a lake (p = —0.3; p<0.05; Table 4; Fig. A2). The
DOC concentration of lakes at the southernmost study sites
(Yukon Flats and Yukon—Charley Rivers National Preserve)
showed a large range from 10.2 to 1130mgL~! and 5.0 to
66.7mgL~!, respectively (Table A3).

4.3 Higher DOC concentrations in boreal forest lakes

In our dataset, 43.7 % of the lakes were located in the boreal
forest ecoregion, 42.6 % in the tundra region, and 13.7 %
in a boreal-tundra transition zone. We found a significant
relationship between lake DOC concentration and the lake-
surrounding ecoregion (p = 0.31; p<0.05; Table 4; Fig. A2),
with significantly lower DOC concentrations in lakes of
the tundra region (p<0.05). The DOC concentration of
lakes in the boreal zone ranged from 0.8 to 1130 mgL~!,
and the median DOC concentration in the boreal zone was
15.3mgL~!, whereas the DOC concentration of lakes in the
tundra zone ranged from 0 to 816 mgL~! with a median of
6.8mgL~! (Fig. 3). With a median DOC concentration of
8.5mg L!, lakes in the boreal-tundra transition zone had
significantly lower DOC concentrations than lakes in the
boreal forest (p<0.05).

https://doi.org/10.5194/bg-18-3917-2021

4.4 Lower DOC concentrations in lakes of the
continuous permafrost zone

Median DOC concentration was highest in lakes of the
sporadic permafrost zone (17.3mgL~') and negatively
correlated with permafrost extent (o =0.37; p<0.05;
Figs. 3, A2; Table 4). DOC concentrations in lakes of the
discontinuous zone were significantly higher (14mgL~")
than in lakes in the continuous permafrost zone (8 mgL™").

4.5 Higher lake DOC concentrations in yedoma regions

About 16 % of the 1833 lakes of our dataset were located
in regions with ice-rich syngenetic permafrost deposits
(yedoma). The DOC concentration in lakes of these
regions ranged from 1.7 to 50.6mgL~!' with a median
of 11.8mgL~!. The DOC concentrations in non-yedoma
region lakes, comprising 79 % of the dataset, ranged from
0 to 1130mgL~!, and the median DOC concentration
was 10.3mgL~!, which is significantly lower than in the
yedoma region (p<0.05). Our analysis shows a weak but
significant relationship of the lake-surrounding deposit type
and lake DOC concentration (p = —0.2; p<0.05; Table 4;
Fig. A2). The highest median DOC concentrations occur in
lakes in areas with mountain alluvium and glacio-lacustrine
deposits (15.2 and 15.5mgL~", respectively). The lowest
median DOC concentrations were found in lakes in areas
underlain by bedrock, coastal, and glacial deposits (2.6, 4,
and 4 mgL™!, respectively).

Biogeosciences, 18, 3917-3936, 2021
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Figure 2. Map of lake DOC concentrations (mg L) and regional variability. Median DOC concentration for each study site (a). DOC
concentrations of individual lakes in the study regions Siberia (b), Alaska (c), and Canada and Greenland (d) (background map: Esri).
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Table 4. Results of the Spearman rank correlation, testing the relationship between lake DOC concentration and lake parameters.

Latitude  Permafrost Ecoregion Groundice Deposit SOCC SOCC

zone content type 0-300cm  0-100cm

P —-0.3 0.37 0.31 0.05 -0.2 0.09 0.12

p <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
4.6 Lower DOC concentrations in regions with low We found a weakly positive relationship between ground ice
ground ice content content and lake DOC concentrations (p = 0.05; p<0.05;

Table 4; Fig. A2). In regions of low ground ice content,
the median amounts to 9.6 mgL~!, compared to regions of
moderate and high ground ice content with median DOC
concentrations of 12.7 and 11.4mgL~!, respectively.

Lakes of our dataset were located in regions of low,
moderate, high, and variable ground ice content (percentage
of lakes: 36.5 %, 22.8 %, 25.4 %, and 8.8 %, respectively).
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Figure 3. Dissolved organic carbon (DOC) concentration (mg L) of lakes in different Arctic regions, permafrost zones, ecoregions, ground
ice content, and deposit types. Note that the x axis is interrupted between 100 and 1130 mg Lt visually capture the wide range of the

DOC concentrations.

4.7 Lake DOC and SOCC

We analyzed the relationship between lake DOC concen-
trations and lake-surrounding SOCC and found a weakly
significant relationship for SOCC in the upper 100cm (p =
0.1; p<0.05; Table 4; Fig. A2). The significance of the
relationship got weaker for SOCC in the upper 300 cm (o =
0.09; p<0.05; Table 4, Figs. 4, A2).

https://doi.org/10.5194/bg-18-3917-2021

5 Discussion

5.1 Ecoregion zonation as key factor for pan-Arctic
lake DOC

Our study shows the strongest significant relationships
between lake DOC concentration and permafrost extent,
ecoregion, and geographic latitude (p = 0.31; p = 0.37; p =
—0.3). In contrast to Sobek et al. (2007), who assumed
a strong relationship between lake DOC and soil OC, we
found only a weak connection of lake DOC and surrounding
SOCC. Our study provides an insight into potential
sources of DOC in pan-Arctic lakes. We particularly found

Biogeosciences, 18, 3917-3936, 2021
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Figure 4. Scatterplots for lake DOC concentration and lake-surrounding soil organic carbon content (SOCC) at a depth of 0 to 100 cm (a) and
at a depth of 0 to 300 cm (b). To better visualize the relationship of both parameters, we limited the y axis to 200 mg L—!. Three lakes with
DOC concentrations of 433, 507, and 1130 mg L~! and SOCC of 19.7 kgC m~2ata depth of 0—100cm and 64.6 kng_2 at a depth of

0-300 cm are not included in this plot.

that lakes in the boreal forest region have higher DOC
concentrations compared to tundra region lakes (Fig. 3).
Soils of boreal forests are rich in organic material, and
microbial degradation is low (Sobek et al., 2007). In areas
of boreal forest, the frost-free period is extended and the
surface water can be in contact with soil C for a longer
time, resulting in higher DOC concentrations in boreal lakes.
Previous studies confirm that vegetation is an important
driver for DOC in permafrost catchments (Harms et al., 2016;
Coch et al., 2019). Coch et al. (2019) found higher DOC
concentrations in moss and plant-rich Low Arctic catchments
on Herschel Island in northwest Canada compared to a High
Arctic catchments at Cape Bounty in northeast Canada. This
relationship may explain the high lake DOC concentrations
we found in the Yukon Flats in Interior Alaska, a study area in
the boreal forest dominated by white and black spruce (Halm
and Griffith, 2014). In contrast, higher permafrost extent at
northern high latitudes results in lower vegetation density,
and lakes are less connected and thus hydrologically isolated,
leading to overall lower DOC concentrations.

With climate change affecting northern ecosystem
structures, a reduced permafrost extent (Vasiliev et al.,
2020), shifting vegetation composition (Myers-Smith et al.,
2011), and enhanced hydrological connectivity (Chen et
al., 2014; Nitze et al., 2017) likely will impact lake DOC
concentrations and associated biogeochemical fluxes (Sobek
et al., 2005). For example, enhanced DOC concentrations
in a lake provides an increased basis for the mineralization
of DOC through photo-oxidation and by microbial activity,
which may result in higher CO; emissions from these lakes.
In our first pan-Arctic assessment of DOC in lakes of the
permafrost region we found that DOC concentrations in lakes
become significantly higher along an ecoregion gradient
transitioning from the tundra zone to the tundra—boreal
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transition zone to the boreal forest zone. In addition, DOC
concentrations are overall higher in permafrost zones that
are less continuous. Both trends suggest that climate change,
projected to result in an expansion of the boreal forest
northwards into the tundra zone and a decrease in permafrost
continuity, will likely result in higher DOC concentrations in
lakes of these regions. Moreover, permafrost loss and a shift
of the boreal forest ecoregion might lead to more connected
lakes and thus an increase of allochthonous DOC in lakes.
This, in turn, may result in higher CO; emissions from lakes
to the atmosphere.

5.2 Pan-Arctic lakes in a global view of lake DOC

The median DOC concentration of our dataset (10.8 mgL™")
is almost 3 times higher than the value (3.88 mg L™!) found
by Toming et al. (2020), who studied global lakes with a
surface area larger than 0.1 km?. Our study across the Arctic
shows a high variation of lake DOC concentration. Canada
and Greenland had the lowest median DOC concentration,
with low inter-site variation (Fig. 3) compared to the high
variability observed in Alaska and Siberia. Whereas the
Canadian and Greenlandic regions were affected by past
glaciation, the majority of the Alaskan and Siberian sites
were not glaciated and are characterized by extensive low-
lying wetlands. Though we found a weak but significant
relationship between lake DOC concentration and lake-
surrounding deposit type, we found the lowest DOC
concentrations in lakes surrounded by glacial and bedrock
deposits (Fig. 3). In our dataset, these deposit types are
mainly located in the former glaciated Canadian Arctic.
Sepulveda-Jauregui et al. (2015) found a higher DOC content
in yedoma lakes, analyzing CO; emissions from 40 lakes
of a north—-south transect in Alaska covering all permafrost
types. So, we compared the DOC concentration in lakes of
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the yedoma region and the DOC concentration in lakes in
non-yedoma regions, comprising 79 % of our dataset with
different deposit types and including lakes with the four
highest DOC concentrations in Interior Alaska characterized
by fluvial deposits, eolian deposits, and mountain alluvium
deposits. We found significantly higher DOC concentrations
in yedoma lakes compared to non-yedoma lakes. This might
be attributable to the mobilization of old labile yedoma
carbon by thermo-erosion along rapidly expanding lake
shores and thermokarst processes (Strauss et al., 2017).
We assume that yedoma lake generation influences yedoma
lake DOC. The formation of yedoma lakes, due to deep
thermokarst subsidence, results in deep and often closed
basins (Morgenstern et al., 2011). As result of the missing
lake connectivity, DOC is locked in the lake, originating
partially from eroding organic-rich yedoma deposits (Strauss
et al., 2017), melting yedoma ice wedges (Fritz et al., 2015),
and the active layer. Further the lower lake connectivity
might prevent flushing of yedoma thermokarst lake water
with river water and snowmelt water. Hence, we assume
that yedoma thermokarst lakes are more likely to have
elevated DOC concentrations than other more connected
lakes as well as well-mixed larger and shallower lakes, where
photodegradation plays an important role, associated with
lower lake DOC concentration. However, to determine the
DOC source in yedoma lakes, radiocarbon dating of each
sample would be necessary.

While we showed that lake DOC concentration is
influenced by permafrost extent and type of ecoregion, they
do not explain all of the variability in the dataset. Additional
factors regulate DOC. For example, air temperature,
precipitation, and solar radiance have an influence on surface
water DOC concentration (Cole et al., 2002; Molot et
al., 2005; Anderson and Stedmon, 2007). Anderson and
Stedmon (2007) analyzed lakes in Low Arctic Greenland
and found the highest lake DOC concentrations in areas
of low precipitation and low discharge. In those areas,
evaporation is high, leading to higher DOC concentrations.
For our database, the role of evaporation may also explain
the high DOC concentrations of lakes in the Yukon Flats
in Interior Alaska. Here, the lakes are less hydrologically
connected and the region is very arid, allowing evaporation-
driven concentration of DOC (Johnston et al., 2020). While
we found that lake latitude is correlated with lake DOC
concentration, we did not investigate lake altitude. Sobek et
al. (2007) and Toming et al. (2020) found for their global lake
databases that lake altitude is another important indicator for
lake DOC, with lake DOC concentrations being lowest in
areas of high elevation.

5.3 The complexity of lake DOC regulation
Analysis of our dataset with available pan-Arctic data have

shown significant relationships between ecoregion and lake
DOC concentration, between geographical latitude and DOC
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concentration, and between permafrost extent and DOC
concentration, even if these relationships are generally weak.
Other studies suggest additional parameters influencing lake
DOC concentration. For example, Xenopoulos et al. (2003)
analyzed catchment characteristics of lakes and found that
lake perimeter and the proportion of the watershed occupied
by wetlands are the strongest predictors for DOC in lakes
of temperate forests. On a global scale, lake elevation and
the proportion of wetlands in a watershed are the strongest
predictors for lake DOC. Tranvik et al. (2009) described lake
area, which is connected to lake volume and water retention
time, possibly being negatively correlated in regional studies
but not being an important DOC predictor in a global view.
The fact that the majority of predictors for lake DOC differ
in regions demonstrates the complexity of the regulation
of DOC concentration in lakes. However, several of these
parameters are not included in our study, which could be
a cause of the often only weak relationships found in our
analysis. As a result of limited data availability on detailed
hydrological catchments of northern lakes, the hydrological
connectivity (vertical and lateral) is also not included
in our analysis. However, it is known for example that
less allochthonous DOC is transported to a hydrologically
isolated lake than to a connected lake (Bogard et al., 2019). In
arid regions with rather isolated lakes, such as in the Yukon
Flats in Interior Alaska, evapoconcentration of DOC plays an
important role (Johnston et al., 2020). Water bodies with the
highest DOC concentrations in the Yukon Flats have a water
depth less than 1 m. Studies in western Siberia showed that
ponds receive the highest impact of allochthonous input due
to the high ratio of lake drainage area to water volume. This
results in short water residence time leading to the highest
concentrations of DOC (Shirokova et al., 2013; Manasypov
et al., 2014, 2015). In addition to allochthonous DOC, au-
tochthonous DOC, including phytoplankton productivity as
well as heterotrophic bacterioplankton respiration processes
(Chupakov et al., 2017), influences the DOC concentration,
especially in lakes with low connectivity. For lakes in the
Yukon River basin, Bogard et al. (2019) described a minor
importance of allochthonous DOC in lakes and highlighted
the carbon fixation from atmospheric CO,.

Beside our analysis of temporal variability of a subset
of our dataset, the sampling month of each sample was
not included in the statistical analysis of our pan-Arctic
dataset, which may result in uncertainties due to variations
in lake DOC concentration over the ice-free period. For
Qeqqata, Greenland, higher DOC concentrations were found
in samples collected in April (under ice) and August
compared to June samples. In winter, nutrients as well as
DOC do concentrate in lakes (Manasypov et al., 2015;
Vonk et al., 2015; Grosbois et al., 2017), resulting in higher
DOC concentrations in under-ice samples from April. The
spring flood transports large amounts of allochthonous DOC
to the lakes, concentrating them with DOC, resulting in
higher lake DOC concentrations in spring (Manasypov et
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al., 2015). During summer in this region, characterized
by low precipitation, evapoconcentration is a major cause
of increasing DOC concentration (Anderson and Stedmon,
2007). Considering a seasonality of DOC concentration in
our dataset, we found two different patterns at two different
study sites. This highlights the complexity of regulators and
mechanisms of the DOC concentration in a lake over a
season.

The influence of biological, hydrological, climatic, and
topographical parameters on the DOC concentration of
a lake clearly is very complex. Whereas our pan-Arctic
dataset provides first insights into the relationship between
some environmental parameter and lake DOC concentration,
regional studies are necessary to elucidate these complex
mechanisms and to determine DOC predictors, which may
differ regionally.

5.4 Challenges of a pan-Arctic DOC assessment

Our synthesis shows a wide range of DOC concentrations
in Arctic permafrost region lakes. An important uncertainty
factor for analyzing lake DOC concentration in a pan-
Arctic context is the still-limited amount of lake DOC
data compared to the exceptional large number of lakes.
This region hosts the most lake-rich landscapes on earth
(Lehner and Déll, 2004), and their geologic and hydrologic
origins are diverse (Pienitz et al., 2008; Vincent and
Laybourne-Parry, 2008; Grosse et al., 2013) but often
connected to paleogeographic and cryosphere processes that
differ substantially from the world’s other lake regions
(Smith et al., 2007; Brosius et al., 2021). Lakes in our
synthesis dataset were sampled over the past 40 years
(Fig. Al). Since then, environmental conditions in some
study areas may have changed due to the accelerating
climate change. For example, thermokarst lakes are very
dynamic, and some lakes that were sampled 30-40 years ago
may now be completely drained and thus no longer exist.
Other environmental characteristics in catchments — such
as permafrost extent, vegetation cover, or runoff dynamics
— may have changed over time, thereby also affecting
lake DOC concentration. The remoteness of many lakes
in the Arctic results in multiple challenges to spatially
and temporally representative sampling. For example, multi-
temporal sampling of Arctic lakes is still very rare and
limits our insights into the seasonal and long-term dynamics
of lake DOC for many Arctic lake types. To the best of
our knowledge, there are no long-term lake DOC studies
available for the Arctic that would help elucidate decadal-
scale DOC changes and trends and possible correlations with
ongoing Arctic change. However, seasonal fluctuations were
studied for a small subset of lakes in our dataset (Qeqqata,
Greenland).

Further uncertainties result from still rather coarse-
resolution environmental data layers for the pan-Arctic,
such as permafrost, ground ice content, soil organic carbon,
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and ecoregion, as well as the sparseness of high-resolution
climate data. New remote sensing and numerical-modeling-
driven approaches to create spatially homogeneous datasets
for this large region may provide a much better base
for future analyses of lake DOC and its correlation with
environmental factors. For example, pan-Arctic remote
sensing of permafrost region disturbances (Nitze et al., 2018)
may allow correlation of lake DOC data with the processes of
rapid permafrost degradation, or global studies of remotely
sensed lake abundance and change (Pekel et al., 2016) may
help to elucidate the dynamical aspects of lake DOC. To
quantify the permafrost region lake DOC pool, an assessment
of the volume of the diverse lake types in the Arctic is
needed.

6 Conclusions

DOC is one of the main C fractions in lakes contributing
to the greenhouse effect as part of the global C cycle.
This first pan-Arctic assessment provides linkages between
DOC concentrations and the environment of 1833 lakes
in permafrost regions of Alaska, Canada, Greenland, and
Siberia. Our study compares DOC concentrations of lakes
in the permafrost region with different permafrost extent;
tundra and boreal forest ecoregions; regions of different
deposit types; areas with high, moderate, low, and variable
ground ice content; and different SOCC in the upper 3 m. In
these areas, we found a wide range of DOC concentrations
from 0 to 1130mgL~" with the highest concentrations in
lakes in the Yukon Flats in Interior Alaska and the lowest
concentrations in North Slope in Arctic Alaska and the
Canadian Arctic Archipelago. We identified a significant
relationship of lake DOC and the ecoregion, and we found
increasing lake DOC with increasing vegetation from tundra
to boreal forest and decreasing latitude and permafrost
extent. We conclude for our dataset that ecoregion zonation
is the most important driver for lake DOC concentration in
the pan-Arctic region. Nevertheless, the regulation of lake
DOC concentration is complex, and some DOC predictors
— such as hydrological connectivity, water retention time,
and topography — were not included in our analysis due
to the lack of appropriately detailed pan-Arctic datasets for
these parameters. However, our study of pan-Arctic lake
DOC concentration in permafrost regions provides a first
broad overview of the connections between lake DOC and
lake environment and forms a basis for further detailed
analysis. So, the new PeRL-DOCv1 database will be useful
for quantification of C pools and fluxes from freshwater
bodies across the Arctic.
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Appendix A: DOC analysis at the Alfred Wegener
Institute (AWI)

For DOC analysis of 246 samples collected by authors
from AWI, 20mL of the sample was filtered through a
0.7 um pore size glass fiber filter; preserved with 20-50 ul of
30 % hydrochloric acid (HCI); and sent to AWI in Potsdam,
Germany, for laboratory processing. We then treated the
samples with high-temperature catalytic combustion. For the
quality control during the measurement and validation of
the results, standard samples with known concentrations of
DOC and blank samples of ultrapure water were added to the
sample set. The direct method or so-called NPOC method
(non-purgeable organic carbon) was used to determine the
DOC concentration. We filled 9 mL of the sample into a 9 mL
glass vial, sealed each vial with an aluminum foil, and placed
them in the vial rack of “Shimadzu TOC-VCPH”. During
measurement, the samples were acidified with hydrochloric
acid to a pH value of 2-3 and afterwards treated with
oxygen gas, which eliminated inorganic C by conversion to
CO;. In the next step, NPOC passes the catalyst, where it
heats up to 680 °C, and the CO; passes the NDIR detector
(non-dispersed infrared). The NDIR detector measures the
concentration, and related software calculates the average
of up to five measurement procedures of each sample
(Manual Shimadzu/TOC-V, 2008). The DOC concentration
was recorded in milligrams per liter.
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Figure Al. Histogram of numbers of samples in each study area
per decade of sample collection. Since an exact allocation of the
sampling year was not possible for 113 samples, these are missing
in this figure for study areas Nunavut and Manitoba, Canada.
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Figure A2. Principal component analysis showing a variable factor
map with a color gradient showing the contribution to the plane
construction. The first two principal components explained 34.35 %
(PC1) and 14.28 % (PC2) of the variance in the analyzed parameters
(DOC, latitude, permafrost zone, ecoregion, ground ice content,
deposit type, SOCC). The scores of PC1 had positive loadings with
SOCC at all depths and negative loadings with deposit type, while
PC2 scores had negative scores of latitude and positive scores of
DOC, permafrost zone, ecoregion, and ground ice content.
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Table A1l. Parameters for lake analyses.

General Lake name/ID Latitude and longitude
Sample date
Location
Study area Qeqqata, Yamalo-Nenets Autonomous Region, Khanty-Mansi Autonomous

Region, Chukotka Autonomous Region, Krasnoyarsk Krai, Sakha Republic
(Yakutia), Yukon, Northwest Territories, Nunavut, Manitoba, North and Northwest
Alaska, Southcentral Alaska, Interior Alaska

Study site Qeqqgata, Yamalo-Nenets Autonomous Region, Khanty-Mansi Autonomous
Region, Chukotka Autonomous Region, Khatanga, Lena Delta, Kolyma, Herschel
Island, Yukon Coastal Plain, Whitehorse transect, Mackenzie Delta, Tuktoyaktuk
transect, Yellowknife—Contwoyto transect (Northwest Territories), Yellowknife—
Contwoyto transect (Nunavut), Canadian Arctic Archipelago, Repulse Bay, Arviat
area, Baker Lake area, Rankin Inlet area, Churchill area, North Slope, Kobuk
Delta, Kobuk Valley National Park, Noatak Delta, Noatak National Preserve,
Baldwin Peninsula, Selawik Delta, Bering Land Bridge National Preserve, Seward
Peninsula, Wrangell-St. Elias National Park and Preserve, Denali National Park and
Preserve, Yukon Flats, Yukon—Charley Rivers National Preserve

Permafrost zone Continuous, discontinuous, sporadic, isolated
Ecoregion Tundra, tundra—boreal transition, boreal forest
Data source Reference or sample collector
Hydrochemistry DOC In mg L-!
Geology Deposit type Coastal, eolian, yedoma, glacio-moraine, glacio-lacustrine, glacio-fluvial, fluvial,

mountain alluvium, glacio-marine, glacial, bedrock, colluvial, alluvial, lacustrine
and alluvial, marine, eluvial, slope wash

Ground ice content Low, moderate, high, variable

Soil organic carbon content  In kgC m~2, in 0-100, 100-200, 200-300, and summed 0300 cm of upper soil
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Table A2. Overview of median DOC concentration according
to sampling months, where sampling month could be clearly

3931

identified.
Study area Median DOC concentration [mg L
Apr May Jun Jul Aug Sep  Oct
Greenland Qeqqata 33.1 10.2 25
Siberia Yamalo-Nenets Autonomous Region 18.1 29.6 139
Khanty-Mansi Autonomous Region 14.1 109
Chukotka Autonomous Region 9.6
Krasnoyarsk Krai 8.3 9.8
Sakha Republic (Yakutia) 8.1 102 7.8 153
Canada Yukon 12.9
Northwest Territories 8.5 13
Nunavut 22 3.8 2.6
Alaska North and Northwest 4.5 9.1 8.2 8.1
Southcentral 15 13.6 125 163 15
Interior 127 184 126 203 213
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Table A3. DOC concentrations at study sites.

Study area Study site n samples/n lakes  DOC concentration [mg L

range mean median

Alaska 1165/903 0-1130 17 12.3
North and Northwest 499/397 0-53.3 9.6 8.6

North Slope 64/16 0-20.8 3 1.7

Kobuk Delta 14/14 4.3-40.1 11.2 8.1

Kobuk Valley National Park 157/112 2.9-53.3 9.7 7.9

Noatak Delta 3/3 7.9-12.2 9.8 9.3

Noatak National Preserve 114/107 0.7-20.9 9.6 9.2

Baldwin Peninsula 3/3 12.6-35.4 20.3 12.8

Selawik Delta 4/4 8.4-11.4 10.4 11

Bering Land Bridge National Preserve 121/119 4.7-25.8 11.2 10.7

Seward Peninsula 19/19 1.4-38.3 16.1 16.4

Southcentral Wrangell-St. Elias National Park and Preserve 138/126 0.8-36.8 14.1 13.8

Interior 528/380 1.4-1130 25 16.8

Denali National Park and Preserve 257/161 1.4-35 12.6 12.4

Yukon Flats 150/140  10.2-1130  48.7 30.3

Yukon—Charley Rivers National Preserve 121/79 5-66.7 23.8 22.7

Canada 452/444 0-38.7 6.6 4.2
Yukon 54/54 3.1-38.7 15.4 14.7

Herschel Island 20/20 5.4-38.7 17.6 17.3

Yukon Coastal Plain 12/12 5.6-254 14.6 12.7

Whitehorse transect 22/22 3.1-35.1 13.9 12.9

Northwest Territories 79/79 1.7-30 10.2 9.1

Mackenzie Delta 22/22 6.8-30 134 13

Tuktoyaktuk transect 37/37 3.9-29.9 11.3 10.1

Yellowknife-Contwoyto transect 20/20 1.7-9.1 4.7 43

Nunavut 302/294 0-31.9 39 2.9
Yellowknife—Contwoyto transect 4/4 1.6-2.7 22 2.3

Canadian Arctic Archipelago 220/212 0-31.9 3.6 2.5

Repulse Bay 6/6 2-54 3.8 4.2

Arviat area 25/25 2.6-11.7 6.5 5.8

Baker Lake area 28/28 2.2-5.4 32 3.1

Rankin Inlet area 19/19 2.7-17.4 5.9 4.5

Manitoba Churchill area 17/17 2.7-21.2 9.1 7

Greenland Qeqqata 81/59 1-61.3 18.5 10.3
Siberia 469/427 1.1-63.4 144 124
Yamalo-Nenets Autonomous Region 249/249 3.2-634 18.1 15.6
Khanty-Mansi Autonomous Region 41/41 5.8-36.1 13.7 11

Chukotka Autonomous Region 20/20 1.1-19.6 9.5 9.6

Krasnoyarsk Krai Khatanga 32/32 2.3-194 8.3 8.3

Sakha Republic (Yakutia) 127/85 2.4-33.3 9.6 9.8

Lena Delta 100/66 2.4-333 8.6 8.2

Kolyma 27/19 5.3-22.7 13.2 12.6

Total 2167/1833 0-1130 14.1 10.8

Biogeosciences, 18, 3917-3936, 2021

https://doi.org/10.5194/bg-18-3917-2021



L. Stolpmann et al.: First pan-Arctic assessment of dissolved organic carbon

Data availability. The Permafrost Region Lake-DOC version 1
database (PeRL-DOCv1) is available at PANGAEA (Stolpmann et
al., 2021; https://doi.org/10.1594/PANGAEA.932262).

Author contributions. LS designed the study with input from GG.
LS led the DOC data collection and synthesis, created the database,
and led the writing of the manuscript. LS and GG conducted
the literature search for appropriate DOC datasets. LS, CC, AM,
JB, MF, UH, KSL, BH, JL, KWA, BJ, KF, and GG contributed
previously unpublished DOC data for this study. LS and CC
performed statistical analyses. All co-authors contributed to the
writing.

Competing interests. The authors declare that they have no conflict
of interest.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. The author team would like to thank all
colleagues involved in sample collection in the field. Fieldwork in
the Alaskan national parks was funded by the National Park Service,
Central Alaska Network Inventory and Monitoring Program.
Thanks to Christopher Arp for contributing lake DOC data for the
Alaska North Slope. Furthermore, we thank Sebastian Laboor, Paul
Overduin, and the laboratory staff of AWI Potsdam, in particular
Antje Eulenburg. Samples in central Yamal were collected within
the field campaign of the Earth Cryosphere Institute (TyumSC
SB RAS) in 2015 and processed at Otto-Schmidt Laboratory in
Saint Petersburg. We acknowledge two anonymous referees, Victor
Stepanenko, and the editor Alexey V. Eliseev, who helped to
improve the paper.

Financial support. This study was supported by a PhD stipend
of the University of Potsdam awarded to Lydia Stolpmann. This
research has further been supported by the European Research
Council (grant no. 338335) and the National Science Foundation
(grant nos. OPP-1107481 and OPP-1806213).

The article processing charges for this open-access

publication were covered by the Alfred Wegener Institute,
Helmholtz Centre for Polar and Marine Research (AWI).

Review statement. This paper was edited by Alexey V. Eliseev and
reviewed by Victor Stepanenko and two anonymous referees.

References

Abnizova, A., Young, K. L., and Lafreniere, M. J.: Pond hydrology
and dissolved organic carbon dynamics at Polar Bear Pass

https://doi.org/10.5194/bg-18-3917-2021

3933

wetlands, Bathurst Island, Nunavut, Canada, Ecohydrology, 7,
73-90, https://doi.org/10.1002/eco.1323, 2014.

Anderson, N. J. and Stedmon, C. A.: The effect of evapoc-
oncentration on dissolved organic carbon concentration and
quality in lakes of SW Greenland, Freshw. Biol., 52, 280-289,
https://doi.org/10.1111/j.1365-2427.2006.01688.x, 2007.

Battin, T. J., Kaplan, L. A., Findlay, S., Hopkinson, C. S., Marti,
E., Packman, A. L., Newbold, J. D., and Sabater, F.: Biophysical
controls on organic carbon fluxes in fluvial networks, Nat.
Geosci., 1, 95-100, 2008.

Bauer, J. E. and Bianchi, T. S.: Dissolved Organic Carbon Cycling
and Transformation, in: Treatise on Estuarine and Coastal
Science, Vol. 5, edited by: Wolanski, E. and McLusky, D. S.,
Waltham, Academic Press, 7-67, https://doi.org/10.1016/B978-
0-12-374711-2.00502-7, 2011.

Biskaborn, B. K., Smith, S. L., Noetzli, J., Matthes, H., Vieira,
G., Streletskiy, D. A., Schoeneich, P., Romanovsky, V. E.,
Lewkowicz, A. G., Abramov, A., Allard, M., Boike, J., Cable, W.
L., Christiansen, H. H., Delaloye, R., Diekmann, B., Drozdov, D.,
Etzelmiiller, B., Grosse, G., Guglielmin, M., Ingeman-Nielsen,
T., Isaksen, K., Ishikawa, M., Johansson, M., Johannsson, H.,
Joo, A., Kaverin, D., Kholodov, A., Konstantinov, P., Kroger, T.,
Lambiel, C., Lanckman, J.-P., Luo, D., Malkova, G., Meiklejohn,
L., Moskalenko, N., Oliva, M., Phillips, M., Ramos, M., Sannel,
A. B. K., Sergeev, D., Seybold, C., Skryabin, P., Vasiliev,
A., Wu, Q., Yoshikawa, K., Zheleznyak, M., and Lantuit, H.:
Permafrost is warming at a global scale, Nat. Commun. 10, 264,
https://doi.org/10.1038/541467-018-08240-4, 2019.

Bogard, M. J., Kuhn, C. D., Johnston, S. E., Striegl, R. G., Holt-
grieve, G. W., Dornblaser, M. M., Spencer, R. G. M., Wickland,
K. P, and Butman, D. E.: Negligible cycling of terrestrial carbon
in many lakes of the arid circumpolar landscape, Nat. Geosci.,
12, 180-185, https://doi.org/10.1038/s41561-019-0299-5, 2019.

Bonnaventure, P. P. and Lewkowicz, A. G.: Modelling climate
change effects on the spatial distribution of mountain permafrost
at three sites in northwest Canada, Climate Change, 105, 293—
312, https://doi.org/10.1007/s10584-010-9818-5, 2011.

Brosius, L., Walter Anthony, K. M., Treat, C., Lenz, J.,
Jones, M., Bret-Harte, M. S., and Grosse, G.: Spatiotem-
poral patterns of northern lake formation since the Last
Glacial Maximum, Quaternary Sci. Rev., 253, 106773,
https://doi.org/10.1016/j.quascirev.2020.106773, 2021.

Brown, J., Ferrians, O. J., Heginbottom, J. A. J., and Melnikov,
E. S. (Eds.): Circum-Arctic map of the permafrost and ground-
ice conditions, Washington, DC: U.S. Geological Survey in
Cooperation with the Circum-Pacific Council for Energy and
Mineral Resources, Circum-Pacific Map Series CP-45, scale:
1: 10000000, 1 sheet, 1997.

Chen, M., Rowland, J. C., Wilson, C. J., Altmann, G. L., and
Brumby, S. P.: Temporal and spatial pattern of thermokarst lake
area changes at Yukon Flats, Alaska, Hydrol. Process., 28, 837—
852, https://doi.org/10.1002/hyp.9642, 2014.

Chupakov, A. V., Chupakova, A. A., Moreva, O. Y., Shirokova, L.
S., Zabelina, S. A., Vorobieva, T. Y., Klimov, S. I., Brovko, O. S.,
and Prokovsky, O. S.: Allochthonous and autichthonous carbon
in deep, organic-rich and organic-poor lakes of the European
Russian subarctic, Boreal Environ. Res., 22, 213-230, 2017.

Coch, C., Juhls, B., Lamoureux, S. F., Lafreni¢re, M. J., Fritz,
M., Heim, B., and Lantuit, H.: Comparison of dissolved

Biogeosciences, 18, 3917-3936, 2021


https://doi.org/10.1594/PANGAEA.932262
https://doi.org/10.1002/eco.1323
https://doi.org/10.1111/j.1365-2427.2006.01688.x
https://doi.org/10.1016/B978-0-12-374711-2.00502-7
https://doi.org/10.1016/B978-0-12-374711-2.00502-7
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1038/s41561-019-0299-5
https://doi.org/10.1007/s10584-010-9818-5
https://doi.org/10.1016/j.quascirev.2020.106773
https://doi.org/10.1002/hyp.9642

3934

organic matter and its optical characteristics in small low
and high Arctic catchments, Biogeosciences, 16, 4535-4553,
https://doi.org/10.5194/bg-16-4535-2019, 2019.

Cole, L., Bardgett, R. D., Ineson, P., and Adamson, J. K.
Relationships between enchytraeid worms (Oligochaet), climate
change, and the release of dissolved organic carbon from blanket
peat in northern England, Soil Biol. Biochem., 34, 599-607,
https://doi.org/10.1016/S0038-0717(01)00216-4, 2002.

Freeman, C., Fenner, N., Ostle, N. J., Kang, H., Dowrick, D.
J., Reynolds, B., Lock, M. A, Sleep, D., Hughes, S., and
Hudson, J.: Export of dissolved organic carbon from peatlands
under elevated carbon dioxide levels, Nature, 430, 195-198,
https://doi.org/10.1038/nature02707, 2004.

Frey, K. E. and Smith, L. C.: Amplified carbon release from
vast West Siberian peatlands by 2100, Geophys. Res. Lett., 32,
L09401, https://doi.org/10.1029/2004GL022025, 2005.

Fritz, M., Opel, T., Tanski, G., Herzschuh, U., Meyer, H.,
Eulenburg, A., and Lantuit, H.: Dissolved Organic Carbon
(DOC) in arctic ground ice, The Cryosphere, 9, 737-752,
https://doi.org/10.5194/tc-9-737-2015, 2015.

Fulton, J. R.: Geological Survey of Canada, “A” Series Map 1880A,
Nat. Resour. Can., https://doi.org/10.4095/205040, 1995.

Grosbois, G., Mariash, H., Schneider, T., and Ratio, M.:
Under-ice availability of phytoplankton lipids is key to
freshwater zooplankton winter survival, Sci. Rep., 7, 11543,
https://doi.org/10.1038/s41598-017-10956-0, 2017.

Grosse, G., Harden, J., Turetsky, M., McGuire, A. D., Camill,
P, Tarnocai, C., Frolking, S., Schuur, E. A. G., Jorgenson,
T., Marchenko, S., Romanovsky, V., Wickland, K. P., French,
N., Waldrop, M., Bourgeau-Chavez, L., and Striegl, R. G.:
Vulnerability of high-latitude soil organic carbon in North
America to disturbance, J. Geophys. Res.-Biogeo., 116,
GOO0KO6, https://doi.org/10.1029/20101G001507, 2011.

Grosse, G., Jones, B., and Arp, C.: Thermokarst Lakes,
Drainage, and Drained Basins, in: Treatise on Geomor-
phology, Vol. 8, edited by: Shroder, J. F., Glacial and
Periglacial Geomorphology, San Diego, Academic Press,
325-353, https://doi.org/10.1016/B978-0-12-374739-6.00216-5,
2013.

Halm, D. R. and Griffith, B.: Water-Quality Data from Lakes in
the Yukon Flats, Alaska, 2010-2011, U.S. Geological Survey,
Reston, Virginia, https://doi.org/10.3133/0fr20141181, 2014.

Hamilton, P. B., Gajewski, K., Atkinson, D. E., and Lean, D. R.
S.: Physical and chemical limnology of 204 lakes from the
Canadian Arctic Archipelago, Hydrobiologia, 457, 133-148,
https://doi.org/10.1023/A:1012275316543, 2001.

Harms, T. K., Edmonds, J. W., Genet, H., Creed, 1. F., Aldred,
D., Balser, A., and Jones, J. B.: Catchment influence on nitrate
and dissolved organic matter in Alaskan streams across a
latitudinal gradient, J. Geophys. Res.-Biogeo., 121, 350-369,
https://doi.org/10.1002/2015JG003201, 2016.

Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J. W., Schuur, E.
A. G., Ping, C.-L., Schirrmeister, L., Grosse, G., Michaelson, G.
J., Koven, C. D., O’Donrnell, J. A., Elberling, B., Mishra, U.,
Camill, P, Yu, Z., Palmtag, J., and Kuhry, P.: Estimated stocks
of circumpolar permafrost carbon with quantified uncertainty
ranges and identified data gaps, Biogeosciences, 11, 6573-6593,
https://doi.org/10.5194/bg-11-6573-2014, 2014.

Biogeosciences, 18, 3917-3936, 2021

L. Stolpmann et al.: First pan-Arctic assessment of dissolved organic carbon

Hugelius, G., Loisel, L., Chadburn, S., Jackson, R. B., Jones, M.,
MacDonald, G., Marushchak, M., Olefeld, D., Packalen, M.,
Siewert, M. B., Treat, C., Turetsky, M., Voigt, C., and Yu, Z.:
Large stocks of peatland carbon and nitrogen are vulnerable to
permafrost thaw, P. Natl. Acad. Sci. USA, 117, 20438-20446,
https://doi.org/10.1073/pnas.1916387117, 2020.

IPCC: Climate Change 2013: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change,
Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, 2013.

Johnston, S. E., Striegl, R. G., Bogard, M. J., Dornblaser, M.
M., Butman, D. E., Kellerman, A. M., Wickland, K. P,
Podgorski, D. C., and Spencer, R. G. M.: Hydrologic connec-
tivity determines dissolved organic matter biogeochemistry in
northern high-latitude lakes, Limnol. Oceanogr., 65, 1764—1780,
https://doi.org/10.1002/Ino.11417, 2020.

Jones, B. M., Grosse, G, Arp, C. D., Jones, M. C., Walter
Anthony, K. M., and Romanovsky, V. E.: Modern thermokarst
lake dynamics in the continuous permafrost zone, northern
Seward Peninsula, Alaska, J. Geophys. Res., 116, GOOMO3,
https://doi.org/10.1029/2011JG001666, 2011.

Jorgenson, M. T., Yoshikawa, K., Kanevskiy, M., Shur, Y.,
Romanovsky, V., Marchenko, S., Grosse, G., Brown, J., and
Jones, B.: Permafrost characteristics of Alaska, University
of Alaska, Fairbanks, Proceedings of the Ninth International
Conference on Permafrost, 3, 121-122, 2008.

Kokelj, S. V., Jenkins, R. E., Milburn, D., Burn, C. R., and
Snow, N.: The Influence of Thermokarst Disturbance on the
Water Quality of Small Upland Lakes, Mackenzie Delta Region,
Northwest Territories, Canada, Permafrost Periglac., 16, 343—
353, https://doi.org/10.1002/ppp.536, 2005.

Koven, C. D., Ringeval, B., Friedlingstein, P., Ciais, P,
Cadule, P., Khvorostyanov, D., Krinner, G., and Tarnocai,
C.: Permafrost carbon-climate feedbacks accelerate global
warming, P. Natl. Acad. Sci. USA, 108, 14769-14774,
https://doi.org/10.1073/pnas.1103910108, 2011.

Larsen, A. S., O’Donnell, J. A., Schmidt, J. H., Kristenson, H.
J., and Swanson, D. K.: Physical and chemical characteristics
of lakes across heterogeneous landscapes in arctic and
subarctic Alaska, J. Geophys. Res.-Biogeo., 122, 989-1008,
https://doi.org/10.1002/2016JG003729, 2017.

Lehner, B. and Doll, P.: Development and validation of a global
database of lakes, reservoirs and wetlands, J. Hydrol., 296, 1-22,
https://doi.org/10.1016/j.jhydrol.2004.03.028, 2004.

Lim, D. S. S, Douglas, M. S. V., Smol, J. P, and Lean, D. R. S.:
Physical and Chemical Limnological Characteristics of 38 Lakes
and Ponds on Bathurst Island, Nunavut, Canadian High Arctic,
Int. Rev. Hydrobiol., 86, 1-22, https://doi.org/10.1002/1522-
2632(200101)86:1<1::AID-IROH1>3.0.CO;2-E, 2001.

Manasypov, R. M., Pokrovsky, O. S., Kirpotin, S. N., and
Shirokova, L. S.: Thermokarst lake waters across the permafrost
zones of western Siberia, The Cryosphere, 8, 1177-1193,
https://doi.org/10.5194/tc-8-1177-2014, 2014.

Manasypov, R.M., Vorobyev, S. N., Loiko, S. V., Kritzkov, I.
V., Shirokova, L. S., Shevchenko, V. P., Kirpotin, S. N.,
Kulizhsky, S. P., Kolesnichenko, L. G., Zemtzov, V. A., Sinkinov,
V. V., and Pokrovsky, O. S.: Seasonal dynamics of organic
carbon and metals in thermokarst lakes from the discontinuous

https://doi.org/10.5194/bg-18-3917-2021


https://doi.org/10.5194/bg-16-4535-2019
https://doi.org/10.1016/S0038-0717(01)00216-4
https://doi.org/10.1038/nature02707
https://doi.org/10.1029/2004GL022025
https://doi.org/10.5194/tc-9-737-2015
https://doi.org/10.4095/205040
https://doi.org/10.1038/s41598-017-10956-0
https://doi.org/10.1029/2010JG001507
https://doi.org/10.1016/B978-0-12-374739-6.00216-5
https://doi.org/10.3133/ofr20141181
https://doi.org/10.1023/A:1012275316543
https://doi.org/10.1002/2015JG003201
https://doi.org/10.5194/bg-11-6573-2014
https://doi.org/10.1073/pnas.1916387117
https://doi.org/10.1002/lno.11417
https://doi.org/10.1029/2011JG001666
https://doi.org/10.1002/ppp.536
https://doi.org/10.1073/pnas.1103910108
https://doi.org/10.1002/2016JG003729
https://doi.org/10.1016/j.jhydrol.2004.03.028
https://doi.org/10.1002/1522-2632(200101)86:1<1::AID-IROH1>3.0.CO;2-E
https://doi.org/10.1002/1522-2632(200101)86:1<1::AID-IROH1>3.0.CO;2-E
https://doi.org/10.5194/tc-8-1177-2014

L. Stolpmann et al.: First pan-Arctic assessment of dissolved organic carbon

permafrost zone of western Siberia, Biogeosciences, 12, 3009—
3028, https://doi.org/10.5194/bg-12-3009-2015, 2015.

Manual Shimadzu/TOC-V: Shimadzu TOC-V Series Total Organic
Carbon Analysator, TOC-V CPH/CPN, TOC-Control V, Version
2.00, Kyoto, Japan, 2008.

McGuire, A. D., Anderson, L. G., Christensen, T. R., Dallimore,
S., Guo, L., Hayes, D. J., Heimann, M., Lorenson, T. D.,
Macdonald, R. W., and Roulet, N.: Sensitivity of the carbon cycle
in the Arctic to climate change, Ecol. Monogr., 79, 523-555,
https://doi.org/10.1890/08-2025.1, 2009.

Medeiros, A. S., Biastoch, R. G., Luszczek, C. E., Wang, X. A.,
Muir, D. C. G., and Quinlan, R.: Patterns in the limnology of
lakes and ponds across multiple local and regional environmental
gradients in the eastern Canadian Arctic, Inland Waters, 2, 59—
76, https://doi.org/10.5268/IW-2.2.427, 2012.

Michel, F. A.: Isotope Characterisation of Ground Ice
in Northern Canada, Permafrost Periglac., 22, 3-12,
https://doi.org/10.1002/ppp.721, 2011.

Molot, L. A., Hudson, J. J., Dillon, P. J., and Miller, S. A.: Effect of
pH on photo-oxidation of dissolved organic carbon by hydroxyl
radicals in a coloured, softwater stream, Aquat. Sci., 67, 189—
195, https://doi.org/10.1007/s00027-005-0754-9, 2005.

Morgenstern, A., Grosse, G., Glinther, F., Fedorova, I., and
Schirrmeister, L.: Spatial analyses of thermokarst lakes and
basins in Yedoma landscapes of the Lena Delta, The Cryosphere,
5, 849-867, https://doi.org/10.5194/tc-5-849-2011, 2011.

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger,
M., Lantz, T., Blok, D., Tape, K. D., Macias-Fauria, M.,
Sass-Klaassen, U., Lévesque, E., Bourdreau, S., Ropars, P.,
Hermanutz, L., Trant, A., Siegwart Collier, L., Weijers, S.,
Rozema, J., Rayback, S. A., Martin Schmidt, N., Schaepman-
Strub, G., Wipf, S., Rixen, C., Ménard, C. B., Venn, S., Goetz,
S., Andreu-Hayles, L., Elmendorf, S., Ravolainen, V., Welker,
J., Grogan, P, Epstein, H. E., and Hik, D. S.: Shrub expansion
in tundra ecosystems: dynamics, impacts and research priorities,
Environ. Res. Lett., 6, 045509, https://doi.org/10.1088/1748-
9326/6/4/045509, 2011.

Nielsen, A. B.: Present Conditions in Greenland and the
Kangerlussuaq Area, Working Report 2010-2007, Geological
Survey of Denmark and Greenland, Copenhagen (Denmark),
Posiva Oy, Helsinki, Finland, 2010.

Nitze, ., Grosse, G., Jones, B. M., Arp, C. D., Ulrich, M., Fedorov,
A., and Veremeeva, A.: Landsat-based trend analysis of lake
dynamics across northern permafrost regions, Remote Sens., 9,
640, https://doi.org/10.3390/rs9070640, 2017.

Nitze, I., Grosse, G., Jones, B. M., Romanovsky, V. E., and
Boike, J.: Remote sensing quantifies widespread abundance of
permafrost region disturbances across the Arctic and Subarctic,
Nat. Commun., 9, 1-11, https://doi.org/10.1038/s41467-018-
07663-3, 2018.

Northington, R. M. and Saros, J. E.: Factors Controlling Methane
in Arctic Lakes of Southwest Greenland, PLoS ONE, 11,
e0159642, https://doi.org/10.1371/journal.pone.0159642, 2016.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess,
N. D., Powell, G. V. N., Underwood, E. C., D’Amico, J.
A., Ttoua, 1., Strand, H. E., Morrison, J. C., Loucks, C. J.,
Allnutt, T. F., Ricketts, T. H., Kura, Y., Lamoreux, J. F.,
Wettengel, W. W., Hedao, P., and Kassem, K.R.: Terrestrial
Ecoregions of the World: A New Map of Life on Earth (PDF,

https://doi.org/10.5194/bg-18-3917-2021

3935

1.1M), BioScience, 51, 933-938, https://doi.org/10.1641/0006-
3568(2001)051[0933:TEOTWA]2.0.C0O;2, 2004.

Osburn, C. L., Anderson, N. J., Stedmon, C. A., Giles, M.
E., Whiteford, E. J., McGenity, T. J., Dumbrell, A. J., and
Underwood, G. J. C.: Shifts in the Source and Composition of
Dissolved Organic Matter in Southwest Greenland Lakes Along
a Regional Hydroclimatic Gradient, J. Geophys. Res.-Biogeo.,
122, 3431-3445, https://doi.org/10.1002/2017JG003999, 2017.

Pekel, J.-F., Cottam, A., Gorelick, N., and Belward, A.
S.: High-resolution mapping of global surface water
and its long-term changes, Nature, 540, 418-422,
https://doi.org/10.1038/nature20584, 2016.

Petrov, O. V., Morozov, A. F., Chepkasova, T. V., Kiselev, E.
A., Zastrozhnov, A. S., Verbitsky, V. R., Strelnikov, S. L.,
Tarnogradsky, V. D., Shkatova, V. K., Krutkina, O. N., Minina,
E. A., Astakhov, V. L., Borisov, B. A., and Guseyv, E. A.: Map of
the Quaternary Formations of the Russian Federation, 2014.

Pienitz, R., Smol, J. P., and Lean, D. R. S.: Physical and chemical
limnology of 59 lakes located between the southern Yukon and
the Tuktoyaktuk Peninsula, Northwest Territories (Canada), Can.
J. Fish. Aquat. Sci., 54, 330-346, https://doi.org/10.1139/f96-
274, 1997a.

Pienitz, R., Smol, J. P, and Lean, D. R. S.: Physical and
chemical limnology of 24 lakes located between Yellowknife and
Contwoyto Lake, Northwest Territories (Canada), Can. J. Fish.
Aquat. Sci., 5, 347-358, https://doi.org/10.1139/f96-275, 1997b.

Pienitz, R., Doran, P. T., and Lamoureux, S. F.: Origin and
geomorphology of lakes in the polar regions, Polar Lakes and
Rivers: Limnology of Arctic and Antarctic Aquatic Ecosystems,
edited by: Vincent, W. F. and Laybourn-Parry, J., Oxford
University Press Inc., New York, 2008.

Prokushkin, A. S., Kawahigashi, M., and Tokareva, [. V.:
Global Warming and Dissolved Organic Carbon Release from
Permafrost Soils, in: Permafrost Soils, Soil Biology, Vol. 16,
edited by: Margesin, R., Springer, Berlin, Heidelberg, Germany,
237-250, https://doi.org/10.1007/978-3-540-69371-0_16, 2009.

Romanovsky, V. E., Drozdov, D. S., Oberman, N. G., Malkova,
G. V., Kholodov, A. L., Marchenko, S. S., Moskalenko,
N. G., Sergeev, D. O., Ukraintseva, N. G., Abramov, A.
A., Gilichinsky, D. A., and Vasiliev, A. A.: Thermal State
of Permafrost in Russia, Permafrost Periglac., 21, 136-155,
https://doi.org/10.1002/ppp.683, 2010.

Schuur, E.A.G., Bockheim, J., Canadell, J. G., Euskirchen, E.,
Field, C. B., Goryachkin, S. V., Hagemann, S., Kuhry, P,
Lafleur, P. M., Galina Mazhitova, H. L., Nelson, F. E.,
Rinke, A., Romanovsky, V. E., Shiklomanov, N., Tarnocai, C.,
Venevsky, S., Vogel, J. G., and Zimov, S. A.: Vulnerability
of Permafrost Carbon to Climate Change: Implications
for the Global Carbon Sycle, BioScience, 58, 701-714,
https://doi.org/10.1641/B580807, 2008.

Sepulveda-Jauregui, A., Walther Anthony, K. M., Martinez-
Cruz, K., Greene, S., and Thalasso, F.: Methane and
carbon dioxide emissions from 40 lakes along a north-south
latitudinal transect in Alaska, Biogeosciences, 12, 3197-3223,
https://doi.org/10.5194/bg-12-3197-2015, 2015.

Serikova, S., Prokovsky, O. S., Laudon, H., Krickiv, I. V., Lim, A.
G., Manasypov, R. M., and Karlsson, J.: High carbon emissions
from thermokarst lakes of western Siberia, Nat. Commun., 10,
1552, https://doi.org/10.1038/s41467-019-09592-1, 2019.

Biogeosciences, 18, 3917-3936, 2021


https://doi.org/10.5194/bg-12-3009-2015
https://doi.org/10.1890/08-2025.1
https://doi.org/10.5268/IW-2.2.427
https://doi.org/10.1002/ppp.721
https://doi.org/10.1007/s00027-005-0754-9
https://doi.org/10.5194/tc-5-849-2011
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.3390/rs9070640
https://doi.org/10.1038/s41467-018-07663-3
https://doi.org/10.1038/s41467-018-07663-3
https://doi.org/10.1371/journal.pone.0159642
https://doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
https://doi.org/10.1002/2017JG003999
https://doi.org/10.1038/nature20584
https://doi.org/10.1139/f96-274
https://doi.org/10.1139/f96-274
https://doi.org/10.1139/f96-275
https://doi.org/10.1007/978-3-540-69371-0_16
https://doi.org/10.1002/ppp.683
https://doi.org/10.1641/B580807
https://doi.org/10.5194/bg-12-3197-2015
https://doi.org/10.1038/s41467-019-09592-1

3936

Shirokova, L., Pokrovsky, O., Kirpotin, S., Desmukh, C.,
Pokrovsky, B., Audry, S., and Viers, J.: Biogeochemistry of or-
ganic carbon, COy, CHy, and trace elements in thermokarst wa-
ter bodies in discontinuous permafrost zones of Western Siberia,
Biogeochemistry, 113, 559-573, https://doi.org/10.1007/s10533-
012-9790-4, 2013.

Smith, L. C., Sheng, Y., and MacDonald, G. M.: A First pan-Arctic
assessment of the influence of glaciation, permafrost, topography
and peatlands on Northern Hemisphere lake distribution,
Permafrost Periglac., 18, 201-208, 2007.

Sobek, S., Tranvil, L. J., and Cole, J. J.: Temperature
independence of carbon dioxide supersaturation in
global lakes, Global Biogeochem. Cy., 19, GB2003,
https://doi.org/10.1029/2004GB002264, 2005.

Sobek, S., Tranvik, L. J., Prairie, Y. T., Kortelainen, P., and Cole, J.
J.: Patterns and regulation of dissolved organic carbon: an anal-
ysis of 7,500 widely distributed lakes, Limnol. Oceanogr., 52,
1208-1219, https://doi.org/10.4319/10.2007.52.3.1208, 2007.

Stolpmann, L., Coch, C., Morgenstern, A., Boike, J., Fritz,
M., Herzschuh, U., Stoof-Leichsenring, K., Dvornikov, Y.,
Heim, B., Lenz, J., Larsen, A., Walter Anthony, K., Jones,
B., Frey, K., and Grosse, G.: Permafrost-Region Lake-
DOC versionl Database (PeRL-DOCv1), PANGAEA [Dataset],
https://doi.org/10.1594/PANGAEA.932262, 2021.

Strauss, J., Schirrmeister, L., Grosse, G., Wetterich, S.,
Ulrich, M., Herzschuh, U., and Hubberten, H.-W.: The
deep permafrost carbon pool of the Yedoma region in
Siberia and Alaska, Geophys. Res. Lett., 40, 6165-6170,
https://doi.org/10.1002/2013GL058088, 2013.

Strauss, J., Laboor, S., Fedorov, A., Fortier, D., Froese, D.,
Fuchs, M., Grosse, G., Giinther, F., Harden, J., Hugelius,
G., Kanevskiy, M. Z., Kholodov, A. L., Kunitsky, V. V.,
Kraev, G., Lapointe-Elmrabti, L., Lozhkin, A. V., Rivkina, E.,
Robinson, J., Schirrmeister, L., Shmelev, D., Shur, Y., Siegert,
C., Spektor, V., Ulrich, M., Vartanyan, S. L., Veremeeva,
A., Walter Anthony, K. M., and Zimov, S. A.: Database of
Ice-Rich Yedoma Permafrost (IRYP), PANGAEA [Dataset],
https://doi.org/10.1594/PANGAEA.861733, 2016.

Strauss, J., Schirrmeister, L., Grosse, G., Fortier, D.,
Hugelius, G., Knoblauch, C., Romanovsky, V., Schidel, C.,
Schneider von Deimling, T., Schuur, E. A. G., Shmelev,
D., Ulrich, M., and Veremeeva, A.. Deep Yedoma
permafrost: A synthesis of depositional characteristics
and carbon vulnerability, Earth-Sci. Rev., 172, 75-86,
https://doi.org/10.1016/j.earscirev.2017.07.007, 2017.

Tanski, G., Couture, N., Lantuit, H., Eulenburg, A., and Fritz,
M.: Eroding permafrost coasts release low amounts of dissolved
organic carbon (DOC) from ground ice into the nearshore zone
of the Arctic Ocean, Global Biogeochem. Cy., 30, 1054-1068,
https://doi.org/10.1002/2015GB005337, 2016.

Toming, K., Kotta, J., Uuemaa, E., Sobek, S., Kutser, T., and
Tranvik, L. J.: Predicting lake dissolved organic carbon at a
global scale, Sci. Rep., 10, 8471, https://doi.org/10.1038/s41598-
020-65010-3, 2020.

Tranvik, L. J., Downing, J. A., Cotner, J. B., Loiselle, S. A., Striegl,
R. G., Ballatore, T. J., Dillon, P., Finlay, K., Fortino, K., Knoll,
L. B., Kortelainen, P. L., Kutser, T., Larsen, S., Laurion, I.,
Leech, D. M., McCallister, S. L., McKnight, D. M., Melack,
J. M., Overholt, E., Porter, J. A., Prairie, Y., Renwick, W.

Biogeosciences, 18, 3917-3936, 2021

L. Stolpmann et al.: First pan-Arctic assessment of dissolved organic carbon

H., Roland, F., Sherman, B. S., Schindler, D. W., Sobek, S.,
Tremblay, A., Vanni, M. J., Verschoor, A. M., von Wachenfeldt,
E., and Weyhenmeyer, G. A.: Lakes and reservoirs as regulators
of carbon cycling and climate, Limnol. Oceanogr., 54, 2298—
2314, https://doi.org/10.4319/10.2009.54.6_part_2.2298, 2009.

Turetsky, M. R., Abbott, B. W., Jones, M. C., Walter Anthony,
K. M., Olefeldt, D., Schuur, E. A. G., Grosse, G., Kuhry,
P, Hugelius, G., Koven, C., Lawrence, D. M., Gibson,
C., Sannel, A. B., and McGuire, A. D.: Carbon release
through abrupt permafrost thaw, Nat. Geosci., 13, 138-143,
https://doi.org/10.1038/s41561-019-0526-0, 2020.

Vasiliev, A. A., Drozdov, D. S., Gravis, A. G., Malkova, G. V.,
Nyland, K. E., and Streletskiy, D. A.: Permafrost degradation
in the Western Russian Arctic, Environ. Res. Lett., 15, 045001,
https://doi.org/10.1088/1748-9326/ab6f12, 2020.

Vincent, W. F. and Laybourn-Parry, J. (Eds.): Polar Lakes and
Rivers: Limnology of Arctic and Antarctic Aquatic Ecosystems,
Oxford University Press, 2008.

Vonk, J. E., Mann, P. J., Davydov, S., Davydova, A., Spencer, R. G.
M., Schade, J., Sobczak, W. V., Zimov, N., Zimov, S., Bulygina,
E. B., Eglinton, T. 1., and Holmes, R. M.: High biolability of
ancient permafrost carbon upon thaw, Geophys. Res. Lett., 40,
2689-2693, https://doi.org/10.1002/gr1.50348, 2013a.

Vonk, J. E., Mann, P. J., Dowdy, K. L., Davydova, A., Davydov, S.
P., Zimov, N., Spencer, R. G. M., Bulygina, E. B., Eglinton, T. L.,
and Holmes, R. M.: Dissolved organic carbon loss from Yedoma
permafrost amplified by ice wedge thaw, Environ. Res. Lett., 8,
035023, https://doi.org/10.1088/1748-9326/8/3/035023, 2013b.

Vonk, J. E., Tank, S. E., Bowden, W. B., Laurion, 1., Vincent, W.
F., Alekseychik, P., Amyot, M., Billet, M. F., Candrio, J., Cory,
R. M., Deshpande, B. N., Helbig, M., Jammet, M., Karlsson,
J., Larouche, J., MacMillan, G., Rautio, M., Walter Anthony,
K. M., and Wickland, K. P.: Reviews and syntheses: Effects of
permafrost thaw on Arctic aquatic ecosystems, Biogeosciences,
12, 7129-7167, https://doi.org/10.5194/bg-12-7129-2015, 2015.

Walter Anthony, K. M., Schneider von Deimling, T., Nitze, L.,
Frolking, S., Emond, A., Daanen, R., Anthony, P., Lindgren,
P, Jones, B., and Grosse, G.: 21st-century modelled permafrost
carbon emissions accelerated by abrupt thaw beneath lakes, Nat.
Commun., 9, 3262, https://doi.org/10.1038/s41467-018-05738-
9,2018.

Wickland, K. P., Neff, J. C., and Aiken, G. R.: Dissolved
Organic Carbon in Alaskan Boreal Forest: Sources, Chemical
Characteristics, and Biodegradability, Ecosystems, 10, 1323-
1340, https://doi.org/10.1007/s10021-007-9101-4, 2007.

Xenopoulos, M. A., Lodge, D. M., Frentress, J., Kreps, T. A.,
Bridgham, S. D., Grossman, E., and Jackson, C. J.: Regional
comparison of watershed determinants of dissolved organic
carbon in temperate lakes from the Upper Great Lakes region and
selected regions globally, Limnol. Oceanogr., 48, 2321-2334,
https://doi.org/10.4319/10.2003.48.6.2321, 2003.

Zimov, S. A., Schuur, E. A. G., and Chapin, F. S.: Permafrost
and the global carbon budget, Science, 312, 1612-1613,
https://doi.org/10.1126/science.1128908, 2006.

https://doi.org/10.5194/bg-18-3917-2021


https://doi.org/10.1007/s10533-012-9790-4
https://doi.org/10.1007/s10533-012-9790-4
https://doi.org/10.1029/2004GB002264
https://doi.org/10.4319/lo.2007.52.3.1208
https://doi.org/10.1594/PANGAEA.932262
https://doi.org/10.1002/2013GL058088
https://doi.org/10.1594/PANGAEA.861733
https://doi.org/10.1016/j.earscirev.2017.07.007
https://doi.org/10.1002/2015GB005337
https://doi.org/10.1038/s41598-020-65010-3
https://doi.org/10.1038/s41598-020-65010-3
https://doi.org/10.4319/lo.2009.54.6_part_2.2298
https://doi.org/10.1038/s41561-019-0526-0
https://doi.org/10.1088/1748-9326/ab6f12
https://doi.org/10.1002/grl.50348
https://doi.org/10.1088/1748-9326/8/3/035023
https://doi.org/10.5194/bg-12-7129-2015
https://doi.org/10.1038/s41467-018-05738-9
https://doi.org/10.1038/s41467-018-05738-9
https://doi.org/10.1007/s10021-007-9101-4
https://doi.org/10.4319/lo.2003.48.6.2321
https://doi.org/10.1126/science.1128908

	Abstract
	Introduction
	Study areas
	Methods
	Data extraction from existing studies
	Sample database and geospatial analysis
	Statistical analysis

	Results
	Temporal variability of DOC concentration data
	Variable DOC concentrations across the Arctic
	Higher DOC concentrations in boreal forest lakes
	Lower DOC concentrations in lakes of the continuous permafrost zone
	Higher lake DOC concentrations in yedoma regions
	Lower DOC concentrations in regions with low ground ice content
	Lake DOC and SOCC

	Discussion
	Ecoregion zonation as key factor for pan-Arctic lake DOC
	Pan-Arctic lakes in a global view of lake DOC
	The complexity of lake DOC regulation
	Challenges of a pan-Arctic DOC assessment

	Conclusions
	Appendix A: DOC analysis at the Alfred Wegener Institute (AWI)
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

