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� How do dry periglacial conditions
affect carbon pools and fluxes?

� A carbon mass-balance budget for an
entire lake catchment in West
Greenland.

� Terrestrial soils account for most of
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atmosphere, while hydrological
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� The dry conditions make this system
different from other arctic
environments.
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Climate change is predicted to have far reaching consequences for the mobility of carbon in arctic land-
scapes. On a regional scale, carbon cycling is highly dependent on interactions between terrestrial and
aquatic parts of a catchment. Despite this, studies that integrate the terrestrial and aquatic systems
and study entire catchments using site-specific data are rare. In this work, we use data partly published
by Lindborg et al. (2016a) to calculate a whole-catchment carbon mass-balance budget for a periglacial
catchment in West Greenland. Our budget shows that terrestrial net primary production is the main
input of carbon (99% of input), and that most carbon leaves the system through soil respiration (90%
of total export/storage). The largest carbon pools are active layer soils (53% of total carbon stock or
13 kg C m�2), permafrost soils (30% of total carbon stock or 7.6 kg C m�2) and lake sediments (13% of total
carbon stock or 10 kg C m�2). Hydrological transport of carbon from the terrestrial to aquatic system is
lower than in wetter climates, but the annual input of 4100 kg C yr�1 (or 3.5 g C m�2 yr�1) that enters the
lake via runoff is still three times larger than the eolian input of terrestrial carbon. Due to the dry condi-
tions, the hydrological export of carbon from the catchment is limited (5% of aquatic export/storage or
0.1% of total export/storage). Instead, CO2 evasion from the lake surface and sediment burial accounts
for 57% and 38% of aquatic export/storage, respectively (or 0.8% and 0.5% of total export/storage), and
Two-Boat Lake acts as a net source of carbon to the atmosphere. The limited export of carbon to
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downstream water bodies make our study system different from wetter arctic environments, where
hydrological transport is an important export pathway for carbon.

� 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The low temperatures and frozen soils in arctic climates result
in slow organic matter turnover and, thus, in a higher accumula-
tion of organic matter per unit production as compared to other
climatic settings (Hobbie et al., 2000; Mikan et al., 2002; Matzner
and Borken, 2008; McGuire et al., 2009). However, the Arctic is cur-
rently warming, and is predicted to become even warmer in the
future (Hanna et al., 2012; IPCC, 2013; Boberg et al., 2018), which
has led scientists to suggest that arctic regions hold a key to under-
stand the long-term effects of climate change on the global carbon
cycle (Smol, 2012). This has induced a multitude of studies con-
ducted across the Arctic looking at different aspects of carbon
cycling, e.g., terrestrial primary production (e.g., Schuur et al.,
2009; Eckhardt et al., 2019), soil organic carbon storage (e.g.,
Schuur et al., 2008; Palmtag et al., 2015; Siewert et al., 2015;
Petrenko et al., 2016; Hugelius et al., 2013), heterotrophic soil res-
piration (e.g., Hollesen et al., 2011; Bradley-Cook and Virginia,
2016; Mikan et al., 2002; Eckhardt et al., 2019), carbon dioxide
(CO2) and methane (CH4) evasion from surface waters (e.g.,
Lundin et al., 2015, 2016; Wik et al., 2016; Holgerson and
Raymond, 2016; Northington and Saros, 2016; Rocher-Ros et al.,
2017), the release of dissolved organic carbon (DOC) to surface
waters (e.g., Frey and Smith, 2005; Lehmann-Konera et al., 2019),
aquatic primary production (e.g., Whiteford et al., 2016; Mariash
et al., 2018), and carbon burial in lake sediments (e.g., Anderson
et al., 2009; Sobek et al., 2014).

Although these studies have significantly increased our under-
standing on specific aspects of the carbon cycle, there is a lack of
studies that link the transport of carbon through the terrestrial
and aquatic systems and look at the entire catchment using site-
specific data. Previous landscape scale carbon budgets – i.e., stud-
ies looking at a spatial scale that include multiple catchments –
either rely solely on aquatic data (e.g., Kling et al., 2000), or par-
tially use data derived from other sites (e.g., Lundin et al., 2016).
This lack of integration between the terrestrial and aquatic systems
at a specific site reduce our ability to make reliable predictions of
the net result of climate change on the carbon cycling (Lapierre
and del Giorgio, 2012; Hanson et al., 2015; Solomon et al., 2015).
Studies in the Arctic also tend to have a bias towards more humid
areas, especially the areas around Abisko and Toolik Lake (Metcalfe
et al., 2018). This makes it imperative to also study other types of
arctic climates, e.g., the cold and dry conditions in West Greenland.
Understanding cold and dry environments is not only interesting
from the perspective of West Greenland. With increasing air tem-
peratures many other Arctic areas are likely to become drier
(Koenigk et al., 2013), or have already begun to do so (Smol and
Douglas, 2007).

In this study, we present a carbon mass-balance budget for an
entire lake catchment close to the inland ice-sheet in West Green-
land. The data collection and most of the used data have previously
been described and made available (but not interpreted or dis-
cussed) by Lindborg et al. (2016a,b). Here we use this empirical
data set, which has been collected from both the terrestrial and
aquatic parts of the catchment, together with a site-specific hydro-
logical model (Johansson et al., 2015a) to calculate carbon pools
and fluxes for the lake and its surrounding terrestrial catchment.
The main hypothesis is that the dry and cold conditions result in
a limited hydrological transport of carbon through the landscape
as compared to other arctic or boreal sites. This would lead to a
high accumulation of carbon in soils, reduce the hydrological link
between the terrestrial and aquatic parts of the catchment, and
give a low export of carbon from the catchment via the lake outlet.
In addition, direct comparisons between the terrestrial and aquatic
systems using data from a single catchment can answer the follow-
ing questions: i) Are terrestrial soils or lake sediments the most
prominent carbon sink in this cold and dry landscape? ii) Is eolian
deposition or hydrological transport the most important transport
pathway for carbon between the terrestrial and aquatic systems?
iii) Is the aquatic ecosystem dependent on the supply of terrestrial
carbon, and does the lake act as a sink or a source of carbon to the
surroundings?
2. Methods

2.1. Field site

The climate in the Kangerlussuaq region, West Greenland, can
be characterized as continental (Engels and Helmens, 2010).
Annual average air temperatures measured in the settlement of
Kangerlussuaq range from �9.1 to �0.3 �C (average �5.1 �C), with
an observed increase in the annual average air temperature of
approximately 2 �C between 1977 and 2013 (Hanna et al., 2012;
Cappelen, 2016). The region is underlain by continuous permafrost
– only interrupted by through taliks under large lakes – that
extends down to 400 m depth (Harper et al., 2011), and the regio-
nal bedrock is dominated by tonalitic to granodioritic gneisses (van
Gool et al., 1996).

The Two-Boat Lake catchment (TBL; Lat 67.125940 N Long
50.180370 W; Figs. 1 and 2) is situated 25 km northeast of Kanger-
lussuaq, about 500 m from the front of the ice sheet. The area is
therefore by definition proglacial, but the absence of any hydrolog-
ical connection with the ice sheet system and landscape maturity
(up to 6800 years; Levy et al., 2012) also makes it possible to define
the system as periglacial (Slaymaker, 2011). We refer to the site as
the Two-Boat Lake, as established by Johansson et al. (2015a,b),
Petrone et al. (2016) and Rydberg et al. (2016), but in other publi-
cations the lake has also been called SS903 (Sobek et al., 2014;
Whiteford et al., 2016). The catchment area is 1.56 km2, of which
the lake covers 0.37 km2 (Table 1). Deeper soils are dominated
by till and glaciofluvial deposits, which are overlain by a 30–
100 cm thick layer of eolian deposits mainly consisting of silt. Close
to the lake and in wetter valleys the overlying eolian deposits can
be characterized as peaty silt (Johansson et al., 2015a; Rydberg
et al., 2016; Petrone et al., 2016). The catchment topography, active
layer depth and lake bathymetry were described in detail by
Petrone et al. (2016; Table 1).

Terrestrial vegetation can be divided into dwarf shrub, meadow,
dry grassland and wetland communities (Lindborg et al., 2016a).
Areas with dwarf shrub are dominated by dense stands of Betula
nana (Linnaeus) and/or Salix spp. The meadow and dry grassland
vegetation types lack woody plants. Meadows consist mainly of
grasses and herbs, while dry grassland is dominated by Kobresia
and Carex. Wetland communities are dominated by Carex with a
bottom layer of bryophytes, e.g., Sphagnum (Lindborg et al.,
2016a). There are no trees in the catchment, and shrubs rarely
exceed a height of 0.5 m.

http://creativecommons.org/licenses/by/4.0/


Fig. 1. Map of West Greenland and location of the TBL catchment. Modified after Johansson et al. (2015b).
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Local annual precipitation at the TBL catchment varies between
163 and 366 mm (2011–2018), with an average of 269 mm
(Johansson et al., 2015a; Johansson, 2019). The initial phase of
the hydrologically active period – i.e., when the active layer begins
to thaw in May–June – accounts for about 40% of the annual water
input to the lake. However, there are no permanent streams in the
catchment and lake-water outflow occurs only occasionally during
spring thaw and autumn rains (Table 1; Johansson et al., 2015a,b).
In most years the water balance is slightly positive, but during dry
years it turns negative resulting in a lowering of the lake level
(Johansson et al., 2015a,b). Over the last 30-year period the mod-
elled average annual lake outflow represents 0.1% of the lake vol-
ume (Johansson et al., 2015a).

The lake itself has maximum and average water depths of
29.9 m and 11.3 m, respectively, and the lake volume has been esti-
mated to 4.25 Mm3 when the lake water level reaches the thresh-
old where outflow occurs (Table 1). Ice-out occurs in mid-June and
the length of the ice-free season – determined from time-lapse
photos (2011–2013) – varied between 125 and 135 days
(Johansson et al., 2015b). Total Organic Carbon (TOC) and dissolved
organic carbon (DOC) are on average 8.7 ± 0.7 and 8.5 ± 0.4 mg L�1

(Lindborg et al., 2016a), respectively (2010–2018), and water
transparency (measured as Secchi depth) was about 15 m in
2010 (Lindborg et al., 2016a; Wetzel, 2001). The lake bottom can
be divided into shallow wind exposed areas with non-vegetated
rocks and boulders, areas with soft sediments covered by aquatic
vegetation (down to between 14 and 16 m water depth), and dee-
per areas with soft sediments without any vegetation (Lindborg
et al., 2016a). No fish were found in the lake, but tadpole shrimps
(Lepidurus arctica, Pallas) and fairy shrimp (Branchinecta paludosa,
Müller) are common (Lindborg et al., 2016a). When compared to
other lakes in the region (Ryves et al., 2002; Sobek et al., 2014),
TBL is only slightly larger and deeper than the average lake in
the region, and the water chemistry (pH, TOC, Total nitrogen and
Total phosphorus) is close to the regional average, although the
conductivity is much lower than in the oligo-saline lakes located
further from the front of the ice sheet (Supporting information
Table 1; Whiteford et al., 2016).

2.2. Field experiment design

The basis for this study is a coupled terrestrial-aquatic concep-
tual model where the landscape is divided into pools (e.g., terres-
trial biota, active layer soils, permafrost soils, water column,
aquatic biota, lake sediments), which are linked through a number
of flow paths (Fig. 3). The approach is comparable to those previ-
ously used to develop separate aquatic and terrestrial ecosystem
models in boreal landscapes (Andersson and Sobek, 2006;
Löfgren et al., 2006). The carbon data for each pool was then used
together with information on the volume of each pool (Petrone
et al., 2016) and hydrological flows (Johansson et al., 2015a,b) to
construct a simple carbon mass-balance budget for the entire
catchment (Fig. 3).

2.3. Sampling

Sampling of terrestrial and aquatic biota, waters, soils and
sediments was carried out during the period 2010–2018 (Fig. 2).
Further details regarding sampling and analysis can be found in
Lindborg et al. (2016a) and all data collected prior to 2016 is
available in the corresponding database (Lindborg et al., 2016b;
Supporting information Table 2). Below follows a summarized



Fig. 2. Map of TBL catchment and sampling points. Modified after Lindborg et al. (2016a). For data and sampling coordinates, see Lindborg et al. (2016b).
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description of the methods used in this study, the assumptions that
were made, and how the data were treated and used when calcu-
lating pools and fluxes.

2.3.1. Sampling atmospheric deposition
Filtered (0.45 lm) rain samples (n = 2) and fresh snow samples

– without any visible eolian dust – were collected using plastic
containers (n = 4; Lindborg et al., 2016a). In late winter old snow
packs (n = 2) containing extensive eolian dust were collected from
sheltered locations representative for areas with continuous accu-
mulation of snow and eolian material (under the assumption that
snow and eolian material have a similar pattern of accumulation).

2.3.2. Terrestrial ecosystem sampling
For each of the main vegetation types (dwarf shrub, meadow,

dry grassland and wetland) above-ground and litter biomass were
determined through destructive sampling (3 plots per vegetation
type; Lindborg et al., 2016a). Soil organic carbon (SOC) and root
content for each of the vegetation types were determined from
short (12 cm) or long (40–110 cm) soil cores (2–7 per vegetation
type). The two longest soil cores, taken in wetland vegetation type,
extended down into the permafrost.

2.3.3. Soil and stream water sampling
Soil water samples were collected from lysimeter installations

in the wetland areas (n = 18), while both filtered (0.45 lm) and
unfiltered surface water was sampled from temporary streams
flowing into the lake (n = 29; Lindborg et al., 2016a; in 2017 and
2018 only filtered samples were collected).

2.3.4. Lake ecosystem sampling
Lake water for TOC, DOC and DIC analysis was sampled from

shallow (3–5 m depth) and deep water (25 m). Both filtered
(0.45 lm) and unfiltered samples were collected (in 2018 only fil-
tered samples were collected). Depth profiles of oxygen, tempera-
ture and pH were measured at the lake center using a Troll 9500
multi-parameter probe.

Biomass estimates for benthic vegetation were made on three
occasions from areas with soft sediments down to 16.3-m water
depth (both wind-sheltered and less wind-sheltered locations).
Benthic vegetation from different water depths was sampled
destructively from square 0.12-m2 (n = 27) or circular 0.08-m2

plots (n = 9; Lindborg et al., 2016a). Benthic macro fauna was sam-
pled quantitatively from areas with soft sediments between 3 and
27 m water depth using an Ekman ‘Grab’ (16 � 16 cm; n = 18), and
benthic bacteria was sampled from two depths (16 and 29.8-m
water depth; n = 12) using a gravity corer (8.3 cm diameter;
Renberg and Hansson, 2008). Quantitative samples for phytoplank-
ton and bacterioplankton were collected from both the epilimnion
(0.5, 5 m and 12 m; n = 15) and hypolimnion (25 m; n = 9) using a
Ruttner sampler. Zooplankton were sampled quantitatively by fil-
tering 6-L water samples from the epilimnion (5 m; n = 3) and
hypolimnion (25 m; n = 1) through a 65 lm mesh (Lindborg
et al., 2016a).



Table 1
Long term water budget and geometrical data for the TBL catchment. Data are based
on the water budget from Johansson et al. (2015a), time lapse cameras (lake ice in/
out) and geometrical data from Petrone et al. (2016).

Value

Terrestrial system
P 348000 m3 yr�1

ET 257500 m3 yr�1

Total runoff to lake 106300 m3 yr�1

Runoff related to snowmelt 55200 m3 yr�1

Limnic system
P 100100 m3 yr�1

E 179100 m3 yr�1

Lake water outflow 5300 m3 yr�1

Groundwater recharge to talik 6300 m3 yr�1

Lake water residence time 47 yr
Ice in Early-Oct
Ice out Mid-June
Geometrical parameters
Catchment area 1.56 km2

Terrestrial catchment area 1.18 km2

Lake area 0.38 km2

Lake area, <16-m deep 0.22 km2

Lake area, >16-m deep 0.16 km2

Lake volume1 4250000 m3

Lake volume, <14-m deep 3178000 m3

Lake volume, >14-m deep 1072000 m3

Lake maximum depth 29.9 m
Lake mean depth 11.3 m
Active layer depth2 0.48–0.8 m
Elevation, maximum 516 m a.s.l.
Elevation, lake surface1 336.7 m a.s.l.

1 Lake level and lake volume is the maximum values when the lake level was close
to the threshold when outflow occurs (Sept. 2010). Lake water level, and thus the
lake volume, varies between years, and the minimum volume and lake level during
the study period was 4,140,000 m3 and 336.4 m a.s.l., respectively (Johansson et al.,
2015a).
2 Bedrock outcrop areas excluded.
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Pelagic gross primary production (GPPPelagic) was estimated by
correcting the production of oxygen in light incubations for the
consumption of oxygen in dark incubations (Wetzel and Likens,
1979). Quartz glass bottles were incubated for about 4 h around
noon along depth profiles (0.1, 0.25, 0.5, 1, 2, 3, 5, 10, 15 and
20 m depth) on two sunny days (16 June 2012 and 22 August
2013; Lindborg et al., 2016a). Benthic net primary production
(NPPBenthic) was estimated from measurements of oxygen produc-
tion/consumption in clear plexiglass chambers placed on the lake
bottom between the 16–17 June 2013 and 20–21 August 2013
(because no dark incubations were made no benthic GPP estimate
could be calculated). Oxygen was measured using a Hanna oxygen
meter (resolution 0.01 mg O2 L�1).

2.3.5. Sediment sampling
In 2012, 13 surface-sediment cores (23–40 cm long) from four

depth transects were collected using a gravity corer (Lindborg
et al., 2016a). Sampling locations were selected to provide an ade-
quate representation of vegetated and non-vegetated areas, differ-
ent locations in the lake basin, as well as, different water depths.

2.4. Analysis

TOC and/or DOC in all water samples (rain, snow, soil-, stream-
and lake-water) were analyzed by thermal combustion following
acidification (to remove DIC) in a TC/TIC/TOC-analyzer (Lindborg
et al., 2016a). DIC in water samples was analyzed by acidifying
the samples and detecting the produced CO2 (Lindborg et al.,
2016a). On all occasions when both TOC and DOC were analyzed
in water samples that were collected at the same time (n = 4)
the difference between TOC and DOC were less than 0.1 mg L�1,
therefore POC was assumed to be negligible and DOC concentra-
tions have been considered to represent TOC in our calculations.

All soil samples were analyzed for loss-on-ignition (LOI) at
550 �C. The LOI was then converted to SOC by using a conversion
factor of 0.58 (van Bemmelen, 1890). All lake sediment samples
and a smaller number of soil samples (n = 18) were analyzed for
organic carbon using elemental analysis (Flash EA 2000, Thermo
Fisher Scientific; Lindborg et al., 2016a). The ratio between organic
carbon and LOI in the soil samples where both OC and LOI was ana-
lyzed ranged from 0.29 to 0.88 (average 0.54), which shows that
the van Bemmelen factor works reasonably well also for this sys-
tem. The carbon content in roots was converted to carbon by using
a dry-weight-to-carbon conversion factor of 0.5 (Löfgren, 2010).

Phytoplankton and zooplankton were determined using an
inverted phase-contrast microscope (Lindborg et al., 2016a). The
phytoplankton carbon content was estimated by assuming a wet
weight of 1 g cm�3 biovolume and using taxa-specific carbon-
content conversion factors presented by Olrik et al. (1998). For zoo-
plankton, the carbon content was estimated by using length-to-dry
weight conversion factors (Johansson et al., 1976; Ruttner-Kolisko,
1977), and assuming a dry-weight-to-carbon conversion factor of
0.48. For benthic and pelagic bacteria, the volume was first deter-
mined by measuring the size of at least 100 cells. Then the bacteria
dry weight was calculated according to Eq. (1).

Dryweight ¼ 435� biovolume0:86 ð1Þ

with dry weight in grams and volume in cubic centimeters (Loferer-
Krössbacher et al., 1998). Finally, the carbon content was estimated
by assuming a dry-weight-to-carbon conversion factor of 0.5 (Kemp
et al., 1993). In aquatic macrophytes the carbon content was calcu-
lated from the total mass by assuming a dry-weight-to-carbon con-
version factor of 0.4 (Kautsky, 1995). For the benthic fauna, it was
assumed that the dry weight was 20% (Kautsky, 1995) of the wet
weight, and the carbon content was calculated by assuming a dry-
weight-to-carbon conversion factor of 0.3 (Kautsky, 1995).

Carbon-14 (14C) was analyzed using accelerated mass spec-
troscopy (AMS; Lindborg et al., 2016a). Radiocarbon ages were
then converted to calibrated ages using the InterCal 13.14C (Hua
et al., 2013; Reimer et al., 2013) in the online version of Oxcal
4.2 (https://c14.arch.ox.ac.uk; Bronk Ramsey, 2009). Lead-210
(210Pb) was analyzed by measuring the activity of its daughter iso-
tope polonium-210 (210Po) by means of alpha spectrometry
(Appleby, 2008; Lindborg et al., 2016a).
2.5. Calculations of pools and fluxes

2.5.1. Atmospheric deposition
The low TOC concentrations in rain and snow led us to assume

that the only significant input of carbon from the atmosphere at
TBL occurs as eolian deposition. The annual eolian deposition on
the lake surface was calculated from the TOC data from old snow
packs sampled in April. The snow TOC concentration was first cor-
rected for sublimation using data from Johansson et al. (2015a),
and the area with snow accumulation was estimated to be 20%
of the lake area based on time-lapse photos (Johansson et al.,
2015b). Hence, 20% of the winter precipitation directly on to the
lake was multiplied by the corrected old snow TOC concentrations.
Even though eolian transport is higher during winter (Willemse
et al., 2003), eolian deposition also occurs during the four summer
months (late May to early September). Therefore, to represent
annual eolian deposition, the winter estimate was multiplied by
1.5. For the terrestrial system, we assumed that the carbon input
via eolian deposition equals the eolian erosion. The rationale
behind this assumption is that if significant accumulation of
organic matter did occur in the terrestrial environment it would

https://c14.arch.ox.ac.uk


Fig. 3. Conceptual figure describing the different pools and fluxes included in the carbon mass-balance budget. Blue arrows represent dissolved fluxes with water, dark grey
arrows represent fluxes of particulate matter and brown represent fluxes of gases.

Table 2
Areal extent of the dominant vegetation types in the TBL catchment together with estimates related to the biomass, net primary production (NPP) and soil organic carbon (SOC) in
the active layer and permafrost.

Vegetation type Area Biomass1 NPP1 Litter1 Replicates Active
layer SOC

SOC
Replicates

Refractive SOC
accumulation rate2

Active layer
depth3

Permafrost
SOC4

Total SOC pool
(down to 100 cm)

(%) (kg C m�2) (g C m�2 yr�1) (kg C m�2) (kg C m�2) (g C m�2 yr�1) (m) (kg C m�2) (kg C m�2)

Exposed bedrock 7 0 0 0 – 0 – – 2 0 0
Non-vegetated

areas
15 0 0 0 – 7.05 – – n.d. 2.85 9.85

Dwarf shrub 14 2.47 147 1.41 5 22.1 4 16.8 0.7 11.7 33.8
Dry grassland 20 0.36 204 1.16 2 10.3 2 8.2 0.8 2.8 13.1
Meadow 38 0.54 217 1.5 5 13.3 2 10.6 0.7 10.1 23.4
Wetland 7 0.91 72 0.82 3 18.5 4 13.8 0.5 17.7 36.2

1 Includes both above- and below-ground pools/fluxes.
2 Based on the total SOC and litter pools, and the estimated age (1400 years) of the active layer.
3 From Petrone et al. (2016).
4 Permafrost SOC is calculated from the lower limit of the active layer and down to 100 cm soil depth.
5 Active layer and permafrost SOC pools for non-vegetated areas was not measured, instead the SOC pool below 12 cm soil depth for dry grassland, i.e., the most likely
vegetation type to develop wind erosion scars, have been used.
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result in visible accumulation of organic material. There is of
course some deposition of organic material in depressions and
stands with dense vegetation, however this is balanced by the ero-
sion of organic matter in wind exposed locations (Heindel et al.,
2017). Here it is important to note that this assumption relates
only to organic material and not to the balance between deposition
and erosion of mineral material.
2.5.2. Terrestrial pools and fluxes
Living below-ground biomass was estimated by assuming a

constant relationship between below-ground and above-ground
biomass (2 times for dwarf shrub, and 6 times for meadow and
dry grassland; Shaver and Chapin, 1991). For wetlands Shaver
and Chapin (1991) found a ratio between below and above-
ground biomass of 15:1, however, when using this ratio for TBL
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the calculated living below-ground biomass exceeded the total
amount of root fragments (living and dead). Therefore, wetlands
were assigned the same ratio as meadow and grasslands (6:1).
The amount of dead below-ground litter – e.g., dead roots – was
calculated as the difference between the measured root content
and the estimated below-ground biomass. Above-ground Net Pri-
mary Production (NPP) was estimated by multiplying the green
biomass (Table 2) – disregarding secondary growth of stems – with
different productivity factors. For vascular plants productivity fac-
tors of 1, 2 and 3 were used for dwarf shrub, wetland and meadow/
dry grassland, respectively. For bryophytes a productivity factor of
0.3 was used for all vegetation types. (Shaver and Chapin, 1991).

Removal of carbon from the catchment by herbivores was based
on field estimates of population sizes for muskox and caribou in
the Kangerlussuaq area (Cahoon et al., 2012) together with meta-
bolic rates described by an allometric relationship for mammal
herbivores (Eq. (2)), which assumes a constant assimilation to con-
sumption efficiency

y ¼ a� xb� �
; ð2Þ

where y is the field metabolic rate (kJ day�1), x is body mass (g), and
a and b are species-specific parameters (Humphreys, 1979; Nagy
et al., 1999). This estimate represents the net removal of carbon
from the system – i.e., the amount of carbon that either is incorpo-
rated as body mass or respired – but excludes the carbon returned
to the catchment as excrement.

The soil organic carbon (SOC) pool in the active layer – i.e. the
uppermost part of the soil (and/or bedrock) that freezes and thaws
every year – was calculated separately for the upper (0–12 cm) and
lower (12 cm to permafrost surface) sections of the active layer
(active layer depths range from 50 to 80 cm depending on vegeta-
tion type; Petrone et al., 2016; Table 2). Everything below the
active layer is referred to as the permafrost SOC pool. For the upper
section, the SOC calculations were based on measurements of car-
bon content and bulk density (kgDW m�3) determined from short
soil cores (12 cm; sectioned into 3-cm slices). Estimates for the
lower section were based on the bulk density from the deepest sec-
tion of each short core and estimated TOC for deeper sections. TOC
concentrations below 12-cm soil depth were estimated by fitting
an exponential function to the TOC data from both short and long
(40–110 cm) soil cores (Lindborg et al., 2016a). For non-vegetated
areas covered by soil, i.e., wind erosion scars, we have used the SOC
pool below 12-cm soil depth for dry grassland (i.e., the driest veg-
etation type that is most prone to develop wind erosion scars).

The permafrost SOC pool was calculated separately for each
vegetation type based on the bulk density of the deepest section
of the short soil cores and the average TOC concentration of all
samples below 30, 9, 30 and 50 cm for dwarf shrub, meadow,
dry grassland and wetland vegetation, respectively. Based on the
extremely low LOI (<1%) in three till samples we have assumed
that the underlying till does not contain significant amounts of car-
bon, and hence, the permafrost carbon pool is calculated only for
the upper layer of eolian silt (i.e., from the permafrost table and
down to one-meter soil depth; Table 2; Petrone et al., 2016). As
for the active layer SOC-pool we have used the values for dry grass-
land also for non-vegetated areas covered with silt.

Instead of directly measuring soil respiration, which would
require to measure respiration over at least an entire annual cycle,
we estimated soil respiration by looking at the long-term net accu-
mulation of carbon in the soil. The SOC accumulation was esti-
mated for each terrestrial vegetation types based on the total
carbon pool in the active layer divided by the age of the carbon
at the top of the permafrost. The maximum age of the carbon in
the active layer was estimated from a soil profile in the wetland
vegetation type and was based on the bulk 14C dating (AMS) at
the boundary between the active layer and the permafrost at
50 cm soil depth (Lindborg et al., 2016a). Dating soil profiles is dif-
ficult and even if there is a general trend with increasing 14C-ages
in the soil profiles (Lindborg et al., 2016a,b), the upper 40 cm of the
active layer have a modern 14C-signature and the upper 30 cm of
the permafrost have a similar age. This suggests an actively cycling
system where, e.g., relocation of carbon by roots and cryoturbation
affect the 14C signal (Trumbore and Harden, 1997; Becher et al.,
2013), which prevents us to establish a reliable age-depth model
for the soil profile. For the purpose of this study it is not necessary
to know the exact age of a certain soil layer, what we need to know
is the maximum and minimum age of the carbon accumulated in
the active layer and permafrost, respectively. Therefore, we have
– instead of attempting to establish a chronology for the soil profile
– simply used the 14C-dates (determined on bulk peat samples) for
the samples at the top of the permafrost table and the bottom of
the peaty silt to represent the maximum age of the carbon found
in the active layer and permafrost, respectively. This allows us to
calculate a rough long-term soil respiration estimate by subtract-
ing the SOC accumulation from the estimated total NPP corrected
for grazing (i.e., litter production) for each vegetation type
(Table 3). The maximum carbon age at the bottom of the peaty silt
was 4000 years, which is slightly higher than the maximum age in
a long sediment profile from the center of TBL (Rydberg et al.,
2016), but lower than the age of the landscape that has been sug-
gested to have been deglaciated some 5000–6800 years ago (van
Tatenhove et al., 1996; Levy et al., 2012; Young and Briner, 2015).

2.5.3. Hydrological transport of carbon from the terrestrial to the
aquatic system

Johansson et al. (2015a) used a distributed and transient
numerical hydrological model to describe variations in water
fluxes in the TBL catchment. Based on weather data for a 37-year
period this model was used to simulate water-fluxes during hydro-
logical wet, dry and average years. Over the studied period the
annual runoff from the terrestrial to the aquatic system varied
between 25 and 159 mm per year, with an average of 76 mm per
year (normalized over the entire terrestrial catchment area). The
modelled runoff during years when the TOC/DOC and DIC were
sampled (i.e., 2012, 2013, 2015 and 2017) represented both wet
and average year, and TOC/DOC and DIC samples were also col-
lected during both dry (August to September) and wet periods
(May) of the year.

The hydrological export of carbon from the terrestrial part of
the catchment to the lake was calculated by using the average
annual runoff (76 mm or 89,700 m3) from Johansson et al.
(2015a) together with the average TOC/DOC and DIC concentra-
tions in water samples collected in lysimeter installations and from
small inlets around the lake (volume � concentration). Our obser-
vations suggest that most of the water inflow occurs during a
rather limited time period associated with snowmelt, and that
transport of water is almost exclusively restricted to the wetland
areas in the valleys (Johansson et al., 2015a; Petrone et al., 2016).
Observations in May 2016 and May 2017 revealed that, during
the snowmelt period, there is an additional area (0.51 km2) located
to the north-east of the TBL-catchment that contributes with run-
off to TBL aquatic system. This area is, however, disconnected from
the TBL catchment during most of the hydrological year. From the
hydrological model we know that about 43% of the runoff occurs
during the snow melt period (Johansson et al., 2015a), and hence,
we divided the runoff into two periods where one is related to
the snowmelt period (51,100 m3) and one represent the remainder
of the hydrologically active period (38,600 m3). For the snowmelt
period (spring runoff) the calculations of the runoff include the
extended catchment, while for the remainder of the year (non-
spring runoff) the calculations are based on the original catchment



Table 3
Carbon pools and fluxes for different components of the TBL catchment.

Pools

Terrestrial pools Average (entire
terrestrial catchment)1

Average (for relevant part
of the terr. catchment)1

Min2 Max2 Total terr. % total
terr.3

% of
total3

kg C m�2 or m�3 kg C m�2 or m�3 kg C m�2 or m�3 kg C m�2

or m�3
kg C

Primary producers 6.79E-01 8.66E-01 1.96E-01 3.31E + 00 8.00E + 05 3.1 2.7
Herbivores 8.72E-04 1.22E-03 – – 1.03E + 03 0.0040 0.0035
SOC active layer

(litter incl.)
1.35E + 01 1.89E + 01 7.74E + 00 3.26E + 01 1.59E + 07 62 54

SOC permafrost 7.64E + 00 1.07E + 01 – – 9.03E + 06 35 30
All terrestrial pools 2.18E + 01 3.05E + 01 – – 2.57E + 07 87

Aquatic pools Average (entire lake
surface or lake
volume)1

Average (for relevant part
of the lake surface or lake
volume)1

Min2 Max2 Total aqu. % total
aqu.3

% of
total3

kg C m�2 or m�3 kg C m�2 or m�3 kg C m�2 or m�3 kg C m�2

or m�3
kg C

Benthic macrophytes 8.78E-02 2.66E-01 7.00E-04 5.53E-01 3.31E + 04 0.85 0.11
Benthic macro fauna 3.24E-04 – 1.70E-05 1.00E-03 1.22E + 02 0.0031 0.0004
Benthic bacteria 8.83E-04 – 2.69E-04 2.09E-03 3.33E + 02 0.0085 0.0011
Phytoplankton5 2.89E-05 3.87E-05 1.22E-05 6.20E-05 1.23E + 02 0.0031 0.0004
Zooplankton5 4.12E-05 5.51E-05 1.19E-05 7.06E-05 1.75E + 02 0.0045 0.0006
Bacterioplankton5 1.43E-05 – 7.23E-06 3.67E-05 6.08E + 01 0.0016 0.0002
Lake water IC5 1.69E-02 – 1.42E-02 2.16E-02 7.17E + 04 1.8 0.24
Lake water OC5 8.61E-03 – 7.97E-03 9.72E-03 3.66E + 04 0.9 0.12
Sediment 1.00E + 01 1.34E + 01 7.80E+00 1.23E+01 3.77E + 06 96 13
All aquatic pools 1.04E + 01 – – – 3.92E + 06 13
Total pool (terr. + aqu.) 1.90E + 01 – – – 2.97E + 07 –

Fluxes

Inputs Compartment Average (entire compartment)1 Average (for relevant
part of the
compartment)1

Min Max Total flux % of
total
input4

kg C m�2 or m�3 yr�1 kg C m�2 or m�3 yr�1 kg C m�2

or m�3

yr�1

kg C m�2

or m�3

yr�1

kg C yr�1

Net prim. prod. (NPP) Terrestrial 1.47E-01 1.88E-01 6.50E-02 3.50E-01 1.74E + 05 99
Atmospheric deposition

to lake
Aquatic 1.99E-03 – – – 7.50E + 02 0.43

Total Input 1.12E-01 1.75E + 05 –

Internal fluxes Compartment Average (entire compartment)1 Average (for relevant
part of the
compartment)1

Min Max Total flux % of
total
input4

kg C m�2 or m�3 yr�1 kg C m�2 or m�3 yr�1 kg C m�2

or m�3

yr�1

kg C m�2

or m�3

yr�1

kg C yr�1

Prim. prod. to SOC active
layer

Terrestial 1.38E-01 1.77E-01 – – 1.64E + 05 93

Deposition/erosion
terrestrial

Terrestrial – – – – 0.00E + 00 –

DIC from active layer to
lake

Terrestial-aquatic 8.27E-04 – 1.44E-04 2.55E-03 9.77E + 02 0.6

TOC from active layer to
lake (non-spring
runoff)

Terrestial-aquatic 1.36E-03 – 2.76E-04 2.30E-03 1.61E + 03 0.9

TOC from spring flood to
lake

Terrestial-aquatic 1.26E-03 – 2.99E-04 3.20E-03 1.49E + 03 0.9

Benthic net primary
production

Aquatic 3.89E-03 1.18E-02 0.00E + 00 2.39E-02 1.47E + 03 0.8

Benthic heterotrophic
respiration, summer

Aquatic 3.64E-03 – – – 1.37E + 03 0.8

Pelagic gross primary
production5

Aquatic 2.74E-03 3.66E-03 – – 1.16E + 04 6.7

Pelagic phytoplankton
respiration, summer5

Aquatic 9.97E-04 1.33E-03 – – 4.24E + 03 2.4

Pelagic heterotrophic
respiration, summer5

Aquatic 5.72E-04 – – – 2.43E + 03 1.4

Heterotrophic
respiration, winter5

Aquatic 4.77E-04 – – – 2.03E + 03 1.2

(continued on next page)
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Table 3 (continued)
Long-term storage Compartment Average (entire compartment)1 Average (for relevant

part of the
compartment)1

Min Max Total flux % of
total
input4

kg C m�2 or m�3 yr�1 kg C m�2 or m�3 yr�1 kg C m�2

or m�3

yr�1

kg C m�2

or m�3

yr�1

kg C yr�1

Incorporation in
permafrost

Terrestrial 2.94E-03 3.76E-03 0.00E + 00 8.80E-03 3.47E + 03 2.0

Burial in sediment Aquatic 2.57E-03 3.44E-03 1.40E-03 7.40E-03 9.400E + 02 0.5
Total Storage 2.85E-03 4.44E + 03 2.5

Export Compartment Average (entire compartment)1 Average (for relevant
part of the
compartment)1

Min Max Total flux % of
total
input4

kg C m�2 or m�3 yr�1 kg C m�2 or m�3 yr�1 kg C m�2

or m�3

yr�1

kg C m�2

or m�3

yr�1

kg C yr�1

From prim. prod. to
herbivores

Terrestrial 8.84E-03 1.13E-02 – – 1.04E + 04 6.0

Heterotrophic soil
respiration

Terrestrial 1.30E-01 1.66E-01 1.16E-01 2.75E-01 1.53E + 05 88

Lake water outlet IC6 Catchment 5.74E-05 2.37E-04 – – 8.94E + 01 0.051
Lake water outlet OC6 Catchment 2.93E-05 1.21E-04 – – 4.56E + 01 0.026
Gas flux through lake

surface
Aquatic 3.79E-03 – – – 1.43E + 03 0.8

Total Export 1.12E-01 – – – 1.75E + 05 100.1
Budget imbalance,

Terrestial7
3.02E + 03 1.7

Budget imbalance,
Aquatic7

2.32E + 03 48

Budget imbalance, total 5.33E + 03 3.1

1 Average values are both calculated for the entire terrestrial or aquatic compartments (area or volume), and – where appropriate – for the relevant part of the compartment
(e.g., the average carbon pool found in benthic macrophytes are calculated both for the entire lake area and the part of the lake area that is covered with vegetation).
2 Minimum and maximum values for pools are based on the raw data from the measurements.
3 Pools are reported both as percent of the terrestrial or aquatic system, and as a percent of the entire catchment pool.
4 Fluxes are reported as their percent of the total input of carbon.
5 Averages in kg C m�3 or kg C m�3 yr�1.
6 Averages are calculated based on the entire catchment and lake area, respectively.
7 The percent values are based on the inputs to the terrestrial and aquatic systems, respectively.
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area. During an average hydrological year, the extra catchment
contributes with 16,700 m3 of water giving a total spring runoff
of 55,200 m3.

The detailed hydrological modelling was made for the period
2011–2013. It therefore not possible to link most of the TOC/DOC
and DIC values in stream and soil water samples, which were col-
lected outside of this time period, to a specific flow of water. Con-
sequently, it was not possible to calculate flow-weighted TOC/DOC
and DIC averages. To get an estimate of the theoretical variability
in the hydrological input of carbon we calculated a maximum
and minimum input using a wet and a dry year. The maximum car-
bon input was based on the runoff during a wet year (2012;
159 mm or 106,900 and 115,500 m3 for the non-spring and spring
runoff, respectively) together with the average TOC/DOC and DIC
plus one standard deviation (33 and 14 mg C L�1, respectively),
while the minimum carbon input was based on the runoff during
a dry year (2011; 25 mm or 16,800 and 18,200 m3 for the non-
spring and spring runoff, respectively) together with the average
TOC/DOC and DIC concentration minus one standard deviations
(20 and 5 mg C L�1, respectively).

2.5.4. Aquatic pools and fluxes
The annual net carbon dioxide gas exchange across the lake

water surface (FCO2 ) was calculated as the average for the period
2011–2013 according to Rocher-Ros et al. (2017; Eq. (3))

FCO2 ¼ ekt CO2water � CO2eqi

� �
; ð3Þ

where e is the chemical enhancement factor (Kuss and Schneider,
2004), kt is the gas transfer velocity, and CO2water and CO2eqi are the
partial presure of CO2 in the water and in water in equilibrium with
the atmosphere, respectively. The kt for each day during the open-
water season was calculated using the Schmidt number for CO2

(Wanninkhof, 2014), a Schmidt number exponent of �1/2 (Jähne
and Haußecker, 1998) and the gas transfer velocity for a gas with
a Schmidt number of 600 (k600) based on the lake area and wind
speed at 10 m (Vachon and Prairie, 2013). Carbon dioxide partial
pressure in the water was calculated based on pH, DIC and water
temperature using the fresh water application in the CO2SYS Excel
macro (Pierrot et al., 2006). DIC was measured in samples collected
in the upper 5-m of the water column on seven occasions in April,
June and August during the period 2011–2014. pH at 1-m water
depth was measured on eight occasions in April, June and August
using an In-Situ Troll 9500 multiparameter instrument
(accuracy ± 0.1 pH units). In order to account for the evasion of
CO2 that had accumulated under the ice, the average DIC concentra-
tion under the ice in April was used for the first 10 days after ice
break up. For July, the average DIC and pH for June and August were
used in the calculations, and the August DIC and pH values were
used for September. As the relationship between wind speed and
k600 is site specific we used the range of constants provided by
Vachon and Prairie (2013) to also calculate a minimum and maxi-
mum CO2-evasion.

Based on temperature profiles measured in August (n = 5;
Lindborg et al., 2016a) the maximum water depth to which the
epi- and metalimnion reaches was determined to be about 14 m.
The calculations of total phytoplankton, bacterioplankton and zoo-
plankton carbon pools were made separately for the lake volume
above and below 14-m water depth. Estimates of the zooplankton
carbon pool includes the carbon found in Branchinecta paludosa,
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which were estimated to have a population density of one individ-
ual per cubic meter of water above 14-m water depth. The total
macrophyte carbon pool was estimated from the average macro-
phyte carbon inventory per square meter and the lake-bottom area
down to 16-m water depth. Benthic fauna estimates were based on
the average carbon inventory per square meter of all samples down
to 14-m water depth and the bottom area down to 16-m water.
The benthic bacteria carbon pool was estimated separately for
shallow (<16 m) and deep (>16 m) areas using the average bacte-
rial carbon inventory per square meter and the lake bottom area
for the respective depth interval.

Gross primary production in the pelagic habitat (GPPPelagic) was
estimated both from the phytoplankton biomass using carbon-
specific respiration rates presented by López-Sandoval et al.
(2014), and from the oxygen production (or consumption) in light
and dark incubations made in June 2013 (Lindborg et al., 2016a).
The hourly GPPPelagic in five depth intervals (0–1, 1–2, 2–3, 3–5
and 5–10 m) was calculated from the gross oxygen production
(i.e., light minus dark incubation) and the volume of each respec-
tive depth interval (depths greater than 10 m had negative gross
oxygen production and the GPPPelagic for this part of the lake vol-
ume was therefore set to zero). The whole lake GPPPelagic was then
calculated as the sum of all depth intervals and converted to an
annual GPPPelagic by assuming 9 h of production per day during
the open-water season from mid-June to mid-September
(130 days). Net primary production of the benthic habitat (NPPBen-
thic; including production/respiration of macrophytes, macroalgae,
epiphytic algae, phytoplankton and zooplankton) was estimated
from the oxygen production (or consumption) during 24 h-
incubation in plexiglass chambers placed on the lake bottom
(Lindborg et al., 2016a). The NPPBenthic-estimates were corrected
for benthic bacterial and benthic fauna respiration (calculated
based on their respective biomasses, see below for a detailed
description), and we applied the June NPPBenthic-estimates for the
first half of the open-water season and August
NPPBenthic-estimates for the second half.

Respiration (R) estimates were made separately for the open-
water and ice-covered seasons. During the open-water season res-
piration was estimated for different ecosystem components (e.g.,
phytoplankton, bacterioplankton, zooplankton, benthic macro-
fauna and benthic bacteria) based on their respective abundance
and conversion factors from the literature. Phytoplankton respira-
tion (RPhyto) was estimated using a relationship established by
Tang and Peters (1995; Eq. (4)).

RPhyto ¼ 0:0068 � V0:88 ð4Þ

where RPhyto is the phytoplankton respiration (pL O2 cell�1 h�1) and
V is the biovolume (lm�3). For bacterioplankton/benthic bacteria,
zooplankton and benthic macrofauna we used carbon specific con-
version factors of 0.069, 0.115 and 0.031 g C g�1 C day�1, respec-
tively (Kautsky, 1995). As these conversion factors were
established at 20 �C, they had to be adjusted for lake water temper-
ature (10 and 5 �C for the epilimnion and hypolimnion, respec-
tively). Respiration during the ice-covered season was estimate
based on the oxygen consumption under ice. Oxygen profiles were
measured in April 2011, 2013 and 2014, and we assumed that the
water column was oxygen saturated in late September when the
lake was covered by ice. In April 2011 and 2013 the upper part of
the water column was supersaturated with oxygen, which implies
that photosynthesis had started already before ice-out. To correct
for this oxygen production, we set the maximum oxygen concentra-
tion in April to 100% oxygen saturation. All conversions from O2

consumption/production to CO2 fixation/release were made using
a bacterial respiratory quotient (RQ) of 1.2 (Berggren et al., 2012)
and photosynthetic quotient of 1.28 for phytoplankton (Wielgat-
Rychert et al., 2017) and 1.2 for benthic macrophytes (Sand-
Jensen et al., 2007). We also assumed a molar volume for O2 of
22.4 l mol�1 (at 1 atm).
2.5.5. Sediment accumulation rates
To establish the sediment accumulation over the last 150 years

we used either 210Pb activity in bulk sediments (Cores 1, 5, 6, 8, 10
and 13) or 14C determined frommacrofossils (cores 2, 7, 12 and 13;
Lindborg et al., 2016a). Age-depth models based on 210Pb-data
models are known to be sensitive to changes in sediment accumu-
lation rate (Appleby, 2008; Abril and Brunskill, 2014), and a previ-
ous study showed that the sediment accumulation rate in the deep
basin of TBL has been highly variable (Rydberg et al., 2016). There-
fore, we did not develop age-depth models for the sediment cores.
Instead we used the 210Pb 99% equilibrium depth (i.e., the depth
above which 99% of the unsupported 210Pb-inventory is found) as
a way to determine what depth that roughly correspond to
150 years (Oldfield et al., 1995). In the cores where 14C were used,
the average sediment accumulation rate (mm yr�1) down to the
dated depth was calculated using the calibrated ages. This sedi-
ment accumulation rate was then used to calculate the depth that
corresponds to 150 years. For the four cores where no dating was
made (3, 4, 9 and 11), the sediment depth at 150 years was esti-
mated based on a distinct change in the sediment composition
(an increase in carbon), which – based on the dated cores –
occurred synchronously across the lake basin about 300 years
ago. This depth was then used to estimate the depth that corre-
sponds to 150 years in the same way as for the cores dated with
14C.

The whole basin sediment accumulation rate was then calcu-
lated following two different approaches. In the first approach,
the lake basin was divided in sub-units based on the bottom type:
i) hard rocky erosion bottoms where sediment accumulation was
set to zero, ii) areas covered with benthic vegetation (Chara, Nostoc
and bryophytes), and iii) deeper areas with no or limited benthic
vegetation. The average carbon accumulation of all sediment cores
located within each sub-unit and the areal extent of the sub-unit
were used to calculate the whole-lake sediment carbon accumula-
tion. In the second approach, the 13 sediment cores were grouped
based on similarities in their composition by using cluster analysis
based on the geochemical composition (i.e., concentrations of 25
major and trace elements; Lindborg et al., 2016a). The resulting
clusters largely followed water depth, but there were also differ-
ences between the northern and southern parts of the basin, pre-
sumably because of differences in basin morphology that
influence sedimentation and sediment focusing (Blais and Kalff,
1995). Hence, the lake basin was divided into sub-units based on
depth zones. For the shallowest zone, which is partly covered with
rocky erosion bottoms, the areal extent was reduced to exclude
areas with no or very limited sediment accumulation. For both
approaches the calculations were made both for the entire lake
as one unit and for the northern and southern parts separately in
order to capture any potential differences between the northern
and southern parts of the lake. To test the sensitivity of the sedi-
ment accumulation uncertainties in the estimates of the depth that
correspond to 150 years, the carbon accumulation rate was also
calculated by reducing or increasing the sections of the sediment
used for the calculations by one centimeter (i.e., between 8 and
22% depending on the thickness of the sediment section). Because
the sediment burial is based on a 150-year period – and because
diagenetic release of carbon to the water column largely is con-
fined to the last 15–20 years (Gälman et al., 2008) – sedimentation
is considered as a permanent removal of carbon from the system.
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3. Results

3.1. Atmospheric deposition

Because of low DOC concentrations in fresh snow and rain (0.7–
0.9 mg L�1; Lindborg et al., 2016b) we assumed that the only sig-
nificant atmospheric input of organic carbon was as eolian deposi-
tion. The TOC concentrations in old snow containing significant
amounts particulate organic carbon (POC) from eolian deposition
(39–60 mg L�1), which translates to an estimated total input of
750 kg C yr�1 to the aquatic system via eolian deposition.
3.2. Terrestrial pools and fluxes

The above- and below-ground carbon biomass for the dwarf
shrub, dry grassland, meadow and wetland communities were esti-
mated to be 0.8 and 1.6, 0.05 and 0.3, 0.08 and 0.5, and 0.1 and
0.8 kg C m�2, respectively (Table 2). Together with the areal extent
of each vegetation type this gives a standing stock of carbon in ter-
restrial biomass (above and below ground) for the entire catch-
ment of 801,500 kg C (or on average 870 g C m�2). Using the
productivity factors and the biomass values, the average annual
net primary production was estimated to 188 g C m�2 yr�1 based
on the vegetated catchment area (Table 3). Large herbivores
remove 11 g C m�2 yr�1 of the annual terrestrial NPP, whereas
the remaining 177 g C m�2 yr�1 is added to the litter layer.

SOC concentrations were in the range of 0.7–36% and 1.1–5.4% C
(based on dry weight) in the active layer and permafrost, respec-
tively. All vegetation types had higher carbon concentrations in
the uppermost part of the soil profile and displayed steadily
decreasing carbon concentrations down towards and into the per-
mafrost (Fig. 4). For all vegetation types where deeper soil samples
were available there is a good fit between the extrapolated data
and the measured SOC concentrations (Fig. 4). Based on the SOC
concentrations, bulk density and thickness of the active layer, we
estimated the soil carbon pool in the active layer (down to the per-
mafrost table) to between 0 and 22.1 kg C m�2 (Table 2). Recalcu-
lated to the entire terrestrial catchment (areas with exposed bed
rock included) this gives an average of 13.5 kg C m�2, or a total
SOC pool of 15900 tonnes C, for the active layer (Table 3). The per-
mafrost carbon pool was estimated to be between 0 and 17.7 kg C
Fig. 4. Soil profiles showing the change in soil organic carbon concentration (SOC) with
wetland). The dotted lines show the exponential function used to estimate SOC in deeper
table in each respective vegetation type. The symbology is the same in all four panels.
m�2 (Table 2), which translates to an average for the entire catch-
ment of 7.6 kg C m�2, or 9000 tonnes C in total (Table 3).

Based on 14C dates from on top of the permafrost table and at
the basal layer of the peaty silt in the southern part of the catch-
ment it was estimated that the maximum age of the carbon in
the active layer and permafrost was 1400 and 4000 years, respec-
tively (Lindborg et al., 2016a). Using the maximum age in the
active layer, i.e., 1400 years and the active layer SOC pool gives
an estimated heterotrophic soil respiration of, on average,
166 g C m�2 yr�1 for the vegetated part of the catchment (Table 3).
Similarly, using the estimated maximum and minimum age of the
carbon in the permafrost (i.e., 4000 and 1400 years, respectively)
gives that – during the history of the TBL of the catchment – on
average, 2.9 g C m�2 yr�1 have been incorporated into the per-
mafrost carbon pool.
3.3. Hydrological transport from the terrestrial to the aquatic system

The ranges of TOC, DOC and DIC in soil and surface water sam-
ples were 23–34, 14–36 and 6.2–7.0 mg C L�1, respectively. It is not
possible to detect any systematic differences in TOC/DOC between
years. Even though the DOC concentrations in samples collected in
September of the wet 2012 (22 mg C L�1) is lower than those from
June and August of the hydrologically average year of 2013 (32 mg
C L�1), they are similar to those from June 2015 (24 mg C L�1),
which was a hydrologically average year. For 2013, when DOC
and DIC concentrations can be compared between the wetter June
and drier August, no difference in either DOC or DIC concentrations
can be observed (average DOC and DIC concentrations were 31 and
32 mg C L�1 and 6.7 and 6.6 mg C L�1 for June and August, respec-
tively). Similarly, there does not appear to be any major differences
between the DOC concentrations between soil and surface water
(27 and 24 mg C L�1 for samples collected in lysimeter installations
and small inlets respectively), however, the DIC concentrations
were higher in soil water as compared to surface water (12 and
6.6 mg C L�1, respectively).

Based on the runoff and the average concentrations of TOC/DOC
and DIC in stream and soil water, the annual input of organic car-
bon was estimated to 3100 kg OC yr�1 (690–7300 kg OC yr�1),
whereas the estimate for the transport of inorganic carbon from
the catchment to the lake was 980 kg IC yr�1 (170–1700 kg IC
depth for the different vegetation types (dwarf shrub, dry grassland, meadow and
soil layers, while the horizontal dashed lines represent the depth of the permafrost
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yr�1; the ranges represent minimum and maximum inflow based
on a dry and wet year and either minus or plus one standard devi-
ation of the DOC/DIC concentrations; Table 3). During an average
hydrological year, the input of organic and inorganic carbon related
to the snowmelt period were 1600 kg OC yr�1 and 510 kg IC yr�1,
respectively, whereas the input related to the remainder
of the hydrologically active year were 1500 kg OC yr�1 and
470 kg IC yr�1, respectively.

3.4. The aquatic system

The ranges for TOC, DOC and DIC in lake water samples were
7.9–10.2, 8.0–9.4 and 14–21 mg C L�1, respectively. Using the lake
volume of 4.25 Mm�3 this gives an organic carbon pool of, on aver-
age, 36600 kg C (33600–43400 kg C) and an inorganic carbon pool
of, on average, 71700 kg C (59500–89300 kg C). The carbon bio-
mass in phytoplankton, zooplankton and bacterioplankton was
estimated to 12–62, 12–71 and 7.2–37 mg C m�3, respectively.
For benthic fauna and benthic bacteria, the carbon biomass was
0.002–1.0 and 0.3–2.1 g C m�2, respectively. Aquatic macrophytes
had a carbon biomass of between 0.6 and 680 g C m�2, with low
values on wind-exposed shallow areas and the highest values in
wind-sheltered shallow areas. This gives that benthic primary pro-
ducers were by far the largest biotic pool in the lake (33100 kg C or
270 g C m�2), followed by benthic bacteria, zooplankton, phyto-
plankton, benthic fauna and bacterioplankton (330, 180, 123, 122
and 61 kg C, respectively; Table 3).

Directly following ice-out, when the pH and water temperature
were low (7.4 and 5 �C, respectively) and DIC was 15.4–19.5 mg
L�1, the modelled lake-water pCO2 was around 2700 latm (or
170 lM). In August and September, when the water was warmer
(12 �C), pH higher (8.3) and DIC a little lower (14.4–17.7 mg C
L�1), pCO2 was estimated to 330–370 latm (or 16–22 lM). For
the specific dates when DIC was measured during the open water
season, modelled pCO2 was 220, 4761 and 351 latm for the 19
August 2012, 17 June 2013 and 16 August 2013, respectively. This
implies that the lake water in TBL was oversaturated in CO2 in rela-
tion to the atmosphere during the period from ice-out until late
July, and close to equilibrium or undersaturated in late summer
and autumn. The average kt values for June, July, August and
September were 3.3 (2.3–4.4), 4.6 (3.2–6.0), 3.9 (2.6–5.1) and 3.9
(2.7–5.1) cm h�1, respectively (values in parenthesis represent
minimum and maximum kt as calculated from the range of con-
stants given by Vachon and Prairie, 2013). Together this gives a
seasonal trend with CO2-evasion from ice-out until late July,
whereas there is an uptake of CO2 by the lake water during August
and September. Calculated for the entire open-water season there
is a net evasion of carbon dioxide from the TBL lake surface to the
atmosphere of 1370 (910–1740), 1410 (930–1790) and 1500 (990–
1860) kg C yr�1 for 2011, 2012 and 2013, respectively (values in
parenthesis represent minimum and maximum evasion using dif-
ferent kt values). This gives an average annual evasion of 3.8 g C
m�2 yr�1 (2.4–4.9 g C m�2 yr�1), or 28 mg C m�2 day�1 (18–
38 mg C m�2 day�1) if recalculated to an average daily evasion rate
per square meter for the open water season.

In the Benthic incubators the average 24-hour oxygen-
production were 360 and �12 mg O2 m�2 day�1 for June and
August, respectively. This translates to a NPPBenthic (after correcting
for the benthic bacteria and benthic fauna respiration) of 140 and
�59 mg C m�2 day�1, and an NPPBenthic for the entire open-water
season of 1470 kg C yr�1 (or 12 g C m�2 yr�1 when calculated only
for the macrophyte covered part of the lake). The integrated gross
oxygen production by phytoplankton down to 10 m in the depth
transects was 120 mg O2 m�2h�1 in June and 650 mg O2 m�2h�1

in August, which gives a volume weighted average for the entire
lake surface of 89 and 460 mg O2 m�2h�1, respectively. This trans-
lates to a daily GPPPelagic of 240 and 900 mg C m�2 day�1 for June
and August, respectively. The very high GPPPelagic in August –
which is at least an order of magnitude higher than the GPPPelagic
reported for clear-water lakes in the Swedish mountains (Ask
et al., 2012) – is largely a consequence of very high oxygen con-
sumption in the dark bottles that results in an unrealistic gross
oxygen production. Hence, we have omitted the August measure-
ments and based our annual GPPPelagic-estimate on the June mea-
surements alone. This gives a GPPPelagic of 11630 kg C yr�1 based
on the oxygen production in the incubations. This could be com-
pared to the estimates based on the phytoplankton biomass and
carbon specific conversion factors, which gave an GPPPelagic of
7120 kg C yr�1 (or 3.7 and 2.2 g C m�3 yr�1, respectively, calculated
for the lake volume above 14 m). If the respiration of phytoplank-
ton in the epi-/metalimnion (4240 kg C yr�1) is used to recalculate
the GPPPelagic into NPPPelagic we get an NPPPelagic of 7390 or 2890 kg
C yr�1 – or 20 or 7.6 g C m�2 yr�1 – depending on what GPPPelagic
estimate we use. Together the NPPBenthic and NPPPelagic gives a total
NPP for the aquatic system of 8860 or 4350 kg C yr�1. During the
open-water season the heterotrophic respiration in the epilimnion,
hypolimnion (including phytoplankton respiration), littoral- and
profundal sediments were 1240, 1190, 940 and 430 kg C yr�1,
respectively, and from the oxygen consumption under ice it can
be determined that an additional 2030 kg C yr�1 is respired during
winter. This gives a total annual heterotrophic aquatic respiration
of 5830 kg C yr�1.
3.5. Lake sediments

Estimated depths that correspond to 150 years were between 3
and 10 cm for the 13 sediment cores. The carbon concentration in
sediment samples down to these depths varied from 0.9 to 25%
(based on dry weight), and sediment accumulation rates ranged
from 0.01 to 0.13 kg dw. m�2 yr�1. This gives that the carbon accu-
mulation rate varied between 1.4 and 7.4 g C m�2 yr�1 across the
TBL lake basin. On average, the sediment carbon accumulation rate
was 4.1 and 2.9 g C m�2 yr�1 for the zone with benthic vegetation
and deep areas, respectively (approach 1), or 3.9–4.1 and 2.7–2.9 g
C m�2 yr�1 for shallow (<15 m) and deep areas, respectively
(approach 2). Recalculated to the entire lake area (including shal-
low areas without sediment accumulation) this translates to a sed-
iment carbon accumulation rate of 2.5–2.6 g C m�2 yr�1, or a total
of 940 kg C yr�1 for the entire lake basin. If the sediment depth cor-
responding to 150 years is decreased or increased with one cen-
timetre – to account for uncertainties in the age determinations
– the annual whole-lake sediment carbon accumulation was in
the range 740–1116 kg C yr�1 (or 2.0–3.1 kg C m�2 yr�1). If we
assume that the time during which sediment accumulation have
occurred is 4000 years (based on the basal age of a long sediment
profile (Rydberg et al., 2016) and the maximum 14C-age in the ter-
restrial catchment), this gives a total lake sediment carbon pool of
3770 tonnes (3030–4500 tonnes) or 10 kg C m�2

(7.8–12.3 kg C m�2; Table 3).
4. Discussion

4.1. Terrestrial pools and fluxes

Even though the NPP is lower compared to boreal forest ecosys-
tems (Jonsson et al., 2007; Chi et al., 2019) and to a wet site in
Siberia (285–476 g C m�2 yr�1; Eckhardt et al., 2019), the average
NPP for the vegetated parts of the TBL catchment (188 g C m�2

yr�1; Table 3) is within the wide range of estimates reported by
Wielgolaski et al. (1975) for tundra ecosystems across the Arctic
(23–531 g C m�2 yr�1). Our estimates of above-ground biomass
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(0.05–0.8 kg C m�2) are also similar to those for shrub (0.8 kg m�2),
heath (0.2 kg m�2) and wet (0.1 kg m�2) communities from the
Toolik-lake area (Shaver and Chapin, 1991). This shows that the
TBL catchment and Toolik-lake area are similar in terms of vegeta-
tion, and that our use of Shaver and Chapin’s (1991) conversion
factors for NPP and below-ground biomass is reasonable (although
there is still a large potential for errors in the estimates of NPP and
below-ground biomass). The estimated living below-ground bio-
mass made up about 78%, 32%, 30% and 76% of the measured total
root content (dead and alive) for dwarf shrub, dry grass, meadow
and wetland communities, respectively. This indicate that our esti-
mates for below-ground living biomass at least are of the correct
magnitude. Under the cold and semi-arid conditions at TBL it is
reasonable to expect a higher proportion of dead roots for the
dry grass and meadow communities – where decomposition will
be limited – as compared to cold and moist or cold and moderately
wet conditions (Wielgolaski et al., 1975).

For the TBL area we estimate that ~ 6% or 8.8 g C m�2 yr�1 of the
annual terrestrial NPP is consumed by large herbivores (Table 3).
The fact that our estimate is in the lower end of 5–10% range sug-
gested for Arctic regions by Jefferies et al. (1994) and Mulder
(1999), could probably be explained by the lack of lemmings at
TBL. Several studies in arctic environments have suggested that
lemmings and geese are responsible for up to 90% of the grazing
effect (Schultz, 1968; Cargill and Jefferies, 1984; Bliss, 1986;
Olofsson et al., 2004). Removal of carbon from the terrestrial sys-
tem is also caused by eolian erosion, which occurs during windy
periods. The effects of eolian erosion are clearly visible through
the many deflation scars that are present throughout the landscape
(Heindel et al., 2017). However, eolian erosion of organic material
in the terrestrial system interacts with eolian deposition, and we
have assumed a balance between these two processes. This
assumption might not be valid for specific locations within the
catchment or for the balance between eolian deposition and ero-
sion of mineral material.

Most of the carbon that is added to the soil through litter depo-
sition each year (177 g C m�2 yr�1) is respired (166 g C m�2 yr�1;
Table 3). When compared to other Arctic sites the estimated aver-
age long-term respiration rate at TBL is in the upper range of res-
piration measurements made by Elberling (2007) in East
Greenland (Zackenberg) and Svalbard (103, 152 and 176 g C m�2

yr�1 for moist Cassiope heath, dry Dryas heath and Salix snow beds,
respectively). It is also slightly higher than respiration during July
to October in the Zackenberg area (148 g C m�2 yr�1; Christiansen
et al., 2012). This implies that, even though our rough estimate of
soil respiration relies heavily on the uncertain estimate of the max-
imum active-layer carbon-age, it is at least reasonably correct. That
we have used an integrative approach to establish the respiration
rate – instead of relying on short term direct measurements of soil
respiration – also circumvents any issues with inter and intra
annual variability in soil respiration, and it accounts also for any
losses of carbon through methane emissions, which can be consid-
erable especially in wetter soils (Mastepanov et al., 2013; Geng
et al., 2019).

The average active layer SOC pool for the TBL catchment
(13.5 kg C m�2) is a bit lower than the average reported for low arc-
tic sites in eastern Siberia (20.3 ± 2.2 kg C m�2), but it is higher than
those reported for high arctic sites in the Zackenberg area (8.3 ± 1.
3 kg C m�2; Palmtag et al., 2015). In comparison to the range of
published active layer SOC pools from Kangerlussuaq region – from
4.8 kg C m�2 (Bradley-Cook and Virginia, 2016) to 9.9 kg C m�2,
(Henkner et al., 2016) – all four vegetation types at TBL have higher
active layer SOC pools (10–22 kg C m�2; Table 2). However, it
should be recognized that direct comparisons might be misleading
because different studies calculate their active-layer SOC pools
down to different soil depths (20 and 30 cm for Bradley-Cook
and Virginia (2016) and Henkner et al. (2016), respectively). In
studies including soil horizons down to similar depth as in TBL,
Jensen et al. (2006) and Elberling et al. (2004) report SOC pools
of 2.6–28 and 6.1–22.2 kg C m�2 for the Disko bay and Zackenberg
areas, respectively (down to 60 and 50 cm, respectively). It is inter-
esting that although the wetland SOC pool from TBL is much lower
as compared to boreal peatlands, which are reported to store 72 kg
C m�2, the SOC pool in drier, upland vegetation types store similar,
or higher, amounts of carbon than upland sites in the boreal land-
scape in Finland and Sweden (7.2–14 kg; Kauppi et al., 1997;
Jonsson et al., 2007). This might be a result of the lower tempera-
ture and dry conditions, which limit both degradation and release
of organic matter from the soils in the TBL catchment (Laudon
et al., 2012).

In contrast to the active layer SOC pool, where most carbon is
subjected to various types of degradation, the frozen conditions
in the permafrost SOC pool make this pool a more permanent
storage than the active layer SOC pool. In the TBL catchment
permanently frozen soils store about 35% – or on average
7.6 kg C m�2 – of the terrestrial carbon (Table 3). This shows
that permafrost soils constitute an important carbon pool in
the landscape also under the dry conditions in West Greenland,
even though the fraction of SOC found in the permafrost is lower
than, e.g., in Siberia where up to half of the total SOC pool can
be stored in the permafrost (Siewert et al., 2015). As with the
active layer SOC pools it should be recognized that the extent
of well-developed wetlands is important for the storage of car-
bon in permafrost soils on a catchment scale, and even though
most of the permafrost carbon is found in the dwarf shrub veg-
etation type (1900 tonnes C), the wetland areas have the highest
carbon pool per unit area (18 kg C m�2). It is also in the wetland
areas that the average long-term incorporation of carbon into
the permafrost has been highest (6.8 g C m�2 yr�1). For the
entire catchment, the average long-term incorporation of carbon
in the permafrost (2.9 g C m�2 yr�1) is of the same magnitude as
the average hydrological export of terrestrial carbon to the lake
(3.5 g C m�2 yr�1). Here it should be recognized that this
long-term incorporation into the permafrost was derived from
a single 14C-dated bulk sample, and that it reflects the historical
incorporation that does not necessarily reflect the present-day
conditions.

When looking at the average total SOC pool down to one
meter, the average TBL SOC pool (21 kg C m�2) is consistent with
the SOC pools (0–100 cm) reported by Hugelius et al. (2013) for
upland permafrost soils (i.e., Gelisols of non-histel type) in other
arctic regions (13–34 kg C m�2 for TBL and, on average,
38 ± 22 kg C m�2 for other areas of the arctic). For wetland soil
types (Gelisols of Histel-type), wetlands in Alaska, artic Canada
and Siberia tend to store more carbon than the wetlands at TBL
(36 kg C m�2 for TBL, and 71 ± 32 kg C m�2 for other parts of
the arctic; Hugelius et al., 2013). A likely explanation for this dif-
ference could be the drier conditions at TBL, which lead to less
developed wetlands. The SOC pools down to 100 cm for the dwarf
shrub and wetland communities at TBL (34 and 36 kg C m�2,
respectively) are also similar to those found on north-facing
slopes at a site located about 20 km south of TBL (36 kg C m�2;
Henkner et al., 2016). However, Henkner et al. (2016) report an
average SOC pool for all soil types (30 kg C m�2) that is higher
than our catchment average of 21 kg m�2. This discrepancy could
at least partly be explained by differences in aspect – and associ-
ated differences in soil moisture and vegetation – between the
studied areas. Most slopes in the TBL catchment, except a small
area along the south-eastern shore of the lake, are facing towards
the south or south east, and for this type of drier locations
Henkner et al. (2016) report a SOC pool (26 kg C m�2) that is
more similar to the TBL average.
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4.2. Aquatic pools and fluxes

The daily evasion of CO2 from TBL (28 mg Cm�2 day�1) is within
the wide range of reported values for the boreal region, (Algesten
et al., 2005; Lundin et al., 2015). When compared with the values
reported by Lundin et al. (2015) for subarctic lakes – on average
16 g C m�2 yr�1 (1–90 g C m�2 yr�1) – the CO2 evasion in TBL
(3.8 g C m�2 yr�1) falls in the lower end of the reported range.
The annual CO2-evasion in TBL (Table 3) is also lower when com-
pared to lakes in the Toolik-lake area (Kling et al., 1991). It should
be noted that calculations of CO2-evasion rates based on DIC mea-
surements and carbonate equilibria in general are highly uncertain
(Golub et al., 2017), and our calculations are even more uncertain
because they are based on a relatively limited number of DIC and
pH measurements.

The GPPPelagic (28 or 17 lg C L�1 day�1 calculated down to 14-m
water depth) in TBL is comparable to the 27 lg C L�1 day�1

reported for a small lake in arctic Canada (Panzenböck et al.,
2000). The open-water season GPPPelagic (150 or 240 mg C m�2

day�1 depending on the approach we used) are much higher than
those found in Swedish subarctic and boreal lakes (6–46 mg C m�2

day�1; Ask et al., 2012). For the higher of our GPPPelagic-estimates –
which build on the incubations made in June – it might represent
an overestimate of the annual GPPPelagic because of higher primary
productivity in the beginning of the open-water season when lim-
iting nutrients are more abundant (Wetzel, 2001). Also the NPPBen-
thic in TBL (12 g C m�2 yr�1 when calculated for only the vegetated
area) is higher than the 5.2 g C m�2 yr�1 reported for a small shal-
low lake much further north in the Zackenberg area (Riis et al.,
2016).

Taken together the pelagic and benthic NPP in TBL (16 and 3.9 g
C m�2 yr�1, respectively, based on the entire lake area) are almost
twice as high as compared to the total NPP reported for lakes in the
Toolik-lake area, Alaska (10 g C m�2 yr�1: Kling et al., 2000). This
difference can likely be explained by the clearer water in TBL (Sec-
chi depth of 15 m) as compared to the Alaskan lakes (Secchi depth
of 4 m), which results in much more favourable light conditions in
TBL (Karlsson et al., 2009; Mariash et al., 2018). Depending on what
estimate for the GPPPelagic we use (11,630 or 7120 kg C yr�1) the
annual balance between aquatic primary production and respira-
tion would give either a positive net ecosystem production (NEP)
of 3030 kg C yr�1 or a negative NEP of 1470 kg C yr�1. Hence, based
on our limited measurements of primary productivity and respira-
tion it is not possible to determine whether the lake is net auto-
trophic or not (i.e., if GPP > respiration), but even though the
aquatic system would be net autotrophic, the loss of carbon
through CO2-evasion from the lake surface shows that the lake is
a source of carbon to the atmosphere and that it is dependent on
the input of allochthonous carbon from the catchment. That our
estimates suggest that TBL is close being in metabolic balance
would be consistent with studies in clear-water lakes in the Swed-
ish mountains (Ask et al., 2012).

Our lake sediment carbon accumulation rates are comparable to
those reported for other lakes in both the Kangerlussuaq region
and for boreal lakes. Anderson et al. (2009) reported values from
3.5 to 11 g C m�2 yr�1 for eleven lakes from the coast to the ice
front, and Sobek et al. (2014) reported carbon accumulation to
the sediment in the range of 3.1 to 13 g C m�2 yr�1 for seven lakes
close to Kangerlussuaq. For TBL (or SS903), Sobek et al. (2014)
report a carbon accumulation of 5.9 ± 1.1 g C m�2 yr�1. Their esti-
mate is within the range of our 13 sediment cores but is higher
than our average for the entire lake basin (2.6 g C m�2 yr�1).
Because Sobek et al. (2014) had the aim to study the organic car-
bon burial efficiency – and not the sediment carbon accumulation
rate for the entire lake basin – no correction for sediment focusing
was made. Hence, our value – which take into account the spatial
variability in both carbon concentrations and sediment accumula-
tion rates across the lake basin – should be a more robust value for
the sediment carbon accumulation rate for the entire TBL lake
basin. When compared to other sub-arctic and boreal lakes, the
TBL sedimentation rate is comparable to the lower end of the wide
ranges reported by Lundin et al. (2015; sub-arctic lakes: 0.6–25 g C
m�2 yr�1 and boreal lakes: 1–90 g C m�2 yr�1). Depending on the
approach taken in the calculations, the annual incorporation of car-
bon in the sediment for the entire lake basin was between 930 and
980 kg C yr�1 (average 940 kg C yr�1) based on the last 150 years. If
we assume a constant sediment composition and a constant sedi-
ment accumulation rate for the entire 4000-year during which we
know that sediment have accumulated, the total sediment carbon
pool would be between 3800 and 4000 tonnes C, or 10.1–10.7 kg C
m�2. Considering that the recent carbon accumulation rates are
among the lowest in lake’s history (Rydberg et al., 2016), and that
the landscape is estimated to have been deglaciated some
6800 years ago (Levy et al., 2012) this is most likely an underesti-
mate of the entire sediment carbon pool.

4.3. The carbon budget

The terrestrial primary producer biomass (680 g C m�2) incor-
porates a net of 150 g C m�2 yr�1 through primary production.
Of this annual terrestrial NPP, 9 g C m�2 yr�1 are estimated to be
removed by herbivores, whereas the remainder is incorporated in
the SOC pool as litter. Most of this litter is quickly mineralized
and respired back to the atmosphere (130 g C m�2 yr�1), but during
the course of the catchments history an average of 2.9 g C m�2 yr�1

have been incorporated into the permafrost pool, whereas 3.5 g C
m�2 yr�1 is exported to the aquatic system as organic carbon and
DIC (2.6 g OC m�2 yr�1 and 0.8 g DIC m�2 yr�1; Fig. 4). About half
of the hydrological transport is associated with the snow melt per-
iod, which shows that it is an important transport route even
though it represents much less than half of the unfrozen season
(Johansson et al., 2015a). In addition to the input of TOC and DIC
with surface and ground water, the lake receives 2.0 g OC m�2

yr�1 via eolian deposition. Most of the carbon that enters the lake
leaves the water column via CO2-evasion from the lake surface
(3.8 g C m�2 yr�1) or is buried in the lake sediment (2.6 g C m�2

yr�1), while only a small part is exported through the outlet (on
average 0.1 g C m�2 yr�1; Fig. 5; Table 3)

Overall our mass-balance budget for the entire TBL-catchment
is almost in balance, with a positive imbalance of 3% (or 5333 kg
C yr�1; Table 3). Similarly, input to the terrestrial system through
primary production exceeds the export and long-term storage by
only 1.7% (3,460 kg C yr�1; Table 3). This indicates that the
assumptions and simplifications made in the model development
were reasonable – at least to some extent – and that our empirical
data supports our conceptual view of the carbon cycling in the TBL
catchment. However, although the terrestrial and whole-
catchment carbon budgets are close to being in balance, the aqua-
tic part of the budget is not. Each year 4820 kg C yr�1 enters the
aquatic system (4100 kg C yr�1 through hydrological inputs and
750 kg C yr�1 via eolian deposition), while 2540 kg C yr�1 leaves
the water column (1430 kg C yr�1 through CO2-evasion from the
lake surface, 940 kg C yr�1 that is buried in sediments and
135 kg C yr�1 through the outlet). This gives a positive imbalance
for the aquatic system of 2320 kg C yr�1 (i.e., 1.5 or 47% of the
inputs to the entire catchment and the aquatic systems, respec-
tively: Table 3). This imbalance could be due to both an underesti-
mation of the export or an overestimation of the input, or a
combination of both. It could also be a result of the system not
being in steady state.

Because of the well constrained hydrologic model and relatively
large number of measurements of stream and ground water TOC



Fig. 5. Conceptual illustration of the carbon landscape ecosystem model for the TBL catchment with pools (kg C) and fluxes (kg C yr�1). Values per unit area are calculated
using the area of the entire terrestrial or aquatic system.
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and DIC concentrations, we can be relatively confident regarding
the average hydrological input of TOC and DIC. However, because
our samples are collected during a limited time period it is still
possible that inter-annual variability has affected our data. In com-
parison the estimate of 750 kg C yr�1 of eolian deposition is much
more uncertain. First, it is based on the accumulation of organic
material in old snow packs, which might not be representative.
Second, eolian activity is known to be highly variable in time
(Rydberg et al., 2016; Willemse et al., 2003; Heindel et al., 2017).
Third, the estimate does not consider, e.g., input of leaves during
autumn senescence. The input of dead plant material could not
only be important for the absolute input of carbon. An input of rel-
atively fresh organic matter would also provide a carbon source
that is more easily accessible to the aquatic food web than the
heavily degraded humic material that enters the lake through
hydrological transport. Over longer time periods it should also be
recognized that the quality of the eolian material could vary
greatly due to vegetation development and the formation of
organic soil horizons (Presthus Heggen et al., 2010). However, even
if we reduce the eolian input to zero – which is unrealistic consid-
ering the eolian transport that does occur in this landscape
(Heindel et al., 2017) – this only affects the aquatic carbon balance
marginally. This would suggest that the imbalance is caused by an
underestimation of the export of carbon from TBL.

Because it is based on the stable TOC and DIC concentrations of
the lake water and the hydrological modelling of the outflow, the
export through the outlet is probably the most well constrained
flux in the whole budget. Similarly, the sediment burial is relatively
well constrained because it builds on sediment cores that capture
both spatial and temporal variations. The dating of the sediment
profiles introduces some uncertainty, but even if we use the max-
imum annual sediment burial rate (1116 kg C yr�1) this only
accounts for about 8% of the imbalance in the aquatic carbon bud-
get. In contrast the CO2-evasion from the lake surface is highly
uncertain. First, calculations of evasion rates based on wind speed
and pCO2 are known to underestimate the flux when compared to
floating chambers (Cole and Caraco, 1998; Macintyre et al., 2010;
Vachon et al., 2010; Vachon and Prairie, 2013). Second, our esti-
mate is calculated from modelled pCO2-values based on a rela-
tively small number of pH and DIC measurement, rather than
direct pCO2-measurements (Golub et al., 2017). Even with these
uncertainties it is worth noting, that the ratio between the CO2

evasion and sediment burial in TBL (1.5) is within the range
(2.4 ± 1.7) reported by Lundin et al. (2015) for sub-arctic lakes in
northern Sweden. This would suggest that even though the CO2

evasion is underestimated, the magnitude of the evasion is reason-
able. For future work, it should be stressed that – even though the
logistical difficulties are large – a much larger effort should be put
on better constraining the CO2-evasion especially directly after ice-
out. In addition to the uncertainties related to CO2-evasion, we also
lack data on methane evasion. Methane can be a considerable
export pathway for carbon in Arctic lakes (Lundin et al., 2016;
Wik et al., 2016). However, this largely applies to small and shal-
low lakes, whereas the methane evasion from lakes of the same
size as TBL only account for a small fraction (<1%) of the carbon
export (Holgerson and Raymond, 2016). This, together with the
low methane concentrations in the water of lakes close to the
ice-margin in West Greenland (including TBL; Northington and
Saros, 2016), it is reasonable to assume that methane plays a minor
role in the aquatic carbon mass-balance for TBL.

The terrestrial part of the catchment contains about twice as
much carbon per unit area as the aquatic system (22 and 10 kg C
m�2, respectively). Because of the larger areal extent of the terres-
trial part of the TBL catchment, this difference is further enhanced
and only about 13% of the total catchment carbon pool is found in
the aquatic system. This is much lower than the estimates of
Anderson et al. (2009), who concluded that the sediment pool on
a landscape scale is about half of the soil pool in the Kangerlussuaq
region. This discrepancy might have several causes. First, Anderson
et al. (2009) based their calculations for the terrestrial system on a
carbon pool of 6.7 kg C m�2 (Jensen et al., 2006), which is about one
third of the average SOC pool down to 100 cm for the TBL catch-
ment and much lower than SOC pools reported from other places
in Greenland (Elberling et al., 2004; Palmtag et al., 2015;
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Henkner et al., 2016). Second, even though the carbon accumula-
tion rates in the sediments of TBL are in the lower range of those
reported in Anderson et al. (2009), their total lake sediment carbon
pools are much higher (42 kg C m�2) than what we find in TBL.

The four times larger sediment pool can partly be explained by
differences in the approach used to estimate the sediment carbon
pool. Anderson et al. (2009) used one sediment core per lake (not
corrected for sediment focusing), while our approach – which
relies on 13 spatially distributed sediment cores – captures spatial
differences in the sediment carbon accumulation rate across the
lake basin. This could have led to an overestimation of the sedi-
ment carbon pools in the study reported by Anderson et al.
(2009). However, it should also be considered that the sediment
record in TBL only spans 4000 years, while many of the lakes used
in Anderson et al. (2009) are 7000–9000 years old, which implies
that they have had time to accumulate more carbon than TBL. If
we instead assume that the TBL has accumulated sediment for
6800 years (Levy et al., 2012), the sediment carbon pool would still
only account for about 20% of the catchment carbon pool (6400
tonnes C or 17 kg m�2). In summary, our estimate that about one
eighth to one fifth of the total catchment pool is found in the aqua-
tic system is likely more accurate for the younger lakes closer to
the ice margin, but it might be an underestimate for older lake
catchments further away from the ice sheet.

The export of TOC and DIC from terrestrial soils to the lake is
about one third of the carbon export reported for a large boreal
catchment in Sweden (8.6 g C m�2 yr�1; Jonsson et al., 2007). This
difference can at least partly be explained by a combination of low
production of TOC and DIC in the soils due to the cold climate and
a limited hydrological transport of water due to the dry climate
and frozen soils (Laudon et al., 2012). However, the carbon balance
in the TBL catchment also differs from the generalized carbon
cycling for arctic lakes described by Tranvik et al. (2009). In the
Toolik-lake area – which Tranvik et al. (2009) use to describe arctic
lakes – the main export route for carbon is downstream transport
(78%), whereas for TBL the outlet only accounts for 5% of the export.
Instead, most carbon leaves TBL through CO2-evasion from the lake
surface (56%), and sediment burial is higher in relative terms in TBL
than in the Toolik-lake area (38% and 2%, respectively). One reason
that a higher proportion of the carbon ends up in the sediment in
TBL could be the higher relative input of particulate organic carbon
(POC) supplied via eolian transport. Because we do not see any sig-
nificant difference between the lake water TOC and DOC this input
of POC likely rapidly passes through the water column and reaches
the sediment relatively fast. The input of POC via eolian transport
in TBL accounts for 15% of the carbon inputs,whereas the equivalent
number for POC in theToolik-lakearea is 3%. These relativenumbers,
however, do not say anything about the absolute amounts of carbon
that are evaded from the lake surface or buried in the sediments. For
the export through the lake outlet, there are no major differences
between the absolute and relative numbers, and the export in grams
per unit area is 17 times higher in the Toolik-lake area than in TBL
(1.5 and 0.09 g Cm�2 yr�1, respectively; Kling et al., 1991). Similarly,
the sediment carbon burial per unit area in TBL is twice as high as in
the Toolik-lake area (2.6 and 1.3 g C m�2 yr�1, respectively; Whalen
and Cornwell, 1985). However, although CO2-evasion in TBL
accounts for the majority of the export from the aquatic system
the actual CO2-evasion rates are higher in the Toolik-lake area (24
and 3.6 g Cm�2 yr�1, respectively; Kling et al., 1991). Hence, regard-
less of ifweuse the relativeor absolutenumbers it is evident that the
carbon cycling in the TBL catchment – and presumably also in other
dry arctic environments – is different from that of the much wetter
periglacial landscapes of Alaska.

Even though the TBL catchment from a geomorphological point
of view is stable and not currently affected by proglacial land-
forming processes, it is unlikely that all catchment processes are
in steady state. For example, several West Greenland lakes have
been reported to experience decreasing lake water DOC concentra-
tions during the last decades (Saros et al., 2015), and the Kanger-
lussuaq weather data shows increasing air temperatures over the
last 30 years (Cappelen, 2016). Such environmental trends could,
of course, have an influence on our mass balance. A decrease in
lake water DOC with time would imply that the input of organic
carbon from the catchment should be smaller than the evasion of
CO2 from the lake surface due to photo oxidation and microbial
respiration in the lake water (Karlsson et al., 2012; Gonsior et al.,
2013). Even though our estimates of the CO2-evasion rate are
uncertain, the imbalance in the TBL carbon mass balance would
suggest there is no such trend in TBL (CO2 evasion is smaller than
the organic carbon input). A warmer climate would presumably
lead to higher rates of primary production, but also a quicker turn-
over of organic matter in the active layer and potentially to a mobi-
lization of carbon currently locked in the permafrost pool.
However, the net result would not only depend on the relative
effect on production and degradation of organic matter. It would
also make a difference if the higher temperatures result in more
complete degradation of the organic matter (i.e., more respiration)
or if the production of DOC, and thus the transport to the aquatic
system, is favoured. Another important aspect of climate change
is whether precipitation will increase or decrease. For the Kanger-
lussuaq region it is predicted that both temperature and precipita-
tion will increase in the coming 50–100 years (Boberg et al., 2018),
but because no predictions regarding changes in evapotranspira-
tion exists it is difficult to assess how this increase in precipitation
relates to runoff. An increased annual precipitation could lead to a
higher runoff and a shorter water-residence time in the lake and,
hence, it might induce changes in the internal carbon cycling in
the lake (e.g., photo reduction, carbon sedimentation rates, sedi-
ment oxygen exposure and lake water DOC concentrations; Saros
et al., 2015; de Wit et al., 2018) and lead to an increased export
of carbon through the lake outlet.

4.4. Strengths and limitations

The size of the TBL catchment and the diverse nature of the
landscape make it virtually impossible to cover all pools and fluxes
with the same temporal and spatial resolutions as when studying
only a part of the system or a single process. Instead, the strength
of this work is that it integrates the entire catchment and benefits
significantly from the extensive work on constraining the hydrol-
ogy, meteorology and catchment morphology of the catchment
(Johansson et al., 2015a,b; Petrone et al., 2016). This gives us a solid
basis for our carbon mass-balance, especially when looking at the
carbon pools.

Even with the well constrained background conditions there are
many uncertainties in our data. Partly this relates to the fact that
our estimates rely on spot measurements rather than continuous
measurements, which leaves gaps in our data series. The most
prominent gaps in our data series relate to the CO2-evasion, where
more frequent measurements of pH, DIC or dissolved CO2 in the
lake water would significantly improve the reliability of our esti-
mates. Because CO2 might build up under ice it is particularly prob-
lematic that we lack measurements from the period directly after
ice-out. There are also gaps in the TOC and DIC measurements in
the runoff from the terrestrial system. This prevents us from mak-
ing reliable intra annual comparisons and to calculate flow
weighted averages, but because we do have data from both high,
medium and low flow situations the data should give a good rep-
resentation of the average input of TOC and DIC to the aquatic sys-
tem. For some fluxes (soil respiration, incorporation into
permafrost soils and sediment burial) we have used integrative
approaches looking at the long-term net effect of these processes
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rather than trying to up-scale direct measurements. However, this
introduces other uncertainties related age estimates needed for
these calculations (e.g., issues with dating).

Further investigations could improve this carbon mass-balance,
especially when it comes to better constraining and reducing the
uncertainties associated to some of the fluxes. As mentioned, one
of the major uncertainties is the CO2-evasion from the lake water
surface, which could be much better constrained. Similarly, addi-
tional analyses of 14C in the active layer and permafrost would give
a much better constraint on the carbon incorporation in soils, and
even though eolian erosion and deposition are difficult to measure
accurately such measurements should be given more attention in
future studies.

4.5. Conclusion

Our carbon-mass balance for the TBL catchment highlights four
key points. First, most of the carbon in the TBL-catchment (87% or
31 kg m�2) is found in the terrestrial system, with the soil organic
carbon-pools accounting for 54% (or 13 kg m�2) and 30% (or
7.6 kg m�2) for the active layer and permafrost, respectively. That
30% of the catchment carbon (or 35% of the terrestrial carbon) is
stored in permafrost soils shows that permafrost soils are an impor-
tant carbon accumulation feature in this landscape. Second, the
long-term incorporation of carbon in permafrost soils and lake sed-
iment is relatively similar per unit area (2.9 and 2.6 g C m�2 yr�1,
respectively), but the much larger terrestrial area translates to a
three times higher carbon incorporation in the terrestrial system
as compared to the aquatic system (3500 vs. 940 kg C yr�1). Third,
the hydrologic transport of carbon from the terrestrial system to
the lake (3.5 g C m�2 yr�1) is lower than in boreal systems (6–12 g
C m�2 yr�1; Jonsson et al., 2007), but it is still the most important
input of carbon to the aquatic system and delivers more than five
times as much carbon as eolian processes (4100 and 750 kg C yr�1,
respectively). Fourth, the net evasion of CO2 from the lake surface
indicates that the lake is a source of carbon to the atmosphere.

Regardless of the uncertainties this carbon mass-balance bud-
get does show that some aspects of the carbon cycling in this dry
and cold region is different from those described for wetter parts
of the Arctic. This shows that the Arctic is heterogeneous, and that
any single site – including the TBL catchment – provides just one
piece of the puzzle depicting the Arctic carbon cycling. By combin-
ing the results from this piece with those from other typical and
atypical sites will then allow us to obtain a reliable carbon mass-
balance budget for the entire Arctic region.
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