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Abstract. Arctic permafrost landscapes have functioned as a global carbon sink for millennia. These landscapes are very

heterogeneous, and the omnipresent waterbodies
::::
water

::::::
bodies are a carbon source within them. Yet, only a few studies focus

on the impact of these waterbodies
::::
water

::::::
bodies on the landscape carbon budget. We compare carbon

::::::
deepen

:::
our

::::::::::::
understanding

::
of

::::::
carbon

::::::::
emissions

::::
from

::::::::::
thermokarst

::::::
ponds

:::
and

::::::::
constrain

::::
their

::::::
impact

::
by

:::::::::
comparing

::::::
carbon

:
dioxide and methane fluxes from

small waterbodies
::::
these

::::::
ponds

:
to fluxes from the surrounding tundrausing

:
.
:::
We

::::
use eddy covariance measurements from a

tower located between a large pond and semi-terrestrial vegetated tundra.

When taking the open-water areas of small waterbodies
:::::::::
thermokarst

::::::
ponds into account, the carbon dioxide sink strength of

the landscape was
:
is
:

reduced by 11%. While open-water methane emissions were similar to the tundra emissions
::::::::::
Open-water

:::::::
methane

::::::::
emissions

:::
are

::
of

::::::
similar

:::::::::
magnitude

::
as

:::::
tundra

:::::::::
emissions.

::::::::
However, some parts of the studied pond’s shoreline exhibited

::::::
exhibit much higher emissions, underlining

:
.
::::
This

::::::
finding

:::::::::
underlines

:
the high spatial variability of methane emissions. We

conclude that gas fluxes from small waterbodies
::::::::::
thermokarst

:::::
ponds

:
can contribute significantly to the carbon budget of arctic

tundra landscapes. Consequently, changes in arctic hydrology and the concomitant changes in the waterbody
::::
water

:::::
body

distribution may substantially impact the overall carbon budget of the Arctic.

1 Introduction

Waterbodies

:::::
Water

:::::
bodies

:
make up a significant part of the arctic lowlands with an areal coverage of about 17% , (Muster et al., 2017)and

considerably decrease the landscape
::::::::::::::::
(Muster et al., 2017)

:
,
:::
and

:::
act

::
as

::
an

::::::::
important

::::::
carbon

::::::
source

::
in

:
a
::::::::
landscape

::::
that

::
is

::::::::
otherwise

:
a carbon sink (Kuhn et al., 2018). The thaw of permafrost in

::::::::
Permafrost

:::::
thaw

::::::
caused

:::
by the warming Arctic is going to

:::
will

change the distribution of waterbodies (Andresen and Lougheed, 2015; Bring et al., 2016) and thus also their contribution to
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the landscape-carbon budget (Kuhn et al., 2018). However, data on greenhouse-gas emission from arctic waterbodies
::::::::
emissions

::::
from

:::::
arctic

:::::
water

::::::
bodies are still sparse in space and time, especially

:::
data

:
with a high temporal resolution and in

:::
from

:
non-

Yedoma regions (Vonk et al., 2015).

Our study site, in the Lena River Delta, Siberia, is located on an island mostly covered by non-Yedoma polygonal tundra

(Fig. 1). This landscape features many ponds(,
:::::
which

:::
are

:
defined here by an area < 8 � 104 m2, Ramsar Convention Secretariat

(2016); Rehder et al. (2021)), as opposed to larger lakes, and in .
:::
In our area of interest, ponds cover about as much area

as lakes (Abnizova et al., 2012; Muster et al., 2012).
:::
The

:::::
ponds

:::
in

:::
this

:::::::::
polygonal

::::::
tundra

::::
have

:::::::
formed

::::::
almost

::::::::::
exclusively

::::::
through

::::::::::
thermokarst

:::::::::
processes:

:::
The

:::::::
ground

:::
has

:
a
::::
high

:::
ice

:::::::
content,

::
so

:::::
when

:::
the

::
ice

::::::
melts,

:::
the

::::::
ground

:::::::
subsides,

::::
and

::::::::::
thermokarst

:::::
ponds

::::
form

:::::::::::::::
(Ellis et al., 2008)

:
.
:::::
These

::::::
ponds

:::
are

::::
often

:::::
only

::
as

:::
big

::
as

::::
one

:::::::
polygon,

::::
but

:::::
when

::::::
several

::::::::
polygons

:::
are

:::::::::
inundated,

:::::
larger

::::::
shallow

:::::
water

::::::
bodies

:::::
form,

::::::
which

::
we

::::
call

::::::
merged

:::::::::
polygonal

:::::
ponds

:::::::::::::::::
(Rehder et al., 2021)

:
. Ponds emit more greenhouse

gases per area than lakes (Holgerson and Raymond, 2016; Wik et al., 2016), thus, .
:::::
Thus,

:
in our study area, they have a higher

potential than lakes to reduce
::::::::::::
counterbalance the carbon sink

::::::
function

:
of the surrounding tundra (McGuire et al., 2012; Jammet

et al., 2017; Kuhn et al., 2018). To estimate
::::
better

::::::::::
understand the impact of ponds

::
on

:::
the

::::::::
landscape

::::::
carbon

::::
flux, we compare

landscape carbon dioxide (CO2) and methane (CH4) fluxes from the open-water area of ponds to the more commonly reported

fluxes from the semi-terrestrial tundra(defined here ,
::::::
which

:::
we

:::::
define

:
as wet and dry tundraas well as overgrown water),

::::
and

:::::::::
overgrown

::::
water.

Different
:::
The

::::
main

:::::::
driving geophysical and biochemical processes drive pond emissions of

:::::
differ

:::::::
between CO2 and of CH4

. Aquatic CO2 production is dominated by the
:::::::::
emissions.

:::
On

:::
the

:::
one

::::::
hand, microbial decomposition of dissolved organic

carbon, which is introduced laterally into the aquatic system through rain and melt water (Neff and Asner, 2001)
::::::::
meltwater

:::::::::::::::::::
(Neff and Asner, 2001),

:::::::::
dominates

::::::
aquatic

::::
CO2::::::::::

production. When supersaturated with dissolved CO2, ponds emit CO2 to the

atmosphere through diffusion. While photosynthetic CO2 uptake has been observed in some clear arctic waterbodies
:::::
water

:::::
bodies

:
(Squires and Lesack, 2003), most arctic waterbodies

::::
water

::::::
bodies

:
are net CO2 sources (Kuhn et al., 2018). Estimates

range from
::::::::
emissions close to zero (0.028 g m2 d�1 by Treat et al. (2018), or 0.059 g m2 d�1 by Jammet et al. (2017)) to

substantial CO2-C emissions (1.4 – 2.2 g m2 d�1 by Abnizova et al. (2012)).

::
On

::::
the

:::::
other

:::::
hand, CH4 emissions have been found to vary even more(,

::::::::::
sometimes

:
by up to five orders of magnitude

within just one site: 0.5 – 6432 mg m2 d�1, Bouchard et al. (2015)). In contrast to CO2, most .
:
CH4 originates in the

::
is

:::::
mostly

:::::::::
produced

::
in sub-aquatic soils . It is emitted from waterbodies not only through diffusionbut also through

:::
and

::::::
anoxic

::::::
bottom

:::::
waters

::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Conrad, 1999; Hedderich and Whitman, 2006; Borrel et al., 2011)

:
.
:::::::::::
Additionally,

::::
CH4:::

can
::::

also
:::
be

::::::::
produced

::
in

::
the

:::::
oxic

:::::
water

::::::
column

:::::::::::::::::::::::::::::::::
(Bogard et al., 2014; Donis et al., 2017),

::::::
though

::::
this

:::::::
pathway

::::
only

::::::::
becomes

:::::::::
significant

::
in

:::::
large

:::::
water

:::::
bodies

:::::::::::::::::::
(Günthel et al., 2020)

::
and

::
is
::::

still
:::::
under

::::::
debate

:::::::::::::::::::::::::::::::::::::::::::
(Encinas Fernández et al., 2016; Peeters et al., 2019)

:
.
::::
Note

::::
that

::::::
during

:::::::::::::
methanogenesis,

:::::
CO2 :

is
::::
also

::::::
formed

:::
as

:
a
:::::::::
byproduct

::::::::::::::::::::::::::
(Hedderich and Whitman, 2006)

:
.
::::
CH4::

is
::::
then

:::::::
emitted

::::
from

:::::
water

::::::
bodies

::::::
through

::::::::
diffusion,

:
ebullition (sudden release of bubbles),

:
and plant-mediated transport, often leading

:
.
:::::
These

:::::
three

::::::::
pathways

:::
lead

:
to high spatial variability between waterbodies

::::
water

::::::
bodies and within one waterbody (Sepulveda-Jauregui et al., 2015; Jansen et al., 2019)

. Local seep-ebullition events can cause
::::
water

:::::
body

::::::::::::::::::::::::::::::::::::::::::
(Sepulveda-Jauregui et al., 2015; Jansen et al., 2019)

:
.
::::::::
Especially

:::::
local

::::
seep

::::::::
ebullition

:::::
causes

:
high spatial variance of CH4 emissions within one waterbody

::::
water

:::::
body

:::::
when

:
it
::::::
occurs (Walter et al., 2006).
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Varying coverage
::
and

:::::::::::
composition of vascular plantsin

:::::
within

:
the shallow parts of awaterbody

::::
water

:::::
body can also increase

CH4 variability throughplant-mediatedtransport
::::::
because

::::
each

:::::
plant

::::::
species

::::
has

::
its

:::::::
speci�c

:::::::::
ef�ciency

::
in

::::::::::
transporting

:::::
CH4

(Knoblauch et al., 2015; Andresen et al., 2017).

To studyboth spatial and temporal patterns, we analyze land-atmosphere CO2 and CH4 �ux observations from aneddy

covariance
:::::::::::::
eddy-covariance

:
(EC) towerlocatedon Samoylov Island, Lena River Delta, Russia. We set the EC tower up within

the polygonal tundra
:::
and

:
next to a merged polygonal pond for two months in summer 2019.A mergedpolygonalpondis a

largerpondwhich formedthroughthesubsidenceof severalpolygons.The polygonal structures are still clearly visible along

the shore andunderwater,andthesepondstendto beshallowfor theirsize
:::::::::
underwater,

:::
and

:::
the

:::::
pond

:
is

::::::
mostly

:::::::
shallow (Rehder

et al., 2021). Due to the tower's position, �uxes from the merged polygonal pond are the dominant source of the observed EC

�uxes under easterly winds. The observed EC �uxes are dominated byvegetated
::::::::::::
semi-terrestrial

:
polygonal tundra with only a

low fractionfrom polygonal-center
:::::::
in�uence

::::
from

:::::
small

::::::::::
thermokarst

:
ponds from the other wind directions. We

:::
aim

:::
to

::::::
deepen

:::
our

:::::::::::
understanding

:::
of

:::::
carbon

:::::::::
emissions

::::
from

::::::::::
thermokarst

:::::
ponds

::::
and

::::::::
constrain

::::
their

::::::
impact

::
on

:::
the

::::::::
landscape

::::::
carbon

:::::::
balance.

:::
To

:::
this

::::
end,

:::
we (1) compare thewaterbody

::::
water

:::::
body and tundra �uxeswith a focus

:::::::
focusing on temporal and spatial patterns,

and we (2) investigate the in�uence of the merged polygonal pond on the landscape carbon balance.

2 Methods

2.1 StudySite
:::
site

ThestudysiteSamoylov Island (72� 22'N, 126� 28'E) is located
:::
lies in the southern part of the Lena River Delta (Figure

:::
Fig.

1, b). It has a size of about5
:::
�ve km 2 and consists of two geomorphologically differentparts

::::
units. The western part (� 2 km2)

is a �oodplain andregularly �ooded during the annualspring�ood
:::::::
annually

:::::::
�ooded

::
in

::::::
spring. The eastern part (� 3 km2), a

late-Holocene river terrace, is characterized by polygonal tundra. The partially degraded polygonal tundra at this study site

shows
::::::
features a high spatial heterogeneity within a few meters. Dry and wet vegetated parts are interspersed with small and

large
::::::::::
thermokarst ponds (<1 m2 – >10000 m2) and with large thermokarst lakes (up to 0.05 km2, Boike et al. (2015a); Kartoziia

(2019)). The island is surrounded bypartiallyandregularly�ooded branchesof the Lena River and sandy �oodplains, creating

more spatial heterogeneity on a larger scale.

We focus on a merged polygonal pond (Figure
::::
Fig. 1, d), which is located,

::::
and

::::
A1) in the eastern part of the island.The

::::
This merged polygonal pondin our studyhas a size of 0.024 km2 with a maximum depth of 3.4 meters and a mean depth of

1.2 meters (Rehder et al., 2021; Boike et al., 2015a). On an aerial image, the polygonal structures are still clearly visible under

the water surface (Boike et al., 2015c). The vegetated shoreline of this merged polygonal pond is dominated byCarex aquatilis

interspersed withCarex chordorrhiza, Potentilla palustrisandAulacomnium spp.. Some
:::::
These plants grow in the waterof the

pondclose to the shore. The
::::
while

:::
the deeper parts of the pond arevegetationfree

::::::::::::
vegetation-free.
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2.2 Instruments

Wemeasured
:::::::
measure gas �uxes using an eddy covariance (EC) tower between July 11 and September 10, 2019. The EC tower

was
::
is located on the eastern part of Samoylov Island, directly at the western shore of the merged polygonal pond (Figure

:::
Fig. 1,

d). The EC instrumentswere
:::
are mounted on a tripod at the height of 2.25 meters. Thetowerwasequippedwith aclosed-path

::::
(Fig.

::::
A1).

::::
The

:::::
tower

:
is

::::::::
equipped

::::
with

:::
an

:::::::::::
enclosed-path

:
CO2/H2O sensor (LI-7200, LI-COR Biosciences, USA), an open-path

CH4 sensor (LI-7700, LI-COR Biosciences, USA), and a 3D-ultrasonic anemometer (R3-50, Gill Instruments Limited, UK).

All instrumentshad
::::
have a sampling rate of 20 Hz.

Additional meteorologicaldatafor SamoylovIslandwasprovidedby Boike et al. (2019). We alsoinstalled
::
We

::::
also

::::::
install

radiation-shielded temperature and humidity sensors at the EC tower (HMP 155, Vaisala, Finland) andused
:::
use data from a

photosynthetically active radiation (PAR) sensor mounted at a tower approximately 500 meters to the west (SKP 215, Skye

Instruments, UK).

:::::::::
Additional

::::::::::::
meteorological

::::
data

:::
for

::::::::
Samoylov

::::::
Island

::
is

:::::::
provided

:::
by

:::::::::::::::
Boike et al. (2019)

:
.

2.3 DataProcessing
:::::::::
processing

We perform the raw data processing and computation of half-hourly �uxes for open-path andclosed-path
:::::::::::
enclosed-path

:
�uxes

usingEddyPro 7.0.6(LI-COR, 2019). Raw data screening includes spike detection and removal according to Vickers and Mahrt

(1997) (1% maximum accepted spikes and a maximum of3
::::
three consecutive outliners). Additionally, we apply statistical tests

for raw data screening, including tests for amplitude resolution, skewness and kurtosis, discontinuities, angle of attack, and

horizontal winds steadiness. All parameters of these tests are set toEddyProdefault values. We rotate the wind-speed axis

to a zero-mean vertical wind speed using the "double rotation"-method by Kaimal and Finnigan (1994). We apply linear de-

trending following Gash and Culf (1996) to the raw dataprior to the�ux calculation
:::::
before

::::
�ux

::::::::::
calculations. We compensate

time lags by automatic time-lag optimization using a time-lag-assessment �le from a previous EddyPro run. In this previous

time-lag assessment, the time lags for all gases are detected by covariance maximization (Fan et al., 1990) resulting in time

lagsof
:::::::
between 0 – 0.4 s for CO2 and -0.5 – +0.5 s for CH4. For H2O, the time lag is humidity-dependent and is calculated for

ten humidity classes. We compensate for air-density �uctuations due to thermal expansion/contraction and varying water-vapor

concentrations following Webb et al. (1980). This correctionis only appliedto
::::::
depends

:::
on

:::::::
accurate

::::::::::::
measurements

::
of

:::
the

:::::
latent

:::
and

:::::::
sensible

::::
heat

::::
�ux

:::
and

::
is

:::::::
applied

::
to

:::
the

:
open-path data; for closed-path

::
of

:::
the

::::::::
LI-7700.

:::::::::
Especially

:::
for

:::
the

::::::::
LI-7700,

:::
the

::::::::
correction

::::
term

:::
can

:::
be

:::::
larger

::::
than

:::
the

:::
�ux

:::::
itself,

:::
but

:::
the

:::::::::
correction

::
is

::::::
derived

::::
from

:::
the

:::::::::
underlying

:::::::
physical

:::::::::
equations.

:::
By

:::::
using

:::::::
EddyPro

:
,

:::::
which

::::
uses

::
an

:::::::::
up-to-date

:::::::::::::
implementation

::
of

:::
the

:::::::::
correction,

::::
and

::
by

:::::
using

:::::::::::::
well-calibrated

::::::::::
instruments,

:::
we

:::
are

::::::
certain

::
to

::::::
receive

:::::::
accurate

::::
CH4 :::

�ux
::::::::::
estimations

::::
from

:::
the

::::::::
LI-7700.

:::
For

:::::::::::
enclosed-path

:
data, we perform a sample-by-sample conversion

into mixing-ratios
::::::
mixing

:::::
ratios

:
to account for air-density �uctuations (Ibrom et al., 2007b; Burba et al., 2012). Flux losses

occur in the low- and high-frequency spectral range due to different �ltering effects. In the low-frequency range, we compensate

�ux losses following Moncrieff et al. (2004) and in the high-frequency range following Fratini et al. (2012). For applying the

latter method, a spectral assessment �le is created using the method by Ibrom et al. (2007a). The spectral assessment results
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Figure 1. Study site with an overview of Russia (a), the Lena River Delta (b), Samoylov Island with the surrounding Lena River in blue

(c), and a close-up look at the study site (d). The EC tower is marked as a black cross with the cumulative footprint (see section 2.4.2) in

gray shades surrounding the EC tower. The outline of the land cover classi�cation from section 2.4.1 is shown in a blue line (c). In (d), the

detailed land cover classi�cation is shown in blue (open water) and green shades (dark green: dry tundra, medium green: wet tundra, and

light green: overgrown water). The merged polygonal pond studied here is outlined in red. Map data from © OpenStreetMap contributors

2020, distributed under the Open Data Commons Open Database License (ODbL) v1.0 (a & b) and modi�ed after Boike et al. (2012) (c &

d).

5


