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Abstract. Large-herbivore grazing has been shown to sub-
stantially alter tundra soil and vegetation properties as well as
carbon fluxes, yet observational evidence to quantify the im-
pact of herbivore introduction into Arctic permafrost ecosys-
tems remains sparse. In this study we investigated growing-
season CO2 and CH4 fluxes with flux chambers on a former
wet tussock tundra inside Pleistocene Park, a landscape ex-
periment in northeast Siberia with a 22-year history of graz-
ing. Reference data for an undisturbed system were collected
on a nearby ungrazed tussock tundra. Linked to a reduction in
soil moisture, topsoil temperatures at the grazed site reacted
1 order of magnitude faster to changes in air temperatures
compared to the ungrazed site and were significantly higher,
and the difference strongly decreased with depth. Overall,
both GPP (gross primary productivity, i.e., CO2 uptake by
photosynthesis) and Reco (ecosystem respiration, i.e., CO2
release from the ecosystem) were significantly higher at the
grazed site with notable variations across plots at each site.
The increases in CO2 component fluxes largely compensated
for each other, leaving NEE (net ecosystem exchange) simi-
lar across grazed and ungrazed sites for the observation pe-
riod. Soil moisture and CH4 fluxes at the grazed site de-
creased over the observation period, while in contrast the
constantly waterlogged soils at the ungrazed site kept CH4
fluxes at significantly higher levels. Our results indicate that
grazing of large herbivores may promote topsoil warming
and drying, in this way effectively accelerating CO2 turnover
while decreasing methane emissions in the summer months

of peak ecosystem activity. Since we lack quantitative in-
formation on the pre-treatment status of the grazed ecosys-
tem, however, these findings need to be considered qualita-
tive trends for the peak growing season, and absolute differ-
ences between treatments are subject to elevated uncertainty.
Moreover, our experiment did not include autumn and win-
ter fluxes, and thus no inferences can be made for the annual
NEE and CH4 budgets in tundra ecosystems.

1 Introduction

In the context of global climate change, surface air temper-
atures in polar regions have been shown to have risen about
twice as fast as the global mean in the past (Overland et al.,
2015). Since this trend is expected to continue in the fu-
ture, Northern Hemisphere permafrost ecosystems are at ex-
ceptional risk of degradation. The Arctic permafrost region
stores about 50 % of the belowground organic carbon stocks
on Earth (Hugelius et al., 2014), with an estimated pool of
organic C of between 1307 and 1672 Gt (Hugelius et al.,
2014; Tarnocai et al., 2009). Based on several independent
approaches, it is estimated that 130 to 160 Gt C could be re-
leased by 2100 under a high warming scenario (i.e., Repre-
sentative Concentration Pathway scenario 8.5; Schuur et al.,
2015), so even a partial release of this currently deep-frozen
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material would constitute a substantial positive feedback
with ongoing warming trends.

Warming of the active layer facilitates the enhanced de-
composition of soil organic carbon, leading to higher rates of
ecosystem respiration (Reco) that contribute to higher CO2
emissions (Natali et al., 2015; Schädel et al., 2016; Schuur
et al., 2009). Moreover, warming-induced permafrost thaw
may make organic matter that was previously perennially
frozen vulnerable to mineralization (Natali et al., 2014, 2015;
Harden et al., 2012; Schuur et al., 2009). At the same
time, warmer and longer growing seasons have the poten-
tial to change vegetation species composition (e.g., from
graminoid-/moss- to shrub-dominated; Myers-Smith et al.,
2011; Hollister et al., 2015; Mekonnen et al., 2021) and in-
crease living plant biomass, leading to an increase in gross
primary productivity (GPP) (Epstein et al., 2012). Deeper
thaw depths may also open up nutrient reservoirs (Chapin
et al., 2005; Salmon et al., 2016; Hollister et al., 2015), in
this way promoting vegetation growth and carbon uptake.
Interactions with various other influencing factors, for ex-
ample changes in snow cover (Grogan, 2012) or soil mois-
ture (Oberbauer et al., 2007; Natali et al., 2015; Kwon et al.,
2016), further complicate an assessment of the net effect of
these changes.

Large herbivores (reindeer, muskoxen, horses, bison, etc.)
are an additional forcing which may substantially alter the
characteristics of high-latitude landscapes, but their poten-
tial influence is rarely considered in studies predicting the
future state of Arctic permafrost ecosystems. Herbivores can
trigger distinct shifts in vegetation communities, e.g., from
shrub- or moss-dominated ecosystems to graminoid tundra
dominated by dense grass tillers (Manseau et al., 1996; Olof-
sson, 2006; Ylänne et al., 2018; Kitti et al., 2009; Falk
et al., 2015; Raillard and Svoboda, 2000; Gornall et al.,
2009). Grazing has been shown to promote certain Carex
species that produce a high belowground biomass (Tolva-
nen and Henry, 2000), allowing reliable compensation for
growth after being grazed off (Raillard and Svoboda, 1999;
Kitti et al., 2009). Shifts in vegetation composition are usu-
ally associated with an increase in albedo (Te Beest et al.,
2016; Chapin et al., 2005; Cohen et al., 2013). Regarding
belowground ecosystem properties, previous studies have re-
ported an increased annual amplitude in soil temperatures
(higher in summer, lower in winter) and significant shifts in
soil moisture and texture (Olofsson et al., 2004; Te Beest
et al., 2016; Zimov et al., 1995, 2012; Beer et al., 2020;
Olofsson et al., 2001), which in combination with snow
trampling in winter (Beer et al., 2020) tend to reduce an-
nual permafrost temperatures. Finally, herbivore grazing can
cause an increase in nutrient availability and acceleration in
nutrient cycling (Olofsson et al., 2004, 2001; Raillard and
Svoboda, 1999, 2000). The combinations of these changes
leads to strong and variable alterations in carbon cycle pro-
cesses (higher Reco, higher/lower GPP, higher/lower NEE)
(Falk et al., 2015; Metcalfe and Olofsson, 2015; Väisänen

et al., 2014; Cahoon et al., 2012; Ylänne et al., 2018; Ylänne
and Stark, 2019), with net effects highly dependent on site-
specific characteristics.

Most existing studies focusing on grazing effects were
conducted in Scandinavian upland tundra, while other Arctic
domains, and particularly wet tundra ecosystems (e.g., Falk
et al., 2015; Raillard and Svoboda, 2000; Kitti et al., 2009),
remain sparsely examined to date. A long-term, landscape-
scale experiment called “Pleistocene Park”, established in
northeastern Siberia in 1996, provides an opportunity to ad-
dress this research gap. While initially designed to reestab-
lish a “mammoth steppe” ecosystem which dominated this
region in the Pleistocene (Zimov et al., 2012), the experiment
also allows us to study the impact of large herds of herbivores
as an agent to stabilize permafrost ecosystems against degra-
dation linked to Arctic warming. Some of the underlying hy-
potheses related to the Pleistocene Park project are that her-
bivore grazing (a) increases carbon sequestration by simul-
taneously increasing productivity and root formation during
the growing season, (b) increases the surface albedo by de-
creasing shrub and tree cover, and (c) decreases CH4 emis-
sions by decreasing soil moisture through condensing soils
and increased evapotranspiration by more active vegetation.

While all the grazing effects listed above have the potential
to reduce future positive feedbacks between alterations of the
permafrost carbon cycling and the changing climate, so far
only limited observational evidence has been presented that
allows for evaluating the management effects inside Pleis-
tocene Park. The main objective of the presented study is
therefore to provide new insights into the effects of herbi-
vore grazing on carbon cycle processes and ecosystem char-
acteristics within the park. For this purpose, we compare
growing-season carbon fluxes from flux chamber measure-
ments along with soil parameters and radiation balance com-
ponents across an intensively grazed area within Pleistocene
Park and a nearby undisturbed site.

2 Materials and methods

2.1 Site description

The study area is located in the Kolyma Lowland region
in northeastern Siberia (68.51◦ N, 161.50◦ E), close to the
town of Chersky, Sakha Republic, Russia, which is situated
around 100 km south of the Arctic Ocean. The weather pat-
terns frequently switch between maritime air masses from the
north and continental air masses from the southeast, with the
former dominating the wintertime conditions and the latter
dominating in the summer. The mean daily air temperature
can remain at or below −40 ◦C for several days during De-
cember to February, while daily means of more than 20 ◦C
can be reached around the peak of summer. The mean an-
nual temperature (averaged for 1960–2009) is approximately
−11.0 ◦C. The total amount of annual precipitation (aver-
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aged for 1950–1999) is between 200 and 215 mm, with 80
to 110 mm falling as rain (Göckede et al., 2017). Snowmelt
leads to an annual flooding event in the Kolyma River and
its tributaries, usually inundating large parts of the study
area between middle to late May and late June (Kwon et al.,
2016).

In the context of this study, we compared carbon fluxes and
ecosystem characteristics between two measurement sites in
the Chersky region. Both sites are wetland ecosystems situ-
ated within the Kolyma Lowland region that are waterlogged
for the largest part of the growing season, affected by the
flooding regime of the Kolyma River. Our undisturbed refer-
ence ecosystem is a tussock tundra site situated about 15 km
south of Chersky on the floodplain of the Kolyma River.
Due to the very low natural abundance of grazing herbivores
in the region, the influence of grazing disturbance on this
dataset can be considered negligible. Situated about 15 km
further south at the margins of the floodplain, the Pleistocene
Park site, hosting a variety of herbivores (sheep, yaks, cows,
horses, bison, muskoxen, reindeer), was used to study the ef-
fects of grazing on permafrost ecosystems.

The Pleistocene Park area (https://pleistocenepark.ru, last
access: 14 March 2022) was established in 1996 on 144 km2

of permafrost territory mainly consisting of ecotonal upland
forest–tundra, wet lowland tundra, and small lakes and rivers.
About 2000 ha has been fenced in to concentrate animals on
the core domain of the park; accordingly grazing disturbance
has influenced these sections for about 25 years. Inside the
lowland section on a former wet tussock tundra ecosystem,
we selected one of the longest and most intensively grazed ar-
eas as our grazing study site, hereafter labeled as “GR”, with
data being collected at three plots (GR-1 to GR-3) placed
within a radius of approximately 6 m. This site, which sim-
ilarly to the reference site is flooded every year in spring
during snowmelt, is a moist or wet meadow almost with-
out shrubs and also featuring decaying tussocks. The vege-
tation at this site primarily consists of grasses and sedges, in-
cluding Calamagrostis langsdorfii, Carex appendiculata and
Eriophorum spp. (Euskirchen et al., 2017). Before the intro-
duction of grazing herbivores, this site used to be dominated
by tussocks and saturated with water during the whole year
(Sergey Zimov, personal communication, 2019). Prior to dis-
turbance, the study site therefore represented the typical low-
land wet tussock tundra ecosystem dominating large parts of
the Kolyma Lowland region.

The reference site, hereafter labeled as ungrazed site
“UGR”, is located outside the Pleistocene Park domain on a
wet tussock tundra floodplain along the Ambolikha River, a
small tributary of the Kolyma River. Here, a long-term moni-
toring site was installed to investigate drainage effects on wet
tundra ecosystems (Kwon et al., 2016; Kittler et al., 2016;
Göckede et al., 2019). The reference site for our study is the
non-drained control area of this experiment. The dominant
vegetation species are tussock-forming Carex appendiculata
and C. lugens and Eriophorum angustifolium, with Betula

nana and Salix spp. growing on elevated areas with a lower
water table. An organic peat layer (15–20 cm deep) has ac-
cumulated on top of alluvial material soils (silty clay) (Kwon
et al., 2017). In the context of this study, we assume this site
reflects the status that the grazed site would have if herbi-
vores had not been introduced there since both sites showed
a similar ecosystem structure in the early 1990s (Sergey
Zimov, personal communication, 2019). Observations were
collected at two plots (UGR-1, UGR-2) to capture some vari-
ability concerning vegetation structure and soil properties.
Based on results of a previous study evaluating small-scale
flux variability across a transect of 10 quasi-randomly se-
lected locations (Kwon et al., 2016), flux rates and envi-
ronmental conditions within these two plots were shown to
be close to the average at this site. In terms of spatial flux
variability, UGR-1 (Control-0 site in Kwon et al., 2016) fea-
tured a relatively high productivity, while UGR-2 (Control-2)
showed comparatively reduced flux rates.

2.2 Measuring radiation and soil parameters

Soil temperatures at 5, 15, 25 and 35 cm depth were recorded
at 1 Hz during the time when flux measurements were con-
ducted (Th3-s Soil Temperature Profile Probe, UMS GmbH,
Munich, Germany). While the two UGR sites were equipped
with one probe each, a single probe was used for the three GR
sites due to their proximity. To create a gapless dataset for the
full experiment period, TS, 25 cm and TS, 35 cm were interpo-
lated linearly (GR sites) or modeled based on a moving aver-
age of Tair (UGR sites). TS, 5 cm and TS, 15 cm have been mod-
eled based on air temperature, and in the case of TS, 5 cm in-
coming shortwave radiation and corresponding TS, 35 cm were
used additionally in the course of stepwise linear regressions
to improve the prediction.

For soil moisture (SM) measurements, we installed a set
of three TDR (time-domain reflectometry) probes (models
CS640, CS630 and CS605; Campbell Scientific, Logan, UT,
USA) combined for all three GR sites at depths of 7.5, 15
and 30 cm close to the soil temperature sensor and recorded
at 1 Hz intervals. At the UGR site, due to the waterlogged
conditions, soil moisture was permanently saturated, and no
measurements were used within the context of this study. SM
values at GR were flagged using plausibility limits, and sys-
tematic offsets were corrected. Since the soil moisture data
were also only collected during times of flux measurements,
values were subsequently linearly interpolated to create con-
tinuous time series. For both soil temperature and soil mois-
ture sensors, the surface height between tussocks was used
as the reference (0 cm).

Thaw depths were measured with a metal pole that was
stuck into the ground, directly next to the chamber plot, to
avoid disturbance, until it hit the frozen bottom of the ac-
tive layer. The measured thaw depth was defined as the dis-
tance between this point and the ground surface, which in-
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cluded the organic layer on top, and loose material was softly
pressed down until more or less stable ground was touched.

Radiation budget components for the GR sites in Pleis-
tocene Park were measured using a net radiometer (model
CNR1, Campbell Scientific, Logan, UT, USA) installed at
4 m height on a pole approximately 15 m away from the flux
sampling sites. At the UGR sites located at the Ambolikha
site, a net radiometer (model CNR4, Campbell Scientific,
Logan, UT, USA) permanently installed on a 5 m tall flux
tower located approximately 50 m away from the sampling
sites provided radiation observations.

Measurements were stored as 10 min averaged intervals.
Albedo was derived by dividing the average upwelling
shortwave radiation by the average downwelling compo-
nent for each single day. Then, these daily averages were
averaged over the observation period. While photosynthet-
ically active radiation (PAR) was measured directly at the
UGR site, at GR it was converted from incoming short-
wave radiation data using a single conversion factor pro-
vided as a function within the R package “LakeMetabo-
lizer” (Winslow et al., 2016) following an approach de-
scribed by, e.g., Britton and Dodd (1976). Calculations with
this statistical package, as for the other R packages listed be-
low, were conducted using R Version 4.1.1 (R Core Team,
2021).

2.3 Measuring fluxes using chambers

Directly prior to measurements at GR, wooden fences were
constructed to protect the sites from grazing animals dur-
ing chamber operation. At both GR and UGR sites, walking
boards were placed around the setup to prevent damaging
plants and to minimize influences on measurements by dis-
turbing the soil. Our flux chamber approach closely followed
Kwon et al. (2016, 2017) and is therefore only briefly out-
lined in the following paragraphs.

Carbon dioxide, CO2 and methane (CH4) fluxes were de-
termined with a non-steady-state flow-through method using
an Ultra-Portable Greenhouse Gas Analyzer (UGGA, Los
Gatos Research, USA) for in situ measurements of gas con-
centrations at 1 Hz. PVC collars of 60 cm× 60 cm, which
have a socket at the top for the chamber, were installed in the
ground at each plot to prevent leaking of air during cham-
ber measurements. The cubic chamber hoods with a 60 cm
side length, made of 4 mm thick plexiglass, were placed on
these collars to capture gases exchanged with the surface.
They featured an opening valve on the top to avoid pressure
effects when the chamber is placed onto the collars. Inside
the chamber, three electric fans were installed to ensure well-
mixed conditions. Air was pumped from the chamber to the
gas analyzer through three tubes installed at different heights
inside the chamber hood. Sensors for air temperature (Tair),
relative air humidity (RH), air pressure (pair) and photosyn-
thetically active radiation (PAR) were attached to one side of
the chamber. For measurements, the chamber was oriented

Table 1. Number of light (NEE) and dark (Reco) measurements
for each chamber site and total number of measurement days that
passed the quality screening. The lower data coverage of UGR-2
reflects the distribution of raw data collected and is not related to
data quality screening.

UGR-1 UGR-2 GR-1 GR-2 GR-3

Light 77 40 77 71 68
Dark 45 27 46 42 41
Days 4 4 9 9 9

in a way to minimize shading the vegetation with the instru-
ments.

Each flux measurement was conducted for a period of
about 2 min. This period was chosen in order to minimize
disturbance effects such as temperature increases or moisture
saturation within the chamber (e.g., Kutzbach et al., 2007)
while at the same time collecting enough information for the
derivation of a stable flux rate. After completing one mea-
surement, the chamber was lifted and tilted for ventilation
until ambient CO2 concentrations were reached. Ecosystem
respiration (Reco) was determined by covering the hood with
a white polyethylene tarp that completely blocked incoming
radiation. For each plot, one measurement iteration consisted
of three NEE measurements and two Reco measurements.

On each sampling day at GR, we rotated between cham-
ber locations, with about 1 full hour needed to complete
the five individual measurements at each of the three plots.
Since the two plots at UGR were located further apart, we
conducted several individual measurements at one location
before switching to the other to minimize the time needed
for relocating instrumentation. On each day, only one of the
study sites (UGR vs. GR) was sampled.

2.4 Calculation and interpolation of carbon fluxes

Each chamber measurement resulted in a 1 Hz time series of
CO2 and CH4 concentrations. After excluding the equilibra-
tion period of at least 20 s, periods with a minimum length of
40 s and a linear concentration change in greenhouse gases
were identified based on the change point detection algorithm
provided by the R package “changepoint” (Killick et al.,
2016). Subsequently, using the R package “boot” (Canty and
Ripley, 2021) we generated 1000 combinations of start and
end times within this period and calculated an ensemble of
stationarities (slopes) using a bootstrapping approach. The fi-
nal slope used for flux computations was identified as the fre-
quency distribution’s median. Implausible or disturbed sig-
nals were manually flagged and excluded from further analy-
sis. Such cases included for example unstable signals without
a distinctly discernible, steady slope, which are not clearly
interpretable, or signals obviously disturbed by leakage. The
total quantity of measurements is shown in Table 1.
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The median slope (̂a) of greenhouse gas concentration
change over time was transformed to a flux using the fol-
lowing formula:

flux= â
Vch
Ach
pair

RTair
. (1)

Vch and Ach are the volume and surface area of
the chamber, respectively. R is the ideal gas con-
stant (8.3144 J K−1 mol−1); Tair and pair are the mean air
temperature (K) and pressure (Pa) inside the chosen inter-
val. Fluxes are derived in units of µmol C–CO2 m−2 s−1 and
µmol C–CH4 m−2 s−1, respectively.

While fluxes of Reco and NEE could be calculated based
on dark and light chamber measurements, respectively, the
photosynthetic uptake portion of the flux (GPP) was cal-
culated as the difference between measured NEE and the
mean of measured Reco for one measurement. The root mean
square error (RMSE) of each flux measurement was calcu-
lated using all bootstrapped slopes, distinguishing between
Reco and NEE measurements. The slope error for GPP was
taken as the summed errors in Reco and NEE measurements.
Error values are given in Table B1 in the Appendix.

To analyze the implications of the grazing disturbance on
net CO2 and CH4 exchange across the sites, the time series of
flux estimates for each plot was interpolated across the entire
measurement period of 17 d at a resolution of 10 min. Both
Reco and CH4 fluxes were interpolated using empirical plot-
specific linear models linking flux rates to environmental pa-
rameters (TS, Tair and SM). Parameters minimizing the fit un-
certainty were not uniform across plots even at one site (see
Appendix B for an exact description of this approach, includ-
ing the derivation of formulas, and Sect. 4.2 for evaluation).
The following formulas were derived to interpolate Reco and
CH4 fluxes:

Reco(GR− 1,GR− 2)= exp(a0TSoil, 5 cm+ b0)

+ a1SM7.5 cm+ b1 , (2)

Reco(GR− 3,UGR− 1,UGR− 2)= exp(a0Tair+ b0), (3)
FCH4(UGR)= exp(a0TSoil, 15 cm+ b0), (4)
FCH4(GR)= a0TSoil, 25 cm+ b0+ a1SM15 cm+ b1 . (5)

In each formula, a0 is the slope of the first applied model,
and a1 is that of the second. b0 and b1 are corresponding
intercepts. Total errors for all fluxes were derived consid-
ering the standard error from the final model compared to
observed values (linear regression), further considering the
standard error from the bootstrapping approach used to trans-
form measured concentration slopes into fluxes and the stan-
dard error from modeled TS (for Reco and CH4 fluxes). A
detailed error calculation is shown in Appendix B3.

GPP was modeled as a function of PAR, using a rectangu-
lar hyperbolic function (Runkle et al., 2013).

GPP=−
PmaxαPAR
Pmax+αPAR

(6)

The fit parameters α and Pmax represent the initial canopy
quantum efficiency (the initial slope of the GPP–PAR curve
at PAR = 0) and the maximum canopy photosynthetic poten-
tial, respectively, the latter of which is the hypothetical max-
imum of GPP at infinite PAR. Both α and Pmax are assumed
to have positive values, necessitating the negative sign on
the equation’s right-hand side to allow GPP to fit the NEE
sign convention. In this context, positive fluxes imply carbon
losses from the ecosystem into the atmosphere. This model
contains the explicit assumption that GPP is insensitive to
light stress or temperature effects (Runkle et al., 2013). For
each site, α and Pmax were determined by fitting PAR against
the GPP fluxes from chamber measurements and applying a
non-linear least-squares (nls) optimization. Implausible PAR
values from chamber measurements were replaced by PAR
derived from the net radiometer measurements. With these
parameters, a continuous GPP time series could be modeled
for the entire observation period.

2.5 Statistics

To visualize and compare carbon fluxes between plots and
study sites, daily means for GPP, Reco, NEE and CH4 fluxes
were calculated. Prior to post hoc pairwise t tests and a cor-
rection of p values with Holm’s method (Holm, 1979), a re-
peated measures ANOVA was conducted using the package
“ez” in R (Lawrence, 2016); herein the approach is based
on Bakeman (2005) and Glover and Dixon (2004). In this
way, we can provide evidence that the measurements were
independent between days and can correct the results of
the pairwise comparisons for multiplicity problems. Statis-
tics and further explanations are given in Appendix B3. This
approach was used to analyze fluxes, soil temperatures and
radiation (i.e., upwelling and downwelling shortwave radia-
tion) measurements.

3 Results

3.1 Environmental conditions and ecosystem
characteristics

3.1.1 Albedo and energy fluxes

Linked to the differences in vegetation community struc-
ture described in Sect. 2, the average daily albedo was
slightly higher at GR, with an average value of 0.217±
0.008, compared to the UGR (0.192±0.006). The difference
between SWd (downwelling shortwave radiation) between
sites was insignificant (p = 0.23), while the difference be-
tween SWu (upwelling shortwave radiation) was significant
(p < 0.0001). This enhanced reflectivity of the surface in-
creased the upward-directed shortwave radiation by an aver-
age of 6.3± 3.8 W m−2 over the course of the observation
period (mean SWu for GR, 48.6± 13.9 W m−2; for UGR,
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42.3± 13.0 W m−2), in effect reducing the net radiative en-
ergy available to the grazed ecosystem.

3.1.2 Soil moisture

Soil hydrologic conditions were distinctly different between
grazed and ungrazed sites. At the beginning of the observa-
tion period, both sites were primarily waterlogged since the
water levels from the preceding spring flooding had not fully
receded. From this starting point, we observed deviating tem-
poral dynamics in drying between both ecosystems during
the peak of the growing season. Water levels declined only
marginally, or not at all, within the ungrazed reference area,
with water levels remaining above the ground. Soil moisture
at the grazed ecosystem (GR), on the other hand, gradually
decreased across all measured depths over the period of ob-
servation, especially in the topsoil (SM7.5 cm, 63.1 %–49.9 %;
SM15 cm, 64.3 %–54.2 %; SM30 cm, 60.7 %–56.7 %, changes
from the first to the last measurement day).

3.1.3 Air and soil temperatures

A change in the general weather pattern around mid-July
2019 split our observation period roughly into a warm and
sunny first half, and a cool and cloudy second half. Regarding
the mean air temperatures, during the first period (7–15 July),
daily average Tair ranged between 14.3–26.9 ◦C, while con-
ditions during the second period (16–22 July) were much
cooler (6.9–10.9 ◦C). Mean air temperatures at the grazed
site were observed to be about 1 ◦C warmer compared to the
ungrazed site, with similar daily minima, while daily maxima
were distinctly higher at GR.

The trends in soil temperatures matched those described
for air temperature: while Tsoil across the observed ver-
tical profile was rising during the first part of the ob-
servation period, in the second half it declined (see also
Fig. 1). We found topsoil temperatures at 5 cm depth at
the grazed site (GR max 19.6 ◦C, min 9.0 ◦C) to be signif-
icantly higher (p < 0.0001) compared to the ungrazed refer-
ence (UGR-1 max 15.4 ◦C, min 5.6 ◦C; UGR-2 max 11.6 ◦C,
min 4.3 ◦C) during the whole observation period. Fitting in-
terpolation equations to the observational data also revealed
that the time lag of Tsoil reacting to Tair was 1 order of mag-
nitude shorter at GR – moving averages of air temperatures
explaining Tsoil at 5 cm showed best fits when integrated over
the last 4.3 h at GR, while they reached back 40.7 h at UGR-1
and even 86.7 h at UGR-2.

In the deeper soil layers (15, 25, 35 cm), the temperatures
at the UGR-2 site were consistently lower than observed at
all other sites (GR, UGR-1). Comparing observations from
GR and UGR-1 sites showed similar average soil tempera-
tures during the first week, while during the second week
soils became warmer for the drier grazed site. Notably, Tsoil
values at 35 and 25 cm at GR were lower compared to UGR-1
during the first measurement days, but due to a steeper warm-

Table 2. R2 and p values for linear regressions between fi-
nal modeled fluxes and measured fluxes at ungrazed (UGR) and
grazed (GR) sites.

Plot GPP Reco NEE CH4

UGR-1 0.82**** 0.90**** 0.84**** 0.84****
UGR-2 0.11* 0.88**** 0.49**** 0.93****
GR-1 0.87**** 0.86**** 0.76**** 0.84****
GR-2 0.73**** 0.44**** 0.61**** 0.93****
GR-3 0.81**** 0.85**** 0.80**** 0.88****

****, ***, **, * and ns indicate p < 0.0001, p < 0.001, p < 0.01, p < 0.05,
p > 0.05 and non-significant, respectively.

ing rate at the grazed site, this changed after 5 d into the ob-
servations.

3.1.4 Thaw depths

Measured thaw depths were greater at all GR sites compared
to all UGR sites throughout the observation period: while the
values within the ungrazed reference area varied between 31–
36 cm over time and across sites, that range was 39–58 cm
at the grazed site. Importantly, the temporal dynamics as
well as the variability across sites also differed strongly be-
tween these two study areas. At UGR, the average increase
in thaw depths was 0.25 cm d−1 during the observation pe-
riod. Even though both observation plots were situated about
50 m apart, conditions were fairly uniform between them,
and thaw depths did not differ by more than 2 cm. In con-
trast, the GR sites showed a higher average thaw depth in-
crease (0.91 cm d−1). Differences in measurements between
plots reached up to 11 cm, even though sites were only sepa-
rated by about 3 m and vegetation and soil conditions seemed
similar.

3.2 Carbon fluxes

All interpolation models described in Sect. 2.4 yielded a sig-
nificant linear regression fit between observed and calculated
values (for details, see Table 2).

3.2.1 CO2 fluxes

As reflected in the strong enhancement in both component
fluxes of NEE, i.e., GPP and Reco, the carbon turnover
rates in the grazed ecosystem increased as a response to
the warmer and drier conditions in the topsoil layers (see
Fig. A1). Regarding photosynthetic uptake of CO2, the aver-
age GPP was significantly higher at GR compared to UGR
(p < 0.0001; see Fig. 2). While all three GR plots show
higher GPP compared to the UGR sites, the difference in
average GPP between the sites is dominated by differences
between the greater fluxes at plot GR-2 and lower fluxes at
UGR-2, while differences between GR-1, GR-3 and UGR-1
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Figure 1. (a) Soil temperature (Tsoil) at GR, UGR-1 and UGR-2 at 5 and 35 cm depth. The interpolation model of Tsoil at 35 cm at UGR-2 (*)
is not based on a significant fit but follows the expected course closely and is therefore included here for overview. (b) Evolution of thaw
depths at all plots.

were significant (at least with the pairwise t tests used) but
rather small to negligible.

Across the entire measurement period, ecosystem respira-
tion Reco was distinctly higher at GR compared to UGR. In
this case, site differences were more consistent; i.e., differ-
ences in flux rates between plots for each site were minor.
Greater Tsoil and decreasing SM were identified as the main
controls for the higher Reco at the GR sites, except for GR-3
where Reco did not increase in response to drying. Possible
reasons for that are discussed in Sect. 4.2.

For NEE, the observed differences in both GPP and Reco
canceled out, resulting in no significant changes in NEE as a
function of grazing disturbance. Temporal dynamics in NEE
largely matched each other across sites, including a decrease
in net uptake rates during the first and warmer week of the
observation period and an increased uptake during the subse-
quent, cooler days. GR-2 was found to be the strongest car-
bon sink in the first period, while NEE at UGR-1 was largest
during the second. Overall, all sites were consistent sinks for
atmospheric CO2 during the observation period.

3.2.2 CH4 fluxes

We observed strong variations in CH4 fluxes between the
plots at GR and UGR sites. While flux rates at both GR and
UGR were similarly large at the beginning of the experiment,
average CH4 fluxes at GR plots started to decline within the
first week of observation, in close correlation with decreas-
ing soil moisture. In contrast, the high water table at UGR
facilitated high CH4 fluxes throughout the observation pe-

riod, and changes in time were mostly connected to changes
in soil temperatures.

At both sites, the variability in CH4 fluxes across plots for
each site was larger compared to the CO2 fluxes. Particularly
for GR, flux estimates even between closely co-located plots
changed from virtually zero to rates similar to those found at
the ungrazed site. Fluxes at GR-3 were smallest throughout
the observation period. During the first days of the exper-
iment, characterized by high soil moisture, CH4 emissions
at GR-1 and UGR-2 were largest, while in the second pe-
riod, when soils at GR dried, they were largest at UGR-2 and
UGR-1.

4 Discussion

4.1 Assessing the quality of flux chamber
measurements

The application of flux chambers may lead to biases in the
ecosystem fluxes themselves (Kutzbach et al., 2007). In-
stalling collars in the ground before starting the experiment,
while necessary to prevent leaking of air, can disturb the
soil and plant roots. At Pleistocene Park, we had to cut a
shallow slit in the ground to be able to tightly fit in col-
lars. In a long-term study assessing both chamber and eddy-
covariance fluxes conducted in the Alaskan tundra, disturb-
ing roots and soil when the chamber was set up was shown to
have a depressing effect on both Reco and, to a stronger ex-
tent, GPP. The chamber fluxes only caught up with the eddy-
covariance fluxes a few years after installing the chambers,
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Figure 2. Overview of C fluxes at all chamber plots from 7 to 21 July. Differing letters indicate significant differences between plots
(p < 0.01; please also see Table B3 for details). Overall (site average), NEE did not differ significantly between GR and UGR, while GPP
and Reco were significantly larger at GR. Daily average CH4 emissions at grazed plots strongly decrease over time, leading to a substantial
net reduction in methane emissions at the GR plots, compared to the UGR reference.

most likely linked to a regeneration of belowground struc-
tures after the initial disturbance (Celis et al., 2017). In the
case of our study, the collars at UGR had already been in-
stalled 6 years before the start of the experiment, and accord-
ingly the disturbance effect should have been negligible. In
contrast, installation artifacts are likely at GR, where collars
were only installed days before starting the 2019 measure-
ment campaign, potentially leading to underestimated fluxes,
mainly considering GPP. The observed enhancement in both
GPP and Reco following drainage may therefore be a conser-
vative finding. A net effect on the derived shifts in NEE is
also possible, since GPP and Reco can be affected in differ-
ent ways, but a quantification of the potential bias cannot be
performed without a longer-term observational dataset.

Another important aspect concerning representativeness of
chamber-based carbon flux measurements is small-scale het-
erogeneity in the ecosystem, which may exist even within
plots that are seemingly homogeneous. This heterogene-

ity is observable at sub-meter scales and can be a result
of disturbances by soil fauna, pockets of fine-root prolif-
eration, moisture gradients, freeze–thaw dynamics, spatial
structures in vegetation distribution such as those introduced
by tussock-forming plants or remnants of decaying organic
matter (Davidson et al., 2002). In the Arctic tundra, this
small-scale heterogeneity is common (Aalto et al., 2013;
Zona et al., 2011) and is, e.g., reflected by variations in soil
temperature, soil moisture and thaw depths. To account for it
in flux uncertainties, more than one chamber is needed to ad-
equately assess the mean and variance of surface–atmosphere
exchange fluxes (Davidson et al., 2002). At UGR, spatial
variability in carbon fluxes and environmental conditions was
analyzed in detail along a transect of 10 flux chamber plots in
a previous study (Kwon et al., 2016), including a description
of the vegetation community structure and hydrologic status
at each plot. Based on these findings, we selected two posi-
tions for the presented study (IDs 2-0, 2-2) which best rep-
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resent the vegetation composition of a waterlogged tussock
tundra that dominated the grazed site before the Pleistocene
Park experiment was started in the 1990s. At GR, the rela-
tively low number of plots available for this study, combined
with the lack of previous studies within the area, implies that
a larger-scale representativeness of this part of the dataset
cannot be validated. In combination with the short tempo-
ral coverage, the GR dataset should therefore be regarded as
a snapshot in both space and time, demonstrating that there
is the potential for significant changes in carbon cycle pro-
cesses following grazing disturbance in permafrost wetlands
while not necessarily providing representative flux quantifi-
cation for a larger domain. As a guideline to evaluate the cap-
tured variability across plots, coefficients of variance (CVs)
can be computed. CVs of Reco measurements in seemingly
homogeneous ecosystems typically range around 30 % and
reach higher values for CH4 fluxes, which tend to be more
location-specific (Davidson et al., 2002). For our study, the
CV for Reco at GR was 11 % but reached 20 % at UGR. For
CH4, CVs were 77 % and 32 %, respectively. The character-
istics found in our dataset are therefore generally in line with
findings presented by Davidson et al. (2002), with the low
CVs for Reco potentially linked to the relatively low num-
ber of plots observed. However, one has to keep in mind that
the GR sites feature more plots than UGR and also a higher
number of observations, both of which may influence a com-
parison of derived CVs.

4.2 Environmental parameters controlling carbon
fluxes – implications for interpolation

Generally, Reco in wet tundra and peatlands is enhanced
by warmer temperatures due to increased microbial activ-
ity (Ueyama et al., 2014; Aurela et al., 2007; Kwon et al.,
2016), and it may also increase due to drying, with increased
potential for aerobic respiration (Lafleur, 2009; Kittler et al.,
2017; Kwon et al., 2016). Identifying and comparing the con-
trols for Reco resulted in different equations across the GR
and UGR sites, linked to the fact that their vegetation and
soil structures differed, as described in detail below.

The GR site is a flat meadow with dense grass tillers,
some decaying tussocks, and relatively dry and warm soils.
At UGR, soils are waterlogged and interspersed with tus-
socks raised above the water level, and the relatively cool,
wet soils are covered by a thick organic layer. These dif-
ferences justify the use of different sets of controls to ex-
plain temporal variability in Reco. At UGR, we used only
Tair as a driver for interpolating Reco, since the water table
was constantly above the ground, and accordingly fluctua-
tions in soil moisture were ruled out. At GR, we used Tsoil
at 5 cm and SM at 7.5 cm instead to explain variability in
Reco. Our choice is in line with other studies correlating Tsoil
and SM with Reco (Huemmrich et al., 2010). Here it is im-
portant to remember that we had only one set of instruments
to measure Tsoil and SM at GR. However, thaw depths and

CH4 fluxes (an indicator for wet/anaerobic conditions; Kwon
et al., 2016) at the grazed plots varied strongly at this small
scale. Therefore, we concluded that the measured soil condi-
tions are not fully representative across the three sub-plots.
For that reason, at GR-3 Tair was also used to interpolate
Reco, since the coefficient of determination was much higher
compared to that of Tsoil. No statistical relationship between
Reco and SM could be found for this plot.

Also CH4 fluxes varied strongly between GR plots, be-
ing highest at GR-1 and lowest at GR-3. Principally, high
Tsoil and water-saturated conditions promote a high CH4 re-
lease (Kwon et al., 2017). We observed an almost continuous
cooling trend from warm to cold across the whole observa-
tion period. At the same time, soil moisture also continuously
decreased. Therefore, high SM was always accompanied by
high Tsoil and low SM by low Tsoil. This made it difficult to
disentangle their effects on CH4 fluxes.

4.3 Chamber fluxes in Arctic tundra ecosystems

Estimates of carbon fluxes obtained by chamber measure-
ments in this study cover a similar range compared to re-
cent reference studies related to grazing in the Arctic tun-
dra (see Table 4). Still, when directly comparing the results
between studies, one has to keep in mind inter- and intra-
annual variability in environmental conditions and therefore
also in carbon fluxes, which are highly pronounced in tundra
ecosystems (López-Blanco et al., 2017; Falk et al., 2015).
Differences in experimental approaches regarding how to as-
sess and display the fluxes further aggravate the compari-
son of fluxes across studies. Furthermore, many studies cover
longer timescales compared to this study.

Values presented by Kwon et al. (2016), obtained during
flux chamber campaigns from the period 2013–2015 at the
Ambolikha site that served as the UGR reference within the
context of the presented study, largely agree with our find-
ings. A wet Carex meadow (grazed by geese) in a subarctic
coastal tundra showed very similar values compared to val-
ues at UGR (Kelsey et al., 2016). Most of the other stud-
ies displayed in Table 3 were conducted in the high Arctic;
therefore flux magnitudes are expected to be lower compared
to our study (Cassidy et al., 2016; Falk et al., 2015; Curasi
et al., 2016). Falk et al. (2015) observed similar patterns con-
cerning the amplification of both GPP and Reco as a response
to grazing compared to our study for a wet tundra ecosys-
tem. However, we are not aware of studies examining carbon
fluxes on a similar type of grazed ecosystem to that at Pleis-
tocene Park, in corresponding climatic conditions.
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Table 3. Mean daily C fluxes for each chamber site (total SE in brackets). Values in µmol C m−2 s−1.

Plot GPP Reco NEE CH4

UGR-1 −9.55(±2.80) 3.67(±1.46) −5.88(±4.26) 0.15(±0.014)
UGR-2 −4.82(±1.44) 2.58(±0.58) −2.24(±2.02) 0.22(±0.015)
UGR avg −7.19(±2.12) 3.13(±1.02) −4.06(±3.14) 0.18(±0.015)

GR-1 −10.30(±2.03) 7.42(±1.31) −2.88(±3.34) 0.17(±0.049)
GR-2 −12.60(±2.94) 7.66(±1.64) −4.95(±4.58) 0.10(±0.023)
GR-3 −10.26(±2.48) 6.17(±0.97) −4.08(±3.55) 0.02(±0.008)
GR avg −11.06(±2.48) 7.09(±1.31) −3.97(±3.82) 0.10(±0.028)

Table 4. Comparison of mean growing-season fluxes (chamber measurements) in recent studies. Values in µmol C m−2 s−1.

Year GPP Reco NEE Ecotype Reference

2019 −11.06(±2.48) 7.09(±1.31) −3.97(±0.59) wet tussock tundra (GR, grazed) this study
2019 −7.19(±2.12) 3.13(±1.02) −4.06(±3.14) wet tussock tundra (UGR, ungrazed) this study
2014 −7.32(±0.11) 3.15(±0.15) −4.15(±0.17) wet tussock tundra (drained∗) Kwon et al. (2016)
2014 −5.98(±0.03) 3.84(±0.20) −2.14(±0.17) wet tussock tundra (control∗) Kwon et al. (2016)
2016 −7.17(±0.33) 5.54 −1.63(±0.33) grazed wet Carex meadow Kelsey et al. (2016)
2016 −4.26(±0.61) 2.69(±0.26) −1.60(±0.56) high Arctic tundra Curasi et al. (2016)
2012 −4.67(±0.32) 1.91(±0.1) −2.73(±0.26) arctic mire, grazed Falk et al. (2015)
2012 −4.28(±0.34) 1.67(±0.076) −2.53(±0.26) arctic mire grazing exclosure Falk et al. (2015)
2013 −3.91(±0.21) 2.43(±0.1) −1.47(±0.15) arctic mire, grazed Falk et al. (2015)
2013 −3.07(±0.21) 2.29(±0.11) −0.78(±0.16) arctic mire, grazing exclosure Falk et al. (2015)
2015 −1.47(±0.26) 1.14(±0.15) −0.33(±0.15) ungrazed high Arctic tundra Cassidy et al. (2016)

∗ Indicates sites in the same area as UGR in this study.

4.4 Grazing impacts on vegetation and albedo at
Pleistocene Park

Grazing by large herbivores had a number of obvious im-
pacts on the vegetation in Pleistocene Park. However, one
issue that complicates the attribution of the herbivore influ-
ence on the vegetation is the year-long human disturbance by
the park operations, such as operation of vehicles or feeding
animals in winter. While this influence is mostly restricted
to selected areas and transects across the park and no major
direct impact was apparent for the study plots used within
the context of this study, one cannot completely disentan-
gle the impacts of anthropogenic and grazing disturbances.
Another issue that needs to be considered when interpret-
ing the presented intercomparison of GR and UGR sites is
potential differences in site characteristics that were already
present before grazing management in the Pleistocene Park
areas started. Lacking pre-treatment flux datasets for both
sites, the only reference that is available is the similar ap-
pearance of both GR and UGR sites in photographs from the
early 2000s, i.e., a time when ecosystem transformation due
to grazing was still in an initial stage. Accordingly, while
the differences in aboveground ecosystem characteristics de-
scribed below can clearly be attributed to grazing pressure
over the past 2 decades, the highlighted differences in car-

bon fluxes may at least partially have been present in the
pre-treatment state. While unlikely to affect the qualitative
tendencies of higher carbon turnover and reduced methane
emissions, this potential systematic bias clearly needs to be
considered when evaluating and interpreting the flux num-
bers.

Around our chamber site at GR, almost all sedge tussocks
were in a state of decay or had disappeared nearly com-
pletely. In place of them or between their remnants, many
single plant tillers (mainly Carex spp. and Calamagrostis
langsdorfii) grew. These apparent changes in soil and veg-
etation properties in Pleistocene Park are in accordance with
previously reported observations documenting grazing im-
pacts. For example, the transformation from tussocks to grass
mats by grazing, accompanied by a strong increase in be-
lowground biomass, has already been observed for montane
biomes (Hofstede and Rossenaar, 1995; Pucheta et al., 2004).
Some sedges found in Arctic environments, such as Carex
aquatilis, were shown to benefit from muskox grazing, since
they feature strong root production and the ability to produce
dense grass tillers and therefore more easily recover from
grazing (Raillard and Svoboda, 1999; Kitti et al., 2009). This
ability gives them an advantage over other species (Tolva-
nen and Henry, 2000), leading to a more turf-like vegetation
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structure that gradually replaces the original plant commu-
nity.

Fertilization of tundra ecosystems through available nu-
trients from urine and faeces also influences vegetation
communities under grazing pressure (Raillard and Svoboda,
1999, 2000). Accelerated urea-nutrient uptake by living
plants has been reported for upland tundra (Barthelemy et al.,
2018), where graminoids were more efficient in using these
resources compared to shrubs. At ungrazed sites such as
UGR, the aboveground parts of the plant die off, wither
and accumulate on the topsoil, where they rot slowly, lead-
ing to a thick organic layer (Kwon et al., 2016). In com-
parison, at grazed sites such as GR, the plant shoots were
regularly removed by the animals, resulting in reduced lit-
ter accumulation. Linked to the same effect, valleys in the
Canadian Arctic which are regularly grazed by muskoxen
give the impression of a productive meadow, while ungrazed
sites in the same region appear overgrown and rather nutrient
starved (Raillard and Svoboda, 2000). Similar effects were
observed by Falk et al. (2015), where excluding muskoxen
from an Arctic mire decreased the number of plant tillers and
increased litter and moss cover. In both upland and lowland
tundra ecosystems, herbivores, mostly reindeer or muskoxen,
have been shown to reduce moss cover and decrease shrub
cover by trampling and browsing, promoting the expansion
of graminoids (Kitti et al., 2009; Manseau et al., 1996; Olofs-
son, 2006; Ylänne et al., 2018; Falk et al., 2015). Landscapes
covered by graminoids usually have a higher albedo com-
pared to shrub-covered ones (Te Beest et al., 2016; Chapin
et al., 2005). Accordingly, herbivore grazing can systemat-
ically increase the surface reflectivity and therefore reduce
ecosystem energy input. This observation agrees with our re-
sults, which show a significantly higher albedo at GR com-
pared to UGR. Within Pleistocene Park, we are confident that
in more shrubby, heavily browsed upland tundra and taiga
areas, the increase in albedo following the grazing impact is
even more pronounced due to the expansion of graminoids.
Since the grazing history of about 22 years at Pleistocene
Park is still relatively short, the ecosystem is most probably
still in a transition state. We therefore expect further changes
in vegetation community structure over the coming decades,
given a persistent grazing pressure, i.e., a further condensing
of the grass mat and accordingly increased tiller formation
and living belowground biomass. Denser grass cover is likely
to further enhance the albedo and will also more effectively
shade the soil surface. In the long term, both effects should
therefore contribute to altering the energy budget, potentially
leading to a cooling of shallow soil layers (see also below).

4.5 Grazing impacts on soil properties

We found overall Tsoil, especially in the topsoil, to be higher
at the grazed sites, as well as temperature gradients to be
steeper and thaw depths to be greater. At the same time, GR
was relatively dry compared to UGR, where the water ta-

ble was above the ground throughout our observation period.
Ultimately, TS, 5 cm at GR reacted 1 order of magnitude faster
to changes in Tair compared to UGR-1 and UGR-2. Over-
all, we suggest there were two processes dominating how
grazing pressure transformed the soil at GR: compacting the
soil by trampling the organic peat layer (plus related effects
on vegetation) and the reduction in soil moisture. A long-
term drainage experiment conducted at UGR demonstrated
that the topsoil peat layer can strongly influence the soil ther-
mal regime within tundra ecosystems (Göckede et al., 2019).
When drying out the organic layer, it warms up faster but
poorly conducts the heat to deeper soil layers (Kwon et al.,
2016). When this peat layer is trampled by herbivores, as ob-
served at GR, the soil thermal regime may be significantly
modified, with effects on both thermal conductivity and dif-
fusivity.

A reduction in soil moisture, which was observed at GR,
generally leads to a decrease in thermal conductivity and heat
capacity in organic soils (Ochsner et al., 2001; Kwon et al.,
2016). Since the warming of the soil was stronger overall
at GR, the effects of lower water content on reducing the
soil heat capacity along with the higher conductivity caused
by topsoil compaction may have taken over as the dominant
control. Accordingly, higher temperatures and temperature
fluctuations are likely, since less energy is needed to warm up
the soil and increase thaw depths. In previous studies, tram-
pling and grazing in the tundra were already shown to lead to
the diminishing of the organic litter/moss layer on the topsoil,
a decrease in shading by shrubs, and consequently higher soil
temperatures and more compact soils (Ylänne et al., 2018;
Olofsson et al., 2001, 2004; Te Beest et al., 2016; Falk et al.,
2015). The important role of soil moisture conditions is also
highlighted in the results by Windirsch et al. (2021), who in-
vestigated places with different grazing pressure within the
same thermokarst basin in Pleistocene Park as where our
GR sites were located. The drier locations showed a deeper
thaw depth in their study, even though the grazing pressure at
these sites was actually lower. In accordance with Windirsch
et al. (2021), we therefore conclude that both grazing pres-
sure and soil moisture differences have the potential to sub-
stantially influence soil properties, and their co-existing in-
fluence needs to be tested in further experiments.

The lower soil moisture observed at GR can be linked
to an increase in evapotranspiration. The transpiration rate
correlates with observed stronger photosynthetic activity
(i.e., GPP) due to the adjustment of stomatal conductance
to match the biochemical potential for photosynthesis (Far-
quhar and Sharkey, 1982; Field et al., 1992). Additionally,
evaporation increases due to a decrease in litter as a re-
sult of grazing (Larson and Whitman, 1942; Dyksterhuis
and Schmutz, 1947). Accordingly, a decline in soil mois-
ture is reported for tundra ecosystems under grazing in-
fluence (Ylänne et al., 2018) and also for other grazed
biomes (Vandandorj et al., 2017; Yan et al., 2018; Larson
and Whitman, 1942; Dyksterhuis and Schmutz, 1947) where
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soil structural (i.e., compaction) and subsequent hydrological
changes have been reported. In summary, our results for the
grazed site within Pleistocene Park, which show drier soils
and a higher GPP compared to UGR, agree with previous
findings, emphasizing that grazing can exert strong changes
in the thermal and hydrological regimes.

4.6 Grazing influence on carbon fluxes

Our findings confirm that grazing in tundra ecosystems can
lead to higher Tsoil and lower soil moisture, which is usu-
ally related to an increase in Reco (Ylänne and Stark, 2019;
Väisänen et al., 2014; Metcalfe and Olofsson, 2015; Ca-
hoon et al., 2012). This increase in Reco was similar in ex-
periments studying warming and drainage effects on tundra
ecosystems exclusively (Christensen et al., 2000; Huemm-
rich et al., 2010; McEwing et al., 2015; Oechel et al., 1998;
Zona et al., 2011; Natali et al., 2015). In addition to trig-
gering these biogeophysical shifts in soil properties, grazing
was also shown to lead to faster nutrient cycling in both up-
land and lowland tundra ecosystems (Ylänne et al., 2018;
Olofsson et al., 2001, 2004; Stark et al., 2007; Barthelemy
et al., 2018; Raillard and Svoboda, 2000). Higher nutrient
availability (Olofsson et al., 2001; Ylänne and Stark, 2019;
Raillard and Svoboda, 2000), along with soil thermal and
hydrological changes, might therefore be an explanation for
high GPP fluxes observed in our Pleistocene Park study plots.
As discussed earlier, these increases may even be more pro-
nounced after full recovery from the disturbance inflicted by
installing the chamber collars.

Accordingly, despite the reported increases in GPP, our ex-
periments did not yield an enhancement in net carbon up-
take by grazing, i.e., a more negative NEE, during the grow-
ing season. In contrast, in other wet Arctic graminoid com-
munities (Falk et al., 2015), NEE was greatly enhanced by
grazing. In upland tundra ecosystems, however, net uptake
was often lower at grazed compared to ungrazed or only
lightly grazed sites. The main explanations for these shifts
were either a simultaneous increase in Reco at grazed sites
(Ylänne and Stark, 2019; Väisänen et al., 2014; Metcalfe
and Olofsson, 2015; Cahoon et al., 2012) balancing GPP
gains or a decrease in GPP linked to a decrease in plant
biomass and leaf area index (Metcalfe and Olofsson, 2015;
Cahoon et al., 2012) following grazing. However, at the same
time grazed upland tundra exhibits stable or even increased
belowground carbon storage (Ylänne et al., 2018), indicat-
ing that decreased Reco in the non-growing season possi-
bly (over-)compensates for the decreased NEE in the grow-
ing season. It can be speculated that the reported differences
in ecosystem properties between grazed and non-grazed ar-
eas have further implications for carbon fluxes in the non-
growing season that have not yet been studied in detail.

GR is an ecosystem in transition from a tussock tundra
topped by a thick organic layer to a grassland with dense
tillers. At the same time, the mean water table during the

growing season has been lowered. These shifts may lead to
a change in which soil horizon carbon is primarily accumu-
lated, with stronger accumulation in deeper soil layers, as ob-
served by Hofstede and Rossenaar (1995) and Pucheta et al.
(2004). The decay of the remnants of tussocks, as well as
the decomposition of large carbon pools in the now drier or-
ganic topsoil, may contribute to the high ecosystem respira-
tion rates observed. These fluxes, however, have the potential
to decrease in the future, leading to decreasing rates of Reco
and therefore increased NEE.

In contrast to the current situation in most circum-Arctic
ecosystems, Pleistocene Park exhibits a high diversity of her-
bivores that are absent from the landscape elsewhere. Previ-
ous studies have indicated that herbivore diversity leads to a
more balanced use of food plants (Chang et al., 2018, 2020;
Larter and Nagy, 2001; Sitters et al., 2020; Cromsigt et al.,
2018) and correlates with increased carbon uptake and soil
carbon storage (Chang et al., 2018, 2020; Sitters et al.,
2020). While such shifts have yet to be shown for permafrost
ecosystems, the first observations in Pleistocene Park hint
at positive long-term effects of big herbivore introduction
on carbon sequestration. These insights and also questions
emerging from ongoing studies call for future research con-
cerning the influence of big herbivores on the carbon balance
of permafrost ecosystems, with a focus on long-term, year-
round monitoring.

5 Conclusions

In this study, we investigated the impact of long-term graz-
ing disturbance on a previously wet tussock tundra ecosys-
tem underlain by permafrost in the Siberian Arctic using flux
chamber observations over 2.5 weeks during the growing
season in summer 2019. Over the past 22 years, introduction
of large herds of herbivores in the context of the so-called
Pleistocene Park experiment has altered vegetation and soil
properties within the affected area, in this way initiating an
ongoing transformation from a waterlogged, overgrown tus-
sock tundra towards a drier ecosystem featuring more turf-
like vegetation. We compared the managed ecosystem inside
Pleistocene Park to a nearby undisturbed reference site, fo-
cusing our study on differences in soil thermal and hydrolog-
ical properties and how these influenced the exchange fluxes
of carbon between the ecosystem and the atmosphere.

We measured a significantly lower albedo at the grazed site
compared to the undisturbed reference, which can be mostly
explained by a lower abundance of shrubs. Soil compaction
as a result of trampling, in combination with higher evapo-
transpiration losses, led to a decrease in soil moisture. Linked
to the associated reduction in soil heat capacity, topsoil tem-
peratures in the park were higher and reacted 1 order of mag-
nitude faster to changes in air temperatures compared to the
undisturbed tundra. Due to warmer and drier conditions in
the soil, both GPP and Reco during July were significantly
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higher at the grazed site in the park compared to an undis-
turbed wet tussock tundra, while no substantial differences
in NEE were found. CH4 emissions, following the shift in
hydrological properties, were distinctly lower in the park but
also highly variable between plots.

With respect to the hypotheses postulated for the net im-
pact of grazing disturbance within the Pleistocene Park,
our findings agree with the assumed acceleration of carbon
turnover, a reduction in albedo linked to shifts in vegetation
communities and a reduction in methane emissions; however,
due to the short observation period, our results cannot be re-
garded as proofs of this concept, and more experiments are
required to evaluate spatial and temporal representativeness.
The effect of grazing on nutrient availability and associated
responses of the vegetation community remain open ques-
tions that must be quantitatively assessed at Pleistocene Park.
Furthermore, it is essential that carbon fluxes will be investi-
gated over longer timescales, with year-round data coverage.
Especially fluxes during autumn and early winter, which ac-
count for a significant part of the annual carbon budget, need
to be included to enable a more comprehensive assessment
of the net effects of grazing management on carbon seques-
tration in the Arctic tundra. Accordingly, future experiments
are planned to address these research topics.
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Appendix A: Location of study sites

Figure A1. Location of study sites. (a) Circum-polar map showing the location of the study site near Chersky in northeast Siberia. (b) Landsat
composite image of the study region close to Chersky. (c) Aerial photograph of the Ambolikha site; the location of the meteorological tower
and eddy-covariance system and chamber plots are indicated. Plot numbers 1 (UGR-1) and 2 (UGR-2), which denote sites used in this study,
are framed in red boxes. (d) Location of the GR observation sites inside Pleistocene Park. The area between the fences (red) is the core area
with the highest grazing pressure.
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Appendix B: Derivation of models for the interpolation
of C fluxes

B1 Modeling Reco

Investigating the environmental drivers and their evolution
in correlation with Reco measurements revealed that there
is no uniform set of drivers across observation sites yield-
ing optimum regression fits. Regarding input data, for sites
UGR-1 and UGR-2 soil temperatures measured individually
at each plot were used, while a single time series was used
for all three GR sites. This setup was chosen since the two
UGR sites are spaced 50 m apart, while all three GR sites
were placed within a radius of approximately 6 m.

For GR-1 and GR-2, in contrast to all other sites, changes
in SM apparently exerted a strong influence on Reco (see
Fig. B1). However, both high and low Tsoil or Tair were
not measured in all SM ranges. Therefore, for each site we
first selected Reco fluxes for a moisture interval that shows a
wide spectrum of soil temperatures (SM7.5 cm at GR-1, 54 %–
61 %; at GR-2, 57.5 %–62 %). Next, an exponential regres-
sion (Tsoil at 5 cm ∼ Reco) was fit to the data within this
interval (blue dots, left graphs, Fig. B1). The resulting for-
mula was applied to the Tsoil at 5 cm of the whole SM range,
which yielded a simulated set of values for Reco if soil mois-
ture did not change. This set of values was subtracted from
the original flux values, and residuals were utilized for a sec-
ond linear regression (residuals ∼SM7.5 cm, central graphs,
Fig. B1) to account for the influence of variable soil mois-
ture on fluxes. Huemmrich et al. (2010) observed a similar
correlation between the soil water regime, soil temperature
and soil moisture to that proposed here, substantiating the
approach. For Reco estimates at GR-3, UGR-1 and UGR-2,
fits were optimal when utilizing air temperatures in combi-
nation with an exponential regression, while no significant
correlation could be found when trying to explain residuals
with SM, thaw depth or other variables (Fig. B2).

B2 Modeling CH4 fluxes

CH4 fluxes showed a strong correlation to both TS (all sites)
and SM at all depths (GR-1, GR-2, GR-3). However, there
was a strong co-linearity between TS and SM. Therefore, to
reach the best possible fit for interpolating CH4 fluxes, at
GR, while accounting for both drivers, data were split up into
two moisture groups (SM15 cm > 60% and SM15 cm < 60%)
to apply a pseudo-stepwise regression. Then, for each plot, a
linear regression between CH4 fluxes of the lower-moisture
group and TS, 25 cm was computed (Fig. B4b, e, h). Second,
the resulting linear equation was applied to the complete
dataset for each plot, integrating both moisture groups. The
residuals between these calculated values and the measured
values were fit against SM15 cm, applying another linear re-
gression and resulting in a second linear equation. These
two resulting equations were used to interpolate CH4 fluxes

for each plot. Since soil moisture did not change at UGR-1
and UGR-2, the linear regression between CH4 fluxes and
TS, 15 cm yielded the linear equations used to model fluxes at
these sites (Fig. B3).

B3 Comparison of daily means of fluxes, soil
temperatures, radiation and albedo

As stated in the “Materials and methods” section, a repeated
measures ANOVA was conducted to make sure measure-
ments were independent in between days (effect is day of
year (DOY); see Table B1). Statistics for all compared daily
means are shown in Table B1. Tables B2 to B4 display cor-
rected p values of pairwise t tests used to compare fluxes,
soil temperatures and radiation between sites and/or plots.
We used Holm’s method for the post correction of p values,
since Bonferroni’s method (or also Tukey’s test instead of
t tests), which is by definition more conservative, resulted in
p values of 1 on some occasions, which might hint at pos-
sible type II errors. However, the significance level was set
to 0.01 for a more conservative interpretation of the results.

B4 Error calculation

For the final modeled fluxes, which provide the basis to cal-
culate daily average fluxes, a series of error sources was iden-
tified (see Table B4). First, a bootstrapping approach to ob-
tain a median slope of CO2 and CH4 concentration changes
(see also “Materials and methods” section) allows us to gen-
erate an error range for observed flux rates. The standard er-
ror of the calculated slopes was transformed into a flux by
the same formula applied to the median slope, averaged over
all measurements, and is called Errslope. For GPP, Errslope is
composed of the Errslope of both NEE measurements and
Reco measurements, since these two direct flux measure-
ments needed to be combined for GPP. Second, modeling
the chamber fluxes in order to have a continuous time se-
ries results in deviations from the modeled vs. the measured
fluxes. Here, a linear regression (modeled vs. measured) was
applied to evaluate the model quality and to obtain a standard
error. Third, to model and interpolate Reco (at GR-1 and GR-
2) and CH4 fluxes (at UGR-1 and UGR-2), interpolated soil
temperatures were used. Therefore, the RMSE of these mod-
els was considered by adding it to the TS term in the inter-
polation formula for Reco (TS, 5 cm) and CH4 fluxes (TS, 15 cm,
TS, 25 cm). In a last step, the initial flux was subtracted from
this “enhanced” flux, and the result was defined as the TS er-
ror (ErrTS ). All these errors are summarized by Errabs and are
depicted in Table B1. NEE errors are summed Errabs values
from Reco and GPP.
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Figure B1. Depiction of the relationship between TS, 5 cm and SM and Reco for GR-1 (a, c, e) and GR-2 (b, d, f). Interpolation models are
formed by the equations of depicted regression curves. The graphs on the right (e, f) show modeled vs. measured fluxes.

Table B1. Statistics of repeated measures ANOVA applied to the daily means of modeled fluxes, radiation measurements and Tsoil at 5 cm
at all sites over the whole observation period. (DOY denotes day of year; SWd denotes downwelling shortwave radiation; SWu denotes
upwelling shortwave radiation; DFn denotes degrees of freedom in the numerator; DFd denotes degrees of freedom in the denominator; SSn
denotes sum of squares in the numerator; SSd denotes sum of squares in the denominator; ges denotes generalized eta squared (η2).)

Flux Effect DFn DFd SSn SSd F p ges

Reco DOY 14 56 112.59 33.46 13.46 < 0.0001 0.77
GPP DOY 14 56 132.64 16.60 31.95 < 0.0001 0.89
NEE DOY 14 56 108.87 46.11 9.44 < 0.0001 0.70
CH4 DOY 14 56 0.16 0.10 6.47 < 0.0001 0.62
Tsoil at 5 cm DOY 14 28 348.91 18.12 38.50 < 0.0001 0.95
SWd DOY 14 14 109 439 1423.57 76.88 < 0.0001 0.99
SWu DOY 14 14 4978.72 101.64 48.99 < 0.0001 0.98
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Figure B2. Depiction of the relationship between Tair and Reco for GR-3 (a), UGR-1 (b) and UGR-2 (c). Interpolation models are formed
by the equation of the depicted regression curve. The graphs on the right (d, e, f) show modeled vs. measured fluxes.

Figure B3. Exponential regressions between CH4 fluxes and TS, 15 cm for UGR-1 (a) and UGR-2 (b).
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Figure B4. Depiction of influencing drivers of CH4 fluxes (GR-1: a, b, c; GR-2: d, e, f; GR-3: g, h, i) and the following derivation of
formulas for the interpolation process, showing how the magnitude of fluxes is higher for high soil moisture (a, d, g) and how SM15 cm and
TS, 25 cm jointly explain CH4 fluxes.

Table B2. Corrected p values (insignificant values marked bold) of pairwise t tests applied to daily means of Tsoil at 5 cm, SWu (upwelling
shortwave radiation) and SWd (downwelling shortwave radiation).

Tsoil at 5 cm GR UGR-1

UGR-1 < 0.0001 –
UGR-2 < 0.0001 0.00014

Radiation SWd (UGR) SWu (UGR)

SWd (GR) 0.23 –
SWu (GR) – < 0.0001
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Table B3. Corrected p values (insignificant values – above 0.01 – marked bold) of pairwise t tests applied to daily means of modeled fluxes
at all sites over the whole observation period. UGR avg and GR avg were compared separately.

Reco GR-1 GR-2 GR-3 UGR-1 UGR avg

GR-2 0.38 – – – –
GR-3 0.0006 0.01125 – – –
UGR-1 < 0.0001 < 0.0001 < 0.0001 – –
UGR-2 < 0.0001 < 0.0001 < 0.0001 0.00057 –
GR avg – – – – < 0.0001

GPP GR-1 GR-2 GR-3 UGR-1 UGR avg

GR-2 < 0.0001 – – – –
GR-3 0.0051 < 0.0001 – – –
UGR-1 < 0.0001 < 0.0001 < 0.0001 – –
UGR-2 < 0.0001 < 0.0001 < 0.0001 < 0.0001 –
GR avg - - - - < 0.0001

NEE GR-1 GR-2 GR-3 UGR-1 UGR avg

GR-2 < 0.0001 – – – –
GR-3 0.00098 0.18787 – – –
UGR-1 < 0.0001 0.11569 < 0.0001 – –
UGR-2 0.18787 0.00031 < 0.0001 < 0.0001 –
GR avg – – – – 0.73

CH4 GR-1 GR-2 GR-3 UGR-1 UGR avg

GR-2 0.0001 – – – –
GR-3 0.0001 0.00011 – – –
UGR-1 0.45655 0.01667 < 0.0001 – –
UGR-2 0.08469 < 0.0001 < 0.0001 < 0.0001 –
GR avg – – – – < 0.0001

Table B4. Error range of C fluxes, with values given in µmol C m−2 s−1. Errabs describes the final cumulative error that is also used in the
results section.

UGR-1 UGR-2 GR-1 GR-2 GR-3

Reco
Errslope 0.16 0.13 0.15 0.13 0.13
Errmod 0.89 0.45 0.65 1.16 0.84
ErrTS – – 0.51 0.35 –
Errabs 1.46 0.58 1.31 1.64 0.97

GPP
Errslope 0.30 0.24 0.26 0.27 0.33
Errmod 2.50 1.20 1.77 2.67 2.15
Errabs 2.80 1.44 2.03 2.94 2.48

NEE
Errabs (Reco) 1.46 0.58 1.31 1.64 0.97
Errabs (GPP) 2.80 1.44 2.03 2.94 2.48
Errcomp 4.26 2.02 3.34 4.58 3.55

CH4
Errslope 0.0022 0.0033 0.0039 0.0026 0.00090
Errmod 0.011 0.012 0.045 0.020 0.007
ErrTS, 15 cm 0.0013 0.0014 – – –
Errabs 0.014 0.016 0.049 0.027 0.008
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Code and data availability. The observational data used within
the context of this study have been published on Edmond
– The Open Research Data Repository operated by the Max
Planck Society (https://edmond.mpdl.mpg.de, last access: 14 March
2022) (Göckede and Fischer , 2022). The dataset archived there is
openly accessible through https://doi.org/10.17617/3.91. The code
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