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Climate warming is projected to be particularly pronounced in the northern high latitudes coupled with

reduced light availability due to increased cloudiness. The changing climate may alter the fluxes of

greenhouse gases (GHGs) and atmospherically reactive trace gases, which can drive important climate

feedbacks. We investigated the individual and combined effects of warming and increased cloudiness on

methane (CH4), carbon dioxide (CO2), nitrous oxide (N2O), nitric oxide (NO), nitrous acid (HONO) and

biogenic volatile organic compound (BVOC) fluxes in mesocosms from two tundra and one palsa mire

ecosystems kept under strict environmental control in climate chambers. We also examined whether

and how prevailing soil physiochemical properties and plant species composition affected the fluxes. In

control conditions, all sites were net sinks of CH4 and CO2 during both growing seasons except for the

palsa site which was a net source of CO2 in the second growing season. Warming enhanced CH4

uptake, mostly observed in the palsa site, and turned the palsa site from a sink to a source of CO2 in the

first growing season and increased the CO2 source strength in the second growing season. Warming

increased BVOC emissions while increased cloudiness mostly decreased the emissions. The combined

treatment of warming and increased cloudiness decreased CH4 uptake, mostly observed in the palsa site,

and BVOC emissions. Fluxes of CO2 were linked to availability of soil carbon and organic matter, litter

input, soil pH and bulk density, and cover of mosses. Low emissions of N2O, NO, and HONO could

mainly be explained by limited availability of mineral nitrogen. Warming-enhanced CH4 uptake and

BVOC emissions will provide a negative feedback to climate while enhanced CO2 release from palsa

mires will exacerbate global warming. Under combined warming and increased cloudiness, subarctic

ecosystems may shift from sinks to sources of CH4, providing a positive feedback to climate. Prevailing

soil physiochemical properties and vegetation composition will play a significant role in controlling the

fluxes, hence contributing to the overall climate change effects and feedback.
Environmental signicance

The high latitudes of the Northern Hemisphere are warming at a rate faster than the global average coupled with reduced light availability due to increased
cloudiness. We have an inadequate understanding of how the rapidly changing climate will affect the ecosystem–atmosphere exchange of trace gases in the
northern high latitudes which can have important feedback effects on the climate. Here, using a climate chamber setup, we quantied uxes of greenhouse and
atmospherically reactive trace gases in mesocosms from two tundra and one palsa mire ecosystems exposed to simulated conditions of future warming and
increased cloudiness in the Subarctic. The palsa mire was the most responsive to the climate treatments as warming enhancedmethane uptake and emissions of
biogenic volatile organic compounds suggesting these ecosystems will provide a negative feedback to climate. Palsa mires will also be stronger carbon dioxide
sources under warming and in the long term may shi from sinks to sources of methane under combined warming and increased cloudiness, providing
a positive feedback to climate.
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1. Introduction

Carbon and nitrogen cycling involve a range of processes
exchanging trace gases between ecosystems and the atmo-
sphere, which govern the net carbon balance.1–3 We have an
inadequate understanding of how the ecosystem–atmosphere
exchange of different trace gases in the high latitude northern
ecosystems is affected by the rapidly changing climate.

Methane (CH4) and carbon dioxide (CO2) are greenhouse
gases (GHGs), the uxes of which are controlled by both biotic
and abiotic processes.4,5 In anoxic conditions, CH4 is produced
through methanogenesis by anaerobic microorganisms of the
Archaea domain.6 The produced CH4 is then transported to the
atmosphere by molecular diffusion, plant-mediated transport,
or ebullition, and during this transport part of the CH4 is
consumed through oxidation by methanotrophic bacteria in
well-aerated soils.5–7 The net exchange of CO2 between terres-
trial ecosystems and the atmosphere is determined by the
balance between photosynthesis and respiration. ‘Carbon-
xing’ autotrophic organisms, mainly plants and photosyn-
thetic soil microbes, take up CO2.8 Fixed carbon is then returned
to the atmosphere (emission) via plant and soil respiration.8

The uxes of CH4 and CO2 are affected by plant species
composition and soil properties such as soil temperature, soil
moisture and permeability, nutrient availability, and soil
pH,1,4,5,7,9–12 while solar radiation and temperature are the main
drivers of CO2 uptake and emission.13

Nitrous oxide (N2O) is a potent GHG, which has 273 times
stronger warming potential than CO2 in 100 year's reference
period.14 Nitric oxide (NO) is readily oxidized by ozone (O3) in
the atmosphere, and it plays a vital role in maintaining the
atmospheric O3 level.15 Nitrous acid (HONO) is an important
source of hydroxyl (OH) radicals in the atmosphere, contrib-
uting ca. 55% of total daytime OH production,16 which can
reduce the atmospheric lifetime of CH4 through oxidation.17

The uxes of the nitrogenous gases N2O, NO, and HONO at soil–
atmosphere interphase are related to biotic (e.g. nitrication or
denitrication) and abiotic (chemodenitrication)
processes.18–20 Also, soil moisture and pH, and the availability of
mineral nitrogen such as nitrate (NO3

−), nitrite (NO2
−) and

ammonium (NH4
+) essential for nitrication, denitrication,

and chemodenitrication processes are important factors gov-
erning the uxes of N2O, NO, and HONO.18–22

Plants emit substantial amounts of their photosynthetically
assimilated carbon to the atmosphere as biogenic volatile
organic compounds (BVOCs).23 BVOCs are a diverse group of
non-methane hydrocarbons, and they are also released from
soils.24 BVOCs are involved in defense against abiotic and biotic
stresses and in plant–insect–microbe interactions.24,25 BVOCs
are reactive compounds and, together with NO and HONO, play
a signicant role in atmospheric chemistry. BVOCs contribute
to the formation of tropospheric O3 by interacting with NOx

under sunlight.15 In Arctic and subarctic regions where NOx

levels are relatively low, BVOCs mainly react with OH radicals
and photo-oxidation of BVOCs by OH radicals can increase the
atmospheric lifetime of CH4.26 Photo-oxidation of BVOCs
© 2024 The Author(s). Published by the Royal Society of Chemistry
further leads to the formation of secondary organic aerosols,
which are precursors of cloud formation and may exert net
cooling (i.e. negative radiative) effect on the climate.27,28

Climate change is projected to be particularly pronounced in
high-latitude regions.14 Mean annual temperature in the
northern high latitudes has already increased by 2–3 °C since
the 1950s,29 and the increase by 2050 is projected to be about 4 °
C.30 Besides warming, the northern high latitudes will also
experience changes in precipitation, evaporation patterns, and
cloud cover.14,31 The warmer conditions together with increased
cloudiness will likely directly inuence the ecosystem–atmo-
sphere uxes of greenhouse and atmospherically reactive gases
in the subarctic region.

Warming could lead to enhanced decomposition and
mineralization, which may increase the release of carbon-based
compounds such as CH4, CO2, or BVOCs to the atmosphere,
triggering important feedback loops.14,32–34 Warming-induced
enhanced plant growth and changes in plant community
composition and extent in the high latitudes35,36 will increase
photosynthetic uptake of CO2.32,37 Increased inputs of decid-
uous leaf litter can affect nutrient content, substrate availability,
and microbial community structure and activity,35,38–40 which in
turn inuence gas uxes. Warming may also enhance soil
nitrication and denitrication processes,41 which are impor-
tant pathways of soil N2O, NO, and HONO production.18–20 Since
BVOC emissions from northern vegetation and soils are highly
temperature sensitive,42–44 drastically increased emissions from
vegetation and soil are expected under the projected climate
warming of 4 °C by 2050. Increased cloudiness due to increased
moisture content of a warmer atmosphere will reduce the solar
radiation reaching the Earth's surface.45,46 As emissions of many
BVOCs are light-dependent,47,48 reduced incoming radiation has
the potential to decrease the emissions.

Understanding how warming and increased cloudiness
alone and in concert affect the uxes of GHGs and reactive trace
gases in subarctic ecosystems is essential for the projection of
future climate change effects and feedback. Here we investi-
gated how the uxes of CH4, CO2, N2O, NO, HONO, and BVOCs
in mesocosms of three subarctic ecosystems are altered by
climate change, specically focusing on the effects of increased
temperature, increased cloudiness, and the interaction between
these two. We also examined whether and how vegetation (plant
species composition) and soil properties affect the uxes.

2. Materials and methods
2.1 Mesocosm sampling, experimental setup, and climate
simulation

Mesocosms, i.e. blocks of soil and the intact vegetation on top,
were collected from three subarctic ecosystem sites in August
2019. The mesocosms were collected into PVC cylinders (inner ø
18 cm, h 15 cm). A total of 20 mesocosms were collected per site
giving a total of 60 mesocosms from all sites. The collection
sites were a heath tundra in Vassijaure (68°2504500N, 18°1503700E,
550 m a.s.l.), northern Sweden, where collection was done from
two locations that appeared different in soil fertility based on
vegetation composition, and a palsa mire in Kilpisjärvi (68°
Environ. Sci.: Atmos., 2024, 4, 942–957 | 943
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5304.500N, 21°3010.700E), northern Finland. The tundra sites are
hereaer referred to as the T1 and T2 sites and the palsa mire as
the P site. The tundra sites (T1 and T2) were dominated by
deciduous shrubs, graminoids, and forbs, with mosses and
lichens covering the ground layer; the more fertile T1 had
higher cover of graminoids and forbs but lower cover of lichens
than T2. The P site was dominated by evergreen shrubs with the
ground layer covered by litter and patches of bare peat. The
tundra sites were characterized by podsol soil formation while
the palsa site was a peatland, with several meters of peat and
with discontinuous permafrost underneath. Mesocosm collec-
tion, vegetation composition, and soil physiochemical proper-
ties at the sites have been described in detail by Ndah et al.49

Aer collection, mesocosms were weighed and transported to
the laboratory and regularly sprayed with distilled water to
avoid desiccation. Prior to the start of the rst and second
growing seasons in 2020 and 2021, respectively, mesocosms
were maintained at +4 °C in a well-ventilated dark room to
achieve plant dormancy occurring in (sub)arctic winter under
snow.

Mesocosms were grown in four computer-controlled climate
chambers, allowing the simulation of future summer temper-
ature and increased cloud cover conditions in the subarctic. The
experimental design consisted of four climate treatments:
control (C), warming (W), increased cloudiness (−PAR) and
warming + increased cloudiness (W−PAR). Five replicate mes-
ocosms from each ecosystem site were randomly assigned to
each climate treatment giving a total of 15 mesocosms per
climate treatment. The climate chambers were equipped with 2
× Valoya G2 + 4 × Valoya NS1 LED luminaires (Valoya B100,
Finland) at a height of 30 cm from the top of plant canopy. A
mesh fabric (SEFAR NITEX® 03-50/37, Switzerland) was placed
between the lamps and plant canopy top (about 5 cm below
lamps and 25 cm above plant canopy top) to create diffuse light
environment in the chambers since the northern high latitudes
experience predominantly diffused rather than direct light due
to the presence of frequent clouds coupled with atmospheric
particles or pollutants. Climate data were collected from the
Katterjåkk weather station (68°2404500N, 18°0801300E) which is
closest to Vassijaure with similar climatic conditions. We used
the 2010–2019 weekly average climate data of June, July, and
August in Katterjåkk to simulate the summer climate in the
control (C) chamber/treatment. We simulated the predicted
warming scenario in the warming (W) chambers/treatments by
increasing the air temperatures by 4 °C compared to the control.
Irradiance conditions in the climate chambers were based on
simulations of photosynthetically active radiation (PAR) and
how it changes on a weekly basis according to the time of the
day, i.e. solar elevation angle and cloud thickness during the
months of June, July, and August in Katterjåkk. Control climate
treatment was based on simulations with cloud optical depth of
10 and represented thin-cloud layer conditions. In the increased
cloudiness treatments, PAR was decreased by 50% compared to
the control and represented thick-cloud layer conditions (cloud
optical depth of 30). The experimental setup and climate
simulation have been described in detail by Ndah et al.49 Mes-
ocosms were exposed to the summer climate treatments in the
944 | Environ. Sci.: Atmos., 2024, 4, 942–957
chambers during two consecutive years (2020 and 2021) and for
a three-month period (June–August) each year, averaging the
length of the main growing season in the subarctic. Mesocosms
were rotated within chambers on a weekly interval and meso-
cosms and treatments rotation between chambers was done on
bi-weekly intervals to minimize chamber effects. Mesocosms
were watered with distilled water to maintain their initial
moisture level and weight.
2.2 Gas ux measurements and analyses

We performed mesocosm-scale measurements of gas uxes
during the two experimental growing seasons. Fluxes of CH4,
N2O, and BVOCs were measured in six campaigns, and CO2 and
NO in ve campaigns during the rst growing season. Due to
technical (device) constraints, HONO was measured in just two
campaigns during the rst growing season. Measurements were
repeated at the same frequency during the second growing
season for all gas uxes, except for HONO which was not
measured. Fluxes of CH4, N2O, HONO, and NO were measured
at room temperature (+21 °C) by taking the mesocosms out
from the climate chamber for the duration of measurements.
Fluxes of CH4 and N2O were measured simultaneously with
a static chamber (V= 4.8 L) system (ESI_1 Fig. S1†) and samples
were analyzed for CH4 and N2O concentrations with a gas
chromatograph (Agilent 7890B, Agilent Technologies, USA)
equipped with a Gilson GX-271 autosampler (Gilson Inc, USA)
(see ESI_1† for details). The uxes of HONO and NO were
measured simultaneously using a dynamic chamber (V = 3.2 L)
system (ESI_1 Fig S2†) connected to a commercial long path
absorption photometer (LOPAP) HONO analyzer (QUMA Elek-
tronik & Analytik GmbH, Germany) for HONO and a Thermo 42i
NOx analyzer (Thermo Fisher Scientic, USA) for NO (see ESI_1†
for details).

Sampling of CO2 and BVOCs were conducted under the
simulated growing conditions in the climate chambers. During
sampling, the climate chamber door was closed, which ensured
that light, temperature, and humidity stayed stable. Measure-
ments of CO2 exchange were conducted, using transparent
enclosure chamber, with an EGM-4 infrared Environmental Gas
Monitor (PP Systems, Hitchin, UK) connected to an Environ-
mental Monitor Sensor Probe Type 3 (PP Systems, Hitchin, UK).
Two measurements were conducted per mesocosm, one in light
conditions (3 min) and one with the chamber covered with
a dark cloth (3min). A linear regression of the change in the CO2

concentration in light was used as an estimate of net ecosystem
exchange (NEE) and that in the dark of the dark ecosystem
respiration (ER). The gross ecosystem production (GEP) was
derived by subtracting ER from NEE. Measurements of BVOCs
were conducted using a dynamic enclosure technique (ESI_1
Fig. S3†) and samples were analyzed using gas chromatography-
mass spectrometry (Hewlett-Packard GC type 6890, Germany;
MSD 5973, UK) (see ESI_1† for details). We categorized BVOCs
into the following groups: isoprene, monoterpenes (MTs),
oxygenated monoterpenes (oMTs), sesquiterpenes (SQTs),
oxygenated sesquiterpenes (oSQTs), hydrocarbons (HCs),
oxygenated VOCs (OVOCs), and other VOCs (ESI_1 Table S1†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The uxes of CH4 and CO2 are reported with negative values
corresponding to uptake by the ecosystem, and positive values
to emission from the ecosystem to the atmosphere.

2.3 Vegetation surveys and soil physiochemical properties

Mesocosm vegetation cover (%) was determined once at the end
of the rst growing season and four times during the second
growing season. All plants were identied to species, with the
exception of some lichens and mosses which were identied to
genus, and then assigned to functional groups: evergreen
shrubs, deciduous shrubs, graminoids, forbs, mosses, and
lichens. The cover of litter + bare soil at the end of the rst
growing season, and litter, standing dead vegetation (i.e. dead
vegetation with root connections), and bare soil during the
second growing season were also assessed. Mesocosm soil
physiochemical properties, such as the soil organic layer depth,
organic matter content, bulk density, NO3

−, NO2
−, and NH4

+

concentrations, pH, electrical conductivity, carbon and nitrogen
content, total organic carbon content, gravimetric water
content, and water holding capacity, were also analyzed at the
end of the second growing season. Methods of vegetation
surveys and analyses of soil physiochemical properties have
been described in detail by Ndah et al.49

2.4 Statistical analyses

Mixed-models analysis of variance (ANOVA) (IBM SPSS Statistics
27.0.0, SPSS Inc. IBM Company ©, Armonk, NY, USA) was used
to test for the effects of warming, increased cloudiness, site,
time, and their interactions on the emissions of CH4, CO2, N2O,
and BVOC groups (isoprene, total MTs, total oMTs, total SQTs,
total oSQTs, total HCs, total OVOCs, and total other VOCs).
Warming, increased cloudiness, site, and time were included as
xed factors, whereas random factors included mesocosms as
subjects. In addition, repeated measures type of setting was
accounted with time. The nal model was obtained by
excluding nonsignicant (cutoff level 0.2) interactions, one by
one, starting from the highest-level interactions and highest
probability values.50 The selection of covariance structure was
based on the smallest Akaike's information criteria (AIC) and
was set to either Diagonal (DIAG), Heterogenous compound
symmetry (CSH) or Heterogenous autoregressive [ARH (1)]. The
model residuals were checked by generating normality plots
(histograms). In case the residuals were not normally distrib-
uted, the data were logarithmic or square-root-transformed. All
interactions with P value < 0.1 were further tested for simple
main effects (SME), i.e. post hoc test for interactions with
Bonferroni corrections and SME P values < 0.05 were considered
statistically signicant.

Partial least squares regression (PLSR) was used to assess the
covariance between the gas uxes (dependent variables, Y) and
the vegetation cover and soil physiochemical properties (inde-
pendent variables, X) using SIMCA 17.0.2 (Umetrics, Umeå,
Sweden). The PLSR were performed separately for each growing
season using gas ux data, averaged across measurement
campaigns, for the growing season. Vegetation data used for the
rst growing season analysis involved percentage cover of plant
© 2024 The Author(s). Published by the Royal Society of Chemistry
functional groups measured at the end of the season. For the
second growing season, the average percentage cover of plant
functional groups measured at the four time points during the
season was used. One-component PLSR models were tted
separately for each gas following centering and unit variance
scaling of the variables. Variables with VIP (Variable Inuence
on Projection) < 0.5 were excluded from the model. The
signicance of the models was tested using analysis of variance
of the cross-validated residuals (CV-ANOVA).51
3. Results
3.1 Vegetation and soil physiochemical properties

Detailed results of vegetation and soil physiochemical proper-
ties have been presented by Ndah et al.49 Briey, all three study
sites were acidic (pH 3.6–4.0). Mesocosms from the P site had
higher organic layer depth on average (11 cm) than the T1 (7 cm)
and T2 (4 cm) sites. Organic layer depth for T1 and T2 sites are
representative of the eld site conditions unlike the P site where
the organic layer was several meters thick at eld site. Soils from
the P, T1, and T2 sites were made up of 97%, 87%, and 86%
organic matter content, respectively. The soil gravimetric water
content was 24%, 15%, and 13% for the P, T1, and T2 sites,
respectively. The warming treatment increased biomass of one
of the dominant evergreen shrubs Empetrum hermaphroditum
while the cover of graminoids and forbs in the T1 site also
increased in response to the combined warming and increased
cloudiness treatments in the second growing season.
3.2 Methane uxes

In the rst growing season, CH4 uxes in control treatments
across all measurement campaigns were in the range −36 to 52
mg CH4–Cm−2 h−1 for the T1 site,−97 to 109 mg CH4–Cm−2 h−1

for the T2 site, and−67 to 44 mg CH4–Cm−2 h−1 for the P site. Of
all the measurements, 63% (T1 site), 67% (T2 site), and 70% (P
site) exhibited negative CH4 uxes i.e. CH4 uptake by the
ecosystem. Across all treatments and sites, CH4 uxes varied
signicantly according to measurement campaign (P < 0.001;
see ESI_1 text and Fig. S4†). Warming increased CH4 uptake
while the combined treatment decreased uptake, and these
effects were particularly pronounced in the P site (W × −PAR ×

S × T interaction; see ESI_1 text, Table S3, and Fig. S5†).
The second growing season control treatment CH4 uxes

were in the range −52 to 12 mg CH4–C m−2 h−1 for the T1 site,
−58 to 43 mg CH4–C m−2 h−1 for the T2 site, and −133 to 72 mg
CH4–Cm−2 h−1 for the P site. Of all the measurements, 58% (T1
site), 62% (T2 site), and 66% (P site) exhibited CH4 uptake.
Across all treatments and measurement campaigns, CH4 ux
differed signicantly between the T1 and P sites (see ESI_1 text,
Table S4, and Fig S6†). This was mainly due to the effects of
warming alone which turned the T1 site from a sink to a source
of CH4 but increased CH4 uptake rates and sink strength of the
P site (W × −PAR × S interaction, Fig. 1, and ESI_1 Table S4†).
However, in the combined treatment, both T1 and P sites were
sinks of CH4 (W × −PAR × S interaction, Fig. 1, ESI_1 Table
S4†) and all three sites exhibited near zero uxes (Fig. 1).
Environ. Sci.: Atmos., 2024, 4, 942–957 | 945
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Fig. 1 CH4 fluxes in mesocosms from T1, T2, and P sites under control (C), warming (W), increased cloudiness (−PAR), and warming + increased
cloudiness (W−PAR) treatments across six measurement campaigns during the second growing season. Bars represent season mean values
(±SE) measured from five replicate mesocosms per treatment and site. T = tundra, where T1 and T2 indicate the two locations within the tundra,
and P = palsa mire. S = site and W × −PAR× S =warming× increased cloudiness × site interaction. Statistically significant P-values < 0.05 from
LMM ANOVA are shown. See ESI_1 Table S4† for detailed statistics.
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3.3 Carbon dioxide uxes

During the rst growing season, control treatment ER rates
across all measurement campaigns were in the range 22 to
280 mg CO2–C m−2 h−1 for the T1 site, 61 to 240 mg CO2–C m−2

h−1 for the T2 site, and 46 to 4575 mg CO2–C m−2 h−1 for the P
site. Across all measurement campaigns, GEP uxes in control
treatments were in the range −7 to −323 mg CO2–Cm−2 h−1 for
the T1 site,−100 to−320mg CO2–Cm−2 h−1 for the T2 site, and
−12 to −7626 mg CO2–C m−2 h−1 for the P site. Across all
measurement campaigns in control treatments, NEE averaged
−67 ± 12 mg CO2–C m−2 h−1 for the T1 site, −54 ± 10 mg CO2–

C m−2 h−1 for the T2 site, and −412 ± 205 mg CO2–C m−2 h−1

for the P site. Of all NEEmeasurements, 98% exhibited negative
CO2 uxes indicating mainly net CO2 uptake by the ecosystem.

During the second growing season, control treatment ER
rates were in the range 37 to 394 mg CO2–C m−2 h−1 for the T1
site, 99 to 637 mg CO2–C m−2 h−1 for the T2 site, and 139 to
9775 mg CO2–C m−2 h−1 for the P site. Across all measurement
campaigns, GEP uxes in control treatments were in the range
−73 to −836 mg CO2–C m−2 h−1 for the T1 site, −12 to
−1094 mg CO2–Cm−2 h−1 for the T2 site, and −46 to −8271 mg
CO2–C m−2 h−1 for the P site. Across all measurement
campaigns in control treatments, NEE averaged −198 ± 39 mg
CO2–C m−2 h−1 for the T1 site, −154 ± 35 mg CO2–C m−2 h−1

for the T2 site, and 81± 110mg CO2–Cm−2 h−1 for the P site. Of
all NEE measurements, 79% exhibited negative CO2 uxes, i.e.
net CO2 uptake by the ecosystem.

In both growing seasons, ER and GEP was higher in the P site
than in the T1 and T2 sites (see ESI_1 text, Tables S3, S4, and
Fig. S7†). In the rst growing season, warming turned the P site
from a net sink to a source of CO2 (W × S interaction, Fig. 2a,
and ESI_1 Table S3†). The P site also exhibited positive NEE
uxes (net source of CO2) during the second growing season
and warming signicantly increased NEE (W × S interaction,
Fig. 2b, ESI_1 Table S4†). Hence, the T1 and T2 sites were net
946 | Environ. Sci.: Atmos., 2024, 4, 942–957
sinks of CO2 (negative NEE values) while the P site was a net
source of CO2 (positive NEE values).
3.4 Fluxes of nitrous oxide, nitric oxide, and nitrous acid

Across all measurement campaigns of the rst growing season,
N2O emissions in control treatments were in the range 0.1 to 6.5
mg N m−2 h−1 for the T1 site, 0.4 to 6.2 mg N m−2 h−1 for the T2
site, and 1.2 to 5.8 mg N m−2 h−1 for the P site. Across all
measurement campaigns of the second growing season, N2O
emissions in control treatments varied from 0.2 to 3.4 mg N m−2

h−1 for the T1 site, 0.2 to 4.7 mg N m−2 h−1 for the T2 site, and
0.2 to 4.4 mg N m−2 h−1 for the P site. There were no signicant
main or interaction effects of warming, increased cloudiness,
site, and time on N2O emissions during any of the growing
seasons (data not shown). Emissions of NO and HONO were
below detection limits (NO ux < 0.0004 mg N m−2 h−1 and
HONO ux < 0.03 mg N m−2 h−1).
3.5 Biogenic volatile organic compound uxes

In both growing seasons, BVOC emissions comprised of
isoprene, MTs, oMTs, SQTs, oSQTs, HCs, OVOCs, and other
VOCs except that there were no isoprene emissions in mid-June
of the rst growing season. Emission rates of the individual
compounds identied from mesocosms from each of the
studied sites during both growing seasons are shown in the
ESI_2.†Of all the BVOC groups in the rst growing season, HCs,
OVOCs, and SQTs comprised the largest fractions, contributing
34%, 30%, and 22%, respectively, of the total BVOC emissions
averaged across all treatments, sites, and measurement
campaigns (ESI_1 Fig. S8†). In the second growing season, the
total BVOC emissions averaged across all treatments, sites, and
measurement campaigns were largely dominated by SQTs
(42%), HCs (34%) and OVOCs (17%) (ESI_1 Fig. S8†). In the rst
growing season, total BVOC emissions in control treatments
averaged 57.7 ± 6.6 mg m−2 h−1 across all sites and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Net ecosystem exchange (NEE) in mesocosms from T1, T2, and P sites under treatments with warming (W+, i.e. warming only and
warming + increased cloudiness treatments) and without warming (W−, i.e. control and increased cloudiness only treatments) across five
measurement campaigns in (a) the first and (b) second growing seasons. Bars represent season mean values (±SE, n = 10 per site per treatment).
T = tundra, where T1 and T2 indicate the two locations within the tundra, and P = palsa mire. W × S = warming × site interaction. Statistically
significant P-values < 0.05 and marginally significant P-values < 0.1 from LMM ANOVA are shown. See ESI_1 Tables S3 and S4† for detailed
statistics.
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measurement campaigns, and 51.8± 13.1 mg m−2 h−1 for the T1
site, 48.9 ± 10.8 mg m−2 h−1 for the T2 site, and 72.8 ± 10.3 mg
m−2 h−1 for the P site. In the second growing season, control
treatment total BVOC emissions averaged 58.2 ± 12.6 mg m−2

h−1 across all sites and measurement campaigns, and 67.3 ±

27.3 mg m−2 h−1 for the T1 site, 65.7 ± 23.8 mg m−2 h−1 for the
T2 site, and 41.9 ± 12.7 mg m−2 h−1 for the P site.

During the rst growing season, warming increased SQT
(Fig. 3a) and OVOC (Fig. 3b) emissions across all sites. Warming
effects on SQT emissions were most pronounced in the T1 and P
sites (W × S × T interaction, see ESI_1 text, Table S3, and
Fig. S9†). Warming also increased oMT emissions across all
Fig. 3 (a) SQT and (b) OVOC emissions frommesocosms across all sites
+ increased cloudiness (W−PAR) treatments during the first growing seas
warming treatments (W+, i.e. warming only and warming + increased clo
shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
sites and the effect was signicant in most measurement
campaigns (W × T interaction, see ESI_1 text, Table S3, and
Fig. S10†). Increased cloudiness mostly decreased oMT, other
VOC, OVOC, and oSQT emissions (−PAR × S × T interaction,
see ESI_1 text, Table S3, Fig. S11 and S12†). Across all sites,
warming and increased cloudiness, in combination with each
other, decreased OVOC and MT but mostly increased HC
emissions in several measurement campaigns (W × −PAR × T
interaction, see ESI_1 text, Table S3, and Fig. S13†).

Across all measurement campaigns during the second
growing season, warming increased SQT emissions in all sites
and the effects were most pronounced in the T1 and P sites (W
in control (C), warming (W), increased cloudiness (−PAR), and warming
on. Bars represent seasonmean values (±SE, n= 15 per treatment). W=

udiness). Statistically significant P-values < 0.05 from LMM ANOVA are
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Fig. 4 SQT emissions from T1, T2 and P sites under treatments with
warming (W+, i.e. warming only and warming + increased cloudiness
treatments) and without warming (W−, i.e. control and increased
cloudiness only treatments) during the second growing season. Bars
represent seasonmean values (±SE, n= 10 per site per treatment). T=

tundra, where T1 and T2 indicate the two locations within the tundra,
and P = palsa mire. W = warming treatments (W+, i.e. warming only
and warming + increased cloudiness), W × S = warming × site inter-
action. Statistically significant P-values < 0.05 from LMM ANOVA are
shown. See ESI_1 Table S4† for detailed statistics.
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× S, Fig. 4, see ESI_1 Table S4†). Warming increased MT
emissions (Fig. 5a), signicantly in the T1 and P sites and was
dependent on measurement campaign (W × S × T interaction,
see ESI_1 text, Table S4, and Fig. S14†). Warming also increased
oMT and other VOC emissions across all sites, dependent on
measurement campaign (W × T interaction, see ESI_1 text,
Table S4, and Fig. S15†). Across all sites and measurement
campaigns, HC emissions increased by 122.5% under increased
cloudiness (Fig. 5b). Across all sites, increased cloudiness
decreased the emissions of MT and other VOC, dependent on
Fig. 5 (a) MT and (b) HC emissions from mesocosms across all sites in c
increased cloudiness (W−PAR) treatments during the second growing sea
= warming treatments (W+, i.e. warming only and warming + increase
increased cloudiness only and warming + increased cloudiness). Statisti

948 | Environ. Sci.: Atmos., 2024, 4, 942–957
measurement campaign (−PAR × T interaction, see ESI_1 text,
Table S4, and Fig. S16†). Increased cloudiness decreased
isoprene emissions in the P site during several measurement
campaigns (−PAR × S × T interaction, see ESI_1 text, Table S4,
and Fig. S17†). Warming and increased cloudiness, in combi-
nation with each other, increased OVOC emissions but this was
dependent on measurement campaign (W × −PAR × T inter-
action, see ESI_1 text, Table S4, and Fig. S18†).
3.6 Covariance between gas uxes and vegetation and soil
properties

According to the PLS regression on the rst growing season
data, ER was positively related to soil carbon and organic matter
and negatively related to soil pH and bulk density, but the
model was not signicant (Fig. 6a, P = 0.19, CV-ANOVA). PLS
regression also showed that GEP was positively related to soil
bulk density, pH, and total organic carbon and negatively
related to soil carbon and organic matter, but the model was not
signicant (Fig. 6b, P = 0.21, CV-ANOVA). Soil nitrate was
positively related to N2O emission (Fig. 6c). The only BVOC
group which could be explained by the vegetation and soil
properties was MT as the emission was positively related to
evergreen shrubs and lichens cover, and soil water holding
capacity and organic layer depth but negatively related to soil
nitrogen (Fig. 6d).

The PLS regression on the second growing season data
showed that ER was positively related to litter cover and soil
carbon and negatively related to moss cover, and soil pH and
bulk density (Fig. 7a). PLS regression also showed that GEP was
positively related to moss cover, soil pH and total organic
carbon and negatively related to the cover of litter and bare soil
(Fig. 7b). The emission of N2O was positively related to litter
cover and soil ammonium and negatively related to the cover of
lichens, deciduous shrubs, and mosses (Fig. 7c). Isoprene,
OVOC, and oSQT were the BVOC groups that could be explained
ontrol (C), warming (W), increased cloudiness (−PAR), and warming +
son. Bars represent seasonmean values (±SE, n= 15 per treatment). W
d cloudiness), −PAR = increased cloudiness treatments (−PAR+, i.e.
cally significant P-values < 0.05 from LMM ANOVA are shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Regression coefficients from PLS regressionmodels on (a) ER, (b) GEP, (c) N2O, and (d) MT during the first growing season. Error bars show
± 2 standard deviations of the regression coefficients. Significant variables are marked with grey bars. The shown models for N2O and MTs are
significant (CV-ANOVA) at P < 0.05.
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by the vegetation or soil properties. Isoprene emission was
positively related to the cover of bare soil and soil organic
matter and negatively related to moss cover and gravimetric soil
moisture (Fig. 7d). The emission of OVOC was positively related
to the cover of graminoids and forbs (Fig. 7e) and oSQT emis-
sion with soil nitrate (Fig. 7f). No signicant relationships were
found between CH4 ux and vegetation or soil properties during
any of the growing seasons (ESI_1 Fig. S19†).
4. Discussion

We investigated the inuence of the predicted warming and
increased cloudiness conditions on the uxes of GHGs and
reactive trace gases in two tundra and one palsa mire ecosys-
tems in climate simulation chambers. Our experiment ran over
two growing seasons and allowed us to also assess whether and
how prevailing vegetation and soil physiochemical properties
affected the uxes. The tundra and palsa sites were generally net
sinks of CH4 during both growing seasons. The tundra sites
were also net sinks of CO2 while the palsa site was generally
a net source of CO2. Warming increased CH4 uptake and CO2

emission (i.e. more positive NEE rates) in the P site and turned
one of the tundra sites (T1) from a sink to a source of CH4.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Warming generally increased BVOC emissions while increased
cloudiness decreased the emissions. The combined treatment
of warming and increased cloudiness mostly decreased CH4

uptake and BVOC emissions. The uxes of N2O were mainly
driven by soil physiochemical properties and plant species
composition. The emissions of NO and HONO were below
detection limits.

4.1 Methane uxes

The uptake rates of CH4 in mesocosms from the tundra and
palsa sites were comparable to, or lower than, uxes measured
from laboratory and in situ studies, including dry arctic heath,52

dry arctic upland ecosystems,7,53 dry arctic lowland tundra,54 dry
and moist arctic tundra,11 dry bare and vegetated peat palsa
surfaces,55 and temperate forests.9 The warming treatment
increased CH4 uptake and sink strength and the effects were
mostly observed in the P site during both growing seasons.
Higher temperatures due to warming may have accelerated the
activity of CH4 oxidizing bacteria, thereby enhancing CH4

uptake.5,56 In the second growing season, warming turned one
of the tundra sites (T1) from a sink to a source of CH4 indicating
that methanogen activity dominated in this site under warming.
It is important to mention here that mesocosms from the
Environ. Sci.: Atmos., 2024, 4, 942–957 | 949
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Fig. 7 Regression coefficients from PLS regression models on (a) ER, (b) GEP, (c) N2O, (d) isoprene, (e) OVOC, and (f) oSQT during the second
growing season. Error bars show ± 2 standard deviations of the regression coefficients. Significant variables are marked with grey bars. The
shown models are significant (CV-ANOVA) at P < 0.05.
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tundra sites (T1 and T2) were mostly made up of organic rather
than mineral soil. This may have limited methanotroph activity
in mesocosms from the tundra sites considering the critical role
of mineral soils in CH4 oxidation.57 We found no main effects of
increased cloudiness on CH4 uxes. However, increased
cloudiness modied the responses to warming as CH4 uptake
decreased in the combined treatment. Reduced light availability
simulating increased cloud cover may have offset soil warming
andmethanotroph activity, thereby reducing CH4 uptake as was
observed in the combined treatment during the rst growing
950 | Environ. Sci.: Atmos., 2024, 4, 942–957
season. During the second growing season, the reduced light
availability may have also offset warming effects almost to the
point of balancing out CH4 production and consumption across
all sites as net CH4 uxes were near zero in the combined
treatments. Soil moisture and permeability are important
factors controlling CH4 uxes due to their impact on oxygen
availability and gas diffusion through the soil.7,9 However, in
this study, themesocosms were watered tomaintain their initial
weight and the soil moisture was not altered signicantly. We
also did not nd any signicant relationships between CH4
© 2024 The Author(s). Published by the Royal Society of Chemistry
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uxes and the soil gravimetric water content and bulk density.
Additionally, soil pH, nutrient availability, and plant species
composition contribute to regulating CH4 uxes in the soil–
atmosphere interface.5,7,9–12 We did not nd any signicant
relationships between CH4 uxes and soil pH, soil nutrient, or
plant species composition across all sites when data were
aggregated across all sites and measurement campaigns for
both growing seasons.

4.2 Carbon dioxide uxes

The rates of CO2 uxes were within the range of uxesmeasured
from in situ studies carried out in subarctic ecosystems.58–60 NEE
was generally negative indicating net CO2 uptake by all sites
except that warming turned the P site from a sink to a source of
CO2 (positive NEE uxes) in the rst growing season and
increased the source strength of the P site in the second growing
season. While other studies have reported temperature to be an
important driver of ER due to the control on microbial
processes, decomposition, and bacterial growth,3,39,58 the
warming treatment in this study did not signicantly affect ER
rates. Despite light being an important factor controlling
photosynthetic CO2 uptake,8,13 reduced light availability due to
the increased cloudiness treatments had no signicant effects
on CO2 uxes. We also found no signicant effects of combined
warming and increased cloudiness treatments on CO2 uxes.
The positive relationship of ER with litter and soil carbon and
organic matter and negative relationship with moss cover and
soil pH and bulk density during both growing seasons suggests
vegetation and soil properties provided overriding controls of
ER and GEP. For example, litter input coupled with available
soil carbon and organic matter may have signicant control on
substrate availability, microbial activity, and soil respiration.61

Increased litter input and bare soil cover and higher availability
of soil carbon and organic matter in the P site characterized by
peat soil may have enhanced ER rates compared to GEP
rendering the P site a source of CO2 as opposed to the tundra
sites which were made up of podsol soil with higher soil bulk
density and ground layer mostly covered with mosses. In addi-
tion, warming may affect ER rates indirectly through changes in
vegetation cover or composition and quality and quantity of
litter input,62 ultimately inuencing net CO2 balance (NEE).

4.3 Fluxes of nitrous oxide, nitric oxide, and nitrous acid

The ux rates of N2O were in the range of uxes measured from
in situ and laboratory studies, including moist and dry arctic
lowland tundra,54 and upland tundra and vegetated peat
surfaces.59,63–65 Recently, low NO and HONO emissions (#0.2
mg N m−2 h−1 for both gases) were observed from vegetated
surfaces of intact peat cores collected from subarctic permafrost
peatlands at the Seida site in Russia and the Kilpisjärvi and
Kevo sites in northern Finland.66 In our study, the mesocosms
showed low (below detection limit) NO and HONO uxes. The
availability of mineral nitrogen, mostly regulated by
plant nitrogen uptake, is the major driver of N2O, NO, and
HONO emissions from soils, and the two main microbial
processes generating N2O, NO, and HONO in soils are
© 2024 The Author(s). Published by the Royal Society of Chemistry
nitrication and denitrication.18,20,67 Previous studies have re-
ported signicant emissions of N2O, NO, and HONO mostly
from bare soils.19,20,59,63–65 As opposed to bare soils, amounts of
inorganic nitrogen are low in the vegetated soils limiting
production of N2O,22,59,63–65 NO, and HONO.66 The low N2O, NO,
and HONO uxes as well as the absence of signicant treatment
effects in this study could therefore be explained by increased
competition for mineral nitrogen by plants limiting
available nitrogen for microbial N2O, NO, and HONO produc-
tion processes, such as nitrication and denitrication. On an
ecosystem scale, plants have been shown to be involved in N2O
emissions from plant–soil systems.68 However, the mechanisms
by which plants alter N2O emissions remains somewhat unclear
as to whether N2O is produced by the plants themselves,68 or
whether they serve as a conduit for the transport of N2O
produced in the soil to the atmosphere.69 Whatever pathway of
N2O emissions by plants is involved, the negative relationship
between N2O emission and the cover of especially deciduous
shrubs suggests vascular plants in the plant–soil system in this
study had no positive control or effect on N2O emissions. In
addition, the negative relationship with moss and lichens could
be as a result of these growth forms contributing very little to
N2O ux via evapotranspiration since they lack roots to take up
N2O found in soil water.70 We found that N2O emission was
positively related to soil NO3

− during the rst growing season,
and to litter and soil NH4

+ during the second growing season.
This suggests that the availability of mineral nitrogen coupled
with increased litter input, which is expected to enhance
mineral nitrogen availability through increased decomposition
and mineralization, may promote N2O emissions from
subarctic soils.
4.4 Fluxes of biogenic volatile organic compounds

The total BVOC emission rates were lower than those measured
in situ from vegetated palsa surfaces in a permafrost-affected
peatland,71 but were comparable to, or higher than, uxes
measured in other in situ studies, including a boreal forest
oor,72 vegetated boreal bog,73 and subarctic E. hermaphroditum-
dominated forest oor.74 Increased emissions of BVOCs (i.e.
SQTs and oMTs in both growing seasons, OVOCs in the rst
growing season, and MTs and other VOCs in the second
growing season) in response to warming shows the temperature
dependency of BVOC emissions from subarctic plants and
ecosystems.44,75,76 Decreased BVOC emissions (i.e. oMT, other
VOC, OVOC and oSQT during the rst growing season and MT,
other VOC, and isoprene during the second growing season) in
response to increased cloudiness also shows the light depen-
dency of BVOC emissions from subarctic plants, soil, and
ecosystems.77 As BVOCs are regulated by temperature and light
availability, their emissions may decrease, e.g. OVOC and MT
during the rst growing season, or increase, e.g. OVOC during
the second growing season, in response to combined warming
and increased cloudiness. The temperature and light depen-
dency of BVOCs is linked to enzymatic regulation and photo-
synthetic activity.47,78 De novo synthesized BVOCs, like isoprene
and some monoterpenes, are usually directly linked to
Environ. Sci.: Atmos., 2024, 4, 942–957 | 951
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photosynthetic activity.79–81 The strong temperature dependency
of the emission of BVOCs which are stored in specic storage
compartments, like ducts or glandular trichomes, is a direct
result of faster enzymatic reactions and compound volatiliza-
tion from stored pools.47,78 BVOCs may originate from soil
microorganisms,24,77,82–84 which can alter their activity pattern in
response to increased temperatures or reduced light.

Although alterations in BVOC emissions may result from
direct effect of temperature or reduced light availability,77,85 the
emissions may also be controlled by soil properties and plant
species composition82,84,86 which may change in response to
increased temperature, reduced light, or nutrient availability.
We found a negative relationship between MT emissions and
soil nitrogen availability in the rst growing season. Soil
nitrogen availability may affect emissions of BVOCs (including
MTs) by altering the pattern of carbon allocation between
growth and the synthesis of carbon-based secondary metabo-
lites such as BVOCs,87,88 or by altering community of microbial
decomposers involved in production of BVOCs at different
stages of litter decomposition.86 The positive relationship of
isoprene emission with soil organic matter and negative rela-
tionship with gravimetric water content may be due to the
inuence of these soil properties on isoprene emitting plant
species such as the graminoids Carex vaginata and Deschampsia
exuosa which were present especially in mesocosms from the
tundra sites (T1 and T2).49 Isoprene is also thought to be
produced as a metabolite by soil microorganisms,89 hence soil
organic matter and gravimetric water content may inuence
microbial metabolism and production or consumption of
isoprene.89,90 Warming and/or increased cloudiness may alter
the pattern of resource allocation between above- and below-
ground biomass, thereby modifying BVOC emission responses.
For example, reduced light availability may favor allocation of
resources to aboveground plant parts such as stems and leaves
at the expense of roots, hence decreased soil emissions,77 while
emissions from aboveground plant parts may increase coupled
with enhanced aboveground biomass due to warming.82

Increased biomass of one of the dominant evergreen shrubs E.
hermaphroditum, a MT emitter,91 in response to warming,49 may
have contributed to the observed increasedMT emissions under
warming supported by the positive relationship between MT
emissions and the cover of evergreen shrubs. In the second
growing season, the combined treatment of warming and
increased cloudiness signicantly increased the cover of gra-
minoids and forbs especially in the T1 site which was charac-
terized with high abundance of these species.49 The higher cover
of graminoids and forbs could partly explain the increased
OVOC emissions in the combined treatment during the second
growing season, strengthened by the positive relationship
between OVOC emissions and the cover of graminoids and
forbs, as opposed to the rst growing season where the emis-
sions decreased in response to the combined treatment. The
negative relationship between isoprene emissions and the cover
of mosses is contrary to studies that have reported mosses as
signicant sources of isoprene,92,93 but may indicate the
potential of mosses, and denser vegetation cover, as sinks of
952 | Environ. Sci.: Atmos., 2024, 4, 942–957
isoprenoids,94–96 since we observed a positive relationship
between isoprene emissions and the cover of bare soil.
5. Implications, limitations, and future
directions

Our results indicate that future warming and increased cloud-
iness conditions in the subarctic will alter GHG and reactive
trace gas uxes and the effects will be very pronounced in
subarctic palsa mires. Enhanced CH4 uptake under warming
could be attributed to direct effects of the temperature increase
on biotic process related to methanotrophs activity. Hence,
subarctic ecosystems may play a signicant role in mitigating
warming effects by CH4. However, CH4 uptake was found to
decrease under combined warming and increased cloudiness.
Thus, if the climate warms coupled with increased cloud cover,
subarctic ecosystems may in the long-term shi from sinks
towards sources of CH4 thereby exacerbating global warming.
Warming enhanced the CO2 source strength of the palsa site
suggesting this ecosystem type may exacerbate global warming
under future temperature increase. Fluxes of CO2 were linked to
the availability of soil carbon and organic matter, litter input,
soil pH and bulk density, and the cover of mosses indicating
controls of these soil properties and vegetation cover on the
uxes. Warming-induced BVOC emissions may enhance cloud
formation through atmospheric aerosol formation, initiating
a negative feedback mechanism between biosphere, aerosol,
and climate since BVOC emissions are highly regulated by
sunlight availability. In addition, enhanced climate warming
associated with increased atmospheric lifetime of CH4 due to
increased BVOC emissions, which compared to CH4 can be
more readily oxidized by OH radicals, may be a minor issue.
This is because increased BVOC emissions was accompanied by
enhanced CH4 uptake under warming. Fluxes of N2O were not
affected by the climate treatments while HONO and NO uxes
were below detection limit probably due to low availability of
inorganic nitrogen. Predicting how the uxes of GHG and
reactive trace gases will change with climate change depends on
the complex interactions between abiotic and biotic environ-
mental changes over time, which could have important impli-
cations for subarctic climate feedbacks.

Our study involved climate chambers which allowed the
simulation of combined effects of warming and increased
cloudiness under highly controlled environmental conditions
over two growing seasons. Quantifying trace gas responses to
climate change using chamber experiments like in our study is
challenging and accompanied by unavoidable uncertainties.
Firstly, simulating cloud–aerosol–climate interactions and
cloud radiative forcing in chamber experiments like in our
study is challenging. Secondly, though we watered the meso-
cosms throughout the experimental duration to maintain their
initial weight and soil moisture level, the soil gravimetric water
content might have been slightly altered but with no direct
effects on the gas uxes. Thirdly, due to technical constraints,
the uxes of CH4, N2O, NO, and HONO were measured at room
temperature that could inuence to some extent underlying
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanisms controlling the uxes and might have led to an
under or overestimation of the uxes, the effect of which was
the same across all treatments since mesocosms from all
treatments were measured in the same manner. Finally, the
analyses of soil physiochemical properties involved destructive
analyses that could only be performed at the end of the exper-
iment in the second growing season. However, the soil prop-
erties are unlikely to have been affected by the treatments
during the two-years exposure period which is a relatively
shorter time compared to the time taken for the formation of
these soils at the eld site. The next step in unravelling the
effects of climate change on trace gas exchange in the high
latitudes should be geared towards discriminating for the
individual and combined effects of warming and increased
cloudiness over a longer time span in eld conditions. Future
eld studies could be extensive enough to allow destructive,
simultaneous sampling of soil physiochemical properties and
plant characteristics, along with trace gas ux measurements.
Potential future work including projections of cloud formation
through more sophisticated modelling techniques that include
changes in land-surface physical characteristics, such as albedo
which controls land–atmosphere interactions, are also needed
to strengthen future predictions of climate change effects on
trace gas exchange in the high latitudes.
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Appendices
Appendix A

Treatments performed in the climate chambers and their
abbreviations
© 2024 The Author(s). Published by the Royal Society of Chemistry
Abbreviation T
reatment
C C
ontrol [ambient temperature and photosynthetically
active radiation (PAR, thin-cloud conditions)]
W W
arming treatment [4 °C above ambient temperature and
ambient PAR (thin-cloud conditions)]
−PAR I
ncreased cloudiness treatment [ambient temperature
and 50% below ambient PAR (thick-cloud conditions)]
W−PAR W
arming and increased cloudiness combined [4 °C above
ambient temperature and 50% below ambient PAR (thick-
cloud conditions)]
Summary of all the main and interaction effects and one
example simple main effects (SME) comparison in each cate-
gory of main and interaction effects (statistical terms used in
the text, tables, and gures of the main article and supplement)
and their corresponding explanations or interpretations
Main/
interaction
effect
 SME comparison I
Environ. Sci.: A
nterpretation
W
 — W
 main effect irrespective
of −PAR, S or time
−PAR
 — −
PAR main effect irrespective
of W, S or time
S
 — S
main effect irrespective of W,
−PAR or time
T
 — T
ime main effect irrespective
of W, −PAR or S
W × S
 W+ vs. W− in T1 site E
ffect of W in T1 site
irrespective of −PAR or time
W × T
 W+ vs. W− in early July E
ffect of W in early July of the
growing season irrespective of
−PAR or S
−PAR × T
 −PAR+ vs. −PAR− in
mid-June

E
t

ffect of −PAR in mid-June of
he growing season
irrespective of W or S
W × S × T
 W+ vs. W− in T1 site
and early July

E
J

ffect of W in T1 site in early
uly of the growing season
irrespective of −PAR
−PAR × S × T
 −PAR+ vs. −PAR- in
T2 site and mid-June

E
m

ffect of −PAR in T2 site and
id-June of the growing

season irrespective of W

W × −PAR ×

S

W+ vs. W− in −PAR−
and P site

E
t

ffect of W in without −PAR
reatment in P site irrespective
of time
−PAR+ vs. −PAR− in
W+ and T1 site

E
i

ffect of −PAR in W treatment
n T1 site irrespective of time
W × −PAR ×

T

W+ vs. W− in −PAR+
and mid-June

E
i

ffect of W in −PAR treatment
n mid-June of the growing
season irrespective of S
−PAR+ vs. −PAR− in
W+ and mid-June

E
i

ffect of −PAR in W treatment
n mid-June of the growing
season irrespective of S
W × −PAR ×

S × T

W+ vs. W− in −PAR−,
T2 site and early July

E
t

ffect of W in without −PAR
reatment in T2 site and early
July of the growing season
−PAR+ vs. −PAR−
in W+, P site and
mid-June

E
i
g

ffect of −PAR in W treatment
n P site and mid-June of the
rowing season
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23 J. Peñuelas and J. Llusià, BVOCs: Plant defense against
climate warming?, Trends Plant Sci., 2003, 8, 105–109, DOI:
10.1016/S1360-1385(03)00008-6.

24 J. Peñuelas, D. Asensio, D. Tholl, K. Wenke, M. Rosenkranz,
B. Piechulla, et al, Biogenic volatile emissions from the soil,
Plant, Cell Environ., 2014, 37, 1866–1891, DOI: 10.1111/
pce.12340.

25 C. J. Frost, M. C. Mescher, J. E. Carlson and C. M. De Moraes,
Plant Defense Priming against Herbivores: Getting Ready for
a Different Battle, Plant Physiol., 2008, 146, 818–824, DOI:
10.1104/pp.107.113027.

26 M. Boy, P. Zhou, T. Kurtén, D. Chen, C. Xavier, P. Clusius, et
al, Positive feedback mechanism between biogenic volatile
organic compounds and the methane lifetime in future
climates, npj Clim. Atmos. Sci., 2022, 5, 72, DOI: 10.1038/
s41612-022-00292-0.

27 C. E. Scott, A. Rap, D. V. Spracklen, P. M. Forster,
K. S. Carslaw, G. W. Mann, et al, The direct and indirect
radiative effects of biogenic secondary organic aerosol,
Atmos. Chem. Phys., 2014, 14, 447–470, DOI: 10.5194/acp-
14-447-2014.

28 D. V. Spracklen, B. Bonn and K. S. Carslaw, Boreal forests,
aerosols and the impacts on clouds and climate, Philos.
Trans. R. Soc., A, 2008, 366, 4613–4626, DOI: 10.1098/
rsta.2008.0201.

29 ACIA, Climate Impacts Assessment, Cambridge University
Press, New York, NY, USA, 2005.

30 J. Overland, E. Dunlea, J. E. Box, R. Corell, M. Forsius,
V. Kattsov, et al, The urgency of arctic change, Polar Sci.,
2019, 21, 6–13, DOI: 10.1016/j.polar.2018.11.008.

31 J. R. Norris, R. J. Allen, A. T. Evan, M. D. Zelinka, C. W. O'Dell
and S. A. Klein, Evidence for climate change in the satellite
cloud record, Nature, 2016, 536, 72–75, DOI: 10.1038/
nature18273.

32 E. A. G. Schuur, J. Bockheim, J. G. Canadell, E. Euskirchen,
C. B. Field, S. V. Goryachkin, et al, Vulnerability of
permafrost carbon to climate change: Implications for the
global carbon cycle, Bioscience, 2008, 58, 701–714, DOI:
10.1641/B580807.

33 A. D. McGuire, L. G. Anderson, T. R. Christensen,
S. Dallimore, L. Guo, D. J. Hayes, et al, Sensitivity of the
carbon cycle to Arctic climate change, Ecol. Monogr., 2009,
79, 523–555, DOI: 10.1890/08-2025.1.

34 M. Kramshøj, C. N. Albers, S. H. Svendsen, M. P. Björkman,
F. Lindwall, R. G. Björk, et al, Volatile emissions from
thawing permafrost soils are inuenced by meltwater
drainage conditions, Global Change Biol., 2019, 25, 1704–
1716, DOI: 10.1111/gcb.14582.

35 E. Graglia, S. Jonasson, A. Michelsen, I. K. Schmidt,
M. Havström and L. Gustavsson, Effects of environmental
perturbations on abundance of subarctic plants aer three,
seven and ten years of treatments, Ecography, 2001, 24, 5–
12, DOI: 10.1034/j.1600-0587.2001.240102.x.

36 S. C. Elmendorf, G. H. R. Henry, R. D. Hollister, R. G. Björk,
N. Boulanger-Lapointe, E. J. Cooper, et al, Plot-scale evidence
of tundra vegetation change and links to recent summer
© 2024 The Author(s). Published by the Royal Society of Chemistry
warming, Nat. Clim. Change, 2012, 2, 453–457, DOI:
10.1038/nclimate1465.

37 F. S. Chapin III, M. Sturm, M. C. Serreze, J. P. McFadden,
J. R. Key, A. H. Lloyd, et al, Role of land-surface changes in
arctic summer warming, Science, 2005, 310, 657–660, DOI:
10.1126/science.1117368.

38 J. H. C. Cornelissen, P. M. van Bodegom, R. Aerts,
T. V. Callaghan, R. S. P. Van Logtestijn, J. Alatalo, et al,
Global negative vegetation feedback to climate warming
responses of leaf litter decomposition rates in cold biomes,
Ecol. Lett., 2007, 10, 619–627, DOI: 10.1111/j.1461-
0248.2007.01051.x.

39 R. Rinnan, A. Michelsen, E. Bååth and S. Jonasson,
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95 M. Mäki, J. Heinonsalo, H. Hellén and J. Bäck, Contribution
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