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Volatile organic compounds (VOCs) are released from biogenic
sources in a temperature-dependent manner. Consequently, Arctic
ecosystems are expected to greatly increase their VOC emissions
with ongoing climate warming, which is proceeding at twice the
rate of global temperature rise. Here, we show that ongoing
warming has strong, increasing effects on Arctic VOC emissions.
Using a combination of statistical modeling on data from several
warming experiments in the Arctic tundra and dynamic ecosystem
modeling, we separate the impacts of temperature and soil moisture into direct effects and indirect effects through vegetation
composition and biomass alterations. The indirect effects of warming on VOC emissions were significant but smaller than the direct
effects, during the 14-y model simulation period. Furthermore,
vegetation changes also cause shifts in the chemical speciation
of emissions. Both direct and indirect effects result in large geographic differences in VOC emission responses in the warming
Arctic, depending on the local vegetation cover and the climate
dynamics. Our results outline complex links between local climate,
vegetation, and ecosystem–atmosphere interactions, with likely
local-to-regional impacts on the atmospheric composition.
ecosystem–atmosphere interactions
ecosystem modelling

| climate change | vegetation change |

alterations in vegetation cover also influence the emissions (4).
Weather conditions, especially temperature, of the previous weeks
have been suggested to affect emission rates (8, 9). In the short
growing season of the Arctic, this might be of special importance.
The Arctic climate has already warmed over recent decades—in
some regions by as much as 1 °C per decade (10)—with documented effects on vegetation, including increases in shrub
abundance and height (11). These vegetation changes may
further promote warming via a vegetation-albedo feedback
(12). The contribution of short-lived biogenic climate forcers,
such as VOCs, to this warming has been poorly quantified. In the
presence of nitrogen oxides (NOX)—typically from anthropogenic
sources—VOCs contribute to the formation of tropospheric
ozone (13), which deteriorates the local air quality. However, in
less polluted environments, the predominant atmospheric VOC
sink is oxidation by hydroxyl radicals, a reaction which competes
with methane oxidation (14). VOCs participate in secondary
organic aerosol (SOA) formation and growth, which also takes
place in environments with low background concentrations of
anthropogenic pollution (15, 16). VOC-derived SOA has been
Significance
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iogenic VOCs, which are climate-relevant, short-lived gases,
are produced and emitted from plant leaves following an
exponential temperature dependency (1). Temperature increase
accelerates the biosynthesis of VOCs and their diffusion from
plant tissues. The Arctic is warming at an unprecedented pace
(2), and, thus, we expect large increases in VOC emissions from
tundra ecosystems. Indeed, experimental studies have shown that
VOC emissions from tundra ecosystems in the Sub-Arctic (3, 4)
and the Arctic (5–7) drastically increase under moderate
warming. Known direct drivers of VOC emissions include temperature and photosynthetically active radiation (PAR), while
indirect drivers could affect VOC emissions via changes in plant
phenology or vegetation changes. However, we lack understanding of the overall relative importance of these direct and indirect
drivers in the changing Arctic.
Arctic field experiments that use open-top chambers (OTCs)
to raise the daytime air temperature by 1–4 °C during the
growing season have shown that this warming causes severalfold
increases in VOC emissions from ecosystem plots in dry (5, 7),
mesic (4), and wet (6) tundra ecosystems. Further, the fast response to temperature changes in these experiments also suggests the emission increase to be a direct temperature effect on
plant physiological processes; short-term warming experiments,
which have been too short-lasting to cause any vegetation shifts,
cause similar responses to long-term experiments (7). However,
a field experiment that has run over a decade has shown that
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Plants release to the atmosphere reactive gases, so-called volatile organic compounds (VOCs). The release of VOCs from
vegetation is temperature-dependent and controlled by vegetation composition because different plant species release a
distinct blend of VOCs. We used modelling approaches on
ecosystem VOC release data collected across the Arctic, which
is experiencing both rapid warming and vegetation changes.
We show that warming strongly stimulates release of plantderived VOCs and that vegetation changes also increase VOC
release, albeit less than temperature directly, and with large
geographic differences in the Pan-Arctic area. The increasing
VOC flux from the Arctic tundra to the atmosphere may have
implications via climate feedbacks, for example, through particle
and cloud formation in these regions with low anthropogenic
influence.
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Results and Discussion
Biogenic VOCs comprise thousands of different chemical species. Here, we grouped the compounds into monoterpenes (MT;
C10 terpenoids, typical plant volatiles that can be released both
from de novo synthesis and from storage pools), sesquiterpenes
(SQT; C15 terpenoids, plant volatiles, also known to be released
from soil fungi, ref. 23), oxygenated monoterpenes (oMT), other
reactive volatile organic compounds (ORVOCs, nonterpenoid
compounds with atmospheric lifetime <24 h), and other volatile
organic compounds (OVOCs, other nonterpenoids). Isoprene,
which is the single most emitted biogenic VOC globally, was
analyzed independently.
We used statistical modeling to estimate the effects of PAR,
soil moisture, and temperature during VOC sampling, as well
as the effects of the mean temperature of the preceding month
(30-d period prior to the given day) and the 30- to 60-d period prior
to the given day. The chamber temperature during sampling had
the strongest positive impact on the emission of all terpenoids,
followed by ORVOCs (first image in Fig. 1 and SI Appendix, Fig.
S1). Except for isoprene and ORVOC emissions, which were not
affected by the mean temperature of the preceding month, terpenoids and OVOCs were positively affected by the lagged
temperature effect (second image in Fig. 1). This difference is
likely due to contrasting biochemistry: While isoprene is emitted
without storage upon de novo synthesis, other terpenoids can be
produced over longer periods and evaporated from storage pools
at a later date in a temperature-dependent manner (24). This is
further confirmed by the strong, positive impact of PAR on the
light-dependent emissions of isoprene, and lack of PAR effects
on the other VOCs (fourth image in Fig. 1). Isoprene emission
has been shown to depend on temperatures over the past days in
earlier leaf level studies, and this effect is included in the commonly used VOC emission model, MEGAN, with the past 24and 240-h air temperatures affecting emissions (9). The mean
temperature of the 30–60 d preceding sampling that were tested in
our study had a strong positive relationship with SQT emissions
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Fig. 1. Effects of environmental variables on VOC emissions. Density distributions of mean standardized effect sizes of five environmental variables in six
different VOC groups. The effect sizes (β-estimates) correspond to linear slope parameters derived from multivariable mixed effect models containing
sampling year, study site, and local habitat manipulation as random effects (see SI Appendix, Table S1 and Fig. S1 for further details). All β-estimates are
adjusted for seasonal variation in VOC emissions, assuming an increase in the spring and a decrease in late summer.
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to contrast effects of temperature and soil moisture. Finally, we
assess Pan-Arctic VOC emissions using the dynamic vegetation
model, LPJ-GUESS (22), to compare the effects of rising temperature alone with the combined effects of rising temperature
and the warming-induced vegetation changes.

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

suggested to reduce radiative forcing (i.e., cool the climate) both
directly, owing to the light scattering impacts of SOA, as well as
through its influence on cloud radiative properties (17). Feedbacks between biogenic processes resulting in SOA and cloud
formation, as well as other SOA–cloud interactions, are nonlinear and poorly represented in models (18).
The atmospheric impacts of VOC emissions are not only dependent on the amount emitted but also on the composition of
the emissions. Each plant species constitutively releases a distinct
mixture of volatiles, and, as such, changes in vegetation composition have strong impacts on the quantity and composition of
ecosystem emissions (19). Ongoing warming is shaping the tundra vegetation through a general “greening” tendency (11) and
also by increasing the growth of deciduous shrubs in some areas
(20) and evergreen shrubs in others (21). Such alterations to the
vegetation composition have numerous impacts on ecosystems
and climate feedbacks (21), including the amount and composition of locally emitted VOCs. To predict how climate change
and the concomitant vegetation changes alter the tundra VOC
emissions, we need to be able to separate the direct and indirect
drivers of emissions.
Here, we explore relationships between VOC drivers and
emissions using statistical modeling. We also use a dynamic
vegetation model to quantify the importance of the direct effects
of warming and indirect effects, via vegetation changes, on VOC
emissions. In this cross-site analysis, we assess the patterns in
ecosystem-scale VOC emissions as affected by the current or
preceding temperature, PAR, soil moisture, and plant species
composition. We first analyze plot-scale data collected in climate
warming experiments in Northern Sweden and several Greenlandic locations, ranging from the Sub-Arctic to the High Arctic,
during several years (see Dataset S1 for information about the
sites). The low-statured vegetation in tundra ecosystems allows
for measurements of VOCs at the ecosystem scale after experimental manipulation to study the effects of warming in replicated
experimental designs. Data are first subjected to a multivariate
statistical model to estimate the effect size on tundra VOC
emission of daily temperatures, soil moisture, and PAR, as well as
lagged effects of temperature within a season. Then, we use
structural equation modeling (SEM) to compare the importance
of the direct effects of temperature on VOC emissions with the
indirect effects mediated by vegetation composition changes and
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and negative relationships with ORVOC and OVOC emissions
(third image in Fig. 1). In the short Arctic growing season, these
relationships highlight the importance of vegetation phenology
and different ecosystem processes in controlling emissions in the
different parts of the short Arctic growing seasons: SQTs, which
are emitted by vegetation (25), soil (26), and litter decomposition
(27, 28), have higher emissions if the spring or early growing
season has been warm. In contrast, the relative importance of
ORVOCs and OVOCs, which include compounds that are
characteristic in soil emissions (29), decreases with a warmer
early season.
The effect of temperature was most specific for the actual
temperature (the temperature in the measurement chamber)
and the predictive uncertainty (the width of the curves in Fig. 1)
increased for the mean temperature of the 30- and 60-d periods
preceding the measurement.
Soil moisture tended to have a negative relationship with MT
and oMT emissions and a positive relationship with isoprene
emissions (fifth image in Fig. 1). This is likely an indirect effect
resulting from soil moisture control on vegetation composition
or vegetation response to moisture conditions, the impacts of
which were further assessed by SEM.
For each VOC group, we created a SEM to compare the direct
effects of the chamber temperature (∼ canopy air temperature)
and soil moisture to indirect effects driven by vegetation community differences independent of the seasonal changes (Fig. 2A).
The SEMs were constructed based on July measurements, which
represent the peak growing season, and potential seasonalityrelated feedbacks were thus excluded. The plant species composition data were condensed into four principal components (PCs),
which were used to describe the vegetation community (SI Appendix, Fig. S2). PAR was included in all models.
All SEM models provided a close fit between model and data
(SI Appendix, Table S2; see Dataset S3 for summary statistics
and parameter estimates). Vegetation composition affected the
emissions of all VOC groups (SI Appendix, Fig. S3), except
OVOCs, for which there were no significant effects of any parameter in the data used. In general, emissions of all other VOC
groups were largely controlled by strong direct effects of temperature and indirect effects mediated by soil moisture shaping
the vegetation community (Fig. 2C). Emissions of isoprene
(Fig. 2B) and oMTs (SI Appendix, Fig. S3) were directly affected by both PAR and temperature. Emissions of MTs, SQTs,
and ORVOCs were directly affected by temperature, but not
PAR (SI Appendix, Fig. S3). Soil moisture had a direct negative impact on the emissions of ORVOCs, while having a positive indirect vegetation-mediated impact on the other VOC
groups. For example, soil moisture had an indirect impact on
isoprene emission, via correlation with the presence of the PC2type vegetation, with main contributions by graminoids, lichens, the
evergreen shrubs Cassiope tetragona and Empetrum hermaphroditum,
willows (Salix spp.), and mosses (Fig. 2B and SI Appendix,
Fig. S2).
In order to assess the relative importance of temperature increases and vegetation changes at larger scales, we used the
process-based, dynamic ecosystem model, LPJ-GUESS (LundPotsdam-Jena-General Ecosystem Simulator, ref. 22). LPJ-GUESS
links the synthesis of plant VOCs to photosynthesis, by assigning a
fraction of the electron flux generated for photosynthesis to terpenoid synthesis (30, 31). The model currently includes processes
for modeling isoprene and MT emissions, and Tang et al. (32)
adjusted the model for tundra VOC emissions based on leaf-level
emission factors measured in situ and included a stronger temperature response, as has been observed for tundra ecosystems.
Since the model mechanistically represents plant establishment,
mortality, disturbance, and growth, as well as soil biogeochemical processes in response to input climate variability, it
32478 | www.pnas.org/cgi/doi/10.1073/pnas.2008901117

enables us to separate the direct effects of warming from the
indirect, vegetation change-related effects.
We compared two different scenarios: one in which warming
only affects the VOC production rate and emission, but without
warming-induced vegetation changes (direct effects, DIR), and
one in which warming affects both the VOC production and
emission, as well as vegetation dynamics (direct + indirect effects, DIR+IND). Both effects were simulated with a 2 °C or
4 °C temperature increase for the time period of 1999–2012 in
the entire study area, resulting in four designed scenario simulations. These simulations were compared with the control
simulation with current climate. The simulated vegetation distribution in the control simulation (SI Appendix, Fig. S4) was
largely in agreement with the Circumpolar Arctic Vegetation
Map (33), International Geosphere–Biosphere Programme Land
Cover (34), and with Kaplan et al. (35), with some regional
differences between the modeled distribution and these published maps (such as the potential overestimation of needleleaved summergreen tree presence along the northern coast of
Russia). The results below compare the emission differences
caused by direct (DIR) and indirect effects (IND) of warming,
where the direct effects were quantified as the difference between the scenario run of DIR and the control run, and the indirect effects were quantified as the difference between the
scenarios run of DIR+IND and the scenarios run of DIR.
Warming alone caused large increases in annual isoprene and
MT emissions averaged across the Pan-Arctic region, with larger
increases for 4 °C than 2 °C warming (Fig. 3). Including indirect
temperature effects (e.g., via phenology, vegetation dynamics,
and plant physiological processes under a warmer climate
allowing for longer growing seasons) further enhanced this increase, but with relatively smaller magnitude compared to the
direct warming effects. For isoprene, the indirect temperature
effects in this region become more and more important over
time, linking to the gradually increasing vegetation coverage
and/or the increasing relative contributions of isoprene-emitting
species to the total vegetation cover (i.e., shade-intolerant broadleaved summergreen trees [IBS] and temperate shade-tolerant
broadleaved summergreen trees [TeBS]). For monoterpenes, the
impact of indirect effects was considerably smaller than for isoprene, and more constant over time. The apparent peak in the MT
response to the indirect effects of warming in 1999 (Fig. 3B),
compared to other years, is due to a larger relative effect of the
temperature increase on the length of the growing season and the
positive consequences of this on the plant growth of MT emitters.
While the chemical speciation of the emissions, assessed here as the
ratio between isoprene and MT emissions, was largely unaffected
by the direct effects of warming, it changed rapidly and strongly in
response to the indirect effects of warming (Fig. 3C). We estimate that VOC emissions from the Pan-Arctic become even
more strongly dominated by isoprene than presently, as a result
of vegetation shifts caused by warming.
Warming alone increased isoprene production and emission
over the ice-free Pan-Arctic, when averaged across the period
1999–2012, with the largest relative increases in the High and
Low Arctic areas of North America and several regions in
Siberia (Fig. 4 A and C). Warming-induced vegetation changes
caused both decreases and increases in isoprene emissions
depending on the location (Fig. 4 B and D). Overall, we observed
similar patterns for MTs (SI Appendix, Fig. S5). In general, the
increase in isoprene emissions was most pronounced in the High
Arctic, where isoprene-emitting grasses and mosses (36–38), as
well as shrubs (39, 40), increase in abundance (SI Appendix, Fig.
S6). Isoprene emissions decreased with the warming-induced
vegetation changes in the southernmost areas of the current
Subarctic North America and Western Russia (Fig. 4), due to a
slight decrease in tree coverage (SI Appendix, Fig. S6). This
decrease may be related to reduced plant productivity, due to
Rinnan et al.
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Fig. 2. Structural equation models representing direct and indirect linkages of environmental factors on VOC emission. (A) The conceptual model tested, in
which temperature and soil moisture affect VOC emissions directly or indirectly by structuring the vegetation cover. (B) An example of a final SEM model for
isoprene emission. Solid arrows represent significant linear paths supported by the model; dashed lines are omitted paths. Values represent standardized
effect sizes. (C) Effect sizes on each VOC group summed across the SEM models for temperature and soil moisture, respectively. Direct effect sizes (green)
correspond to parameter estimates between VOC and the given parameter. Indirect effects (purple) correspond to the mediated effect of a variable via the
vegetation cover PC axis. All numbers are scaled to z-scores in order to enable comparisons of effect sizes across variable types. All deviations from 0 are
significant.

summer drought, resulting from increased evapotranspiration
with higher temperatures and earlier onset of the growing season
in the southern forest areas (41).
We found that the highest relative increases in isoprene and
MT emissions, both due to warming and vegetation changes, are
likely to occur in the High Arctic (Fig. 4 and SI Appendix, Fig.
S5). SI Appendix, Figs. S7 and S8 show the absolute changes in
isoprene and MT emissions. The large increase in VOC emissions in the High Arctic is associated with shrub expansion and
biomass growth (42) in this region (SI Appendix, Fig. S6). The
decrease in MT emissions caused by warming-induced vegetation
changes occurs widely in boreal forest due to replacement of
moderate MT-emitter plant functional types (PFTs) (boreal
needle-leaved evergreen trees) with low MT-emitter PFTs
(temperate broad-leaved summergreen trees) in response to the
temperature increase.
Recent climate modeling studies suggest that considering a
scenario with a 2 °C or 4 °C temperature increase for the Arctic
might not be unrealistic in a long term. In fact, a 2 °C increase in
mean annual temperature in the Arctic (relative to 1981–2005
baseline mean) is expected in 25 y under the Representative
Rinnan et al.

Concentration Pathway (RCP) 8.5 of the Intergovernmental
Panel on Climate Change (the so-called “business as usual”
scenario) and in 50 y with RCP 4.5 (moderate mitigation scenario, ref. 43). Arctic warming is expected to be most pronounced in the late boreal autumn, when temperature increases
may be as high as 13 °C by the end of this century (following RCP
8.5, ref. 43). Warming is highly relevant for tundra VOC emissions, which increase steeply with temperature above a minimum
temperature of ∼10 °C (32, 44). Furthermore, prolongation of
the growing season due to warming not only extends the period
of potentially high biological activity, but also leads to alterations
in phenology and vegetation composition (42, 45), which were
accounted for in our simulations considering the indirect effects
of warming.
In summary, we show that ongoing warming has strong direct
increasing effects on VOC emissions from Arctic ecosystems and
also indirect effects resulting from prolongation of the growing
season length and alterations in vegetation composition and
biomass. Shifts in the chemical speciation of the emissions are
accompanied with large geographic differences. Changes in
VOC emissions are likely to have local-to-regional impacts on
PNAS | December 22, 2020 | vol. 117 | no. 51 | 32479
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Fig. 3. Changes in modeled annual isoprene (A) and monoterpene (B) emissions due to direct and indirect effects, and the isoprene-to-monoterpene ratio
for emissions (C) from each model simulation averaged over the Pan-Arctic land area. DIR were determined from the difference between the scenarios with 2
°C (DIR T2) or 4 °C (DIR T4) warming impacts on VOC production/emission and the control run. IND were determined from the difference between the
simulations with both direct and indirect effects and those with only direct effects. Note the different y axis scales.

Materials and Methods

gradient (48) and previously unpublished data from a climate warming experiment. Climatic information, emission data, and environmental conditions during the measurements for each location are summarized in
Dataset S1.

Datasets and Locations. We used data collected from climate warming experiments in European Subarctic and Arctic locations during 2006–2015. The
locations were Abisko in Northern Sweden (68°21′ N, 18°49′ E, Subarctic),
Disko Island (69°14′ N, 53°32′ W) and Kobbefjord (64°7′ N, 51°21′ W) in
Western Greenland (Low Arctic), and Zackenberg in Northeastern Greenland
(74°30‘ N, 20°30’ W, High Arctic). Data from the mesic heath in Abisko have
been previously published (3, 4, 46). Data from Disko Island includes results
from a dry low shrub tundra (7) and a graminoid-dominated wetland (6).
Those from Kobbefjord were collected on a dry tundra dominated by Salix
glauca and E. hermaphroditum (5). Data from Zackenberg include measurements in four contrasting vegetation types (47), across a soil moisture

VOC Emission Measurements. VOC emissions were measured from 22 × 22 cm
plots of tundra (except for Kobberfjord, where the plot size was 33 × 33 cm)
consisting of an intact vegetation cover of the site and the soil beneath. The
plots were bordered by aluminum frames that extended to ca. 10 cm depth
in soil and provided a base for the flux measurement chamber. These frames
had been installed in the plots a minimum of 1 y before starting the measurements. During measurements, conducted by the push–pull enclosure
technique, a transparent polycarbonate chamber was placed on the aluminum base. The chamber headspace (volumes typically approx. 9.6 L, in
Kobberfjord 25 L) was mixed with a fan, and air was circulated through via
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atmospheric composition, via oxidation reactions and particle
formation.

Fig. 4. Relative changes in isoprene emission under direct and indirect effects of warming by 2 °C (A and B) and 4 °C (C and D). A and C show the DIR on
isoprene production and emission rate, and (B and D) show the IND mainly through changes in vegetation composition and vegetation-related processes
averaged for the period 1999–2012.

32480 | www.pnas.org/cgi/doi/10.1073/pnas.2008901117
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Monitoring of Environmental Conditions. Air temperature and relative humidity inside the VOC measurement chamber were recorded (Hygrochron DS
1923-F5 iButton, Maxim Integrated Products Inc.) once a minute during VOC
sampling. PAR was recorded every 10 s using PAR sensors (S-LIA-M003, Onset
Computer Corporation) coupled to a Hobo Micro Station data logger. Values
were averaged for the VOC sampling period (typically 30 min). Soil moisture
was measured manually in topsoil (ML3 Theta Probe Soil Moisture Sensor,
Delta-T Devices). In addition, data for ambient air temperature were collected from climate station databases administered by Greenland Ecosystem
Monitoring and Abisko Scientific Research Station. Ambient air temperature
was a diel average of temperature measured at 2–3 m height close to VOC
measurement sites.
Statistical Modeling. Multivariate linear mixed effect models were used to
estimate effect of temperature and other environmental variables on VOC
emissions. For each individual VOC class, we created a presence only model,
estimating effect sizes of environmental variables during VOC emission
measurements. For each VOC class, we constructed a model including the
fixed effects of daily PAR, daily measures of soil moisture, chamber temperatures during the VOC measurement, mean temperature 30 d prior to the
given day, mean temperature 30–60 d prior to the given day, day of year,
and day of year squared. Day of year was treated as a cofounding variable
and modeled as a second-order polynomial, adjusting for any hump-shaped
patterns in emission rates across season. We achieved general parameter
estimates by adding random intercepts for individual measurement year,
treatment (control or OTC warming), and study site. In order to ensure
model conversion and enable model inference across random effects (52), all
of the mixed models were fitted as Gaussian linear models and VOC emission
data were log-transformed prior to any model run. All fixed environmental
explanatory variables were standardized to a mean of zero and SD of one.
This allowed for the comparison of effect sizes (the slope-β estimates in
models) across the explanatory variables. Estimated uncertainties for each
β are shown in SI Appendix, Table S1. The level of variance explained by
each component model for all response variables is given as the conditional
R2 (or pseudo R2) based on the variance of both the fixed and random
effects (53).
Structural Equation Modeling. We used SEM to evaluate the direct effects of
temperature and soil moisture, as well as indirect effects via vegetation cover,
on VOC emissions during peak growing season (only July data included). In
SEM, causal links between variables of interest are defined and evaluated in
the form of interconnected equations (54, 55).

Rinnan et al.

Dynamic Ecosystem Modeling. LPJ-GUESS is a climate-driven dynamic ecosystem model, which has been widely used at the plot, regional, and global
scales (22, 62–64). The model is process-based with mechanistic representation of vegetation dynamics, including establishment, mortality, competition for light, water and nutrient resources, and disturbance (65), and soil
biogeochemistry (66). Vegetation in the model is represented by PFTs, which
are defined by the bioclimatic limits for their establishment and mortality,
and their plant physiological and physiognomic features. LPJ-GUESS has
been applied and evaluated in a number of studies exploring Arctic vegetation dynamics (e.g., refs. 12, 62, and 63). An adapted Farquhar photosynthesis model (67, 68) is used for simulating daily photosynthesis. Isoprene
(30) and MT (31) are simulated in the model as a function of the photosynthetic electron flux that is allocated to synthesis of these compounds.
Whereas isoprene is emitted directly upon synthesis, monoterpenes can be
stored in storage organs for some PFTs, followed by a temperaturedependent emission (31). Simulation of emissions of other VOCs has not
yet been implemented in LPJ-GUESS.
In this study, we used the extended arctic PFTs based on ref. 32, in which
the existing arctic leaf-level emission measurements were used to update
the emission factors with further parameter adjustments for a few PFTs in
consideration of species distribution in the Pan-Arctic region (Dataset S2).
The high temperature response reported in Tang et al. (32) with beta value
of 0.23 has been used for arctic PFTs, while the global temperature response
curve (with beta value of 0.10) has been used for PFTs not specific to the
Arctic tundra (Dataset S2).
A control simulation was performed for the Arctic region (north of 60°N
and within the Pan-Arctic boundaries defined by the Conservation of Arctic
Flora and Fauna) at a spatial resolution of 0.5° for the period 1901–2012. The
climate inputs (monthly mean temperature, precipitation, radiation, monthly
mean of daily maximum and minimum temperatures, and number of wet
days) were obtained from CRU TS 3.21 (69), and the annual mean atmospheric
CO2 concentration was obtained from ref. 70. All runs were initialized by 300-y
spin-up by recycling detrended 1901–1930 climate forcing to equilibrate vegetation and soil carbon pools.
In addition to the control simulation, four simulations with warming
scenarios were applied in which temperatures were increased by 2 °C or 4 °C
for the period 1999–2012, mimicking the climate warming experiments in
the data analysis. Two of these scenarios applied a temperature increase in
the computation of terpenoid synthesis only, hence representing a direct
impact on emissions (referred to as DIR); the other two scenarios applied the
temperature increase to all ecosystem processes including terpenoid synthesis, hence representing both direct and indirect impacts on emissions
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Vegetation Analysis. The cover percentage of each plant species in the plots
was estimated using the point intercept method (51). A pin was vertically
lowered in each grid point, and a hit was recorded every time the pin
touched a vascular plant, moss, lichen, litter, or soil. This analysis gives a
three-dimensional picture of the vegetation cover, and the cover may
exceed 100%.

We created a conceptual model with a hypothetical path diagram in which
plot-level temperature and soil moisture had an indirect effect on VOC
emissions by affecting vegetation cover. Plot-level vegetation covers were
condensed into four PC axes explaining 67.4% of the variation in the species
composition data by principal component analysis (PCA; SI Appendix, Fig.
S2). The PCA was based on log(cover +1) of all of the plant data merged into
16 groups representing correlated unities (56).
In the SEM, all endogenous variables were modeled using linear Gaussian
mixed effect models, containing measurement year, treatment (control or
OTC warming), and study site as random intercepts, and the explanatory
variables as fixed effects. Furthermore, we adjusted the models for daily
variation in radiation levels by adding PAR as a covariate. Each model was
screened for residual distributional properties. In order to meet the assumption of variable homogeneity, we log-transformed the single VOC
measures prior to analysis.
We evaluated the full SEM and potential inclusion of missing paths using
Fisher’s C statistic (57). In contrast to globally estimated models, local estimators permit complex path specifications fitted by the entire covariance
matrix and do not transfer misspecification errors across different parts of an
SEM (58). In each of the local models, the links supported by our data were
identified via a two-way ANOVA test (59). For each VOC group, we estimated conditional R2 for the model component estimating direct effects.
In order to contrast the importance between the different model components, effect sizes across the SEM were derived from path coefficients
scaled to a mean of zero and SD of one. The direct effect size of temperature
and soil moisture, and indirect effect sizes via vegetation cover, were
established from the estimated parameters in the final SEMs. The indirect
pathways via vegetation cover were defined as the sum across all four PCs of
the product of temperature/soil moisture to vegetation cover and vegetation
cover to VOC emission path.
All statistical modeling and SEM analyses were conducted in R version 3.5.3
using the piecewiseSEM v.1 (59), lme4 (60), and FactoMineR (61) packages.
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battery-operated pumps, with a flow rate of 200 mL·min−1 (in some cases,
inflow was maintained at 215 mL·min−1). The replacement air was purified
by a charcoal filter to remove particles and VOCs present in ambient air and
by a manganese oxide scrubber or copper tubing coated with potassium
iodide to remove ozone (49). The sampled air was pulled through stainless
steel adsorbent cartridges packed with 150 mg of Tenax TA and 200 mg of
Carbograph 1 TD. VOCs were analyzed after thermal desorption (Unity 2
thermal desorber coupled with an Ultra autosampler; Markes International
Limited) on a gas chromatograph-mass spectrometer (7890A Series GC,
5975C inert MSD/DS Performance Turbo EI, Agilent Technologies).
At each site, blank samples were collected by placing a polyethylene
terephthalate sheet in between the measurement chamber and the ecosystem, and then sampling VOCs as for actual samples. The VOC concentrations in the blanks were subtracted from the samples, and in some cases
the major compounds in blanks were considered impurities and completely
removed from the data. All other compounds—whether available as calibration standards or only tentatively identified by the National Institute of
Standards and Technology mass spectral library—were included in the data.
Details on the measurement and analytical methods, quantification, and
compound identification are provided in the original publications.
The individual compounds were grouped into the following classes (50):
isoprene, monoterpenes (includes monoterpenoids), oxygenated monoterpenes, sesquiterpenes (includes sesquiterpenoids), ORVOCs (lifetime less
than 1 d), and OVOCs.
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