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• Isoprene accounts for 91% of the total
volatile emissions from Salix myrsinites.

• Warming increases isoprene emissions,
but gall-infestation does not.

• Gall-infestation increases emissions of
DMNT and green leaf volatiles.

• Warming compromises the effects of
gall-infestation.
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Climate change is altering high-latitude ecosystems inmultiple facets, including increased insect herbivory pres-
sure and enhanced emissions of volatile organic compounds (VOC) from vegetation. Yet, joint impacts of climatic
drivers and insect herbivory on VOC emissions from the Arctic remain largely unknown.We examined how one-
monthwarming by open-top plastic tents, yielding a 3–4 °C air temperature increase, and the natural presence of
gall-forming eriophyoid mites, Aculus tetanothrix, individually and in combination, affect VOC emissions from
whortle leaved willow, Salix myrsinites, at two elevations in an Arctic heath tundra of Abisko, Northern
Sweden. We measured VOC emissions three times in the peak growing season (July) from intact and gall-
infested branches using an enclosure technique and gas chromatography–mass spectrometry, and leaf chemical
composition using near-infrared reflectance spectroscopy (NIRS). Isoprene accounted for 91% of the VOCs emit-
ted by S. myrsinites. Isoprene emission rates tended to be higher at the high than low elevation during the mea-
surement periods (42 μg g−1 DWh−1 vs. 23 μg g−1 DWh−1) evenwhen temperature differenceswere accounted
for. Experimentalwarming increased isoprene emissions by approximately 54%, but decreased emissions of some
minor compound groups, such as green leaf volatiles (GLV) and (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT). In
contrast, gall-infestation did not affect isoprene emissions but stimulated emissions of DMNT, sesquiterpenes
and GLVs, particularly under ambient conditions at the low elevation. The NIRS-based chemical composition of
the leaves varied between the two elevations and was affected by warming and gall-infestation. Our study sug-
gests that under elevated temperatures, S. myrsinites increases emissions of isoprene, a highly effective com-
pound for protection against oxidative stress, while an infestation by A. tetanothrix mites induces emissions of
herbivore enemy attractants like DMNT, sesquiterpenes and GLVs. Under both conditions, warming effects on
isoprene remain but mite effects on DMNT, sesquiterpenes and GLVs diminish.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Climate change is expected to have severe impacts on the Arctic cli-
mate evenunder themoderate carbonmitigation strategies put forward
by the IPCC (Post et al., 2019). Annual air temperatures in the Arctic
have already increased by 2.7 °C in the period 1971–2017 and are
projected to rise by another 5–13 °C by 2100 (Box et al., 2019). This con-
siderable warming has already caused drastic changes in the Arctic car-
bon cycle, including emissions of volatile organic compounds (VOC)
from vegetation (Kramshøj et al., 2016; Rinnan et al., 2020). Biogenic
VOCs, especially isoprene with global annual emissions of ca. 500 TgC
(Guenther et al., 2012), are known to affect climate via the formation
of secondary organic aerosols (SOA) and ozone, and the reduction of
the atmospheric oxidative capacity (Monson and Baldocchi, 2014;
Pacifico et al., 2009). Such biogenic VOC-mediated climate feedback is
thought to be especially significant in remote regions with low anthro-
pogenic emissions, such as the Arctic (Rinnan et al., 2014). However, the
impacts of climatic and biotic drivers on biogenic VOC emissions are still
understudied in the Arctic.

Apart from influencing atmospheric chemistry and climate feedback,
biogenic VOCs havemultiple ecological functions, for example attracting
and/or repelling herbivorous insects, recruiting natural enemies of the
attacking herbivores, and mediating between- and within-plant com-
munication, among others (De Moraes et al., 1998; Karban et al., 2014;
Li and Blande, 2017; Tooker and Hanks, 2006). Moreover, some plant
VOCs, such as isoprene and monoterpenes, have been shown to confer
plants with thermal protection against high temperature-induced oxi-
dative stress (Loreto et al., 2014; Loreto and Fineschi, 2015). Isoprene
is also one of the main compounds emitted from Arctic vegetation, in
which typical isoprene emitters, such as mosses, graminoids, and
willows (Salix spp.) are common (Rinnan et al., 2014). Some studies
even suggest that ongoing Arctic warming may further favor VOC-
emitting species (e.g., Angot et al., 2020). Thus, estimating the potential
effects of biogenic VOCs on Arctic ecosystem processes and climate re-
quires a better understanding of the underlying processes driving bio-
genic VOC emissions in the Arctic.

Early modeling studies suggested minimal VOC emissions from
Arctic ecosystems due to sparse vegetation and cold temperatures
(e.g., Guenther et al., 2012). However, recent field measurements at
the scales of branches, communities and ecosystems have repeatedly
shown that the Arctic is indeed a significant source of biogenic VOCs
into the atmosphere and that ongoing Arctic warming will further ele-
vate biogenic VOC emissions either through direct stimulation of VOC
production and release by higher air temperature, or through indirect
effects via long-term changes in vegetation composition and biomass
induced by warming (Angot et al., 2020; Kramshøj et al., 2016; Rinnan
et al., 2020; Seco et al., 2020). These studies have also revealed that
the temperature dependency of VOC emissions seems to be particularly
pronounced in tundra ecosystems compared to tropical and subtropical
ecosystems (Faubert et al., 2011; Rinnan et al., 2014; Seco et al., 2020).
For instance, experimental warming by 3–4 °C has led to a 240–280%
increase in VOC emissions from Greenlandic tundra ecosystems
(Kramshøj et al., 2016; Lindwall et al., 2016a).

While the last decade haswitnessed great strides toward understand-
ing the impact of climate drivers, particularly warming, on Arctic VOC
emissions (Rinnan et al., 2020), little attention has been paid to assessing
the impact of biotic drivers such as insect herbivory. Warming of the
Arctic leads to changes in the occurrence of insect herbivory because
higher temperatures remove physiological constraints on insect expan-
sion in these ecosystems (Li et al., 2019). These changes lead to increased
risk of herbivore attacks causing severe foliar damage (Barrio et al.,
2017). Of insect herbivores, the impact of gall-inducing insects on plants
is particularly profound (Coelho Kuster et al., 2020; Tooker et al., 2008).

Galling insects induce a tumour-like growth on their host leaves and
the insects live within plant tissues, consuming plant resources, which
results in reduced growth, development, and reproduction of host
2

plants (Mosbacher et al., 2013; Petanović and Kielkiewicz, 2010;
Tooker and Hanks, 2006; Ye et al., 2019). However, research examining
VOC emissions in plants under herbivory has largely focused on
chewing and sucking insects, and the effects of gall-inducing insects
on VOC emissions are still largely unknown (Borges, 2018). It has
been suggested that infestation from different galling species leads to
various defense responses in host plants, with induced emissions of
benzenoids, monoterpenes, sesquiterpenes, and green leaf volatiles
(GLVs) in some studies (Jiang et al., 2018; Ye et al., 2019) and no change
in VOC emissions in others (Tooker and De Moraes, 2007). A reduction
in isoprene emissions under exposure to galling is expected due to
galling-induced inhibition of photosynthesis (Noe and Niinemets,
2020). However, results from recent studies show both induced and re-
duced isoprene emissions from gall-infested foliage (Jiang et al., 2018;
Ye et al., 2019). Even though herbivory by galling insects is widespread
in the High Latitudes (Mosbacher et al., 2013; Patankar et al., 2013a;
Patankar et al., 2013b), we lack understanding on the effects of galling
on VOC emissions from Arctic species.

The direct and indirect effects of climate change onbiogenic VOC emis-
sions are occurring rapidly and simultaneously. Most studies have focused
on the individual effects of abiotic or biotic factors on VOC emissions, yet
interactive effects of multiple stressors have been underappreciated
(Holopainen et al., 2018; Li et al., 2019). It is important to investigate the
joint effects of multiple stressors to better represent the natural environ-
ment and conditions. Furthermore, plant responses to multiple stressors
are complex and not just the sum of individual effects (Holopainen et al.,
2018). Therefore, field research examining the interactive effects of rising
temperatures and herbivory on VOC emissions is required.

In this study, we aimed to examine how short-term temperature in-
crease and foliar damage caused by the gall-forming eriophyoid mites,
Aculus tetanothrix, individually and in combination, affect VOC emis-
sions from the whortle leaved willow, Salix myrsinites, in an Arctic tun-
dra ecosystem. We measured in situ VOC emissions at two elevations
during the peak growing season. Warmer and longer growing seasons
increase the abundance of deciduous woody shrubs in the High
Latitudes (Callaghan et al., 2013; Rundqvist et al., 2011; Tape et al.,
2006). Of these, Salix spp., is an effective isoprene emitter, one of the
most abundant shrubs present in theArctic tundra, and is highly suscep-
tible to leaf galls (Patankar et al., 2013b; Rinnan et al., 2011; Vedel-
Petersen et al., 2015). A. tetanothrix is a widely distributed mite species
in Salix species in the Arctic, which causes often irregularly rounded
galls on upper leaf surface, and appears to occur less frequently at
high elevations than at low elevations (Kuczyński and Skoracka,
2005). We set out to assess how experimental warming and leaf infes-
tation by A. tetanothrix, alone and in combination, affect VOC emissions
and leaf chemical composition in S.myrsinites, andwhether these effects
differ between elevations. We hypothesized that warming augments
VOC emissions as VOC biosynthesis and volatility are temperature-
dependent (Guenther et al., 2012; Peñuelas and Staudt, 2009). The
effects of gall-infestation by A. tetanothrix mites are compound-
specific, but we were not able to predict the direction of these effects
as the very limited number of studies on plant VOC responses to gall-
infestation have led to inconsistent results (Borges, 2018; Jiang et al.,
2018; Tooker and De Moraes, 2007). Under both conditions, warming
either amplifies or attenuates the effects of gall-infestation, depending
on the identity of compounds. We finally hypothesized that the effects
of warming and gall-infestation are stronger at the low than high eleva-
tion as air temperatures and herbivory pressure generally decreasewith
elevation (e.g., Moreira et al., 2018).

2. Materials and methods

2.1. Location

Our field experiments were located on two Arctic tundra heaths in
Abisko, Swedish Lapland. The growing season lasts from late May until
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the end of August, with mean annual temperature and precipitation of
−0.5 °C and 304 mm, respectively (30-year average from 1961 to
1990) (Alexandersson and Eggertsson Karlström, 2001). Experiments
were conducted at two elevations during the period July 12–30, 2019.
The low elevation (68° 20′ 47″N, 18° 49′ 34″E; 385 m a.s.l.) was located
in a wet mesic heath at the edge of a birch forest, below the treeline
(Faubert et al., 2011). The high elevation (68° 19′ 21″ N, 18° 50′ 40″E;
560 m a.s.l.) was located right above the treeline in a tundra heath
(Rousk et al., 2016). The soil pH at both elevations is neutral and the veg-
etation is similar, dominated by dwarf shrubs, mosses, and graminoids
(Rinnan et al., 2007; Rousk and Michelsen, 2017). Common dwarf
shrubs included Vaccinium uliginosum L., Betula nana L., Andromeda
polifolia L., Empetrum nigrum spp. hermaphroditum (Lange ex Hagerup)
Böcher and Rhododendron lapponicum (L.), and common graminoids in-
cluded Carex vaginata Tausch and Carex parallela (Laest.) Sommerf.

2.2. Experimental design

The field treatments consisted of a warming treatment and a control
treatment. All treatments were established as 1 × 1 m experimental
plots and replicated six times in a randomized block design. The
warming treatment was created using dome-shaped open-top polyeth-
ylene plastic tents (0.05 mm thick, approximately 80 cm high, 1.2 ×
1.2 m at the base, 40 cm diameter at the top) with an expected temper-
ature increase of up to 4 °C and 1–2 °C for air and soil, respectively
(Rinnan et al., 2011). The open-top tents were set up at each elevation
on June 12–13, 2019, when the galls from A. tetanothrix had not yet
emerged. On July 12, approximately one month after the warming
setup, branches of S. myrsinites (approximately 5–8 cm long) infested
with and without A. tetanothrix galls were marked in each plot for
VOCmeasurements.We initially intended to target one pair of branches
(i.e., one branch with galls and one branch without galls) in each plot.
However, due to the low abundance of gall-infested branches, we
used branches from outside the marked plots in some control plots,
while in some warming plots we selected two pairs of infected and un-
infected branches from separate plants. At the low elevation, 34
branches of S. myrsinites (n = 10 for control and warming, n = 7
for gall-infestation and warming plus gall-infestation) were sam-
pled, of which 12 branches (n = 3 in each case) were likely hy-
brids with S. phylicifolia. At the high elevation, 30 branches of
S. myrsinites (n = 9 for control and warming, n = 6 for gall-
infestation and warming plus gall-infestation) were sampled.
The selected branches within each plot were from different plants
distanced 20–70 cm apart.

2.3. VOC sampling

At each elevation, three VOC sampling campaigns weremade in situ
on the same branches (July 13, 19, and 27 at the high elevation and July
14, 20, and 28 at the low elevation). The selected branches were
enclosed in transparent polyethylene terephthalate (PET) containers
with a volume of 500 mL. Each container was closed with a lid at the
base of the branch, and tubing for in- and outflow air was inserted
through holes in the bottom. A new container was used for every sam-
ple to avoid cross-contamination andmemory effects. Prior to sampling
and immediately after enclosing the branch, the container was flushed
for approximately 3 min at a flow rate of 1000 mL min−1. During sam-
pling, the inlet flow was lowered to 300 mL min−1. The incoming air
was purified by an air filter and an activated charcoal filter to remove
particles and VOCs, and by a copper tube coated with potassium iodide
to scrub ozone (Kramshøj et al., 2016; Ortega et al., 2008). Headspace
air was pulled out of the container through a stainless steel adsor-
bent cartridge filled with 150 mg Tenax TA and 200 mg of
Carbograph 1TD (Markes International Limited, Llantrisant, UK)
at a flow rate of 200 mL min−1 for 10 min. After sampling, the car-
tridges were sealed with Teflon coated brass caps and stored in the
3

refrigerator until analysis. During each VOC sampling campaign,
two blank measurements from empty containers were conducted
in the middle and end of the branch VOC sampling, respectively,
to correct for any contaminants released from the container and
the sampling system. PET containers have been used in several
studies for VOC collection (e.g., Li et al., 2019; Stewart-Jones and
Poppy, 2006). Compared to some semi-neutral materials such as
polytetrafluoroethylene (PTFE/Teflon) and glass, PET containers
may adsorb greater amounts on surfaces (Stewart-Jones and
Poppy, 2006), leading to underestimation of the emission rates of
certain compounds. Since we used small PET containers and short
sampling time, such underestimation is likely to be relatively
small and would not hamper detection of treatment effects,
which was the main aim of the study.

During the VOC sampling, temperature and relative humidity
(RH) were measured inside the enclosed container using data log-
gers (DS1923, iButton Hygrochron, Maxim Integrated, San Jose,
USA). Moreover, for the duration of a measuring day, photosynthetic
photon flux density (PPFD) (Onset Computer Corporation, Bourne,
USA) and temperature (DS1923, iButton Hygrochron, Maxim
Integrated, San Jose, USA) were measured at canopy level inside
and outside the warming tents. Soil temperature was measured at
5 cm depth at three different places within each plot using a soil
thermometer (Delta-T Devices, Cambridge, England). Seasonal cli-
mate data on PPFD, temperature, and precipitation were retrieved
from the climate station at the Abisko Scientific Research Station
for the 2019 growing season.

At the end of the last campaign, the branches were harvested and
all leaves were scanned. Leaf area was measured using scanned im-
ages and ImageJ software (National Institutes of Health, Bethesda,
Maryland, USA), and leaf dry weights were determined after 72-h
of oven drying at 60 °C. To estimate the gall-infestation degree, we
measured the leaf area covered by a representative gall using
ImageJ, and counted the total number of representative galls present
on each target branch as well as the total number of leaves with
galls. The gall-infestation degree, which was expressed as the per-
centage of leaf area covered by galls, was estimated by first multiply-
ing the total number of representative galls and the leaf area
infested by the representative gall, and then dividing it by the total
leaf area.

2.4. VOC analysis

VOC samples were analysed by gas chromatography–mass spec-
trometry (GC–MS, Agilent 7890 A GC and 5975 C VL MSD). Compounds
were subjected to thermal desorption at 250 °C for 10 min using a
TD100-xr (Markes International Limited, Llantrisant, UK) and were
then separated through an HP-5 capillary column (50 m × 0.2 mm ×
0.33 μm, Agilent, Santa Clara, USA) with helium as the carrier gas at a
flow rate of 1.2 mL min−1. The GC oven was heated to 40 °C for 3 min,
and then raised at 5 °C min−1 to 210 °C and finally raised at a rate of
20 °C min−1 to 250 °C and held for 8 min, resulting in a total runtime
of 47min. The chromatogramswere analysed using PARADISe software
(Johnsen et al., 2017). Compounds were tentatively identified by com-
paring mass spectra to those in the NIST2014 Mass Spectral Library
(National Institute of Standards and Technology, USA), verified using
pure standards (Supplementary data, Table S1) when available, and
quantified using external standards. Compoundswithout pure standards
were matched with structurally related standards for quantification,
namely, α-pinene for monoterpenes and (E)-4,8-dimethylnona-1,3,7-
triene (DMNT), (E)-β-caryophyllene for sesquiterpenes (SQT), hexanal
for green leaf volatiles (GLV), and toluene for benzenoids and other com-
pounds. If compoundswere detected in at least 50% of the samples of one
treatment, they were included in the analysis. VOC concentrations in
blankswere subtracted from the samples prior to calculation of emission
rates. Compounds were divided into eight compound groups: isoprene,



Table 1
Severity of gall-infestation (mean ± SE) by A. tetanothrixmites on S. myrsinites leaves se-
lected for VOC measurements in control and warming treatment plots. Asterisks indicate
significant differences according to two-sample t-test (*p < 0.05).

Leaf area infested by galls (%) Leaves infested by galls (%)

Control Warming Control Warming

Low elevation 2.7 ± 0.7 2.1 ± 0.5 54.2 ± 6.6 43.8 ± 7.7
High elevation 3.7 ± 0.7 1.6 ± 0.4* 44.0 ± 6.7 25.2 ± 4.9*
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GLVs, monoterpenes, benzenoids, sesquiterpenes, DMNT, and other
VOCs, which included nitrogen-containing compounds, furans, alcohols,
aldehydes, alkanes, alkenes, and ketones. In order to tease apart the im-
mediate effect of temperature fluctuations during the measurement pe-
riods from thewarming treatment effects, we also reported the isoprene
emission rates standardised to a fixed temperature of 30 °C and PPFD-
level of 1000 μmol m−2 s−1, according to Guenther et al. (1993). The
emission rates of other compounds were non-standardised as there is
no established methodology for the large majority of these compounds
and as isoprene dominates Salix VOC emissions (Angot et al., 2020;
Guenther et al., 2012; Svendsen et al., 2016).

2.5. Chemical composition of leaf samples

Oven-dried leaf material was crushed to powder and analysed using
Near-infrared reflectance spectroscopy (NIRS) (Antaris II FT-NIR
Analyzers, Thermo Fisher Scientific, Waltham, USA). Each NIR spectrum
of the reflected light as a whole describes the specific chemical composi-
tion and serves as a chemical fingerprint for the analysed sample (Foley
et al., 1998). NIRS measurements were conducted with three technical
replicates per sample over a spectral range of 4000–10,000 cm−1,
where each spectrum was an average of 32 scans.

2.6. Statistical analysis

All statistical analyses were run with R studio software (R Studio,
Boston, USA). We analysed for the effects of warming, gall-infestation,
elevation, and campaign, as well as their interactions on VOC emission
rates using linear mixed-effect models (lmer function from lme4 pack-
age). Warming, elevation, gall-infestation, and campaign were set as
predictor variables, while block, plot and plant were treated as random
factors with plant nestedwithin plot and plot nestedwithin block. Light
and temperature are well known environmental factors driving emis-
sions of biogenic VOCs, in particular isoprene. When conducting exper-
imental work in nature under varying environmental conditions, we
introduce unwanted variation in the emission rates of all light- and
temperature-dependent VOCs. To account for this variation, we in-
cluded light and enclosure temperature as covariates in our statistical
models. Significant linear mixed-effect models were followed by
Tukey's post-hocmultiple comparisons to test for the effects ofwarming
and gall-infestation during each campaign at each elevation (emmeans
function in the emmeans package). Prior to analysis, Shapiro-Wilk and
Levene's tests were performed to evaluate normality and homogeneity
of error variances (shapiro_test and levene_test function from rstatix
package). Log (x) or log (x + 1) transformations were applied to VOC
data to account for violation of the assumptions of normal distribution
and homogeneity of variance. To test if the effect of the warming treat-
ment on soil and air temperature and gall-infestation varied between
the two elevations, two-sample t-tests were conducted (t.test function
from the stats package).

VOC emission profiles and NIR spectrawere analysed using Principal
Component Analysis (PCA) in SIMCA software 13.0.3 (Umetrics, Umeå,
Sweden). For the VOC data, PCAs were used to assess how the VOC
blends – regardless of the emission rates– varied between experimental
treatments (i.e., warming and gall-infestation) and elevations during
each measurement campaign. We were not interested in the temporal
variation within the relatively short experimental period, but wanted
to assess differences between elevations and experimental treatments.
Therefore, PCAs were run separately for each campaign. For the NIRS
data, the PCA was used to assess how the spectral signatures of the
leaf material varied between experimental treatments and elevations.
The VOC data were unit-variance scaled and the NIRS data were pre-
processed using multiplicative scatter correction (MSC) and centred
prior to PCA. Scores of each principal component were tested for signif-
icant main effects and interactions between elevations, warming, and
gall-infestation, as described above.
4

3. Results

3.1. Environmental conditions and gall-infestation severity

Themonth of Julywas thewarmest of the year, with amean temper-
ature of 12.5 °C, which was higher than the 30-year average of 11.3 °C
(Alexandersson and Eggertsson Karlström, 2001). Ambient air temper-
atures measured within the canopy during VOC sampling ranged from
14.9 to 29.4 °C (Table S2). The warming treatment had a stronger effect
at the high elevation, where it gave a mean temperature increase of
8.6 °C relative to ambient temperatures, while the temperature increase
at the low elevation was 5.7 °C on average (p < 0.001 in all measure-
ment campaigns). Soil temperatures were increased by an average of
1.8 °C in the tents at the high elevation (p < 0.05). However, the
1.2 °C average increase in soil temperature observed in the warming
plots at the low elevation was not statistically significant (p > 0.05).
The tents resulted in an unintended shading effect; the incoming PPFD
was 17% lower inside than outside the tents averaged over themeasure-
ment period (p = 0.04; Table S2).

The percent leaf area covered by A. tetanothrix galls was on average
2.5% and did not vary significantly between the two elevations (p =
0.73; Table 1). Gall-infestation levels on branches used for VOCmeasure-
ments were similar between control andwarming plots at the low eleva-
tion, but higher in control plots at the high elevation (p=0.03; Table 1).

3.2. VOC emissions

A total of 134 VOCs were detected and divided into 7 compound
groups (Fig. 1; Table S3). Of these, isoprene was the dominant VOC
emitted, accounting for 91% of the total VOC emission amount through-
out the three measurement campaigns. After isoprene, the largest con-
tributions were from GLVs, monoterpenes, and other VOCs (Fig. 1a).

The PCA performed on the VOC emission profiles for each campaign
showed that in the first and the last measurement campaigns, the first
principal component (PC) accounted for differences between the two
elevations while the second PC describedmainly the effects of warming
in the first campaign (Fig. 1b) and the effects of gall-infestation in the
last campaign (Fig. S1). The corresponding loading plots indicate that
the VOC blends from the high elevation were described by high loading
values for most detected compounds, monoterpenes in particular
(Figs. 1c, S1). The VOC blends at the low elevation were characterised
by a higher relative contribution of a few other VOCs such as heptane, 6-
methyl-5-hepten-2-one, furfural and geranyl acetone. The effect of
warming was mainly demonstrated by higher relative contributions
from sesquiterpenes and lower relative contributions from GLVs (Fig. 1b-
c). During the secondmeasurement campaign, the variationwas generally
larger and the second PC was significantly affected by elevations (Fig. S2).
Gall-infestation had no significant effects on the VOC emission profiles.

Emissions of most VOC classes varied significantly with measure-
ment campaigns, which was in line with the variations in enclosure
temperatures and PPFD (Fig. 2). This was particularly the case for iso-
prene. Isoprene emission rates increased exponentially within a tem-
perature range of 16–43 °C recorded inside the enclosure during
measurements and increased linearly with increasing PPFD (Fig. S3).
Emission rates peaked when the recorded temperatures were highest,
on July 20 and 27 for the low and high elevation, respectively (Fig. 2c).



Fig. 1. Effects of warming and gall-infestation on S. myrsinites VOC blends. (a) Percentage contributions of compound groups to total non-standardised VOC emissions during the first
measurement campaign for the two elevations. (b) Score plot from principal component analysis (PCA) on VOC blends from the first campaign. The variance explained by each
principal component (PC) is shown in parentheses. C: control, G: gall-infestation, W: warming, W + G: warming and gall-infestation. Data represent mean ± SE (low elevation: n =
10 for C and W, n = 7 for G and W + G; high elevation: n = 9 for C and W, n = 6 for G andW + G). (c) Loading plot from PCA on VOC emissions from the first campaign.
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Overall, the one-month experimental warming significantly in-
creased isoprene emission rates (Fig. 2c), which, when averaged across
elevations, gall-infestation, and measurement campaigns, increased by
54%. The warming effects appeared to be most pronounced on June
28 at the low elevation, and on June 13 and 19 at the high elevation.
Warming also increased isoprene emission rates standardised to fixed
temperature and PPFD (p = 0.006, Fig. S4). Surprisingly, warming sig-
nificantly reduced emissions of DMNT, GLVs, and other VOCs, across
measurement campaigns and elevations (Fig. 2d, g, i). As revealed by
the significant interactive effects betweenwarming and campaign or el-
evation, the negative warming effects on DMNT emissions varied with
measurement campaigns, being most obvious at the second campaign
for both elevations (Fig. 2d), while the most notable effects on GLV
emissions were observed at the low elevation (Fig. 2g).

The presence of A. tetanothrix galls did not significantly affect iso-
prene emissions (Fig. 2c), and there was no relationship between the
isoprene emission rates and the gall-infestation levels (Fig. S5).
However, gall-infestation significantly increased emissions of DMNT,
sesquiterpenes and GLVs (Fig. 2d, f, g). There was a significant interac-
tion effect on GLV emissions among gall-infestation, warming and ele-
vation (Fig. 2g), showing that under ambient conditions at the low
elevation, gall-infested plants emitted greater quantities of GLVs consis-
tently over the three measurement campaigns. Of the individual GLVs,
the most responsive compounds included (Z)-3-hexenal, (E)-2-
hexenal, (Z)-3-hexenol, (Z)-3-hexenyl acetate and (E)-4-oxohex-2-
enal (p < 0.05 for gall-infestation × elevation), all of which were
released in greater amounts from gall-infested plants at the low eleva-
tion (Table S3). With respect to DMNT and sesquiterpene emissions,
the most notable gall effects were observed in the second campaign
(i.e. June 20) under ambient conditions at the low elevation (Fig. 2d,
f). The individual sesquiterpenes that were most responsive to gall-
infestation or its interactions with warming, elevation or campaign
included α-farnesene (gall-infestation × campaign: p = 0.069),
isocaryophyllene (gall-infestation × warming × campaign: p =
0.002), α-copaene (gall-infestation: p = 0.006), (Z, E)-α-farnesene
5

(gall-infestation × warming: p = 0.038) and isogermacrene D (gall-
infestation × warming: p = 0.04). Their emissions were substantially
enhanced by gall-infestation in the second campaign, particularly
under ambient conditions (Table S3). α-farnesene had the largest con-
tribution (15%) to total sesquiterpene emissions.

No significant effects of elevation alone were observed for the emis-
sion rates of any VOC classes, except that plants at the high elevation
tended to emit higher amounts of isoprene (p = 0.058) and DMNT
(p = 0.076). There were significant interactions between elevation
and campaign for sesquiterpenes and other VOCs, as the emissions of
these VOC groups were higher at the high elevation than at the low el-
evation in both the first and second campaign (Fig. 2f, i). The emission
rates of benzenoids and monoterpenes were not affected by warming,
gall-infestation, or their interaction (Fig. 2e, h).

3.3. Leaf chemical composition

The chemical composition of the leaf samples analysed by NIRS was
significantly altered by warming and gall-infestation, and it was also
distinct for the two elevations (Fig. 3). The first PC, which explained
52% of the variation in the NIRS data analysed by PCA, separated the
two elevations and showed a significant warming and gall effect (p <
0.001). Moreover, there was an interaction between elevation and
warming (p = 0.03). The second PC explained 24% of the variation
and likewise, separated the samples by warming treatment (p <
0.001). Furthermore, the effect of warming was different between the
two elevations (p < 0.01 for the interaction).

4. Discussion

4.1. The effects of warming on VOC emissions

VOC emissions from Salix spp. are dominated by isoprene (Loreto
et al., 2014; Rinne et al., 2009; Svendsen et al., 2016; Vedel-Petersen
et al., 2015), as we also observed here for S. myrsinites. We found a



Fig. 2. Impacts of warming and gall-infestation on S. myrsinites non-standardised emission rates (μg g−1 DW h−1) of different VOC groups. (a) Enclosure temperature, (b) PPFD,
(c) isoprene, (d) (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), (e) monoterpenes, (f) sesquiterpenes, (g) green leaf volatiles (GLVs), (h) benzenoids and (i) other VOCs. Upper case
letters on the right corner of each panel indicate significant effects (linear mixed-effects model with temperature and PPFD as co-variates, p < 0.05) of the corresponding treatments
and their interactions (C: Control, G: gall-infestation, W: warming, E: elevation, T: campaign). Different lower case letters over the bars depict significant differences among the four
treatment groups within each campaign at each elevation (p < 0.05, Tukey's post-hoc test). Data are mean + SE (n = 6–10, see Fig. 1 for the exact sample size).

L. Swanson, T. Li and R. Rinnan Science of the Total Environment 793 (2021) 148516
54% increase in isoprene emission rates under experimental warming of
~5–8 °C on two Arctic heaths. An earlier study in the Arctic found that
open-top chamber warming by 3 °C increased isoprene emission
rates from S. glauca by 68% (Kramshøj et al., 2016). Rinnan et al.
(2011) found no significant increase of isoprene emissions from
6

S. phylicifolia, but the measurements were incidentally taken while
temperature was similar in the control and warming treatments.
Studies examining the effects of warming on tundra plant commu-
nity emissions of isoprene have found larger, often several-fold in-
creases in isoprene emissions compared to our results and other



Fig. 3. Scores from principal component analysis (PCA) performed on the NIRS data from
S. myrsinites leaf samples. Variance explained by PC 1 and PC 2 is shown in parentheses. C:
control, G: gall-infestation, W: warming, W + G: warming and gall-infestation. Data are
mean + SE (n = 6–10, see Fig. 1 for the exact sample size).
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results from branch measurements (Kramshøj et al., 2016; Lindwall
et al., 2016b; Valolahti et al., 2015).

The strong temperature dependency of isoprene emissions is well
established. We found an exponential temperature dependency of
isoprene emission rates within a temperature range of 16–43 °C
recorded inside the enclosure during measurements, and a linear
correlation with PPFD. The isoprene-temperature response curve ob-
served here did not fit well the G93 empirical leaf-level isoprene
emission model (Guenther et al., 1993), which predicts an exponen-
tial increase with temperature up to 30–35 °C, then a rapid decay.
However, our results are in agreement with several recent studies
in the Arctic (Angot et al., 2020; Seco et al., 2020; Simin et al.,
2021), which all found an exponential increase with leaf tempera-
ture up to 40 °C. Together, these studies clearly demonstrate that
plant isoprene emissions in the Arctic follow a steeper temperature
response than the G93 model assumes.

Isoprene emission rates standardised to a fixed temperature
and PPFD, using the G93 model (Guenther et al., 1993), were also
significantly increased by warming. This suggests that in addition
to increasing isoprene volatilisation, warming likely leads to an up-
regulation of genes and enzymes related to isoprene biosynthesis.
Physiological properties, maturity, and development of the plant,
all traits that may influence VOC emissions, may also have been af-
fected by increased temperatures (Laothawornkitkul et al., 2009).
In fact, our NIRS results clearly show that the chemical composition
of the leaf material was altered by the warming treatment at both
of our experimental elevations. Schollert et al. (2017) have re-
ported physiological and morphological changes in tundra dwarf
shrubs already in the first growing season after establishment of
the warming treatment. They found that the epidermis of Betula nana
had thickened and that the grandular trichome density and photosynthe-
sis rates had increased in Empetrum hermaphroditum.

Compound groups other than isoprene made up less than 10% of
the VOCs emitted by S. myrsinites and for these VOC groups, we
found either no change or a decrease in emission rates in response
to warming. We observed decreased emissions rates for GLVs,
DMNT, and other VOCs. A decrease in emission rate is contrary to
the expected temperature dependency of VOC biosynthesis and re-
lease (Peñuelas and Staudt, 2009). We suggest that the concurrent
decrease in emission rates for GLVs, DMNT, and other VOCs, while
isoprene emissions increased, may be related to a trade-off in bio-
synthesis of different compounds, especially those sharing the
same biosynthesis pathways, due to competition for immediate
substrates. Isoprene has been shown to play a major role against
oxidative stress (Loreto et al., 2014; Loreto and Fineschi, 2015). It
has been hypothesized that under mild and moderate stress,
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emissions of isoprene are favoured over other volatile compounds
also synthesized through the methylerythritol phosphate (MEP)
pathway (Fini et al., 2017). In contrast, isoprene emissions have
been found to decrease under severe stress, in favor of other com-
pounds more beneficial for specific stressors (Fini et al., 2017).
Ghirardo et al. (2020) observed that warming tended to decrease
emissions of sesquiterpenes from tundra heath microcosms domi-
nated by Salix. They suggested that the warming-induced increase
in isoprene emissions led to lower availability of biochemical pre-
cursors for the biosynthesis of sesquiterpenes (Ghirardo et al.,
2020).

4.2. Effect of gall-infestation on VOC emissions

While an increasing number of studies have investigated plant
VOC responses to insect herbivory, few have focused on the impacts
of gall-infestation. Previous studies documented that galls can re-
duce plant photosynthesis (Mosbacher et al., 2013; Patankar et al.,
2013b), which in turn, decreases emissions of photosynthesis-
dependent VOCs, such as isoprene (Noe and Niinemets, 2020;
Tooker et al., 2008). We observed that infestation by A. tetanothrix
mites did not influence isoprene emissions from S. myrsinites,
which disagrees with the only two previous studies that investigated
isoprene responses to gall-infestation (Jiang et al., 2018; Ye et al.,
2019). Jiang et al. (2018) found decreased isoprene emissions in
Quercus robur infested by gall wasp species, while Ye et al. (2019)
showed increased isoprene emissions in Populus × petrovskiana
infested by gall aphids. VOC emissions, including isoprene, are
known to scale with the intensity of insect herbivory (Jiang et al.,
2018; Niinemets et al., 2013; Ye et al., 2019). However, we observed
no correlation between isoprene emissions and gall-infestation
levels. The lack of a clear effect of gall-infestation on isoprene emis-
sions observed in our study might be due to VOC-mediated within-
and between-plant signalling. VOCs emitted from herbivore-
damaged plants have been well documented to induce and/or
prime VOC emissions from undamaged tissues of the same damaged
plants aswell as from neighbouring undamaged plants (Karban et al.,
2014; Li and Blande, 2017). In hybrid aspen, for instance, herbivore-
induced VOCs were observed to enhance isoprene emissions from un-
damaged branches of the damaged saplings (Li and Blande, 2017). The
galled and ungalled branches in our experimental plots were spaced
20–70 cm apart, which falls within the distance over which VOC-
mediated within- and between-plant signalling can occur in nature
(Karban et al., 2014), and further, the branches might be connected to
each other below ground. Therefore, it is possible that gall-infested
branches might have stimulated isoprene emissions from neighbouring
uninfested branches via both vascular and airborne signals, which in
turn may have overshadowed the direct effects of gall infestation on iso-
prene emissions. Finally, we could not rule out the possibility that
S. myrsinites gets resistant to A. tetanothrix infestation by activating the
production of other,more effective defense compoundswhile not altering
isoprene production.

In contrast to isoprene, DMNT emissions increased significantly in
response to A. tetanothrix infestation. DMNT is a typical herbivore-
induced volatile and known to act as a cue to attract predators or
parasitoids to plants under herbivore attack (Copolovici et al., 2014;
Tholl et al., 2011). However, to the best of our knowledge, our study is
the first to show increased emissions of DMNT in response to gall-
infestation. We also observed gall-induced emissions of GLVs, in agree-
ment with previous studies (Borges, 2018; Ye et al., 2019). Many GLV
compounds, such as (Z)-3-hexenal, (E)-2-hexenal, (Z)-3-hexenol and
(Z)-3-hexenyl acetate that were released in large quantities from gall-
infested plants in the present study, have been demonstrated to be
highly attractive to herbivore natural enemies (Borges, 2018; Kessler
and Baldwin, 2011). We may speculate at this point that gall-induced
GLV emissions from S. myrsinites may be implicated in the attraction
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of the natural enemies of A. tetanothrix. Lastly, gall-infestation signifi-
cantly increased sesquiterpene emission rates by 60% compared to the
intact branches on July 20 at the low elevation, while having no signifi-
cant effects otherwise. Klimm et al. (2020) found that oak leaves galled
by gall wasps emitted higher quantities of farnesene compared to con-
trols.We also found that the emission rates ofα-farnesene tended to in-
crease under gall-infestation. Increased emission rates of farnesene due
to herbivory have been recorded in previous studies (Kigathi et al.,
2009; Pierre et al., 2011) and this compound has been suggested to
both repel herbivores and attract their natural enemies (De Moraes
et al., 1998; Wei and Kang, 2006).

The untargeted NIRS analysis indicates that the chemical composi-
tion of the sampled leaves was affected by A. tetanothrix infestation, as
shown by our PCA. Our analysis preparation did not separate the galls
from the leaves and as such,we cannot tease apart the relative contribu-
tions of galls themselves and gall-triggered leaf responses to the ob-
served gall effects on leaf chemical composition. Earlier studies have
shown that chemical compositions of both galls and un-galled leaf
tissues in the galled leaves differ from that of un-galled leaves
(Mosbacher et al., 2013; Nyman and Julkunen-Tiitto, 2000; Patankar
et al., 2013b). For instance, Patankar et al. (2013b) found that in
two Salix species (S. pulchra Cham. and S. glauca L.) growing in
Alaskan Arctic tundra, galls caused by eriophyoid mites had higher
levels of glucose and fructose, as well as a higher C:N ratio, but a
lower level of starch, compared to the remaining leaf tissue of gall-
infested plants and un-infested leaves of gall-free plants. Similarly,
Mosbacher et al. (2013) found that in S. arctica growing in Northeast
Greenland, eriophyoid mite-infested leaves had lower C and N con-
tents than un-infested leaves. In combination with our results, these
studies suggest that infestation by eriophyoid mites can alter leaf
chemical composition.

4.3. The effects of elevation on VOC emissions

When accounting for the variation in temperature and PPFD during
the VOCmeasurement periods, we found no significant effects of eleva-
tion per se on VOC emission rates, although emissions of isoprene and
DMNT tended to be higher at the high elevation than at the low eleva-
tion. However, significant interactions were seen between elevation
and campaign for sesquiterpenes and other VOCs, which were released
in larger quantities at the high than low elevation during the first and
second campaigns. Moreover, both the VOC blends and foliar spectra
were clearly separated between low and high elevations, and the effects
ofwarming on VOCblendswere stronger at the high than lowelevation.
Our results indicate that elevation can have variable effects on the emis-
sion rate and chemical composition of VOCs as well as the foliar chem-
ical composition, as shown previously (Moreira et al., 2018; Ryde et al.,
2021). The variable effects of elevation could be in part due to the fact
that VOC emissions are highly affected by instantaneous weather that
confounds other effects. Besides temperature, other environmental fac-
tors such as UV irradiation and soil moisture may partially drive the
higher VOC emissions observed here at the high elevation.

In addition, we found higher responses of DMNT, sesquiterpene and
GLV emissions to gall-infestation at the low elevation than at the high
elevation. While we observed similar gall-infestation levels on the
VOC-sampling branches at both elevations, this observation should be
interpreted with caution as our study was not intended to investigate
the elevation effects on gall infestation and thus we did not sample suf-
ficient numbers of plants from a reasonable number of localities at each
elevation. Indeed, an earlier study on five Arctic willow species showed
consistently lower A. tetanothrix infestation levels at high than low ele-
vation (Kuczyński and Skoracka, 2005). It is also known that insect her-
bivory pressure generally decreases with elevation due to physiological
and metabolic constraints on insect habitat expansion imposed by the
harsh and variable climate at high elevations (Moreira et al., 2018). It
is therefore possible that in our experimental sites as well, the gall
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infestation levels might be actually higher at the low than high eleva-
tion, leading to stronger responses of DMNT, sesquiterpene and GLV
emissions to gall-infestation at the low elevation.

4.4. Interacting effects of warming and gall-infestation

Although the individual effects of insect herbivores and elevated
temperatures on plant phytochemicals have been increasingly docu-
mented, limited information exists on their combined effects (Li et al.,
2019; Paudel et al., 2020), let alone the interactions associated with
gall-forming herbivores. Emissions of isoprene, the dominant com-
pound in the VOC blend, increased under warming, independent of
mite infestation, but did not change in response to galls. The relatively
low levels of gall-infestation could partially explain the lack of interac-
tive effects of warming and galls on isoprene emissions. Recently, Noe
and Niinemets (2020) modelled the impacts of gall-forming insects on
global VOC emissions and estimated a reduction in global isoprene
emissions. Indeed, our results suggest that other climate change factors,
such as warming, may bemore important in controlling isoprene emis-
sion, at least compared to the effects of low levels of gall-infestation.
Clearly, more studies using different plant-gall systems, especially
under field conditions, are needed before a firm conclusion on the gall
impacts on isoprene emissions can be drawn and used to parameterise
VOC emission models.

We found an interacting effect of warming and gall-infestation on
emissions of DMNT, sesquiterpenes and GLVs, particularly at the low el-
evation. In these cases, gall-infestation increased emissions of DMNT,
sesquiterpenes and GLVs under ambient conditions, but not under
warming. This suggests that in some conditions warming may cancel
out the stimulatory effects of gall-infestation on GLV and DMNT emis-
sions. In contrast, a recent study in an Arctic tundra on B. nana and
jasmonate-mimicked herbivory treatments demonstrated a synergistic
effect of warming andmimicked herbivory on DMNT andmonoterpene
emissions (Li et al., 2019). Collectively, these studies indicate that the in-
teractive effects of warming and insect herbivory on plant defensive
chemicals, including VOC emissions, appear to depend on the plant-
insect systems and chemical identities. Nonetheless, our study suggests
that under climatic warming, S. myrsinites may enhance emissions of
isoprene, which is effective against warming-triggered oxidative stress.
An infliction by A. tetanothrixmites stimulates emissions of DMNT, ses-
quiterpenes and GLVs, which are highly attractive to herbivore natural
enemies. Under both conditions, the positive effects of warming on iso-
prene emissions are maintained but the positive effects of A. tetanothrix
gall-infestation on emissions of DMNT, sesquiterpenes and GLVs are
compromised. These results further suggest that when faced simulta-
neously by warming and A. tetanothrix gall-infestation, S. myrsinites
may prioritize isoprene emissions against warming-induced oxidative
stress over emissions of DMNT, sesquiterpenes and GLVs implicated in
plant protection against gall-infestation.

Funding

This studywasfinancially supported by theMarie Sklodowska-Curie
Actions (grant agreement No. 751684), the European Research Council
(grant agreement No 771012) under the European Union's Horizon
2020 research and innovation programme, and the Danish National
Research Foundation (DNRF100 CENPERM).

CRediT authorship contribution statement

Laura Swanson: Investigation, Formal analysis, Writing – original
draft,Writing– review&editing. Tao Li:Conceptualization,Methodology,
Investigation, Formal analysis, Supervision, Funding acquisition, Project
administration, Writing – original draft, Writing – review & editing.
Riikka Rinnan: Conceptualization, Supervision, Funding acquisition,
Project administration, Writing – review & editing.



L. Swanson, T. Li and R. Rinnan Science of the Total Environment 793 (2021) 148516
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We would like to thank Anders Michelsen for setting up the
warming treatments, Tommi Nyman for identifying the gall species,
Roger Seco for helping with the G93 modeling, Zhengchao Ren for field
assistance, and Cleo Davie-Martin for GC–MS analysis of the samples
and language revision. The Abisko Scientific Research Station provided
an excellent logistics base for the work.

Data availability

All VOC data that support the findings of this study can be found in
Figshare at http://doi.org/10.6084/m9.figshare.13365392.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148516.

References

Alexandersson, H., Eggertsson Karlström, C., 2001. Temperaturen och nederbörden i
Sverige 1961–1990. Referensnormaler - utgåva 2. Rapport Nr. 99 SMHI Yearbooks.
Abisko Naturvetenskaplige Station, Met.Data Abiskoensis.

Angot, H., McErlean, K., Hu, L., Millet, D.B., Hueber, J., Cui, K., Moss, J., Wielgasz, C., Milligan,
T., Ketcherside, D., Bret-Harte, M.S., Helmig, D., 2020. Biogenic volatile organic com-
pound ambient mixing ratios and emission rates in the Alaskan Arctic tundra.
Biogeosciences 17, 6219–6236. https://doi.org/10.5194/bg-17-6219-2020.

Barrio, I.C., Lindén, E., Te Beest, M., et al., 2017. Background invertebrate herbivory on
dwarf birch (Betula glandulosa-nana complex) increases with temperature and pre-
cipitation across the tundra biome. Polar Biol. 40, 2265–2278. https://doi.org/
10.1007/s00300-017-2139-7.

Borges, R.M., 2018. The galling truth: limited knowledge of gall-associated volatiles in
multitrophic interactions. Front. Plant Sci. 9, 1139. https://doi.org/10.3389/
fpls.2018.01139.

Box, J.E., Colgan, W.T., Christensen, T.R., Schmidt, N.M., Lund, M., Parmentier, F.-J.W.,
Brown, R., Bhatt, U.S., Euskirchen, E.S., Romanovsky, V.E., Walsh, J.E., Overland, J.E.,
Wang, M., Corell, R.W., Meier, W.N., Wouters, B., Mernild, S., Mård, J., Pawlak, J.,
Olsen, M.S., 2019. Key indicators of Arctic climate change: 1971–2017. Environ. Res.
Lett. 14 (4). https://doi.org/10.1088/1748-9326/aafc1b.

Callaghan, T.V., Jonasson, C., Thierfelder, T., Yang, Z., Hedenas, H., Johansson, M., Molau, U.,
Van Bogaert, R., Michelsen, A., Olofsson, J., Gwynn-Jones, D., Bokhorst, S., Phoenix, G.,
Bjerke, J.W., Tommervik, H., Christensen, T.R., Hanna, E., Koller, E.K., Sloan, V.L., 2013.
Ecosystem change and stability over multiple decades in the Swedish subarctic: com-
plex processes and multiple drivers. Philos. Trans. R. Soc. B-Biol. Sci. 368 (1624),
20120488. https://doi.org/10.1098/rstb.2012.0488.

Coelho Kuster, V., Costa Rezende, U., Fernandes Cardoso, J.C., dos Santos Isaias, R.M.,
Coelho de Oliveira, D., 2020. How galling organisms manipulate the secondary me-
tabolites in the host plant tissues? A histochemical overview in neotropical gall sys-
tems. Co-evolution of Secondary Metabolites, pp. 823–842.

Copolovici, L., Kannaste, A., Remmel, T., Niinemets, U., 2014. Volatile organic compound
emissions from Alnus glutinosa under interacting drought and herbivory stresses.
Environ. Exp. Bot. 100, 55–63. https://doi.org/10.1016/j.envexpbot.2013.12.011.

De Moraes, C.M., Lewis, W.J., Paré, P.W., Alborn, H.T., Tumlinson, J.H., 1998. Herbivore-
infested plants selectively attract parasitoids. Nature 393 (6685), 570–573. https://
doi.org/10.1038/31219.

Faubert, P., Tiiva, P., Michelsen, A., Rinnan, Å., Ro-Poulsen, H., Rinnan, R., 2011. The shift in
plant species composition in a subarctic mountain birch forest floor due to climate
change would modify the biogenic volatile organic compound emission profile.
Plant Soil 352 (1–2), 199–215. https://doi.org/10.1007/s11104-011-0989-2.

Fini, A., Brunetti, C., Loreto, F., Centritto, M., Ferrini, F., Tattini, M., 2017. Isoprene re-
sponses and functions in plants challenged by environmental pressures associated
to climate change. Front. Plant Sci. 8, 1281. https://doi.org/10.3389/fpls.2017.01281.

Foley, W.J., McIlwee, A., Lawler, I., Aragones, L., Woolnough, A.P., Berding, N., 1998.
Ecological applications of near infrared reflectance spectroscopy - a tool for rapid,
cost-effective prediction of the composition of plant and animal tissues and aspects
of animal performance. Oecologia 116 (3), 293–305. https://doi.org/10.1007/
s004420050591.

Ghirardo, A., Lindstein, F., Koch, K., Buegger, F., Schloter, M., Albert, A., Michelsen, A.,
Winkler, J.B., Schnitzler, J.P., Rinnan, R., 2020. Origin of volatile organic compound
emissions from subarctic tundra under global warming. Glob. Chang. Biol. 26 (3),
1908–1925. https://doi.org/10.1111/gcb.14935.
9

Guenther, A.B., Zimmerman, P.R., Harley, P.C., Monson, R.K., Fall, R., 1993. Isoprene and
monoterpene emission rate variability: model evaluations and sensitivity analyses.
J. Geophys. Res. 98 (D7), 12609–12617. https://doi.org/10.1029/93jd00527.

Guenther, A.B., Jiang, X., Heald, C.L., Sakulyanontvittaya, T., Duhl, T., Emmons, L.K., Wang,
X., 2012. The Model of Emissions of Gases and Aerosols from Nature version 2.1
(MEGAN2.1): an extended and updated framework for modeling biogenic emissions.
Geosci. Model Dev. 5 (6), 1471–1492. https://doi.org/10.5194/gmd-5-1471-2012.

Holopainen, J.K., Virjamo, V., Ghimire, R.P., Blande, J.D., Julkunen-Tiitto, R., Kivimäenpää,M.,
2018. Climate change effects on secondary compounds of forest trees in the Northern
Hemisphere. Front. Plant Sci. 9, 1445. https://doi.org/10.3389/fpls.2018.01445.

Jiang, Y., Veromann-Jurgenson, L.L., Ye, J., Niinemets, U., 2018. Oak gall wasp infections of
Quercus robur leaves lead to profound modifications in foliage photosynthetic and
volatile emission characteristics. Plant Cell Environ. 41 (1), 160–175. https://doi.
org/10.1111/pce.13050.

Johnsen, L.G., Skou, P.B., Khakimov, B., Bro, R., 2017. Gas chromatography - mass spec-
trometry data processing made easy. J. Chromatogr. A 1503, 57–64. https://doi.org/
10.1016/j.chroma.2017.04.052.

Karban, R., Yang, L.H., Edwards, K.F., 2014. Volatile communication between plants that
affects herbivory: a meta-analysis. Ecol. Lett. 17, 44–52. https://doi.org/10.1111/
ele.12205.

Kessler, A., Baldwin, I.T., 2011. Defensive function of herbivore-induced plant volatile
emissions in nature. Science 291 (5511), 2141–2144. https://doi.org/10.1126/
science.291.5511.2141.

Kigathi, R.N., Unsicker, S.B., Reichelt, M., Kesselmeier, J., Gershenzon, J., Weisser, W.W.,
2009. Emission of volatile organic compounds after herbivory from Trifolium pratense
(L.) under laboratory and field conditions. J. Chem. Ecol. 35 (11), 1335–1348. https://
doi.org/10.1007/s10886-009-9716-3.

Klimm, F.S., Weinhold, A., Volf, M., 2020. Volatile production differs between oak leaves
infested by leaf-miner Phyllonorycter harrisella (Lepidoptera: Gracillariidae) and
galler Neuroterus quercusbaccarum (Hymenoptera: Cynipidae). Eur. J. Entomol. 117,
101–109. https://doi.org/10.14411/eje.2020.011.

Kramshøj, M., Vedel-Petersen, I., Schollert, M., Rinnan, Å., Nymand, J., Ro-Poulsen, H.,
Rinnan, R., 2016. Large increases in Arctic biogenic volatile emissions are a direct ef-
fect of warming. Nat. Geosci. 9 (5), 349–352. https://doi.org/10.1038/ngeo2692.

Kuczyński, L., Skoracka, A., 2005. Spatial distribution of galls caused by Aculus tetanothrix
(Acari: Eriophyoidea) on arctic willows. Exp. Appl. Acarol. 36 (4), 277–289. https://
doi.org/10.1007/s10493-005-7551-y.

Laothawornkitkul, J., Taylor, J.E., Paul, N.D., Hewitt, C.N., 2009. Biogenic volatile organic
compounds in the Earth system. New Phytol. 183 (1), 27–51. https://doi.org/
10.1111/j.1469-8137.2009.02859.x.

Li, T., Blande, J.D., 2017. Volatile-mediated within-plant signaling in hybrid aspen: re-
quired for systemic responses. J. Chem. Ecol. 43 (4), 327–338. https://doi.org/
10.1007/s10886-017-0826-z.

Li, T., Holst, T., Michelsen, A., Rinnan, R., 2019. Amplification of plant volatile defence
against insect herbivory in a warming Arctic tundra. Nat. Plants 5 (6), 568–574.
https://doi.org/10.1038/s41477-019-0439-3.

Lindwall, F., Schollert, M., Michelsen, A., Blok, D., Rinnan, R., 2016a. Fourfold higher tundra
volatile emissions due to arctic summer warming. J. Geophys. Res. Biogeosci. 121 (3),
895–902. https://doi.org/10.1002/2015jg003295.

Lindwall, F., Svendsen, S.S., Nielsen, C.S., Michelsen, A., Rinnan, R., 2016b. Warming in-
creases isoprene emissions from an arctic fen. Sci. Total Environ. 553, 297–304.
https://doi.org/10.1016/j.scitotenv.2016.02.111.

Loreto, F., Fineschi, S., 2015. Reconciling functions and evolution of isoprene emission in
higher plants. New Phytol. 206 (2), 578–582. https://doi.org/10.1111/nph.13242.

Loreto, F., Bagnoli, F., Calfapietra, C., Cafasso, D., De Lillis, M., Filibeck, G., Fineschi, S.,
Guidolotti, G., Sramkó, G., Tökölyi, J., Ricotta, C., 2014. Isoprenoid emission in
hygrophyte and xerophyte Europeanwoody flora: ecological and evolutionary impli-
cations. Glob. Ecol. Biogeogr. 23 (3), 334–345. https://doi.org/10.1111/geb.12124.

Monson, R., Baldocchi, D., 2014. Fluxes of biogenic volatile compounds between plants
and the atmosphere. Terr. Biosphere-Atmos. Fluxes, 395–414 https://doi.org/
10.1017/cbo9781139629218.019.

Moreira, X., Petry, W.K., Mooney, K.A., Rasmann, S., Abdala-Roberts, L., 2018. Elevational
gradients in plant defences and insect herbivory: recent advances in the field and
prospects for future research. Ecography 41 (9), 1485–1496. https://doi.org/
10.1111/ecog.03184.

Mosbacher, J.B., Schmidt, N.M., Michelsen, A., 2013. Impacts of eriophyoid gall mites on
arctic willow in a rapidly changing Arctic. Polar Biol. 36 (12), 1735–1748. https://
doi.org/10.1007/s00300-013-1393-6.

Niinemets, Ü., Kännaste, A., Copolovici, L., 2013. Quantitative patterns between plant vol-
atile emissions induced by biotic stresses and the degree of damage. Front. Plant Sci. 4
(262). https://doi.org/10.3389/fpls.2013.00262.

Noe, S.M., Niinemets, Ü., 2020. Impact of gall-forming insects on global BVOC emissions
and climate: a perspective. Front. For. Glob. Change 3. https://doi.org/10.3389/
ffgc.2020.00009.

Nyman, T., Julkunen-Tiitto, R., 2000. Manipulation of the phenolic chemistry of willows by
gall-inducing sawflies. Proc. Natl. Acad. Sci. 97 (24), 13184–13187. https://doi.org/
10.1073/pnas.230294097.

Ortega, J., Helmig, D., Daly, R.W., Tanner, D.M., Guenther, A.B., Herrick, J.D., 2008.
Approaches for quantifying reactive and low-volatility biogenic organic compound
emissions by vegetation enclosure techniques – part B: applications. Chemosphere
72 (3), 365–380. https://doi.org/10.1016/j.chemosphere.2008.02.054.

Pacifico, F., Harrison, S.P., Jones, C.D., Sitch, S., 2009. Isoprene emissions and climate. Atmos.
Environ. 43 (39), 6121–6135. https://doi.org/10.1016/j.atmosenv.2009.09.002.

Patankar, R., Quinton, W.L., Baltzer, J.L., 2013a. Permafrost-driven differences in habitat
quality determine plant response to gall-inducing mite herbivory. J. Ecol. 101 (4),
1042–1052. https://doi.org/10.1111/1365-2745.12101.

http://doi.org/10.6084/m9.figshare.13365392
https://doi.org/10.1016/j.scitotenv.2021.148516
https://doi.org/10.1016/j.scitotenv.2021.148516
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0005
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0005
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0005
https://doi.org/10.5194/bg-17-6219-2020
https://doi.org/10.1007/s00300-017-2139-7
https://doi.org/10.1007/s00300-017-2139-7
https://doi.org/10.3389/fpls.2018.01139
https://doi.org/10.3389/fpls.2018.01139
https://doi.org/10.1088/1748-9326/aafc1b
https://doi.org/10.1098/rstb.2012.0488
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0035
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0035
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0035
https://doi.org/10.1016/j.envexpbot.2013.12.011
https://doi.org/10.1038/31219
https://doi.org/10.1038/31219
https://doi.org/10.1007/s11104-011-0989-2
https://doi.org/10.3389/fpls.2017.01281
https://doi.org/10.1007/s004420050591
https://doi.org/10.1007/s004420050591
https://doi.org/10.1111/gcb.14935
https://doi.org/10.1029/93jd00527
https://doi.org/10.5194/gmd-5-1471-2012
https://doi.org/10.3389/fpls.2018.01445
https://doi.org/10.1111/pce.13050
https://doi.org/10.1111/pce.13050
https://doi.org/10.1016/j.chroma.2017.04.052
https://doi.org/10.1016/j.chroma.2017.04.052
https://doi.org/10.1111/ele.12205
https://doi.org/10.1111/ele.12205
https://doi.org/10.1126/science.291.5511.2141
https://doi.org/10.1126/science.291.5511.2141
https://doi.org/10.1007/s10886-009-9716-3
https://doi.org/10.1007/s10886-009-9716-3
https://doi.org/10.14411/eje.2020.011
https://doi.org/10.1038/ngeo2692
https://doi.org/10.1007/s10493-005-7551-y
https://doi.org/10.1007/s10493-005-7551-y
https://doi.org/10.1111/j.1469-8137.2009.02859.x
https://doi.org/10.1111/j.1469-8137.2009.02859.x
https://doi.org/10.1007/s10886-017-0826-z
https://doi.org/10.1007/s10886-017-0826-z
https://doi.org/10.1038/s41477-019-0439-3
https://doi.org/10.1002/2015jg003295
https://doi.org/10.1016/j.scitotenv.2016.02.111
https://doi.org/10.1111/nph.13242
https://doi.org/10.1111/geb.12124
https://doi.org/10.1017/cbo9781139629218.019
https://doi.org/10.1017/cbo9781139629218.019
https://doi.org/10.1111/ecog.03184
https://doi.org/10.1111/ecog.03184
https://doi.org/10.1007/s00300-013-1393-6
https://doi.org/10.1007/s00300-013-1393-6
https://doi.org/10.3389/fpls.2013.00262
https://doi.org/10.3389/ffgc.2020.00009
https://doi.org/10.3389/ffgc.2020.00009
https://doi.org/10.1073/pnas.230294097
https://doi.org/10.1073/pnas.230294097
https://doi.org/10.1016/j.chemosphere.2008.02.054
https://doi.org/10.1016/j.atmosenv.2009.09.002
https://doi.org/10.1111/1365-2745.12101


L. Swanson, T. Li and R. Rinnan Science of the Total Environment 793 (2021) 148516
Patankar, R., Starr, G., Mortazavi, B., Oberbauer, S.F., Rosenblum, A., 2013b. The effects of
mite galling on the ecophysiology of two arctic willows. Arct. Antarct. Alp. Res. 45
(1), 99–106. https://doi.org/10.1657/1938-4246-45.1.99.

Paudel, S., Lin, P.-A., Hoover, K., Felton, G.W., Rajotte, E.G., 2020. Asymmetric responses to
climate change: temperature differentially alters herbivore salivary elicitor and host
plant responses to herbivory. J. Chem. Ecol. 46 (9), 891–905. https://doi.org/
10.1007/s10886-020-01201-6.

Peñuelas, J., Staudt, M., 2009. BVOCs and global change. Trends Plant Sci. 15 (3), 133–144.
https://doi.org/10.1016/j.tplants.2009.12.005.

Petanović, R., Kielkiewicz, M., 2010. Plant-eriophyoid mite interactions: cellular biochem-
istry andmetabolic responses induced inmite-injured plants. Part I. Exp. Appl. Acarol.
51, 61–80. https://doi.org/10.1007/s10493-010-9351-2.

Pierre, P.S., Jansen, J.J., Hordijk, C.A., Van Dam, N.M., Cortesero, A.-M., Dugravot, S., 2011.
Differences in volatile profiles of turnip plants subjected to single and dual herbivory
above- and belowground. 37 (4), 368–377. https://doi.org/10.1007/s10886-011-
9934-3.

Post, E., Alley, R.B., Christensen, T.R., Macias-Fauria, M., Forbes, B.C., Gooseff, M.N., Iler, A.,
Kerby, J.T., Laidre, K.L., Mann, M.E., Olofsson, J., Stroeve, J.C., Ulmer, F., Virginia, R.A.,
Wang, M., 2019. The polar regions in a 2°C warmer world. Sci. Adv. 5 (12),
eaaw9883. https://doi.org/10.1126/sciadv.aaw9883.

Rinnan, R., Michelsen, A., Bååth, E., Jonasson, S., 2007. Mineralization and carbon turnover
in subarctic heath soil as affected bywarming and additional litter. Soil Biol. Biochem.
39 (12), 3014–3023. https://doi.org/10.1016/j.soilbio.2007.05.035.

Rinnan, R., Rinnan, Å., Faubert, P., Tiiva, P., Holopainen, J.K., Michelsen, A., 2011. Few long-
term effects of simulated climate change on volatile organic compound emissions
and leaf chemistry of three subarctic dwarf shrubs. Environ. Exp. Bot. 72 (3),
377–386. https://doi.org/10.1016/j.envexpbot.2010.11.006.

Rinnan, R., Steinke, M., McGenity, T., Loreto, F., 2014. Plant volatiles in extreme terrestrial
and marine environments. Plant Cell Environ. 37 (8), 1776–1789. https://doi.org/
10.1111/pce.12320.

Rinnan, R., Iversen, L.L., Tang, J., Vedel-Petersen, I., Schollert, M., Schurgers, G., 2020.
Separating direct and indirect effects of rising temperatures on biogenic volatile
emissions in the Arctic. Proc. Natl. Acad. Sci. U.S.A. 117 (51), 32476–32483. https://
doi.org/10.1073/pnas.2008901117.

Rinne, J., Bäck, J., Hakola, H., 2009. Biogenic volatile organic compound emissions from the
Eurasian taiga: current knowledge and future directions. Boreal Environ. Res. 14,
807–826.

Rousk, K., Michelsen, A., 2017. Ecosystem nitrogen fixation throughout the snow-free pe-
riod in subarctic tundra: effects of willow and birch litter addition and warming.
Glob. Chang. Biol. 23 (4), 1552–1563. https://doi.org/10.1111/gcb.13418.

Rousk, K., Michelsen, A., Rousk, J., 2016. Microbial control of soil organic matter mineral-
ization responses to labile carbon in subarctic climate change treatments. Glob.
Chang. Biol. 22 (12), 4150–4161. https://doi.org/10.1111/gcb.13296.

Rundqvist, S., Hedenås, H., Sandström, A., Emanuelsson, U., Eriksson, H., Jonasson, C.,
Callaghan, T.V., 2011. Tree and shrub expansion over the past 34 years at the tree-
line near Abisko, Sweden. AMBIO 40 (6), 683–692. https://doi.org/10.1007/s13280-
011-0174-0.

Ryde, I., Li, T., Rieksta, J., dos Santos, B.M., Neilson, E.H.J., Gericke, O., Jepsen, J.U., Bork,
L.R.H., Holm, H.S., Rinnan, R., 2021. Seasonal and elevational variability in the
10
induction of specialized compounds from mountain birch (Betula pubescens var.
pumila) by winter moth larvae (Operophtera brumata). Tree Physiol. 41 (6),
1019–1033. https://doi.org/10.1093/treephys/tpab023.

Schollert, M., Kivimaenpaa, M., Michelsen, A., Blok, D., Rinnan, R., 2017. Leaf anatomy,
BVOC emission and CO2 exchange of arctic plants following snow addition and sum-
mer warming. Ann. Bot. 119 (3), 433–445. https://doi.org/10.1093/aob/mcw237.

Seco, R., Holst, T., Matzen, M.S., Westergaard-Nielsen, A., Li, T., Simin, T., Jansen, J., Crill, P.,
Friborg, T., Rinne, J., Rinnan, R., 2020. Volatile organic compound fluxes in a subarctic
peatland and lake. Atmos. Chem. Phys. 20 (21), 13399–13416. https://doi.org/
10.5194/acp-2020-595.

Simin, T., Tang, J., Holst, T., Rinnan, R., 2021. Volatile organic compound emission in tundra
shrubs – Dependence on species characteristics and the near-surface environment.
Environ. Exp. Bot. 184, 104387. https://doi.org/10.1016/j.envexpbot.2021.104387.

Stewart-Jones, A., Poppy, G.M., 2006. Comparison of glass vessels and plastic bags for
enclosing living plant parts for headspace analysis. J. Chem. Ecol. 32 (4), 845–864.
https://doi.org/10.1007/s10886-006-9039-6.

Svendsen, S.H., Lindwall, F., Michelsen, A., Rinnan, R., 2016. Biogenic volatile organic com-
pound emissions along a high arctic soil moisture gradient. Sci. Total Environ. 573,
131–138. https://doi.org/10.1016/j.scitotenv.2016.08.100.

Tape, K., Sturm, M., Racine, C., 2006. The evidence for shrub expansion in northern Alaska
and the Pan-Arctic. Glob. Chang. Biol. 12 (4), 686–702. https://doi.org/10.1111/
j.1365-2486.2006.01128.x.

Tholl, D., Sohrabi, R., Huh, J.-H., Lee, S., 2011. The biochemistry of homoterpenes –
common constituents of floral and herbivore-induced plant volatile bouquets.
Phytochemistry 72 (13), 1635–1646. https://doi.org/10.1016/j.phytochem.2011.01.019.

Tooker, J.F., DeMoraes, C.M., 2007. Feeding by Hessian fly [Mayetiola destructor (Say)] lar-
vae does not induce plant indirect defences. Ecol. Entomol. 32 (2), 153–161. https://
doi.org/10.1111/j.1365-2311.2007.00852.x.

Tooker, J.F., Hanks, L.M., 2006. Tritrophic interactions and reproductive fitness of the prai-
rie perennial Silphium laciniatum Gillette (Asteraceae). Environ. Entomol. 35 (2),
537–545. https://doi.org/10.1603/0046-225x-35.2.537.

Tooker, J.F., Rohr, J.R., Abrahamson, W.G., De Moraes, C.M., 2008. Gall insects can avoid
and alter indirect plant defenses. New Phytol. 178 (3), 657–671. https://doi.org/
10.1111/j.1469-8137.2008.02392.x.

Valolahti, H., Kivimaenpaa, M., Faubert, P., Michelsen, A., Rinnan, R., 2015. Climate
change-induced vegetation change as a driver of increased subarctic biogenic volatile
organic compound emissions. Glob. Chang. Biol. 21 (9), 3478–3488. https://doi.org/
10.1111/gcb.12953.

Vedel-Petersen, I., Schollert, M., Nymand, J., Rinnan, R., 2015. Volatile organic compound
emission profiles of four common arctic plants. Atmos. Environ. 120, 117–126.
https://doi.org/10.1016/j.atmosenv.2015.08.082.

Wei, J.-N., Kang, L., 2006. Electrophysiological and behavioral responses of a parasitic
wasp to plant volatiles induced by two leaf miner species. Chem. Senses 31 (5),
467–477. https://doi.org/10.1093/chemse/bjj051.

Ye, J., Jiang, Y., Veromann-Jurgenson, L.L., Niinemets, U., 2019. Petiole gall aphid
(Pemphigus spyrothecae) infestation of Populus x petrovskiana leaves alters foliage
photosynthetic characteristics and leads to enhanced emissions of both constitutive
and stress-induced volatiles. Trees 33 (1), 37–51. https://doi.org/10.1007/s00468-
018-1756-2.

https://doi.org/10.1657/1938-4246-45.1.99
https://doi.org/10.1007/s10886-020-01201-6
https://doi.org/10.1007/s10886-020-01201-6
https://doi.org/10.1016/j.tplants.2009.12.005
https://doi.org/10.1007/s10493-010-9351-2
https://doi.org/10.1007/s10886-011-9934-3
https://doi.org/10.1007/s10886-011-9934-3
https://doi.org/10.1126/sciadv.aaw9883
https://doi.org/10.1016/j.soilbio.2007.05.035
https://doi.org/10.1016/j.envexpbot.2010.11.006
https://doi.org/10.1111/pce.12320
https://doi.org/10.1111/pce.12320
https://doi.org/10.1073/pnas.2008901117
https://doi.org/10.1073/pnas.2008901117
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0255
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0255
http://refhub.elsevier.com/S0048-9697(21)03588-9/rf0255
https://doi.org/10.1111/gcb.13418
https://doi.org/10.1111/gcb.13296
https://doi.org/10.1007/s13280-011-0174-0
https://doi.org/10.1007/s13280-011-0174-0
https://doi.org/10.1093/treephys/tpab023
https://doi.org/10.1093/aob/mcw237
https://doi.org/10.5194/acp-2020-595
https://doi.org/10.5194/acp-2020-595
https://doi.org/10.1016/j.envexpbot.2021.104387
https://doi.org/10.1007/s10886-006-9039-6
https://doi.org/10.1016/j.scitotenv.2016.08.100
https://doi.org/10.1111/j.1365-2486.2006.01128.x
https://doi.org/10.1111/j.1365-2486.2006.01128.x
https://doi.org/10.1016/j.phytochem.2011.01.019
https://doi.org/10.1111/j.1365-2311.2007.00852.x
https://doi.org/10.1111/j.1365-2311.2007.00852.x
https://doi.org/10.1603/0046-225x-35.2.537
https://doi.org/10.1111/j.1469-8137.2008.02392.x
https://doi.org/10.1111/j.1469-8137.2008.02392.x
https://doi.org/10.1111/gcb.12953
https://doi.org/10.1111/gcb.12953
https://doi.org/10.1016/j.atmosenv.2015.08.082
https://doi.org/10.1093/chemse/bjj051
https://doi.org/10.1007/s00468-018-1756-2
https://doi.org/10.1007/s00468-018-1756-2

	Contrasting responses of major and minor volatile compounds to warming and gall-�infestation in the Arctic willow Salix myr...
	1. Introduction
	2. Materials and methods
	2.1. Location
	2.2. Experimental design
	2.3. VOC sampling
	2.4. VOC analysis
	2.5. Chemical composition of leaf samples
	2.6. Statistical analysis

	3. Results
	3.1. Environmental conditions and gall-infestation severity
	3.2. VOC emissions
	3.3. Leaf chemical composition

	4. Discussion
	4.1. The effects of warming on VOC emissions
	4.2. Effect of gall-infestation on VOC emissions
	4.3. The effects of elevation on VOC emissions
	4.4. Interacting effects of warming and gall-infestation

	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	Appendix A. Supplementary data
	References




