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ABSTRACT

The biogenic volatile organic compounds, BVOCs
have a central role in ecosystem—atmosphere
interactions. High-latitude ecosystems are facing
increasing temperatures and insect herbivore
pressure, which may affect their BVOC emission
rates, but evidence and predictions of changes re-
main scattered. We studied the long-term effects
of + 3 °C warming and reduced insect herbivory
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(achieved through insecticide sprayings) on mid-
and late summer BVOC emissions from field layer
vegetation, supplemented with birch saplings, and
the underlying soil in Subarctic mountain birch
forest in Finland in 2017-2018. Reduced insect
herbivory decreased leaf damage by 58-67% and
total ecosystem BVOC emissions by 44-72%. Of
the BVOC groups, total sesquiterpenes had 70-80%
lower emissions with reduced herbivory, and in
2017 the decrease was greater in warmed plots
(89% decrease) than in ambient plots (34% de-
crease). While non-standardized total BVOC,
monoterpene, sesquiterpene and GLV emissions
showed instant positive responses to increasing
chamber air temperature in midsummer samplings,
the long-term warming treatment effects on stan-
dardized emissions mainly appeared as changes in
the compound structure of BVOC blends and var-
ied with compounds and sampling times. Our re-
sults suggest that the effects of climate warming on
the total quantity of BVOC emissions will in
Subarctic ecosystems be, over and above the in-
stant temperature effects, mediated through chan-
ges in insect herbivore pressure rather than plant
growth. If insect herbivore numbers will increase as
predicted under climate warming, our results
forecast herbivory-induced increases in the quan-
tity of Subarctic BVOC emissions.
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GRAPHIC ABSTRACT
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HIGHLIGHTS

e Insect herbivore pressure controls the quantity of
BVOC emissions from a Subarctic ecosystem

e Warming treatment effects appear as changes in
BVOC compound structure

e Of the BVOC groups, sesquiterpenes are most
responsive to both insect herbivory and warming

INTRODUCTION

Ecosystems in Subarctic and Arctic regions, while
known to be sensitive to warming (Walsh 2014),
are currently experiencing temperature increments
twice the rate of the global average (Pachauri and
others 2014). Even if the global temperature in-
crease could be limited to the 2 °C target by the end
of the century (IPCC 2018), annual mean temper-
atures in the Arctic would likely increase by 4 °C by
the mid-century and by over 5 °C by the year 2100
(Overland and others 2019). Such warming will
have consequences on vegetation distribution,

plant species composition and plant growth in
Arctic areas (Box and others 2019; Forkel and
others 2016; Keenan and Riley 2018). For instance,
already now, in the Subarctic Fennoscandia
warming has increased plant growth and led to a
northward expansion of shrub cover and the
mountain birch (Betula pubescens ssp. czerepanovii)
tree line (Forkel and others 2016; Myers-Smith and
others 2011; Truong and others 2007).

Besides affecting vegetation, climate warming
also plays a significant role in the species compo-
sition and population dynamics of insect herbi-
vores. Warming can lead to species range
expansions towards higher latitudes (Jepsen and
others 2011), cause periodic increases and enhance
the outbreak potential in insect populations (Dale
and others 2001; Jepsen and others 2011). Warm-
ing will also likely increase the non-outbreak
background densities of insects. At high latitudes,
background insect herbivory is typically low (Bar-
rio and others 2017; Kozlov 2008; Li and others
2019), but observations of downy birch (Betula
pubescens) leaf damage in Fennoscandia show that
the leaf area eaten increases from 1-2 to 5-7%
along a latitudinal gradient from 70° N to 60° N
(Kozlov 2008). As this gradient climatically roughly
represents the predicted warming in the next
100 years in these areas (Ruosteenoja and others
2016), insect herbivore damages on plant leaves in
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the Arctic can be assumed to more than double in
the near future. These predictions are supported by
recent findings from the tundra, where dwarf birch
(Betula nana) growing in experimentally warmed
plots had fourfold leaf damages in comparison with
plants growing in control plots (Li and others
2019).

Biogenic volatile organic compounds (BVOCs) are
a major group of secondary metabolites released by
all organisms, but especially by the terrestrial plants
through their aboveground tissues (Laotha-
wornkitkul and others 2009). Soils can be both
sources and sinks of biogenic VOCs with varying
levels of contribution to the ecosystem-scale emis-
sions (Tang and others 2019). Of the aboveground
emissions, isoprene (CsHg) and monoterpenes
(C10H;6) are the dominant and most widely studied
BVOC groups, which together with the sesquiter-
penes (CisH,y) constitute terpenoids. BVOCs are
reactive gases, which in the atmosphere undergo
chemical reactions with O3 and hydroxyl (OH) and
nitrate (NOs) radicals (Atkinson and Arey 2003),
and therefore, have a lifetime from minutes to days
only (Kesselmeier and Staudt 1999). The low-vola-
tile oxidation products of BVOCs enhance the for-
mation and growth of secondary organic aerosols
(SOAs) (Hao and others 2009; Paasonen and others
2013), which in the atmosphere scatter and absorb
solar radiation and act as cloud condensation nuclei.
As this in turn controls the radiative balance and
climate on Earth (Carslaw and others 2009), BVOCs
have a significant role in the ecosystem—atmosphere
interactions and feedbacks (Kulmala and others
2013; Simpraga and others 2019).

BVOC emission rates at both tree canopy and
ecosystem scales, including those from the soils,
depend on temperature (Aaltonen and others 2011;
Kramshgj and others 2016; Laothawornkitkul and
others 2009). For instance, climate warming is
known to increase BVOC emissions from Northern
Hemisphere trees (Holopainen and others 2018),
and the effects are much greater at the tempera-
ture-limited northern ecosystems compared to
other ecosystems (Kramshgj and others 2016).
Similarly, in a Subarctic tundra heath, simulated
2 °C warming led to 1.5-1.8-fold ecosystem-scale
isoprene emissions (Tiiva and others 2008) and
doubled the emission rates of mono-and
sesquiterpenes (Faubert and others 2010). In an-
other experiment, exposing Arctic tundra to six
years of experimental warming increased the total
ecosystem emission rate by 260% (Kramshegj and
others 2016). Soil BVOC emissions mainly origi-
nating from leaf litter, soil organic carbon and plant
roots (Svendsen and others 2018; Tang and others

2019), were found to be less influenced by warm-
ing in these high-latitude studies (Faubert and
others 2012; Kramshgj and others 2016).

In addition to being affected by temperature,
plant BVOC emissions are known to be influenced
by insect herbivory, which typically triggers higher
emission rates with unique BVOC blends (Trow-
bridge and Stoy 2013). For instance, even a low
herbivore pressure by geometrid moths can in-
crease BVOC emissions from Subarctic mountain
birch forests (Rieksta and others 2020). Herbivory-
triggered BVOC blends are dominated by ter-
penoids (mono-and sesquiterpenes and hemiter-
penes) (Irmisch and others 2014; McCormick and
others 2014; Rowen and Kaplan 2016) and green
leat volatiles, GLVs (Ameye and others 2018) and
can offer information on host plant location and
the herbivore species, hence providing cues for
herbivore enemies (Bruce and Pickett 2011;
McCormick and others 2014; Ode 2013). BVOCs
thus play a significant ecological role in terrestrial
communities in mediating within- and between-
plant communication and plant-insect interactions
(Holopainen and others 2013; Trowbridge and Stoy
2013).

In a recent study in the Arctic tundra, Li and
others (2019) found that long-term warming and
herbivory-mimicking methyl jasmonate applica-
tion increased dwarf birch terpenoid emissions and
that the increase was much higher when the
treatments were combined. Although warming is
likely to increase insect pressure in high latitudes
(Kozlov 2008), evidence of responses of BVOC
emissions to warming and insect herbivory remains
scarce for these regions. Here, we present results
from an open-air warming experiment established
at a Subarctic mountain birch forest in northern
Finland, where we measured ecosystem-scale
BVOC emissions (thus including emissions from
both the ground layer vegetation and the under-
lying soil) in response to long-term experimental
3 °C warming and insect herbivory reduction.
Using the same experimental set-up, Silfver and
others (2020) have recently showed that plant
growth and the ecosystem CO, uptake potential
were significantly, and almost equally, increased by
both warming and reduced leaf herbivory. In our
study, we predicted that total BVOC emission rates
(1) will show instant responses to air temperature
variation, but (2) will also follow the increased
plant growth and CO, uptake and show long-term
positive responses to the warming treatment and
(3) will decrease with reduced insect herbivory due
to decreasing amounts of herbivory-induced BVOC
emissions.
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MATERIALS AND METHODS

StupY SITE AND TREATMENT PLOTS

The experiment was established in mountain birch
forest at the Turku University Kevo Subarctic Re-
search Station in Utsjoki, Finland (69°45’ N, 27°01’
E, 104 m a.s.l.) in spring 2016. In the site, the mean
annual temperature is —1.3 °C and the mean an-
nual precipitation 354 mm (reference years 1981-
2010; data from Finnish Meteorological Institute).
When the site was established, adult mountain
birches were trimmed, but the field layer vegeta-
tion (see below) was left intact. The experimental
area of 220 m? was divided into five replicate
blocks. Four treatment plots (each 100 cm x 75
cm), with no mountain birch stumps included and
always > 1.2 m apart, were established in each
block.

Subarctic woody species were included in the
experiment as plantlets of four birch spe-
cies—dwarf birch (B. nana), mountain birch (B.
pubescens ssp. czerepanovii), downy birch (B. pub-
escens) and silver birch (B. pendula)—that were
planted 20 cm apart in each treatment plot amid
the ground layer vegetation in mid-July 2016
(twelve plantlets in each plot, three genotypes for
each species). The plantlets were cloned at the
Haapastensyrja Unit of the Natural Resources
Institute Finland (Luke) at the end of 2015 using
standard micropropagation techniques (Ryyndnen
1996) applied to twig material collected from nat-
ural Subarctic populations growing between 67°43’
N and 69°01” N. After in vitro replication the plants
were first grown on vermiculite in a greenhouse for
several weeks and then transferred into plastic
trays filled with fertilized peat. Plantlets in plastic
trays were acclimatized to outdoor conditions be-
fore being transferred to the experimental site.
Besides representing woody species, the plantlets
provided well replicated and precise responses of
plant growth (Silfver and others 2020) and leaf
damages to the treatments applied in the experi-
ment. Such data could not have been obtained
using natural ground layer vegetation that varied
in species composition and abundance from plot to
plot. At the time of planting, the mean height of
birch plantlets was 6.2 cm (range 1-29 cm) and
altogether the twelve plantlets covered on average
3.8% of treatment plot area (Table S1).

Aluminium  collars (outside  dimensions
60 x 60 cm) were assembled into each treatment
plot to enable CO, (Silfver and others 2020) and
VOC measurements using the closed chamber

technique. Nine of the twelve birch plantlets were
included in the collar, except in one plot, where
only six plantlets were included due to difficulties
in assembling the collar into the rocky ground.

Plot Vegetation and Soil Properties

Baseline vegetation and soil properties were
examined in treatment plots in the beginning of
growing season 2017. On the site, the field layer
vegetation is a spatially heterogeneous mixture of
evergreen and deciduous shrubs, mosses and li-
chens, with few graminoids and herbs (Table S1).
In each plot, plants and lichens were identified to
species or genus level and their aerial cover was
estimated for the collar area (inside dimensions
55 x 55 cm). Vascular plants (including the Betula
plantlets) covered 29-83% of the area (with Em-
petrum nigrum, Vaccinium uliginosum, V. vitis-idaea, V.
myrtillus and Rhododendron tomentosum as the most
abundant species), mosses 3-85% (Pleurozium
schreberi, Hylocomium splendens and Barbilophozia
lycopodioides) and lichens 0-23% (Nephroma arcti-
cum and Cladonia arbuscula) (Table S1). These val-
ues were later used as covariates in the statistical
models to control the effects of vegetation plot-to-
plot variation on BVOC emission rates. At plot le-
vel, vascular plant cover correlated negatively with
lichen cover (Spearman’s p = —0.53, P = 0.016,
n = 20), while moss cover did not clearly correlate
with either wvascular plant cover (p = 0.20,
P = 0.405) or lichen cover (p = —0.25, P = 0.281).

During the experiment, the trimmed mountain
birches sprouted and formed bushes in the experi-
mental area. The foliage volume of each bush that
located closer than 2 m from the centre of any plot
was estimated by measuring two crossed radii and
the height of the bush. The obtained foliage volume
was then divided by the distance of the bush from
the centre of a plot to form an index that described
the strength of the bush effect on the plot. If several
bushes grew in the vicinity of a plot, their indices
were summed together. The bush effect index
values calculated for each plot were used as a
covariate in the statistical models to remove the
potential effect of varying number, size and prox-
imity of sprouted mountain birch bushes and their
roots on the BVOC emission rates quantified on
treatment plots.

The soil in the experimental area is podzol with a
clear organic layer, sandy mineral soil and ran-
domly placed rocks. Soil C concentration is on
average 41 and 1.7% of dry mass, N concentration
1.6 and 0.14% of dry mass and the C/N ratio 26
and 12 in the organic layer and in the top 0-5 cm
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Figure 1. Mean daily air temperatures (°C) for the ambient and heated treatment plots (n = 3) during the May—-September
growing season in 2017 and 2018 in the open-field experiment at the Turku University Kevo Subarctic Research Station in

Utsjoki, Finland. The arrows point at the BVOC sampling dates.

mineral layer, respectively (Nele Meyer, pers.
comm.). Among the treatment plots, the depth of
the organic layer varies from 2 to 6.5 cm (Nele
Meyer, pers. comm.) and the soil organic matter
(OM) content, in the top 10 cm of soil, from 9 to
38% of soil dry mass (Silfver and others 2020). Soil
OM content was used as a covariate in the statis-
tical models to control the etfects of soil plot-to-plot
variation on BVOC emissions.

Experimental Design and Treatments

Treatments included two levels of temperature
(ambient, + 3 °C) and two levels of insect her-
bivory (natural, reduced) in a fully factorial 2 x 2
design, leading to four treatment combinations:
C = control (ambient temperature, natural her-
bivory), R =reduced insect herbivory (ambient
temperature, reduced herbivory), W = warming
(+3°C temperature, natural herbivory),
W + R = warming combined with reduced insect
herbivory (+ 3 °C temperature, reduced her-
bivory). In each replicate block, treatment combi-
nations were randomly allocated to the four plots.

Warming was realized in plots using two
240 mm x 60 mm ceramic heaters (Elstein-Werk
M. Steinmetz GmbH & Co, Germany; dummy
heaters in ambient plots), installed 80 cm above the
ground. The heaters were controlled by a micro-
processor-based feedback system, which main-
tained a 3 °C difference between the ambient and
heated plots using real-time temperature data. Data
were collected by sensors installed 30 cm above the
ground (that is, on the top of the vegetation layer)
within green metal plates, mimicking plant leaf

surfaces, in five ambient and five heated plots (see
more details in Silfver and others 2020). In 2016,
when the experiment was established, warming
was turned on in early July, but in later years, al-
ways in spring when the snow-cover melted below
20 cm. Warming was turned off in late autumn
when mean daily air temperatures in ambient plots
remained permanently below —3 °C. Air tempera-
tures (Figure 1) were recorded using sensors in-
stalled under white plastic plates 30 cm above the
ground in three ambient and three warmed plots.
On average (£ SE, n = 3), the plates mimicking
plant leaves were 3.3 £0.37°C, the air
2.3 £ 0.35 °C and the soil (at the depth of 5 cm)
1.2 £ 0.15 °C warmer in heated than ambient plots
across the warming periods in 2016-2018 (Silfver
and others 2020).

The herbivore treatment was started in the
beginning of the 2017 growing season and con-
tinued through 2017 and subsequent growing
seasons. The herbivore reduction plots were
sprayed with 0.2 L of 0.1% synthetic pyrethrin
solution (Decis Mega EW50, Bayer Crop-Science,
Germany) and the control plots with 0.2 L tap
water weekly, using two portable garden sprayers
and a protective tent to eliminate wind drift. Syn-
thetic pyrethrin has not been found to have side-
effects on birch growth or leaf chemistry (Silfver
and others 2013), neither on soil microbial growth
(Silfver and others 2020) nor birch leaf litter
decomposition rate (Silfver and others 2013). The
quantity of nitrogen that could enter the soil while
deltamethrin, the active ingredient, degrades after
spraying is also negligible (Silfver and others 2020).
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The main feeding guilds of insects were leaf
feeders, miners and rollers. To quantify the leaf
damage in plots with natural herbivory and the
effects of the insecticide in the plots with reduced
herbivory, all leaves in each Betula plantlet were
surveyed in each plot in the middle of August in
2017 and 2019 (results for summer 2018 are not
available). Leaf damage was illustrated using a
modified Schreiner-type method (Fritz and others
1998; Prittinen and others 2003), in which a
damage index, ranging from 0 to 100, is produced
for each plant individual by multiplying two scores,
A and B. The score A is the plantlet mean of values
(ranging from 0 to 25) that illustrate the size of the
damaged area in a single leave: 0 = no damage,
1 = small damaged area (1-4% of leaf area dam-
aged), 5 = medium damaged area (5-20%) and
25 = large damaged area (> 20%). The score B
(ranging from 0 to 4) tells the percentage of leaves
of a plantlet that are damaged: 0 = 0%, 1 = 1-25%,
2 =26-50%, 3 =51-75% and 4 = 76-100%. The
low number of sufficiently clear classes of damaged
area makes the damage index feasible and repeat-
able in field conditions, where a high number of
leaves has to be examined and no samples can be
collected for laboratory inspection. Variation in leaf
damage was assessed using the birch plantlets as
they included controlled genetic material of several
species and were evenly distributed among and
within treatment plots.

BVOC Sampling and Analysis

BVOCs were sampled from the vegetation head-
space (thus including all aboveground and below-
ground parts of the entire ecosystem) using a
transparent Teflon chamber (60x 60 x 50 cm,
wall thickness 1.5 mm) in each plot in late June
and mid-August in both 2017 and 2018. BVOC
samples were collected block by block, randomly
from different treatment combinations and over 3—
4 d in each sampling campaign. In the treatment
plot, the chamber was placed on aluminium collar
grooves filled with moist quartz sand to provide an
airtight seal. At the time of the campaign days
(Figure 1), the means of daily mean and daily max
air temperatures, respectively, were 18 and 21 °C
in June 2017, 11 and 13 °C in August 2017, 14 and
17 °C in June 2018 and 10 and 16 °C in August
2018.

Using a battery-operated sampling pump (Ri-
etschle Thomas 5002 12 V DC, Puchheim, Ger-
many), clean charcoal-filtered and MnO, scrubbed
air was pumped into the chamber through Teflon
tubing and a vent made at the upper part of the

chamber. In the sampling pump, the flow rate of
incoming air was set to 0.6 L min~' using a mini-
Buck calibrator (Model M-5, A.P. Buck, Inc., Or-
lando, FL, U.S.A). After flushing air into the
chamber for 30 min, the headspace sample was
pulled at a rate of 0.2 L min~' via Teflon tubing
through another vent made at the other side of the
chamber into a stainless steel tube (ATD sample
tubes; PerkinElmer, Boston, MA, USA), filled with
Tenax TA and Carbograph 5TD adsorbents (Tenax
TA, 100 mg and Carbopack B, 100 mg, mesh 60/
80; Supelco, Bellefonte, PA, USA). The sampling
period lasted for 45 min, and the total volume of
the collected air sample was 9 L.

Air was circulated inside the chamber using a
small battery-operated fan fixed at the lower part of
the chamber. The temperature and air humidity
inside the chamber were monitored using wireless
data loggers (HygrochronDS1923-f5iButton, Max-
im Integrated Products, San Jose, CA, USA) and the
photosynthetically active radiation (PAR) using a
quantum sensor (Li-Cor, Lincoln, NE, USA). Air
temperatures within the chamber varied from 12 to
44 °C across the four campaigns (Figure 2). This
variation was due to varying environmental con-
ditions and was used for testing the instant re-
sponses of non-standardized BVOC emission rates
to air temperature. Over all samplings, the chamber
air temperature was on average higher in warmer
(25.4 £1.5°C, mean + SE, n =40) than in
ambient (24.3 £+ 1.2 °C) plots, but the difference
was not statistically significant in either 2017
(Fiia=1.67, P=0.217) or 2018 (Fy4=0.41,
P =0.532). Mean PAR levels inside the chamber
were 880 (June 2017), 560 (August 2017), 550
(June 2018) and 393 pmol m™2 s~' (August 2018).
Once the sampling was over, the BVOC-sampled
tube was immediately sealed with a Teflon-coated
brass cap and stored in a refrigerator. A blank air
sample was collected from an empty closed Teflon
chamber—the same chamber as used for BVOC
samplings from treatment plots—to examine the
purity of the background air and to detect com-
pounds possibly originating from the used materials
or analysis system.

BVOC samples were analysed within two weeks
using a gas chromatography-mass spectrometry
(GC — MS) (Hewlett Packard GC type 6890,
Waldbronn, Germany; MSD 5973, Beaconsfield,
UK) with thermal desorption as described by Ghi-
mire and others (2016). BVOCs were identified by
using pure standards and by comparing the com-
pounds” mass spectra with the spectra of standards
and the Wiley library (ver. WILEY275.L). The
compounds that had no standards were quantified
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Figure 2. Relationship between chamber air temperature and non-standardized total BVOC, monoterpene, sesquiterpene
and GLV emissions during BVOC sampling campaigns in June and August 2017 and 2018. P-values are for temperature
effects from linear mixed models (with baseline covariates and herbivory treatment also included), and regression lines are

shown for temperature effects with P < 0.1.

using o-pinene (used for non-oxygenated
monoterpenes), 1,8-cineole (oxygenated monoter-
penes) and longifolene (sesquiterpenes) as refer-
ence compounds.

The detection limits set in the chromatograms
were 1 ng for mono-and sesquiterpenes and 3 ng
for green leaf volatiles. To remove the effect of
temperature and radiation variation among sam-
plings on BVOC emission rates, isoprene emissions
were standardized to a temperature of 30 °C and a
PAR level of 1000 umol m™2 s™' using the model
by Guenther (1997). Emission rates of all other
compounds were standardized to a temperature of
30 °C using the algorithm developed by Guenther
and others (1993) with a temperature coefficient
(B) of 0.09 for monoterpenes (Guenther and others
1993), 0.16 for sesquiterpenes (Helmig and others
2006) and 0.1 for other VOCs (Guenther and others

2012). Standardized emission rates were used for
testing the long-term responses of BVOC emission
rates to the warming treatment (in contrast to in-
stant responses to air temperature variation).
Additionally, to check that these responses were
not suppressed by standardization, the responses
were also tested using non-standardized emission
rates.

The concentrations of compounds detected in
blank samples were subtracted from concentrations
found in samples collected from the treatment
plots. BVOC emission rates were then calculated in
ng m 2 h™' using the equation:

__F(C2-C1)
- A

where E = VOC emission rate (ng m > h™'), F =
flow rate of incoming air (L h™'), C2 = concentra-

E



Herbivory, Temperature and Subarctic BVOC Emissions 879

tion of compound in the outgoing air (ng L"),
C1 = concentration of compound in the incoming
air (considered as 0 ng L™! as the incoming air was
filtered) and A = chamber surface area (m?) (Or-
tega and Helmig 2008). Standardized mean emis-
sion rates for the four treatment combinations and
for the four samplings are given in Tables 1 and S2,
respectively, and the non-standardized rates for the
four treatment combinations are shown in Table S3
and used in Figure 2 to illustrate the effect of
chamber air temperature on BVOC emission rates.

Statistics

The main and interaction effects of warming and
reduced herbivory on standardized and non-stan-
dardized total BVOC, monoterpene, sesquiterpene
and GLV emission rates, proportions of group
emissions of all emissions, and birch leaf damage
were tested using linear mixed model and Type I
ANOVA (IBM SPSS Statistics 21), where the vari-
ance is allocated to explanatory variables in order
of their appearance in the model. The baseline
aerial cover of vascular plants, lichens and mosses,
soil OM content and bush effect index were treated
as covariates and included in the model before
treatments to remove plot-to-plot variation that
might otherwise hide or contribute to treatment
effects. Those covariates that had P > 0.1 in the
full model were removed from the final model
unless this led to less clear treatment effects.
Warming and herbivory treatments were treated as
fixed effects, field block and birch genotype as
random effects and the samplings within years as
repeated measures. The effect of chamber air tem-
perature variation on non-standardized total BVOC
and group emission rates was tested for each sam-
pling individually using a model, where baseline
covariates were chosen as explained above, cham-
ber temperature was included as another covariate
and herbivory treatment as a fixed factor. Finally,
the effect of warming treatment on chamber air
temperature was tested for each year separately
using a model with only the warming treatment,
month and their interaction included. ANOVA
assumption of normal distribution was checked
using histograms and Shapiro—-Wilk tests of model
residuals. If residuals were not normally dis-
tributed, the data were square-root- or logio-
transformed, the choice between these depending
on the skewness of the distribution. For mixed
models, the significant effects are presented in
Figures. 3, 4 and 5 and the full statistical models
with F- and P-statistics in Tables S4-S7. Leaf dam-
age results were already presented by Silfver and

others (2020), but since leaf damages are essential
for interpreting BVOC emissions, they are also
presented in this study.

The main and interaction effects of warming and
reduced herbivory on monoterpene, sesquiterpene
and GLV blends (combining information of com-
pound presence/absence and emission rates) were
tested using PERMANOVA. Baseline covariates for
these analyses were chosen following the principles
described above. For PERMANOVA results, the
significant treatment effects are presented in text
and the full statistical models with F- and P-statis-
tics in Table S8. Those compounds that were found
to significantly contribute (> 10% contribution) to
the observed treatment effects in PERMANOVA are
shown in Figure 6 as examples of single compound
responses (with no statistical inference of treatment
effects on single compounds, however).

RESULTS

PLANT LEAF DAMAGE

Insect damage indices calculated for birch leaves
were on average 67% and 58% lower in plots with
reduced insect herbivory than in plots with normal
herbivory in 2017 and 2019, respectively (Fig-
ure 3). Moreover, marginally significant her-
bivory x warming interaction effects appeared in
both years (Figure 3). These interactions were be-
cause reduced herbivory decreased leaf damage
more under ambient temperature (on average by
78%) than in heated plots (46%) (Figure 3).
Warming did not increase leaf damage, except for
B. pubescens under reduced herbivory in 2017 (sig-
nificant warming x herbivore reduction x Betula
species interaction effect in Table S4).

Identified BVOCs and Emission Rates
Across the Samplings

Altogether 18 monoterpenes, 20 sesquiterpenes,
five GLVs, isoprene (a hemiterpene) and methyl
salicylate were identified in the emissions during
the four samplings (Table 1, S2). Monoterpenes
and sesquiterpenes dominated the BVOCs and to-
gether comprised about 95% of all emissions (Ta-
ble 1), except for June 2017 when the proportion
of mono- and sesquiterpenes together was 81%
and the proportion of GLVs was 18% (Table S2).
Isoprene covered 0.9-5.6% and methyl salicylate
0.1-0.4% of emissions across the treatments and
samplings (Table 1, S2). Non-standardized emission
rates of total BVOCs, monoterpenes, sesquiterpenes
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Table 1. Mean (SE) Emission Rates of BVOCs in Four Treatment Combinations

Compounds

Treatment combinations

C

R

w

W +R

Total BVOCs
Isoprene”

Total MTs

MTs of total BVOCs
Tricyclene/a-Thujene”
a-Pinene®
Camphene?
Sabinene®
B-Pinene?
Myrcene®
3-Carene®
a-Terpinene”
p-cymene’
Limonene®
f-Phellandrene
1,8-Cineole®
cis-Ocimene?
trans-B-Ocimene’
y-Terpinene®
Terpinolene®
a-Terpineol®

Bornyl acetate®
Total SQTs

SQTs of total BVOCs
a-Cubebene®
a-Copaene”
B-Bourbonene®
p-Guaiene”

trans-3-Caryophyllene®

p-Cubebene”
Aromadendrene?®
Calarene’
Longifolene®
Ledene’
a-Humulene?
Alloaromadendrene’
a-Amorphene’
a-Muurolene’
Germacrene-D"
a-Gurjunene’
y-Cadinene”
J-Cadinene’
Palustrol”
y-Gurjunene”

Total GLVs

GLVs of total BVOCs
trans-2-Hexenal®
cis-3-Hexen-1-ol*
cis-3-Hexenyl acetate®
Nonanal®

29,241 (18,519)
274 (70)
14,152 (10,480)
48%

9 (5)

351 (244)

33 (12)

2073 (733)

52 (15)

10,508 (9438)
11 (5)

61 (58)

38 (11)

91 (24)

2 (1)

352
416
131

104)
410)
99)
)

9 (
(3
0 (0

0(0
13,818 (7954)

47%
344 (93)
1931 (536)
1523 (721)
154 (130)
270 (81)
143 (74)
54 (48)
0 (0)
0 (0)
116 (66)
36 (19)
564 (420)
68 (24)
9 (5)
391 (217)
10 (8)
1(18)
364 (104)
5969 (4667)
1850 (1449)
934 (188)
3%
105

(
(
(
8
)
)
)

16,194 (6993)
912 (453)
8146 (3846)
50%

15 (6)

120 (13)

46 (16)
1128 (457)
31 (11)
6014 (3760)
1 (1)

0 (0)
6445 (2880)
40%

285 (169)
2591 (1684)
720 (202)
31 (16)

185 (93)

281 (167)
1308 (447)
439 (142)
673 (152)
4%

2 (10)
105 (27)
178 (124)
352 (35)

61,451 (31,307)
744 (367)
16,219 (7386)
26%

11 (5)

136 (21)

36 (8)

3001 (1137)
50 (13)
11,468 (6076)
0 (0)

186 (158)

65 (25)

165 (50)

42,110 (24,217)
69%
539 (140)
2417 (667)
1780 (873)
358 (162)
609 (292)

137 (56)
34 (19)
0 (0)
0 (0)
511 (477)
80 (51)
2181 (1258)
107 (69)
7 (7)

1021 (522)

123 (69)

1 (25)
475 (174)
24,048 (15,589)
7643 (5407)
2153 (1388)
4%

151 (105)
384 (294)
847 (841)
708 (130)

25,783 (15,275)
228 (118)
16,020 (8839)
62%
23 (10)
182 (86)
102 (82)
3138 (855)
288 (144)
10,487 (7022)
1 (1)
49 (21)
196 (165)
292 (165)
4 (2)
401 (107)
476 (387)
234 (165)
67 (26)
2 (30)
2 (1)
7 (7)
8575 (6314)
33%
158 (78)
1199 (606)
246 (116)
143 (130)
194 (91)
40 (26)
(14)
3 (41)
(20)
147 (120)
55 (34)
731 (600)
74 (32)
10 (5)
169 (147)
27 (21)
5 (2)
184 (119)
4636 (3979)
460 (221)
873 (150)
3%
6 (39)
187(69)
(78)
(55)

200
329
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Table 1. continued

Compounds Treatment combinations

C R w W+R
cis-3-Hexenyl butyrate® 52 (29) 16 (8) 62 (57) 61 (27)
Methyl salicylate® 64 (38) 19 (6) 225 (136) 87 (18)

“Quantified using authentic standards.
"Quantified using reference compounds.

Mean (SE; n = 5) emission rates (ng m~> h™") of total BVOCs, monoterpenes (MTs), sesquiterpenes (SQTs) and green leaf volatiles (GLVs), with percentages of group emissions
of all emissions, and individual compounds for each treatment combination (C = control, R = reduced herbivory, W = warming, W + R = warming with reduced herbivory)

across the four samplings. All emission rates were standardized to a temperature of 30 °C and the isoprene emission rate further to a PAR level of 1000 yumol m™> s,

1

and GLVs increased with increasing chamber air
temperature in the June, but not in the August
samplings (Figure 2).

Treatment Effects on Total BVOC
and Compound Group Emission Rates

When standardized emission rates were analysed
using univariate linear mixed models (see complete
statistical results in Table S5), total BVOC emission
rates were on average 44 and 72% lower in plots
with reduced herbivory than in plots with natural
herbivory in 2017 and 2018, respectively, whereas
the warming treatment had no statistically signifi-
cant effect (Figure 4). Responses of sesquiterpene
emission rates to treatments followed these trends

1.8

with on average 70 and 80% lower emissions with
reduced herbivory than with natural herbivory in
2017 and 2018 (Figure 4). A significant her-
bivory x warming interaction effect on sesquiter-
pene emission rates also appeared in 2017. This was
because herbivory reduction led to much greater
decrease in emissions in warmed plots (89% de-
crease) than in plots with ambient temperature
(34% decrease) (Figure 4).

The treatment response pattern in monoterpene
emission rates followed the pattern in total BVOC
and sesquiterpene emission rates, but the herbivory
reduction effect was not statistically significant
(Figure 4, Table S5). Neither was there a warming
treatment effect on monoterpene emissions (Fig-
ure 4, Table S5). Also, no effects on total GLV

1.6

14 4

1.2 1

1.0 1

0.8 -

Damage index

0.6 -

0.4

0.2 -

0.0

2017 R: <0.001
2017 W: 0.079
2017 W x R: 0.062
2019 R: <0.001
2019 W x R: 0.078

Figure 3. Index of leaf damage on birch leaves (mean + SE) in treatment plots (C = control, R = reduced herbivory,
W = warming, W + R = warming with reduced herbivory) in August 2017 and August 2019. P-values are shown for
treatment effects when P < 0.1. Means and errors were back-transformed from estimated marginal means and standard
errors produced by statistical models (Table S4) fitted to log,o-transformed data (z = 57-60 per treatment in 2017, n = 44—
55 per treatment in 2019). These results were originally presented in Figure 2d and Suppl. Table 1 in Silfver and others
(2020).
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emission rates were found in 2018, whereas a sig-
nificant warming effect and warming x month
interaction effect appeared in 2017 (Figure 4). The
interaction effect was because warming increased
emission rates tenfold in August, but not in June
(Figure 4). The marginally significant warm-
ing x herbivory interaction effect in 2017 was be-
cause herbivory reduction increased emission rates
in warmed plots, but not in plots with ambient
temperature (Figure 4).

The proportion of sesquiterpenes of total BVOCs
was lower in plots with reduced herbivory than in
plots with natural herbivory in both ambient and
heated plots in 2018, whereas in 2017 this effect
was found in heated plots only as suggested by the
significant warming x herbivory interaction effect
(Figure 5; see complete statistical results in
Table S6). As a mirror image, the proportion of
monoterpenes of total BVOC emissions increased
with reduced herbivory in heated plots as suggested
by the significant warming x herbivory interaction
effect in both years (Figure 5). The proportion of
GLVs of all BVOCs was affected by a significant
warming x month interaction effect in 2017 and a
warming x herbivory interaction effect in 2018
(Figure 5). In 2017, the interaction is explained by
warming increasing GLV proportion in August, but
not in June (Figure 5). In 2018, the interaction can
be interpreted either as warming increasing GLV
proportion in plots with natural herbivory, or as
reduced herbivory lowering GLV proportion in
heated plots (Figure 5).

Using non-standardized emission rates (Table S3)
instead of standardized rates (Table 1) did not
change the results in terms of warming effects on
BVOC emissions (Table S7). No warming effects
emerged for total BVOCs, monoterpenes or
sesquiterpenes, and for GLVs, the warming main
effect (P=0.013) and the warming x month
(P = 0.075) and herbivory x warming (P = 0.021)
interaction effects appeared in the same way as
with the standardized data in 2017. The only new
warming effect was the marginally significant
(P = 0.081) effect on GLVs in 2018, when warming
increased non-standardized GLV emissions on
average by 25% (Table S7).

Treatment Effects on BVOC Blends
Monoterpenes

The compound that dominated monoterpenes was
myrcene (62 — 83% of all monoterpene emissions
in the four samplings), with sabinene (4 — 28%),
1,8-cineole (1 — 7%), cis-ocimene (0.1 — 4.5%)
and trans-f-ocimene (1.4 — 2.6%) also having

mean emissions rates > 200 ng m 2 h™*
(Table S2). When analysed using multivariate
PERMANOVA (see complete statistical results in
Table S8), no effect of warming on the monoter-
pene blend was found in 2017 (P = 0.611) or 2018
(P = 0.518). Similarly, no herbivory reduction ef-
fect (P = 0.446) was found in 2017, but a margin-
ally significant effect (P = 0.081) appeared in 2018.

Sesquiterpenes

The most abundant sesquiterpenes (mean emission
rates > 900 ng m > h™') were a-copaene (9 —
37% of all sesquiterpene emissions in the four
samplings), palustrol (1 — 54%), v-gurjunene
(8 — 19%), alloaromadendrene (4 — 10%) and /-
bourbobene (0.4-10%) (Table S2). In the multi-
variate analysis (Table S8), the warming treatment
had significant effects on the sesquiterpene blend
in 2017 (P = 0.028) and 2018 (P = 0.049). No sta-
tistically significant effect of herbivory reduction
was found in 2017 (P = 0.288), but in 2018 the
effect was marginally significant (P = 0.057).
Rhododendron tomentosum aerial cover had a signif-
icant effect (P < 0.001) on sesquiterpene emis-
sions in both years. When it was included in the
model as a covariate to explain the plot-to-plot
variation, the warming effect weakened in 2017
(P = 0.065 with R. fomentosum in the model), but
remained the same in 2018 (P = 0.049).

In both years, the compounds that had > 10%
contribution to the observed warming effect were
a-copaene (18 and 14% contribution in 2017 and
2018, respectively), y-gurjunene (12 and 11%) and
palustrol (11 and 22%). The warming treatment
decreased o-copaene emissions on average by 34
and 15%, but increased y-gurjunene emissions 2.1-
fold and 4.0-fold in 2017 and 2018, respectively
(Figure 6). Palustrol was emitted exclusively by
those plots that had R. tomentosum with one
exception: one plot with no R. tomentosum also
emitted palustrol in August 2018. However, while
all 14 plots with R. tomentosum emitted palustrol in
2018, only 6 emitted palustrol in 2017. When
palustrol emission rates were standardized to mean
(8%) R. tomentosum plot cover, emission rates were
5.8-fold in warmed plots in comparison with
ambient plots in 2017, whereas in 2018 emissions
were reduced by warming on average by 20%
(Figure 6).

Green Leaf Volatiles

The three most abundant GLVs (all with mean
emission rates > 190 ng m > h™') were nonanal
(39-50% of GLV emissions in the four samplings),
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Figure 4. Total BVOC and compound group emission rates (mean + SE; n = 5) from treatment plots (C = control,
R = reduced herbivory, W = warming, W + R = warming with reduced herbivory) in June and August 2017 and 2018. P-
values are shown for treatment effects when P < 0.1 (M = month effect). All emission rates were standardized to a
temperature of 30 °C and the isoprene emission rate further to a PAR level of 1000 pmol m™ s™'. Means and errors are
estimated marginal means and standard errors produced by statistical models (Table S5) fitted to square-root-transformed
(total BVOCs, SQTs and MTs) or log;o-transformed (total GLVs) data.
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Figure 5. Proportion of monoterpenes, sesquiterpenes and GLVs of total BVOC emissions (mean + SE; # = 5) in treatment
plots (C = control, R = reduced herbivory, W = warming, W + R = warming with reduced herbivory) in June and August
2017 and 2018. P-values are shown for treatment effects when P < 0.1 (M = month effect). Means and errors are
estimated marginal means and standard errors produced by statistical models (Table S6) fitted to non-transformed data.

cis-3-hexenyl-acetate (1-40%) and cis-3-hexen-1-
ol (7-21%) (Table S2). The multivariate test found
a warming x month interaction effect on the GLV
blend in 2017 (P = 0.017), but no main or inter-
action effects of warming in 2018 (Table S8). The
2017 interaction was because the effect of warming
on the GLV blend was much stronger in August
than June. In August 2017, nonanal was the only

GLV that was found in the majority of field plots
(others were found in 0-4 plots) and contributed
76% to the observed warming effect by having 2.6-
fold increase in emission rates in warmed plots in
comparison with ambient plots (Figure 6). No ef-
fects of herbivory reduction on the GLV blend were
found in either 2017 (P =0.600) or 2018
(P = 0.403).



Herbivory, Temperature and Subarctic BVOC Emissions 885

2017 2018

==
o
o

o]
o
L

[¢2]
o
L

N
o
L

N
o
!

o
i

140
120 A

100 -
80 -
60
40
20 A

y—gurjunene emission (ng m-2 h‘1) o—copaene emission (ng m-2 h‘1)

o
|
=
k-
2
0

120
100
80 -
60 -
40 -

20 ~
0 . &Iiﬁ

50

Palustrol emission (g m2 h‘1)

40 E

30 4 1

20 -

10 4

Nonanal emission (ng m-2 h‘1)

June August

June August

Figure 6. Emission rates (mean + SE; n = 5) from treatment plots (C = control, R = reduced herbivory, W = warming,
W + R = warming with reduced herbivory) in June and August 2017 and 2018 for those SQTs (a-copaene, y-gurjunene,
and palustrol) and GLVs (nonanal) that were found to contribute by > 10% to the treatment effects in the SQT and GLV
blends in the multivariate PERMANOVA analyses (Table S8). All emission rates were standardized to a temperature of
30 °C. Means and errors for a-copaene, y-gurjunene and nonanal are estimated marginal means and standard errors
produced by statistical models fitted to square-root-transformed data. The means and errors for palustrol were calculated
from data standardized to the mean (8%) R. tomentosum plot cover and are shown as square-root-transformed.
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Discussion

We predicted that BVOC emissions from the
mountain birch forest field layer vegetation, with
the underlying soil included, would have an instant
response to temperature variation during sampling,
and in the long-term, increase with the warming
treatment and decrease with the reduced insect
herbivory. Our results support these predictions in
terms of the herbivory effect: the results show that
reducing leaf damage by 58-67% led to a signifi-
cant, general reduction in BVOC and in particular
sesquiterpene emission rates, with reductions as
high as 80% observed. Non-standardized BVOC
emission rates had an instant response to temper-
ature variation in the chamber, but this only oc-
curred in June, not in August. The warming
treatment mainly modified herbivory effects on
relative BVOC proportions, with clearer herbivory
effects in heated than ambient plots, and affected
the BVOC group blend structure; these effects were
compound specific or restricted to certain sam-
plings only and contrasting responses to warming
appeared within blends. These results suggest that
the instant positive effect of warmer climate on
total BVOC emission rates in Subarctic ecosystems
may depend on plant phenological state and that
the long-term effects may be mediated through
changes in insect herbivore pressure rather than
changes in plant growth. It appears that if back-
ground insect herbivory increases as predicted due
to the warmer climate (Kozlov 2008; Li and others
2019), BVOC emissions from these ecosystems may
increase in the future.

Herbivore Control of BVOC Emissions

Silfver and others (2020) reported in their Sup-
plementary Table 1 that 25% and 16% of birch
leaves in our plots with natural herbivory were
wounded by insects in 2017 and 2019, respectively,
and of the wounded leaves, 85% and 64% had
only 1-4% of their area damaged. In plots with
reduced herbivory, 12 and 10% of leaves were
wounded, respectively, and of the wounded leaves,
88 and 83% had 1-4% of leaf area damaged. These
values support the current belief that non-outbreak
background herbivory is low at high-latitude
ecosystems (Barrio and others 2017; Kozlov 2008;
Li and others 2019). Considering this, it is
remarkable that total BVOC emissions decreased by
44-72% with the insecticide treatment. That these
reductions closely match the magnitude of 58-67%
reductions in leaf damage indicates that BVOC
emission rates in these ecosystems are under a strict

control of herbivory and leaf damage, despite the
low herbivore pressure. Reductions in BVOC
emissions also closely match the magnitude of
changes in CO, uptake potential (26-52% in-
crease) and plant growth (50% increase) earlier
reported for the same experiment (Silfver and
others 2020). Altogether these results suggest that
the seemingly low background insect herbivory
may significantly affect the ecosystem—atmosphere
interactions in Subarctic ecosystems.

Our results are in line with earlier studies
reporting increased BVOC emissions from plants
with higher herbivore load and greater feeding
damages (Niinemets and others 2013; Yli-Pirild and
others 2016). For instance, Yli-Pirild and others
(2016) reported increased sesquiterpene emissions
from mountain birch when damaged by autumnal
moth Epirrita autumnata larvae in a laboratory
study. Similarly, Li and others (2019) showed that
total monoterpene emissions from dwarf birch
branches were increased fourfold by herbivory-
mimicking methyl jasmonate application in an
Arctic field study. In a recent field study in
Subarctic and pan-Arctic regions, Rieksta and oth-
ers (2020) reported fivefold total BVOC emissions
and threefold sesquiterpene emissions from
mountain birch shoots with low intensity her-
bivory by the geometrid moths Operophtera brumata
and E. autumnata. Our results add to these findings
by providing evidence that natural insect herbivore
communities, at their background densities, sig-
nificantly increase BVOC emissions from multi-
species Subarctic vegetation.

Synthetic pyrethrin application has earlier been
shown to have no side-effects on B. pendula growth,
leaf chemistry, leaf litter decomposition rate and
soil microbial growth (Silfver and others 2013,
2020). We have no data of lack of pyrethrin side-
effects on the entire Subarctic community that we
manipulated, since communities with no herbi-
vores, which are needed for side-effect tests, are not
achievable at the field scale. However, considering
that no side-effects were earlier found on a wide
array of leaf metabolites in B. pendula (Silftver and
others 2013) and that the magnitude of pyrethrin
application effects on BVOC production closely
match the magnitude of effects on leaf damage,
plant growth and photosynthesis rate (Silfver and
others 2020), It is unlikely that the effects on BVOC
emissions were pyrethrin side-effects. Another as-
pect of the herbivory treatment that warrants
contemplation is whether the effects of herbivory
reduction can be used for predicting the conse-
quences of increasing herbivory in the future. In
the case of BVOC emission rates, it is particularly
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important that herbivory reduction does not com-
pletely erase leaf damages as this would turn off
herbivory-induced BVOC emissions. In such case,
the observed decrease in emissions would likely
lead to predictions of excessively increasing emis-
sions with equivalent increase in leaf damage. In
our study, 16-25% of birch leaves were wounded
under natural herbivory, 10-12% under reduced
herbivory. All of the BVOC compounds that were
collected from plots with natural herbivory were
also found in plots with reduced herbivory. For
instance, the emission rate of tranms-f-caryophyl-
lene, a typical stress-induced compound that is a
common BVOC also in healthy plants (Mantyla
and others 2008), was on average 437 ngm > h™!
in plots with natural herbivory and 190 ng m > h~
'in plots with reduced herbivory, thus exhibiting a
57% reduction in emission rates due to herbivory
reduction. Together these findings suggest that the
leaf damage threshold for induced emissions was
also achieved and that the reductions in BVOC
emission rates we observed with decreasing leaf
damage should provide reliable estimates of emis-
sion rates also for increasing leaf damage.

Warming Effects on BVOC Emissions

Previous studies in Subarctic have reported two-
fourfold increases in total monoterpene and
sesquiterpene emissions with 1 — 2.5 °C warming
(Faubert and others 2010; Tang and others 2018)
and up to sixfold increase in total BVOC emissions
with 4 °C warming (Lindwall and others 2016).
Equally, isoprene emissions have been found to
increase 1.5-6-fold with 1 — 2 °C warming (Tiiva
and others 2008; Tang and others 2018). Support-
ing these findings, we found that the non-stan-
dardized BVOC emissions from our Subarctic
vegetation showed an instant increase with
increasing chamber air temperature, although this
response also depended on plant phenological
stage: while the positive response was clear in the
June sampling in both years, no response was
found in the August sampling in either year. Be-
sides being explained by plant phenology, this
contrast in response could be due to plant water
stress in August samplings, but since the water
vapour pressure deficit (VPD) was much lower
during August than June samplings (Silfver and
others 2020), this is not a likely explanation. Earlier
studies have shown that plant phenology has a role
in BVOC emission rates. For example, in mountain
birch, high early season BVOC emission rates were
linked to high BVOC-storing glandular trichome
density in young leaves and the emissions declined

with deterioration of glandular trichomes in the
late growing season (Mofikoya and others 2018).

Due to earlier reported warming-induced in-
creases in plant CO, capture and growth in our
field plots (Silfver and others 2020), we expected to
also find a positive long-term effect of warming on
BVOC emissions. However, we found no statisti-
cally significant increase in either standardized or
non-standardized emission rates of total BVOCs,
monoterpenes and sesquiterpenes. Leaf damage by
herbivores neither increased with warming. These
results indicate that under warmer conditions, in
case the herbivory pressure does not increase,
plants may invest the enhanced C capture to
growth rather than to BVOC-based chemical de-
fence against the herbivores. That warming effects
on BVOC emissions could be controlled by such
growth-defence trade-off is in accord with earlier
findings: for instance, when Li and others (2019)
found a twofold increase in monoterpene emissions
from dwarf birch due to warming in their field
study, they also found a fourfold increase in leaf
damage due to warming. As such the fact that in-
sect herbivory did not increase with warming in
our study cannot be used as an evidence that her-
bivory would not respond to warming. Treatment
plots in field experiments are vulnerable to both
avoidance and congregation of freely moving ani-
mals and may thus tell little of responses of herbi-
vores under large-scale climatic changes (Moise
and Henry 2010).

Our results also reveal that compounds within
BVOC blends can have opposite responses to the
warming treatment. Among sesquiterpenes, o-co-
paene emissions decreased and y-gurjunene emis-
sions increased with warming, which obviously can
lead to a neutral response to warming at the BVOC
group level. Many significant warming effects were
also found at some samplings only: sesquiterpene
palustrol emissions were increased by warming in
2017, but not in 2018, and the GLV nonanal
emission was increased mainly in the August 2017
sampling. Finally, isoprene emissions, which in
earlier studies have responded to warming (Tang
and others 2018; Tiiva and others 2008), were low
in our study, contributing less than 2% to total
BVOC emissions and found in a half or fewer field
plots in three of the four samplings. Altogether
these findings suggest that while the level of insect
herbivore pressure has a consistent and significant
effect on total BVOC emissions (the only exception
that we found for the general herbivory effect were
the marginally increased GLV emissions with her-
bivory reduction in warmed plots in 2017), long-
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term warming effects are weaker, compound
specific and temporally variable.

Although we cannot distinguish between
aboveground and belowground emissions in our
study, it is good to realize that some of the con-
trasting responses of single BVOCs to warming may
stem from different responses of soil and foliage
emissions. For instance, sesquiterpenes can also be
emitted by soil microorganisms (Bourtsoukidis and
others 2018) and plant litter decomposed by mi-
crobes (Svendsen and others 2018). The warming-
induced y-gurjunene emissions in our study might
thus partly stem from increased activity of y-gur-
junene releasing soil microbes (Bourtsoukidis and
others 2018) in warmed plots. Another important
aspect is that besides acting as a source, soils can
also act as a sink for BVOCs, and particularly for
monoterpenes through microbial uptake (Tang and
others 2019). We know that warming increased soil
microbial activity in our experiment as nitrogen
mineralization increased (Silfver and others 2020).
The reason why we found no positive response of
monoterpenes to warming might thus be partially
explained by monoterpene emissions from vegeta-
tion being increasingly absorbed by soil microbes in
the warmed plots. However, these are speculative
hypotheses and need to be verified in future
investigations.

Using '>CO5-labelling of Subarctic dwarf birch,
Ghirardo and others (2020) recently showed that
the contribution of de novo monoterpene biosyn-
thesis to monoterpene emissions increased from
60-68% to 87-95% under warming. This shift in
monoterpene allocation led to negative effects of
warming on C sequestration as the net exchange of
CO, decreased and C loss as BVOCs increased
(Ghirardo and others 2020). Results from our study
seem to support the opposite trend as warming
increased plant growth and CO, uptake potential
by 50 and 107%, respectively (Silfver and others
2020) and still, no general increase in BVOC
emissions appeared. This supports our interpreta-
tion that higher herbivory and increasing leaf
damages are the crucial mechanisms that are nee-
ded to trigger warming effects on BVOC emission
rates in Subarctic ecosystem.

Plant Species-specific Responses

As we focused on ecosystem level responses of
BVOC emissions to the warming and insect her-
bivory treatments in our study, we cannot con-
clude much of the species-specific responses. The
monoterpene myrcene and sesquiterpenes palus-
trol and aromadendrene have earlier been shown

to be mainly emitted by R. fomentosum and further
being adsorbed and re-released by birches (Hima-
nen and others 2010; Mofikoya and others 2018).
In our study, palustrol was one of those compounds
that responded to warming and was almost exclu-
sively released from plots that contained R. tomen-
tosum, although not all plots with R. tomentosum
emitted palustrol in all samplings. This finding
supports the view that plant species composition
and the potential changes in composition along
with warming likely play a role in BVOC emission
responses to climate warming (Faubert and others
2012).

CONCLUSION

The significance of our study lies in the ecosystem
level approach and the natural plant and herbivore
communities involved in the study. Our results
reveal that insect herbivores, despite their low
numbers and the seemingly minor leaf damages
they currently cause in Subarctic ecosystems, have
a dominant role in controlling plant BVOC emis-
sions in these ecosystems. As insect abundances are
likely to increase with climate warming, our results
forecast increases in plant BVOC emission rates
from high-latitude ecosystems in the future war-
mer climate. Considering the significant role of
BVOCs in the mitigation of climate warming, it
appears that plant-herbivore interactions and their
effects on BVOC emission rates warrant to be
considered in climatic models, over and above the
instant temperature effects, to understand and
foresee Arctic ecosystem—atmosphere interactions
and feedbacks.
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