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• Warming treatments increased growth
more in birch than in conifer seedlings.

• Warming equally increased biomass,
height and diameter growth in birch seed-
lings.

• In conifer seedlings, warming increased
biomass and diameter more than height
growth.

• Warming treatments increased BVOC
emissions in birch seedlings.

• In pine and spruce seedlings, warming ef-
fects on BVOCs were minor.
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We investigated the responses in growth and emissions of biogenic volatile organic compounds (BVOCs) in
Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies [L.] Karst.) and silver birch (Betula pendula Roth)
seedlings to a simulated climate warming of +2 °C (T2) and +4 °C (T4), compared to the ambient conditions,
during two growing seasons (2019–2020) in a controlled field experiment in central Finland. In all seedlings,
height was measured weekly. Diameter was measured continuously for one seedling from each tree species per
plot. For shoot and root biomass measurements, half of the seedlings were harvested at end of the first growing
season and the rest at the end of the second growing season. Foliage BVOC emission rates were measured at the
end of the second growing season. Biomass, height, and diameter growth of silver birch did benefit the most
from warming in both growing seasons. In the Scots pine and Norway spruce seedlings, height and diameter
growth increased with increasing temperature in the second growing season, more so in Scots pine. Overall,
the shoot and root biomass of conifer seedlings increased with increasing temperature. In the conifer seedlings,
warming increased biomass and diameter growth more than height growth, due to their predetermined height
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growth pattern. The warming increased BVOC emissions more clearly in silver birch, whilst the BVOC emis-
sions were in conifers less sensitive to temperature variation. Based on our findings, silver birch seedlings
could be expected to benefit the most from warmer growing conditions and Norway spruce the least.
Scots pine
Norway spruce
1. Introduction

The boreal forests in Northern Europe are mainly characterised by
coniferous species, but deciduous tree species are also present. In
Finland, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies
[L.] Karst.) account for 80% of the volume of the growing stock, whilst
silver and downy birch species (Betula spp.) account for 17% (Peltola
et al., 2020). Currently, the relatively short growing season, low sum-
mer temperatures and availability of nutrients limit the growth of bo-
real tree species (e.g. Hyvönen et al., 2007; Kellomäki et al., 2008).
However, the growth patterns of tree species and their responses to
changing growing conditions (e.g. climate, site) may have various ef-
fects on their productivity in the future (Kellomäki et al., 2018). In sil-
ver birch (Betula pendula Roth) with a mostly free height growth
pattern, the duration of height growth is clearly longer than in Scots
pine and Norway spruce, which have mainly predetermined height
growth patterns (Hänninen, 2016; Henttonen et al., 2009; Mäkinen
et al., 2018; Nissinen et al., 2020). However, in all these tree species,
diameter growth, which is initiated a few days after height growth
(approx. Mid-May), lasts until early autumn (approx. mid-August).
Further, about 80–90% of the diameter growth happens in June and
July (Henttonen et al., 2009; Peltola et al., 2002).

Compared to the period 1981–2010, in Finland the mean temperature is
expected to increase during the potential growing season (April–September)
by about 1–5 °C, and precipitation by 5–11%by the 2080s, depending on the
Representative Concentration Pathway (RCP) scenario used (i.e. multi-
model means under the RCP2.6, RCP4.5 and RCP8.5 scenarios, see
Ruosteenoja et al., 2016). Based on forest ecosystem model simulations,
forest growth in boreal conditions is generally projected to increase under
different climate change projections (Kellomäki et al., 2008, 2018).
However, the responses of boreal tree species to warmer and longer growing
seasons and higher atmospheric CO2 levels will also be affected bywater and
nutrient availability at the site as well as the photoperiod (Domisch et al.,
2001; Hyvönen et al., 2007; Kellomäki and Wang, 2001; Stinziano et al.,
2015).

Growing conditions for Norway spruce are expected to become sub-
optimal under climate change, especially under southern, but also partially
undermiddle boreal conditions, and on siteswith lowwater-holding capac-
ity (Kellomäki et al., 2008, 2018). This may happen even under the RCP2.6
scenario, in contrast to birch and Scots pine. Nissinen et al. (2020) found in
a controlled field experiment that a minor temperature increase (+1.4 °C
during the growing season) under middle boreal conditions increased
growth, particularly in silver birch seedlings but also in Scots pine and to
lesser extent in Norway spruce seedlings. Such warming may also affect
the biomass allocation to the above- and belowground parts of boreal tree
seedlings (Nissinen et al., 2020).

Climate warming may also induce multiple abiotic and biotic dam-
age risks to forests and forestry (Venäläinen et al., 2020). Young boreal
Scots pine and birch seedlings are especially vulnerable to moose (Alces
alces) and other mammal damage (Pikkarainen et al., 2020; Venäläinen
et al., 2020). This has already led to an increased cultivation of Norway
spruce, even on less fertile forest sites that would be more suitable for
Scots pine. On the other hand, at an older age Norway spruce is vulner-
able to several fungal diseases and insect pests, such as the wood-
decaying Heterobasidion spp. and spruce bark beetle (Ips typographus),
in addition to drought, and such risks are expected to increase under
climate change (Venäläinen et al., 2020). Susceptibility to herbivory
damage is closely linked to a tree's nutritional status and especially to
the availability of nitrogen (Mattson, 1980). Moderate experimental
warming has shown to both increase and decrease leaf nitrogen
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concentrations, depending on the species and the study set-up
(Randriamanana et al., 2015; Sallas et al., 2003).

All organisms emit a multitude of biogenic volatile organic compounds
(BVOCs), but a considerable amount of BVOCs originate from plant vegeta-
tion (Laothawornkitkul et al., 2009). Plant volatiles include mainly
hemiterpene isoprene, terpenoids (such as monoterpenes [MTs],
homoterpenes [HTs], diterpenes and sesquiterpenes [SQTs]), green-leaf
volatiles (GLVs) and other BVOCs (e.g. methyl salicylate [MeSA])
(Dudareva et al., 2013; Guenther et al., 2012; Laothawornkitkul et al.,
2009). MTs and SQTs are the most common terpenes, dominating the
BVOC emission profiles of Scots pine and Norway spruce (Bourtsoukidis
et al., 2014; Komenda and Koppmann, 2002). Silver birch emits mostly
MTs and HTs (Hartikainen et al., 2012; Holopainen et al., 2010).

Plant BVOC emissions are interlinked with growth. They perform eco-
physiological functions and increase the resilience of plants to different abi-
otic stress factors by increasing their stress tolerance and by improving their
survival in, and fitness for, the environment (Niinemets, 2010; Peñuelas
and Staudt, 2010; Vickers et al., 2009). Many BVOCs are secondary com-
pounds needed in plant defence against abiotic and biotic stresses
(Holopainen et al., 2018). In nutrient-poor soils, plants allocate fixed car-
bon to secondary compounds at the expense of growth and vice versa in
nutrient-rich soils (Bryant et al., 1983; Herms and Mattson, 1992;
Ormeño and Fernandez, 2012). After being released into the atmosphere,
some highly reactive BVOCs also indirectly affect atmospheric chemistry
by contributing to the formation of secondary organic aerosols (SOAs)
and cloud condensation nuclei, ultimately affecting Earth's climate
(Holopainen et al., 2017; Šimpraga et al., 2019; Yu et al., 2021). SOAs
make solar radiation more diffuse, increasing plant photosynthesis and
growth (Rap et al., 2018).

Plant BVOCs may be either emitted constitutively, induced by dif-
ferent biotic and abiotic stress factors (Niinemets, 2010) or emitted
de novo in response to such stresses (Grote et al., 2019). These emis-
sions are strongly influenced by temperature (Kesselmeier and
Staudt, 1999; Peñuelas and Staudt, 2010). A simulation study by
Kellomäki et al. (2001) predicted increased BVOC emissions from bo-
real tree species in Northern Europe under climate warming. However,
later experimental field studies using ca. 1 °C temperature elevation
have shown that effects on BVOC emissions depend on acclimation of
tree seedlings to long-term warming and that boreal tree species re-
spond differently. Warming has increased the emission of non-
oxygenated MTs (nMTs), oxygenated MTs (oMTs) and SQTs from
Scots pine (Kivimäenpää et al., 2016; Ghimire et al., 2017) and MT,
HT and SQT emissions from silver birch (Hartikainen et al., 2012).
On the other hand, warming has also changed the BVOC profile to-
wards oMT in Norway spruce, without affecting emission rates
(Kivimäenpää et al., 2013). Less is known about the species responses
in growth and BVOCs in relation to each other to higher than 1 °C
long-term temperature increases.

We investigated responses in growth (height, diameter and shoot
and root biomass) and BVOC emissions in boreal silver birch, Norway
spruce and Scots pine seedlings to simulated climate warming of an av-
erage of +2 °C (T2) and +4 °C (T4), compared to the ambient condi-
tions (T0), over two growing seasons in a controlled field experiment
in central Finland. We hypothesised that (1) growth would increase
significantly under T2 and T4, compared to T0, especially in silver
birch seedlings, but also in Scots pine seedlings, whilst it would remain
the same or even decrease in Norway spruce seedlings under severe
warming (T4), and (2) the emission rates of BVOCs would increase
the most in birch seedlings, followed by pine and spruce, under T2
and T4, compared to T0.



Table 1
Monthly averages of air temperature, soil temperature (°C) and photosynthetically
active radiation (PAR), and growing-season averages of soil moisture (%) and air
humidity (%) at ambient temperature (T0) and for the warming treatments +2 °C
(T2) and+4 °C (T4).Monthly precipitation sums (mm) for the 2019–2020 growing
seasons in the experimental field are given, as are the corresponding 30-year aver-
ages (1981–2010) of air temperature and precipitation in Joensuu (Finnish Meteo-
rological Institute). In 2019, data were collected from 17th May to 21st August, and
in 2020, from 15th May to 20th August.

30-Year average 2019 2020

T0 T2 T4 T0 T2 T4

Air temperature
May 8.8 12.4 14.6 17.5 11.0 12.9 15.1
June 14.0 17.0 19.3 22.0 17.9 20.3 22.5
July 16.9 15.8 18.1 20.3 17.1 19.3 21.4
August 14.3 14.5 16.8 18.8 16.5 19.0 21.2
Average 13.5 14.9 17.2 19.7 15.6 17.9 20.1

Soil temperature
May 12.2 15.1 18.7 10.4 12.8 14.5
June 16.6 19.5 23.1 16.8 18.8 19.7
July 16.5 18.6 21.0 17.3 18.4 19.0
August 15.1 17.0 18.6 17.0 17.8 18.4
Average 15.1 17.6 20.4 15.4 17.0 17.9

PAR
May 198.4 192.5 193.0 290.0 291.9 297.8
June 262.1 257.5 257.0 268.2 262.9 270.7
July 209.5 200.3 201.8 218.5 211.8 220.4
August 178.8 147.8 157.9 164.0 151.6 207.4
Average 212.2 199.5 202.4 235.2 229.6 249.1

Soil moisture
Average 55.5 51.7 48.0 56.4 52.3 53.3

Air humidity
Average 70.3 61.5 52.9 67.3 58.9 51.7

Precipitation
May 44 37 15
June 68 100 62
July 73 45 116
August 81 28 67
Sum 266 210 260
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2. Material and methods

2.1. Experimental layout

The experimental field was located in the Botania botanical garden,
Joensuu, Finland (62°60′N, 29°73′E) (see details in Nissinen et al.,
2020; Nybakken et al., 2012). For this study, we used 12 experimental
plots (each 0.8× 2.4 m) and four replicates for each temperature treat-
ment, i.e. the control (ambient, T0), and elevated temperatures of +2
°C (T2) and +4 °C (T4) above ambient. Our simulated warming treat-
ments during the growing seasons were within the range of warming
projections for different RCPs scenarios by 2100. We did not simulate
an increase in precipitation along with the warming because it is
expected to increase only slightly during the growing season
(Ruosteenoja et al., 2016).

In the warmed plots, the warming simulation was achieved using infra-
red (IR) heaters (CIR 110, FRICO, Partille, Sweden) attached to aluminium
frames set up over each plot, with two heaters in themiddle of the frame for
the T2 plots and four heaters in two rows for the T4 plots. Wooden blocks
the same size as the heaters were attached in the same locations over the
control plots as the heaters to mimic their shadowing effect. The plots
were also surrounded by fencing to prevent mammal damage.

Each plot was divided into three sub-plots (each 0.8 × 0.8 m), one
for each tree species. Two-year-old Norway spruce and Scots pine con-
tainer seedlings and one-year-old silver birch container seedlings
(eight seedlings each) were planted in the sub-plots on 13th May
2019 in 4-l pots (Teku Pöppelmann MCL 21) in total of six rows, with
two rows used for each species (a total of 96 seedlings in each species).
The growth medium in the pots was a soil–peat mixture (ratio 1:1) from
Joensuun Viherkeskus. To prevent overheating, the pots were dug in so
that the tops of the pots were at the same level as the surrounding soil.
Scots pine was planted on the southern side of the plots, and faster-
growing silver birch on the northern side. Norway spruce was planted
in the middle of the plots because they tolerate shade the best. In addi-
tion, seven Scots pine, five Norway spruce and seven silver birch seed-
lings without pots were planted around each plot as side plants to
prevent edge effects and to provide natural environmental conditions
(e.g. shading and wind breaks) for the experimental seedlings. All seed-
lings came from the Saarijärvi nursery (Fin Forelia Oy). This seed ori-
gin was selected as suitable for practical forestry in the experimental
region. The soil moisture was monitored daily with a sensor system
for each tree species and treatment combination, and the seedlings
were watered if the soil moisture in the pots dropped below 30%. As
the silver birches grew rapidly enough to be in danger of outgrowing
their original pots during the first growing season, they were lifted
and replanted in 15-1 pots in August 2019. The seedlings were not
fertilised during the study period.

On the heated plots, warming was applied from 17th May to 21st Au-
gust 2019 and from 15th May to 20th August 2020. At the beginning of
the experiment, the heaters were placed at 145 cm from the ground, after
which the height was increased at certain points during the experiment to
ensure that the tips of the highest seedlings were no closer than 60 cm
from the heaters.

In the field, the basal diameter growth of the seedlings, the intensity of
photosynthetically active radiation (PAR), air temperature, air humidity,
soil temperature and soil moisture were measured by a wireless solar-
energy-powered sensor system at 15-min intervals. Diameter growth was
measured for one seedling per tree species per sub-plot using a dendrometer
(DD-S2, Ecomatik, Germany). Soil temperature (DS18B20, Adafruit, USA)
and moisture (SoilWatch 10, Pino-tech, Poland) sensors were placed in
the planter of the selected seedlings from each sub-plot. Air temperature
and humidity (Sensirion SHT31-D, Adafruit, USA) and PAR (SQ-512,
Apogee, USA) were measured from the middle of each plot; these sensors
were placed at the tops of the tallest seedlings. All data (Table 1) was
saved in the EnviCal Manager cloud computing service of the Finnish
Environment Institute.
3

2.2. Growth and biomass measurements

Heights of all seedlings were measured once a week during the
growing seasons, from 15th May to 20th August 2019 and 15th May
to 17th August 2020. In addition to the dendrometer measurements,
the seedling diameters were measured using a digital Vernier caliper
at the beginning of the growing season, just before the heating treat-
ments were initiated, and once at the end of each growing season. At
the end of both growing seasons, on 27th August 2019 and 18th August
2020, four seedlings from each tree species in each plot were sampled
for biomass measurements.

The sampled seedlings were cut at ground level, and the roots in the
pots were washed with water to remove the soil. The shoots and roots
were dried at +60 °C in paper bags in a drying oven (over 1 week). Before
drying, 2 g of full-grown silver birch leaves from the tips of the seedlings
and 2 g of current-year needles from the conifers were separated into
paper bags for C:N ratio analysis and dried in the same way. In 2020, the
shoots used for BVOC analysis were dried separately from the rest of the
seedling in order to obtain their dry mass for BVOC emission rate calcula-
tions. The dried leaves, needles, branches, stem and roots were weighed
separately.

2.3. Carbon and nitrogen analysis

Dried silver birch leaf samples and spruce and pine needle samples
were homogenised using a Planetary Mono Mill Pulverisette 6 ball mill
(Fritsch, Idar-Oberstein, Germany) at 430 rpm for 3 min and 2 rep and
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520 rpm for 2 min and 5 rep, respectively. C:N ratio analyses of the
needles/leaves were conducted on the powdered samples using a
Vario MAX cube elemental analyser (Elementar, Langenselbold,
Germany). Technical replicates were used to check the consistency of
the analytical results.

2.4. BVOC sampling and analysis

Samples for BVOC analysis were collected from living shoots of one
seedling per tree species per plot on 10th and 11th August 2020. The
sampling took place between 11:00 and 15:30 (East European Sum-
mer Time, UTC + 3), the weather varied from half-cloudy to sunny
and the temperature ranged between +14 and +18 °C. The 24-h tem-
perature average during the preceding week ranged from 16 to 20 °C.
The dynamic headspace sampling technique was used to obtain BVOC
samples. All current-year-growth shoots in the uppermost whorl for
conifers, and the top shoot (ca. 35–45 cm from the shoot tip) of
birch were enclosed in pre-cleaned (at 120 °C for 1 h) disposable poly-
ethylene terephthalate (PET) bags (Look, Eskimo) enclosures. Due to
the differences in shoot structure and size between conifers and
birch, larger PET bags (ca. 5.5 l) were used to enclose the shoots of
the pine and spruce, and smaller bags (ca. 13 l) were used for birch.
The open end of the bag was fastened at the stem base with a clip.
Using battery-operated vacuum pumps designed for field use (details
in Kivimäenpää et al., 2018), manganese-oxide-scrubbed and
charcoal-filtered air was pumped into the bags via Teflon tubing at a
rate of 0.6 l min−1 through a hole cut in the uppermost corner of the
bag. The tubing was fastened with a clip to make it airtight. After
flushing, the bags with filtered air for 20 min (larger bags) and
15 min (smaller bags), and the headspace VOCs were pulled into
steel tubes filled with Tenax TA and Carbopack B adsorbents (1:1,
100 mg each, mesh 60/80; Supelco, Bellefonte, PA, USA) for 15 min
(conifer species) and 30 min (birch) at a rate of 0.2 l min−1 through
an opening cut in the other corner of the bag. The sampled tubes
were sealed with Teflon-coated brass caps and stored at +4 °C until
analysed.

During BVOC collection, the air temperature inside the collection
bags was recorded using wireless data loggers (Hygrochron DS1923-
f5 iButton, Maxim Integrated Products, San Jose, CA, USA). PAR was
monitored using a quantum sensor (Li-cor, Lincoln, NE, USA). During
BVOC sampling for all tree species, the air temperatures inside the col-
lection bags were, on average, 0.5–2 °C higher in the T2 and 0.4–2.2 °C
higher in the T4 samples than T0, with the PAR levels between the sam-
ples ranging from 100 to 1170 μmol m−2 s−1. Two blank air samples
were also collected from empty bags in order to examine the purity of
the background air.

The BVOC samples were analysed using gas chromatography mass
spectrometry (GC–MS) (Hewlett Packard GC type 6890, Waldbronn,
Germany; MSD 5973, Beaconsfield, UK) with thermal desorption, as
described by Ghimire et al. (2016). Different BVOCs were identified
by comparison with pure standards, by comparison of the mass spectra
for compounds with the spectra of various standards, through the
Wiley library (v. WILEY275.L), and by their retention order. Quantifi-
cation was based on total ion counts. Compounds that lacked stan-
dards were quantified using α-pinene (for the nMTs), 1,8-cineole
(for the oMTs) and α-humulene (for the SQTs) as reference
compounds.

The detection limit set for the chromatograms varied by compound
and compound group and was set at a range of 1–3 ng (Ghimire et al.,
2021). The emission rates of isoprene, the MTs, SQTs, HTs and the
other BVOCs (e.g. GLVs and MeSA) were standardised to 30 °C using
the algorithms developed by Guenther et al. (1993), with a tempera-
ture coefficient (β) of 0.09 for the MTs (Guenther et al., 1993), 0.16
for the SQTs (Helmig et al., 2006) and 0.1 for the other BVOCs
(Guenther et al., 2012). Isoprene emissions were standardised to a
temperature of 30 °C and a PAR level of 1000 μmol m−2 s−1 using
4

the algorithm established by Guenther (1997). Temperature
standardisation was performed to assess the long-term acclimatisation
of the BVOC emissions to warming and to minimise the heating effect
of the IR heaters on the emissions. The concentrations of the
compounds detected in the blank samples (empty bags) were
subtracted from the compound concentrations from the seedling
shoot samples.

The BVOC emission rates were calculated in ng g−1 (foliage dry mass)
h−1 using the equation E = (F(C2 – C1)) / M, where E = the BVOC
emission rate (ng g−1 h−1), F = the flow rate of the incoming air (l h−1),
C2 = the concentration of compound per litre volume of outgoing air (ng
l−1), C1= the concentration of the compound in the incoming air (consid-
ered to be 0 ng l1, since the incoming air wasfiltered and emissions from the
blank samples were subtracted) and M = needle or leaf dry mass (g). The
compounds were classified or quantified as isoprene, nMTs, oMTs, HTs,
SQTs, GLVs and MeSA.

2.5. Data analysis

Mixed-design analyses of variance were carried out on seedlings
harvested in 2019 and 2020 to study the effects of warming treatments
on total height and diameter, plant biomass (including shoots, foliage/
needles, branches, stems and roots), root:shoot ratio, needle/leaf
nutrient content (carbon, nitrogen, C:N ratio), and the average day
(Day(H/D90%)) and the average effective temperature sum (Tsum (T
≥ +5 °C)) when 90% of the annual height and diameter growth
Tsum(H/D90%) were reached.

The general design of the mixed-design analysis of variance was the
following:

Yijk ¼ βo þ βi þ αi þ εijk

where Yijk is the studied variable (Table 2), βo is the intercept, βi the fixed
effect of the temperature treatment,αi the random effect of an experimental
plot and εijk the error term. The random effect was considered within the
treatment, since all tree species were grown in sub-plots of the same ex-
perimental plots. All the data were tested for normality and homogene-
ity of variance (Levene's test). A natural logarithm transformation was
used to meet the normality of the data and a non-parametric Mann–
Whitney's test was used if the normality of the data was not met (see
Table 2). There were no statistical differences in initial seedling height
or diameter prior to treatment. A linear contrast test (LCT) for one-way
ANOVA was used to test the effects of the warming treatments on the
BVOCs.

For the annual height and diameter growth of seedlings grown in the
treatments both in 2019 and 2020, a repeated design analysis of variance
was used. Thefixed part of themodel included treatment, year and their in-
teraction (Table A1). An individual plant effect was used as a random fac-
tor. An unstructured or compound symmetry covariance matrix was used
in the analysis, depending on the model fit.

The statistical data analyses were performed using SPSS (version 27.0;
IBMCorp., Armonk, NY, USA) for each tree species separately. Themain ef-
fects on height, diameter, biomass parts, carbon and nitrogen content and
C:N ratio, Day(H/D90%) and Tsum(H/D90%) were considered to be statisti-
cally significantwhen p< 0.05 (Tables 2, A1, A2). Themain effects and con-
trasts for the BVOCswere considered to be statistically significant when p<
0.1. This was done in order to reduce the risk of committing a type-II error
due to the low degree of replication inherent in open field experiments (see
e.g. Filion et al., 2008).

3. Results

3.1. Seedling height and diameter growth and growing season length

For the silver birch seedlings, mean height increased with
increasing temperature treatment, compared to the ambient



Table 2
Results of the ANOVAmodel for treatments in different years in terms of total height, diameter and biomass parameters for silver birch, Norway spruce and Scots pine in 2019
and 2020. The variables are given separately for the seedlings harvested in different years (2019 and 2020). N = number of seedlings in the plots. Significant p-values are
bolded.

Variable Silver birch Norway spruce Scots pine

N df F p N df F p N df F p

2019
Height total 4 2 17.519 0.001 4 2 1.652 0.245 3–4 2 2.660 0.122
Diameter total 1 2 10.196 0.005A 1 2 1.263 0.329A 1 2 1.213 0.347A

Shoot biomass 4 2 18.200 0.001C 4 2 0.049 0.952 3–4 2 8.984 0.007
Foliage/needle biomass – – – 0.000B 4 2 0.063 0.940 3–4 2 9.844 0.005
Branch biomass 4 2 12.528 0.003 4 2 0.686 0.528 – – – 0.061B

Stem biomass 4 2 16.546 0.001 4 2 0.209 0.815 – – – 0.003B

Root biomass 4 2 17.773 0.001 4 2 1.312 0.316 3–4 2 8.641 0.008
Root:shoot ratio 4 2 8.158 0.010 4 2 3.293 0.085 3–4 2 0.032 0.969
Days 90% height – – – 0.391B – – – 0.437B – – – 0.271B

Days 90% diameter – – – 0.334B – – – 0.036B – – – 0.039B

Tsum 90% height – – – 0.007B – – – 0.026B – – – 0.059B

Tsum 90% diameter – – – 0.007B – – – 0.012B – – – 0.018B

Carbon 1 2 0.169 0.847A 1 2 2.253 0.161A 1 2 2.067 0.182A

Nitrogen – – – 0.030B 1 2 111.342 0.000A 1 2 15.592 0.001A

C:N ratio 1 2 7.114 0.014A 1 2 98.322 0.000A 1 2 17.295 0.001A

2020
Height total 3–4 2 15.917 0.001 4 2 7.010 0.015 3–4 2 4.225 0.050
Diameter total 1 2 6.091 0.021A 1 2 4.482 0.045A 1 2 10.526 0.006A

Shoot biomass 4 2 11.746 0.003C 4 2 10.347 0.005 4 2 15.205 0.001C

Foliage/needle biomass 4 2 6.571 0.017 4 2 14.481 0.002 4 2 20.831 0.000
Branch biomass 4 2 4.278 0.049 – – – 0.000B 4 2 9.907 0.005C

Stem biomass 4 2 15.388 0.001 4 2 5.271 0.031 4 2 7.998 0.010C

Root biomass 4 2 18.235 0.001 – – – 0.004B 4 2 16.332 0.001
Root:shoot ratio 4 2 0.000 1.000 4 2 15.269 0.001 4 2 1.498 0.274
Days 90% height – – – 1.000B – – – 1.000B – – – 0.368B

Days 90% diameter – – – 0.658B – – – 0.659B – – – 0.067B

Tsum 90% height – – – 0.007B – – – 0.018B – – – 0.018B

Tsum 90% diameter – – – 0.015B – – – 0.012B – – – 0.026B

Carbon 1 2 0.384 0.692A 1 2 0.235 0.795A 1 2 0.098 0.908A

Nitrogen 1 2 0.394 0.685A 1 2 3.215 0.088A 1 2 7.026 0.015A

C:N ratio 1 2 0.415 0.673A 1 2 3.005 0.100A 1 2 5.367 0.029A

Superscript letters after the p-value denote: A=plot not used as a random factor in themodel; B=a non-parametricMann–Whitney test was used; a transformationwasmade
for statistical analysis, C = ln(x + 1).
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conditions, during both growing seasons. After the second growing
season, the mean silver birch heights under T2 and T4 were 23% and
50% greater than under ambient (T0) conditions (p < 0.05). The
mean diameter was up to 42% greater under T4 compared to T0
Fig. 1. Total annual height and diameter growth in silver birch, Norway spruce and Scot
(T0) conditions in 2019 and2020. The bars representmean values± standard error. (a)N
plot.
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(Fig. 1) (p < 0.05). Only under T0 treatment was height growth signif-
icantly greater in 2020 than in 2019 (p < 0.05). Under all treatments,
diameter growth was significantly greater in 2020 than in 2019
(Table A2, Fig. 1) (p < 0.05).
s pine seedlings under warming treatments +2 °C (T2) and+4 °C (T4) and ambient
=3–4 seedlings per tree species per plot and (b)N=1seedling per tree species per



Fig. 3. Biomass (a) and its percentage allocation (b) in silver birch, Norway spruce
and Scots pine seedlings harvested in 2019 and 2020 under different warming treat-
ments +2 °C (T2) and +4 °C (T4) and ambient conditions (T0). The error bars
(a) describe the standard error for the shoot and root mass. Shoot = aboveground
mass. (a) N = 3–4 seedlings per tree species per plot.
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For the Norway spruce seedlings, there were no differences in mean
height or diameter between the temperature treatments after the first
growing season. After the second growing season, the mean height
was 17% greater under both T2 and T4 compared to the ambient con-
ditions (p < 0.05). The mean diameter was up to 23% greater under
T4 compared to T0 (Fig. 1) (p < 0.05). The height growth of T0 treat-
ment was significantly lower in 2020 than in 2019 (p < 0.05). Under
all treatments, the diameter growth was significantly greater in 2020
than in 2019 (Table A2, Fig. 1) (p < 0.05).

For the Scots pine seedlings, there were no differences in mean
seedling height or diameter after the first growing season between
the temperature treatments. After the second growing season, mean
height was up to 14% greater under the T4 treatment compared to
the ambient conditions (p < 0.05). The mean diameters of Scots pine
under T2 and T4 were 34 and 44% greater compared to ambient condi-
tions (Fig. 1) (p < 0.05). Under T2 and T4, both height and diameter
growth were significantly greater in 2020 than in 2019 (Table A2,
Fig. 1) (p < 0.05).

In all tree species, height growth started in mid-May. It ceased in
Scots pine and Norway spruce seedlings at the end of June, whereas,
in silver birch seedlings, height growth continued until late summer
(the end of the inventory period) in both growing seasons. In all tree
species, diameter growth started in mid-May, and continued until
late summer (the end of the inventory period) in both growing seasons
(Fig. A1). Neither in the first nor second year were there any differ-
ences in the duration of the annual height or diameter growth in the
silver birch seedlings under different warming treatments (T0, T2
and T4) (Fig. 2a, b). In the first year, there were no differences in
the duration of the annual height growth in either conifer seedlings
between warming treatments (Fig. 2a). However, the duration of an-
nual diameter growth was, on average, 2 weeks longer in Norway
spruce under T4 and 1 week longer in Scots pine under T2, compared
to T0 (p < 0.05) (Fig. 2b). In the second year, there were no differences
in either the duration of annual height or diameter growth in the coni-
fer seedlings between warming treatments (Fig. 2a, b; Table A2). The
effective Tsum needed for the annual height and diameter growth was,
Fig. 2. Average days (from the beginning of the year) and average Tsums for reaching
(D90%), (d) Tsum(D90%)) growth in silver birch, Norway spruce and Scots pine seedlin
(T4) and ambient (T0) conditions. Tsum (T ≥ +5 °C) (effective temperature sum) wa
the standard error. N = 3–4 seedlings per tree species per plot.
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in general, greater under T4 for all tree species, compared to T0,
excluding the height growth in Scots pine in the first year (Fig. 2c, d,
Table A2) (p < 0.05).
90% of the annual height (a) (Day(H90%), (c) Tsum(H90%)) and diameter (b) (Day
gs harvested in 2019 and 2020 under warming treatments +2 °C (T2) and +4 °C
s calculated from the beginning of the warming treatment. The error bars describe
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3.2. Seedling shoot and root biomass and carbon and nitrogen content

In silver birch seedlings, after thefirst growing season the shoot biomass
was 56 and 169% higher and the root biomass was 29 and 81% higher and
therefore root:shoot ratio was 16 and 30% lower under T2 and T4, respec-
tively, compared to T0 (p < 0.05). After the second growing season, the
mean shoot biomasswas 56% and 112% greater and themean root biomass
was 55% and 106% greater under T2 and T4, respectively, compared to T0
(Fig. 3) (p < 0.05), and thus, no difference in root:shoot ratio between tem-
perature treatments. In 2019, the nitrogen content in birch leaves was up to
69% higher and the C:N ratio 39% lower under T4 compared to T0 (p <
0.05). After the second growing season, no differences were observed in
the carbon and nitrogen content or the C:N ratio between the warming
treatments and T0 (Table A3).

In Norway spruce seedlings, after the first growing season the root
biomass and root:shoot ratio were 20% and 16% larger under T4 com-
pared to T0 (p < 0.05). After the second growing season, the shoot bio-
mass was 22% larger under T2 and 64% larger under T4, compared to
T0 (p < 0.05). The root biomass was 32% larger under T4. The root:
shoot ratio decreased by 11% and 20% under T2 and T4, respectively,
compared to T0 (Fig. 3) (p < 0.05). The nitrogen content in spruce
needles after the first growing season was 59% and 102% greater,
and therefore the C:N ratio was 37% and 50% lower, under T2 and
T4, respectively, compared to T0 (p < 0.05). After the second growing
season, no differences were observed in the carbon and nitrogen con-
tents or the C:N ratio between the warming treatments and ambient
conditions (Table A3).

After the first growing season, the mean shoot and root biomass of
Scots pine seedlings were, under T4, both 42% larger, compared to T0
(p < 0.05). After the second growing season, the mean shoot and root
biomass were 41% and 31% greater under T2 and 63% and 72% greater
under T4, respectively, compared to T0 (Fig. 3) (p < 0.05). The nitrogen
content in pine needles after the first growing season was 27% and 42%
higher, and therefore the C:N ratio was 21% and 30% lower under T2
and T4, respectively, compared to T0 (p < 0.05). After the second grow-
ing season, the nitrogen content in pine needles was 20% lower, and
therefore the C:N ratio was 26% higher, under T4, compared to T0
(Table A3) (p < 0.05).

3.3. BVOC emissions from seedlings

The BVOC blend of silver birch seedlings comprised 14 nMTs, five
oMTS, two HTs, 31 SQTs, six GLVs and MeSA (Table A4). The GLV
emissions dominated the volatile blend, contributing about 41% to
the total BVOC emissions, followed by the SQTs (33%), nMTs (17%),
Fig. 4.Mean and standard error of total BVOC and compound-group emission rates (ng g
under warming treatments+2 °C (T2) and+4 °C (T4) and ambient conditions (T0). Co
ated monoterpenes; HTs, homoterpenes; SQTs, sesquiterpenes; GLVs, green leaf volatiles
per plot.
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oMTs (3%), HTs (2%) and MeSA (4%) (Table A4). In birch seedlings,
the oMT emission rates were three times higher under T2 and eight
times higher under T4 than under T0 (p < 0.05 for the LCT) (Fig. 4).
The total HT emissions also increased twofold under T2 and fivefold
under T4 than under T0 (p < 0.05 for the LCT). The total SQT emission
rates were three and seven times higher under T2 and T4 than under T0
(p < 0.05 for the LCT) (Fig. 4).

The volatile blend in the Norway spruce seedlings comprised 18 nMTs,
10 oMTs, 21 SQTs, twoGLVs, isoprene andMeSA (Table A5). The total nMT
emissions dominated the volatile blend, contributing 83% to the total
BVOC emissions, followed by the oMTs (12%), SQTs (2%), GLVs (2%)
and isoprene and MeSA together (1%). The total GLV emission rates de-
creased by 46% under T2, compared to T0, but increased by 340% under
T4, compared to T0 (p < 0.1 for the LCT) (Fig. 4). The other BVOC groups
were not affected by warming.

The volatile blend in the Scots pine seedlings comprised 20 nMTs, 12
oMTs, 24 SQTs, cis-3-hexenyl acetate (a GLV), isoprene and MeSA
(Table A6). The total nMT emissions dominated the volatile blend, contrib-
uting about 95% to the total BVOC emissions (Table A6). The emission con-
tributions of the oMTs, SQTs and GLV to the total BVOCs were 2%, 2% and
0.5%, respectively. Isoprene andMeSA together comprised<1%of the total
BVOC emissions (Table A6). The total oMT emission rates were 25% and
59% lower under T2 and T4, respectively, compared to T0 (p < 0.05 for
the LCT) (Fig. 4). The total nMT emissions showed a similar, albeit non-
significant, trend (Fig. 4).
4. Discussion

We simultaneously studied the growth responses and BVOCs emis-
sion of boreal Scots pine, Norway spruce and silver birch seedlings to
simulated climate warming (an average of +2 °C [T2] and +4 °C
[T4]) over two growing seasons in a controlled field experiment. Dur-
ing the first and second growing seasons, height growth in all three spe-
cies began in mid-May. It ceased in the Scots pine and Norway spruce
seedlings at the end of June, whereas it continued until late summer
(the end of the inventory period) in the silver birch seedlings. Overall,
the mainly pre-determined height growth pattern for pine and spruce
limits their height growth period (Thompson, 1976; von Wühlich and
Muhs, 1986), whereas birch can continue to grow until late summer
(Viherä-Aarnio et al., 2005). Note, however, in conifer seedlings the
height growth pattern is free in the sowing year. After that, Scots
pine seedling growth is predetermined, whereas Norway spruce seed-
ling growth can be both partially predetermined and free (Thompson,
1976; von Wühlich and Muhs, 1986). However, the proportion of
−1 leaf DW h−1) for silver birch (a), Norway spruce (b) and Scots pine (c) seedlings
mpound group abbreviations: nMTs, non-oxygenated monoterpenes; oMTs, oxygen-
; BVOCs, total biogenic volatile organic compounds. N=1 seedling per tree species
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predetermined Norway spruce growth increases as the seedlings age
(von Wühlich and Muhs, 1986).

In some of the Norway spruce seedlings under T4, there was ob-
served a second flush (lammas growth) at the end of July in the first
growing season (data not shown). Previous studies have reported that
warm growing conditions in late summer may increase the occurrence
of lammas growth (Hamilton et al., 2016; Kvaalen and Johnsen, 2008).
This second flush is not desirable in practical forestry because it can ex-
pose the seedlings to autumn frost damage and increase the proportion
of multiple tops (Granhus et al., 2019; Kozlowski, 1964).

Diameter growth started in mid-May and continued to mid-August
in all tree species in 2019 and 2020. Previous studies have showed
that diameter growth lasts in boreal conifer species typically from
mid-May to mid-August, with about 80–90% occurring during June
and July (Henttonen et al., 2009; Nissinen et al., 2020; Peltola et al.,
2002). In our study, the effective Tsum for 90% of the annual height
and diameter growth occurring in the second growing season was
also greater under T4 for all three species.

Silver birch height growth benefited from warming in the first year,
but this effect waned in the second year, as there were no differences in
height growth between 2019 and 2020 under T2 and T4. Based on pre-
vious studies, broadleaf species seem to react strongly but acclimatise
quickly to increasing temperatures (Nybakken et al., 2012; Sobuj
et al., 2021). In this study, seedlings were growing in pots, which
may have restricted their full growth potential. In addition, the seed-
lings were not fertilised during the second growing season, which
may have also affected their growth potential. Nissinen et al. (2020) re-
ported in the same experimental field similar responses for height and
diameter growth in silver birch after two growing seasons under
warming treatment comparable to our T2 treatment. Norway spruce
height growth did not benefit from warming in the first year. The an-
nual height growth under ambient conditions was also lower in 2020
compared to 2019, whereas the seedlings exposed to warming treat-
ments grew equally well in both growing seasons. Both photoperiod
and temperature affect the annual growth rhythm of conifer seedlings
(Hamilton et al., 2016). Also, climatic conditions in the previous year
can partially affect the height and diameter growth in the following
year (Junttila, 1986; von Wühlich and Muhs, 1986). Therefore, the
warming treatments may have enhanced Norway spruce seedling
growth under T2 and T4 compared to ambient conditions. On the
other hand, previous experimental studies have indicated that
Norway spruce growth did not benefit from minor warming
(Kivimäenpää et al., 2013; Nissinen et al., 2020; Sigurdsson et al.,
2013). For Scots pine, the height growth was greater in 2020 than in
2019, although the total height was only significantly larger after the
second year under T4 compared to the ambient conditions. In a previ-
ous study by Nissinen et al. (2020), the effects of warming on Scots
pine growth started to appear in the second and especially in the
third growing season. In a climate chamber experiment, a temperature
increase of +2 °C during the growing season increased, in particular,
the diameter growth (height growth to a lesser extent) of 20-year-old
Scots pine trees under middle boreal conditions (Kilpeläinen et al.,
2005). In our study, the warming treatments increased diameter
growth (more so under T4) in Scots pine and, to a lesser degree, in
Norway spruce.

After the first growing season, the root biomass in Norway spruce
and the shoot and root biomass in Scots pine were higher under T4
than under T0. In silver birch, the shoot and root biomass were both
higher under both warming treatments compared to ambient condi-
tions. They were also relatively higher for shoots than roots, resulting
in a decreased root:shoot ratio. Similarly, Kellomäki and Wang (2001)
reported increased biomass growth and a decreased root:shoot ratio in
one-year-old silver birch seedlings under an elevated temperature of
+3 °C compared to ambient conditions.

After the second growing season, the shoot biomass in all tree
species was larger under the temperature treatments, being greater
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under T4 than under T0. In previous experimental studies, a smaller
temperature increase (0.9–1.3 °C) had been found to increase shoot
and root biomass in Scots pine seedlings (Rasheed et al., 2017). In
Nissinen et al. (2020), Scots pine and Norway spruce showed clear dif-
ferences in biomass growth between warming and ambient treatments
only in the third growing season. In our study, the root biomass was
greater under the warming treatments (more so under T4) especially
in the silver birch and Scots pine seedlings, but also to a lesser extent
in Norway spruce seedlings. The Norway spruce shoot biomass was
relatively larger than the root biomass, resulting in a lower root:
shoot ratio under the warming treatments. Similar results were
observed in Nissinen et al. (2020) for Norway spruce seedlings
under warming treatments after the third growing season. The
biomass growth response was relatively greater in the silver birch
seedlings than in the conifer seedlings. This is likely due to the differ-
ences in growth patterns of the studied tree species (Thompson, 1976;
von Wühlich and Muhs, 1986). However, the change to larger pots in
birch for second growing season may have also affected these results.

In this study, the pots were watered when the soil moisture
dropped below 30%. Therefore, the seedlings did not suffer from
drought either in 2019 or 2020. In Rasheed et al. (2020), warming
(0.4–0.5 °C) decreased soil moisture, which affected shoot growth of
Scots pine seedlings. However, the warming climate is expected to en-
hance growth, especially in silver birch, but also partially in Scots pine
under RCP2.6, whereas for Norway spruce (with its shallower roots)
the growing conditions may become sub-optimal, especially under
southern, but also under middle boreal conditions on sites with a
low water holding capacity (Kellomäki et al., 2018). The occurrence
of drought periods is one of the most fatal or damaging factors in the
early performance of seedlings (Luoranen et al., 2018, 2019). Because
the seedlings in our study did not suffer from drought, our results
should be carefully applied in practical forestry.

In our study, the nitrogen content in the foliage of the seedlings of
all three species was higher under warming treatments than under am-
bient conditions after the first year, whilst the carbon content of the
foliage was not affected. Therefore, the C:N ratio decreased in all
tree species during the first growing season. However, after the second
growing season, corresponding differences were not observed except
in Norway spruce, in which the nitrogen content in the needles de-
creased under T4 compared to T0. This might be due to decreased nu-
trient concentrations in the soil because the seedlings were not
fertilised during the second growing season. As the increase in foliar
nitrogen was not stable, it is unlikely that a change in nutrient status
would generally affect the tree species' herbivory risk under a
warming climate. On the other hand, newly planted forest regenera-
tions regularly suffer wintertime damage by field voles (Microtus
agrestis) (Huitu et al., 2009), and voles prefer seedlings with higher ni-
trogen content (Hartley et al., 1995; Virjamo et al., 2013). Thus, the
warming-induced unbalancing of a current-year plantation's nutri-
tional status of plants could increase the risk for damage during
high-density vole periods. However, if the seedlings in the regenera-
tion site are homogeneous during a high-density vole period, it is
likely that the seedlings will be damaged regardless of their nitrogen
content.

The tree species were grown in sub-plots of the same plots, and
the heaters were always at a height of at least 60 cm from the top of
the tallest seedling in the plot. Because the birch seedlings grew faster,
the distance from the heaters was always greater for the conifer
seedlings. Therefore, during the second growing season under T4,
the shoots of the conifer seedlings received up to 2–3 °C less heat
than the silver birch seedlings. However, this effect was at least par-
tially compensated for by an approximately 1 °C warmer soil
temperature for the conifer seedlings, caused by the markedly larger
foliage of the silver birch seedlings, compared to the conifer
seedlings, preventing as much thermal radiation from reaching the
ground.
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In our study, it was assumed that the relatively small (4-l) plant pots
used in the first growing season might restrict silver birch root growth
in the second growing season especially under the warming treat-
ments, and thus the pots were changed into larger ones (from 4 to
15 l) before the second growing season. In our study, the small pots
may have also restricted root development in conifers seedlings to
some degree, based on a visual observation during root washing after
the second growing season. However, analysis of root biomass and fur-
ther root:shoot ratio would have been more challenging without grow-
ing seedlings in pots.

The BVOC emissions measured in August indicate accumulated ef-
fects of +2 and +4 °C warming during two growing seasons on the
seedlings. BVOC emissions are affected by tree phenology and season
(Kivimäenpää et al., 2016; Tiiva et al., 2018), as well as environmental
conditions and soil nutrient availability (Niinemets, 2010; Ghimire
et al., 2017), which should be considered in comparison of findings
from different studies. The effects of a +1 °C temperature change on
BVOC emissions from silver birch, Norway spruce and Scots pine was
studied using a similar IR-heater-exposure system in the field to the
one we used (Ghimire et al., 2017; Hartikainen et al., 2012;
Kivimäenpää et al., 2013, 2016). In those studies, soil was also kept
well-watered to avoid drought, similar to our study. In our study, silver
birch HT emissions were two times higher under T2 and five times
higher under T4, with the SQT emissions being three and seven times
higher in T2 and T4, respectively, than in T0 in the second growing sea-
son after exposure to warming treatments. Hartikainen et al. (2012) re-
ported over ten-fold increases in MT and HT emissions and in SQT
emissions, in August of the second growing season for silver birch
(fold-changes recalculated from their original data). Together, these
results suggest that a climate warming of up to +4 °C will increase
BVOC emissions in silver birch.

In our study, GLV emissions from Norway spruce increased by 340%
under T4 compared to T0. Kivimäenpää et al. (2013), however, did not ob-
serve any significant changes in BVOC emission rates from Norway spruce
with a+1 °C increase in August after one growing season. This might indi-
cate that a severe temperature increase of +4 °C may cause membrane
damage similar to the effect of heat stress in Norway spruce (Kleist et al.,
2012), which is a tree species adapted to shady, moist conditions
(Caudullo et al., 2016).

Our study revealed that +4 °C warming reduced BVOC emissions
in Scots pine, which agrees with reduced MT emissions by 4–6 °C
temperature increase in Scots pine trees in an open-top chamber ex-
periment (Räisänen et al., 2008). Kivimäenpää et al. (2016) instead
reported two-fold increases in GLVs and a few MTs in August as a
response to a +1 °C temperature increase over two seasons. Appar-
ently, small temperature increases increase BVOC emissions from
Scots pine seedlings at the end of the season, but higher temperatures
do not. More long-term studies are needed to assess for the effects of
different warming levels on terpene synthesis of boreal tree species.
The results of this study suggest that, in terms of BVOC emissions,
silver birch benefits most from warming, whilst Scots pine and
Norway spruce may be more sensitive to +2 and +4 °C temperature
increases.

5. Conclusions

Based on our findings, silver birch seedlings did benefit the most
from warming, manifested in their greater height, diameter and bio-
mass growth compared to the ambient conditions. Warming increased
biomass and diameter growth over height growth in conifer seedlings.
9

The warming effects were more prominent during the second growing
season in the conifer seedlings than in the first growing season. At
higher temperatures, BVOC emissions increased mainly with the
faster-growing silver birch seedlings, having less effect on the slower-
growing conifer seedlings. The effects of warmer growing conditions
on regeneration success of different boreal tree species should be con-
sidered when making future forest regeneration plans, as growing con-
ditions might become sub-optimal for some tree species and more
optimal for others under a changing climate and increasing abiotic
and biotic damage risks to forests.
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Appendix A
Fig. A1. Height (cm) and diameter (mm) growth development in silver birch, Norway spruce and Scots pine seedlings in the 2019–2020 growing seasons under warming of
+2 °C (T2) and+4 °C (T4) and ambient (T0) conditions. Seedling diameter growth started at a higher level in 2020 than the end of the inventory period in 2019 because the
diameter growth continued for longer than the 2019 inventory period.
Table A1

Estimates and p-values from amixedmodel analysis for height and diameter growth in silver birch, Norway spruce and Scots pine. Significant p-values are bolded (p< 0.05).
Variable
H
In

T
T
T

Y

Silver birch
 Norway spruce
10
Scots pine
Estimate
 p-Value
 Estimate
 p-Value
 Estimate
 p-Value
eight growth

tercept
 43.615
 0.000
 16.563
 0.000
 22.500
 0.000
reatment (ref. control)

emp1
 18.085
 0.001
 −0.594
 0.699
 −2.833
 0.028

emp2
 38.051
 0.000
 −0.531
 0.729
 −1.469
 0.238
ear (ref. year 2019)

020
 13.654
 0.019
 −10.313
 0.000
 −0.567
 0.744
2
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able A1 (continued)
Variable
In
2
2

D
In

T
T
T

Y
2

In
2

H
D
Sh
R
R
D
D
T
T
C
N
C
T
A

Si

N

Sc
Silver birch
 Norway spruce
11
Scots pine
Estimate
 p-Value
 Estimate
 p-Value
 Estimate
 p-Value
teraction (ref. 2019 control)

020 Temp1
 −7.321
 0.341
 10.406
 0.000
 10.667
 0.000

020 Temp2
 −11.021
 0.155
 9.625
 0.000
 11.098
 0.000
iameter growth

tercept
 2.318
 0.000
 1.803
 0.000
 2.266
 0.000
reatment (ref. control)

emp1
 0.863
 0.057
 0.183
 0.541
 0.441
 0.383

emp2
 2.377
 0.000
 1.002
 0.007
 0.894
 0.098
ear (ref. year 2019)

020
 1.632
 0.006
 1.572
 0.000
 0.737
 0.149
teraction (ref. 2019 control)

020 Temp1
 0.055
 0.934
 0.727
 0.104
 2.045
 0.010

020 Temp2
 −0.559
 0.408
 0.303
 0.470
 2.428
 0.004
2
Table A2

Pairwise comparison of warming treatments+2 °C (T2) and+4 °C (T4) compared to ambient conditions (T0) for studied variables in silver birch, Norway spruce and Scots
pine seedlings in 2019 and 2020. Percentage values (%) represent an increase/decrease in themeasured values in comparison to T0. In ‘Treatment 2019 vs 2020’, the annual
increase/decrease in height and diameter growth in 2020was compared to that in 2019 inside specific treatment (T0, T2, T4) and given in percentage value (%). Statistically
significant differences are in bold (p < 0.05).
Tree species
 Silver birch
 Norway spruce
 Scots pine
Treatment
 2T
 4T
 2T
 4T
 2T
 4T
 2T
 4T
 2T
 4T
 2T
 4T
Year
 2019
 2019
 2020
 2020
 2019
 2019
 2020
 2020
 2019
 2019
 2020
 2020
eight total
 21
 51
 23
 50
 1
 −4
 17
 17
 −1
 −6
 9
 14

iameter total
 21
 39
 22
 42
 −3
 13
 9
 23
 10
 12
 34
 44

oot biomass
 56
 169
 56
 112
 2
 3
 22
 64
 15
 42
 41
 63

oot biomass
 29
 81
 55
 106
 7
 20
 11
 32
 15
 42
 31
 72

oot:shoot ratio
 −16
 −30
 0
 0
 5
 16
 −11
 −20
 2
 1
 −5
 7

ays 90% height
 1
 2
 0
 0
 4
 4
 0
 0
 −2
 −3
 0
 −1

ays 90% diameter
 0
 3
 1
 −1
 3
 6
 0
 −1
 3
 2
 −1
 −3

sum 90% height
 26
 53
 20
 38
 36
 67
 21
 39
 11
 29
 22
 37

sum 90% diameter
 22
 56
 22
 36
 32
 71
 20
 38
 33
 57
 15
 30

arbon
 0
 0
 −1
 −1
 0
 1
 0
 0
 0
 0
 0
 0

itrogen
 33
 69
 2
 9
 59
 102
 20
 −1
 27
 42
 −4
 −20

:N ratio
 −20
 −39
 −3
 −9
 −37
 −50
 −16
 0
 −21
 −30
 5
 26

reatment 2019 vs 2020
 0T
 2T
 4T
 0T
 2T
 4T
 0T
 2T
 4T

nnual height growth
 31
 10
 3
 −62
 1
 −4
 −3
 51
 50

nnual diameter growth
 70
 53
 23
 87
 116
 67
 33
 103
 100
A
Table A3

Mean and standard error (SE) for carbon (C), nitrogen (N) and the C:N ratio concentrations (%) in silver birch, Norway spruce and Scots pine seedlings harvested in different
years (2019 and 2020) under warming treatments +2 °C (T2) and +4 °C (T4) and ambient conditions (T0).
Species
 Year
 Treat
 C
 N
 C:N
Mean
 SE
 Mean
 SE
 Mean
 SE
lver birch
 2019
 T0
 50.7
 0.10
 1.6
 0.07
 32.0
 1.28

T2
 50.5
 0.46
 2.1
 0.37
 25.6
 3.32

T4
 50.6
 0.26
 2.7
 0.33
 19.5
 1.98
2020
 T0
 49.32
 0.14
 1.56
 0.08
 31.85
 1.80

T2
 49.49
 0.11
 1.87
 0.13
 26.83
 1.66

T4
 49.12
 0.11
 1.55
 0.08
 31.97
 1.62
orway spruce
 2019
 T0
 49.4
 0.16
 1.2
 0.04
 43.0
 1.54

T2
 49.6
 0.15
 1.8
 0.08
 27.2
 1.16

T4
 49.8
 0.11
 2.3
 0.03
 21.4
 0.29
2020
 T0
 50.22
 0.35
 2.36
 0.16
 21.64
 1.63

T2
 49.90
 0.32
 2.40
 0.18
 21.06
 1.35

T4
 49.85
 0.28
 2.58
 0.22
 19.73
 1.56
ots pine
 2019
 T0
 48.9
 0.12
 1.5
 0.08
 33.5
 1.69

T2
 49.1
 0.07
 1.9
 0.06
 26.4
 0.88

T4
 49.1
 0.07
 2.1
 0.09
 23.6
 0.95
2020
 T0
 48.84
 0.09
 1.69
 0.03
 28.92
 0.44

T2
 48.86
 0.08
 1.61
 0.05
 30.35
 0.90

T4
 48.79
 0.14
 1.36
 0.10
 36.54
 2.86



Table A4
Mean (SE) BVOC emission rates (ng g−1 leaf DW h−1), with the percentages of compound-group emissions of the total emissions, from silver birch (Betula pendula) seedlings
from the control (T0), T2 (+2 °C) and T4 (+4 °C) plots. All emission rates were standardised to a temperature of 30 °C. Compounds within a group are listed in order of their
retention times.

Compound T0 (n = 3) T2 (n = 4) T4 (n = 4)

Total nMTs 17% 20% 14%
α-Pinene 45 (20) 11 (6) 72 (70)
Camphene 1 (1) 2 (2) 7 (5)
Sabinene 12 (6) 5 (5) 24 (9)
β-Pinene 22 (11) 8 (8) 41 (21)
β-Myrcene 16 (11) 18 (7) 27 (10)
Δ-3-Carene 0 (0) 0 (0) 4 (3)
α-Terpinene <0.5 (<0.5) 0 (0) 2 (2)
Limonene 8 (5) 7 (3) 27 (20)
(Z)-ocimenea 58 (50) 138 (33) 42 (8)
(E)-β-ocimene 36 (4) 332 (100) 194 (57)
γ-Terpinene 3 (1) 3 (2) 6 (4)
Terpinolene 5 (5) 0 (0) 19 (9)
Neo-allo-ocimene 0 (0) 1 (<0.5) 0 (0)
Allo-ocimene 19 (15) 70 (21) 14 (3)

Total oMTs 2% 3% 6%
(Z)-linalool oxide 0 (0) 2 (2) 17 (7)
(E)-linalool oxide 0 (0) 4 (4) 9 (3)
Linalool 15 (11) 47 (19) 130 (64)
Camphor <0.5 (<0.5) 0 (0) 3 (2)
Bornyl acetate 1 (1) 0 (0) 2 (1)

Total HTs 1% 1% 2%
(E)-DMNT 17 (1) 34 (7) 73 (28)
(Z)-DMNT 1 (1) 2 (2) 9 (5)

Total SQTs 20% 26% 52%
Unknown SQT 1 0 (0) 0 (0) 6 (4)
Unknown SQT 2 0 (0) 8 (8) 19 (12)
α-Ylangene 5 (3) 9 (3) 20 (8)
α-Copaene 34 (17) 115 (19) 187 (46)
β-Bourbobene 62 (33) 190 (44) 521(195)
Unknown SQT 3 1 (1) 2 (2) 15 (9)
Junipene 1 (1) 0 (0) 2 (2)
Unknown SQT 4 3 (1) 5 (<0.5) 9 (1)
Unknown SQT 5 6 (4) 20 (2) 55 (19)
β-Caryophyllene 31 (4) 73 (10) 223 (106)
α-Bergamotene 17 (10) 14 (5) 39 (34)
Unknown SQT 6b 8 (8) 28 (4) 70 (23)
Geranyl acetone 20 (12) 44 (19) 75 (33)
3,7-Guaiadiene 17 (6) 21 (2) 70 (50)
Unknown SQT 7 3 (2) 9 (1) 22 (7)
Unknown SQT 8 0 (0) 5 (2) 16 (10)
α-Humulene 8 (5) 29 (1) 64 (21)
Alloaromadendrene 14 (3) 41 (7) 75 (22)
Unknown SQT 9 0 (0) 6 (3) 24 (10)
Germacrene-D 8 (2) 26 (4) 144 (67)
(E,E)-α-farnesene 18 (5) 65 (13) 62 (22)
Unknown SQT 10 0 (0) 0 (0) 5 (4)
α-Muurolene 5 (3) 24 (3) 29 (14)
Unknown SQT 11 5 (5) 0 (0) 24 (24)
Unknown SQT 12 0 (0) 1 (1) 11 (5)
γ-Cadinene 4 (2) 27 (5) 48 (17)
δ-Cadinene 2 (2) 17 (2) 43 (19)
Calamene 6 (1) 10 (<0.5) 12 (2)
Cadina-1,4-diene 0 (0) 2 (1) 8 (4)
Unknown SQT 13 0 (0) 6 (2) 7 (3)
Caryophyllene oxide 0 (0) 22 (7) 11 (7)

Total GLVs 55% 45% 23%
(Z)-3-hexen-1-olc 239 (48) 274 (55) 174 (141)
(Z)-3-hexenyl acetate 410 (42) 993 (250) 533 (328)
(E)-2-hexenyl acetate 0 (0) 11 (7) 25 (25)
(Z)-3-hexenyl butyrate 38 (12) 26 (13) 34 (20)
(Z)-3-hexenyl-2-methyl butyrate 5 (5) 4 (3) 14 (812)
(Z)-3-hexenyl isovalerate 26 (6) 15 (5) 40 (17)

Other BVOC
MeSA 60 (29) 145 (61) 104 (29)

Total BVOCs 1302 (164) 2960 (243) 3532 (1371)

Abbreviations: nMTs––non-oxygenated monoterpenes; oMTs––oxygenated monoterpenes; HTs––homoterpenes; SQTs––sesquiterpenes; GLV––green-leaf volatiles; BVOCs––
biogenic volatile organic compounds; DMNT––(E)- or (Z)-4,8-dimethyl-1,3,7-nonatriene.

a Co-eluted with a small amount of 1,8-cineole.
b Potential germacrene isomer.
c Co-eluted with trace amounts of (E)-2-hexenal.
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Table A5

Mean (SE) BVOC emission rates (ng g−1 needle DW h−1), with the percentages of compound-group emissions of the total emissions, from Norway spruce (Picea abies) seed-
lings from the control (T0), T2 (+2 °C) and T4 (+4 °C) plots. All emission rates were standardised to a temperature of 30 °C and the isoprene emission rate further to a PAR
level of 1000 μmol m−2 s−1. Compounds within a group are listed in order of their retention times.
Compound
T

T

T

T

O

T

T0 (n = 3)
13
T2 (n = 3)
 T4 (n = 4)
Isoprene
 538 (538)
 0 (0)
 0 (0)

otal nMTs
 83%
 87%
 80%

Tricyclene
 1475 (291)
 1617 (746)
 1058 (221)

α-Thujene
 38 (38)
 0 (0)
 0 (0)

α-Pinene
 6913 (1398)
 7963 (2892)
 5916 (1282)

α-Fenchene
 0 (0)
 0 (0)
 11 (11)

Camphene
 8850 (1598)
 8998 (4138)
 6256 (1757)

Sabinene
 952 (67)
 656 (396)
 700 (161)

β-Pinene
 1750 (442)
 1696 (663)
 1868 (884)

β-Myrcene
 2241 (702)
 1564 (924)
 1736 (457)

α-Phellandrene
 146 (61)
 78 (38)
 279 (202)

Δ-3-Carene
 15 (15)
 327 (305)
 730 (270)

α-Terpinene
 90 (16)
 57 (44)
 50 (34)

Limonene + β-phellandrenea
 10,035 (4033)
 7186 (2632)
 7653 (2823)

(E)-β-ocimene
 358 (199)
 490 (411)
 192 (66)

γ-Terpinene
 150 (24)
 87 (44)
 98 (45)

Terpinolene
 298 (77)
 218 (165)
 222 (106)

Allo-ocimene
 63 (12)
 60 (34)
 89 (45)

Unknown nMT 1
 68 (40)
 71 (71)
 51 (42)

otal oMTs
 12%
 11%
 12%

1,8-Cineole
 2480 (650)
 1622 (1306)
 2234 (1328)

Linalool
 113 (56)
 24 (24)
 26 (26)

Camphor
 341 (95)
 451 (251)
 216 (95)

Exo-methyl-camphenilol
 182 (32)
 224 (189)
 82 (56)

Borneol
 233 (25)
 444 (265)
 275 (179)

α-Terpinenol
 293 (47)
 156 (130)
 208 (133)

Berbenone
 18 (18)
 17 (9)
 11 (11)

Citronellol
 64 (33)
 8 (8)
 47 (47)

Bornyl acetate
 1288 (539)
 1060 (738)
 939 (523)

Unknown oMT 2
 0 (0)
 37 (37)
 0 (0)

otal SQTs
 2%
 1%
 4%

Longipinene
 0 (0)
 94 (48)
 204 (134)

α-Copaene
 18 (18)
 9 (9)
 0 (0)

β-Bourbobene
 87 (44)
 55 (37)
 111 (62)

Junipene
 169 (61)
 69 (34)
 102 (50)

Unknown SQT 1
 0 (0)
 0 (0)
 28 (28)

β-Caryophyllene
 99 (50)
 106 (38)
 113 (58)

Unknown SQT 2
 0 (0)
 0 (0)
 28 (28)

Geranyl acetone
 0 (0)
 73 (73)
 88 (51)

(E)-β-farnesene
 202 (147)
 49 (25)
 102 (61)

α-Humulene
 50 (50)
 22 (22)
 86 (62)

Unknown SQT 3
 21 (21)
 0 (0)
 15 (15)

Germacrene-D
 0 (0)
 13 (13)
 0 (0)

(E,E)-α-farnesene
 239 (239)
 0 (0)
 37 (37)

α-Muurolene + bicyclogermacrenea
 0 (0)
 0 (0)
 21 (21)

Unknown SQT 4
 26 (26)
 0 (0)
 0 (0)

γ-Cadinene
 36 (36)
 48 (20)
 40 (30)

δ-Cadinene
 47 (47)
 70 (27)
 77 (61)

(Z)-α-bisabolene
 0 (0)
 0 (0)
 15 (15)

Unknown SQT 5
 0 (0)
 0 (0)
 148 (148)

Caryophyllene oxide
 0 (0)
 0 (0)
 121 (121)

otal GLVs
 1%
 <0.5%
 4%

(Z)-3-hexen-1-ol
 164 (164)
 32 (32)
 297 (79)

(Z)-3-hexenyl acetate
 133 (133)
 129 (129)
 951 (328)

ther BVOC

MeSA
 138 (138)
 0 (0)
 241 (153)

otal BVOCs
 40,423 (7695)
 35,881 (16248)
 33,826 (11005)
T
Abbreviations: nMTs––non-oxygenated monoterpenes; oMTs––oxygenated monoterpene; SQTs––sesquiterpenes; GLVs––green-leaf volatiles; BVOCs––biogenic volatile or-
ganic compounds.
a Co-eluted in most of the samples.
Table A6

Mean (SE) BVOC emission rates (ng g−1 needleDWh−1), with the percentages of compound-group emissions of the total emissions, fromScots pine (Pinus sylvestris) seedlings
from the control (T0), T2 (+2 °C) and T4 (+4 °C) plots. All emission rates were standardised to a temperature of 30 °C and the isoprene emission rate further to a PAR level of
1000 μmol m−2 s−1. Compounds within a group are listed in order of their retention times.
Compounds
 T0 (n = 3)
 T2 (n = 3)
 T4 (n = 4)
Isoprene
 0 (0)
 71 (71)
 34 (34)

otal nMTs
 96%
 94%
 94%
(continued on next page)
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able A6 (continued)
Compounds
T

T

G

O

T0 (n = 3)
14
T2 (n = 3)
 T4 (n = 4)
α-Thujene + tricyclenea
 36 (6)
 36 (18)
 61 (37)

α-Pinene
 666 (78)
 959 (154)
 635 (304)

α-Fenchene
 2 (2)
 0 (0)
 <0.5 (<0.5)

Camphene
 109 (6)
 191 (6)
 148 (78)

Verbenene
 8 (1)
 6 (3)
 11 (5)

Sabinene
 54 (20)
 47 (20)
 23 (9)

β-Pinene
 286 (140)
 189 (72)
 103 (59)

β-Myrcene
 151 (56)
 261 (130)
 269 (235)

Δ-3-Carene
 2081 (499)
 1482 (960)
 615 (384)

α-Terpinene
 21 (6)
 24 (11)
 10 (4)

Limoneneb
 616 (526)
 612 (374)
 305 (259)

β-Phellandreneb
 274 (167)
 160 (139)
 65 (47)

(Z)-ocimene
 17 (17)
 61 (61)
 37 (21)

(E)-β-ocimene
 61 (37)
 60 (33)
 46 (41)

γ-Terpinene
 31 (10)
 38 (22)
 15 (6)

Terpinolene
 94 (27)
 130 (89)
 42 (17)

Allo-ocimene
 12 (2)
 26 (11)
 30 (21)

Unknown nMT 1
 <0.5 (<0.5)
 1 (1)
 <0.5 (<0.5)

Unknown nMT 2
 1 (1)
 3 (1)
 <0.5 (<0.5)

otal oMTs
 2%
 2%
 1%

1,8-Cineoleb
 44 (10)
 38 (9)
 16 (5)

Linalool
 3 (3)
 0 (0)
 1 (1)

Unknown oMT 1
 4 (3)
 0 (0)
 1 (1)

Camphor
 5 (2)
 9 (7)
 6 (2)

Borneol
 6 (4)
 4 (4)
 8 (3)

Terpinen-4-ol
 5 (5)
 0 (0)
 1 (1)

Myrtenal
 16 (9)
 11 (7)
 6 (4)

Berbenone
 11 (3)
 10 (4)
 7 (3)

Eucarvone
 2 (2)
 2 (2)
 0 (0)

Bornyl acetate
 5 (3)
 8 (2)
 4 (2)

Unknown oMT 2
 0 (0)
 1 (1)
 <0.5 (<0.5)

Unknown oMT 3
 15 (4)
 11 (8)
 2 (2)

otal SQTs
 2%
 2%
 2%

Unknown SQT 1
 2 (2)
 0 (0)
 <0.5 (<0.5)

Unknown SQT 2
 0 (0)
 0 (0)
 3 (2)

α-Copaene
 2 (1)
 3 (1)
 2 (1)

β-Bourbobene + β-elemenea
 12 (4)
 16 (6)
 5 (2)

Unknown SQT 3
 0 (0)
 1 (1)
 0 (0)

Junipene
 3 (2)
 <0.5 (<0.5)
 2 (1)

Unknown SQT 4
 3 (<0.5)
 2 (1)
 1 (1)

β-Caryophyllene
 16 (3)
 37 (2)
 13 (9)

Unknown SQT 5c
 2 (1)
 3 (1)
 2 (1)

(E)-β-farnesene
 3 (1)
 3 (1)
 2 (1)

Unknown SQT 6
 0 (0)
 4 (3)
 0 (0)

Unknown SQT 7
 0 (0)
 <0.5 (<0.5)
 <0.5 (<0.5)

Unknown SQT 8
 1 (1)
 1 (1)
 0 (0)

α-Humulene
 3 (1)
 5 (1)
 1 (1)

Unknown SQT 9
 2 (1)
 2 (<0.5)
 <0.5 (<0.5)

Germacrene-D
 4 (1)
 6 (2)
 3 (1)

(E,E)-α-farnesene
 4 (2)
 3 (2)
 6 (1)

α-Muurolene + bicyclogermacrenea
 9 (3)
 12 (4)
 4 (1)

γ-Cadinene
 5 (2)
 5 (2)
 2 (1)

δ-Cadinene
 8 (3)
 11 (5)
 3 (1)

(Z)-α-bisabolene
 1 (1)
 <0.5 (<0.5)
 1 (1)

Unknown SQT 10
 1 (1)
 1 (1)
 <0.5 (<0.5)

LV

(Z)-3-hexenyl acetate
 0 (0)
 7 (7)
 44 (19)

ther BVOC

MeSA
 2 (2)
 0 (0)
 1 (1)

otal BVOCs
 4852 (1381)
 5088 (1722)
 3181 (1375)
T
Abbreviations: nMTs––non-oxygenated monoterpenes; oMTs––oxygenated monoterpenes; SQTs––sesquiterpenes; GLV––green-leaf volatiles; BVOCs––biogenic volatile or-
ganic compounds.
a Co-eluted in most of the samples.
b (Limonene, β-phellandrene, 1-8-cineole) co-eluted for some samples.
c Potential germacrene isomer.
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