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• Moss and lichen VOC emissions were measured using GC-MS and PTR-MS techniques.
• Mosses and lichens emit considerable amounts of VOCs to the atmosphere.
• Emissions were dominated by low molecular weight VOCs, e.g. acetone.
• Terpenoids comprised a minor fraction of moss and lichen VOC emissions.
• Large between-species differences in VOC emission rates and compositions.
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Plant volatile organic compound (VOC) emissions can drive important climate feedbacks. Although mosses and
lichens are important components of plant communities, their VOC emissions are poorly understood. It is crucial
to obtain more knowledge on moss and lichen VOCs to improve ecosystem VOC emission models. This is
especially relevant at high latitudes, where mosses and lichens are abundant and VOC emissions are expected to
increase in response to climate change. In this study, we examined VOC emissions from four common moss
(Hylocomium splendens, Pleurozium schreberi, Sphagnum warnstorfii, and Tomentypnum nitens) and lichen (Cladonia
arbuscula, Cladonia mitis, Cladonia pleurota, and Nephroma arcticum) species in the Subarctic using gas
chromatography-mass spectrometry (GC-MS) and proton-transfer-reaction time-of-flight mass spectrometry.
Moss and lichen VOC emissions were dominated by low molecular weight (LMW) VOCs, such as acetone and
acetaldehyde, as well as hydrocarbons (HCs) and oxygenated VOCs (oVOCs). Of the studied mosses, S. warnstrofii
had the highest and H. splendens had the lowest total VOC emission rates. The VOC emission blends of
P. schreberi, S. warnstrofii, and T. nitens were clearly distinct from one another. Of the lichens, N. arcticum had a
different VOC blend than the Cladonia spp. N. arcticum also had higher emission rates of HCs, oVOCs, and other
GC-MS-based VOCs, but lower LMW VOC emission rates than the other lichen species. Our study demonstrates
that mosses and lichens emit considerable amounts of various VOCs and that these emissions are species
dependent.

1. Introduction
Volatile organic compounds (VOCs) are atmospheric trace gases
other than greenhouse gases. Many VOCs are highly reactive and affect
regional atmospheric chemistry and composition (Glasius and

Goldstein, 2016). Generally, climate change is expected to increase
biogenic VOC emissions (Holopainen et al., 2018). VOC emissions can
thereby drive positive climate feedbacks, via effects on the concentra
tions of greenhouse gases, such as ozone and methane, or negative
climate feedbacks, by contributing to the formation of secondary
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organic aerosols (Glasius and Goldstein, 2016; Peñuelas and Staudt,
2010). Globally, VOC emissions from biogenic sources are considered
far greater than anthropogenic VOC emissions and biogenic VOCs are
generally more reactive (Glasius and Goldstein, 2016). So far, most
studies have focused on trees and agricultural plants (Duan et al., 2021),
while we have a particularly limited understanding of VOC emissions
from non-vascular photosynthetic organisms, such as mosses and
lichens.
Mosses and lichens are important, but often under-appreciated,
components of forests and they are especially prevalent in highlatitude plant communities, where their abundance increases towards
the poles (Sigurbjörnsdóttir et al., 2016; Turetsky et al., 2012).
Furthermore, climate change driven temperature increases are
two-to-three times higher in the Arctic, compared to the global average
(IPCC et al., 2021), which will drive increases in VOC emissions from
this area (Rinnan et al., 2020) and stresses the urgency of understanding
emission characteristics of the main ecosystem components, including
mosses and lichens.
Mosses have been shown to emit a number of VOCs, including
acetaldehyde, monoterpenes and sesquiterpenes, green leaf volatiles,
and alcohols (Edtbauer et al., 2021; Kesselmeier, 2001). Isoprene
emissions from Sphagnum capillifolium have been shown to increase their
thermotolerance (Hanson et al., 1999). The VOC-mediated interactions
and emissions observed in mosses resemble those documented for
vascular plants and suggest that, similar to vascular plants, VOCs can
have a variety of ecological functions in mosses (Vicherová et al., 2020).
For example, Vicherová et al. (2020) suggested that VOC-mediated
plant-plant communication was involved in competition between moss
species. Furthermore, entomophilous moss species, such as Splachnum
ampullaceum, emit VOCs to attract flies for spore dispersal (McCuaig
et al., 2015). The ability to emit certain VOCs might very well have
evolved in mosses and been passed on to vascular plants, as has been
suggested for isoprene (Hanson et al., 1999).
Few studies have compared VOC emissions between individual moss
species. Nevertheless, there are studies that have documented VOC
emissions from ecosystem-based measurements on vegetation, which
included mosses. Peatlands dominated by Sphagnum mosses and sedges
emit considerable amounts of isoprene (Ekberg et al., 2011; Haapanala
et al., 2006; Hellén et al., 2006; Janson and De Serves, 1998). However,
a study that separated the contributions of peatland vascular plants and
Sphagnum mosses showed that the mosses contributed negligibly to the
isoprene and monoterpene emissions, but considerably to the emissions
of sesquiterpenes and other, non-terpenoid VOCs (Faubert et al., 2010b;
Tiiva et al., 2009). Furthermore, a study on a Subarctic peatland
dominated by the moss, Warnstorfia exannulata, and sedges reported
considerable isoprene emissions, and a laboratory survey on
W. exannulata confirmed that this species was isoprene-emitting (Fau
bert et al., 2010a; Tiiva et al., 2007). Forest floors covered by shrubs and
mosses (e.g., Dicranum polysetum, Pleurozium schreberi, Hylocomium
splendens, and Polytrichum commune) have mainly been reported to emit
monoterpenes (Hellén et al., 2006; Kivimäenpää et al., 2018). Further
more, Faubert et al. (2012) found that forest floors covered by the
evergreen shrub, Empetrum hermaphroditum, and the moss, H. splendens,
were characterized by sesquiterpene emissions, whereas forest floors
covered by Vaccinium spp. and P. schreberi were characterized by
monoterpene emissions.
There are only a few measurements of VOC emissions from lichen
thalli, including Cetraria islandica, Cladina rangiferina, Cladina stellaris,
Bryoria spp., and Ramalina spp. with reported emissions of acetaldehyde,
ethanol and other alcohols, monoterpenes, and green leaf volatiles
(Kesselmeier, 2001; Wilske et al., 2001; Wilske and Kesselmeier, 1999).
The fungal component of lichens belongs to the subkingdom, Dikarya,
often referred to as “higher fungi”, which have been reported to emit
over 500 different VOCs (Calla-Quispe et al., 2020). Fungi have been
reported to use VOCs for a variety of ecological functions, including
fungi-fungi interactions, mediating antagonistic effects or beneficial

interactions (e.g., by affecting microbial growth, activity, and motility);
fungi-plant interactions (e.g., by affecting plant root development and
physiology); and detoxification of toxic compounds from competitors
(Schulz-Bohm et al., 2017). Lichens also have a bacterial/algal compo
nent, composed of green algae and/or cyanobacteria, as well as other
bacterial strains, which generally provide carbon/nitrogen fixation and
other functions, such as phosphate solubilization and antagonistic ac
tivities (Sigurbjörnsdóttir et al., 2016). VOCs emitted from the bacter
ial/algal component may have antimicrobial properties (Cemava et al.,
2015; Sigurbjörnsdóttir et al., 2016).
We aimed to further our understanding of the chemical speciation
and rates of VOC emissions from abundant moss and lichen species in
the Subarctic. The moss species were H. splendens, P. schreberi, Sphagnum
warnstorfii, and Tomentypnum nitens; the lichen species were Cladonia
arbuscula, Cladonia mitis, Cladonia pleurota, and Nephroma arcticum. The
study species are common in tundra and taiga biomes, covering vast
areas of the Arctic landscape (Raynolds et al., 2019). We measured VOC
emissions using enclosure techniques and analysis with two comple
mentary methods, i.e., gas chromatography-mass spectrometry (GC-MS)
and proton-transfer-reaction time-of-flight mass spectrometry
(PTR-TOF-MS), to provide complete emission profiles.
2. Materials and methods
2.1. Study region
Our study was carried out during the 2017 growing season (late July
to late August) near Abisko Scientific Research Station in northern
Sweden (68◦ 21′ N, 18◦ 49′ E, 385 m a.s.l.). The area is characterized by
birch forest (Betula pubescens var. pumila L.) alternating with wet arctic
tundra heath, comprised of evergreen and deciduous dwarf shrubs,
graminoids, forbs, mosses, and lichens. Abisko receives a mean annual
rainfall of 370 mm (1986–2015) and has a mean average temperature of
0.2 ◦ C (1986–2015), experiencing the warmest and coldest average
temperatures in July (11.9 ◦ C) and February (− 10.0 ◦ C), respectively.
2.2. Sample collection
Four common moss species (Hylocomium splendens (Hedw.) Schimp.,
Pleurozium schreberi (Brid.) Mitt., Sphagnum warnstorfii Russow, and
Tomentypnum nitens (Hedw.) Loeske) and four lichen species (Cladonia
arbuscula (Wallr.) Flot., Cladonia mitis Sandst., Cladonia pleurota (Flörke)
Schaer., and Nephroma arcticum (L.) Torss.) were selected for VOC
analysis. Representative samples of each species were collected within
walking distance of the Research Station. For mosses, the samples con
sisted of the green parts of the moss shoots, which were separated from
the lower brown parts by hand, and the length of which ranged from
approximately 2-5 cm. For lichens, the whole lichen thalli were sampled.
The samples were collected immediately prior to the VOC measure
ments, which were conducted outdoors in the field at field moisture
conditions within 1 h of collection.
2.3. VOC measurements with GC-MS
VOCs were collected using a push-pull headspace sampling system
(Ortega and Helmig, 2008). Moss and lichen samples were placed inside
pre-conditioned (120 ◦ C for 1 h) glass jars with aluminum foil-lined lids
that contained two ports for the insertion of a Teflon inlet line and outlet
vent for sampling (Kramshøj et al., 2019). Battery-operated pumps were
used to supply 210 mL min− 1 of air, pre-cleaned with a PTFE membrane
filter to remove particles, an activated charcoal filter to remove VOCs,
and an ozone scrubber (Ortega and Helmig, 2008). The purified inlet air
was allowed to circulate through the jar for 5 min prior to VOC collec
tion from the outlet air onto stainless steel adsorbent cartridges (150 mg
Tenax TA and 200 mg Carbograph 1TD, Markes International, Llan
trisant, UK), inserted through the outlet vent, at 200 mL min− 1 for
2
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30–60 min. The adsorbent cartridges allowed for collection of C5 com
pounds and higher, with isoprene typically being the lowest compound
mass that can reliably be retained. After sampling, cartridges were
capped and stored at 4 ◦ C until analysis. Temperature and relative hu
midity were monitored inside the jars with iButton dataloggers (for
mosses, these were located within the tissue) throughout sample
collection (DS1923 Hygrochron, Maxim Integrated, San Jose, USA) and
photosynthetically active radiation (PAR) was recorded using a PAR
smart sensor (S-LIA-M003, Onset Computer Corporation, Bourne, USA)
located at the same height, just outside the jar. A total of 87 independent
samples were collected across 9 sampling days between July 28 and
August 26, 2017. Following measurement, all samples were oven-dried
at 60 ◦ C for three days to determine the dry weight.
Adsorbent cartridges were analyzed using GC-MS (7890A GC-5975C
inert MSD, Agilent Santa Clara, USA). Following thermal desorption at
250 ◦ C for 10 min (UNITY-2 with an ULTRA autosampler, Markes In
ternational, Llantrisant, UK), samples were cryofocused at − 10 ◦ C, and
transferred with a split flow of 20 mL min− 1 to the GC-MS system by way
of a capillary transfer line kept at 160 ◦ C. An HP-5 capillary column (50
m × 0.2 mm x 0.33 μm, Agilent Technologies, Santa Clara, USA) was
used for the separation of VOCs with a helium carrier gas flow of 1.2 mL
min− 1. Inlet and interface temperatures were held at 160 and 280 ◦ C,
respectively, with the following oven program: 40 ◦ C for 1 min, ramped
at 5 ◦ C min− 1 to 210 ◦ C, then ramped at 20 ◦ C min− 1 to 250 ◦ C for 8 min,
giving a total runtime of 45 min. An empty stainless steel cartridge
(containing no adsorbent material) was run periodically alongside the
samples to provide an indication of background contamination arising
from the analytical system (e.g., siloxanes, phthalates).
Chromatograms were analyzed using PARADISe software v. 3.87
(Johnsen et al., 2017). Compounds were identified using pure standards,
where available, or tentatively identified by comparison to mass spectra
in the NIST Mass Spectral Library (NIST, 2014). The tentative identity of
individual unknowns was accepted when the match factor was greater
than 800 and the probability was greater than 30%. Where these con
ditions were not met, a tentative compound class identity was accepted
where the molecular formula of at least two of the top three matches
with the NIST database had the same molecular formula, otherwise the
unknown was classified as an oxygenated VOC (oVOCs, when all top
three matches against NIST suggested a molecular formula containing
oxygen) or other VOCs (when the top three NIST matches suggested
variable elemental composition). If a compound was not detected in at
least half of the samples for a certain species, compound emissions were
set to zero for all of the samples for that compound and species com
bination. Compounds (Table S1) were classified into one of the following
compound groups: isoprene, monoterpenes (MTs), oxygenated mono
terpenes (oMTs), sesquiterpenes (SQTs), oxygenated sesquiterpenes
(oSQTs), green leaf volatiles (GLVs), hydrocarbons (HCs), oVOCs, and
other VOCs (which includes unclassified unknowns and compounds
with various functional groups, such as halogens, sulfur, and/or nitro
gen species, that do not fit in the other groups listed).
VOC concentrations were quantified using authentic standards of
known concentration (Table S2) injected onto adsorbent cartridges
under a flow of helium and analyzed by GC-MS in the same manner as
samples. For compounds without an authentic standard, quantification
was achieved by comparison with the closest structurally related stan
dard in our mixture (e.g., α-pinene for MTs, eucalyptol for oMTs,
β-caryophyllene for SQTs, and toluene for benzenoids and other VOCs;
Table S2). Based on VOC concentrations measured in the empty tubes,
impurities arising from the analytical system were removed from the
dataset. VOC emission rates (μg g dw− 1 h− 1) were calculated according
to Ortega and Helmig (2008).

and that were too light to be retained on the adsorbent cartridges used
for measurements with GC-MS) from mosses and lichens were measured
using PTR-TOF-MS (PTR-TOF 1000 ultra, Ionicon Analytik, Innsbruck,
Austria). In a dynamic headspace approach, similar to that described
above, a polyethylene terephthalate (PET) cup (500 mL) was placed
upside down over the moss or lichen sample positioned on an aluminum
foil-lined lid. Two sample cups were set up in parallel. A zero-air
generator (75-83-220, Parker, Lancaster, USA) coupled with mass flow
controllers (MC-1SLPM-D, Alicat, Tucson, USA) was used to supply a
constant stream (500 mL min− 1) of purified air to each of the sample
cups. The outlet ports of the two cups were connected with Teflon tubing
to the inlet of the PTR-TOF-MS, by way of an automated three-way valve
(01540-11, Cole Parmer, Vernon Hills, USA), which alternated moni
toring between the two cups every 10 min. Three independent samples
for each moss and lichen species were monitored for 10-min-long pe
riods. Blank samples were collected in the same manner as moss and
lichen samples, except with an empty PET cup. Measurements were
performed on July 27 for moss species and August 30 for lichen species.
Temperature, relative humidity, and PAR were measured throughout
each experiment in the same manner described above. Following mea
surement, all moss and lichen samples were oven-dried at 60 ◦ C for three
days to determine the dry mass.
The PTR-TOF-MS monitored the mixing ratios of VOCs at 5-sec in
tervals across a mass range of m/z 18–683. The conditions within the
drift tube were 2.3 mbar, 60 ◦ C, and 550 V. Reactions occurring in the
drift tube are usually non-dissociative and thus, most compounds do not
fragment during ionization and exhibit a protonated mass of M+1 (e.g.,
isoprene appears at m/z 69.071). Ion signals recorded in the detector
were corrected for differential mass transmission rates and primary ion
abundance. A gas standard of known concentration (~1 ppmv, Ionicon
Analytik, Innsbruck, Austria) was measured periodically to assess the
linearity of detector responses and calculate calibration factors for
selected VOCs (Table S3).
Data were analyzed using PTRwid software, v. 003 (Holzinger,
2015). PTRwid automatically calibrates the mass scale to known masses
in the spectra, identifies unique peaks within the mass spectra (and
subsequently, a unified mass list across all samples), and converts ion
counts of the compounds detected into VOC mixing ratios (ppbv). For
each 10-min measurement period, the first 2 min and final minute of
data were excluded, to account for sorption within the tubing and the
response time for gases to travel from the sampling cups into the
PTR-TOF-MS inlet. An average concentration was calculated for each
mass per sample. For each sample day, an average blank profile was
calculated (n = 2 for 27th July, n = 5 for 30th August) and subtracted
from the corresponding moss and lichen sample concentrations. Any
negative concentrations resulting from the blank-subtraction were
replaced with zeroes. Masses that are known to be produced as
contaminant ions in the PTR-TOF-MS ion source (e.g., NO+) or intro
duced artificially (e.g., 1,3-diiodobenzene, used for mass-scale calibra
tion of the higher masses) were excluded from subsequent analyses
(Table S4). Emission rates (μg gdw− 1 h− 1) were calculated according to
Ortega and Helmig (2008) and assumed a molecular weight of M-1,
where compound identities and exact molecular weights were unknown.
Only the lower molecular weight VOCs (M < 68 g mol− 1) were included
in the dataset (Table S5), to avoid overlap with compounds captured in
the adsorbent cartridges and analyzed with GC-MS. The data presented
in the figures and statistics herein are derived from the uncalibrated
mixing ratios exported from PTRwid, because we had standards and
could calculate calibration factors for only a few compounds. We opted
to present the uncalibrated data so that it was possible for all compounds
to be treated in the same manner and grouped together. For the com
pounds with calibration factors (methanol, acetone, acetaldehyde, and
isoprene), the summarized emission rates obtained from the calibrated
mixing ratios are also provided in Table S6. If a compound was not
detected in at least half of the samples for a certain species, sample
emissions for that mass and species were set to zero. Compounds

2.4. PTR-TOF-MS measurements of VOC emissions
Emissions of lower molecular weight VOCs (LMW VOCs, i.e., com
pounds with molar masses lower than that of isoprene, M < 68 g mol− 1,
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contributing an average of >15% to the total LMW VOC emissions for
either mosses or lichens are presented independently (i.e., acetaldehyde,
m/z 45.03; acetone, m/z 59.05; and C2H4O2, m/z 61.03) and the
remaining masses are classified as “other LMW” compounds.

during the 4-week-long GC-MS sampling period (Table 1). PTR-TOF-MS
measurements were conducted during a single, warm and sunny day for
mosses and a cooler day for lichens (Table 1).
3.1. Comparison between moss and lichen VOC emissions

2.5. Comparison of isoprene emissions between the two measurement
approaches

A total of 170 VOCs were detected by GC-MS, of which the majority
were emitted by both mosses and lichens (Tables S7–8). Total VOC
emission rates ranged from 0.04 to 14.50 μg g dw− 1 h− 1 and 0.25–21.77
μg g dw− 1 h− 1 for mosses and lichens, respectively. LMW VOC emissions
(sum of the 23 detected masses) ranged from 2.84 to 31.22 μg g dw− 1
h− 1 and 1.28–44.70 μg g dw− 1 h− 1 for mosses and lichens, respectively
(Table S9). Overall, LMW VOC emissions measured by PTR-TOF-MS
were the same order of magnitude, if not slightly higher, than the
total VOC emissions measured by GC-MS for both mosses and lichens.
Lichens emitted higher quantities of total VOCs, HCs, oVOCs, and
other VOCs compared to mosses (Fig. 1A), but the proportional contri
butions to the total VOC emissions were similar for mosses and lichens
(p > 0.05, ANOVA; Fig. 1B). The most abundant VOC group was the
oVOCs, which accounted for 45 ± 3% (mean ± standard error) and 51
± 3% of the total VOC emissions for mosses and lichens, respectively,
while the second most abundant group was the HCs (Fig. 1B; Table S8).
LMW VOC emissions from mosses and lichens were both characterized
by high contributions from acetone, which accounted for 61 ± 4% and
41 ± 3% of the LMW VOC emissions, respectively (Fig. 1C–D;
Table S10). However, moss LMW VOC emissions were also characterized
by acetaldehyde (17 ± 2%), whereas lichens exhibited higher contri
butions from C2H4O2 (25 ± 3%; Fig. 1D; Table S10). Other LMW VOCs
contributed the remaining 20 ± 2 to 27 ± 1% of the total LMW VOC
emissions (Fig. 1D; Table S10).
Of the moss VOCs, the emissions of HC (rtemperature = 0.87, rPAR =
0.75, p < 0.001, n = 34) and other VOCs (rtemperature = 0.86, rPAR = 0.67,
p < 0.001, n = 34) correlated positively with temperature and PAR. In
addition, isoprene, oMT, and oVOC emissions positively correlated with
temperature (r = 0.45–0.59, p < 0.01, n = 34). For lichens, all VOC
groups, except for MTs, showed significant positive correlations with
temperature and PAR (r = 0.34–0.65, p < 0.05, n = 53). However, it
should be noted that temperature and PAR were also intercorrelated (r
= 0.65–0.83, p < 0.001). Relative humidity did not correlate with
emissions of any VOC group for mosses, but it correlated negatively with
GLV emissions from lichens (r = − 0.67, p < 0.001, n = 50).

Isoprene emission rates from S. warnstorfii were compared between
our two complementary measurement approaches (GC-MS and PTRTOF-MS) as a quality control to demonstrate their equivalency. For
the purpose of this exercise, isoprene emission rates (μg g dw− 1 h− 1)
were standardized to a temperature of 30 ◦ C and light intensity of 1000
μmol photons m− 2 s− 1 according to the algorithms of Guenther et al.
(1993), to allow for a direct comparison between the two techniques. We
chose to only include the results from S. warnstorfii because of the spe
cies measured using both techniques, it was the only one with clear
isoprene emissions. There were no statistically significant differences
between the isoprene emission rates derived using the two measurement
approaches (p > 0.05, ANOVA, Fig. S1) and thus, they are viewed
alongside one another from here on.
2.6. Statistical analyses
Analyses were executed in the R statistical framework v. 3.6.2 (R
Development Core Team, 2019). Linear mixed-effects models (LMM),
fitted with maximum likelihood (ML), were used to assess differences in
VOC emissions between mosses and lichens, as well as between different
moss species and between different lichen species, using the ‘lmer’
function from the lme4 package (Bates et al., 2015). The organism group
(moss vs. lichen) and species were predictor variables. Sampling date
was a random factor. T-tests were executed to test for differences be
tween mosses and lichens, and ANOVA tested for differences between
species, using the ‘anova’ function. Tukey’s post hoc tests were per
formed to determine which of the species differed from one another,
using the ‘emmeans’ function from the emmeans package (Russell,
2019). To fulfill the requirements of normal distribution and homoge
neity of variance, a log(x + 1, raised to the power of the exponent of the
lowest value not equal to zero) transformation was applied. We assessed
correlations between VOC emissions and the measured environmental
factors with Pearson’s correlation tests, using the ‘cor.test’ function.
To investigate grouping and separation between the different moss
species and between the different lichen species based on the patterns in
the VOC blends, we performed principal component analyses (PCAs)
using SIMCA v. 16.0.1 software (Sartorius AG, Goettingen, Germany) on
the GC-MS and PTR-TOF-MS data, separately. PCAs were run on unitvariance-scaled and log-transformed data.
The moss species, T. nitens, was only measured with GC-MS during a
single day, separately from all the other species and as such, we excluded
it from the ANOVA and Tukey’s post hoc tests on emission rates. How
ever, we included it in the PCAs, which analyzed patterns in blends,
rather than emission rates. We did not test for differences between
mosses and lichens in the PTR-TOF-MS data because they were collected
on two independent dates.

3.2. Moss VOC emissions
Total VOC emissions ranged from 0.06 to 14.51 μg g dw− 1 h− 1 for
S. warnstorfii, 1.10–3.00 μg g dw− 1 h− 1 for T. nitens, 0.11–2.83 μg g dw− 1
h− 1 for P. schreberi, and 0.04–0.50 μg g dw− 1 h− 1 for H. splendens. Total
LMW VOC emissions ranged from 5.63 to 30.06 μg g dw− 1 h− 1 for
S. warnstorfii, 7.44–31.23 μg g dw− 1 h− 1 for T. nitens, and 2.84–25.69 μg
g dw− 1 h− 1 for P. schreberi.
Emission rates of total VOCs and oVOCs were both approximately 4fold higher for S. warnstorfii compared to H. splendens (Fig. 2A–B).
Moreover, S. warnstorfii had higher emission rates of MTs compared to
H. splendens and P. schreberi, by 30-fold and 12-fold, respectively, and of
isoprene than P. schreberi by 17-fold (Fig. 2C–D). Emission rates of
acetone were approximately 3-fold higher for S. warnstorfii compared to
P. schreberi (Fig. 2E). Furthermore, P. schreberi had approximately 4-fold
higher C2H4O2 emissions compared to T. nitens, while S. warnstorfii did
not emit C2H4O2 (Fig. 2F).
The most abundant VOC groups for all of the moss species were
oVOCs and HCs, which accounted for 28 ± 5% to 58 ± 6% of the total
VOC emissions (Fig. 3A; Table S8). For T. nitens, SQTs accounted for 16
± 11% of the emissions (Table S8). The remaining groups contributed
≤9% to the total VOC emissions for each species (Table S8). HCs had a
larger contribution to the total VOC emissions in P. schreberi than in
S. warnstorfii, whereas MTs had a larger contribution in S. warnstorfii

3. Results
Our two complimentary measurement approaches (GC-MS vs. PTRTOF-MS) allowed for evaluation of a wider array of compounds and
emission patterns than are typically presented in the literature. We refer
to emissions of “Total VOCs” acquired from the GC-MS dataset (a clas
sification comparable with the range of VOCs most typically reported
previously) and the additional contributions from the “LMW VOCs”
measured using the PTR-TOF-MS (a group of compounds not often
captured by traditional analytical methods).
Environmental conditions varied for the different species measured
4
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Table 1
Temperature, photosynthetically active radiation (PAR), and relative humidity (RH) during measurements. Values are mean ± standard error for each species.
Temperature and RH were measured inside the enclosures (for mosses, dataloggers were positioned within the moss tissue) and PAR is the ambient PAR outside the
enclosures.
GC-MS measurements
Mosses
H. splendens
P. schreberi
S. warnstorfii
T. nitens
Lichens
C. arbuscula
C. mitis
C. pleurota
N. arcticum

PTR-TOF-MS measurements

Temperature ( C)

PAR (μmol m

8.1 ± 0.6
16.0 ± 2.0
13.2 ± 2.5
20.9 ± 0.1

152
397
152
130

14.5 ±
13.5 ±
15.2 ±
16.0 ±

295
231
231
405

◦

1.9
1.8
1.2
0.9

− 2 − 1

s

)

2 − 1

RH (%)

Temperature (◦ C)

PAR (μmol m−

± 39
± 60
± 47
±9

98 ± 1
91 ± 2
101 ± 1
100 ± 2

ND
39.5 ± 1.7
36.9 ± 2.1
37.9 ± 1.6

ND
752 ± 51
550 ± 42
730 ± 18

ND
45 ± 4
54 ± 4
51 ± 3

± 79
± 84
± 40
± 32

82
90
92
90

ND
19.4 ± 1.5
15.9 ± 1.6
14.7 ± 1.4

ND
682 ± 96
441 ± 142
369 ± 73

ND
46 ± 3
64 ± 3
71 ± 4

±5
±2
±1
±2

s

)

RH (%)

ND, not determined.
Fig. 1. VOC emission rates (A, C) and proportional
contributions (B, D) to the total VOC emissions (A, B)
and low molecular weight (LMW) VOC emissions (C,
D) for mosses (n = 34 and 20, respectively) and li
chens (n = 53 and 18, respectively). Significant dif
ferences between organism groups based on emission
rates are shown with asterisks (*, p < 0.05; **, p <
0.01; ***, p < 0.001; ANOVA). Bars represent mean
± standard error of the total and LMW VOC emis
sions. Abbreviations: MT, monoterpenes; oMT,
oxygenated monoterpenes; SQT, sesquiterpenes;
oSQT, oxygenated sesquiterpenes; GLV, green leaf
volatiles; HC, hydrocarbons; oVOC, oxygenated
VOCs. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. Emission rates of total VOCs (A),
oxygenated VOCs (B), monoterpenes
(C), and isoprene (D) of Hylocomium
splendens (n = 8), Pleurozium schreberi
(n = 10), Sphagnum warnstorfii (n = 11),
and Tomentypnum nitens (n = 5). Low
molecular weight (LMW) VOC emission
rates of acetone (E) and C2H4O2 (F) of
P. schreberi (n = 6), S. warnstorfii (n =
8), and T. nitens (n = 6). Note the
different y-axis scales. Significant dif
ferences between species are shown
with asterisks (*, p < 0.05; **, p < 0.01;
***, p < 0.001; ANOVA). Bars represent
mean ± standard error and those
labeled with different lower-case letters
are significantly different (p < 0.05;
Tukey’s post hoc test). T. nitens, is
separated by a dashed line because it
was not included in the statistical tests.

than in the other moss species (p < 0.001, Tukey’s post hoc test). The
most abundant compound for S. warnstorfii (26 ± 4%) and T. nitens (16
± 5%) was 3-octanone, while for S. warnstorfii, the second most abun
dant compound was 1-octen-3-ol (12 ± 5%). The most abundant com
pounds for P. schreberi and H. splendens were an unidentified alkene
(alkene 31), nonanal, and decanal, which accounted for 9–19% of the
total VOC emissions. H. splendens emitted the lowest number of com
pounds and did not emit any oSQTs or isoprene.
LMW VOC emissions from the moss species were dominated by
acetone, which accounted for 82 ± 2%, 54 ± 5%, and 41 ± 2% for
S. warnstorfii, T. nitens, and P. schreberi, respectively (p < 0.001 for
between-species differences, Tukey’s post hoc test; Fig. 3B; Table S10).
Acetaldehyde accounted for 23 ± 3% and 25 ± 3% of the total LMW
VOC emissions of T. nitens and P. schreberi, respectively, which were
significantly more than in S. warnstorfii, where acetaldehyde contributed
only 6 ± 1% (p < 0.05, Tukey’s post hoc test).
The total VOC blends of mosses were well separated by species along
the second and third principal components (PC) (p < 0.01, ANOVA;

Fig. 4). The first PC (explained variance 65%; Data not shown)
accounted for the effects of enclosure temperature, which differed be
tween sampling dates (p < 0.001, ANOVA; Table S11) and had a strong
positive correlation with the emission rates of total VOCs and most of the
VOC groups across all of the studied species (p < 0.05, Pearson’s cor
relation test; Data not shown). S. warnstorfii was separated from the
other moss species along PC 2 and T. nitens along the PC 3 (p < 0.001,
Tukey’s post hoc test; Fig. 4A). Furthermore, H. splendens was separated
from P. schreberi along PC 3 (p < 0.01; Fig. 4A).
Based on the loadings (Fig. 4B), S. warnstorfii VOC blends were
characterized by several oVOCs (e.g., 2-butanone, 3-octanol, and 3-octa
none), isoprene, and hexanoic acid (GLV). P. schreberi VOC blends had
relatively higher proportions than other species of several HCs,
including some aromatic compounds, such as benzene and toluene.
T. nitens was the moss species with the most diverse emission profile.
Four unidentified SQTs (SQT1, SQT3, SQT9, SQT15), α-barbatene, one
unidentified oSQT (oSQT3), one unidentified oVOC (oVOC2), and one
unidentified sulfur-containing VOC were only emitted by T. nitens.
6
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Fig. 3. Proportional contributions to the
total VOC emissions (A) of Hylocomium
splendens (n = 8), Pleurozium schreberi (n =
10), Sphagnum warnstorfii (n = 11), and
Tomentypnum nitens (n = 5). VOCs were
grouped to: isoprene, monoterpenes (MTs),
oxygenated monoterpenes (oMTs), sesqui
terpenes (SQTs), oxygenated sesquiterpenes
(oSQTs), green leaf volatiles (GLVs), hydro
carbons (HCs), oxygenated VOCs (oVOCs),
and other VOCs. Proportional contributions
to the low molecular weight (LMW) VOC
emissions (B) of P. schreberi (n = 6),
S. warnstorfii (n = 8), and T. nitens (n = 6).
LMW VOCs were grouped to: acetaldehyde,
acetone, C2H4O2, and other LMW VOCs. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)

Fig. 4. Total VOC blends of mosses analyzed by
principal component analysis (PCA). (A) Scores for PC
2 and PC 3, colored by species and sized by the
enclosure temperature. (B) Loadings for the individ
ual compounds colored by the VOC groups: isoprene,
monoterpenes (MTs), oxygenated monoterpenes
(oMTs), sesquiterpenes (SQTs), oxygenated sesqui
terpenes (oSQTs), green leaf volatiles (GLVs), hydro
carbons (HCs), oxygenated VOCs (oVOCs), and other
VOCs. The variance explained by each principal
component is shown in parentheses. (For interpreta
tion of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)

However, the summed emissions of these unique compounds ranged
from 0.0004 to 0.33 μg g dw− 1 h− 1 and contributed 0.03% to the total
VOC emissions in T. nitens.
LMW VOC blends were well separated by species along the first PC,
which explained 52% of the variance (p < 0.001, ANOVA; Fig. S2).
S. warnstorfii was separated from P. schreberi and T. nitens along the first
PC (p < 0.001, Tukey’s post hoc test; Fig. S2A). Furthermore, P. schreberi
also tended to be separated from T. nitens along PC 1 (p = 0.05, Tukey’s
post hoc test). Based on the loadings (Fig. S2B), acetone, methanol, and
m/z 58.07, 60.05, and 31.03, were the most characteristic compounds
for S. warnstorfii, and C2H4O2, methanethiol, and m/z 34.03, 43.01,
66.02, 48.01, and 65.03, were most characteristic for P. schreberi.

3.3. Lichen VOC emissions
Total VOC emissions ranged from 1.80 to 21.77 μg g dw− 1 h− 1 for
N. arcticum, 0.25–3.50 μg g dw− 1 h− 1 for C. pleurota, 0.40–6.50 μg g
dw− 1 h− 1 for C. mitis, and 0.40–3.14 μg g dw− 1 h− 1 for C. arbuscula. Total
LMW VOC emissions ranged from 6.41 to 44.70 μg g dw− 1 h− 1,
4.50–38.36 μg g dw− 1 h− 1, and 1.28–14.39 μg g dw− 1 h− 1 for C. pleurota,
C. mitis, and N. arcticum, respectively.
N. arcticum had approximately 3-fold higher emission rates of total
VOCs and other VOCs compared to all of the Cladonia species, which
exhibited relatively similar emission rates (Fig. 5A–B). However,
N. arcticum had approximately 3-fold lower emissions of total LMW
VOCs compared to C. pleurota (Fig. 5C). N. arcticum also exhibited
several-fold higher emission rates of oVOCs and HCs relative to one or
7

I. Ryde et al.

Atmospheric Environment 290 (2022) 119357

Fig. 5. Emission rates of total VOCs (A), other VOCs (B), total low molecular weight (LMW) VOCs (C), oxygenated VOCs (D), hydrocarbons (E), acetaldehyde (F),
C2H4O2 (G), green leaf volatiles (H), and sesquiterpenes (I), of lichens. A, B, D, E, H, and I: Cladonia arbuscula (n = 10), Cladonia mitis (n = 8), Cladonia pleurota (n =
17), and Nephroma arcticum (n = 18). C, F, and G: C. mitis (n = 6), C. pleurota (n = 6), and N. arcticum (n = 6). Significant differences between species are shown with
asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ANOVA). Bars represent mean ± standard error and those labeled with different lower-case letters are significantly
different (p < 0.05; Tukey’s post hoc test). Note the different y-axis scales. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

more of the Cladonia species (Fig. 5D–E), although acetaldehyde emis
sions were approximately 3-fold lower compared to C. pleurota (Fig. 5F)
and C. mitis (p = 0.05, Tukey’s post hoc test). Furthermore, N. arcticum
had approximately 5- and 6-fold lower emissions of C2H4O2, compared
to C. pleurota and C. mitis, respectively (Fig. 5G), and approximately 3fold lower emissions of other LMW VOCs compared to C. mitis (p =
0.05, Tukeys post hoc test; Data not shown). GLV emission rates were
approximately 3-fold higher from C. arbuscula than N. arcticum and the
emission rates of SQTs were 9-fold higher from C. pleurota compared to
C. arbuscula (Fig. 5H–I).
The most abundant VOC groups for all of the lichen species were the
oVOCs and HCs, which accounted for 34 ± 4% to 58 ± 4% of the total
VOC emissions (Fig. 6A; Table S8). The remaining VOC groups
contributed ≤6% to the total VOC emissions for each species.
The most abundant compounds for N. arcticum were 3-octanone and
1-octen-3-ol, which accounted for 23 ± 3% and 22 ± 4% of the total
VOC emissions, respectively. The most abundant compounds for the
Cladonia species were decanal and nonanal, which accounted for

10–17% and 9–15% of the total VOC emissions, respectively. Several
compounds were only emitted by certain lichen species, i.e., the GLV,
hexanoic acid ethyl ester, and an unidentified alkene and oVOC
(N. arcticum), an unidentified oSQT (C. pleurota), and aromadendrene
(C. mitis). However, these compounds were emitted at very low rates
with negligible contributions to the total VOC emissions.
LMW VOC emissions from the lichen species were dominated by
acetone, which accounted for 54 ± 3%, 37 ± 3%, and 31 ± 3%, and
C2H4O2, which accounted for 11 ± 5%, 34 ± 4%, and 30 ± 3%, of the
total LMW VOC emissions for N. arcticum, C. pleurota, and C. mitis,
respectively (Fig. 6B; Table S10). Thus, N. arcticum had significantly
higher proportional contributions of acetone and lower contributions of
C2H4O2 compared to the Cladonia species (p < 0.05, Tukey’s post hoc
test).
VOC blends were well separated by species along the second and
third PC (Fig. 7A; p < 0.001, ANOVA). The first PC (explained variance
44%) accounted for variation related to enclosure temperature
(Table S11). N. arcticum had the most distinct VOC blend and was
8
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Fig. 6. Proportional contributions to the total VOC
emissions (A) from Cladonia arbuscula (n = 10), Cla
donia mitis (n = 8), Cladonia pleurota (n = 17), and
Nephroma arcticum (n = 18). VOCs were grouped to:
isoprene, monoterpenes (MTs), oxygenated mono
terpenes (oMTs), sesquiterpenes (SQTs), oxygenated
sesquiterpenes (oSQTs), green leaf volatiles (GLVs),
hydrocarbons (HCs), oxygenated VOCs (oVOCs), and
other VOCs. Proportional contributions to the low
molecular weight (LMW) VOC emissions (B) of
C. mitis (n = 6), C. pleurota (n = 6), and N. arcticum (n
= 6). LMW VOCs were grouped to: acetaldehyde,
acetone, C2H4O2, and other LMW VOCs. (For inter
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Fig. 7. Total VOC blends of lichens analyzed by
principal component analysis (PCA). (A) Scores for PC
2 and PC 3, colored by species and sized by the
enclosure temperature. (B) Loadings for the individ
ual compounds colored by their VOC groups:
isoprene, monoterpenes (MTs), oxygenated mono
terpenes (oMTs), sesquiterpenes (SQTs), oxygenated
sesquiterpenes (oSQTs), green leaf volatiles (GLVs),
hydrocarbons (HCs), oxygenated VOCs (oVOCs), and
other VOCs. The variance explained by each principal
component is shown in parentheses. (For interpreta
tion of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)

separated from the Cladonia species along PC 2 (p < 0.01, Tukey’s post
hoc test). C. pleurota was separated from the other species along PC 3,
including the overlapping C. mitis and C. arbuscula (p < 0.001, Tukey’s
post hoc test). Based on the loadings (Fig. 7B), N. arcticum VOC blends
were characterized by several oVOCs (e.g., 3-octanone and 3-octanol)
and HCs (e.g., 1,3-trans,5-cis-octatriene and unidentified alkanes), as
well as the GLV, hexanoic acid ethyl ester. In contrast, C. pleurota VOC
blends were characterized by monoterpenes (e.g., α-pinene and p-cym
ene), β-terpinyl acetate, and unidentified SQTs and oSQTs.
LMW VOC blends were well separated between C. pleurota and the
other lichen species along PC 2 (p < 0.001, ANOVA; p < 0.05, Tukey’s
post hoc test; Fig. S3A) and the C. pleurota blends were characterized by
acetone, C2H4O2, acetaldehyde, methanol, and m/z 58.07, 65.06, 67.06,
31.03, 43.01, 44.01, 60.05, and 63.05 (Fig. S3B).

4. Discussion
Our results show that mosses and lichens, non-vascular ecosystem
components that often have minor or no focus in ecosystem-scale
studies, are significant sources of VOCs. We also show that they
cannot be considered as a single, homogeneous entity: there are speciesspecific differences in both emission rates and compound blends.
We observed a total VOC emission rate of 1.5 μg g dw− 1 h− 1 for
mosses and a rate of 3.7 μg g dw− 1 h− 1 for lichens, when considering the
often studied C5–C25 compounds, and averaging across species for the
whole experiment. This is higher than the earlier reported emission rate
for the subarctic moss species, W. exannulata (0.2 μg g dw− 1 h− 1; Faubert
et al., 2010a; Tiiva et al., 2007). The emission rates we measured were
on the same order of magnitude as the leaf biomass-based VOC emission
rates for vascular tundra plants. In a branch enclosure study conducted
on a Greenlandic tundra heath, the total VOC emission rates for the
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dwarf shrubs, Betula nana, Empetrum hermaphroditum, Salix arctophila,
and Salix glauca, were reported to be 5.0, 2.6, 8.0, and 7.3 μg g dw− 1 h− 1,
averaged across three measurements during a growing season (Vedel-
Petersen et al., 2015). At leaf-scale, when saturating light is provided for
the whole enclosed sample, emission rates for tundra dwarf shrubs are
higher, 10–50 μg g dw− 1 h− 1 (Simin et al., 2021).
Mosses and lichens also emitted considerable amounts of LMW
VOCs, which are not considered in most enclosure studies on tundra
published so far, because these compounds cannot be captured with
commonly used sorbents in cartridge sampling. We used the PTR-TOFMS technique, which allows for quantification of the LMW VOCs, and
observed that acetone and acetaldehyde were among the major con
stituents in both moss and lichen emissions. Subarctic dwarf shrubs,
B. nana and Salix myrsinites also emit these compounds during daylight
(Li et al. Unpublished). Including the LMW VOCs gives us total emission
rates of 15.5 μg g dw− 1 h− 1 for mosses and 14.2 μg g dw− 1 h− 1 for li
chens, which is higher than the PTR-MS-based net VOC emission rate for
tropical lichen species (0.5 μg g dw− 1 h− 1) and in the same range as the
emission rates for mixed moss communities dominated by Symbiezidium
transversal (10.4 μg g dw− 1 h− 1) in the Amazon rain forest (Edtbauer
et al., 2021). Comparing studies is not straightforward due to method
ological differences, but overall, the studies indicate that cryptogam
VOC emissions can contribute a substantial fraction to the ecosystem
emissions. Our data further emphasize the quantitative importance of
LMW VOCs: if excluded, the total emissions would be considerably
underestimated.
Typical plant VOCs, such as isoprene, monoterpenes, and sesquiter
penes, comprised only a minor fraction of the total moss and lichen VOC
emissions in our study. However, mixed tropical forest moss commu
nities have been shown to emit substantial amounts of sesquiterpenoids,
with emission rates varying by more than an order of magnitude among
the 10 samples measured (Edtbauer et al., 2021). Of the species we
examined, T. nitens had the highest sesquiterpenoid emission rates and
compound blends containing several uniquely emitted compounds. The
results suggest large variation both within species and communities.
The only Sphagnum (peat moss) species we examined, S. warnstorfii,
exhibited the highest emission rates, despite the lower enclosure tem
peratures and PAR during measurements of this than our other species.
Sphagnum mosses have been identified as isoprene sources in earlier
studies, with considerable between-species differences (Ekberg et al.,
2011; Hanson et al., 1999). In our study, S. warnstorfii had higher
isoprene and monoterpene emission rates than H. splendens and
P. schreberi. S. warnstorfii also separated from the other moss species
based on the VOC blends. Sphagnum mosses are also known to be rich in
non-volatile secondary compounds, such as phenolics, which together
with other genus-specific properties, makes them important
ecosystem-engineers with a competitive advantage over other plants on
peatlands (van Breemen, 1995).
Emissions of isoprene, one of the most studied plant VOCs (e.g.,
Lantz et al., 2019), have been suggested to have evolved in bryophytes
(Hanson et al., 1999) and isoprene is, indeed, emitted by most mosses
(Ekberg et al., 2011; Tiiva et al., 2007). Of the moss and lichen species
we investigated, all but the feathermoss, H. splendens, emitted isoprene.
H. splendens and P. schreberi are ubiquitous feathermosses that
co-dominate the ground layer of boreal forests and belong in the same
bryophyte functional group (Lett et al., 2021). Although P. schreberi had
higher emission rates than H. splendens, their blend compositions were
partially overlapping. P. schreberi had higher emission rates of the
compound, C2H4O2 (m/z 61.03; possibly acetic acid or methyl formate,
among others), than the other species. Beside the high contributions of
C2H4O2 (5.9% of the total LMW VOCs), the VOC blend of P. schreberi was
also characterized by the aromatic compounds, benzene and toluene, as
well as methanethiol.
Of the lichen species we investigated, Cladonia spp. shared relatively
similar VOC blends, which differed from the blend of N. arcticum. This
could be governed by species relatedness, as the Cladonia spp. belong to

the same genus. However, the sesquiterpene emission rates of C. pleurota
were 9-fold higher than those of C. arbuscula, and the higher and more
diverse sesquiterpene emissions also drove the blend differences of
C. pleurota from the similar blends of C. arbuscula and C. mitis. Edtbauer
et al. (2021) reported similar sesquiterpenoid emission rates for tropical
lichens as we observed and showed that wetting the lichen tissue
increased emissions. Lichen VOC emissions could originate from either
the fungal component or the green algal/cyanobacterial partner. Call
a-Quispe et al. (2020) suggested that in lichens, most volatile emissions
would originate from the fungal partner, as fungi are known to produce
a large variety of specialized compounds (Calla-Quispe et al., 2020). An
earlier study that screened different species showed that lichens,
including some Cladonia species, emitted the sulfur-containing com
pounds, hydrogen sulfide (H2S) and dimethylsulfide (DMS), with the
highest emission rates observed in species with the lowest photosyn
thesis rates, which also pointed towards origins from the fungal partner,
which is not photosynthetically active (Gries et al., 1994).
Earlier, it has been suggested that lichens, including some Cladonia
species, take up certain sulfur-containing compounds from the atmo
sphere, such as carbonyl sulfide (Gries et al., 1994). Both lichens and
mosses are known to absorb and accumulate semivolatile organic
compounds, mainly pollutants, from the atmosphere (Yogui et al., 2011;
Zhu et al., 2015). It could, thus, be that some of the emitted compounds
are not produced by the cryptogam tissue, but have been absorbed by it
and later re-emitted. Even in higher plants, deposition of VOCs emitted
by one species on leaves of an adjacent plant species has been docu
mented (Mofikoya et al., 2018). Our study only quantified emission
rates, whereas Edtbauer et al. (2021) used ambient air as the purge air in
order to also assess the uptake of atmospheric trace gases by tropical
moss and lichen tissues. They showed that the exchange of oVOCs was
dominated by uptake for mosses and, for certain oVOCs under selected
conditions, also for lichens.
Our experiment was not designed to assess temperature and light
dependencies of VOC emissions per se, but we observed a significant
positive correlation between temperature and emission rates of most
VOC groups, analyzed across the species. This suggests that, like in
vascular plants, bryophyte VOC emissions are likely at least temperature
dependent (Peñuelas and Staudt, 2010). Temperature-dependence of
Sphagnum isoprene emissions has been previously documented by
Hanson et al. (1999) and Ekberg et al. (2011). Moss functional traits,
such
as
photosynthesis
and
nitrogen
fixation,
are
temperature-dependent, but in contrast to vascular plants, tissue mois
ture content in these poikilohydric organisms is of primary importance
(Lett et al., 2021; Metcalfe and Ahlstrand, 2019; Rousk et al., 2018). The
water-holding capacity of the moss tissue is generally higher in
Sphagnum mosses than in the feathermosses, H. splendens and P. schreberi
(Lett et al., 2021). Exposing lichens to anoxic conditions has been shown
to double acetaldehyde emission rates from the tissue, indicating that
high water content (and the resulting anoxia), will likely lead to
increased emissions of fermentation-related VOCs (Wilske et al., 2001).
We recommend that further studies assess the environmental controls of
VOC emissions from different cryptogams under controlled conditions,
where temperature, light, and water content can be manipulated
separately.
To conclude, our data shows that moss and lichen VOC emissions are
species-specific and that variations in the emission composition seem
connected to the genetic species relatedness. The general variability
between species suggests that we cannot model bryophyte VOC emis
sions with one, common set of emission capacities. Our study was con
ducted in the Subarctic, where mosses and lichens comprise a
considerable fraction of the total photosynthesizing biomass. Moss and
lichen abundance in the high-latitude tundra ecosystems may decline if
they are outcompeted by taller shrubs that expand with climate warm
ing (Elmendorf et al., 2012a; Walker et al., 2006), although this decline
has also been suggested to be limited as warming effects interact with
changes in water availability (Elmendorf et al., 2012b; Turetsky et al.,
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2012). Mosses may even function as early colonizers of areas exposed to
abrupt permafrost thaw (van der Kolk et al., 2016). Besides the Arctic,
mosses and lichens are present in all biomes. Together with biological
soil crusts, which also include cyanobacterial and algal covers, mosses
and lichens are estimated to take up 3.9 Pg of carbon per year in net
photosynthesis, which is ~7% of net primary production by the total
global terrestrial vascular vegetation (Elbert et al., 2012). Our data
suggest that cryptogam VOC emissions similarly make an important
contribution to the ecosystem emissions, but quantification of this
contribution requires data from more cryptogam species and ecosys
tems. The cryptogam emission blends included isoprene and other ter
penoids, but the high abundance of LMW VOCs, such as acetone and
acetaldehyde, was notable. The diversity of the compound blends points
towards a need to further assess inter-species variation and environ
mental controls of both VOC emissions and uptake by mosses and
lichens.
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