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Volatile organic compounds (VOCs) are emitted by plants and microorganisms and have
significant impacts on atmospheric chemistry. Soil systems are sources of VOCs driven by
abiotic and biotic factors. We investigated the emissions of VOCs by soils and their plant
cover from three contrasted biotopes: meadow, heathland and oak forest, during 24-h in
summer. We hypothesized that the spatial and temporal dynamics of VOC fluxes are
reflected in soil properties, soil microbial communities, vegetation covers, and litter
composition that differed in the three biotopes VOC fluxes were measured after direct
on-field sampling at four sampling times (two at night and two at day) using a proton
transfer reaction mass spectrometer, and results were linked to some climatic, edaphic
and biotic parameters simultaneously monitored in each biotope. While differences in the
composition of the soil bacterial communities, in the richness of the plant cover and in
some soil physicochemical properties between the three biotopes were observed, the total
VOC fluxes from the soil to the atmosphere did not present spatial patterns. However,
differences in the mass composition of the VOC spectra were detected; for example, the
soil from the forest that was covered with oak leaf litter had specific bacterial communities
and emitted distinct VOC spectra than the two other biotopes. The total VOC fluxes
responded to rainfall and were significantly driven by soil temperature. While we observed
changes in the structure of soil bacterial communities between day and night in all biotopes
using fingerprinting analysis, a diurnal dynamic of VOC fluxes was only observed in the
forest biotope where the soil was protected from rainfall due to the canopy. This soil
presented higher fluxes in day time up to 10.8 µg VOCs h−1 m−2 and lower fluxes in night
time down to 3.8 µg VOCs h−1 m−2. Overall, the present study supplies data regarding
VOC emissions by soils which are scare compared to plant sources. The results
highlighted the complex interconnections existing between abiotic and biotic
parameters that could directly or indirectly drive VOC emissions by soil systems.
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INTRODUCTION

Soil systems including soil, their inhabiting fauna and microbiota
and their below- and aboveground vegetation encompass
complex interaction networks integrating biotic, chemical and
physical processes. Due to their biotic components, soil systems
are important sources of biogenic volatile organic compounds
(VOCs) emitted in the atmosphere (see Insam and Seewald, 2010;
Peñuelas et al., 2014 for reviews) where they have significant
impacts on atmospheric chemistry. VOCs contribute to the
formation of secondary organic aerosols and are precursors of
tropospheric ozone affecting climate, air quality and ecosystems
functioning (Atkinson, 2000; Atkinson and Arey, 2003; Avnery
et al., 2011).

At the soil surface and belowground, in the rhizosphere, plants
release a wide diversity of VOCs in response to various stresses
and as a way to communicate (Dam et al., 2016). VOCs emitted
by plants are dominated by isoprenoids (e.g., isoprene,
monoterpenes, sesquiterpenes; Guenther et al., 2006), but it
has recently been shown that also oxygenated VOCs (alcohols,
aldehydes, ketones) may significantly contribute to their VOC
fluxes (e.g., Gonzaga Gomez et al., 2019). In soils, besides roots,
VOCs can be produced by microorganisms through both
anabolic and catabolic activities. The composition and activity
of soil microbial communities have been shown to drive the
amount and diversity of the VOCs emitted by soils (Leff and
Fierer, 2008; McNeal and Herbert, 2009; Potard et al., 2017;
Svendsen et al., 2018). These molecules constitute signaling
pathways within microorganisms as well as between
microorganisms and soil fauna or plants (Wheatley et al.,
1997; Schöller et al., 2002; Kai et al., 2007). They can also be
produced as intermediate metabolites during decomposition of
litter and soil organic matter (Isidorov and Jdanova, 2002; Leff
and Fierer, 2008). Therefore, the plant cover, that controls the
properties of the litter available to soil microorganisms for
degradation, should impact the diversity and amount of VOCs
produced by these decomposers (Leff and Fierer, 2008). In soil
systems, the production of VOCs thus relies directly on biotic
parameters such as microbial and plants communities (roots and
aerial parts) that are known to emit a wide variety of these
molecules (Peñuelas et al., 2014; Gonzaga Gomez et al., 2019).

Besides these biotic properties, abiotic factors are also involved
in the regulation of the emissions of VOCs by soils. These factors
can act indirectly through the control of soil microbial activity or
directly by regulating the gas fluxes at the soil-atmosphere
interface. Once released in the pore space by roots and soil
microorganisms, VOC emissions to the atmosphere are thus
controlled by physical processes such as adsorption, diffusion
and advection that are specific to the VOC considered (Schade
and Custer, 2004) and linked to both soil physicochemical
properties (organic matter content, texture) and climatic factors
(temperature, humidity, surface wind) (Scanlon et al., 2002;
Asensio et al., 2008; Rolston and Moldrup, 2012; Redeker et al.,
2015). For example, methanol emission from a cropland soil was
related to dry conditions corresponding to higher air temperature
and global radiation (Gray et al., 2014; Bachy et al., 2018).
Moreover, as previously observed for carbon dioxide, methane

and nitrous oxide emissions by soil (e.g., Scott et al., 2006; Morin
et al., 2014), a diurnal dynamic might also be observed for VOC
fluxes from the soil to the atmosphere (Aaltonen et al., 2013). Thus,
multiple interactions and feedbacks between soil microbiota, plant
communities and soil chemical and physical properties should
affect the VOCs emitted by the soil systems.

While VOC emissions by plant vegetation and their variation
over time have been widely studied and used as input for air
quality modelling (e.g., Steinbrecher et al., 2009), measurements
of VOC fluxes from soil systems and their spatial and temporal
dynamic are still scarce. Depending on the biotope and the
associated biotic and pedological properties of the soil in
interaction with small scale climatic changes, different VOCs
are expected to be emitted from soil systems to the atmosphere.
Therefore, the objectives of this study were 1) to analyze the VOC
fluxes from soil systems of biotopes with different biotic (plant
cover and soil bacteria) and abiotic (texture, soil carbon and
nitrogen contents) properties, and 2) to relate temporal variations
in VOC fluxes to changes in the structure of soil bacterial
communities and climatic factors in order to document their
spatio-temporal dynamics.

This study was performed during the BioBlitz at the Biological
Field Station of Paimpont in France in July 2017 (Nicolai et al.,
2020) when we took advantage of the 24 h mobilization for a
spatio-temporal sampling of VOC emitted by soils. Three
contrasted biotopes (a meadow, a heathland and a forest) were
selected and we hypothesized that due to their differences in soil
properties, soil microbial communities, vegetation covers, and
thus litter composition, the soil systems from these three biotopes
would differ in VOC emission i) in amount and mass
composition and ii) in their temporal dynamics. To test these
hypotheses, VOC fluxes were measured after dynamic on-field
sampling at four sampling times within 24 h using a proton
transfer reaction mass spectrometer (PTR-MS). The results were
linked to some climatic, edaphic and biotic parameters
simultaneously monitored.

MATERIAL AND METHODS

Biotopes and Sampling Description
The study was performed on the 18 and 19th July 2017 at the
Biological Field Station of Paimpont (SBP), France. Three
biotopes were selected for their proximity among each other
and their contrasted vegetation cover (Supplementary Figure 1,
2; Supplementary Table 1). The meadow (MW) was a grazed
field covered withArrhenatherum elatius, the heathland (HL) was
characterized by Ulex europaeus and the oak forest (OF) was
dominated by oak trees (Quercus petraea and Quercus robur,
Supplementary Table 1). Ten days before the gas samplings, a
stainless steel collar (40 cm in diameter, 10 cm in depth) was
placed in the soil of each biotope for further gas sampling. The
main vegetation within each collar was Arrhenatherum elatius for
MW, Agrostis curtisii for HL and oak leaf litter for OF
(Supplementary Figure 3).

Four gas samplings (numbered from 1 to 4) were performed
for 24 h from 3:30 pm on the 18th July 2017 to 12:20 pm on the
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19th July 2017 (Figure 1). Topsoil (0–10 cm) was collected from
three spatially replicated plots for each biotope at the start of the
study using a soil auger (3 cm diameter) and sieved (2 mm) for
bio-physicochemical property analyses. At the first and third gas
sampling times, soil was concurrently sampled (n � 3) at 10 cm
outside the stainless collar to avoid soil perturbation inside the
collar for further gas measurements and stored at −20°C for
fingerprint analyses of bacterial communities. Plant species data
were extracted from the SBP-BioBlitz2017 dataset (Nicolai et al.,
2019) for species richness calculations (for sampling protocols see
Nicolai et al., 2020). Hourly atmospheric temperature and rainfall
were calculated as the mean of those parameters measured
concurrently by the two closest “Météo France” stations
(Mauron and Ploermel) from one day prior to the sampling to
the end of sampling (Figure 1). According to previous results
(Rossabi et al., 2018), for each sampling, the total rainfall from the
previous 5 h was taken into account for the analysis of the
regulation factors of VOC emission. A noteworthy
thunderstorm associated with an intense rainfall happened
four hours before the first sampling (5.2 mm rainfall in total
from 11:00 am to 2:59 pm; Figure 1). During each gas sampling,
soil temperature and the relative humidity in the air inside the
accumulation chamber were monitored using sensors (WiFi-
TH+, Corintech, United Kingdom, Supplementary Table 2).

Dynamic Volatile Organic Compounds
Sampling, Analysis and Calculations
VOCs were sampled and analyzed according to Potard et al.
(2017). A 20-L, stainless-steel, cylindrical top-chamber was
placed on the collars during the sampling time. The chamber’s

top was transparent to allow photosynthesis during the samplings
and the inside was equipped with a fan running at 150 rpm to mix
the indoor air during the sampling time. The chamber was first
flushed for 10 min with ultra-pure air (Air zero alphagaz 2, Air
liquide) at a flow rate of 5.5 L min−1, a six-liter vacuum canister,
dedicated to dynamic VOCs sampling (SilcoCan canister®,
Restek, Lisses, France) was then connected to the chamber
with a polytetrafluoroethylene (PTFE) tube and filled at a flow
rate equal to 0.210 L per minute. At the same time, to avoid
underpressure inside the chamber and to allow dynamic
sampling, ultra-pure air was injected at the opposite side of
the chamber outlet at the same flow rate than the sampling
flow. The rigid vacuum canisters used to collect the air sample
were passivated with a thin layer of molten silica bound to their
inside stainless-steel surface to keep VOCs stable until their
analysis (Król et al., 2010) which was performed in the
laboratory the day after the sampling ended.

VOC concentrations were measured by using a Proton
Transfer Reaction-Mass Spectrometer (Ionicon PTR-MS
Compaq QMS 300) (Lindinger et al., 1998), over a mass range
from 33 to 126 atomic mass unit (amu) leading to a total of 33
different masses detected. The mixing ratio of the molecule, [M],
was calculated from the H3O

+ and protonated molecule signals,
[H3O

+]0 and [MH+], respectively, according to the equation
(Lindinger et al., 1998):

[MH+] � [H3O
+]0 · (1 − e−k[M]t) ≈ [H3O

+]0 · [M] k t (1)

where t is the average time the ions spend in the reaction region of
the spectrometer and k is the reaction rate constant for the proton
transfer reaction equals to 2 10–9 cm3 molecule−1 s−1 for most of

FIGURE 1 | Hourly mean temperature and precipitation. The time schedule of the four samplings performed on the three biotopes (MW: Meadow, HL: Heathland,
OF: Oak Forest) are indicated by arrows.
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the VOCs we expected to detect. H3O
+ concentration was

previously corrected according to a transmission curve
obtained using standard gas calibration mixture (TO-15 subset
25 component mix, Restek corporation, Bellefonte, United States;
1ppm in nitrogen). Also, in order to minimize fragmentation of
themolecule during the proton transfer reaction and formation of
(H2O)n-H3O

+ clusters, the PTR-MS was operated at 135
Townsends. The air enclosed in each canister was scanned
nine times and the mixing ratio associated with each mass was
averaged on four scans. The ultra-pure air used during the
sampling was also analyzed directly from its high-pressure
cylinder and its measurement was then subtracted from the
VOCs spectrum of each sample to obtain the net
concentration. This PTR-MS had a limit of detection of 300
pptv in optimized settings, and only masses with a mixing ratio
higher than 500 pptv were taken into account in our analyses.
Each VOC flux (FVOC, g m

−2 s−1) from soil was calculated using
the following equation:

FVOC � QxCVOC xM
VMxA

(2)

where Q is the flow rate (m3 s−1), CVOC is the concentration of
VOC measured (ppb) obtained from [M] in the equation (1), M
is the molecular weight of the VOC (g mol−1), VM is the
molecular gas volume at the sampling temperature (23.233 L
mol−1 at 15°C and atmospheric pressure) and A is the soil area in
the microcosms (0.128 m2). Some protonated masses were
assigned to known molecules if they have previously been
detected using a PTR-MS under the same configuration
conditions (Ellis and Mayhew, 2014) and if they are known to
be emitted by soil systems (Supplementary Table 3).

Soil Characterization
The soils collected were hand sieved at 2 mm and homogenized
prior to physicochemical characterization and soil bacterial
analyses. A soil sample was sent to the Labocea laboratory
(Combourg, France) for texture, organic matter, total
nitrogen, cation exchange capacity (CEC) and pH
measurements (Table 1).

Soil bacterial abundances were determined after bacterial cell
extraction using Nycodenz density gradient and a protocol
adapted from Courtois et al. (2001). Sieved soil samples (5 g)
were suspended in 35 ml of 0.2% Hexametaphosphate (HMP)

and homogenized by mechanical mixing with glass beads for 2 h.
After a first centrifugation at 18 G for 1 min at 10°C, the
supernatant was centrifugated at 3,220 G for 20 min at 10°C
and the pellet was resuspended in 10 ml 0.8% NaCl. Cells and
soil particles were separated using Nycodenz density gradient
(Proteogenix, France). A 10 ml Nycodenz cushion with a 1.3 g
ml−1 density (8 g of Nycodenz to 10 ml of ultrapure water) was
placed below the 10 ml of soil suspension in a centrifuge tube,
followed by centrifugation at 3,220 G for 40 min at 4°C. The
bacterial cell fraction, floating at the top of the density gradient,
was carefully recovered with a pipette. The Nycodenz solution
was removed from the bacteria by three consecutive washes using
sterile 0.8%NaCl. The final cell pellet was resuspended in 90 µL of
TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and 10 µL of 25%
glutaraldehyde solution were added (Sigma-Aldrich, Saint-Louis,
MO, United States). The number of bacteria recovered was
estimated by counting cells stained with 1X SYBR Green by
flow cytometry on a BD Accuri C6 flow cytometer (Accuri
Cytometers, Ann Arbor, MI, United States) after ten-fold
dilution of the samples and filtration at 3 µm. The BD Accuri
C6 flow cytometer threshold was set at 500 nm in fluorescence
channel 1 (FL1). Green fluorescence was collected in the FL1
channel (533 ± 30 nm) on a logarithmic scale. Data analysis was
carried out using the BD CFlow® software. Total bacterial counts
were obtained by subtracting the counts in blank from the counts
in the sample.

To analyze bacterial community structures, fingerprint
terminal restriction fragment polymorphism (T-RFLP)
analyses were performed for each soil sample as described by
Hoeffner et al. (2018). Briefly, DNA was extracted from 0.5 g of
soil according to the Griffiths protocol (Griffiths et al., 2000)
modified by Monard et al. (2013). Bacterial 16S rRNA gene was
amplified by polymerase chain reaction (PCR) using the
fluorescently labeled forward primer 63F (5′-[6FAM] CAG
GCCTAACACATGCAAGTC-3′) (Marchesi et al., 1998) and
the reverse primer 1389R (5′-ACGGGCGG TGTGTACAAG-
3′) (Osborn et al., 2000). Reaction mixtures (25 µL) contained
2 µL of ten-fold diluted soil DNA, 1X PCR buffer, 0.2 mMdNTPs,
0.4 µM of each primer and 2.5 units of AmpliTaq polymerase
(Applied Biosystems). The PCR amplifications were performed
with an initial denaturing step of 4 min at 95°C, followed by 25
cycles of 95°C for 30 s, 58°C for 1 min and 72°C for 1 min and a
final extension step of 72°C for 10 min. For each sample, two
PCRs were run separately and the replicated amplicons were
pooled together and 20 µL were digested with 10 units of MspI
(Promega) for 3 h at 37°C. The digested DNA were precipitated
overnight and resuspended in 10 μL of sterile water. The T-RFs
were separated and accurately sized on an ABI system analyzer
(3,730; Applied Biosystems) at the Biogenouest platform. T-RFLP
profiles were analyzed using Peakscanner version 1.0 (Software,
Applied Biosystems, Foster City, CA, United States), and peaks
from 50 to 500 bp were retained. Data compilation,
determination of true peaks and T-RFLP alignment were
undertaken using the T-REX platform (Culman et al., 2009),
each T-RF was coded as a discrete variable (0 for its absence or 1
for its presence) and the bacterial richness (S) was expressed as
the number of T-RFs.

TABLE 1 | Biophysicochemical properties of the soils from the three biotopes
(MW: Meadow, HL: Heathland, OF: Oak Forest).

MW HL OF

Clay (%) 12.5 11.5 15.2
Loam (%) 51.8 36.9 50.4
Sand (%) 35.8 51.5 34.5
CEC 9.8 11.6 13
Organic matter (%) 6 8.4 9.3
Total N (g kg−1 dry soil) 3.1 4 3.3
pH 4.7 4 4.2
Bacterial abundance (bacteria g−1 dry soil) 82,293 314,081 235,266
Bacterial richness (number of T-RFs) 70 41 31
Plant richness 31 30 1
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Data and Statistical Analyses
All analyses were run using the R statistical software (http://
www.r-project.org). As a time-series study, all the statistical
analyses were implemented using individual sampling points as
usually done for field measurements (Dumanoglu et al., 2014;
Jaars et al., 2016; Osburn et al., 2019). To test for an effect of the
biotope and sampling time on total VOC fluxes, one-factor
ANOVAs were first implemented using the “lm” function. We
then analyzed the effect of rainfall, soil temperature and Rh
(relative humidity) on total VOC fluxes using generalized linear
model (GLM) and the “glm” function (MASS package) with
Gaussian error distribution and identity function. Rh and
rainfall being correlated (R2 > 0.7), only rainfall was taken
into account in the models. The performance of the models
was estimated using the AIC (Sakamoto et al., 1986) and the
“stepAIC” function from the MASS package. Redundancy
Analysis (RDA) followed by hierarchical clustering (Ward
method) was used to assess the influence of biotic and
abiotic parameters on VOC emissions using the ADE4
package (Dray and Dufour, 2007). Highly correlated
variables, R2 > 0.9 for environmental variables and R2 > 0.98
for VOCs, were reduced to one variable (i.e. rainfall and
atmospheric temperature; soil nitrogen and sand contents;
soil organic matter content, cation exchange capacity, soil
water content, and bacterial abundance). Statistical
significance was assessed by a Monte Carlo Test with 1,000
permutations. Non-metric multidimensional scaling (NMDS)
of bacterial community structures were performed using the
“vegan” library (Oksanen et al., 2015) followed by hierarchical
classification with the “pvclust” package (Suzuki and
Shimodaira, 2006). Jaccard distances were calculated on the
presence-absence data, and a non-parametric similarity test
(function “anosim”) was implemented to compare the
bacterial composition between biotopes and between day and
night samples. The hierarchical classification used the ward
method on binary distances. Spearman correlations between
T-RF and VOCmatrixes were calculated with the “cor” function
and visualized using the “gplots” library.

RESULTS

Characterization of the Soils From the Three
Biotopes
The soils from the forest and the meadow were qualified as loamy
and the one from the heathland as sandy loam; all three soils were
acid with pH varying from 4.0 to 4.7 (Table 1). The soil from the
meadow presented the lowest content in organic matter (6.0%)
and in bacteria (8.2 104 bacterial cells per gram of dry soil), but the
highest bacterial richness (Table 1). It was covered with
Arrhenatherum elatius. The soil from the heathland had the
highest total nitrogen (4.0 g of N per kg of dry soil) and
bacterial contents (3.1 105 bacterial cells per gram of dry soil)
and its plant cover was dominated by Agrostis curtisii. The soil
from the oak forest was the richest in organic matter (9.3%); it was
entirely covered with oak leaf litter without any plant cover
(Supplementary Figure 3).

Spatial and Temporal Dynamics of Volatile
Organic Compounds Fluxes and Their
Composition
The mean VOC fluxes observed from soils in the heathland and
the meadow were similar (12.3 ± 6.6 and 11.4 ± 3.8 µg VOCs h−1

m−2, respectively) and higher than those in the oak forest biotope
(6.9 ± 2.6 µg VOCs h−1 m−2). However, due to high variations
among total VOC fluxes measured in each biotope with time, no
significant effect of the biotope on the total VOC fluxes was
observed (ANOVA, F � 1.17, p � 0.35). Some changes in the
composition of masses were detected between the three biotopes.
The highest total richness of masses (sum of all the different
masses detected) was observed in VOC fluxes emitted by the soil
in the meadow, with 32 different masses detected, m60, m91,
m107, and m121 being specific to this biotope (Figure 2). They
were only detected at the first sampling time (day, right after
rainfall, Figure 1). No single VOC mass was specific to the soil in
the heathland that presented an intermediate VOC richness of 28
masses. In the oak forest, the total VOC richness was the lowest
(S � 20), and m95, known as phenol (Supplementary Table 3;
Feilberg et al., 2015), was specific to this biotope (Figure 2).
Interestingly, m 33 and m69, identified as methanol and isoprene,
respectively (Supplementary Table 3; Warneke et al., 1999;
Aaltonen et al., 2013; Veres et al., 2014), were not detected in
the gas samples from the forest soil.

In each biotope, the VOC fluxes varied over time (ANOVA,
F � 4.41, p � 0.04; Figure 3). Whatever the biotope, VOC fluxes
were the highest at the first sampling time (day, right after rainfall,
Figure 1), ranging from 10.8 to 23.2 µg VOCs h−1 m−2 in the
forest and meadow biotopes, respectively. In the meadow and in
the heathland, fluxes decreased gradually over time, down to
6.8 µg VOCs h−1 m−2 while VOC flux from the oak forest soil at
the last sampling time (7.4 µg VOCs h−1 m−2) was higher than the
ones observed at the second (5.4 µg VOCs h−1 m−2) and third
sampling times (3.8 µg VOC h−1 m−2), which happened at night
(Figure 3).

Regarding the fluxes of individual masses, twelve (m35, m41,
m45, m54, m57, m59, m63, m73, m83, m87, m93, and m101) out
of the 33 different masses detected during the entire sampling,
were emitted in higher amount at the first sampling time (day,
right after rainfall, Figure 1) whatever the biotope. Among these
masses, some had similar emission patterns to the total VOC
fluxes observed in each biotope (m45, m57, and m73; Figure 3).
Others were only detected at the first sampling time (m51, m56,
m63, m71, m77, and m81) and, among them, m51, m56, m71,
m77, and m81 were solely emitted by the meadow and heathland
soils (details not shown). The fluxes of m33 (methanol) from the
meadow and heathland soils were at least 4 and 12 times greater at
the first sampling time than at the three other ones, respectively.
These methanol emissions corresponded to 7.5 and 17% of the
total VOC fluxes from themeadow and heathland soils at this first
sampling time, respectively. Contrarily to the general trend, m43
and m61 presented a reduced flux at the first sampling time in the
meadow and heathland compared to the latter samplings
(Figure 3). Apart from this first sampling, these two masses
had similar emission patterns, the mean m43/m61 ratio from the
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three last samplings being of 0.64 ± 0.04. The mass m126 seemed
to be continuously emitted, its fluxes not varying much in space
and time (Figure 3).

Regulation Factors of Volatile Organic
Compound Emissions From Soils
The VOC fluxes from soils were significantly shaped by
environmental biotic and abiotic data associated to each
biotope (Monte Carlo test, obs � 0.548, p � 0.029, Figure 4),
and the total VOC flux significantly increased with soil
temperature (GLM, p � 0.002). The RDA results (Figures
4A,B) showed that some VOCs emitted by soils (m35, m41,
m45 (acetaldehyde)/m33 (methanol), m54, m63, m73/m57, m77,
and m83 with correlation coefficients >0.8 to the first axis,
Supplementary Table 4) were strongly shaped by climatic
factors (rainfall and atmospheric temperature with the highest
correlation coefficient, 0.94, to the first axis, Supplementary
Table 5). The VOC spectra observed at the first sampling time
(day, right after rainfall, see also Figure 1) were similar in the
three studied biotopes, but separated from the other sampling
times on the first axis that accounted for 73.48% of variation
(Figure 4C). For the other sampling times, VOC spectra from the
heathland and meadow biotopes were slightly different, while the
VOC spectra from the oak forest were clearly separated from the
two other biotopes. At these sampling times without significant

FIGURE 2 | Mean fluxes of each mass that composed the VOC spectra emitted by the meadow (MW, white), the heathland (HL, grey), and the forest (OF, black)
soils for the four sampling times. Error bars represent standard deviations.

FIGURE 3 | Fluxes of the masses that composed the VOC spectra
emitted by the meadow (MW), the heathland (HL) and the oak forest (OF) soils
at the four sampling times (D—Day time and N—Night time). The ten main
masses are detailed, the other ones are summed and presented as
others.
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FIGURE 4 | Results of RDA analysis on VOC fluxes from soil (A) and environmental data (B) associated to different biotopes at various sampling moments (C). (a)
The contribution of each VOC to each axis, (b) the correlation coefficients of each parameter to each axis, and c) the projection of the composition of VOC fluxes recorded
in different biotopes (MW-meadow, HL-heathland, OF-oak forest) at different sampling times (1–4, see Figure 1) and clustered into three groups following a hierarchical
cluster analysis. Observations were done on July 18 and 19, 2017. Monte-Carlo test (1,000 permutations): p � 0.029. Eigenvalues of constrained and
unconstrained axes were 66.69 and 33.31%, respectively. RDA was constructed on the first two constrained axes with eigenvalues of 73.48 and 13.37%, respectively.
CEC—cation exchange capacity, OM—organic matter, WC—water content, RH—relative humidity of air, Atm. T—atmospheric temperature, Bacteria—abundance of
soil bacteria, Plants—Plant richness.

FIGURE 5 | A) NMDS performed on the bacterial composition in soils of the three sites, OF—Oak Forest (red), HL—Heathland (green), MW—Meadow (blue),
measured as presence-absence (Jaccard distribution, k � 2, Stress � 0.12). Samples are indicated with 1-day and 3-night as well as R1 to R3 for replicates (see also B).
The ellipsoids indicate the significant difference in bacteria composition between sites (anosim, R2 � 0.355, p � 0.001). (B). The hierarchical classification (ward method
on binary distances) confirms the clear distinction of the bacteria composition between sites (bootsrap n � 100, approximately unbiased p ranges between 77 and
93%) and between day and night (bootsrap n � 1,000, approximately unbiased p ranges between 82 and 100%).
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rainfall (sampling time 2–4, see Figure 1), VOC fluxes were
negatively shaped by the relative humidity of air inside the
accumulation chamber (correlation coefficients to first axis of
−0.81, Supplementary Table 5) that increased with time
whatever the biotope (Supplementary Table 2).

The bacterial communities from the three biotopes were
significantly different (anosim, R2 � 0.36, p � 0.001, Figure 5A).
While the day and night samplings were similar when all three
biotopes were pooled (anosim, R2 � 0.05, p � 0.19), the bacterial
communities were clustered in distinct day and night samples (first
and third samplings, respectively) within each biotope (pvclust,
approximately unbiased p > 82%, Figure 5B). Spearman
correlations were calculated between VOC fluxes and the T-RF
matrix obtained from fingerprint analyses of bacterial communities
in the three biotopes performed at day (first sampling) and night
(third sampling) using T-RFLP (Supplementary Figure 4). While
no significant correlation was observed between the VOC spectra
emitted and the total bacterial richness (Figure 4, Supplementary
Table 5), specific strong relationships were observed between
individual VOCs and the presence of some T-RFs
(Supplementary Figure 4), either positive (e.g., T-RFs 111, 222,
398 and 414 with m60, m89, m91, m107, and m121, or T-RFs 61,
72, 213, 252, 368, 397, 406, 409, 415, and 459 with m95) or negative
relationships (e.g., T-RFs 94, 107, 112, 118.5, 267, and 269 with
m65, or the T-RF 135 and 420 with the m43; Supplementary
Figure 4). However, no generalizable links could be concluded
neither for a mass nor a T-RFs. (Supplementary Figure 4).

DISCUSSION

The present study aimed to determine spatial and temporal
dynamics of VOC emissions by soil systems. This short time-
series study in three distinct biotopes included individual sampling
points allowing to observe interesting trends in the dynamics of
VOC fluxes despite the lack of repeated concurrent measurements.
Surprisingly, the biotope did not significantly impact the
quantitative fluxes of VOCs due to high variation between the
four measurements. However, in line with previous studies (Veres
et al., 2014;Mancuso et al., 2015; Rossabi et al., 2018), differences in
the composition of VOC fluxes were observed among the three
studied sites (i.e., biotopes) thanks to the multivariate analysis
distinguishing each corresponding time series. A generalization of
this site-specific result to biotope level would need a study that
involves spatial replication for each biotope. The VOCs sampling
device used in the present study did not allow us to differentiate the
VOCs emitted by soils to those emitted by the plant cover present
inside the collar (Supplementary Figure 2, 3). We thus measured
VOC emissions by soil systems, including soil by itself but also the
vegetation it supports and the associated roots and litters. The
spatial dynamic of the mass composition of VOC fluxes might thus
be attributed to the contrasted soil physicochemical properties of
the three biotopes (Petersen et al., 1995; Scanlon et al., 2002;
Rolston and Moldrup, 2012), the differences in the composition
of their soil microbial communities (McNeal and Herbert, 2009;
Svendsen et al., 2018), but also to their distinct plant cover
(Kesselmeier and Staudt, 1999) and/or type of litter deposited at

the soil surface (Isidorov and Jdanova, 2002; Leff and Fierer, 2008;
Yuan et al., 2009; Gray et al., 2010). The present study focused on
soil bacteria because of their high abundance in soils and their well-
studied involvement in VOC emissions. However, fungi have also
been shown to produce VOCs, such as isoprene, acetone or
acetaldehyde (Bäck et al., 2010.; Müller et al., 2013), which
should also have an impact on our measured VOC fluxes.

It is noteworthy that no isoprene and methanol emission was
detected in gas samples from the oak forest biotope. In this biotope,
the soil was covered with oak leaf litter without any growing plant
inside the collar contrarily to the other biotopes. This could explain
the absence of isoprene which is mainly emitted by the
photosynthetic parts of plants (Sharkey and Yeh, 2001; Sharkey
et al., 2008). The forest soil had a more specific bacterial
community than the two other ones, which might have led to
the more specific VOC emission patterns observed in this biotope.
For instance the absence of methanol emissions in the oak forest
was striking. Methanol is indeed produced by both plants and soil
microorganisms (Peñuelas et al., 2014; Gonzaga Gomez et al.,
2019). As we measured the net fluxes, we were thus unable to
determine if this compound was not detected in the soil from the
forest due to high uptakes or due to an absence of production by
soil microorganisms. Microorganisms can indeed consume VOCs,
making soil systems either source or sink of these molecules
(Cleveland and Yavitt, 1998; Owen et al., 2007; Leff and Fierer,
2008). Methanol is known to be produced by forest floors
(Aaltonen et al., 2013; Gray et al., 2014; Mäki et al., 2019)
during plant litter decomposition (Gray et al., 2010) and was
described as being produced by oak roots due to pectin
demethylation during their growth (Folkers et al., 2008). It is
most likely that the forest biotope constituted a sink for
methanol. Methanol uptake by soil has previously been
described in wet conditions (Asensio et al., 2007; Schade et al.,
2011; Bachy et al., 2018). Trace gas uptake in soils is generally
mediated by microorganisms and the rates are affected by physical
parameters such as soil texture and water filled pore space, which
control the diffusion rates to hot spots of active microorganisms in
soil (e.g., Smith et al., 2003). Moreover, some physical adsorption
and desorption mechanisms (Laffineur et al., 2012) also regulate
the bi-directional exchange dynamics depending on soil surface
temperature and humidity (Bachy et al., 2018). Consumption of
methanol is performed by methylotroph bacteria (Kolb, 2009) and
has already been observed in soils (Stacheter et al., 2013; Morawe
et al., 2017). It has been shown that the methanol oxidation activity
was more important under the presence of roots (Stacheter et al.,
2013) leading to higher methanol uptakes from root-containing
soils as observed by Asensio et al. (2007), who concluded that
rhizosphericmicroorganisms should consumemethanol. Thus, the
absence of methanol in the VOC spectra emitted by the soil from
the oak forest might be due to an uptake by the soil due to both its
physicochemical properties and the activity of specific rhizospheric
microbial communities. However, the underpinned processes still
remain unclear and our study did not allow us to disentangle the
mechanisms specific to the observed methanol exchanges and the
way the forest biotope acted as a sink of methanol.

The GLM indicated that the soil temperature was the main
climatic factor measured controlling total VOC flux and its
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emission patterns. Bachy et al. (2018) already observed that
methanol fluxes from a cropland soil were positively correlated
with soil surface temperature as did Asensio et al. (2008) on a
calcic loamy soil, Schade and Custer (2004) on an agricultural
field, and Gray et al. (2014) and Greenberg et al. (2012) on a soil
from a pine forest. Besides methanol, Aaltonen et al. (2013) and
Gray et al. (2014) observed similar results for acetaldehyde.
Temperature has such a strong effect on VOC emissions that
we were able to identify it as a main regulating factor in the
present short-term study, corroborating previous results obtained
with continuous long-term field measurements (e.g., Aaltonen
et al., 2013). Temperature controls both the volatility and the
biological production process of VOCs in soils but it seems that
its biological effect overtakes the physicochemical one, as Li et al.
(2019) did not observe any effect of the temperature on VOC
emissions from a sterile soil. Temperature has a direct effect on
microbial activity and soil respiration (Paul and Clark, 1996;
Pietikäinen et al., 2005). This could lead to an increase in soil
organic matter decomposition that constitutes a source of VOCs
produced by this microbial process (Isidorov and Jdanova, 2002;
Leff and Fierer, 2008). Moreover, temperature also controls VOC
emissions by plants; VOC fluxes from plant leaves being
correlated with temperature (Mozaffar et al., 2017; Gonzaga
Gomez et al., 2019). The effect of temperature on VOC fluxes
observed in the present study might thus have resulted from both
changes in soil microbial activity and in emission patterns by the
plants present inside the collar.

Whatever the biotope, VOC fluxes were the highest at the first
andwarmest sampling time performed directly after the intense rain
event that occurred during the three hours before the first sampling.
These higher fluxes of VOCs were due to both higher emissions of a
“core” spectrum of VOCs but also to the emission of molecules that
were only detected right after the rainfall. Such a pulse in total VOC
emission from soil systems following wetting events has been
previously observed in laboratory conditions and described to
last approximately 5 h (Rossabi et al., 2018). As previously
observed (Greenberg et al., 2012), emissions of methanol (mass
33) from the meadow and heathland soils, and acetaldehyde (mass
45) and acetone (mass 59) from all soils were higher just after the
rain event. This pulse of VOC emissions might be linked to a
stimulation of soil microbial activity (Landesman and Dighton,
2011) due to a combined effect of higher soil moisture content and
temperature, this latter being the highest at this sampling time.

The RDA pointed out that some VOC fluxes were affected by
an increase in the relative humidity of air in the sampling
chamber headspace. It has previously been reported that PTR-
MS measurements might be biased by changes in relative
humidity due to the formation of water clusters that
differently react with compounds than H3O

+ in the drift tube
(Pang, 2015; Trefz et al., 2018). However, this bias in VOC
quantification due to water clusters leads to higher amounts of
VOCs detected with increased relative humidity (Trefz et al.,
2018).Our results showed the opposite trend. Such reversed
relation between VOC fluxes and relative humidity has
previously been reported (Asensio et al., 2007) and was
assigned to physical adsorption of oxygenated VOCs to water
(Pignatello and Xing, 1996; Aaltonen et al., 2013). The relative

humidity of air affects the amount of surface-adsorbed water
inside the chamber and acts on gas uptake rates and deposit on
soil (Crowley et al., 2010). As noticed by Aaltonen et al. (2013),
with increasing relative humidity, a water film thickened at the
inner surface of their sampling chamber and may have an effect
on the most water-soluble compounds by catching or dissolving
them. Such a phenomenon might have taken place in our
stainless-steel chamber while sampling at high level of relative
humidity, the relative humidity of air increasing from the first to
the fourth samplings independently of the biotope.

As proposed by Gray et al. (2010), the masses 43 and 61 can be
associated to acetic acid (Supplementary Table 3) since they
presented similar emission patterns except for the first sampling.
Acetic acid emissions from the meadow and heathland soils
responded differently than the total VOC emissions and were
lower at the first sampling time than at the three latter times. It
has previously been observed that bare soils could significantly
uptake acetic acid (Bachy et al., 2016) probably due to microbial
consumption. Moreover, it has recently been shown that plants can
also act as an acetic acid sink, and that deposition increased during
daytime (Gonzaga Gomez et al., 2019). As we measured net fluxes,
we did not have access to gross rates, acetic acid could thus have
been i) less produced or more consumed by soil microorganisms
and/or ii) more deposited on plants at the soil surface in both the
meadow and heathland biotopes after the rain event. Moreover,
some abiotic processes, such as adsorption on the soil matrix (Breus
andMishchenko, 2006), might also be involved since changes in the
m43/m61 ratios were observed at this first sampling time andmight
be explained by changes of the equilibrium between biotic and
abiotic emissions of VOCs (Gray et al., 2010).

Diurnal dynamics of VOC fluxes from soils have previously been
observed (Schade and Custer, 2004; Aaltonen et al., 2013; Bachy
et al., 2018; Mäki et al., 2019) but were not detected in the present
study. It seemed that the rain event had such a strong effect on total
VOC fluxes from the meadow and heathland soils that it surpassed
the diurnal dynamic that could have been observed. Longer and
repeated monitoring would have been necessary to prevent this
effect. In the forest soil, probably due to the canopy of oak trees, the
rain drops on soil might have been limited and we observed more
total VOC fluxes in day time (first and fourth samplings) than at
night (second and third samplings). These variations might be
attributed to diurnal changes of atmospheric and soil temperatures
or radiation (Schade and Custer, 2004; Aaltonen et al., 2013; Bachy
et al., 2018; Mäki et al., 2019) and they were detected for several
masses in this biotope (m35, m43, m45, m57, m61, m73, m75, m79,
m83, and m126) but not for acetone (m59) as already described
before (Schade and Custer, 2004). For all biotopes we observed
changes in the structure of bacterial community between day (first
sampling—three replicates) and night (third sampling—three
replicates) time. While these differences in bacterial communities
could be linked to changes in relative humidity (84 and 93.5% at the
first and third samplings, respectively) and soil temperature (19.7
and 18.7°C at the first and third samplings, respectively), it has been
previously observed that soil microorganisms can be regulated by
the plant circadian clock inducing changes in their community
between day and night time points (Staley et al., 2017; Hubbard
et al., 2018). This temporal dynamic of microbial communities
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within each biotope might thus have impacted the flux of VOCs
emitted in quantity and composition since VOCs could be
considered as indicators of shifts in the composition of soil
microbial communities (Bunge et al., 2008; McNeal and Herbert,
2009; Svendsen et al., 2018). Moreover, these changes in soil
microbial communities can induce differences in individual
VOC emissions (Potard et al., 2017) through switches in the
equilibrium between consuming and producing microbial
populations. We indeed observed both negative and positive
correlations between some bacterial T-RFs and some specific
VOCs that could respectively indicate consumption and
production of these molecules.

CONCLUSION

This study aimed to characterize VOC emissions by soil systems
from three different biotopes during a 24 h monitoring in summer.
Although it would have benefit from longer monitoring, it supplies
data regarding VOC emissions by soils which are scare compared
to plant sources. We observed that total VOC fluxes from soil
systems to the atmosphere seemed to primarily rely on climatic
parameters (soil temperature). Moreover, the intense rainfall event
combined to high atmospheric temperatures were behind pulses of
total VOC emissions from soil systems. The mass composition of
the VOC spectra was probably driven by several interacting biotic
and abiotic soil properties leading to differences between the three
biotopes, the soil from the oak forest emitting specific VOC spectra.
Bacterial communities tended to be structured depending on the
biotope they originated from, but their specific involvement in the
emission of VOCs from soils could not be highlighted in the
present study. This may be due to their role in both production and
consumption of these molecules and to their interdependence with
abiotic parameters that control their diversity and activity just like
they physically regulate VOC fluxes. Moreover, our sampling
device allowed us to sample VOCs emitted by soil systems,
which comprise the soil with its vegetation and associated roots
and litters that were specific to each biotope. Overall, these results
highlighted the complex interconnections between abiotic and
biotic parameters that could directly or indirectly drive VOC
emissions in a short-term (flux and diversity of masses) and

pointed out the concurrent need for experiments in controlled
conditions that would allow to disentangle the regulating
parameters of VOC emissions from the soil to the atmosphere.
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