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Abstract

Biogenic volatile organic compounds (BVOCSs) can be released from soils to the
atmosphere through microbial decomposition of plant residues or soil organic carbon, root
emission, evaporation of litter-stored BVOCs, and other physical processes. Soils can also act
as a sink.of BVOCs through biotic and abiotic uptake. Currently, the source and sink
capabilities of soils have not been explicitly accounted for in global BVOC estimates from

the terrestrial biosphere.

In this review, we summarize the current knowledge of soil BVOC processes and aim
to propose a generic framework for modelling soil BVOCs based on current understanding
and data availability. To achieve this target, we start by reviewing measured sources and
sinks of soil BVOCs and summarize commonly reported compounds. Next, we strive to
disentangle the drivers for the underlying biotic and abiotic processes. We have ranked the
list of compounds, known to be emitted from soils, based on our current understanding of
how each process controls emission and uptake. We then present a modelling framework to
describe soil BVOC emissions. The proposed framework is an important step towards
initializing modelling exercises related to soil BVOC fluxes. Finally, we also provide
suggestions for measurements needed to separate individual processes, as well as explore

long-term and large-scale patterns in soil BVOC fluxes.

Plain Language Summary

Living plants emit biogenic volatile organic compounds (BVOCs), which have
impacts on regional and global climate. However, BVOCs can also be released from fallen
leaf litter, plant roots, and soil organic matter, and some compounds are also consumed by
soil microbes. In this article, we begin by sorting out the processes that govern soil emissions
and uptakes of BVOCs, and summarize the current understanding and available data for each
process. Furthermore, we propose a generic modelling framework to add soil BVOC-related
processes into the typical structure existing in many ecosystem models. We also provide

suggestions for future measurements that would help with model-data integration.
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1 Introduction

Plant-emitted biogenic volatile organic compounds (BVOCSs) have been extensively
studied and the regional and global estimates of plant BVOC emissions are used as key
drivers for atmospheric chemistry models to study the impacts of terrestrial BVOCs on the
climate system (Guenther et al., 2012). Soil-related BVOC emissions could also contribute to
ecosystem emissions, and thereby impact atmospheric chemistry (Kramshgj et al., 2016;
Mochizuki et al., 2015; Nolscher et al., 2016), but they have been less well-studied than plant
emissions. BVOCs can be released through microbial decomposition of plant residues or soil
organic carbon (SOC) (Aaltonen et al., 2013; Insam & Seewald, 2010; Leff & Fierer, 2008;
Stahl & Parkin, 1996), evaporation of litter-stored BVOCs (Aaltonen et al., 2011) and other
physical processes (e.g., desorption from leaf litter tissue (Warneke et al., 1999), and from
soil organic matter (Bachy et al., 2018; Schade & Custer, 2004)). Moreover, plant roots can
also emit BVOCs (Kreuzwieser & Rennenberg, 2013). Similar to aboveground plant
volatiles; soil BVOCs are produced for signaling, communication, defense, and stimulation or
inhibition of plant or microbial growth (Delory et al., 2016; Insam & Seewald, 2010). Soils
can also act as a sink of BVOCs through both abiotic (Ruiz et al., 1998) and biotic uptake
(Cleveland & Yavitt, 1998; Owen et al., 2007). Currently, neither the source nor the sink
capabilities of soils have been explicitly accounted for in the global BVOC estimates from
the terrestrial biosphere (Sindelarova et al., 2014). However, the importance of soil
emissions; including those from litter, roots, and SOC, in ecosystem BVOC exchange are
increasingly acknowledged (Aaltonen et al., 2011; Bourtsoukidis et al., 2018; Kramshgj et al.,
2016), for their contributions to total BVOC inventories (Gray et al., 2014; Janson, 1993) and
the seasonal patterns observed at the ecosystem level (Aaltonen et al., 2011; Hakola et al.,
2003; Hellén et al., 2006; Maki et al., 2019).

Current field estimates of the contribution of soil emissions to the total ecosystem
fluxes of BVOCs range from less than one percent (Asensio et al., 2007b) to tens of percent
(Aaltonen et al., 2013; Kramshgj et al., 2016; Schade & Goldstein, 2001), with large
variations between ecosystems, litter types, and seasons. In the Arctic, with low plant
biomass, soil emissions can contribute up to 20% of the ecosystem emission (Kramshgj et al.,
2016). Soil BVOC emissions from the boreal pine forest floor can exceed branch-level
emissions in spring and autumn, when photosynthesis is limited by low temperature and light

(Hellén et al., 2006) but litter is in a relatively early stage of decomposition (Isidorov et al.,
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2010; Méki et al., 2019; Rantala et al., 2015). Hakola et al. (2003) measured BVOC
concentrations above a Finnish coniferous forest and found that the atmospheric monoterpene
concentration in autumn was close to summer concentrations, and suggested that needle litter
IS an important autumn source of BVOCs. Bourtsoukidis et al. (2018) found that
sesquiterpene emissions from Amazonian soils were of comparable magnitude to the canopy
emissions during dry seasons, and also illustrated the important role of soil sesquiterpene
emissions on Og reactivity at the forest floor. Staudt et al. (2019) reported that a Maritime
pine forest ground was a large source of pinenes. However, other studies suggest that soil
emissions play an insignificant role because they only constitute a very small fraction of
ecosystem emissions (Asensio et al., 2007a; Greenberg et al., 2012; Hayward et al., 2001).
The relative contribution of soil emissions to ecosystem fluxes is expected to vary with
ecosystem, litter and soil types, but the methods applied to measure these two levels of fluxes
can also have an impact on the concluded soil contributions. Nevertheless, a few global
estimates of soil sources and sinks have been described based on limited site measurements:
Sawada and Totsuka (1986) estimated that global ethylene emissions from the soil A0 layer
amounts to 3.7 Tg/yr, which is around 22% of the total biogenic emission. Warneke et al.
(1999) extrapolated from laboratory studies and concluded that globally, around 6-8 Tg/yr of
acetone and 18-40 Tg/yr of methanol are emitted into the atmosphere from soil. Cleveland
and Yavitt (1997) suggested that soil provides a global isoprene sink of 20.4 Tg/yr. These
global numbers bear great uncertainties, with a very low geographical coverage of

measurements and poor understanding of the underlying processes.

The potential impacts of soil BVOC emissions on atmospheric chemistry are even less
well-understood than emission magnitudes. Faiola et al. (2014) found that litter-derived
emissions can facilitate the formation of organic aerosols in spring and autumn in a temperate
pine forest. Furthermore, the potential role of soil (including litter) BVOC emissions in
decreasing reactive hydroxyl radical (OH) has been hypothesized based on atmospheric
chemistry models and OH reactivity measurements. Studies of OH reactivity often indicated
incompletely determined sources of BVOCs, and suggested a missing OH sink within the
canopy (Di Carlo et al., 2004; Nolscher et al., 2016; Sinha et al., 2010).

BVOCs can also influence soil biogeochemical processes. E.g., BVOCs increase
microbial respiration at the soil-litter interface (Ramirez et al., 2010), and negatively impact

soil N transformations (Smolander et al., 2006) and methane oxidation (Amaral & Knowles,
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1998); BVOC:s are also involved in the regulation of plant and root growth (Ditengou et al.,
2015; Ryu et al., 2003), plant-plant and plant-other organisms interactions (Delory et al.,
2016; Insam & Seewald, 2010; Wenke et al., 2010). BVOC-mediated interactions in soils
were reviewed by Pefiuelas et al. (2014) and Insam and Seewald (2010), so will not be
addressed here. The work by Insam and Seewald (2010) focuses on soil microbial BVOCs
and presents literature regarding emission and uptake patterns of BVOCs for different soil
organisms, mainly bacteria and fungi. It further outlines potential directions for attaining a
better understanding of soil BVOC emission profiles. The review by Pefiuelas et al. (2014)
covers topics ranging from the potential source and sink strength of soil BVOCs to multi-
dimensional interactions of volatile compounds in soil systems. Both papers give an excellent
overview of the current state of understanding for soil BVOCs and clearly express
perspectives on future directions in this field. In contrast, our review covers literature with the
main focus on processes understanding of soil BVOC sinks and sources, and proposes a
framework for modelling soil BVOCs in existing ecosystem models. We start by reviewing
measured sources and sinks of soil BVOCs and disentangling the biotic and abiotic processes
controlling BVOC fluxes. Next, we summarize the most-often reported compounds and
present generic mathematical equations for each process. Finally, we provide suggestions for

conducting soil BVOC measurements in the laboratory and field.

We included three types of articles in our review: (1) laboratory and field studies
presenting the measured SOC, root and litter BVOC emissions, separately or as a whole; (2)
papers that summarized the processes influencing soil BVOC fluxes; and (3) modelling
papers with a focus on general gas (not only BVOCSs) transport and biogeochemical cycling
in soils. We also included papers presenting forest floor emissions with clear indications of
soil-emissions, but want to acknowledge that in these papers, emissions of understory
vegetation and soil cannot be completely separated. We have excluded papers dealing with
soil BVOC measurement techniques, BVOCs from cultivated ecosystems, anthropogenic soil
volatile organic compounds (VOCs), and BVOC measurements right after cutting the
aboveground vegetation (attempting to exclude induced BVOC emission (Loreto et al., 2006;
Rinnan et al., 2013)). We also included a few studies conducted on agricultural soils which
contain clear discussions on the underlying process of the measured fluxes and compounds of
interest. For papers linking BVOC emissions with bacterial or fungal community variations,

we refer-the reader to the reviews by Insam and Seewald (2010) and Pefiuelas et al. (2014).

© 2019 American Geophysical Union. All rights reserved.



2 Soil BVOC sources and sinks

Literature focusing on the quantification of soil BVOC fluxes is limited compared to
the number of studies on plant emissions. Studies that have measured BVOC release from
litter and SOC under laboratory conditions (Leff & Fierer, 2008; Svendsen et al., 2018), in
contrast to in situ measurements, allow for separation of the sources of the release. Root
emissions (including emissions from the root itself and associated fungi and bacteria) are
generally difficult to separate from other sources (Lin et al., 2007) and can often be induced
due to stress (Ali et al., 2011; Chiriboga et al., 2018; Kelsey et al., 2016) or responses to other
environmental factors to mediate plant-plant and plant-soil organism interactions (Delory et
al., 2016; Pefiuelas et al., 2014; Walker et al., 2003; Wenke et al., 2010). To identify whether
soils can function as a sink for BVOCs, soil samples are typically exposed to known
concentrations of BVOCs, and reductions in these concentrations are attributed to soil uptake
(Owen et al., 2007; Ramirez et al., 2010). Under field conditions, soil chambers have often
been utilized for measurements of net soil BVOC fluxes (Méki et al., 2017; Owen et al.,
2007).

2.1 BVOC sources

Soils emit BVOCs as a result of microbe-mediated decomposition of SOC and plant
residues, evaporation of stored compounds in leaf litter, and release of plant-metabolized
BVOCs from roots. Below, we describe BVOC sources in detail, based on the different

substrate types.

2.1.1 Litter emissions

Plant litter-emitted compounds vary in quantity and type for different plant species,
and the types of BVOCs emitted during decomposition processes can also vary over time
(Gray et al., 2010; Leff & Fierer, 2008). The leaf litter of closely related plant species (with
similar structure and harbored microbial communities) tends to have similar BVOC emission
profiles (Gray et al., 2010; Svendsen et al., 2018). Litter BVOCs are comprised of
compounds produced in living plants and stored in leaves (Aaltonen et al., 2013; Svendsen et
al., 2018), as well as new compounds produced by microbes during decomposition (Leff &
Fierer, 2008). Generally, leaf litter exhibits higher emission rates than SOC (Hayward et al.,
2001; Leff & Fierer, 2008; Ramirez et al., 2010; Sawada & Totsuka, 1986) because of the

larger fraction of labile carbon and/or the release of stored BVOCs (Aaltonen et al., 2011;
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Svendsen et al., 2018). Litter has often been suggested as the main BVOC source in a forest
besides vegetation (Asensio et al., 2008a; Hellén et al., 2006; Maki et al., 2017; Schade &
Goldstein, 2001).

2.1.2 SOC emissions

BVOCs produced from SOC can originate from different pathways of microbial
metabolism (e.g., aerobic decomposition, fermentation, and terpenoid biosynthesis).
Measuring BVVOC fluxes on bare soil or on soils with litter and vegetation removed could
potentially separate SOC emissions from litter sources, but will not allow for quantification
of the root contribution (Asensio et al., 2008b; Kramshgj et al., 2016; Rasheed et al., 2017).
Similar to-measurements of root-only emission, determination of BVOC fluxes from SOC
alone, from an in situ vegetated area or under laboratory conditions, is difficult because
removal of the roots and/or moss layer will destroy the soil structure. Therefore, reported
fluxes or compound profiles from SOC alone include the side-effects (changed soil structure,
altered microsites, and conditions for microorganisms) from manual removal of roots and/or
moss layers within soils (Rinnan et al., 2013). Nevertheless, through laboratory
measurements of root-free soils across a wide range of ecosystems, a large variety of
compounds were detected by Leff and Fierer (2008). However, 70% of the compounds could
not be identified with high confidence based on the method used. Rinnan et al. (2013)
detected some terpenoids from temperate heath soils under off-season (outside of growing
season) conditions. Kramshgj et al. (2018) found a wealth of BVOCs from Greenlandic
permafrost soils upon thawing. Through desiccation experiments, both Veres et al. (2014)
and Bourtsoukidis et al. (2018) found diverse compounds released from SOC. In brief, SOC
is responsible for a diverse array of soil BVOC emissions.

2.1.3 Root emissions

Plant roots (including their associated mycorrhizal fungi and microbes) can synthesize
and emit different compounds in the rhizosphere. In our review, the mycorrhizal
microorganism-related emissions (i.e., from fungi and microbes) are all lumped into “root”
emissions. Fluxes from roots may contribute considerably to total soil BVOC emissions
(Gray et al., 2014). However, this is not consistently observed. While some studies have
shown that the presence of roots increased BVOC emissions (Gray et al., 2014; Rinnan et al.,

2013), others have reported reduced emissions (Asensio et al., 2007a) or no impact (Méki et
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al., 2017) on soil emissions. Direct measurement of root BVOC production without
destroying the rhizosphere is difficult (Lin et al., 2007). The common strategy of separating
root emissions from the remainder of soil emissions is to compare emissions from root-free
soils with those from intact soils, attributing the difference to the root contribution. For
instance, through comparison of soil BVOCs emitted from control plots with girdled plots, in
which no flow of photosynthetic C takes place from shoots to roots, Gray et al. (2014) found
that tree roots contribute half of the total C emitted from soils as BVOCs in a subalpine forest
ecosystem. However, contrasting results were obtained by Méki et al. (2017) in a boreal
forest through trenching and placing isolating meshes to inhibit tree root growth. In that
study, the authors found no significant differences between the control and the trenched plots.
They concluded that plant-derived C flow into soil via roots did not clearly impact soil
BVOC emissions and suggested that the C flow to the rhizosphere favors microbes that use
BVOCs as a C source. This is also supported by Asensio et al. (2007a), who found that the
presence of roots decreased the emissions of many compounds due to microbial
decomposition. Disagreements regarding root contributions to soil BVOC emissions between
studies may also result from differences in the plant species or experimental setup.

2.2 Soil as a BVVOC sink

Soils can act as a sink of BVOCs through physical processes (adsorption to soil
particles (Ruiz et al., 1998; van Roon et al., 2005) and dissolution in soil water), chemical
processes (reactions with NO3, OH radicals, ozone, and hydrogen peroxide (Insam &
Seewald, 2010)), and biological processes (microbes using BVOCs as carbon and energy
sources (Cleveland & Yavitt, 1997; Owen et al., 2007)). A loamy sand soil has been shown to
consume up to 80% of BVOCs released during the litter decomposition period (Ramirez et
al., 2010). Spielmann et al. (2017) exposed mountain grassland mesocosms and bare soils to
increasing concentrations of isoprene and a-pinene (0—10 ppbv) in a laboratory setting and
found soils to be the dominant sink for both compounds. Albers et al. (2018), through
isotopic labelling, found that 5 out of 6 investigated BVOCs were rapidly mineralized by
microbes in four different soils and illustrated that microbes could completely degrade
BVOCs to CO,. Gray et al. (2015) found that a large fraction (~68%) of isoprene was
consumed by soils after 45 days of incubation and the uptake rate increased with increasing
mixing ratios, reflecting the growth of microorganisms with increased exposure to isoprene
(Cleveland & Yavitt, 1998).

© 2019 American Geophysical Union. All rights reserved.



Eddy covariance (EC)-measured BVOC fluxes point out the significance of BVOC
uptake by ecosystems (Karl et al., 2004; Laffineur et al., 2012), but this approach alone
cannot separate soil from vegetation uptake (deposition to vegetation surface and stomatal
uptake).

2.3 Compounds and processes

Soil emissions differ from plant emissions, both in magnitude and chemical
composition. Kesselmeier and Staudt (1999) gives an overview of plant emission inventories
and Seco et al. (2007) focuses on plant-emitted, short-chained oxygenated BVOCs. Here, we
list compounds known to be emitted from, and taken up by, soils and rank the level of

understanding of the processes responsible for the sources and sinks (Table 1).

Methanol is the second most abundant hydrocarbon, next to methane, in the
atmosphere, and is one of the dominant BVOCs emitted from soil (Asensio et al., 2008b;
Oikawa.etal., 2011; Ramirez et al., 2010; Schade & Goldstein, 2001). Methanol emissions
originate from both biotic (Gray et al., 2010; Ramirez et al., 2010) and abiotic processes
(Bachy et al., 2018; Warneke et al., 1999). Turnover of plant material (lignin and pectin) is
one of the major biogenic sources of methanol (Fall & Benson, 1996; Schink & Zeikus,
1980). Methanol is also emitted from roots (Folkers et al., 2008; Oikawa et al., 2011),
probably as a result of plant growth and maintenance processes (Folkers et al., 2008). SOC
can also be a significant source of methanol through physico-chemical processes (Schade &
Custer, 2004) and microbial activities (Asensio et al., 2008b; Bourtsoukidis et al., 2018).
Methylotrophic bacteria are common inhabitants in soils (Fall & Benson, 1996) and they can
consume methanol, causing a net uptake in soil in different ecosystems (Asensio et al.,
2007a; Kramshgj et al., 2018). Albers et al. (2018) showed very high and rapid methanol

mineralization rates by microbes in four soil types.

Ethanol is a typical product of anaerobic fermentation and has been shown to be
released from flooded roots (Kreuzwieser & Rennenberg, 2013). Gray et al. (2014) compared
ethanol emissions from control and girdled plots (without active root systems) and found that
the absence of active roots caused soils to shift from emission to uptake of ethanol. This
alcohol has also been detected in litter emissions of beech (Warneke et al., 1999), pine, and
spruce (Isidorov et al., 2003). Kramshgj et al. (2018) reported that ethanol was the compound

emitted from permafrost soils upon thawing at the highest rates. They speculated that the
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source of ethanol was likely fermentative decomposition of plant materials in anoxic soils. In
plant leaves, ethanol is easily oxidized to acetaldehyde and further, to acetic acid
(Kreuzwieser & Rennenberg, 2013) and its high water solubility makes it easily accessible to
microorganisms. The uptake of ethanol by organic and mineral soils has been shown by
Kramshgj et al. (2018).

Short-chain aldehydes, formaldehyde and acetaldehyde, are emitted by plant leaves
(Kreuzwieser et al., 1999b; Seco et al., 2007). Formaldehyde is ubiquitous in the atmosphere
and often regarded as an oxidation product of other VOCs. Formaldehyde emissions from
plant leaves are thought to be due to the oxidation of methanol (Seco et al., 2007). DiGangi et
al. (2011) found high emission rates of formaldehyde from soils under ponderosa pine forest
based on in situ enclosure experiments, and suggested that formaldehyde emissions
originated from ground litter. We are unaware of any laboratory data on litter-alone emissions
of formaldehyde, although one study reported SOC formaldehyde production under aerobic
conditions (Mancuso et al., 2015) and another study under anaerobic conditions (Kramshgj et
al., 2018). Mancuso et al. (2015) explained that formation of formaldehyde was most
probably linked to methylotrophic bacteria and occurred as a result of demethylation
reactions. However, soil uptake of formaldehyde has also been shown both by soil samples
under laboratory conditions (Kramshgj et al., 2018) and in a field setting (Gray et al., 2014).
Formaldehyde, together with isoprene, were the two dominant compounds taken up by sandy
soil in a subalpine ecosystem (Gray et al., 2014). Gray et al. (2014) did not identify the key
process (es) for this uptake, but suggested that adsorption and dissolution might be
responsible for the uptake. Acetaldehyde is known to be produced by flooded roots
(Kreuzwieser et al., 1999a; Seco et al., 2007) and also from leaf litter (Greenberg et al., 2012;
Schade & Goldstein, 2001; Warneke et al., 1999), but it could also be an oxidation product of
ethanol. Acetaldehyde emissions from permafrost SOC and uptake by mineral and organic
soils have been reported by Kramshgj et al. (2018), and the uptake has been shown to be of

microbial origin.

Many studies reviewed by Kesselmeier and Staudt (1999) indicated that acetic and
formic acids are the two most prominent volatile acids emitted by plants and emissions of
both acids have subsequently been measured from 12 litter types during decomposition (Gray
etal., 2010). Soil emissions of formic and acetic acid during the dry season in a savanna

ecosystem were highlighted to be a significant source to the atmosphere (Sanhueza &
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Andreae, 1991). A recent laboratory study reported high emission rates of both acids from
ponderosa pine forest soil and found emissions to increase exponentially with soil

temperature (Mielnik et al., 2018). However, net emission depends on the balance between
production and uptake. For example, Gray et al. (2014) found that formic acid was emitted

from soils containing active roots, but observed net uptake in soils without roots.

Acetone emissions from litter have been widely reported in both laboratory
(Greenberg et al., 2012; Warneke et al., 1999) and field conditions (Greenberg et al., 2012;
Schade & Goldstein, 2001). Heating and wetting plant materials can produce a large amount
of acetone through physico-chemical reactions (Warneke et al., 1999). The same
phenomenon also takes place in nature, where wetting of the warm top soil can largely
contribute to the canopy-level acetone emissions (Schade & Goldstein, 2001). The EC
measurements in this study by Schade and Custer (2004) indicated that acetone and methanol
were the compounds emitted with the highest rates from bare soil during a heat wave in 2003.
But the authors could not find any relationship between acetone emissions and the measured
meteorological parameters, and instead suggested that the acetone emissions in the dry soils
originated from biological production in deep soil, with higher water availability.
Bourtsoukidis et al. (2018) found that acetone emissions from SOC in aerobic conditions
were-an order of magnitude higher than those from the canopy. In contrast, Kramshgj et al.
(2018) found that permafrost-released acetone can be taken up by overlying mineral and

organic soils.

Isoprene emission from ecosystems is mainly associated with plant photosynthesis,
although soil microorganisms also produce isoprene in pure cultures (Insam and Seewald
(2010) and references therein). Isoprene emissions from forest floors can unfortunately, not
be distinguished between vegetation and soil sources (Aaltonen et al., 2013; Hellén et al.,
2006; Wang et al., 2018). Warneke et al. (1999) provided the only study we found reporting
isoprene emissions from beech, oak, spruce, and grass leaf litter in response to heating and
wetting. Mancuso et al. (2015), through comparisons of emissions and soil biochemical
properties among three different kinds of soils, found higher isoprene emissions were from
soils with higher microbial biomass and nutrient availability under aerobic conditions. Thus,
isoprene was thought to be produced in soils as a microbial metabolite. Many soils contain
isoprene-degrading microorganisms (Cleveland & Yavitt, 1997; Pegoraro et al., 2005) and

the uptake of isoprene is closely linked to microbial activity (Gray et al., 2015). As such, low
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or negligible net isoprene emissions can likely be attributed to a large soil uptake by

microbes.

Monoterpenes are often the most emitted terpenoids from conifer litter (Hellén et al.,
2006; Isidorov et al., 2010; Isidorov et al., 2003) and evergreen shrub litter (Svendsen et al.,
2018). The monoterpenes emitted from litter could originate from the storage pools in
needles, but also from microbial decomposition processes. Through comparisons of
monoterpene concentrations in forest and clear-cut soils, Paavolainen et al. (1998) suggested
that Norway spruce roots were a source of monoterpenes. Monoterpene emissions from
coniferous roots (Lin et al., 2007) and elevated concentrations in the coniferous soil
rhizosphere (Smolander et al., 2006) have also been reported. Asensio et al. (2007a)
discovered both emissions and uptake of monoterpenes in the top 20 cm of soils from a
natural holm oak forest. The uptake of monoterpenes increased with increasing soil moisture
and the authors suggested that this was likely due to enhanced microbial activity when water

limitations were relieved.

Sesquiterpenes are highly reactive compounds with moderate volatility and might
easily be consumed or oxidized before escaping from soils. A few studies have linked soil
sesquiterpene emissions to fungi (Horvath et al., 2012; Méki et al., 2017). Lin et al. (2007)
reported sesquiterpenes to be amongst the most emitted compounds from pine roots and
Asensio et al. (2008b) also suggested high sesquiterpene emissions from roots in a
Mediterranean shrubland. A recent study by Bourtsoukidis et al. (2018) reported strong
sesquiterpene emissions from Amazonian soils (SOC only) and suggested they originate from
soil microorganisms. Like monoterpenes, sesquiterpenes have also been shown to be released

from the litter of evergreen conifers and shrubs (Isidorov et al., 2003; Svendsen et al., 2018).

SOC and litter have been found to release benzenoids both under laboratory and field
conditions (Aaltonen et al., 2013; Kramshgj et al., 2018; Leff & Fierer, 2008; Svendsen et al.,
2018). Svendsen et al. (2018) found benzenoids to be a significant fraction (~32%) of total
BVOCs (measured using GC-MS) emitted from deciduous Salix litter. Both Isidorov and
Jdanova (2002) and Leff and Fierer (2008) reported emissions of a variety of benzenoids
from different kinds of litter samples. Wheatley et al. (1996) reported benzenoid emissions
from agricultural soil under both aerobic and anaerobic laboratory incubations. Fast microbial
mineralization of benzaldehyde in four different soils was shown by Albers et al. (2018),

suggesting that soils can also take up benzenoids.
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Both litter and SOC have been found to emit dimethyl sulfide (DMS) under
laboratory (Jardine et al., 2015; Kesselmeier & Hubert, 2002; Mancuso et al., 2015) and field
conditions (Staubes et al., 1989; Yi et al., 2010), with possible sources from the aerobic
microbial metabolism of sulfur-containing amino acids (Jardine et al., 2015). Yi et al. (2010)
found three types of forest soils were sources of DMS and also illustrated the contribution of
litter-emitted DMS to the total soil emissions. Jardine et al. (2015), through measurement of
real-time DMS ambient mixing ratios within and above a primary rainforest in central
Amazon, showed that soil can contribute to the strong buildup of DMS mixing ratios during

nights. They also demonstrated that soil can take up DMS.

Furan and its derivatives can be formed in soils through oxidation by iron and
hydrogen peroxide (Huber et al., 2010). Kramshgj et al. (2019) reported 2-Methylfuran
emissions from permafrost soils at 10 °C and 20 °C in laboratory incubations. Mancuso et al.
(2015) reported methylfuran emissions from three different kinds of soils (one agricultural

soil and-two forest soils) under laboratory conditions.

3 Biotic and abiotic processes

The sources and sinks of BVOCs between soils and the atmosphere were introduced
in section 2. Here, we review the drivers of the biotic and abiotic processes that need to be
defined to link the processes to mathematic equations in a suggested model framework in
section 4. Biotic processes include microbial decomposition, release from litter-storage, and
root production. Abiotic processes include physical and chemical processes. Furthermore, the
physical processes listed in Figure 1 are known to exist for general gas dynamics in soils,
though some of these processes are still lacking supporting measurements for the compounds
listed-in Table 1. We describe these abiotic processes in this section and list literature (and
mathematical methods), which may be useful for modelling these processes once soil BVOC

data-becomes available.

3.1 Biotic processes

Leff and Fierer (2008) found a positive correlation between both respiratory CO,
emissions-and microbial biomass, with BVOC production. Besides the release of BVOCs
during microbial decomposition, microbes also consume a wide range of volatile compounds.
Factors influencing microbial metabolism (like water content, and nutrient and oxygen

availability) influence both the production and consumption of BVOCs by microbes and
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therefore, affect the chemical composition and magnitude of fluxes (Cleveland & Yavitt,
1997; Insam & Seewald, 2010; Owen et al., 2007). For instance, lowering the water table
depth of peat cores significantly reduced monoterpene emissions (Faubert et al., 2010).
Sawada and Totsuka (1986) found that the soil AO layer (containing litter) emitted
considerable amounts of ethylene under aerobic conditions and Kramshgj et al. (2018) found
that ethanol was produced in large quantities under anaerobic conditions as permafrost
thawed. Litter age and quality, and the labile and recalcitrant fractions of SOC, affect
microbial decomposition, and thus, the production rates of BVOCs. Decomposition of fresh
litter requires less energy than the decomposition of aged leaves with more recalcitrant
organic matter. Then, the decomposition of needle litter may take longer than for broadleaf
litter (Cornwell et al., 2008), which may also affect the temporal dynamics of BVOC
emissions (Svendsen et al., 2018).

Plant-synthesized BVVOCs contribute to soil emissions via root exudates in the
rhizosphere and leaf compounds stored in the litter. Kainulainen and Holopainen (2002)
showed slow release of terpenoids from storage in needle litter over 19 months of
decomposition, but so far no study has specifically identified potential drivers of the release
of compounds from litter storage. The processes and associated drivers (stress-induced
response.and/or different levels of interactions, e.g., plant-plant, plant-soil organisms) of root
emissions are varied and complex (Delory et al., 2016; Pefiuelas et al., 2014). Furthermore,
root exudates can also be rapidly used by microbes as C and energy sources (Kuzyakov &
Larionova, 2005). Therefore, separating root production of BVOCs from emissions related to
rhizosphere microbial activity is difficult (Lin et al., 2007) and some studies report emissions

from the entire rhizosphere instead (Rasheed et al., 2017).

3.2 Abiotic processes

The exchange of gaseous BVOCs in soil air with the atmosphere above depends on
the physical conditions for diffusion. Compounds retained in soil can dissolve in water, stay
in gas phase, or be adsorbed to soil particles (Fig. 1). Dissolution and adsorption depend on
gas concentrations in the soil and can be enhanced or reversed when the concentrations

change.

Although a few laboratory studies (Gray et al., 2010; Leff & Fierer, 2008) have

indicated that abiotic sources of BVOCs are generally less important than biotic ones, abiotic
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processes might play a role in regulating the short-term patterns in BVOC fluxes: e.g.,
methanol emissions correlated with (high) soil temperature observed under drought
conditions was interpreted as a sign of abiotic methanol desorption from heated soils (Schade
& Custer, 2004). An increase in temperature could also concurrently increase microbial
metabolism and therefore, it is generally difficult to separate temperature-induced increases

in abiotic (e.g., physico-chemical) processes from biotic (microbial) responses.

3.2.1 Dissolution

Isoprenoids (e.g., isoprene, a-pinene, B-caryophyllene) and aromatic compounds are
generally poorly water-soluble. Lower molecular weight compounds listed in Table 1, such as
methanol, ethanol, formaldehyde, and acetone, are water soluble and can dissolve in soil
water and evaporate to the atmosphere when conditions change. Henry’s law is used to
describe the solubility of gases in water; that is, the concentration of gas in water is
proportional to the partial pressure of gas in the air above the solution. Henry’s law constant
varies between compounds and depends on temperature. At a fixed temperature, the higher
the value of the Henry’s constant, the more volatile the compounds are. Dissolved BVOCs

can be adsorbed by soil particles, which will be discussed further in the next section.

3.2.2 Adsorption-Desorption

Adsorption and desorption of organic compounds can occur in both vapor and
dissolved phases (Breus & Mishchenko, 2006; Ruiz et al., 1998). Organic vapors adsorb to
soil particles through their affinity for ionically charged surfaces (Arocha et al., 1996;
Moaorrissey & Grismer, 1999; Petersen et al., 1995). Total soil surface area (determined by soil
particle size, particle density, and porosity) regulates soil adsorption capacities for organic
gases (Petersen et al., 1994). Water vapor in soil pore spaces can compete for adsorption
surfaces with organic vapors and therefore, it may be essential to consider the interactions
and impacts of water vapor on adsorption (Site, 2001). Adsorption of gas-phase organic
compounds is often described by the Brunauer-Emmett-Teller (BET) model, which defines
the relationship between vapor pressure and the amount of adsorbed gas per unit of surface
area. At low vapor pressure, the BET model is reduced to a linear adsorption isotherm, where
gas-solid partitioning is mainly influenced by vapor pressure (Petersen et al., 1995). At high
vapor pressure, the BET model accounts for surface area adsorption and vapor condensation
(Ong & Lion, 1991).
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Once compounds are dissolved in soil water, the adsorption-desorption relationship
depends on the concentration in solution and the adsorbed amount of organic compounds on
soil particles, which has been described by various linear and non-linear isotherms (Hinz,
2001; Kothawala et al., 2008). There are generally more studies regarding the adsorption-
desorption of dissolved organic compounds than organic gases, and the current literature
covering the adsorption of volatiles on soil particles addresses mainly the impacts on

contaminant transport in soils.

3.2.3 Diffusion

Gas diffusion in soils is driven by concentration gradients and is modulated in Fick’s
law with a diffusion coefficient. Gas diffusion in water is about 10000 times lower than in air,
so soil water content can be used to determine effective gas diffusion in soils (Borggaard &
Elberling, 2007). Gas diffusion is often thought to be the main mechanism of gas transport in
vadose zone. Kramshgj et al. (2019) found that drainage of meltwater from permafrost
significantly increased BVOC emissions from fen soils and the authors attributed this

phenomenon to the low diffusion rates in water-logged soils.

Similar to modelling other gases, such as CH4 and CO», the diffusion coefficient of
BVOCs in Fick’s law depends on soil temperature and a series of soil properties, such as
texture, porosity, and tortuosity of the pore system. Moldrup et al. (2000) provided a detailed
review on different algorithms for estimating gas diffusion coefficient in soils. Ambient
BVOC concentrations near the soil surface are necessary for determining the magnitude and

direction of diffusion.

3.2.4 Advection

Gas transport in the vadose zone can also be caused by changes in atmospheric
pressure (Elberling et al., 1998; Tillman et al., 2003), which is often ignored in soil gas
transport models (Tillman et al., 2003). However, Smith et al. (1996) found large
discrepancies between the measured total fluxes of trichloroethene vapor and the calculated
diffusion fluxes, and pointed to the importance of advection-driven gas transport. Choi et al.
(2002) illustrated the importance of advection fluxes under natural conditions based on a
comparison of laboratory and field measurements with model simulations. In particular, when
soil maisture increased near the soil surface, a large reduction in diffusion occurred relative

to advection fluxes.
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Tillman et al. (2003) applied a one-dimensional advection-diffusion equation for
simulating trichloroethene fluxes. Simulated fluxes were comparable to field-measured total
fluxes. Chen et al. (1995) successfully simulated the measured fluxes of 1,3-dichloropropene
during a 2-week period after fumigant injection, which was based on an adapted Richard’s
equation that considers atmospheric pressure changes. However, the abovementioned

research investigating advection process is limited to contaminant gas transport.

3.2.5 Ebullition

Methane emissions through rapid bubbling have often been observed from wetlands
and inclusion of ebullition in CH, flux modelling is essential. However, similar observations
of BVOC ebullition from water-logged soils have not yet been reported. Ebullition happens
when the built-up gas concentration in soil reaches a certain threshold and the gas forms
bubbles. Modelling CH4 ebullition is often based on threshold approaches and links ebullition
events with either pore water CH,4 concentrations or pressure of free-gas volume (Peltola et
al., 2018). Further investigation is required to determine whether ebullition is an important

process for BVOC transport.

4 Generic model framework

Here, we present a framework designed to integrate soil BVOC processes into the
typical/basic structure existing in many ecosystem models. The proposed framework, based
on our current understanding and data availability originated from a wide range of
ecosystems under different conditions, is applicable for modelling at large-scales with
different ecosystem types. As many large-scale ecosystem models are also applicable for site-
level studies, the proposed framework for modelling soil BVOCs could also work for site-
level modelling, after adjustments (calibrating model parameters and/or adjusting initial
conditions) have been made to include site-level information. Here, we specifically assess the
environmental drivers, as well as vegetation and soil information that determine the process

rates.

Before presenting mathematical equations for modelling purposes, a few assumptions
and simplifications have to be made to account for the modelling scale and data availability
of soil BVOCs: (1) Many compounds could originate not only from decomposing SOC and
litter, but also from intermediate products of chemical reactions, e.g., formaldehyde could be

produced from methanol oxidation before forming CO,. Oxidation and reduction processes
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can happen simultaneously and rapidly. Separating between a biochemical and chemical
origin of certain compounds in soil might be challenging, due to the difficulty in representing
the concentrations of mixed compounds, the rapidly shifting redox potential (due to oxygen
dynamics), and co-occurrence of oxidative and reductive processes at different microsites. (2)
A few studies have suggested that the chemical composition of BVOC emissions changes
during litter decomposition (Gray et al., 2010; Svendsen et al., 2018), which may be linked to
changes in the microbial community during decomposition (Svendsen et al., 2018). Linking
compound emissions with microbial diversity is generally challenging for modelling,
considering difficulties in representing microbial diversity and micrometeorological
variations at the scales targeted by ecosystem models (Wieder et al., 2015). Thus, no change
in compound composition (i.e. BVOC profile) is assumed during the progression of litter and
SOC decomposition. Furthermore, the compounds emitted by decomposition of SOC and
uptake by soil microbes in this model framework are frequently reported (see Table 1), which
might.indicate that the microbial processes producing these compounds are common in soils.
Following these two assumptions, the proposed framework only requires often-available
climate and/or landscape variables as drivers. Thus, modelling the emission and uptake of

microbially-driven compounds is a function of soil environmental variables.

A large variety of compounds can be emitted from soils but the suggested model
solutions below will mainly refer to the compounds listed in Table 1. In Fig. 2, we present a
possible framework for modelling soil BVOC fluxes that accounts for the basic structure
present in many ecosystem models. We have divided this framework into: model inputs and
three modules representing the main drivers (vegetation model, soil climate, and soil
biogeochemistry (BGC) model), which are linked and can influence each other. The
vegetation and soil environments can also be directly obtained from other input datasets
(remote sensing or model-based). Here, we focus on a description of the BVOC-related

processes (red arrows in Fig. 2) in the soil BGC module.

Similar to modelling soil nitrous oxide (N,O) (Butterbach-Bahl et al., 2013), soil
BVOC maodels can be based on two different levels of complexity: 1) at a more generic level,
one only considers biotic production and uptake, and assumes that the net production of
compounds in soils is equal to the flux at the soil-atmosphere interface; or 2) at a more
detailed level, with a representation of within-soil dynamics, the physical transfer of gasses

(also oxygen) in soil, and the fraction of aerobic-anaerobic conditions. Here, we start by
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describing the biotic production and uptake of BVOCs, followed by a section briefly
describing the physical transfer of compounds. The level of complexity that should be chosen
for implementation depends on the availability of observations, not only of net fluxes at the
soil surface, but also those that can help to separate individual processes.

4.1 Litter BVOC production

Modelling BVOCs produced from leaf litter (P, in Eq. 1) requires inclusion of both
microbially-produced and storage-derived BVOCs (Eq. 1). Storage-derived compounds are
only considered important for some plant species.

P, = k, f(T)f(M)f(QL)CLT + S(T, Ty,) Cis
(Eq. 1)

where P, is the production rate from leaf litter (ugC m? h™), k. is the standardized
emission rate (ugC gdw™ h), and f (TL), f (ML) and f (QL) are unit-less response functions of
the production to litter temperature, moisture, and biochemical characteristic, respectively. C.
is litter available C (gC m™). I is the conversion from dry biomass to C content (gdw gC™).
S(t, TL) is the relative emission rate (h™') from storage as a function of averaged residence

time Tand litter temperature T, and Cs is the storage pool size (ugC m).

For microbial production, the key factors to consider are substrate availability and
physiological controls on microbes. Similar to modelling plant BVOCs, standardized
conditions (e.g., litter temperature of 30 °C and moisture level of 6 % as in Greenberg et al.
(2012), temperature of 30 °C or 20 °C as in Zimmerman et al. (1978) and Isidorov et al.
(2010), respectively) could be defined. Then the measured emission rates at different
temperature and moisture levels could be standardized to the same conditions before using
these as model parameters (Guenther et al., 1995). Such a standardized rate (k. in Eq. 1)
could then be combined with unit-less response functions to litter biochemical characteristics
(f(QL)), environmental variables (temperature f (T)), and moisture f (M_)). Modelling litter-
produced BVOCs can be defined at grouped plant species level (e.g., plant functional types)
by assuming that litter emissions from closely related plant species have similar litter
properties and harbored microbes. The standardized production rates (k.), as well as the types
of compounds emitted from plant litter, need to be pre-defined for each group of litter (based
on plant species origin). The C readily available for producing BVOCs decreases with litter

age, as labile carbon is first utilized by microbes, and it is common to use litter C:N and/or
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lignin content to quantify the effects of litter biochemical characteristics on decomposition in
models (Parton, 1996; Paudel et al., 2015; Zhang et al., 2008). The direct response of litter
BVOC production to temperature (f (T.)), moisture (f (M_)), and litter quality (f (Q.)) can be
obtained from laboratory studies (Gray et al., 2010; Greenberg et al., 2012). The available C
amount for leaf litter (C. in Eq. 1) can be obtained from terrestrial ecosystem models or from

other data sources.

For leaf litter with specialized storage organs, like needles, emissions from storage
need to be considered (Isidorov et al., 2010). The emissions from the stored pools can be
formulated as a function of an average residence time under standard conditions (t), litter
temperature (T.), and storage pool size (Cis), the same way that the pool emissions are
assumed to be a continuous source and not influenced by light in plant emission models
(Schurgers et al., 2009). For litter, the storage pool size (C.s) can be simulated in ecosystem
models and without an input of new compound to the storage pool in litter, the emissions will

decrease-with time.

4.2 Soil organic carbon BVOC production

Generally, soil carbon in ecosystem models is often discretized into several carbon
pools with different turnover rates (Eleanor & Keith, 2015; Wieder et al., 2015). Modelling
production of trace gases from microbial decomposition of SOC often follows first-order
decay kinetics and is a multiplier of SOC pool size and relative decomposition/decay rate (the
inverse of turnover time). The decomposition rate varies with different soil climate variables
(e.g., soil temperature, pH, water content, soil texture) (Wieder et al., 2015). The same
scheme could also be applied to microbially-produced BVOCs from SOC. The compounds
that are produced from SOC (following Table 1) as well as their relative production rates

(ksoc; Eg.2) need to be specified for aerobic and anaerobic conditions.

The temperature response of BVOC production from SOC has been explored by
Veres et al. (2014) and a Q1o value ranging from 2 to 3 has been reported. Both Mielnik et al.
(2018) and Paulot et al. (2011) observed that there was an exponential dependence of formic
and acetic acid emissions with temperature. Beyond the often-used exponential Q4o function,
different formulas describing the temperature response of microbial activities (Reichstein &
Beer, 2008) could be tested in models as well.
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Based on desiccation experiments in the laboratory, Bourtsoukidis et al. (2018) found
a relationship between sesquiterpene emissions from Amazonian soils and soil water-filled
pore space (WFPS) at a constant temperature. This relationship depicts an initial peak of
sesquiterpenes at high WFPS, potentially linked to anaerobic production, and a second peak
at moderate WFPS associated with aerobic production. Similar peaks in emissions have been
found by Rossabi et al. (2018) after rewetting of dry soils. At relatively high WFPS,
emissions have been observed to decrease when anaerobic conditions shift to aerobic (and
hence fermentation decreases) in permafrost soils (Kramshgj et al., 2018) and peat (Faubert et
al., 2010; Tiiva et al., 2009). In general, WFPS is often used for modelling soil N,O fluxes
(Tian et al., 2018) and we would suggest including WFPS to account for the impacts of soil
water content on BVOC production. To simulate this abovementioned behavior, individual
emission response function to WFPS would need to be determined empirically for different
compounds, considering differences in optimal WFPS (most favorable conditions for
microbial activities) (Bourtsoukidis et al., 2018). Furthermore, WFPS should be also used to
separate aerobic and anaerobic decomposition and to differentiate compounds that are
specific to the two regimes, e.g., ethanol production typically occurs under anaerobic

conditions and acetone is normally found under aerobic conditions.

Psoe = ksocfsoc(WFPS)fsoc(Ts)Csoc
(Eg. 2)

Here, Psoc is the production rate from SOC (ngC m h™); ksoc is the relative
production rate (h™) at specific soil temperature and WFPS level, fsoc (WFPS) is SOC
emission rate in response to soil WFPS, fsoc (Ts) is SOC emission rate in response to soil
temperature, and Csoc is the soil C pool size integrated over the soil depth (gC m™), obtained

from the soil BGC module.

4.3 Root BVOC production

Large-scale ecosystem models often allocate a fraction of synthesized C to root
growth and root exudates and this fraction varies between different plant species (Grayston et
al., 1997; Hutsch et al., 2002). Root-produced BVOCs released via root exudates have been
recognized (Delory et al., 2016). In general, we would assume that C allocated to root-

produced BVOCs should be less than the total C assigned for the root exudates.
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At this stage, it is not possible to separate root emission profiles for different plant
groups, as we suggested for litter. Instead, we would suggest modelling a list of often-
reported root-emitted compounds (methanol, ethanol, acetaldehyde, and monoterpenes) with
no differentiation in the relative production rates (Kqoot, EQ. 3) for different plant species.
Compounds like ethanol and acetaldehyde that are known to be produced by flooded roots
(Bracho-Nunez et al., 2012; Drew, 1997; Seco et al., 2007), should only be turned on within
the model when soil conditions surrounding the root become anaerobic (soil anaerobiosis).
Using WFPS to separate aerobic and anaerobic conditions, the root production rates of
BVOCs under both conditions are expected to vary with soil temperature (froot (Ts)) and soil
water content (frot (WFPS)) at root depth. However, the measurement data to support a
parameterization for root BVOC in response to soil environmental variables are not available
so far, and'we would alternatively suggest using the response of root respiration to these
environmental variables, which has been intensively studied (Baath & Wallander, 2003;
Reichstein & Beer, 2008). The measured root-emitted gases are often given in the unit of
produced compounds per root biomass (Lin et al., 2007), so it might be straightforward to use
the measured data if we link the produced BVOC with root C content (Cyoot), although a
linkage to plant assimilation rates may also be valid for some compounds (Ghimire et al.,
2013).

Proot = Krootfroot (Ts)froot (WFPS)Croot
(Eq. 3)
Here, Proot is the production rate from roots (ugC m? h™), ko is the relative
production rate (h™) at specific soil temperature and WFPS, f,oot (Ts): root emission in
response to soil temperature at the root depth; froot (WFPS): root emission in response to

WFPS, and Cioo (9C m™) is the root C content, obtained from the vegetation module.

4.4 Microbial uptake

Microbial uptake of the often reported compounds, such as methanol, isoprene and
monoterpenes, should be considered in models. Modelling microbial uptake of methane, i.e.
methanotrophy, is typically based on quantification of diffusive fluxes and microbial
oxidation (Murguia-Flores et al., 2018). Methane oxidation rates are often based on the first-

order equation, where the rate is a function of methane concentration in soils and oxidation
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activity. The microbial oxidation activity is formulated by an oxidation rate and a few

environmental variables (Curry, 2007; Ridgwell et al., 1999).

Similar to modelling the soil uptake of methane, microbial uptake of some BVOCs
can be parameterized by a relative uptake/mineralization rate with its response to soil
environmental variables, and this relative uptake rate might vary among different compounds
in different soils. Cleveland and Yavitt (1998) quantified isoprene uptake rates of temperate
forest soils and their relationships with temperature and soil moisture. An exponential
Increase in isoprene uptake with temperature (with a Qo value of 1.42) was found between 5
°C and 25 °C and the rate declined when temperatures exceeded the optimal 30 °C. An
increase in soil moisture can increase microbial activity at low soil moisture content, resulting
in an increase in soil BVOC uptake, but also in a decrease of the amount of gas accessible to
soil microbes (Asensio et al., 2007a; Cleveland & Yavitt, 1997). Once soils begin to turn
anaerobic, a further increase in soil moisture may inhibit aerobic microbial activities
(Kramshgj et al., 2019), while less-efficient anaerobic microbes start to convert BVOCs to
methane (CH,). Furthermore, if soils encounter drought, a decrease in soil moisture can

reduce microbial activities through cell desiccation, and hence reduce uptake.

U= kufu (Ts)fu (WFPS)CBVOC
(Eg. 4)

Here, k, (h™) is the relative uptake/mineralization rate, f, (Ts) is the unit-less response
of soil uptake of BVOC:s to soil temperature (Ts), f, (WFPS) is the uptake rate in response to
soil water conditions; and Cgvoc (9C m™) is the C content of the soil BVOC pool (Fig. 2).

4.5 Physical transfers

Soil BVOC:s in different phases (gas, dissolved, and adsorbed, see Fig. 2) are not
specified in this framework, but could be specified in models if the soil environmental
parameters are available to represent shifts in the compounds between these three phases. The
physical characteristics of compounds (e.g., volatility, solubility) can be found in chemical
databases. Moreover, if the modelling exercises are about BVOC fluxes at the soil surface at
daily or longer timescales, it might not be that crucial to describe these three phases

explicitly.

BVOC diffusion is considerably impacted by soil properties, including grain size

distribution, soil pH, SOC content, and soil porosity (Pefiuelas et al., 2014; Petersen et al.,
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1995). Ruiz et al. (1998) found that the adsorption capacity of BVOCs to clay can be an order
of magnitude higher than sand and two orders of magnitude higher than limestone. van Roon
etal. (2005) found that soil organic matter reduced volatilization and leaching losses, due to
the increase of pore network tortuosity and/or sorption of BVOCs on organic matter. Serrano
and Gallego (2006) investigated the impacts of soil pH on the sorption ability of 25 BVOCs
and found that alkaline soils adsorbed more compounds than acidic soils. These relationships
might be of use for modelling if the samples used in the studies are relevant for large areas,
but there is a general lack of quantitative information on the importance of these processes

impacting the fluxes measured at the soil surface.

5 Suggestions for soil BVOC measurements

Much of our present understanding about soils as a sink or source of BVOCs is
influenced by measurement methods and compounds that can be detected. For instance,
methanol might be one of the dominant BVOCs released from soil and/or litter (Gray et al.,
2010), but this compound has not been investigated in many studies due to limitations in the
compound trapping method (Greenberg et al., 2012; Leff & Fierer, 2008; Méki et al., 2017).

A separation of understory plant emission from belowground emissions is difficult to
conduct in the field (Janson, 1993) and the methods based on removal of understory
vegetation (Faubert et al., 2012; Greenberg et al., 2012; MaKi et al., 2017), inevitably expose
the remaining root-soil-litter system to alterations, including changed root emission and/or
microbial community composition (Lin et al., 2007). As a result, we know very little about
the contribution of soils to the ecosystem emissions in situ. Advances in measuring
approaches to separate belowground-derived from aboveground-derived BVOCs would allow
us to further explore the contribution of soil emissions to within-canopy atmospheric
chemistry and total ecosystem emissions. Nevertheless, the suggestions we give below are
motivated by a desire to quantify different processes and to reveal long-term and large-scale

patterns in soil BVOC fluxes.

5.1 Process-oriented laboratory and field measurements

In general, measurements resolving individual processes controlling BVOC
production and uptake (e.g., Greenberg et al. (2012), Asensio et al. (2007a) and Cleveland
and Yavitt'(1998)) can greatly benefit model parameterization. For litter BVOC production,

we lack knowledge about the residence time of stored compounds in litter and the response of
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their emission rates to different environmental conditions. Furthermore, there is a lack of
consistency in laboratory measurements of litter BVOC production rates across different
studies, differing in compound detection methods, sampling frequency, and experiment
duration (Gray et al., 2010; Isidorov et al., 2010; Ramirez et al., 2010; Svendsen et al., 2018),
making it hard to compare rates from different studies. A consistent laboratory sampling of
litter emissions from different ecosystems could reveal important patterns in this potentially
large source of soil BVOCs. For SOC emission, we need more laboratory experiments
assessing how different environmental factors control SOC-related emissions in major soil
types. For example, the laboratory study investigating SOC-produced compounds in response
to changing soil water by Bourtsoukidis et al. (2018) have demonstrated useful and

systematic relationships that can be readily applied in models.

Sampling approaches that allow separating root emissions from SOC-emitted BVOCs
without excavation of roots from soil are essential for characterizing compounds emitted by
roots in‘undisturbed systems. Delory et al. (2016) suggested using a mass spectrometer in
selective ion monitoring mode to separate the known root-emitted VOCs from the volatile
background in soil. Eilers et al. (2015) suggested a direct static sampling of root-only BVOCs
using polydimethylsiloxane (PDMS) tubes buried in soil to sample various volatiles with
different.polarity and volatility. Delory et al. (2016) discussed the limitations of both static
and dynamic root sampling methods. The static method allows for a comparison of emission
profiles, but does not yield absolute emission rates. The dynamic sampling, based on flushing
the soil with (typically) BVOC-free air, allows for measurement of root emission rates, but
the altered soil atmospheric composition might impact the emissions. Because of these
measurement challenges, there is little information about the linkage between soil
environmental variables and compounds released from roots. Additionally, this review has
not explored stress related root emissions (Ali et al., 2011; Kelsey et al., 2016; Chiriboga M.
et al., 2018) or root emissions in plant-plant (Delory et al., 2016) and plant-soil organisms
(Wenke et al., 2010) interactions, which might further complicate the detected linkage
between emissions and environmental variables. Nevertheless, isotopic labelling might
enable us to reveal patterns in how root emissions respond to changes in the soil environment
(Kuzyakov & Larionova, 2005). The solution proposed in this review, using the summarized
compounds from the collected literature to specify the chemical composition of root
emissions, might require modification once the mechanisms controlling specific compound

emissions under certain conditions are better understood.
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Albers et al. (2018) discussed a potential overestimation of BVOC uptake rates in
experiments when soils are exposed to BVOC concentrations that are a few orders of
magnitude higher than ambient concentrations, which is likely to stimulate BVOC
degradation. Using isotopic labelling and exposing soils to natural mixing ratios is needed for
quantification of microbial uptake rates of BVOCs. Furthermore, exposing soils to different
conditions (e.g., varying temperature, moisture, or pH) is also needed to investigate the

response of microbial uptake to these changes.

In order to effectively measure litter or SOC emissions under laboratory conditions,
samples are often incubated at optimal temperature and moisture, litter samples are
chopped/ground into smaller pieces, and soil samples are sieved in order to decrease
heterogeneity (Gray et al., 2010; Leff & Fierer, 2008; Ramirez et al., 2010). This pre-
handling of litter and soil samples can lead to losses of BVOCs. Furthermore, during the
incubation periods, a wide range of BVOCSs can be removed by microbial metabolism and/or
sorption-on mineral particles. In contrast, the grinding of litter and sieving of soil samples
may maximize emission rates due to the breakdown of sample structure but may also increase
uptake rates due to the increased surface area the microbes that can reach. Furthermore, these
handling procedures might also break down fungal hyphae, and therefore impair the activity
of the soil fungal community. Such disturbances render the potential emission rates and
emitted compound composition measured under laboratory conditions to be only indirectly
comparable to fluxes measured in situ. Work focused on evaluating the differences between
laboratory- and field-measured BVOC emissions could help to better quantify potential

uncertainties for integrating laboratory-based data into models.

5.2 Measurements to cover temporal variation

To separate vegetation and soil emissions and their temporal variation, it might be
necessary.to combine automatic soil chamber, EC, and online BVOC analysis technologies
for measuring fluxes continuously and then analyzing which compounds could originate from
soils. The advantage of using high-frequency and continuous measurements for disentangling
soil emissions is that we can potentially attribute measured fluxes for non-photosynthetic
periods (like before and after growing seasons or night-time emissions) to soil processes.
Aaltonen et al. (2013) used automatic flow-through chambers with proton transfer reaction-
mass spectrometry (PTR-MS) to measure BVOC fluxes during snow-free seasons (from May

to November, 2010) from a boreal forest floor. These kind of chamber-based measurements
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provide high temporal resolution data and can exclude emissions from forest trees, but may
not sufficiently represent spatial heterogeneity (Butterbach-Bahl et al., 2013). Combining EC
with PTR-MS can average over the heterogenic area and provide ecosystem-level fluxes for a
continuous period (Park et al., 2013; Ruuskanen et al., 2011). However, EC measurements
cover the whole ecosystem and the measured flux cannot separate between vegetation and
soil emissions (Cappellin et al., 2017; Karl et al., 2004; Park et al., 2013). Together with
continuous measurements from soil chambers, it might be possible to distinguish soil fluxes

from vegetation.

5.3 Geographical focus areas

Broad spatial coverage of measurements is important, especially for understanding
differences in the driving processes for observed soil BVOCs across different ecosystems.

We have identified some geographic areas that deserve attention.

Coniferous needle litter can emit high amounts of BVOCs (Aaltonen et al., 2011;
Greenberg et al., 2012; Isidorov et al., 2010) and has been more widely studied than other
types of litter. Although coniferous litter might contribute largely to ecosystem emissions,
due to its sources from storage as well as wide distribution of the forest, deciduous litter, with
faster decomposition rates than needle litter, should also be equally investigated, especially in

warmer climate.

Around 50% of global SOC is estimated to be stored in the northern permafrost
(Tarnocai et al., 2009), where the greatest climatic warming is predicted to occur. The long-
term accumulated belowground SOC could provide large carbon sources for microbes in a
warmer future, and Kramshgj et al. (2018), as the first study, elucidated that permafrost soils
can be a considerable source of BVOCs. More quantification of BVOCs released from the
regions with high SOC contents could provide insights into potential contributions to the
atmosphere. Furthermore, Bourtsoukidis et al. (2018) found sesquiterpene emissions from
carbon-rich tropical forest soils (Terra Firme) to be of comparable magnitude to forest
emissions during the dry season, highlighting the importance of further characterizing soil

emissions from this region.
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6 Summary

Regional and global estimations of BVOC budgets and their feedbacks to the
atmosphere so far only include plant emissions, but more and more laboratory and field
studies have indicated the importance of BVOC fluxes from soils. Soil emissions specifically
affect the seasonal emission patterns, atmospheric chemistry during shoulder seasons, and the
within-canopy OH sink. In this study, we summarize the current knowledge about sources
and sinks of soil BVOCs and unravel biotic and abiotic drivers behind the processes. We also
present a list of often-reported compounds for soils, which can serve as the focus group for
modelling. Based on the current data, we further propose a generic framework for taking into
account soil BVOC fluxes in ecosystem models. The proposed framework in this study could

potentially initiate modelling attempts to quantify soil emissions at different scales.

Process-oriented measurements are required not only to provide quantitative
information for model parameterization and evaluation, but also to gain a predictive
understanding of soil BVOC fluxes under changing climate. Based on the current status of
measurement techniques, root emissions of BVOCs in natural systems have been the least
studied. Understanding processes regulating root emissions, as well as responses to different
soil conditions at the plant species level, should be one of the foci in future studies.
Furthermore, attention should be devoted to consistent sampling of litter emissions,
investigating the responses of SOC emissions to different soil environmental variables in
major soil types and developing approaches for long-term monitoring of soil BVOC

emissions in situ.

Acknowledgments

This work was supported by the Danish National Research Foundation (Center for
Permafrost, CENPERM DNRF100), the Villum Foundation (VKR022589), the Danish
Council for Independent Research|Natural Sciences (DFF-4002-00495; DFF-0602-010718),
and the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement No 771012). Jing Tang received
funding from the European Union’s Horizon 2020 research and innovation programme under
the Marie Sklodowska-Curie (grant agreement 707187) and FORMAS mobility grant (No.
2016-01580). This review does not include any new data. We thank Dr. Cleo Davie-Martin
for proof-reading and English improvement. Thanks to Prof. Bo Elberling, Dr. Tao Li and Dr.
Magnus Kramshgj for interesting discussions.

© 2019 American Geophysical Union. All rights reserved.



References

Aaltonen, H., Aalto, J., Kolari, P., Pihlatie, M., Pumpanen, J., Kulmala, M., et al. Béck, J. (2013). Continuous
VOC flux measurements on boreal forest floor. Plant and Soil, 369(1), 241-256. doi: 10.1007/s11104-
012-1553-4

Aaltonen, H., Pumpanen, J., Pihlatie, M., Hakola, H., Hellén, H., Kulmala, L., et al. Back, J. (2011). Boreal pine
forest floor biogenic volatile organic compound emissions peak in early summer and autumn.
Agricultural and Forest Meteorology, 151(6), 682-691. doi:
http://dx.doi.org/10.1016/j.agrformet.2010.12.010

Albers, C. N., Kramshgj, M., & Rinnan, R. (2018). Rapid mineralization of biogenic volatile organic
compounds in temperate and Arctic soils. Biogeosciences Discuss., 2018, 1-18. doi: 10.5194/bg-2018-
32

Ali, J. G., Alborn, H. T., & Stelinski, L. L. (2011). Constitutive and induced subterranean plant volatiles attract
both entomopathogenic and plant parasitic nematodes. Journal of Ecology, 99(1), 26-35. doi:
10.1111/j.1365-2745.2010.01758.x

Amaral, J. A., & Knowles, R. (1998). Inhibition of Methane Consumption in Forest Soils by Monoterpenes.
Journal of Chemical Ecology, 24(4), 723-734. doi: 10.1023/a:1022398404448

Arocha, M. A., Jackman, A. P., & McCoy, B. J. (1996). Adsorption Kinetics of Toluene on Soil Agglomerates:
Soil as a Biporous Sorbent. Environmental Science & Technology, 30(5), 1500-1507. doi:
10.1021/es9504294

Asensio, D., Owen, S. M., Llusia, J., & Pefiuelas, J. (2008a). The distribution of volatile isoprenoids in the soil
horizons around Pinus halepensis trees. Soil Biology and Biochemistry, 40(12), 2937-2947. doi:
https://doi.org/10.1016/j.soilbio.2008.08.008

Asensio, D., Pefiuelas, J., Filella, 1., & Llusia, J. (2007a). On-line screening of soil VOCs exchange responses to
moisture, temperature and root presence. Plant and Soil, 291(1), 249-261. doi: 10.1007/s11104-006-
9190-4

Asensio, D., Pefiuelas, J., Ogaya, R., & Llusia, J. (2007b). Seasonal soil VOC exchange rates in a Mediterranean
holm oak forest and their responses to drought conditions. Atmospheric Environment, 41(11), 2456-
2466. doi: http://dx.doi.org/10.1016/j.atmosenv.2006.05.007

Asensio, D., Pefiuelas, J., Prieto, P., Estiarte, M., Filella, ., & Llusia, J. (2008b). Interannual and seasonal
changes in the soil exchange rates of monoterpenes and other VOCs in a Mediterranean shrubland.
European Journal of Soil Science, 59(5), 878-891. doi: 10.1111/j.1365-2389.2008.01057.x

Baath, E., & Wallander, H. (2003). Soil and rhizosphere microorganisms have the same Q10 for respiration in a
model system. Global Change Biology, 9(12), 1788-1791. doi: 10.1046/j.1365-2486.2003.00692.x

© 2019 American Geophysical Union. All rights reserved.



Bachy, A., Aubinet, M., Amelynck, C., Schoon, N., Bodson, B., Moureaux, C., et al. Heinesch, B. (2018).
Methanol exchange dynamics between a temperate cropland soil and the atmosphere. Atmospheric
Environment, 176, 229-239. doi: https://doi.org/10.1016/j.atmosenv.2017.12.016

Borggaard, O. K., & Elberling, B. (2007). Pedological Biogeochemistry. Department of Natural Sciences,
University of Copenhagen and Department of Geography and Geology, University of Copenhagen.

Bourtsoukidis, E., Behrendt, T., Yafiez-Serrano, A. M., Hellén, H., Diamantopoulos, E., Catéo, E., et al.
Williams, J. (2018). Strong sesquiterpene emissions from Amazonian soils. Nature Communications,
9(1), 2226. doi: 10.1038/s41467-018-04658-y

Bracho-Nunez, A., Knothe, N. M., Costa, W. R., Maria Astrid, L. R., Kleiss, B., Rottenberger, S., et al.
Kesselmeier, J. (2012). Root anoxia effects on physiology and emissions of volatile organic
compounds (VOC) under short- and long-term inundation of trees from Amazonian floodplains.
SpringerPlus, 1, 9-9. doi: 10.1186/2193-1801-1-9

Breus, I. P., & Mishchenko, A. A. (2006). Sorption of volatile organic contaminants by soils (a review).
Eurasian Soil Science, 39(12), 1271-1283. doi: 10.1134/51064229306120015

Butterbach-Bahl, K., Baggs, E. M., Dannenmann, M., Kiese, R., & Zechmeister-Boltenstern, S. (2013). Nitrous
oxide emissions from soils: how well do we understand the processes and their controls? Philosophical
Transactions of the Royal Society B: Biological Sciences, 368(1621), 20130122. doi:
10.1098/rsth.2013.0122

Cappellin, L., Algarra Alarcon, A., Herdlinger-Blatt, I., Sanchez, J., Biasioli, F., Martin, S. T., et al. McKinney,
KA. (2017). Field observations of volatile organic compound (VOC) exchange in red oaks. Atmos.
Chem. Phys., 17(6), 4189-4207. doi: 10.5194/acp-17-4189-2017

Chen, C., Green, R. E., Thomas, D. M., & Knuteson, J. A. (1995). Modeling 1,3-D fumigant volatilization with
vapor-phase advection in the soil profile. Environmental Science & Technology, 29(7), 1816-1821. doi:
10.1021/es00007a019

Chiriboga, M. X., Guo, H., Campos-Herrera, R., Rdder, G., Imperiali, N., Keel, C., et al. Turlings, T. C. J.
(2018). Root-colonizing bacteria enhance the levels of (E)-B-caryophyllene produced by maize roots in
response to rootworm feeding. Oecologia, 187(2), 459-468. doi: 10.1007/s00442-017-4055-5

Choi, J., Tillman, F. D., & Smith, J. A. (2002). Relative Importance of Gas-Phase Diffusive and Advective
Trichloroethene (TCE) Fluxes in the Unsaturated Zone under Natural Conditions. Environmental
Science & Technology, 36(14), 3157-3164. doi: 10.1021/es011348c

Cleveland, C. C., & Yavitt, J. B. (1997). Consumption of atmospheric isoprene in soil. Geophysical Research
Letters, 24(19), 2379-2382. doi: 10.1029/97GL02451

Cleveland, C. C., & Yavitt, J. B. (1998). Microbial Consumption of Atmospheric Isoprene in a Temperate
Forest Soil. Applied and Environmental Microbiology, 64(1), 172-177.

© 2019 American Geophysical Union. All rights reserved.



Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, V. T., Godoy, O., et al. Westoby,
M. (2008). Plant species traits are the predominant control on litter decomposition rates within biomes
worldwide. Ecology Letters, 11(10), 1065-1071. doi: 10.1111/j.1461-0248.2008.01219.x

Curry, C. L. (2007). Modeling the soil consumption of atmospheric methane at the global scale. Global
Biogeochemical Cycles, 21(4). doi: 10.1029/2006GB002818

Delory, B. M., Delaplace, P., Fauconnier, M., & du Jardin, P. (2016). Root-emitted volatile organic compounds:
can they mediate belowground plant-plant interactions? Plant and Soil, 402(1), 1-26. doi:
10.1007/s11104-016-2823-3

Di Carlo, P., Brune, W. H., Martinez, M., Harder, H., Lesher, R., Ren, X., et al. Campbell, C. (2004). Missing
OH Reactivity in a Forest: Evidence for Unknown Reactive Biogenic VOCs. Science, 304(5671), 722-
725. doi: 10.1126/science.1094392

DiGangi, J. P., Boyle, E. S., Karl, T., Harley, P., Turnipseed, A., Kim, S., et al. Keutsch, F. N. (2011). First
direct measurements of formaldehyde flux via eddy covariance: implications for missing in-canopy
formaldehyde sources. Atmos. Chem. Phys., 11(20), 10565-10578. doi: 10.5194/acp-11-10565-2011

Ditengou, F.'A., Muller, A., Rosenkranz, M., Felten, J., Lasok, H., van Doorn, M. M., et al. Polle, A. (2015).
Volatile signalling by sesquiterpenes from ectomycorrhizal fungi reprogrammes root architecture.
Nature Communications, 6, 6279. doi: https://doi.org/10.1038/ncomms7279

Drew, M. C. (1997). Oxygen deficiency and root metabolism: injury and acclimation under hypoxia and anoxia.
Annual Review of Plant Physiology and Plant Molecular Biology, 48(1), 223-250. doi:
10.1146/annurev.arplant.48.1.223

Eilers, E. J., Pauls, G., Rillig, M. C., Hansson, B. S., Hilker, M., & Reinecke, A. (2015). Novel Set-Up for Low-
Disturbance Sampling of Volatile and Non-volatile Compounds from Plant Roots. Journal of Chemical
Ecology, 41(3), 253-266. doi: 10.1007/s10886-015-0559-9

Elberling, B., Larsen, F., Christensen, S., & Postma, D. (1998). Gas transport in a confined unsaturated zone
during atmospheric pressure cycles. Water Resources Research, 34(11), 2855-2862. doi:
10.1029/98WR02037

Eleanor; E. C., & Keith, P. (2015). Current developments in soil organic matter modeling and the expansion of

model applications: a review. Environmental Research Letters, 10(12), 123004.

Faiola, C. L., VanderSchelden, G. S., Wen, M., Elloy, F. C., Cobos, D. R., Watts, R. J., etal. VanReken, T. M.
(2014). SOA Formation Potential of Emissions from Soil and Leaf Litter. Environmental Science &
Technology, 48(2), 938-946. doi: 10.1021/es4040045

Fall, R., & Benson, A. A. (1996). Leaf methanol — the simplest natural product from plants. Trends in Plant
Science, 1(9), 296-301. doi: https://doi.org/10.1016/S1360-1385(96)88175-0

Faubert, P., Tiiva, P., Michelsen, A., Rinnan, A., Ro-Poulsen, H., & Rinnan, R. (2012). The shift in plant

species composition in a subarctic mountain birch forest floor due to climate change would modify the

© 2019 American Geophysical Union. All rights reserved.



biogenic volatile organic compound emission profile. Plant and Soil, 352(1), 199-215. doi:
10.1007/s11104-011-0989-2

Faubert, P., Tiiva, P., Rinnan, A., Réty, S., Holopainen, J. K., Holopainen, T., & Rinnan, R. (2010). Effect of
vegetation removal and water table drawdown on the non-methane biogenic volatile organic compound
emissions in boreal peatland microcosms. Atmospheric Environment, 44(35), 4432-4439. doi:
https://doi.org/10.1016/j.atmosenv.2010.07.039

Folkers, A., Huve, K., Ammann, C., Dindorf, T., Kesselmeier, J., Kleist, E., et al. Wildt, J. (2008). Methanol
emissions from deciduous tree species: dependence on temperature and light intensity. Plant Biol
(Stuttg), 10(1), 65-75. doi: 10.1111/j.1438-8677.2007.00012.x

Ghimire, R. P., Markkanen, J. M., Kivimaenpaa, M., Lyytikdinen-Saarenmaa, P., & Holopainen, J. K. (2013).
Needle Removal by Pine Sawfly Larvae Increases Branch-Level VOC Emissions and Reduces Below-
Ground Emissions of Scots Pine. Environmental Science & Technology, 47(9), 4325-4332. doi:
10.1021/es4006064

Gray, C. M., Helmig, D., & Fierer, N. (2015). Bacteria and fungi associated with isoprene consumption in soil.
Elem Sci Anth, 3(53). doi: http://doi.org/10.12952/journal.elementa.000053

Gray, C. M., Monson, R. K., & Fierer, N. (2010). Emissions of volatile organic compounds during the
decomposition of plant litter. Journal of Geophysical Research: Biogeosciences, 115(G3), G03015.
doi: 10.1029/2010JG001291

Gray, C. M., Monson, R. K., & Fierer, N. (2014). Biotic and abiotic controls on biogenic volatile organic
compound fluxes from a subalpine forest floor. Journal of Geophysical Research: Biogeosciences,
119(4), 547-556. doi: 10.1002/2013JG002575

Grayston, S.J., Vaughan, D., & Jones, D. (1997). Rhizosphere carbon flow in trees, in comparison with annual
plants: the importance of root exudation and its impact on microbial activity and nutrient availability.
Applied Soil Ecology, 5(1), 29-56. doi: https://doi.org/10.1016/S0929-1393(96)00126-6

Greenberg, J. P., Asensio, D., Turnipseed, A., Guenther, A. B., Karl, T., & Gochis, D. (2012). Contribution of
leaf and needle litter to whole ecosystem BVOC fluxes. Atmospheric Environment, 59, 302-311. doi:
10.1016/j.atmosenv.2012.04.038

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., et al. Zimmerman, P. (1995). A
global model of natural volatile organic compound emissions. Journal of Geophysical Research:
Atmospheres, 100(D5), 8873-8892. doi: 10.1029/94JD02950

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

© 2019 American Geophysical Union. All rights reserved.



Hakola, H., Tarvainen, V., Laurila, T., Hiltunen, V., Hellén, H., & Keronen, P. (2003). Seasonal variation of
VOC concentrations above a boreal coniferous forest. Atmospheric Environment, 37(12), 1623-1634.
doi: http://dx.doi.org/10.1016/S1352-2310(03)00014-1

Hayward, S., Muncey, R. J., James, A. E., Halsall, C. J., & Hewitt, C. N. (2001). Monoterpene emissions from
soil in a Sitka spruce forest. Atmospheric Environment, 35(24), 4081-4087. doi:
http://dx.doi.org/10.1016/S1352-2310(01)00213-8

Hellén, H., Hakola, H., Pystynen, K. H., Rinne, J., & Haapanala, S. (2006). C2-C10 hydrocarbon emissions
from a boreal wetland and forest floor. Biogeosciences, 3(2), 167-174. doi: 10.5194/bg-3-167-2006

Hinz, C. (2001). Description of sorption data with isotherm equations. Geoderma, 99(3-4), 225-243. doi:
http://dx.doi.org/10.1016/S0016-7061(00)00071-9

Horvath, E., Hoffer, A., Sebdk, F., Dobolyi, C., Szoboszlay, S., Kriszt, B., & Gelencsér, A. (2012).
Experimental evidence for direct sesquiterpene emission from soils. Journal of Geophysical Research:
Atmospheres, 117(D15). doi: 10.1029/2012JD017781

Huber, S. G., Wunderlich, S., Scholer, H. F., & Williams, J. (2010). Natural Abiotic Formation of Furans in
Soil. Environmental Science & Technology, 44(15), 5799-5804. doi: 10.1021/es100704g

Hutsch, B. W., Augustin, J., & Merbach, W. (2002). Plant rhizodeposition — an important source for carbon
turnover in soils. Journal of Plant Nutrition and Soil Science, 165(4), 397-407. doi: 10.1002/1522-
2624(200208)165:4<397::AID-JPLN397>3.0.CO;2-C

Insam, H., & Seewald, M. S. A. (2010). Volatile organic compounds (VOCSs) in soils. Biology and Fertility of
Soils, 46(3), 199-213. doi: 10.1007/s00374-010-0442-3

Isidorov, V., & Jdanova, M. (2002). Volatile organic compounds from leaves litter. Chemosphere, 48(9), 975-
979. doi: https://doi.org/10.1016/S0045-6535(02)00074-7

Isidorov, V. A., Smolewska, M., Purzynska-Pugacewicz, A., & Tyszkiewicz, Z. (2010). Chemical composition
of volatile and extractive compounds of pine and spruce leaf litter in the initial stages of
decomposition. Biogeosciences, 7(9), 2785-2794. doi: 10.5194/bg-7-2785-2010

Isidorov, V. A., Vinogorova, V. T., & Rafatowski, K. (2003). HS-SPME analysis of volatile organic compounds
of coniferous needle litter. Atmospheric Environment, 37(33), 4645-4650. doi:
https://doi.org/10.1016/j.atmosenv.2003.07.005

Janson, R.'W. (1993). Monoterpene emissions from Scots pine and Norwegian spruce. Journal of Geophysical
Research: Atmospheres, 98(D2), 2839-2850. doi: 10.1029/92JD02394

Jardine, K., Yafiez-Serrano, A. M., Williams, J., Kunert, N., Jardine, A., Taylor, T., et al. Andreae, M. O.
(2015). Dimethyl sulfide in the Amazon rain forest. Global Biogeochemical Cycles, 29(1), 19-32. doi:
10.1002/2014gb004969

© 2019 American Geophysical Union. All rights reserved.



Kainulainen, P., & Holopainen, J. K. (2002). Concentrations of secondary compounds in Scots pine needles at
different stages of decomposition. Soil Biology and Biochemistry, 34(1), 37-42. doi:
https://doi.org/10.1016/S0038-0717(01)00147-X

Karl, T., Potosnak, M., Guenther, A., Clark, D., Walker, J., Herrick, J. D., & Geron, C. (2004). Exchange
processes of volatile organic compounds above a tropical rain forest: Implications for modeling
tropospheric chemistry above dense vegetation. Journal of Geophysical Research: Atmospheres,
109(D18), D18306. doi: 10.1029/2004JD004738

Kelsey, R. G., Joseph, G., Westlind, D., & Thies, W. G. (2016). Ethanol and acetone from Douglas-fir roots
stressed by Phellinus sulphurascens infection: Implications for detecting diseased trees and for beetle
host selection. Forest Ecology and Management, 360, 261-272. doi:
https://doi.org/10.1016/j.foreco.2015.10.039

Kesselmeier, J., & Hubert, A. (2002). Exchange of reduced volatile sulfur compounds between leaf litter and the
atmosphere. Atmospheric Environment, 36(29), 4679-4686. doi: https://doi.org/10.1016/S1352-
2310(02)00413-2

Kesselmeier, J., & Staudt, M. (1999). Biogenic Volatile Organic Compounds (VOC): An Overview on
Emission, Physiology and Ecology. Journal of Atmospheric Chemistry, 33(1), 23-88. doi:
10.1023/2:1006127516791

Kothawala, D. N., Moore, T. R., & Hendershot, W. H. (2008). Adsorption of dissolved organic carbon to
mineral soils: A comparison of four isotherm approaches. Geoderma, 148(1), 43-50. doi:
https://doi.org/10.1016/j.geoderma.2008.09.004

Kramshgj, M., Albers, C. N., Holst, T., Holzinger, R., Elberling, B., & Rinnan, R. (2018). Biogenic volatile
release from permafrost thaw is determined by the soil microbial sink. Nature Communications, 9(1),
3412. doi: 10.1038/s41467-018-05824-y

Kramshgj, M., Albers, C. N., Svendsen, S. H., Bjérkman, M., Lindwall, F., Bjork, R., & Rinnan, R. (2019).
Volatile emissions from thawing permafrost soils are influenced by meltwater drainage conditions.
Global Change Biology. doi: http://dx.doi.org/10.1038/nge02692

Kramshgj, M., Vedel-Petersen, 1., Schollert, M., Rinnan, A., Nymand, J., Ro-Poulsen, H., & Rinnan, R. (2016).
Large increases in Arctic biogenic volatile emissions are a direct effect of warming. Nature Geosci,
9(5), 349-352. doi: 10.1038/nge02692

Kreuzwieser, J., & Rennenberg, H. (2013). Flooding-Driven Emissions from Trees. In U. Niinemets & R. K.
Monson (Eds.), Biology, Controls and Models of Tree Volatile Organic Compound Emissions (pp. 237-
252). Dordrecht: Springer Netherlands.

Kreuzwieser, J., Scheerer, U., & Rennenberg, H. (1999a). Metabolic origin of acetaldehyde emitted by poplar
(Populus tremula x P. alba) trees. Journal of Experimental Botany, 50(335), 757-765. doi:
10.1093/jxb/50.335.757

© 2019 American Geophysical Union. All rights reserved.



Kreuzwieser, J., Schnitzler, J. P., & Steinbrecher, R. (1999b). Biosynthesis of Organic Compounds Emitted by
Plants. Plant Biology, 1(2), 149-159. doi: 10.1111/j.1438-8677.1999.tb00238.x

Kuzyakov, Y., & Larionova, A. A. (2005). Root and rhizomicrobial respiration: A review of approaches to
estimate respiration by autotrophic and heterotrophic organisms in soil. Journal of Plant Nutrition and
Soil Science, 168(4), 503-520. doi: 10.1002/jpIn.200421703

Laffineur, Q., Aubinet, M., Schoon, N., Amelynck, C., Milller, J. F., Dewulf, J., et al. Heinesch, B. (2012).
Abiotic and biotic control of methanol exchanges in a temperate mixed forest. Atmos. Chem. Phys.,
12(1), 577-590. doi: 10.5194/acp-12-577-2012

Leff, J. W.; & Fierer, N. (2008). Volatile organic compound (VOC) emissions from soil and litter samples. Soil
Biology and Biochemistry, 40(7), 1629-1636. doi: http://dx.doi.org/10.1016/j.s0ilbio.2008.01.018

Lin, C., Owen, S. M., & Pefiuelas, J. (2007). Volatile organic compounds in the roots and rhizosphere of Pinus
spp. Soil Biology and Biochemistry, 39(4), 951-960. doi: http://doi.org/10.1016/j.s0ilbio.2006.11.007

Loreto, F:, Barta, C., Brilli, F., & Nogues, . (2006). On the induction of volatile organic compound emissions
by plants as consequence of wounding or fluctuations of light and temperature. Plant, Cell &
Environment, 29(9), 1820-1828. doi: 10.1111/j.1365-3040.2006.01561.x

Maki, M., Aalto, J., Hellén, H., Pihlatie, M., & Béck, J. (2019). Interannual and Seasonal Dynamics of Volatile
Organic Compound Fluxes From the Boreal Forest Floor. Frontiers in Plant Science, 10(191). doi:
10.3389/fpls.2019.00191

Maki, M., Heinonsalo, J., Hellén, H., & Béck, J. (2017). Contribution of understorey vegetation and soil
processes to boreal forest isoprenoid exchange. Biogeosciences, 14(5), 1055-1073. doi: 10.5194/bg-14-
1055-2017

Mancuso, S., Taiti, C., Bazihizina, N., Costa, C., Menesatti, P., Giagnoni, L., et al. Renella, G. (2015). Soil
volatile analysis by proton transfer reaction-time of flight mass spectrometry (PTR-TOF-MS). Applied
Soil Ecology, 86, 182-191. doi: https://doi.org/10.1016/j.aps0il.2014.10.018

Mielnik, A., Link, M., Mattila, J., Fulgham, S. R., & Farmer, D. K. (2018). Emission of formic and acetic acids
from two Colorado soils. Environmental Science: Processes & Impacts, 20(11), 1537-1545. doi:
10.1039/C8EM00356D

Machizuki, T., Miyazaki, Y., Ono, K., Wada, R., Takahashi, Y., Saigusa, N., et al. Tani, A. (2015). Emissions
of biogenic volatile organic compounds and subsequent formation of secondary organic aerosols in a
<lI>Larix kaempferi</I> forest. Atmos. Chem. Phys., 15(20), 12029-12041. doi: 10.5194/acp-15-12029-
2015

Moldrup, P.,/Olesen, T., Schjgnning, P., Yamaguchi, T., & Rolston, D. E. (2000). Predicting the Gas Diffusion
Coefficient in Undisturbed Soil from Soil Water Characteristics. Soil Science Society of America
Journal, 64(1), 94-100. doi: 10.2136/ss5aj2000.64194x

© 2019 American Geophysical Union. All rights reserved.



Morrissey, F. A., & Grismer, M. E. (1999). Kinetics of volatile organic compound sorption/desorption on clay
minerals. Journal of Contaminant Hydrology, 36(3—4), 291-312. doi: http://dx.doi.org/10.1016/S0169-
7722(98)00150-8

Murguia-Flores, F., Arndt, S., Ganesan, A. L., Murray-Tortarolo, G., & Hornibrook, E. R. C. (2018). Soil
Methanotrophy Model (MeMo v1.0): a process-based model to quantify global uptake of atmospheric
methane by soil. Geosci. Model Dev., 11(6), 2009-2032. doi: 10.5194/gmd-11-2009-2018

Nolscher, A. C., Yafiez-Serrano, A. M., Wolff, S., de Araujo, A. C., Lavri¢, J. V., Kesselmeier, J., & Williams,
J. (2016). Unexpected seasonality in quantity and composition of Amazon rainforest air reactivity.
Nature Communications, 7, 10383. doi: 10.1038/ncomms10383

https://www.nature.com/articles/ncomms10383#supplementary-information

Oikawa, P. Y., Giebel, B. M., Sternberg, L. d. S. L. O. R., Li, L., Timko, M. P., Swart, P. K., et al. Lerdau, M.
T. (2011). Leaf and root pectin methylesterase activity and 13C/12C stable isotopic ratio measurements
of methanol emissions give insight into methanol production in Lycopersicon esculentum. New
Phytologist, 191(4), 1031-1040. doi: 10.1111/j.1469-8137.2011.03770.x

Ong, S:K., & Lion, L. W. (1991). Effects of soil properties and moisture on the sorption of trichloroethylene
vapor. Water Research, 25(1), 29-36. doi: http://dx.doi.org/10.1016/0043-1354(91)90095-8

Owen, S. M, Clark, S., Pompe, M., & Semple, K. T. (2007). Biogenic volatile organic compounds as potential
carbon sources for microbial communities in soil from the rhizosphere of Populus tremula. FEMS
Microbiology Letters, 268(1), 34-39. doi: 10.1111/j.1574-6968.2006.00602.x

Paavolainen, L., Kitunen, V., & Smolander, A. (1998). Inhibition of nitrification in forest soil by monoterpenes.
Plant and Soil, 205(2), 147-154. doi: 10.1023/a:1004335419358

Park, J.-H., Goldstein, A. H., Timkovsky, J., Fares, S., Weber, R., Karlik, J., & Holzinger, R. (2013). Active
Atmosphere-Ecosystem Exchange of the Vast Majority of Detected Volatile Organic Compounds.
Science, 341(6146), 643-647. doi: 10.1126/science.1235053

Parton, W. J. (1996). The CENTURY model, Berlin, Heidelberg.

Paudel, E., Dossa, G. G. O., de Blécourt, M., Beckschéfer, P., Xu, J., & Harrison, R. D. (2015). Quantifying the
factors affecting leaf litter decomposition across a tropical forest disturbance gradient. Ecosphere,
6(12), 1-20. doi: 10.1890/ES15-00112.1

Paulot, F., Wunch, D., Crounse, J. D., Toon, G. C., Millet, D. B., DeCarlo, P. F., et al. Wennberg, P. O. (2011).
Importance of secondary sources in the atmospheric budgets of formic and acetic acids. Atmos. Chem.
Phys., 11(5), 1989-2013. doi: 10.5194/acp-11-1989-2011

Pegoraro, E., Abrell, L., Haren, J. V., Barron-Gafford, G., Grieve, K. A., Malhi, Y., et al. Lin, G. (2005). The
effect of elevated atmospheric CO2 and drought on sources and sinks of isoprene in a temperate and
tropical rainforest mesocosm. Global Change Biology, 11(8), 1234-1246. doi: 10.1111/].1365-
2486.2005.00986.x

© 2019 American Geophysical Union. All rights reserved.



Peltola, O., Raivonen, M., Li, X., & Vesala, T. (2018). Technical note: Comparison of methane ebullition
modelling approaches used in terrestrial wetland models. Biogeosciences, 15(3), 937-951. doi:
10.5194/bg-15-937-2018

Pefiuelas, J., Asensio, D., Tholl, D., Wenke, K., Rosenkranz, M., Piechulla, B., & Schnitzler, J. P. (2014).
Biogenic volatile emissions from the soil. Plant, Cell & Environment, 37(8), 1866-1891. doi:
10.1111/pce.12340

Petersen, L. W., Moldrup, P., El-Farhan, Y. H., Jacobsen, O. H., Yamaguchi, T., & Rolston, D. E. (1995). The
effect of moisture and soil texture on the adsorption of organic vapors. Journal of Environmental
Quality, 24(4), 752-759. doi: 10.2134/jeq1995.00472425002400040028x

Petersen, L. W., Rolston, D. E., Moldrup, P., & Yamaguchi, T. (1994). Volatile Organic Vapor Diffusion and
Adsorption in Soils. Journal of Environmental Quality, 23(4), 799-805. doi:
10.2134/jeq1994.00472425002300040026%

Ramirez, K:'S., Lauber, C. L., & Fierer, N. (2010). Microbial consumption and production of volatile organic
compounds at the soil-litter interface. Biogeochemistry, 99(1), 97-107. doi: 10.1007/s10533-009-9393-

X

Rantala, P., Aalto, J., Taipale, R., Ruuskanen, T. M., & Rinne, J. (2015). Annual cycle of volatile organic
compound exchange between a boreal pine forest and the atmosphere. Biogeosciences, 12(19), 5753-
5770. doi: 10.5194/bg-12-5753-2015

Rasheed, M. U., Kasurinen, A., Kivimaenpaa, M., Ghimire, R., Haiki®, E., Mpamah, P., et al. Holopainen, T.
(2017). The responses of shoot-root-rhizosphere continuum to simultaneous fertilizer addition,
warming, ozone and herbivory in young Scots pine seedlings in a high latitude field experiment. Soil
Biology and Biochemistry, 114, 279-294. doi: https://doi.org/10.1016/j.s0ilbi0.2017.07.024

Reichstein, M., & Beer, C. (2008). Soil respiration across scales: The importance of a model—data integration
framework for data interpretation. Journal of Plant Nutrition and Soil Science, 171(3), 344-354. doi:
10:1002/jpIn.200700075

Ridgwell, A. J., Marshall, S. J., & Gregson, K. (1999). Consumption of atmospheric methane by soils: A
process-based model. Global Biogeochemical Cycles, 13(1), 59-70. doi: doi:10.1029/1998GB900004

Rinnan, R.; Gierth, D., Bilde, M., Rosengrn, T., & Michelsen, A. (2013). Off-season biogenic volatile organic
compound emissions from heath mesocosms: responses to vegetation cutting. Frontiers in
Microbiology, 4, 224. doi: 10.3389/fmich.2013.00224

Rossabi, S:, Choudoir, M., Helmig, D., Hueber, J., & Fierer, N. (2018). Volatile Organic Compound Emissions
From Soil Following Wetting Events. Journal of Geophysical Research: Biogeosciences, 123(6), 1988-
2001. doi: 10.1029/2018jg004514

Ruiz, J., Bilbao, R., & Murillo, M. B. (1998). Adsorption of different VOC onto soil minerals from gas phase:
influence of mineral, type of VOC, and air humidity. Environmental Science & Technology, 32(8),
1079-1084. doi: 10.1021/es9704996

© 2019 American Geophysical Union. All rights reserved.



Ruuskanen, T. M., Mdiller, M., Schnitzhofer, R., Karl, T., Graus, M., Bamberger, 1., et al. Hansel, A. (2011).
Eddy covariance VOC emission and deposition fluxes above grassland using PTR-TOF. Atmos. Chem.
Phys., 11(2), 611-625. doi: 10.5194/acp-11-611-2011

Ryu, C.-M., Farag, M. A., Hu, C.-H., Reddy, M. S., Wei, H.-X., Paré, P. W., & Kloepper, J. W. (2003).
Bacterial volatiles promote growth in Arabidopsis. Proceedings of the National Academy of Sciences,
100(8), 4927-4932. doi: 10.1073/pnas.0730845100

Sanhueza, E., & Andreae, M. O. (1991). Emission of formic and acetic acids from tropical Savanna soils.
Geophysical Research Letters, 18(9), 1707-1710. doi: 10.1029/91GL01565

Sawada, S.; & Totsuka, T. (1986). Natural and anthropogenic sources and fate of atmospheric ethylene.
Atmospheric Environment (1967), 20(5), 821-832. doi: http://dx.doi.org/10.1016/0004-6981(86)90266-

0

Schade, G. W., & Custer, T. G. (2004). OVOC emissions from agricultural soil in northern Germany during the
2003 European heat wave. Atmospheric Environment, 38(36), 6105-6114. doi:
http://doi.org/10.1016/j.atmosenv.2004.08.017

Schade, G. W., & Goldstein, A. H. (2001). Fluxes of oxygenated volatile organic compounds from a ponderosa
pine plantation. Journal of Geophysical Research: Atmospheres, 106(D3), 3111-3123. doi:
10.1029/2000JD900592

Schink, B., & Zeikus, J. G. (1980). Microbial methanol formation: A major end product of pectin metabolism.
Current Microbiology, 4(6), 387-389. doi: 10.1007/bf02605383

Schurgers, G., Arneth, A., Holzinger, R., & Goldstein, A. H. (2009). Process-based modelling of biogenic
monoterpene emissions combining production and release from storage. Atmos. Chem. Phys., 9(10),
3409-3423. doi: 10.5194/acp-9-3409-2009

Seco, R., Pefiuelas, J., & Filella, 1. (2007). Short-chain oxygenated VOCs: Emission and uptake by plants and
atmospheric sources, sinks, and concentrations. Atmospheric Environment, 41(12), 2477-2499. doi:

https://doi.org/10.1016/j.atmosenv.2006.11.029

Serrano, A., & Gallego, M. (2006). Sorption study of 25 volatile organic compounds in several Mediterranean
soils using headspace—gas chromatography—mass spectrometry. Journal of Chromatography A,
1118(2), 261-270. doi: https://doi.org/10.1016/j.chroma.2006.03.095

Sindelarova, K., Granier, C., Bouarar, |., Guenther, A., Tilmes, S., Stavrakou, T., et al. Knorr, W. (2014). Global
data set of biogenic VOC emissions calculated by the MEGAN model over the last 30 years. Atmos.
Chem. Phys., 14(17), 9317-9341. doi: 10.5194/acp-14-9317-2014

Sinha, V., Williams, J., Lelieveld, J., Ruuskanen, T. M., Kajos, M. K., Patokoski, J., et al. Kulmala, M. (2010).
OH Reactivity Measurements within a Boreal Forest: Evidence for Unknown Reactive Emissions.
Environmental Science & Technology, 44(17), 6614-6620. doi: 10.1021/es101780b

© 2019 American Geophysical Union. All rights reserved.



Site, A. D. (2001). Factors Affecting Sorption of Organic Compounds in Natural Sorbent/Water Systems and
Sorption Coefficients for Selected Pollutants. A Review. Journal of Physical and Chemical Reference
Data, 30(1), 187-439. doi: 10.1063/1.1347984

Smith, J. A., Tisdale, A. K., & Cho, H. J. (1996). Quantification of natural vapor fluxes of trichloroethene in the
unsaturated zone at Picatinny Arsenal, New Jersey. Environmental Science & Technology, 30(7), 2243-
2250. doi: 10.1021/es950610c

Smolander, A., Ketola, R. A., Kotiaho, T., Kanerva, S., Suominen, K., & Kitunen, V. (2006). Volatile
monoterpenes in soil atmosphere under birch and conifers: Effects on soil N transformations. Soil
Biology and Biochemistry, 38(12), 3436-3442. doi: http://dx.doi.org/10.1016/j.s0ilbio.2006.05.019

Spielmann, F. M., Langebner, S., Ghirardo, A., Hansel, A., Schnitzler, J.-P., & Wohlfahrt, G. (2017). Isoprene
and a-pinene deposition to grassland mesocosms. Plant and Soil, 410(1), 313-322. doi:
10.1007/s11104-016-3009-8

Stahl, P. D.; & Parkin, T. B. (1996). Microbial Production of Volatile Organic Compounds in Soil Microcosms.
Soil Science Society of America Journal, 60(3), 821-828. doi:
10.2136/5552j1996.03615995006000030020%

Staubes, R., Georgii, H.-W., & Ockelmann, G. (1989). Flux of COS, DMS and CS2 from various soils in
Germany. Tellus B, 41B(3), 305-313. doi: 10.1111/j.1600-0889.1989.th00309.x

Staudt, M., Byron, J., Piguemal, K., & Williams, J. (2019). Compartment specific chiral pinene emissions
identified in a Maritime pine forest. Science of The Total Environment, 654, 1158-1166. doi:
https://doi.org/10.1016/j.scitotenv.2018.11.146

Svendsen, S. H., Priemé, A., Voriskova, J., Kramshgj, M., Schostag, M., Jacobsen, C. S., & Rinnan, R. (2018).
Emissions of biogenic volatile organic compounds from arctic shrub litter are coupled with changes in
the bacterial community composition. Soil Biology and Biochemistry, 120, 80-90. doi:
https://doi.org/10.1016/j.s0ilbio.2018.02.001

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhitova, G., & Zimov, S. (2009). Soil organic
carbon pools in the northern circumpolar permafrost region. Global Biogeochemical Cycles, 23(2). doi:
10.1029/2008GB003327

Tian; H., Yang, J., Lu, C., Xu, R., Canadell, J. G., Jackson, R. B., et al. Zhu, Q. (2018). The global N20O model
intercomparison project. Bulletin of the American Meteorological Society, 99(6), 1231-1251. doi:
10.1175/BAMS-D-17-0212.1

Tiiva, P., Faubert, P., Réty, S., Holopainen, J. K., Holopainen, T., & Rinnan, R. (2009). Contribution of
vegetation and water table on isoprene emission from boreal peatland microcosms. Atmospheric
Environment, 43(34), 5469-5475. doi: https://doi.org/10.1016/j.atmosenv.2009.07.026

Tillman, F. D., Choi, J.-W., & Smith, J. A. (2003). A comparison of direct measurement and model simulation
of total flux of volatile organic compounds from the subsurface to the atmosphere under natural field
conditions. Water Resources Research, 39(10). doi: 10.1029/2003WR002098

© 2019 American Geophysical Union. All rights reserved.



van Roon, A, Parsons, J. R., te Kloeze, A.-M., & Govers, H. A. J. (2005). Fate and transport of monoterpenes
through soils. Part 1. Prediction of temperature dependent soil fate model input-parameters.
Chemosphere, 61(5), 599-609. doi: https://doi.org/10.1016/j.chemosphere.2005.02.081

Veres, P. R., Behrendt, T., Klapthor, A., Meixner, F. X., & Williams, J. (2014). Volatile Organic Compound
emissions from soil: using Proton-Transfer-Reaction Time-of-Flight Mass Spectrometry (PTR-TOF-
MS) for the real time observation of microbial processes. Biogeosciences Discuss., 2014, 12009-12038.
doi: 10.5194/bgd-11-12009-2014

Walker, T. S:, Bais, H. P., Grotewold, E., & Vivanco, J. M. (2003). Root Exudation and Rhizosphere Biology.
Plant Physiology, 132(1), 44-51. doi: 10.1104/pp.102.019661

Wang, M., Schurgers, G., Hellén, H., Lagergren, F., & Holst, T. (2018). Biogenic volatile organic compound

emissions from a boreal forest floor. Boreal Environment Research, 23, 249-265.

Warneke, C., Karl, T., Judmaier, H., Hansel, A., Jordan, A., Lindinger, W., & Crutzen, P. J. (1999). Acetone,
methanol, and other partially oxidized volatile organic emissions from dead plant matter by abiological
processes: Significance for atmospheric HOx chemistry. Global Biogeochemical Cycles, 13(1), 9-17.
doi: 10.1029/98GB02428

Wenke, K., Kai, M., & Piechulla, B. (2010). Belowground volatiles facilitate interactions between plant roots
and soil organisms. Planta, 231(3), 499-506. doi: 10.1007/s00425-009-1076-2

Wheatley, R. E., Millar, S. E., & Griffiths, D. W. (1996). The production of volatile organic compounds during
nitrogen transformations in soils. Plant and Soil, 181(1), 163-167. doi: 10.1007/bf00011303

Wieder, W. R., Allison, S. D., Davidson, E. A., Georgiou, K., Hararuk, O., He, Y., et al. Xu, X. (2015).
Explicitly representing soil microbial processes in Earth system models. Global Biogeochemical
Cycles, 29(10), 1782-1800. doi: 10.1002/2015GB005188

Yi, Z., Wang, X., Ouyang, M., Zhang, D., & Zhou, G. (2010). Air-soil exchange of dimethyl sulfide, carbon
disulfide, and dimethyl disulfide in three subtropical forests in south China. Journal of Geophysical
Research: Atmospheres, 115(D18). doi: 10.1029/2010jd014130

Zhang, D., Hui, D., Luo, Y., & Zhou, G. (2008). Rates of litter decomposition in terrestrial ecosystems: global
patterns and controlling factors. Journal of Plant Ecology, 1(2), 85-93. doi: 10.1093/jpe/rtn002

Zimmerman, P. R., Chatfield, R. B., Fishman, J., Crutzen, P. J., & Hanst, P. L. (1978). Estimates on the
production of CO and H2 from the oxidation of hydrocarbon emissions from vegetation. Geophysical
Research Letters, 5(8), 679-682. doi: doi:10.1029/GL005i008p00679

© 2019 American Geophysical Union. All rights reserved.



Table 1 List of soil biogenic volatile organic compounds, with suggested sources and sinks in
soil. The current process understanding is divided into the following levels: ++good,
+reasonable, n.a.: no supporting study. For sinks, the related processes for each compound
(compound group) are listed in the last column.

Sources Sinks

Soil organic carbon

Compounds Chemical formula | jtte  Aerobi Anaerobi Roo Sink Related sink processes*
r c c t s

Methanol CH,0 ++ ++ + ++ ++ Microbial uptake,
Solubility

Ethanol C,H¢O ++ n.a. ++ ++ ++ Microbial uptake

Formaldehyde CH,0 + + + na + Adsorption
Dissolution

Acetaldehyde C,H,0 ++ + + ++ + Microbial uptake

Acetic acid C,H,0, ++ ++ n.a. + + Microbial uptake

Formic acid CH,0, + ++ n.a. + + Microbial uptake

Acetone C3H¢O ++ ++ + + ++ Microbial uptake

Isoprene CsHg + + n.a. na  ++ Microbial uptake

Monoterpenes CioHie ++ + n.a. ++ ++ Microbial uptake

Sesquiterpenes CisHo4 ++ + n.a. + n.a. n.a.

Benzenoids Contain benzene ++ + + na + Microbial uptake

ring

Dimethyl sulfide CoHgS ++ ++ n.a. na + n.a.

(DMS)

Furans 5-membered ring ++ n.a. na. na n.a.

*Only indicates processes mentioned in the literature.
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Figure 1. Overview of biotic (red arrows) and abiotic (blue arrows) processes influencing
soil BVOCs. Atm.: Atmospheric; Ad: Advection; A-D: Adsorption-Desorption; D: Diffusion;
Ds: Dissolution; Eb: Ebullition; Ev: Evaporation, M: Microbial
decomposition/mineralization; P: Plant originated. Pt: Plant transportation; R: Runoff export.

No chemical reactions are considered.
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Figure 2. Schematic drawing of soil BVOC model. The red box and arrows are the new
processes related to soil BVOCs, while the black arrows show processes that have been
traditionally included in ecosystem models. BGC: biogeochemistry; SOC: soil organic carbon;
M: microbial decomposition/mineralization; P: plant originated; Layer 1, Layer 2, ...Layer n,

represent different soil layers in models.
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