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Abstract. The rainforest floor is an underexplored source
and sink of biogenic volatile organic compounds (BVOC),
and its contribution to the ecosystem BVOC budget remains
poorly understood. We performed multi-seasonal measure-
ments in the Amazon rainforest on the soil-atmosphere ex-
change of enantiomer-resolved monoterpenes (CjoHje) and
sesquiterpenes (Ci5Hp4), isoprene, and two isoprene oxida-
tion products: methacrolein and methyl vinyl ketone. Soil
uptake of isoprene and isoprene oxidation products was
stronger during dry seasons than wet seasons and peaked in
the afternoon hours. Sesquiterpene emission was highest dur-
ing the El Nifio-influenced dry season. Monoterpene fluxes
showed changes in speciation across seasons. The presence
or removal of the litter layer strongly altered the speciation
of the monoterpene and sesquiterpene fluxes, partly shift-
ing from emission with the litter layer to uptake without it.
At the same time, the litter had no significant effect on iso-
prene. Enantiomeric ratios of «-pinene, limonene, 8-pinene,
and camphene differed between soil emissions and ambient
air and shifted seasonally, suggesting distinct soil sources
and processes. For each sesquiterpene only one enantiomer
was detected. Although soil BVOC fluxes contribute little to
the overall atmospheric budget in rainforests dominated by
the plant canopy, they may affect near-surface chemistry and
play important roles in (soil) ecology.

1 Introduction

The Amazon rainforest, Earth’s largest tropical forest,
releases a significant portion of carbon as biogenic
volatile organic compounds (BVOC) to the atmosphere
(~ 300TgCyr‘1; Guenther et al.,, 2012). These BVOCs
serve crucial ecological functions in vegetation response to
abiotic (e.g., heat, drought, and oxidation) and biotic stress
(e.g., pathogens and herbivores) as well as in the interactions
between plants, animals, and microbes for communication
(Kesselmeier and Staudt, 1999; Guenther et al., 2006; Gill
and Tuteja, 2010; Ueda et al., 2012; Pefiuelas et al., 2014;
Staudt et al., 2017; Huang et al., 2019; Yafiez-Serrano et
al., 2019, 2020; Honeker et al., 2023). Once emitted into
the atmosphere, BVOCs rapidly react with oxidants such
as ozone and hydroxyl radicals, thereby modulating oxi-
dant levels and contributing to secondary organic aerosols
(SOA) formation (Tripathi et al., 2025). SOA can grow
to become cloud condensation nuclei (CCN) and, in turn,
affect the Earth’s radiative balance and climate (Andreae
and Crutzen, 1997; Atkinson, 2000; Lelieveld et al., 2008;
Williams, 2004). Among BVOCs, isoprene (150 Tgyr~')
and monoterpenes (MTs 60 Tgyr~!) dominate emissions,
while sesquiterpenes (SQTs), although less abundant, are
highly reactive with ozone making them important for at-
mospheric chemistry processes (Bonn and Moortgat, 2003;
Bourtsoukidis et al., 2012; Horvath et al., 2012; Yee et al.,
2018; Barreira et al., 2021; Dada et al., 2023; Isaacman-
VanWertz et al., 2024; Bourtsoukidis et al., 2025). More-
over, most MTs and SQTs are chiral, existing in two mirror-
image forms known as enantiomers. Plants and other organ-
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isms, like insects, often emit one enantiomer in excess, re-
flecting the dominant biosynthetic pathway in a species, a
given tissue or a chemotype by using a stereoselective ter-
pene synthase enzyme (Yassaa and Williams, 2007; Song et
al., 2014; Staudt et al., 2019; Zannoni et al., 2020). The atmo-
spheric reactivity of enantiomers towards ozone and OH rad-
icals is identical. However, the further reaction and dimer for-
mation might have stereochemical preferences for a-pinene
and limonene enantiomers (Bellcross et al., 2021; Gao et al.,
2025). Although chirality does not play a role in total atmo-
spheric reactivity, organisms use specific enantiomers in or-
der to communicate via the atmosphere to predators or con-
specifics. The (—)-a-pinene enantiomer was found to play
a role in plant-insect interactions, attracting beetles to al-
ready weaker trees (Norin, 1996). The (4)-a-pinene/(—)-c-
pinene ratio can be elevated in response to mechanical stress
(Eerdekens et al., 2009), and in spruce plants, a response to
drought stress was found to result in higher emission rates
of the (—)-enantiomers of limonene, 8-phellandrene, «- and
B-pinene (Daber et al., 2025). In a rainforest biome de novo
synthesized (—)-«-pinene responded differently to increas-
ing drought than (+)-«-pinene which is derived mainly from
storage pools (Byron et al., 2022). Recently, it was shown
that the enantiomeric ratio can be used to determine how
the ecosystem responds to drought (Byron et al., 2025). Al-
though an influence from the soil was not yet investigated.
Yet enantiomer-resolved soil BVOC fluxes have not been re-
ported.

While soils are increasingly recognized as sources and
sinks of BVOCs, compared to canopy BVOC they remain
poorly constrained. Understanding seasonal and diurnal pat-
terns, as well as their enantiomeric resolution and environ-
mental thresholds that control those fluxes is important for
better assessing the impact of soil on ecology and atmo-
spheric chemistry. Flux magnitudes and speciation are diffi-
cult to assess as they are the result of biotic, soil microbiome
emissions and uptake as well as root exudates, and abiotic
processes, like evaporation, diffusion, and sorption processes
(Cleveland and Yavitt, 1997; Horvath et al., 2012; Rinnan
and Albers, 2020). These processes in turn are sensitive to
temperature, soil moisture, and soil porosity and intercon-
nected with available ambient BVOCs and litter material, and
therefore organic matter and nutrients, which can boost the
microbial communities (Pefiuelas et al., 2014; Weikl et al.,
2016; Miki et al., 2017; Kivimdenpai et al., 2018). Across
ecosystems, soil BVOC fluxes are typically one to two or-
ders of magnitude lower than canopy emissions, partly due
to concurrent microbial uptake (Cleveland and Yavitt, 1997;
Owen et al., 2007; Pefiuelas et al., 2014; Drewer et al., 2021).
Microbes can consume isoprene using it as an energy source,
and may emit it at low rates (Cleveland and Yavitt, 1997;
Gray et al., 2015; El Khawand et al., 2016; McGenity et al.,
2018; Murrell et al., 2020). MTs can also be metabolized by
soil microbes as a carbon source and can have an effect on
pathways such as methanotrophy, nitrification, and denitri-
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fication in soil microbes (White, 1991, 1995). The isoprene
oxidation product methyl vinyl ketone (MVK) was found as
volatile metabolite from a bacteria and active against fun-
gal spore germination (Herrington et al., 1987). Methacrolein
(MACR) and MVK can both be directly emitted or uptaken
by plants (Tani et al., 2010; Jardine et al., 2012; Fares et al.,
2015). MT and SQT emissions in contrast were associated
with plant roots (Méki et al., 2017; Tsuruta et al., 2018),
SQT especially also with soil fungi (Horvéth et al., 2012),
as well as with microbes (Asensio et al., 2008b; Weikl et
al., 2016). In tropical forests, terpenoids are uptaken or emit-
ted depending on the environmental conditions such as the
soil water content, nutrient composition in soil, temperature,
season, and vegetation (Bourtsoukidis et al., 2018; Llusia et
al., 2022). Amazonian soils are reported to act as a strong
source of SQTs under certain conditions (Bourtsoukidis et
al., 2018). Soil BVOC fluxes in an artificial tropical forest
have been reported to alter strongly under drought conditions
(Pugliese et al., 2023).

El Nifio climate events which occur semi-periodically (ev-
ery 2-7 years) impact the Amazon rainforest by decreasing
rainfall and elevating temperatures. It was shown in a mod-
eling study that the isoprene emission flux increases as a re-
sponse of the vegetation to a strong El Nifio event (Vella et
al., 2023). MT have also been shown to generally increase
with temperature and due to drought stressed vegetation in
tropical forest ecosystems (Byron et al., 2022; Gomes Alves
et al., 2022; Werner et al., 2022). The 2023-2024 El Nifio
event caused a record drought in the Amazon rainforest (Es-
pinoza et al., 2024). Climate projections indicate that the fre-
quency and intensity of El Nifio events are likely to increase
under continued greenhouse gas emissions, with potentially
profound effects on the Amazon and its BVOC dynamics
(Geng et al., 2024).

In this study we investigated chirally resolved soil BVOC
fluxes in the Amazon rainforest to assess the relevance of
the soils to the total terpenoid BVOC budget in this ecosys-
tem and see if soils have an influence on enantiomeric ra-
tios. In particular, we are interested in the soil effect on the
enantiomers of «-pinene, as these have been shown to be
indicators of ecosystem drought stress (Byron et al., 2022,
2025), and a height gradient was observed at the ATTO tower
site (Zannoni et al., 2020). We measured across four sea-
sons, including the El Nifio drought period in the dry sea-
son 2023 to account for and look into seasonal differences.
Soil fluxes of isoprene, two of isoprene’s oxidation prod-
ucts methyl vinyl ketone (MVK) and methacrolein (MACR),
and enantiomer-resolved MTs and SQTs were quantified us-
ing thermal desorption-chiral gas chromatography-time of
flight mass spectrometry (TD-GC-ToF-MS). The measure-
ments were conducted at the Amazon Tall Tower Observa-
tory (ATTO) research station (Andreae et al., 2015) located
150 km north east of Manaus (Brazil). The effect of temper-
ature, soil moisture, soil properties, litter content and ter-
penoid ambient concentrations on soil terpenoid fluxes in
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terms of local time of day, magnitude, flux direction (emis-
sion and/or uptake), and chemical composition, including
chiral speciation was investigated.

2 Methods
2.1 Study site and sampling set-up

The experiments were conducted at the ATTO research fa-
cility in 2023 and 2024 across four seasons: from 22-26 Jan-
uary 2023 during the dry-to-wet transition season (dry-to-wet
2023), from 1-14 October 2023 during the dry season (dry
2023), from 24 April to 2 May 2024 during the wet season
(Wet 2024), and from 11-20 October 2024 during the dry
season (dry 2024). The ATTO site is a long-term measuring
station in the Amazon Basin implemented to better the under-
standing of biosphere — atmosphere interactions (Andreae et
al., 2015). The predominant wind direction from the north-
west brings air masses from pristine rainforest with minimal
human perturbation (Pohlker et al., 2019). In the Amazon
Basin the dry season with the lowest rainfall usually lasts
from June to September and the wet season from January
to April (Biscaro et al., 2021). The data presented here was
taken at the end of each wet and dry season. The dry season
in 2023 was influenced by an El Nifio event with the result
of a prolonged drought and higher than usual temperatures
(Espinoza et al., 2024).

Soil VOC fluxes were measured from three manually oper-
ated soil chambers at six different times of the day: 05:00 am,
08:00 am, 11:00 am, 02:00 pm, 05:00 pm, and 08:00 pm local
time. The three manual chambers were made from polyvinyl
chloride (PVC), had a volume of 3.5L, and consisted of a
collar (ID: 19.4 cm, Area: 0.0295 m?) and a lid equipped with
a Teflon inlet and outlet (Fig. 1). The three PVC collars were
installed at three different locations within a radius of 15 m to
each other near the 325 m tall tower and at least 24 h prior to
measurements. To avoid cutting roots, the collars were gen-
tly placed on the soil and sealed from the outside with soil
taken from the area surrounding the collars. In January 2023
(dry-to-wet season 2023), the three chambers were installed
on spot 1, spot 2, and spot 3 (Table 1). To investigate the
effect of litter content on soil fluxes, the litter layer was re-
moved from spot 3. Spot 1 was located near a termite nest.
In October 2023 (dry season 2023), the chambers in spot 2
and 3 were moved to spot 4 and 5, where their litter layers
were kept intact. Additional soil flux measurements without
litter were performed from spot 5 in October 2024 (Table 1).
Spot 4 and 5 were located within 15 m of spot 2 and 3. For
soil flux measurements, the chamber lids were kept closed
for 15 min before collecting samples, following a method
used for cartridge measurements from a steady-state chamber
within a study by Pugliese et al. (2023). Air was sampled on
two sorbent cartridges in parallel: one connected at the out-
let of the chamber; and one sampling the incoming ambient
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air near the chamber’s inlet. The air volume was taken using
a handheld pump (GilAir plus, Gilian) for 30 min at a flow
rate of 200 mL min~!, resulting in a total of 6L of air col-
lected. To prevent ozone from affecting the sampled VOCs,
an ozone scrubber, consisting of a dried quartz filter soaked
with a 10 % sodium thiosulfate solution, was placed in front
of each cartridge during sampling. The ozone scrubbers were
replaced after a maximum time of two weeks, as this time in-
terval has been tested to be their minimum durability (Ernle
etal., 2023).

To assess the effect of the chamber material on artifacts of
the investigated soil BVOC fluxes, measurements were taken
from a clean blank chamber. It was placed close to the other
chambers on a soil spot where the bottom was covered in
Teflon foil. A total of 23 replicates were measured from the
blank chamber distributed across all seasons, and the mean
blank fluxes and the standard deviation median are reported
in Table A2 in Appendix A.

2.2 BVOC analysis — Thermal Desorption — Gas
Chromatography — Time of Flight Mass
Spectrometer (TD-GC-TOF)

The sorbent cartridges were made of silica-coated stainless-
steel tubes (89 mm x 5.33mm LD., SilcoNert 2000, Sil-
coTek) containing 150 mg of Tenax® TA mesh range 80/100
(Supelco) and Carbograph® 5 TD mesh range 40/60 (Lara
srl.). The sorbents were sealed with quartz wool and
stainless-steel tension springs (Sigma Aldrich).

Prior to use, the cartridges were conditioned at 300 °C
for 1h while being flushed with pure nitrogen at 2 bar pres-
sures (TC-20, Markes International). After sampling, the car-
tridges were stored in a freezer at —20°C and analyzed
within 60d at the Max Planck Institute for Chemistry in
Mainz, Germany. In each campaign a minimum of two car-
tridges were not sampled with a volume of air, but opened
and closed at the site and transported along the sampled car-
tridges. These transport blank cartridges did not contain any
of the target compounds (below LOD).

Sampled cartridges were desorbed using a thermal desorp-
tion unit (TD100-xr and UNITY xr, Markes International).
The thermal desorption process consisted of two stages. In
the first stage, the cartridges were dry-purged for 5 min and
then desorbed for 10 min at 250 °C. The desorbed sample
was pre-concentrated onto a cold trap (Material Emissions,
Markes International). In the second stage, the cold trap was
first purged for 1 min at 30 °C and then injected at 250 °C for
5 min into the gas chromatograph (GC, Agilent Technolo-
gies 7890B) equipped with a 60 m long chiral S-DEX™ 120
capillary column (Sigma Aldrich) with an inner diameter of
250 um and a film thickness of 0.25 pm. Helium 5.0 was used
as a carrier gas at 1.2 mL min~! flow rate. The GC oven tem-
perature was initially held at 50 °C for 5 min, then ramped at
1.5°Cmin~! to 110°C, followed by a ramp at 10 °C min~!
to 220 °C, where it was held for 10 min.

Biogeosciences, 23, 3467-3498, 2026



3470 J. M. Schiittler et al.: Chiral volatile organic compound fluxes from soil in the Amazon Rainforest

Table 1. Overview of measurement campaigns with attributed season, Oceanic Nifio Index representing 3-month average temperature
anomaly in the oceanic surface waters around the respective measurement period (NOAA’s Climate Prediction Center, 2026), start date,
end date, measured chambers and the number of flux data points.

Name in Season Oceanic Nifio Index Start Date End Date  Number of Chambers Measured
plots (yyyy-mm-dd) (yyyy-mm-dd) flux data
points
Jan 2023 Dry-to-wet  —0.5 (La Nifia/Neutral) 2023-01-22 2023-01-26 20 Spot 1, Spot 2,
Spot 3 without litter
Oct 2023 Dry 1.8 (around El Nifio peak) 2023-10-01 2023-10-14 39  Spot 1, Spot 4, Spot 5
Apr-May 2024  Wet 0.8 (El Nifio influenced) 2024-04-24 2024-05-02 35 Spot 1, Spot 4, Spot 5
Oct 2024 Dry —0.2 (Neutral) 2024-10-11 2024-10-20 37 Spot 1, Spot 4, Spot 5
2024-10-18 2024-10-20 6  Spot 5 without litter

(b)

outside air

inside
chamber air

Figure 1. (a) Map of the measurement location with the Amazon Basin watershed region overlaid. (Lehner and Grill, 2013). (b) Schematic

and (c) photo of the soil measurement set-up.

Detection was performed using a Time-of-Flight-Mass
Spectrometer (TOF-MS, BenchTOF, MARKES Interna-
tional Ltd., U.K.). The mass range that is recorded by the
TOF-MS was set from 40 to 600 m/z. The filament voltage
was set between 1.7 and 1.8 V.

The GC-TOF-MS peaks were integrated using chromatog-
raphy analysis software PARADISe (v 6.1.7 dev) and IDL
(Obersteiner et al., 2016). Compounds were quantified us-
ing a gas standard calibration mixture and liquid standards
injected at 1, 2, 4, 6, 8, and 10 uL in methanol-diluted com-
pound mixtures with a syringe directly onto the sorbent car-
tridge. Afterwards the cartridge was purged with nitrogen
for 10 min to remove the methanol. As liquid standards (—)-
limonene (TCI), 3-carene (Merck), (—)-a-cedrene (Sigma-
Aldrich), (4)-8-cadinene (TCI), (4)-cyclosativene (Sigma-
Aldrich), (+)-longifolene (PhytoLab), (—)-isolongifolene
(Fluka), o-copaene (Biomol), trans-B-ocimene (LGC), (—)-
a-phellandrene (Sigma-Aldrich), (—)-a-pinene (thermo-
scientific), (4)-«-pinene (Acros Organics), (+4)-B-pinene
(Fluka), sabinene (ChemCruz), f-caryophyllene (Sigma-
Aldrich), a-terpinene (Sigma-Aldrich) and y-terpinene
(Sigma-Aldrich) were used in the concentration range be-
tween 0.49 to 84.52nmolL~!. The gas standard mixture
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contained isoprene, MVK, MACR, tricyclene, (—) and (+)-
a-pinene, (—)-B-pinene, (+) and (—)-camphene, sabinene,
B-myrcene, (—)-a-phellandrene, (—)-3-carene, «-terpinene,
(+)-limonene, y -terpinene, terpinolene, m- p- and o-cymene,
(+) and (—)-linalool, and B-caryophyllene (Apel-Riemer In-
ternational, USA). When a calibration was performed with
calibration gas and liquid standard, the calibration with gas
standard was used, as it is more similar to the conditions
when filling environmental samples than injecting methanol-
diluted compound mixture. For compounds without avail-
able gas or liquid standards, quantification was based on the
response factor of a compound with the closest mass spec-
tra resemblance. Identifying various SQTs and MTs without
standards can be challenging due to their structural similar-
ities, leading to increased uncertainty. B-caryophyllene was
used for quantifying uncharacterized SQTs (SQT_unknown),
while (—)-B-pinene and (+4)-limonene were used for (+4)-
B-pinene and (—)-limonene, respectively. (+)-camphene and
(—)-camphene were used for both detected «-fenchene enan-
tiomers due to their similar structures. Breakthrough was
tested by two sorbent cartridges in sequence and concen-
trations of the calibration gas of up to 10 ppbv with a 6L

sample volume and flow collection rate of 200 mL min~!,
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which resulted in no detectable targets in the second car-
tridge. Compounds in the sample chromatogram were identi-
fied by matching retention times with those of the standards.
Enantiomers elution order of a-pinene, limonene, camphene
and B-pinene were identified by spiking with enantiomer-
ically pure standards (see Fig. Al for enantiomer resolu-
tion in a chromatogram). Compounds lacking standards were
identified by comparing their mass spectra with those in the
NIST library (NIST 14 Mass Spectral Library). Peak areas
were used to quantify concentrations. The sum of instru-
mental and sampling procedure variability was assessed by
a minimum of five samples with the same amount of stan-
dard calibration gas. The standard deviation between these
measurements of the same concentration was used as vari-
ability in measurement. The standard deviation of the inte-
grated area between these measurements of the same concen-
tration was used as variability in measurement. The values as
mean values across all measurement campaigns are reported
in percent (as standard deviations divided by the mean val-
ues) and were 4 % for isoprene, 13 % for MACR, 10 % for
MVK, 7 % for (—)-a-pinene, 12 % for (+)-«-pinene, 6 % for
B-myrcene, 9 % for tricyclene, 9 % for (4)-camphene, 6 %
for (—)-camphene, 16 % for sabinene, 6 % for «-terpinene,
10 % for (+)-limonene, 6 % for y-terpinene, and 12 % for
B-caryophyllene. For substances with liquid calibration the
variability of (—)-«-pinene was used.

2.3 Flux calculations

The VOC fluxes were calculated according to the following
formula:

C[_C()
A

where F is the flux rate (umolm~—2h~"), Q is the flow rate
(200 mL min~! equals 0.012m>h™!), A is the chamber area
(0.02956 m?), C; is the BVOC concentration in the cham-
ber, and Cy is the BVOC concentration outside the chamber
(both in pptv). The flux error was calculated by the variability
of the BVOC concentration derived from repeated measure-
ments of a known concentration of analyte and ranged be-
tween 3 % for «-pinene and up to 16 % for sabinene as this
peak was not separated well. The calibration gas mixture is
contributing a systematic error of up to 5 % (as stated by the
supplier Apel-Riemer International, USA).

F=0Q- )

2.4 Soil properties and soil respiration

Soil samples were collected in June 2023 approximately 0.5—
1.5 m near spots 1, 2, and 3, where VOCs had been measured
in January 2023. Samples were taken using a metal core, and
the top 5 cm was retained for analysis. After removing larger
roots manually, samples were sieved and stored in plastic
bags prior to analysis.

Physicochemical analyses were performed by the Departa-
mento de Ciéncia do Solo, University of Sdo Paulo. Soil mi-
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crobial biomass carbon was determined following Vance et
al. (1987). Particle density was measured using a pycnome-
ter according to EMBRAPA’s Manual de Métodos de Andlise
de Solo (3rd edition, 2017). Soil texture was assessed using
the Bouyoucos hydrometer method (SSSA Book Series 5,
1996). Total nitrogen was extracted by the Kjeldahl method,
with electrical conductivity measured via a conductivity me-
ter. Ammonium (N—NHI) and nitrate (N-NOj') concentra-
tions were determined by steam distillation (da Silva, 2009).
All procedures followed standard protocols detailed in EM-
BRAPA manuals.

The chambers contained litter as found at the site, except
for one experimental chamber in the dry-to-wet season 2023
and the dry season 2024, where fluxes without litter were
investigated and the litter was actively removed. To measure
the litter density at the site, litter samples were collected from
six spots arranged in a circle of approximately Sm in the
same area as the sampling chambers, ensuring that ongoing
flux measurements were not disturbed. The litter was dried
in an oven at 60 °C and weighed until no weight change was
observable to determine the sample dry weight.

Soil respiration, i.e., soil CO, emission flux, was measured
using an automated closed dynamic soil flux measuring sys-
tem consisting of an infrared gas analyzer (LI-870, Licor
Inc., Lincoln, NA, USA), an 8-port multiplexer (LI-8250,
Licor Inc., Lincoln, NA, USA), and three dynamic soil flux
chambers (LI 8200-104 Long-Term Chambers with opaque
lids, Licor Inc., Lincoln, NA, USA). The soil flux chambers
were placed on PVC collars (ID: 19.4 cm) installed close to
spot 1, spot 2, and spot 3 during dry-to-wet season 2023, and
close to spot 4 and 5 during dry 2023 and wet season 2024.
As done for the manual chamber, the litter layer was removed
from spot 3 (Table 1). The soil flux measurement is based on
the gas concentration development in the recirculated ambi-
ent air within the closed dynamic system once the chamber
lid is closed. Each measurement consisted of: 90s of pre-
purge (chamber lid open) to flush the lines with the ambi-
ent air; 390s (240s in January 2023) of closure time; 60s
of post-purge. The soil CO; flux was calculated by applying
an exponential model to the CO;, concentration change dur-
ing chamber closure period (Pugliese et al., 2023). The first
30s after the chamber closure were omitted due to possible
perturbations induced by the chamber closure, and the expo-
nential model was applied to the successive 240s.

2.5 Meteorological and ozone data

The meteorological data, such as the relative humidity and
temperature (measured by a termohygrometer, IAK I-Series
(Galltec-Mela)) were taken at 26 m height within the canopy
at 80 m walk-up INSTANT tower, which is also located at the
ATTO site. Ozone data is from an inlet placed 50 cm above
the soil. Ozone concentrations were computed by an Ozone
Analyzer (Thermo Environmental Instruments 49i) located
in a climatized container at the foot of the tower, that works
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by pumping air from the sample inlet, measuring O3 con-
centration by a direct relationship with the absorption of UV
light.

The soil moisture was measured as soil water content
at 10 cm depth close to the INSTANT tower at the ATTO
site, at approximately 1km distance from the measurement
site. From the soil water content at 10 cm depth, the water-
filled pore space (WFPS) was calculated using the formula
WEFPS = Z—V where 6, represents the volumetric water con-
tent and n denotes the total porosity calculated asn =1 — z—s

. Here py, is the bulk density, assumed to be at 1.18 gcm’3
as a mean value for Amazon rainforest soils with similar soil
texture (Bernoux et al., 1998) and p,, is the particle density
of the soil as the mean measured value for the analyzed soil
samples.

2.6 Statistical analysis

Statistical analyses were performed using Python (version
3.12.4) with the following packages: numpy (v.2.0.0), pandas
(v.2.2.2), matplotlib (v.3.9.1), seaborn (v.0.13.2), statsmodel
(v.0.14.5), and scipy (v 1.16.0). Data visualization was con-
ducted using matplotlib and seaborn. Statistical differences
were assessed using linear mixed-effect models, because the
dataset contains repeated measurements over time from the
same soil chambers and ambient sampling points, which vi-
olates assumptions of independence of simpler tests. Local
time was included as a fixed effect in all models, because
we expected a diurnal pattern for the measured VOC fluxes
and mixing ratios. To assess seasonal differences in fluxes,
a linear mixed-effects model was implemented with season,
chamber spot location and local time as fixed effects and the
sampling date spot as random effects. Differences between
soil spots within a single season were assessed with chamber
spot location and local time as fixed effect and the sampling
date as random effect. Using the Holm—Bonferroni method,
p values were adjusted for multiple comparisons afterwards
in both cases. For comparisons of enantiomeric ratios be-
tween atmospheric and soil chambers and between seasons,
a linear mixed-effect model with fixed effect for local time
and a random effect for the sampling date and chamber spot
or ambient air sampling location was used. Ratios in both
cases were log-transformed prior to analysis to stabilize vari-
ance and improve residual normality. To assess the effect
size (B coefficient) of environmental parameters on fluxes,
mixed-effects models were fitted with fixed effect of local
time and adjusting for random effects of measurement date
and chamber spot location.. Statistical significance was ac-
cepted if p < 0.05.
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3 Results
3.1 Soil properties

In this study, three separate chambers were set up and sam-
pled in each measured season. Each chamber was placed over
soil with distinct characteristics, representing the extremes of
soil type and litter coverage in the vicinity of the tower. This
strategy allowed us to gauge the range of possible soil fluxes
and their drivers, which can be combined with subsequent
soil surveys over wider areas to provide realistic regional soil
flux estimates. In the first measured season in January 2023,
the first chamber (termed spot 1 with litter), was placed in
vicinity to a termite nest, on relatively porous soil, with a
high soil organic matter content, a natural litter covering, and
a correspondingly high CO, respiration rate (Table 2). The
CO, respiration did not show a pronounced diurnal cycle,
therefore mean values with standard deviation are reported.
In contrast to spot 1, spot 2 and spot 3 had very similar soil
physiochemical properties and are more representative of the
investigated area. These contrasting sites were deliberately
chosen to represent the range of soil properties present in the
rainforest. These two soil chambers were placed on less per-
meable soil, in one chamber the litter was left undisturbed
(spot 2 with litter) and in the other the litter was removed
(spot 3 without litter), so that the role of litter could be ex-
amined. The mean CO; flux was around three times lower in
Spot 3 with the removed litter layer compared to spot 1 and
2. In contrast to that Spot 1 showed a marked difference in
organic content compared to spot 2 and spot 3 (Table 2).

CO; respiration was more than three times higher in the
chambers with litter content than in the chamber without lit-
ter in the dry-to-wet season 2023. Spots 4 and 5, measured in
October 2023 and April-May 2023 had similar CO; fluxes.
Following the dry-to-wet season 2023, the chambers from
Spots 1-3 were relocated to new sites to ensure undisturbed
soil conditions after sampling for analysis of physicochemi-
cal properties (Table 2). During the following three measured
seasons, dry 2023, wet 2024, and dry 2024, the chambers
were kept at the same locations with spot 1 remaining very
close to the same location as before (approximately 0.5 m
distance to spot 1 in the dry-to-wet season) and the other two
chambers were moved approximately 4-5m and therefore
given the new names spot 4 and spot 5. It is worth noting that
the spot 1 chamber was located close (approximately 1 m)
to a termite nest in all measured seasons, whose processed
wood residues likely contributed to the higher organic con-
tent.

Soil physicochemical properties for the three chambers as
measured in the dry-to-wet season 2023 are shown in Ta-
ble 2. At all three spots, the soil was clay-based. The micro-
bial biomass and organic matter content were higher in the
spot 1 than in the other two chambers. The removal of litter
did not have an impact on the measured soil physiochemical
properties.
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Table 2. Soil CO, respiration rate with standard deviation and physiochemical parameters from the three soil chambers measured in Jan-

uary 2023; soil samples were taken in June 2023.

Spot 1
with litter

Spot 2
with litter

Spot 3
without litter

CO, respiration [pmolm_2 s_l] ‘ 8.7+0.7 T+1 24+0.5
Organic Matter [gkg™ 1] \ 105.7 743 69.9
Colometric Organic Matter [g dm_3] ‘ 63.3 47.7 44.7
Organic Carbon [g kg_l] ‘ 61.3 43.1 40.5
Microbial Biomass Carbon  [mgC g_l] of dry soil ‘ 1.76 1.49 1.57
N total [mgkg~!] ‘ 4123 3437 3395
pH CaCl, 3.53 3.75 3.82
KC1 3.6 3.78 3.88
Particle Density [gem ™3] \ 2.54 2.58 2.61
Soil texture Coarse Sand [%] 7 9 9
Fine Sand [%] 6 3 2
Total Sand [%] 13 11 11
Silt [%] 14 23 19
Clay [%] 73 65 70
Texture Class ‘ clay clay clay

The dry weight of litter samples taken at five positions
around the areas sampled in the dry-to-wet season 2023 had
an average of 9.5 g per chamber area. The five litter sam-
ples ranged from 6.1 to 15.2 g, showing significant variability
even within a few meters. Nonetheless, based on our visual
inspections, we believe the litter amounts contained within
the chambers were representative of the location throughout
all the sampling periods. When scaled to 1 m?, the mean litter
weights were 322 (207-515) gm™2.

3.2 Meteorological conditions

At the ATTO site, the mean monthly rainfall during the
years 2023-2024 was 59 mm, with the highest rainfall oc-
curring in March 2023 (410 mm) during the wet season and
the lowest in August 2023 (23 mm) during the dry sea-
son (not shown here). The mean air temperature is higher
in the dry seasons, with the highest temperatures in Octo-
ber 2023 reaching up to 37 °C during daytime and dropping
to 26 °C at night. Relative humidity in the dry seasons varied
from between 80 %-90 % (peaking at 05:00 am) to 45 %-—
50 % around midday (Fig. 3c). In the wet season 2024 and
dry-to-wet 2023, temperatures were cooler and relative hu-
midity (RH) higher; with midday temperature maxima be-
tween 28-30 °C (80 % RH) and night time temperature min-
ima between 23-24 °C (100 % RH). Generally, soil temper-
ature peaks later in the day and was less variable spanning
from 24-28 °C at 10cm depth. The soil water content did
not show a diel cycle, but rather changed seasonally between

https://doi.org/10.5194/bg-23-3467-2026

0.17-0.3m? m—3. The calculated water-filled pore space at
10cm depth was 46 &2 % in the dry-to-wet transition sea-
son 2023, 28.5 £ 0.4 % in the dry season 2023, 56 =4 % in
the wet season 2024 and 32.31+0.2 % in the dry season 2024.
Photosynthetically active radiation (PAR) (Fig. 3e) is slightly
higher during the dry seasons than during wet season. Fig-
ure 2 shows the mean diurnal meteorological values of air
temperature, soil temperature, relative humidity, soil water
content and photosynthetically active radiation (PAR) for the
four measurement periods.

3.3 Diurnal and seasonal dynamics of soil terpenoid
exchanges

The cartridge measurements taken outside of the chambers
were used to determine the ambient mixing ratios of the
terpenoids at soil level (15cm above the ground), while
those taken from the chambers were used to derive BVOC
soil fluxes. Our measurements revealed distinct patterns in
BVOC concentrations and fluxes from the Amazon rainfor-
est soils.

Figure 3 summarizes the mean measured mixing ra-
tios for isoprene, methacrolein (MACR) and methyl vinyl
ketone (MVK), total monoterpenes (sabinene, S-myrcene,
tricyclene, both enantiomers of «-pinene, 3-carene, both
enantiomers of «a-fenchene, both enantiomers of cam-
phene, both enantiomers of S-pinene, S-ocimene, both enan-
tiomers of limonene, y-terpinene, a-terpinene, terpinolene),
and total sesquiterpenes (S-caryophyllene, «-copaene, (+)-

Biogeosciences, 23, 3467-3498, 2026
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Figure 2. Meteorological data during the measured seasons with (a) temperature (red) and (c) relative humidity (blue) measured at 26 m at
the Instant tower, (b) soil temperature (orange) and (d) soil water-content (green) measured at 10 cm depth and (e) photosynthetically active
radiation (PAR) incoming at 81 m at the Instant tower across the four measurement periods in the different seasons. The line represents the
mean and shaded area is the standard deviation from the dates of the measurement campaigns specified in Table 1 (number of dates N =5
for January 2023; N = 14 for October 2023; N = 9 for April-May 2024, N = 9 for October 2024).

cyclosativene, (4)-longifolene, (—)-isolongifolene, (—)-c-
cedrene and a per campaign differing number of unknown
SQTs (good confidence with NIST that they are a SQTs, but
with no authentic standard to confirm which exact SQT) at
the soil level (outside of the chambers) over the four sea-
sons sampled. The BVOC measurements at soil level showed
higher mixing ratios for all terpenoids in the dry seasons
(dry 2023 and dry 2024) than in the wet seasons (dry-to-
wet 2023 and wet 2024). Isoprene exhibited the largest sea-
sonal change, increasing by almost an order of magnitude
from 0.1-1.6 ppbv (wet season) to over 4 ppbv (dry seasons)
(Table A1 with mean seasonal values in Appendix A). While
isoprene peaked around noon, MTs and SQTs at soil level
peaked later in the day in the dry seasons.

Soil level MT and SQT mixing ratios were equivalent to
33 % of the isoprene mixing ratio in the dry season 2023 and
2024, and even at times exceeded isoprene mixing ratio lev-

Biogeosciences, 23, 3467-3498, 2026

els in the wet season. SQTs were generally elevated during
the dry season 2023; and in both dry season 2023 and dry sea-
son 2024, a maximum in SQTSs was observed later in the day
at 05:00 pm. Diurnal cycles in SQTs were less pronounced in
the dry-to-wet and wet seasons.

The net soil fluxes and mean blank values are shown in
Fig. 3. The blank values varied in each season, and the
number of blanks taken in each campaign is different (Ta-
ble A2). Therefore, blank values were not subtracted to avoid
under- or over-correcting from possibly non-representative
blank values. Isoprene and two of its oxidation products
methacrolein (MACR) and methyl vinyl ketone (MVK)
(Fig. 3) were negative in all four measured seasons, indi-
cating that these species were consistently taken up by the
soil. The fluxes of isoprene showed strong seasonal varia-
tion, with higher uptake fluxes in the dry season 2023 and
2024 compared to the dry-to-wet and wet seasons (Holm—

https://doi.org/10.5194/bg-23-3467-2026
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Figure 3. Diurnal curves of the (a) mean mixing ratios in ppbv at the soil level and (b) mean calculated fluxes in nmol m—2h~! from the soil
chambers of isoprene (blue), isoprene oxidation products methacrolein (MACR) and methyl vinyl ketone (MVK), the total monoterpenes
(red) and the total sesquiterpenes (pink) over the four measured seasons dry-to-wet 2023, dry 2023, wet 2024 and dry 2024 in the course of
a day from 05:00 am to 08:00 pm. Error bars indicate the standard error. Dotted lines represent the mean blank chamber measurements.

Bonferroni adjusted: p < 0.001 for comparing October 2024
and p < 0.01 for comparing with October 2023; see Ta-
ble A6).

Unlike isoprene, which was taken up by the soil, MTs
and SQTs show remarkable variation between seasons and
even between years (Fig. 3). Notably, MTs and SQTs did
not display as clear a diurnal cycle as isoprene (Figs. 4 and
5). While MTs and SQTs were predominantly emitted, they
were also taken up in many samples in 2024. The emission
or uptake was seasonal, time-of-day dependent and mostly
specific to the individual soil spot (see Tables A6 and A7 for
statistical tests). Interestingly, the SQT emission was signif-
icantly higher in the dry season 2023 compared to the dry-
to-wet season 2023 (p < 0.001) and the dry season 2024
(p <0.01).

3.4 Comparisons of the fluxes from the different soil
spots

In this section we examined how the chamber location and
associated soil properties (soil spots) influenced the various
compounds fluxes over the four seasons. The results are sum-
marized in Fig. 4.

For isoprene, in the dry-to-wet season 2023 and wet sea-
son 2024 no significant differences in fluxes were found (p >
0.05) (Fig. 4a) between the measured soil chambers. How-
ever, in the two dry seasons there was a significantly higher
isoprene uptake by spot 1 than spot 5 (Holm—Bonferroni ad-
justed p < 0.01 for dry season 2023 and p < 0.001 for dry
season 2024) and in the dry season 2024 also in spot 5 than
spot 4 (Holm—Bonferroni adjusted p < 0.001).

https://doi.org/10.5194/bg-23-3467-2026

Comparing fluxes of MTs from different soil spots, we
note clear monoterpene speciation differences (Fig. 4b). The
highest emission rates were observed for soil spot 1 in the
dry-to-wet transition season 2023. Here, the flux was sig-
nificantly higher compared to the other two spots (Holm—
Bonferroni adjusted p < 0.0001). The flux in spot 1 in both
seasons in 2023 was dominated by «-pinene emission, while
in the dry season 2024 it was uptaken in the same soil spot. In
the other chambers in the dry-to-wet and dry season 2023 «-
pinene was uptaken, and ocimene dominated the emission in
the dry season 2023. In the wet season 2024 the uptake rates
for terpinolene and limonene exceeded those for «-pinene,
while in the dry season 2024 «-pinene and limonene domi-
nated the MT uptake fluxes.

The total SQTs flux is dominated by B-caryophyllene and
a-copaene, followed by (—)-a-cedrene, (+)-cyclosativene
and (+)-§-cadinene. Some other SQTSs could not be identified
as no standard was available and the matching factor with the
NIST library was high for several different possible SQTs.
They are shown as “other sesquiterpenes” (Fig. 4c) The high-
est observed emission was in the dry season 2023 with val-
ues of mean total SQTs emission of 8 +2nmolm~2h~!. In
the wet season 2024 and dry season 2024, the mean emis-
sion rates were lower at 4 +4 and 0.4+ 0.5 nmol m~2 h!,
respectively, and even negative in the dry-to-wet season 2023
at —0.9+0.3nmolm~2h~!. In the wet and dry season 2024,
SQT flux changed between uptake und emission during the
day and was soil spot dependent.

Biogeosciences, 23, 3467-3498, 2026
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Figure 4. Stacked plots of the mean flux values of the compounds (a) isoprene and its oxidation products methacrolein (MACR) and methyl
vinyl ketone (MVK), (b) monoterpenes and (c¢) sesquiterpenes from the measured chamber spots across seasons except the spots with
removed litter layer. Note different y axis dimensions.
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2024 for the same spot before and after litter removal.
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Effect of litter removal

When litter was removed from two soil plots, in the two sea-
sons dry-to-wet season 2023 and dry season 2024, no signifi-
cant difference was found in the fluxes for isoprene and total
MTs (p > 0.05) when compared to the spot 2 and spot 5 re-
spectively with litter layer. However, there was a notable shift
in the terpenoid speciation between the soil chambers with
and without litter (Fig. 5). In the dry season 2024, there was
an emission of S-pinene, o-copaene and S-caryophyllene in
spot 5 with litter and an uptake of those terpenoids when the
litter was removed. In contrast, limonene was taken up in
both cases, but less with the litter layer intact. Similarly in
the dry-to-wet season 2023, S-pinene, a-terpinene, and 3-
carene emissions declined with litter removal and a-pinene
even shifted from emission to uptake.

3.5 Soil fluxes VS environmental conditions

Isoprene, MVK and MACR have estimated change in flux of
—1.2to —1.9nmolm~2h~! per ambient atmospheric con-
centration (Fig. 6) increase in pptv after accounting for diur-
nal cycles, repeated chamber spot location measurements and
dates. Although this result was not significant (p > 0.05), it
is indicating the uptake rates were higher when the available
concentrations in the air above the soil were higher.

Total MTs have an estimated change in flux of more uptake
for environmental parameter increasing. The highest effect
was found with photosynthetic active radiation (PAR) where
the total MT flux decreases an estimated —31 nmolm~—2h~!
per umolm=2s~! (p < 0.001) and soil temperature (p <
0.01). At the same time ocimene flux is increasing with in-
creased PAR (p < 0.01).

Total SQTs did not show a significant result, however g-
caryophyllene, a-copaene and (+4)-cyclosativene were up-
taken more by soil, when air temperature increased (p <
0.05, p < 0.05 and p < 0.01 respectively).

3.6 Atmospheric implications

The emission fluxes from the soil (Flux > 0) were analyzed
alongside their lifetimes for the reaction with the hydroxyl
radical (OH) and ozone for substances with established re-
action constants in the literature (Table B1 in Appendix B
shows the used reaction coefficients). The lifetime of each
substance emission was calculated with an OH concentration
of 1.0 x 10° molecules cm™—3 based on estimations of previ-
ous studies (Pfannerstill et al., 2021; Ringsdorf et al., 2024)
and the measured ozone at 50 cm above the soil, which was
in the range of 1.2- 23.5 ppbv.

The mean MT and SQT emission fluxes are shown as mea-
sured in Fig. 7, along with the emission fluxes weighted ac-
cording to their reactivity to OH and Os3. This serves to high-
light emissions with greater atmospheric chemistry impact.
The importance of the mean emission composition of «-
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pinene was 28 % in January 2023, but when weighted by its
contribution to OH reactivity it was only 16 % and further de-
creased to 6 % when weighted by its contribution to ozone re-
activity. Opposed to this the importance of B-caryophyllene
as a reactive sesquiterpene increased from 4 % of total emis-
sions in October 2023, to 5 % contribution to OH reactivity
and 52 % responsible for ozone reactivity. The other seasons
show similar trends.

3.7 Chirality

The chiral composition of the sampled MTs and SQTs was
investigated. Interestingly, for the SQTs found here, only one
enantiomer was detected, while for many MTs, both enan-
tiomers were present in the samples.

The (—)--pinene was significantly more enriched inside
the soil chamber than in the ambient air in the dry-to-wet
season 2023 (p < 0.001), dry season 2023 (p < 0.05), and
in the wet season 2024 (p < 0.01) (Fig. 8). The ratio of (4)-
to (—)-limonene and the ratio of (4)- to (—)-camphene was
significantly different in the soil than in the ambient air dur-
ing the dry 2023, wet 2024, and dry season 2024. The ratio
of (+) to (—)-B-pinene was higher in the ambient air than in-
side the soil chambers in the dry-to-wet 2023, dry 2023, and
dry season 2024.

When only comparing the ambient enantiomeric ratios
across the season, they are in most cases significantly differ-
ent from each other (Fig. 8e-h), especially when comparing
both dry season 2024 with the dry season 2023 it was signif-
icantly different for all chiral MTs, except camphene.

4 Discussion

Our data demonstrate that Amazonian Forest soils act as a
sink and source of isoprenoid BVOCs. Isoprene is uptaken
in the dry seasons, MTs and SQTs are emitted and uptaken,
dependent on season and the local soil spot. Notably, under
extreme drought conditions such as those during the 2023 El
Nifio event, these soils can become sources of highly reactive
SQTs.

4.1 Drivers of variation in soil isoprenoid fluxes

4.1.1 Isoprene and the oxidation products MACR and
MVK

As shown in Fig. 4, the isoprene mixing ratios followed diur-
nal cycles with peak levels around noon, which is consistent
with light and temperature driven de novo emissions from the
canopy above (Guenther et al., 1996; Crutzen et al., 2000;
Yanez-Serrano et al., 2015; Alves et al., 2016; Jardine et al.,
2017; Gomes Alves et al., 2023). Isoprene is typically more
light-dependent than MTs and SQTs and therefore the ob-
served midday isoprene peak and later MT and SQT maxima
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Figure 6. Heatmap of § coefficients from linear mixed-effects models quantifying the change of flux in nmol m~2h~! of measured com-
pounds per unit change in environmental variables, after adjusting for the fixed effect of chamber spot location and random effect for
measurement date. Environmental variables are: ambient mixing ratio (VMR) of each compound in ppbv, air temperature at 26 m in °C, in-
coming photosynthetically active radiation (PAR) at 81 m in mmol m~2s~1 soil temperature in °C and soil water content (scaled by 1072%)
at 10 cm depth in 10~2 m3 m™3. Statistical significance of the 8 coefficients is indicated by asterisks: (¥) for p < 0.05, (**) for p < 0.01 and
(*¥**) for p < 0.001.

are consistent with previous studies (Guenther et al., 1991; bias the estimates of diel patterns. For isoprene, MACR, and

Kuhn et al., 2005; Yafiez-Serrano et al., 2018).

In the dry seasons, the soil uptake of isoprene mirrored the
ambient diurnal concentration, suggesting it is a key factor
in determining the flux. However, no night-time sampling af-
ter 08:00 pm or before 05:00 am was performed which could
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MVK, strong B coefficients between soil fluxes and both am-
bient mixing ratios and key environmental parameters such
as soil water content and temperature (Fig. 7) were negative
meaning the uptake rates got higher with higher light inten-
sity and temperature. This hints towards a connection of up-
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Figure 7. (a) Pie charts representing the mean emission fluxes composition. Reactivity impact on atmospheric chemistry towards (b) OH
radicals and (c¢) Ozone (O3).

take rates with the simultaneous light- and temperature de-
pendent emission of isoprene. Jiao et al. (2023) found that the
size of the BVOC sink in soils was proportional to the atmo-
spheric availability of the compound, indicating that higher
uptake rates are driven by higher ambient concentrations.

Laboratory in vitro studies suggest that soil microorgan-
isms like bacterial and fungal taxa consume isoprene (Cleve-
land and Yavitt, 1997; Gray et al., 2015; Murrell et al., 2020)
and use it as a carbon source. At the same time, bacteria can
also be emitters of isoprene (Fall and Copley, 2000). Exper-
iments with glass beads and sterilized soils suggest abiotic
factors like adsorption and solubility in soil water are playing
only a minor role in BVOC fluxes from soil (Cleveland and
Yavitt, 1997). Cleveland and Yavitt (1998) reported optimal
temperature and soil humidity thresholds for isoprene uptake
in temperate forest soils. Accordingly, the pronounced sea-
sonal differences in isoprene uptake observed here likely re-
flect shifting conditions for the microbial communities which
is likely responsible for these processes.

MACR and MVK are the dominant first-generation oxi-
dation products of isoprene (Pierotti et al., 1990), but they
can also be directly emitted by plants (Jardine et al., 2012).
However, while MACR and MVK play only a minor role
in plant’ emissions, they have been reported to have a bidi-
rectional flux in and from trees (Fares et al., 2015) and can
be absorbed by tree saplings (Tani et al., 2010). Therefore,
a net consumption of these compounds by roots and/or mi-
croorganisms in the soil is a possible explanation for the ob-
served uptake rates. The processes for the uptake of MACR
and MVK may be similar to those of isoprene.
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4.1.2 Monoterpenes and sesquiterpenes

MTs showed negative and positive effects on their fluxes by
increasing ambient concentrations, PAR and the other envi-
ronmental variables (Fig. 7), indicating there are different
processes responsible for the soil fluxes of each MT. Dur-
ing different seasons, daytime and soil spots, different MT
species fluxes were observed (Fig. 5), suggesting very local
and seasonally changing processes are at play. The seasonal
differences were likely caused by a shift in the microbiome
during the transition of an El Nifio-influenced year 2023 to
the year thereafter, and the different conditions across the dif-
ferent seasons. Roots have also been implicated as sources of
MTs from soils (Asensio et al., 2008a), and both plant roots
and microbial communities are responsive to climatic vari-
ation and drought stress (Bourtsoukidis et al., 2014; Byron
et al., 2022; Honeker et al., 2023; Pugliese et al., 2023). So,
the roots, as well as the microbiome, could have contributed
to the different MT species net fluxes. In a study from sim-
ilar Amazon rainforest terra firme soil, bacterial communi-
ties were observed to shift between dry and wet seasons due
to seasonality-related changes in soil nutrient and moisture
regimes (Buscardo et al., 2018). In tropical forest soils in
Costa Rica bacterial biomass, richness, and enzyme activity
peaked at wetter conditions (Kivlin and Hawkes, 2016). Fun-
gal groups in Amazonian soil were observed to shift within
2 months following a nitrogen pulse and come back to their
original community microbiome within 5 months (Buscardo
et al., 2022). With our measurement we can only make as-
sumptions about the net exchange between the soil-sphere
and the atmosphere.
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Figure 8. Boxplots show the ratio of the (+)- to (—)-enantiomers for (a) a-pinene, (b) limonene, (c) camphene and (d) S-pinene in both
ambient air (light blue) and soil chamber air (dark orange) across different seasons. The rightmost panels display the seasonal distribution
of ambient air enantiomeric ratios for (e) «-pinene, (f) limonene, (g) camphene and (h) B-pinene. The boxes represent 25 % to 75 % of
the dataset. Mean values are indicated by green triangles, while the median values are indicated by the central lines. Whiskers indicate the
minimum and maximum data points at 1.5 times the interquartile range. Circles represent the outliers. Significance was assessed using linear
mixed-effect model accounting for local time as fixed effect; sampling date and chamber spot as random effect. A single asterisk (*) denotes
statistically significant differences between groups (p < 0.05), double asterisks (**) indicate highly significant differences (p < 0.01), and
(**%) indicate very high significant differences (p < 0.001). For improved visualization, in plot (e), two outliers with a ratio of (+)/(—)
greater than 5 and in plot (f) one outlier with the ratio greater than 10 are not displayed. They are still included in the statistical analysis.

Soil microorganisms, particularly fungi, are known to be
significant sources of SQTs (Horvath et al., 2012; Ditengou
et al., 2015; Gfeller et al., 2019). A study by Bourtsoukidis
et al. (2018) has shown that Amazonian soils can emit SQTs
at rates comparable to the plant canopy during the dry sea-
son conditions. In contrast, our study did not observe consis-
tent SQT emissions during the two dry seasons of 2023 and
2024. In the El Nifio-influenced dry season 2023 the emission
of SQT was more pronounced. In the subsequent dry season
2024, SQTs were even partly uptaken by the same soil spots.
The extreme dry season in 2023 was characterized by par-
ticularly low soil water-filled pore space (WFPS), reaching
30.32£1.27 % at 10 cm depth, closely matching the optimum
for SQT emission reported by Bourtsoukidis et al. (2018) at
WEFPS: 31.3£6.3 %. In contrast, WFPS in the dry season
2024 was higher at 33.64 £ 1.51 %
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4.2 Effect of litter

The removal of litter during the dry-to-wet season 2023 and
the dry season 2024 in one of the spots each, did not signifi-
cantly affect the flux of isoprene. This suggests that microor-
ganisms residing in the soil layer beneath the litter are pri-
marily responsible for metabolizing these compounds, while
at the same time indicating that litter microbes here have not
adapted to isoprene as a carbon source. In contrast, the re-
moval of litter in those two spots did decrease the flux of
certain compounds like a-pinene, S-pinene, limonene, cam-
phene, «-copaene and S-caryophyllene. Although this result
was not statistically significant (p > 0.05 for all before men-
tioned compounds in both seasons, sample size with litter
n = 23, without litter n = 8) it gives directional evidence to-
wards the role of litter on total soil terpenoid fluxes. The al-
teration could be attributed to the abiotic degradation of stor-
age pools within the litter material and/or to the production
and consumption by microorganisms inhabiting the litter sur-
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faces. Abiotic litter emission varies according to decomposi-
tion stages as terpenes volatilize from storage pools. As in a
tropical forest most plant species are deciduous, storage pool
emissions are expected to a lower degree than in litter from
coniferous trees (Greenberg et al., 2012; Viros et al., 2021;
Isidorov et al., 2024). Previous studies have shown that bi-
otic VOC emissions from litter can be 5 to 10 times higher
compared to abiotic processes (Gray et al., 2010), indicat-
ing that the microbial community on the litter surfaces plays
a significant role in VOC fluxes. Similar findings have been
reported in soil terpenoid VOC flux shifts following litter re-
moval in other ecosystems, such as an eucalyptus plantation
(Mu et al., 2023), in Boreal forests (Miki et al., 2017, 2019),
and in a Mediterranean forest (Yang et al., 2024). However,
very limited information is available for leaf litter volatiles
contribution over time (Tang et al., 2019), especially in trop-
ical ecosystems. Litter VOCs were found to have an influence
in microbial community structures (McBride et al., 2020)
and are known to mediate many microbe—microbe, microbe—
plant, and microbe—animal interactions (Bitas et al., 2013;
Schmidt et al., 2015; Schulz-Bohm et al., 2017). So, the very
local litter structure could be responsible for the different MT
and SQTs in the studied soil spots. The highest litter fall rates
are usually observed at the end of the dry season and can be
increased during an El Nifio dry season (Martius et al., 2004;
Barlow et al., 2007; Brando et al., 2008), so also the seasonal
differences observed for MTs and SQTs could be partly at-
tributed to the litter layer.

4.3 Chirality

In tropical rainforests, the most abundant monoterpene in
ambient air is «-pinene, with the (—)-enantiomer usually
dominating over the (+)-enantiomer (Williams et al., 2007,
Zannoni et al., 2020; Byron et al., 2022). Recently, ex-
periments using isotopically labelled CO, within an en-
closed rainforest biome revealed that (—)-«-pinene and (—)-
limonene are, like isoprene, emitted de novo, but also emitted
from storage pools, whereas (4)-a-pinene and (+4)-limonene
are solely emitted from storage pools (Byron et al., 2022).
During the dry-to-wet season 2023, dry season 2023, and the
wet season 2024, elevated ratios of (—)-a-pinene to (+)-c-
pinene in soil compared to ambient air suggested a prefer-
ential uptake of (4)-c-pinene or a preferential emission of
(—)-a-pinene by the soils. It could be that (—)-a-pinene is
synthesized de novo by roots or microorganisms in the soil.
For B-pinene there seems to be a mechanism at play alter-
ing the ratio coming from soils only during the dry seasons
and dry-to-wet season, possibly a response to the lower water
content in the soil. Camphene and limonene seem to behave
similarly to each other and the ratio between soil and ambient
is present in all measured seasons except for the dry-to-wet
transition season, indicating a consistent difference between
the soil enantiomeric fingerprint and the ambient air. So, for
these different chiral MT different variables seem to have
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an influence on the enantiomeric ratio. Chiral monoterpene
emissions from plants are known to be tissue-specific, mean-
ing leaves, stem, and belowground emission of enantiomer
ratios often differ (Staudt et al., 2019; Daber et al., 2025).
So, the roots could be altering the ratio of the chiral enan-
tiomers from the soil, but it is unclear if microbes and fungi
also take part. As chiral enantiomers share identical physico-
chemical properties, abiotic processes cannot explain the dis-
crimination between soil chamber and ambient air ratios. Lit-
ter degradation mechanisms could also influence chiral ratios
at the soil, as litter fall rates change between seasons (Martius
et al., 2004; Barlow et al., 2007; Brando et al., 2008).

As the chiral ratios also change between seasons, but not
always between the soil chamber and ambient air, soils are
not the only influence on chiral ratios of MTs, above-ground
plants must also play an important role. It is known that
drought and recovery phases change the chiral ratio of MTs
(Byron et al., 2022, 2025), but also mechanical stress or her-
bivory could impact the ratios, as it is known to alter ter-
penoid VOC emissions (Holopainen and Gershenzon, 2010;
Midzi et al., 2022; Bourtsoukidis et al., 2024).

4.4 Comparison with isoprenoid flux data
4.4.1 Soil fluxes

Here we compare the found soil fluxes with literature values.
Very few studies have reported BVOC soil fluxes in tropical
rainforests.

Isoprene

The values determined for the uptake flux for isoprene in this
study (mean flux of —1947nmolm~2>h~! across all sea-
sons) differ from those found in other studies conducted in
different ecosystems or an enclosed artificial rainforest envi-
ronment. For instance, the drought study in an experimental
rainforest by Pugliese et al. (2023) and the earlier one by Pe-
goraro et al. (2006) reported isoprene uptake flux values that
are a factor of 1000 higher. We have to note that those stud-
ies were carried out in an artificial enclosed rainforest “Bio-
sphere” with no oxidation by OH or O3 occurring and there-
fore ambient concentrations of isoprene reach over 200 ppbv,
10 times those found in the natural Amazon ecosystem. This
will favor soil bacteria that use ambient isoprene and there-
fore influence the measured uptake rates. Similarly, a study
in an Eucalyptus urophylla plantation forest in subtropical
China (Mu et al., 2023) found values for isoprene uptake dif-
fering by a factor of 500 to the here found values. Eucalyptus
trees are known for their high isoprene emission (Benjamin
et al., 1996), and the available isoprene in such plantations
makes an increase in isoprene uptake likely. So, these dis-
crepancies can be attributed to the vastly different ecosystem
with different conditions than those studied here.
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Monoterpenes

The mean flux of total MTs found in this study was
10+20nmolm~—2h~" across all seasons. Other soil flux
studies reported values between 174—734 nmolm~2h~! for
Malaysian Borneo rainforest soil (Drewer et al., 2021) and
76nmolm—2h~! in (unfertilized) soil spots in a tropical
rainforest in Guiana (Llusia et al., 2022). Boreal forest
showed higher fluxes for MTs from soil in the range of 145—
454nmolm~2h~!, probably because of storage pool emis-
sions from needle leaf litter (Maki et al., 2017, 2019).

Conversely, an uptake of MTs of —73nmolm~2h~! was
found in an Eucalyptus urophylla plantation forest in sub-
tropical China (Mu et al., 2023) and a mean uptake rate of
—3nmolm~2h~! in a Mediterranean shrubland (Asensio et
al., 2008a). MTs are likely taken up by microorganisms as an
energy source and emitted by others and from roots. All of
these processes are likely influenced by temperature and soil
water content, with each community strain having its optimal
conditions for emission or uptake processes.

Sesquiterpenes

The overall mean emission flux for SQTs found here is
442nmolm~2h~!. This is low in comparison to another
study conducted with soil from the same measurement site
but mostly under laboratory conditions (Bourtsoukidis et al.,
2018).The fluxes for SQTs identified here are lower by a
factor of 10 to 10000. However, the laboratory study data
was derived using BVOC-free air, which was cycled into
the chambers and onto soil, generating a maximum poten-
tial flux. The air was partially enriched with VOCs from a
calibration mixture; however, this cannot reflect the greater
chemical diversity of natural conditions as this calibration
mixture only contained one MT («-pinene) and no SQT. As
simultaneous soil uptake and emission occurs, the chosen
method could be responsible for the observed difference in
flux. Another study from a tropical forest in Guyana reported
uptake and emission rates for SQT, depending on if they fer-
tilized a soil spot (122 nmolm~2h~") or left it unfertilized
(=323nmolm~2h~!) (Llusia et al., 2022). In an eucalyp-
tus plantations also uptake rates of —30 + 16 nmolm~2h~!
were found (Mu et al., 2023), while in a boreal forest emis-
sion rates for SQT of 3-171 nmolm~2h~! (Miki et al.,
2017, 2019) and in a tundra 40 000~180 000 nmolm~—2h~!
(Baggesen et al., 2021) were reported. However, we have to
note that in the studies with higher emission rates vegetation
was inside the used chambers as the soil was naturally cov-
ered by plants. So, the soil studies which report SQT fluxes
we can compare this study with were mainly performed in
vastly different ecosystems, used fertilization treatments or
derived under artificial laboratory conditions likely to maxi-
mize fluxes.

The higher emission rates of SQT during the dry season
2023 are consistent with the high abundance of sesquiter-
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penoids measured within the rainforest canopy during the
same and similar time periods, which was influenced by
El Nifio and resulted in severe drought conditions in plants
(Pfannerstill et al., 2018; Byron et al., 2025). The largest
emissions of SQTs from the soil were noted at the opti-
mal water-filled pore space (WFPS) of approximately 35 %
as determined by the model developed by Bourtsoukidis et
al. (2018), with a similar value occurring during the ex-
tremely dry season 2023.

4.4.2 Context of soil fluxes with canopy and plants
fluxes in tropical rainforests

When comparing the uptake rates of isoprene by the soil to
the estimated canopy fluxes, they appear rather small. The
mean isoprene uptake rate of —19nmolm~>h~! across all
seasons is less than 0.1 % of any reported canopy isoprene
flux from tropical rainforests, which are in the range of 11—
1007 umolm~2h~! (Sarkar et al., 2020; Rizzo et al., 2010;
Miiller et al., 2008; Karl et al., 2007; Kuhn et al., 2007,
Greenberg et al., 2004; Karl et al., 2004; Rinne et al., 2002).
However, the isoprene uptake may sustain soil microbes and
perform multiple other functions within the soil ecosystem.
The actual isoprene used up in soils might be larger when tak-
ing into account in the soil produced and emitted isoprene.

The MTs and SQTs fluxes from the soil are also smaller
by several orders of magnitude than those reported for the
forest canopy. The mean SQT flux of 4 &2nmolm~2h~!
found here makes up only a fraction of the estimated SQT
canopy flux of 1.7-3.8 umolm~2h~! at the site (Alves et al.,
2016). However, SQT fluxes are scarce as their lifetimes and
concentrations are low, and measurements remain difficult. It
likely exerts a disproportionate influence given the high reac-
tivity of SQTs in the atmospheric boundary layer.

The SQT soil flux is also 6 to 500 times smaller compared
to cryptogamic species emission rates at the same measure-
ment site that were evaluated per tree surface area: 0.025 to
almost 1.96 umol mt:eze h~! (Edtbauer et al., 2021).

4.5 Impact on air chemistry

The uptake flux of isoprene by soil is very small compared
to the sink via reaction with OH, so it contributes very lit-
tle to the overall isoprene budget dominated by plants. Also,
the emission fluxes of MTs and SQTs from soil are small
compared to the canopy fluxes, but the emission of highly
reactive species, such as f-caryophyllene, can have an im-
pact on local, near-surface atmospheric chemistry, particu-
larly in relation to particle formation. Our findings indicate
that ozone reactivity at the soil level is predominantly driven
by emissions of B-caryophyllene (Fig. 8) while a-pinene is
less important although it is emitted in higher quantities. Soil
emissions could influence the atmospheric oxidative capac-
ity by suppressing oxidants through their reactivity (Dada et
al., 2023). This in turn can affect the formation of secondary
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organic aerosols (SOAs), a fraction of which will grow to
become cloud condensation nuclei and thus impact clouds,
weather patterns and climate (Dada et al., 2023; Tripathi et
al., 2025). Changes in land use or climate conditions that
alter these emissions could, in turn, influence atmospheric
composition and climate dynamics. Nevertheless, it is still
unclear if these below-canopy emissions have an effect be-
yond the near-surface processes.

4.6 Limitations of this study and future directions

The study was conducted at three locations on a Terra Firme
rainforest plateau, and the samples exhibited significant vari-
ability between soil spots. Having only one biological repli-
cate for each of the three soil spots limits possible conclu-
sions to the overall ecosystem soil BVOC flux. Expanding
the spatial resolution could provide deeper insights into the
overall fluxes of terpenoids at the soil-atmosphere interface
in the Amazon rainforest. Measurements were paused during
rain to protect the equipment, and while some samples were
collected shortly before or after rain events, this may have in-
troduced some bias. Furthermore, logistical constraints lim-
ited measurements to between 05:00 am and 08:00 pm poten-
tially omitting nocturnal microbial and abiotic processes.

In the future, actual microbial taxa responsible for cer-
tain compounds should be identified. Additionally, isotopic
labelling and on-line measurements with a greater time reso-
lution between samples, could further strengthen the under-
standing of soil BVOC exchange processes, especially in re-
gards to resolving roots and/or microbiome sources.

The storage time of up to two months of the adsorbent car-
tridges could have resulted in some loss of the higher volatile
compounds like isoprene, MACR and MVK. For MTs and
SQTs these storage times have been tested previously (Helin
et al., 2020). Due to saturation of the instrument (outside lin-
ear range) for higher concentrations of isoprene mixing ratios
and therefore also fluxes could be underestimated in the dry
seasons (Fig. A3).

5 Conclusions

This study highlights the Amazon soil as a dynamic, context-
sensitive participant in the regional BVOC budget. The soil-
atmosphere exchange of terpenoids and their enantiomers in
the Amazon rainforest is strongly connected to season and
environmental conditions like temperature and soil moisture.
For the uptake of isoprene, MACR, and MVK ambient con-
centrations and temperature seem to be the primary drivers,
while the litter layer here did not have an effect on the con-
sumption of these compounds. MT and SQT net emissions
and uptake showed to be governed on the litter layer and sea-
son, as well as showing very local differences from spot to
spot in the composition of the total flux. Because of the small
replication size and the large differences between spots, the
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effect of the litter layer is exploratory. Enhanced SQT emis-
sions from soil were observed during the El Nifio-influenced
dry season 2023.

Chiral analysis revealed distinct patterns in the emis-
sion and uptake of monoterpene enantiomers, like a-pinene,
limonene, camphene and S-pinene, indicating shifts in
source contributions, de novo synthesis or possible preferen-
tial uptake of one enantiomer over the other. Elevated ratios
of (4)-B-pinene to (—)-B-pinene in soils during the dry sea-
son, hint towards a response in the soil to lower soil moisture.
Soil processes are influencing the chiral ratio of MTs in the
Amazon, but are not the only determining factor as differ-
ences in the ratio were also observed in ambient air across
seasons.

While soil fluxes of terpenoids are generally much lower
than those from the forest canopy, the emission of highly re-
active compounds such as SQTs and their oxidation prod-
ucts can impact local atmospheric chemistry and SOA forma-
tion (Andreae and Crutzen, 1997; Atkinson, 2000; Williams,
2004; Lelieveld et al., 2008; Tripathi et al., 2025; Bourt-
soukidis et al., 2025). These findings underscore the impor-
tance of considering soil processes in models of rainforest
BVOC emissions, especially in the context of ongoing cli-
mate change and increasing frequency of extreme weather
events which could enhance SQT emission from soils. By
taking up isoprene and the net emission of MTs and SQTs
the soil will exert partial control over near-surface ambient
atmospheric ozone and OH.

Future research should expand spatial and temporal cover-
age, integrate microbial community analyses, and further re-
solve the mechanisms underlying chiral BVOC fluxes. Such
efforts are essential for a comprehensive understanding of the
Amazon’s role in regional and global atmospheric chemistry,
especially in the face of climate warming.
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Appendix A

3485

Table A1. Mean Retention times, mean measured flux in nmolm~2h~! with standard deviation, mean limit of detection (LOD) across the
measurement campaigns in pptv with standard deviation, and mean ambient ratio in pptv with standard deviation of all measured terpenoid

substances in each season.

mean flux [nmol m2 h’I]

ambient vmr [pptv]

Number of data points 31 70 58 55 ‘ Mean LOD [pptv] 33 81 58 54
Substance mean RT Jan Oct  Apr-May Oct Jan Oct  Apr-May Oct
[min] 2023 2023 2024 2024 2023 2023 2024 2024
isoprene 550 —-1.46 -27.18 —5.00 —3533 0.81 220.66 3829.13 356.48 3977.21
+4.72  £21.82 +7.06 £26.32 +1.68 £262.27 +1462.75  +£448.87 £1922.10
MACR 8.04 —0.58 —10.84 —0.23 —8.63 0.58 92.74 974.02 69.94 820.60
+1.25 +7.43 +0.92 +7.07 +0.90 +78.31 +506.21 +41.23 +476.11
MVK 855 —294 —11.48 —033 —11.34 0.63 303.22 1168.65 95.35 1049.95
+4.68 +8.83 +1.18  £10.30 +0.98 +£291.41 +713.21 +53.64 +688.54
sabinene 32.82 2.69 —0.31 —0.14 —0.15 0.51 15.71 30.86 11.81 25.48
+6.70 +0.14 +0.21 +0.42 +1.10 +17.54 +9.65 +8.42 +15.92
tricyclene 33.42 0.09 0.14 0.00 —0.01 0.03 2.88 2.74 1.30 224
+0.21 +0.44 +0.06 +0.02 +0.03 +3.10 +1.82 +0.69 +1.28
(—)-a-pinene 33.95 5.63 3.35 —0.30 —1.46 0.21 42.20 312.59 62.43 230.42
+9.86 +8.11 +1.56 +1.95 +0.68 +52.10  £144.49 +42.52 +124.94
(4)-a-pinene 34.44 3.50 1.91 0.05 —0.60 0.18 38.61 222.45 21.48 101.49
+6.54 +5.15 +0.61 +1.01 +0.58  +106.25 +168.90 +11.59 +74.42
3-carene 35.70 0.06 -0.00 -0.19 -0.12 0.18 2.54 2.11 22.85 10.87
+0.32 +0.14 +0.64 +0.38 +1.18 +4.57 +6.50 +41.13 +19.46
(4)-a-fenchene® 36.93 0.26 0.88 —0.07 0.19 0.32 0.00 15.07 10.28 2.22
+0.35 +1.86 +0.13 +0.19 +0.91 +0.00 +20.76 +4.33 +3.94
(—)-a-fenchene® 37.22 0.17 0.45 —0.01 0.10 0.24 0.00 3.42 3.88 0.85
+0.13 +0.99 +0.04 +0.13 +1.02 +0.00 +8.69 +1.89 +1.08
(4)-camphene 37.63 1.94 0.77 —0.22 —0.35 0.32 10.24 68.85 19.55 55.73
+3.01 +2.76 +0.16 +0.55 +0.91 +22.46 +24.63 +9.66 +23.17
(—)-camphene 38.28 1.49 0.99 —0.00 0.07 0.24 9.86 10.88 341 7.44
+2.63 +2.27 +0.08 +0.18 +1.02 +21.10 +15.89 +2.37 +4.91
(4)-B-pinene 39.61 3.33 0.58 0.22 0.12 0.21 2.08 27.08 23.51 14.18
+7.38 +0.93 +1.59 +0.24 +0.68 +4.78 +22.66 +15.27 +8.61
(—)-B-pinene 40.02 1.70 0.41 -0.00 -0.47 0.18 3.95 35.95 11.78 117.78
+2.07 +1.18 +0.33 +0.90 +0.58 +7.88 +14.49 +14.15 +50.05
Ocimene® 40.91 6.62 —0.36 0.07 105.92 29.31
+7.22 +0.41 +0.06 +99.78 +25.42
(—)-limonene® 41.48 1.39 0.27 —0.25 —0.30 0.12 7.07 98.56 27.36 59.94
+2.31 +2.38 +0.45 +3.19 +0.05 +5.79 +110.33 +24.79 +67.64
(4)-limonene 41.87 1.36 0.11 —0.71 —1.18 0.28 10.21 84.53 5735 91.84
+3.46 +1.31 +1.15 +3.98 +1.53 +8.20 +66.76 +54.25 +212.67
terpinolene 45.32 0.17 2.36 4.13 0.68 0.26 8.72 28.18 91.87 14.46
+0.29 +6.76 +27.40 +4.73 +0.26 +8.41 +29.79  £102.60 +9.11
a-copaene® 57.04 0.00 1.54 0.38 —0.06 0.04 0.00 63.81 26.27 115.55
+0.00 +0.89 +1.18 +1.59 +0.02 +0.00 +30.85 +22.84 +116.90
pB-caryophyllene 60.78 0.04 0.33 1.90 0.94 1.04 0.00 42.06 24.34 136.66
+0.13 +0.75 +4.82 +4.29 +6.04 +0.00 +31.43 +51.74 +210.52
(+)-cyclosativene® 62.65 0.66 —0.02 0.00 0.11 341 36.40 0.00
+0.50 +0.39 +0.00 +0.10 +6.67 +24.52 +0.00
(—)-a-cedrene® 63.79 0.00 0.04 0.04 0.00 0.10 0.00 1.51 27.88 0.00
+0.01 +0.07 +0.45 +0.00 +0.05 +0.00 +2.20 +17.12 +0.00
(+)-8-cadinene® 66.24 0.05 0.33 0.01 —0.04 1.00 1.04 14.26 1.96 6.77
+0.14 +0.21 +0.05 +0.15 +0.71 +3.20 +6.60 +1.31 +9.71
mean flux [pmol m~2s71]

Substance Jan 2023 Oct 2023  Apr-May 2024 Oct 2024

isoprene —0.48+1.33 —6.76+£6.19 —1.294+£2.03 —9.81+7.31

MACR —0.174+£0.36  —2.69£2.19 —0.06+£0.25 —2.40+1.96

MVK —0.76 £ 1.27 —2.91£2.50 —0.084+£0.33 —3.15+2.86

Total monoterpenes  10.54 4 14.00 5.444+8.48 0.244+10.26 —0.90+8.44

Total sesquiterpenes ~ —0.26 £ 1.44 2.214+2.57 1.18+3.88 0.124+1.43

4 Substance LOD and calibration performed using liquid calibration as described in the method section. b Substance

only tentatively identified and calibrated to (4)- and (—)-camphene and below a summary of the fluxes of isoprene,
MACR, MVK, total monoterpenes, and total sesquiterpenes in SI units pmol m2s
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Figure A1. (a) Example Chromatogram of a soil chamber sample from October 2023 with annotation of isoprene, MACR, and MVK peaks,

Retention Time (min)

the chiral monoterpenes, and the two most prominent sesquiterpenes. (b) Zoomed into the chiral monoterpene resolution.

1e7 (a) Isoprene 1e7 (b) MACR 1e7  (c) MVK
Te— Zi 20 »—-:vl.uf
g L5 = S
o 31 P © i © 1.5 o
o = o v g -
< Pl < 1.0 g?” <
v 2 — ~ X 104 s
o o # e H
[a [a i o
1 4 = = Fit low range (R?=1.000) 05 N = = Fit low range (R?=1.000) = = Fit low range (R?=1.000)
= = Fit high range (R?=1.000) = = Fit high range (R?=1.000) 05 T = = Fit high range (R?=1.000)
i Sample points i Sample points Sample points
0 i "  Calibration points 0 O i H  Calibration points H Calibration points
0 500 1000 1500 0 200 400 0 200 400 600
pmol pmol pmol

Figure A2. Calibration curve fit of integrated Peak Areas against substance on the cartridge in pmol for (a) isoprene, (b) MACR, and
(¢) MVK with calibration points with error bars plotted in black, linear fit in the lower range in orange and in the higher range in red, and
sample points (from October 2024) in green with error bars.
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Table A2. Mean blank measurements from the blank chamber of each substance of the flux in nmol m~2 h™ ! with standard deviation in each
season (nan indicates no detection in this campaign; O indicates a value < 0.00).

Jan 2023 Oct 2023  Apr-May 2024 Oct 2024

Number of blank datapoints 2 4 4 11
Substance flux [nmol m—2 hfl]

isoprene —6.56+4.30 —0.06 £2.33 1.914+£9.39 —8.52+15.47
MACR —1.35+£2.16 0.11£3.40 0.03£0.50 —0.66£4.42
MVK —0.20£0.90 —2.81+£6.64 0.28+1.13 0.31+6.47
tricyclene —0.01£0.00 0.03 +£0.04 0.01 £0.02 —0.01£0.02
(—)-a-pinene 0.17+£0.02 1.70£1.66 0.33£1.26 —0.35+£1.07
(+4)-a-pinene 0.05+£0.00 10.85+8.72 —0.01+£0.18 —0.38+£0.53
sabinene nan &+ nan 0.16£0.13 0.02+0.00 —0.06 £0.07
a-phellandrene 0.02+0.02 nan =+ nan —0.02+ nan nan =+ nan
3-carene 0.00=£ nan —0.00£0.00 nan =+ nan —0.11£0.24
(4+)-a-fenchene nan &+ nan 0.10+0.09 0.08+ nan 0.07+0.09
(—)-a-fenchene nan &+ nan 0.01 +0.01 nan &+ nan 0.01+0.01
(4)-camphene 0.00£0.00 0.18£0.21 0.37+£0.30 0.01 £0.09
(—)-camphene 0.00£0.00 0.28£0.40 0.03£0.05 0.03£0.08
(+)-B-pinene 0.02+£0.02 0.24+£0.14 —0.44+ nan 0.01£0.11
(—)-B-pinene nan %+ nan 0.09+0.08 0.01 +£0.18 —0.13£0.30
ocimene nan % nan 5.56+£4.78 nan & nan —0.14£0.02
(—)-limonene 0.02+£0.01 0.15+£0.00 0.08£0.28 0.09 £0.55
(+)-limonene 0.024+0.01 3.92£2.80 0.504+0.32 —1.87+£5.07
terpinolene 0.00+ nan 0.19£0.30 —0.19+0.06 —0.02+0.05
a-copaene 0.00£0.00 0.90£0.95 0.14+£0.39 0.19+£0.42
(+4)-cyclosativene 0.00£0.00 0.25+£0.36 0.15£0.55 0.06 £0.65
B-caryophyllene nan =+ nan 0.07£0.08 0.30£0.20 0.00£0.00
(—)-a-cedrene nan &+ nan 0.01 +0.00 0.21+1.04 0.00+0.00
(+4)-§-cadinene nan =+ nan 0.18+0.18 —0.01£0.00 0.01 +£0.04
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Figure A3. Diurnal curves of the mean calculated fluxes of isoprene (blue), isoprene oxidation products methacrolein (MACR) and methyl
vinyl ketone (MVK), the total monoterpenes (red) and the total sesquiterpenes (pink) over the four measured seasons January 2023, Octo-
ber 2023, April-May 2024 and October 2024 in the course of a day from 05:00 am to 08:00 pm with blank values as dotted lines as mean
(a) over all seasons (N =21) and (b) for each season (N = 2 for January 2023, N =4 for October 2023, N = 4 for April-May 2024, and
N =11 for October 2025) and with subtracted blank values from the flux (b) over all seasons and (d) per season in nmol m~2h~!. Error
bars indicate the standard error of the mean.
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Table A3. Overview of seasonal differences of the fluxes of isoprene, MACR, MVK, total monoterpenes, and total sesquiterpenes by linear
mixed-effect models with the formula “Flux ~ C(Season_renamed) + C(Hour) 4+ C(Chamber_spots)” and Date as the random effect; -
coefficients are the estimated change between the baseline season to the compared season (Compared-Baseline) in nmol m~2h~1;95% CI
is the confidence interval; p value (adj) is the adjusted p value after Holm-Bonferroni correction for multiple comparisons.

Substance Baseline Season: Jan 2023 Jan 2023 Jan 2023 Oct 2023 Oct 2023 Apr-May 2024
Compared Season: Oct 2023 Apr-May 2024 Oct 2024 Apr-May 2024 Oct 2024 Oct 2024
isoprene B-coefficient —29.029 —4.994 —47.96 20.385 —14.165 —31.634
95% CI —44.6 t0 —13.458 —~10.862-0.873  —67.105 to —28.814 11.632-29.139  —28.297 to —0.032  —44.452 to —18.816
p value (adj) 7.75 x 104k 0.099 547 x 1070%sx 2,00 x 1077 % 0.099 6.59 x 10~ 0w
MACR B-coefficient —14.602 0.19 —14.325 10.098 —-0.212 —9.586
95% CI —21.059 to —8.145 —0.752-1.132 —21.246 to —7.403 7.113-13.083 —4.651-4.227  —13.348 to —5.824
p value (adj) 3.72 x 107 Sk 1.000 1.49 x 1043 201 x 10~ 10w 1.000 2.96 x 10~ 0k
MVK B-coefficient —8.565 4524 —10.144 10.802 —2.163 —12.113
95% CI —16.229to —0.9 2.039-7.01 —21.799-1.511 8.353-13.251 —7.893-3.567  —17.341 to —6.886
p value (adj) 0.086 0.0017% 0.176  3.25 x 197 T 0.459 2.79 x 107k
Total MTs  B-coefficient —72.842 —77.208 —93.614 —12.864 —19.672 —4.739
95% CI —96.934t0 —48.751  —107.677to —46.738  —125.306t0 —61.923  —32.544-6.817 —36.833 to —2.512 —29.031-19.553
p value (adj) 1.86 x 10~ 8 2.73 x 10~ O 3.53 x 10~ 8 0.400 0.074 0.702
Total SQTs  fB-coefficient 11.828 15.698 —1.261 —2.072 —7.71 —4.039
95% CI 5.678-17.978 5.988-25.408 —5.912-3.389 —6.445-2.301  —10.996 to —4.424 —8.98-0.902
p value (adj) 8.17 x 104w 0.006 ** 0.706 0.706 2.55 x 107w 0.327

Significance: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table A4. Overview of differences per spot within each season of the fluxes of isoprene, MACR, MVK, total monoterpenes, and total
sesquiterpenes by linear mixed-effect models with the formula “Flux ~ C(Chamber_spots) + C(Hour)” and Date as random effect; S-
coefficients are the estimated change between the baseline spot to the compared spot (Compared-Baseline) in nmol m~2h~!;95% Cl is the
confidence interval; p value (adj) is the adjusted p value after Holm-Bonferroni correction for multiple comparisons.

Substance  Season Baseline Spot Compared Spot B-coefficient 95% CI  p value (Adj)
isoprene Jan 2023 Spot 1 (N =6) Spot2 (N = 14) 0.963 —2.633-4.558 1.000
Spot 1 (N =6) Spot 3 without litter (N = 7) 1.782 —1.558-5.122 1.000

Spot 2 (N =14)  Spot 3 without litter (N =7) 0.819 —3.307-4.946 1.000

Oct 2023 Spot 1 (N =52) Spot4 (N =24) 0.102 —9.952-10.157 1.000
Spot 1 (N =52) Spot5 (N =25) 18.133 8.017-28.249 0.012*

Spot4 (N =24) Spot5 (N =25) 18.031 4.106-31.957 0.223

Apr-May 2024  Spot 1 (N =31) Spot4 (N =27) 2472 —0.207-5.151 1.000
Spot 1 (N =31) Spot5 (N =31) 3.336 0.807-5.865 0.214

Spot4 (N =27) Spot5 (N =31) 0.864 —1.714-3.441 1.000

Oct 2024 Spot 1 (N =17) Spot4 (N =24) —0.26 —10.637-10.116 1.000
Spot 1 (N =17) Spot5 (N =25) 33.689 21.938-45.44 0.000%*

Spot4 (N =24) Spot5 (N =25) 33.949 20.988-46.91 0.000%*

Spot5 (N =25)  Spot 5 without litter (N = 12) —25.058 —41.86 to —8.256 0.083

MACR Jan 2023 Spot 1 (N = 6) Spot 2 (N = 14) —1.746 —3.235 to —0.256 0.475
Spot 1 (N =6) Spot 3 without litter (N = 7) 0.46 —0.944-1.863 1.000

Spot 2 (N =14)  Spot 3 without litter (N = 7) 2.205 0.831-3.58 0.043*

Oct 2023 Spot I (N =52) Spot4 (N =24) 2.746 —0.247-5.739 1.000
Spot 1 (N =52) Spot5 (N =25) 5.209 2.207-8.211 0.019*

Spot4 (N =24) Spot5 (N =25) 2.463 —1.603-6.529 1.000

Apr-May 2024  Spot 1 (N =31) Spot4 (N =27) 0.127 —0.334-0.589 1.000
Spot 1 (N =31) Spot5 (N =31) —0.293 —0.735-0.149 1.000

Spot4 (N =27) Spot5 (N =31) —0.42 —0.894-0.053 1.000

Oct 2024 Spot 1 (N =17) Spot4 (N =24) 2.034 —0.465-4.532 1.000
Spot 1 (N =17) Spot5 (N =25) 5.12 2.465-7.774 0.005%*

Spot4 (N =24) Spot5 (N =25) 3.086 0.501-5.67 0.463

Spot 5 (N =25) Spot 5 without litter (N = 12) —2.074 —5.698-1.55 1.000

MVK Jan 2023 Spot 1 (N =6) Spot 2 (N = 14) —1.005 —4.237-2.226 1.000
Spot 1 (N =6) Spot 3 without litter (N = 7) 0.777 —1.827-3.381 1.000

Spot 2 (N =14)  Spot 3 without litter (N =7) 1.782 —0.872-4.436 1.000

Oct 2023 Spot 1 (N =52) Spot4 (N =24) 3.458 —0.054-6.971 1.000
Spot 1 (N =52) Spot5 (N =25) 5.544 2.017-9.07 0.058

Spot4 (N =24) Spot5 (N =25) 2.085 —2.549-6.72 1.000

Apr-May 2024  Spot 1 (N =31) Spot4 (N =27) 0.148 —0.407-0.703 1.000
Spot 1 (N =31) Spot5 (N =31) 0.364 —0.289-1.017 1.000

Spot4 (N =27) Spot5 (N =31) 0.215 —0.417-0.848 1.000

Oct 2024 Spot 1 (N =17) Spot4 (N =24) 1.826 —0.851-4.502 1.000
Spot I (N =17) Spot5 (N =25) 5.003 1.703-8.304 0.077

Spot4 (N =24) Spot5 (N =25) 3.178 —0.075-6.431 1.000

Spot 5 (N =25) Spot 5 without litter (N = 12) —7.969 —12.97 to —2.969 0.054

Total MTs  Jan 2023 Spot 1 (N =6) Spot 2 (N = 14) —104.079 —125.254 to —82.904 0.000°%#*
Spot 1 (N = 6) Spot 3 without litter (N = 7) —76.622 —98.679 to —54.565 0.000%**

Spot 2 (N =14)  Spot 3 without litter (N =7) 27.457 0.767-54.147 0.963

Oct 2023 Spot 1 (N =52) Spot4 (N =24) —6.642 —22.658-9.374 1.000
Spot 1 (N =52) Spot5 (N =25) —12.25 —27.813-3.313 1.000

Spot4 (N =24) Spot5 (N =25) —5.608 —27.575-16.36 1.000

Apr-May 2024  Spot 1 (N =31) Spot4 (N =27) —-21.177 —40.488 to —1.866 0.758
Spot 1 (N =31) Spot5 (N =31) —26.435 —45.807 to —7.063 0.195

Spot4 (N =27) Spot5 (N =31) —5.258 —24.104-13.588 1.000

Oct 2024 Spot 1 (N =17) Spot4 (N =24) —13.325 —29.115-2.465 1.000
Spot 1 (N =17) Spot5 (N =25) —2.222 —22.226-17.781 1.000

Spot4 (N =24) Spot5 (N =25) 11.102 —8.798-31.003 1.000

Spot 5 (N =25) Spot 5 without litter (N = 12) —6.272 —37.851-25.308 1.000
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Table A4. Continued.
Substance Season Baseline Spot Compared Spot B-coefficient 95% CI  p value (Adj)
Total SQTs  Jan 2023 Spot 1 (N =6) Spot2 (N = 14) —0.849 —6.357-4.659 1.000
Spot 1 (N =6) Spot 3 without litter (N = 7) 1.137 —3.524-5.798 1.000
Spot 2 (N =14)  Spot 3 without litter (N = 7) 1.986 —3.301-7.274 1.000
Oct 2023 Spot 1 (N =52) Spot4 (N =24) —2.627 —6.901-1.647 1.000
Spot 1 (N =52) Spot5 (N =25) —5.737 —10.125to —1.349 0.229
Spot4 (N =24) Spot5 (N =25) —3.11 —8.475-2.255 1.000
Apr-May 2024  Spot 1 (N =31) Spot4 (N =27) —12.758  —20.51 to —5.007 0.033*
Spot 1 (N =31) Spot5 (N =31) —12.775 —20.404 to —5.146 0.029*
Spot4 (N =27) Spot5 (N =31) —-0.016 —7.481-7.448 1.000
Oct 2024 Spot 1 (N =17) Spot4 (N =24) 4.034 1.024-7.043 0.207
Spot 1 (N =17) Spot5 (N =25) 5.974 2.789-9.16 0.007**
Spot4 (N =24) Spot5 (N =25) 1.941 —1.362-5.244 1.000
Spot 5 (N =25) Spot 5 without litter (N = 12) —3.442 —7.927-1.043 1.000

Significance: * p < 0.05, ** p < 0.01, *** p < 0.001.

Appendix B

Table B1. Rate coefficients used for lifetime calculations.

Substance CAS Rate Coefficient OH  Reference Rate Coefficient Ozone  Reference
Number (cm3 molecule™! s_l) (cm3 molecule™! s_l)

isoprene 78-79-5 1.01 x 10710 Atkinson et al. (2006) 1.29x 1017 Grosjean and Grosjean (1996),
Atkinson et al. (1992)

MACR 78-85-3 5.00 x 1071 Atkinson (1986) 1.00 x 10720 Atkinson et al. (1990)

MVK 78-94-4 1.78 x 10~ Chuong and Stevens (2004) 540 x 10718 Neeb et al. (1998)

a-pinene 80-56-8 5.37x 1071 Atkinson et al. (2006) 9.00 x 10~17  Atkinson et al. (2006)

B-pinene 127-91-3 7.89 x 10~ Atkinson and Arey (2003) 2.10 x 10~17  Atkinson and Arey (2003)

limonene 5989-27-5 1.61 x 10710 Gill and Hites (2002) 6.40 x 10716 Atkinson and Arey (2003)

camphene 201-234-8 5.10 x 10711 Gaona-Colmin et al. (2017) 5.10 x 10719 Gaona-Colman et al. (2017)

B-myrcene 123-35-3 2.13x 10710 Atkinson (1986) 4.90 x 10716 Atkinson et al. (1990)

B-ocimene 3338-55-4 250 x 10710 Atkinson (1986) 3.15x 10715 Kimetal. (2011)

y-terpinene 99-85-4 1.77 x 10710 Atkinson and Arey (2003) 1.40 x 1071 Atkinson and Arey (2003)

a-terpinene 99-86-5 3.60 x 10710 Atkinson (1986) 2.10x 10714 Atkinson and Arey (2003)

sabinene 3387-41-5 1.19x 10710 Pang et al. (2023) 3.40 x 10~17  Pang et al. (2023)

terpinolene 586-62-9 230 x 10710 Atkinson and Arey (2003) 1.40 x 10™15  Atkinson et al. (1990)

p-cymene 99-87-6 1.57 x 10711 Alarcén et al. (2013) 5.00x 10720 Atkinson et al. (1990)

a-copaene 3856-25-5 9.00 x 10~ Atkinson (1986) 2.90 x 10716 Estimated (Pollmann et al., 2005)

B-caryophyllene 87-44-5 2.00 x 10710 Axel Clausen and Wolkoff (1997) 1.15x 10714 Axel Clausen and Wolkoff (1997),

Richters et al. (2015)
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