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1. Abstract 19 

Drought can affect the capacity of soils to emit and consume biogenic volatile organic compounds 20 

(VOCs). Here we show the impact of prolonged drought followed by rain and recovery on soil VOC 21 

fluxes from an experimental rainforest. Under wet conditions the rainforest soil acted as a net VOCs 22 

sink, in particular for isoprenoids, carbonyls and alcohols. The sink capacity decreased progressively 23 

during drought, and at soil moistures below ~19% the soil became a source of several VOCs. Position 24 

specific 13C-pyruvate labelling experiments revealed that soil microbes were responsible for the 25 

emissions and that energetic investment in VOC production increased during drought. Soil rewetting 26 

induced an emission pulse of carbonyls and dimethyl sulfide due to water-induced mobilization of 27 

carbon and sulfur pools of soil organic matter. Results show that, the extended drought periods 28 

predicted for tropical rainforest regions will strongly affect soil VOC fluxes thereby impacting 29 

atmospheric chemistry and climate. 30 

https://orcid.org/0000-0002-2869-3588


2. Introduction 31 

Atmospheric biogenic volatile organic compounds (VOCs) are emitted and taken up by terrestrial 32 

ecosystems and play an important role in determining atmospheric processes that control air quality 33 

and climate. They react readily with the primary atmospheric oxidants hydroxyl radicals (OH) and 34 

ozone (O3) leading to the production of secondary organic aerosol (SOA) particles. Such particles can 35 

in turn affect cloud formation, the earth’s radiative balance and thereby climate1. Current global 36 

atmospheric models consider plants as the only source and sink of atmospheric VOCs, neglecting any 37 

influence from soils2,3. However, recent studies have shown that under certain condition the soils 38 

contribution to total ecosystem VOC budget can even be comparable to that of the plants4–7. They 39 

therefore represent an important component of the overall ecosystem VOC dynamic. 40 

Soil VOC fluxes are inherently uncertain since they are the combined result of numerous biotic and 41 

abiotic processes. Biotic processes include microbial uptake, microbial decomposition of soil organic 42 

carbon (SOC) and plant residues, as well as emission from plant roots; while the abiotic processes 43 

include dissolution in or evaporation from soil water, adsorption to soil particles, reaction with soil 44 

chemicals, and evaporation from leaf litter8–10. Soil biotic and abiotic processes are in turn dependent 45 

on soil physio-chemical properties and environmental factors, e.g., temperature, soil pH, soil 46 

moisture, soil texture, soil porosity, nutrients, and SOC content. As a result, large variations in the 47 

composition, magnitude, and direction (i.e. emission vs uptake) of soil VOC fluxes have been observed 48 

as a function of ecosystem, season, diel dynamics, and environmental conditions11–15.  49 

The strong dependency of soil VOC fluxes on environmental conditions highlights the need to 50 

understand how soil VOC fluxes will change in response to human-accelerated climate change. Among 51 

the predicted impacts of climate change, is that drought frequency and duration will increase 52 

worldwide16. Such events can potentially affect soil VOC fluxes, impacting the atmospheric budgets of 53 

certain VOCs with further and unpredictable consequences on climate. This is particularly relevant for 54 

tropical rainforests, which represent the largest source (about 70%) of biogenic VOCs2,3.  55 

In this study, we conducted a unique long-term drought experiment (B2-WALD campaign17) in the 56 

enclosed experimental rainforest of the biosphere 2 (B2 TRF, Arizona, USA), to assess the effects of 57 

prolonged and severe drought on soil VOC fluxes direction and magnitude. The ability to control and 58 

manipulate ecosystem conditions makes the B2 TRF an ideal site to study VOC dynamics18–20. 59 

Moreover, UV light filtering by the glass of the biosphere and the low ozone concentration in the 60 

ambient air, precluded any complication of emission signals through atmospheric oxidation chemistry. 61 

To characterize the origin of emitted VOCs, we conducted additional tracer experiments with position-62 

specific 13C-labelled pyruvate both during pre-drought and during drought. During the entire 63 



campaign, soil respiration, soil temperature, soil moisture and soil matric potential were also 64 

measured and their effects on long term and diel soil VOC flux dynamics were analyzed. 65 

3. Results  66 

3.1 Long term soil VOC fluxes dynamics 67 

Soil moisture and soil matric potential decreased strongly as the drought progressed, from 29 to 12.5% 68 

and from 0 to -3.7 MPa, respectively, but recovered back to pre-drought levels after the rewetting rain 69 

events. In contrast, soil temperature was relatively stable throughout the campaign (21.5- 25.5°C) with 70 

little diel dynamics (1.4 ± 4°C). Soil respiration (Figure 1) decreased similarly to the soil moisture, 71 

indicating that the soil microbial activity and root respiration decreased due to a reduction in soil 72 

water content17,21. 73 

Soil VOC fluxes showed distinct variations associated with the different periods of the campaign 74 

(Figure 2). Generally, the B2 TRF soil acted as a strong net sink for all measured isoprenoid compounds 75 

namely isoprene, monoterpenes, and the isoprene oxidation products C5H8O and methacrolein plus 76 

methyl vinyl ketone (MACR+MVK; both measured at m/z 71.049), with isoprene (C5H8) showing the 77 

highest net sink (Figure 2, blue plots). Two types of temporal patterns were detected in the 78 

isoprenoids, namely the one displayed by isoprene and C5H8O and the other by monoterpenes and 79 

MACR+MVK. Soil uptake of isoprene and C5H8O peaked one week after the onset of the drought, then 80 

it steady decreased with the development of the drought, but increased back to pre-drought levels 81 

during the rewetting period. Soil uptake of isoprene and C5H8O can be attributed to the soil 82 

microbiome10,19,22. The fact that the soil uptake of these two VOCs decreased similarly to respiration 83 

in response to drought, can be seen as further evidence that the soil consumption of both VOCs was 84 

linked to the soil microbial activity. In contrast to isoprene and C5H8O, soil uptake of monoterpenes 85 

and MACR+MVK slightly increased during the drought. A possible explanation is that the microbes 86 

consuming isoprene/C5H8O were more affected by drought than those consuming 87 

monoterpenes/MACR+MVK. Another possible explanation would be that the increased ambient air 88 

concentrations of monoterpenes and MACR+MVK (Figure S1) during the drought may have induced 89 

an adaptation of the soil microbiome to consume these compounds at a relatively higher rate. 90 

Periodically, isolated soil flux measurements of speciated monoterpenes were made from manual soil 91 

chambers by GC-MS. These indicated that the uptake of the sum of monoterpenes measured by PTR-92 

ToF-MS was mainly driven by (-)-α-pinene and (-)-β-pinene (Figure S2). These two monoterpene 93 

enantiomers were the strongest emitted by the vegetation in the B2 TRF23. In addition, GC-MS 94 

measurements showed that although the total monoterpenes fluxes resulted in a net uptake 95 

throughout the campaign, some monoterpenes such as terpinolene, γ-terpinolene, α-terpinene were 96 

mostly emitted by the soil. Soil emissions of monoterpenes have previously been observed in several 97 



ecosystems and have been attributed to microbial litter decomposition and to plant root 98 

emissions24,25. Considering the total monoterpenes flux, GC-MS and PTR-ToF-MS measurements 99 

showed a very similar trend and magnitude confirming the reliability of both measurement methods.  100 

Soil fluxes of the carbonyl compounds acetone, acetaldehyde, butanone and pentanone all showed 101 

similar temporal variation patterns (Figure 2, green plots), which differed from the aforementioned 102 

isoprenoid patterns. All carbonyls were taken up by the soil during the pre-drought period but as the 103 

drought progressed, the uptake gradually switched to emissions. Hence, the soil became a source of 104 

carbonyl compounds under severe drought. Apart from butanone, all carbonyls showed a large 105 

emission peak immediately after the first rain event. Shortly after rewetting, all carbonyls shifted to 106 

be taken up by the soil again at rates about 10 times higher than pre-drought, but then the uptake 107 

steadily decreased to pre-drought levels. As observed for the isoprenoids, soil uptake capacity of all 108 

carbonyls during pre-drought and during recovery period can be attributable to the higher microbial 109 

activity in wet soil compared to dry soil, although it cannot be excluded that their abiotic dissolution 110 

in the wet soil may have contributed to the total uptake. The gradual increase in soil emissions of all 111 

carbonyl compounds with increasing drought could be due to their production by soil microbes from 112 

soil organic matter as protective molecules in response to drought stress. Microbes under drought 113 

stress are known to generate high concentrations of chemicals internally in order to increase the 114 

osmotic potential of the cell and thereby draw more water from the surroundings26.  115 

Another distinct temporal pattern was identified for the two alcohols methanol and ethanol (Figure 116 

2, dark green plots) which were mostly taken up by the soil throughout the campaign. Their uptake 117 

slightly increased as the drought progressed but strongly increased after the two rain events. Soil 118 

uptake of methanol and ethanol during the whole campaign is also attributable to the soil microbial 119 

activity. A wide range of soil microorganisms utilize ethanol and methanol as a carbon and energy 120 

source under both oxic and anoxic conditions27,28 causing a net uptake in soil in diverse ecosystems 121 

and conditions6,11,29,30. The higher soil uptake capacity observed for both alcohols during the recovery 122 

period, could be due to the synergistic effect of an increased microbial activity, an increase abiotic 123 

dissolution in wet soil and increased ambient air concentrations (Figure S1). 124 

Soil fluxes were also detected for the sulfur containing compound dimethyl sulfide (Figure 2, red plot).  125 

Dimethyl sulfide was taken up (~0.01 µmol m-2 h-1) by the soil during the pre-drought and mild-drought 126 

periods, but was weakly emitted (~0.005 µmol m-2 h-1) during the severe drought period. It showed 127 

two emission peaks directly after the rain events: up to 0.18 µmol m-2 h-1 after the first rain event and 128 

up to 0.05 µmol m-2 h-1 after the second rain event. Dimethyl sulfide production in soil has been 129 

attributed to the microbial metabolism of sulfur-containing compounds from the soil organic matter 130 

31–34.The associated increase also observed in ambient concentrations (Figure S1) after both the first 131 



and the second rain events clearly showed that soil can significantly contribute to dimethyl sulfide 132 

concentrations in the atmosphere. 133 

The nitrogen containing compound methyl nitrite, CH3ONO (Figure 2, yellow plot) was also exchanged 134 

by the soil. This compound showed weak and highly variable fluxes both in and out of the soil during 135 

the pre-drought and mild drought periods. However, with the onset of severe drought methyl nitrite 136 

was consistently emitted, and flux rates increased up to 0.025 µmol m-2 h-1. During the recovery period 137 

methyl nitrite emission decreased steadily back to pre-drought levels. The observed methyl nitrite 138 

emission during severe drought is new and of potential significance to atmospheric chemistry in 139 

forests under drought stress as this molecule is readily photolyzed (lifetime ca. 2 minutes) to generate 140 

NO and formaldehyde35. The observed emission could be due to the reaction between nitrous acid 141 

(HONO) and lignin, which is one of the major constituents of the soil organic matter36,37. Increased 142 

HONO emissions when the soils dry out have been widely reported and associated to soil pH, chemical 143 

equilibrium with soil nitrite, heterogeneous hydrolysis of hydroxylamine, and to the release by soil 144 

ammonia-oxidizing microbes38–41.  145 

It should be noted that soil VOC uptake rates are both function of soil process and ambient 146 

concentration above the soil (Figure S1). To focus on soil process changes induced by the drought 147 

stages and avoid confounding effects by changes in VOC ambient concentrations, for those 148 

compounds that were taken up by the soil, we calculated deposition velocities (Figure S3), which are 149 

defined as the ratio of VOC uptake rates and their ambient concentrations. Although the deposition 150 

velocities trends were very similar to those of the net fluxes, it is evident that some variations 151 

observed in net soil uptakes were driven by changes in VOCs concentration in the atmosphere above 152 

the soil rather than by an increase in soil uptake capacity. For instance, isoprene soil deposition 153 

velocity shows that after the rain event the isoprene soil uptake capacity recovered to pre-drought 154 

levels and that the lower net isoprene uptake observed during the recovery period compared to the 155 

pre-drought period was due to a lower isoprene concentration in the ambient air. 156 

Soil moisture was a key driver for VOC fluxes and the relationship between VOC fluxes/deposition 157 

velocities and soil moisture was non-linear evolving around a soil moisture threshold of ~19%, as 158 

determined by segmented regression (Figure 3a-b). Below this soil moisture threshold, isoprene 159 

uptake substantially declined and butanone, methyl nitrite and C5H8O shifted from uptake to emission. 160 

This suggests that 19% represents the soil moisture threshold corresponding to the point when the 161 

water-stressed soil microbes started producing and accumulating protective osmolytes, including 162 

VOCs, to reduce their internal water potential to avoid dehydrating and dying26,42.  163 



3.2 Rewet dynamics 164 

Temporal dynamics of soil respiration and soil VOC fluxes following soil rewetting events were 165 

analyzed in detail (Figure 4). To capture fast soil flux rewet dynamics, 3 soil chambers placed on 3 166 

different sites of the B2 TRF were manually rewetted at 5:30 am on 12 December 2019 and for the 167 

following 5 hours were measured with a high frequency, i.e. each chamber was measured every 30 168 

minutes (Figure 4a).  At 11 am on 12 December 2019, the remaining 9 chambers were subjected to 169 

the first whole forest rain rewet (Figure 4b) involving simulated rainfall from the roof mounted 170 

sprinkler system, while the 3 manually rewetted chambers were covered with rainout shelters. From 171 

30 minutes before the whole forest rewet, all the 12 chambers where measured consecutively with a 172 

temporal resolution of 2 hours. A second rainfall event on the whole forest involving all 12 soil 173 

chambers was conducted one week later on 19 December 2019 at 11:00 (Figure 4c). 174 

A pulse in CO2 soil emissions was observed after all rewet events (Figure 4, black plots). This 175 

phenomenon is known as the “Birch effect” and has been attributed to a rewetting-induced 176 

mineralization of labile soil organic carbon pools43–45. The increased availability of these organic 177 

substrates after the rewet is thought to be due to an increased release of intracellular osmolytes 178 

accumulated by water-stressed microorganisms, to microbial cell lysis caused by osmotic shock, and 179 

to the physical disruption of soil aggregates protecting organic matter26,46,47. An emission pulse was 180 

also observed for dimethyl sulfide (Figure 4, red plots) after all rewet events, and for carbonyl 181 

compounds (Figure 4, light green plots) after the rewet events on 12 December. The carbonyls pulse 182 

was observed within 4 hours after the manual rewet and within 2 hours after the first rain rewet and, 183 

in general, it occurred about 12 hours earlier than the CO2 pulse. This suggest that carbonyls pulse was 184 

generated by the immediate water-induced mobilization of the soil organic carbon while the CO2 185 

pulse, as previously stated, was the result of the subsequent microbial mineralization of the mobilized 186 

organic substrates. The dimethyl sulfide pulse is attributable to a water induced mobilization of the 187 

soil organic sulfur pools, whereby large insoluble sulfur-containing organic molecules are reduced to 188 

smaller soluble sulfur containing molecules by soil microbes or by extra cellular soil enzyme48,49. As 189 

the dimethyl sulfide pulse occurred about 7 hours later than carbonyls pulse, it suggests that the sulfur 190 

pools mobilization occurred in general later than the carbon pools mobilization or that dimethyl 191 

sulfide, compared to carbonyls, was generated from the degradation of more recalcitrant substances. 192 

As shown in Figure 1 for CO2 and in Figure 2 for dimethyl sulfide, the emission pulses following the 193 

second rain event were significantly lower in absolute magnitude compared to the pulses following 194 

the first rain rewet, indicating that shorter drought-rewet cycles induce a lower mobilization and 195 

mineralization of the soil organic matter or that induce a lower build-up of substrate pools50–52. Indeed, 196 



the subsequent rain events conducted every second day starting from 21 December did not induce 197 

any VOCs and CO2 soil emission pulses. 198 

The soil uptake rates of isoprene, C5H8O and monoterpenes increased considerably only the day after 199 

the rewets (Figure 4, blue plots), reflecting the time needed for the microbes responsible for the 200 

consumption of these compounds to restart their activity. In contrast, the uptake of MACR+MVK 201 

peaked within a few hours after the rewet events most probably due to its abiotic dissolution in wet 202 

soil. An increase in soil uptake of alcohols was observed within 4 hours after the rewets (Figure 4, dark 203 

green plots) as a consequence of the simultaneous increase in their ambient concentrations (Figure 204 

S1) and to their abiotic dissolution in wet soil. Methyl nitrite emission (Figure 4, dark yellow plots) 205 

slowly decreased in response to the rewets likely as a consequence of decreasing HONO production 206 

with increasing soil moisture39. 207 

3.3 Diel dynamics 208 

Diel dynamics of soil VOC fluxes, deposition velocities and environmental variables were analyzed for 209 

each period of the campaign (Figure 5). As exemplified for isoprene (Figure 5a), soil fluxes of all 210 

isoprenoids showed a daytime maximum and minimum uptake rates at night, closely following the 211 

diel cycle of their ambient concentrations (Figure 5b). A similar diel cycle was observed during the 212 

recovery period for acetone, acetaldehyde, butanone, pentanone and methanol, all of which were 213 

taken up by the soil (Figure S4). In contrast, the soil emissions of carbonyl compounds as well as those 214 

of dimethyl sulfide did not show any diel cycle. A diel cycle was also observed for isoprenoid deposition 215 

velocities (Figure 5c) and methyl nitrite emissions (Figure 5d). 216 

In order to identify potential process drivers, a correlation analysis of the average hourly values was 217 

performed between environmental factors that followed a diel cycle (i.e. soil temperature (Figure 5f) 218 

and soil matric potential (Figure 5g)) and soil VOCs fluxes and deposition velocities. A clockwise 219 

hysteresis was observed for the relationship between isoprene deposition and soil matric potential 220 

and between methyl nitrite emission and soil matric potential (Figure 6a), as well as for the 221 

relationship between isoprene deposition and soil temperature, and between methyl nitrite emission 222 

and soil temperature (Figure 6b), indicating that the observed diel cycles of VOC fluxes were not driven 223 

by these environmental factors. The decrease observed in isoprenoid deposition velocity during the 224 

night was most probably due to substrate limitation in a very depleted ambient air at night as shown 225 

in Figure 5b. Higher daytime emission of methyl nitrite compared to nighttime can be attributed to a 226 

higher HONO production during the day which has been attributed to a photo-enhanced conversion 227 

of NO2 or nitrate photolysis on the soil53,54. 228 



3.4 Origin of VOC emissions 229 

To identify the origin of the emitted VOCs, the soil was labeled with position specific 13C1-pyruvate and 230 

13C2-pyruvate. A net soil emission was observed for 13C-enriched acetone after 13C2-pyruvate injections 231 

both during pre-drought and during drought period (Figure 7). This is strong evidence that soil 232 

microbes are able to produce VOCs from precursors in the soil and that the emissions observed were 233 

not just due to an abiotic release from soil. As shown in Figure 2, acetone was mainly consumed under 234 

wet soil conditions therefore, the emission observed for 13C-enriched acetone during pre-drought 235 

demonstrated that soil microbes can both produce and consume acetone and that under wet 236 

conditions they were able to consume more acetone than they actually produced. During drought the 237 

emissions of 13C-enriched acetone were about one order of magnitude higher than during pre-238 

drought. This is a further evidence that under drought stress soil microbes used energy resources for 239 

a higher production of VOCs26,55. 240 

4. Discussion 241 

In normal wet conditions, the soil of the experimental rainforest acted as a net VOC sink. The soil 242 

uptake capacity progressively decreased in response to increasing drought and, under severe drought 243 

conditions the soil started to be a strong source of several VOCs, including carbonyls and methyl 244 

nitrite. This trend could be attributable to the soil microbes that under drought stress significantly 245 

reduced their consumption of atmospheric VOCs, and to prevent osmotic imbalance, relocated carbon 246 

and nitrogen resources from growth pathways to produce and accumulate osmolytes, including 247 

VOCs26,55. This was further confirmed by the position specific 13C-pyruvate experiments that clearly 248 

demonstrated that soil microbes can be a significant source of VOCs from available energy sources 249 

and that their energetic investment in VOCs production was higher during drought55. The moisture 250 

threshold below which the soil microbes dramatically reduced consumption of atmospheric VOCs and 251 

started to become a source of several VOCs was 19%. Currently the soil moisture conditions normally 252 

experienced in tropical rainforests such as the Amazon are higher. However, continued global 253 

warming, deforestation, and the predicted increased frequency of El Niño events is likely to reduce 254 

soil moisture levels to below this threshold for longer periods inducing strong associated emission 255 

events16. For instance, during the strong El Niño drought in 2015/2016 a negative soil moisture 256 

anomaly with an average reduction of almost 30% was reported in the Amazon basin and at same 257 

time large pulses of unexplained OH reactivity was observed in the same region56,57. Reduced soil VOC 258 

uptake capacity as well as increased soil and plant VOC emissions induced by the El Niño drought could 259 

represent a potential explanation for the OH reactivity pulse57. Therefore, the results shown in the 260 

present study have implications to near future real-world scenarios. Increased soil VOC emissions in 261 

combination with a reduction of the atmospheric VOCs uptake by the soil will strongly affect the 262 



rainforest ecosystem atmospheric chemistry with possible further feedbacks on radiative effects and 263 

climate. These emission effects will be further exacerbated by soil rewetting events following 264 

prolonged drought periods as shown by the large pulse in soil VOC and CO2 emissions observed after 265 

the rainfall events. The rewetting induced a fast mobilization of the soil organic carbon pools that 266 

resulted in a large and rapidly produced emission peak of carbonyl compounds. The subsequent 267 

microbial mineralization of these mobilized carbon sources resulted in a CO2 pulse (Birch effect)46. The 268 

dimethyl sulfide emission pulse after soil rewetting was attributable to water-induced mobilization of 269 

the soil organic sulfur pools by soil microbes and enzymes. Dimethyl sulfide pulse occurred later than 270 

the carbonyls pulse, due to a slower mobilization of the sulfur pools than the carbon pools. The 271 

increase also observed in ambient concentrations simultaneously to the soil emission pulses, showed 272 

that soil can significantly contribute to dimethyl sulfide concentrations in the atmosphere. DMS is of 273 

high relevancy in atmospheric chemistry as it can be oxidized to condensable products that form 274 

secondary sulfate aerosols and contribute to new particle formation34,58,59. 275 

Soil fluxes of several VOCs followed a diel cycle with higher emission and uptake rates both occurring 276 

during daytime compared to nighttime. Soil uptake rates of isoprenoids closely followed the diel cycle 277 

of their atmospheric concentrations, while diel cycles in methyl nitrite emissions were a consequence 278 

of light dependent processes at or near to the soil surface. Considering the high relevance of methyl 279 

nitrite for the atmospheric chemistry due to its rapid photolysis to NO and formaldehyde35 and 280 

considering that methyl nitrite emissions occurred only during drought, the presented results suggest 281 

that future climate change will also affect diel rainforest carbon cycles and the related atmospheric 282 

chemistry.   283 

Prolonged drought and recovery had a major impact on soil VOC fluxes from the experimental 284 

rainforest, affecting the composition and quantity of VOCs in the atmosphere of the enclosed 285 

ecosystem17. Soil VOC fluxes and their parametrization related to soil moisture levels must be included 286 

in atmospheric models to simulate current atmospheric chemistry and to improve climate model 287 

predictions of ecosystem responses to drought.  288 

5. Methods  289 

5.1 The B2 TRF mesocosm and controlled drought experiment 290 

The B2 TRF mesocosm is a fully enclosed ecosystem which allows temperature, humidity, atmospheric 291 

gas composition, and precipitation to be manipulated18–20. The mesocosm has an area of 1940 m2 and 292 

a volume of 26700 m3 and the vegetation is rooted in 2-4 m of soil (sandy clay loam: 20–35 % clay and 293 

>70 % sand). The low ozone (O3) concentration (ca. 1 ppbV) and the reduced hydroxyl radicals (OH) 294 

formation inside the B2 TRF due the UV-light filtering by the glass, prevent VOCs oxidation. The 295 

enclosed air is therefore relatively rich in primary VOC emissions and relatively poor in oxidized 296 



products. Isoprene and monoterpene concentrations measured in the ambient air of the B2 TRF were 297 

respectively two orders and one order of magnitude higher than measurements in Earth’s tropical rain 298 

forest60,61, which reflect the rate of reaction with OH and O3. Therefore, the absence of atmospheric 299 

chemistry makes the B2 TRF an ideal site to study VOC dynamics as it allows the estimation of soil 300 

emission and uptake even of highly reactive VOCs.  301 

The soil flux measurements were conducted during the Water, Atmosphere, and Life Dynamics 302 

campaign (B2-WALD)17 from September 2019 to January 2020 during which 65 days of drought were 303 

induced. The campaign started with a pre-drought phase, with rainfall regime kept at a rate of about 304 

30 mm per week.  The drought phase started after the last rainfall event at midnight 7th October 2019. 305 

From 1st November 2019 to 2nd December 2019 the relative humidity of the ecosystem was further 306 

reduced enhancing the drought conditions. After 65 days of drought, at 5:30 am on 12 December 307 

2019, 3 soil chambers placed on 3 different sites of the B2 TRF were manually rewet by adding ~2.2 L 308 

(~22.5 mm) of water per chamber. Soil fluxes from these chambers were measured with a high 309 

frequency, i.e. each chamber was measured every 30 minutes for 5 hours, with the aim to capture fast 310 

soil flux rewet dynamics.  Rainout shelters were placed over the 3 manually rewetted chambers while, 311 

at 11 am on 12 December 2019, the remaining 9 chambers were subjected to the whole forest rewet. 312 

From 30 minutes before the whole forest rewet, all the 12 chambers were measured consecutively 313 

with a temporal resolution of 2 hours. Precipitation was delivered via overhead sprinklers and ~35000 314 

L (~18 mm) of water were added over 4.5 hours period. A second rainfall event on the whole forest 315 

involving all 12 soil chambers was conducted one week later on 19 December 2019 at 11:00, by adding 316 

~ 36000 L (~19 mm) of water in 4.5 hours. Subsequent rain events were then conducted every second 317 

day starting from midnight on 21 December.  318 

5.2 Experimental set-up 319 

Soil VOC fluxes were measured continuously using a proton transfer time of flight mass spectrometer 320 

(PTR-ToF-MS-8000, Ionicon Analytik GmbH, Innsbruck, Austria) directly connected to the outflow of 321 

an automated soil flux measuring system consisting of a LI-8100 infrared gas analyzer (IRGA; for CO2 322 

fluxes measurement), a LI-8150 16-port multiplexer (Licor Inc., Lincoln, NA, USA) and 12 dynamic soil 323 

flux chambers (LI 8100-104 Long-Term Chambers with opaque lids, Licor Inc.). A detailed description 324 

and the working principle of the PTR-ToF-MS instrument can be found elsewhere62. Concisely, the soft 325 

ionization process is based on a proton transfer from hydronium ions (H3O+) to sample VOCs having a 326 

higher proton affinity than water (691 kJ mol-1). Protonated VOCs are then analyzed in a high-327 

resolution time-of-flight mass spectrometer according to mass-to-charge ratio (m/z). The instrumental 328 

settings were as follows. The PTR drift tube pressure was 2.2 mbar, the PTR drift tube voltage was 600 329 



V, and the PTR drift tube temperature was 60 °C, resulting in an E/N ratio of 137 Td. The time 330 

resolution was 10 s with the m/z monitored up to 500 Da. 331 

The total volume of the soil flux system, including chamber, tubing, IRGA and multiplexer, was about 332 

6.5-7 L. For gas analysis, ca. 100 sccm were subsampled from the LI-8100A outflow and distributed to 333 

the different analyzers including the PTR for VOCs measurement. To avoid a negative pressure, ca. 100 334 

sccm of synthetic air were introduced in the soil flux system. In order to minimize surface effects on 335 

VOC analysis, perfluoroalkoxy (PFA) tubing was used for the soil flux system, for the subsampling line 336 

and for the PTR inlet63. The PTR sampling flow was 30 sccm and the PTR inlet temperature was 60 °C. 337 

All PTR-TOF files were processed using the software PTRwid64. The ion yields of all m/z were measured 338 

in counts per second (cps) and compounds were identified from the measured exact m/z of their 339 

protonated parent ions and isotopic patterns. To account for possible variations of the reagent ion 340 

signals, measured ion intensities were normalized to the H3O+ counts in combination with the water-341 

cluster ion counts65. Only compounds with signal intensities higher than the instrumental background 342 

were considered for further analysis. 343 

Nocturnal calibrations, starting from midnight, were performed using a standard gas cylinder 344 

containing different multi-VOC component calibration mixtures in Ultra-High Purity (UHP) nitrogen 345 

(Apel-Riemer Environmental, Inc., Colorado, USA). The VOC mix was subjected to 5-step dynamic 346 

dilutions by means of a liquid calibration unit (LCU, IONICON Analytik, Innsbruck, Austria). The gas 347 

standard was equilibrated in the LCU for one hour prior to the start of calibration. The zero-air flow 348 

was held constant at 1000 sccm, while the gas standard flow was changed every 15 min starting from 349 

40 sccm until 0 sccm in 10 sccm steps. To calibrate at same humidity level observed in the B2 TRF, 20 350 

µL/min of milli-Q water were dynamically nebulized into the evaporation chamber of the LCU. 351 

The two calibration standard cylinders were used during the campaign to allow explicit calibration of 352 

a wide range of species. The first cylinder was used for two periods: from 18 September 2019 to 6 353 

November 2019; and from 17 December 2019 to 20 January 2020. The second cylinder was used from 354 

7 November 2019 to 16 December 2019.  VOC gas standards for daily calibration included in the two 355 

calibration standard cylinders with their respective detection limit (LOD) and total uncertainty are 356 

reported in table S1. Concentrations of compounds not included in the calibration standard cylinders 357 

were calculated applying the kinetic theory of proton transfer reaction with an uncertainty of ≤50%65.  358 

Ions that showed measurable soil fluxes are reported in table S2, along with tentative identifications 359 

for the underlying VOC species based on previous literature66. For methyl nitrite (CH3ONO), the 360 

contribution of ion signal from the 13C isotopologue of acetic acid (C2H4O2
+) at m/z 61.0284 was 361 

subtracted from the ion signal at m/z 62.029. The interference of the 13C isotopologue also explains 362 

the lower mass accuracy for methyl nitrite detection. 363 



In addition, chemical speciation of monoterpene soil fluxes was performed by means of gas 364 

chromatography time of flight mass spectrometry (GC-ToF-MS) and three manual soil chambers. 365 

Details of the method used for monoterpenes speciation are reported in the supplementary 366 

information. 367 

5.3 Soil fluxes measurements 368 

The 12 chambers were placed on PVC-collars (Ø: 20 cm) installed at 2-3 cm depth at four different 369 

sites of the B2 TRF on vegetation-free, bare soil eight weeks before the start of the measurements. 370 

Each chamber measurement consisted of 2.5 minutes of pre-purge during which the chamber lid was 371 

open and lines flushed with the ambient air, 6.5 minutes of closure time and 1 minute of post-purge 372 

for a total measurement time of 10 minutes. All 12 chambers were measured consecutively resulting 373 

in a temporal resolution of 2 hours. Soil VOC fluxes were calculated by applying the linear regression 374 

model to the VOC concentrations measured during the 6.5 minute of chamber closure. The first 30 s 375 

after chamber closure were discarded due to possible perturbations induced by the closure and the 376 

linear regression was applied to the successive 100 s. The slope of the linear regression was divided 377 

by chamber area, and a time factor to convert the results to hourly units.  378 

Soil CO2 fluxes were calculated with linear and exponential models, fitted to each individual chamber 379 

measurement. In the same way as the VOC fluxes, the first 30 s after chamber closure were omitted 380 

and the linear model was applied to the successive 120 s, while the exponential model was applied to 381 

the full closure time. The linear model was only used in case the algorithm failed to fit the exponential 382 

model. 383 

5.4 
13C pyruvate labeling 384 

To identify origin of emitted VOCs, soil was labeled with position specific 13C1-pyruvate and 13C2-385 

pyruvate. Position specific 13C-labelled pyruvate is a powerful tracker because it serves as substrate 386 

for primary and secondary metabolic pathways as the C1-carbon position of pyruvate is 387 

decarboxylated while the remaining acetyl-CoA can be involved in VOC biosynthesis 67–69. 13C-pyruvate 388 

was added in 9 soil chambers located within three sites in B2 TRF during pre-drought from 12th to 15th 389 

September and during severe drought from 7th to 19th November. Each morning, the chambers were 390 

labeled at around 10 AM with 13C1-pyruvate or 13C2-pyruvate. A 5x5 cm metal frame with 1x1cm 391 

openings was placed into the PVC-collar of each chamber into which 100 μl at concentration 40 mg/ml 392 

of C1-13C-pyruvate or C2-13C-pyruvate solution was added to each 1x1 cm opening to a depth of 1 cm, 393 

for a total of 25 injections per chamber55. After pyruvate injections, chambers were measured every 394 

30 minutes for the first 8 hours and then were measured every 50 minutes until 48 h post labeling. 395 

The isotopic composition of the flux rate was calculated by applying the linear model to the fractional 396 

abundance of 13C defined as:  13C-VOC/(13C-VOC +12C-VOC ).  397 



5.5  Soil sensors 398 

Soil moisture and temperature sensors (SMT100, Truebner Gmbh, Neustadt, Germany) and soil matric 399 

potential sensors (TEROS 21, Meter Group, Pullman, WA, USA) were installed in 5 cm soil depth from 400 

the soil surface close to the soil chamber sites. 401 

5.6 Statistical analysis 402 

Thresholds in the relationship of soil moisture and VOC fluxes and deposition velocities were identified 403 

performing segmented regression analysis on daily averaged values70. Threshold models were only 404 

considered if the AIC of the model was lower than of the corresponding linear model. Threshold model 405 

estimation was repeated with 1000 bootstrapped samples to estimate the distribution of the 406 

thresholds. The analysis was performed using R (version 4.1.1.) and the package chngpt70.  407 
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 1 

Figure 1 Time series of soil moisture, soil matric potential, soil respiration and soil temperature. For soil 2 

respiration, line represents averaged value over all 12 soil chambers. For soil temperature, moisture and matric 3 

potential, lines represent averaged values over four sensors at 5 cm soil depth. The shaded areas indicate the 4 

standard deviation. Background colors indicate the different phases of the campaign: pre-drought (white), 5 

early drought (light gray), severe drought (dark gray), and recovery (light blue). The first drought-ending rain 6 

event occurred at the start of the recovery period, and the vertical blue line indicates the time of the second 7 

rain event. 8 



 9 

Figure 2 Time series of soil VOC fluxes. Lines represent averaged fluxes over the all 12 chambers. The shaded 10 

areas indicate the standard deviation. Background colors indicate the different phases of the campaign: pre-11 

drought (white), early drought (light gray), severe drought (dark gray), and recovery (light blue). The first 12 

drought-ending rain event occurred at the start of the recovery period, and the vertical blue line indicates the 13 

time of the second rain event.  14 



 15 

Figure 3 Relationships of isoprene, C5H8O, butanone soil deposition velocity and methyl nitrite soil fluxes with 16 

soil moisture during the whole period of the campaign. Daily averaged values were used for all variables. Grey 17 

lines indicate the segmented regression model with the threshold indicated by the vertical red line (panel a). 18 

Distribution of threshold estimates based on 1000 bootstrapped samples (panel b).  19 

 20 

 21 

 22 



 23 

Figure 4 Rewet dynamics for soil respiration and VOC soil fluxes after the manual rewet (a), the first rain rewet (b) and the second rain rewet (c). To make comparable the 24 

dynamics of different compounds, for each compound, soil fluxes were normalized to their respective absolute maximum. The data gap on the first rain rewet plots is due to 25 

the fact that during that time only the manual rewetted chambers were measured with a high temporal resolution with the aim to capture the fast dynamics. 26 

 27 



 28 

Figure 5 Diel cycle observed during severe drought period (from doy 305 to doy 345) for a) isoprene soil flux, b) 29 

isoprene ambient concentration, c) isoprene deposition velocity, d) methyl nitrite flux, e) soil moisture, f) 30 

temperature, and g) soil matric potential. The boxes represent 25% to 75% of the dataset. The square dots and 31 

central lines indicate the mean and median values, respectively. The whiskers indicate the minimum and 32 

maximum data points. 33 



 34 

Figure 6 Relationships of hourly averaged values of isoprene soil deposition (blue) and methyl nitrite emission 35 

(orange) with soil matric potential (panel A) and soil temperature (panel B). 36 

 37 

  38 

Figure 7 13C enrichment in acetone soil fluxes after the C1-13C-pyruvate (blue lines) and C2-13C-pyruvate (red 39 

lines) soil injections during drought (upper panel) and pre-drought (lower panel) period. Lines represent 40 

averaged fluxes over the 9 chambers. The shaded areas indicate the standard deviation. 41 
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