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Abstract 15 

Plant litter could be a potential source of atmospheric volatile organic compounds (VOCs). 16 

Previous studies are mostly restricted to forest litter, but VOC budget of wetlands, especially 17 

freshwater wetlands, resulting from litter decomposition remains largely unexplored. Here we 18 

performed in-situ VOC flux measurements in a freshwater wetland and three treatments 19 

including A (no litter addition), B (1.4 kg litter) and C (2.8 kg litter) were designed to 20 

investigate impacts of litter decomposition on wetland-atmosphere exchange of VOCs. 21 

During year-round litter decomposition, average fluxes of net VOCs for B and C were 22 

5.93±3.13 μg m-2 h-1 and 8.30±4.00 μg m-2 h-1, respectively, significantly higher than that of A 23 

(2.90±2.74 μg m-2 h-1). These results suggested that freshwater wetland was a potential source 24 

of atmospheric VOCs and litter decomposition enhanced VOC release. Net VOC flux showed 25 

clear seasonal patterns and was highly correlated with ambient temperature (p<0.05). In 26 

general, higher positive VOC fluxes were observed in hot summer, while lower positive VOC 27 

fluxes or negative VOC fluxes were observed in cold winter. Moreover, the release (positive 28 

flux) or uptake (negative flux) of VOCs varied to chemical groups. Specifically, non-methane 29 

hydrocarbons (NMHCs) including alkanes, alkenes and aromatics showed positive net fluxes, 30 

and increased with added litter. Halocarbons showed a negative net flux in A, but positive net 31 

fluxes in B and C. While oxygenated volatile organic compounds (OVOCs) showed negative 32 

net fluxes in both A and B, and switched to a positive flux in C. Positive net fluxes of volatile 33 

organic sulfide compounds (VOSCs) were observed in three treatments. According to flux 34 

variations of specific VOC group, it has been suggested that temperature-driven biotic and 35 

abiotic processes co-modulated VOC release or uptake occurring in the freshwater wetland.  36 
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1. Introduction 45 

Volatile organic compounds (VOCs) play an important role in atmospheric chemistry of 46 

troposphere (Toro et al., 2006; Schnell et al., 2009; Chang et al., 2022). Once VOCs are 47 

emitted into real atmosphere, they can react with various oxidants (e.g., OH, HO2 and RO2) to 48 

form ozone (O3) and secondary organic aerosols (SOA) (Kalashnikov et al., 2022), 49 

influencing regional air quality (Li et al., 2019) and climate change (Scott et al., 2014). 50 

Although anthropogenic contribution dominates the VOC mass in urban environments 51 

(Lamarque et al., 2010), ~ 90% of VOCs is actually from the biogenic source, namely 52 

biogenic VOCs (BVOCs), on a global scale (Otter et al., 2003). In addition to the 53 

contributions to O3 and SOA, BVOCs have been revealed to significantly affect natural 54 

ecosystems (Fowler et al., 2009; Park et al., 2013). About 1,000 Tg/year of carbon was 55 

released into the atmosphere from ecosystems in the form of VOCs (Guenther et al., 2012). 56 

These BVOCs could change the specific biogeochemical processes within natural 57 

environments through stimulating or inhibiting the growth of plants and microbes (Peñuelas 58 

et al., 2014), modulating the cycling of carbon and nitrogen (Smolander et al., 2006; Gray et 59 

al., 2014). 60 

Considering their great impacts on atmosphere and natural ecosystems, numerous studies on 61 

BVOCs have been conducted for decades (Duan et al., 2020). Most of these studies 62 

investigated living vegetation and have reported them as important contributors to 63 

atmospheric BVOCs. For example, terpenes, mainly isoprene, monoterpenes and 64 

sesquiterpenes, emitted by living terrestrial vegetations could account for over 40% of BVOC 65 

emissions (Navarro et al., 2014). Compared to living vegetation, studies on VOCs emitted by 66 

dead litters, particularly during their long-term decomposition, have been quite limited. 67 

Notably, in recent years a growing number of studies have found that the decomposition of 68 

dead litter could also release significant VOCs, changing seasonal profile of local or even 69 

regional VOCs (Leff and Fierer, 2008; White et al., 2009; Greenberg et al., 2012). 70 

Furthermore, Gray et al. (2010) reported that the percentage of OVOCs such as methanol 71 

could reach 99% of emitted VOCs during litter decomposition (litter types: deciduous species, 72 

evergreen species and dead grass leaves). While Faiola et al. (2014) found that monoterpenes 73 

(80.3%) dominated the total VOCs released from leaf litters of coniferous forest. These 74 
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different research results reflected that the composition of VOCs emitted by litters varied 75 

significantly to litter types. In addition, temperature, sunlight, moisture and microbial 76 

metabolism have been identified as the key factors affecting uptake or release of VOCs during 77 

litter decomposition (Niinemets et al., 2004; Vickers et al., 2009; Zhang et al., 2021; Zeng et 78 

al., 2022). However, so far these studies focused on forest litter (Leff et al., 2008; Isidorov et 79 

al., 2010; Greenberg et al., 2012; Gray et al., 2014; Faiola et al., 2014; Svendsen et al., 2018) 80 

and terrestrial environments (Breider et al., 2015). VOCs emitted during the decomposition of 81 

litters from other natural environments are still largely unexplored, inducing the uncertainty 82 

of estimating BVOC budget by models (Tang et al., 2019). 83 

Wetlands cover only 5%-8% of the land surface but have a disproportionate impact on the 84 

global carbon cycle (William et al., 2013; Davidson et al., 2018; Villa et al., 2019；Anderson 85 

et al., 2020). Numerous studies concern wetlands mainly due to their well-known roles as the 86 

sink of CO2 and the source of CH4 (Peng et al., 2022). As previously reported, the global net 87 

carbon sequestration from wetlands was 830 Tg/year and meanwhile they also contributed 88 

over 20% of global CH4 emission (Whalen et al., 2005; Bergamaschi et al., 2007; Bloom et al., 89 

2010). However, far less wok has been devoted to investigating uptake or release of VOCs in 90 

these areas. Although some studies have recently reported VOC fluxes in peat, fen and forest 91 

wetlands (Haapanala et al., 2006; Hellén et al., 2018; Jiao et al., 2018; Seco et al., 2020; 92 

Männistö et al., 2023), the role of freshwater wetlands in VOC budget is still poorly 93 

understood. Moreover, the decomposition of plant litters occurring in the freshwater wetland 94 

is a very common natural phenomenon, but how this process affects the uptake or release of 95 

VOCs remains unanswered.   96 

Herein, we conducted in situ field experiments to measure VOC fluxes during year-round 97 

litter decomposition in a freshwater wetland. The entire observation consisted of 11 98 

campaigns from January 9 to December 14, 2022. A total of 103 valid samples were obtained 99 

during the observation. To the best of knowledge, this is the first-ever result on VOC flux 100 

measurements in a freshwater wetland under long-term period of litter decomposition (across 101 

four seasons). The objectives of this work are (1) to explore whether the freshwater wetland 102 

acts as a potential sink or source of atmospheric VOCs and the effects of litter decomposition, 103 

(2) to investigate the seasonal pattern of VOC fluxes and (3) to analyze potential influencing 104 
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factors modulating VOC fluxes during the litter decomposition. The insights gained from this 105 

study can serve as a reference for models or emission inventories to estimate global BVOC 106 

emissions and enhance our understanding of the role of freshwater wetlands in reactive VOC 107 

budget.  108 

2. Methodology 109 

2.1 Study area 110 

In-situ field experiments were carried out at Kuihu (KH, 30.32°-31.57° N, 117.67°-118.73° E), 111 

a typical freshwater wetland in southeastern Anhui Province (Fig. S1), about 20 km from the 112 

city. The total area of KH is 5.05 km2 and its wetland area is 4.46 km2 113 

(https://www.wuhu.gov.cn/openness/public/6596211/15236661.html). Based on previous 114 

statistical information, vegetation in local wetland is predominated by Phragmites australis 115 

(the statistical document is available on request by writing to corresponding author). Here, we 116 

thus used Phragmites australis litter as typical case to explore the VOC flux variations during 117 

the litter decaying in the freshwater wetland. 118 

2.2 Experimental setup 119 

The aim of this study was to investigate that whether the freshwater wetland acts as the sink 120 

or source of VOCs and the effects of litter decomposition, thus we selected sunny days and 121 

avoid rainy/cloudy days, which could underestimate these VOC emissions (Li et al., 2023), to 122 

conduct field measurements. The sampling time of 11 campaigns occurred at around 123 

10:00-14:00. As showed in Fig. 1 (a), nine 1.1m × 1.1m × 1.1m (length × width × height) 124 

stainless steel cuboidal boxes without the cover were installed in the flooded area of 125 

freshwater wetland. The distance between the adjacent boxes was set as one meter. During the 126 

experiments, three treatments, namely A, B and C, were designed and each of treatment 127 

consisted of three parallel groups. For A, B and C, no plant litter addition, 1.4 kg litter 128 

addition and 2.8 kg litter addition, respectively, were treated. Nine nylon mesh bags were 129 

attached to each box, as shown in Fig. 1 (b). Each mesh bag in A, B and C contained 0 kg, ~ 130 

0.156 kg and ~ 0.311 kg litter. The Phragmites australis litters were collected directly from 131 

Kuihu wetland and weighted by an electronic balance (HY-809B, ZHIZUN, China). Except 132 

the litter mass, all settings of the three treatments were kept as constant as possible in our 133 
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experiments. Moreover, to avoid significant interference on the wetland ecosystem, only 134 

Phragmites australis above the roots were cleared up and the roots remained in nine boxes as 135 

showed in Fig. 1 (b).  136 

2.3 Flux measurements 137 

In situ static-chamber measurements for VOC fluxes were carried out in this study and more 138 

detailed description about this method can be found in our previous studies (Wang et al., 2015; 139 

Liu et al., 2021). The chamber (35cm × 35cm × 15cm) made of stainless-steel frames covered 140 

with Teflon film was placed inside the cuboid box. The bottom of chamber was installed with 141 

a urethane foam board, which allowed chamber to float on the water. Air samples inside the 142 

chamber were collected by pre-evacuated 3.2-L silonite-treated stainless steel canisters 143 

(Entech Instruments Inc., Simi Valley, CA, USA) at 0 min, 10min and 30min. A Teflon tube 144 

extended into the center point of the chamber was used to draw air into the pre-evacuated 145 

canister.   146 

The calculation of net VOC fluxes was based on following equation: 147 

𝐹𝑙𝑢𝑥 =
𝑑𝐶

𝑑𝑡
×
𝑉𝑐
𝐴𝑐

 148 

where 
𝑑𝐶

𝑑𝑡
 is the linear regression slope of the chamber headspace VOC concentration (μg m-3) 149 

versus time (min). Vc (m3) is the volume of the chamber. Ac (m2) is the base area of the 150 

chamber that floated on the water. In fact, we found that VOC concentration in chamber 151 

headspace has already leveled off at 30 min. Thus, here the first two points, which could 152 

capture the initial fluxes, were used to calculate VOC fluxes (Zhang et al., 2021). 153 

2.4 Laboratory analysis 154 

VOCs 155 

The air samples were analyzed by a model 7200 pre-concentrator (Entech Instruments, 156 

California, USA) coupled to a gas chromatography and mass selective detector (GC/MSD, 157 

Shimadzu Corp, Tokyo, Japan). The analysis steps were described in detail elsewhere (Liu et 158 

al., 2021; Wang et al., 2023). Briefly, air samples were firstly drawn into a liquid-nitrogen 159 

cryogenic trap at -160 °C to be trapped and concentrated, then transferred to a secondary trap 160 

at -40 °C by pure helium. After these two steps, the H2O and CO2 were mostly removed. 161 
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Subsequently, secondary trap was heated, and the VOCs were brought by helium to a third 162 

cry-focus trap at -170 °C. Once air samples were focused, the third trap was heated rapidly to 163 

be transferred into GC/MS system for further VOC analysis. The mixture was separated by a 164 

DB-1 capillary column (60m × 0.32mm × 1.0 μm, Agilent Technologies, USA) with helium 165 

as carrier gas. The initial oven temperature was set as 10 °C, kept 3 min, then increased to 166 

120 °C at 5 °C min-1, and then changed to 10 °C min-1, finally reached at 250, held for 2 min. 167 

MSD was operated in SCAN model with electron impacting (EI, 70 eV) as the ionization 168 

method here. The Text S1 in supplement provided the information about quality assurance 169 

and quality control (QA/QC). 170 

CH4 and CO2 171 

CH4 and CO2 were measured from canister air samples by gas chromatography (GC-2014, 172 

Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID). CH4 was directly 173 

detected by FID. While CO2 firstly was converted to CH4 by flushed with H2 through hot 174 

nickel power catalyst, then detected by FID (Miao et al., 2022).  175 

3. Results and discussion 176 

3.1 Overview of VOC fluxes  177 

Throughout the entire in-situ observation, 62 VOCs including 19 alkanes, 11 alkenes, 5 178 

aromatics, 15 OVOCs, 9 halocarbons and 3 VOSCs were detected and quantified in this study 179 

(Table S1). From the Table 1, regarding total net fluxes, three treatments all presented positive 180 

VOC fluxes, suggesting that the freshwater wetland could be a potential source of 181 

atmospheric VOCs. Obviously, as showed in Table 1, litter decomposition enhanced the VOC 182 

emissions from freshwater wetland. The average values of total net VOC fluxes measured in 183 

B and C were 5.93±3.13 μg m-2 h-1 and 8.30±4.00 μg m-2 h-1 (average ± standard error), 184 

respectively, ~ 2.04 times and ~ 2.86 times that of A (2.90±2.74 μg m-2 h-1). The effects of 185 

litter decomposition varied depending on VOC groups. For example, net fluxes of alkanes and 186 

alkenes measured in C were unexpectedly lower than in B. Moreover, the net flux of 187 

halocarbon measured in B was similar to that in C. These results reflected that besides the 188 

litter mass, other factors such as microbe activities (Lorah et al., 1999; Leff et al., 2008; Gray 189 

et al., 2014; Jiao et al., 2018; Svebdsen et al., 2018), which were discussed in detail in Section 190 

3.3, might also affect the VOC fluxes measured in our experiments. 191 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



8 
 

From the Table 1, both halocarbons and OVOCs showed net uptake into wetland in A. When 192 

inputting the litters, halocarbons shifted from net uptake into wetland to net positive efflux 193 

out of wetland. OVOC fluxes in A and B were both negative but showed a positive value in C, 194 

indicating that litter decomposition could be one of the crucial factors determining whether 195 

the freshwater wetland was a net source or a net sink of atmospheric OVOCs. As showed in 196 

Fig. 2, litter decomposition apparently affected the compositions of VOCs released from 197 

freshwater wetland. Notably, aromatic, a typical class of anthropogenic air pollutant, was the 198 

dominant VOC group released from freshwater wetland, accounting for 40.6%, 40.4% and 199 

46.3% of total VOC emissions in A, B and C, respectively (Fig. 2). Recently, several studies 200 

gave the evidence of biogenic aromatic emission from living plants, straw, cyanobacteria and 201 

ocean phytoplankton (White et al., 2009; Rocco et al., 2021; Liu et al., 2021; Wohl et al., 202 

2023; Wu et al., 2023).  203 

As Fig. S2 shows, during the year-round observation, the fluxes of VOC-driven carbon (CVOCs) 204 

in freshwater wetland averaged 2.47±1.84, 4.69±2.11 and 6.36±2.78 µgC m-2 h-1 in A, B and 205 

C, respectively. The CVOCs accounted for < 0.05% of the carbon driven from CO2 and CH4. In 206 

comparison to CO2 and CH4, VOC emission was not a significant pathway for wetland-carbon 207 

transporting into atmosphere. However, given their relatively higher reactivities, these VOCs 208 

preferentially reacted with OH radicals once being released into atmosphere from freshwater 209 

wetland. This would prolong the atmospheric lifetime of CH4, thus accelerating global 210 

warming. While global warming would in turn lead to greater release of VOC from the 211 

freshwater wetland as temperature was linearly correlated with VOC emission according to 212 

the discussion in Section 3.2. It is clear from Fig. S3 that these above-mentioned processes 213 

would develop a vicious circle.   214 

Previous studies also revealed that the wetland environment was a source of atmospheric 215 

VOCs, but what these studies mostly investigated were living plants and focused on the fens 216 

(Hellén et al., 2020; Seco et al., 2020; Vettikkat et al., 2023). As showed in Table S2, the net 217 

VOC fluxes measured in this study, representing the freshwater wetland, were lower than 218 

those obtained in fens. It could be realized that VOC emissions from fens were dominated by 219 

isoprene, with fluxes ranging from 2.5 μg m-2 h-1 to 4773.6 μg m-2 h-1. These were quite 220 

different from the results uncovered by our observation. The difference could be attributed to 221 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



9 
 

the variety of sampling, analysis methods and detected VOC species among the studies on the 222 

one hand and to the wetland types on the other hand. In the present work, our experiments 223 

were carried out in flooded areas of the freshwater wetland and focused on dead litter 224 

decomposition, while earlier studies focused on relatively drier environments and living 225 

plants. Baggesen et al. (2022) pointed out that flooded condition would result in a negative 226 

net VOC flux and even overruled other effects. In addition, the GC/MSD technique used here 227 

failed to fully characterize higher molecular weight species, such as monoterpene, and lower 228 

molecular weight species, such as methanol, which have been reported to be released in 229 

significant amounts during the decomposition of litter (Gray et al., 2010; Faiola et al., 2014). 230 

3.2 Seasonal patterns 231 

As shown in Fig. S4, the net VOC fluxes measured in three treatments all demonstrated 232 

significant seasonal variations. VOC uptake from air to wetland generally occurred in cold 233 

winter while net VOC emissions were found in warm and hot seasons. The highest VOC 234 

emission was found in hot summer, followed by spring and fall. The overall seasonal pattern 235 

of VOC fluxes observed here was similar with the previous studies conducted in wetland 236 

environments (Hardacre et al., 2013; Seco et al., 2020). 237 

In spring, as Fig. 3 shows, positive net VOC fluxes were showed in three treatments during 238 

the samplings conducted in March and April. However, the negative net VOC flux was found 239 

in A and the positive net VOC fluxes of B and C were also significantly lower observed in 240 

May than those measured in prior two samplings, which could be attributed to the sharp drop 241 

in temperature (-6.6 °C). As shown in Fig. 3, VOC emission enhanced by litter decomposition 242 

were much remarkable in hot summer. Considering that temperature was the key factor 243 

driving the seasonal patterns of VOC fluxes measured during the experiments, we further 244 

analyzed the relationships of net VOC fluxes with ambient temperature. As shown in Fig. 4, 245 

VOC fluxes presented significant positive correlations with temperature (p < 0.05) in three 246 

treatments. According to the linear fitting equations showed in Fig. 4, VOC uptake from air 247 

into wetland generally occurred at lower temperature (< 10 °C), and similar VOC uptake was 248 

found between B and C, both presenting less VOC uptake than A. In fact, lower temperature 249 

would limit microbial activities and was an unfavorable condition for decaying litters 250 
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(Greenberg et al., 2012; Gray et al., 2014). Thus, higher VOC uptake measured in A could be 251 

mainly caused by abiotic process (Gray et al., 2014). Compared to A, the litter added in B and 252 

C covered the water surface, preventing VOC uptake from ambient air into wetland. 253 

Moreover, slow decaying of litter in B and C possibly also occurred even under low 254 

temperature. This process might release some VOCs into ambient air and offset part of VOC 255 

uptake, thus resulting in B and C lower net negative VOC fluxes than that showed in A. As 256 

displayed in Fig. 4, the slopes of linear fitting equation were 0.72 and 0.81 for B and C, 257 

respectively, higher than that of A (0.63). This further clarified that litter decomposition would 258 

stimulate VOC emission from freshwater wetland and suggested that the positive effect of 259 

litter decomposition was amplified by higher temperature.  260 

In fall, it was worth noting that the negative VOC flux was measured in September (25.9 °C), 261 

while positive VOC flux was found in October despite of its relatively lower temperature 262 

(16.1 °C). This reflected that in addition to ambient temperature, the uptake or release of 263 

VOCs could be influenced to some extent by other factors, thus seasonal variations of the net 264 

VOC fluxes could be the combined results of these complicated factors.  265 

3.3 The flux variations of specific VOC groups 266 

As mentioned in Section 3.1, uptake or release of VOCs varied to their chemical groups. Here, 267 

the measured fluxes of different VOC groups were analyzed in detail to explore the potential 268 

factors determining their release or uptake. 269 

3.3.1 Alkanes 270 

Overall, freshwater wetland was the potential source of atmospheric alkane, as positive net 271 

fluxes were measured in three treatments during the year-round observation (Table 1). For A, 272 

B and C, alkanes accounted for 23.3%, 20.4% and 13.8% of total VOC emissions, 273 

respectively (Fig. 2), which were comparable to that previously reported in decomposition of 274 

tree leaf (~ 20%) (Svendsen et al., 2018; Viros et al., 2020). The emission percentage of 275 

alkane showed a decreasing trend with litter addition, suggesting that alkane might not be the 276 

dominant VOC composition emitted during litter decomposition in freshwater wetland. In 277 

general, higher temperature would stimulate microbe activities and accelerate litter decaying, 278 

further leading to more VOC release (Isidorov et al., 2002; Jiao et al., 2018; Svendsen et al., 279 

2018). However, from the Fig. 5, it was interesting that B and C presented higher alkane 280 
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emissions than A during the period with relatively lower temperature, while nearly equal 281 

amounts of alkane emissions were observed in three treatments in hot July. This result 282 

suggested that higher alkane emission in July might not be mainly resulting from litter 283 

decomposition. Previous studies have revealed that alkanes can be stored in the upper cuticle 284 

layer of vascular species (Bondada et al., 1996; Barik et al., 2004). Thus, during the initial 285 

period of litter decomposition (lower temperature), higher emission fluxes of alkane measured 286 

in B and C might be mainly due to the material composition of the litter itself rather than 287 

resulting from the litter decomposition. Notably, in subsequent experiments such as those 288 

conducted in March, June and July, relatively higher alkane emission was measured in A, 289 

even comparable to that in B and C. This suggested that litter decomposition might not be 290 

main source of alkanes and that other alkane-emitted sources might also exist in freshwater 291 

wetland. In fact, earlier studies have found that root-emitted VOCs could act as chemical 292 

signals belowground and be transported from the source (Delory et al., 2016). Root exudation 293 

in the rhizosphere contained numerous chemicals like lower-molecular-weight organic acids, 294 

which were reported to be the precursors of biogenic alkanes (Maffei, 1994; Viros et al., 295 

2020). Considering that the roots of Phragmites australis were not removed in our 296 

experiments (Fig. 1), root emission might be an alkane source, which needed more 297 

investigations in future to explore and confirm this.     298 

3.3.2 Alkenes 299 

From the Table 1, freshwater wetland was the source of atmospheric alkenes and litter 300 

decomposition positively stimulated alkene release from the wetland. In contrast to alkanes, 301 

relatively lower alkene emission, as displayed in Fig. 5, was observed in the initial stage of 302 

litter decomposition, and meanwhile the effect of litter decomposition was not significant. 303 

However, in hot July, alkene emission was much higher in B and C than that in A, suggesting 304 

that alkene emission arising from litter decomposition was reinforced by higher temperature. 305 

It was worth noting that similar alkene emissions were found between B and C in hot July, 306 

suggesting that besides litter mass, alkene flux was also subject to other factors such as 307 

microbial activities (Svendsen et al., 2018). Additionally, alkene flux measured in A was 308 

similar from March to July expect April when the temperature dropped sharply. It has been 309 

previously reported that alkenes are the fatty acid derivatives in natural environments (Maffei, 310 
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1994; Viros et al., 2020), and thus root exudates and wetland microbes which were likely to 311 

produce fatty acid might also contribute to the alkenes.      312 

3.3.3 Aromatics  313 

Traditionally, aromatic hydrocarbons (AHs) have been regarded as anthropogenic air 314 

pollutants (Barletta et al., 2005; Kansal et al., 2009; Lamarque et al., 2010). However, 315 

biogenic emission of AHs has attracted attention from atmospheric science community and 316 

has been reported in recent studies (White et al., 2009; Misztal et al., 2015). During the 317 

experiments, we also detected six AHs and found that they were even the largest VOC species 318 

released from the freshwater wetland. From the Fig. 2, the percentage of AHs increased with 319 

litter addition. Moreover, throughout the entire observation, AH fluxes measured in B and C 320 

were higher than that in A (Table 1). These results reflected that litter decomposition could 321 

enhance AH release from the freshwater wetland. In terms of individual AH species, as 322 

showed in Fig. S5, we found that m/p-xylene was the largest AH species in A, while toluene 323 

ranked No.1 contributor to total AH emission in B and C. This suggested that litter 324 

decomposition could release more toluene than other detected AH species. Biogenic AH 325 

emissions, particularly for toluene, have been observed in terrestrial, aquatic and marine 326 

ecosystems (Liu et al., 2021; Rocco et al., 2021; Wohl et al., 2023; Wu et al., 2023). Previous 327 

studies reported that AHs were emitted during the decomposition of tree leaf, but only 328 

accounted for < 10% of total VOC emission (Faiola et al., 2014), quite different from our 329 

results (> 40%, Fig. 2). Two explanations could be that, on the one hand, AH emission could 330 

vary depending on litter types (Gray et al., 2010) and, on the other hand, that previous studies 331 

investigated litter decomposition in aerobic environments, while our experiments were 332 

conducted in flooded, relatively low-oxygen circumstances. A recent study measured VOC 333 

emission during straw decomposition and found that AH emission could reach over 3 times 334 

higher under flooded conditions than under non-flooded conditions (Wu et al., 2023). 335 

Additionally, earlier studies revealed that biogenic toluene is preferentially produced under 336 

anaerobic conditions (Jüttner and Henatsch, 1986; Mcrowiec et al., 2005; Moe et al., 2018). 337 

Therefore, in our experiments, the low-oxygen environment could be favorable for biogenic 338 

AH production.  339 

3.3.4 Halocarbons 340 
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Overall, net halocarbon emission was relatively lower, accounting for 7.2% and 5.9% of total 341 

VOC emission in B and C, respectively (Table 1). A negative flux was measured in A, 342 

suggesting that the freshwater wetland could be the net sink of halocarbon. Undoubtedly, litter 343 

decomposition enhanced the halocarbon emission, especially in hot July and August, but the 344 

emission did not fully follow the seasonal patterns. As showed in Fig. 5, both B and C still 345 

presented significant halocarbon emissions in October, and even in November, when the 346 

ambient temperature was below 10 °C, halocarbon emission in C was comparable to that 347 

measured in hot July. These results suggested that halocarbon emission was not majorly 348 

controlled by temperature. Natural emissions of halocarbons have been previously reported in 349 

marine (Philip et al., 1985), soil (Albers et al., 2017) and forest wetland (Jiao et al., 2018). 350 

Typical halocarbon species emitted from natural source such as methyl chloride (CH3Cl) and 351 

chloroform (CHCl3) were also detected in our experiments. Both CH3Cl and CHCl3 have been 352 

reported to be formed through biotic (enzymatic reactions) (Rhew et al., 2003) and abiotic 353 

processes (nonenzymatic Fenton-like reactions) (Huber et al., 2009). Jiao et al. (2018) 354 

revealed that abiotic factor dominated the CHCl3 emission in forest wetland, while microbial 355 

activities controlled the CHCl3 production in Antarctica tundra soils (Zhang et al., 2021). 356 

These conflicting results reported by earlier studies reflected that biogeochemical process of 357 

natural halocarbon were very complicated and varied to natural environments. During our 358 

experiments, the CH3Cl fluxes in A, B and C were -0.08±0.12, 0.27±0.12 and 0.39±0.12 μg 359 

m-2h-1, respectively, but CHCl3 was undetectable in many measurements. Both the net total 360 

halocarbon fluxes and CH3Cl did not show significant correlations with ambient temperature 361 

(Table S3), which was in line with the consequence reported by Jiao et al. (2018). This 362 

suggested that halocarbon emission from freshwater wetland might be predominantly 363 

controlled by abiotic process rather than temperature-dependent microbial activities (Gray et 364 

al., 2014). 365 

3.3.5 Oxygenated volatile organic compounds 366 

Unlike other VOCs, OVOCs presented uptake in most flux measurements conducted in the 367 

freshwater wetland (Fig. 5). This was quite different from previous studies on the 368 

decomposition of tree leaf litter, which released large amounts of OVOCs. For example, Gray 369 

et al. (2010) reported that OVOCs accounted for over 99% of total VOC emissions during 370 
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plant litter decomposition. However, the litter decomposition investigated in these previous 371 

studies generally took place in dry terrestrial environments or in laboratory incubations, while 372 

our experiments were conducted in freshwater wetland under flooded conditions. As we know, 373 

most OVOCs were polar organic molecules including alcohols, carbonyls and organic acids, 374 

which are water soluble (Baggesen et al., 2022). Bourtsoukidis et al. (2018) reported that soil 375 

could shift between methanol release when dry and methanol uptake when wet. OVOC 376 

deposition was also found in early morning due to dew (Schallhart et al., 2016). Moreover, 377 

previous studies reported OVOC uptake in ocean and lake environments (Seco et al., 2020; 378 

Liu et al., 2021). Even in hot July, OVOCs such as acetone and acetaldehyde showed negative 379 

net fluxes in the field observation of freshwater (Seco et al., 2020). Thus, even if OVOCs 380 

could be produced during our field experiments, they were likely to dissolve in the water. 381 

From the Fig. 5, three treatments all displayed OVOC uptake at initial stage (January) of litter 382 

decomposition. On January 9th, the highest and lowest OVOC uptake was observed in A and 383 

C, respectively, while completely opposite results were observed on January 21st. As known, 384 

OVOCs can be consumed by microbes (Männistö et al., 2023). For B and C, litter 385 

decomposition over time could provide a carbon source for microbes (Albers et al., 2018) and 386 

increase their amounts and activities, further enhancing OVOC consumption by microbes. 387 

This could result in increasing uptake of airborne OVOCs into freshwater wetland. It was 388 

worth noting that in hot July, three treatments all presented positive flux values of OVOCs, 389 

indicating that OVOCs actually could be produced in freshwater wetland. However, this 390 

production might be hidden by its sink such as dissolution in water, microbial uptake and 391 

abiotic deposition due to the concentration gradient between wetland and atmosphere 392 

(Niinemets et al., 2014; Alber et al., 2017; Rinnan et al., 2020). Further, litter decomposition 393 

enhanced OVOC emission in hot July. Although higher temperature could accelerate 394 

microbial decomposition of litter and release more OVOCs, considering their water solubility, 395 

higher OVOC emission fluxes were likely the outcome of strong evaporation, a typical abiotic 396 

process (Leff and Fierer, 2008), in hot July.  397 

3.3.6 VOSCs 398 

In this study, we detected three VOSC species including dimethyl sulfide (DMS), dimethyl 399 

disulfide (DMDS) and dimethyl trisulfide (DMTS), which were widely measured in aquatic 400 
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ecosystems (Liu et al., 2021). During the entire observed period, VOSC release from 401 

freshwater wetland were found in three treatments (Table 1) and DMS dominated the VOSC 402 

emission, accounting for 78.8±2.9% (Fig. 6). Overall, litter addition enhanced VOSC 403 

emissions from the freshwater wetland. However, as Fig. 5 shows, an abnormal phenomenon 404 

was observed in August, which presented highest VOSC emission in B, followed by A and C. 405 

As previously reported, VOSCs were generated from microbial metabolism of methionine and 406 

cysteine (Achyuthan et al., 2017). Thus, all of these could produce methionine and cysteine 407 

such as organics dissolved in water were probably responsible for higher VOSC emission in B 408 

in August. As Fig. 5 shows, significant VOSC emission was still found in October (T=16.1°C) 409 

solely under the B and C, similar to that of AHs, halocarbons and OVOCs. This could be 410 

attributed to the consequence of litter decomposition by microbes.        411 

4. Conclusions and limitations 412 

In this study, in situ flux measurements of VOCs were conducted in a freshwater wetland 413 

during year-round litter decomposition. Three treatments including A (no litter addition), B 414 

(1.4 kg litter) and C (2.8 kg litter) were designed to investigate the impacts of litter 415 

decomposition on VOC fluxes measured during the field experiments. As a result, the net 416 

TVOC fluxes measured in A, B and C were 2.90±2.74, 5.93±3.13 and 8.30±4.00 μg m-2 h-1, 417 

respectively, suggesting that the freshwater wetland was a potential source of atmospheric 418 

VOCs and litter decomposition could enhance its net VOC release. Although revealed as the 419 

source of VOCs in terms of net total flux, uptake or release of VOCs observed in freshwater 420 

wetland varied depending on the specific VOC chemical groups. NMHCs and VOSCs both 421 

showed positive net fluxes in three treatments. Halocarbons presented a negative net flux in A 422 

and shifted to positive fluxes in B and C. Due to their water solubility, OVOCs measured here 423 

mostly presented uptake in the wetland, and their fluxes were found to be negative in A and B, 424 

but turn to be positive in C. This reflected that litter decomposition could result in freshwater 425 

wetland becoming a source of atmospheric OVOCs. In line with previous studies on BVOC 426 

emissions, net TVOC flux showed significant seasonal patterns. In three treatments, the 427 

highest positive fluxes were observed in hot summer, followed by spring and fall, while the 428 

negative net VOC fluxes were generally found in cold winter. Moreover, VOC emission 429 

increasement resulting from litter decomposition exhibited monotonically increasing with 430 
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litter mass in the seasons except for fall, of which the highest flux presented in B, followed by 431 

C and A. In three treatments, net VOC fluxes were significantly correlated with ambient 432 

temperature (p < 0.05). Based on detailed analysis for flux variations of different VOC groups, 433 

biotic and abiotic processes driven by temperature co-modulated VOC fluxes measured in 434 

freshwater wetland. 435 

Overall, our study provides some new insights into the role of freshwater wetland in reactive 436 

VOC budget. The results gained from this work could be indicative for current models 437 

simulating BVOC emission as well as for biogeochemical process of reactive VOCs. Of 438 

course, there are some limitations in this work that should be pointed out. First, our 439 

measurements were all performed in daytime using off-line canister sampling. In future, 440 

online observations considering both daytime and nighttime VOC fluxes are needed to 441 

elucidate the role of the freshwater wetland in VOC budget more comprehensively. In 442 

addition, we did not directly link the measured VOC fluxes to specific microbes in this study. 443 

The next step should focus on the key microbes related to the release or uptake of VOCs and 444 

uncover more detailed biogeochemical mechanisms of VOCs in freshwater wetlands. 445 

  446 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



17 
 

Data availability 447 

All raw data can be provided by the corresponding author upon request. 448 

Financial support 449 

This work has been funded by the National Natural Science Foundation of China (42207128 450 

and 41273095), Natural Science Foundation of Anhui Province (2008085MD111), Key 451 

Research Projects of Natural Science in Colleges and Universities of Anhui Province 452 

(KJ2021A0091). 453 

Competing interests 454 

The contact author has declared that none of the authors has any competing interests.  455 

Author contributions  456 

H.F., S.M., F.Z., J.Z., Z.Y., H.X., Y.H. conducted the field experiments and collected the 457 

samples. H.F., S.M., Q.J., J.Z. analyzed the samples. H.F., S.M., T.W., F.Z., J.Z. designed the 458 

experiments. H.F., T.W. provided the funding supports. H.F. wrote the paper. T.W., and X.W. 459 

revied the paper. 460 

  461 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



18 
 

References 462 

Achyuthan, K.E., Harper, J.C., Manginell, R.P., and Moorman, M.W.: Volatile metabolites 463 

emission by in vivo microalgae—an overlooked opportunity? Metabolites., 7, 39. 464 

https://doi.org/10.3390/metabo7030039, 2017. 465 

Albers, C.N., Jacobsen, O.S., Flores, E.M.M., and Johnsen, A.R.: Arctic and subarctic natural 466 

soils emit chloroform and brominated analogues by alkaline hydrolysis of trihaloacetyl 467 

compounds. Environ. Sci. Technol., 51, 6131-6138, 468 

https://doi.org/10.1021/acs.est.7b00144, 2017. 469 

Albers, C.N., Kramshøj, M., and Rinnan, R.: Rapid mineralization of biogenic volatile 470 

organic compounds in temperate and Arctic soils. Biogeosciences, 15, 3591–3601, 471 

https://doi.org/10.5194/bg-15-3591-2018, 2018.  472 

Anderson, N.J., Heathcote, A.J., and Engstrom, D.R.: Anthropogenic alteration of nutrient 473 

supply increases the global freshwater carbon sink. Sci. Adv., 6, eaaw2145. 474 

https://doi.org/10.1126/sciadv.aaw2145, 2020. 475 

Baggesen, N.S., Davie-Martin, C.L., Seco, R., Holst, T., and Rinnan, R.: Bidirectional 476 

exchange of biogenic volatile organic compounds in subarctic heath mesocosms during 477 

autumn climate scenarios. J. Geophys. Res. Biogeosci., 127, e2021JG006688, 478 

https://doi.org/10.1029/2021JG00668, 2022. 479 

Barik, A., Bhattacharya, B., Laskar, S., and Banerjee, T.C.: The determination of n-alkanes in 480 

the cuticular wax of leaves of Ludwigia adscendens L. Phytochem. Anal., 15, 109–111, 481 

https://doi.org/10.1002/pca.745, 2004. 482 

Barletta, B., Meinardi, S., Rowland, S.F., Chan, C.Y., Wang, X.M., Zou, S.C., Chan, L.Y., and 483 

Blake, D.R.: Volatile organic compounds in 43 Chinese cities. Atmos. Environ., 32, 484 

5979-5990, https://doi.org/10.1016/j.atmosenv.2005.06.029, 2005. 485 

Bondada, B.R., Oosterhuis, D.M., Murphy, J.B., and Kim, K.S.: Effect of water stress on the 486 

epicuticular wax composition and ultrastructure of cotton (Gossypium hirsutumL.) leaf, 487 

bract, and boll. Environ. Exp. Bot., 36, 61–69, 488 

https://doi.org/10.1016/0098-8472(96)00128-1, 1996. 489 

Bourtsoukidis, E., Behrendt, T., Yañe-Serrano, A.M., Hellén, H., Diamantopoulos, E., Catão, 490 

E., Ashworth, K., Pozzer, A., Quesada, C.A., Martins, D.L., Sá, M., Araujo, A., Brito, J., 491 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



19 
 

Artaxo, P., Kesselmeier, J., Lelieveld, J., and Williams, J.: Strong sesquiterpene 492 

emissions from Amazonian soils. Nat. Commun., 9, 2226, 493 

https://doi.org/10.1038/s41467-018-04658-y, 2018. 494 

Breider, F., and Albers, C.N.: Formation mechanisms of trichloromethyl-containing 495 

compounds in the terrestrial environment: A critical review. Chemosphere., 119, 145-154, 496 

https://doi.org/10.1016/j.chemosphere.2014.05.080, 2015. 497 

Chang, X., Zhao, B., Zheng, H.T., Wang, S.X., Cai, S.Y., Guo, F.Q., Gui, P., Huang, G.H., Wu, 498 

D., Han, L.C., Xing, J., Man, H.Y., Hu, R.L., Liang, C.R., Xu, Q.C., Qiu, X.H., Ding, D., 499 

Liu, K.Y., Han, R., Robinson, A.L., and Donahue, N.M.: Full-volatility emission 500 

framework corrects missing and underestimated secondary organic aerosol sources. One 501 

Earth., 5, 403-412, https://doi.org/10.1016/j.oneear.2022.03.015, 2022. 502 

Davidson, T.A., Audet, J., Jeppesen, E., Landkidehus, F., Lauridsen, T.L., Søndergaard, M., 503 

and Syväranta, J.: Synergy between nutrients and warming enhances methane ebullition 504 

from experimental lakes. Nat. Clim. Change., 8, 156-160, 505 

https://doi.org/10.1038/s41558-017-0063-z, 2018. 506 

Delory, B.M., Delaplace, P., Fauconnier, M.L., and Du Jardin, P.: Root-emitted volatile 507 

organic compounds: can they mediate belowground plant–plant interactions? Plant Soil., 508 

402, 1–26, https://doi.org/10.1007/s11104-016-2823-3, 2016. 509 

Duan, C.S., Zuo, S.D., Wu, Z.F., Qiu,Y., Wang, J.F., Lei, Y.H., Liao, H., Ren, Y.: A review of 510 

research hotspots and trends in biogenic volatile organic compounds (BVOCs) emissions 511 

combining bibliometrics with evolution tree methods. Environ. Res. Lett., 16, 013003, 512 

https://dx.doi.org/10.1088/1748-9326/abcee9, 2021. 513 

Faiola, C.L., VanderSchelden, G.S., Wen, M., Elloy, F.C., Cobos, D.R., Watts, R.J., Jobson, 514 

B.T., and VanReken, T.M.: SOA formation potential of emissions from soil and leaf litter. 515 

Environ. Sci. Technol., 48, 938-946, https://doi.org/10.1021/es4040045, 2014. 516 

Fowler, D., Pilegaard, K., Sutton, M. A., Ambus, P., Raivonen, M., Duyzer, J., Simpson, D., 517 

Fagerli, H., Fuzzi, S., Schjoerring, J.K., Granier, C., Neftel, A., Isaksen, I.S.A., Laj, P., 518 

Maione, M., Monks, P.S., Burkhardt, J., Daemmgen, U., Neirynck, J., Personne, E., 519 

Wichink-Kruit, R., Butterbach-Bahl, K., Flechard, C., Tuovinen, J.P., Coyle, M., Gerosa, 520 

G., Loubet, B., Altimir, N., Gruenhage, L., Ammann, C., Cieslik, S., Paoletti, E., 521 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



20 
 

Mikkelsen, T.N., Ro-Poulsen, H., Cellier, P., Cape, J.N., Horváth, L., Loreto, F., 522 

Niinemets, Ü, Palmer, P.I., Rinne, J., Misztal, P., Nemitz, E., Nilsson, D., Pryor, S., 523 

Gallagher, M.W., Vesala, T., Skiba, U., Brüggemann, N., Zechmeister-Boltenstern, S., 524 

Williams, J., O'Dowd, C., Facchini, M.C., de Leeuw, G., Flossman, A., Chaumerliac, N., 525 

and Erisman, J.W.: Atmospheric composition change: ecosystems–atmosphere 526 

interactions. Atmos. Environ., 43, 5193-5267, 527 

https://doi.org/10.1016/j.atmosenv.2009.07.068, 2009. 528 

Gray, C.M., Monson, R.K., and Fierer, N.: Emissions of volatile organic compounds during 529 

the decomposition of plant litter. J. Geophys. Res. Atmos., 115, G03015, 530 

https://doi.org/10.1029/2010JG001291, 2010. 531 

Gray, C.M., Monson, R.K., and Fierer, N.: Biotic and abiotic controls on biogenic volatile 532 

organic compound fluxes from a subalpine forest floor. J. Geophys. Res. Biogeosci., 119, 533 

547–556, https://doi.org/10.1002/2013JG002575, 2014. 534 

Greenberg, J.P., Asensio, D., Turnipseed, A., Guenther, A.B., Karl, T., and Gochis, D.: 535 

Contribution of leaf and needle litter to whole ecosystem BVOC fluxes. Atmos. Environ., 536 

59, 302-311, https://doi.org/10.1016/j.atmosenv.2012.04.038, 2012. 537 

Guenther, A.B., Jiang, X., Heald, C.L., Sakulyanontvittaya, T., Duhl, T., Emmons, L.K., and 538 

Wang, X.: The model of emissions of gases and aerosols from nature version 2.1 539 

(MEGAN2.1): an extended and updated framework for modeling biogenic emissions. 540 

Geosci. Model Dev., 5, 1471–1492, https://doi.org/10.5194/gmd-5-1471-2012, 2012. 541 

Haapanala, S., Rinne, J., Pystynen, K. H., Hellén, H., Hakola, H., and Riutta, T.: 542 

Measurements of hydrocarbon emissions from a boreal fen using the REA technique. 543 

Biogeosciences. 3, 103-112, https://doi.org/10.5194/bg-3-103-2006, 2006. 544 

Hardacre, C.J., and Heal, M.R.: Characterization of methyl bromide and methyl chloride 545 

fluxes at temperate freshwater wetlands. J. Geophys. Res. Atmos., 118, 977-991, 546 

https://doi.org/10.1029/2012JD018424, 2013. 547 

Hellén, H., Praplan, A. P., Tykkä, T., Ylivinkka, I., Vakkari, V., Bäck, J., Petäjä, T., Kulmala, 548 

M., and Hakola, H.: Long-term measurements of volatile organic compounds highlight 549 

the importance of sesquiterpenes for the atmospheric chemistry of a boreal forest. Atmos. 550 

Chem. Phys., 18, 13839-13863, https://doi.org/10.5194/acp-18-13839-2018, 2018. 551 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



21 
 

Hellén, H., Schallhart, S., Praplan, A.P., Tykkä, T., Aurela, M., Lohila, A., and Hakola, H.: 552 

Sesquiterpenes dominate monoterpenes in northern wetland emissions. Atmos. Chem. 553 

Phys. 20, 7021-7034. https://doi.org/10.5194/acp-20-7021-2020, 2020. 554 

Huber, S.G., Kotte, K., Schöler, H.F., and Williams, J.: Natural abiotic formation of 555 

trihalomethanes in soil: results from laboratory studies and field samples. Environ. Sci. 556 

Technol. 43, 4934−4939, https://doi.org/10.1021/es8032605, 2009. 557 

Isidorov, V., and Jdanova, M.: Volatile organic compounds from leaves litter. Chemosphere., 558 

48, 975-979, https://doi.org/10.1016/S0045-6535(02)00074-7, 2002. 559 

Isidorov, V.A., Smolewska, M., Purzyńska-Pugacewicz, A., and Tyszkiewicz, Z.: Chemical 560 

composition of volatile and extractive compounds of pine and spruce leaf litter in the 561 

initial stages of decomposition. Biogeosciences., 7, 2785-2794, 562 

https://doi.org/10.5194/bg-7-2785-2010, 2010. 563 

Jiao, Y., Ruecker, A., Deventer, M.J., Chow, A.T., and Rhew, R.C.: Halocarbon emissions 564 

from a degraded forested wetland in coastal South Carolina impacted by sea level rise. 565 

ACS Earth Space Chem., 2, 955-967, 566 

https://doi.org/10.1021/acsearthspacechem.8b00044, 2018. 567 

Jüttner, F., and Henatsch, J.J.: Anoxic hypolimnion is a significant source of biogenic toluene. 568 

Nature 323, 797–798, https://doi.org/10.1038/323797a0, 1986. 569 

Kalashnikov, D.A., Schnell, J.L., Abatzoglou, J.T., Swain, D.L., and Singh, D.: Increasing 570 

co-occurrence of fine particulate matter and ground-level ozone extremes in the western 571 

United States. Sci. Adv., 8, eabi9386, https://doi.org/10.1126/sciadv.abi9386, 2022. 572 

Kansal, A.: Sources and reactivity of NMHCs and VOCs in the atmosphere: a review. J. 573 

Hazard. Mater., 166, 17–26, https://doi.org/10.1016/j.jhazmat.2008.11.048, 2009. 574 

Lamarque, J.F., Bond, T.C., Eyring, V., Granier, C., Heil, A., Klimont, Z., Lee, D., Liousse, C., 575 

Mieville, A., Owen, B., Schultz, M.G., Shindell, D., Smith, S.J., Stehfest, E., Van 576 

Aardenne, J., Cooper, O.R., Kainuma, M., Mahowald, N., McConnell, J.R., Naik, V., 577 

Riahi, K., and van Vuuren, D.P.: Historical (1850–2000) gridded anthropogenic and 578 

biomass burning emissions of reactive gases and aerosols: methodology and application. 579 

Atmos. Chem. Phys., 10, 7017–7039, https://doi.org/10.5194/acp-10-7017-2010, 2010. 580 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



22 
 

Leff, J. W., and Fierer, N.: Volatile organic compound (VOC) emissions from soil and litter 581 

samples. Soil Biol. Biochem., 40, 1629–1636, 582 

https://doi.org/10.1016/j.soilbio.2008.01.018, 2008. 583 

Li, K., Jacob, D.J., Liao, H., Zhu, J., Shah, V, Shen, L., Bates, K.H., Zhang, Q., and Zhai, S.X.: 584 

A two-pollutant strategy for improving ozone and particulate air quality in China. Nat. 585 

Geosci., 12, 906-910, https://doi.org/10.1038/s41561-019-0464-x, 2019. 586 

Liu, M.D., Wu, T., Zhao, X.Y., Zan, F.Y., Yang, G., and Miao, Y.Q.: Cyanobacteria blooms 587 

potentially enhance volatile organic compound (VOC) emissions from a eutrophic lake: 588 

Field and experimental evidence. Environ. Res., 2021, 202, 111664, 589 

https://doi.org/10.1016/j.envres.2021.111664, 2021. 590 

Lorah, M.M., and Olsen, L.D.: Natural attenuation of chlorinated volatile organic compounds 591 

in a freshwater tidal wetland: Field evidence of anaerobic biodegradation. Nature. 35, 592 

3811-3827, https://doi.org/10.1029/1999WR900116, 1999. 593 

Maffei, M.: Discriminant analysis of leaf wax alkanes in the Lamiaceae and four other plant 594 

families. Biochem. Syst. Ecol., 22, 711–728, 595 

https://doi.org/10.1016/0305-1978(94)90057-4, 1994. 596 

Männistö, E., Ylänne, H., Losoi, M., Keinänen, M., Yli-Pirilä, P., Korrensalo, A., Bäck, J., 597 

Hellén, H., Virtanen, A., and Tuittila, E.S.: Emissions of biogenic volatile organic 598 

compounds from adjacent boreal fen and bog as impacted by vegetation composition. Sci. 599 

Total Environ., 858, 159809, https://doi.org/10.1016/j.scitotenv.2022.159809, 2023. 600 

Miao, Y.Q., Meng, H.N., Luo, W.L., Li, B., Luo, H., Deng, Q., Yao, Y.R., Shi, Y.G., and Wu, 601 

Q.L. Large alpine deep lake as a source of greenhouse gases: A case study on Lake 602 

Fuxian in Southwestern China. Sci. Total Environ., 838, 156059, 603 

https://doi.org/10.1016/j.scitotenv.2022.156059, 2022. 604 

Misztal, P.K., Hewitt, C.N., Wildt, J., Blande, J.D., Eller, A.S.D., Fares, S., Gentner, D.R., 605 

Gilman, J.B., Graus, M., Greenberg, J., Guenther, A.B., Hansel, A., Harley, P., Huang, 606 

M., Jardine, K., Karl, T., Kaser, L., Keutsch, F.N., Kiendler-Scharr, A., Kleist, E., Lerner, 607 

B. M., Li, T., Mak, J., Nölscher, A.C., Schnitzhofer, R., Sinha, V., Thornton, B., Warneke, 608 

C., Wegener, F., Werner, C., Williams, J., Worton, D.R., Yassaa, N., and Goldstein, A.H.: 609 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



23 
 

Atmospheric benzenoid emissions from plants rival those from fossil fuels. Sci. Rep., 5, 610 

12064. https://doi.org/10.1038/srep12064, 2015.  611 

Moe, W.M., Reynolds, S.J., Griffin, M.A., and McReynolds, J.B.: Bioremediation strategies 612 

aimed at stimulating chlorinated solvent dehalogenation can lead to 613 

microbially-mediated toluene biogenesis. Environ. Sci. Technol., 52, 9311–9319, 614 

https://doi.org/10.1021/acs.est.8b02081, 2018. 615 

Mrowiec, B., Suschka, J., and Keener, T.: Formation and biodegradation of toluene in the 616 

anaerobic sludge digestion process. Water Environ. Res., 77, 274-278, 617 

https://doi.org/10.2175/106143005X41852, 2005. 618 

Navarro, J.C.A., Smolander, S., Struthers, H., Zorita, E., Ekman, A.M.L., Kaplan, J.O., 619 

Guenther, A., Arneth, A., and Riipinen, I.: Global emissions of terpenoid VOCs from 620 

terrestrial vegetation in the last millennium. J. Geophys. Res. Atmos., 119, 6867–6885, 621 

https://doi.org/10.1002/2013JD021238, 2014. 622 

Niinemets, Ü., Loreto, F., and Reichstein, M.: Physiological and physicochemical controls on 623 

foliar volatile organic compound emissions. Trends Plant Sci., 9, 180–186, 624 

https://doi.org/10.1016/j.tplants.2004.02.006, 2004. 625 

Niinemets, Ü., and Reichstein, M.: Controls on the emission of plant volatiles through 626 

stomata: differential sensitivity of emission rates to stomatal closure explained. J. 627 

Geophys. Res. Atmos., 108, 4208, https://doi.org/10.1029/2002JD002620, 2003. 628 

Otter, L., Guenther, A., Wiedinmyer, C., Fleming, G., Harley, P., and Greenberg, J.: Spatial 629 

and temporal variations in biogenic volatile organic compound emissions for Africa 630 

south of the equator. J. Geophys. Res. Atmos., 108, 8505, 631 

https://doi.org/10.1029/2002JD002609, 2003. 632 

Park, J.H., Goldstein, A.H., Timkovsky, J., Fares, S., Weber, R., Karlik, J, and Holzinger, R.: 633 

Active atmosphere-ecosystem exchange of the vast majority of detected volatile organic 634 

compounds. Science. 341, 643-7, https://doi.org/10.1126/science.1235053, 2013. 635 

Peng, S.S., Lin, X., Thompson, R.L., Xi, Y., Liu, G., Hauglustaine, D., Lan, X., Poulter, B., 636 

Ramonet, M., Saunois, M., Yin, Y., Zhang, Z., Zheng, B., and Ciais, P.: Wetland emission 637 

and atmospheric sink changes explain methane growth in 2020. Nature. 612, 477-482, 638 

https://doi.org/10.1038/s41586-022-05447-w, 2022.  639 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



24 
 

Peñuelas, J., Asebsio, D., Tholl, D., Wenke, K., Rosenkranz, M., Piechulla, B., and Schnitzler, 640 

J.P.: Biogenic volatile emission from the soil. Plant Cell Environ., 37, 1866-1891, 641 

https://doi.org/10.1111/pce.12340, 2014. 642 

Philip M.G, John, K.M., and Kathleen A.N.: Volatile halogenated organic compounds released 643 

to seawater from temperate marine macroalgae. Science 227, 1033-1035, 644 

https://doi.org/10.1126/science.227.4690.1033, 1985. 645 

Rhew, R.C., Østergaard, L., Saltzman, E.S., and Yanofsky, M.F.: Genetic control of methyl 646 

halide production in Arabidopsis. Curr. Biol., 13, 1809−1813, 647 

https://doi.org/10.1016/j.cub.2003.09.055, 2003. 648 

Rinnan, R., and Albers, C.N.: Soil uptake of volatile organic compounds: ubiquitous and 649 

underestimated? J. Geophys. Res. Biogeosci., 125, e2020JG005773, 650 

https://doi.org/10.1029/2020JG005773, 2020. 651 

Rocco, M., Dunne, E., Peltola, M., Barr, N., Williams, J., Colomb, A., Safi, K., Saint-Macary, 652 

A., Marriner, A., Deppeler, S., Harnwell, J., Law, C., and Sellegri, K.: Oceanic 653 

phytoplankton are a potentially important source of benzenoids to the remote marine 654 

atmosphere. Communications Earth & Environment., 2, 175, 655 

https://doi.org/10.1038/s43247-021-00253-0, 2021. 656 

Schallhart, S., Rantala, P., Nemitz, E., Taipale, D., Tillmann, R., Mentel, T.F., Loubet, B., 657 

Gerosa, G., Finco, A., Rinne, J., and Ruuskanen, T.M.: Characterization of total 658 

ecosystemscale biogenic VOC exchange at a mediterranean oak-hornbeam forest. Atmos. 659 

Chem. Phys., 16, 7171–7194, https://doi.org/10.5194/acp-16-7171-2016, 2016. 660 

Schnell, R.C., Oltmans, S.J., Neely, R.R., Endres, M.S., Molenar, J.V., and White, A.B.: Rapid 661 

photochemical production of ozone at high concentrations in a rural site during winter. 662 

Nat. Geosci., 2, 120–122, https://doi.org/10.1038/ngeo415, 2009. 663 

Scott, C.E., Rap, A., Spracklen, D.V., Forster, P.M., Carslaw, K.S., Mann, G.W., Pringle, K.J., 664 

Kivekas, N., Kulmala, M., Lihavainen, H., and Tunved, P.: The direct and indirect 665 

radiative effects of biogenic secondary organic aerosol. Atmos. Chem. Phys., 14, 447–666 

470, https://doi.org/10.5194/acp-14-447-2014, 2014. 667 

Seco, R., Holst, T., Matzen, M.S., Westergaard-Nielsen, A., Li, T., Simin, T., Jansen, J., Crill, 668 

P., Friborg, T., Rinne, J., and Rinnan, R.: Volatile organic compound fluxes in a subarctic 669 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



25 
 

peatland and lake. Atmos. Chem. Phys., 20, 13399-13416, 670 

https://doi.org/10.5194/acp-20-13399-2020, 2020.  671 

Smolander, A., Ketola, R.A., Kotiaho, T., Kanerva, S., Suominen, K., and Kitunen, V.: 672 

Volatile monoterpenes in soil atmosphere under birch and conifers: effects on soil N 673 

transformations. Soil Biol. Biochem., 38, 3436–3442, 674 

https://doi.org/10.1016/j.soilbio.2006.05.019, 2006. 675 

Svendsen, S.H., Priemé, A., Voriskova, J., Kramshøj, M., Schostag, M., Jacobsen, C.S., and 676 

Rinnan, R.: Emissions of biogenic volatile organic compounds from arctic shrub litter 677 

are coupled with changes in the bacterial community composition. Soil Biol. Biochem., 678 

120, 80-90, https://doi.org/10.1016/j.soilbio.2018.02.001, 2018. 679 

Tang, J., Schurgers, G., and Rinnan, R.: Process understanding of soil BVOC fluxes in natural 680 

ecosystems: a review. Rev. Geophys., 57, 966–986, 681 

https://doi.org/10.1029/2018RG000634, 2019. 682 

Toro, M.V., Cremades, L.V., and Calbo, J.: Relationship between VOC and NOx emissions 683 

and chemical production of tropospheric ozone in the Aburra Valley (Colombia). 684 

Chemosphere., 65, 881-888, https://doi.org/10.1016/j.chemosphere.2006.03.013, 2006. 685 

Vettikkat, L., Miettinen, P., Buchholz, A., Rantala, P., Yu, H., Schallhart, S., Petäjä, T., Seco, 686 

R., Männistö, E., Kulmala, M., Tuittila, E.S., Guenther, A.B., and Schobesberger, S.: 687 

High emission rates and strong temperature response make boreal wetlands a large 688 

source of isoprene and terpenes. Atmos. Chem. Phys., 23, 2683-2698, 689 

https://doi.org/10.5194/acp-23-2683-2023, 2023. 690 

Vickers, C.E., Gershenzon, J., Lerdau, M.T., and Loreto, F.: A unified mechanism of action 691 

for volatile isoprenoids in plant abiotic stress. Nat. Chem. Biol., 5, 283–291, 692 

https://doi.org/10.1038/nchembio.158, 2009. 693 

Villa, J.A., Ju, Y., Vines, C., Rey-Sanchez, C., Morin, T.H., Wrighton, K.C., and Bohrer, G.: 694 

Relationships between methane and carbon dioxide fluxes in a temperate 695 

cattail-dominated freshwater wetland. J. Geophys. Res. Biogeosci., 124, 2076–2089, 696 

https://doi.org/10.1029/2019JG005167, 2019. 697 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



26 
 

Viros, J., Fernandez, C., Wortham, H., Gavinet, J., Lecareux, C., and Ormeño, E.: Litter of 698 

mediterranean species as a source of volatile organic compounds. Atmos. Environ., 242, 699 

117815, https://doi.org/10.1016/j.atmosenv.2020.117815, 2020. 700 

Wang, R., Wu, T., Dai, W.H., Liu, H., Zhao, J., Wang, X.M., Huang, F.Y., Wang, Z., and Shi, 701 

C.F.: Effects of straw return on C2-C5 non-methane hydrocarbon (NMHC) emissions 702 

from agricultural soils. Atmos. Environ., 100, 210–217, 703 

https://doi.org/10.1016/j.atmosenv.2014.10.051, 2015. 704 

Wang, W.J., Fang, H., Zhang, Y., Ding, Y.Y., Hua, F., Wu, T., and Yan, Y.Z.: Characterizing 705 

sources and ozone formations of summertime volatile organic compounds observed in a 706 

medium-sized city in Yangtze River Delta region. Chemosphere., 328, 138609, 707 

https://doi.org/10.1016/j.chemosphere.2023.138609, 2023. 708 

Whalen, S.C.: Biogeochemistry of methane exchange between natural wetlands and 709 

atmosphere. Environ. Eng. Sci., 22, 73-94, https://doi.org/10.1089/ees.2005.22.73, 2005. 710 

White, M.L., Russo, R.S., Zhou, Y., Ambrose, J.L., Haase, K., Frinak, E.K., Varner, R.K., 711 

Wingenter, O.W., Mao, H., Talbot, R., and Sive, B.C.: Are biogenic emissions a 712 

significant source of summertime atmospheric toluene in the rural Northeastern United 713 

States? Atmos. Chem. Phys., 9, 81-92, https://doi.org/10.5194/acp-9-81-2009, 2009. 714 

William, J.M., Blanca, B., Amanda, M.N., Ülo, M., Li, Z., Christopher, J.A., Sven, E.J., and 715 

Hans, B.: Wetlands, carbon, and climate change. Landscape Ecol., 28, 583–597, 716 

https://doi.org/10.1007/s10980-012-9758-8, 2013. 717 

Wohl, C., Li, Q.Y., Cuevas, C.A., Fernandez, R.P., Yang, M.X., Saiz-Lopez, A., and Simó, R.: 718 

Marine biogenic emissions of benzene and toluene and their contribution to secondary 719 

organic aerosols over the polar oceans. Sci. Adv., 9, eadd9031, 720 

https://doi.org/10.1126/sciadv.add9031, 2023. 721 

Wu, T., Zhao, X.Y., Liu, M.D., Zhao, J., and Wang, X.M.: Wheat straw return can lead to 722 

biogenic toluene emissions. J. Environ. Sci., 124, 281-290, 723 

https://doi.org/10.1016/j.jes.2021.08.050, 2023. 724 

Zeng, J.Q., Zhang, Y.L., Zhang, H.N., Song, W., Wu, Z.F., and Wang, X.M.: Design and 725 

characterization of a semi-open dynamic chamber for measuring biogenic volatile 726 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



27 
 

organic compound (BVOC) emissions from plants. Atmos. Meas. Tech., 15, 79-93, 727 

https://doi.org/10.5194/amt-15-79-2022, 2022. 728 

Zhang, W., Jiao, Y., Zhu, R., Rhew, R.C., Sun, B., and Dai, H.: Chloroform (CHCl3) 729 

emissions from coastal Antarctic tundra. Geophys. Res. Lett., 48, e2021GL093811, 730 

https://doi.org/10.1029/2021GL093811, 2021. 731 

 732 

  733 

https://doi.org/10.5194/egusphere-2023-2998
Preprint. Discussion started: 26 January 2024
c© Author(s) 2024. CC BY 4.0 License.



28 
 

Table 1. The net fluxes (mean ± standard error) of different VOC groups under A, B and C 734 

treatments (unit: μg m-2 h-1) based on 11 campaigns during one-year litter decomposition. 735 

Each treatment consists of three parallel groups. The number of measured compounds is 736 

given in parentheses. 737 

  

A  

(No litter addition) 

B 

(1.4 kg litters) 

C 

(2.8 kg litters) 

Alkanes (19) 0.76±0.35 1.45±0.48 1.20±0.64 

Alkenes (11) 0.55±0.29 1.40±0.37 1.28±0.41 

Aromatics (5) 1.33±0.68 2.86±0.84 4.02±1.04 

Halocarbons (15) -0.09±0.18 0.51±0.17 0.43±0.20 

OVOCs (9) -0.02±1.65 -0.07±1.73 0.64±2.48 

VOSCs (3) 0.64±0.40 0.88±0.50 1.03±0.22 

Σ 2.90±2.74 5.93±3.13 8.30±4.00 
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 739 

Figure 1. Nine stainless steel cuboidal boxes without the cover in freshwater wetland (a). The 740 

schematic diagram of cuboidal box was displayed in (b). Each treatment, namely A, B and C, 741 

consists of three parallel groups. 742 
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 744 

Figure. 2 Chemical compositions (mass percentage) of net VOC emissions under A, B and C 745 

treatments. 746 
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 748 

Figure 3. Seasonal variations of net VOC fluxes under three treatments. The error bar (if 749 

more than two values) represents standard error of three parallel samples. 750 
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 752 

Figure 4. The relationships of net VOC fluxes with ambient air temperature (Tem) during 753 

one-year litter decomposition. 754 
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 756 

Figure 5. The time series of air temperature and fluxes of different VOC groups. The error 757 

bar (if more than two values) represents standard error of three parallel samples. 758 
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