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H I G H L I G H T S  

� The winter wheat field exchanged mainly methanol and other OVOCs. 
� Warm conditions favoured methanol, acetaldehyde and acetone emissions. 
� Fitted MEGAN v2.1 succeeded in reproducing their exchange dynamics. 
� Warm conditions favoured acetic acid uptake. 
� Senescence-induced emissions were reported for methanol and acetaldehyde.  
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A B S T R A C T   

The understanding of biogenic volatile organic compound (BVOC) exchanges has become a key scientific issue 
because of their high reactivity and their impact in the atmosphere. However, so far, few studies have focused on 
BVOCs exchanged by agricultural species, and in particular by winter wheat, despite this species being the 
leading worldwide crop in terms of harvested area. This study for the first time investigated BVOC exchanges 
from winter wheat during most developmental stages of the plant. Fluxes were measured in Belgium at the 
ecosystem-scale using the disjunct eddy covariance by mass scanning technique, and a proton-transfer-reaction 
mass spectrometer for BVOC ambient mixing ratio measurements. As is usually observed for crops and grasses, 
the winter wheat field emitted mainly methanol, although bi-directional exchanges were observed. The second 
most exchanged compound was acetic acid which was captured during the entire growing season. Bi-directional 
exchanges of acetaldehyde and acetone were also reported. Terpene exchanges were 22 times smaller than 
oxygenated VOC (OVOC) exchanges. For all compounds, the exchanges were the most pronounced at the end of 
the growing season, i.e., under warm, dry and sunny conditions. Senescence-induced emissions were furthermore 
observed for methanol and acetaldehyde. For all investigated OVOCs, the exchanges very likely originated from 
both the soil and the plants. Despite their mixed origin, the MEGAN (Model of Emissions of Gases and Aerosols 
from Nature) v2.1 up-scaling model could adequately reproduce the methanol, acetaldehyde and acetone ex-
changes measured at this site during the mature and senescence phases of the plant, when the standard emission 
factor and the leaf age factor were adapted based on the measurements. In contrast, the model failed to 
reproduce the measured acetic acid exchanges. When the standard emission factor values currently assigned in 
MEGAN were applied, however, the exchanges were largely over-estimated for all compounds.   

1. Introduction 

For the past few decades, volatile organic compound exchange 
quantification and understanding have been scientific issues of interest 

due to the high reactivity of these compounds in the troposphere and 
their resulting impact on atmospheric chemistry and pollutants like PAN 
(Mellouki et al., 2015), ozone (Fry et al., 2012; Isaksen et al., 2009; 
Mellouki et al., 2015; Sartelet et al., 2012; Tsimpidi et al., 2012), 

* Corresponding author. 
E-mail address: bernard.heinesch@uliege.be (B. Heinesch).  

Contents lists available at ScienceDirect 

Atmospheric Environment 

journal homepage: http://www.elsevier.com/locate/atmosenv 

https://doi.org/10.1016/j.atmosenv.2019.117105 
Received 7 February 2019; Received in revised form 22 October 2019; Accepted 1 November 2019   

mailto:bernard.heinesch@uliege.be
www.sciencedirect.com/science/journal/13522310
https://http://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2019.117105
https://doi.org/10.1016/j.atmosenv.2019.117105
https://doi.org/10.1016/j.atmosenv.2019.117105
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2019.117105&domain=pdf


Atmospheric Environment 221 (2020) 117105

2

methane lifetime (Isaksen et al., 2009; Williams et al., 2013) or sec-
ondary organic aerosol formation (Mellouki et al., 2015; Sartelet et al., 
2012; Ziemann and Atkinson, 2012). 

VOCs are mainly emitted by terrestrial plants (Fowler et al., 2009; 
Mellouki et al., 2015). These compounds are therefore grouped under 
the term biogenic volatile organic compounds (BVOC). BVOCs include a 
wide set of molecules which arise from different plant metabolic path-
ways (Fowler et al., 2009; Niinemets et al., 2013). Because the plant 
BVOC exchange compositions and magnitudes vary between plants 
(Fowler et al., 2009; Monson et al., 2013), they must be quantified over a 
broad range of plants and ecosystems in order to achieve good accuracy 
in BVOC exchange predictions for terrestrial ecosystems (Lerdau and 
Slobodkin, 2002; Osborne et al., 2010; Wohlfahrt et al., 2015). 

Although they account for 38% of the land area (FAOSTATS, 2013), 
agricultural ecosystems have been poorly investigated. Most BVOC 
studies that have investigated crop species were conducted at the leaf- 
scale (Crespo et al., 2013; Graus et al., 2013; Hu et al., 2018; Karl 
et al., 2005; Kesselmeier et al., 1998; K€onig et al., 1995; Miresmailli 
et al., 2013; Mozaffar et al., 2017) or lasted only a few days and 
encompassed poorly contrasted weather conditions (Copeland et al., 
2012; Graus et al., 2013), a noticeable exception being the recent study 
by Wiß et al. (2017) on maize using whole plant chambers. In particular, 
winter wheat is the most important crop worldwide in terms of har-
vested area, alone representing more than 14% of all agricultural lands 
(FAOSTATS, 2015), yet has only been investigated in five BVOC studies 
(Gallagher et al., 2000; Gonzage Gomez et al., 2019; K€onig et al., 1995; 
Wang et al., 2015; Wenda-Piesik, 2011). In addition, four out of these 
five studies didn’t measured oxygenated volatile organic compound 
(OVOC) exchanges, although OVOCs are known to be the main com-
pounds exchanged by crops. As a result, the knowledge of BVOC ex-
changes from this species remains very scarce. 

Additionally, BVOC up-scaling models like MEGAN v2.1 (Model of 
Emissions of Gases and Aerosols from Nature (Guenther et al., 2012)) or 
ORCHIDEE (Organizing Carbon and Hydrology in Dynamic EcosystEm, 
Messina et al., 2016) are widely used by atmospheric chemistry models 
to estimate the BVOC budget from terrestrial lands and evaluate the 
impact of BVOCs on atmospheric chemistry and the climate (Henrot 
et al., 2017; Makkonen et al., 2012; Richards et al., 2013; Squire et al., 
2014; Williams et al., 2013). A non-exhaustive list compiling more than 
30 research articles using the MEGAN v2.1 model is available on the web 
page: http://lar.wsu.edu/megan/application.html). Both models are 
semi-empirical and rely on plant exchanges. To summarise, a standard 
exchange rate (standard emission factor or SEF) is defined under stan-
dard phenological and meteorological conditions for each compound 
and each plant functional type, including croplands. The SEF is then 
modulated for diverse phenological (leaf age factor) and meteorological 
conditions (environmental factor), by applying multiplicative 
semi-empirical algorithms. If these models are to achieve realistic BVOC 
exchange rates for terrestrial ecosystems, they should use representative 
SEFs for each major ecosystem in the world, including croplands. In 
addition, the algorithms designed to simulate the BVOC exchanges 
beyond these standard conditions should be consistent with the dy-
namics actually observed under field conditions. 

Flux datasets are used to derive species specific SEFs but different 
algorithms and different implementation options can lead to very 
different SEFs for a given species, even when sticking to model formu-
lations adapted to micro-meteorological flux measurements, as was 
shown for isoprene recently by Langford et al. (2017). More important in 
the context of this study, the SEFs currently assigned for croplands do 
not rely on OVOC flux measurements taken from major crops. For 
example, Stavrakou et al. (2011) assigned a SEF for croplands derived 
from alfalfa, although this species accounts for only 1% of the cultivated 
area worldwide (FAOSTATS). Karl et al. (2009) made a comprehensive 
SEF inventory for Europe. However, these authors noticed that because 
of the lack of information, the SEF values assigned for croplands do not 
correspond to actually observed fluxes but to ‘default’ values. Recently, 

the SEFs used in the model ORCHIDEE have been updated for several 
plant functional types, including croplands (Messina et al., 2016). The 
new SEFs were based on a detailed literature survey, but, probably 
because of a lack of available and usable data for these ecosystems, the 
SEFs assigned for croplands still relied on default values or on flux values 
measured for minor crops (in terms of harvested area). From a BVOC 
flux measurement study conducted on a maize field, which is the second 
most important worldwide crop, it was also concluded that these SEFs 
may be highly over-estimated for C4 crops grown in North-West Europe 
(Bachy et al., 2016). As a consequence, there is a real need to quantify 
SEFs from flux measurements for major crops, including winter wheat. 

The MEGAN model was historically designed to reproduce plant 
emissions of isoprene (Guenther et al., 2006). Since then, the model has 
been adapted for other compounds including OVOCs in the v2.1 version 
(Guenther et al., 2012), but the emissions algorithms are essentially 
identical to those of isoprene, although the physiological pathways 
(Niinemets et al., 2013) and the flux temporal dynamics (Brilli et al., 
2014) differ between compounds. To our knowledge, the ability of the 
MEGAN v2.1 model to reproduce the methanol exchanges from a crop 
species has never been tested. It would thus be worthwhile to test the 
ability of these models to reproduce the OVOC exchanges measured 
from crops at an ecosystem-scale. 

This study seeks to fill these gaps by presenting, for the first time, 
BVOC exchanges measured at the ecosystem-scale for a winter wheat 
field during contrasting developmental stages of the plant, with a 
particular focus on OVOC exchanges. First, the BVOC exchange 
composition and dynamics throughout the plant development will be 
presented. Senescence-induced effects will be specifically discussed. 
Second, a comparison will be made of the OVOC exchange rates with 
those reported in the literature for other agricultural species. Lastly, the 
ability of the MEGAN v2.1 up-scaling model (Guenther et al., 2012) to 
reproduce the measured OVOC exchanges will be evaluated. 

2. Materials and methods 

2.1. Measurement campaign 

BVOC fluxes were measured at the Lonz�ee Terrestrial Observatory 
(LTO), which is located in the agricultural silt loam region of Belgium 
(50�3300800 N, 4�4404200 E). Briefly, the site is a production field of 
approximately 12 ha located on a plateau. It is managed following the 
usual practices of the region and includes continuous micro- 
meteorological measurements, as well as CO2 and water vapour fluxes 
by eddy covariance since 2004. More information about this site can be 
found in Moureaux et al. (2006). 

Winter wheat (Triticum aestivum L., variety Matrix2cv) was sown on 
25 October 2012 and harvested on 12 August 2013. Liquid nitrogen 
fertiliser was applied on 16 April, 7 May and 21 May 2013. Weeding was 
applied on 17 April 2013, and fungicide on 8 June and 26 June 2013. 
During these events, the BVOC flux measurements were stopped for 
several days in order to prevent pollution of the instruments. 

The BVOC flux measurement campaign extended from 5 March 2013 
to 28 July 2013. However, due to technical constraints, it was periodi-
cally interrupted (15%, 4%, 8%, 17% and 30% of the time no data were 
available because of calibration, maintenance, failure, nitrogen/phyto-
sanitary product application and site sharing with other projects, 
respectively, and 4% of the data were discarded after quality filtering). 
The data coverage thus amounted to 23% or 1645 data points. BVOC 
exchanges were nevertheless measured during all main developmental 
stages of the plant, with the exception of the tillering stage (Fig. 2). This 
allowed the evaluation of BVOC exchange composition and magnitude 
throughout the plant development. 

2.2. BVOC flux measurements 

BVOC fluxes were calculated at the ecosystem-scale from wind speed 
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velocity and mixing ratio measurements, with a half-hour step, using the 
disjunct eddy covariance by mass scanning technique (DEC-MS). Ac-
cording to that technique, fluxes correspond to the covariance between 
the vertical wind velocity, which was measured with a sonic anemom-
eter (Solent Research R3, Gill Instruments Lymington, UK) mounted on a 
mast at 2.7 m height, and the concentration (in the present case, the 
mixing ratio MR was measured) of the target gases, which was measured 
with a high sensitivity proton-transfer-reaction mass spectrometer (hs- 
PTR-MS, Ionicon Analytik GmbH, Innsbruck, Austria). 

The instrumental set-up, flux calculation, filtering and error evalu-
ation used for this campaign were identical to those used in two former 
BVOC flux measurement campaign performed on a maize field and on 
bare soil at the same site and were thoroughly described in Bachy et al. 
(2016) and Bachy et al. (2018). Time-lag determination, correction for 
low-pass filtering and uncertainty analysis are particularly important 
aspects, especially when dealing with disjunct eddy-covariance (Rinne 
and Ammann, 2012). The time lag between the wind and the concen-
tration data streams was calculated using the technique recommended 
by Bamberger et al. (2010), H€ortnagl et al. (2010) and Taipale et al. 
(2010), whereby time lags are determined by covariance maximisation, 
using the disjunct concentrations to compute the cross-correlation curve 
and applying a smoothing function to that curve prior to peak deter-
mination. The fluxes were corrected for high frequency loss with theo-
retical transfer functions for deducing a cut-off frequency of the system 
following Moncrieff et al. (1997), the reference co-spectrum chosen 
being the one proposed in Kaimal and Finnigan (1994) which was found 
to be very similar to the local sensible heat co-spectrum. The half-power 
cut-off frequency was estimated to be 0.4 Hz. The resulting correction 
factor ranged between 1 and 1.8, with an average of 1.23 for all mea-
surement periods. The potential systematic flux error was estimated by 
comparing the water vapour flux obtained from the measurements with 
the hs-PTR-MS with that based upon the measurements with an infra-red 
gas analyzer, following Ammann et al. (2006). The slope of the rela-
tionship between the water vapour fluxes estimated with both in-
struments did not significantly differ from 1, leading to the conclusion 
that the fluxes were not biased. Finally, the individual flux random error 
(σ) was equated to the detection limit, following the technique described 
in Spirig et al. (2005). Using this detection limit for characterizing the 
noise level, the methanol, acetaldehyde, acetone, acetic acid, m/z 69 
and monoterpenes flux signal to noise ratio were on average 2.2, 1.9, 
2.4, 2.6, 2.4 and 4.6 for the whole dataset, respectively, and 4.8, 4.1, 4.1, 
4.2, 3.9, 4.1 if computed for the fourth quartile of absolute flux 
magnitude. Flux random error propagation and its final impact on flux 
average computation are discussed in section 2.4. For further details, the 
reader is redirected to Bachy et al. (2016) and Bachy et al. (2018). The 
only difference from those studies is that the shelter containing the 
hs-PTR-MS was located North-East of the mast (instead of South-East). 
That North-East sector is the second dominant wind sector at LTO, but 
CO2 co-spectra analyses did not reveal any significant influence of the 
shelter location on the fluxes. We therefore concluded that the shelter 
was located far enough away from the mast and that it did not disturb 
the fluxes. 

Thirteen ion species were measured, each with a dwell time of 0.2 s. 
This resulted in a flux measurement frequency of 0.25 Hz. Eight species 
are listed in Table 1 with their potentially contributing BVOCs. The five 
other species were related to various green leaf volatile compounds. 
Because we lacked calibration data to quantify their exchange rates, 
they were not included in this paper. Beside the primary ion and water 
vapour signal, six ion species are therefore presented in this paper, 
representing a limited number of compounds in potentially a much 
wider chemical complexity. Full screening of this complexity has 
recently been facilitated by the advent of online measurements by time- 
of-flight mass spectrometers although available studies are still limited 
to short time periods (Brilli et al., 2014; Gonzaga Gomez et al., 2019; 
Park et al., 2013; Ruuskanen et al., 2011). On herbaceous crops and 
grasses (Gonzaga Gomez et al., 2019; Ruuskanen et al., 2011), they 

confirmed that methanol dominates the exchanges and that the other 
selected compounds represent a significant part of the exchanges 
excluding methanol. 

Regular calibrations of the hs-PTR-MS for the other species but acetic 
acid, at ambient relative humidity, were performed every 3–4 days. 
Methanol, acetaldehyde, acetone, isoprene and monoterpenes were 
explicitly calibrated from a gravimetrically prepared diluted VOC 
mixture in nitrogen (Apel-Riemer Environmental Inc.) by using a dy-
namic dilution system. The systematic error on the calibration factors for 
those compounds is mainly determined by the uncertainty on their 
mixing ratio in the calibration bottle, which is 5%, as stated by the 
manufacturer. The calibration factor for acetic acid was estimated from 
the experimentally determined one for acetone by taking into account 
the fragmentation of the nascent excited protonated molecules in the 
drift tube (Inomata and Tanimoto, 2010; Schwarz et al., 2009) and the 
ratio of the calculated collision rate constants (Su, 1994) and by 
assuming the same transmission efficiency for ions at m/z 59 and 61. By 
using a similar procedure and experimental fragmentation fractions 
from the literature (Demarcke et al., 2009; Warneke et al., 2003), the 
calibration coefficient of typical potential contributors (2-methyl-3--
buten-2-ol, 1-penten-3-ol, 1-pentanal) other than isoprene to m/z 69 
was found to be about 70–80% of the one of isoprene. A conservative 
systematic error on the calibration coefficients of acetic acid and C5 
compounds other than isoprene is estimated to be 35 and 40%, respec-
tively. The accuracy on the concentration of lumped C5 compounds, 
based on the ion signal at m/z 69 and using the measured calibration 
coefficient for isoprene, is estimated to be at most 50%. Calibrations as a 
function of relative humidity, by controlling the humidity of the zero air 
for diluting the calibration gas by means of a dew point generator 
(LI-COR LI610, Lincoln, Nebraska, USA), were performed twice in the 
course of the measurement period (on 3 April 2013 and 11 July 2013) 
and only the isoprene signal at m/z 69 was found to be 
humidity-dependent. A linear relationship was obtained for the isoprene 
calibration coefficient versus the normalized water vapour signal at m/z 
39 (H5

18O16O). The slope of this linear relationship, in combination with 
the semi-weekly calibration coefficients, was then used to infer cali-
bration coefficients for every single measurement by considering the 
simultaneously measured instantaneous normalized ion signal at m/z 
39. It should be noticed that the calibration coefficient for isoprene only 
varies by 15% over the range of normalized ion signals at m/z 39 ob-
tained during the course of the experiments. 

Regarding flux sign and unit convention, a positive flux indicates an 
emission from the field to the atmosphere and all fluxes were expressed 
per m2 of soil. 

2.3. Ancillary measurements 

The micro-meteorological variables relevant to this study were: air 
temperature T (RHT2nl, Delta-T Devices Ltd, Cambridge, UK), relative 
humidity (RHT2nl, Delta-T Devices Ltd, Cambridge, UK), from which 
the saturation deficit Dsat was calculated, global incoming radiation RG 
(CNR 1, Kipp and Zonen, Delft, NL), photosynthetic photon flux density 
PPFD (BF3, Delta_T Devices Ltd, Cambridge, UK), rainfall (Collector and 

Table 1 
m/z ratio of ion species measured at LTO and their potentially contributing 
compound(s).  

m/z Ion species Potentially contributing compound(s) 

21 H3
18Oþ 3rd isotope of the 1st proton hydrate 

33 CH5Oþ Methanol 
39 H5

16O18Oþ 3rd isotope of the 2nd proton hydrate 
45 C2H5Oþ Acetaldehyde (ACD) 
59 C3H7Oþ Acetone, propanal 
61 C2H5O2

þ Acetic acid 
69 C5H9

þ Isoprene, methyl butenols, pentenols, methylbutanal 
137 C10H17

þ Monoterpenes (MT)  
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Tipping Bucket), soil water content at 5, 20 and 40 cm depth SWC (ML2, 
ThetaProbe, Delta-T Devices Ltd, Cambridge, UK), and friction velocity 
u*, derived from the sonic anemometer. In addition, latent heat LE, 
sensible heat H and net CO2 ecosystem exchange NEE values were 
measured with the conventional eddy covariance technique (Aubinet 
et al., 2009). The same sonic anemometer as for the BVOC flux mea-
surements was used for all flux measurements, and an infra-red gas 
analyser (IRGA, Li-7000, LI-COR, Lincoln, NE, USA) was used for water 
vapour concentration measurements at 20 Hz. All these variables were 
averaged every half-hour. 

The winter wheat phenological development was continuously 
monitored by taking daily pictures with a phenological camera, and by 
sampling winter wheat stamps at 9 dates in order to accurately deter-
mine their phenological stage and to quantify their above-ground 
biomass (Fig. 2). The phenological development was reported using 
the BBCH codification (Meier, 2001), which is a decimal scale used to 
describe the developmental periods of agricultural plant species. The 
leaf area index LAI was estimated by sampling winter wheat stamps on 
23 April 2013 (0.87 m2 m� 2) and 17 June 2013 (3.94 m2 m� 2). 

The canopy conductance gc was estimated by inverting the Penman- 
Monteith equation (Pita et al., 2013) when the canopy was well estab-
lished, i.e., from May 2013 to the end of the growing season. The 
aerodynamic resistance computation, necessary to estimate gc, is based 
on the parametrisations of Bonan (2008). The inversion of the 
Penman-Monteith equation is not suitable directly after a precipitation 
event, because the water vapour flux partly consists of transpiration but 
also includes the evaporation of water intercepted by the canopy (Gra-
nier et al., 2000). In addition, it led to very sparse results during the 
day-night transition hours, because both sensible heat and water vapour 
fluxes were close to zero at that time. Consequently, we discarded gc 
when one of the following conditions was met, following Granier et al. 
(2000): Dsat < 5% of the maximal Dsat value recorded during the growing 
season, RG < 5% of the maximal RG value, LE < 15% of the maximal LE 
value, H < 5% of the maximal H value, rain event in the previous 2 h. 
This discarded most nighttime and transition events. 

2.4. Statistical analyses 

BVOC flux composition data for each phenological stage that will be 
described in section 3.3 and Table 5.1 are given as flux averages, without 
any gap-filling of missing data. The error on the flux averages induced by 
individual flux random errors presented in section 2.2, was estimated by 
error propagation, in accordance with variance additivity properties. 
They will be given for each compound in Table 5 (Annex) but will not be 
discussed further due to their very low values. 

For each phenological stage, we performed simple and multiple 
linear regression analyses between OVOC fluxes and environmental 
variables. In addition, for the temperature an exponential fit was tested 
(Eq (1)) by using parametrisation close to the “light-independent” par-
ametrisation of the up-scaling BVOC model MEGAN v2.1 (Guenther 
et al., 2012), 

F¼ k1  expðk2ðT � 303:15ÞÞ þ k3 (1)  

where F is the flux [ug m� 2 h� 1], k1, k2 and k3 are empirical coefficient 
[μg m� 2 h� 1, K� 1 and μg m� 2 h� 1, respectively] and T is the air tem-
perature [K]. 

The relative contribution of the variables in multiple regression 
models was estimated by applying the protocol described in the 
“relaimpo” R-software package (Gr€omping, 2006). 

All statistical analyses were performed on half-hourly averaged data 
for methanol fluxes. For the other compounds, as the exchanges were 
much smaller than for methanol and thus contained a large amount of 
random noise, the flux data were averaged per two consecutive hours 
prior to each analysis. 

2.5. Estimation of the OVOC fluxes with the MEGAN v2.1 algorithms 

We tested the ability of the MEGAN v2.1 model to reproduce the 
OVOC exchanges measured for mature leaves over three simulations. In 
the first simulation (‘No adj.’ standing for ‘no adjustment of the pa-
rameters to the measured data’), we used all parameter values assigned 
in the model. In the second simulation (‘SEF adj.’), we adjusted SEF to 
the measured fluxes. In the third simulation (‘SEF, β and LDF adj.’), we 
adjusted the SEF and the values of β and of the light dependent fraction 
LDF, which are key parameters in the MEGAN v2.1 model. For each 
simulation, we used the MEGAN v2.1 algorithms. These are described in 
Guenther et al. (2006), Guenther et al. (2012) and Müller et al. (2008) 
for the leaf age factor, the environmental factor (leaf-scale) and its 
scaling-up, respectively. 

As the environmental factor is parametrised at the leaf scale, we built 
a simple canopy model to estimate the penetration of light in the canopy. 
For this, we divided the canopy into 8 layers of constant LAI, as done by 
Stavrakou et al. (2011). For each layer, the incident PPFD was estimated 
from the PPFD measured at the top of the canopy, by applying Beer’s 
law. The extinction coefficient, which represents the decrease rate for 
PPFD throughout the canopy, was set to 0.68. This corresponds to the 
value used by Personne et al. (2009) for croplands located in North-West 
Europe. The fraction of sun and shade leaves was estimated by relying on 
the parametrisations of the MOHYCAN canopy model (Müller et al., 
2008). It was also assumed that the canopy temperature was equal to the 
air temperature in each layer. 

The canopy coefficient factor Cce, which is a multiplicative factor 
used to ensure that the estimated flux equals SEF under standard con-
ditions (Guenther et al., 2012), was estimated to 0.56 for isoprene in our 
canopy model, which is very close to the Cce value from the MEGAN 
v2.1 canopy environment model (0.57). This was adapted for each 
OVOC and each simulation (Table 4). 

We lacked sufficient LAI data to evaluate the model over the whole 
winter wheat growing season. Consequently, we performed the simu-
lation only for the period when the leaves were mature (i.e., stage E). 
The LAI was measured during that period, and as the leaves were mature 
we can reasonably assume that it remained constant. We thus used the 
algorithms described for a constant LAI value in Guenther et al. (2006) 
to estimate the leaf age factor for mature leaves. 

Finally, as senescence-induced emissions were observed for some 
OVOCs (Section 3.6), we estimated the leaf age factor ϒage for senescing 
plants. This factor was estimated as the slope of the relationship between 
the flux estimated when the plants were senescent (i.e., stage Sen2, 
Section 3.2) with all parameters derived from mature leaves (simulation 
‘SEF adj.’) and the measured flux. By doing this, it was assumed that the 
LAI remained constant when the plants became senescent. 

2.6. Software 

All figures and statistical analyses were performed with the Matlab 
2012b software and its statistical toolbox (Mathworks, Natick, MS, 
USA). The parameters of the MEGAN v2.1 model were adjusted by 
minimising the square root difference between the modelled and the 
measured flux with the fminsearch and fminsearchbnd functions, where β 
was constrained to be non-negative and LDF to range between 0 and 1. 

3. Results and discussion 

3.1. Meteorological conditions 

The weather (Fig. 2) was abnormally cold in Belgium in March 2013 
(Belgian Royal Meteorological Institute, RMI), due to polar wind 
occurrence, and the field was covered by snow from 10 to 17 March 
2013 and from 24 to 26 March 2013. In April, May and June 2013, the 
weather was normal (RMI). July 2013 was warmer and brighter than 
commonly observed in Belgium (RMI), and a heat wave occurred from 
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21 to 27 July 2013 (according to the RMI, a heat wave is defined by at 
least 5 consecutive days with a maximal temperature above 25 �C, of 
which at least 3 have a maximal temperature above 30 �C). During this 
event, the soil moisture at 5 and 20 cm depth decreased below the 
readily usable water threshold (estimated at 26% vol. vol� 1). However, 
the soil moisture at 40 cm depth remained close to the field capacity, and 
the latent heat flux LE continued to closely follow the saturation deficit 
Dsat. Consequently, even though soil moisture was low near the soil 
surface, the winter wheat did not visibly suffer from drought stress 
during the whole measurement campaign. 

3.2. Winter wheat phenology 

Winter wheat was sown in autumn 2012 and germinated during that 
period (Fig. 1). The plants remained small with a small biomass until 
April 2013. The leaves unfolded in winter 2012–2013 (stage L: leaf 
unfolding), but, because of the cold conditions that occurred in March 
2013, at the end of the growing season the stamps had one leaf less than 
is usually observed in this region. The tillers appeared in April (stage T: 
tillering), and were followed by stem elongation (stage S: stem elonga-
tion). In June 2013, the reproductive phase began and the ears formed 
(stage E: ear formation). At the end of stage E, the LAI was estimated to 
3.94 m2 m� 2. 

The leaf and stem biomass increased up to 16 July 2013. From that 
date, it decreased due to the start of winter wheat senescence, and the 
NEE began to decrease. The leaves remained green overall up to 23–24 
July 2013. After this the leaves, stem and ears turned progressively 
yellow, and by 1 August 2013 the plants were entirely dry and yellow. 
We thus divided the senescence period into 2 stages: the first, Sen1, 
occurred from 16 July to 23 July 2013, and was associated with rather 
green plants. The second, Sen2, occurred from 24 July 2013 to 27 July 
2013 (end of the BVOC flux measurement campaign), and was associ-
ated with plants turning yellow. 

The developmental stages of the winter wheat occurred under 
different temperature conditions, with a gradual increase in temperature 
from stage L to the senescence phase (Fig. 6). In particular, the low 
temperatures observed during stages L and S were not observed during 
the later phenological stages. Because this variable was well correlated 
with the OVOC fluxes investigated at LTO (Table 2), it was not possible 
to detect leaf age effects on OVOC exchanges. However, during the 
stages E (mostly mature leaves, not senescing), Sen1 (senescence – 
mostly green plants) and Sen2 (senescence – plants turning yellow), the 
temperatures overlapped sufficiently to enable the detection of 

senescence-induced BVOC exchanges. This effect will be discussed in 
Section 3.6. 

3.3. BVOC fluxes in the context of other studies 

The BVOC exchange composition for the winter wheat field (Fig. 3) 
was in good agreement with those reported in other crop and grass 
studies (Bachy et al., 2016; Brilli et al., 2012; Copeland et al., 2012; 
Crespo et al., 2013; Custer and Schade, 2007; Eller et al., 2011; Fall 
et al., 1999; Graus et al., 2013; Ruuskanen et al., 2011; Warneke et al., 
2002). OVOC (including methanol, acetic acid, acetaldehyde and 
acetone) exchanges were 22 times larger than isoprene (as a potential 
contributor to the m/z 69 ion signal) and monoterpene exchanges. In 
addition, methanol was the main exchanged compound for all stages, 
contributing from 33% (stage L) to 80% (other stages) to net absolute 
BVOC exchanges (Table 5) on a mass basis. Methanol was emitted 
during the whole growing season with the exception of the stage L, 
which occurred under cold and mild conditions and during which it was 
captured. 

3.4. OVOC uptake under cold conditions 

When the weather conditions were cold and wet, i.e., during stage L, 
all investigated OVOCs were captured by the ecosystem. Their ex-
changes were on average very highly significant (Table 5), but they did 
not follow a clear diurnal cycle (Fig. 4), and did not correlate well with 
any of the tested environmental variables (Table 2). 

Despite the fact that the statistical analyses did not enable us to 
highlight any flux driving variable(s), it is highly plausible that the 
uptake resulted from dry deposition and adsorption processes. Indeed, 
OVOCs are highly soluble in water (Sander, 2015), and the soil was wet 
during stage L. In addition, because of the low temperatures that 
occurred during that period the biological activity was very likely hin-
dered, whereas the OVOC solubility was enhanced. It is well known that 
OVOC exchanges are bi-directional (Jardine et al., 2011, 2008; Kessel-
meier et al., 1998; Niinemets et al., 2014; Wohlfahrt et al., 2015), and 
that cold and wet conditions favour uptake, whereas warm and dry 
conditions rather favour emission. Several studies have reported meth-
anol (Laffineur et al., 2012; Wiß et al., 2017; Wohlfahrt et al., 2015), 
acetaldehyde (Jardine et al., 2008) or acetic acid uptake (Jardine et al., 
2011) under wet and/or cold conditions, including at the LTO site 
(Bachy et al., 2016). In particular, bi-directional methanol exchanges 
were measured for bare soil at the LTO site, and analyses indicated that 

Fig. 1. Biomass growth of winter wheat, BVOC flux measurement periods (in dark), and meteorological conditions. The numbers at the top of the biomass chart 
indicate the winter wheat developmental stage with regard to BBCH codification (Meier, 2001). The letters at the bottom of the chart indicate the management 
operations: T ¼ tillage, S ¼ sowing, N ¼ nitrogen application, P ¼ phytosanitary product application (weeding or fungicide), H ¼ harvest. 
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they were driven partly by adsorption and desorption processes (Bachy 
et al., 2018). 

3.5. OVOC exchanges under mild and warm conditions (stages S to Sen2) 

As the winter wheat developed (stages S to Sen2), the weather con-
ditions became warmer. Methanol, acetic acid, acetaldehyde and 
acetone then exhibited dynamics which were in line with those reported 
in the literature, while m/z 69 and monoterpenes exchanges were lower 
and noisier, making it difficult to comment any temporal dynamics 
(Fig. 4, Table 2). 

3.5.1. Emission of methanol 
Methanol was mainly emitted. The fluxes followed a very clear 

diurnal cycle from stages S to Sen2, with daytime emission and low 
uptake (stage S) to null exchange (other stages) during the nighttime. 
The methanol fluxes correlated best with incoming radiation (linear) 
and temperature (exponential), both variables contributing significantly 
to the exchange. 

This dynamic is in agreement with the literature. The dependence of 
methanol emission on light (Fall et al., 1999; Harley et al., 2007; 
Mozaffar et al., 2017; Park et al., 2014; Wohlfahrt et al., 2015) and 
temperature (Custer and Schade, 2007; Harley et al., 2007; Karl et al., 
2005; Park et al., 2014) was reported by several studies, including crop 
and grass studies (Custer and Schade, 2007; Fall et al., 1999; Karl et al., 
2005; Mozaffar et al., 2018). As in our study, the dependence on tem-
perature was found to be exponential at the ecosystem-scale (Crespo 
et al., 2013; Karl et al., 2005; Park et al., 2014), whereas the dependence 
on light was linear (Fall et al., 1999; Park et al., 2014; Wohlfahrt et al., 
2015). 

Over the course of the whole growing season, methanol emission far 
exceeded the uptake measured during stage L (Table 5). This implies a 
methanol source in the ecosystem. Because both soil (Bachy et al., 2018) 
and plants (Harley et al., 2007; Mozaffar et al., 2017; Niinemets and 
Reichstein, 2003) emit methanol under warm and light conditions, this 
source was probably a combination of soil and plant exchanges. Further 
analyses are needed to distinguish them. 

3.5.2. Uptake of acetic acid 
In contrast to the aforementioned OVOCs, acetic acid was mainly 

captured by the ecosystem during stages E and Sen2. The uptake was 
more pronounced in the morning (06h00 – 12h00), then decreased in 

the afternoon (12h00 – 18h00), reaching close to zero during the 
nighttime. Conversely, small but significant emissions were observed 
during stage S. The fluxes were probably too small to identify any 
particular diurnal dynamics during stage S. 

Few herbaceous crop and grass studies have analysed acetic acid 
fluxes, but some also reported acetic acid uptake, or bidirectional ex-
change (Copeland et al., 2012). It has been demonstrated at the 
leaf-scale that some cereal species like barley or rye, which belong to the 
same family as winter wheat, consume acetic acid (Kesselmeier et al., 
1998), whereas tree species rather emit that compound (Park et al., 
2014) None of these studies investigated the relationship between acetic 
acid and environmental variables, though, so dynamics could not be 
compared. 

The observed correlations were too small to definitively identify any 
driving variable, but the continuous captures of acetic acid during two 
developmental stages of the plants indicates an acetic acid sink in the 
ecosystem. Deposition velocities were never exceeding maximum 
deposition velocities, meaning that a chemical sink for that compound 
was not observed (Fig. 7, Annex). The uptake measured from stage E to 
Sen2 occurred under a low ambient acetic acid mixing ratio and warm 
conditions. As a consequence, it is unlikely that it resulted from purely 
physical dry deposition and adsorption processes, which are rather 
favoured by high ambient mixing ratios and low temperatures. More 
analyses are needed to pinpoint this sink between the plants and the soil. 
On one hand, if winter wheat behaves like other cereals, it consumes 
acetic acid (Kesselmeier et al., 1998). On the other hand, acetic acid 
fluxes of same magnitude as those reported in this study were observed 
from bare soil at LTO (Bachy et al., 2016). The occurrence of a soil sink 
was also suggested by Jardine et al. (2011) from acetic acid concen-
tration gradient analyses. 

3.5.3. Emission of acetaldehyde and acetone 
The exchanges of acetaldehyde and acetone were only significant 

during daytime and in warm temperatures (more than 26 �C and 22 �C, 
respectively). An exponential relationship was found between acetal-
dehyde fluxes and temperature during the stages Sen1 and Sen2, 
whereas acetone exchanges were rather driven by a combination of 
temperature and light. 

These observations are quite consistent with the literature. First, 
several crop and grass studies conducted at the ecosystem-scale also 
reported small or insignificant acetaldehyde and acetone exchanges 
(Bachy et al., 2016; Copeland et al., 2012; Custer and Schade, 2007; Fall 

Fig. 2. Meteorological conditions during the winter wheat growing season. T ¼ air temperature; SWC ¼ soil water content at 5, 20 and 40 cm depth; Dsat ¼water 
vapour saturation deficit, RG ¼ global incoming radiation; LE ¼ latent heat flux; NEE ¼ net ecosystem exchange. 
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Table 2 
Statistics of the regression between OVOC fluxes (half-hourly fluxes for methanol, 2 h-averaged fluxes for other compounds) and diverse environmental variables. The 
upper letters indicate the phenological stage (see Fig. 1, Section 3.2 for details). The letters in the first column denote the environmental variables (Section 2.3 for 
details): T for air temperature, RG for global radiation, SWC for soil water content, MR for ambient mixing ratio, gc for canopy conductance and u* for friction velocity, 
The symbols indicate the slope of the relationship (when it is significant). The number of symbols gives its significance. One symbol corresponds to a p-value between 
0.05 and 0.01, two symbols to a p-value between 0.01 and 0.001, and three symbols to a p-value below 0.001. “ns” stands for “not significant” (p-value above 0.05). 
The numerical values are the determination coefficient (only for significant relationships). All fits were made with a linear regression model, unless “exp” is indicated. 
In that case the fit was made following Eq (1). “Rel. contr. of X” indicates the relative contribution of the predictor X into a multiple model (Section 2.4). The best 
determination coefficients are in bold.  

Methanol 

Stage L S E Sen1 Sen2 Whole season 

Simple regression analyses 

T – 0.02 þþþ 0.08 þþþ 0.28 þþþ 0.59 þþþ 0.53 þþþ 0.33 
T (exp)   þþþ 0.08 þþþ 0.31 þþþ 0.61 þþþ 0.53 þþþ 0.49 
RG ns  þþþ 0.24 þþþ 0.45 þþþ 0.57 þþþ 0.81 þþþ 0.35 
SWC ns  ns  – 0.02 – 0.03 þþ 0.07 – 0.18 
MR ns  ns  Ns  ns  – 0.15 þþþ 0.07 
gc   ns  Ns  – 0.19 ns  – 0.12 
u*  ns  þþ 0.03 þþþ 0.13 þþþ 0.09 þþþ 0.40 þþþ 0.05 

Multiple regression analyses 

T þ RG   þþþ 0.25 þþþ 0.47 þþþ 0.69 þþþ 0.83 þþþ 0.47 
Rel. contr. of T   ns  þþ 0.14 þþþ 0.35 þþþ 0.28 þþþ 0.22 
Rel. contr. of RG   þþþ 0.21 þþþ 0.31 þþþ 0.33 þþþ 0.56 þþþ 0.24 
T (exp) þ RG   þþþ 0.25 þþþ 0.47 þþþ 0.72 þþþ 0.83 þþþ 0.55 
Rel. contr. of T   ns  þþþ 0.16 þþþ 0.35 þþþ 0.28 þþþ 0.35 
Rel. contr. of RG   þþþ 0.21 þþþ 0.31 þþþ 0.36 þþþ 0.56 þþþ 0.21 

Acetic acid 

Stage L S E Sen1 Sen2 Whole season 

Simple regression analyses 

T ns  ns  – 0.20 ns  ns  – 0.05 
RG ns  þ 0.04 – 0.23 ns  ns  – 0.06 
SM ns  ns  ns  ns  ns  þþþ 0.04 
MR ns  – 0.09 – 0.21 ns  ns  – 0.10 
gc   ns  ns  ns  ns  ns  
u*  ns  þ 0.06 – 0.04 ns  –  ns  

Acetaldehyde 

Stage L S E Sen1 Sen2 Whole season 

Simple regression analyses 

T ns  ns  ns  þþþ 0.23 þþþ 0.62 þþþ 0.11 
T (exp)       þþþ 0.45 þþþ 0.76 þþþ 0.21 
RG – 0.04 ns  – 0.04 þþ 0.09 þþþ 0.58 þþ 0.01 
SM þ 0.04 ns  þ 0.03 – 0.14 ns  – 0.05 
MR – 0.03 ns  – 0.09 – 0.05 ns  – 0.01 
gc   ns  þþ 0.12 – 0.19 ns  – 0.03 
u*  – 0.03 ns  Ns  ns  þþþ 0.31 ns  

Multiple regression analyses 

T þ RG       þþþ 0.23 þþþ 0.71 þþþ 0.11 
Rel. contr. of T       þþþ 0.19 þþþ 0.37 þþþ 0.10 
Rel. contr. of RG       ns  þþ 0.33 ns  
T (exp) þ RG       þþþ 0.45 þþþ 0.82 þþþ 0.23 
Rel. contr. of T       þþþ 0.41 þþþ 0.50 þþþ 0.21 
Rel. contr. of RG       ns  þþ 0.32 – 0.02 

Acetone 

Stage L S E Sen1 Sen2 Whole season 

Simple regression analyses 

T ns  ns  ns  þþþ 0.24 þþþ 0.27 þþþ 0.15 
T (exp)       þþþ 0.37 þþþ 0.27 þþþ 0.19 
RG ns  ns  þ 0.03 þþþ 0.14 þþþ 0.35 þþþ 0.07 
SM ns  ns  ns  – 0.05 ns  – 0.12 
MR – 0.10 ns  – 0.02 ns  ns  þþþ 0.04 
gc   ns  ns  ns  ns  ns  
u*  ns  ns  ns  ns  þþ 0.22 ns  

Multiple regression analyses 

T þ RG       þþþ 0.24 þþþ 0.37 þþþ 0.16 
Rel. contr. of T       þþ 0.17 ns  þþþ 0.12 

(continued on next page) 
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et al., 1999; H€ortnagl et al., 2014; Ruuskanen et al., 2011). The expo-
nential flux-temperature relationship and the diurnal flux variation are 
also in agreement with the literature for diverse plant species (Karl et al., 
2004, 2002; Schade and Goldstein, 2001), including crops (Das et al., 
2003; Karl et al., 2005). 

Lastly, the emission of acetaldehyde and acetone (stages Sen1 and 
Sen2) nearly outbalanced their uptake (stage L), leading to a close to 
zero average over the whole growing season (Table 5). Additional an-
alyses are thus needed to conclude whether an acetaldehyde/acetone 
source and a sink were actually present in the ecosystem, and offset each 
other, or whether the exchange was only ruled by adsorption (stage L) 
and desorption (stages Sen1 and Sen2) processes. In addition, as bi- 
directional exchanges were reported from plants (Jardine et al., 2008) 
and soil (Bachy et al., 2016), additional analyses are needed to disen-
tangle their relative contribution. 

3.6. Senescence-induced emissions for methanol and acetaldehyde 

The methanol emissions were, on average, significantly higher dur-
ing the Sen2 stage than during the other phenological periods. The air 
temperature was also higher during the Sen2 stage. In order to disen-
tangle both effects and possibly highlight a “senescence” effect on the 
methanol emissions, a multiple linear regression model was adjusted to 
the flux measured during stages E, Sen1 and Sen2. Then, the methanol 
flux was predicted with each model for three different global incident 
radiation-temperature paired values, and the predicted values were 
compared (Fig. 5). The choice was made to rely on a prediction model 
rather than directly on the flux data because the global incident radia-
tion and temperature distribution vary between phenological stages. As 
a consequence, it was not possible to find global incident radiation and 
temperature paired values with a high occurrence for the three 

compared stages (i.e., stages E, Sen1 and Sen2). 
The main conclusion of this analysis is that senescence-induced 

methanol and acetaldehyde emissions occurred when the winter 
wheat turned yellow and dry. The emissions of these two compounds 
were much higher during Sen2 than during stages Sen1 and E when 
similar temperature and/or light conditions prevailed (Fig. 5). We argue 
that this increase was induced by the senescing plants. Although both 
soil and plants probably contributed to the measured exchanges 
throughout the winter wheat growing season, and although it is possible 
that acetaldehyde exchanges were mainly driven by adsorption/ 
desorption processes at LTO, the hypothesis of enhanced soil emissions 
or desorption was implausible during the Sen2 stage because the tem-
perature decreased from 24 to 27 July 2013, whereas the methanol and 
acetaldehyde emissions increased over these three days. 

The senescence-induced emissions did not occur at the onset of 
senescence (Sen1), but when the plants became massively dry and yel-
low (Sen2). This finding is in line with the findings of Mozaffar et al. 
(2017) who observed strong increases in methanol and acetaldehyde 
emissions from maize leaves only a few days after the onset of the leaf 
chlorosis. It contrasts with the findings of Crespo et al. (2013) who re-
ported similar emission rates for green and yellow leaves of Miscanthus 
spp. 

Unfortunately, for technical reasons, the measurements were 
stopped 15 days before the winter wheat harvest so more investigation is 
needed to quantify the actual duration of these senescence-induced 
emissions. Leaf-scale experiments conducted on senescing maize 
leaves revealed a rise in methanol and acetaldehyde emissions that 
began 1–4 days after leaf chlorosis and lasted for 3–8 days (Mozaffar 
et al., 2017). This emission peak was followed by much smaller but still 
significant emissions. From our data, we can reasonably conclude that 
we recorded, at least partly, the rising phase of the senescence-induced 
emissions from 24 to 27 July. 

In contrast to methanol and acetaldehyde, no senescence-induced 
emissions were observed for acetone and acetic acid (Fig. 5). 
Regarding acetone, this finding is in line with the studies of Karl et al. 
(2005) and Mozaffar et al. (2017) who did not report strong 
senescence-induced acetone emissions. However, regarding acetic acid, 
our finding is in contrast with these studies. It is possible that our 
measurement campaign was stopped too early to catch 
senescence-induced acetic acid emission. Mozaffar et al. (2017) 
observed that these emissions occurred a few days after the emission 
peak of methanol and acetaldehyde. At LTO, the measurements were 
stopped from 27 July, i.e., when methanol and acetaldehyde emissions 
were still increasing. 

3.7. Comparison of OVOC exchange rates with other herbaceous crops 

The average OVOC exchange rates and the maximal emission rates 
reported in this study were up to 3-fold more substantial than those 
reported by Bachy et al. (2016) and Custer and Schade (2007) from 
maize and a white clover field, respectively (Table 3). The total amount 
of carbon emitted as measured BVOC was also 2 to 10-fold more sub-
stantial than that reported by Miresmailli et al. (2013) for diverse crop 
species. In contrast, the average exchange rates reported in this study 
were one to two orders of magnitude lower than those reported in the 
only available study on winter wheat by Gonzaga Gomez et al. (2019). 
And exchange rates (average and maximal emission) were 2, 5, 13 and 
55-fold less important than those reported by Copeland et al. (2012), by 
Bamberger et al. (2010), by Graus et al. (2013), and by Das et al. (2003) 

Table 2 (continued ) 

Rel. contr. of RG       ns  þ 0.22 þ 0.04 
T (exp) þ RG       þþþ 0.38 þþþ 0.37 þþþ 0.20 
Rel. contr. of T       þþþ 0.30 ns  þþþ 0.16 
Rel. contr. of RG       ns  þ 0.22 ns   

Fig. 3. Biogenic volatile organic compound (BVOC) exchange composition for 
each phenological stage. The phenological stages are indicated by the letters at 
the top (see Fig. 1 for details). The numerical values used for this chart are the 
flux average, without any gap-filling. They are given in Table 5 along with the 
standard error of the mean, the flux average significance and the relative 
contribution of each compound to the net absolute BVOC exchange. Note the 
different y-scales for methanol and other BVOCs. 
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for Miscanthus spp, for grassland, for maize and for maize, respectively. 
Also, while methanol exchange rates reported in this study were more 
than 6-fold more substantial than in the maize study of Wiß et al. (2017), 
acetone and acetaldehyde exchange rates were 5 to 10-fold less 
important. 

Although we have limited the comparison to herbaceous crops, it is 
difficult to draw conclusions about the relative importance of winter 
wheat in OVOC exchanges by relying on that comparison. The difference 
with Gonzaga Gomez’s values on wheat is amazing. However, when 
comparisons are made at the same stage of development (ripering, 
corresponding to our senescence phase), the disagreement is already 
reduced, for methanol to a factor of 4–6 for instance. The OVOC ex-
change rates also vary strongly within maize studies and within Mis-
canthus studies. Furthermore, Bachy et al. (2016) showed that OVOC 
fluxes strongly diverged between these three maize studies, even when 
they were normalized for temperature, light and phenology. Methodo-
logical limitations for each of the flux/concentration measurement 
techniques used are always possible. Some are identified but difficult to 
avoid such as poor moisture control in sampling lines/chambers, high 

moisture being responsible for soluble compounds dissolution, or the 
limited number of compounds scanned in DEC-MS. These potential 
technical biases add complexity to the comparison exercise. Therefore, 
more research, in particular long-term studies, should be conducted on 
these species in various climates, and to a greater extent on all major 
crops, in order to allow a comparison of exchange rates between crop 
species. 

3.8. Ability of the MEGAN v2.1 up-scaling model to reproduce the OVOC 
exchanges at LTO 

The MEGAN v2.1 model (Guenther et al., 2012) is designed to esti-
mate the OVOC emissions from plants. The OVOC fluxes measured at 
LTO very likely originated from both soil and plants (Sections 3.4 and 
3.5), but we have shown that, for all investigated OVOCs except acetic 
acid, the fluxes were very well correlated with temperature in an 
exponential way, and/or with the incident light in a linear way (Section 
3.5). These two variables being the main input variables of the MEGAN 
v2.1 algorithms, the question arose whether MEGAN v2.1 would be able 

Fig. 4. Circadian OVOC flux dynamics for each phenological stage (represented by the letters, see Fig. 2 and Section 3.2 for details). One point corresponds to a 2 h 
flux average (�SE). Note the varying y-scales. 
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to reproduce the net OVOC flux observed at LTO, in spite of the fluxes 
not originating solely from the plants. 

In order to answer that question, we performed the three simulations 
on mature leaves, referred as “No adj.”, “SEF adj.” and “SEF, β and LDF 
adj.”, described in section 2.5. We also evaluated the ability of the model 
to reproduce the senescence-induced OVOC emissions in the simulation 
“Sen: ϒage adj.”, where we estimated a leaf age factor ϒage. Methodo-
logical details are also described in Section 2.5. 

The MEGAN v2.1 model was capable of reproducing the methanol 
fluxes measured at LTO for all selected periods, with determination 
coefficients of at least 75% (Table 4). It was also able to reproduce the 
acetaldehyde and acetone flux dynamics, but the determination co-
efficients were much lower than for methanol when the leaves were 
mature (<20%) due to close to zero exchanges under mild conditions, 
characterising the mature stages E and Sen1 (Section 3.5.3). In these 
conditions, measured fluxes contained a large amount of random noise 
and therefore, although the model simulated a very small emission for 
both compounds, the agreement between the model and the flux was 
poor. Besides this, when higher temperatures were selected the agree-
ment between the measured and the modelled acetaldehyde and acetone 
fluxes was much higher (Table 4). 

For both compounds and all selected periods (mature - senescent), a 
good agreement was however found only when using adjusted values of 
key MEGAN parameters (simulations “SEF adj.”, “SEF, β and LDF adj.” 
and “Sen: ϒage adj.”). 

First, the SEF values assigned in the MEGAN v2.1 model for crop-
lands were more than 3, 4 and 2.5 times higher than the methanol, 

acetaldehyde and acetone fluxes measured under standard environ-
mental conditions, respectively. As a consequence, when adopting all 
parameters proposed by MEGAN v2.1, including SEF, (“No adj.”), the 
model was qualitatively able to reproduce the exchange dynamics, but 
the methanol, acetaldehyde and acetone fluxes were quantitatively 
overestimated by these factors. 

Second, the leaf age factor ϒage was adapted from 1.22 to 1.00 
(values assigned in the MEGAN v2.1 model) to 2.74 and 5.60 (adjusted 
values) for methanol and acetaldehyde, respectively, in order for the 
model to reproduce the fluxes without biases. This means that the model 
under-estimates the effect of senescence on methanol and acetaldehyde 
exchanges. In addition, these adapted ϒage factors are likely under-
estimated because we relied on the assumption of a constant LAI 
throughout stages E, Sen1 and Sen2, while it is known that active 
vegetative biomass starts to decrease from the beginning of Sen1 (Sec-
tion 3.6). 

Regarding methanol and acetone, the common adjustment of SEF, β 
and LDF (“SEF, β and LDF adj.” versus “SEF adj.”) did not noticeably 
improve the quality of the fit, showing that the β and LDF assigned in the 
MEGAN v2.1 model were appropriate to our site, especially for meth-
anol. In contrast, the same exercise for acetaldehyde improved the fit 
between measured and modelled fluxes by a factor of two. The adjusted 
β value was 4.5-fold higher than the one used by the model, suggesting a 
steeper increase in acetaldehyde emission with temperature, and LDF 
equalled 0 whereas a value of 0.80 is used in the MEGAN v2.1 model. 

Finally, in most simulations, the intercept between the measured and 
the modelled flux was significantly negative. This negative intercept is 

Fig. 5. OVOC fluxes under similar temperature and/or light conditions for different phenological stages (see Fig. 2 and Section 3.2 for details). Note the varying 
y-scales. 
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due to the fact that the MEGAN v2.1 model was built to estimate OVOC 
emissions (Guenther et al., 2012), whereas OVOC uptake was also 
measured at this site. The value of the intercept could thus be inter-
preted as a very basic interpretation of OVOC loss by dry deposition on 
the ecosystem (i.e., L, see (Stavrakou et al., 2011)). 

3.9. Implications for OVOC flux modelling 

Winter wheat is the most important crop grown in Europe (FAO-
STATS, 2016), where it accounts for 33% of the total harvested crop 
area. It is thus highly representative of the C3 agricultural lands in this 
region. The above analysis shows that, despite the uncertain origin 
(plants or soil) of the fluxes, the MEGAN v2.1 model could adequately 
reproduce the OVOC exchanges, but that the SEF values assigned by the 
model were strongly over-estimated, whereas the leaf-age activity factor 
(ϒage) for senescing plants was strongly under-estimated for methanol 
and acetaldehyde. Our observations therefore suggest that the actual 
cropland contribution to the OVOC budget is lower than predicted by 
the models in Northwestern Europe, which contradicts the conclusion 
that agriculture significantly influences the OVOC exchanges in Benelux 
(Oderbolz et al., 2013). 

However, because these values were determined from only one site, 

and because the exchanges vary greatly between sites for a single crop 
species, we recommend additional BVOC flux measurement studies on 
croplands to compare the values reported in this study. It should also be 
emphasised that the Cce parameter was adjusted for each OVOC in this 
study, in order to ensure that the exchanges equal the SEF under stan-
dard environmental conditions. In contrast, the MEGAN v2.1 model 
considers only one value of Cce for all compounds, the latest being 
derived from isoprene, so that the OVOC fluxes estimated with the 
model are not equal to SEF under standard environmental conditions. 
The SEF values reported in this study should thus be adapted accordingly 
when the Cce value for isoprene (i.e., 0.57) is used instead of the proper 
Cce value determined for each compound. The adjusted Cce values being 
much lower than that of isoprene (Table 4), this modification would 
further lower the value of SEF, and increase the overestimation of the 
SEF values currently assigned in the models. Note also that the ϒage 
values proposed in this study were estimated by considering a LAI equal 
to that of a mature plant. They should be adapted accordingly if the 
vegetation model simulates a decrease in LAI along with the (vegetative 
part of the) plant senescence. 

Regarding acetaldehyde, the ability of the model to reproduce these 
exchanges was strongly improved when the parameters β and LDF were 
adjusted. Nevertheless, given the low model performance for mature 

Table 3 
OVOC exchanges by diverse herbaceous crop and grass species. Only cuvette studies providing sufficiently precise enclosed biomass data allowing upscaling are 
included. The annotation xx � yy denotes the flux average � standard error of the mean, and the formalism xx - yy denotes the flux range. The climate type was defined 
by matching the GPS coordinates of each measurement site with the World Map of K€oppen-Geiger climate classification (Kottek et al., 2006). Cfb ¼warm temperate 
humid climate with warm summer. BSk ¼ cold arid steppe. Dfa ¼ humid snow climate with hot summer. Dfc ¼ humid snow climate with cool summer.  

Species Flux [μg m� 2 h� 1] Flux [μg C m� 2 h� 1]    

Methanol Acetaldehyde Acetone Acetic 
acid 

All 
BVOC 

Climate Meas. technique/BVOC 
conc. instr. 

Duration 
(days) 

Authors  

Winter 
wheat 

62 � 3.3 ‒2 � 0.8 ‒2 � 0.8 ‒11 � 0.9 21 Cfb DEC-MS/PTR-MS 146 This study  

‒459 - 1128 ‒148 - 135 ‒135 - 135 ‒261 - 157  Cfb DEC-MS/PTR-MS 146 This study  
900a 30a 130a  1500a Cfb In situ cuvette/PTR-TOF-MS 7 Gonzaga 

Gomez et al. 
(2019) 

Maize 27 � 0.8 ‒2 � 0.3 ‒0.1 � 0.2 ‒5 �0.2 9 Cfb DEC-MS/PTR-MS 148 Bachy et al. 
(2016)  

3450 � 1456  425 � 223   Cfb Gradient/GC-MS 4 Das et al. 
(2003)  

821 � 59b 159 � 54b 125 � 10b 380 � 57b  BSk In situ cuvette/PTR-MS 2 Graus et al. 
(2013)  

11c 12c 18c   Cfb Whole plant chamber/PTR-MS  Wiß et al. 
(2017)  

24d 0.39d 1.5d 0.09d 30d Cfb In situ cuvette/PTR-TOF-MS 7 Gonzaga 
Gomez et al. 
(2019) 

Rapeseed 4696e 60e 208e 60e 7360e Cfb In situ cuvette/PTR-TOF-MS 7 Gonzaga 
Gomez et al. 
(2019) 

Miscanthus ‒2000 - 3000 � 1000 - 1000 ‒2000 - 
2000 

‒1000 - 500  Cfb DEC-MS/PTR-MS 30 Copeland 
et al. (2012)   

2 � 1 Dfa Gradient/GC-MS 5 Miresmailli 
et al. (2013) 

Switchgrass  2 � 1 Dfa Gradient/GC-MS 4 Miresmailli 
et al. (2013) 

White clover ‒213 -320     Cfb DEC-MS/PTR-MS 40 Custer and 
Schade 
(2007) 

Mixed 
grasses 

288     Dfc DEC-MS/PTR-MS 155 Bamberger 
et al. (2010)  

131–1073   ‒41 - –35  Dfc EC/PTR-TOF-MS 2 Ruuskanen 
et al. (2011)   

5 � 1 Dfa Gradient/GC-MS 4 Miresmailli 
et al. (2013)  

a Fluxes up-scaled with a crop dry biomass of 1000 gDW m� 2 (Gonzaga, pers. comm.). 
b Fluxes up-scaled with a LAI of 6 m2 m� 2 (Graus et al., 2013). 
c Mean computed with negative fluxes set to zero although strong depositions were observed in humid conditions (Wiß et al., 2017). 
d Fluxes up-scaled with a crop dry biomass of 300 gDW m� 2 (Gonzaga, pers. comm.)e fluxes up-scaled with a crop dry biomass of 800 gDW m� 2 (Gonzaga, pers. 

comm.). 
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leaves (low R2), we recommend more accurate acetaldehyde flux mea-
surements in order to better constrain the MEGAN parameters. For that 
purpose, PTR-TOF-MS instruments, which allow the measurement of 
BVOC fluxes by direct eddy covariance instead of DEC-MS, resulting in 
more accurate fluxes, could be used. 

Finally, the MEGAN v2.1 model was clearly not appropriate for 
reproducing the exchanges of acetic acid from the winter wheat field, 
because this compound was mainly captured by the ecosystem whereas 
MEGAN v2.1 is designed to simulate emissions. 

4. Conclusion 

We present the first BVOC flux study conducted at the ecosystem- 
scale in a winter wheat field and which encompassed most develop-
mental stages of the plants. This study investigated several BVOCs, and 
focused mainly on OVOC exchanges. 

Overall, the BVOC exchange composition and the OVOC exchange 
dynamics were well in line with those reported for croplands and 
grasslands, with methanol being the main compound emitted. With the 
exception of acetic acid, the OVOC exchanges were bi-directional with 

uptakes under cold and wet conditions, and emissions under warmer 
and drier conditions. These exchanges correlated well with temperature 
(exponential) and light (linear), with the relative importance of these 
two variables varying between compounds. The exchanges likely origi-
nated from both the soil and the plants, so more analyses are needed to 
better define the origin of the fluxes. For that purpose, the use of in situ 
chambers located on the soil and over a whole plant could be used. 

Despite the mixed origin of the fluxes, the MEGAN v2.1 model was 
able to reproduce the exchanges of methanol, acetaldehyde and acetone 
during the mature phase of the plants, given a strong adaptation of the 
standard emission factor SEF. In contrast, when the currently assigned 
SEFs were used, the OVOC exchanges were strongly over-estimated. In 
this study, we determined SEF values for these three compounds. Since 
the adjusted SEF values are much lower than those currently assigned in 
MEGAN, the contribution of croplands to the OVOC budget in this region 
will be lowered if our values are actually extrapolable to the North-West 
region. However, given the large variability in OVOC exchange rates for 
a single crop species, and the absence of other BVOC studies on winter 
wheat in this region to evaluate our results, our estimated SEF should be 
validated for this region. In addition, these results are probably not 
applicable to other regions. Definitely, more BVOC flux measurement 
studies on diverse crop species and sites are needed to better determine 
the exchange rates and compare the crop species. 

Thirdly, significant senescence-induced emissions were reported for 
methanol and acetaldehyde when the leaves were turning yellow. 
However, no senescence effect was noticed when the plants were still 
green. These senescence-induced emissions could be reproduced by 
MEGAN v2.1, given a strong increase in the leaf age factor for this 
phenological phase. This adjustment could also be generalised for C3 
crops grown in North-West Europe, but more studies are required to 
validate this. In addition, because the senescence-induced emissions are 
susceptible to high variations throughout the senescence period, the 
OVOC exchange dynamics should be investigated during the whole 
senescing phase in order to better characterise the leaf age factors 
throughout this phase. 

Finally, in contrast to the other investigated OVOCs, acetic acid was 
mainly captured by the ecosystem over the whole growing season, 
including during warm and dry periods. As a consequence, the MEGAN 
v2.1 model, which is designed to simulate BVOC emissions, was unable 
to reproduce the exchanges for acetic acid. The few other studies which 
have investigated acetic acid also reported uptake by the ecosystem. As a 
consequence this feature is probably not site-specific but might be 
general to agricultural lands, although more flux measurement studies 
should been carried out on this compound in order to evaluate to what 
extent our observations are generalisable. In addition, the model as-
sumes that acetaldehyde and acetic acid follow similar dynamics, and 
groups these two compounds as “bidirectional VOC” (Guenther et al., 
2012). Our results however clearly showed that acetic acid and acetal-
dehyde follow distinct dynamics, and that they should be distinguished. 
As a consequence, caution is needed when estimating acetic acid fluxes 
for croplands with the MEGAN v2.1 model. 

Funding 

This work was supported by the FRS-FNRS, Belgium [A215-MCF/ 
DM-A362 FC 95918, CROSTVOC project T.0086.13]. LTO maintenance 
was carried out within the framework of the ICOS Wallonia project, 
which was supported by the Service Public de Wallonie, Belgium 
[1217769]. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Table 4 
Parameters used in each simulation (Section 2.5) of the MEGAN v2.1 model and 
statistics of the relationship between modelled (x) and measured (y) OVOC flux. 
The confidence intervals (CI) were estimated with an alpha value of 5%.   

No adj. SEF adj. SEF, β and LDF 
adj. 

Sen: ϒage adj. 

Methanol 
SEF 900a 252b 199c 252c 

β 0.080a 0.080a 0.082c 0.080c 

LDF 0.80a 0.80a 0.93c 0.80c 

ϒage 1.02a 1.02a 1.02a 2.74d 

Cce 0.31 0.31 0.42 0.31 
Slope (�CI) 0.28 

(0.26–0.30) 
1.00 
(0.94–1.07) 

1.00 
(0.94–1.06) 

1.00 
(0.87–1.13) 

Intercept 
(�CI) 

‒30 (� 39 - ‒ 
20) 

‒30 (‒39 - 
20) 

0 (‒8 - 8) ‒162 (� 224 - 
–100) 

R2 0.75 0.75 0.76 0.85 
RMSE 55 55 54 108 
Acetaldehyde 
SEF 80a 19b 9c 19c 

β 0.130a 0.130a 0.592c 0.130c 

LDF 0.80a 0.80a 0c 0.80c 

ϒage 1.00a 1.00a 1.00a 5.60d 

Cce 0.27 0.27 0.01 0.27 
Slope (�CI) 0.24 

(0.15–0.33) 
1.02 
(0.64–1.39) 

1.07 
(0.82–1.33) 

1.00 
(0.85–1.15) 

Intercept 
(�CI) 

� 7 (� 10 - ‒3) ‒7 (� 10 - ‒3) � 3 (� 5 - ‒1) � 26 (� 35 - ‒ 
18) 

R2 0.09 0.09/0.36e 0.19/0.44e 0.81 
RMSE 21 21 20 17 
Acetone 
SEF 80a 31b 15c  

β 0.10a 0.10a 0.36c  

LDF 0.20a 0.20a 0.03c  

ϒage 1.00a 1.00a 1.00a  

Cce 0.13 0.13 0.02  
Slope (�CI) 0.39 

(0.27–0.52) 
1.02 
(0.70–1.33) 

1.06 
(0.78–1.34)  

Intercept 
(�CI) 

‒10 (� 15 - ‒ 
6) 

� 10 (� 15 - ‒ 
6) 

‒1 (‒4 - 1)  

R2 0.11 0.11/0.27e 0.15/0.24e  

RMSE 19 19 19   

a Taken from Guenther et al. (2012) and Guenther et al. (2006) for PFT 15 and 
mature leaves. 

b Value estimated by multiplying the SEF taken from Guenther et al. (2012) by 
the slope of the simulation “No adj.” 

c Parameters adjusted with the OVOC flux data measured during stages E and 
Sen1. 

d Parameters adjusted with the OVOC flux data measured during stage Sen2. 
e Left: comparison made by taking all data of the stages E and Sen1. Right: 

comparison made by taking data above 26 �C during these periods. 
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Appendix 

5.1. BVOC composition per phenological stage 

Table 5 
BVOC flux (μg m� 2 h� 1) average (�SE), significance (sign.) and contribution (‘% contr.’) to the net absolute average exchange for each phenological stage of winter 
wheat growth. The last additional line in the “whole season” group is the error of the flux averages induced by individual flux random errors, in the same units as the 
flux. The letters in the first column indicate the phenological stages (Fig. 2, Section 3.2 for details). The symbols indicate the p-value of the Student’s t-test of the 
measured flux average against 0 μg m� 2 h� 1. One symbol corresponds to a p-value between 0.05 and 0.01, two symbols to a p-value between 0.01 and 0.001, and three 
symbols to a p-value below 0.001. “ns” stands for “not significant” (p-value above 0.05). No gap-filling was applied prior to flux averaging.   

Methanol Acetaldehyde Acetone Acetic acid m/z69 Monoterpenes 

L ‒17.2 � 2.7 ‒11.6 � 1.6 ‒12.4 � 1.4 ‒7.7 � 2.1 0.8 � 1.1 ‒2.0 � 1.1  
*** *** *** *** Ns Ns  
33% 22% 24% 15% 1% 4% 

S 40.9 � 4.2 ‒1.6 � 1.4 ‒2.8 � 1.3 3.1 � 1.5 1.2 � 1.0 1.7 � 1.2  
*** ns * * Ns Ns  
80% 3% 6% 6% 2% 3% 

E 63.5 � 4.0 ‒2.4 � 1.1 ‒1.3 � 1.3 ‒15.1 � 1.5 2.9 � 1.0 ‒3.6 � 1.6  
*** * Ns *** ** *  
72% 3% 1% 17% 3% 4% 

Sen1 144.5 � 10.2 3.5 � 2.0 9.4 � 2.2 ‒19.6 � 2.6 6.1 � 1.7 5.3 � 2.1  
*** ns *** *** *** *  
80% 2% 5% 10% 3% 3% 

Sen2 232.5 � 27.3 18.6 � 4.1 16.4 � 3.3 ‒16.1 � 3.2 6.3 � 2.5 1.4 � 2.2  
*** *** *** *** * Ns  
80% 6% 6% 6% 2% 0% 

Whole season 62.2 � 3.3 ‒2.3 � 0.8 ‒1.5 � 0.8 ‒10.6 � 0.9 2.8 � 0.6 ‒0.5 � 0.7 
*** ** * *** *** Ns 
78% 3% 2% 13% 3% 1%  
1.2 0.4 0.3 0.3 0.2 0.1  

5.2. Temperature and global radiation distribution per phenological stage

Fig. 6. Boxplot of air temperature T and global incoming radiation RG for each phenological stage in the growth of winter wheat. One box represents one 
phenological stage, indicated by the letters at the bottom (see Fig. 2, Section 3.2 for details). Description of the box: the middle line with the dot is the median; the 
lower and upper edges are the 1st and 3rd quartiles, respectively. The whiskers correspond to 1.5-fold the interquartile interval, and the crosses to the outliers. The 
boxplot distribution was performed only with T and RG data measured when a valid methanol flux was available. The dotted lines indicate the respective values of T 
and RG taken to make the OVOC flux comparison between phenological stages in Fig. 5.. 

5.3. Acetic acid deposition velocities per phenological stage 
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Fig. 7. Circadian maximum and acetic acid deposition velocity dynamics for each phenological stage (represented by the letters, see Fig. 2 and Section 3.2 for 
details). One point corresponds to a 2 h flux average (�SE). 

5.4. Additional statistics of the regression between OVOC fluxes and diverse environmental variables 

Table 6 
Number of points for the simple linear regressions between OVOC fluxes (half-hourly fluxes for methanol, 2h-averaged fluxes for other compounds) 
and diverse environmental variables. Same naming conventions as Table 2 for phenological stages and environmental variables.  

Methanol 

Stage L S E Sen1 Sen2 Whole season 

T 395 316 584 246 100 1641 
RG 395 293 583 242 100 1613 
SWC 395 316 585 246 100 1642 
MR 395 316 587 247 100 1645 
gc – 24 130 94 22 270 
u*  395 316 587 247 100 1645 

Acetic acid/Acetaldehyde/Acetone 
Stage L S E Sen1 Sen2 Whole season 
T 133 108 206 85 40 574 
RG 133 102 206 85 40 568 
SWC 133 108 206 85 40 574 
MR 133 108 206 85 40 574 
gc – 16 59 40 14 129 
u*  133 108 206 85 40 574  
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