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ABSTRACT 

Leaves of fast-growing, woody bioenergy crops often emit volatile organic compounds 

(VOC). Some reactive VOC (especially isoprene) play a key role in climate forcing and may 

negatively affect local air quality. We monitored the seasonal exchange of VOC using the 

eddy covariance technique in a „coppiced‟ poplar plantation. The complex interactions of 

VOC fluxes with climatic and physiological variables were also explored by using an 

artificial neural network (Self Organizing Map). Isoprene and methanol were the most 

abundant VOC emitted by the plantation. Rapid development of the canopy (and thus of the 

Leaf Area Index, LAI) was associated with high methanol emissions and high rates of gross 

primary production (GPP) since the beginning of the growing season, while the onset of 

isoprene emission was delayed. The highest emissions of isoprene, and of isoprene 

photoxidation products (Methyl Vinyl Ketone and Methacrolein, iox), occurred on the hottest 

and sunniest days, when GPP and evapotranspiration were highest, and formaldehyde was 

significantly deposited. Canopy senescence enhanced the exchange of oxygenated VOC. The 

accuracy of methanol and isoprene emission simulations with the MEGAN model increased 

by applying a function to modify their basal emission factors, accounting for seasonality of 

GPP or LAI. 

 

KEYWORD INDEX 
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INTRODUCTION  

Future increasing demand for bioenergy implies aggressive expansion of biomass-based 

energy sources (Özdemir et al. 2009; IPCC 2011; Energy Information Administration 2013). 

Consequently, large-scale widespread cultivation of feedstock crops for bioenergy will 

progressively replace native agricultural crops and natural ecosystems determining significant 

land use changes (Searchinger et al. 2008; Koh et al. 2009). 

Herbaceous and fast-growing woody crops are selected as candidates for bioenergy feedstock 

because biomass accumulation is enhanced by the combination of high photosynthetic rates 

(Weih et al. 2004; Calfapietra et al. 2010) and fast development of leaf area index (LAI) 

(Broeckx et al. 2012), especially when plants are intensively grown in short rotation 

„coppice‟ culture (SRC). Leaves of many plants emit volatile organic compounds (VOC) 

(Kesselmeier & Staudt, 1999; Loreto et al. 2014). The magnitude and the chemical 

composition of VOC emissions are species-specific, but most of the herbaceous shrubs and 

woody bioenergy crops are high isoprene emitters (Porter et al., 2012; Guidolotti et al. 2011; 

Loreto & Fineschi, 2015).  

Isoprene (2-metyl-1,3-butadiene) plays a key role in present and future climate forcing 

(Shallcross & Monk, 2000; Collins et al. 2002) because it is involved in photochemical 

reactions leading to the formation of tropospheric ozone (Chameides et al. 1988) and aerosols 

(Claeys et al. 2004; Carlton et al. 2009). Therefore, the widespread establishment of isoprene-

emitting bioenergy crops may negatively impact on local air quality (Ashworth et al. 2012; 

Porter et al. 2012; Beltman et al. 2013) with possible consequences on human health 

(Ashworth et al. 2013; Porter et al. 2015). Moreover, since isoprene protects leaves against 

the occurrence of oxidative and thermal stresses (Vickers et al. 2009, Loreto & Schnitzler 

2010) and mediate plant-insect-interactions (Loivamäki et al. 2008; Laothawornkitkul et al. 

2008), large land-use changes derived from intensive bioenergy production may have 
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unpredictable consequences on ecological adaptation and diversity (Dionigi et al. 2010; 

Miresmailli et al. 2013).  

Besides being species-specific, the amount and type of constitutive VOC emissions strongly 

depend on leaf age and plant developmental stage. Isoprene is mainly emitted by adult, fully 

expanded leaves (Hakola et al. 1998; Brilli et al. 2009), but methanol is released at high rates 

in young developing leaves, mainly as a by-product of pectin methylesterase (PME) 

enzymatic activity in expanding cell walls (Gaffe et al. 1994; Oikawa et al. 2011a). Methanol 

may have a signaling role in plants interacting with herbivores (Von Dahl et al. 2006). 

Although methanol is not as reactive as isoprene (Jacob et al. 2005), it affects the chemistry 

of the upper troposphere by modulating the presence of hydroxyl (
●
OH) radicals (Tie et al. 

2003) and  may also interact locally with air quality, being a source of formaldehyde (Palmer 

et al. 2003).  

Methanol and isoprene are subject to different physiological and physico-chemical controls 

(Niinemets et al. 2004), and thus exhibit a pronounced, but distinct, temporal variability over 

short time scales (Brilli et al. 2014). While isoprene production and emission rates are mainly 

controlled by both temperature and light intensity (Loreto & Sharkey, 1990), methanol 

biosynthesis is related mostly to plant growth, which responds to changes in temperature, but 

is less affected by light (Oikawa et al. 2010a, b). Higher temperatures and more energy are 

required for the enzymatic activity of isoprene synthase (IspS) than of PME (Rasulov et al. 

2014; Oikawa et al. 2010a). In addition, the lower gas/water partition coefficient (higher 

solubility in water) makes methanol (and other oxygenated water soluble VOC, such as 

formaldehyde) more storable in foliar water pools (Niinemets et al. 2004).  

Long-term changes of VOC emissions are regulated by the response to environmental 

variables (i.e. light intensity, or photosynthetically active radiation, PAR; air temperature, 

Tair; vapor pressure deficit, VPD) and by the seasonal variations of plant physiological 
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factors (i.e. gross primary production, GPP; stomatal conductance; and transpiration, ET) 

which are in turn also dependent on characteristics of the canopy structure (i.e. leaf area 

index, LAI). All these drivers affect isoprene (Monson et al. 1994; Brüggemann et al. 2002; 

Rasulov et al. 2015; Wiberley et al. 2008) differently from methanol (Hüve et al. 2007) and 

other VOC (Park et al. 2013). However, simple relationships between VOC fluxes and a 

single environmental variable do not represent the real complex interactions (also involving 

physiological processes and canopy structure) determining VOC emission and deposition. 

Different from process models, an observation-driven methodology, based on an artificial 

neural network (i.e. Self-Organizing Map, SOM) (Kohonen et al. 2001), might be a useful 

statistical methodology to explore and visualize effectively the multivariate relationships 

existing between the long time-series of climatic, physiological, and canopy structural 

variables, and (bidirectional) fluxes of many VOC. 

Seasonal patterns of VOC fluxes are most often simulated using the canopy-scale model of 

emissions of gases and aerosols from nature (MEGAN; Sindelarova et al. 2014). Compared 

to the original model formulation based on foliar scale processes (Guenther et al. 1995), 

MEGAN has recently been improved into a multi-layer canopy model to reproduce the 

dynamics of light extinction and changes in temperature within a canopy, and to include 

variations of age-dependent leaf emissions, based on LAI development (Guenther et al. 

2012). However, this improved version of MEGAN does not account properly for the 

seasonal variation of the enzymatic activity regulating the basal emission factor (BEF) 

employed in the model (Schnitzler et al. 1997). Enzyme activities may largely influence VOC 

emissions, especially in coppiced plantations characterized by a large amount of juvenile 

developing leaves for most the season. Furthermore, the seasonal variability in the BEF of 

isoprene emission was found to strongly correlate with the seasonality of GPP (Kuhn et al. 

2004). Thus, a correction of BEF to account for the changes in GPP may be used to increase 
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the simulation accuracy of long-term changes in the emission capacity. The simulated 

exchange of VOC by bioenergy crops has often been validated with scarce empirical data 

collected in the field, for short periods of time (Misztal et al. 2011; Porter et al. 2012).  

So far, projections of large-scale land use changes associated with cultivation of bioenergy 

crops mostly considered the energy requirements and the exchange of greenhouse gasses (i.e. 

CO2) (Ou et al. 2009; Gelfand et al. 2011). Comprehensive investigation of the seasonal 

pattern of VOC emission profiles in bioenergy crops has been carried out only for some 

herbaceous plant species (Eller et al. 2011; Graus et al. 2012; Miresmailli et al. 2013) and 

only for an evergreen, broad-leaved ecosystem characterized by a limited seasonal variation 

of LAI (oil palm plantation, Misztal et al. 2011). 

Because of the expanding use of isoprene-emitting poplars (Populus spp.) as bioenergy crops 

(Cai et al. 2011), a continuous, seasonal study of the exchanges of VOC above a „coppiced‟ 

poplar plantation having rapid seasonal variation of LAI is highly demanded. Indeed, in 

poplars growing in SRC plantation, high photosynthetic rates (Dillen et al. 2011; Weih et al. 

2004) are sustained by large and prolonged stomatal opening. Open stomata allow 

considerable bidirectional fluxes of gases between the leaf mesophyll and the atmosphere 

(Niinemets et al. 2014; Fares et al. 2015) when growth is not limited by environmental 

constraints (Migliavacca et al. 2009; King et al. 2013; Pita et al. 2013). 

 

Here we present the results of an intensive field campaign where the exchanges of VOC, 

CO2, and water vapor were continuously monitored during an entire growing season (from 

June to November) above a poplar plantation resprouting from coppiced stools. In this study, 

we report: (a) the dynamics of emission and deposition fluxes of a multitude of VOC over a 

growing season; (b) the relationships between VOC emission/deposition fluxes and the 

seasonal variations of potential environmental (PAR, Tair, VPD) and physiological (GPP; 



 

This article is protected by copyright. All rights reserved. 

NEE, ET) drivers also including canopy structural traits (LAI); (c) the total amount of carbon 

either deposited or emitted in the form of VOC; (d) the performance of the canopy-scale 

MEGAN emission model when tested with long time-series of isoprene and methanol flux 

measurements. In particular, we verified whether the simulation accuracy of MEGAN could 

be increased by modifying the BEF to account for the seasonal changes of two physiological 

factors potentially responsible for the variable BEF performances, such as GPP and LAI. 

 

MATERIALS AND METHODS 

Field site description 

The research site (http://uahost.uantwerpen.be/popfull/) was located in Lochristi (51° 04‟44‟‟ 

N, 3°51‟02‟‟ E; Belgium) at an elevation of 6 m a.s.l. in a completely flat terrain. A multi-

genotype poplar (Populus spp.) short rotation coppice (SRC) plantation was established in 

April 2010 and coppiced in January-February 2012 at the end of a first two-year rotation. 

Planting density was 8000 plants ha
-1

 and the planting layout consisted of a double-row 

design. After coppicing, many new shoots re-sprouted per stool at the end of May (Fig. S1a) 

and continued to grow until November (2012), when the canopy began yellowing and 

shedding leaves (Fig. S1f) (Zenone et al. 2015). The plantation was neither irrigated nor 

fertilized. More detailed descriptions of field site and plantation management were published 

previously (Broeckx et al. 2012; Verlinden et al. 2015; Zona et al. 2012; 2013). 

 

Eddy covariance flux measurements and quality control 

The site was equipped with two complete and independent monitoring systems for eddy 

covariance (EC), installed on the same meteorological mast. The first EC system, consisting 

of a closed-path infrared gas analyzer (LI-7000, LI-COR, Lincoln, NE, USA) coupled with a 

sonic anemometer (CSAT-1, Campbell Scientific Inc., Logan, UT, USA), was installed for 

http://uahost.uantwerpen.be/popfull/
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CO2 and H2O flux measurements. The second EC system, including a sonic anemometer 

(model USA1, Metek GmbH, Elmshorn, Germany) coupled with a Proton Transfer Reaction 

“Time-of-Flight” Mass Spectrometer (PTR–TOF–MS, Ionicon, Innsbruck, Austria), was set 

up for VOC flux measurements, as described in detail by Brilli et al. (2014).  

Multiple VOC were detected by the PTR–TOF–MS through proton transfer reactions 

occurring between the H3O
+
 ions and the air sample injected into a drift tube under constant 

ionization energy conditions (E/N of ~ 120 Td). After extraction from the drift tube, 

protonated ions were pulsed and separated according to their mass-to-charge (m/z) ratio 

(Jordan et al. 2009; Graus et al. 2010). Raw high-resolved full mass spectra of protonated 

ions (up to m/z of 315) were continuously acquired at high frequency (10 Hz) by the TofDaq 

software (Tofwerk AG, Switzerland) between June 4 and October 31, 2012, corresponding to 

day of the year (DOY) 156 to 305. To reduce the burden of PTR-TOF-MS data analysis, the 

overall raw dataset collected during the measuring campaign was post-processed by the 

routine programs of Müller et al. (2013) and normalized to account for the water dependency 

of the PTR-TOF-MS sensitivity. This allowed us to screen for the presence of 

emitted/deposited fluxes of the most common protonated ions (Tab. 1, Tab. S2) which were 

unambiguously related to VOC, either as molecular ions, or as their fragments (Holzinger et 

al. 2010; Brilli et al. 2012, 2014; Park et al. 2013). After post-processing, PTR-TOF-MS data 

were background corrected by subtracting emissions measured in VOC-free air, generated by 

a gas calibration unit (GCU) (Ionimed, Innsbruck, Austria), and regularly calibrated with the 

same gas standard (Apel Riemer, USA) during the entire field campaign (Tab. S3). The use 

of gas standards also allowed us to quantify the volume mixing ratios (VMRs) of the selected 

VOC (Fig. S3), as described previously (Brilli et al. 2014). 

Half-hourly fluxes of CO2 and water vapor were computed by using the EddyPro software 

(www.licor.com/eddypro, Fratini et al. 2012). A customized version of EddyPro, named 
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EddyVOC (developed by Brilli et al. 2014) standardized the computation of a multitude of 

VOC fluxes. A quality control was applied to all half-hourly fluxes according to Göckede et 

al. (2004). In addition, a friction velocity (u*) = 0.12 m s
-1

 was estimated when the 

dependence of the nighttime NEE on friction velocity reached saturation and used as a 

threshold below which data were discharged. Here positive fluxes represent transport of gases 

from the canopy toward the atmosphere (emissions), while negative fluxes represent gas 

depositions.  

 

Gap filling of CO2 and VOC fluxes  

Measurements were successfully collected for more than 90% of the time, interrupted by only 

few technical failures and routine instrument maintenance and calibrations. The time series of 

the CO2 fluxes was gap-filled and then partitioned into ecosystem respiration (RECO) and 

GPP by using the marginal distribution sampling (MDS) method (Reichstein et al. 2005) 

according to Moffat et al. (2007) and Papale et al. (2006). In particular, the regression model 

of Lloyd & Taylor (1994) was used to derive RECO from NEE and then GPP was calculated 

as:  

GPP = |NEE| + RECO                                                                                            (1) 

Missing half-hourly VOC flux data were gap filled by using the mean diurnal variation 

(MDV) as proposed by Bamberger et al. (2014). According to this method, missing data were 

replaced by the corresponding values of the average diurnal cycle calculated within a time 

window of ± 8 days around the missing values.   

 

Ancillary data 

Meteorological parameters were continuously recorded during the experimental period, and 

data were stored on different data loggers (model CR3000, CR5000 and CR1000; Campbell 
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Scientific, Logan, Utah, USA). Incoming PAR was measured above the canopy using a 

quantum sensor (Li-190; LI-COR, Lincoln, NE, USA). Air temperature (Tair) and relative 

humidity (RH) were monitored by using a Vaisala probe (model HMP45C, Vaisala, Helsinki, 

Finland) at 6 meters height on the EC mast while vapor pressure deficit between leaves and 

the air (VPD) was derived from Tair and RH measurements. Volumetric soil water content 

(SWC) was assessed at 0.2-m depth by time domain reflectrometry (TDR model CS616; 

Campbell Scientific, Logan UT, USA). Discrete measurements of LAI were collected in the 

field during different measurement campaigns (Fig. S1) as described by Broeckx et al. 

(2015). Best-fitting regression applied to the measurements of LAI yielded an equation (2) 

(below) (R
2
 = 0.96, p < 0.001) which was used to obtain a continuous time-series of LAI 

values (Fig. S2h) with SigmaPlot version 11.0 (Systat Software Inc., San Jose, CA, USA): 

 

                
       

      

 
 
 
 

                                                                             (2) 

 

where a  (= 5.54 ± 0.17) and b (= 44.7 ± 1.86) are fitting parameters, x and x0 refer to the time 

interval.    

 

Self Organizing Map (SOM) 

The Self Organizing Map (SOM) is an artificial neural network that projects complex, non-

linear statistical relationships between high-dimensional data into simple geometric 

relationships on a regular two-dimensional component plane (Kohonen, 2001; Oja et al. 

2003). In this work, SOM was used to explore and visualize in the same figure (Fig. 2) all the 

relationships between full time-series of (bidirectional) VOC fluxes and environmental (Tair, 

PAR, VPD) and physiological variables (GPP, NEE, RECO, ET) also including traits of 

canopy structure (LAI). Panels shown in Fig. 2 are component planes of the SOM. 



 

This article is protected by copyright. All rights reserved. 

Differently from other data mining tools, SOM is an unsupervised nonparametric approach, 

meaning that it does not have any category information to elaborate the data. Moreover, a 

clear advantage with respect to traditional statistical methods is that SOM does not need to 

have prior hypotheses to be confirmed. SOM was here applied to cluster various half-hourly 

data on two-dimensional component planes, and not to explain the variance of the data. Each 

given half-hourly data received a single location on a component plane and similar data 

received locations near each other on the same component plane according to the SOM 

training algorithm (Kohonen, 2001). Importantly, across all different component planes, half-

hourly measurement of VOC fluxes and variables collected at the same time are always 

located in the same point. In each component plane of Fig. 2, the intensity of either one flux 

or a variable is represented with color-coding. Hence, either similar or contrasting intensities 

of VOC fluxes can be compared with values of environmental and physiological variables by 

looking at exactly the same area within the component planes. In other words, by using the 

position and coloring, relationships between different (emission and deposition) fluxes of 

VOC and either environmental or physiological variables including LAI can be easily 

explored, (i.e.) the highest VOC emission (or deposition) rates and the highest (or lowest) 

values recorded for all variables will be clustered and visualized by the same colour and, if a 

correlation occurred between fluxes and variables, the coloured space will be located in the 

same area within the different component planes. 

The best fit of the model used to create SOM was measured with a topographic error 

(Kiviluoto, 1996) that was only 9.3 % after processing our dataset. Because of the low 

percentage of topographic error, the topology of the dataset was well preserved during the 

SOM elaboration. More details on the SOM application can be found in Luyssaert et al. 

(2007).   
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Model of Emissions of Gases and Aerosols from Nature (MEGAN): inputs and 

parameters  

Emissions of VOC (E, nmol m
-2

 s
-1

) were calculated according to equation (3) as described in 

Guenther et al. (2012) with a model algorithm parameterized with PAR and Tair:  

CELAIΔγBEFE 
                              (3) 

where basal emission factor (BEF) is calculated at a fixed standard PAR and Tair (Guenther 

et al. 1995), LAI is the leaf area index (see above), CE (= 0.57) is a constant that sets the 

emission activity to unity at standard conditions for the MEGAN model and γ is an emission 

activity factor that account for emission changes due to the variations of light and 

temperature from standard conditions.  

Similarly to Misztal et al. (2011) and Fares et al. (2013), γ was calculated according to 

equation (4):  
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(4)  

where the first line of equation (4) represents the PAR effects, while the second equation line 

represents the effects of Tair. 

Differently from the original formulation, we did not apply a soil moisture function. Soil 

moisture was not a limiting factor in our plantation as there were frequent rain events during 

the measurement campaign never caused the SWC to drop (Fig. S2h). 
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In a first model simulation, we tested a constant value of BEF for isoprene (= 10.9 nmol m
-2 

s
-

1
) obtained directly from leaf enclosure measurements at the site (Brilli et al. 2014). A 

constant BEF of 10.0 nmol m
-2 

s
-1

 was assigned to methanol according to previous profile 

measurements on poplars (Fares et al. 2010), due to the impossibility of measuring methanol 

with leaf enclosures in the field using the same analytical instrumentation employed for 

isoprene. In a second simulation, dynamic values of BEF were obtained for both methanol 

and isoprene by adjusting the constant values given above, on the basis of the seasonal time-

course of either LAI or GPP (Fig. S4). In brief, BEF was multiplied by Δ, a factor (ranging 

between 0-1) that normalizes the BEF for the effects of seasonality, as recently proposed by 

Kemper-Pacheco et al. (2014). Δ was calculated either on the basis of the seasonality of LAI 

obtained from equation (2) or on the basis of the seasonality of GPP according to equation 

(5):  

    
       

         

    
 
 
 

                                                                           (5) 

 

Modelled fluxes were correlated with measured observations, and linear correlations (R
2
), 

root mean squared error (RMSE) and Akaike information criterion (AIC) values were 

calculated with SigmaPlot version 11.0 (Systat Software Inc., San Jose, CA, USA). 
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RESULTS  

VOC fluxes 

Isoprene (m/z = 69.069) and methanol (m/z 33.033) were the most abundant trace gases 

emitted by the plantation over the course of the growing season (Fig. 1; Tab. 1). Methanol 

emission did not show a clear seasonal trend. High emissions of methanol (> 5 nmol m
-2

 s
-1

) 

were measured already in June (Fig. 1b), but the highest emission occurred in mid-August 

(~19 nmol m
-2

 s
-1

) (Tab. 1). The onset of isoprene emission was delayed with respect to 

methanol (Fig. 1g) and displayed a clearer seasonal trend, with a gradual increase starting 

from the end of July, a peak in mid-August (~40 nmol m
-2

 s
-1

; Fig 1g), before dropping in 

September, concurrent with decreasing Tair (Fig. S2a). The mid-August peak in isoprene 

fluxes corresponded to minimum NEE, maximum GPP and LAI values (Fig. S2e, h), and 

maximum Tair. 

The season-long measurements showed mean (-0.01 nmol m
-2 

s
-1

)
 
and median (-0.10 nmol m

-

2 
s

-1
) deposition fluxes at m/z = 31.018, assigned to formaldehyde (Fig. 1a; Tab. 1). Possible 

interferences of other ions (i.e. methyl peroxides) confounding the formaldehyde signal at m/z 

31.018 were negligible in our study, as  indicated by the constant deposition velocity of m/z 

31.018 during the central hours of the day (data not shown). A bidirectional exchange of 

other oxygenated VOC was also found (Tab. 1). These included aldehydes (acetaldehyde m/z 

= 45.033 and a fragment of hexanaldehyde m/z = 83.085) (Fig. 1c, k), ketones (acetone m/z = 

59.049 and methyl ethyl ketone - MEK m/z = 73.068) (Fig. 1f, i), organic acids (formic acid 

m/z = 47.012 and propionic acid m/z = 75.043), (Fig. 1d, j), and isoprene oxidation products 

as methyl vinyl ketone and methacrolein (MVK and MAC together referred as iox, m/z = 

71.049) (Fig. 1h). Other isoprenoids (i.e. monoterpenes detected as both protonated ion 

fragment m/z = 81.070 and as protonated molecular ion m/z = 137.133) were occasionally 

released from the poplar plantation during the season (Fig. 1k, l; Tab. 1).  
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Relationships between VOC fluxes, environmental and physiological parameters 

The SOM explored and visualized in one single snapshot (Fig. 2) all the complex temporal 

relationships occurring between the half-hourly fluxes of the main VOC emitted by the 

plantation (Fig. 1) and the aggregated climatic factors (half-hourly Tair, PAR, VPD) (Fig. 

S2a, c), and physiological processes (half-hourly NEE, GPP, RECO, ET) (Fig. S2d, e, f, g), 

also including canopy structural traits (half-hourly LAI) (Fig. S2h) collected during the entire 

measurement season. On the SOM planes referring to VOC fluxes (Fig. 2a-l), the highest 

emission rates are represented by dark red whereas the highest deposition rates are 

represented by dark blue. On the SOM planes referring to all physiological (Fig. 2m-p), 

environmental (Fig. 2q-s), and structural (Fig. 2t) variables the lowest measured values are 

dark blue and the highest values are dark red.  

The most abundant emissions of isoprene and methanol occurred on the warmest days, under 

mid to high PAR, when NEE reached the lowest (and GPP the highest) rates in combination 

with maximum ET values (Fig. 2b, g, m, n, p, q, r; bottom-left corner of the different 

component planes). Regression analysis confirmed the relationship between both methanol 

and isoprene emissions with GPP (Fig. 3g, h; Tab. 2).  

However, while isoprene emission is light- and temperature-dependent (Fig. 3b, d; Tab. 2), 

methanol resulted almost insensitive to variations of both PAR and Tair over the season (Fig. 

3a, c; Tab. 2). This confirmed a different regulation of the biosynthesis of isoprene with 

respect to methanol. Both the dependencies of isoprene emission on PAR and Tair decreased 

progressively between June and August, most likely because of acclimation. However, in 

September as LAI decreased and senescence had started (Fig S1e; S2h), PAR and Tair 

dependencies of isoprene emission were as high as in July, and then dropped in October (Fig. 

3b, d; Tab. 2). High isoprene emissions were only associated with high values of LAI 

(bottom-left corner of the different component planes of Fig. 2g, t). Whereas, high methanol 
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emissions were associated to high VPD and high ET, which could be explained by the high 

stomatal conductance of leaves exposed to high temperature and light levels (bottom-left area 

of the different component planes of Fig. 2b, n, q, r, s). The relationship between methanol 

emission and ET was further confirmed by our study, and appeared to remain constant over 

the season (Fig. 3i; Tab. 2). Due to its high solubility in water, part of methanol temporarily 

stored in the cellular aqueous solution can be readily volatilized also under high VPD and 

intermediate ET levels (central area of the different component planes of Fig. 2b, n, s). 

Likewise methanol, isoprene is a low molecular weight VOC having high vapor pressure and 

thus high isoprene emissions were also associated to high VPD (and Tair) (Fig. 2g, r, s). 

Moreover, high isoprene emissions were also related to high ET (bottom-left area of the 

different component planes of Fig. 2g, n, q, r, s) when leaves actively transpire through 

opened stomata. The relationship between ET and isoprene emissions was stronger than 

between ET and methanol (Tab. 2). 

The SOM also confirmed that other isoprenoids (i.e. monoterpenes) were emitted, as 

isoprene, (Fig. 2g, j, l) under high (Fig. 2g, j, l, q, r; bottom-centrum of the different 

component planes) or intermediate (Fig. 2g, j, l, q, r; central-left area of the different 

component planes) Tair and PAR levels. 

The bidirectional exchange of oxygenated VOC (i.e. formaldehyde, acetaldehyde, acetone, 

formic acid, ethanol, GLV fragments) was also analyzed by SOM (Fig. 2). SOM revealed that 

peak emissions of all the oxygenated VOC, irrespective on their (daily or seasonal) variation, 

occurred together, especially when LAI values were very low (Fig. 2a, c, d, e, f, j, k, t; right 

side and bottom-right corner of the different component planes) i.e. during senescence, at the 

end of the season (Fig 1). Emissions of isoprene oxidation products (iox) and MEK were 

observed when isoprene production was highest and photochemical reactions were promoted, 

i.e. under the warmest and sunniest conditions (Fig. 2h, i, q, r; bottom-central area of the 
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different component planes). Last, the SOM indicated that conditions of high PAR, Tair, 

VPD and ET (Fig. 2a, n, q, r, s; bottom-central area of the different component planes) also 

favored deposition of formaldehyde. 

 

Seasonal VOC fluxes and carbon budgets 

After filling data gaps in the VOC flux measurements and subtracting deposited from emitted 

VOC, the plantation was found to be a net, albeit very small (~1 g m
-2

 growing season 
-1

) 

VOC carbon source to the atmosphere (Fig. 4; Tab. 3). Carbon fixed into VOC, was mainly 

emitted from the poplar plantation as isoprene (0.791 g C m
-2

 growing season 
-1

) and 

methanol (0.144 g C m
-2

 growing season 
-1

). Carbon emissions in the form of acetone (0.017 

g C m
-2

 growing season 
-1

) and of a GLV fragment (0.013 g C m
-2

 growing season 
-1

) were 

much lower, but still an order of magnitude higher than emissions of all other VOC (Tab. 3).  

When breaking down observations along the season, a minimal amount of carbon in the form 

of VOC (< 0.01 g C m
-2

 day) was daily taken up by the growing plantation (Fig. 4b). 

However, only formaldehyde showed net deposition, albeit very limited over the entire length 

of the season (Tab. 3). Daily emissions of carbon in the form of VOC showed a much 

stronger seasonal variation than daily deposition (Fig. 4b), with a peak at the end of June, 

rapidly increasing fluxes at the end of July, and a higher peak in mid-August, followed by a 

steady decline.  

The temperate oceanic climate of Belgium was characterized by relatively warm (but never 

hot) summertime temperatures (Fig. S2a) coupled with frequent precipitations that kept the 

SWC level quite stable over the season and prevented drought episodes (Fig. S2h). These 

conditions did not limit the development of LAI and GPP, both of which increased following 

a similar trend from June to September (Fig. 4a, d; Fig. S4). In September, the rise of NEE 

above zero (GPP being less than RECO), was coupled with reduced LAI values, indicating 
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the onset of leaf senescence (Fig. 4a, d). Similarly, from June to September, the progressive 

rise of carbon emitted as VOC mirrored the exponential development of LAI (Fig. 4d). When 

senescence approached in September-October, LAI values decreased as leaves started to fall, 

causing no further increase in the cumulative emission of VOC (Fig. 4d). Overall, the total 

amount of VOC emitted during the entire growing season accounted for only 0.07% of the 

carbon uptake through GPP and 0.8% of the ecosystem NEE (Tab. 2).   

 

Performance of MEGAN model 

The simulated time-course of daily methanol and isoprene emissions provided a good fit with 

the observed values, especially when a dynamic (rather than a constant) BEF was applied to 

account for the seasonality of the photosynthetic capacity (indicated by changes in GPP rates) 

or the rapid development of a canopy (indicated by the increase of LAI). Indeed, changes of 

these two physiological factors (GPP and LAI) might have particularly affected the changes 

of isoprene and methanol emission capacity over the season in a „coppiced‟ plantation. (Fig. 

4). This was further demonstrated by the lower Akaike information criterion (AIC) values 

obtained from simulations with a dynamic rather than a constant BEF (Tab. 4). Irrespective of 

whether a constant or a dynamic value of BEF was applied, MEGAN performed better for 

isoprene than for methanol (Tab. 4) most likely because of a different regulation in the two 

emissions. 

However, rising emissions were overestimated in both model simulations during fast Tair 

increases occurring in two episodes, at the end of July and near the middle of August (Fig. 5a, 

c; Fig. S2a). In particular, simulated methanol emissions were overestimated to a similar 

extent in the two episodes (Fig. 5a), but the difference between simulated and measured 

isoprene emissions was only higher at the end of July (Fig. 5c). Estimation of the cumulative 

sum of carbon emitted as methanol was more reliable when a LAI-dependent dynamic BEF 
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was applied to MEGAN (Fig. 5b; Tab. 4). Moreover, the total carbon emitted as isoprene was 

estimated more properly when the dynamic BEF was fitted to GPP (Fig. 5d; Tab 4). 

 

DISCUSSION 

This study reports VOC emissions from a re-sprouting poplar plantation after coppicing, a 

common practice in agro-forestry, and especially when growing biomass/bioenergy crops. In 

contrast to poplar stands in a Mediterranean climate (Migliavacca et al. 2009) or to an old 

aspen forest in North-America (Fuentes et al. 1999), the growth period of this temperate 

coppiced poplar plantation was restricted to the summer months only (early June to mid-

September). Such a limited growth period was shorter than the previous (Zona et al. 2013) 

and the following years (Zenone et al. 2015), but similar to that of poplars growing at mid- 

and high-elevation sites (Monson et al. 1994). 

Emissions of isoprene and methanol were the highest among the multitude of VOC recorded 

in the present study, and should be considered constitutive, as neither abiotic nor biotic 

stresses were experienced by the plantation during the measurement period. Indeed, 

emissions of specific VOC induced by drought (Karl et al. 2008) or insect herbivory (Van 

Poecke et al. 2001; Brilli et al. 2009) e.g. GLVs (Tab. 1), sesquiterpenes, methyl salicylate 

(MeSa) and methyl jasmonate (MeJa) were negligible throughout the experiment (Tab. S1).  

The rapid canopy (and thus LAI) development induced high rates of methanol emission since 

the beginning of the growing season, early in June. Indeed a very fast growth of poplar shoots 

from the coppiced stumps occurred along with a swift increase of LAI (from 0 to 5.60 ± 1.36) 

until the end of August (Fig S2h). These observations confirmed high emissions of methanol 

in juvenile expanding poplar leaves under controlled laboratory conditions (Hüve et al. 2007; 

Fares et al. 2010). Moreover, the good agreement between ecosystem level methanol 

emission rates and canopy development, together with near-zero fluxes commonly observed 
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during nighttime when stomata are almost fully closed, indirectly suggests that additional 

multiple sources of methanol within the ecosystem (e.g. soil, plant, bacteria; Penuelas et al. 

2014) did not significantly contribute to methanol flux (Asensio et al. 2007; Peñuelas et al. 

2014). In fact, the magnitude of methanol emission was similar to those measured in different 

ecosystems (Wohlfahrt et al. 2015), but much higher than those of evergreen citrus orchards 

(Fares et al. 2012), tropical rainforests (Langford et al. 2010), oil palm plantations (Misztal et 

al. 2011), or coniferous forests (Schade et al. 2011). Possibly, sustained rates of methanol 

emission reflected fast development of the canopy in coppiced poplars. Our study confirmed 

the relationship found between methanol fluxes and GPP during the season (Fig. 2b, p; Fig. 

3g; Tab. 2) (Galbally & Kristine, 2002; Wohlfahrt et al. 2015). However, our SOM-based 

exploratory data analysis highlighted a more complex relationship also involving the 

variability of Tair and VPD as important factors in regulating methanol emissions (Fig. 2b, r, 

s). In fact, both Tair and VPD affect stomatal opening (Niinemets & Reichstein, 2003) and 

alter the degree of methanol solubility and storage in aqueous pools within the plant 

(Niinemets et al. 2004). This likely explains the high methanol emissions from open stomata 

that transpire at high rates during active growth in wet and temperate oceanic climate regions 

of North-Western Europe. Consistent with previous studies (Mistzal et al. 2011; Schade et al. 

2011; Laffineur et al. 2012; Park et al. 2014) our results showed bidirectional exchanges of 

methanol, although the total amount of carbon deposited in the form of methanol accounted 

for only 10% of that emitted (Tab. 3). Atmospheric deposition of methanol may occur 

through processes of adsorption/dissolution in water films on the canopy or in the soil 

(Laffineur et al. 2012), as well as through catabolic pathways present in plants (Gout et al. 

2000) and in methylotrophic bacteria (Fall & Benson, 1996). Methanol is ubiquitously 

produced in plants as a by-product of PME enzymatic activity during growth and expansion 

of leaves (Nemecek-Marshall et al. 1995; Fall & Benson, 1996; Loreto et al. 2006). Although 
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substrate limitations to methanol production are still a matter of debate (Oikawa et al. 2011a), 

large emissions from different ecosystems (Wohlfahrt et al. 2015) indicate a broad range of 

optimal temperature for PME enzymatic activity. High PME activity was found in both 

juvenile and mature leaves (Oikawa et al. 2011a) and we confirmed (Fig. 3a; Tab. 2) 

methanol emission to be weakly sensitive to variation of light (Oikawa et al. 2011b; Brilli et 

al. 2014). Hence, the high methanol emission capacity of juvenile developing leaves (Hüve et 

al. 2007; Fares et al. 2010) may be limited by the rate of cell division and cell wall expansion 

rather than by the PME activity. 

 

In contrast to methanol, isoprene emissions showed a strong seasonality, consistent with 

previous studies (Monson et al. 1994; Kuhn et al. 2004; Wiberley et al. 2005; Niinemets et al. 

2010). The onset of isoprene emission was delayed by one month following leaf emergence 

in the coppiced poplars, similarly to what was observed in a natural poplar stand at high 

elevation (Monson et al. 1994). In fact, prevailing cold springtime temperatures experienced 

by the plantation in our study site might have slowed down the expression of the IspS enzyme 

(Wiberley et al. 2005) in the juvenile developing leaves and, at the same time, might have 

limited the supply of dimethylallyl diphosphate (DMAPP) substrate for isoprene biosynthesis 

(Wiberley et al. 2008). The relatively low temperatures throughout most of the growing 

season constrained the highest isoprene emissions to a very short period in mid-August (Fig. 

1g). In addition, the rapid acropetal growth of coppiced poplar shoots occurred along with 

increasing LAI until the end of August, when LAI reached maximum values and strong 

isoprene emitting adult leaves outweighed the young ones in all canopy layers (Fig. S1a-d). 

Therefore, for most of the season, developing poplar leaves from the coppiced plantation 

released sustained amounts of methanol but were unable to emit isoprene at high rates (Fig. 

1b, g). As a whole, juvenile leaves had a higher impact on fluxes of VOC and on GPP than 
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the adult ones, which became progressively shaded as the canopy closed. The high planting 

density of bioenergy plantations (Verlinden et al. 2015) further limited light availability for 

adult poplar leaves in the middle or in the lower layers of the canopy to efficiently 

photosynthesize and perform light-dependent isoprene biosynthesis.  

Overall, the total carbon emitted in the form of isoprene accounted for only 0.7 % of the net 

ecosystem carbon exchange in the plantation (Tab. 3). This was quite a low percentage when 

compared to the 1-3 % of the photosynthetically assimilated carbon normally released by 

poplars as isoprene during a season (Goldstein et al. 1998), which can also increase to 15-

50% for short periods in poplar leaves exposed to extreme conditions in the Mediterranean 

area (Brilli et al. 2007), or - at ecosystem level - in tropical (Harley et al. 2004) and temperate 

forests (Seco et al. 2015). Isoprene emissions may in the short term be uncoupled from GPP 

either under stressed (Brilli et al. 2007) or normal conditions (Brilli et al. 2014).  However, 

isoprene emission and photosynthesis are intimately linked as both are light- and 

temperature-dependent for energy requirements and because photosynthesis supplies the 

carbon to the Methyl Erythritol Phosphate (MEP-) pathway (Loreto & Sharkey, 1993; 

Delwiche & Sharkey, 1993). In fact, a strong relationship between isoprene emissions and 

GPP was found in deciduous tropical trees (Kuhn et al. 2004). Despite isoprene emission 

being delayed with respect to the beginning of the growing season, we thus confirm that 

canopy scale photosynthesis may be a reliable basis to model the seasonal variation of 

isoprene emissions (Niinemets et al. 1999; Grote et al. 2014). Indeed, the seasonal trend of 

isoprene emission followed the GPP trend, simultaneously reaching their maximum rates 

(Fig. 4a, b).  

 

Real-time full detection of VOC by PTR-TOF-MS demonstrated the bidirectional exchange 

of many VOC above the plantation, other than isoprene and methanol (Niinemets et al. 2014). 
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This was consistent with one previous study at ecosystem level (Park et al. 2013). The SOM 

visualization revealed that emissions of acetaldehyde, acetone, formic acid, ethanol and a 

fragment of GLVs were all enhanced under low values of GPP and LAI (Fig. 2c, d, e, f, k, p, 

t), being associated to the breakdown of cell membranes in senescent leaves after summer 

(Karl et al. 2005; Brilli et al. 2012). In addition,  secondary oxidation products of isoprene 

(iox) (Liu et al., 2012) and MEK (McKinney et al. 2011) were emitted when high Tair coupled 

with high PAR (Fig. 2h, i, q, r) favored photochemical reactions either in the lower 

atmosphere or within the leaves (Jardine et al. 2012). Due to the short lag-time between the 

diurnal peak of isoprene emissions at noon and that of iox a few hours later (Brilli et al. 2014), 

we cannot exclude that part of the signal recorded at m/z = 71.049 was related to the 

dominant first-generation isoprene oxidation products (ISOPOOHs) overlapping with MVK 

and MAC. Indeed, recent findings (Rivera-Rios et al. 2014) support the idea that the 

production and the release of ISOPOOHs could have preceded the formation of iox as fast 

isoprene oxidation already occurs within the leaf mesophyll (Jardine et al. 2012; Fares et al. 

2015).  

Our results confirmed that poplars remove oxygenated VOC from the atmosphere (Karl et al. 

2010). However, if oxygenated VOC do not undergo rapid metabolic transformation into 

other chemical species after deposition (Oikawa & Lerdau, 2013), they could possibly be re-

emitted rapidly - because of their high volatility (Niinemets et al. 2004) - through the 

evaporation of liquid pools either inside- or outside- the leaves mesophyll where they 

concentrate. The plantation was a net sink only for formaldehyde (Tab. 3; Brilli et al. 2014). 

The SOM showed that high rates of formaldehyde deposition were related in the long term to 

both environmental (i.e. high Tair, PAR, VPD; Fig. 2a, q, r, s) and physiological (high ET 

rates; Fig. 2a, n) factors determining stomatal opening. This is consistent with previous 

results at leaf level showing the uptake of formaldehyde to be partially dependent on stomatal 
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conductance in Mediterranean plant species (Seco et al. 2008). Moreover, the slow and steady 

deposition of formaldehyde during the season (Fig. 4b) suggested efficient detoxification of 

formaldehyde in poplar leaves by enzymatic oxidation (Giese et al. 1994).  

 

Uncertainties of MEGAN model parameterization (Guenther et al. 2012) are mainly caused 

by the short- and long-term seasonal and developmental variation of BEF (Niinemets et al. 

2010). We show that the prediction accuracy of the seasonality of both methanol and isoprene 

emissions could be increased through accurate modeling of BEF by using a function to 

account for the changes in the enzymatic capacity to produce VOC, as previously observed in 

the case of isoprene (Schnitzler et al. 1996). Therefore, a function similar to that adopted by 

Kemper-Pacheco et al. (2014) was generated in this study on the basis of the seasonal trend 

of two physiological factors potentially responsible for the variable BEF performances such 

as GPP and LAI. Indeed, our study showed that in the fast-growing „coppiced‟ bioenergy 

poplar plantations, the rapid development of LAI and GPP paralleled the amount of carbon 

emitted (Fig. 4), and particularly of isoprene and methanol emission capacity over the season. 

Besides, the maximum capacity of the poplar plantation to form isoprene corresponds to the 

maximum GPP (Kuhn et al. 2004), LAI might be much more linked to intrinsic leaf 

properties (and thus to BEF) than GPP, which represents the gross carbon photosynthetically 

assimilated by the ecosystem, including roots and woody stems in addition to leaves. 

As further demonstrated by the lowest AIC values achieved (Tab. 4), MEGAN simulated 

emissions of methanol and isoprene with more accuracy when BEF was modified to account 

for the seasonal changes of LAI and GPP. This might be particularly valuable when applied 

to „coppiced‟ isoprene emitting plantations where fast development of a canopy (and thus of 

LAI) is associated with high GPP rates and methanol emissions. Nevertheless, methanol 

emission was overestimated during episodes of rapid temperature increase that occurred at 
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the end of July and in mid-August. Control of methanol emission may depend not only from 

the variable performances of the PME enzyme. This has been previously supported by the 

successful application of a purely physical model where the seasonality in the BEF 

performances was not considered to simulate methanol emissions in the long term (Laffineur 

et al. 2011). Therefore, simulating the seasonal exchange of methanol by applying the latest 

MEGAN modeling approach is still inappropriate, due to the current limited understanding of 

methanol production (and emission). Methanol emission may not obey traditional empirical 

emission algorithms (i.e. light and temperature dependencies) adopted by MEGAN model, 

but rather exhibits a bidirectional flux whose physiological drivers (i.e. the rate of cell 

division or cell expansion; Nemecek-Marshall et al. 1995) are yet to be studied. 

Unlike methanol, simulated isoprene emission was higher than the observed one only during 

the high temperature spell at the end of July. This might suggests that MEGAN is not 

accurate enough to simulate the isoprene dependency to changing temperatures, which may 

have led either to an overestimation of emissions at high temperatures or to an 

underestimation at low temperatures, due to a different sensitivity of IspS to temperature 

fluctuations occurring during the growing season (Hanson & Sharkey, 2001; Cinege et al. 

2009). However, a high temperature-dependence of IspS (resulting in a value of Q10 = e
10 x 

0.23
) was previously assessed for our plantation (Brilli et al. 2014) with respect to an 

investigation in a boreal aspen forest (Fuentes et al. 1999). This might indicate that in a 

coppiced poplar plantation isoprene emission is mainly limited by IspS expression and 

amount (Mayrhofer et al. 2005) rather than by IspS activity. Moreover, it is unlikely that 

isoprene emission was limited by DMAPP supply, as the metabolic flux through the MEP 

pathway has been never constrained by the photosynthetic carbon assimilation over the 

season.  
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In conclusion, this report shows abundant methanol, but smaller than expected isoprene 

emissions from a high-density „coppiced‟ poplar plantation regrown from stools in a 

temperate region under low summer temperatures and unlimited water supply. The results of 

our measurements might improve global modelling for prediction of overall VOC fluxes 

based on a mechanistic (semi-empirical) approach, showing that corrections of BEF are 

required to account for the variation of VOC-specific physiological and physico-chemical 

constraints occurring during the growing season. 
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Table 1. Summary statistics for eddy covariance fluxes (nmol m
-2

 s
-1

) of volatile organic 

compounds (VOC) measured during the entire period from 4 June to 31 October 2012. In 

parenthesis, the statistical values are provided for fluxes that have successfully passed all the 

quality criteria mentioned in section 2.2 of Materials & Methods. SE = standard error; N = 

number of data; 95
th

 % ile = 95
th

 percentile; 5
th

 % ile = 5
th

 percentile; Min=minimum value; 

Max = maximum value. 

VOC 

 

Mean 

 

SE 

 

95
th

 % 

ile 

5
th  

% 

ile 

 

Median Min Max N 

Formaldehyde 

m/z 31.018 

(CH2O-H
+
) 

-0.015 

(-0.016) 

 

0.002 

(0.002) 

0.291 

(0.257) 

-0.332 

(-0.297) 

-0.100 

(-0.013) 

-0.890 

(-0.891)
 

1.067 

(1.067) 

5652 

(7200) 

Methanol 

m/z 33.033 

(CH4O-H
+
) 

0.884 

(0.924) 

 

0.022 

(0.017) 

4.171 

(3.815) 

-0.702 

(-0.530) 

0.388 

(0.497) 

-8.694 

(-5.826) 

18.958 

(18.958

) 

5737 

(7200) 

Acetaldehyde 

m/z 45.033 

(CH4O-H
+
) 

0.004 

(0.005) 

0.002 

(0.002) 

0.273 

(0.239) 

-0.261 

(-0.232) 

0.002 

(0.006) 

-0.992 

(-0.992) 

1.064 

(0.838) 

5584 

(7200) 

Formic Acid 

m/z 47.012 

(CH2O2-H
+
) 

0.015 

(0.017) 

0.004 

(0.003) 

0.462 

(0.384) 

-0.378 

(-0.312) 

0.002 

(0.010) 

-5.427 

(-2.527) 

3.102 

(3.102) 

5681 

(7200) 

Ethanol 

m/z 47.070 

(C2H6O-H
+
) 

0.004 

(0.004) 

0.004 

(0.003) 

0.181 

(0.174) 

-0.159 

(-0.146) 

-0.002 

(-0.002) 

-9.888 

(-9.888) 

11.073 

(4.24) 

5810 

(7200) 

Acetone 

m/z 59.049 

(C3H6O-H
+
) 

0.035 

(0.037) 

 

0.004 

(0.003) 

0.412 

(0.347) 

-0.312 

(-0.255) 

0.016 

(0.031) 

-2.438 

(-1.849) 

8.474 

(8.474) 

5682 

(7200) 

Isoprene 

m/z 69.069 

(C5H8-H
+
) 

1.009 

(1.017) 

0.037 

(0.031) 

5.611 

(5.202) 

 

-0.216 

(-0.188) 

0.153 

(0.166) 

 

-2.633 

(-2.633) 

38.661 

(38.661

) 

5803 

(7200) 

iOX 

m/z 71.049 

(C4H6O-H
+
) 

0.003 

(0.004) 

0.001 

(0.001) 

0.098 

(0.088) 

-0.086 

(-0.077) 

0.001 

(0.002) 

-0.247 

(-0.247) 

0.351 

(0.257) 

 

5660 

(7200) 

MEK 

m/z 73.068 

(C4H8O-H
+
) 

0.004 

(0.005) 

0.001 

(0.001) 

0.156 

(0.138) 

-0.141 

(-0.123) 

0.001 

(0.005) 

-0.562 

(-0.526) 

0.668 

(0.668) 

5700 

(7200) 

GLV & monoterpenes 

fragment 

m/z 81.069 

(C6H8-H
+
) 

 

0.008 

(0.008) 

 

0.001 

(0.001) 

 

0.111 

(0.098) 

 

-0.089 

(-0.078) 

 

0.004 

(0.006) 

 

-0.755 

(-0.755) 

 

0.613 

(0.550) 

 

5709 

(7200) 

GLV fragment 

m/z 83.086 

(C3H10-H
+
) 

0.031 

(0.139) 

 

0.009 

(0.012) 

0.857 

(1.632) 

-0.730 

(-1.191) 

0.005 

(0.061) 

-6.434 

(-11.991) 

7.550 

(23.369

) 

5686 

(7200) 

Σ Monoterpenes 

m/z 137.133 

(C10H16-H
+
) 

0.005 

(0.003) 

0.001 

(4*10
-4

) 

0.077 

(0.059) 

-0.063 

(-0.048) 

0.002 

(0.003) 

-0.359 

(-0.209) 

1.354 

(0.237) 

5782 

(7200) 
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Table 2. Parameters of the best fit for data selected between daytime hours (7:00-20:00) in 

different months are: R
2
, correlation coefficient and a, regression slope ± standard error (p < 

0.05). 
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Table 3. Cumulative sum of the carbon emitted, deposited and balanced (= emitted-

deposited) in the form of the most abundant volatile organic compounds (VOC), total net 

ecosystem exchange (NEE) of CO2, gross primary production (GPP), and respiration (RECO) 

of the poplar plantation during the growth period (4 June to 31 October 2012). 

 

 

Cumulative 

Fluxes 

 

 

Emission 

(gC m
-2

) 
 

 

Deposition 

(gC m
-2

) 

 

Balance 

(gC m
-2

) 

Formaldehyde 

(m/z 31.018) 

 

0.001 

 

- 0.010 

 

-0.099
 

Methanol 

(m/z 33.033) 

 

0.160 

 

- 0.016 

 

0.144 

Acetaldehyde 

(m/z 45.033) 

 

0.027 

 

- 0.022 

 

0.005 

Formic acid 

(m/z 47.012) 

 

0.012 

 

- 0.007 

 

0.005 

Ethanol 

(m/z 47.050) 

 

0.012 

 

- 0.011 

 

0.001 

Acetone 

(m/z 59.049) 

 

0.041 

 

- 0.024 

 

0.017 

Isoprene 

(m/z 69.070) 

 

0.815 

 

- 0.024 

 

0.791 

iox 

(m/z 71.049) 

 

0.011 

 

- 0.009 

 

0.002 

MEK 

(m/z 73.068) 

 

0.018 

 

- 0.015 

 

0.003 

GLV & Monoterpenes 

fragment 

(m/z 81.070) 

 

0.021 

 

- 0.013 

 

0.007 

GLV fragment 

(m/z 83.085) 

 

0.034 

 

- 0.021 

 

0.013 

Σ Monoterpenes  

(m/z 137.133) 

 

0.020 

 

- 0.014 

 

0.005 

 

NEE 

 

--- 

 

-115.124 

 

--- 

 

RECO 

 

1278.254 

 

--- 

 

--- 

 

GPP 

 

--- 

 

--- 

 

1393.277 
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Table 4.  Statistics on the gap filled fluxes of methanol and isoprene (nmol m
-2 

s
-1

) measured 

from 4 June to 31 October 2012 with respect to the Model of Emissions of Gases and 

Aerosols from Nature (MEGAN) simulated fluxes (nmol m
-2 

s
-1

). Either a constant or a 

dynamic basal emission factor (BEF) was applied, the latter based on the seasonal variation 

of gross primary production (GPP) and leaf area index (LAI). R
2 

is the correlation coefficient 

(p < 0.05), RSME is the root mean squared error and AIC is the Akaike information criterion 

between the measured and their modeled values.  
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Figure 1. Time series of half-hourly volatile organic compounds (VOC) fluxes (a-l; nmol m
-2

 

s
-1

) measured by PTR-TOF-MS at the field site (thick lines) and gap-filled (hairlines) during 

the growing season of 4 June – 31 October 2012.  
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Figure 2. Panels (a-t) are component planes of the Self Organizing Map (SOM) for fluxes of 

volatile organic compounds (VOC) (a–l; nmol m
-2

 s
-1

) and the corresponding net ecosystem 

CO2 exchange (NEE) (m; μmol m
-2

 s
-1

), evapotranspiration (ET) (n; mmol m
-2

 s
-1

), ecosystem 

respiration (RECO) (o; μmol m
-2

 s
-
1), gross primary production (GPP) (p;μmol m

-2
 s

-1
), 

photosynthetic active radiation (PAR) (q; μmol photons m
-2

 s
-1

), air temperature (r; °C), 

vapor pressure deficit (VPD) (s; kPa), Leaf Area Index (LAI) (t; m
2
 m

-2
). On the SOM-planes 

referring to VOC fluxes (a-l), the highest emission rates are represented by dark red whereas 

the highest deposition rates are represented by dark blue. On the SOM-planes referring to all 

other physiological (n-p), environmental (q-s), and structural (t) parameters the lowest 

measured values (approaching zero) are dark blue and the highest are dark red.  
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Figure 3. Relationships between methanol (a, c, e, g, i) and isoprene fluxes (b, d, f, h, l) and 

photosynthetic active radiation (PAR), air temperature, vapor pressure deficit (VPD), gross 

primary production (GPP), evapotranspiration (ET) during the daytime hours (7:00-20:00). 

Different colors are the best fitting lines for data collected in different months: blue = June, 

green = July, red = August, dark brown = September and black = October.  
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Figure 4. Seasonal variation (from 4 June to 31 October 2012) of daily (a) and cumulative (c) 

amount of carbon accounted as: gross primary production (GPP) (black line), net ecosystem 

CO2 exchange (NEE) (blue lines) and ecosystem respiration (RECO) (dark red line). Daily 

amount (b) of carbon only emitted from the poplar plantation in the form of VOC (red line), 

only deposited to the poplar plantation in form of VOC (blue line) and the net amount of 

carbon resulting from the difference (Δ) between the carbon emitted – carbon deposited in 

form of VOC (green line). Cumulative sum of carbon emitted in the form of VOC along with 

continuous time-series of LAI values (d) is also shown.  
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Figure 5. Daily sum of half-hourly flux emissions of methanol (a) and isoprene (c) and the 

cumulative sum of the carbon emitted as methanol (b) and isoprene (d) of observed flux 

values (black lines) when applying: i) a constant value of Basal Emission Factor (BEF) to 

Model of Emissions of Gases and Aerosols from Nature (MEGAN) (blue lines); ii) a dynamic 

value of BEF to MEGAN based on the seasonal variation of GPP (red lines);  and iii) a 

dynamic value of BEF to MEGAN based on the seasonal variation of LAI (green lines). 
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Summary 

 Some reactive volatile organic compounds (VOC) (especially isoprene) emitted in the 

atmosphere from leaves of widespread fast-growing woody bioenergy crops play a key role 

in climate forcing and local air quality. 

 Eddy covariance VOC emission and deposition fluxes were monitored in a „coppiced‟ 

poplar plantation during an entire growing season and their complex interactions with 

climatic and physiological variables also including canopy structural traits were explored by 

using the Self-Organizing Map (SOM). 

 Rapid development of a canopy (and thus of Leaf Area Index, LAI) was associated with 

high methanol emissions and high rates of gross primary production (GPP) since the 

beginning of the growing season, while the onset of isoprene emission was delayed. 

 The highest emissions of isoprene, and of isoprene photoxidation products (methyl vinyl 

ketone and methacrolein, iox) occurred on the hottest and sunniest days, when also GPP and 

evapotranspiration were highest and formaldehyde was significantly deposited. 

 The accuracy of methanol and isoprene emission simulations with the MEGAN model 

increased by applying a function to modify their basal emission factors, accounting for 

seasonality of GPP or LAI. 

 


