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forest of the Missouri Ozarks (central USA)
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Abstract

Considerable amounts and varieties of biogenic volatile organic compounds (BVOCs) are exchanged between vegeta-

tion and the surrounding air. These BVOCs play key ecological and atmospheric roles that must be adequately repre-

sented for accurately modeling the coupled biosphere–atmosphere–climate earth system. One key uncertainty in

existing models is the response of BVOC fluxes to an important global change process: drought. We describe the diur-

nal and seasonal variation in isoprene, monoterpene, and methanol fluxes from a temperate forest ecosystem before,

during, and after an extreme 2012 drought event in the Ozark region of the central USA. BVOC fluxes were domi-

nated by isoprene, which attained high emission rates of up to 35.4 mg m�2 h�1 at midday. Methanol fluxes were

characterized by net deposition in the morning, changing to a net emission flux through the rest of the daylight hours.

Net flux of CO2 reached its seasonal maximum approximately a month earlier than isoprenoid fluxes, which high-

lights the differential response of photosynthesis and isoprenoid emissions to progressing drought conditions. Never-

theless, both processes were strongly suppressed under extreme drought, although isoprene fluxes remained

relatively high compared to reported fluxes from other ecosystems. Methanol exchange was less affected by drought

throughout the season, confirming the complex processes driving biogenic methanol fluxes. The fraction of daytime

(7–17 h) assimilated carbon released back to the atmosphere combining the three BVOCs measured was 2% of gross

primary productivity (GPP) and 4.9% of net ecosystem exchange (NEE) on average for our whole measurement cam-

paign, while exceeding 5% of GPP and 10% of NEE just before the strongest drought phase. The MEGANv2.1 model

correctly predicted diurnal variations in fluxes driven mainly by light and temperature, although further research is

needed to address model BVOC fluxes during drought events.
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Introduction

Plants exchange a wide array of volatile organic com-

pounds (VOCs) with the atmosphere (Kesselmeier &

Staudt, 1999), emitting these VOCs in amounts esti-

mated to be an order of magnitude greater than those

emitted from anthropic VOC sources on a global scale

(Guenther et al., 1995). Thousands of biogenic VOCs

(BVOCs) have been characterized, and there is growing

evidence that many others are yet to be identified

(Goldstein & Galbally, 2007; Park et al., 2013). BVOCs

have ecological functions such as protecting vegetation

from abiotic stresses (Singsaas & Sharkey, 1998;

Pe~nuelas et al., 2005; Velikova et al., 2005) or acting as

communication signals in plant–plant, plant–animal,

and multitrophic relationships (Kessler & Baldwin,

2001; Pichersky & Gershenzon, 2002; Baldwin et al.,

2006; Seco et al., 2011a; Filella et al., 2013). In addition,

BVOCs can substantially influence atmospheric chemis-

try and composition (Atkinson, 2000; Tunved et al.,

2006; Pryor et al., 2014).

Although the existence of many BVOCs has been

known for over a century (e.g. Schreiner & Kremers,

1901), it was during the early 1960s that the first specu-

lations were made concerning the importance of
Correspondence: Roger Seco, tel. +1 9498249352,
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isoprenoid emissions (specifically, isoprene and monot-

erpenes) to the atmosphere and their subsequent photo-

chemical reactions (Went, 1960; Rasmussen & Went,

1965; Sanadze & Kalandadze, 1966; Went et al., 1967).

Since Levy (1971) postulated the photochemical pro-

duction of hydroxyl radical (OH), a strong tropospheric

oxidant, the consequences of isoprenoid oxidation by

OH have been discussed. For instance, ozone formation

due to isoprene photochemistry in rural and urban

environments was highlighted by Trainer et al. (1987)

and Chameides et al. (1988), respectively. VOC oxida-

tion produces oxygenated VOCs that usually have

lower vapor pressure than the reactant VOCs and

hence partition more into the particulate phase in the

atmosphere. In fact, Hallquist et al. (2009) estimated the

annual atmospheric organic aerosol loading from

BVOC oxidation processes (88 TgC) to be significantly

higher than from anthropogenic VOCs (10 TgC).

Tropospheric ozone and aerosols are also considered

to be important short-lived climate forcers, although

the level of scientific understanding to constrain their

roles in the earth’s climate system is considered med-

ium to low (IPCC, 2013). All aspects of BVOC tropo-

spheric photochemistry from emission, atmospheric

oxidation processes producing tropospheric ozone and

secondary organic aerosols (SOAs), to the atmospheric

removal processes of those photochemical products are

highly uncertain (Arneth et al., 2010a; Guenther, 2013).

BVOC fluxes, especially those of isoprene, are increas-

ingly considered a necessary part of regional and global

earth system models, and the response of modeled

emissions to global change phenomena such as drought

have been identified as a key uncertainty (e.g. M€uller

et al., 2008; Unger et al., 2013; Sindelarova et al., 2014),

highlighting the need for better simulation techniques

for the increasing impact of drought (Dai, 2013) and

other global change-related stresses on simulated

BVOC emissions.

In this study, we report the dynamics of mixing ratios

and fluxes of isoprene, monoterpenes, and methanol

under extreme drought conditions at a temperate

deciduous forest site in the central USA. The measure-

ments were made from May to October 2012 at the

Missouri Ozarks Forest AmeriFlux site (MOFLUX, Gu

et al., 2006, 2007, 2015) as part of the PINOT-NOIR

(‘Particle Investigations at a Northern Ozarks Tower:

NOx, Oxidants, Isoprene Research’) field campaign.

BVOC emission models predict high emissions of iso-

prene from this region, so high that it has been referred

to as an ‘isoprene volcano’ (Wiedinmyer et al., 2005;

Carlton & Baker, 2011). Indeed, at the same Missouri

site in 2011, Potosnak et al. (2014) measured the highest

isoprene fluxes ever reported from a forest canopy with

fluxes, measured by means of an eddy covariance

system with a fast isoprene sensor (FIS, Guenther &

Hills, 1998), reaching maximum rates of 53 mg

m�2 h�1. In that year, the site experienced abnormally

dry to moderate drought conditions during August

(The Drought Monitor). In 2012, our present study

expanded the VOC species analyzed to include monot-

erpenes and methanol using virtual disjunct eddy

covariance with a proton transfer reaction mass spec-

trometer (PTR-MS). During August 2012, the drought

class reached extreme to exceptional, the highest classes

possible (The Drought Monitor). Because the drought

conditions in 2012 at the MOFLUX site were extraordi-

nary, the dataset presented here represents an excep-

tional resource for improving our understanding of the

drought effects on ecosystem VOC emissions and for

testing the performance of present and future BVOC

emission models.

Materials and methods

Site description

The study site (MOFLUX) is located in the Baskett Wildlife

Research and Education Area (BWREA), operated by the Uni-

versity of Missouri near the city of Ashland (Lat. 38°44039″N,

Long. 92°120W). BWREA is within the Ozark border region of

central Missouri. Second-growth upland oak–hickory forests

constitute the major vegetation type at the BWREA (Rochow,

1972; Pallardy et al., 1988). Major tree species include white,

post and black oaks (Quercus alba L., Q. stellata Wangenh.,

Q. velutina Lam.), shagbark hickory (Carya ovata (Mill.)

K. Koch), sugar maple (Acer saccharum Marsh.), and eastern

red cedar (Juniperus virginiana L.). The average peak leaf area

index (LAI) is approximately 3.7. The climate of the area is

classified as warm, humid, and continental (Critchfield, 1966),

with monthly mean temperature of �1.3 °C in January and

25.2 °C in July and an annual total precipitation average of

1083 mm (National Climatic Data Center 1981–2010 climate

normals, Columbia Regional Airport, Missouri). Two soil

types are dominant at the site: Weller silt loam (fine, smectitic,

mesic Aquertic Chromic Hapludalf) and Clinkenbeard very

flaggy clay loam (clayey-skeletal, mixed, superactive, mesic

Typic Argiudoll) (Young et al., 2001). The comparatively thin

soils beneath these oak–hickory forests often exacerbate plant

water stress when droughts occur (Bahari et al., 1985). Further

details about site characteristics can be found in Gu et al.

(2006, 2007, 2015).

Environmental and ecophysiological parameters

As a member of the AmeriFlux network, the MOFLUX site

has been in continuous operation since 2004. The eddy

covariance (EC) flux and meteorological measurements were

made on a 32-m walkup scaffold tower, approximately

10 m above the top of the canopy (the average height of

trees in the top quartile is 22 m). The CO2 and H2O flux

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980
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data used in this study were from an EC system consisting

of a 3-D ultrasonic anemometer (model CSAT3, Campbell

Scientific, Logan UT, USA) and a fast response, open-path

infrared CO2/H2O gas analyzer (model LI7500A; Li-Cor,

Lincoln NE, USA). The anemometer and gas analyzer were

installed at the top of the tower and all sampled at 10 Hz.

The gas analyzer was calibrated monthly. The EC system

was coupled with a 12-level CO2/H2O mixing ratio profile

system (Yang et al., 2007) and an eight-level temperature/

humidity profile system (Gu et al., 2006). These two profil-

ing systems were used to calculate the changes in the rate

of storage of CO2, water vapor and sensible heat in the air

space below the EC instrumentation. The eddy fluxes and

the changes in the rate of storage were determined at a

half-hourly time step. Spectral and cospectral corrections as

detailed in Mauder & Foken (2011) were adopted to correct

relevant variances and covariances. The calculations of net

ecosystem exchanges (NEE) from eddy fluxes and the

changes in the rate of storage followed the fundamental

equation of eddy covariance of (Gu et al., 2012), which

reformulated the theory of Webb et al. (1980) to ensure an

internal consistency of the EC technique.

Incoming and reflected photosynthetically active radiation

(PAR) were measured at the top of the tower with PAR quan-

tum sensors (model PQS 1; Kipp & Zonen, Delft, Nether-

lands). Shortwave and longwave radiations were measured

with a net radiometer (model CNR 4; Kipp & Zonen). Precipi-

tation was measured with a recording tipping bucket rain

gauge (TR-525M; Texas Electronics, Dallas, TX, USA) mounted

at the top of the tower. Data were totaled over 30 min periods.

Air temperature and relative humidity data used in this study

were also measured at the top of the tower. Atmospheric

vapor pressure deficit (VPD) was computed from the mea-

sured temperature and relative humidity. Volumetric soil

water content was measured at multiple depths from 5 to

100 cm with water content reflectometers (model CS616;

Campbell Scientific, Logan, UT, USA).

Predawn leaf water potential (Ψpd) is commonly used by

plant physiologists to measure plant water stress (Hsiao, 1973;

Pallardy, 2008). The Ψpd data used in this study were from an

ongoing MOFLUX effort that periodically quantifies plant

physiological water stress during the growing season at the

site. The first measurements occurred in late April and the last

measurements took place in late October. Leaf samples were

collected before dawn from canopy and sapling individuals of

common tree species at the site. A total of 20–21 samples were

obtained each day with 6–7 taken from Quercus alba, and the

rest were distributed among Q. velutina, Acer saccharum, Carya

ovata, Fraxinus americana (white ash), and Juniperus virginiana,

roughly in proportion to their relative stem abundance in the

stand. Ψpd was measured with a pressure chamber (Turner,

1981). The Ψpd data reported in this study were averaged

across species.

To compare the amount of carbon emitted as VOC to the

amount of carbon fixed by photosynthesis, the ecosystem

gross primary productivity (GPP) was calculated using the

model described by Gu et al. (2002; Eqns 6 and 7 therein). This

model takes into account the VPD, which was expected to

play an important role in the calculations of GPP in the

drought environment of 2012.

VOC measurements

Volatile organic compound measurements spanned 174 days,

between 2 May and 22 October 2012. Air from the top of the

MOFLUX tower (32 m agl), next to the sonic anemometer,

was drawn by means of a pump through a 1/4 inch OD PFA

Teflon tube to a small air-conditioned building located at the

base of the tower. VOC quantitation was performed inside the

building with a high sensitivity proton transfer reaction quad-

rupole mass spectrometer (PTR-Quad-MS, Ionicon, Austria)

that, in the present configuration, has been described else-

where (Karl et al., 2001). In short, the instrument generates

hydronium ions that transfer a proton to select VOC mole-

cules in a drift tube under a constant electric field (e.g. Hansel

et al., 1995; Lindinger et al., 1998). These charged VOC mole-

cules are then detected by the combined effect of a quadrupole

mass spectrometer and an ion detector. The drift tube of the

instrument used in this study was operated at a pressure of

2.3 mbar, a temperature of 40 °C, and a voltage of 540 V, cor-

responding to an E/N ratio of 110 Td (E being the electric field

strength and N the gas number density; 1 Td = 10�17 V cm�2).

Instrument background was measured daily by diverting

the inlet air through a platinum catalyst heated to 380 °C. Cali-
bration of the PTR-MS was performed by dilution of a house-

made VOC gas standard into zero air generated by a second

heated catalytic converter (415 °C). Two mass flow controllers

(MKS Instruments, Andover MA, USA) were used for the

dilution. The gas standard contained approximately 5 ppmv

each of isoprene, camphene, and benzene. The calibration fac-

tors measured for camphene were used to calculate the total

monoterpene mixing ratios in ambient air, and the calibration

factor for methanol was calculated from the calibration factor

of benzene taking into account the transmission efficiency of

the detection system and the reaction rate of each compound

with H3O
+ ions (Cappellin et al., 2012). The main m/z (mass to

charge ratios) monitored during this study were m/z 21 (H3O
+

isotope, 0.5 s dwell time), m/z 33 (methanol, 0.1 s dwell time),

m/z 39 (water cluster, 0.1 s dwell time), m/z 69 (isoprene, 0.1 s

dwell time), and m/z 81 and m/z 137 (monoterpenes, 0.1 s

dwell time each). The cycle scanning through all the m/z ratios

had a duration of approximately 1.2 s (i.e. each m/z was mea-

sured once every 1.2 s), and measurements for EC were

recorded for 25 minutes of each half-hour.

Fluxes of VOCs were calculated using the virtual disjunct

eddy covariance technique (vDEC), also known as disjunct

eddy covariance by mass scanning (Karl et al., 2002). The dis-

junct time series that was generated for each m/z every half-

hour was time aligned with the vertical wind data from the

sonic anemometer by shifting one time series relative to the

other until the absolute maximum covariance between the two

time series was determined. Using this procedure, the time lag

between the two measurements was found to be approxi-

mately 4 s. In the case of methanol, we used the lag time of iso-

prene when the absolute covariance peak was difficult to find.

Previously, the wind data had been rotated according to the

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980
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planar fit method (Wilczak et al., 2001). Computed fluxes were

excluded from further analysis if any of the following condi-

tions occurred: (i) turbulence was low (u* < 0.15); (ii) vertical

wind rotation exceeded 5°; and (iii) results of the stationarity

test (Foken et al., 2004) were higher than 30% for isoprene and

monoterpenes or higher than 50% for methanol. Half-hour EC

fluxes excluded by these conditions represented 38%, 61%,

and 51% of the total calculated for isoprene, monoterpenes,

and methanol, respectively. The flux detection limit was calcu-

lated according to the approaches of Spirig et al. (2005) and

Billesbach (2011). However, no computed flux was excluded

from analysis for being below the detection limit to avoid dis-

carding net fluxes close to zero (e.g. at nighttime or small

deposition fluxes for methanol) that otherwise were accepted

following the conditions explained above.

High-frequency losses due to the instrument gas exchange

time in the drift tube were not corrected for because compari-

son to temperature cospectra showed that the contribution of

high frequencies to fluxes was typically under 5%, as

expected for such an environment. The measurement tower

was surrounded by forest in a continuous radius of 1 km,

which mainly contained the 90% flux recovery footprint as

modeled by Hsieh et al. (2000), so no VOC data were filtered

out on the basis of wind direction. vDEC calculations were

performed with MATLAB software (Mathworks, Natick, MA,

USA).

Representative episodes along the season

To allow a better interpretation of the results, three main and

three secondary episodes were selected along the measure-

ment season, and they are represented in Fig. 1 by colored

backgrounds.

The three main episodes identified were as follows: (i) Max-

CO2 (11–21 May) when ecosystem net CO2 assimilation and

H2O evapotranspiration were at their peak; (ii) MaxVOC (18

June–8 July) when isoprene and monoterpene fluxes were at

their seasonal maxima; and (iii) Drought (7–27 August) when

the highest drought stress on the ecosystem was recorded.

The three secondary episodes were T1 (31 May–14 June)

and T2 (16–28 July), which essentially were transitional peri-

ods between MaxCO2 and MaxVOC, and between MaxVOC

and Drought, respectively, and Recovery (18–27 September).

The Recovery period was characterized by an increase of net

CO2 flux after the occurrence of some rain events that miti-

gated the drought experienced by the ecosystem.

VOC flux modeling

Two modeling approaches were applied to analyze this data-

set: a simple big-leaf model and a site-specific version of the

MEGANv2.1 model. The simple approach used a big-leaf model

(Geron et al., 1997) to assess the responses of canopy-level

VOC fluxes to light and temperature, using the leaf-level algo-

rithms developed by Guenther et al. (1991, 1993, 1999) and

described by the following expressions (Eqns 1–3).

The response of isoprene and monoterpene fluxes to light

was modeled as follows:

CL ¼ a � CL1 � L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a2 � L2p ð1Þ

where CL is a scalar representing electron transport rates to

simulate the response (nondimensional) of isoprene emission

to light (Guenther et al., 1991), a and CL1 are empirical parame-

ters, and L is PAR (lmol m�2 s�1).

The response of isoprene and monoterpene fluxes to tem-

perature was modeled as follows:

CT ¼ Eopt � CT2 � eCT1 �x

CT2 � CT1 � ð1� eCT2 �xÞ ; x ¼
1

Topt
� 1

T

R
ð2Þ

where CT is a scalar representing an enzyme activation to sim-

ulate the response (nondimensional) of isoprene emission to

temperature (Guenther et al., 1991), Eopt (nmol m�2 s�1) is the

maximum normalized emission capacity at temperature Topt

(K), CT1 (kJ mol�1) and CT2 (kJ mol�1) are empirical parame-

ters, T is the current temperature (K), and R is the ideal gas

constant (= 0.008314 kJ K�1 mol�1).

The response of monoterpene and methanol fluxes to

temperature was modeled as follows:

FVOC ¼ Fref � eb�ðT�TrefÞ ð3Þ

where FVOC is the actual VOC emission flux (mg m�2 h�1) at

temperature T (K), Fref is the VOC emission (mg m�2 h�1) at

Tref (= 303 K), and b (K�1) is an empirical coefficient.

For the big-leaf model used in this analysis, which consid-

ers the canopy as a single multispecies layer of foliage,

above-canopy PAR was used in Eqn 1 instead of leaf-level

PAR, and temperature values used in Eqns 2 and 3 were

above-canopy air temperature instead of leaf temperature.

To calculate light dependence (Eqn 1), flux data measured

in a narrow range of air temperatures (23–27 °C) were

binned into 100 lmol m�2 s�1 groups. For the temperature

dependencies (Eqns 2 and 3), only VOC flux data for which

PAR exceeded 1000 lmol m�2 s�1 were grouped in 1 °C
bins. The binned flux data were averaged and subsequently

those averages were fitted to the algorithms using nonlinear

least squares regression to determine the best fit parame-

ter values using the software Igor Pro (Wavemetrics Inc.,

Portland, OR, USA).

The second modeling approach was a single location ver-

sion of the widely used MEGAN version 2.1 model (Guenther

et al., 2012) that includes an explicit canopy environment

model with a canopy radiation transfer and energy balance

scheme to calculate direct and diffuse light and leaf tempera-

ture of sun and shade leaves at each of five layers. The model

calculates fluxes as the product of a fixed canopy emission fac-

tor and nondimensional emission activity factors. For this

study, we used the model’s global default canopy emission

factors assigned to broadleaf deciduous temperate forests,

with values of 10, 0.99, and 0.8 mg m�2 h�1 for isoprene,

monoterpenes, and methanol, respectively. The environmental

conditions measured at the tower (Figs 1 and 2) were used to

constrain the driving variables of the model’s emission activ-

ity factors (air temperature, PAR, LAI, wind speed, etc.).

Additionally, the temperature and light emission activity

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980
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factors include the influence of the past 24 and 240 h of

temperature and light conditions. The version 2.1 of the MEGAN

model also incorporates a drought activity factor that is driven

by soil volumetric moisture content and is used to linearly

decrease to zero the calculated flux of isoprene when soil

water content falls between 0.04 m3 m�3 above the soil wilting

point and the wilting point itself. Potosnak et al. (2014) used a

wilting point value of 0.084 m3 m�3 for the MOFLUX site,

taken from a global dataset for wilting points (Chen & Dudhi-

a, 2001), and found that the drought activity factor had no

effect on modeled isoprene fluxes because the soil moisture in

2011 was always above the threshold value. Similarly in 2012,

soil moisture was always above the 0.124 m3 m�3 needed to

trigger the drought activity factor using the 0.084 m3 m�3

wilting point value even though the ecosystem was in an

extreme to exceptional drought status as confirmed by the Ψpd

and daytime net CO2 flux measurements. Instead, by examin-

ing the Ψpd and SWC data (at 10 cm of soil depth), we took as

wilting point a value of 0.23 m3 m�3 for use in MEGAN’s

drought activity factor algorithm, consistent with values of

soil moisture at wilting point for combined silt-loam (Weller

series) and rocky clay-loam (Klinkenbeard series) soil types

found at the site (Spurr & Barnes, 1980). This value also corre-

sponded to a Ψpd of �1.5 MPa, equal to the commonly used

value of soil matrix potential that defines the permanent

wilting point (Soil Science Society of America, 1997) beyond

Fig. 1 Daily daytime (7–17 h CST) averages of environmental and physiological parameters, VOC mixing ratios, and VOC canopy-

level fluxes measured at the MOFLUX site. The different episodes (see main text) are identified by their name and marked by colored

backgrounds. Isoprene mixing ratios and fluxes (lower panels) are shown with filled traces—highlighting the seasonal shape—to allow

a better visual comparison to PAR and CO2 and H2O flux seasonal shapes. Note that monoterpene mixing ratios (910) and methanol

and monoterpene fluxes (95) have been multiplied for clarity. Date labels indicate 00:00 h CST. LAI: leaf area index; Ψpd: predawn leaf

water potential; SWC: soil water content; PAR: photosynthetically active radiation; VOC: volatile organic compounds; CST: Central

Standard Time (UTC-6 h).

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980

FOREST VOC FLUXES DURING AN EXTREME DROUGHT 3661



which a plant wilts and is not able to recover its turgidity

when placed in a saturated atmosphere.

Results

Drought intensity

The total accumulated rainfall for the whole year 2012

was 563 mm, the lowest amount of at least the last dec-

ade. In particular, small was the summer precipitation

amount for 2012, a fact that had a big impact on the

ecosystem drought intensity (Gu et al., 2015). Also

important was that the precipitation events in 2012

were unusually sporadic. L. Gu et al. (manuscript in

preparation) applied several indices to show that the

high unevenness in stress-releasing precipitation events

was an essential factor in defining the intensity of the

2012 drought.

Soil water content started to decrease at the begin-

ning of May and reached its minimum (0.2 and

0.35 m3 m�3 at 10 and 100 cm depth, respectively) at

the end of August (Figs 1 and 2). Likewise, Ψpd

decreased gradually until the end of August when it

reached a minimum of �3.79 MPa (Fig. 1). Plants are

typically classified to be under severe water stress

when leaf water potential drops below �1.5 MPa,

according to the commonly accepted criteria suggested

by Hsiao (1973). In addition, the mean (� SE) Ψpd

Fig. 2 Hourly averaged diel cycles of the environmental and physiological parameters and VOC mixing ratios and fluxes measured at

the MOFLUX site. Each vertical panel shows the diel cycle for each episode (see main text). Error bars indicate plus or minus one stan-

dard deviation for each hourly average. See caption of Fig. 1 for the meaning of symbols and acronyms.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980
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seasonal minimum for the preceding years (2004–2012)
was �1.91 � 0.41 MPa. Therefore, the 2012 minimum

Ψpd value was more than 4 SE below the seasonal mean

which highlights the severity of the drought of 2012 at

the MOFLUX site. Air VPD values also reflected the

dryness: between the end of June and the end of

August, when VPD reached its highest values, 26 days

had half-hour peaks higher than 4 kPa, of which

10 days exceeded 5 kPa. As a result, VPD hourly aver-

ages corresponding to MaxVOC and T2 episodes

showed values between 3 and 4 kPa in the afternoon

hours (Fig. 2).

Water and carbon dioxide fluxes

Ecosystem daytime net CO2 fluxes started to increase at

the beginning of April with leafout and increasing LAI

values (Fig. 1). Daytime CO2 fluxes increased in magni-

tude gradually until mid-May (MaxCO2 period) when

daily average net assimilation of 17.8 lmol m�2 s�1

(and 30-min peaks of up to 30 lmol m�2 s�1, data not

shown) were measured (Fig. 1). The diel cycles of hourly

CO2 fluxes (Fig. 2) revealed that starting in June (T1 epi-

sode) and continuing until the end of August (Drought

episode), the CO2 net assimilation showed a peak in the

morning before 10:00 h, and then declined to lower lev-

els of CO2 exchange between 10:00 and approximately

15:00 h. Net water flux average daily maxima (occurring

between 10 and 15 h) also declined as the season pro-

gressed until the Drought episode, starting with hourly

maxima of 7.7 mmol m�2 s�1 during MaxCO2 and

declining to 1.7 mmol m�2 s�1 during Drought (Fig. 2).

After the rain events at the end of August, net CO2

assimilation and water flux hourly maxima recovered to

8.4 lmol m�2 s�1 and 2.4 mmol m�2 s�1 on average,

respectively, during Recovery (Fig. 2).

Measured VOC fluxes and mixing ratios

Ambient mixing ratios of the measured VOCs were

dominated by methanol, with half-hour average ranges

of 1.9–26 ppbv and daytime average ranges of 3.6–17
ppbv (Fig. 1). Mixing ratios of isoprenoids reached half-

hour maxima of 28.9 and 1.37 ppbv for isoprene and

monoterpenes, respectively, with minima near zero

(< 10 pptv) in both cases. Daytime average maxima

were half of the half-hour maxima for both isoprene and

monoterpenes with values of 14.3 and 0.68 ppbv,

respectively (Fig. 1). The diel cycle of methanol revealed

higher mixing ratios during nighttime hours, while

isoprenoids showed the opposite behavior (Fig. 2).

Isoprene was the main VOC emitted. Its half-hour

maximum flux was 35.4 mg m�2 h�1 at midday on 1

July. On that same day, the highest daytime average

flux was also recorded, with 14.3 mg m�2 h�1. The

magnitude of isoprene fluxes increased from the begin-

ning of the VOC measurements in May until the begin-

ning of July (MaxVOC episode); afterward, isoprene

fluxes decreased gradually to nearly zero at the end of

October when our VOC measurements stopped (Figs 1

and 2). Monoterpene fluxes closely followed isoprene

seasonal trends but with lower magnitudes: their half-

hour and daytime average maxima were 4.2 and

1.9 mg m�2 h�1, respectively. Methanol diurnal fluxes

revealed that, on average, the prevailing ecosystem

exchange around sunrise (5:00–7:00 h) was character-

ized by deposition, reaching hourly average fluxes of

�0.16, and half-hour fluxes of �1.36 mg m�2 h�1. Later

in the day, emissions were predominant and, on aver-

age, were within the range of total monoterpenes dur-

ing the central part of the day (Fig. 2). In contrast to

isoprenoid fluxes, daytime methanol emissions varied

less throughout the measurement campaign. Hourly

average methanol peak emissions ranged between 0.32

and 0.5 mg m�2 h�1 in all episodes (peaking during

MaxVOC) except Recovery, when the morning deposi-

tion period lasted longer and the hourly maximum

average emission dropped to only 0.11 mg m�2 h�1

(Fig. 2). Half-hour emission peaks for methanol were as

high as 1.78 mg m�2 h�1.

The carbon fraction from GPP and NEE released back

to the atmosphere in the form of BVOCs is shown in

Fig. 3. The fraction of daytime (7–17 h) carbon lost

combining the three measured BVOCs was approxi-

mately 2% of GPP and 4.9% of NEE on average for our

whole measurement campaign. For all three VOCs, the

percent of carbon loss through emission was highest

from the end of June until the end of August. During

this period, when VPD was also highest, CO2 net flux

was greatly reduced, and VOC fluxes peaked and

started declining. Isoprene was obviously contributing

the most to the loss of assimilated carbon (98% among

the three BVOCs), being highest from mid-July to

beginning of August, with daytime peaks of 5–9% and

12–20%, respectively, for GPP and NEE. Monoterpenes

had timing similar to isoprene, with peaks up to 0.5–
0.8% for GPP and 3–5% for NEE. Finally, the contribu-

tion of methanol reached approximately 0.3% of GPP

and 3% of NEE (Fig. 3).

Modeled VOC fluxes

Figure 4 shows the response of canopy-level isoprene

and monoterpene emissions to incident light (PAR) by

fitting the observations to the leaf-level algorithm of

Eqn 1. Isoprene fluxes increased with PAR—as

expected—and even though the combination of all the

available isoprene data (measured at 23–27 °C) did not
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achieve a fit to the algorithm, the algorithm fit the data

of each of the episodes individually with good agree-

ment (r2 > 0.61, see Table S1). Monoterpene fluxes also

increased with PAR, and the algorithm performed well

in describing both the entire dataset and also each of

the first four episodes with acceptable agreement

(r2 > 0.53, see Table S2). The model fit during the

Drought and Recovery episodes was poor due to higher

variability and lower fluxes present in the monoterpene

flux data of those episodes.

The responses of VOC emissions to air temperature

are summarized in Fig. 5. The Recovery episode fea-

tured cooler temperatures and did not have enough

VOC flux data at 303 K (used for flux normalization in

Eqn 2 and as a reference flux in Eqn 3) to allow the

computation of the fitting parameters for that episode.

Normalized fluxes of both isoprene and monoterpenes

were fitted to Eqn 2 with very good agreement

(r2 > 0.88, see Tables S3 and S4) except for the monoter-

pene Drought episode (r2 = 0.44). The fit of all data

together for each isoprenoid revealed an optimal air

temperature (Topt) for isoprene emission of 311 K

(38 °C) while for monoterpenes, Topt was above the

measured range, which means that no temperature

optima were obtained for monoterpenes according to

Eqn 2. Interestingly, both isoprene and monoterpenes

had a lower Topt around 305 K (32 °C) during T1.

Temperatures during the previous episode (MaxCO2)

were never higher than 304 K, so it was impossible to

compare whether Topt was also around 305 K for

MaxCO2. But air temperatures were higher than 304 K

for the period between MaxCO2 and T1, and the same

analysis for that period (data not shown) showed that

fluxes of isoprene declined above 306 K at the begin-

ning of the season. Monoterpenes, on the other hand,

showed Topt at 311 K for that interepisode period, a

value lower than that found with all the monoterpene

data but again is not meaningful because it is well

above the temperature range measured during that per-

iod. Monoterpene and methanol fluxes were also fitted

to the exponential equation of Eqn 3 (Fig. 5). The fit of

all available monoterpene data showed as good an

agreement (r2 = 0.97; Table S5) as it did with Eqn 2

which is used for light-dependent emissions including

isoprene and a fraction of monoterpene emissions.

Likewise, individual monoterpene episodes showed a

very good agreement (r2 > 0.87) except for the Drought

episode (r2 = 0.47). In the case of methanol, the fit

(a)

(b)

(c)

Fig. 3 Carbon (expressed as % of GPP and NEE) emitted daily

in the form of (a) methanol, (b) monoterpenes, and (c) isoprene

along the 2012 season during daytime hours (7:00–17:00 h CST).

Areas representing the percent start from the bottom of the

y-axis (i.e. they are not stacked on top of each other). Note the

different scaling of the y-axis for each compound. Date labels

indicate 00:00 h CST.

Fig. 4 Response of canopy-level isoprene and monoterpene

emissions to light (big-leaf model) calculated by fitting the leaf-

level emission algorithm of Eqn 1 (see main text). Note that ‘all

data’ for isoprene did not achieve a fit to the algorithm although

isoprene flux increased with increasing PAR (data not shown).
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agreement was generally lower (r2 = 0.75 for all data;

see Table S6) with more scatter of the 1K-binned data

averages, but all episodes showed r2 > 0.5 except for T2

(r2 = 0.38).

The daily courses of the observed and the MEGAN

model calculated VOC fluxes for each episode are com-

pared in Fig. 6. MEGAN did not capture the observed

morning methanol deposition, and predicted methanol

fluxes were in all cases higher than the measured val-

ues by up to a factor of three in midsummer. During

midday, the maximum hourly average model positive

bias ranged from 0.2 to 0.3 mg m�2 h�1 (50–100% of

the measured fluxes) except for the MaxVOC and T2

episodes, when this bias reached 0.8–1.2 mg m�2 h�1

(170–300% of the measured fluxes). MEGAN monoter-

pene average flux values were higher than measure-

ments during nighttime in all cases (Fig. 6). During

daytime, modeled fluxes adequately reflected the

actual afternoon emissions during T1 and MaxVOC,

but the modeled fluxes were higher for the remaining

episodes, especially in the case of T2 (1 mg m�2 h�1 or

175% more) and Drought (0.5 mg m�2 h�1 or 475%

higher).

MEGAN midday isoprene flux estimates without a

drought algorithm correction were 27% and 15% (1.5

and 2.5 mg m�2 h�1) higher than measurements

during MaxCO2 and MaxVOC (Fig. 6). During T1, in

contrast, maximum hourly modeled values were

approximately 32% less than the 12.5 mg m�2 h�1 mea-

sured. The largest differences were found during T2,

when MEGAN’s isoprene predictions were 166% more

than measured fluxes (22.9 vs. 8.6 mg m�2 h�1) during

the peak of the day. During Drought, the highest hourly

modeled fluxes were also higher by 118% (8.3 vs.

3.8 mg m�2 h�1), and the same happened for Recovery

with a 210% increase, although the magnitudes were

lower (3.1 vs. 1 mg m�2 h�1) than in previous episodes

(Fig. 6).

When the drought algorithm for isoprene included in

MEGAN was used (with a wilting point of 0.23 m3 m�3),

the modeled isoprene fluxes changed for all episodes

except for MaxCO2 as there was no drought at that time

of the season (Fig. 6). During T1 (when the original

modeled fluxes were already 32% lower than measure-

ments), the new maximum hourly modeled values

became even lower, reaching 50% of those measured.

During MaxVOC, modeled fluxes went from being 15%

higher to 25% lower than measurements. The big dis-

crepancy between model and measurements registered

during T2 and Drought was moderated by the drought

algorithm by lowering the model outputs by approxi-

mately 39%, with new modeled maximum hourly

fluxes at 63% and 34% more than those measured

(instead of the original 166% and 118%) for T2 and

(a)

(b)

(c)

(d)

Fig. 5 Response of VOC emissions to air temperature (big-leaf model) calculated by fitting the leaf-level emission algorithms of Eqs. 2

and 3 (see main text). Isoprene (a) data were fitted to Eqn 2; methanol (b) to Eqn 3; and monoterpenes (c, d) to both equations.
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Drought, respectively. In the case of Recovery, maximum

hourly isoprene fluxes were lowered by 19%, becoming

150% higher than measurements instead of the original

210% (Fig. 6).

The direct comparison of all available individual

half-hour flux measurements with MEGAN predictions

clearly showed that MEGAN overpredicted isoprene

fluxes by approximately 40% on average when no

drought algorithm was included (Fig. 7). When ME-

GAN’s drought algorithm was used (with a wilting

point of 0.23 m3 m�3), the overall model results

became closer to the observations with an underpredic-

tion of approximately 10% (Fig. 7). Both estimates by

MEGAN had a very similar coefficient of correlation with

measured isoprene fluxes (approximately r = 0.82), but

the use of the drought algorithm improved the predic-

tion of the model (root mean square error

(RMSE) = 3.88 mg m�2 h�1 without drought algorithm

vs. RMSE = 2.66 mg m�2 h�1 with drought algorithm).

Comparing MEGAN’s results for monoterpenes with all

half-hour flux measurements and also applying the

same drought correction as was applied to isoprene

(viz. using isoprene’s drought activity algorithm with a

wilting point value of 0.23 m3 m�3) resulted in results

virtually identical to those obtained for isoprene:

without drought correction, MEGAN overpredicted

monoterpene fluxes by 40% and with drought correc-

tion, the model under predicted fluxes by 11% (Figs 6

and 7).

Discussion

VOC measurements in context

Measurements presented in this study covered most of

the vegetation growing season at the Missouri Ozarks

site. However, it is likely that we missed a strong emis-

sion of methanol during bud break (around the begin-

ning of April, see LAI in Fig. 1) and early stages of leaf

development. Pectin demethylation during cell wall

Fig. 6 Comparison of hourly averaged diel cycles of canopy-level VOC fluxes between the measurements (closed circles) and the ME-

GAN model results (no drought algorithm used; open diamonds) for each episode. For monoterpenes (middle panel) and isoprene

(lower panel), the dashed line shows the MEGAN output using the model’s built-in isoprene drought algorithm using a wilting point of

0.23 m3 m�3. Error bars indicate plus or minus one standard deviation for each hourly average. Note that the axis of isoprene is one

order of magnitude higher than the others.
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expansion is a major source of methanol emission from

growing leaves (Nemecek-Marshall et al., 1995; H€uve

et al., 2007) and methanol emission rates typically

decline as leaves mature. In contrast, isoprene emis-

sions from new, developing leaves are usually very low

(e.g. Monson et al., 1994), and considering lower tem-

peratures and solar radiation during April, we expect

that isoprene (and likewise monoterpene) fluxes prior

to our measurements were low.

The high abundance of methanol in the air was

expected because methanol is the second most abun-

dant organic gas in the atmosphere after methane

(Jacob et al., 2005), and it has been reported as one of

the dominant VOCs in urban, rural, and forest environ-

ments (Seco et al., 2007, 2011b). Despite its relatively

low emission rate, methanol’s higher atmospheric

abundance can be explained by its relatively long atmo-

spheric lifetime (~10 days; Jacob et al., 2005); therefore,

the high measured mixing ratios are not only a product

of local emissions but also a result of long-range atmo-

spheric oxidation and transport processes. Biogenic

fluxes of methanol reported here fall within published

ranges from various types of vegetation (see Wohlfahrt

et al., 2015, for a review on ecosystem-scale methanol

fluxes).

High isoprene emission fluxes and mixing ratios dur-

ing most of the measurement campaign played a poten-

tially major role in atmospheric chemistry at this site.

Monoterpenes, which had lower emission fluxes but

have higher aerosol yields, contributed to atmospheric

particle growth along with isoprene (Yu et al., 2014).

Maximum isoprene fluxes measured at this Missouri

forest during this study in 2012 (35.4 mg m�2 h�1) and

in 2011 by Potosnak et al. (2014; 53.3 mg m�2 h�1) are

the highest ever reported for a forest canopy, surpass-

ing fluxes of up to 30 mg m�2 h�1 previously reported

from an oil palm plantation in Borneo (Misztal et al.,

2011). Other North American temperate forests with

large components of isoprene-emitting tree species

showed lower fluxes, with maxima on the order of

13 mg m�2 h�1 (Baldocchi et al., 1999; Fuentes et al.,

2007; McKinney et al., 2011; see Potosnak et al., 2014 for

a discussion). The higher values at the MOFLUX site

compared to other North American temperate forests

are expected due to a higher fraction of isoprene emit-

ters and higher temperatures. European forests domi-

nated by isoprene-emitting oaks also showed lower

maximum fluxes (10 mg m�2 h�1; Kalogridis et al.,

2014), as did tropical forests (Langford et al., 2010)

including Amazonia and Costa Rica (up to 12 mg

m�2 h�1; Karl et al., 2004, 2007). Isoprene mixing ratios

in all these studies were also lower than the values

reported here, except in the cases of Amazonia and

Borneo with up to 12 and 26 ppbv, respectively.

Monoterpene mixing ratios reported in the literature

from forests where isoprene is the dominant isoprenoid

emitted were generally < 1 ppbv, somewhat lower than

average mixing ratios described here. Maximum fluxes

were also on the lower side of those at MOFLUX,

approximately 0.5 mg m�2 h�1 (Karl et al., 2004; Lang-

ford et al., 2010; McKinney et al., 2011; Misztal et al.,

2011), except for the Amazon (similar with up to

1.2 mg m�2 h�1; Karl et al., 2007) and for an oak-domi-

nated forest in France that featured monoterpene fluxes

below the detection limit (Kalogridis et al., 2014). In

European forests dominated by monoterpene emitters,

Fig. 7 MEGAN model results of isoprene and monoterpene fluxes

(y-axis) plotted vs. actual measured fluxes (x-axis). MEGAN

results are shown without drought algorithm (red circles) and

with drought algorithm (blue squares; WP = 0.23 m3 m�3).

Slopes were calculated by orthogonal distance regression and

forcing the regression lines through the origin.
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monoterpene fluxes were in a range similar to the values

in Missouri (maxima of 1 mg m�2 h�1; Rinne et al., 2007;

Davison et al., 2009), while mixing ratios were either

lower (0.3 ppbv; Davison et al., 2009) or above (daytime

mean of 2.1 ppbv and maxima around 2.5 ppbv; Seco

et al., 2011b) the values reported in this work.

Responses to drought

Drought stress endured by the vegetation of the Ozarks

during the 2012 season was apparent not only in Ψpd

measurements but also in the diel ecophysiological data

(Fig. 2). A shift to an earlier diurnal peak in leaf photo-

synthesis during drought has been widely observed in

other studies, and this shift is usually correlated with

an increased stomatal closure after mid-morning (Path-

re et al., 1998; Haldimann et al., 2008). Stomatal closure

is one of the earliest responses to drought and the

dominant limitation to photosynthesis during mild-to-

moderate drought (Flexas & Medrano, 2002). This

observation is consistent with the observed morning

peak in the CO2 flux diel cycle between episodes T1

and Drought but not during MaxCO2 or Recovery when

significant water stress was not present (Fig. 2). H2O

flux did not show the same morning peak, but the H2O

flux did show a small decrease just before noon from

T1 through Drought. The closing of stomata had a big-

ger effect on CO2 flux than on H2O flux because

although stomata did close significantly after mid-

morning, gradual increases in VPD (the driving force

for transpiration) through early evening tended to off-

set reduced leaf conductance and sustain transpiration

(Turner et al., 1984). Nevertheless, from a seasonal per-

spective, the 2012 drought greatly reduced both CO2

and H2O fluxes as the lack of water intensified until

rains returned in late August (Fig. 1).

Most biogenic isoprenoid emissions are practically

insensitive to stomatal closure due to their high gas to

water partitioning coefficient (Niinemets & Reichstein,

2003). Consequently, their fluxes did not show a sig-

nificant midday reduction due to stomatal closure

under drought (Fig. 2). Conversely, as methanol is

highly soluble in water, one would expect that

drought-induced stomatal closure would strongly

affect methanol flux (e.g. Harley et al., 2007; Filella

et al., 2009), which was not the case (Fig. 2). As with

transpired water, the flux of methanol dissolved in

water inside the leaf may have been sustained during

the afternoon by the increase in VPD together with a

higher methanol volatility and enzymatic production

due to increased temperature. In support of this possi-

bility, VPD was found to be the main driver of metha-

nol exchange in another temperate forest ecosystem

(Laffineur et al., 2012).

Under drought conditions, isoprenoid fluxes at the

Missouri forest not only had a different diel pattern

than CO2 (due to stomatal closure; Fig. 2), but our

measurements also show that CO2 and isoprenoid

fluxes were uncoupled in time. Thus, the peak of net

CO2 assimilation occurred approximately 35 days ear-

lier than the isoprene emission peak (Fig. 1). Even

though isoprenoids derive most of their carbon from

newly photosynthetically fixed CO2 (Delwiche & Shar-

key, 1993; Loreto et al., 1996), it has recently been

shown that alternative metabolic sources can supply

carbon for isoprenoid biosynthesis, in particular when

photosynthesis is reduced, for example, during

drought (Affek & Yakir, 2003; Funk et al., 2004; Brilli

et al., 2007). In addition, several studies have reported

that isoprenoid emissions continue under drought

when photosynthesis has already decreased substan-

tially and even increases in isoprenoid emissions dur-

ing the first stages of the drought stress can occur (e.g.

Bertin & Staudt, 1996; Pegoraro et al., 2004a,b; Fortu-

nati et al., 2008; Genard-Zielinski et al., 2014; Potosnak

et al., 2014; Wu et al., 2015). Similarly, our measure-

ments show that isoprenoid emissions continued to

increase concurrently with a decrease in photosyn-

thetic CO2 fixation at the beginning of the summer

(Fig. 1). Furthermore, the higher measured isoprene

emissions compared to the MEGAN simulations during

the T1 episode (Fig. 6), during the early phases of the

drought, might be interpreted as a modest increase of

emissions over the emissions expected due solely to

light and temperature conditions, considering that all

other episodes showed higher modeled than measured

emissions. This transient increase in isoprenoid emis-

sions under mild drought stress has been interpreted

(Niinemets, 2010; Potosnak et al., 2014) to be a possible

result of the drought-induced stomatal closure, which

causes a leaf temperature rise, and subsequent increase

in emissions due to limited transpirational cooling,

and a decrease in the internal CO2 concentration of the

leaf (Rosenstiel et al., 2003). These effects of stomatal

closure are reproduced by some recently published

mechanistic models that link isoprenoid emission to

the photosynthetic process by variably partitioning

plant-captured energy from light between photosyn-

thesis and isoprenoid synthesis (Morfopoulos et al.,

2013, 2014; Grote et al., 2014). During this milder

drought phase, the investment of carbon in BVOC

emissions (only for the three BVOCs reported here)

represented more than 10% of the net carbon assimi-

lated and more than 5% of the total carbon assimilated

by the ecosystem (Fig. 3). Given this high cost to the

vegetation, the enhanced isoprenoid emissions during

drought have been postulated to be a response of the

plants to cope with high temperatures that usually
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accompany drought episodes (Loreto et al., 1998;

Pe~nuelas et al., 2005).

After mid-July, when the drought entered its stron-

ger phase and long after photosynthesis was strongly

inhibited, isoprenoid fluxes started to decrease (Fig. 1).

T2 was the period with the biggest difference between

the actual isoprene fluxes and those modeled by MEGAN

(Fig. 6). Modeled isoprene fluxes were the highest dur-

ing this period because temperature and light were also

among the highest of the entire campaign (Fig. 2) and

(see discussion below) the plants would have accli-

mated to the hot weather of the preceding days. Never-

theless, measured isoprene fluxes during T2 and

Drought, although reduced, were still very similar to or

higher than fluxes reported for many other forests in

the world that were not subject to extreme drought (e.g.

Karl et al., 2004, 2007; Langford et al., 2010; McKinney

et al., 2011; Kalogridis et al., 2014). Monoterpenes

showed a similar behavior with reduced emission

fluxes compared with the model during the strongest

phase of the drought (Fig. 6). Similarly, reductions in

isoprenoid emissions under severe drought have been

described on many occasions (Bertin & Staudt, 1996;

Fang et al., 1996; Br€uggemann & Schnitzler, 2002; Funk,

2005; Brilli et al., 2007; Fortunati et al., 2008; Pe~nuelas

et al., 2009a).

Some authors have reported a return to emission lev-

els comparable to prestress values when the plants

were relieved from the drought stress, for example,

after the plants were rewatered (e.g. Fang et al., 1996;

Brilli et al., 2007; Pe~nuelas et al., 2009a). We did not

observe such a phenomenon in our measured isopren-

oid fluxes after the rain that occurred at the end of

August, even though CO2 net fluxes did partially

recover (Fig. 1). According to results using MEGAN, iso-

prenoid fluxes expected without any drought effects

were already lower than the isoprenoid fluxes of sum-

mertime due to cooler weather (Fig. 6), with lower PAR

and temperatures that favor a higher relative recovery

of CO2 assimilation compared to isoprenoid emission.

In fact, the actual isoprenoid fluxes were clearly lower

than the MEGAN predictions during the Recovery period

(Fig. 6). This nonrecovery of isoprenoid emissions after

late August rains could result partly from a likely

reduction in isoprenoid emitting leaf area because we

observed some leaf mortality during the drought.

Furthermore, at that late point of the season, BVOC

emissions could be decreased due to leaf senescence.

Overall, methanol emissions were not affected by

drought to the extent of isoprenoids, which supports

the idea that biosphere–atmosphere methanol exchange

is governed by complex physiological and environmen-

tal drivers such as atmospheric concentration, rate of

production and consumption/deposition either inside

the leaf or on the leaf surface (e.g. water films on leaves

or epiphyllic bacteria), among others (Wohlfahrt et al.,

2015).

Modeled VOC fluxes

Canopy-level isoprene emissions responded to

increases in ambient temperature with increases in

fluxes up to 38 °C (Fig. 5). This behavior has been

observed in many leaf-level studies (e.g. Harley et al.,

1996). Two features stood out in the response of iso-

prene to temperature. The first outstanding feature was

the lower optimal temperature (Topt) found at the

beginning of the season until mid-June compared to

later measurements. Possible explanations for this

phenomenon are that the different species contributing

to isoprene emissions throughout the season (i) were

actively emitting during different periods, (ii) had vary-

ing leaf phenology, with younger leaves being subject

to different temperature responses, and (iii) had

different temperature optima. The latter explanation is

consistent with measurements by C. Geron et al. (man-

uscript in preparation) that showed evidence at the

leaf-level supporting higher basal emission rates and

Topt for drought-resistant oak species at this site. It is

also consistent with the idea that the optimal tempera-

ture at a given time results from acclimation (see Niine-

mets et al., 2010 and Monson et al., 2012 for reviews), as

assumed by the MEGANv2.1 model which has a Topt that

changes throughout the season based on the tempera-

ture of the past 10 days (Guenther et al., 2012). The

second feature is that the ecosystem-level isoprene

response to temperature under severe drought condi-

tions did not break down as was reported in a study on

poplar leaves (Fortunati et al., 2008). Equation 2 uses

normalized fluxes and obviously the magnitude of

emissions decreased with increasing drought (Fig. 2),

but clearly isoprene emissions continued to rise with

increasing temperature even during the Drought epi-

sode (Fig. 5). Nevertheless, the reported leaf-level

breakdown in temperature response (Fortunati et al.,

2008) also occurs in the drought-sensitive species of the

red oak subgenus (e.g. black oak) of the Ozark forest,

while more drought-resistant species of the white oak

section (e.g. white and post oaks) show a continued

response to leaf temperature during drought similar to

predrought conditions (C. Geron et al., in preparation).

Thus, the observed temperature response at the ecosys-

tem level may be due to variation in rooting habit and

cellular level drought tolerance mechanisms between

oak species.

Fitting Eqn 2 to all available monoterpene fluxes did

not show a valid optimal temperature for emission

within the measured temperature range, and the
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response of monoterpenes to temperature was simu-

lated well by the simpler exponential Eqn 3 (Fig. 5), as

expected for emissions of monoterpenes from storage

structures that are often considered exclusively temper-

ature dependent (Tingey et al., 1980; Guenther et al.,

1993). Temperature had an important role in driving

monoterpene emissions, as exemplified by monoter-

pene daily flux peak occurring when temperatures

were higher, in the afternoon, later than the noontime

isoprene peak (Fig. 2). Nevertheless, fitting of monoter-

pene fluxes of individual episodes to Eqn 2 revealed

that, as in the case of isoprene, the optimal temperature

Topt was lower at the beginning of the season possibly

indicating that acclimation to the past temperatures is

occurring for monoterpenes as well. In fact, this accli-

mation is already considered in the MEGANv2.1 model

for monoterpene emission but only for the light-depen-

dent fraction calculated with the same light and tem-

perature algorithms as isoprene (modified versions of

Eqns 1 and 2; Guenther et al., 2012). This model

assumes varying fractions of monoterpenes are light

dependent by compound. For instance, ocimene is con-

sidered to be 80% light dependent, while a-pinene and

b-pinene are 60% and 20% light dependent, respec-

tively (Guenther et al., 2012). In reality, these percent-

ages vary largely with plant species, and it is likely that

nearly 100% of monoterpene emissions from oak forests

are light dependent. Our leaf-level data (C. Geron et al.,

in preparation) also indicate that monoterpene emis-

sions vary by rate and compound between oak species

and that some compounds, such as ocimene, may

become more abundant during drought and tempera-

ture stress conditions. Fig. 4 clearly demonstrates that

light did also drive monoterpene emissions at this

Ozarks deciduous forest, as previously reported for

many plant species and particularly true for species,

such as oaks, that lack specialized monoterpene storage

organs (e.g. Staudt & Bertin, 1998; Owen et al., 2002;

Dindorf et al., 2006). Indeed, the low nighttime mono-

terpene emissions, in particular compared with MEGAN

results (Fig. 6), suggest a substantial control by light of

newly synthesized monoterpene emissions in this eco-

system, at least more than assumed by the MEGANv2.1

model with the default parameterization used in this

study. The fact that monoterpene mixing ratios were

higher during daytime (Fig. 2) reinforces this point. In

ecosystems where monoterpene emissions are mainly a

temperature controlled release of stored monoterpenes,

the nighttime mixing ratios will be higher due to lower

planetary boundary layer heights and oxidation rates

even though emissions are lower (e.g. Davison et al.,

2009; Seco et al., 2013).

Version 2.1 of the MEGAN model already captures the

diurnal variation in isoprenoid emission fluxes and the

short-term variations due to sudden changes in light or

temperature with remarkable accuracy, demonstrated

by the high degree of correlation between model results

and measurements. However, significant variability

remains (Fig. 7), especially during stress events when

the vegetation physiological conditions are far from

optimum, as we have shown in this study (Fig. 6).

Simply using an alternative wilting point of 0.23 m3

m�3 to drive MEGAN’s drought algorithm substantially

improved isoprene (and monoterpene) modeled fluxes,

particularly when calculating a season average total

emission (Fig. 7). An alternative approach would be to

keep this wilting point and increase the threshold,

below which isoprene emission is influenced by soil

moisture, to a value of about 0.27 m3 m�3. However,

these approaches may be insufficient for providing the

modeled BVOC emissions needed as input for high

temporal resolution chemistry calculations where

short-term variations are crucial. The main challenge

remains in correctly assessing the threshold and the

wilting point and relating them to available soil texture

classes and moisture data. In this sense, the importance

of choosing a suitable wilting point for the soil moisture

available data has already been emphasized (Guenther

et al., 2012), and other modeling studies have high-

lighted the importance of soil moisture parameteriza-

tion for improved BVOC flux modeling (Monson et al.,

2012; Tawfik et al., 2012; Huang et al., 2015). Further-

more, soil moisture averaged over longer time periods

(e.g. the previous month) may yield better predictive

power for drought periods, similar to effects currently

incorporated into MEGAN for the influence of light and

temperature of the past 24 and 240 h (Guenther et al.,

2012). Longer term soil moisture data may also have

utility in determining actual wilting point values, as

soil moisture values tend to asymptote at the wilting

point even as drought continues.

Methanol and other oxygenated VOC bidirectional

exchange (Seco et al., 2007, 2008; Niinemets et al.,

2014) remains an issue to be addressed by MEGAN and

other VOC emission models, even though some

attempts have been made to improve the bidirectional

exchange modeling of methanol (Laffineur et al.,

2012). In this study, net methanol exchange resulted

in deposition around the time of sunrise. The magni-

tude and duration of this deposition period increased

as the season progressed and also as the drought

increased in severity. The responses to light and tem-

perature also changed seasonally for the three VOCs

studied here. Variability in emission capacity and in

responses to light and temperature have been docu-

mented (Monson et al., 1994; Keenan et al., 2009;

Niinemets et al., 2010; Guenther et al., 2012), but it

remains a difficult task to discern the relative role of

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980
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ontogeny and acclimation from that of drought stress

response in cases like our Ozarks measurements. An

improved understanding of the involved ontological,

physiological, and biochemical mechanisms must be

elucidated and incorporated into the models to

improve their realism and accuracy.

MEGANv2.1 model accurately simulated short-term

variations of isoprenoid emissions; however, the bidi-

rectional exchange of methanol, the response of iso-

prenoid fluxes to drought stress, and the speciation and

environmental control of mono- and sesquiterpenes are

areas still in need of improvement. More laboratory

(e.g. Kleist et al., 2012; Wu et al., 2015) and field mea-

surements (e.g. Pe~nuelas et al., 2013; Greenberg et al.,

2014) and consequently improved emission models will

be needed to explore the impact of global change on

BVOC emissions and vice versa, the impact of changed

BVOC emissions on biospheric functioning and feed-

back on atmospheric chemistry and climate (Jacob &

Winner, 2009; Pe~nuelas et al., 2009b; Arneth et al.,

2010b; Pe~nuelas & Staudt, 2010).

Acknowledgements

RS was partly supported by a postdoctoral fellowship
awarded by Fundaci�on Ram�on Areces. TK was supported by
the EC Seventh Framework Program (Marie Curie Reintegra-
tion Program, ‘ALP-AIR’, grant no. 334084). AG was sup-
ported by the Laboratory Directed Research and Development
Program at Pacific Northwest National Laboratory. Help by
Dr. Pawel Misztal with computer programming and fruitful
discussions with Dr. Mark Potosnak were greatly appreciated.
This study was partly supported by the U.S. Department of
Energy, Office of Science, Office of Biological and Environ-
mental Research Program, Climate and Environmental Sci-
ences Division. ORNL is managed by UT-Battelle, LLC, for
the U.S. Department of Energy under contract DE-AC05-
00OR22725. U.S. Department of Energy support for the Uni-
versity of Missouri (Grant DE-FG02-03ER63683) is gratefully
acknowledged. The views expressed in this article are those of
the authors and do not necessarily represent the views or poli-
cies of the U.S. Environmental Protection Agency. It has been
subjected to Agency’s administrative review and approved for
publication. The National Center for Atmospheric Research is
sponsored by the National Science Foundation.

References

Affek HP, Yakir D (2003) Natural abundance carbon isotope composition of isoprene

reflects incomplete coupling between isoprene synthesis and photosynthetic car-

bon flow. Plant physiology, 131, 1727–1736.

Arneth A, Sitch S, Bondeau A et al. (2010a) From biota to chemistry and climate:

towards a comprehensive description of trace gas exchange between the biosphere

and atmosphere. Biogeosciences, 7, 121–149.

Arneth A, Harrison SP, Zaehle S et al. (2010b) Terrestrial biogeochemical feedbacks in

the climate system. Nature Geoscience, 3, 525–532.

Atkinson R (2000) Atmospheric chemistry of VOCs and NOx. Atmospheric Environ-

ment, 34, 2063–2101.

Bahari Z, Pallardy S, WC Parker (1985) Photosynthesis, water relations and drought

adaptation in six woody species of oak-hickory forests in central Missouri. Forest

Science, 31, 557–569.

Baldocchi DD, Fuentes JD, Bowling DR, Turnipseed AA, Monson RK (1999) Scaling

isoprene fluxes from leaves to canopies: test cases over a boreal aspen and a mixed

species temperate forest. Journal of Applied Meteorology, 38, 885–898.

Baldwin IT, Halitschke R, Paschold A, von Dahl CC, Preston CA (2006) Volatile sig-

naling in plant-plant interactions: “Talking trees” in the genomics era. Science, 311,

812–815.

Bertin N, Staudt M (1996) Effect of water stress on monoterpene emissions from

young potted holm oak (Quercus ilex L.) trees. Oecologia, 107, 456–462.

Billesbach DP (2011) Estimating uncertainties in individual eddy covariance flux

measurements: a comparison of methods and a proposed new method. Agricul-

tural and Forest Meteorology, 151, 394–405.

Brilli F, Barta C, Fortunati A, Lerdau M, Loreto F, Centritto M (2007) Response of iso-

prene emission and carbon metabolism to drought in white poplar (Populus alba)

saplings. The New phytologist, 175, 244–254.

Br€uggemann N, Schnitzler J-P (2002) Comparison of isoprene emission, intercellular

isoprene concentration and photosynthetic performance in water-limited oak

(Quercus pubescens Willd. and Quercus robur L.) saplings. Plant Biology, 4, 456–463.

Cappellin L, Karl T, Probst M et al. (2012) On quantitative determination of volatile

organic compound concentrations using proton transfer reaction time-of-flight

mass spectrometry. Environmental Science & Technology, 46, 2283–2290.

Carlton AG, Baker KR (2011) Photochemical modeling of the Ozark isoprene volcano:

MEGAN, BEIS, and their impacts on air quality predictions. Environmental Science

& Technology, 45, 4438–4445.

Chameides W, Lindsay R, Richardson J, Kiang C (1988) The role of biogenic hydro-

carbons in urban photochemical smog: Atlanta as a case study. Science, 241, 1473–

1475.

Chen F, Dudhia J (2001) Coupling an advanced land surface–hydrology model with

the penn State–NCAR MM5 modeling system. Part I: model implementation and

sensitivity.Monthly Weather Review, 129, 569–585.

Critchfield H (1966) General Climatology. Prentice-Hall, Englewood Cliffs, NJ.

Dai A (2013) Increasing drought under global warming in observations and models.

Nature Climate Change, 3, 52–58.

Davison B, Taipale R, Langford B et al. (2009) Concentrations and fluxes of biogenic

volatile organic compounds above a Mediterranean macchia ecosystem in western

Italy. Biogeosciences, 6, 1655–1670.

Delwiche CF, Sharkey TD (1993) Rapid appearance of 13C in biogenic isoprene when

13CO2 is fed to intact leaves. Plant, Cell and Environment, 16, 587–591.

Dindorf T, Kuhn U, Ganzeveld L et al. (2006) Significant light and temperature

dependent monoterpene emissions from European beech (Fagus sylvatica L.) and

their potential impact on the European volatile organic compound budget. Journal

of Geophysical Research, 111, D16305.

Fang C, Monson RK, Cowling EB (1996) Isoprene emission, photosynthesis, and

growth in sweetgum (Liquidambar styraciflua) seedlings exposed to short- and long-

term drying cycles. Tree Physiology, 16, 441–446.

Filella I, Pe~nuelas J, Seco R (2009) Short-chained oxygenated VOC emissions in Pinus

halepensis in response to changes in water availability. Acta Physiologiae Plantarum,

31, 311–318.

Filella I, Primante C, Llusi�a J et al. (2013) Floral advertisement scent in a changing

plant-pollinators market. Scientific Reports, 3, 3434.

Flexas J, Medrano H (2002) Drought-inhibition of photosynthesis in c3 plants: stoma-

tal and non-stomatal limitations revisited. Annals of Botany, 89, 183–189.

Foken T, Goeckede M, Mauder M, Mahrt L, Amiro BD, Munger JW (2004) Post-field

data quality control. In: Handbook of Micrometeorology: A Guide for Surface Flux Mea-

surement and Analysis (eds Lee X, Massman W, Law B), pp. 181–208. Kluwer Aca-

demic Publishers, Dordrecht, the Netherlands.

Fortunati A, Barta C, Brilli F, Centritto M, Zimmer I, Schnitzler J-P, Loreto F

(2008) Isoprene emission is not temperature-dependent during and after

severe drought-stress: a physiological and biochemical analysis. The Plant Jour-

nal, 55, 687–697.

Fuentes JD, Wang D, Bowling DR, Potosnak M, Monson RK, Goliff WS, Stockwell

WR (2007) Biogenic hydrocarbon chemistry within and above a mixed deciduous

forest. Journal of Atmospheric Chemistry, 56, 165–185.

Funk JL (2005) Variation in isoprene emission from Quercus rubra : sources, causes,

and consequences for estimating fluxes. Journal of Geophysical Research, 110,

D04301.

Funk JL, Mak JE, Lerdau MT (2004) Stress-induced changes in carbon sources

for isoprene production in Populus deltoides. Plant, Cell and Environment, 27,

747–755.

Genard-Zielinski A-C, Orme~no E, Boissard C, Fernandez C (2014) Isoprene emissions

from downy oak under water limitation during an entire growing season: what

cost for growth? PLoS ONE, 9, e112418.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980

FOREST VOC FLUXES DURING AN EXTREME DROUGHT 3671



Geron CD, Nie D, Arnts RR et al. (1997) Biogenic isoprene emission: model evaluation

in a southeastern United States bottomland deciduous forest. Journal of Geophysical

Research, 102, 18889.

Goldstein AH, Galbally IE (2007) Known and unexplored organic constituents in the

earth’s atmosphere. Environmental Science & Technology, 41, 1514–1521.

Greenberg JP, Pe~nuelas J, Guenther A et al. (2014) A tethered-balloon PTRMS sam-

pling approach for surveying of landscape-scale biogenic VOC fluxes. Atmospheric

Measurement Techniques, 7, 2263–2271.

Grote R, Morfopoulos C, Niinemets €U, Sun Z, Keenan TF, Pacifico F, Butler T (2014)

A fully integrated isoprenoid emissions model coupling emissions to photosyn-

thetic characteristics. Plant, Cell & Environment, 37, 1965–1980.

Gu L, Baldocchi D, Verma SB, Black T, Vesala T, Falge EM, Dowty PR (2002) Advan-

tages of diffuse radiation for terrestrial ecosystem productivity. Journal of Geophysi-

cal Research, 107, 4050.

Gu L, Meyers T, Pallardy SG et al. (2006) Direct and indirect effects of atmospheric

conditions and soil moisture on surface energy partitioning revealed by a pro-

longed drought at a temperate forest site. Journal of Geophysical Research, 111,

D16102.

Gu L, Meyers T, Pallardy SG et al. (2007) Influences of biomass heat and biochemical

energy storages on the land surface fluxes and radiative temperature. Journal of

Geophysical Research, 112, D02107.

Gu L, Massman WJ, Leuning R et al. (2012) The fundamental equation of eddy covari-

ance and its application in flux measurements. Agricultural and Forest Meteorology,

152, 135–148.

Gu L, Pallardy SG, Hosman KP, Sun Y (2015) Drought-influenced mortality of tree

species with different predawn leaf water dynamics in a decade-long study of a

central US forest. Biogeosciences, 12, 2831–2845.

Guenther A (2013) Biological and chemical diversity of biogenic volatile organic emis-

sions into the atmosphere. ISRN Atmospheric Sciences, 2013, 786290.

Guenther AB, Hills AJ (1998) Eddy covariance measurement of isoprene fluxes. Jour-

nal of Geophysical Research, 103, 13145.

Guenther AB, Monson RK, Fall R (1991) Isoprene and monoterpene emission rate var-

iability: Observations with eucalyptus and emission rate algorithm development.

Journal of Geophysical Research, 96, 10799.

Guenther A, Zimmerman PR, Harley P, Monson RK, Fall R (1993) Isoprene and

monoterpene emission rate variability – model evaluations and sensitivity analy-

ses. Journal of Geophysical Research-Atmospheres, 98, 12609–12617.

Guenther A, Hewitt CN, Erickson D et al. (1995) A global-model of natural volatile

organic-compound emissions. Journal of Geophysical Research-Atmospheres, 100,

8873–8892.

Guenther A, Baugh B, Brasseur G et al. (1999) Isoprene emission estimates and uncer-

tainties for the central African EXPRESSO study domain. Journal of Geophysical

Research, 104, 30625.

Guenther AB, Jiang X, Heald CL, Sakulyanontvittaya T, Duhl T, Emmons LK, Wang

X (2012) The model of emissions of gases and aerosols from nature version 2.1

(MEGAN2.1): an extended and updated framework for modeling biogenic emis-

sions. Geoscientific Model Development, 5, 1471–1492.

Haldimann P, Galle A, Feller U (2008) Impact of an exceptionally hot dry summer on

photosynthetic traits in oak (Quercus pubescens) leaves. Tree Physiology, 28, 785–795.

Hallquist M, Wenger JC, Baltensperger U et al. (2009) The formation, properties and

impact of secondary organic aerosol: current and emerging issues. Atmospheric

Chemistry and Physics, 9, 5155–5236.

Hansel A, Jordan A, Holzinger R, Prazeller P, Vogel W, Lindinger W (1995) Proton

transfer reaction mass spectrometry: on-line trace gas analysis at the ppb level.

International Journal of Mass Spectrometry and Ion Processes, 149-150, 609–619.

Harley P, Guenther A, Zimmerman P (1996) Effects of light, temperature and canopy

position on net photosynthesis and isoprene emission from sweetgum (Liquidam-

bar styraciflua) leaves. Tree Physiology, 16, 25–32.

Harley P, Greenberg J, Niinemets €U, Guenther A (2007) Environmental controls over

methanol emission from leaves. Biogeosciences, 4, 1083–1099.

Hsiao TC (1973) Plant responses to water stress. Annual Review of Plant Physiology, 24,

519–570.

Hsieh C-I, Katul G, Chi T (2000) An approximate analytical model for footprint esti-

mation of scalar fluxes in thermally stratified atmospheric flows. Advances in Water

Resources, 23, 765–772.

Huang L, McGaughey G, McDonald-Buller E, Kimura Y, Allen DT (2015) Quantifying

regional, seasonal and interannual contributions of environmental factors on

isoprene and monoterpene emissions estimates over eastern Texas. Atmospheric

Environment, 106, 120–128.

H€uve K, Christ MM, Kleist E, Uerlings R, Niinemets €U, Walter A, Wildt J (2007)

Simultaneous growth and emission measurements demonstrate an interactive con-

trol of methanol release by leaf expansion and stomata. Journal of Experimental Bot-

any, 58, 1783–1793.

IPCC (2013) Climate Change 2013 – The Physical Science Basis. Contribution of Working

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate

Change. Cambridge University Press, Cambridge.

Jacob DJ, Winner DA (2009) Effect of climate change on air quality. Atmospheric Envi-

ronment, 43, 51–63.

Jacob DJ, Field BD, Li QB et al. (2005) Global budget of methanol: constraints from

atmospheric observations. Journal of Geophysical Research-Atmospheres, 110, D08303–

D08303.

Kalogridis C, Gros V, Sarda-Esteve R et al. (2014) Concentrations and fluxes of iso-

prene and oxygenated VOCs at a French Mediterranean oak forest. Atmospheric

Chemistry and Physics, 14, 10085–10102.

Karl T, Guenther A, Jordan A, Fall R, Lindinger W (2001) Eddy covariance measure-

ment of biogenic oxygenated VOC emissions from hay harvesting. Atmospheric

Environment, 35, 491–495.

Karl T, Spirig C, Rinne J et al. (2002) Virtual disjunct eddy covariance measurements

of organic compound fluxes from a subalpine forest using proton transfer reaction

mass spectrometry. Atmospheric Chemistry and Physics, 2, 279–291.

Karl T, Potosnak M, Guenther A, Clark D, Walker J, Herrick JD, Geron C (2004)

Exchange processes of volatile organic compounds above a tropical rain forest:

Implications for modeling tropospheric chemistry above dense vegetation. Journal

of Geophysical Research-Atmospheres, 109, D18306–D18306.

Karl T, Guenther A, Yokelson RJ, Greenberg J, Potosnak M, Blake DR, Artaxo P (2007)

The tropical forest and fire emissions experiment: Emission, chemistry, and trans-

port of biogenic volatile organic compounds in the lower atmosphere over Amazo-

nia. Journal of Geophysical Research, 112, D18302.

Keenan T, Niinemets €U, Sabate S, Gracia C, Pe~nuelas J (2009) Seasonality of monoter-

pene emission potentials in Quercus ilex and Pinus pinea : implications for regional

VOC emissions modeling. Journal of Geophysical Research, 114, D22202.

Kesselmeier J, Staudt M (1999) Biogenic volatile organic compounds (VOC): an overview

on emission, physiology and ecology. Journal of Atmospheric Chemistry, 33, 23–88.

Kessler A, Baldwin IT (2001) Defensive function of herbivore-induced plant volatile

emissions in nature. Science, 291, 2141–2144.

Kleist E, Mentel TF, Andres S et al. (2012) Irreversible impacts of heat on the emis-

sions of monoterpenes, sesquiterpenes, phenolic BVOC and green leaf volatiles

from several tree species. Biogeosciences, 9, 5111–5123.

Laffineur Q, Aubinet M, Schoon N et al. (2012) Abiotic and biotic control of methanol

exchanges in a temperate mixed forest. Atmospheric Chemistry and Physics, 12, 577–

590.

Langford B, Misztal PK, Nemitz E et al. (2010) Fluxes and concentrations of volatile

organic compounds from a South-East Asian tropical rainforest. Atmospheric Chem-

istry and Physics, 10, 8391–8412.

Levy H (1971) Normal atmosphere: large radical and formaldehyde concentrations

predicted. Science, 173, 141–143.

Lindinger W, Hansel A, Jordan A (1998) On-line monitoring of volatile organic com-

pounds at pptv levels by means of proton-transfer-reaction mass spectrometry

(PTR-MS) – medical applications, food control and environmental research. Inter-

national Journal of Mass Spectrometry, 173, 191–241.

Loreto F, Ciccioli P, Cecinato A, Brancaleoni E, Frattoni M, Fabozzi C, Tricoli D (1996)

Evidence of the photosynthetic origin of monoterpenes emitted by Quercus ilex L.

leaves by 13C labeling. Plant Physiology, 110, 1317–1322.

Loreto F, Forster A, Durr M, Csiky O, Seufert G (1998) On the monoterpene emission

under heat stress and on the increased thermotolerance of leaves of Quercus ilex L.

fumigated with selected monoterpenes. Plant, Cell and Environment, 21, 101–107.

Mauder M, Foken T (2011) Documentation and Instruction Manual of the Eddy-Covariance

Software Package –TK3. University of Bayreuth, Bayreuth, Germany.

McKinney KA, Lee BH, Vasta A, Pho TV, Munger JW (2011) Emissions of isoprenoids

and oxygenated biogenic volatile organic compounds from a New England mixed

forest. Atmospheric Chemistry and Physics, 11, 4807–4831.

Misztal PK, Nemitz E, Langford B et al. (2011) Direct ecosystem fluxes of volatile

organic compounds from oil palms in South-East Asia. Atmospheric Chemistry and

Physics, 11, 8995–9017.

Monson RK, Harley PC, Litvak ME, Wildermuth M, Guenther AB, Zimmerman PR,

Fall R (1994) Environmental and developmental controls over the seasonal pattern

of isoprene emission from aspen leaves. Oecologia, 99, 260–270.

Monson RK, Grote R, Niinemets U, Schnitzler J-P (2012) Modeling the isoprene emis-

sion rate from leaves. The New Phytologist, 195, 541–559.

Morfopoulos C, Prentice IC, Keenan TF, Friedlingstein P, Medlyn BE, Pe~nuelas J, Pos-

sell M (2013) A unifying conceptual model for the environmental responses of iso-

prene emissions from plants. Annals of Botany, 112, 1223–1238.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980

3672 R. SECO et al.



Morfopoulos C, Sperlich D, Pe~nuelas J et al. (2014) A model of plant isoprene emis-

sion based on available reducing power captures responses to atmospheric CO₂.
The New Phytologist, 203, 125–139.

M€uller J-F, Stavrakou T, Wallens S et al. (2008) Global isoprene emissions estimated

using MEGAN, ECMWF analyses and a detailed canopy environment model.

Atmospheric Chemistry and Physics, 8, 1329–1341.

Nemecek-Marshall M, Macdonald RC, Franzen JJ, Wojciechowski CL, Fall R (1995)

Methanol emission from leaves – enzymatic detection of gas-phase methanol and

relation of methanol fluxes to stomatal conductance and leaf development. Plant

Physiology, 108, 1359–1368.

Niinemets €U (2010) Mild versus severe stress and BVOCs: thresholds, priming and

consequences. Trends in Plant Science, 15, 145–153.

Niinemets €U, Reichstein M (2003) Controls on the emission of plant volatiles through

stomata: Differential sensitivity of emission rates to stomatal closure explained.

Journal of Geophysical Research-Atmospheres, 108, 4208.

Niinemets €U, Arneth A, Kuhn U, Monson RK, Pe~nuelas J, Staudt M (2010) The emis-

sion factor of volatile isoprenoids: stress, acclimation, and developmental

responses. Biogeosciences, 7, 2203–2223.

Niinemets €U, Fares S, Harley P, Jardine KJ (2014) Bidirectional exchange of biogenic

volatiles with vegetation: emission sources, reactions, breakdown and deposition.

Plant, Cell & Environment, 37, 1790–1809.

Owen S., Harley P, Guenther A, Hewitt C. (2002) Light dependency of VOC emissions

from selected Mediterranean plant species. Atmospheric Environment, 36, 3147–3159.

Pallardy S (2008) Physiology of Woody Plants (3rd edn). Academic Press, Burlington,

MA.

Pallardy S, Nigh T, Garrett H (1988) Changes in forest composition in central Mis-

souri: 1968–1982. American Midland Naturalist, 120, 380–390.

Park J-H, Goldstein AH, Timkovsky J, Fares S, Weber R, Karlik J, Holzinger R (2013)

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

organic compounds. Science, 341, 643–647.

Pathre U, Sinha AK, Shirke PA, Sane PV (1998) Factors determining the midday

depression of photosynthesis in trees under monsoon climate. Trees, 12, 472.

Pegoraro E, Rey A, Bobich EG, Barron-Gafford G, Grieve KA, Malhi Y, Murthy R

(2004a) Effect of elevated CO2 concentration and vapour pressure deficit on iso-

prene emission from leaves of Populus deltoides during drought. Functional Plant

Biology, 31, 1137.

Pegoraro E, Rey A, Greenberg J, Harley P, Grace J, Malhi Y, Guenther A (2004b) Effect

of drought on isoprene emission rates from leaves of Quercus virginiana Mill. Atmo-

spheric Environment, 38, 6149–6156.

Pe~nuelas J, Staudt M (2010) BVOCs and global change. Trends in Plant Science, 15,

133–144.

Pe~nuelas J, Llusia J, Asensio D, Munn�e-Bosch S (2005) Linking isoprene with plant

thermotolerance, antioxidants and monoterpene emissions. Plant Cell and Environ-

ment, 28, 278–286.

Pe~nuelas J, Filella I, Seco R, Llusi�a J (2009a) Increase in isoprene and monoterpene

emissions after re-watering of droughted Quercus ilex seedlings. Biologia Plantarum,

53, 351–354.

Pe~nuelas J, Rutishauser T, Filella I (2009b) Phenology feedbacks on climate change.

Science, 324, 887–888.

Pe~nuelas J, Guenther A, Rapparini F et al. (2013) Intensive measurements of gas,

water, and energy exchange between vegetation and troposphere during the

MONTES campaign in a vegetation gradient from short semi-desertic shrublands

to tall wet temperate forests in the NW Mediterranean Basin. Atmospheric Environ-

ment, 75, 348–364.

Pichersky E, Gershenzon J (2002) The formation and function of plant volatiles: per-

fumes for pollinator attraction and defense. Current Opinion in Plant Biology, 5,

237–243.

Potosnak MJ, LeStourgeon L, Pallardy SG et al. (2014) Observed and modeled ecosys-

tem isoprene fluxes from an oak-dominated temperate forest and the influence of

drought stress. Atmospheric Environment, 84, 314–322.

Pryor SC, Hornsby KE, Novick KA (2014) Forest canopy interactions with nucleation

mode particles. Atmospheric Chemistry and Physics, 14, 11985–11996.

Rasmussen R, Went FW (1965) Volatile organic material of plant origin in atmo-

sphere. Proceedings of the National Academy of Sciences of the United States of America,

53, 215–220.

Rinne J, Taipale R, Markkanen T et al. (2007) Hydrocarbon fluxes above a Scots pine

forest canopy: measurements and modeling. Atmospheric Chemistry and Physics, 7,

3361–3372.

Rochow J (1972) A vegetational description of a mid-Missouri forest using gradient

analysis techniques. American Midland Naturalist, 87, 377–396.

Rosenstiel TN, Potosnak MJ, Griffin KL, Fall R, Monson RK (2003) Increased CO2

uncouples growth from isoprene emission in an agriforest ecosystem. Nature, 421,

256–259.

Sanadze GA, Kalandadze AN (1966) Evolution of the Diene C5H8 by poplar leaves

under various conditions of illumination. Doklady Akademii Nauk SSSR, 168, 227–

229.

Schreiner O, Kremers E (1901) The characterization and classification of the sesquit-

erpenes. Proceedings of the American Pharmaceutical Association at the Annual Meeting,

49, 329–351.

Seco R, Pe~nuelas J, Filella I (2007) Short-chain oxygenated VOCs: Emission and

uptake by plants and atmospheric sources, sinks, and concentrations. Atmospheric

Environment, 41, 2477–2499.

Seco R, Pe~nuelas J, Filella I (2008) Formaldehyde emission and uptake by Mediterra-

nean trees Quercus ilex and Pinus halepensis. Atmospheric Environment, 42, 7907–

7914.

Seco R, Filella I, Llusia J, Pe~nuelas J (2011a) Methanol as a signal triggering isoprenoid

emissions and photosynthetic performance in Quercus ilex. Acta Physiologiae Planta-

rum, 33, 2413–2422.

Seco R, Pe~nuelas J, Filella I et al. (2011b) Contrasting winter and summer VOC

mixing ratios at a forest site in the Western Mediterranean Basin: the effect

of local biogenic emissions. Atmospheric Chemistry and Physics, 11, 13161–

13179.

Seco R, Pe~nuelas J, Filella I et al. (2013) Volatile organic compounds in the western

Mediterranean basin: urban and rural winter measurements during the DAURE

campaign. Atmospheric Chemistry and Physics, 13, 4291–4306.

Sindelarova K, Granier C, Bouarar I et al. (2014) Global data set of biogenic VOC

emissions calculated by the MEGAN model over the last 30 years. Atmospheric

Chemistry and Physics, 14, 9317–9341.

Singsaas EL, Sharkey TD (1998) The regulation of isoprene emission responses

to rapid leaf temperature fluctuations. Plant Cell and Environment, 21, 1181–

1188.

Soil Science Society of America (1997) Glossary of Soil Science Terms. Soil Science Soci-

ety of America, Madison WI.

Spirig C, Neftel A, Ammann C et al. (2005) Eddy covariance flux measurements of

biogenic VOCs during ECHO 2003 using proton transfer reaction mass spectrome-

try. Atmospheric Chemistry and Physics, 5, 465–481.

Spurr SH, Barnes BV (1980) Forest Ecology. John Wiley & Sons, New York, NY.

Staudt M, Bertin N (1998) Light and temperature dependence of the emission of cyclic

and acyclic monoterpenes from holm oak (Quercus ilex L.) leaves. Plant, Cell and

Environment, 21, 385–395.

Tawfik AB, St€ockli R, Goldstein A, Pressley S, Steiner AL (2012) Quantifying the con-

tribution of environmental factors to isoprene flux interannual variability. Atmo-

spheric Environment, 54, 216–224.

The Drought Monitor. National Drought Mitigation Center, Lincoln NE, USA.

Accessed on 16 December 2013. http://droughtmonitor.unl.edu

Tingey DT, Manning M, Grothaus LC, Burns WF (1980) Influence of light and temper-

ature on monoterpene emission rates from slash pine. Plant Physiology, 65, 797–

801.

Trainer M, Williams EJ, Parrish DD et al. (1987) Models and observations of the

impact of natural hydrocarbons on rural ozone. Nature, 329, 705–707.

Tunved P, Hansson HC, Kerminen VM et al. (2006) High natural aerosol loading over

boreal forests. Science, 312, 261–263.

Turner NC (1981) Techniques and experimental approaches for the measurement of

plant water status. Plant and Soil, 58, 339–366.

Turner NC, Schulze E-D, Gollan T (1984) The responses of stomata and leaf gas

exchange to vapour pressure deficits and soil water content. I. Species compari-

sons at high soil water contents. Oecologia, 63, 338–342.

Unger N, Harper K, Zheng Y et al. (2013) Photosynthesis-dependent isoprene emis-

sion from leaf to planet in a global carbon-chemistry-climate model. Atmospheric

Chemistry and Physics, 13, 10243–10269.

Velikova V, Pinelli P, Pasqualini S, Reale L, Ferranti F, Loreto F (2005) Isoprene

decreases the concentration of nitric oxide in leaves exposed to elevated ozone.

New Phytologist, 166, 419–426.

Webb EK, Pearman GI, Leuning R (1980) Correction of flux measurements for density

effects due to heat and water vapour transfer. Quarterly Journal of the Royal Meteoro-

logical Society, 106, 85–100.

Went FW (1960) Blue hazes in the atmosphere. Nature, 187, 641–643.

Went FW, Slemmons DB, Mozingo HN (1967) The organic nature of atmospheric con-

densation nuclei. Proceedings of the National Academy of Sciences of the United States

of America, 58, 69–74.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980

FOREST VOC FLUXES DURING AN EXTREME DROUGHT 3673

http://droughtmonitor.unl.edu


Wiedinmyer C, Greenberg J, Guenther A et al. (2005) Ozarks isoprene experiment

(OZIE): measurements and modeling of the “isoprene volcano”. Journal of Geo-

physical Research, 110, D18307.

Wilczak JM, Oncley SP, Stage SA (2001) Sonic anemometer tilt correction algorithms.

Boundary-Layer Meteorology, 99, 127–150.

Wohlfahrt G, Amelynck C, Ammann C et al. (2015) An ecosystem-scale perspective of

the net land methanol flux: synthesis of micrometeorological flux measurements.

Atmospheric Chemistry and Physics, 15, 2577–2613.

Wu C, Pullinen I, Andres S et al. (2015) Impacts of soil moisture on de novo monoter-

pene emissions from European beech, Holm oak, Scots pine, and Norway spruce.

Biogeosciences, 12, 177–191.

Yang B, Hanson PJ, Riggs JS et al. (2007) Biases of CO2 storage in eddy flux

measurements in a forest pertinent to vertical configurations of a profile sys-

tem and CO2 density averaging. Journal of Geophysical Research: Atmospheres,

112, D20123.

Young F, Radatz C, Marshall C (2001) Soil Survey of Boone County, Missouri. National

Cooperative Soil Survey, US Department of Agriculture, Washington DC, USA.

Yu H, Ortega J, Smith JN et al. (2014) New particle formation and growth in an iso-

prene-dominated ozark forest: from sub-5 nm to CCN-active sizes. Aerosol Science

and Technology, 48, 1285–1298.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Light dependence (Eqn 1) for isoprene (Fig. 4).
Table S2. Light dependence (Eqn 1) for monoterpenes
(Fig. 4).
Table S3. Temperature dependence (Eqn 2) for isoprene
(Fig. 5).
Table S4. Temperature dependence (Eqn 2) for monoterp-
enes (Fig. 5).
Table S5. Temperature dependence (Eqn 3) for monoterp-
enes (Fig. 5).
Table S6. Temperature dependence (Eqn 3) for methanol
(Fig. 5).

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12980

3674 R. SECO et al.




