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Abstract

The introduction of new crops to agroecosystems can change the chemical composition of the atmosphere by

altering the amount and type of plant-derived biogenic volatile organic compounds (BVOCs). BVOCs are pro-

duced by plants to aid in defense, pollination, and communication. Once released into the atmosphere, they
have the ability to influence its chemical and physical properties. In this study, we compared BVOC emissions

from three potential bioenergy crops and estimated their theoretical impacts on bioenergy agroecosystems. The

crops chosen were miscanthus (Miscanthus 9 giganteus), switchgrass (Panicum virgatum), and an assemblage of

prairie species (mix of ~28 species). The concentration of BVOCs was different within and above plant canopies.

All crops produced higher levels of emissions at the upper canopy level. Miscanthus produced lower amounts

of volatiles compared with other grasses. The chemical composition of volatiles differed significantly among

plant communities. BVOCs from miscanthus were depleted in terpenoids relative to the other vegetation types.

The carbon flux via BVOC emissions, calculated using the flux-gradient method, was significantly higher in the
prairie assemblage compared with miscanthus and switchgrass. The BVOC carbon flux was approximately three

orders of magnitude lower than the net fluxes of carbon measured over the same fields using eddy covariance

systems. Extrapolation of our findings to the landscape scale leads us to suggest that the widespread adoption

of bioenergy crops could potentially alter the composition of BVOCs in the atmosphere, thereby influencing its

warming potential, the formation of atmospheric particulates, and interactions between plants and arthropods.

Our data and projections indicate that, among at least these three potential options for bioenergy production,

miscanthus is likely to have lower impacts on atmospheric chemistry and biotic interactions mediated by these

volatiles when miscanthus is planted on the landscape scale.

Keywords: atmospheric chemistry, bioenergy, BVOC, global change

Received 21 April 2012 and accepted 16 May 2012

Introduction

Developing renewable energy is a global mandate,

and bioenergy is at the center of attention as a viable

alternative for fossil fuels. However, widespread

planting of bioenergy crops- like all other monocul-

ture-based agricultural systems- can have environmen-

tal impacts that should not be overlooked. Most

plants release biogenic volatile organic compounds

(BVOCs) as signals and cues for pollination (Huber

et al., 2005; Balao et al., 2011), direct and indirect

defense (Pare & Tumlinson, 1999; Perera et al., 2002;

Gershenzon & Dudareva, 2007), and intraspecific com-

munication (Bruce et al., 2005; Baldwin et al., 2006).

Some BVOCs may protect plants against environmen-

tal stressors, such as ozone (Loreto & Velikova, 2001)

and elevated temperature (Singsaas et al., 1997).

In addition to their biological impacts, BVOCs also

influence the chemical and physical constituents of the

atmosphere (Fall, 2003; Loreto et al., 2008; Penuelas &

Staudt, 2010). BVOCs are highly reactive with ozone

(O3), hydroxyl radical (OH), and nitrate radical (NO3)

(Loreto et al., 2008; Goldstein et al., 2009), and can form

photochemical oxidants (Finlayson-Pitts & Pitts, 1997)

and tropospheric ozone (Chameides et al., 1988). BVOCs
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in some cases can also contribute to the accumulation of

methane and other greenhouse gases (De Carlo et al.,

2004). Some chemical reactions in atmosphere can

change highly volatile compounds into less volatile

compounds (Goldstein & Galbally, 2007), which might

consequently form secondary organic aerosol particles

with adverse effects on human health (Kavouras et al.,

1998; Goldstein et al., 2009).

Different types of BVOCs emitted from plants, in

addition to purported bioenergy crops, include: iso-

prene (Guenther et al., 1995; Carter, 1996; Logan et al.,

2000; Monson et al., 2007; Sharkey et al., 2008); green

leaf volatiles -oxygenated aldehydes and alcohols-

(Heiden et al., 2003; Davison et al., 2008); alcohols

(Macdonald & Fall, 1993; Nemecek-Marshall et al., 1995;

Atkinson, 2000; Folkers et al., 2008); alkanes and alkenes

(Kesselmeier & Staudt, 1999; Atkinson, 2000; Penuelas

& Llusia, 2004); and several mono- and sesquiterpenes

(Atkinson, 2000; Sakulyanontvittaya et al., 2008).

Because the exact composition of BVOC emissions

varies with species, the potential impact of different

plants, particularly when planted over extensive

acreages, on air quality can vary dramatically (Simpson

& McPherson, 2011).

The United States Renewable Fuel Standard calls for

the production of ~137 billion litres of renewable fuels

by 2022 (United States Senate 2007). Currently, corn

grain is used to produce ethanol. To meet the targets of

the renewable fuel standard with ecologically sustain-

able crops will involve adding more lignocellulosic

crops (second-generation biofuels) to the national

energy portfolio (Somerville et al., 2010). Because bioen-

ergy crops are low-density fuels, vast areas of land will

be needed, raising the possibility that extensive regions

of new crops will change the quantity and composition

of BVOCs’ emitted to the atmosphere. The objective of

this research was to determine the types and amount of

different BVOCs emitted to the atmosphere by commu-

nities of herbaceous perennial plants that may be suit-

able as second-generation bioenergy crops planted in

the Midwest United States. We compared BVOC chemi-

cal composition within and above plant canopy and

measured the emission of the BVOCs from three poten-

tial bioenergy crops: miscanthus (Miscanthus 9 igan-

teus), switchgrass (Panicum virgatum), and a restored

prairie assemblage of ~28 species. Despite relatively low

rates of biomass production, prairie assemblages have a

number of advantages as a bioenergy feedstock, includ-

ing low requirements for nitrogen and water and high

potential for rebuilding biodiversity in agricultural

landscapes (Tilman et al., 2006). We predicted that

BVOC emissions would be greater from the mixed prai-

rie given than either miscanthus or switchgrass given

its greater species diversity. For the same reason, we

also predicted greater complexity in the BVOCs from

the prairie assemblage.

Methods

Description of field site

Measurements were conducted at the University of Illinois

‘Energy Farm’ located in Urbana, IL, USA (40°3′ 46.209″N, 88°

11′ 46.0212″W, ~220 m above sea level). Plots (4 ha) of miscan-

thus (Miscanthus 9 giganteus), switchgrass (Panicum virgatum),

and restored prairie (mix of ~28 species) were established in

2008. Because of poor establishment, the miscanthus plot was

replanted in 2010. The prairie, described in Zeri et al. (2011),

was composed of 28 species representing the major functional

groups typical of this community type. Atmospheric samples

were collected at the center of each 4 ha plot.

The soil is a Flanagan-Drummer soil series (fine-silty,

mixed, mesic Typic Endoaquoll, typical of northern and cen-

tral Illinois). The field is tile-drained and, prior to establishing

the energy crops, was in continuous cultivation of arable

crops. According to the Illinois State Water Survey, at this

location the mean temperature was 11.1 °C and the mean

accumulated rainfall was 1041.7 mm (averaged from 1979 to

2009, http://www.isws.illinois.edu/data.asp). The volatile col-

lection towers were installed next to eddy covariance towers

at the center of each plot. More information about the eddy

covariance instrumentation and results can be found in Zeri

et al. (2011).

Volatile collection from the atmosphere

Biogenic volatile organic compounds were collected from the

atmosphere near each vegetation type between June and

August 2010, near the time of maximum aboveground biomass

(July–August; K. Anderson-Teixeira, unpublished results). We

used adsorption/desorption technique, commonly used by

chemical ecologists (D’Alessandro & Turlings, 2006). This

method provides adequate sensitivity for certain volatile mea-

surements and enables a great number of compounds to be

monitored. We used this volatile collection technique in con-

junction with gradient flux measurement method to estimate

the flux of BVOCs between vegetation and the atmosphere

(Hewitt et al., 2011). The gradient flux method requires that

eddy diffusivity be known for the time periods in which the

measurements were made. These measures of eddy diffusivity

were collected using a three-dimensional sonic anemometer

(Model 81000VRE; R.M. Young Company, Inc., Traverse City,

MI, USA) that is integrated into an eddy covariance system

located in the center of each plot. In addition to providing mea-

sure of eddy diffusivity, the eddy covariance measurements of

carbon dioxide, sensible heat and latent heat fluxes provide an

opportunity to pair the fluxes of BVOCs with other key biologi-

cal fluxes (Greenberg et al., 2003; Zeri et al., 2011).

Proton Transfer Reaction-Mass Spectrometry (PRT-MS) is

an instrument that has been widely utilized in atmospheric

BVOC analysis. Although PRT-MSs are highly sensitive and
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viable field instruments for trace analysis of certain com-

pounds (Karl et al., 2005; Graus et al., 2010; Mielke et al.,

2010; Schaub et al., 2010), analysis with GC-MS still is neces-

sary for definitive identification of compounds (De Gouw

et al., 2003). We are not aware of any direct comparison of

GC-MS and PRT-MS for evaluation of their analytical capabil-

ities. GC-MS has been extensively used over the past 30 years

by chemical ecologists for similar analyses at a substantially

lower cost compare with PRT-MS (Millar & Haynes, 1998).

The lower cost of the adsorption/desorption technique makes

it possible to collect multiple samples at different locations. A

major limitation of our method, however, was lack of sensi-

tivity to isoprene. This simple terpene makes up the large

percentage of global BVOC emissions from certain plants spe-

cies, notably poplars, but is not likely to be emitted from

grasses (Harley et al., 1999; Lerdau & Gray, 2003; Yuan et al.,

2009).

To measure the distribution of BVOCs within the plant can-

opy, sampling towers were erected in each vegetation type; the

canopies then were divided into four 50 cm sections (starting

20 cm below the highest part of plant canopy toward the

ground) and volatiles were collected from each section (Fig. 1).

Collections within plant canopies were repeated at four differ-

ent randomly selected locations in each vegetation type (at

2 weeks intervals between collections).

An additional set of measurements was made at two heights

above the canopy of each vegetation type (20 cm and 120 cm,

Fig.1c) to calculate atmospheric exchange of BVOCs using the

flux-gradient method (see vertical fluxes of BVOCs for more

details). Above-canopy collections were repeated four times

for switchgrass and restored prairie, and five times for miscan-

thus.

At each sampling height, BVOCs were collected by drawing

air through tubes containing two different types of adsorbent

materials. PorapakTM type Q (80/100 mesh; Waters Corpora-

tion, Milford, MA, USA- 300 mg Porapak inside 10 cm long,

0.5 cm ID Teflon tube secured with metal mesh) was used for

collections within plant canopies, and TENAXTM type GR (60/

80 mesh; Scientific Instrument Services Inc., Ringoes, NJ, USA-

1 g TENAX inside 10 cm long, 0.5 cm ID stainless steel tubes

secured with metal mesh) was used in collections above plant

canopies. TENAX GR has a higher breakthrough volume (the

volume at which a particular solute pumped continuously

through a column begins to elute) for most volatiles and lower

affinity for water, which makes it a suitable choice for collec-

tion of volatiles from the air above the plant canopy in windy

conditions. Tenax and Porapak provide qualitatively similar

results; nevertheless, direct quantitative comparisons of results

derived from these different adsorbent materials were avoided.

All air sample collections were conducted for 1 h with the

following airflows: 25 mL min�1 per tube in volatile chambers

(total of 4 tube, 6 L of air per chamber), 12.5 mL min�1 per

tube in qualitative trials within the plant canopy (total of 8

tubes, 1.5 L of air per canopy section), and 100 mL min�1 per

tube in quantitative trials above the plant canopy (total of two

tubes, 6 L of air at each height). The airflow was adjusted with

a precision flow meter (Single tube flow meter model P; AAL-

BORG Instruments & Controls Inc., Orangeburg, NY, USA). A

battery-operated vacuum pump (AirCheck® XR5000; SKC Inc.,

PA, USA) was used in all trials.

Volatile extraction and analysis

We used solvent and thermal desorption to extract volatiles

from the adsorbents. With Porapak tubes, volatiles were

extracted with 1 mL of hexane (98.5%; Sigma-Aldrich, St. Louis,

MO, USA) into a 3 mL GC vial. For the TENAX tubes, we

extracted the volatiles using a thermal extraction system con-

sist of a heating block maintained at 60 °C with an insert for

the TENAX tube connected to a Luer lock GC needle (Gauge

26, metal hub, 12.5 cm length; Hamilton, Reno, NV, USA) that

guided the volatiles to a 3 mL GC vial with an insert filled

with 200 lL of hexane. The volatiles were gently pushed out

of the tubes with nitrogen (5 kPa for 1 min) while heated at

60 °C (Fig. 1d). The volatiles in each sample were then ana-

lyzed by gas chromatograph-mass spectrometer (GC-MS). The

GC-MS (QP2010nc-Plus; Shimadzu, Baltimore, MD, USA) was

fitted with a SHRx1-5MS (DB-5) column (30 m 9 0.25 mm ID,

0.25 mm DF), and samples were run using the following tem-

perature program: 40 °C for 2 min, 8 °C min�1 to 250 °C hold

for 5 min. Tridecane (Aldrich 99 + %) was used as internal

standard.

Fig. 1 Volatile collection and extraction methods: (a) volatile

collection tower within plant canopy and (b) volatile collection

tower above plant canopy.
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System calibration

Commercially available authentic standards were used for cali-

bration of GC-MS. Serial dilutions of standards were analyzed

with the machine and calibration curves were developed. To

test recovery rate of adsorption tubes, known amount of stan-

dard materials were placed inside 40 mL vials sealed with sili-

con septa and allowed to volatilize overnight at room

temperature. The compounds then were collected from the

vials and trapped on the Porapak or TENAX tubes via a Luer

lock needle inserted in the vial through the septum. Com-

pounds were extracted from the tubes and recovery rates and

correction factors were calculated as in Miresmailli et al.

(2010a,b).

Vertical fluxes of BVOCs

The fluxes of BVOCs (FBVOC) between vegetation and the atmo-

sphere were calculated using the flux-gradient method (Pasqu-

ill, 1950; Businger et al., 1971; Arya, 2001; Pattey et al., 2006),

which requires the knowledge of vertical gradients of BVOCs

above the canopy and other auxiliary measurements. The verti-

cal flux of BVOCs was calculated as follows:

FBVOC ¼ �u�kðq2 � q1Þ
ln z2�d

z1�d

� �
�Wz2 þWz1

h i ;

where u* is the friction velocity, k is the Von Kármán constant

(0.4), ρ1 and ρ2 are the BVOCs concentrations at heights z1 and

z2 above the canopy, respectively, d is the displacement height

(~2/3 of the canopy height), and Wz1 and Wz2 are the integrated

similarity functions for heat at heights z1 and z2 (Hicks, 1976;

Stull, 1988). The similarity functions require knowledge of the

Monin-Obukhov length L, which in turn requires the latent and

sensible heat fluxes and the friction velocity u*. Those variables

were obtained from the eddy covariance measurements that

corresponded to the same times that the BVOC samples were

collected. Auxiliary measurements included air temperature,

relative humidity, solar radiation components, and other mete-

orological variables. Details about the eddy covariance system

and meteorological instrumentation at each plot were described

elsewhere (Zeri et al., 2011). The eddy covariance method has

been previously used for VOC measurement (Guenther et al.,

2001; Warneke et al., 2002).

Statistics

Univariate and multivariate GLM were used to analyze the

volatile data (SPSS Ver. 18 Software; IBM Corporation, Somers,

NY, USA) as a function of vegetation type and height within

the canopy. Plots within each vegetation type were treated as

independent replicates; however, because vegetation type was

not replicated, the statistical analysis does not distinguish

between ‘plot’ and ‘vegetation type.’ Because the four plots

were established next to one another on agricultural land of

uniform slope and soil type, we interpreted our results to mean

that differences among plots derived from differences in vege-

tation type.

Results

The concentrations of BVOCs declined with canopy

depth and were significantly different among vegetation

types. The main effects of canopy section (F3,48 = 14.998,

P < 0.05) and crop type (F2,48 = 7.503, P < 0.05) on

BVOC concentrations were significant, yet no significant

interaction was found between crop type and canopy

section (F6,48 = 1.932, P = 0.10). The BVOC concentra-

tion within the miscanthus canopy was lower than in

other crops (Fig. 2a).

Volatiles were sorted into distinct chemical groups

(e.g. green leaf volatiles, alcohols, alkanes, alkenes, terp-

enoids, and other VOCs) based on their biological

importance and their impact on atmospheric chemistry.

Although there was no main effect of vegetation type

(F2,288 = 0.030, P = 0.97) or canopy height (F3,288 = 0.033,

P = 0.99) on the composition of BVOCs, significant two-

way interactions [vegetation type 9 chemical groups

(F10,288 = 23.965, P < 0.05) and canopy height 9 chemi-

cal groups (F15,288 = 3.118, P < 0.05)] indicated that the

composition of BOVCs (qualitative percentage) within

plant canopies was different among crops. Although

volatile blends of all plants consisted of all aforemen-

tioned chemical groups (with the exception of BVOCs

from miscanthus, which were depleted in terpenoids

relative to the other vegetation types, Fig. 2b), the

presence of individual compounds within each group

differed among vegetation types. For example, hexenal,

a widespread green leaf volatile, was absent from the

miscanthus volatile blend. In contrast, Z-3-hexenyl ace-

tate (another GLV) was found in all three crops

(Table 1).

The flux of carbon in BVOCs was significantly higher

from prairie than miscanthus or switchgrass

(F2,26 = 8.035, P < 0.05) (Fig. 3a), but was a small frac-

tion of total carbon exchange with the atmosphere for

all vegetation types (Fig. 3b). Environmental factors,

such as air temperature (P = 0.57), vapor pressure defi-

cit (P = 0.67), solar radiation (P = 0.23), and wind veloc-

ity (P = 0.23), were not correlated with the BVOC

fluxes. Whereas rates of isoprene emissions are coupled

to the rate of photosynthesis and vary with light and

temperature (Lerdau & Gray, 2003), monoterpene emis-

sion occurs from a leaf reservoir and is uncoupled from

instantaneous controls over biosynthesis (Monson et al.,

1995). Miscanthus was a stronger carbon sink than

either switchgrass or prairie, as indicated by its larger

net ecosystem exchange of CO2 (F2,12 = 30.732, P < 0.05)

(Fig. 3b). The proportion of carbon losses as BVOCs rel-

ative to carbon uptake was less for miscanthus than for

the other vegetation types. The composition of BVOCs

above the plant canopies also varied; the composition of

volatiles above the miscanthus canopy was depleted in

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01189.x
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terpenoids and green leaf volatiles relative to the other

vegetation types (Fig. 3c).

The concentration of BVOCs at closer proximity

(20 cm) above the plant canopy was significantly differ-

ent among the plants (F2,13 = 9.230, P < 0.05) with prai-

rie producing twice the levels of BVOCs as miscanthus

and switchgrass. However, no significant differences

were found in the BVOC concentration at the greater

height (120 cm) above the canopy (F2,13 = 0.048,

P = 0.850).

The composition (qualitative percentage) of BVOCs

also was significantly different above the plant canopies

(F5,156 = 77.691, P < 0.05). Miscanthus volatiles con-

tained no terpenoids and had significantly lower

amounts of green leaf volatiles compared with the other

plants. There was a significant interaction between crop,

(a)

(b)

Fig. 2 Panel A: BVOCs concentration (ppb) within plant canopy at different heights (section one starts at 20 cm below the highest

part of plant canopy with 50 cm between each section). Bars representing the mean concentration of BVOCs within 1.5 L of air sam-

pled from each canopy section (+SE) obtained through 1 h continuous collection at a rate of 12.5 mL min�1, letters on the bars indi-

cate significant differences of the means (separated using Tukey’s test); Panel B: Percentage of different chemical groups (green leaf

volatiles, alcohols, alkenes, alkanes, terpenoids, and other volatiles-see Table 1) at different sections of plant canopy.

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01189.x
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volatile groups, and distance above the canopy

(F5,156 = 4.136, P < 0.05). In view of the differences in

individual compounds of each volatile group among

crops, our results indicate that the miscanthus BVOC

blend is not as persistent as that of switchgrass and

restored prairie in close proximity to the plant canopy.

Discussion

The widespread adoption of bioenergy crops can poten-

tially alter the composition of BVOCs in the atmosphere,

thereby influencing its warming potential, the formation

of atmospheric particulates, and interactions between

plants and arthropods. Almost all of the chemicals we

isolated from the volatile blends of the crops under study

have been reported previously from other plant species

(Fedele et al., 2007; Eller et al., 2011) (Table 1; Table S1);

however, the composition of these blends varied among

different plant canopies. The prairie assemblage con-

sisted of several species (dicots and monocots), many of

which were flowering at the time of sampling, and hence

produced a volatile blend with greater numbers and

higher concentrations of volatile compounds. In contrast,

switchgrass and miscanthus are single species, so the dif-

ference in their volatile composition might be due to

species-specific differences between these two plants

(Lerdau & Gray, 2003; Simpson & McPherson, 2011).

Table 1 Major volatile compounds emitted from miscanthus

(MXG), switchgrass (SW) and prairie plants (PRG)

Plant based BVOCs MXG SW PRG Class

Methanol ✓ ✓ ✓ Alcohols

Penten-3-ol ✓

2-Octen-1-ol ✓

Butan-2-ol ✓

Dodecane ✓ ✓ Alkanes

Tetradecane ✓ ✓

Ethylbenzene ✓ Alkenes

Benzene 1,2 diethyl ✓ ✓

Z-2-Butene ✓

2-Methyl-1-butene ✓

3-Methyl-1-butene ✓

Hexanal ✓ ✓ GLVs

Hexan-3-ol ✓ ✓

Z-3-Hexenyl acetate ✓ ✓ ✓

Z-3-Hexenal ✓ ✓

Camphene ✓ Terpenoids

b-Phellandrene ✓

b-Pinene ✓

b-Myrcene ✓ ✓

d-Limonene ✓

3-Carene ✓ ✓

a-Pinene ✓

Acetaldehyde ✓ ✓ Other VOCs

Benzaldehyde ✓ ✓

Butanoic acid ethyl ester ✓ ✓ ✓

(a)

(b)

(c)

Fig. 3 Panel A: Flux of carbon via emission of BVOCs. Bars

representing mean (+SE); Panel B: Flux of carbon obtained from

CO2 eddy covariance. Bars representing mean (+SE), letters on

the bars indicate significant differences of the means (separated

using Tukey’s test); and Panel C: BVOCs concentration and

composition above plant canopy at two different heights

(20 cm and 120 cm). Bars representing the mean concentration

of BVOCs within 6 L of air sampled at each height (+SE)

obtained through 1 h continuous collection at a rate of

100 mL min�1, letters on the bars indicate significant differ-

ences of the means (separated using Tukey’s test); Concentra-

tions of green leaf volatiles, alcohols, and terpenoids at 20 cm

above plant canopies were marked with stack bars. No signifi-

cant differences were found in the BVOC concentration and

composition in volatile samples captured at 120 cm above the

canopy (marked by black bars).

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01189.x
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Differences in the production of volatiles among bio-

energy feedstock crops have the potential to alter biotic

interactions on the landscape scale. Insects use both

visual and chemical stimuli for finding hosts (Bernays &

Champan, 1994). When a flying insect approaches a

new host plant, it generally first follows visual cues and

in closer proximity to the plant canopy uses chemical

cues to find potential host plant. Both switchgrass and

native prairie had higher concentration of volatiles on

the uppers parts of the canopy compared with miscan-

thus and thus may be more susceptible to discovery by

host-seeking herbivores. BVOC composition can also

change the behavior of arthropods that utilize the vola-

tile chemical cues as a source of information and thus

possibly alter biomass losses to herbivores (Isman &

Miresmailli, 2011). BVOC composition also can influ-

ence plant-pathogen interactions (Eastburn et al., 2011;

Pangga et al., 2011) and thus the likelihood and severity

of crop disease epidemics (Fitt et al., 2011).

Biogenic volatile organic compounds have direct

impacts on atmosphere warming potential because they

are precursors of particulate matter (Loreto et al., 2008;

Penuelas & Staudt, 2010). BVOCs are highly reactive

and, in the presence of ozone, hydroxyl, and nitrate rad-

icals, can form photochemical oxidants (Finlayson-Pitts

& Pitts, 1997). BVOCs are important precursors to the

formation of tropospheric ozone (Chameides et al.,

1988), contribute to the accumulation of methane and

other greenhouse gases (De Carlo et al., 2004), and con-

sequently form secondary organic aerosol particles with

adverse effects on human health (Kavouras et al., 1998).

Terpenoids are among the major BVOCs that can alter

atmospheric chemistry (Guenther et al., 1995; Carter,

1996). We found that miscanthus BVOCs were depleted

in terpenoids relative to the other vegetation types

(Fig. 2b; 3c). Green leaf volatiles (oxygenated aldehydes

and alcohols) are another group of BVOCs with atmo-

spheric importance (Heiden et al., 2003; Davison et al.,

2008). We observed a significant decrease in GLVs level

above the miscanthus canopy. Miscanthus volatiles lack

some prominent GLVs that were found in both switch-

grass and prairie (Table 1), so the lower percentage of

the GLV group in miscanthus might be due to differ-

ences in its BVOC composition.

Biogenic volatile organic compounds emissions are

temporally dynamic (Pio et al., 2005), changing with

environmental conditions (Owen et al., 2002; Tarvainen

et al., 2005) and plant development (Shiojiri & Karban,

2006). Several studies reported a significant increase in

BVOC emission from senescing crops (Karl et al., 2005)

and during harvest (Guenther et al., 2001; Lindinger

et al., 2001; Warneke et al., 2002; Kirstine & Galbally,

2004). Our focus in this experiment, however, was on

the emission of BVOCs during the growing season

when crops are susceptible to herbivores that might

use these volatiles as host finding cues. On the basis of

our findings, we project that miscanthus BVOCs will

be at lowest risk of arthropod discovery based on

olfaction-mediated host location during the growing

season, and perhaps as well lower overall atmosphere

warming potential and particle formation compared

with switchgrass and native prairie.

The emission of BVOCs represents a loss of carbon

from ecosystems that can at times be a significant frac-

tion of net primary production. While losses of isoprene

typically are less than 3% of net primary production, in

some oak forests these losses can amount to ~12% (Kes-

selmeier et al., 2002). The emission of monoterpenes,

however, is expected to be much smaller percentage of

net primary production than isoprene (Kuhn et al.,

2007). We calculated the hypothetical maximum flux of

BVOC emissions by extrapolating to the whole year the

average fluxes obtained when the crops were fully

developed (June–August). We assumed that BOVC

emissions were constant through time and were not

influenced by variation in environmental factors, pro-

ducing an estimate of the theoretical maximum annual

flux of BVOCs. Despite their biological and atmospheric

importance, the data presented here suggest that non-

methane/nonisoprene BVOCs emitted from these bioen-

ergy grasses will not play a significantly important role

in the ecosystem carbon budget.

The theoretical maximum annual carbon flux via

BVOC emissions in these potential bioenergy crops was

considerably lower than BVOC fluxes from other vege-

tation (Sakulyanontvittaya et al., 2008). The estimated

annual carbon losses through BVOC emission for our

crops were as follows: ~195 g ha�1, for miscanthus;

~185 g ha�1, for switchgrass; and ~443 g ha�1, for prai-

rie. In a recent review, Sakulyanontvittaya et al. (2008)

used field measurements and literature values to

estimate mono- and sesquiterpene fluxes emitted from

different vegetation types including some grasses and

crops (fennel, tomato, sunflower, corn, bean, wheat, and

tobacco) in the United States (Sakulyanontvittaya et al.,

2008). Using the estimates of Sakulyanontvittaya et al.

(2008) and applying our assumptions, we calculated the

annual amount of a- pinene – one of the most important

monoterpenes with adverse effects on atmospheric

chemistry – emitted from those species to be ~5010 g ha �1

(volatiles were collected within closed chambers).

Despite methodological differences, in general, our bio-

energy grass species emit lower amounts of BVOCs

when compared with corn, soybean, and other grass

species. A side-by-side analysis of BVOC emissions

from different crops is necessary to make a definitive

comparison. Our data and projections, however, allow

us to state that, among at least these three potential

© 2012 Blackwell Publishing Ltd, GCB Bioenergy, doi: 10.1111/j.1757-1707.2012.01189.x
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options for bioenergy production, miscanthus is likely

to have lower impacts on atmospheric chemistry and

biotic interactions mediated by these volatiles when

planted on the landscape scale.
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