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Abstract

Vegetation supports life on Earth, from supplying oxygen to the atmosphere to 
playing a role in the cycling of water. However, plants also emit natural or biogenic 
volatile organic compounds (BVOCs). BVOCs are an important precursor to the 
formation of tropospheric ozone— a compound that can adversely affect air quality, 
human health, and the environment— yet there are many outstanding questions 
regarding the emission and flux of BVOCs from the forest to the atmosphere. This 
review synthesizes recent research results pertaining to forest- atmosphere exchange, 
including the formation and fate of primary biogenic ozone precursors and the key 
physical and chemical processes occurring within and above vegetation canopies 
that control the efficient exchange of gases. Knowledge of these processes can im-
prove our understanding of the forested environment and its role in sustainable air 
quality. We conclude from this review that, while we have a deep understanding 
of a vast array of processes that regulate BVOC emissions to the atmosphere on a 
local level, how those processes feedback to regional- scale air quality and climate is 
less understood. A synthesis of data from a wide variety of forest sites may help im-
prove our understanding of the role of forests on air quality and climate and allow 
policy makers to make informed decisions with respect to maintaining sustainable 
air quality and climate.

Introduction

Terrestrial vegetation plays a critical role in sustainable air quality and climate. To 
protect against a variety of stresses, plants release gases known as volatile organic 
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compounds (VOCs), which impact air quality and climate indirectly as precursors 
of ozone (O3) (Logan 1985) and particulate matter (Carlton, Wiedinmyer, and 
Kroll 2009; Hallquist et al. 2009). While beneficial in the upper atmosphere for 
protecting life on Earth from solar ultraviolet radiation, ozone is toxic to humans 
and plants and thus undesirable in large amounts near the Earth’s surface. Particu-
late matter reflects sunlight back to space, resulting in a cooler climate; it also con-
tains pollutants that induce respiratory problems in humans.

Biogenic VOCs (BVOCs) emitted naturally from vegetation account for more 
than 80% of the global VOC budget (Guenther et al. 2006) and thus have the po-
tential to affect air quality on a global scale. However, ozone formation requires an 
additional precursor of primarily anthropogenic origin (Logan 1985); thus, unsus-
tainable air quality problems are most frequent in heavily populated and industrial-
ized urban centers (Carslaw and Carslaw 2001). BVOCs can aggravate regional air 
quality problems, as observed in vegetated urban areas like Atlanta (Chameides et 
al. 1988) and in forests downwind of urban areas (Carroll, Bertman, and Shepson 
2001; Sillman et al. 2002; Day et al. 2009; Bryan et al. 2012). As urbanization 
continues, ozone problems are expected to rise unless regulations on anthropogenic 
emissions are implemented (Bloomer et al. 2009). In addition, climate and land- 
use change are expected to exacerbate global ozone-  and aerosol- induced air quality 
problems by enhancing VOC emissions (Steiner et al. 2006; Heald et al. 2008). 
Deforestation and land- use change associated with urban and agricultural expansion, 
however, will reduce BVOC emissions globally (Heald et al. 2008). Despite these 
changes in BVOC levels from human activity, ozone concentrations may increase or 
decrease depending anthropogenic precursors (Steiner et al. 2006). Understanding 
the complex interplay between biogenic and anthropogenic ozone precursors is criti-
cal for implementing effective policy legislation aimed at mitigating ozone problems.

While we understand the potential impacts of climate, land use, and social change 
on future air quality qualitatively, an improved understanding of the role of biogenic 
VOCs in ozone formation is needed to provide policy makers with an accurate, 
quantitative assessment of future change to better inform policy decisions. Models 
adequately simulate ozone formation in urban areas, where ozone concentrations can 
reach unsustainable levels due to anthropogenic emissions from industrial activity 
(Sillman 1999; Carslaw and Carslaw 2001). However, model applications to remote 
vegetated environments reveal gaps in our understanding of the role of VOCs in the 
formation of ozone and particulate matter (Lelieveld et al. 2008; Ganzeveld et al. 
2008). These findings suggest that more VOC oxidation and thus more ozone for-
mation may occur in forest environments than is presently simulated, which leads to 
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inaccurate projections of future air quality and climate that may misinform pollution 
mitigation legislation. Improving our understanding of the role of biogenic VOCs 
in ozone and particular matter formation requires an improved understanding of 
the physical and chemical processes occurring within and above forest canopies that 
influence VOC concentrations and exchange across the forest- atmosphere boundary.

The extent to which BVOCs can interact with anthropogenic ozone precursors 
to influence regional ozone problems depends on how much VOC escapes the can-
opy in a process known as forest- atmosphere exchange. Several physical and chemi-
cal processes occurring within and above forest canopies control the exchange of 
BVOCs into the atmosphere. This review offers a characterization of these processes 
and the need for future research. In the next section, we describe the individual 
processes that drive the production, removal, and movement of BVOCs within 
and above the forest canopy. Then we synthesize a suite of recent observational 
field campaigns and modeling studies to summarize the current knowledge of the 
processes and their influence on BVOC concentrations and fluxes out of the for-
est canopy. Finally, we offer directions for future research that would enhance our 
understanding of exchange across the canopy- atmosphere interface and its role in 
sustainable air quality.

Canopy Processes and Their Effects on BVOCs

Exchange of BVOCs across the forest- atmosphere boundary is controlled by the 
interactions between the vegetation and the surrounding air. Leaves in the canopy 
emit and take up gases directly, and the fate of these compounds in the atmosphere 
is affected by photochemical destruction and transport within and out of the canopy 
airspace. These processes (emission, deposition, chemistry, and turbulent transport) 
are the primary controls on forest- atmosphere exchange. Emission and deposition 
denote fluxes into and out of the atmosphere, respectively. After emission, chemis-
try in the atmosphere drives the transformation of BVOCs to ozone. Once BVOCs 
are emitted from the canopy foliage, atmospheric turbulence transports and mixes 
them within the atmospheric boundary layer.

BVOC Emission from Vegetation Foliage

Plants generate terpenes— a class of BVOC of the form C5xH8x (e.g., C5H8, C10H16, 
etc.)— for a variety of physiological purposes (Fuentes et al. 2000; Sharkey, Wiber-
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ley, and Donohue 2008). Isoprene (C5H8, 2- methyl- 1,3- butadiene), generated pre-
dominantly by broadleaf vegetation such as oak and aspen (Guenther, Zimmerman, 
and Wildermuth 1994; Kesselmeier and Staudt 1999), is thought to protect leaves 
against large heat stresses resulting from direct and prolonged exposure to intense 
sunlight (Sharkey and Singsaas 1995). In addition, isoprene consumes ozone and 
other reactive oxygen, protecting vegetation against oxidation of foliage tissue (Lo-
reto and Velikova 2001). Needle- leaf vegetation (e.g., pine, spruce, and fir) produce 
monoterpenes (C10H16) to attract pollinators with their pine scents (Dudareva and 
Pichersky 2000), defend against insects and other herbivores (Phillips and Croteau 
1999), and inhibit growth of competing vegetation within the same nutrient pool 
(Muller 1966). Larger terpenes (e.g., sesquiterpenes, C15H24) formed by plants un-
dergo rapid chemical destruction after being emitted into the atmosphere; thus 
their degree of influence in gas- phase atmospheric chemistry is not well known. 
Isoprene and monoterpenes (collectively referred to as isoprenoids) are the focus 
of most studies, as they are emitted in large quantities and account for 44% and 
11% of total global VOC, respectively (Guenther et al. 1995; Steiner and Goldstein 
2007). Regionally, however, isoprenoid emission abundances vary by plant species 
and geographical location due to several variables that control their formation and 
emission into the atmosphere.

Plants synthesize BVOCs from the carbon gained during photosynthesis at a 
rate proportional to light and temperature (Fall and Wildermuth 1998; Loreto et 
al. 1996). Following synthesis, BVOCs vaporize at a temperature- dependent rate 
and subsequently diffuse across cell membranes and through the leaf pores, or 
stomates, into the atmosphere (Lerdau, Guenther, and Monson 1997). Isoprene 
emits promptly after synthesis in the chloroplasts of broadleaves, whereas needle- 
leaf vegetation stores a substantial fraction of monoterpenes in resin vessels (Le-
rdau, Guenther, and Monson 1997). Accordingly, isoprene emits following its 
light-  and temperature- dependent synthesis rate (Tingey et al. 1979; Monson et al. 
1992; Sharkey et al. 1996), whereas monoterpene emissions generally follow their 
temperature- dependent rate of vaporization (Guenther, Monson, and Fall 1991). 
Some Mediterranean oaks, however, exhibit a light- dependent monoterpene emis-
sion (Loreto et al. 1996). As a result of the light- dependent emission of isoprene, 
near- canopy concentrations tend to follow the sunlight diel cycle (Figure 1). Other 
factors such as plant physiology (e.g., stomatal conductance), leaf age, prior temper-
ature history, and soil moisture are also known to affect or control the emission of 
isoprene and monoterpenes (Fall and Monson 1992; Guenther et al. 2006; Tawfik 
et al. 2012). Herbivore attack (Phillips and Croteau 1999) or extreme leaf tempera-
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ture change may also trigger short bursts in BVOC emission (Sharkey, Wiberley, 
and Donohue 2008).

Oxidation of BVOCs in the Atmosphere

Once emitted into the atmosphere, primary BVOCs are subjected to oxidation via 
reaction with one of three main tropospheric oxidants: the hydroxyl radical (OH), 
ozone (O3), or the nitrate radical (NO3). OH is produced in the presence of sun-
light, whereas nitrate is easily destroyed by incoming solar radiation. Therefore, 
the OH and nitrate radicals are the main drivers of daytime and nighttime VOC 
oxidation, respectively, in the free atmosphere (i.e., above the forest canopy). In the 
canopy, however, shading by vegetation foliage and branches reduces photochemi-
cal OH production and NO3 destruction, thus increasing the influence of nitrate 
as a VOC sink even during the day (Fuentes et al. 2007). Observations and mod-
els indicate that NO2 photolysis (i.e., the destruction of NO2 by sunlight) is also 

Figure 1: Diel cycle of photosynthetically active radiation (black) and isoprene concentration 
(red) measured within the canopy under clear- sky conditions. Data for 28 July 2009 during the 
CABINEX field campaign at the University of Michigan Biological Station, courtesy of Barry Lefer 
(University of Houston) and Tom Jobson (Washington State University).
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reduced within the canopy (Figure 2), lowering the potential for ozone formation 
while increasing daytime NO3 production. As direct sunlight attenuates through 
the canopy, diffuse radiation from the reflection of light off leaves and aerosols be-
comes a major driver of in- canopy photochemistry, accounting for up to 85% of 
in- canopy radiation (Knohl and Baldocchi 2008).

Oxidation in the atmosphere occurs on the order of seconds to days depend-
ing on several factors (Steiner and Goldstein 2007). The chemical lifetime depends 
on the oxidation pathway, which is variable depending on the chemical structure 
of the BVOC species and the availability of oxidants. Because isoprene is the most 
abundantly emitted BVOC and OH is the most reactive oxidant, the isoprene- OH 
oxidation pathway is the most influential mechanism driving BVOC chemistry and 
the formation of ozone precursors. Ozone has a particular affinity for compounds 

Figure 2: Photosynthetically active radiation (i.e. radiation in the 0.4– 0.7 µm waveband, or vis-
ible light, black) and NO2 photolysis frequency (red) above (1.45 times the canopy height, solid) 
and below (0.09 times the canopy height, dashed) the canopy along the PROPHET flux tower, 
located within the mixed hardwood forest in northern Michigan.
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with double bonds and is therefore a dominant oxidant for the larger terpenes (e.g., 
monoterpenes and sesquiterpenes) (Steiner and Goldstein 2007).

The oxidation of primary BVOC emissions (e.g., isoprene and monoterpenes) 
forms a suite of secondary products known as oxygenated VOCs, including form-
aldehyde (CH2O), methacrolein (C4H6O), methyl vinyl ketone (C4H6O), and vari-
ous additional peroxy radicals. Further oxidation of these secondary products forms 
the hydroperoxyl radical (HO2), a primary atmospheric oxidant and dominant in-
gredient for tropospheric ozone. In addition to the formation of HO2, oxygenated 
VOCs can also react with radicals to produce less volatile species that plants often 
take up, as discussed below.

BVOC Uptake by Plants and Deposition onto Surfaces

Many BVOCs and other airborne gases interact with the Earth’s surface in a variety 
of ways. Gases may settle on the ground or other surfaces by gravity. Raindrops often 
collect and carry gases to the surface. In addition, plants take up gases through their 
stomata in a process known as stomatal uptake. These mechanisms are all forms of 
deposition, a process that removes gases from the atmosphere. Deposition rates vary 
by gas, as well as vegetation architecture and the ambient meteorology. Due to their 
low mass and solubility, BVOCs rarely deposit via gravitational settling or capture 
by rain. Higher concentrations of primary BVOCs (isoprene and monoterpenes) 
exist within leaves than in the surrounding atmosphere, which is more conducive to 
emission than to stomatal uptake. Oxidized BVOCs (e.g., formaldehyde and meth-
acrolein), on the other hand, are more highly concentrated in the atmosphere than 
within leaves and are thus susceptible to stomatal uptake.

Stomatal uptake occurs when atmospheric concentrations immediately adjacent 
to a leaf exceed those within the leaf, which allows the diffusion of molecules into 
the leaf structure. For example, plants take up carbon dioxide (CO2) via stomatal 
uptake for photosynthesis. Ozone and sulfur dioxide (SO2) are widely recognized 
as having among the highest deposition efficiencies via plant uptake (Wesely 1989; 
Finkelstein et al. 2000; Hogg et al. 2007). Once taken up by the plant, ozone 
damages the leaf by oxidizing the tissue. Some studies postulate that plants protect 
themselves from ozone exposure by emitting BVOCs that react with the ozone in 
the air immediately surrounding the leaf (Sharkey, Wiberley, and Donohue 2008). 
Recent studies also show that products of isoprene oxidation (e.g., formaldehyde, 
methacrolein, and methyl vinyl ketone) that oxidize into ozone- forming peroxy 
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radicals deposit at rates comparable to or up to 2– 3 times greater than that of ozone 
(Karl et al. 2010; Sumner et al. 2001).

Turbulence- Driven Transport of BVOCs in the Atmosphere

Wind shear and heating- induced convection result in the formation of turbulent 
eddies in the lower atmosphere (Stull 1988). These turbulent eddies mix BVOCs 
and their oxidation products throughout the atmospheric boundary layer, provid-
ing the dominant physical mechanism driving forest- atmosphere exchange. While 
molecular diffusion also transfers BVOCs from the canopy to the atmosphere, tur-
bulence is substantially more efficient and thus diffusion is typically neglected in at-
mospheric models. The effect of turbulent mixing on atmospheric concentrations of 
gases depends on the chemical lifetime of a gas (Molemaker and de Arellano 1998; 
Krol, Molemaker, and de Arellano 2000). Long- lived gases (e.g., oxygen, carbon 
dioxide, and methane) tend to be distributed uniformly in the planetary boundary 
layer (i.e., are “well- mixed”) and thus turbulence has little effect on their concen-
trations. In contrast, short- lived gases such as oxidants (e.g., OH and nitrate) react 
before turbulence can transport them very far. BVOCs have a chemical lifetime 
that is approximately the same order as their turbulent timescale (generally minutes 
to hours). Consequently, the efficiency of forest- atmosphere BVOC exchange is 
highly sensitive to turbulent strength, especially during the daytime (Bryan et al. 
2012). Therefore, while most atmospheric chemistry models may adequately cap-
ture gas exchange across the land- atmosphere boundary, models simulating BVOC 
exchange may require more detailed turbulence parameterizations.

Turbulent strength, typically represented in atmospheric models by the turbu-
lent exchange coefficient (K), varies with altitude and time of day. The turbulent 
exchange coefficient for heat (KH) shown in Figure 3 serves as a reliable proxy for 
the strength of turbulence that is responsible for the exchange of atmospheric gases. 
Turbulence peaks in the mid- afternoon around the middle of the planetary bound-
ary layer (~500 m above ground level). In the lower portion of the boundary layer, 
turbulence strength weakens with decreasing altitude as a result of frictional drag in-
duced by the Earth’s surface. Near the forest canopy layer (~20 m), daytime turbu-
lence as estimated by KH is weaker than in the mid- boundary layer by approximately 
two orders of magnitude. This reduction in turbulence strength near the surface 
layer partially accounts for the similarity in timescales between turbulence- induced 
exchange and chemical degradation of BVOCs within forest canopies noted above.

The nature of turbulence within forest canopies is complex due to the presence 



39

Canopy Controls Vol. 1

of vegetation. Foliage, branches, and other sources of roughness induce aerody-
namic drag, perturbing and weakening dynamic motions and movement of gases in 
the canopy airspace (Baldocchi and Meyers 1988). The strength of frictional drag 
varies widely with canopy structure, in particular with respect to foliar density as 
well as the heterogeneous nature of the canopy. Closed (or dense) canopies exhibit 
particularly slow fluxes of BVOCs across the forest- atmosphere boundary in large 
part due to the physical obstruction of canopy elements.

As a consequence of the relatively weak background turbulence within and be-
low forest canopies, in- canopy motions are particularly sensitive to other dynam-
ical perturbations. Intense bursts of turbulent activity known as coherent struc-
tures (Collineau and Brunet 1993a; Finnigan 2000; Steiner et al. 2011) occur in 
two common forms: (1) rapid streams of downward motion that pass through the 
canopy layer known as “sweeps” and (2) subsequent upward motions known as 
“ejections” (Raupach, Finnigan, and Brunet 1996). These erratic motions may be 
critical for the efficient exchange of BVOCs out of the canopy layer given the weak 
nature of in- canopy turbulence. Unfortunately, due to the brief (lasting on aver-
age 5– 7 seconds), intermittent (occurring at uneven intervals ranging from 15– 75 
seconds), and unpredictable nature of these events (Collineau and Brunet 1993b), 

Figure 3: Simulated diel cycle of turbulent exchange coefficient for heat (KH) as simulated by 
the Canopy Atmospheric Chemistry Emission (CACHE) model. The dashed lines represent the 
upper and lower limits of the foliage canopy. Model simulations are based on the input of photo-
synthetically active radiation measured during a typical sunny day at the University of Michigan 
Biological Station.
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these events are typically filtered from observational datasets via time averaging as 
part of data analysis and neglected in atmospheric models. Consequently, correlat-
ing BVOC fluxes with coherent structure events is still an area of active research, 
and the effects of these phenomena on forest- atmosphere BVOC exchange are not 
yet well understood.

Current and Future Research Applications of  
Forest- Atmosphere BVOC Exchange

Considerable research has focused on forest- atmosphere BVOC exchange through 
a number of observational field campaigns at flux towers in the United States (e.g., 
CABINEX, Bryan et al. 2012; BEARPEX, Wolfe et al. 2011; CELTIC, Stroud et 
al. 2005; and BEACHON, DiGangi et al. 2011). The diverse array of vegetation 
types covered by these studies allows for the examination of both isoprene-  and 
monoterpene- dominated sites. Often coupled with modeling studies, these cam-
paigns may reveal discrepancies between simulated and observed conditions that il-
luminate gaps in our knowledge of canopy processes and provide possible directions 
for future research. Here, we present some of the current research activities and re-
maining outstanding questions with respect to the canopy processes discussed above.

Foliar emissions of BVOCs, particularly of isoprene, have been studied exten-
sively over the past few decades, yet large uncertainties in observed emission rates 
have yet to be explained (Smiatek and Steinbrecher 2006). While day- to- day BVOC 
emissions have a distinct light and temperature dependence, emission rates vary in 
complex ways that are not well characterized (e.g., tree age, temperature history, 
and soil moisture). Vertically heterogeneous canopies, such as the mid- successional 
forest of the University of Michigan Biological Station located at the northern tip 
of Michigan’s lower peninsula, exhibit a diverse array of biogenic emissions along 
with vertically varying emissions as a function of canopy light extinction (Bryan 
et al. Forthcoming). Though many studies report extensive inventories of BVOC 
emissions for a wide range of tree species (Guenther, Zimmerman, and Wilder-
muth 1994; Kesselmeier and Staudt 1999; Steiner and Goldstein 2007; Warneke 
et al. 2010), such studies report single values for each BVOC and tree species for 
the forest site of interest. Since emissions are known to vary on a site- by- site basis, 
future research should entail additional inventory development of unexplored bi-
omes, followed by a multi- site synthesis of BVOC emissions from a diverse set of 
forest ecosystem types.
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Discrepancies between model simulations and field observations of oxidants 
and BVOC oxidation products highlight the need to better understand BVOC 
oxidation in forest canopies. Current models have difficulty simulating the OH 
radical in remote forest environments where vegetation plays an important role in 
OH regulation. For example, if BVOC emissions from the forest canopy are very 
high, then they can deplete OH concentrations in the troposphere. In fact, most 
models predict this drawdown of OH that cannot be confirmed with observations. 
Models generally underestimate OH concentrations (Tan et al. 2001; Lelieveld et 
al. 2008), suggesting either over- depletion in atmospheric chemistry models or a 
missing in- canopy source. Lelieveld et al. (2008) propose an OH recycling path-
way that avoids OH depletion, which they apply in models of BVOC- rich tropi-
cal rainforests. Models also do not capture long- range horizontal transport from 
isoprene- poor regions (Sillman et al. 2002) or downward mixing of VOC- clean air 
from the free atmosphere (Hurst et al. 2001) that may reduce OH loss. Additional 
OH sources from terpene dissociation via ozone reaction (Faloona et al. 2001) may 
also account for the underestimation of OH. While underestimated concentrations 
suggest a missing OH source in models, models also underestimate OH reactivity 
within the canopy (Di Carlo et al. 2004), which suggests a missing modeled sink of 
OH as well. Di Carlo et al. (2004) hypothesize that forest emissions contain VOCs 
that have yet to be identified and accounted for in atmospheric chemistry models; 
however, more recent studies suggest that the OH reactivity can be accounted for 
by including the oxidation of secondary VOCs discussed above (Kim et al. 2011).

While many past studies have attributed these differences to chemistry, it is also 
possible that atmospheric models do not accurately capture the vertical mixing of 
BVOCs. Observational and modeling studies alike point to a need for an improved 
turbulence characterization and representation in model parameterizations (Hurst 
et al. 2001; Horiguchi et al. 2010; Bryan et al. 2012). In particular, models neglect 
the erratic canopy- scale eddies frequently observed in tall plant stands (Finnigan 
2000), yet these phenomena contribute around 50 percent or more to the total 
heat fluxes out of the canopy (Steiner et al. 2011). Bryan et al. (2012) applied the 
Canopy Atmospheric Chemistry Emission Model (CACHE, Forkel et al. 2006) 
to observations from CABINEX, finding that near- canopy turbulence outweighs 
chemistry in modulating forest- atmosphere exchange. This was realized by con-
trasting two turbulence schemes with two chemistry schemes. Overall magnitudes 
and the diel patterns of BVOC concentrations were vastly improved when the au-
thors used an alternate turbulence scheme that was driven partially by observations 
near the canopy. Changing the chemical mechanism to one that included more de-
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tailed isoprene degradation (Geiger et al. 2003; Bryan et al. 2012) yielded negligible 
change in BVOC concentrations and fluxes out of the forest.

Above the canopy, robust observations of turbulence quantities are often insuf-
ficient due to measurement limitations, posing a challenge for model evaluation 
and validation in multiple locations. Observational data within the canopy are also 
limited, and more observations are required at multiple sites to capture the com-
plexities of in- canopy turbulence. These data are necessary for characterizing the 
efficiency of forest- atmosphere BVOC exchange over a wide array of forest types, 
data that are especially important given the similar timescales of BVOC oxidation 
and turbulent transport.

To date, our understanding of forest- atmosphere exchange derives from studies 
performed on the local scale (i.e., for a single forest site). Future work is needed to 
bridge the gap between local- scale forest- atmosphere exchange and regional- scale 
ozone formation. A multi- site synthesis of the forest chemistry observations from 
various ecosystems would help identify differences in forest- atmosphere exchange 
across a variety of ecosystem types. Secondly, existing findings, particularly those 
from a multi- site synthesis, should be incorporated into a global or regional climate- 
chemistry model, with which the sensitivity of large- scale ozone concentrations to 
in- canopy processes can be assessed. Future work could include interdisciplinary 
studies that address the combined effects of the processes discussed in this review to 
develop a more holistic view of biosphere- atmosphere interactions and their role in 
forest- atmosphere BVOC exchange.

Concluding Remarks

Vegetation sustains human life through its contributions to atmospheric oxygen, 
the water cycle, and removal of greenhouse gases. Policies to restrict or minimize de-
forestation in order to preserve these benefits are critical to the continued existence 
of a sustainable world. However, the net benefit of forested ecosystems should be 
balanced with an understanding of the contribution of reactive carbon from veg-
etation and its influence on air quality. Mitigating these effects requires restricting 
the emission of anthropogenic precursors, especially in regions undergoing land- 
cover transformation and urbanization. Additionally, land- cover- change projects to 
address carbon sequestration and biofuel production should consider the BVOC 
emissions of these vegetation species to preclude the large addition of reactive car-
bon to the atmosphere. To adequately establish controls on emissions, understand-
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ing the natural processes that drive biogenic precursors and their role in air quality 
is critical. Any and all sustainability efforts aimed at the reduction of tropospheric 
ozone production should consider this research and attempt to include an under-
standing of this science in a holistic and sustainable manner.
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