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Abstract

Volatile organic compounds (VOCs) emitted by woody vegetation influence global

climate forcing and the formation of tropospheric ozone. We use data from over 250 000

re-surveyed forest plots in the eastern US to estimate emission rates for the two most

important biogenic VOCs (isoprene and monoterpenes) in the 1980s and 1990s, and then

compare these estimates to give a decadal change in emission rate. Over much of the

region, particularly the southeast, we estimate that there were large changes in biogenic

VOC emissions: half of the grid cells (11� 11) had decadal changes in emission rate

outside the range �2.3% to 1 16.8% for isoprene, and outside the range 0.2–17.1% for

monoterpenes. For an average grid cell the estimated decadal change in heatwave

biogenic VOC emissions (usually an increase) was three times greater than the decadal

change in heatwave anthropogenic VOC emissions (usually a decrease, caused by

legislation). Leaf-area increases in forests, caused by anthropogenic disturbance, were

the most important process increasing biogenic VOC emissions. However, in the

southeast, which had the largest estimated changes, there were substantial effects of

ecological succession (which decreased monoterpene emissions and had location-specific

effects on isoprene emissions), harvesting (which decreased monoterpene emissions and

increased isoprene emissions) and plantation management (which increased isoprene

emissions, and decreased monoterpene emissions in some states but increased

monoterpene emissions in others). In any given region, changes in a very few tree

species caused most of the changes in emissions: the rapid changes in the southeast were

caused almost entirely by increases in sweetgum (Liquidambar styraciflua) and a few

pine species. Therefore, in these regions, a more detailed ecological understanding of

just a few species could greatly improve our understanding of the relationship between

natural ecological processes, forest management, and biogenic VOC emissions.
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Introduction

Volatile organic compounds (VOCs) emitted by vegeta-

tion are important chemical species that affect the

oxidative capacity of the troposphere (NRC, 1991;

Seinfeld & Pandis, 1998), and the concentrations of

some chemical species that are important in climate

forcing, including CO, methane, and aerosols (Andreae

& Crutzen, 1997; Mäkelä et al., 1997; Hayden, 1998;

Leaitch et al., 1999; Shallcross, 2000; Collins et al., 2002).

Biogenic VOCs (BVOCs) are also precursors for tropo-

spheric (surface-level) ozone (O3) (NRC, 1991), which

has well-documented impacts on human health and

agricultural productivity. O3 is formed by the photo-

chemical oxidation of VOCs in the presence of

NOx (Jacob, 1999); hence, O3 production is sensitive

to emission rates of both VOCs, which have both
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anthropogenic and biogenic sources, and NOx, which is

mostly anthropogenic (EPA, 2000; Wang & Shallcross,

2000). However, the interactions between O3 precursors

are highly nonlinear (NRC, 1991; Roselle, 1994; Jacob,

1999; Sillman, 1999; Kang et al., 2003), and are affected

by transport processes (Hesstvedt et al., 1978), meteor-

ology (NRC, 1991), and the differential reactivity of

different VOC compounds (Seinfeld & Pandis, 1998). O3

concentrations are also affected by regional background

O3, which is not well quantified, and that is known to

be affected by long-distance transport of O3 and its

precursors (Fiore et al., 2002)

In the eastern US, the total annual BVOC emissions

are estimated to exceed the total annual anthropogenic

VOC (AVOC) emissions (Kinnee et al., 1997; Pierce et al.,

1998; Fuentes et al., 2000; Guenther et al., 2000), and

adding BVOC emissions to models that already include

AVOC emissions causes substantial increases in pre-

dicted O3 concentrations (Roselle, 1994, Horowitz et al.,

1998, and Pierce et al., 1998: although in areas with low

NOx levels the effect can be opposite: Roselle, 1994).

However, modelling studies have assumed that US

BVOC emissions are static on the decadal timescales

relevant to air pollution policy. Research into trends in

BVOC emissions has concentrated on climate change,

which can affect BVOC emissions directly because leaf-

level emission rates depend on temperature and light,

and indirectly by changing vegetation (Constable et al.,

1999; and at a global scale Sanderson et al., 2003). The

changes in emissions predicted for recent decades have

been small, because climate changes have been small,

and because the equilibrium vegetation models used in

these studies assume that current vegetation has

reached a steady state with respect to current climate,

which precludes the possibility of significant recent

changes.

However, there are likely to have been significant

changes in US emissions of BVOCs over timescales of

decades and centuries, independent of climate change

(Monson et al., 1995; Lerdau & Slobodkin, 2002). The

historical pattern of de-forestation followed by re-

forestation in the eastern US (Hurtt et al., 2002) must

have produced a pronounced decrease and subsequent

increase in emission rates, because woody vegetation

emits orders of magnitude more O3-forming VOC than

non-woody vegetation (Guenther et al., 1994; Kessel-

meier & Staudt, 1999; Fuentes et al., 2000). Changes in

species composition within forests could also have

resulted in substantial BVOC emission changes, for two

main reasons. First, different species emit greatly

different amounts of BVOC. For example, under

identical conditions an equal leaf area of Quaking

Aspen (Populus tremuloides) is predicted to emit

isoprene at ca. 650 times the rate of Eastern Hemlock

(Tsuga canadensis), and no isoprene emission has been

detected from any US Maple (Acer species). Second, the

variation in emission rate is correlated with ecological

characteristics (Harley et al., 1999). For example, within

deciduous trees, the highest emitters are shade-intoler-

ant and early-successional (e.g. Aspens, Poplars, Sweet-

gum) and late-successional broadleafs tend not to emit

at all (e.g. Beech, Sugar Maple), and the chemical

species emitted by broadleafs tends to be isoprene,

compared with monoterpenes for conifers, although

there are exceptions to these patterns (e.g. Spruce emits

isoprene). Also potentially important is the recent

increase in plantation forestry (Zhou et al., 2003), which

usually uses tree species that are high emitting for

BVOC (e.g. Poplars, Eucalypts, Pines).

We estimate a decadal change in eastern US BVOC

emissions between the 1980s and 1990s, caused by

changes in the extent, structure, and species composi-

tion of forests. Our estimate is given by the most widely

used leaf-level emissions model (from Guenther et al.,

1993), in conjunction with the USDA Forest Service

Inventory Analysis (FIA) forest inventory, which

recorded vegetation changes in over 250 000 re-sur-

veyed forest plots in the region. The changes them-

selves (e.g. tree growth, ecological succession) are not

modelled, but observed: therefore, our estimate of

systematic changes in emissions results entirely from

systematic changes in the inventory data. We hold

climate constant, confining attention to changes in the

extent, structure, and composition of forests. Finally, we

decompose the changes in BVOC emissions into

different processes (harvesting, ecological succession,

leaf-area change, plantation management, de- and

re-forestation), and different tree species.

The results indicate substantial recent increases in

eastern US BVOC emissions, especially in the south of

the region. This result has potentially important

implications for air-quality policy, but in relating our

results to air pollution, there are some crucial points

that should be kept in mind. First, nearly all NOx is

anthropogenic, and without this pollution, O3 concen-

trations would probably never reach high enough

concentrations to affect human health or agricultural

productivity (e.g. Wiedinmyer et al., 2000). Second, in a

low-NOx chemical regime, as would exist in the US

without anthropogenic NOx emissions, VOCs act to

decrease, rather than increase, O3 concentrations

(Roselle, 1994; Mickley et al., 2001). Third, our analysis

suggests that over much of the region, legislated

decreases in AVOC emissions were masked by approxi-

mately equal increases in BVOC emissions, which may

help to explain why the AVOC emission reductions did

not lead to a general reduction in O3 (e.g. Lin et al.,

2001); therefore, this legislation may have been more
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successful than previously thought, since O3 concentra-

tions may be lower now than they would have been

without the legislation. Fourth, we estimate that BVOC

emissions in the eastern US are large compared with

AVOC emissions (as has been found previously), and

are increasing, both of which suggest that in general

reducing anthropogenic emissions of NOx, rather than

anthropogenic or biogenic VOCs, would be the most

effective means of reducing O3 concentrations in the

future. Fifth, it is nevertheless important to acknowl-

edge that BVOC emissions are a part of the US O3

problem, because they are known to contribute to O3

when sufficient NOx is available (as is currently the case

for the eastern US), because they are changing rapidly

with respect to other precursors, and because the

changes in BVOC emissions mostly result from anthro-

pogenic disturbances anyway. The results reported here

call for a wider recognition that an understanding of

recent, current, and anticipated changes in biogenic

VOC emissions is necessary to guide future air-quality

policy decisions; they do not provide any evidence that

responsibility for air pollution can or should be shifted

from humans to trees (Reagan, 1980).

Methods

Our estimate of BVOC emissions, and emission

changes, was based on the USDA FIA database, which

contains detailed information on the species composi-

tion and management of over 250 000 forest plots in the

eastern US. The plots were surveyed once in the 1980s,

and again in the 1990s; thus, it was possible to observe

changes in forest structure and composition that

occurred between the surveys. We use a standard

BVOC emission modelling technique with the 1980s

data, and then separately with the 1990s data, to

estimate changes in emissions. Therefore, although

estimating BVOC emissions necessarily involves a

number of modelling steps, the model does not contain

any representation of dynamical processes such as

growth, species compositional change, or changes in

land use: these dynamics are observed in the inventory

data. Therefore, without systematic change in the

inventory data, there would have been no systematic

change in the estimated BVOC emission rates.

FIA data

The FIA for the eastern US, for this time period, gives

data from forest inventory plots that were surveyed

once in the 1980s, and again in the 1990s, with the exact

years differing from state to state. Inventories were

performed separately for each state and followed a two-

phase sampling procedure known as double sampling

for stratification. In the first phase, a random sample of

points was located on aerial photographs and was

classified by land cover and forest type. In the second

phase, a random subsample of the photo points was

selected from each of the classes, located on the ground,

and established as a field plot. For each field plot, a

number of variables were recorded, including current

land use, previous land use, stand age, and plantation

vs. natural forest. Within each forested plot, trees were

sampled from a cluster of five or more points. Trees 1–

5 in in diameter were sampled from a fixed-radius

circular area around each point. Larger trees were

sampled using variable radius plot sampling, which in

effect uses a larger circular plot for larger trees, and is

an efficient method for estimating plot basal area and

wood volume (Hansen et al., 1992). For each tree

sampled, a number of observations were recorded,

including species, status (live, dead from harvesting,

dead from natural causes), and diameter at breast

height (dbh). The volume of data in the FIA for this

period is extremely unusual for an ecological dataset.

For this region, there were over 250 000 resurveyed field

plots with measurements and re-measurements of over

2.7 million trees.

The FIA methodology was designed specifically to

provide accurate estimates of regional (county or state

level) characteristics. The field sampling enables the

estimation of average forest characteristics (e.g. tree

density, average tree size, species composition) and

changes in these characteristics (e.g. increment in wood

volume). The aerial photographic data enable these

characteristics to be scaled up to the regional level, by

calculating the fraction of the land surface belonging to

each of the different classes of land-use and forest type.

Both parts of this procedure are included in the results

we present here; thus for example, VOC emissions and

changes in emissions are lower in locations with a

lower forest cover.

Our estimate of systematic changes in VOC emissions

results entirely from systematic changes observed in the

FIA data. To examine these changes separately from the

detailed predictions of the VOC emission model, we

first classified each North American tree species as an

emitter or non-emitter for both isoprene and mono-

terpene, based on species-specific VOC emission

measurements (Appendix), and calculated the mid-

1980s standing basal area, and the decadal change in

basal area, for isoprene emitters and monoterpene

emitters for each 11� 11 grid cell (Fig. 1, Appendix).

Uncertainty in the FIA data reflects a number of

potential sources of error including the measurement of

individual tree sizes and the estimates of forest area

from aerial photography, but the total uncertainty is

dominated by sampling error at the plot level (Phillips
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et al., 2000). The errors in calculations based on FIA data

are low, with decadal changes at the county level (areas

approximately the same as our 1� 1 grid cells)

estimated to within 5% (Phillips et al., 2000). Also,

because the FIA surveyed the same plots in both survey

periods, so that most individual trees are measured

twice, the sampling error is highly correlated in time

(for example plots with a high density of trees at time 1

also do so at time 2). This correlation means that when

calculating changes much of the error cancels, leaving

an estimate for the change that is much more accurate

than might be expected from the uncertainty in the

estimates of absolute values rate at any one time

(Appendix). This property carries through the BVOC

emission model, so that the data uncertainty in the

estimate of BVOC emission changes (Fig. 3) is less than

the data uncertainty in the estimate for BVOC emis-

sions at any one time (Fig. 2).

BVOC emission model. We estimate BVOC emissions

from the FIA data in five steps. First, we assign a

potential emission rate (per unit leaf area) to each

species listed in the FIA database based on field

measurements. Second, we estimate the spatial

distribution of leaf area for each tree using a simple

empirical canopy model, and allometries

parameterized from field studies. Third, using the

widely used leaf-level emissions algorithms given in

Guenther et al. (1993), we estimate the VOC emission

rates for each tree canopy on a standard hot bright day

(air temperature 35 1C, incoming short-wave radiation

1000 W m�2). Heatwave emissions are important for the

peak O3 events that are most important for air quality,

which is why we report heatwave results here. Fourth,

we aggregate the tree-level emissions to obtain an

emission rate, and a decadal change in emission rate,

for each inventory plot, and thus for each 11� 11 grid

cell, in the eastern US. Fifth, we decompose changes in

BVOC emissions into the contributions from different

processes and different species. Throughout, we adopt

a minimal complexity approach to the modelling:

additional processes that are known to occur, and that

have been incorporated into other emission inventories,

are only included if the available data are sufficient to

imply more accurate estimates for heatwave emission

rate.

The accuracy of the estimates of BVOC emissions at

any one time, and the estimates of decadal changes in

emissions, is affected by two different types of

uncertainty: uncertainty in the FIA data (data

uncertainty), and model uncertainty, which reflects

both the basic assumptions of the model and the

parameter values used for different functions.

However, when calculating a change, differences in

many assumptions and parameters will increase or

decrease emission estimates at both survey times, and

thus will tend to cancel. As a result, models with

different assumptions can give significantly different

estimates for absolute emission rates at one time, but

similar estimates for the changes in emissions between

survey times (this is a general property of such models).

To address some of the issues regarding model

uncertainty, we try six alternative models that differ

in assumptions about the behaviour of tree crowns and

forest canopies (models B1–C3). We find that the

change estimate is highly robust, with five models

giving almost identical estimates. The estimates for

absolute emissions are more variable, but are close to

previous estimates for this region. There are other

important uncertainties that may have a significant

impact on the estimates of changes in emissions, most

notably the species-specific parameters for leaf

characteristics, allometries, and potential emission

rates. Analysis of the contribution to the total model

error from uncertainty in these parameters is

complicated because they all interact nonlinearly. The

model predictions are also difficult to verify because of

a lack of direct measurements of BVOC fluxes (see the

Discussion). For this reason, the quantitative estimates

should be viewed as an indication of the magnitude

and spatial distributions of BVOC emissions, changes

in BVOC emissions, and the relative magnitude of

biogenic vs. anthropogenic emissions and emission

changes.

Species-specific potential emission rates

Each tree was assigned a potential emission rate for

isoprene and monoterpenes, E
ðiÞ
isoand E

ðiÞ
mono(mg m�2 h�1)

based on its species. The species-specific emission rates

were taken from a public-access database made avail-

able by Hope Stewart and colleagues (http://www.

es.lancs.ac.uk/cnhgroup/iso-emissions.pdf and see

Stewart et al., 2003). which gives potential emissions

as VOC emission rate per unit dry mass of leaf

(mg g�1 h�1). We converted these values to emission

rate per unit leaf area per hour (mg m�2 h�1) using a

value for SLA (area of leaf per unit leaf dry mass)

specific to each species (see White et al. (2000) and for

the origin of the SLA values, to be stated).

Species with no available emission measurement

were assigned the average value for eastern North

American species within that genus: if no rate was

available from the same genus, the rate was set at zero.

For isoprene and monoterpenes, respectively, 65% and

45% of individual trees received a species-specific

emission rate, and only 0.8% and 8.1% had no available

species- or genus-specific value. Within some genera
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(e.g. Oaks), there is significant species-specific variation

in emission rates, which means that assigning genus

averages could be problematic, but this cannot be tested

directly because the measurements are not available.

However, many genera have little within-genus varia-

tion in emission rates.

Spatial distribution of leaf area

Estimating emissions for each tree requires a model of

the tree canopy, the minimum requirements for which

are a potential emission rate per unit leaf area, the

spatial distribution of leaf area, and the light and

temperature conditions to which each leaf layer is

subjected (to be described). Leaves shade each other,

causing a decaying profile of light down through the

canopy, which in turn causes a vertical gradient in

temperature. It therefore matters whether the total leaf

area is arranged in a wide crown, giving a low leaf-area

index (LAI) (5 area of leaf/area of canopy, low LAI

means little shading of leaves); or in a narrow crown,

giving a high LAI (and thus highly shaded leaves and

lower emissions). The crown area and the total leaf area

of each tree specify the spatial distribution of leaf area.

There are two major uncertainties in this approach:

both crown area and total leaf area are likely to vary

with stand density. This will be explained, along with

the methods we used to calculate canopy area and leaf

area. The methods that we use are not the only possible

ones, and alternative methods for calculating canopy

area and leaf area could give estimates of emissions that

differ from those presented in Fig. 1; however, we did

examine sets of alternative assumptions and these gave

very similar change estimates. Therefore, the BVOC

change estimates appear to be robust to these assump-

tions. The results presented in Figs 2 and 3 were

generated using what we believe to be the most

appropriate choice of assumptions, given the informa-

tion currently available.

Crown area. The crown area (vertical projection of the

crown onto the ground) of each individual tree was

predicted from dbh using an empirically derived

allometric function given in a forest model (Pacala

et al., 1996):

cði;tÞ ¼ p½rdbhði;tÞ�2; ð1Þ

where cði;tÞis the crown area (m2) of tree i, dbhði;tÞis the

diameter at breast height (cm), and r scales dbhði;tÞ(cm)

to the canopy radius (m). We use the average r for

broadleafs (0.115) and conifers (0.094) given in Pacala

et al. (1996). The total canopy area of plot j at time t,

Cðj;tÞ(ha ha�1), was then calculated as a weighted sum of

the areas of the individual tree crown areas:

Cðj;tÞ ¼ 10�4
X

fi2RðjÞg
wðiÞcði;tÞ; ð2Þ

where wðiÞis the tree expansion factor, and the set R(J)

contains all measured trees within plot j (some trees are

excluded from the analysis). Eqn (2) is free to predict

that Cðj;tÞ > 1:0(i.e. total crown area exceeding ground

area), in which case one must either (A) allow adjacent

canopies to interdigitate, and run the canopy model

with a mixed canopy of different species or (B) reduce

canopy sizes to keep Cðj;tÞbelow or equal to 1.0. Method

A would be difficult to implement and the necessary

data for doing so are not available, and interdigitating

crowns are almost never observed in reality, beyond a

very narrow region at the canopy edges. We therefore

adopted method B when Cðj;tÞexceeded 1.0, by applying

the transformation

cði:tÞ ) cði;tÞð1=Cðj;tÞÞ: ð3Þ

Applying Eqn (3) forces the total canopy area to

equal the ground area (Cðj;tÞ ¼ 1:0), and implies that the

trees have adjusted their crown widths to keep the

canopy exactly filled without interdigitating. It is

possible that plasticity in growth also operates when

the canopy is underfilled, i.e. where Cðj;tÞ < 1:0trees

may widen their crowns to fill the canopy. Thus, we

tested an alternative method (C) that assumes that the

canopy is always perfectly filled in every plot. Method

C was implemented by applying transformation Eqn (3)

to every plot, regardless of Cðj;tÞprior to transformation.

Method B was used to obtain the emissions estimates

we derived, but method C was also implemented to

determine whether alternative assumptions have a

significant effect on the results.

Leaf area. An allometric approach was also used to

predict leaf mass and leaf area:

mði;tÞ ¼ f½dbhði;tÞ�s; ð4Þ
where mði;tÞis the leaf mass (g) of tree i at time t, and

f and s are empirical coefficients. The values of f and

s were taken from Ter-Mikaelian & Korzukhin (1997),

which gives several values of f and s for 65 North-

American species (several values because there have

been several studies for some species: f and s are given

as a and b in Ter-Mikaelian & Korzukhin, 1997). We

selected one pair of f and s for each species by

selecting the study with the highest value of n range2,

where n is the number of trees used to fit the function,

and range is the range of dbh values used to fit the

function (in many cases, this choice was moot because

only one study was available, and in many other cases

the parameters from different studies were very
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similar). Species not covered in Ter-Mikaelian &

Korzukhin (1997) were given genus-level average

values for f and s, and species with no congeneric

allometry were given the averages for broadleafs or

conifers.

Leaf mass was converted to leaf area using an SLA

value (cm2 leaf area g�1 leaf mass) taken from White

et al. (2000), which gives one or more SLA values for

many North-American species (as m2 kg (carbon): the

conversion to cm2 g (drymass) is � 5.0). Species

covered by White et al. (2000) were given the average

SLA for the species; species not covered were given a

genus or broadleaf/conifer average, as described for

f and s. The SLA values were used to calculate the leaf

area of each tree aði;tÞ ðm2Þfrom total leaf mass

aði;tÞ ¼ mði;tÞ SLAðiÞ: ð5Þ

LAI was then calculated as the ratio of total leaf area

to crown area

LAIði;tÞ ¼ aði:tÞ=cði;tÞ: ð6Þ

Eqns (4–6) imply that a tree of a given size can adopt

a higher LAI in a more crowded stand, because leaf

area depends only on dbhði;tÞ, but canopy area is

reduced when Cðj;tÞexceeds 1.0. In some cases, this

could lead to unrealistically large LAI (beyond a certain

LAI an extra layer of leaves becomes a net sink, rather

than a source, of carbohydrate; thus very large LAI

values are not observed). To assess the potential

importance of this, and to correct any problems, we

use alternative methods to estimate leaf area: (1) using

the allometric approach (Eqns (4–6)); (2) using the

allometric approach, but limiting the LAI of any tree to

6.0; and (3) using a constant LAI of 6.0 for all trees,

regardless of dbh or the sizes of other trees in the plot.

Thus, in combination with the two methods for

normalizing crown area, there are six alternative

methods for estimating the spatial distribution of leaf

area (Table 1).

Leaf-level emission algorithms

The potential emission rates E
ðiÞ
isoand E

ðiÞ
monodescribed are

defined as the emission rate per unit leaf area, for a leaf

at 30 1C, with an incoming PAR of 1000 mmol m�2 s�1.

The Guenther et al. (1993) algorithms predict leaf-level

emission rates at any given temperature and incoming

radiation from these potential values. Following the

recommendations in Guenther et al. (1993) we use ‘G93’

to model isoprene, and Eqn (5) in Guenther et al. (1993)

to model monoterpenes. The total emissions of the

canopy are calculated as the sum of leaf-layer emis-

sions, over the multilayered canopy (each tree has a

separate canopy). The methodology is close to that used

to estimate actual emissions for forest stand canopies in

the BEIS-2 model (Pierce et al., 1998).

Isoprene. At time t, an estimated canopy-level actual

emission rate for isoprene I
ði;tÞ
iso (mg m�2 h�1) is

calculated as an integral over L, the cumulative LAI

of the canopy (L is equal to zero at the top of the

canopy)

I
ði;tÞ
iso ¼

ZLmax

0

E
ði;tÞ
iso f

temp
iso ðTðLÞÞfPAR

iso ðPARðLÞÞ dL; ð7:1Þ

¼ E
ði;tÞ
iso

ZLmax

0

f
temp
iso ðTðLÞÞfPAR

iso ðPARðLÞÞ dL; ð7:2Þ

where Lmaxis the total canopy LAI of the tree canopy

calculated according to one of models B1–C3; T(L) is the

leaf temperature at cumulative LAI L; and PAR(L) is the

incident radiation at cumulative LAI L. E
ðiÞ
isocan be taken

outside the integral over L (Eqn (7.2)) because we hold

E
ðiÞ
isoconstant through the canopy. Potential emission

rates have been shown in some cases to vary between

sun and shade leaves (e.g. Harley et al., 1997), but at

present the necessary species-specific data are not

available: including this detail would tend to increase

emissions because the brightest leaves would also have

higher potential emissions, but it is not certain that

Table 1 Summary of differences in assumptions between alternative canopy and leaf-area models

Total plot crown area

LAI of each tree

From Eqn (6),

unrestricted

From Eqn (6),

but limited to 6.0 Fixed at 6.0

From Eqn (2), but normalized to

1.0 ha ha�1 where Eqn (2) predicts

41.0 ha ha�1

B1 B2 B3

Always normalized to 1.0 ha ha�1 C1 C2 C3

LAI, leaf-area index.
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these higher estimates would be more accurate.

Potential emission rates have also been shown to

depend on temperatures over several days prior to

the measurement, but the temperature histories are not

provided with the potential emission rate

measurements; thus, this detail is not included in our

model (although it could be very important in

modelling short-term variation in emission rates).

Finally, potential emission rates also vary with leaf

age, but because leaf ages are not given with the

potential emission measurements, this effect is not

included in our model.

The function f
temp
iso describes how isoprene emission

rate depends on leaf temperature T(L) (Guenther et al.,

1993):

f
temp
iso ðTðLÞÞ ¼

exp CT1½TðLÞ�Ts �
RTsTðLÞ

� �

1 þ exp CT2 ½TðLÞ�Tm�
RTsTðLÞ

� � ; ð8Þ

where CT1(95 000 J mol�1), CT2(230 000 J mol�1), and

Tm(314 K) are empirical coefficients; Tsis the standard

temperature referred to by the potential emission

values (in this case 303.15 K5 30 1C); parameter values

for CT1, CT2, and Tmare as given in Guenther et al.

(1993); and R is the universal gas constant

(8.314 J K�1 mol�1). Leaf temperature is assumed to

decay exponentially from above air temperature

(Tair þ Tdiff) at the top of the canopy (L5 0), to equal

to air temperature (Tair) at very large L:

TðLÞ ¼ Tair þ Tdiff e�0:50L: ð9Þ

For our heatwave condition, we set Tair 5 35 1C

(308.15 K) and use Tdiff 5 10 and 2 1C for broad- and

needle-leaved species, respectively. The use of a

constant Tdiffis a simplification because the difference

between leaf and air temperature depends on

meteorological conditions including air temperature,

wind speed, and humidity. The values are reasonable

for a heatwave, but a more sophisticated treatment is

required to extend the model to different

meteorological conditions.

The function fPAR
iso describes how leaf-level isoprene

emission rate depends on the incoming radiation

PARðLÞ:

fPARðPARðLÞÞ ¼ aCL1 PARðLÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ a2 PARðLÞ2

q ; ð10Þ

where a (0.0027) and CL1(1.066) are empirically derived

coefficients given in Guenther et al. (1993). PAR for a

given cumulative LAI, PARðLÞand incoming PAR Pmax,

is modelled using Beer’s law with an extinction

coefficient of 0.50:

PARðLÞ ¼ Pmaxe�0:50L: ð11Þ

For our heatwave condition, we set Pmax 5 1150

mmol m�2 s�1, corresponding to an incoming short-

wave radiation of 1000 W m�2.

Monoterpenes. Following the Guenther et al. (1993)

algorithms, monoterpene emission rate depends on

leaf temperature but is independent of light level. As

for isoprene, the canopy-level emission rate is

calculated as an integral over the cumulative LAI, L:

Iði;tÞmono ¼
ZLmax

0

Eði;tÞ
monof

temp
monoðTðLÞÞ dL ð12:1Þ

¼ Eði;tÞ
mono

ZLmax

0

f temp
monoðTðLÞÞ dL: ð12:2Þ

The function f
temp
monodescribes how monoterpene

emission depends on leaf temperature TðLÞ:
f temp
monoðTðLÞÞ ¼ e0:09½TðLÞ�Ts �; ð13Þ

with Ts5 303.15 K as before, and leaf temperature

modelled by Eqn (9). The value 0.09 is an empirically

derived coefficient given in Guenther et al. (1993).

Plot and grid-cell averages

Because of the sampling design of the FIA, individual

tree measurements and the characteristics of individual

plots, must be differentially weighted according to tree-

and plot-level expansion factors, which express the

values on a common per-unit area basis (Hansen et al.,

1992). The tree-level expansion factor for tree i, wðiÞ(in

this case ha�1) is given by

wðiÞ ¼ 1=ðNðjÞAðiÞÞ; ð14Þ

where AðiÞis the area sampled (ha) for trees of the same

size as i, and NðjÞis the number of points at which trees

were sampled from plot j. The FIA provides a plot-level

expansion factor wðjÞfor each plot j, calculated from

aerial photography, which weights the contribution of

plot j to the grid-cell average.

Plot averages. The Guenther et al. (1993) algorithms gave

emission rates for isoprene/monoterpene, I
ði;tÞ
iso=mono

(mg m�2 h�1) for each tree i based on the species-

specific potential emission rate E
ðiÞ
iso=mono, canopy area

cði;tÞ, LAI LAIði;tÞ, and environmental conditions. The

plot-level emission rate I
ðj;tÞ
iso=mono(mg m�2 h�1) was

calculated as

I
ðj;tÞ
iso=mono ¼ 10�4

X
fi2RðjÞg

wðiÞcði;tÞI
ði;tÞ
iso=mono ð15Þ

with the expansion factor wðiÞ(ha�1) calculated from

initial (first survey) tree size (Martin, 1982). RðjÞ
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contains all trees within plot j that were measured at

time t, excluding trees greater than 5 in in diameter that

were not measured in the first inventory (following

Martin, 1982). A decadal rate of change in emission rate

DIðjÞiso=mono(mg m�2 h�1) was calculated for each plot j:

DIðjÞiso=mono ¼ ½1=Dt�½Iðj;tþDtÞ
iso=mono � I

ðj;tÞ
iso=mono�; ð16Þ

where Dt is the time interval between surveys

(decades). In each case, there were two different

values of I
ðk;tÞ
iso=mono, one for the 1980s and 1990s, with

an average Dt of 9.6 years5 0.96 decades. The value of

Dt differed from plot to plot but was generally identical

for plots in the same state.

Cell averages. The emission rates for grid cell k,

I
ðk;tÞ
iso=mono(mg m�2 h�1) was calculated as a weighted

mean of plot-level emissions:

I
ðk;tÞ
iso=mono ¼

P
fj2RðkÞg w

ðjÞI
ðj;tÞ
iso=monoP

fj2RðkÞg w
ðjÞ ; ð17Þ

where RðkÞcontains all plots within grid cell k that had

data for the FIA survey at time t. Similarly, a grid-cell

level decadal rate of change DIðkÞiso=mono(mg m�2 h�1) was

calculated as

DIðkÞiso=mono ¼
P

fj2R2ðkÞg w
ðjÞDIðjÞiso=monoP

fj2R2ðkÞg w
ðjÞ ; ð18Þ

where R2ðkÞcontained all re-measured plots (data

from both FIA surveys) within grid cell k. The sets

RðkÞand R2ðkÞcontained plots that were non-forested

at one or both survey times: plots not forested at time

t were given an emission rate of zero for time t. For

this reason, the grid-cell averages I
ðk;tÞ
iso=monoand

DIðkÞiso=monowere affected by the fraction forest cover

within cell k.

Decomposing changes in BVOC emissions: processes. This

section describes how the grid-cell rate of change in

BVOC emissions DIðkÞiso=monowas decomposed into the

individual effects of five separate processes: ecological

succession, DsI
ðkÞ
iso=mono; harvesting, DhI

ðkÞ
iso=mono; leaf-area

change, DleaI
ðkÞ
iso=mono; de- and re-forestation, DdrI

ðkÞ
iso=mono;

and plantation management, DpmI
ðkÞ
so=mono:The

decomposition allowed a comparison of the direction

and magnitude of the changes that would have been

caused by each process if it had acted in isolation, but

because of the nonlinearity of the interactions between

the different processes the sum of the separate values

does not equal the total change. The grid-cell

level change in emission rate induced by each process

(DxI
ðkÞ
iso=mono;where x5 s, h, lea, dr, or plm) was

calculated as

DxI
ðkÞ
iso=mono ¼

P
fj2RxðkÞg w

ðjÞDIðjÞiso=monoP
fj2R2ðkÞg w

ðjÞ ; ð19Þ

where R2ðkÞcontains all re-measured plots j within grid

cell k (i.e. plots that were measured during both FIA

surveys) as above, and RxðkÞcontains all re-measured

plots that also meet a number of extra criteria specific to

process x, as follows: Succession: plot not harvested

during survey interval; plot classified as forest at both

survey times; plot not classified as plantation at any

survey time. Harvesting: plot harvested during survey

interval; plot classified as forest at both survey times;

plot not classified as plantation at any survey time. Leaf-

area change: plot classified as forest at both survey times;

plot not classified as plantation at any survey time. De-

and re-forestation: plot classified as nonforested at either

survey time; plot not classified as plantation at any

survey time. Plantation management: plot classified as

plantation at either survey time.

The method for calculating DIðjÞiso=monowas also

specific to the process. For de- and re-forestation, and

plantation management, DIðjÞiso=monowas calculated using

method B2 from the inventory data exactly as

described. For succession and harvesting, the change

in emissions for plot j was calculated as the difference

between the emissions at the first survey time,

calculated from model B2 with the observed data

from the first survey time, and the emissions at the

second survey time, calculated from model B2 with

alternative time-2 data for plot j. This alternative plot

data had the species composition observed in plot j at

time 2, but the total plot crown area and leaf area

observed at time 1. Calculating change in this way

restricted the change to reflect changes in species

composition, with no change in crown or leaf area.

For leaf-area change, the same technique was used as

for succession and harvesting, but with the alternative

time-2 data created by combining the species

composition observed at time 1, with the total plot

crown area and leaf area observed at time 2: therefore in

this case the change in emissions reflected changes in

crown and leaf area, with no change in species

composition.

Decomposing changes in BVOC emissions: species

The total changes in emissions for two different regions

were separated into the contributions of different

species in different settings. This was done by first,

altering the definition of the set RðjÞin Eqn (15) to

include only those trees that, in addition to the criteria

given for Eqn (15), are of the species of interest, in the
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setting of interest (natural forest, pine plantation or

hardwood plantation). Thus, the calculated values of

I
ðk;tÞ
iso=mono, and hence the values of DIðkÞiso=mono, represent

the changes associated with one species s in one setting

x only, DIðr;s;xÞiso=mono. Second, rather than averaging the

changes at the grid-cell level (Eqn (18)), we simply

summed the values of DIðkÞiso=monoover one of the two

regions r to produce a total change for the region

DIðr;s;xÞiso=mono(kg h�1):

DIðr;s;xÞiso=mono ¼
X

fj2R2ðkÞg
wðjÞDIðj;s;xÞso=mono: ð20Þ

Note that for this analysis, we did not normalize

DIðr;s;xÞiso=monoby the total of the plot-level expansion factors

wð jÞ, thus the values of DIðr;s;xÞiso=monocan be compared

between the two different regions in terms of their

contributions to the total emissions of the eastern US.

Finally, to produce Fig. 5 we used Eqns (15–16) to

calculate DIðr;s;xÞiso=monofor each species s, in each setting x, in

each of the two regions r, for both isoprene and

monoterpenes. Then, separately for each combination

of setting x, region r, and isoprene and monoterpenes,

we ranked the different species s by the magnitude of

the value of DIðr;s;xÞiso=mono, and output the results for the six

most important species in each case. In no case did a

species with a lower rank than 6 have a significant

impact on changes in emissions.

Results

Distribution and changes in basal area

The distribution of basal area of isoprene- and mono-

terpene-emitting species recorded in the inventory data

was heterogeneous and correlated with forest extent

and species composition (Fig. 1, top). For example, the

basal area of isoprene emitters was high in the Southern

Appalachians and the Ozarks (southern Missouri and

northern Arkansas), which have extensive Oak-domi-

nated forests (Oaks tend to emit isoprene), and the

Fig. 1 (Top) Mid-1980s basal area of isoprene- and monoterpene-emitting tree species (m2 ha�1); (bottom) decadal change in

basal areas (m2 ha�1). Calculated from the USDA Forest Service (FIA) inventory data. The values include differences in forest

area.
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basal area of monoterpene-emitting species was high in

the Southern Appalachians and the Pinelands of the

southeastern coastal plain (Pines tend to emit mono-

terpenes). Between the mid-1980s and the mid-1990s,

there were systematic increases in the basal area of both

isoprene- and monoterpene-emitting species, especially

in the south of the region (Fig. 1, bottom). There were

also some substantial decreases in the basal area of

monoterpene-emitting species in South Carolina and

Georgia (Fig. 1, bottom).

The detailed emission model was needed to provide

quantitative estimates of BVOC emissions, and hence

changes in BVOC emissions, from the inventory data.

In a few locations, the model showed counterintuitive

effects such as decreasing emissions where the basal

area of emitters increased (this can occur for a number

of reasons, e.g. where stand-level leaf area is already

saturated and thus further increases in basal area do not

increase leaf area), but these cases were rare and in

general the predictions of the emissions model corre-

sponded in a simple way to the patterns in the

inventory data. The estimate of heatwave isoprene

and monoterpene emission rates (Fig. 2) was strongly

correlated with the pattern of standing basal area of

isoprene- and monoterpene-emitting species (Fig. 1,

top), and the estimated decadal change in BVOC

emission rates (Fig. 3) was strongly correlated with

the decadal change in basal area observed in the

inventory data (Fig. 1, bottom).

Mid-1980s BVOC emission rates

The spatial pattern of estimated BVOC emissions was

heterogeneous (Fig. 2), reflecting heterogeneity in the

extent and species composition of forests (Fig. 1). The

spatial distribution of emissions is in general agreement

Fig. 2 Estimate of mid-1980s heatwave emission rates (mg m�2 h�1) for isoprene and monoterpenes, compared with heatwave

anthropogenic volatile organic compounds (VOC) emission rates. Anthropogenic emissions taken from the EPA AIRS data. Estimates

from model B2 (Methods) driven with mid-1980s USDA Forest Service inventory data (FIA). Note the nonlinear scale. Average emission

rate over all grid cells is given in parentheses above each map.

Fig. 3 Estimated decadal change in heatwave emission rate mid-1980s to mid-1990s (mg m�2 h�1, per decade) for isoprene and

monoterpenes, compared with decadal change in anthropogenic volatile organic compounds (VOC) emissions. Change estimate given

by model B2 (Methods) driven separately with mid-1980s and mid-1990s USDA Forest Service inventory data (FIA). Anthropogenic

emissions taken from the EPA AIRS data. Note nonlinear scale. Insets give percentage changes (scale from �30% to 1 30% decadal

change). Average change in emission rate over all grid cells is given in parentheses above each map.
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with previous estimates for the region and period,

which used genus-level emission factors in combina-

tion with some satellite data, and some inventory data,

to produce emission characteristics based on broad

forest types (e.g. Kinnee et al., 1997; Pierce et al., 1998).

The magnitude of our estimated heatwave isoprene

emission rates are close to the most detailed previous

estimate for the region (Kinnee et al. (1997): cf. Fig. 2

with plate 2 top in Kinnee et al. (1997): the emission

units are the same, but our heatwave condition is

slightly hotter and brighter). Our July average emis-

sions (calculated from July 1990 climate data inter-

polated from ECMWF data: not shown) are slightly

lower than BEIS-2, which is around half the GEIA

estimate (Palmer et al., 2003 and references therein).

Heatwave BVOC emissions are estimated to have been

considerably greater than heatwave AVOC emissions

(Fig. 2: AVOC emission data taken from the EPA AIRS

program: see http://www.epa.gov/air/data/goe-

sel.html), although this comparison needs to be treated

with some caution because of the light and temperature

sensitivity of BVOC emissions.

The estimate given in Fig. 2 is from model B2, which

we consider to be the most biologically reasonable of

our six alternative emissions models B1–C3 (see

Methods). The emission estimates were not too sensi-

tive to the choice of these six options: the emission rates

were in the order C34B34B1 � B2 � C1 � C2, with

models B1, C1, and C2 giving maps that were almost

indistinguishable from model B2 (not shown). Models

B3 and C3 differ from the others because they fix the

LAI of each tree (at 6.0), thus stand-level LAI is either

completely fixed (C3), or depends only on the extent to

which tree crowns fill horizontal space (B3), which in

both cases increases the estimated leaf area (and hence

emissions) compared with the other models. Model C3

is particularly unrealistic because it assumes that in all

stands, the canopy is perfectly filled and the LAI is 6.0:

it was included here as a bounding case to test the

robustness of the predictions.

Changes in BVOC emission rates

Our BVOC emission model translated the systematic

changes in forest structure and composition recorded in

the FIA data (Fig. 1) into quantitative estimates of the

change in BVOC emission rates: the result was an

estimation of rapid increases in emissions from the

1980s to the 1990s for both isoprene and monoterpenes

(Fig. 3). Half of the grid cells covered by our analysis

had decadal changes in heatwave isoprene emissions

outside the range �2.3% to 1 16.8% with a correspond-

ing range for monoterpenes of 0.2–17.1% (Fig. 3, insets).

Although the percentage changes in AVOC emissions

were of a similar magnitude (half of the grid cells

outside the range �28.7% to �5.1%), the 1980s

heatwave emissions of BVOCs were greater (Fig. 2),

thus the same percentage change in BVOC emissions

was greater in absolute terms than the change in AVOC

emissions.

This conclusion was relatively robust to the choice of

the six alternative models B1–C3: five of the models

gave maps of decadal changes in isoprene emissions

that were visually indistinguishable from each other

(not shown), and the outlying model (C3, the only

model with no mechanisms for changes in total leaf

area within a plot) gave decreases over much of the

region where the other models gave increases. Cru-

cially, however, the region of rapid increases in isoprene

emissions in the southeast was common to all six

models, as expected from the clear landscape-level

increase in isoprene emitting species in that region (Fig.

1). For monoterpene emissions, five of the models gave

maps of changes indistinguishable from each other, and

the outlying model (C3) gave rapid decreases in the

southeast. This is because many of the forests in this

region were increasing rapidly in leaf area during this

period. Model C3 cannot capture this effect, but is

dominated by changes in forest area and changes in

species composition, both of which acted to decrease

monoterpene emissions in that region (Fig. 4). The data

used to produce Fig. 3, and the discussion following,

are from model B2.

Comparison with changes in AVOC emissions

The increases in heatwave BVOC emissions are

estimated to have exceeded the decreases in heatwave

AVOC emissions during the same period, as shown by

the ratio of the changes in Fig. 3: averaged over all the

grid cells in the region, the antilog of the mean of

logðjDBVOCj=jDAVOCjÞwas 3.21, with 95% confidence

interval 2.45–4.19. This means that for an average grid

cell, the long-term change in heatwave BVOC emissions

(usually an increase) was three times greater than the

long-term change in heatwave AVOC emissions (usual-

ly a decrease). In the deep south region defined by

Alabama, Arkansas, Louisiana, and Mississippi, the

estimated difference was very large, with an average

ratio of 29.0 (confidence interval 20.6–40.7), although

there were also some regions where changes in AVOC

emissions were greater than changes in BVOC (e.g.

around New York City).

The estimated difference between BVOC and AVOC

emissions, and hence any estimate of changes in

emissions, depends on the choice of meteorological

conditions, because BVOC emission rate is sensitive to

meteorological conditions but AVOC emission rates are
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close to constant. We present results for heatwave

conditions because these are important for peak O3

events. Using our emission model to calculate emis-

sions from hourly climate data for July 1990 (ECMWF

data interpolated to a 11� 11 grid) gave a July average

isoprene emission rate of approximately one-quarter of

the heatwave emission rate, and for monoterpenes

the average emission rate is approximately half the

heatwave emission rate (not shown). Therefore, the

decadal change in July average BVOC emissions was

close to the decadal change in AVOC emissions: but for

O3 production July average emissions are less relevant

than heatwave emissions.

Causes of change: processes

The decomposition into processes revealed that outside

the southeastern US, the net increases in isoprene

emissions were because of large increases from leaf-

area change, and smaller decreases from species

compositional change caused by ecological succession

and harvesting (Fig. 4). In the southeastern US, the mix

of processes was more complex (Fig. 4). Here, species

composition change because of selective harvesting

(mainly of pines) acted to increase isoprene but

decrease monoterpene emissions. Ecological succession

acted in the same direction at some locations, but in

others it decreased isoprene emissions. There were

substantial effects of plantation management, which

increased both isoprene and monoterpene emissions in

the deep south but increased isoprene and decreased

monoterpene emissions in South Carolina and Georgia.

There was also a general increase in emissions because

of leaf-area increases. Over the eastern US as a whole,

changes in forest area were much less important than

changes in the structure and species composition

within established forests (Fig. 4).

Causes of change: species

In any one location, the changes in BVOC emissions

resulted from changes in a small number of species.

Figure 5 gives a detailed breakdown of the species-

specific patterns from two regions that underwent

rapid changes in BVOC emissions: South Carolina and

Georgia (SC and GA), and the deep south (defined here

as Alabama, Arkansas, Louisiana, and Mississippi). As

Fig. 5 shows, in both cases the rapid increases in

isoprene emissions were caused almost entirely by

Sweetgum (Liquidambar styraciflua), which in both

regions increased in both natural forests (defined here

as non-planted forests), and in pine plantations. The

decrease in monoterpene emissions in SC and GA was

caused by a loss of several pine species from natural

forests (from harvesting and succession, Fig. 4), and by

loss of slash pine (Pinus elliotii) from pine plantations.

The increase in monoterpene emissions in the deep

south was because of an increase in loblolly pine

(P. taeda), both in pine plantations and in natural forests.

In addition, there were some smaller effects from Oak

species (Quercus) in both regions, most notably the

increase in isoprene emissions from Water Oak (Quercus

Fig. 4 Decadal change in heatwave isoprene and monoterpene emissions in the mid-1980s to mid-1990s (mg m�2 h�1, per decade)

caused by five separate processes. The average of the grid-cell decadal changes is given for each process by each map. Calculated from

model B2 (Methods) in conjunction with the USDA Forest Service inventory data (FIA). Scale as in Fig. 3.
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nigra) in SC and GA. Outside these regions (not shown),

different species were important; e.g. the increases in

isoprene emissions in Michigan and Wisconsin were

because mainly to increases in the cover of two Aspens

(Quaking and Bigtooth) and one Oak (Northern Red).

Discussion

Rapid changes in BVOC emissions

Our analysis suggests that between the 1980s and

1990s, a number of different factors combined to cause

large changes in BVOC emissions (Fig. 2), including

some very rapid increases in isoprene emissions across

the southeastern US. The most important process was

increasing forest leaf area (Fig. 4), which is estimated to

have occurred because the basal area of VOC-emitting

trees increased (Fig. 1 bottom). In any one location,

these basal area changes reflected the interaction

between a number of different anthropogenic and

autonomous processes affecting different species (e.g.

Fig. 5), but they also reflect a general increase in basal

area across the region during this period, due in large

part to historical changes in land use and management.

Whatever the cause of the increases, BVOC emissions

may be expected to increase until leaf area approaches

equilibrium with disturbance, at which point change in

species composition is likely to become the dominant

process driving BVOC emissions.

Like the legislated changes in AVOC emissions, most

of the changes in BVOC emissions were caused by

people. Harvesting and plantation management are

obviously direct anthropogenic processes. Leaf area

increases were caused by the increases in the total basal

area of trees, which was because of some combination

of changes in land use, harvesting, and anthropogenic

CO2 or other pollution. Ecological succession, although

a natural process, was and is occurring so widely

Fig. 5 Decadal change in heatwave emissions in the mid-1980s to mid-1990s of isoprene (grey bars) and monoterpene (black bars)

caused by changes in individual species in different settings (natural forest, pine plantation, or hardwood plantation – see Methods), for

two different regions, South Carolina and Georgia, and the deep south (defined here as Alabama, Arkansas, Louisiana, and Mississippi).

Calculated from model B2 (Methods) in conjunction with the USDA Forest Service forest inventory data (FIA).
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mainly because forests are recovering from anthropo-

genic disturbance, and the direction of succession is

affected and often dominated by anthropogenic influ-

ences including fire suppression, pollution, changes in

the density of large herbivores (which themselves are

mostly because of changes in hunting), and the

treatment of land prior to abandonment. However,

some of the changes observed in the inventory data

could have been caused by natural process, for example

storms or pest outbreaks. The analysis presented here

does not allow the calculation of the relative impor-

tance of anthropogenic vs. natural change in eastern US

forests, because it uses observed changes, which reflect

the sum of all processes. However prior knowledge

suggests that humans are by far the most important

agent of change in US forests.

Uncertainty

The estimated changes in BVOC emissions presented

here result entirely from systematic observed changes

in the FIA inventory data, but there are important

sources of uncertainty, including model assumptions

and input parameters (see Methods: the uncertainty in

the inventory data itself is likely to be small in

comparison, see Appendix). These uncertainties are

inherent to any estimate of fluxes at the ecosystem

scale, and call for caution in the interpretation of

results, especially in this case in any application to air-

quality management. Since the most important process

driving the estimated emission increases was increased

leaf area, it would be helpful to have external data on

LAI changes, but this is problematic. The only source of

data extensive and intensive enough is satellite data,

but over the range of LAI values of interest here

(typically 3–6), NDVI, which is used a predictor for

LAI, is relatively insensitive to changes in LAI (Wang

et al., 2001), and convertion of NDVI to LAI requires

modelling that is itself subject to data and model

uncertainties (Wang et al., 2001). As a result, the

reported accuracy of NDVI-based LAI estimates for

mesic forests is low, even within relatively homogenous

regions where the relevant forest characteristics are

already known (e.g. Franklin et al., 1997; Chen et al.,

2002). Furthermore, the calculation of long-term trends

in NDVI is complicated by orbit drift and other

problems (Gutman, 1999). Therefore currently, satel-

lite-based observations of LAI are probably not suffi-

ciently accurate to corroborate or invalidate our

estimates of changing LAI. Nonetheless, the most

detailed available estimates of long-term NDVI changes

for this region do indicate increases between the 1980s

and 1990s (Hicke et al., 2002; Slayback et al., 2003).

Other sources of uncertainty in the model include the

species-specific BVOC emission rates and the details of

the functions that predict emissions for given meteor-

ological conditions, both of which are improving

rapidly. However, in situ flux measurements of BVOC

emission rates (e.g. Karl et al., 2003) are not available at

sufficient intensity or over large enough regions to

validate the predictions of BVOC emission models, to

identify trends directly, or to evaluate improvements in

predictive ability (although where the emission models

have been tested directly the predictions can be close to

observations, e.g. Guenther et al., 1996; Lamb et al.,

1996). Analysis of satellite formaldehyde columns is a

promising technique for estimating isoprene emissions

(Abbot et al., 2003; Palmer et al., 2003), but this

technique is uncertain at present. Until sufficient data

for verification become available, the predictions of

BVOC emission models, and hence the estimate of

changes in emissions that we present here, should be

viewed with caution. However, the direction, spatial

distribution, and relative magnitude of the changes in

BVOC emissions estimated here are likely to be robust,

because the systematic changes in the forest inventory

data are so clear (Fig. 1) and statistically significant

(Appendix). The most important uncertainties concern

the exact magnitude of emission rates, and the

magnitude of the changes.

Plantation forestry

Plantation forestry is estimated to have caused sub-

stantial changes in BVOC emissions in the southeast, as

a result both of changes in the plantation species

themselves (especially Loblolly pine), and in one

interesting and important example, a species that

comes to associate with plantations: sweetgum (Liqui-

dambar styraciflua), which often appears in pine planta-

tions in the south, and which in South Carolina and

Georgia increased significantly within pine plantations

(although sweetgum also increased in nonplantation

forests all across the southeast: Fig. 5). It is interesting

that this plantation system is comprised of two species

that are very high emitters of the two main BVOCs. In

addition, plantation management is improving conti-

nually, especially in the southeastern US, and this is

likely to increase emissions independent of the changes

captured in our analysis. For example fertilization of

southern pine plantations increased from 16 200 ha yr�1

in 1988 to 344 250 ha yr�1 in 1998 (Johnsen et al.,

unpublished): if this trend continues, it can be expected

to increase tree growth rates and LAI, and so BVOC

emissions.

The importance of plantation forestry to the BVOC

emissions changes is especially relevant because
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plantation forestry has increased greatly over the last

few decades, and is set to continue increasing (Zhou

et al., 2003), and because large increases in plantation

forestry in the US and elsewhere have been suggested

as part of strategies to offset carbon emissions, via

carbon sequestration and/or biofuel production (e.g.

Wright et al., 2000; Schneider & McCarl, 2003). The tree

species proposed for use in these operations are high

emitters for isoprene or monoterpenes (e.g. Poplars,

Eucalypts, Sweetgum, Willows, Pines). Our results call

for some caution in increasing plantation area because

of increases in BVOC emissions, which may affect O3

concentrations. It is possible that in some areas the air-

quality considerations will be serious enough to tip the

balance in favour of systems that do not use woody

plants at all (e.g. biofuel systems based on switchgrass

or annual crops: Schneider & McCarl, 2003), but this

would depend on the complex interactions between

NOx, AVOCs, BVOCs, and the transport of various

chemical species, which together determine O3 con-

centrations: e.g. it is possible that increases in BVOC

emissions would not have a significant effect on O3

concentrations, or that the increases in BVOC emissions

could be so large as to actually decrease O3 (Roselle,

1994; Kang et al., 2003). Chemistry and transport

models, together with economic analyses, are needed

to address this issue.

Consequences for tropospheric O3

BVOCs are known to act as precursors of tropospheric

O3, suggesting that the increases in BVOC emission

rates estimated here are likely to have increased

tropospheric O3 concentrations, but this is not inevi-

table. For example, much of the increased isoprene

emission was in relatively rural areas where NOx

emissions are low and O3 production is less sensitive

to VOC (NRC, 1991). In the southeastern US, a recent

study has demonstrated that isoprene emission rates

can already be great enough, and NOx emissions low

enough, for further increases in isoprene to decrease O3

concentrations (Kang et al., 2003). To provide quantita-

tive estimates of the changes in O3 concentrations

caused by changes in BVOC emission rates requires the

use of a chemical transport model (e.g. Roselle, 1994;

Horowitz et al., 1998; Pierce et al., 1998). However, our

results do suggest that changes in BVOC emissions

have been similar or greater than changes in AVOC

emissions over the same period, which calls for

increased attention to changes in BVOC emissions in

modelling studies that assess the effects of recent and

anticipated future changes in O3 precursors (e.g. Tao

et al., 2003). Importantly, the changes in BVOC emis-

sions were inadvertent, unlike the deliberate decreases

in AVOC emission achieved via EPA regulations over

the same period (EPA, 2000). Overall, the results call for

a wider recognition that O3 production, and attempts to

control O3 precursors, occur within the context of

disturbed, and hence dynamic biological landscape.
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Appendix: Error analysis for the FIA data

Our estimates of changes in the rate of VOC emissions

(Fig. 3) depend on the reliability of the measured

changes in stand structure and composition (Fig. 1). In

this appendix, we examine the magnitude of uncer-

tainty in the FIA data and assess the robustness of our

estimates to this uncertainty. Our conclusion is that the

estimates presented in this paper are robust to the level

of uncertainty in the FIA data.

Changes in basal area of emitting species

First, we present a very simple analysis of grid-cell level

changes in the basal area of emitting species between

the two FIA survey dates (Fig. 1). We classified each

species in the FIA as emitting or nonemitting for

isoprene and monoterpenes, defined, respectively, as

potential leaf-level emission greater or less than 1.0 mg

(isoprene) g�1 (leaf dry weight) h�1. A total basal area

of isoprene/monoterpene emitters, B
ðj;tÞ
iso=mono(cm2 ha�1),

is then calculated for each plot j at time t:

B
ðj;tÞ
iso ¼

X
fi2RBiso=monoðjÞg

p wðiÞ½dbhði;tÞ=2�2; ðA1Þ

where dbhði;tÞis the diameter at breast (cm) height of

tree i at time t; wðiÞis the tree expansion factor defined in

Methods; and the set RBisoðjÞ contains all isoprene-

emitting trees within plot j, excluding as before trees

greater than 5 in (12.7 cm) in diameter that were not

measured in the first inventory (following Martin,

1982). A rate of change of isoprene-emitting species,

DBðjÞ
iso=mono(cm2 ha�1 yr�1), is then calculated for each

plot:

DBðjÞ
iso ¼ ½1=Dt�½Bðj;tþDtÞ

iso=mono � B
ðj;tÞ
iso=mono�; ðA2Þ

where Dt(decades) is the period between the FIA

surveys. A grid-cell level average change mid-1980s

basal area of isoprene emitting species, B
ðkÞ
iso=mono, is

given by a weighted mean of the plot-level values:

B
ðkÞ
iso=mono ¼

P
fj2R1ðkÞg w

ðjÞB
ðjÞ
iso=monoP

fj2R1ðkÞg w
ðjÞ ; ðA3Þ

where the set R1ðkÞcontains all plots within grid cell k

that have data from the first (mid-1980s) FIA survey,

and wðjÞis the plot expansion factor. A grid-cell decadal

change in basal area, DBðkÞ
iso=mono, is given by

DBðkÞ
iso=mono ¼

P
fj2R2ðkÞg w

ðjÞDBðjÞ
iso=monoP

fj2R2ðkÞg w
ðjÞ ; ðA4Þ

where the set R2ðkÞis all plots within grid cell k that

have data from both (mid-1980s and mid-1990s) FIA

surveys. Figure 1 gives the values for B
ðkÞ
iso=monoand

DBðkÞ
iso=mono. Over most of the region, the direction and

spatial distribution of B
ðkÞ
isoand DBðkÞ

isois very similar to

I
ðkÞ
isoand DIðkÞiso, i.e. the basic pattern of isoprene emission

rates, and changes in those rates, is predicted by the

much simpler analysis of changes in the basal area of

emitters (cf. Fig. 1 with Figs 2 and 3). The few grid cells

where DBðkÞ
isoand DIðkÞisoare opposite in direction are in

regions where the estimated rate of change in isoprene

emissions is small in magnitude. This suggests that in

general the estimated direction of change in isoprene

emissions is unlikely to be highly sensitive to different

assumptions in the isoprene emission model (e.g. our

different models B2–C3, or alternative emissions mod-

els BEIS1, BEIS2: Pierce et al., 1998).

However, within the isoprene-emitting species (as

defined here), there is over 100-fold variation in

emission rates, so changes in species composition can

lead to changes in isoprene emissions equal to or

greater than those resulting from changes in basal area.
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Furthermore, the dependency of spatial distribution of

leaves on the basal area of individuals, and the

nonlinearity of the Guenther et al. (1993) algorithms,

introduce nonlinearities into the relationship between

plot-level basal area and plot-level emissions. These

features explain why the relative magnitude of the

direction of changes in basal area of emitters does not

correspond exactly to the magnitude of the changes in

isoprene emissions.

Uncertainty in basal area changes

Double sampling for stratification (Chojnacky, 1998)

involves two sources of uncertainty: the uncertainty

associated with estimating the relative frequency of the

various forest cover strata (as given by the plot-level

expansion factors), and the uncertainty associated with

estimating a mean value for each of the strata. The

second source of uncertainty can be quantified directly

from the FIA data by calculating the sample variance

for each of the stratum means. The first source of

uncertainty, however, cannot be quantified directly

from the data provided on the FIA database because

it does not include the first-phase sample sizes (i.e. the

number of photo-interpreted points used to estimate

the plot-level expansion factors). As a result, we cannot

provide a direct estimate of the uncertainty for each of

the 37 states included in our analysis. Nevertheless,

based on a previous error analysis (Phillips et al., 2000),

we can provide an estimate of the level of uncertainty in

five southeastern states. All sources of error in estimat-

ing changes in basal area are covered by Phillips et al.

(2000), including the photo-point- dependent error due

in estimating the relative frequency of different strata.

Following the error analysis presented in Phillips

et al. (2000), the change in basal area observed in any

state can be divided into the natural processes of growth

and mortality DngmBðstateÞ, and harvesting DharvB
ðstateÞ:

DBðstateÞ ¼ DngmBðstateÞ þ eðngm; stateÞ

� DharvB
ðstateÞ þ eðharv; stateÞ; ðA5Þ

where eðngm; kÞand eðharv; kÞare the errors associated

with DngmBðstateÞand DharvB
ðstateÞ. In Eqn (A5),

DngmBðstateÞand DharvB
ðstateÞare taken to be the true mean

change in basal area associated with natural processes

and harvesting, respectively, and DBðstateÞis taken to be

the estimate of these processes, which is subject to the

error terms eðngm; stateÞand eðharv; stateÞ. The differ-

ence between the estimate DBðstateÞand the true net

change in basal area DB̂ðstateÞis given by the sum of the

error terms:

DBðstateÞ � DB̂ðstateÞ ¼ eðngm; stateÞ
þ eðharv; stateÞ: ðA6Þ

Phillips et al. (2000) gives the standard errors associated

with the values for state-level estimates of

DngmBðstateÞand DharvB
ðstateÞ, as a percentage of the

estimate, for each state. This means for example that

if DngmBðstateÞtakes the value 100.0 U and the standard

error is 1.91%, the standard error associated with

DngmBðstateÞis 1.91 U. 95% confidence intervals for

DngmBðstateÞand DharvB
ðstateÞare approximately twice these

values. Importantly, the fact that the FIA re-measures

exactly the same plots reduces the error associated with

the estimates of changes, i.e. eðngm; stateÞand

eðharv; stateÞ, compared with what would be expected

from a simple comparison of the errors on the absolute

values at either time. This is because the dominant

sources of error tend to increase or decrease the

estimated values together, and thus the error tends to

cancel when calculating a change. For example, Phillips

et al. (2000) quote a standard error for the carbon stock

at one time of 0.6% of the stock, but a standard error for

the change in carbon stock of 0.06% of the stock (from

Table 2 in Phillips et al. (2000), calculated by taking the

standard error on the change in stock for all five states,

and expressing as a percentage of the stock at time 1).

This is in stark contrast to the simple expectation of

summing the standard errors from the two stock

estimates, which would suggest 2� 0.65 1.2% error.

Table A1 applies this error analysis to values of

DBðstateÞ
iso (analogous to DBðkÞ

iso, but calculated at the state

level). A conservative estimate of the uncertainty on the

DBisois given in Table A1, by assuming that the errors

associated with both DngmB and DharvB lay on their

respective 95% confidence boundaries (the probability

of both error terms being this far from the mean is

approximately 0.05� 0.055 0.0025). Even so, only one

state has confidence intervals around DBisothat contain

zero, and this was South Carolina, which was approxi-

mately 50 : 50 increases and decreases at the state level

(Fig. 1). The state-level increases in the basal area of

isoprene emitters in the other states are therefore highly

statistically significant.

While these increases are significant at the state level,

the basal area of emitters has declined in certain areas

within each of these states. For example the basal area

of isoprene emitters decreased in several grid cells

located on the coast of South Carolina. Though

localized, such declines may be of interest; hence, we

have presented our results at a resolution of 11� 11 to

reveal the substate heterogeneity. However, the changes

estimated for a particular grid cell may not be

significant even though the overall changes are sig-

nificant at the state level, because sampling error

increases as the sample size decreases.

Because the standard error is inversely proportional

to the sample size, we can expect the error terms to
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increase with respect to the figures quoted in Phillips

et al. (2000) by a factor
ffiffiffi
n

p
, where n is the number of

grid cells within a state (because the number if plots in

each cell is inversely proportional to n). For the region

analysed in Phillips et al. (2000), the average value of n

is 13.8; thus, on average over the southeastern region,

the error in this region can be expected to increase by a

factor
ffiffiffiffiffiffiffiffiffi
13:8

p
¼ 3:71.

Repeating the calculations presented in Table A1 for

the same five states at the level of the grid cell, with the

standard error term within each grid cell increased by

the factor
ffiffiffi
n

p
, where n is the number of grid cells in the

state, leaves the estimate of DBisoin 30% of the grid cells

as nonsignificant, that is, not significantly different

from zero (although it should be noted that as before,

this estimate is very conservative because it uses 95%

intervals on two terms, giving an approximate com-

bined probability of P5 0.0025 as explained). Crucially,

however, even if none of the within-cell changes were

significantly different from zero, the marked spatial

coherence in the direction and magnitude of the

estimated changes in basal area within different cells

(Fig. 1) is an extremely unlikely outcome of an under-

lying process that was random in direction or magni-

tude, and thus is itself a strong indication of statistical

significance. Indeed, the spatial coherence in the

direction and magnitude of the estimated changes is

the reason that the results are significant at the state

level in all five cases.

Table A1 Error analysis for the changes in basal area of isoprene-emitting species in the five states analysed in Phillips et al. (2000)

state

DngmB
ðstateÞ
iso (cm2 ha�1 yr�1) DharvB

ðstateÞ
iso (cm2 ha�1 yr�1) DBðstateÞ

iso (cm2 ha�1 yr�1)

Estimate

Standard

error (%)

95% Confidence

interval Estimate

Standard

error (%)

95% Confidence

interval Estimate

Lower

limit

Upper

limit

FL 748.7 1.72 25.8 287.7 3.59 20.7 461.0 414.6 507.5

GA 1294.9 1.17 30.3 705.6 2.58 36.4 589.3 522.6 656.0

NC 1750.0 1.23 43.0 1021.1 3.68 75.1 728.7 610.7 847.1

SC 1078.0 4.14 89.2 993.9 3.63 72.1 83.0 �78.3 244.4

VA 2125.9 1.29 54.8 1244.7 4.65 115.8 881.2 710.6 1051.8

The upper and lower limits refer to the confidence intervals for P5 0.0025 (see the text). FL, Florida; GA, Georgia; NC, North

Carolina; SC, South Carolina; VA, Virginia.
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