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Abstract

Whereas for extra-tropical regions model estimates of the emission of volatile organic

compounds (VOC) predict strong responses to the strong annual cycles of foliar biomass,

light intensity and temperature, the tropical regions stand out as a dominant source year

round, with only little variability mainly due to the annual cycle of foliar biomass of

drought-deciduous trees. As part of the Large Scale Biosphere Atmosphere Experiment

in Amazônia (LBA-EUSTACH), a remote secondary tropical forest site was visited in the

dry-to-wet season transition campaign, and the trace gas exchange of a strong isoprene

emitter and a monoterpene emitter are compared to the wet-to-dry season transition

investigations reported earlier. Strong seasonal differences of the emission capacity were

observed. The standard emission factor for isoprene emission of young mature leaves of

Hymenaea courbaril was about twofold in the end of the dry season (111.5lgC g�1 h�1 or

41.2 nmol m�2 s�1) compared to old mature leaves investigated in the end of the wet

season (45.4lgC g�1 h�1 or 24.9 nmol m�2 s�1). Standardized monoterpene emission rate

of Apeiba tibourbou were 2.1 and 3.6lgC g�1 h�1 (or 0.3 and 0.8 nmol m�2 s-1), respectively.

This change in species-specific VOC emission capacity was mirrored by a concurrent

change in the ambient mixing ratios. The growth conditions vary less in tropical areas

than in temperate regions of the world, and the seasonal differences in emission strength

could not be reconciled solely with meteorological data of instantaneous light intensity

and temperature. Hence the inadequacy of using a single standard emission factor to

represent an entire seasonal cycle is apparent. Among a host of other potential factors,

including the leaf developmental stage, water and nutrient status, and abiotic stresses

like the oxidative capacity of the ambient air, predominantly the long-term growth

temperature may be applied to predict the seasonal variability of the isoprene emission

capacity. The dry season isoprene emission rates of H. courbaril measured at the canopy

top were also compared to isoprene emissions of the shade-adapted species Sorocea
guilleminiana growing in the understory. Despite the difference in VOC emission

composition and canopy position, one common algorithm was able to predict the diel

emission pattern of all three tree species.
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Introduction

About 90% of the global flux of volatile organic

compounds (VOC) is emitted by vegetation with major

impact on the chemistry of the atmospheric boundary

layer (Guenther et al., 1995; Kesselmeier & Staudt, 1999;

Monson & Holland, 2001). The impact of short-lived

VOC extends over the entire troposphere. Due to their

reactions with the hydroxyl radical (OH), ozone (O3),

and nitrate (NO3), they form longer lived intermediates

like carbon monoxide, reactive nitrogen species, aero-

sols and various carbonyl and carboxyl compounds

(e.g. Poisson et al., 2000), the latter representing a large
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fraction of acidity in precipitation particularly in remote

tropical areas (Keene et al., 1983). The influence on the

atmospheric oxidative balance, greenhouse gas concen-

tration, and the formation of aerosols implies a crucial

role of VOC in climate forcing (Collins et al., 2002).

Moreover, biogenic VOC emissions represent a non-

trivial carbon loss for plants and significantly contri-

bute to the carbon balance of terrestrial ecosystems with

particularly strong impact by tropical areas (Guenther

2002; Kesselmeier et al., 2002a).

Even though tropical vegetation has a major impact

on global VOC emission strength, these regions have

been the least investigated to date and flux estimates

have high uncertainties. Due to the insufficient data

base, we still largely depend on modelling to estimate

the abundance and fate of isoprenoids in the tropical

atmosphere (Harley et al., 2003). The magnitude and

relative abundance of VOC are highly dependent on

landscape level plant species distribution and environ-

mental conditions.

Among VOC, isoprene and monoterpenes play a

central role in influencing the oxidative capacity of the

atmosphere and were predicted to have a particularly

strong impact on atmospheric chemistry of tropical

regions (Jacob & Wofsy, 1988, Guenther et al., 1999b).

Isoprene emission by vegetation is the world’s largest

source of VOC and about 50% of the global isoprene

flux stems from tropical regions (Guenther et al., 1995).

The primary short-term controls over isoprene produc-

tion are light and temperature, whereas other factors,

such as ambient CO2 mixing ratios, soil water avail-

ability and stomatal conductance play a minor role

(Guenther et al., 1991; Penuelas & Llusia, 2001). Studies

on temperate and tropical plants have shown that

isoprene emission is a function of light intensity, which

approximates a rectangular hyperbola, similar to the

relationship between photosynthesis and light, and

depends on temperature according to enzyme activa-

tion kinetics. In contrast, monoterpenes may be

partially stored prior to emission and most emission

models still assume minor dependence on light but an

exponentially increased emission with temperature.

Especially conifers accumulate generated monoter-

penes in specialized structures like resin ducts, gland-

ular trichomes or related structures, and their emission

is not directly dependent on instantaneous biosynth-

esis. The emission of monoterpenes from these pools is

governed by leaf temperature and the effect of leaf

temperature on the vapour pressures of individual

monoterpenes and/or their emission pathway (Monson

et al., 1995; Niinemets & Reichstein, 2002, 2003).

However, in light of accumulating evidence on light-

dependent monoterpene emissions (e.g. Staudt &

Seufert, 1995; Kesselmeier et al., 1997; Schuh et al.,

1997; Kesselmeier & Staudt, 1999) some most recent

inventories also included such a light-dependent cate-

gory for monoterpene emissions (Otter et al., 2003). In a

recent publication Kuhn et al. (2002b) have shown that

also for the tropical tree species Apeiba tibourbou

monoterpene emission was strongly light-dependent

and strong diel pattern of vertical gradient measure-

ments in and above the rainforest canopy gave eviden-

ce that this phenomenon is valid also on larger scales. A

strong light dependence of monoterpene emissions

may, if generalized for tropical tree species in common,

have a strong impact on predicted magnitude and

temporal distribution of these compounds.

In model-based global emission inventories VOC

emissions of temperate regions respond to a strong

annual cycle in leaf area index (LAI), photosynthetic

active radiation (PAR) and temperature with consider-

ably higher emissions in summer than in winter. In

contrast, the tropics are assumed to stand out as a

source year round, with minor variability mainly due to

the annual LAI cycle of drought-deciduous trees

(Guenther et al., 1995; Levis et al., 2003). Previous

studies on seasonal variations of the emission capacity

of temperate/Mediterranean vegetation highlighted the

importance of implementing additional emission activ-

ity factors that account for leaf age/phenology and past

environmental growth conditions (Janson, 1993; Mon-

son et al., 1994; Bertin et al., 1997; Goldstein et al., 1998;

Hakola et al., 1998; Penuelas & Llusia, 1999; Guenther

et al., 1999b; Guenther et al., 2000; He et al., 2000; Staudt

et al., 2000; Zhang et al., 2000; Petron et al., 2001; Sabillon

& Cremades, 2001; Komenda & Koppmann, 2002;

Ciccioli et al., 1997, 2003). But still, insufficient knowl-

edge on the degree and factors controlling the seasonal

variation of emission capacity is one of the currently

most challenging reasons for high uncertainties asso-

ciated with biogenic emission inventories. For tropical

regions, most recent canopy scale measurements do

considerably improve our understanding of factors

controlling the instantaneous isoprenoid emission in

tropical regions (Rinne et al., 2002; Greenberg et al.,

2003; Harley et al., 2003). However, long-term seasonal

variations of isoprenoid flux rates in tropical regions

are hardly characterized (Serca et al., 2001), although

such data are crucial for landscape emission estimates

(Guenther et al., 1999b; Geron et al., 2000). For tropical

genera, species-specific seasonal variations of the

emission capacity are to our knowledge hitherto not

reported at all in literature. In this paper we report

about branch enclosure measurements performed in

the dry season campaign of the Large Scale Biosphere

Atmosphere Experiment in Amazônia (LBA-EU-

STACH), which complement investigations carried

out earlier during the wet season in Rondonia, Brazil
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(Kuhn et al., 2002b). Diel courses of the trace gas

exchange of three individuals of different tree species

were investigated over the period of 2–3 consecutive

days each. Species-specific seasonal differences in light-

dependent monoterpene and isoprene emissions are

shown and discussed in the context of the plant’s

primary productivity and the climatic conditions

prevailing.

Materials and methods

Sampling sites and periods

Field measurements were made in a primary rainforest

ecological reserve, Reserva Biológica Jarú (RBJ), ca.

100 km north of Ji-Paraná, in the south-west periphery

of the Amazon Basin, in Rondônia, Brazil (1010804300S,

6215402700W, 107 m a.s.l.) (Kuhn et al., 2002b). The area is

covered predominantly by primary tropical rain forest

(Floresta Ombrofila Aberta), and dynamic branch enclo-

sure measurements reported here were conducted close

to a camp site in the middle of a 1 km2 of secondary

forest, surrounded by primary forest. The canopy

height was about 8–10 m and enclosures were applied

at the top of the canopy by means of a mobile 10 m

scaffolding tower. This campaign was carried out at the

end of the dry season in September/October 1999, still

associated with high biomass burning activity. The site

normally experiences a mean annual rainfall of 1600–

2100 mm and has a pronounced dry season between

June and August, while the wettest periods are between

December and April (Gash et al., 1996; Andreae et al.,

2002). The climate of the region during 1999 was

strongly influenced by ‘La Niña’, which typically leads

to high rainfall amounts in Amazônia. At our site, the

yearly total rainfall amount of 1500 mm in 1999 was

below normal, predominantly due to relatively dry

conditions in the wet-to-dry season transition. Vegeta-

tion experienced a drought period between June and

August, but rain started very early in the dry-to-wet

season transition with double the average rainfall

amount in September, preceding the measurements.

For further details on the site and a meteorological

overview of the LBA-EUSTACH 1999 campaigns see

Andreae et al. (2002).

Three different tree species were investigated. Two

species were drought-deciduous, Hymenaea courbaril L.

var. (common name: Jatoba; family Caesalpinaceae), a

widespread species found in tropical through subtro-

pical forest life zones (Duke, 1978), and A. tibourbou

(common name: Pente de Macaco; family Tiliaceae),

frequent in forests throughout tropical America (Croat,

1978). For sunlit leaves of both species grown at the

canopy top the same branches of the same individuals

as in the wet season were investigated (Kuhn et al.,

2002b). The trees had dropped their leaves in the dry

season and bud break was about 4 weeks before the

enclosure measurements reported here. The evergreen

species Sorocea guilleminiana (common name: Jaca-

branca, Jaca-brava; family Moraceae), which was

exclusively investigated in the dry season, was growing

in the understory and leaves investigated were adapted

to shade conditions. This species is frequently found in

the Amazon Region, east Venezuela and Guianas

(Ribeiro & Berg, 1999). The cumulative LAI above the

measured branch (ca. 5 m below canopy top) is

estimated to be approximately 2–3. All of the enclosure

measurements were carried out on mature, dark green

and turgescent leaves. However, in the case of A.

tibourbou, leaf size during the dry season experiment

was still somewhat smaller than in the wet season.

According to a most recent compilation of tropical

emission data by Harley et al. (2003), including a

community VOC emission data base (ref: http://

bvoc.acd.ucar.edu), about 38% of screened genera of

the tropical family Moraceae, 33% of the family

Caesalpinaceae, and 25% of the family Tiliaceae were

found to emit significant amounts of isoprene.

Branch enclosure and ambient air measurements

An open, dynamic (flow-through) enclosure system

flushed with ambient air (40 L min�1) was used for the

gas exchange measurements on the branch level (for

details see Kuhn et al., 2002b). One individual branch of

each of the three tree species was loosely mounted into

one of two enclosures (volume �75 L). Enclosed leaf

areas were 0.10 m2 for H. courbaril, 0.11 m2 for A.

tibourbou and 0.25 m2 for S. guilleminiana. The following

mean specific leaf weights (g leaf dry weight per m2 leaf

area) were determined during the dry season measure-

ments: 70 g m�2 for A. tibourbou, 80 g m�2 for H.

courbaril, and 92 g m�2 for S. guilleminina. An identical

but empty reference enclosure was operated simulta-

neously. A Teflon propeller driven by a magnetically

coupled motor attached outside (Kuhn et al., 2000)

assured high turbulence inside the enclosure, hence a

high leaf boundary conductance. The aerodynamic

resistance inside the enclosures was calculated to be

30 s m�1, and was small compared to the isoprenoid

exchange. Automatic sampling units (made in-house)

with pumps (KNF, Freiburg, Germany), mass flow

controllers (MKS, München, Germany) and switching

valves (Lee, Frankfurt, Germany) were used to collect

air samples. Tests with ambient air samples were

performed before and during the study and showed

that there was no bias between the different sampling

units. During the course of the experiment, three
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samples were always taken simultaneously: one of the

enclosures containing the branch, one of the empty

reference enclosure, and a third one of the ambient air

to check potential contamination problems by the

enclosure system itself. Before each branch enclosure

experiment, a series of air samples was collected from

both empty enclosures. The three corresponding sam-

ples were indistinguishable within the analytical

uncertainties for the compounds of interest (�10%

RSD). Ozone scrubbers (multiple plies of MnO2-coated

copper mesh, Type ETO341FC003, Ansyco, Karlsruhe,

Germany) were installed at the inlets of the enclosures

to avoid chemical conversion of the primary emitted

reactive VOC inside the enclosures. An additional

ozone scrubber was used to remove ozone from the

ambient air line to avoid possible ozone interference on

the cartridges. Tests with ozone-free air performed in

our laboratory revealed no bias between the samples

collected with or without ozone scrubbers in dry air

and humid air, indicating that the MnO2-surface had no

influence on the isoprenoid concentration. All inner

surfaces of the pumps and equipment in contact with

the sampling air were Teflon. Previous studies demon-

strated that the applied Teflon film (FEP) shows no

interference with trace gases tested and is fully light

permeable in the spectral range of 300–900 nm. Air

temperatures within and outside the enclosures were

continuously recorded by teflonized micro-thermocou-

ples (0.00500, Chromel–Constantan, Omega, Lancashire,

UK), indicating a small temperature increase of 1–3 1C

during daytime. Leaf temperatures were measured

with the same type of thermocouples attached at the

upper and the lower side of 2 individual leaves.

Photosynthetically active radiation (PAR) was mea-

sured with a LICOR quantum sensor (Model SB 190,

LICOR, Lincoln, NE, USA) positioned outside the

chamber. Relative humidity was monitored with a

combined temperature/relative humidity probe (Model

Rotronics YA-100 F, Walz, Effeltrich, Germany). All

continuously measured parameters were stored as

5 min averages on a data logger (Model 21X, Campbell

Scientific Inc., Longhborough, UK).

Quantification of CO2 (assimilation/respiration) and

H2O (transpiration) exchange was achieved using a

standard infrared dual-channel gas analyzer (Model

6262, LICOR, Lincoln, NE, USA) operated in the

differential mode. The analyzer was maintained in an

insulated, temperature controlled box at 40 1C to

prevent signal fluctuations due to temperature effects

as well as water condensation inside the instrument

due to the high relative humidity. Furthermore, all

tubing downstream of the enclosures was insulated and

heated above ambient temperature to about 40 1C. Each

branch was monitored for a period of 2–3 days,

allowing for an adaptation time (after enclosing

a branch) of at least one day. For determination of the

trace gas flux, air samples were taken continuously

from inside of both enclosures for isoprenoid analysis

(0.1 L min�1) and for the CO2/H2O-analyzer (1 L min�1).

Trace gas collection and analysis

Emission rates were quantified every 1–2 h during

daytime, with a lower time resolution during night. The

sampling flow rate (40 min at 100 mL min�1) was

continuously monitored using electronic mass flow

controllers. The heated Teflon (PFA) inlet lines were

continuously flushed with sample air. Field blanks were

regularly collected during the study, with about 1 blank

cartridge for every 10 real samples. Isoprenoid analysis

was routinely carried out using a thermal desorption

GC/FID system. On an event basis a GC/MS system

was used to qualitatively confirm the measurement

results. For the GC/FID system (Autosystem XL with

ATD400 Thermal Desorber, Perkin-Elmer, Rodgau,

Germany), samples were collected by drawing air

through fused silica-lined stainless-steel cartridges

(89 mm length, 5.33 mm I.D., Silicosteel, Restek, Belle-

fonte, USA) packed with sequential adsorbent beds of

130 mg Carbograph 1 (90 m2 g�1, Lara s.r.l., Rome, Italy)

followed by 130 mg Carbograph 5 (560 m2 g�1). For

details of subsequent analysis, see Kuhn et al. (2002b).

The detection limit of this method was estimated as the

greater of the variability in the blank levels (at the 95%

confidence level) and a chromatographic peak �3

times the noise for each compound, and was typically

�30 ppt for isoprene and o10 ppt for monoterpenes

(with some variation among individual compounds).

The error of the individual concentrations measure-

ments was calculated by an error propagation of the

analytical error and the error of the mass flow, respecti-

vely. Typical uncertainties were �10% for isoprene at

1 ppb, and ranged from �5% to 30% at 100 ppt for mo-

noterpenes, depending on the individual monoterpene

peak resolution and blank variability. For the GC/MS

system (HP 5890 with HP 5970B mass selective detector,

Hewlett-Packard, Palo Alto, USA), isoprenoids were

collected using glass cartridges (160 mm length, 3 mm

I.D.) packed with 118 mg Carbopack C (12 m2 g�1,

Supelco, Bellefonte, USA), 60 mg Carbograph 1

(90 m2 g�1, Lara s.r.l., Rome, Italy), and 115 mg Carbo-

graph 5 (560 m2 g�1) in sequential beds. Sample flow

rate was 250 ml min�1 and the sample volume was

5.0 L. For details on the subsequent analysis technique,

see Ciccioli et al. (1992).

The gas exchange rates (F) were calculated according

to Eqn (1) from the measured concentration difference

between the enclosures (Dc5 csample�cref), the chamber
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flush rate (Q) and the enclosed leaf area and/or dry

weight (A), respectively.

F ¼ Dc �Q
A

ð1Þ

For the error calculation of the exchange rates, an

error propagation method was used integrating the

calculated error of each individual concentration

measurement, the error of the mass flow, and the leaf

area, respectively (Kesselmeier et al., 1997; Kuhn et al.,

1999). Projected leaf area and leaf dry weight were

determined at the end of the experiments. Leaf area

was measured by a calibrated scanner system (ScanJET

IICX with DeskSCAN II, both Hewlett-Packard, USA,

and SIZE 1.10, Müller, Mainz, Germany), and dry

weight was determined using a micro-balance (PM 400,

Mettler-Toledo, Giessen, Germany), after drying the

leaves in a ventilated oven (90 1C) for two days.

Application of light and temperature algorithm

In emission inventories, the instantaneous emission

rates for monoterpenes are calculated by multiplying a

standard emission factor (Es; also called emission

capacity, emission potential or basal emission rate)

with an exponential function depending only on

temperature (Tingey et al., 1981; Guenther et al., 1993),

whereas the emission of isoprene was calculated by

multiplying a standard emission factor with functions

of both a temperature dependence (CT) and a light

dependence (CL) (Guenther et al., 1993):

E ¼ ESCTCL; ð2Þ

where E is the isoprene emission rate at the current leaf

temperature and PAR intensity, and ES is the emission

rate at standard temperature (303 K) and standard PAR

intensity (1000mmol m�2 s�1). This algorithm will be

referred to as G93 in the text. In light of accumulating

evidence on light-dependent monoterpene emissions,

some most recent inventories also included such a

category for monoterpene emissions (e.g. Otter et al.,

2003). Additional requirements to describe long-term

variations in emission capacity are evident, and

improved physiological and biochemical understand-

ing is urgently needed (Schnitzler et al., 1997; Guenther

et al., 2000). Comparison of ES derived from measure-

ments on the branch level with leaf level measurements

normally is problematic because partly shaded leaves

on the lower portion of a branch have a considerably

lower emission rate than leaves that are in direct

sunlight. As the leaf surface area of sunlit leaves

enclosed in our branch enclosures was always less

than 0.11 m2 and the leaves were widely spread,

shading is assumed to be of minor importance, but let

us consider our branch level results as a lower bound

estimate if compared to leaf level experiments. For the

sunlit species, shading from other branches can be

excluded, as the branches were growing at the top of

canopy.

Results

Diel emission pattern

Net assimilation and transpiration reflected typical diel

pattern of the plant physiological processes as a

function of light intensity, temperature and relative

humidity. The maximum daytime carbon assimilation

rates of sunlit leaves of A. tibourbou and H. courbaril at

the canopy top were 7.8mmol m�2 s�1 (4.7 mgC g�1 h�1)

and 10.4 mmol m�2 s�1 (5.6 mgC g�1 h�1), respectively.

The mean total daily net primary production (NPP) on

the branch level was about 23.9 mgC g�1 (1.7 gC m�2)

for A. tibourbou and about 37.0 mgC g�1 (2.9 gC m�2) for

H. courbaril (Table 1). For the shade-adapted understory

species S. guilleminiana a much lower maximal assim-

ilation rate of 0.8 mgC g�1 h�1 (1.7mmol m�2 s�1) was

observed, with a mean total daily net primary produc-

tion of only 3.4 mgC g�1 (0.3 gC m�2). Low NPP

numbers were associated with significantly lower

stomatal conductance, both characteristic for the low-

light regime. On both days investigated, the stomatal

conductance considerably decreased after 1000 LT in

order to partially balance increased transpiration rates,

and the higher stomatal resistance resulted in a drastic

reduction in CO2 uptake (Figs 3 and 5). Low photo-

synthetic activity and relatively high transpiration rates

yielded considerably lower water use efficiency (carbon

gain per water loss) for the shade-adapted species.

A large inter-specific variation in VOC emission

composition and magnitude was observed. A. tibourbou

was found to emit exclusively monoterpenes (Fig. 1).

Mature leaves of H. courbaril and S. guilleminiana, in

contrast, emitted only isoprene and no monoterpenes

(Figs 2 and 3). Daily integrated isoprene emission from

sunlit leaves of H. courbaril and from shade-adapted

leaves of S. guilleminiana differed about one order of

magnitude, as did CO2-assimilation (Table 1). Max-

imum isoprene emission rates were 260.6 mgC g�1 h�1

(96.4 nmol m�2 s�1) and 40.4mgC g�1 h�1 (17.2 nmol

m�2 s�1). Maximum emission rate for the sum of

monoterpenes emitted from A. tibourbou was

4.7mgC g�1 h�1 (0.8 nmol m�2 s�1). About 80% of the

total monoterpenes emitted was comprised of only 5

compounds. While the total sum of monoterpenes

showed a distinct diel cycle, the relative proportion of

composition (on average: 33 � 14% sabinene, 28 � 7%

a-pinene, 15 � 3% b-pinene, 14 � 12% camphene, and

9 � 4% limonene) did not change considerably during
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the day, i.e. was independent of temperature and light

intensity. The remaining fraction investigated, but not

accounted for in our calculations, was composed of

myrcene, a-phellandrene, a-terpinene, p-cymene, and g-
terpinene. The calculated standard emission factor ES

(in mgC g�1 h�1), i.e. the emission rate normalized to

standard light (1000mmol m�2 s�1) and temperature

(30 1C), were 2.1 for the sum of monoterpene emission

from A. tibourbou and 111.5 and 24.0 for isoprene

emission from H. courbaril and S. guilleminiana, respec-

tively. Despite these differences in emission composi-

tion and magnitude, strong similarities were observed

in the diel pattern of isoprenoid emission of all tree

species. Emission of all isoprenoids was negligible

during nighttime, increased through the morning with

increasing air temperature and light, and declined in

the afternoon. Consequently the same algorithm (G93,

Eqn (2)) was successfully applied to model both

monoterpene and isoprene emissions (Figs 1–3). The

correlations of measured and modelled values are

Fig. 1 Diel pattern of the dominant five monoterpene compounds emitted from A. tibourbou on 18–19 Oct 1999 are presented with data

of photosynthetic active radiation (PAR), leaf temperature (temp) and the ambient air mixing ratios of the sum of monoterpenes, in

conjunction with physiological data of assimilation, transpiration and calculated stomatal conductance (stom. cond.). Measured

emission rates are compared with the diel course predicted for monoterpenes using the G93 algorithm for isoprene (panel b). In panel c

the fractions (% of total) of individual monoterpenes are shown. The shift in monoterpene ambient mixing ratios on 18 Oct 1999 (panel a)

may be explained by a shift in wind direction from westerly (270 � 451) to easterly (90 � 451) winds after 1430 LT, which was not the

case on 19 Oct. 1999. There is a sufficient fetch over primary rain forest for several tens of km in the main wind direction (i.e. from NW

over N to SSE) at this site, whereas the fetch over forest is limited in the remaining section. The Rio Machado, which partly forms the

boundary of the RBJ, is westerly of the campsite. Error bars are calculated by an error propagation method for the absolute (ambient)

measurements.
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plotted in Fig. 4 and show good agreement for both

seasons investigated.

Light and temperature dependence of isoprenoid emission

Monoterpene emissions from A. tibourbou and isoprene

emissions from H. courbaril and S. guilleminiana plotted

vs. the corresponding photosynthetic active radiation

are shown in Fig. 5. The emission rates were normal-

ized to standard temperature (30 1C) by dividing by the

temperature correction factor CT (Eqn (2)) to extract the

dependence on light intensity. Additional division by

the standard emission factor allowed better comparison

between the response of isoprenoid emission from

different trees and different seasons. Applying this

method (wet season data from Kuhn et al., 2002b),

revealed that only the emission capacity, but not the

underlying controlling functions were subject to seaso-

nal changes. Both the monoterpene and the isoprene

emission of sunlit leaves exhibited the same strong

response vs. light, i.e. no emission in the dark, an

increase at low intensities approaching saturation at

high PAR. In both seasons and for all trees investigated,

the light dependence of isoprene and monoterpene

appeared to reflect that of photosynthetic activity. For

sunlit leaves of H. courbaril and A. tibourbou exposed to

higher light intensities, both isoprenoid emission and

CO2 assimilation seem to level off at 500–

1000mmol m�2 s�1. For the shade-adapted S. guillimini-

ana (Fig. 5, panel C) light intensity did not exceed

500 mmol m�2 s�1 during measurements and thus light

saturation could not be observed. However, it is

interesting to note that on both days the CO2 assimila-

tion of the shade-adapted tree increased linearly with

increasing light in the early morning, but then was

sharply reduced in the late morning hours due to

increased stomatal resistance in order to prevent

excessive water loss. In the afternoon photosynthetic

Fig. 2 Diel pattern of observed isoprene emission rates from H. courbaril on 22–23 Oct 1999 are presented with data of photosynthetic

active radiation (PAR), leaf temperature (temp) and the ambient air isoprene mixing ratios, in conjunction with physiological data of

assimilation, transpiration and calculated stomatal conductance (stom. cond.). Measured emission rates are compared with the diel

course predicted by the G93 algorithm for isoprene in panel b. Ambient concentrations were in close vicinity and downwind of the

strong isoprene emitter and may not reflect average ambient air mixing ratios. Error bars are calculated by an error propagation method

for the absolute (ambient) and the difference (enclosure) measurements, respectively.
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activity then gradually declined to a lower level,

revealing a strong hysteresis of CO2 exchange. In

contrast, the isoprene emission rate was not influenced

by stomatal aperture.

Carbon balance

Biosynthesis of isoprenoids is based on photosyntheti-

cally fixed carbon. The ratio between carbon gain by

CO2 assimilation and the carbon loss by isoprenoid

emission, i.e. the amount of instantaneous relative

carbon loss, varied considerably during the day and

exhibited a distinct diel course (Fig. 6). Peak values

occurred during midday and were 0.13% for mono-

terpene emissions of A. tibourbou, and 5.2% and 8.9%

for isoprene emissions of H. courbaril and S. guillemini-

ana, respectively. The mean values of daily integrated

(24 h) carbon loss by isoprenoid emission in relation to

the photosynthetically fixed carbon (carbon balance) on

the branch level were found to be 0.1% for mono-

terpene emissions by A. tibourbou and 3.5% and 4.3% for

isoprene emissions by H. courbaril and S. guilleminiana,

respectively (Table 1).

Discussion

Species-specific differences observed in the dry season

The daytime assimilation rates and other primary

physiological parameters like transpiration and stoma-

tal conductance of sunlit leaves were comparable to

those reported for tropical vegetation (Koyama, 1978;

Pearcy, 1987; Koch et al., 1994; McWilliams et al., 1996).

Low values for photosynthesis, transpiration and

stomatal conductance found for shade-adapted species

S. guilleminiana are consistent with strong vertical in-

canopy gradients of primary productivity found in

forest canopies. For a detailed discussion of the primary

Fig. 3 Diel pattern of observed isoprene emission rates from S. guilleminiana on 10–11 Oct 1999 are presented with data of

photosynthetic active radiation (PAR, on the height of the enclosure; note that the radiation intensity on canopy top was comparable to

the values on 18–19 Oct), leaf temperature (temp) and the ambient air isoprene mixing ratios, in conjunction with physiological data of

assimilation, transpiration and calculated stomatal conductance (stom. cond.). Ambient concentrations were in close vicinity and

downwind of the strong isoprene emitter and may not reflect average ambient air mixing ratios. Error bars are calculated by an error

propagation method for the absolute (ambient) and the difference (enclosure) measurements, respectively. Note: the scales of the

isoprene emission rates and the physiological data are different than in Fig. 2.
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physiological parameters and differences in climatic

data, see Rottenberger et al. (2003).

The three selected tree species strongly differed in

isoprenoid emission type (monoterpene vs. isoprene

emitter; sunlit vs. shade-adapted isoprene emitter) andT
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Fig. 4 Comparison of observed normalized isoprenoid emis-

sion rates (E/Es, see Eqn (2)) and the emission predicted by the

G93 algorithm for isoprene. Wet season data (open symbols) are

from Kuhn et al. (2002b).
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span a wide range of instantaneous VOC emission rates

(Table 1) and standard emission capacity (ES of 2.1, 24.0,

and 111.5mgC g�1 h�1 for A. tibourbou, S. guilleminiana,

and H. courbaril, respectively; Table 2). Comparing

emission rates reveals about 10–50 times higher values

for isoprene compared to monoterpenes. This species-

specific difference in emission rates directly corre-

sponded to the observed differences in VOC ambient

mixing ratios close to the canopy top at the RBJ site

(panels A in Figs 1 and 2; see also Kesselmeier et al.,

2002b). Isoprene mixing ratios were more than one

order of magnitude higher than for monoterpenes

during both, the wet and the dry season, which points

to a good representation of the emission types present

at this site.

Low isoprene emission of the shade-adapted species

S. guilleminiana is consistent with literature data for

temperate (Harley et al., 1996; Sharkey et al., 1996; Bertin

et al., 1997; Harley et al., 1997) as well as for tropical

sites (Lerdau & Keller, 1997; Lerdau & Throop, 2000;

Geron et al., 2002). Moreover, observations made in a

tropical forest in Panama by Lerdau & Throop (1999)

showed that some trees growing in the shade did not

emit isoprene even though the same species were high

isoprene emitters when grown in full sun. The leaf light

environment has strong effects on foliar characteristics

and photosynthesis. In general foliar biomass per area

(specific leaf mass, SLM) increases with canopy height,

and consequently the changes in morphology alter the

variation of trace gas exchange if expressed on an area

basis (Bertin et al., 1997; Reich et al., 1997, 1998). In

contrast to photosynthesis, the isoprene emission

capacity was found to change both on area and mass

basis, although the difference gets smaller when

expressed on mass basis (Harley et al., 1996; Lerdau &

Throop, 2000). Here, the instantaneous photosynthesis

and isoprene emission of the tree species investigated at

the canopy top (H. courbaril) and the shade-adapted

species (S. guilleminiana) changed in similar manner,

both on area- and mass-basis (Table 1). As isoprene and

monoterpene emissions are discussed to confer protec-

tion of the photosynthetic apparatus against high

temperatures (Sharkey & Singsaas, 1995; Loreto et al.,

1998; Delfine et al., 2000) and ozone (Loreto et al., 2001),

and given the fact that both leaf temperatures and

ozone concentrations are higher at the top of the

canopy, a requirement for greater thermo and ozone

tolerance may provide a functional explanation for

increased isoprene emission capacity in the upper

canopy.

Strong light dependence of monoterpene and isoprene
emissions

Despite their different isoprenoid emission composi-

tion, the diel emission pattern of all three tree species

reacted similarly towards the environmental conditions

Fig. 5 Response of monoterpene emission of A. tibourbou (panel

a), and isoprene emissions of H. courbaril (panel b) and S.

guilleminiana (panel c) to the corresponding light intensities

(PAR) in the wet season (open symbols, see Kuhn et al., 2002b)

and the dry season (solid symbols, this work). The solid lines

indicate the dependence on light predicted by the G93 algorithm

for isoprene. The measured VOC emission rates were normal-

ized to standard temperature (30 1C) by dividing by the

temperature correction factor CT (Eqn (2)). Additional division

by the standard emission factor allowed better comparison

between the response of isoprenoid emission from different trees

and different seasons. For comparison the photosynthetic rates

(not corrected for temperature) are also plotted for the wet

(small grey dots) and the dry season (small black dots).
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of fluctuating light and temperature, demonstrating

that closely related biosynthesis/emission pathways

are involved. Even though temperatures were relatively

high during night, we did not observe nighttime

monoterpene release from A. tibourbou. This species

obviously lack specific storage pools and emitted

monoterpenes result from direct production prior to

emission. Consequently, as indicated by the linear

regression analysis of the normalized observed flux

rates vs. the G93 algorithm (Fig. 4), modelling mono-

terpene emission analogously to isoprene (Eqn (2))

provided a good fit to the observed data in both

seasons. Standardization of the emission rates of both

seasons showed that long-term seasonal adaptations

involve only a change in the standard emission factor

without modifying the function of light response (Fig.

4). Isoprene and monoterpene emissions exhibited a

light saturation similar to net CO2 uptake, indicating

closely related primary and secondary metabolic path-

ways (Lichtenthaler, 1999). The de novo synthesis of

both, isoprene and monoterpenes, ultimately relies on

photosynthetic electron transport, which provides

energy and reductive equivalents. The observed light

dependence of the instantaneous VOC emission may

give further evidence that correlations between photo-

synthetic characteristics and isoprenoid emission rates

Fig. 6 Diel course of carbon lost as monoterpene emissions from A. tibourbou (18–19 Oct 1999) and isoprene emission from H. courbaril

(22–23 Oct 1999) and S. guilleminiana (10–11 Oct 1999) per carbon assimilated by photosynthesis. For comparison the respective isoprene

and monoterpene emission rates and the photosynthetic activity are also plotted.

S E A S O N A L I T Y I N V O C E M I S S I O N B Y T R O P I C A L T R E E S 673

r 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 663–682



may be applied to model the instantaneous VOC

emissions from species that lack storage compartments

within the leaves, especially under non-stress environ-

mental conditions (Lerdau & Throop, 1999; Niinemets

et al., 2002). However the lack of a correlation between

seasonal development of isoprenoid emissions and

seasonal variation of net photosynthesis rates as found

by Sharkey et al. (1999) for a temperate forest and by

Serca et al. (2001) for a tropical forest site in the Congo

demonstrates potential shortcomings of this approach.

Further support for light-dependent monoterpene

emissions can also be found in the strong diel course of

ambient air mixing ratios. As shown in Fig. 1 (panel A)

the sum of ambient monoterpenes close to the canopy

top during nighttime was not distinguishable from zero

in the range of uncertainty and followed the pattern of

light intensity during daytime. As was observed in the

wet season (Kuhn et al., 2002b), the diel course of

monoterpenes followed closely that of isoprene, and

indicated a light-dependent source even on a larger

scale, especially if taking into account the small

amplitude of diel temperature variation. Nighttime

emissions of monoterpenes into the shallow nocturnal

boundary layer would result in higher surface mixing

ratios than during daytime, when mixing through a

deeper boundary layer and chemical losses would

decrease ambient concentrations (Kuhn et al., 2002b).

Recent canopy flux measurements in the Amazon by

Rinne et al. (2002) and eddy flux and leaf level

measurements in a semiarid woodland site in Botswana

by Greenberg et al. (2003) both confirmed that a strong

light dependence of monoterpene emissions may be

widespread among tropical tree species, with strong

influence on predicted temporal distribution and

magnitude of emitted monoterpenes.

Intra-specific seasonal variation in VOC emission

The instantaneous environmental conditions, including

light, temperature and rainfall amount, were not much

different between the dry-to-wet season transition and

the wet-to-dry season transition in 1999 (Andreae et al.,

2002). Consequently, the seasonal variation in the net

primary production (NPP) and transpiration rates on

the branch level of the individual species (Table 2) as

well as on canopy scale (Andreae et al., 2002) was not

profound. This is in accordance with McWilliams et al.

(1996) and Roberts et al. (1990), who found that the CO2

gas exchange in the Amazon region is not affected

greatly by seasonal changes in rainfall amount or soil

moisture. For a detailed discussion on different

strategies of primary physiology to respond to the

changes in environmental conditions at our site see

Rottenberger et al. (2003).T
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In contrast to the relatively small changes in primary

physiology, the isoprene and the monoterpene emis-

sions reacted differently towards long-term, seasonal

variations in growth conditions. Whereas the isoprene

emission rates of young mature leaves of H. courbaril

investigated in the dry season were more than twofold

the emission rate of older mature leaves in the wet

season, the monoterpene emission rates from A.

tibourbou decreased (Table 2). The seasonal differences

in isoprenoid emission rates can not be reconciled

solely with instantaneous meteorological data of light

and temperature. The leaves rather undergo physiolo-

gical and developmental changes over the course of the

growing season and the isoprenoid basal emission rates

vary accordingly. For extra-tropical regions there is

evidence of seasonal variation in isoprenoid emission

capacity due to long-term responses to plant phenolo-

gical processes (Hakola et al., 1998) and modification in

past and current growth conditions like temperature,

light intensity, nutrition status and water availability

(Sharkey & Loreto, 1993; Bertin & Staudt, 1996; Fang

et al., 1996; Litvak et al., 1996; Bertin et al., 1997;

Goldstein et al., 1998; Penuelas & Llusia, 1999; He et al.,

2000; Staudt et al., 2000; Zhang et al., 2000; Sabillon &

Cremades, 2001; Serca et al., 2001; Komenda &

Koppmann, 2002; Ciccioli et al., 2003). However, the

seasonal variation of isoprenoid emission appears to be

species-specific, and hitherto there are hardly any data

reported on species-specific seasonal variations of

isoprenoid emissions of tropical vegetation.

Our results of a doubling of isoprene emission

capacity of H. courbaril at the end of the dry season

are in close agreement with canopy-scale flux measure-

ments during the EXPRESSO program in a tropical

forest site in Congo, which are hitherto the only studies

on seasonal variations of emission flux rates in tropical

areas (Klinger et al., 1998; Serca et al., 2001). For both

sites the seasonal changes of isoprene ambient air

mixing ratios and emission rates were accompanied by

only minor differences in the overall environmental

conditions, i.e. mean temperature, relative humidity

and water availability. In earlier studies, variation in

isoprenoid emission was often explained by water

stress effects, and might suitably confer a reasonable

explanation for seasonal differences of drought-decid-

uous tropical vegetation. Both assimilation rates and

isoprenoid emission rates were found to be negatively

affected by drought, whereas the sensitivity of the

isoprenoid emission rate seems to be smaller than for

stomatal conductance and assimilation rates (Tingey

et al., 1981; Sharkey & Loreto, 1993; Bertin & Staudt,

1996; Fang et al., 1996; Lerdau & Keller, 1997; Guenther

et al., 1999a; Llusia & Penuelas, 2000; Staudt et al., 2002).

However, this behaviour would rather support lower

isoprene emission rates in the end of the dry season,

contradictory to our findings. Decreased leaf water

potential causing reduced stomatal conductance and

lower transpiration rates, leading to lower evaporative

cooling and hence higher leaf temperatures, as sug-

gested by Guenther et al. (1999b), cannot account for

increased isoprene emissions in the end of the dry

season in the case of H. courbaril. The rainfall amount at

the site in the weeks preceding our enclosure measure-

ments was comparable to that during the wet season

investigations and water stress may be excluded as

potential reason for increased isoprene emissions.

Indeed an increase in water vapour deficit in the dry

season resulted in a reduction of stomatal conductance

of H. courbaril, but was associated with transpiration

rates comparable to those observed in the wet season.

When interpreting seasonal variations in emission

capacities, one has to keep in mind that differences in

specific leaf weight (leaf dry mass per unit area) are not

only subject to differences in long-term light availability

in its canopy position (sun/shade adaptation, see

above), but also occur during leaf phenology, i.e. the

seasonal development of the leaf. Whereas the specific

leaf mass was 80 g m�2 for H. courbaril in the dry season

(about 1 month after bud break), changes in leaf

morphology had led to 118.5 g m�2 in the wet season

(7 months after bud break), respectively. This way, net

primary productivity of H. courbaril is significantly

decreased from the dry to the wet season if calculated

on a dry weight basis, but not if based on a leaf area

basis. Accordingly, the decrease of isoprene emission

from the dry to the wet season is about threefold if

based on dry weight, but only twofold if based on the

leaf surface area (Table 2).

Long-term changes in isoprene emission capacity are

obviously triggered by additional environmental para-

meters other than those influencing primary metabo-

lism. In contrast to short-term controls over the

isoprene emission capacity, long-term and seasonal

variations in isoprene emissions seem to correlate with

the inherent capacity of the leaves to synthesize

isoprene (Monson et al., 1994; Schnitzler et al., 1997).

The changes in basal emission capacity depend on the

developmental stage of the leaves and have been

correlated with extractable isoprene synthase activity

(Kuzma & Fall, 1993; Lehning et al., 1999) or with the

availability of the substrate dimethylallyl diphosphate

(DMAPP; Geron et al., 2000; Brüggemann & Schnitzler,

2002). These changes can be triggered by nutrient

availability (Litvak et al., 1996) and the light environ-

ment over several days (Sharkey et al., 1999), but most

research focussed on the greater impact of the past and

current growth temperature regime (Monson et al.,

1994; Sharkey et al., 1999; Geron et al., 2000; Lehning

S E A S O N A L I T Y I N V O C E M I S S I O N B Y T R O P I C A L T R E E S 675

r 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 663–682



et al., 2001). Petron et al. (2001) demonstrated that the

isoprene emission capacity of Quercus macrocarpa

doubled when growth temperature 3–6 weeks preced-

ing the emission measurements was increased by only

5 1C. Even though the environmental conditions during

the measurements in the present study were similar (as

indicated by the dotted line in Fig. 7), the ambient

temperatures in the days and weeks preceding our

exchange measurements were somewhat higher in the

dry season than in the wet season (2–5 1C, depending

on the time period taken into account). Moreover,

increased growth temperature were found to result in

higher temperature optima of isoprene emissions

(Monson et al., 1992; Petron et al., 2001), and thus an

increase of 5 1C from 25 1C to 30 1C reported by Petron

et al. (2001) may easily be transferred to the observed

increase from 30 1C to 35 1C in the tropical case, where

species are adjusted to higher average temperatures all

over the year. This way we assume that the moderate

increase in temperature preceding our enclosure mea-

surements in the dry season may help to explain the

doubling of isoprene emission by H. courbaril.

Another rationale for increased isoprene emission

may be found in higher ozone concentrations observed

during the dry season, which were triggered by high

biomass burning activity (average daytime 440 ppb, as

compared to o10 ppb in the wet season; Kesselmeier

et al., 2002b). Even though we scrubbed ozone in the air

entering the enclosures and the branch under investi-

gation was not subject to high ozone concentrations, the

observed high isoprene emissions may reflect a higher

overall oxidant protection status of the whole tree.

Recent work provides evidence that VOC may be

involved in protection against oxidizing agents like

ozone (Zeidler et al., 1997; Loreto et al., 2001; Penuelas &

Llusia, 2001). The influence of elevated atmospheric

ozone on the emission capacity of plants, as an abiotic

stress factor, is currently under debate (Kimmerer &

Kozlowski, 1982; Heiden et al., 1999, 2003; Llusia et al.,

2002; Wildt et al., 2003), and it seems that ozone

Fig. 7 Seasonal differences of standard emission factors (normalized to 1000mmol m�2 s�1 of PAR and 30 1C leaf temperature) of

monoterpene emission from A. tibourbou and isoprene emission from H. courbaril (panel b), in conjunction with data of ambient

temperature and photosynthetic active radiation (PAR) in the days proceeding the measurements (panel a). During the period of the

enclosure measurements of H. courbaril (patterned boxes) the average temperatures were essentially identical (as indicated by the dotted

line in panel a), but were increased in the days proceeding the measurement periods. The meteorological parameters are from a tropical

rainforest tower site 10 km north of the RBJ camp site (Andreae et al., 2002).
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fumigation results in species-specific responses. It is

striking that, on a regional scale, the maximum in

atmospheric ozone formation potential occurs at the

same times when isoprene emission potentials are

greatest (Penuelas et al., 1999). Thus, the seasonal

variation in atmospheric ozone production efficiency

was often attributed to changes of isoprene emissions

and ambient concentrations (Hirsch et al., 1996). While

VOC emissions may have led to large-scale atmo-

spheric depletion of tropospheric ozone by way of VOC

ozonolysis in non-polluted, pre-industrial times (low

NOx regime), this strategy of increased VOC emission

as defence towards high ozone events has the opposite

effect in anthropogenically polluted, high NOx environ-

ments, as the ozone production potential of VOC is

very sensitive towards the NOx mixing ratios (Atkin-

son, 2000). An increase in VOC emission as defensive

response to high ozone concentrations would result in a

positive feedback mechanism for tropospheric ozone

formation.

In contrast to the increase of isoprene emission of H.

courbaril, monoterpene emission capacity for A. tibour-

bou was decreased in the dry season compared to the

wet season (Table 2). The emission composition was not

much different for A. tibourbou, except that the role of

myrcene among the dominant five monoterpenes

emitted was taken over by camphene. Like for H.

courbaril, the stomatal conductance was also reduced in

the dry season for A. tibourbou, but could not

compensate for the increased water vapour deficit,

which led to an increase in transpiration rates.

Associated with a slightly reduced primary productiv-

ity (NPP) this led to reduced water use efficiency. But

the reduced stomatal conductance cannot account for

the decline in monoterpene emission of A. tibourbou.

Although there is conclusive evidence indicating that

light-dependent foliar terpenes penetrate the intercel-

lular space of the leaf and exit the plant predominantly

via the stomata (Loreto et al., 1996), high intercellular

isoprenoid biosynthesis/concentrations are assumed to

counterbalance stomatal closure with an increase in the

leaf-to-air isoprenoid vapour pressure gradient (Fall &

Monson, 1992). This theory is also strictly confirmed by

the diel course of stomatal conductance of S. guille-

miniana, which had a major effect on the CO2 uptake

rate but not on the isoprene emission rate. Although the

decreasing stomatal conductance during the midday

hours resulted in strong hysteresis of CO2 uptake, it did

not affect the isoprene emissions at all (Figs 3 and 5).

Like for isoprene, increased thermo and ozone

tolerance was also discussed for monoterpenes (Loreto

et al., 1998; Singsaas & Sharkey, 2000; Loreto et al., 2001)

and an increase of monoterpene emission rates after

ozone fumigation was observed by some researchers

(Heiden et al., 1999; Penuelas et al., 1999; Llusia et al.,

2002). We did not find a positive response to the

seasonal changes of atmospheric oxidative capacity,

either in direct emission strength of A. tibourbou or in

ambient monoterpene concentrations (Kesselmeier

et al., 2002b), lending no support to this hypothesis.

However, a dramatic increase in concentration and

distribution of oxidative compounds (OH, O3, H2O2,

HO2) due to extensive biomass burning activity may

have shorten the chemical lifetime of highly reactive

monoterpene compounds and counterbalance accumu-

lation in the ambient air. In general, these compounds

greatly interact and detailed chemical modelling is

necessary to get further insight (Jacob & Wofsy, 1988;

Guenther et al., 1999b).

One limitation of the interpretation of seasonal

differences as reported in this field study is that the

drivers affecting the emission potential are correlative.

For both tree species investigated in the two seasons we

can not differentiate between climatological effects in

the days preceding our measurements, or phenological

effects as budbreak was only about 4 weeks before the

enclosure measurements reported here. Especially for

A. tibourbou, even though leaves were fully green and

turgescent, leaf size during the enclosure measure-

ments was somewhat smaller in the dry season, and we

cannot exclude short-term phenological effects being

responsible for the lower NPP, and the rather decreased

monoterpene emission compared to the wet season.

Furthermore, with only one individual measured per

species our conclusions can only be preliminary and

long-term replicates are needed to confirm our findings.

VOC emission in relation to plant carbon fixation

There is growing interest on the role of VOC fluxes in

the context of carbon transfer from the terrestrial

biosphere to the atmospheric CO2 reservoir. Whereas

biogenic VOC fluxes are small in relation to the total

numbers of carbon emission and deposition, the

amount of carbon lost as VOC can be highly significant

relative to the net ecosystem productivity (NEP), and

are in the same order of magnitude as net biome

productivity (NBP). Therefore investigations on the

carbon balance from the leaf level up to the canopy

scale are crucially needed, and should be considered in

carbon flux models (Guenther 2002; Kesselmeier et al.,

2002a).

Even though totally different in the total numbers of

emission rates, the carbon balance of both isoprene

emitting species was comparable (3.5% and 4.3%) and

were about an order of magnitude larger as for the

monoterpene emitter (0.1%). Seasonal differences in the

percentage of carbon emitted in form of VOC was only
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found for the strong isoprene emitter H. courbaril (3.5%

in the dry season vs. 2.1% in the wet season,

respectively), whereas the monoterpene emitter A.

tibourbou revealed a similar carbon balance in both

seasons (0.1%).

The substantial loss of photosynthetically fixed

carbon in form of isoprene agrees very well with values

for the tropical species Mangifera indica (mango tree) of

3.3–4.4% reported by Harley et al. (2003) and is in the

upper range of carbon loss reported for temperate

isoprenoid emitters (for a review, see Kesselmeier et al.,

2002a). For all species the fraction of carbon re-emitted

by isoprenoid emission was not constant during the

day, but exhibited a strong diel course. Photosynthetic

activity started earlier in the morning and declined

almost simultaneously to the decrease in isoprenoid

emission in the late afternoon (Fig. 6). This can be

attributed to the low light compensation point of CO2

exchange (Fig. 5), and the fact that isoprenoid emission

tends to have a higher temperature maximum. Thus the

amount of isoprene emitted relative to CO2 uptake is

enhanced especially for temperatures above the tem-

perature optimum of photosynthesis (Guenther, 2002).

In the context of the global atmospheric carbon cycle

it is important to note that there is evidence that part of

the carbon transfer back from the atmosphere into the

biosphere can be short-cut by plant uptake/deposition

of partially oxygenated compounds after intermediate

atmospheric chemical conversion (Kesselmeier et al.,

2002a). As indicated in Table 1 and 2, a direct

comparison with published data of the stomatal uptake

of short-chain organic acids (Kuhn et al., 2002a) and

aldehydes (Rottenberger et al., 2003) on the same trees

demonstrates that the uptake of carbon other than CO2

may be small on the branch level. The fraction of carbon

re-cycled by uptake of short-chain oxygenated volatiles

hardly exceeded 0.03% of NPP for the sunlit leaves

investigated here. Only for the shade-adapted tree

species S. guilleminiana the re-cycling of organic carbon

became significant with values up to 0.2% mainly due

to its relatively low photosynthetic performance. As the

relative proportion of shaded leaves is dominating in

forest canopies with high LAI like the tropical rain-

forest, the impact on the ecosystem scale, also including

soil surface with dead leaf litter cover, needs to be

further investigated.

Conclusion

Whereas tropical ecosystems generally show less

seasonal behaviour in environmental conditions like

temperature and light and also in the primary

physiology than temperate ecosystems, we observed

strong differences of branch-level VOC emissions.

Although it is difficult to generalize due to the vast

biodiversity in tropical rain forests and only one

individual measured per tree species, our findings are

in good agreement with observations of a concurrent

doubling of atmospheric mixing ratios at this site, and a

corresponding threefold seasonal increase in isoprene

fluxes and ambient mixing ratios observed in another

tropical forest site in the Congo. Our conclusions can

only be preliminary and true replication is needed to

confirm significant differences as reported here. But the

inadequacy of using one single standard emission rate

to represent an entire seasonal cycle seems apparent.

Seasonal variation in VOC emission capacity is

assumed not only to depend on instantaneous light

and temperature, but is influenced by a number of

physiological and environmental drivers including the

seasonal dependence of leaf maturation, changes in leaf

growth environment of the plants, and water and

nutrient availability, independently of foliar area

development. Our observations may confirm earlier

laboratory investigations showing that the growth

temperature regime during the proceeding days and

weeks may be applied to predict the enzymatic status

and isoprene emission capacity. As isoprene emissions

are discussed to confer protection against high tem-

peratures and high ozone, and given the fact that

both leaf temperatures and ozone concentrations were

higher in the dry season than in wet season, a

requirement for greater thermo and ozone tolerance

may provide a functional explanation for increased

isoprene emissions in the dry season. But the various

drivers potentially controlling VOC emission capacities

have not yet been well characterized, and they all

change seasonally in concert. Consequently their

individual impacts can hardly be incorporated in

landscape emission models (Guenther et al., 1999b;

Otter et al., 2002).

Simultaneous canopy scale measurements of isopre-

noid emission and CO2 exchange are needed to get a

better insight in the role of VOC in the global carbon

budget. As both respond differently towards biophysi-

cal drivers, the percentage of carbon released as

isoprene is assumed to increase with temperature

(Goldstein et al., 1998; Guenther, 2002). This way the

carbon balance exhibits a positive feedback of global

warming and future scenarios predict an even higher

fraction of organic carbon re-emitted on a global scale.

On-going land-use change especially in the tropics will

result in further perturbations of the carbon and other

biogeochemical cycles. More long-term measurements

are needed to better characterize seasonal and inter-

annual variability to estimate present and future impact

of biogenic VOC fluxes especially in respect to the

global atmospheric carbon budget.
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