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Abstract. The capacity for volatile isoprenoid production study variations irEs estimates. We suggest that past exper-
under standardized environmental conditions at a certainmental data should be distributed into broad quality classes
time (Es, the emission factor) is a key characteristic in con- depending on whether the data can or cannot be considered
structing isoprenoid emission inventories. However, therequantitative based on rigorous experimental standards. Apart
is large variation in published&s estimates for any given from analytical issues, the accuracy®$ values is strongly
species partly driven by dynamic modificationsfig due to  driven by extrapolation and integration errors introduced dur-
acclimation and stress responses. Here we review additionahg data processing. Additional sources of error, especially
sources of variation ilEs estimates that are due to measure- in meta-database construction, can further arise from incon-
ment and analytical techniques and calculation and averagsistent use of units and expression baseEofWe propose

ing procedures, and demonstrate that estimatiorfssafrit- a standardized experimental protocol for BVOC estimations
ically depend on applied experimental protocols and on datand highlight basic meta-information that we strongly rec-
processing and reporting. A great variety of experimentalommend to report with anf's measurement. We conclude
setups has been used in the past, contributing to study-tathat standardization of experimental and calculation proto-

cols and critical examination of past reports is essential for
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BY (ylo.niinemets@emu.ee)

development of accurate emission factor databases.
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1 Introduction ducted under environmental conditions used for standardiza-
tion of Es values (typically leaf temperature of 3G and
Volatile isoprenoids, including isoprene, mono- and incident light intensity of 1000 umol ¥ s~1), andEs is de-
sesquiterpenes, are the major reactive plant compounds emifermined from measurements made under arbitrary temper-
ted into the atmosphere, and play vital roles in gas-phase atatures and light intensities that are “corrected” to standard
mospheric photochemistry (Chameides et al., 1988; Fuentesonditions by applying the Guenther et al. (1991, 1993) emis-
et al., 2000) and heterogeneous-phase chemistry that irsion algorithms. Such an approach can lead to significant in-
fluences the optical depth of the atmosphere, e.g. througlaccuracies, especially if extrapolations over a large tempera-
secondary organic aerosol formation (Cahill et al., 2006;ture or incident light range are needed. For example, in sub-
Chen and Hopke, 2009; Hallquist et al., 2009; Helmig etarctic, boreal and cool temperate climates, as well as during
al., 2006; Kleindienst et al., 2007; Spracklen et al., 2008;early and late growing season in seasonal climates, observa-
Zhang et al., 2007) and cloud formation (Huff Hartz et al., tions are made across a broad range of temperatures, with
2005; Spracklen et al., 2008). The vegetation source-strengthone of the measurements or very few extending toG30n
for volatile isoprenoids is typically estimated using models this situation, it has been demonstrated that the way emission
based on species- or vegetation-specific emission capacitylata are scaled to the standard conditions can significantly
for different volatile isoprenoid classes under standardizedlter the estimate ofs (Ruuskanen et al., 2007), but possi-
environmental conditionsHs, the emission factor) and en- ble extrapolation problems are often ignored when preparing
vironmental correction functions initially developed for light emission factor databases.
and temperature (so-called Guenther et al. algorithms, Guen- pye to highly non-linear light and temperature responses
ther et al., 1991, 1993), and more recently forZ3@ncen-  of BVOC emission, estimations dfs are also vulnerable
tration (Niinemets et al., 2010c; Wilkinson et al., 2009). to integration and extrapolation errors. In accordance with
Es varies depending on past environmental conditions,Jensen’s inequality rules, non-linearity introduces errors in
plant physiological status (stressed/non-stressed), and pheg estimates when average values of environmental condi-
nology (Fischbach et al., 2002; Gray et al., 2006; Lavoir ettions are used (for an outline of the integration problem see
al., 2009; Loreto et al., 2006; Niinemets, 2010a, b, ¢; StaudiCescatti and Niinemets, 2004; Niinemets and Anten, 2009).
et al., 2003), and some of these factors have also been corfFhis can be a problem also when the averaging is done em-
sidered in models to a certain extent (Arneth et al., 2008;pjrically as the result of sampling strategy, rather than mathe-
Guenther et al., 2000, 2006; Keenan et al., 2009; Lehningnatically. For example, averaging errors can occur when us-
et al., 2001). In addition to the naturally dynamic nature ing cartridge-measurements of enclosure air (time-averaged)
of Es over days, weeks and months and genetic variability,to derive Es as well as when using enclosures containing
uncertainties in emission inventories are associated with the, large amount of leaf area, leading to measurement across
empirical precision and accuracy @k estimations. Mod-  spatial heterogeneities in light intensity and leaf temperature.
elers tend to accept the reported valuestgfas infinitely  Analogous problems arise in using low resolution environ-
precise and accurate. However, no standardized protocol fomental data for extrapolation of emission data to determine
BVOC emissions has been established, and vastly differengg values. So far, such integration issues have not been ad-
approaches have been used to assess emission potentialsdfessed ints determinations.
laboratory and field studies (for reviews Brancaleoni et al., Finally, many past emission measurements were accom-
1999; Komenda et al., 2001; Ortega and Helmig, 2008; Or-panied by no information on plant physiological status
tega et al., 2008; Tani et al., 2003). Intercomparisons amonge g. photosynthetic activity), on preceding environmental
different experimental setups have demonstrated large differzonditions, or on leaf developmental status, making it im-
ences, sometimes exceeding 100 % among different BVOGyossible to consider such effects a posteriori. Lack of cru-
quantification systems (Dindorf et al., 2006; Larsen et al.,cja| meta-information from the time surrounding the mea-
1997; Steinbrecher et al., 1994). For more reactive cOMsyrement makes it difficult, if not impossible, to assess the
pounds such as certain mono- and sesquiterpenes, complei@ajity and representative nature of existing emission fac-
compound loss has been shown to occur during analysigor databases. Because of several technical and computa-
with some instrumental systems (Arnts, 2008; Fuentes et alional deficiencies in previous determinationsi, and the
2000; Helmig et al., 2003, 2004; Larsen et al., 1997; Poll-|5ck of critical meta-information, several of us working with
mann et al., 2005; Steinbrecher et al., 1994). Lack of quantiemission observations, and attending a recent conference on
tative recovery of a major BVOC fraction has also been sug-emissions observations and modelinigave reached the con-
gested, through indirect means, based on atmospheric reagansys that many existing emission factors require revision.
tivity measurements above vegetation (Di Carlo et al., 2004;

Sinha et al., 2010). 1 European Science Foundation (VOCBAS and INTROP pro-

In addition to emiSSion measurements themselves, reliagrammes) science meetimgenic Volatile Organic Compounds:
bility of Es values also depends on the way the emissionSources and Fates in a Changing Wor#-5 October 2007, CNRS
data are processed. Often field measurements cannot be coMentpellier, France
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Table 1. Summary of error sources in derivation of the BVOC emission factors and significance of different error sources.

Error category Error type Section discussed  Error importance
Sampling system design Limited environmental control 2.1 1-2

Inaccurate measurements of temperature 2.1 1-2

and/or light

Non-steady state conditions 2.1,2.3,2.4 2-3

Mismatch between flow rate and enclosed lea?.1, 2.2, 3.4, 3.5 2-3
area (condensation, low/excessive BVOC

concentrations)

Limited turbulent mixing 2.1 2
Diffusion through gaskets and tubing 22,23 9-3
Adsorption onto gas-exchange system surface 23,24 2
Contamination due to volatiles emitted from 2.3 1-3

gas-exchange system materials

Sampling methodology Rough handling 25 1
Incompatible adsorption traps 3.1 1
Bulk flow leaks due to non-homogeneous 3.1 1-2
packing of adsorbent
Long sample storage 3.1,3.2 3
Atmospheric oxidants in purge air 23,32 -3
Contaminated purge air (high VOC 3.3 1-3
backgrounds)

Emission calculations Chamber BVOC buildup effects on terpene 3.4 2-3
storage and decomposition reactions in leaves
Effects of changes in water vapor on bulk 35 3
flow rate

Extrapolation and integration Use of inexact response curve shapes 4.1 2-3

errors inEg derivation Integration errors due to variations in 4.2 2-3
environmental conditions
Integration errors due to foliage aggregation 4.2 2-3

Reporting and metadata errors Errors with expression basis of emission rates 4.3 2
Unit errors 4.4 1-3
Metadata errors 4.5 1-2

* 1 —very important. Can lead to complete lack of detection of given compound or detection of artificial compounds; 2 — important. Can result in errors on the order of 20—100 %;
3 —moderately important. Typically the errors are on the order of 5-20 %, but under specific conditions much larger errors can result.
2 The significance of measurement error increases with decreasing the rate of compound emission.

b Importance of the error depends on compound reactivity.

In this review and position paper, we present our concernszed measurements ds and a list of key meta-data to be
about the quality of existing emission factor databases, giveeported with anyEs estimation. The summary of the key
an outline of key methodological problems that can bias es-experimental, calculation and reporting errors is provided in
timations ofEs, and provide suggestions to improve the cur- Table 1 with estimated importance of any given error source.
rent methodology for estimation dfs and to clarify the un-

certainties that remain even following our best modeling ef-

forts_ We argue that in addition to the dynamic nature Of2 Limitations in estimation Of emiSSion faCtorS due to

Es (Niinemets et al., 2010a, c) that requires modification ~ sampling systems

of emission algorithms, there are a number of potential ex- . i
perimental and processing sources of errors that can affedt! €xtensive range of measurement systems, starting from
the precision and accuracy of emission data. Therefore, wS§iMPle static (closed) systems without environmental con-
advocate splitting the available data into three broad quality"©! @nd monitoring to sophisticated dynamic (open) systems
classes: quantitative, semi-quantitative and non-quantitativéith full environmental control, has been employed to es-

measurements. Finally, we propose a protocol for standardimate BVOC emission fluxes (Fig. 1 for a range of sys-
tems currently in use by BVOC community). The sampling

www.biogeosciences.net/8/2209/2011/ Biogeosciences, 8, 2262011
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Fig. 1. Comparison of various enclosure systems currently used for measurement of BVOC emissions fron{g)lantshalved glass

cuvette with a polymer gasket and thermoelectric (Peltier) temperature control for field measurements (Peter C. Harley, NCAR, Boulder,
USA), (b) double-layered glass cuvette with thermostatted water between the two glass layers for laboratory measurements (for detailed
description see Copolovici and Niinemets, 2010; Rasulov et al., 20(]96]5ef|0n® (FEP) film branch enclosure for field measurements

with artificial illumination by blue and red LEDs i{dgen Kesselmeier, Max Planck Institute for Chemistry, Mainz, Germz@d)/)l,'eflon®

(FEP) film branch enclosure system for measurements under natural illumination and under ambient temperatures; the system consists 0
two enclosures of 751 (air flow rate 401 n1ih), one for reference air sampling and the other for plant sampling, and each enclosure is
equipped with 2 light sensors and 4 thermocouples, two attached on the leaves at the lower part of the branch and two at the upper par
(for details Dindorf et al., 2006; Kuhn et al., 2002b), dejipolyvinylfluoride (PVF, Tedla@) bag for field measurements (Chris D. Geron,

US EPA). The enclosures are installed on tropical evergreen dipterodgtfesocarpus applanatug) and Dryobalanops aromaticge,

both experiments conducted in Danum Valley Field Centre, Sabah, Borneo, Malayslag12and 501’ N) in June 2008), on temperate
deciduous shruBalix viminalis(b) in the lab, on temperate deciduous tFegus sylvaticdd, experiments conducted in deciduous broad-

leaved forest close tdillch, Germany, 5864’ N, 6°25 E), while an empty cuvette is shown (o).

protocols used for BVOC measurements have also variect al., 1997; Steinbrecher et al., 1994). In fact, use of incom-
greatly among different studies, undergoing significant evo-patible sampling methods ignoring environmental conditions

lution as more information on the performance of different (ozone presence in ambient air, for example) can lead to com-
adsorbents and measurement system materials has accunlete lack of detection of more reactive and/or less volatile

lated and techniques for determination of less volatile com-compounds (Fuentes et al., 2000; Helmig et al., 2004; Larsen
pounds have been developed (Helmig et al., 2003, 2004et al., 1997; Ortega and Helmig, 2008; Steinbrecher et al.,
Kesselmeier et al., 1993, 1996, 1997; Kuhn et al., 2002a;1994; Stewart-Jones and Poppy, 2006).

Polimann et al., 2005; Séffer et al., 1992; Tholl et al., The methods for BVOC chemical detection and calibra-
2006). Due to a lack of detailed technical specifications suchiqy and to some degree sampling systems, have been re-
as air turnover time, changes in chamber conditions withie\ved recently (Ciccioli et al., 2002; Komenda et al., 2001;
given incident radiation load, etc., measurement system a'ortega and Helmig, 2008; Tani et al., 2003; Tholl et al.
tifacts and influences of variation in sampling protocols arexgpg). |n this section, we focus on uncertainties resulting
difficult to assess for any single study. Analytical uncertain-from ‘enclosure types and outline issues relevant for sam-
ties have been estimated to be on the order of 20 % in singlyjing techniques and flux calculations (Sect. 3), and data in-
lab studies (Owen, 1998). However, inter-comparisons ofierpretation and further processing (Sect. 4), mainly focusing
various measurement systems demonstrate that uncertaintigs, dynamic systems. Although closed systems can provide
can be much larger, exceeding 100 % in some cases (Larsgfefy| information on species capacity to emit BVOC, we

Biogeosciences, 8, 2202246 2011 www.biogeosciences.net/8/2209/2011/
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believe that the inherent uncertainties associated with such
systems, including excessive depletion of CExtensive al-
teration of environmental conditions such as build-up of hu-
midity and increase in temperature, large increase in BVOC
concentrations, BVOC adsorption and sustained memory ef-
fects, mass-flow leaks, and risk of induction of BVOC emis-
sions due to altered environment, are so large that these sys-
tems should not be used for quantitative characterization of
BVOC emissions. Such systems might be useful for iden-
tifying types of BVOC emissions from given plant species,
but accurate determination of emission flux rates is extremely 40
difficult with closed systems.

Air inlet
Fan

Sampling ports
Baffle

Air outlet

Fan off

2.1 Enclosure chamber type and size

ene concentration

(nmol mol™)

p

The disturbance of environmental conditions (e.g. radiation,
temperature, humidity, trace gas concentrations), leading to
accumulation of heat and water vapor and depletion o CO
by measurement installations should be minimized to ensure
optimum plant physiological activity and maximum sensi-
tivity of emission measurements. ldeally, measurements of 35
BVOC concentrations are conducted under steady-state con-
ditions. The key requirements for reliable steady-state gas-
exchange measurements are simple: good seal, stable gas-
concentrations and environment in the enclosure, stable flow
rate, well-mixed air (turbulent conditions) inside the enclo-
sure, and accurate gas concentration measurements. For 025 5% 5p 22an
measurement of the environmental response curves (light, K e 1.5&03\905‘
temperature, C§), the capacity to control the major envi- Yo =TS
ronmental variables, light, temperature, humidity and gas )

concentrations inside the cuvette is also needed. In factf!9- 2. lllustration of a whole plant BVOC measurement cham-
to assess plant physiological parameters in a steady-stat er for estimation of the distribution of BVOC concentrations and

the capacity to keep key environmental factors tempera—éélf temperatures throughout the chami@r and BVOC concen-
e . ’ . tration (b) and leaf temperaturg) gradients with and without the

ture gnd Inc'ldent light, stable for at least over several' mln'mixing fan on. The vertically orientated blades of the fan and the

utes is required. Decades of gas-exchange research in plapies of the chamber frame optimize turbulent air mixing, thus

physiology have resulted in construction of sophisticatedgenerating a homogenous atmosphere at relatively low wind speeds
environment-controlled leaf, branch and whole-plant cham-(Staudt et al., 2000 for a more detailed description of the chamber
bers (Field et al., 1989; Long and Bernacchi, 2003; Longsystem). A young Norway spruc®icea abie}tree was enclosed

et al., 1996; Niinemets, 2011). However, in surveys and in-in the chamber, and BVOC concentratidb$ and needle tempera-
ventory studies in remote areas, fulfilling all these require-tures(c) were simultaneously measured at nine different positions

ments can be difficult. Thus, simple Tef@mr Tedlal® bag inside the chamber either with the mixing fan off (upper plots) or
systems, or large whole br:';mCh chambers without environyVith the fan on (lower plots). The chamber was located in cool

tal trol and limited turbulent mixi f air ft air-conditioned greenhouse. BVOC concentrations and leaf tem-
mental con _ro analimite . ur u_en mixing ot air ave_o en peratures are much more homogenous with the fan running than
been used in BVOC studies (Fig. 1). Such systems impoSghen the fan is stopped. Furthermore, when the fan is switched

limitations on the development dfs databases since mea- off, |eaf and air temperatures inside the chamber increase due to de-
surements can only be made under existing and often fluctucreased heat exchange between the chamber and the cool air outside
ating environmental conditions, which are typically modified the chamber in the air-conditioned greenhouse, and consequently
by the enclosure itself. Because of the lack of environmentaBVOC emissions and concentrations increase. When the fan is off,
control in the bag or chamber, foliage temperatures often risdlighest BVOC concentrations occur in the lower part of the cham-
substantially above ambient (Fig. 2), while foliage cluster- ber, while the highest temperatures are in the upper part, reflecting
ing leads to within-branch shading, implying imprecisely de- the strongly asymmetric biomass distribution in the spruce trees as

fined and heterogeneously-distributed leaf temperatures anf¢" das%_lacg fOf miXiEg of CTa{nb?;air' Thf gweas%rdelmelnt pOSi:i_c’ns |
incident quantum flux densities. are aeftinea tor the norizontal as: s —west, Z—mi e, 1 —east an

. . for the vertical: 3 —top, 2 — middle and 1 — bottom (based on the
Leaf temperature is generally measured using thermocouy o of staudt 1997).

ples. Typically a single thermocouple is attached to the lower

Fanon

Monoter|

Fan off
30

251

20

Leaf temperature (°C)

Fanon
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50 minimum detectable trace gas concentration difference be-
40 (a) AverléAI i%g Tzoné'; +0.36 tween incoming and outgoing air. This concentration dif-
ge oL =0.0s2 L. ference is proportional to the emission rate and leaf area
30 1 enclosed in the chamber, and inversely proportional to the
20 | chamber air flow rate. In the case of compound pre-
concentration systems such as trapping on sorbent cartridges
10 m or on cryo-traps, the overall sensitivity is proportional to the
0 time of sampling, but ideally the sampling time is kept as
S 40 (b) AverléAI = 1355 Tzonrs £ 038 short as possible to avoid changes in plant physiological sta-
2 gexsb =040 tus during sampling. Thus, the choice of the purging air flow
& 301 _ rate is usually a compromise between different and partly
% 20 4 conflicting requirements for the enclosure system (detection
i limit of exchange rate, versus time response and modifica-

101 m tion of ambient conditions and avoidance of plant physio-
0 logical status). The use of larger chambers usually involves

40 Averlégzl;ssgz:ngzm £ 035 longer air residence times unless very high flow rates are

- e used (Niinemets, 2011 for a review of chamber size vs. air
30 1 exchange time). The time-dependent change in chamber gas
20 | concentration of an empty chambé&Tchamber Can be ex-

pressed as (Li-Cor Inc., 2001; Niinemets, 2011):

10 |

0 —,W (C) dcchamber:

00 02 04 06 08 10 12 14 dt
Relative quantum flux density

F
V (Cin — Cchambe) , (1)

where F is the flow rate through the system (Imih, V

. o L . is the chamber volume (l), is time andCij, is the incom-
Fig. 3. Frequency distribution of light intensity on leaf surface . . . .
within branch enclosures including progressively more leaf area!Nd 985 concentration. Whef‘ a plant sample is Included in
As a measure of leaf area enclosed in the measurement chambéhe chamber or When there is compound adsorption on the
branch leaf area index, i.e. leaf area per unit flat surface area, i§urface or desorption from the surface of the gas-exchange
used. Light intensity relative to the intensity on a flat surface aboveSystem, full mass balance equation needs to include source
the branch is computed for a solar angle of 45id assuming 80% and/or sink terms (see Eq. 4). Integrating, and determining
of direct radiation. The simulation was performed with a ray trac- the integration constant at= 0 when the initial chamber gas
ing model for circular flat leaves having a spherical leaf angle dis-concentration i chambers, Yields the following expression
tribution and random dispersion (Cescatti and Niinemets, 2004 forof chamber gas concentration:
details). The gradients of light are expected to be even stronger
for aggregated foliage dispersions as is common in most conifers F
(Cescatti and Zorer, 2003; Niinemets et al., 2006). Cehambef!) = Cin — (Cin — Cchambers) eXp<_7t> : )

The ratio F/V is the first order rate constant of time-
surface of a leaf. Due to heterogeneous distribution of leafd€Pendent changes in the chamber gas concentration. The
temperatures in the chamber, however, this single measurg&hamber flushing half-time is given as:
ment is likely an inaccurate representation of the thermal_
state of the enclosed foliage (Fig. 2). In more eIaborateTC_In(z)/(F/ V) ®)
systems, such as large branch enclosures (Fig. 1d) up to A time of 4. is needed for 94 % of full system response,
thermocouples are used, resulting in better characterizatioand this time can be taken as a satisfactory approximation
of temperature environment, which nevertheless is far fromof that required to reach a steady-state, assuming a constant
ideal. Analogously, quantum flux density is measured abovélux. Thus, a chamber with a volume of 51 and a flow rate
the foliage, commonly in one location in the given cham- of 11min—1, reaches the steady-state in ca. 14 min, while
ber. However, light availability strongly varies within a given the same chamber with a flow rate of 5| minreaches the
branch (Fig. 3 for variation in quantum flux density), im- steady-state in ca. 3 min. At the extreme, large whole-plant
plying that one or even multiple estimates of light intensity chambers used in BVOC studies may take more than an hour
above the branch provide limited information on the light in- to reach the steady-state (for examples séeg-t al., 2007;
tensity incident to individual leaves (e.g. Palva et al., 1998aNiinemets, 2011).

b). The Egs. (1-3) are based on ideal turbulent mixing in the
For a given analytical system, exchange measurements bghamber without the plant. In real chambers, especially when
the dynamic chamber method are generally limited by thethey contain large quantities of plant material, reaching the

Biogeosciences, 8, 2202246 2011 www.biogeosciences.net/8/2209/2011/
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steady state typically takes longer than what was predictedast online BVOC detector systems and reaching a steady-
here (Niinemets, 2011), and it is recommended to wait sig-state emission rate can be appropriately estimated. In the
nificantly longer than the minimum times predicted by first case of BVOC sampling on cartridges and subsequent of-
order decay kinetics, ideally checking the chamber responfline gas-chromatographic analysis, ample time should be al-
siveness with a plant with real-time BVOC sensors (see belowed for stabilization of the emission fluxes before the start
low). These equations emphasize that vigorous mixing withof sampling. For offline systems, it is recommended that a
a fan is essential for reliable measurements (Fig. 2). Toperiod of at least 30 min be allowed for leaf stabilization af-
avoid gas concentration gradients or pockets of dead air inter changes in environmental conditions before sampling of
the chamber, and thus excessively long chamber half-timesBVOCs, even when using chambers with rapid air turnover.
one must maintain a reasonable balance between the char®f course, for investigation of rapid transient responses, fast
ber size, flow rate and the amount of biomass enclosed in theampling is needed, but fats, commonly defined as the
chamber. As an example of a quantitative description of theemission rate under steady-state conditions (Niinemets et al.,
modification of turbulent transport in an enclosure as com-2010c for a review), both chamber and plant physiology must
pared to undisturbed ambient conditions we refer to Pape eteach a steady-state.
al. (2009).

Apart from the long times needed to reach a steady-state2.2 Diffusion problems associated with small chambers
low flow rate through the chamber can lead to i@pletion
and high chamber humidity or condensation due to plant ga§he use of small commercial clamp-on chambers with envi-
exchange activity as well as to BVOC buildup due to plant ronmental control (temperature, light and chamber gas con-
emissions. These alterations in the chamber atmosphere caentrations) is currently gaining popularity in field studies
directly affectisoprenoid emission or, in the case of excessiveand in many lab studies for simultaneous monitoring of leaf
humidity, generate considerable problems and errors downgas exchange activities and measurement of BVOC emis-
stream in BVOC sampling and in GH,0 gas exchange sions either using fast online VOC detectors such as Proton
measurements, especially if condensation of water occur3ransfer Reaction Mass Spectroscopy (PTR-MS) or by sam-
on the surface of sampling lines and measurement chambgaling onto cartridges for offline gas-chromatographic anal-
(Sect. 3.3 for the effects of BVOC ambient concentrations).yses (e.g. Brilli et al., 2009; Calfapietra et al., 2008; Ek-
Such problems can be avoided by matching the flow rate tdoerg et al., 2009; Geron et al., 2001, 2006a, b; Lavoir et
the amount of biomass in the chamber. al., 2009; Okumura et al., 2008; Reelas et al., 2009). The

Although smaller well-mixed chambers generally reach asmaller well-mixed chambers generally reach steady-state
steady-state rapidly, within seconds to minutes (Rasulov emore quickly, within seconds to minutes, than larger cham-
al., 2010 for the use of an ultra-fast system in isoprene meabers. For instance, with a typical flow rate of 350 umdi's
surements), care needs to be taken to allow the leaf BVOG0.47 Imin 1), Li-Cor 6400 (Li-Cor, Inc., Lincoln, Ne-
concentrations and physiological status to equilibrate withbraska, USA), standard 23cm (6 cnf) chamber is pre-
chamber conditions after leaf enclosure. This is neededlicted to reach a steady state (Egs. 2-3) in 21's. Despite the
as mono- and sesquiterpenes can be non-specifically stordest response, use of small chambers carries other challenges
within the leaves and leaf surface after synthesis (Niinemetdor accurate characterization of BVOC emissions. First,
et al., 2010c; Niinemets and Reichstein, 2002). This meansvhen the chambers are operated at high air flow rates, the
that even if the system and plant responses can be decoBVOC detection limit will be poor, limiting measurement
voluted, sufficient time is needed for plant emission rates toof low emissions. However, when the flow rate is kept low
reach a steady-state for accurate estimation of the emissioto result in higher BVOC concentration differences, cham-
rate. On the basis of the Niinemets and Reichstein (2002pers with small cross-sectional area and large chamber in-
storage model, it can be predicted that for evergreen broadner surface exposed gasket area for diffusion can generate
leaved sclerophylli®uercus ilex reaching at 99 % steady- errors in flux estimations due to diffusion of gases from the
state monoterpene emission response after a stepwise ighamber air space with relatively high BVOC concentration
crease in irradiance takes ca. 10 min, but this time may dif-into the ambient air with lower BVOC concentration (Flexas
fer for single monoterpene compounds depending on theiet al., 2007; Rodeghiero et al., 2007), especially for com-
physico-chemical properties that affect their non-specificpounds with relatively small diffusion volume and high diffu-
storage. sion coefficient such as isoprene (Niinemets and Reichstein,

Biochemical induction also can introduce significant de- 2003b for a comparison of diffusion coefficients for various
lays in emission responses. For non-induced leaves, for inBVOCS). In addition to BVOC, in leaf chambers, the water
stance after prolonged darkening, biochemical induction ofvapor concentration typically also increases above ambient
photosynthesis and monoterpene (Noe et al., 2010) and isaue to leaf transpiration, resulting in diffusion of water vapor
prene (Rasulov et al., 2009b) emissions may take 20—30 miut of the chamber through the gaskets. This leads to an un-
(Niinemets et al., 2010c for a review). Such non-specificderestimation of transpiration rate and stomatal conductance,
storage effects and induction responses can be monitored kgnd erroneous interpretation of the physiological controls on
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isoprenoid emission (Rodeghiero et al., 2007). The modifi-key volatiles emitted from plants, studies on organic vapors
cation of chamber C&concentration relative to ambient due of environmental concern have suggested that polymers such
to photosynthesis alone is relatively minor for major diffu- as neoprene and low-density polyethylene, used by default
sion problems to occur. However, in studies investigating thein commercial systems, have potentially significant adsorp-
CO, responsiveness of isoprenoid emission, in which cham-+ion/desorption problems for VOC studies (Allaire et al.,
ber CQ concentration is varied over a large range, signifi- 2003; Avison et al., 2001; Hartman, 1999; Hodgson et al.,
cant CQ concentration gradients between chamber and am41998; Manura, 1999). Apart from adsorption on polymers,
bient air can be present. These gradients can result in artin commercial gas-exchange systems, traces of silicone oil
ficial increases or decreases of apparent leaf photosynthetiare present in O-ring seals, and in £€artridges, and in
rate depending on the sign of the concentration gradient, witithe match valve of Li-Cor 6400 system, introducing addi-
the effects being especially large for leaves with low pho-tional memory effects and contamination problems due to
tosynthetic capacity (Flexas et al., 2007; Rodeghiero et al.solubilization and evaporation of anthropogenic and biogenic
2007). Such errors in photosynthesis measurements caus#OCs in oil (Geron et al., 2006a).
bias in photosynthesis vs. BVOC emission relations. Further- In addition to significant compound adsorption, the poly-
more, changes in COconcentration and water vapor pres- mers used by default in the commercial systems are perme-
sure within the enclosure will affect stomatal conductanceable to volatile compounds to a certain degree, amplifying
(for classical studies on stomatal responsiveness to envirorthe diffusion problems discussed above. As the result of slow
mental drivers see, Ball et al., 1987; Morison, 1987; Schulzetime- and temperature-dependent decomposition, rubber and
etal., 1987). plastic materials may also constitute a contamination source
In general, the diffusion problems are larger for smaller of VOCs inherent to the material (Ezquerro et al., 2003; Fujii
chambers operated at high flow rates. To reduce the eret al., 2003; Hartman, 1999; Hodgson et al., 1998; Stewart-
rors due to diffusion, chambers with relatively large enclosedJones and Poppy, 2006; Westerhout et al., 1997). Apart from
leaf area fi| ) to exposed gasket surface arelgsf are rec-  tubing and chamber wall materials, adhesive tapes are often
ommended. For instance, large diffusion problems haveused to attach films or tubing to support structures or to attach
been denoted for Li-Cor 6400 2 émrchamber A /Ag ~ heating wires to tubing. This can constitute a further prob-
0.67 cmcnT?), while the errors are considerably less for Li- lem as the adhesives of the tapes can further contribute to the
Cor 6400 6 crA standard chamber(/Ag ~ 1.0cmcnT?), background VOC level. This release of VOCs, together with
or for Walz GFS-3000 8 chstandard chamberA( /Ag ~ re-emission of previously adsorbed plant BVOCs on tubing
1.11cmcenr?) (Rodeghiero et al., 2007). Apart from dif- and chamber materials, generates a high level of background
fusion, adsorption/desorption problems, as outlined belownoise and memory effects and makes the identification and
also scale with the exposed enclosure surface, in particulaguantification of trace emissions difficult. Any adsorption
exposed polymeric gasket surface to enclosure volume raeffect can result in artificial time-lags between the emission
tio, further emphasizing that the use of enclosures with smalfrom plants and detection by BVOC sensors, thus obscur-
volume and large polymeric surface area should be avoideding the emission kinetics. This can be especially annoying
in rapid screening of plant species for BVOC emissions, es-
2.3 Materials used in gas-exchange systems pecially if offline systems involving trapping onto cartridges
are used and baseline emissions of empty sampling system
In addition to diffusion problems, terpene adsorption cancannot be continuously monitored, or if slow-response GC-
occur on chamber walls and gasket surfaces as well as ohased online systems with long sampling lines are used for
system tubing and O-rings. Standard foam gaskets used imeasuring BVOC emission fluxes.
commercial gas-exchange systems initially designed to mon- Adsorption to surface also increases the residence time of
itor CO, and water vapor exchange, such as those manueompounds in the chamber and thus enhances the probability
factured by Li-Cor, Inc., PP-Systems, Inc., ADC Bioscien- of their oxidative destruction. This can be particularly sig-
tific, Ltd., Walz GmbH etc., are made of neoprene (poly- nificant for assessment of highly reactive monoterpene and
chloroprene) rubber (black gaskets used by default), whilesesquiterpene emissions (Fig. 4), especially if atmospheric
the O-rings are made of butyl-rubber. In addition, polyethy- oxidants such as ozone are not removed from the purge air
lene foam (white foam) is also used in manufacturing gas-during BVOC measurements (Sect. 3.2).
kets. Polyethylene and combinations of polyethylene with To reduce the adsorption and diffusion effects, a variety of
other polymers (e.g. Bev-A-Line — polyethylene lined with materials with lower gas permeability and better adsorption
ethylenvinyl acetate) are typical materials for tubing in com- characteristics has been used. A huge number of polymers
mercial gas-exchange systems. All these materials can adwith different brand names are available (Massey, 2003),
sorb significant quantities of organic compounds (Harogop-making the selection of appropriate materials difficult. Fur-
pad and Aminabhavi, 1991). Although the adsorption andthermore, large differences in physico-chemical characteris-
desorption characteristics of polymers used most frequentlyics exist even within the same family of polymers (Sturm et
in emission studies have not been studied quantitatively foral., 2004 for comparison of various polytetrafluoroethylene,
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cone and neoprene rubber is not recommended due to high
Camphene, k = 24 mol mol” s’ permeability and adsorption problems (Geosyntec consul-
1004 y tants Inc., 2009; Hayes et al., 2006). For instance, complete
loss of sesquiterpenes was noted after passage through sili-
;\Z; 80- cone tubing (Helmig et al., 2004). Low adsorption and per-
~ o Sabinene, meability probably make stainless steel, in particular with
GE; 60- k =2370 mol mol” s amorphous silicone coating (e.g. SiIcoS@elSulﬁner@)
g or with electropolished surface, the best material for tubing
3 401 Trans- —ocimege (Arnts, 2010; Geosyntec consultants Inc., 2009; Helmig et
e P 15850 mol m6|'1 ¢ al., 2004). Good recovery of volatile terpenoids has also
N N been observed for copper tubing, but copper tends to ad-
20 IE-ngyzoopéTg"enle o sorb water vapor, which limits its utility in plant physiologi-
= mol mol~ s cal studies where transpiration or conductance are of interest
0 Ll 4 N (Helmig et al., 2004). However, the limitation of metal tub-
0 30 100 150 ing is low flexibility and difficulties in making good seals at
Ozone concentration (nmol mol™) connections. Among polymers, physico-chemical properties

for VOC system construction are generally suitable for rigid
Fig. 4. Comparison of the recovery of terpenes with various reactiv- polymers with low amorphous phase (high crystalline phase)
ity sampled on polymeric adsorbent Tenax TA in atmospheres withfraction such as fluorinated hydrocarbons — PFA (perfluo-
varying ozone concentration (data from Calogirou et al., 1996). Theroalkoxy), FEP (fluorinated ethylene propylen), and PTFE
reactivity of different terpenes is characterized by the atmospherigy ands (e.g. Teflc@ and Chemfluc@) (Geosyntec consul-
reactipn rgte cons_tant for ozoné.( The reaction rate constants as tants Inc., 2009; Hayes et al., 2006). Polyetheretherketone
compiled in Calogirou et al. (1996). ' ' ’ ; .

(PEEK) (Wang et al., 2006 for physico-chemical character-

istics) and certain nylon brands (Massey, 2003 for physico-

chemical characteristics) can also yield satisfactory results
PTFE, such as Tefldh grades). The important points to and are used in VOC sampling systems (Geosyntec consul-
consider for gaskets and O-rings in BVOC studies are gastants Inc., 2009; Hayes et al., 2006).
permeability, adsorption capacity and flexibility (hardness). Eq, gas exchange enclosures (cuvettes), glass, although

Based on comparison of physico-chemical properties angyagile typically has very low adsorption capacity for most
field testing (Geosyntec consultgnts Inc., 2009; Hayes et alyyocs and therefore has been used in many sampling systems
2006; Jasse et al., 1999; Parkinson, 1985; Stewart-Jor_‘e(%eauchamp et al., 2005; Copolovici et al., 2011; Copolovici
and Poppy, 2006; Sturm et al., 2004), preferred polymericy,q Niinemets, 2010: Fuentes et al., 1995ivkl et al.,
materials for gas-exchange and BVOC studies can be outynp7: Matsunaga et al., 2008; Papiez et al., 2009; Rasulov
lined. For gaskets and O-rings, fluorinated hydrocarbonsy ). 2009a; Wildt et al., 2003). Glass cuvettes without
typically have significantly better physico-chemical proper- (Beauchamp et al., 2005; Copolovici et al., 2011 et
ties than polyethylene, silicone, chloroprene or butyl rubbera|_, 2007; Wildt et al., 2003) and with temperature control
(Sturm et al., 2004). Among the recommended materials arg,, e peen used (Fig. 1a, b, Copolovici and Niinemets, 2010;
fluoroelastomers (FKM/FPM) such as certain Vifbfami- Matsunaga et al., 2008; Papiez et al., 2009; Rasulov et al.,
lies (e.g. higher flexibility B and F types) and perfluorinated 2009a). Cuvettes made of stainless steel with glass win-
elastomers (FFPM/FFKM) such as Kalfor Parofluo® dows and polymer seals have also been found to have sat-
as well as polychlorotrifluoroethylene (PCTFE) such as Kel-isfactory terpenoid recovery, although memory effects lead-
F® (for an overview of physico-chemical characteristics of ing to long equilibration times have been noted as a major
various polymers see Rodeghiero et al., 2007; Sturm et al.disadvantage (Helmig et al., 2004). Among recommended
2004). Although some of these materials such as PCTFBpolymers for sampling are transparent fluorinated hydrocar-
have exceptionally low gas permeabilities and adsorption cabon films — like FEP and PFA, or opal PTFE (Te@))) PVF
pacities, disadvantage of polymers with such extraordinarypolyvinylfluoride, Tedla®), PVDF (polyvinylidenfluoride,
physico-chemical characteristics can be excessive hardnespgyna,®, Dyneor@, Sole1®) (e.g. Kesselmeier et al., 1993,
making it difficult to get a good seal (Sturm et al., 2004). 1996: Matsunaga et al., 2008; Niinemets et al., 2002a; Pape
A recommended compromise is the application of commer-; 5 2009: Steinbrecher and Hauff, 1996). In addition,
cially available PFA-covered Vitdh rings, which combine “polyester” (polyethylene terephthalate, PETE) films such as
an acceptaple inner hardness with good sealing propertiemwar@, and Nylon-6 films (so-called “cooking bags”) have
and surface inertness. been often used in chemical ecology (Raguso et al., 2003;
For tubing, flexible polymer tubing with high amorphous Stewart-Jones and Poppy, 2006; Theis, 2006). Significant
phase polymer such as low-density polyethylene, latex, sili-background emissions due to impurities such as phthalates,
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often applied as a softener in polymers, and aliphatic hydro-sorption/desorption rate.Cot times Vs gives the BVOC
carbons were noted particularly for Nylon-6, but also from mass in the systemy is a function of the difference be-
PETE bags, but these interfering emissions could be reducetiveen the compound concentrations in the chamber or tube
by pre-heating and extended purging of the bags with puri-air (approximated byCoyt in the leaf chamber and down-
fied air before the measurements (Stewart-Jones and Poppstream the chamber) and at chamber or tube surf@gg (
2006). After preconditioning, the recovery of volatile com- The wayn scales with this concentration difference depends
pounds for PETE bags was similar to glass, but lower foron compound- and material-specific adsorption/desorption
Nylon-6 (Stewart-Jones and Poppy, 2006). Although rela-isotherms. Equation (4) is a crude simplificatiomasan be
tively inert polymers can be found for branch or whole-plant difficult to predict due to lack of information o@s and the
enclosures, the key problem inherent to such systems is lackhape of the adsorption/desorption isotherms and because, in
of temperature control unless a very high flow-through ratereality, Cout and Cs are not constant throughout the system,
is used, and for non-rigid “bag-type” systems, difficulties in but can vary up- and downstream of the measurement cham-
maintaining enclosure volume and avoiding contact with theber due to plant emission and adsorption/desorption effects.
plant material (rough handling problems, Sect. 2.5). As toln addition, material properties can vary in different parts
the adhesive tapes in BVOC studies, they are best avoidedf the system, and separate adsorption/desorption terms may
but whenever they need to be used, low VOC emission tapebe needed for various components of the system in Eq. (4).
are recommended. Thus, quantitative consideration of the memory effects re-
In general, absolutely inert materials for BVOC measure-sulting from system size and adsorption of BVOC on cham-
ments have not been found, and experimentation with dif-ber and sample line surfaces may be impossible using the-
ferent polymer families marketed under different brands, canoretical models such as Eq. (4), or the models may become
be very costly. Nevertheless, several fluorinated hydrocaroverly complex. In practice, such effects can be considered
bon polymers, stainless steel and glass exhibit superior pey monitoring the rise and decay of BVOC concentrations in
formance over conventional polymers used in commercialan empty measurement system using a stable air flow with
gas-exchange systems, and are therefore recommended fepecified BVOC concentration (Fig. 5, Rasulov et al., 2009a

BVOC measurements. for further details). Such empirical responses can be consid-
ered together with models such as Eqg. (4) to deconvolute the

2.4 Correcting for chamber size and other memory measurement system and plant BVOC emission responses.
effects We again emphasize that water condensation in the system

should be avoided as this would heavily delay the system
Allowing the system to reach a steady-state is the safest Wayesponse, especially for water soluble compounds such as
to avoid problems resulting from system memory effects. methylbutenol and oxygenated monoterpenes (e.g. linalool
However, excessive waiting times, sometimes many hoursgng 1 8-cineole), and alter the system response coefficient.
are needed for very sticky compounds such as sesquiterpengys, under high humidity experimental conditions, applica-
(Helmig et al., 2003, 2004). With development of fast online tjon of tube heating is recommended, specifically for all tub-
BVOC sensors such as PTR-MS, researchers are increasinglfy downstream of the enclosure, where higher humidities
interested in rapid measurementsif as well as in rapid  are expected due to (i) addition of water vapor by transpira-
regulation of BVOC emissions in response to environmentyion and (ji) potentially lower ambient temperatures relative
However, not only do these long waiting times preclude fastyg the sunlit cuvette. Tube heating also reduces the adsorp-

measurements, plant physiological status may change dukion of compounds on tubing surface, thereby speeding up
ing the time needed for the system to reach the steady-statgye system response.

and the emission rate may not be stable throughout the ex-
tended waiting periods (Bertin and Staudt, 1996 for changes g Rough handling
in monoterpene emissions under continuous constant illu-

mination). To disentangle the system and plant effects, thgn species with specialized storage tissues for BVOCs such
change in the mass of the BVOC in the system can, in theyg glandular trichomes (speciesMéntha Salvia Artemisia

simplest way, be expressed as (cf. Eq. 1): Nicotiana etc.), oil glands Citrus, Eucalyptu} and resin
dCoutVs ducts (most commonly in conifers) clamp-on leaf chambers
TR F(Cin—Couw) +ALE+ AT, 4) as well as non-rigid enclosure structures such as inflated

bags may crush and break the terpene storage tissues, arti-
where Vs is the system volume (fn chamber plus sam- ficially increasing the emission rate. In species possessing
ple tubing volume)Coy: is the BVOC concentration in the specialized storage tissues, extremely high emission rates
system (molm?3), Ci, is the BVOC concentration in in- have been demonstrated after mechanical damage (Fig. 6,
coming air, AL (m?) is the plant leaf area enclosed in the and e.g. Loreto et al., 2000). As the half-time for the evapo-
system,E (molm—2s™1) is the plant BVOC emission rate, ration of terpenes from crushed storage pools is typically on
AT is the tubing and enclosure inner area, gnid the ad-  the order of hours to days (Fig. 6, e.g. Loreto et al., 2000;
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Fig. 5. Comparison of the transient responses of empty chamber Time (h)

and chamber with a hybrid aspeRopulus tremulax P. tremu-

loides clone 200) plant included (modified from Rasulov et al., Fig. 6. Effect of mechanical disturbance on monoterpene emis-

2009a). To assess the transient response of the measurement sgsns from a 7 yr old temperate conifeicea abiegdree. The whole

tem, a stable isoprene flow through the chamber was establishetiee crown was enclosed in the chamber (Fig. 2a for the system

using an artificial isoprene source. After the steady-state isopreneverview), and the emissions were monitored over three days. In

flow was reached, isoprene supply was stopped and the system trathe morning of day 2 the tree was shaken for 3 min (denoted by an

sient response was recorded. In the case of measurements with tlagrow), causing a sudden increase in the emission rates by almost

plant, the plant was kept at given environmental conditions (light in- two orders of magnitude. The inset shows the emissions on a log-

tensity of 500 pmol m2s1, temperature 28—-3TC) until a steady-  arithmic scale, emphasizing that the emissions were still elevated

state emission rate was established. After reaching the steady-statiyo days after the mechanical stress. Dark periods are denoted by

light was switched off, and the postillumination isoprene releasehorizontal bars (modified from Staudt, 1997).

recorded. The empty chamber system-specific response curve was

scaled to given plant isoprene emission rate at steady-state condi-

tions. Isoprene emission rate was measured with a Fast Isoprengnd acetic acid emissions from several plant species were

Analyzer equipped with ozone generator (Hills Scientific, Boulder, reported by Kesselmeier et al. (1998) for several hours af-

CO, USA). The inset shows the 41 glass chamber used in these eXer enclosure of the sample. Artificially elevated emissions

periments (flow rate was 41 mirt). together with induction of emissions imply that mechani-
cal damage makes reliable estimation of constitutive terpene

emission potentials impossible. To avoid damage of the stor-

Schuh et al., 1996), such artificial emissions can result inyge hools of terpenes, rigid chambers enclosing the entire
serious errors in derivation dfs values. In species with

shoot in needle-leaved species or entire leaf in the case of

specialized storage tissues_, there is_also evid_ence of Signifbroad-leaved species should be used for measurements in
cantly elevatet_j terpene emissions with slow tlme-dependenépecies with specialized terpene storage tissues. In addition,
decay after foliage enclosure in clamp-on chambers. In facteigjes and shoot axes should be sealed in the leaf chamber

in the pivotal study by Guenther et al. (1991), used t0 de-y i great care, ideally at least 24 h before the measurements

velop the terpene emission model from vegetation (Sect. 4.1, 0id release of volatiles from the site of petiole or shoot
for Guenther et al. algorithms), time-dependent reductions inyis enclosure after removal of interfering needles/leaves and

monot_erpene emission rate were observgd after enclosure %ild shoot axis compression. Ways of preparing the site of
the foliage of the model specieSycalyptusin the measure- enclosure can include wrapping the shoot axis or petiole part

ment cuvette. . .
o remaining under the seal by inert tape (e.g. TéHaape ,
The emissions after damage eventually cease as the ex: g y pe (e.9 pe)

: o using low-emission glues etc.

posed terpenes evaporate and the wounding site is progres-

sively sealed by oxidized terpenoids (Loreto et al., 2000).

However, mechanical damage itself induces de novo syn3 Problems of sampling and calculation of emission

thesis of a variety of BVOCs, including rapid production of rates

volatile compounds of lipoxygenase pathway such as sev-

eral G aldehydes (green leaf volatiles) (e.g. Matsui, 2006; Apart from the measurement systems, large uncertainties, in-
Vuorinen et al., 2004), and a variety of terpenoids (Fig. 6,cluding lack of detection of some compounds, can be as-
Litvak and Monson, 1998; Vuorinen et al., 2004; Wang andsociated with sampling methodology. While fast BVOC

Lincoln, 2004). Similarly, substantially increased formic sensors for online measurements such as chemiluminescence
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detection for isoprene (Hills and Zimmerman, 1990) andof chamber air through adsorbent cartridges. The trapped
proton transfer reaction mass-spectrometry (PTR-MS) forBVOCs are subsequently eluted from the adsorbent, usually
methylbutenol, isoprene, and total mono- and sesquiterpendsy one or two stage thermodesorption, resulting in flash in-

(Lindinger et al., 1998a, b) are available, and higher masgection of the total amount of sampled BVOCs into the ana-

resolution techniques such as time-of-flight (TOF) mass-lytical system (Ciccioli et al., 2002).

spectrometry (PTR-TOF-MS, Bamberger et al., 2011; Cap-  cartridges for BVOC sampling are made of glass or stain-

pellina et al., 2010) are becoming available, quantitative andess steel internally coated with fused silica and contain a
qualitative separation of mono- and sesquiterpene speciegefined amount of adsorbent(s) for BVOC trapping. The re-

with the same molecular mass requires gas-chromatographigirements for the solid adsorbents for sampling volatile iso-

separation, for which samples need to be concentrated. Ga%‘renoids are simple: they should retain at ambient temper-
chrorr_]at_ographic_ analysi; is also recommended to avoid artixires the largest number of compounds ranging from C5 to
facts in isoprenoid emission measurements by PTR-MS dug:15 present at ppt to ppb level in ca. 5| samples. At the same
to protonated parent ions or fragment ions with the Se®  {ime, they must be able to quantitatively release all of them at
as the isoprenoid studied. For example, methylbutenol anqemperatures that prevent possible decomposition of BVOCs
several other alcohols and aldehydes can form fragment ion§v25ooc)_ The adsorbents used in BVOC studies can be
with m/zof 697, i.e. with the samen/zas the protonated par- polymer-resin based such as Te@aYA, graphitized carbon

ent ion for isoprene (Fall et al., 2001; Karl et al., 2001), and
several C6 aldehydes and monoterpenes can form fragmen sla_CkS such as Carbopa@kCarbotraS‘) and Carbograp@,

with m/z81+ (Fall et al., 2001; Ishizuka et al., 2010). resin-derived carbon molecular sieves such as Carlfxen

Here we describe several caveats associated with samplingarbos'e\/@ or combln(r-)@ci polymer resm/ graphitized carbon
on cartridges as this is the methodology most Commomyadsorbents such as TertaxsR. The choice of adsorbent for

used for quantitative BVOC emission studies. Although elec-BYOC sampling depends on the compounds under investi-
tropolished stainless steel canisters or bags made of inefation and on the measuring conditions. Lower molecular
materials can also be used to store air samples (e.g. Ap&¥€ight highly volatile isoprenoids such as isoprene require
et al., 1999: Janson et al., 1999: PladsBer et al., 2006: the use of stronger polymeric or graphitized carbon-based
Wang and Austin, 2006) with the advantage that no adsorp_adsorbents yvith Iarge.r specific surface area tq avoid bregk—
tion/desorption steps are needed, they are not commonijrough during sampling (for surface area estimates of dif-
used for field BVOC measurements due to their high cost, erent adsorbents see e.g. Ciccioli et g.l., 2002; Dettmer and
extra precautions needed to avoid leaks, difficulties in eval-ENgewald, 2002). For isoprene, graphitized carbon based ad-
uation of compound losses during storage, and problems ig°rPents with large specific surface area (100-50g™)
coupling canisters to open gas-exchange systems, especiaffy!Ch @s Carbotrap B, Carbopack X and Carbograph 5 or car-

for replicate measurements (for possible caveats see Apel &N molecular sieves such as Carboxen 569 have been used
al., 1999: Batterman et al., 1998: Plasghier et al., 2006: successfully (Brancaleoni et al., 1999; Dettmer et al., 2000;
Wang and Austin, 2006). Larstad et al., 2002; Loivaaki et al., 2008; Loreto et al.,

After measurement of BVOC concentrations, emission2001)'

flux rates need to be computed. Calculations for photosyn- However, adsorbents used for isoprene are not necessar-
thesis and transpiration rates have been elaborated in thi#y suitable for less volatile isoprenoids such as mono- and

plant physiological literature (Ball, 1987; von Caemmerer sesquiterpenes that can be bound too strongly or even irre-
and Farquhar, 1981), but little attention has been paid to calversibly to strong adsorbents, such that their release during
culations of BVOC emission rates. Here we highlight the thermal desorption would require excessive temperatures. In
effects of BVOC ambient air concentrations, BVOC buildup practice, such high temperatures result in compound ther-
in the measurement enclosure and the influences of changégodestruction and condensation, leading to major compound

in water vapor concentration on BVOC flux calculations.  losses. For instance, rearrangement of monoterpenes at high
temperatures needed for desorption has been noted for adsor-
3.1 Caveats with sampling on cartridges bents with high surface area such as polymeric adsorbents

(Chromosorb 101, 103, 105, 106, and Ambersorb XE340,
In the absence of real-time portable on-line BVOC analyz-surface area 400-800%g~1) as well as for carbon molecu-
ers, Es measurements in the field commonly combine trap-lar sieves (Spherocarb with surface area of 73@mt, Car-
ping of BVOC from plant enclosures with subsequent off- boxen 569 with surface area of 485gr?) (Cao and He-
line analysis in the laboratory. With real-time fast analyzerswitt, 1993; Coeur et al., 1997; Matisavand Skrakako\a,
such as PTR-MS that cannot distinguish between compound$995; Riba et al., 1985). Decomposition of monoterpenes
with the same molecular mass, off-line analysis by gas-at high temperatures has also been noted for strong graphi-
chromatographic systems is also needed to identify emittedized carbon based adsorbents such as Carbotrap B (surface
mono- and sesquiterpenes. For practical purposes, BVOCarea 100 rAg~—1) (Cao and Hewitt, 1993; Rothweiler et al.,
are most commonly trapped by passing a known volumel991) and for carbon molecular sieves such as Carboxen 569
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(Coeur etal., 1997). Therefore, other adsorbents such as Caaddition, adsorbed water can lead to terpene rearrangements
botrap C (10rAg~1) and Tenax TA (35 rhg—1) with lower during desorption (Zabaras and Wyllie, 2002). As water ad-
surface area are commonly used for quantitative samplingorption scales with atmospheric humidity (Helmig and Vier-
and recovery of higher molecular weight isoprenoids (Arnts,ling, 1995; Ortega and Helmig, 2008), sampling in the field
2010; Helmig et al., 2004). where atmospheric humidity is often high can be particularly
On the other hand, adsorbents suitable for sesquiterpenggoblematic. In addition, to maintain high plant physiologi-
have little capacity for isoprene adsorption, and thus, havecal activity, measurements of plant gas exchange and BVOC
low breakthrough volumes for isoprene. To efficiently cap- emissions are preferably made in humidbQ % relative hu-
ture a broad range of compounds, multi-layered adsorbenmidity) chamber atmospheres, i.e. in atmospheres with high
cartridges combining several size fractions and/or types ofnough humidity that can result in large amounts of water
adsorbents have been used (Brancaleoni et al., 1999; Ciccadsorbed, leading to serious problems (Gawrys et al., 2001).
oli et al., 1992, 1993, 2002; Copolovici et al., 2009; Llusi Moderate heating up of the traps during sampling can sig-
and Péuelas, 2000; Mastrogiacomo et al., 1995). Whennificantly reduce water adsorption (Gawrys et al., 2001), but
using multi-adsorbent traps, the amount of each adsorbeninfortunately, also BVOC adsorption. Traps filled with wa-
must be sufficient to trap quantitatively the diverse com-ter absorbing chemicals can be used in front of the BVOC
pound classes under all sampling conditions. For instanceadsorption cartridges, but these can lead to compound losses
as compound volatility increases exponentially with temper-and memory effects (Dettmer and Engewald, 2003). Alter-
ature, the breakthrough volume of any adsorbent is strongly\atively, Naﬁo@, a copolymer of PTFE (Teﬂ(@]) and sul-
temperature dependent (principle of thermodesorption) andonated tetrafluoroethylene, membranes have been used to
this should be considered in construction of cartridges forremove the water vapor with good VOC recovery in most
field sampling. For multi-bed cartridges, it is also critical cases, except for smaller volatiles that may also penetrate
to respect the flow directions during sampling and desorp-the membrane (Dettmer and Engewald, 2003; Palluau et al.,
tion. During sampling, air should first pass through the weak-2007).
est adsorbent, followed by increasingly stronger adsorbents,

while the flow direction should be reverse during desorption., Stab|I|ty.of (j_lﬁerent adsorbents also varies w!dely, with
important implications for repeated use of cartridges. Re-

In general, different adsorbents with similar surface area ted heai les during th d i d
and mesh size have broadly similar compound adsorptiorPeae cating cycles during thermodesorption and precon-

efficiencies (Ciccioli et al., 2002; Dettmer and Engewald, ditioning can lead to (_jecpmpo_sm_on of polymeric adsorbents
uch as Tenax, resulting in shrinking of the adsorbent (but see

2002). However, there are several key differences amon ) X -
various adsorbents with important implications for field sam-(i‘mts’.zom’ Helmig Et. al., 2004.)' For quantitative BVOC
sampling, any adsorption material must be homogenously

pling. In particular, different adsorbents vary greatly in wa- - :
ter vapor adsorption capacity (Dettmer and Engewald, 2002,paCked in the cartridges and secured ‘T"t both ends by glass
wool to ensure the passage of sample air only through the ad-

Helmig and Vierling, 1995). Typically, graphitized carbon ) )
; ; . sorbent column and avoid any bulk flow leaks (channelin
blacks and Tenax-type of polymeric adsorbents, which reta'gbypassing the adsorbent ngever i impo(rtant o CO?])-

molecules by pure physical adsorption and do not tend t sider that the glass wool itself can function as an adsorbent
form hydrogen bonds with water (hydrophobic adsorbents),(Amts, 2010). In addition, cartridge wall material can affect

have low water adsorption capacity, while carbon molecularth d Il due to ad " d chemi
sieves have high water adsorption capacity (Ciccioli et al., € compound recovery as wetl due o adsorption and chemi-
2002; Dettmer and Engewald, 2002, 2003; Gawlowski et aI.,CaI rt_aactlons_ onwall sgrface (Arnts,_2010). To further reduce
1999; Helmig and Vierling, 1995), likely reflecting the pres- the .”Sk of air-channeling an(_j reactions on the wall ;urface,
ence of surface oxides in carbon molecular sieves leading t ertical arrangement of cartridges during both sampling and

hydrogen bond formation (Dettmer and Engewald, 2002) Orzhoeogesgrptlfnl proc?du:e IS rgcqmmende:j éer.]g. ifuhn etl al.,
due to generation of strong adsorption fields inside the micro- )- Due to loss of volume during repeated heating cycles,

pores of 5-A as the result of overlapping dispersion forces polymeric adsorbent cart_ridges have to be regu_larly repacked
of neighboring pore walls (Ciccioli et al., 2002; Gawlowski or replaced. For pplymenc adsorbents susceptible to volume
et al., 1999). For adsorbents with high water affinity, wa- changes, adsorption tubes made of glass are recommended

ter vapor can reduce BVOC adsorption efficiency by block- 85 th.ese allow for visual inspection of the condition of the
ing adsorption sites and thus, reducing the surface area avaiRaCkmg'

able for BVOC adsorption (Ciccioli et al., 1992; Helmig and  In summary, a wide variety of adsorbents and adsorbent
Vierling, 1995). Presence of adsorbed water can also cremixtures has been used in the past, and is currently being
ate large problems in gas-chromatographic analysis, includused in different laboratories. Although BVOCs of inter-
ing clogging cryo-focusing traps with ice, shifts in retention est can be efficiently captured and desorbed using different
time as well as interference with compound detection (Ci-adsorbents or different mixtures of adsorbents (Brancaleoni
ccioli et al., 1992; Gawrys et al., 2001; Helmig and Vier- et al., 1999; Ciccioli et al., 2002; Helmig et al., 2004), all
ling, 1995; McClenny et al., 2002; Palluau et al., 2007). In adsorbents are vulnerable to artifacts and analytical problems
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as no perfectly inert adsorbent exists in nature. Combiningoe limited. Although this method can reduce the losses of
different adsorbents in multibed cartridges as well as usingalready trapped BVOCs, it does not remedy for losses in-
less hydrophobic adsorbents can minimize such potential arevitably occurring within the gas-exchange chamber before
tifacts. Unfortunately, it is virtually impossible to retrospec- trapping unless ozone is removed from the air entering the
tively assess the error iRs determinations in past studies cuvette.

due to problems with compound adsorption. As oxidant scrubbers are commonly positioned in front of
the plant chamber, such effects are more of a problem for
3.2 Sampling in polluted atmospheres measuring ambient air BVOC concentrations than for enclo-

sure studies. So far, a variety of oxidant, in particular, ozone
BVOC sampling in polluted atmospheres can constitute antraps has been suggested (Bates et al., 2000; Calogirou et al.,
other challenge due to artifact formation and significant 1997a; Ciccioli et al., 1999; Helmig, 1997; Hoffmann, 1995;
losses of highly reactive compounds such as certain monoOrtega and Helmig, 2008; Pollmann et al., 2005), but dif-
and sesquiterpenes. In particular, the polymeric adsorberferent traps have varying efficiency of ozone-capture and can
Tenax has been shown to react with ozone and NSulting  themselves lead to artifact formation as the result of reactions
in formation of artifacts (Clausen and Wolkoff, 1997; Kleng with VOCs sampled as well as adsorption/desorption effects
etal., 2002; Lee et al., 2006; McClenny et al., 2002). Apart(Fick et al., 2001; Helmig, 1997; Helmig and Greenberg,
from reactions of air pollutants with polymer molecules, ox- 1995). For monoterpene sampling, most ozone traps seem
idation of sampled BVOC can occur on adsorbent surfaceto perform well (Fick et al., 2001), but it has been observed
For instance, sampling at an ambient ozone concentratiothat commercial manganese dioxide scrubbers can result in
of 50nmolmof? led to complete loss of highly reactive adsorption effects if the air is completely dry (U. Kuhn et al.,
p-caryophyllene, but only to a minor loss of the less re- unpublished data, 2004); and complete loss of some mono-
active limonene (Fuentes et al., 2000). Surface-oxidatiorand sesquiterpenes even in ozone-free atmospheres has also
of sampled BVOC molecules has been observed for botlbeen shown (Arnts, 2008; Pollmann et al., 2005). A promis-
Tenax (Calogirou et al., 1996; Lee et al., 2006) and carboning method to control ozone is the addition of a low flow of
based adsorbents (Carbopack B, Carbosieve lll etc.) (Fig. 4eactive hydrocarbon not produced by plants, such as trans-
Bates et al., 2000; Calogirou et al., 1996; Lee et al., 20062-butene, into the air stream, effectively scavenging the bulk
McClenny et al., 2002; Palluau et al., 2007; Pellizzari and of the ozone, while not interfering with gas-chromatographic
Krost, 1984; Pollmann et al., 2005). Although it has beendetection of BVOC (Arnts, 2008).
stated that decomposition of BVOC is less of a problem on Efficiency of BVOC storage on cartridges also varies for
carbon-based adsorbents (Larsen et al., 1997), Poliman elifferent adsorbents. Dettmer et al. (2000) demonstrated
al. (2005) observed that some reactive sesquiterpenes wefarge losses of isoprene on carbon molecular sieve adsor-
decomposed to a similar degree whether trapped on Tenalgents (Carboxen 569, Carboxen 1003 and Carbosieve SllI)
TA, Tenax GR, or Carbotrap C and Carbotrap B (previouslyeven after only 24 h storage, but no losses from the graphi-
marketed as Carbotrap). Sesquiterpene oxidation results itized carbon adsorbent Carbotrap X. Analogous results were
the formation of oxidized sesquiterpenes and formaldehydebtained by larstad et al. (2002). This may indicate decom-
(Calogirou et al., 1997b), and such oxidized decompositionposition reactions taking place with adsorbent surface oxides,
products may be erroneously considered to be plant emisirreversible adsorption (Dettmer et al., 2000), and polymer-
sions. The oxidation or thermal decomposition problemsization (Dettmer and Engewald, 2002, 2003) in the carbon
may explain observed emissions of compounds consideregholecular sieve adsorbents. Keeping sampled traps at tem-
non-biogenic such as reported toluene emissions from plantperatures below @C significantly slows down BVOC degra-
(Heiden et al., 1999). dation, and is recommended to limit decomposition losses

Even for less reactive compounds, decomposition lossesluring cartridge storage (Ciccioli et al., 2002).

on cartridges can be large if the samples are stored over long Apart from adsorbent-adsorbate reactions occurring in-
periods extending several days to weeks. The decomposside the cartridges, decomposition reactions also occur in
tion losses lead to overall underestimation of the emissiorthe gas-phase within the measurement chamber as well as
rates, and can also strongly distort the emission signaturesin chamber wall surface, especially when water conden-
specifically reducing the concentrations of more reactive iso-sation occurs, leading to liquid-phase oxidation reactions.
prenoids (Calogirou et al., 1996). Such decomposition losseSuch reactions are of particular concern for enclosures with
of BVOC can be reduced for any type of cartridge packinglong air turnover times, where BVOC concentrations build
if ozone and water are removed from traps immediately afterup (Sects. 3.3 and 3.4). Wall losses due to selective ad-
sampling. This can be achieved by purging the trap with a dessorption and partition processes can be particularly severe
fined amount of an inert gas such as helium or pure nitrogerfor some polar monoterpenoid compounds, such as linalool,
(Oliver et al., 1996; US Environmental Protection Agency, menthol or 1,8-cineol (eucalyptol), as they tend to stick on
1999). By reducing the contact between adsorbed BVOCsolid surfaces and dissolve into water droplets more readily
and ozone, losses arising from long-time storage can alsthan non-polar compounds. Thus, BVOC concentrations

Biogeosciences, 8, 2202246 2011 www.biogeosciences.net/8/2209/2011/



U. Niinemets et al.: Estimations of isoprenoid emission capacity from enclosure studies 2223

may significantly decrease due to such decomposition reacaus sylvestriforest, ambient air monoterpene concentrations
tions before compound adsorption on the adsorbents. Thiss high as 0.5—-1.5 nmol mdl were observed (&sanen et

can significantly reduce the apparent emission rate of reacal., 2008). In disturbed forests, the concentrations can in-
tive isoprenoids, in particular for chambers operated withcrease to more than 3nmolmd| for instance after clear-
long air residence times (Kulmala et al., 1999). Such reac-<utting (Raisanen et al., 2008) or in resin-tapped pine forests
tions can also increase the apparent emission of compound®io and Valente, 1998). To correct for the background
produced secondarily from primary emissions (Neeb et al.concentrations, ambient air can be sampled and concentra-
1996). Models can be used to determine the chamber BVOQions subtracted from those measured in air exiting the cu-
concentrations in the absence of atmospheric oxidants (Kulvette. Although the air entering the cuvette is often sam-
mala et al., 1999; Neeb et al., 1996), but application of thesepled to estimate the background concentration, a true back-
models is subject to significant uncertainties due to lack ofground estimate is obtained by sampling the air exiting the
pertinent rate coefficients as well as difficulties in determin- sampling chamber without leaf (BVOC concentratiofy,,

ing OH and NQ radical concentrations. Clearly, use of ox- molBVOC m~3). In this way, possible background due to
idant traps in front of the plant chamber is recommendedBVOC adsorbed on the sampling system surface can be ac-
to gain insight into plant capacity to emit BVOC. From a counted for. Ideally, the background sample is taken before
cautionary perspective, chronic ozone exposure itself can afand after taking the sample with the leaf enclosed. Simulta-
fect the leaf’s capacity for isoprene and monoterpene emisneous use of two cuvettes, one enclosing the plant and one
sions (Velikova et al., 2005a, b), and removal of ozone wouldreference (empty) cuvette can also be used (Fig. 1d), avoid-
abolish such effects. However, modification of foliage ca- ing the problem with possible temporal variation of incom-
pacity for isoprene and monoterpene emissions by ozone igg air BVOC concentration that can occur if the blank sam-
typically time-consuming, taking from several hours (for ex- ple is taken before or/and after sampling with foliage en-
ceptionally high ozone concentrations) to days (Loreto andclosed. However, in such a case, possible memory effects of
Schnitzler, 2010), and thus, the effects of ozone removal orthe empty chamber due to former presence of foliage cannot
the emission capacity are of concern only for longer termbe assessed.

measurements. Determining the concentration of BVOC in the exhaust
air with the leaf enclosed Xout), the emission ratek
3.3 Influence of ambient BVOC air concentrations on (molm—2s71) is given as:
calculation of emission rates
E — (XOUI_ Xln) F, (5)
In field environments, when ambient air is used, background AL

atmospheric BVOC concentrations and air pollutants can in- N 31
. : . where Al (m°) is enclosed leaf area, anl (m®s™) is
terfere with the measurements. For isoprene, daytime am-

bient air concentrations as high as 2—10 nmolThdjppb) Fhe flow rate through. the measuremgnt systemé Convert-

can be observed above vegetation in rural sites dominate 9 BVOC concentrations to r_nolqr u_mts (nmolmo), the

by broad-leaved evergre&ucalyptugplantations (Cerqueira uild-up of BVOC concentration .|nS|de the chambed,

et al., 2003), evergreen conifétbies borisii-regisforests can be expressed from Eq. (5) as:

(Harrison et al., 2001), mixed deciduous broad-leaQeer- EAL

cusand evergreeduniperuswoodlands (Wiedinmyer et al., A9 = (Gout—0in) = o (6)

2001), mixed deciduous broad-leaveapulusand evergreen m

Picea forests (Tiwary et al., 2007), and at remote tropi- whereooy is the BVOC concentration (nmol niot) in the

cal rain-forests during wet season (Kesselmeier et al., 2000zuvette exhaust air ang, that in incoming air, and, is the

2002). Isoprene concentrations as high as 30 nmatfnol molar flow rate (molst). Thus, for a moderately high iso-

have been observed above remote tropical rainforest ecosyprene emission rate of 30 nmolrhs™1, enclosed leaf area

tems during the dry season (Kesselmeier et al., 2002). of 6.c? (Li-Cor 6400 standard cuvette) and a flow rate of
In the case of monoterpenes, ambient air concentration§00 pmols?® (~0.67 standard Imint) typically used with

during the day are significantly less, typically between the Li-Cor 6400 system, the predicted isoprene buildup in the

0.2-0.7 nmolmot?! in rural sites supporting monoterpene- chamber is 36 nmol mok. For a moderate emission rate of

emitting species (Cerqueira et al., 2003; Filella antitRdas, 5nmolnT2s™1, Ao is 6 nmolmot, and for a low emission

2006; Harrison et al., 2001; Kesselmeier et al., 2000, 2002)rate of 1 nmolm2s~1, Ac is only 1.2 nmolmotl. Thus,

mainly as the result of lower emission rates and rapid re-the Ao in low and moderate emitters can be of the same mag-

actions with OH radicals and ozone in the case of most renitude as ambient air isoprene concentrations. Consequently,

active monoterpenes (Harrison et al., 2001). A few studieseven small fluctuations in ambient BVOC concentration, on

have looked at ambient concentrations inside the vegetatiothe order of 0.5—1 nmol mol, can result in large uncertain-

canopy, and these data suggest that much higher concentrties in the estimation of emission potentials under high am-

tions are present within the vegetation. In undisturBéd  bient background conditions for low to moderate emitters.
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Although ambient monoterpene concentrations are typicallywhereK ow (mol mol1) is the octanol to water partition co-
lower than those of isoprene during the daytime, monoter-efficient that approximately converts liquid-phase concentra-
pene emission rates are frequently small, and ambient aition to lipid-phase equivalent concentration. Whgms> o,
monoterpene concentrations of 0.5—-1.5 nmolmhetill lead ambient BVOC concentrations and mild BVOC build-up in
to analogous problems in measuring monoterpene emissionthe cuvette do not significantly affect isoprenoid emission.
To remedy the problems with high background concen-However, in weak emitters and non-emitters, the values of
trations, incoming air can be scrubbed of BVOC along with ando; may be similar. Whew; = o5, there is no net emis-
ozone using scrubbers, e.g. charcoal filters (Geron et alsion from the leaves, i.e. BVOC uptake and emission rates
2006b; Manes et al., 1999; Okumura et al., 2008) or catalyticare equal (BVOC compensation point). Whgnc o5, plants
converters (pure air generator), or alternatively, synthetic aimwill absorb BVOC from the ambient air. For instance, ter-
can be used. Nevertheless, it is important to be aware thgtene uptake from the ambient air has been measured both in
most methods for gas cleaning provide zero air with certainnon-emitting and emitting species (Copolovici et al., 2005;
background of impurities. In some cases, the hydrocarboriNoe et al., 2008).
background can be moderately high such as for the synthetic From Egs. (7) and (8), it becomes clear that the degree to
air prepared from technical grade ND> and CQ (common  which the ambient gas-phase BVOC concentrations can af-
in photosynthesis measurements) relative to the synthetic aifiect emissions depends on the compound partitioning to leaf
prepared using GC-grade component gases. In addition, difiquid and lipid phases, i.e. the capacity @fto rise above
fusion of BVOCs from the ambient air into the measuremento,. A compound that is strongly partitioned to leaf liquid
enclosure can still result in background air effects under par{low H) and/or lipid phases (higikow) supports lowew;

ticularly high ambient BVOC levels. and accordingly, the equilibriumy = o4 is reached at lower
ambient BVOC concentrations. Isoprene and most terpenes
3.4 Effects of BVOC buildup in the measurement are preferably partitioned to the gas phase, but can be sig-
chamber on calculated emission rates nificantly stored in the leaf lipid phase, while oxygenated

) o ) ) terpenes support a much lower gas-phase concentration for
As seen above, high emissions coupled with relatively 10w i en |eaf liquid and lipid phase concentrations (Copolovici

flow rates can lead to a large buildup of BVOC in the enclo- 54 Njinemets, 2005). Thus, significant ambient air concen-

sure. BVOC buildup in the cuvette may potentially inhibit a4i5ns more readily affect the apparent emission rates of
the emission rate, and may even result in BVOC uptake abxygenated terpenes.

very high_cuvette BVOC concentrations. In a steady-state, The use of synthetic air or scrubbed air without BVOC
the emission rate, can be expressed in dependenc;e'on Cu'may also be criticized on the grounds that low BVOC con-
vette BVOC concentratiom, (0a=ooutfor turbulent mixing .o yrations inside the chamber produce an artificial plant
n the c_uvette asis typlca_l n most system_s), BVO(.: concens, atmosphere BVOC gradient, and that this results in an
tration in the_ gas-phase_ m_mtercellular air space inside theoverestimation of natural emission rates. In contrast, use
Iea(; (I(';i) %ndr:n the leaf I'(éu'dt phaser(), ?:Tg itfr?atalgS) of ambient air can even result in reversal of the flux direc-
and liquid-phaseg() conductances (molnt s for spe- tion in the case of strong deposition velocities, especially

cific BVOC species (Niinemets and Reichstein, 2003b): for compounds with high potential deposition rate such as
oi highly lipid-soluble terpenoids and highly water-soluble oxy-
E =gs(0j—0a) = gL (UL—H_>a (7)  genated compounds (Bamberger et al., 2011; Karl et al.,
o 2005; Noe et al., 2008). However, as shown above, in reality,
where Hee (molmol™1) is the dimensionless Henry’s law this is only a potential problem in species with low emission
constant (gas-liquid phase partition coefficient) that convertgates that can build up only a low chamber BVOC concentra-
the gas-phase concentration to liquid-phase equivalent cortion close to or below typical ambient concentrations.
centration. Implicit in this equation is that the diffusion  While the compound buildup is generally moderate in dy-
flux of BVOC occurs through stomata. This assumption hasnamic flow-through systems (but dependent on flow rate),
been experimentally verified for isoprene and monoterpenesnuch larger BVOC build-up occurs in static (closed) sys-
where bulk of the emission flux occurred through the leaftems. In the static system, the emission rate can be derived
lower side harboring the stomata (Fall and Monson, 1992;assuming a constant rate of emission during the sampling:
Loreto et al., 1996). In addition, very low cuticular monoter-
pene permeabilities have been demonstrated (Schmid, 1991), _ AX8Vs ©)
Analogously,E can be expressed in dependence on lipid- ALAr

(oLip) and liquid-phase concentrations, and lipid-phase con- s .
ductance £Ljp) (molm-2s-1) to given BVOC species (Ni- Where AXg (nmolmr?) is the buildup of BVOC volumet-

inemets et al., 2002b): ric concentration in the enclosure (difference between the
concentrations inside and outside the enclosuvg),(m?3)
E = gs(0i—0a) ~ gLip (aLip—aLKOW), (8) is the enclosure volume anflz is the time for sampling.
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This equation is valid only when the compound concentra-when ROS concentration is expected to be high, and stomata
tion is far from saturating concentration. In fact, for most are closed, an increase in BVOC concentrations inside the
common plant BVOCs, the saturating concentrations are relfeaves may imply that the leaves become a stronger biochem-
atively large. For instance, at 26, the saturating concen- ical sink for BVOC. In addition to storage inside the leaves,
tration is 0.727 mol mol* for isoprene and 5840 pmol mdl there can be further BVOC deposition on leaf surfaces, e.g. in
(ppm) for a-pinene (Copolovici and Niinemets, 2005 for a the cuticular wax (Guth and Frenzel, 1989), further reducing
review of vapor pressures of key plant VOCs). Given anapparent emission rate. Huge bag concentrations also result
emission rate of 30 nmolnfs~1 from an enclosed foliage in an extensive diffusion gradient between the bag and out-
area of 300 crh(0.03 n?) in 41 bag for 10 min, and zero am-  side air, making the closed system very vulnerable to diffu-
bient BVOC concentration, BVOC concentration in the bag sion leaks.

will rise to a value of 3024 nmolmof (ca. 3ppm). This The capacity of plants to store non-oxygenated terpenes
concentration is small compared with the saturating concent, the |eaf lipid phase and oxygenated terpenes in the liquid
tration, but is still much larger than observed in ambient at-phase implies that terpenes may be exchanged with ambi-
mospheres under normal conditions, leading to a large equignt ajr even by species not synthesizing them. If ambient
librium concentration inside the leaf. _ . concentrations are high, uptake can occur, and these com-
A crude estimate of the underestimation of the emissionyounds may then be re-emitted when ambient concentrations
rate due to BVOC buildup can be obtained by determin-are |ow (Himanen et al., 2010; Niinemets, 2008; Noe et
ing the within-leaf storage of the synthesized BVOC af- | 2008). When the foliage of “non-emitting” species that
ter enclosure of the foliage in the bag (Kirschbaum et al.,has previously been exposed to ambient air with significant
2007 for calculations). Assuming a leaf dry mass per unitgyoc concentrations is enclosed, and synthetic air with no
area of 90gm?, leaf tissue density of 0.4gcr, total  ByOC or ambient air with lower than the equilibrium is
plant mass in the bag will be 2.7g and total plant volume peing used, apparent emissions of monoterpenes have been
6.75cn?. Assuming further that leaf air space volume frac- gpserved from the foliage of species incapable of synthesiz-
tion is 0.3n¥ m~2 (Kirschbaum et al., 2007; Niinemets and ing the terpenes themselves (Himanen et al., 2010; Noe et al.
Reichstein, 2003a), leaf dry to fresh mass ratio is 0.499  2008). Such effects may partly explain why some species are
(Poorter et al., 2010) and crude leaf lipid content is 5% andiound to be low-level terpene-emitters in certain studies but
given the lipid density of 0.8 gcr? (Noe et al., 2008), leaf  not in others, and may also explain trace-level emissions of
gas-phase volume is 2.03 €ntiquid volume is 4.05chiand  compounds considered anthropogenic in origin.
lipid volume 0.17 cr. Using the values o and Kow for
isoprene (Copolovici and Niinemets, 2005), the amount of ) .
isoprene stored in leaf gas, liquid and lipid phases is 2.3nmof->  Consideration of water vapor effect on calculated
that corresponds to ca. 0.5% of that synthesized in the bag ~ €Mission rates
during the 10 min time period. In contrast, for more-lipid sol-
uble«-pinene (Copolovici and Niinemets, 2005 for physico- So far, we have not considered the effect of water vapor con-
chemical characteristics), the corresponding value will becentration on the calculation of emission rates. However,
ca. 123 nmol, i.e. 22 % of the total amount (that inside thewater vapor is the third major component of the atmosphere
leaf + that in the bag) synthesized, leading to a very large unafter Nb and G with concentrations typically varying be-
derestimation of-pinene emission. Of course, this is a very tween 1-5%. After leaf enclosure in the chamber, water
simplified calculation not considering possible inhibition of vapor concentrations increase as the result of plant transpi-
BVOC synthesis by product buildup inside the leaves thatration. As the saturated water vapor concentration increases
can reduce the emissions much more dramatically (for in-exponentially with temperature, plant transpiration rate com-
hibitory effect of terpenes on metabolism see e.g. Copolovicimonly increases with increasing temperature, even if the clo-
et al., 2005; Gog et al., 2005; Klingler et al., 1991). Even sure of stomata at high temperature partly inhibits the rise
if the BVOC concentration inside the chamber is far from of transpiration rate. Thus, the increase in chamber water va-
saturation, such an inhibition of BVOC emission by product por concentration is particularly dramatic in non-temperature
buildup would lead to a non-linearity of BVOC concentra- controlled cuvettes where temperature also increases after
tion increase in the chamber that can be detected by on-linéoliage enclosure, especially in low turbulence conditions
analyzers such as PTR-MS. (Fig. 2). For BVOC emission rate calculations, it is important
These calculations also do not consider the possible conto recognize that the increase in water vapor concentration
sumption of BVOC inside the leaves. Although there is ap-dilutes chamber BVOC concentration and thereby reduces
parently no rapid enzymatic turnover of volatile isoprenoidsthe apparent emission rate calculated by Eqgs. (5) and (9).
inside the leaves (e.g. Gershenzon et al., 1993), both isopreri2ue to water vapor buildup, the incoming air flow rafé,
and monoterpenes can react inside the leaves with reactivgmol s™1), typically measured by mass flow controllers in
oxygen species (ROS) (Copolovici et al., 2005; Loreto andcommercial gas-exchange systems, is actually smaller than
Velikova, 2001). Thus, especially under stressed conditionghe outgoing air flow raté,; (mol s~1) that is normally not
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measured. The mass balance of water vapor in the system is— 25
o

given as: > oA =6c¢cm’
°
AAL = FoutWout— Fin Win, (10) é 20 ~ ¢ AL =15 sz
(&)
where Wj, is the water vapor concentration of air entering, g 15 4
and Woyt (mol mol1) of that exiting the enclosure, and 8
(molm~2s~1) is the leaf transpiration ratéyyt = Fin + 1AL, put °
and thus, 8 1010
S o
AAL = (Fin+ ALL) Wout— FinWin. (11) a 54 o ®
2]
®
From this,» becomes E © o o 5 & e s 8 s
A l_ 0 T T T O T 1
= Nou=Win_p (12) 0 200 400 600 800 1000
= N g
AL(1—Wow

_ _ , Air flow rate (umol s™)
Analogously, the incoming and outgoing flow rates are actu-

ally differentin Eq. (5). The true mass balance for the BVOC

is: Fig. 7. Simulation of the effect of transpiration correction (Eq. 14)

on the emission rate in dependence on the incoming air flow rate for
EA =F  Fooin = (Fint At Moa— Fooin. 13 cuvettes enclosing 6 chand 15 crf leaf area. In these simulations,
L= Foudou=Finoin = (Fin+ ALA)oou— Finoin. (13) we used a moderately high transpiration rate of 9 mniofsr?,

Rearranging: incoming BVOC concentration of 3nmolntot and an emission
rate of 12 nmolm?s-L. For given air flow rate and leaf area, the
ot — O A . -
E— out— 0in Fin+ Aoout (14) correctlon_ls the larger the Iarger_ls t_he_ leaf t_ransplratlon rate and
AL the larger is the BVOC concentration in incoming air.

For the Li-Cor 6400 6 cfcuvette,F;, of 500 pmol 1, and

relatively high transpiration rate of 9 mmoltas~! corre- ) o _ )

sponding to stomatal conductance of water vapgj of unit harmonization, data scaling to common environmental
0.3 mol n2 s~ and water vapor deficit between the leaf and conditions and averaging. All these steps can have a major
ambient air ) of 0.03 mol mot ™ (1 = gev), the contribution effect on the quality of tths values in the meta—dgtgbases,
of the transpiration correction will be ca. 1% #&f How- and therefore on the quality of BVOC model predictions.
ever, the correctioho oyt very much depends on the flow rate

through the system that altersu, and on transpiration rate. 4.1  Standard conditions for Es and the influence of

The rate of transpiration scales positively with temperature extrapolations

due to temperature effects en(nearly exponentially when

vapor pressure is far from saturation), and temperature alsg , " ) ) )

positively affectsoou. For non-climatized cuvettes, where Stendardized conditions in seminal papers defnzﬁg_g'lvere

leaf temperature increases well above ambient, the transp?of_)C for leaf temperature](_) and 1000 pmol m*s™= for
ration correction may be 10% or more, especially if a large!ncident quantum flux densityd) (Guenther et al., 1991,
amount of leaf area (relative to cuvette flow rate, Eq. 2) is1993)- ldeally, the measurementsiof should be conducted
enclosed (Fig. 7). Many BVOC emission studies do not in- at standar@zed conditions. However, this is ofte.n not possi-
clude concomitant measurementsiofind in such cases, no ble, especially when the measurements are carried out in the

correction for water vapor buildup can be made. field using simple non-climatized cuvettes (Fig. 1). In the
worst cases, in simple static bag systems under high radia-

tion loads, leaf temperatures may easily rise more tha&C10
4 Extrapolations, units, meta-data and other scaling above ambient (Stewart-Jones and Poppy, 2006). The emis-
limitations sion measurements conducted at these “non-standard” envi-
ronmental conditions are then converted to desiiednd Q
In addition to the importance of precise measurements olsing light, £(Q), and temperaturef (7, ), response func-
BVOC emission rates, the accuracyiy values can strongly  tions (Guenther et al., 1991, 1993) (see also Niinemets et al.,
depend on the way the emission measurements are standar2910c for a review). For light-dependent emissions of iso-
ized and summarizeds values used in the simulation mod- prene and monoterpenes in non-storing species, the emission
els are frequently taken not from primary literature, but from rate is given as:
databases that have already synthesized information from
multiple studies. Meta-database construction typically in-
volves evaluation of the quality of the data (use/do not use).E = Esf(Q) fs(T1) (15)
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wherefs(T1) is the temperature response function for BVOC original parameterizations reported by Guenther et al. (1991,
synthesis. The light response function is defined as: 1993), 019 of 3.5 for the rise of temperature from 20 to
30°C is obtained for isoprene (Eq. 17, also employed for

f(O)= M, (16)  monoterpenes not stored in specialized tissues)@fidof
V14+a2Q2 2.5 for monoterpenes emitted from specialized storage pools

where « is the apparent (standardized) quantum yield of(Eq' 19).

isoprenoid emission and, is a scaling constant to yield ¢ As_ the information oCn I|g£1t ancd teyrpperatéjre. resplonse
£(0Q) =1.0 at the standardized value 6f (Guenther et al., unction parametersy, Cv,, €y, Ct,, Tm, and g is sel-

1991, 1993). The temperature response function describes%om available for given leaves, the values originally defined
curve with an optimum afy, (Guenther et al., 1991, 1993); in Guenther et al. (1991, 1993) are commonly employed to
’ ' extrapolate from measurements conducted under some ar-

exp[CTﬁgL_TS)] bitrary set of conditions to standard conditions. This is a
sTi ) (17) reasonable approximation if the deviations of experimen-
1+exp[%s;fr“)] tal conditions from standard conditions are small. How-
ever, when measurements are made under conditions differ-
In this equationCT, andCt, are parameters (J mdl) de- ing greatly from the standard conditions (e.g. Lindskog and
scribing the activation and deactivation energies of the emisPotter, 1995), the extensive extrapolations required can re-
sion, R is the gas constant (8.314JmbK~1), 7, is the sult in large errors inEs due to both light and temperature
absolute leaf temperature affig is the standard temperature Standardization procedures.
(typically 303.16 K). The equation parametefs, andCr,, The key problem with data extrapolation using previously
are typically chosen to yieldg's(7s) = 1, although as orig- published response curve parameterizations is that the shapes
inally parameterized in Guenther et al. (1998)7s) was of both light and temperature response functions can vary
0.946. among species and upon acclimation to different environ-
For emissions assumed to result only from Compoundmental conditions (Niinemets et al., 2010c for a review).
evaporation from specialized storage tissues such as resioreover, it is even not always known whether the emis-
ducts in conifers, the emissions are assumed to be insensgions come directly from synthesis, indicating that Eq. (17)
tive to light and only depend on temperature (Guenther et al.iS appropriate for standardization, or rely on storage, sug-

fs(TL) =

1991, 1993): gesting that Eqg. (19) should be used for standardization. For
instance, due to lack of knowledge of the emission con-
E=Esfe(TL), (18)  trols in broad-leaved temperate decidudetula pendula

the emissions were standardized based on terpene evapora-
tion (Eq. 19) in Hakola et al. (1998). However, now it has
fe(TL) = explB(TL — T9)], (19) been established that the temperature response of monoter-
pene emissions in this species can be described by temper-
whereg (K1) is a scaling coefficient assumed to describe ature effects on terpene synthesis (Eq. 17) (Ghirardo et al.,
the exponential increase of the terpene vapor pressure argp10).
velocity of diffusion with increasing temperature. However,  Any discrepancy between the “true” and “standard” curves
a significant part of monoterpene emission from conifers carwill result in errors, but how large are such extrapolation er-
originate from synthesis (Ghirardo et al., 2010; Shao et al.rors? In the case of temperatut@;o values of biochemical
2001), and in such cases hybrid algorithms based on botleactions typically vary between 2-3, but for terpene emis-
temperature effects on synthesis and emission may need tions, the range can be as high as 2-6, possibly due to the
be used for data standardization (Niinemets et al., 2010c). interaction of temperature effects on physico-chemical ter-
To compare the temperature responsiveness of differenpene characteristics (volatility) with temperature effects on
processes, so calle@1o values, reflecting the increase in terpene synthesis (Niinemets et al., 2010c for a review). The
process rate resulting from a 10 increase in temperature, emission rate at temperatur®, E,, is related to the emis-

and the temperature response function is given as:

are often used: sion rate at temperatuf®, ET, andQ1p as:
f(TL+10 To—T1
= 20 =
Q10 70 (20)  Er,=E7, exp( T Ln Q10> . (21)

The Q10 concept assumes strictly exponential increase ofFrom Eq. (21), one can calculate that when the measure-
process rate (Eq. 19, wher2o = exp(108)), but since the ments are conducted at 26, extrapolation to 30C with
initial part of the temperature dependence is exponential forQ10= 3 will overestimate the “trueEs by 22 % if the “true”

both Egs. (17) and (19), th@1p concept is also approxi- Q10=2, and underestimatEs by 13 % if “true” Q10=4.
mately valid for the exponentially increasing parts of bio- Extrapolating from 20 to 30C, the extrapolation error in-
logical response functions having an optimum. Using thecreases to 50 % for the first and 25 % for the second scenatrio.
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05 500 umolnr?s~1 (Niinemets et al., 2010c for a compar-
ison of shapes of the light response curves), provide no
58 04 information on the saturation point. Thus, the extrapola-
58 tion to the standardized value of 1000 pmolhs—?! that
TR typically lies on the saturating part of the response curve
59 0.3 Q,,=25+0.50 . . . .
S is potentially associated with large errors. The value
:c}g of the initial quantum yield for isoprene emissioa (n
$® 0.2 Eq. 16) of 0.0027 mol moi! has been recommend to sim-
9 Q,=25%025 . o ;
£ g o ulate isoprene emission across species (Guenther et al.,
§% 0.1 R 1993), butx varies in dependence on long-term light avail-
- Qjﬁ’_"_ 25010 ability and can differ among the species (Harley et al.,
N 1996, 1997). For instance, in broad-leaved temperate de-
0_20 _1‘0 0 1‘0 2‘0 ciduous speciesiquidambar styracifluaa value ofa of

0.0017 mol mot?! has been observed for upper canopy leaves
and a value of 0.0040 mol not for lower canopy leaves.

Fig. 8. Analysis of the errors in estimates of the BVOC emission For measurgmelnts conducted at a quantum flux density of
factors, Es, due to extrapolations beyond the measurements, i.e. theé00 HmolnT<s™ L the_ use of the general Shap? of the re-
coefficient of variation (standard deviation per sample meai)pf ~ SPONse curve with fixed at 0.0027 mol mof* will result
estimates extrapolated to given temperature using uncertain tempetd 30 % underestimation afs for upper canopy leaves and
ature scaling functions. Often, especially in the field, the measure-31 % overestimation for lower canopy leaves. These extrapo-
ments are conducted at a temperatdtedifferent from the stan-  |ation errors are ca. 20 % if the measurements are conducted
dardized temperaturég (that is typically taken as 30C), and these  at a light intensity of 500 umol m? s~1.

values are then extrapolated Tg. When there is no information In addition, any error in the measurement of quantum flux

about the shape of the isoprenoid emission vs. temperature respona@ensity at relatively low light can have a significant impact
curve, the original parameterization for the temperature functions of - . .

, . ~ ~ “on estimation of's. For example, for this range afvalues,
Guenther et al. (1991, 1993) is used as default. In this analysis, w S P 9

characterize the shape of the temperature response curgs by % 10% errorin quan_tum flu?( dehsity measurement will result
value, i.e. the process rate at a temperafire 10°C relative to In ca. 5_40_% error |rEg_est|_mat|0ns.
the rate at the temperatufe(Eq. 20). This analysis demonstrates ~ OVerall, if extrapolation is needed, measurement of full
that even minor changes in the shape of the temperature respon§@SPonse curves seems to be the most straightforward way
of the emissions result in large errorsiis, especially if the data  to derive emission factors and check the validity of “stan-
are extrapolated over a large temperature raffige-(7'). The sim-  dard” emission response curves for given plant species and
ulation analysis is based on stochastic perturbation@4g using under specific environmental setting. When the information
Monte Carlo method. For each simulation, 1000 different estimatesabout the response curve shapes is not known, we suggest
of Q10 andEs were used. that the temperature extrapolation should not exceéd C
and light extrapolatior=300 umol nT2s~1. At any rate, the
range of extrapolation, and function used should be reported

A more detailed sensitivity analysis further demonstrates thahlong with theEs values.
even minor uncertainties in temperature responsiveigess, Another question is whether the standardized environmen-
have disproportionate effects on the uncertainti) with  ta| conditions as defined initially are always appropriate. In
the uncertainty increasing essentially linearly with the ex-particular, in sub-arctic, boreal and cool temperate environ-
trapolation range (Fig. 8). ments, leaf temperatures may never or rarely reachC30

Apart from the errors in the exponential part of the tem- (e.g. Ekberg et al., 2009; Noe et al., 2011), and temper-
perature response curve, extrapolation of isoprene and lightatures that high may constitute a significant stress for the
dependent terpene emissions becomes particularly dangerogsant. Analogously, temperatures are low in the beginning
close to the optimum temperatures. The original Guenther eand end of the growing season when the emission measure-
al. (1991, 1993) algorithm parameterization suggests an opments can be conducted at ambient temperatures at most of
timum temperatureZi, in Eq. 17) of 41°C. However, tem-  10-15°C (Hakola et al., 2006; Ruuskanen et al., 2007; Sun
perature optima vary among and within species, being occaet al., 2009, 2011; Tarvainen et al., 2005). Due to seasonal
sionally as low as 3€C or lower in some, and above 4C  changes in the shape of the temperature response curve (Tar-
in other cases (for reviews of temperature relationships segainen et al., 2005), these low temperature measurements
Niinemets et al., 1999, 2010c), and assumptions alfgut cannot be reliably extrapolated to 30. Thus, in cooler cli-
can potentially introduce large errors #i% estimations. mates, and in periods with lower temperatures, we suggest

Analogously, for light dependence, measurements conthat standard temperatures lower tharfGe used foEs
ducted at the rapidly rising, nearly linear part of the light determination. Although it may initially seem confusing as
response curve, typically up t@ values of ca. 300— it is convenient to use one single standard temperature for

Temperature difference, T;- T (°C)
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Fig. 9. lllustration of the averaging problem in isoprene emission responses to digliEq. 16,a) and leaf temperaturd} (Eq. 17,b).

Because of non-linearity of isoprene emission vs. light respof@ethe average of any two isoprene emission rafgssimulated at light
intensitiesQ1 and 0, (E(Q1) and E(Q2), E = (E(Q1) + E(02))/2), is always lower than the value predicted using the average light,

E(Q) (Jensen’s inequality for concave functions), except if both@heand Q5 values come either from a region of the curve where the
emission rate is independent of light (light saturation) or from very low light, where the emission rate scales close to linearly with quantum
flux density. Analogously, the true average emission rate simulated for two different temperatures is lower than that predicted for the average
temperature®) in (b) in the local concave range of the temperature response curve. However, as the temperature response curve is convex in
lower temperatures, the true average is larger than the one predicted using average temperature for this range. For instance, the true avera
response factor for temperatures 15 and@%s 0.347, while the response factor corresponding to the av@&rag20°C is 0.281. Averaging

the values above and below the temperature optimum can also result in either higher or lower values of true average vs. the average based ©
T. These simulations were conducted with original Guenther et al. (1991) isoprene emission model parameterization.

__ 700 1.0 4.2 Integration problems
> —e— Average Q —
= o o ] 3 .
% E 6001 =D -0.8 = The response of isoprene, methylbutenol and light-dependent
c . . . . . .
= % S emissions of mono- and sesquiterpene emission rates to in-
2 = 500 § cident quantum flux density is highly non-linear (Eq. 16,
5 = % E Fig. 9a). This means that linear averaging of emission rates
§ 2 3 400 S and values of environmental drivers can result in large errors
o3 g 0 2 in Eg estimation over most of the response curve. Linear av-
g 83007 = eraging is only justified in the region of the curve where the
C . . . . . .
z s g emission rate is independent of ligh® & Qs, where Qs is
2000 ) 2 3 . Q for light saturation) or at very low light@® < Q¢, where

QOcr is the value ofQ at which the response becomes non-
linear) where the emission rate scales close to linearly with

Fig. 10. Mean and standard deviation of the leaf average quantumqual.qtum flux density. .TO demonsuate.th? prm—CIpIe of inte-
tion problem, consider average emission ratedf any

flux density and corresponding true values of branch light responsgra liaht i L
f(0Q) function (Eg. 16) in relation to the amount of leaf area en- two measurementsEy and £2) conducted at light intensities

closed in the cuvettef (Q) is taken as 1.0 at the single leaf level. @1 and Q2, whereas eitheQ; or Q, or both Q1 and Q>
In these simulations, incoming quantum flux density on horizontalare larger tharQcr and smaller tharQs. Under these con-
surface above the branch was taken as 1000 pmélsnil. Further  straints,E is always smaller than the value predicted for av-
details of the simulation as in Fig. 3. erageQ (Q1+ 02)/2 (Figs. 9a, 10, Cescatti and Niinemets,
2004; Lappi and Smolander, 1984; Lappi and Smolander,
1988; Niinemets and Anten, 2009). Analogous integration
all emission measurements conducted across the globe, thtoblem may occur for temperature that also affects the emis-
above discussion indicates that there are gOOd reasons to us®ns in non-linear manner (Eqs 17 and 19)' but the use of
ecosystem-specific standard temperatures in emission inveryerage temperature may over- or underestimate the true re-
tories. sponse depending on the response curve shape and range of
averaging (Fig. 9b).
The integration problem may introduce errors in several
steps inEs determination. First, measurements of BVOC

Leaf area index (m* m?)
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emissions using sampling on cartridges are time-consumingused for BVOC emission measurements. As discussedin 2.1,
Typically, the chamber air is sampled for 10-30 min. In field big chambers enclosing a large amount of foliage biomass
conditions, for non-climatized cuvettes, both incident light, such as a branch or a whole plant have been used in many
and leaf temperature can fluctuate during this time periodBVOC studies. However, due to non-linearity of isoprenoid
The conventional approach to cope with this variability is to emissions to light and temperature, the response of a col-
find average lightQ, and temperaturd;, and use these val- lection of leaves exposed to incident light and ambient tem-
ues to deriveEs estimates as described in Sect. 4.1. Thisperature is different than the response of a single leaf ex-
will necessarily introduce integration errors as outlined in posed to given light and temperature. Typically, in large en-
Fig. 9. Analogous integration errors can occur if different closures, inciden and chamber air temperatures or tem-
estimates of emission rate conducted under different environperatures of one or more leaves are used in determifighg
mental conditions, for instance for different leaves sampledvalues. Because a significant fraction of enclosed plant fo-
during various parts of the season, are averaged and again alage is shaded and have diverse orientation relative to the
erageQ andT values for these leaves are used in convertingsun or artificial light source, using these values of climatic
the emission rates to standardized conditions (Sect. 4.1). Adrivers results in a biased estimate®d. Even if Q andT
an example of integration problems, differdiy estimates can be determined for a collection of leaves, these average
have been obtained usif@and7 andE averaged for entire  values still lead to significant integration errors (Figs. 9, 10).
day or using instantaneous estimates (e.g. as in Owen, 1998hus, it is important to consider th&k values estimated us-
Owen et al., 2001; Street et al., 1997). ing branch or whole plant measurements (e.g. for whole tree
In the case of multiple estimates Bfmeasured under dif- measurements see Lindskog and Potter, 1995; Pier, 1995;
ferent light and temperature conditions, correct averBge Pier and McDuffie, 1997) include both physiological effects
can be determined by first computirigs values for each (the emission capacity) and structural effects (the degree of
emission rate estimate using instantane@uand 7' values  shading within the plant foliage), and are therefore not equiv-
and then calculating the average. CorrEgtvalues can also alent with estimates made on a single leaf, even if the values
be obtained by fittingk against the product (Q) fs(Tr) are expressed per unit leaf area enclosed.
(Eq. 15) orfe(T1) (Eq. 18) when appropriate. No simple conversion procedure is available to convert
Sampling on cartridges under fluctuating light and tem- shoot-level, branch-level or whole-plant emission factors to
perature conditions constitutes a special case of integratiorleaf-level emission factors because foliage inclination angles
Upon sampling on a cartridge, there is only one estimate ofand spatial aggregation are highly variable (e.g. Cescatti and
emission rate and no instantanea@sand T corresponding  Niinemets, 2004). Nevertheless, whole-plant emission fac-
to the time-averaged derived from the cartridge measure- tors can be valuable on their own in parameterization of
ments. Neverthelesgs values free from integration prob- “big-leaf” BVOC emission models and for verification of
lems can be obtained by considering that: layered models parameterized on the basis of leaf-1Egel
tr values (Niinemets et al., 2010c). Analogously, shoot- or
_ Es branch-level emission factors can be employed in parame-
E= to—t1 / OFECRLE (22) terization of canopy models employing shoots or branches as
1 functional units (Fleck, 2003; Planchais and Sinoquet, 1998;
wherer, — 1 is the time period of measurements, and the Stenberg et al., 1994, 1998). What can be highly misleading
light and temperature functions are as defined by Egs. (16}s that all the differenEs estimates are commonly expressed
and (17). When the measurementsiyrQ and7, are con-  per unit leaf area, although they will be numerically different

ducted with equal time steps, Eq. (22) simplifies to: due to the integration issues outlined above.
n One more point concerning the differences among leaf-
S FODfs(TLi) level and aggregated emission factors is that the measure-
E=FEg- , (23)  Ments made using bigger cuvettes include VOC exchange of
n the stem and bark. This can be especially significant for mea-

where Qi and 7_; are the instantaneous estimates of light surements of young branches with developing leaves and rel-
and temperature andis the number of measurements@f  atively large bark to leaf area ratio. As little is known of bark
and T conducted during sampling on the cartridge. How- emissions, the effect of the presence of woody tissue in the
ever, as discussed in Sect. 4.1, all these approaches critineasurement cuvette is difficult to assess. Yet, bark emis-
cally depend on the availability of correct shapes of responseions can be significant in certain plant genera, e.g. in pines
curves f(Q) and f(T). Overall, integration problems are where they play an important role in deterring bark beetles
best avoided by reducing environmental fluctuations during(e.g.Dendroctonuspp.) (Seybold et al., 2006). Due to large
sampling, for instance by using artificial light sources andterpene storage in bark and woody tissue in conifers, these
temperature-controlled cuvettes. emissions can significantly increase in response to mechani-
Apart from these issues durirfs determination, integra- cal damage (Schade and Goldstein, 2003).
tion problems also occur if aggregated foliage samples are
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In conclusion, we argue that in compilations of BVOC leaves is also the standard for expression of physiological
emission factors, it is important to clearly distinguish be- activities of broad-leaved species in ecology and physiology.
tween leaf €5 ea), Shoot Es shood, branch Es prancy and We believe that for broad-leaved species, projected leaf area
whole plant Es piany €mission measurements, and use theseshould be used. For conifers and for other species with non-
different estimates only in appropriate model frameworks. laminar foliage, the expression basis can be either projected

or total area, but the expression basis should be clearly stated.
4.3 Expression basis of's We strongly recommend thatt/Ap ratio estimates be pro-
) ) . vided for conifers.
IsoprenoidEs values can be expressed on the basis of either In general, we feel that the expression basi&ehas not

leaf area fsa), dry mass {spu) or fresh masss ). .tbeen given due weight in BVOC studies with a few excep-
and all have been used' in different studies. These three di tions (e.g. Komenda et al., 2001 for due consideration of total
ferent bases of expression are related as: to projected surface area and dry mass estimations). Details
Esa = EspwMa = EspuMa/Dr (24) of dr'y mass, fresh mass and leaf area determination are often
lacking. In extreme cases, results have been reported with-
where Ma is the leaf dry mass per unit area (gf) and oyt stating whether the emission rates are expressed per unit
Dr is the leaf dry to fresh mass ratio (gh. Both Ma  dry or fresh mass, or per unit projected or total area. In addi-
and Dr vary significantly both within and between species tjon, area-based values may be incorrectly converted to mass
(for reviews see Poorter et al., 2009a, b). For instante,  pased values, for instance, due to incordegt values. Even
increases 2 to 4-fold from bottom to top of plant canopies|ack of details of dry mass estimation can be a problem as the
(e.g. Niinemets, 2007; Niinemets et al., 2010b), with increas-dW mass depends on the duration of drying and temperature
ing leaf age from developing to fully mature leaves (Hansonquring drying (Garnier et al., 2001). The reported temper-
et al., 1994; Jurik, 1986; Niinemets et al., 2004) and from atyres used for foliage drying among different studies vary
seedlings to mature trees (Day et al., 2001; Niinemets, 2002petween 40-105C, and this alone can result in differences
2010a). in dry mass of ca. 10-15% (Zeiller et al., 2007). Several
Among the three bases of expressiditFv is discour-  factors need standardization for representative values of leaf
aged in BVOC studies, because fresh mass is a less stgyeg, dry and fresh mass with particular care needed for leaf
ble characteristic than either leaf area or dry mass. Aparfresh mass estimation (Garnier et al., 2001). We suggest that
from environmental and developmental modificatiod®  for BVOC studies, dry mass should be determined after dry-
can vary due to changes in plant water status, over the COUrs@q for at least 48 h at 60— 7.
of a day or during the season, afid expressed on a fresh Given the large variations i, De and A/Ap due to

mass basis will track all these changes that are not directlironment, and significant variations#i and D due to
associated with modifications in foliage BVOC emission ca- experimental protocols, the expression basigefalues is
pacity. _ _ _ not trivial. In particular, environmental sources of variation,
In species with non-laminar foliage elements, such asgch as within-canopy gradients in light, can easily introduce
conifers, the estimates afsa will differ depending on  geyeral-fold variation irEs estimates per unit area and dry
whether projectedAp, Esap) or total (A, Esar) leafsur-  mass (e.g. Niinemets et al., 2010b). Thus, we strongly sug-

face area is used. These two different expression bases afRst thatMa values be reported along with either area- or
related as: mass-based’s estimates in all BVOC emission inventories.

Esap = EsaTAT/Ap, (25)

where A1/Ap is the leaf total to projected area ratio. In
conifers,At/Ap ratio is typically larger for thicker high-light  In addition to the basis of expression, a variety of units has
acclimated foliage and smaller for thinner low-light accli- been used to express the area- and mass-h&sadlues.
mated foliage, andA1/Ap ratio can vary more than by a In BVOC emission studiesEs a is typically expressed in
factor of two within plant canopies (Niinemets, 2007 for a nmolm2s tand Espyw as pggth—t. However, BVOC
review). So far, there is no consensus on the appropriate banass units have been used in the case of leaf area-expressed
sis of expression of's 4 in conifers, and some studies report variables (e.g. pg m* s~1) and BVOC molar units in the case
values expressed per udip, Some per unitiy. of leaf mass-based estimates (e.g. nmdlig~1). Different

To further complicate the matters, some studies also reportinits have also been used in the denominator, e.g.fom
the Es values of broad-leaved species with laminar foliage area, min for time etc. Some studies have chosen to avoid
elements on a total surface area basis, dividing the projectednit prefixes and multiply the£s units by powers of ten.
area based values by 2 to account for the doubling of surfac&his may seem a trivial point, since one can obviously con-
area (e.g. Steinbrecher et al., 1997). This is highly confusvert from one set of units to another, but for the novice in
ing as the majority ofEs values in broad-leaved species are the field, this heterogeneity of units can be highly confus-
expressed per unit projected area. Projected area for laminang, and even for experienced users, lack of consistent units

4.4 Standardized units
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is very frustrating and requires heightened scrutiny in metaity were that some studies had only one or a few measure-
database construction. ments on a species or genus and that some investigators used
With mass-based measures of BVOC amounts, a furthetechniques that likely resulted in biased emission factor esti-
difficulty is that some studies report the values as pug C emitmates. In particular, the earliest studies were thought to have
ted (especially BVOC inventory studies conducted by USoverestimated monoterpene emission rates by disturbing the
authors, e.g. Geron et al., 2000b) (but also in some studfoliage and underestimated isoprene emission rates by pri-
ies by European authors, e.g. Kuhn et al., 2004), whilemarily using shaded branches that are found in the more eas-
other studies report the values as pug BVOC emitted (espeily accessed part of a canopy. Guenther et al. (1994) used an
cially BVOC inventory studies conducted by European au-approach of assigning tree genera to just four (for isoprene),
thors, e.g. Kesselmeier and Staudt, 1999). It is importanfive (for monoterpenes) or one (for other BVOC) broad emis-
to consider that these two ways of expressing the amountsion factor categories which emphasized that most of the ob-
of emitted BVOC are not the same. Isoprene and non-servations were semi-quantitative and that there was a large
oxygenated monoterpenes suchoapinene contain 88.1% range in the reported values for these emission factors. The
carbon. Thus, in the case of the unit using BVOC content,impact of the updated emission factors was dramatic with
the Es value is 1.135 times larger than if the unit is based BEIS2 estimating isoprene emission rates that were about a
on C-content. Oxygenated monoterpenes such as linalodictor of 5 higher than BEIS (Geron et al., 1994). Guenther
anda-terpineol contain 77.8 % carbon, and accordingly theet al. (1995) extended this approach to the global scale using
conversion factor is 1.29. In some cases, these two waythe results of 22 field studies. A significant difference in the
of expressingEs values have been used interchangeably inGuenther et al. (1995) approach was that they did not average
the same paper (e.g. Street et al., 1997), while many pathe results of the 22 studies, but instead used the study con-
pers fail to report which way the numerators have been exsidered to have most accurate observations when there was a
pressed. Lack of clear explanation has led to mixing up C andlifference between two or several studies.
mass-based units in some meta-analyses based on publishedCurrently, with richer information on species emission po-
data, e.g. Drewitt et al. (1998) data in the meta-analysis oftentials, BVOC emission modelers commonly use review
Kesselmeier and Staudt (1999). papers and databases summarizing the species-specific esti-
Given that the stoichiometry of chemical reactions, in- mates ofEs (e.g. Kesselmeier and Staudt, 1999; Ortega etal.,
cluding atmospheric oxidation reactions, follows molar sto- 2008; Wiedinmyer et al., 2004h{tp://bai.acd.ucar.edu/Data/
ichiometry not mass stoichiometry, we suggest that all meaBVOC/index.shtmhandhttp://iwww.es.lancs.ac.uk/cnhgroup/
surements of BVOC emissions should always be reportedso-emissions.pdf In addition, several modeling studies
only in molar units, whether expressed per unit leaf mass ohave derived their own emission factor estimates based on the
area. Consistent use of molar units would avoid the confu-aforementioned meta-studies and additional literature obser-
sion with numerators based on the mass of C or the mass ofations (Parra et al., 2004; Simpson et al., 1995, 1999; UN-
BVOC emitted. Also, we strongly encourage the community ECE/EMEP Task Force on Emissions Inventories and Pro-
to consistently use Sl units with appropriate unit prefixes,jections, 2007). However, many previous meta-analyses have
typically nmol ni?s~1 for area-based and pmotgs—1 for consisted of mechanical collection of emission factors with-
mass-based estimates. Unit multiplication by powers of terout considering attached information on experimental condi-
is discouraged; where necessary, tabulated valuggafiot  tions during the sampling, sampling methodology or scaling
units, can be multiplied by powers of ten. Overall, given that method (for exceptions Ortega et al., 200Bjtg://bai.acd.
light interception scales with leaf area, we encourage use oficar.edu/Data/BVOC/index.shfnl Once published in the
area-based values, especially if the further goal is to employlatabase, species-specific values have been accepted at face
these emission data in modeling BVOC emissions from leafvalue in many simulation studies to follow. YE§ estimates

to stand. in these early databases were frequently less reliable, and we
have learned now that the estimates reported for some species
4.5 Meta-data errors were wrong. For instance, important wide-spread species in-

cluding the Mediterranean evergre@oercus subeand tem-
When Zimmerman (1979) compiled emission rate measureperate deciduouBetulaspp. andFagus sylvaticavere ini-
ments into the first emission factor database used for regionalally reported as non-emitters, whereas recent studies have
gridded biogenic emission estimates, e.g. in BEIS (Pierceshown that these species are important monoterpene emitters
and Waldruff, 1991), it was a fairly straightforward exercise (Dindorf et al., 2006; Hakola et al., 2001, 1998; Moukhtar et
because there was only one available dataset. Guenther at., 2005; Staudt et al., 2004).
al. (1994) were faced with a somewhat more challenging task Benjamin et al. (1996) introduced an approach where the
when they combined observations reported by six researchverages of all isoprene and monoterpene emission factors
groups using different emission measurement techniques toeported in the literature were used to derive emission fac-
construct the updated emission factor database that was uséaks for individual species, including species which had not
in BEIS2. Among the concerns associated with that activ-been measured. The average for the genus or family was
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used if there were no reported measurements for a specidira. In the case of complete lack of information of species
or genus. This resulted in errors due to within genera ancemission capacity, a stepwise procedure is recommended,
family variability, e.g. Benjamin et al. (1996) assigned to conducting first crude measurements to gain insight into the
Mediterranean evergreen spedi@sercus ilexandQ. suber overall variability in emission potentials among the species,
which had not been measured, the genus average isopremad then focusing on the emission controls in species identi-
emission rate of 24.8 ugg h—! and monoterpene emission fied as key emitters in the area.

rate of 0.6 ugg*h~1. However, both species turned outto  part of the problem with the early meta-databases is that
have very low, if any, isoprene emissions and to be strongnany entries were not based on publications in mainstream
monoterpene emitters (Kesselmeier et al., 1996; Owen et alpeer-refereed journals, but were taken from hard to access re-
2001; Staudt et al., 2004). On the other hand, some studsearch reports and graduate theses. In addition, many values
ies have reported exceptionally high emissions not substantimn the databases were taken from reviews rather than from
ated by other investigations. For instance, Owen et al. (2002primary literature. Use of non-primary literature is partic-
reported significant isoprene emissions from Mediterraneanyjarly dangerous as it leads to propagation of errors from

Pinus pinea in contrast to all other studies (Rez et al.,  study to study. In some modeling studies, it has even been
2002; Sabilbn and Cremades, 2001; Staudt et al., 2000,deemed acceptable not to mention the data sources used for
1997). emission inventory construction (e.g. for partly missing data

Additional errors were associated with emission rates assources see Parra et al., 2004). Thus, the whole range of re-
signed based on studies that employed semi-quantitativgorting errors discussed above (Sects. 4.2—4.4) can be propa-
or non-quantitative techniques. For example, Benjamin efgated, including those associated with unit conversions, basis
al. (1996) assigned to some North American oaks,@UBr-  of expression and standardization and averaging errors. Non-
cus lobata Quercus prinus emission rates between 3 and standard problems such as different emission factors derived
9ugg*th~! which was an order of magnitude lower than on the basis of the same studies can also occur.

the later measurements (Geron et al., 2001). Overall, the aAq gyvoC modeling work relies heavily on meta-data
early studies and emission databases focused more hea\qre care is needed in constructing emission inventory

ily on isoprene emission potentials. Lack of evidence for ya¢anases. BVOC emission databases should be based only
significant monoterpene emissions was often interpreted ag, peer-reviewed primary data which include sufficient in-
zero emission in the modeling community. This early focus fomation on the experimental protocols necessary to assess
on isoprene was due in large part to the perceived imporne gata quality. This philosophy of database construction is
tance of isoprene in atmospheric chemistry models and thg,easingly being followed in recent undertakings (Ortega et
early development of experimental sampling systems welly| ' 5008) and to some extentfittp:/bai.acd.ucar.edu/Data/

suited for quantifying isoprene emissions (Sect. 3.1); a”aloBVOC/index.shtm), but many modeling studies continue to
gous systems for accurate measurement of many other moig, ritically use values reported in early databases. In the
challenging BVOC lagged behind. Although significant er- ¢, 1oing, we suggest standardized protocols for obtaining

rors can result from the taxonomic approach, it is still usedyg|iaple E£5 data and for assessing the quality of past studies.
for species-rich floras such as Amazonian rainforests due to

practical reasons (Harley et al., 2004). In such species-rich

floras, canopy-scale emission factors derived from flux mea-

surements could be more practical for predictive purpose$ Towards a standardized emission inventory

(Guenther et al., 2006) than trying to measure every single

species. As discussed in Sects. 2 and 3, the BVOC emission mea-
A further problem with large screening exercises andsuring community employs a wide variety of sampling de-

meta-databases is accurate species identification. In particwices and methodologies. In addition, a variety of meth-

lar, species misidentification can occur in species-rich floraods is employed in calculating BVOC emission factors and

where important traits for species identification such as genthe results are often expressed in non-standard units. All

erative organs may not be present for all species sampledhese issues contribute to study-to-study variationsgres-

but also lack of botanical experience with the novel florastimates and complicate construction of reliable emission in-

may result in such identification problems even with the helpventories. Given this vast heterogeneity in the field, we ar-

of local botanists. On the other hand, synonymous scientifigue that a standardized protocol for measuring and report-

names can generate problems in meta-database constructiang BVOC emission data is urgently needed. Apart from the

Taxonomy is not a trivial point because different chemotypessampling and reporting issues highlighted here, additional er-

have been observed even within a species (e.g. Niinemets ebr sources can be associated with compound quantification

al., 2002a), and large variability ifis values can occur de- and identification. Detailed consideration of these issues is

pending on species genetic origin (Staudt et al., 2004). Thideyond this review, but we note that more intercomparison

inherent variability raises the question of how best allocateexercises between different analytical systems are clearly re-

the resources to describe the emission potential of a certaiquired, and availability of common BVOC standards would
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greatly contribute towards standardization of different ana- 7. ideally, chambers with temperature, humidity, light and
lytical procedures. CO, control should be used so that measurements can
be made under ambient conditions as well as under con-
trolled conditions differing from ambient. In all cases,
the systems should be equipped with quantum flux,
chamber air and leaf temperature sensors;

5.1 Standardization of measurement and
sampling systems used foE s determination

Given the large problems, such as diffusion leaks, excessive

alteration of chamber environment etc., associated with static 8. studies investigating more reactive BVOCs such as
or closed systems, we suggest that only dynamic, open sys-  some mono- and sesquiterpenes should use air purified
tems be used for quantitative sampling of BVOC emissions. by oxidant scrubbers or synthetic air (i.e. oxidant-free

The open systems used for BVOC sampling need to satisfy  air) to correctly assess the plant source strength;
the following criteria:

U. Niinemets et al.: Estimations of isoprenoid emission capacity from enclosure studies

1. the measurement chamber should have well-mixed (tur-

bulent) atmosphere, such that no concentration gradi-
ents or pockets of dead air are present in the chamber;

. flow rate through the system must be sufficiently high to

assure complete exchange of chamber air at least ever)}o'

2-3 min and avoid water condensation onto the enclo-
sure walls;

. preferably, leaf-scale emission factors should be es-
timated on single leaves, except for species such as
needle-leaved conifers, with small leaves and/or highly
clumped foliage. In the case of measurements with
aggregated foliage elements, the degree of aggregation

9. steady-state conditions should be established before

taking the emission rate readings, considering chamber
responsiveness, memory effects and plant physiological
status;

when sampling onto adsorbent cartridges, multi-bed
cartridges filled with different hydrophobic adsorbents

having surface areas ranging from 8-10 to 200-
300t g1 are suggested to quantitatively assess the
entire spectrum of volatile isoprenoids (Sect. 3.1). Af-

ter sampling, it is advisable to remove the bulk of ozone
and water from the sampled cartridge using helium or
pure nitrogen flow, and store the cartridges in a cooled
container kept al' < 0°C.

Biogeosciences, 8, 2202246 2011

should be clearly denoted in reporting the emission fac- _ _ _ o
tors (shoot, branch, whole plant emission factors). Inlf such a protocol is followed, high-quality BVOC emission

the case of measurements with aggregated fo“age, takdata for estimation OfES values as well as data for ver-
ing of digital images of the enclosed plant part are ide- ification of BVOC emission models under field conditions

ally included in experimental protocols; can be obtained, although we are conscious that under some
circumstances compromises have to be made, for instance,
- chamber, sampling lines and fittings should be madeyhen studying BVOCs emitted at very low rates. While
of inert materials, minimizing memory effects due many measurements in the past have been conducted fol-
to BVOC adsorption/desorption on system surfaces.|owing rigorous protocols satisfying all or most of the cri-
Chambers should minimize the gasket area relative tQerig outlined here, the majority have not. As discussed in
chamber cross-sectional area. In the case of availabl&gcts. 2 and 3 and summarized in Table 1, there are inher-
commercial clip-on chambers, chambers with cross-ent errors associated with failure to satisfy these criteria. In
sectional area of at least 6-8€should be used to min-  aqdition, some experimental approaches are inherently more
imize errors.associated with diffusion leaks and adsorp-accurate, and exhibit higher resolution power, than others.
tion/desorption; Thus, to some degree, uncertainties in repoifiedcan be

. in species with specialized storage tissues for BVOC constrained by a pri'oritization of techn.iques, vyith assign-
such as conifers with resin duc&ucalyptusand Cit- ment of greatest weight to those techn_lques with thg high-
rus species and species from Labiatae with internal €St accuracy. However, the exact magnitude of experimental
and/or surface oil glands, chambers that minimize the€/"ors is often impossible to quantify a posteriori. As emis-
contact between the plant surface and chamber part§ion measurement techniques have improved in the past four
should be used to avoid “rough handling” problems decades, dlstlnctlon5|nth¢ quallt.y ofgmlsyon measurement
(Sect. 2.5). The site of leaf or shoot insertion should data have emerged, but it remains difficult to quantify the
be carefully prepared (e.g. stem axis remaining insidedccuracy of any reported emission factor. Most studies ei-

the seal wrapped in TefI@nape) at least 24 h before thTr dg not dreport an unct:)?rtamty ?S.t"?ate or t?ley pr::‘senlt af
the measurements: value based on measurable uncertainties (e.g. flow rates, lea

area, VOC measurement precision) but ignore other equally
. to assess plant physiological status, the systems shouluinportant components (e.g. disturbances associated with the
include fast (infra-red) C®and water vapor analyzers presence of the enclosure). Developers of emission factor
to measure plant photosynthesis and transpiration rategjatabases thus typically select the best available observa-
and allow for water vapour flow corrections; tions, rather than the average of all observations, but this is
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done in a subjective manner given the lack of quantitativevariables to be reported with the emission measurements.
uncertainties associated with emission rate data. Thereforéds shown in Sect. 4 and Table 1, shortcomings in data pro-
we suggest that past measurements should be divided intoessing and reporting can lead to errors as significant as the
three different quality classes depending on the way meameasurement errors. The data characterizing every BVOC
surements have been carried out: A — quantitative measureemission measurement can be divided into four broad cate-
ments, B — semi-quantitative measurements, and C — nongories: (1)Es and associated meta-data; (2) sample-specific
quantitative measurements. Quantitative, class A, measurestructural and chemical data; (3) sample-specific physiologi-
ments are those conducted according to rigorous protocolsal data and (4) plant- and site-specific data.
satisfying the criteria specified above. Semi-quantitative, FEg and associated data include the value itself, and
class B, measurements are those failing in one or several crlight and temperature for measurement and standardization.
teria, but nevertheless providing information on the magni-We recommend that the studies also report the ambieat CO
tude of Es. Non-quantitative, class C, measurements provideconcentration in the chamber to allow for correction of CO
information on whether or not a given species can emit giveneffects (Niinemets et al., 2010c; Wilkinson et al., 2009). Al-
BVOCs (emitter vs. non-emitter), but the potential errors arethough the BVOC emission data are not routinely standard-
sufficiently large, more than an order of magnitude, that theized for CQ effects, and C@responses of BVOC emissions
magnitude of the emissions cannot be assessed with any aaere not yet sufficiently understood, especially for sesquiter-
curacy. For instance, measurements conducted with closepgenes and (stored) monoterpenes (Niinemets et al., 2010c;
(no flow through) or semi-closed (flow-through rate approx- Pdiuelas and Staudt, 2010), such standardization may be
imately equals the low flow rate used to draw the air for car-needed for constructing BVOC emission models for future
tridges) systems without quantifying environmental drivers climates. When the data are normalized to standard light
and imprecisely estimating the emission flux will typically and temperature conditions, the studies should clearly report
fall into class C. the function together with actual parameterization used for
While class A and to a certain extent class B data can beextrapolation and the extrapolation range. For mono- and
used for constructing BVOC emission inventories, class Csesquiterpenes, the compound spectrum should also be re-
data should serve only as a basis for further measurementported, if available.
and not be used for BVOC modeling. We recommend that Sample-specific structural and chemical data include leaf
the data in existing BVOC databases be critically examineddry mass per unit areals), total to projected area ratio
for reliability and distributed into these broad quality classes.(A1/Ap) for conifers, temperature and duration of drying for
In some regions the best available observations may be semieaf dry mass estimation, and a clear indication of the basis
guantitative measurements obtained using a quick screeningf expression (projected area, total area). Ideally, the content
approach. These can still be useful inputs as they were witlof carbon and key mineral nutrients (N, P), providing infor-
the Zimmerman (1979) data when they were the only existingmation of plant nutrient status, should also be measured.
emission rate data. Regions that currently have no reported Sample-specific physiological data serve to determine
BVOC emission rate observations can benefit from local sci-whether the plants were measured under non-stressed or
entists utilizing simple and inexpensive emission screeningstressed conditions. The data best serving this task are the
techniques, but emission rate measurement studies in Euate of photosynthesig(), stomatal conductancgd) and in-
rope, US and other regions where considerable emission dat&rcellular CQ concentration, calculated frof, gs and am-
are already available should be limited to quantitative emis-bient CQ concentration (e.g. Flexas et al., 2004 for a review
sion estimates. of stress-driven changes in photosynthesis rates and stom-
We suggest that the future models need to explicitly dealatal openness). In addition, chemical signatures of emitted
with the problem ofEs experimental uncertainties. For ex- BVOCs are highly useful, e.g. hexenals and other C6 com-
ample, Bayesian approaches allow accommodation of a pripounds are characteristic of mechanical damage (Loreto et
ori probability distributions ofEs parameter, and yield ap- al., 2006) and ozone stress (Beauchamp et al., 2005), and
propriate uncertainties in model simulations. So far, the useécimenes, dimethylnonatriene (DMNT¥-farnesene and
of Bayesian approaches in BVOC emission simulations hadinalool are often indicators of recent herbivory (Arimura et
focused on spatial variability ifEs and species-to-species al., 2000; Copolovici et al., 2011; Raand Tumlinson, 1997,
variabilities, but the error sources 6% estimations for any ~ 1999; Wu and Baldwin, 2009).
given species have not been addressed (Curci et al., 2010; Sample, plant- and site-specific data should include the
Shim et al., 2005). exact species identity, i.e. the date of sampling, infor-
mation about phenological characteristics (leaf age status,
5.2 Set of variables to be reported in standard emission  e.g. young, adult, senescent) and position in the canopy, ex-
inventories act scientific name with authorship, origin and provenance
of plant, approximate plant age, geographical coordinates
Apart from standardization of emission measurement proto-of the site, altitude and quantitative description of the stand
cols, it is equally important to agree on a minimum set of characteristics (height, density, age) and site climate (annual
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and growing season temperature, and precipitation). Ideeusly, more intercomparisons of field sampling designs and
ally, information of plant water status, and information about lab analysis systems are needed &gastimates obtained in
past environmental conditions (e.g. average temperature anithe past using methodology currently considered problematic
light conditions during the 48 h preceding the measurementsheed re-assessment.
should also be provided as these environmental drivers are Extrapolation, integration, experimental setup and unit er-
strongly correlated witlEs values in the field (e.g. Geron et rors can contribute to errors ifis equal to or greater than an-
al., 2000a; Sharkey et al., 1999). Although such informationalytical limitations. We call for consistent application of the
might be difficult to obtain for any given sample location, suggested experimental protocol and rigorous documentation
nearby meteorological stations can provide highly valuableof the measurements, collectively making it possible to de-
information, useful for interpreting variations iis values  velop high quality emission factor databases. Reliable leaf-
from any given study or between different studies. As thelevel Es databases serve as a valuable foundation that can be
most simple estimate of water availability, soil water contentdirectly used for atmospheric chemistry models scaling from
(as e.g. incorporated in MEGAN, Guenther et al., 2006) canleaf to canopy and landscape and that can be used to develop
be used. If possible, more sophisticated estimates includeanopy-level emission factors for models operating at larger
ing predawn leaf water potential and stomatal conductancecales (Guenther et al., 2006). A community effort to sys-
would be highly informative. Any visible signs of present tematically and quantitatively assess the accuracy and pre-
or past herbivory and pathogen attack, if available, shouldcision of enclosure BVOC emission rate measurement sys-
also be noted as this can provide important information fortems is required and needs to include comparison with above
induced BVOC emissions (some specific monoterpenes andanopy eddy covariance techniques that do not have the in-
sesquiterpenes) (Niinemets, 2010a for a review). herent disturbance of an enclosure. Issues such as the num-
Although the amount of meta-information required for any ber of samples required to represent a population mean could
single Es measurement might seem large, this information isbe established in this way. This activity should also be inte-
highly useful for understanding the variationsfig values  grated with efforts to examine the factors that contribute to
and thus, for developing more reliable emission inventories emission variability but are not accounted for in current ap-
Given thatEg strongly varies with leaf ontogeny, position in proaches for calculating emission factors (e.g. stress, chemo-
the canopy and with previous average environmental conditype variability). This would improve our understanding of
tions and stress history (Niinemets et al., 2010a for physio-how these data can be used to parameterize emission models
logical and ontogenetic controls), even infinitely precige  and would guide efforts to further standardize the protocols
measurements are insufficient for making reliable emissiorfor measuring and reporting BVOC emission data.
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