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Abstract

Black spruce trees are an important component of the vast northern boreal forest and therefore may influence global
atmospheric chemistry. Variations in the Volatile Organic Compound (VOC) emission rate of young (3 year old) black
spruce trees as a function of light and temperature were found to be consistent with the functions suggested by Guenther et
al. [Guenther, A., Monson, R., Fall, R. (1991). Observations with eucalyptus and emission rate algorithm development. J.
Geophys. Res., 96(D6):10799—10808]. VOC emission rates were determined using a fast response hydrocarbon detector in
conjunction with a glass cuvette. This allowed the VOC emission rate to be determined on a real-time basis. Summation of
separate equations for isoprene and monoterpenes yielded a predictive total VOC emission rate model as a function of light
and temperature which was based on total hydrocarbon data provided from the fast response hydrocarbon detector.
Speciations of the spruce emissions provided further evidence that temperature relationships of the isoprene and monoter-
pene emission rate could be fitted to the general functions proposed in the literature. The base VOC emission rate at standard
conditions was found to be 9 +4 ug C h™' (g dry needle weight) ™ '. © 1998 Elsevier Science B.V.
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1. Introduction

Ozone, although beneficial to mankind through its
presence in the stratosphere, is a source of damage to
crops, people and materials when it is present at
elevated concentrations in the troposphere. A major
source of tropospheric ozone results from a series of
chemical reactions involving hydrocarbons and ox-
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ides of nitrogen (NO,) in the presence of light
(Chameides et al., 1992).

In order to reduce the amount of ozone in the
troposphere, either the concentration of hydrocarbons
or NO, in the atmosphere must be reduced. NO, is a
by-product of combustion and is not easily con-
trolled. Anthropogenic sources of hydrocarbons are
more easily reduced, and hence this has been the
main strategy for reducing ozone levels in the tropo-
sphere.

Recent work by Guenther et al. (1995) indicated
that biogenic sources of hydrocarbons (vegetation)
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compose the majority of the global yearly emissions
of hydrocarbons. Vegetation emits hydrocarbons in
the form of Volatile Organic Compounds (VOCs).
This is an important finding because it means that
controls on anthropogenic hydrocarbons may not be
sufficient to alleviate the tropospheric ozone problem
in some regions (Went, 1960). To further complicate
the situation, in regions with low concentrations of
NO,, emissions of VOCs may lead to tropospheric
ozone destruction, instead of ozone production which
would more likely occur in polluted temperate zones.
This additional source of hydrocarbons is important
as computer models which attempt to predict tropo-
spheric ozone levels must be modified to take into
account vegetation as a source of hydrocarbons.
Crucial to models which predict tropospheric ozone
generation is information on how speciated fluxes of
isoprene and monoterpenes respond to changes in
light absorbed by the leaves and needles and their
temperature. Much work on determining the strength
of different types of vegetation as sources of VOCs
has already been done (Fehsenfeld et al., 1992).
Most of these studies have concentrated on vegeta-
tion found in temperate regions.

The results presented in this paper examine the
effect of changing environmental conditions (specifi-
cally, temperature and Photosynthetically Active Ra-
diation (PAR) levels) on the VOC emission rate of
black spruce ( Picea mariana [Mill] B.S.P.) trees. In
particular, we examine whether or not the VOC
emission rate of black spruce trees varies with tem-
perature and PAR in the manner suggested by Guen-
ther et al. (1991) for vegetation in general. Black
spruce trees were chosen as they form a significant
component of the boreal forest, which itself com-
prises a significant amount of the biomass of the
planet. Data from boreal forest environments are
particularly rare. Janson (1993) examined the
monoterpene emission rates of mature Scots pine
( Pinus sylvestris) and Norwegian spruce ( P. abies),
using both flow-through chamber and branch bag
samples. A monoterpene emission rate of 0.5 +£ 0.7
ug C h™' (g dry needle weight)”™' was found for
Norwegian spruce. Lerdau et al. (1995) examined the
role of nitrogen availability in monoterpene emis-
sions from young Douglas Fir ( Pseudotsuga men-
ziesii), determining that the monoterpene concentra-
tion in the leaf tissue and hence the base monoter-

pene emission rate was affected by the nitrogen
fertilization level. Guenther et al. (1995) looked at
the results from previous studies and suggested a
base isoprene emission rate of 8 wg C h™' (g dry
needle weight)™! and a base monoterpene emission
rate of 2.4 ug C h™' (g dry needle weight)™' for
boreal conifer ecosystems. However, assigning one
emission rate per species may be inaccurate. Kempf
et al. (1996) measured isoprene emission rates from
Engelmann (P. engelmannii), red (P. rubens), and
black spruce seedlings using environmental chamber
and branch enclosure techniques. Results to this
experiment indicated that the isoprene emission rates
varied widely between the different species. In the
present study the sum of the isoprene and monoter-
pene emission rates was measured, providing an
accurate measure of the hydrocarbon emission rate
of black spruce seedlings.

Although NO, and ozone levels in the boreal
forest are generally low, the need for an accurate
VOC emission inventory still exists. Advection of
hydrocarbon rich air from the boreal forest to indus-
trialized areas could occur, resulting in high concen-
trations of tropospheric ozone. Global Climate Mod-
els (GCMs) predict that the rise in global tempera-
tures caused by global warming will occur unevenly,
with the higher latitudes warming up significantly
more than the equatorial regions. Thus it is necessary
to be able to predict what the effect of a large
increase in temperature in the boreal regions will
have on global VOC production.

2. Model description

VOC emission rates from vegetation are generally
modelled by empirical functions of temperature and
PAR developed by Guenther et al. (1991). These
functions were determined during experiments on
eucalyptus trees. Part of the goal of this paper is to
determine if they also hold true for VOC emissions
from spruce trees. The two major types of VOCs
emitted by black spruce trees are isoprene and
monoterpenes. According to the Guenther functions,
the isoprene emission rate is governed by both PAR
and temperature, whereas the monoterpene emission
rate is solely a function of temperature. The
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monoterpene emission rate as a function of tempera-
ture is given by:

M=MePT"T (1)

where M is the monoterpene emission rate, M, is
the species-dependent monoterpene emission rate
factor, T is the leaf temperature (K), 7. is the
reference temperature (303 K), and B is the empiri-
cal temperature coefficient (0.09 K™')

The isoprene emission rate as a function of PAR
and temperature is given by:

1=1,C(Q,)Cr(T) (2)
where [ is the isoprene emission rate and /, is the
species-dependent isoprene emission rate factor. The
light dependence factor of the isoprene emission rate,
C(@,) is given by:

aCp, Qp

C(Q,) = m (3)

where Q is the PAR flux in pmol m™? s7™', a is

an empirical coefficient with a value of 0.0027 m* s
wmol ™!, and C|, is an empirical coefficient with a
value of 1.066.

The temperature dependence of the isoprene emis-
sion rate, C1(T), is given by:

CTI(T_ T\) )
RTT

CT:(T" Tm)
RT.T

Cr=exp (4)

1 +exp

where T is the leaf temperature (K), 7, is the
reference temperature (303 K), R is 8.314 J kg™
K™', C;, is an empirical coefficient with a value of
95000 J mol~', C;, is an empirical coefficient with
a value of 230000 J mol ', and 7, is an empirical
coefficient with a value of 314 K. All three functions
are shown in Fig. 1.

This paper compares the actual isoprene and
monoterpene emission rates as a function of tempera-
ture and PAR to those predicted using the empirical
functions given above.

3. Experimental methods

All experiments were conducted in a growth cabi-
net using 3-year old black spruce trees (P. mariana
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Fig. 1. Theoretical prediction of monoterpene emission rate as a
function of temperature (Eq. (1)), isoprene emission rate as a
function of PAR (Eq. (3)), and isoprene emission rate as a
function of temperature (Eq. (4)).

[Mill] B.S.P.) rooted in 6 litre plastic pots. Tree
heights ranged between 26 to 38 cm, with the leaf
areas of the trees ranging from 0.13 to 0.41 m?.
Promix BX was used as the soil media. Experi-
ments were conducted during March—June of 1995.
The experiments proceeded as follows: A black
spruce tree was placed in a glass cuvette, where the
soil was isolated from the interior of the cuvette
using a teflon-coated plexiglass sheet (Fig. 2). The
cuvette consisted of a glass cylinder 23 cm in height
with a diameter of 25 cm. This cylinder was open at
both ends. On the top of the cylinder rested a
roughly hemispherical glass lid, with a diameter of
25 cm (to match the body of the cuvette) and a depth
of 10 cm. Construction of the cuvette is described in
more detail by Lin (1996) and was modified from an
earlier design by Fuentes and Gillespie (1991). All
experiments were conducted in a growth chamber.
PAR values were measured just at the top of the
cuvette by a LI-COR sensor. Air temperature inside
the cuvette was measured by a thermocouple
(5/1000") placed in a shaded position within the
cuvette. Although air temperature was measured in-
stead of leaf temperature, which is the true factor
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Fig. 2. Photo of cuvette enclosing a 3-yr-old black spruce tree.

controlling VOC emissions, this was not expected to
cause significant error. Previous work to determine
the aerodynamic properties of the cuvette (Fuentes,
1992) noted that the difference between the leaf
temperature and the air temperature inside the cu-
vette was less than 1.1°C over a wide range of
environmental conditions, and furthermore this tem-
perature differential decreased with an increased flow
rate into the cuvette. Thus, as the black spruce trees
were well-watered and the flow rates into the cuvette
were fairly high (3-13 1/min), the leaf temperature
could be assumed to be essentially identical to the air
temperature inside the cuvette. Although it would
have been preferable to measure PAR and tempera-
ture on a leaf rather than tree scale, the shape,
orientation and sheer number of the conifer needles
made this impractical. '

The VOC emission rate of the tree inside the
cuvette was determined in the following manner.
Ambient air was passed through a charcoal filter and
pumped into the cuvette at rates from 3 to 13 1/min.
Sample air was drawn from the cuvette, but at a

significantly lower rate than that of the input air
(=1 1/min). This ensured there would be no leak-
age of air into the cuvette, since the pressure inside
the cuvette was greater than the external pressure
(this pressure difference was not measured, however).
Leakage of air from the cuvette was unimportant as
the air flow rate into the cuvette was the only
parameter of importance in calculating the VOC
emission rate. The total hydrocarbon concentration in
both the input air and the air drawn from the cuvette
was then measured using a fast response hydrocar-
bon detector (Wang et al., 1996). From the differ-
ence in the hydrocarbon levels in these two samples,
and with knowledge of the flow rate of air into the
cuvette, the hydrocarbon emission rate of the tree
could be determined. The fast response hydrocarbon
detector works by analyzing a gas with a Flame
Tonization Detector (FID), without previously pass-
ing the sample through a capillary column as in Gas
Chromatography (GC). In this manner, the VOC
emission rate of the studied plant can be examined
continuously; however, this comes at the expense of
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losing the ability to separate the total hydrocarbons
into their component parts. However, this added
complication was overcome with selective use of
Flame Ionization Detector in conjunction with Gas
Chromatography (GC-FID). This method involved
pumping samples of air from a spruce tree into a
3.2-1 electropolished stainless steel canister (Xontech,
Van Nuys, CA). The sample was then analyzed by a
gas chromatograph (GC, Model 5890A, Hewlett
Packard, Palo Alto, CA) after cryoconcentration in a
manner similar to EPA Method TO-14 (McClenny et
al., 1991).

4. Results and discussion

4.1. Black spruce VOC emission rate as a function of
temperature

Determination of the isoprene and monoterpene
emission rates of black spruce trees as a function of
temperature was achieved in the following manner.
First, the total VOC emission rate was measured as
the temperature was increased from 10°C to 48°C;

with the PAR value held constant at 500 umol m™*
s~ (Fig. 3). Unfortunately, measurements were not
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Fig. 3. Comparison between experimentally observed VOC emis-
sion rate as a function of temperature (Q, = 500 wmol m~2 571
emission rate predicted by summing the empirical equations of
Guenther (Eq. (5)).

made while decreasing the temperature from 48°C to
10°C, as damage to the tree occurred at these high
temperatures. Further experiments should be made to
determine if the VOC emission rate curve exhibits
hysteresis.

The above experiment demonstrated that the total
VOC emission rate increased as a function of tem-
perature, however it said nothing about the separate
behaviour of the two principal components of the
black spruce VOC emissions (isoprene and monoter-
pene). In order to determine the individual emission
rate response of these two compounds to increasing
temperature, we required some knowledge about the
relative sizes of the isoprene and monoterpene emis-
sion rates. Thus, a speciation of the black spruce
VOC emissions was performed using the GC-FID
method. By measuring the output concentration of
isoprene and the monoterpenes, and with knowledge
of the input rate of air into the cuvette, we were able
to determine the isoprene and monoterpene emis-
sions rates. By measuring the isoprene and monoter-
pene emission rates at three different temperatures
(constant PAR values), we were able to determine,
using Eq. (1) and Eq. (2), the values of I, and
M,,.. which best fit the data obtained by the GC-
FID. These values were found to be 7, .. =67+
3.5 ug Ch™' (g dry needle weigh)™', and M.
=24+12 ug C h™' (g dry needle weight)™'.
These agree within experimental error with the val-
ues given in the literature by Guenther et al. (1993).
Note that the large experimental error is due to the
inherent variability in the isoprene and monoterpene
emission rates of vegetation both in time and from
specimen to specimen. With these values of I .
and M. the total VOC emission rate as a func-
tion of temperature for a fixed value of PAR is given
by:
voC=M+I=M_, . eP7" T

spruce

+ IspruceCL(Qp)CT(T) (5)

This equation predicts the increase in VOC emis-
sions with increasing temperature up to 47°C ex-
tremely well (Fig. 3). Beyond 47°C, VOC emissions
increase sharply. This increase is not predicted by
Guenther’s empirical equations. We hypothesize that
the large increase in hydrocarbon emissions at high
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temperatures is due to catastrophic damage to the
tree (Sharkey et al., 1991). In any event, tempera-
tures of this magnitude are not encountered in the
boreal forest.

4.2. Black spruce VOC emission rate as a function of
PAR

Guenther’s empirical VOC emission equations
predict that only the isoprene fraction of total VOC
emissions responds to light and that the VOC pro-
duction efficiency factor C,(Q,) approaches a limit-
ing value as the PAR level increases (See Fig. 1).
Three separate experiments were completed in which
the VOC emission rate as a function of changing
PAR levels was measured. Temperature in these
experiments was maintained at approximately 26.5°C.
Then, using this data and Eq. (3), the values of the
empirical constants « and C;, were calculated using
a least-squares fitting procedure. The average VOC
emission rate as a function of PAR, along with the
line of best fit is shown in Fig. 4.

Results of this experiment indicated that although
the VOC emission rate as a function of PAR fol-
lowed the trend predicted by Guenther, the value of
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Fig. 4. Experimentally observed VOC emission rate as a function
of PAR. The VOC-PAR relationship suggested by Guenther (Eq.
(3)) is overlaid. The value of @ determined from our experiments
(Section 4.2) is used in this function.

a was different. @ represents the rate at which the
isoprene PAR factor, C( Qp) approaches the limiting
value. Thus, a higher value of « indicates that the
isoprene emission rate reaches the PAR saturation
value more quickly. Our value of a found by the
least-squares fitting procedure was 0.00096 +
0.00002 m? s umol !, whereas that suggested by
Guenther was 0.0027 m> s gmol ~'. We believe that
the difference lies in the experimental methods.
Guenther et al. (1991) utilized a branch of a eucalyp-
tus tree enclosed in a cuvette, whereas our experi-
ments were performed on black spruce saplings uti-
lizing a cuvette which enclosed the entire tree. Thus,
in the experiments conducted by Guenther the major-
ity of the leaves would be exposed to the full PAR
level, whereas in our experiments many of the spruce
needles were shaded by those above them. This
would result in a lower value of « than that given
by Guenther as the shaded needles would continue to
increase their isoprene production at input light lev-
els which had already saturated sunlit needles. Hence
our results do not conclude that the VOC emission
rate of individual black spruce needles as a function
of PAR necessarily differs from the empirical func-
tions suggested by Guenther et al. (1991). We do
conclude that the isoprene emission rate as a func-
tion of PAR approaches a limiting value in a manner
similar to that proposed by Guenther et al. (1991).

4.3. Black spruce VOC emission rate at standard
temperature and PAR

During the course of the above experiments to
determine the VOC emission rate as a function of
temperature and PAR, several measurements of the
VOC emission rate at standard conditions (30°C,
PAR value of 1000 wmol m~? s~ ') were made.
From these measurements the base VOC emission
rate at standard temperature and PAR was found to
be 9+4 ug C h™' (g dry needle weight)~'. This
agrees with the value given in the literature of
11+4 ug C h™' (g dry needle weight)™' [calcu-
lated from the sum of the isoprene and monoterpene
emission rate factors given by Guenther et al. (1993)].
The shading effects discussed previously may be
responsible for our base emission rate being slightly
lower than that reported previously.






