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Abstract We measured the relative control that resource
availability (as a supply-side control) and wounding (as
a demand-side control) exert on patterns of monoterpene
synthesis and concentration in Douglas fir [Pseudotsuga
menziesii (Mirb.) Franco] needles. While supply-side
controls should ater monoterpene production due to
changes in the availability of substrate (carbohydrates),
demand-side controls alter the need for a defensive pro-
duct. We examined these relationships by measuring
constitutive (preformed) and wound-induced rates of
monoterpene synthesis and pool sizes in trees grown
under ambient and elevated (ambient +200 pmol mol-1)
CO,, ambient and elevated (ambient +4°C) temperature,
and in trees grown under four levels of nitrogen fertiliza-
tion (0, 50, 100 and 200 pug g1 N by weight). Monoter-
pene pool size decreased at elevated CO,, increased at
elevated temperature and did not change in response to
nitrogen fertilization. Overall, we did not find that foliar
nitrogen, carbon balance, or rate of monoterpene synthe-
sis alone were consistent predictors of monoterpene con-
centration in current-year Douglas fir needles. In addi-
tion, despite a wound-induced decrease in monoterpene
pool size, we found no evidence for induction of mono-
terpene synthesis in response to wounding. The influence
of either resource availability or wounding on rates of
monoterpene synthesis or accumulation cannot be ex-
plained by traditional supply-side or demand-side con-
trols. We conclude that monoterpene synthesis in first-
year Douglas fir needles is controlled by fairly conserva-

M.E. Litvak ([ ]) - JV.H. Constable - R.K. Monson
Department of Environmental,

Population and Organismic Biology, University of Colorado,
Boulder, CO 80309, USA

Present addresses:

M.E. Litvak, University of Texas-Austin,

Section of Integrative Biology, Bio Labs 313, Austin,
TX 78712, USA

e-mail: mlitvak@mail.utexas.edu

J.V.H. Constable, Slippery Rock University,
Department of Biology, Slippery Rock, PA 16057, USA

tive genetic mechanisms and is influenced more by past
selection than by current resource state.

Keywords Induced defense - Supply-demand - Elevated
CO, - Elevated temperature - Nitrogen fertilization

Introduction

Monoterpenes are ten-carbon hydrocarbons widely dis-
tributed in the resin storage structures of nearly all coni-
fer species (Fahn 1979; Banthorpe and Charlwood
1980). Like other secondary compounds, monoterpenes
serve no known physiological role in conifer tissues, but
do act as toxins and/or deterrents to a variety of fungal
pathogens and herbivores (Leather et al. 1987; Duncan et
al. 1994; Paine and Hanlon 1994; Klepzig et a. 1996;
Vourc'h et a. 2001), and as solvents to increase the mo-
bilization and deposition of resin acids and more toxic
terpenes at the wound site. In addition, monoterpenes are
emitted from plant tissues in quantities large enough to
affect the chemistry of the lower troposphere, resulting
in increased production of organic aerosols, transforma-
tion of reactive nitrogen species, production of CO, and
in the presence of adequate nitrogen oxide concentra-
tions, increases in tropospheric ozone (Fehsenfeld et al.
1992; Litvak et al 1999).

Dynamics in plant tissue concentration of secondary
defensive compounds like monoterpenes are often predict-
ed using the carbon-nutrient balance hypothesis (CNB,
Bryant et. al. 1983; Hamilton et al. 2001) and growth-dif-
ferentiation balance hypothesis (GDBH, Hodges and
Lorio 1975; Herms and Mattson 1992). Central to these
models is the principle that only carbon that has accumu-
lated in excess of growth regquirements can be allocated to
carbon-based defenses. In areview of the growth-differen-
tiation balance model, Lerdau et a. (1994) described
the relationship between carbohydrate accumulation and
monoterpene production as a supply-side control, and dis-
tinguished it from demand-side controls. While supply-
side controls increase the availability of substrate (carbo-



hydrate), demand-side controls increase the need for de-
fense (monoterpene). Thus, factors that either increase the
synthesis rate (e.g., elevated CO,), or decrease the con-
sumption rate (e.g., reduced growth due to nutrient limita-
tions) of non-structural carbohydrates should promote
monoterpene synthesis through supply-side control. In
contrast, factors that increase the need for defense (e.g.,
current herbivory, probability of attack, value of tissue to
the plant, benefit of defense) would be associated with de-
mand-side control.

Experimental tests of the resource allocation models
described above and their relevance to supply-side pro-
cesses have been inconclusive. Growth at elevated CO,,
and/or low nutrient availability, typically increases the
amount of carbon in woody plant tissues that isin excess
of that required for immediate growth (Griffin et al.
1996; Kelsey et al. 1998). Yet, monoterpene pool sizesin
conifer tissues either increase (Heyworth et al. 1998),
decrease (Williams et al. 1994) or do not change (Roth
and Lindroth 1994; Kainulainen et al. 1998; Constable et
al. 1999) in response to growth at elevated CO,. Similar-
ly, monoterpene pools in conifer needles reportedly in-
crease (Kainulainen et al. 1996), decrease (Bjorkman et
al. 1991; McCullough and Kulman 1991), or do not
change (Holopainen et al. 1995) in response to reduced
growth caused by nitrogen deficiency. One reason sup-
ply-side processes alone have been unable to consistent-
ly predict dynamics in monoterpene concentration is that
the nitrogen requirements for enzymatic production of
monoterpenes, as well as construction of resin storage
structures, make it unreasonable to consider monoter-
penes solely as carbon-based defenses (Lerdau and
Gershenzon 1997; Haukioja et a. 1998).

One of the more obvious demand-side controls, herbi-
vory or wounding to simulate herbivory, has been shown
to induce localized monoterpene synthesis in stem tis-
sues and needles from a variety of conifer species
(Lewinsohn et al. 1991a, b; Litvak and Monson 1998).
Localized induction of monoterpene synthesis was ob-
served by monitoring the increase in activity of monoter-
pene cyclases (enzymes that catalyze monoterpene syn-
thesis) in wounded conifer tissues 4-8 days after tissue
damage. Once the resin structures are ruptured in
wounded tissues, stored monoterpenes pools are rapidly
depleted until a hardened mixture of monoterpenes and
diterpenoid resin acids forms at the wound site (Litvak
and Monson 1998; Loreto et a. 2000; Prieme et al.
2000). Increased biosynthesis of monoterpenes to re-
place depleted pools in wounded tissues is consistent
with the defensive roles these compounds play in conifer
tissues.

Our primary objective was to determine the relative
control that supply-side and demand-side processes exert
on patterns of synthesis and concentration of monoter-
penes in Douglas fir [Pseudotsuga menziesii (Mirb.)
Franco] needles. We examined these relationships by
measuring constitutive (preformed) and wound-induced
rates of monoterpene synthesis and monoterpene pool
sizesin trees grown at ambient and elevated CO,, as well
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as ambient and elevated temperature (experiment 1), and
in trees grown at four levels of nitrogen fertilization (ex-
periment 2).

Materials and methods

The Douglas fir trees used in these experiments were part of an
ongoing study by the U.S. Environmental Protection Agency
(EPA) on the effects of CO, and climate change on forest trees in
Corvalis, Ore. (Tingey et a. 1995). Trees in experiment 1 (re-
sponse to elevated CO,, elevated temperature, and wounding)
were planted as bare root 2-year-old stock in sealed environmen-
tally controlled outdoor chambers referred to as Terracosms (2 m
wide x1 m deep x1.5 m tall) in 1993, 15 trees per chamber. These
chambers received ambient light, but temperature and CO, were
controlled to create four growth treatments in a full two-by-two
factorial design. The two growth temperature levels were ambient
and ambient +40°C. The two CO, treatments were ambient CO,
and ambient + 200 umol mol-1 CO, Twelve Terracosms total
were randomly divided into the four growth treatments in 1993,
three chambers per treatment. Two additional groups of 15 trees
were planted as unchambered controls. For more details on the ex-
periment see Tingey et al. (1995).

The Douglas fir trees in experiment 2 (response to variable ni-
trogen availability and wounding), were collected by the EPA at
the same time as the trees planted in the Terracosms, but planted
as bare root 2-year old stock in 13.6 | plastic pots in late June
1993. These trees were planted in the soil medium used in the
chambers and remained outside adjacent to the closed-top cham-
bers year round. The trees were randomly assigned to one of four
nitrogen fertilization regimes: 0, 50, 100, and 200 pug g* N by
weight (ten trees per treatment). Nitrogen was added to the soil in
each pot as 0, 2.73, 5.46 or 10.92 g NH,NO; pellets 16 months
after planting, and repeated once per year for 2 years. Trees
received ambient rainfall but were watered as necessary in dry pe-
riods with purified water.

Needle measurements

The trees were 3 years old when the experiments were conducted
in June 1996. On day 1 of both experiments we harvested approxi-
mately 2 g fresh mass (FM) current-year foliage from one branch
per tree for pre-wound analyses from 5 trees per chamber, 3 cham-
bers per growth treatment in experiment 1 and from 10 trees per
fertilization regime in experiment 2. The foliage that was harvest-
ed for analysis of monoterpene cyclase activity and pool size con-
centration was separated, weighed and immediately stored in
liquid nitrogen. Needles collected for total nitrogen and carbon
content were dried at 70°C overnight. Foliage samples for total
non-structural carbohydrate were dried at 100°C for 2 h, then
overnight at 70°C.

We simulated needle damage due to insect folivores by using
scissors to remove the distal half of approximately 100 needles on
the same branches from which the unwounded needles were col-
lected (Litvak and Monson 1998). After 8 days, these wounded
needles were collected for monoterpene synthesis, pool size, car-
bon, nitrogen and starch concentration analyses as described
above. We also collected unwounded needles from a similarly ori-
ented branch on each tree to look for changes in the rates of mono-
terpene synthesis or pool size over the 8-day period.

Assay for monoterpene cyclase activity

To assay monoterpene cyclase activity, we used the procedure out-
lined in Litvak and Monson (1998). There are multiple monoter-
pene cyclases that each catalyze the formation of discrete sets of
monoterpenes from the substrate geranyl pyrophosphate (Croteau
and Cane 1985; Savage et a. 1994). Given that radio-gas liquid
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chromatography (Croteau et al. 1987) was not used in this experi-
ment to separate and identify the labeled products, our results are
indicative of the total activity of monoterpene cyclases present in
the needle tissue. Protein concentrations were determined by
the dye-binding method described by Bradford (1976) using the
Coomassie Bio-Rad Reagent (Asgs).

Analysis of monoterpene concentration and composition

Needles for monoterpene concentration analysis were ground to a
fine powder in liquid nitrogen, and stored in 20 ml of pentane to
extract the monoterpenes. An internal standard, approximately
1 mg of fenchone (a terpene that is not a typical component of the
Douglas fir needle monoterpene profile), was added to the pentane
extractions of the tissue monoterpenes immediately after the tissue
was added. Extracted monoterpenes from these liquid samples
were separated on a gas chromatograph (HP5890, Series I, Hew-
lett-Packard) equipped with an FID detector, a split-splitless injec-
tor, and a fused silica capillary column (15 m DB-WAX,.32 mm
ID, 1um film thickness, J & W Scientific, Folsom, Calif.). Helium
was used as the carrier gas at 1.5 ml/min, and the column tempera-
ture was programmed to hold at 50°C for 3 min, then increase
6°C/min to 200°C, and 15°C/min to 240°C, then held for 3 min.
Injector temperature was 250°C, and detector temperature was
300°C. A 2-ul sample was injected in the split mode (80:1 split)
using an autosampler (HP7673, Hewlett-Packard). Peaks were
identified by comparison to the retention times of monoterpene
standards (Sigma/Aldrich, St. Louis, Mo.). Peaks were quantified
relative to the internal standard fenchone and expressed as milli-
grams terpene per milligram of needle dry weight.

Nonstructural carbohydrate, carbon and nitrogen analyses

Needle starch was measured on 15 mg of dried tissue following
the procedure detailed in Constable et al. (1999). Carbon and ni-

trogen analyses were measured on 10-20 mg of dried tissue by the
Boston University Stable Isotope Laboratory using a Heraeus car-
bon-nitrogen analyzer.

Statistical analyses

The impact of growth resource availability, wounding and their in-
teraction on monoterpene synthesis rates and pool sizes was as-
sessed using repeated measures ANOVA. In both experiments,
growth resource availability (CO, and temperature in experiment
1 and nitrogen availability in experiment 2) was tested as the be-
tween subject source of variation and wounding as the within-sub-
jects source. We used linear regression analysis to test for relation-
ships between monoterpene cyclase activity and monoterpene pool
size, and for relationships between both cyclase activity and pool
size with carbon, nitrogen, starch, carbon/nitrogen and starch/
nitrogen ratios. A general linear model procedure assessed cham-
ber effects between the ambient temperature and CO, treatment
groups (unchambered and chambered) and found no significant
chamber effects on any variable. All statistics were performed on
SAS Statistical Package (SAS 1991).

Results
Experiment 1 — elevated CO,, wounding and temperature

Influence of CO2, temperature and wounding
on needle carbon balance

Elevated CO, and temperature both significantly altered
the carbon balance of Douglas fir needles (Fig. 1). Ele-
vated CO, aone significantly increased needle starch,
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Fig. 2 Monoterpene cyclase activity (mean values + SE) in both
wounded (white bars) and unwounded needles (dark bars) in ex-
periment 1 (symbols for growth treatments and significance levels
explained in Fig 1 caption)

C/N ratio and starch/N, compared to needles in ambient
growth conditions. In contrast, elevated temperature
significantly decreased starch, C/N ratio and starch/N
ratios. While needle nitrogen concentration significantly
increased by 25% in elevated temperature grown trees, it
significantly decreased at elevated CO,. In the combined
elevated temperature and CO, chambers, elevated CO,
ameliorated the increase in nitrogen observed at elevated
temperature alone.

Wounding triggered an increase in C and N concen-
tration, but a decrease in starch, C/N and starch/N
(Fig. 1). Wounded needles in the elevated CO, chambers
experienced the largest decrease in C/N ratios, compared
to the other growth treatments. Elevated temperature did
not influence any wound-induced changes in needle car-
bon balance.

Influence of CO,, temperature and wounding
on monoter pene cyclase activity

Needle monoterpene cyclase activities ranged from 0.5
to 1.6 pmol pg protein- h-1, and 5 to 9 pmol g FM-1 h-1,
In undamaged needles, total protein increased by 50% at
elevated temperature aone (P=0.008), but did not
change in the combined elevated CO, and elevated tem-
perature treatment (CO,: P=0.04; CO, x temperature in-
teraction, P=0.01). Despite these changes to total pro-
tein, monoterpene cyclase activity was not atered by
either elevated CO, or elevated temperature (Fig. 2).
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Fig. 3 Monoterpene pool size (mean values = SE) in both wound-
ed (W) and unwounded needles (C) from experiment 1 (symbols
for growth treatments and significance levels explained in Fig. 1
caption)

Wounding decreased total protein levels at elevated tem-
perature only (wound: P=0.15, wound X temperature:
P=0.05). In al growth treatments, wounding significant-
ly decreased cyclase activity per unit fresh mass, but did
not influence cyclase activity per unit protein.

Influence of CO,, temperature and wounding
on monoter pene concentration and composition

Monoterpenes accounted for 1-2 % of the total dry mass
of current-year Douglas-fir needles. In order of decreasing
abundance, the monoterpenes present in these tissues were
[B-pinene, a-pinene, myrcene, B-phellandrene, terpinene
and &-3-carene. The sum of B-pinene and a-pinene ac-
counted for over 90-95% of the total monoterpene con-
centration, thus these are the only individual compounds
for which results are presented.

Both undamaged and damaged needles from the com-
bined ambient CO, and elevated temperature treatment
had the highest concentrations of [3-pinene, a-pinene and
total monoterpenes (Fig. 3). At ambient CO, and elevat-
ed temperature, pool sizes increased by 30% in undam-
aged needles and by 50% in damaged needles compared
to needles grown at ambient CO, and ambient tempera-
ture. Growth at elevated CO, aone caused significant
decreases in a-pinene, B-pinene and total monoterpe-
nes by 5%, 11% and 7%, respectively, in undamaged
needles, and by 8%, 12% and 14%, respectively, in dam-
aged needles. We observed a significant temperature x
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Fig. 4 Relationships between monoterpene cyclase activity and
pool size to needle nitrogen (A, D), C/N ratio (B, E) and starch/N
ratio (C, F) in experiment 1. The four growth treatments are ambi-
ent CO,, ambient temperature (square), elevated temperature (tri-
angle), elevated CO, (circle), combined elevated CO,, elevated
temperature (diamond)

CO, interaction such that elevated CO, ameliorated the
increase in pool size observed at elevated temperature.

Eight days after wounding, damaged needles across
growth treatments had 20% lower total monoterpene,
o-pinene, and B-pinene pool sizes than undamaged nee-
dies (Fig. 3). Wounded needles in the elevated tempera-
ture chambers retained the largest fraction of pre-wound
monoterpene pools. Wounding did not consistently alter
pools of B-phellandrene or other minor constituents of
the terpene pool (data not shown).

Relationships between cyclase activity, monoter pene
concentration, and carbon balance variables

Monoterpene cyclase activity did not consistently re-
spond to changes in needle nitrogen, C/N or starch/N ra-
tio in either undamaged or damaged needles (Fig. 4).
With data from all growth treatments combined, total
monoterpene pool size in both undamaged and damaged
needles was positively correlated with needle nitrogen
concentration, and negatively correlated with C/N and
starch/N ratios. Across growth treatments, we observed
no relationship between the size of the total monoterpene

pool and monoterpene cyclase activity in either un-
wounded or wounded needles.

Experiment 2 — nitrogen availability

Influence of nitrogen availability and wounding
on needle carbon balance

As nitrogen availability increased across fertilization
treatments, total C and N concentration in current-year
Douglas fir needles increased while starch, starch/N and
C/N ratios decreased (Fig. 5). Eight days after needle
damage, wounded needles averaged across N fertiliza-
tion treatments had 10% higher nitrogen, and 7% lower
CIN ratios than undamaged needles. The wound-induced
change in starch and starch/N was dependent upon the
level of N fertilization. Wounding decreased needle
starch and starch/N in the two lowest N fertilization
treatments, but increased starch and starch/N in the two
highest fertilization levels. Wounding did not alter the
total carbon concentration measured in these needles.

Influence of nitrogen fertilization and wounding
on needle monoter pene cyclase activity and pool size

Monoterpene cyclase activity and total protein per
unit fresh mass both significantly increased with N fertil-
ization (Fig. 6; protein repeated measures ANOVA re-
sults: nitrogen df=3, 31, F=10.3, P<0.0001, wound df=1,
31, F=5.45, P=0.03, woundxnitrogen df=3, 31, F=1.1,
P=0.4). In undamaged needles cyclase activity per unit
protein also significantly increased with N fertilization
treatment suggesting that cyclase activity increased dis-
proportionately more than total protein (unwounded:
F=9.2, P=0.005, df=1, 31). No significant difference in
cyclase activity per unit protein was observed among the
N growth treatments in wounded needles (F=0.8, P=0.4,
df=1, 33), making the overall influence of N fertilization
on cyclase activity per unit protein insignificant (Fig. 6).
Wounded needles across fertilization treatments had 25%
lower needle cyclase activity and total protein per unit
fresh mass, compared to undamaged needles (Fig. 6, see
protein statistics above).

Nitrogen fertilization did not significantly alter mono-
terpene pool size in either unwounded or wounded
needles (Fig. 7). Eight days after wounding, wounded
needles across all fertilization treatments contained 20%
less monoterpenes per unit dry mass than unwounded
needles.

Relationships between monoter pene cyclase activity,
monoter pene pool size, and needle carbon balance

Changes in total monoterpene, B-pinene, and a-pinene
concentrations in unwounded needles were independent
of needle C, N, starch, C/N or starch/N changes (Fig. 8).
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Similarly, monoterpene cyclase activity was not related
to needle nitrogen or any measure of needle carbon bal-
ance (Fig. 8). We found no relationship between mono-
terpene pool size and cyclase activity in either unwound-
ed or wounded needles (Fig. 9 B; unwounded: R?=0.02,
P=0.46; wounded: R?=0.10, P=0.51).

Discussion

The responses of monoterpene pool size to growth nitro-
gen availability, CO, concentration and temperature do
not support the hypothesis that carbon balance regulates
monoterpene synthesis in current-year Douglas fir
needles. All three growth treatments significantly altered
needle starch/nitrogen ratios, an indication that these
treatments were effective in atering carbon assimilation
rates relative to that required for growth. As predicted
and observed in other studies, starch and starch/N ratios
increased at elevated CO, (Griffin et a. 1996), but de-
creased at elevated temperature (Saxe et al. 2001) and
with higher levels of nitrogen fertilization (Kelsey et al.
1998). If monoterpene pool size was limited solely by
available carbon substrate, pool sizes should be positively
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correlated with starch, C/N, or starch/N ratios. While to-
tal monoterpene, a-pinene and [3-pinene concentrations
decreased in response to increased C/N and starch/N re-
tios in experiment 1 (Fig. 4), needle monoterpene pools
did not consistently respond to these measures of carbon
balance in the nitrogen fertilization experiment.

Growth at elevated temperature significantly in-
creased monoterpene pools in current-year Douglas fir
needles (Fig. 3). The factor most likely to result in in-
creased monoterpene pools is higher rates of synthesis or
replacement from stored pools in other tissues relative to
volatilization rates. When assayed at the same tempera-
ture, monoterpene cyclase activities were comparable
between trees grown at ambient and elevated tempera-
tures (Fig. 2). This can be thought of as a standardized
rate of cyclase activity where comparable rates suggest
similar concentrations of cyclase enzyme in the needle
tissues. Comparable activities at the same standardized
assay temperature, however, should trandlate into higher
in situ activities for trees grown at the warmer tempera-
ture. We can predict rates of monoterpene synthesis at
the higher growth temperature using Eq.1

C:Crefolo (T_Trerf)/ 10 (l)



where C,4 is the measured cyclase activity at ambient
temperature Ty, T is the elevated growth temperature,
and predicted Q,, (temperature dependence of monoter-
pene formation) ranges from 2—4, typical of enzyme cat-
alyzed reactions throughout their physiological range.
Using this Qo range as our upper and lower limit, we
calculate that rates of synthesis should increase between
32% and 74% at growth temperatures 4°C above ambi-
ent. Although monoterpene emission rates were not mea-
sured on trees grown at elevated temperature, emission
rates should be 46% higher in trees grown at 4°C above
ambient (Constable et al. 1999). These rough estimates
of production and loss rates could explain the increased
tissue monoterpene concentrations observed at elevated
temperatures in the current study, depending on the actu-
a Qo for monoterpene synthesis. Increased carbon allo-
cation to monoterpenes at elevated temperatures despite
lower starch/N and C/N ratios suggests that at least un-
der these growth conditions, starch/N and C/N ratios are
not a good measure of the amount of carbon substrate
available for defense. Phenotypic variation in other car-
bon-based secondary metabolite concentrations at elevat-
ed temperature appears to be both compound and spe-
cies-specific. While elevated temperature did not affect
foliar phenolic concentrations in two species of maple
(Williams et a. 2000), tannin concentrations increased in
English oak (Quercus robur L.) leaves (Dury et al.
1998). In white birch (Betula pendula Roth) grown at
20°C above ambient, while total foliar HPLC phenolics
decreased, flavone aglycones increased (Kuokkanen et
al. 2001).

Previous studies report that monoterpene pool sizesin
conifer tissues either increase (Heyworth et al. 1998),
decrease (Williams et al. 1994) or do not change (Roth
and Lindroth 1994; Kainulainen et al. 1998) in response
to growth at elevated CO,. The reasons for the declinein
monoterpene concentration in the current study at higher
CO, availability are not clear. Possible explanations in-
clude an increase in the rate of volatilization, an increase
in the rate of metabolic degradation, a decrease in the
rate of synthesis, or a decrease in the rate of monoter-
pene accumulation relative to other needle constituents.
An increase in the rate of volatilization is unlikely, since
Constable et al. (1999) measured monoterpene emission
rates from the same trees used in this study and found no
significant effect of elevated CO,. Similarly, an increase
in the rate of monoterpene degradation, or a decrease in
the rate of synthesis are unlikely, since monoterpene
pools in conifer needles are not subject to significant
turnover (Gershenzon et a. 1993), and our results reveal
that monoterpene cyclase activity did not increase in re-
sponse to growth at elevated CO,. Given that elevated
CO, did not alter the dry mass per unit needle area on
these trees (Constable et a. 1999), and needle starch
concentrations increased, the most plausible explanation
for the observed decrease in monoterpene concentration
is that elevated CO, triggered a decrease in the rate of
accumulation of monoterpenes relative to other needle
constituents, such as starch.
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The increase in pool size that was observed at elevat-
ed temperature was cancelled by elevated CO, in the
combined elevated CO, and temperature trestment (Fig. 3).
The same trend was observed in the interactive effects of
elevated CO, and temperature on total resin droplets in
white birch seedling stems (Kuokkanen et al. 2001). A
1.5-4.5°C rise in global mean temperatures is projected
to accompany the anticipated doubling of atmospheric
CO, concentration in the next century (Houghton et al.
1996). Changes in plant secondary chemistry in response
to combined elevated CO, and temperature could there-
fore alter the nature of plant-insect interactions in the fu-
ture. Although monoterpene pools responded indepen-
dently to enhanced CO, and temperature in this study,
our results suggest a combined elevated CO, and tem-
perature environment is not likely to alter pool sizes and
thus the defensive role monoterpenes play, at least not in
current-year Douglas fir needles. This is consistent with
other reports of no interactive effects of CO, and temper-
ature on foliar secondary compounds in English oak, red
maple, sugar maple, and white birch (Dury et al. 1998;
Williams et al. 2000; Kuokkannen et al. 2001).

Wounding resulted in no significant stimulation of
monoterpene biosynthesis in Douglas fir needles as seen
in the lack of increased monoterpene cyclase activity.
This result contrasts with those for ponderosa pine,
lodgepole pine and white fir, in which wounding by the
same method induced an increase in monoterpene cy-
clase activity in the remaining portion of the needle
(Litvak and Monson 1998). This lack of induction in
Douglas fir tissues is consistent however, with the results
observed by Lewinsohn et a. (1991a, b) in a survey of
species-specific patterns in the relative strength of con-
stitutive and induced monoterpene cyclase activities in
conifer stems. While wounding induced cyclase activity
in the cortical tissues of other coniferous species, cyclase
activity in Douglas-fir stems did not change (L ewinsohn
et a. 1991a, b). The lack of induction observed in
Douglas fir suggests that this species relies more on
constitutive than induced monoterpenes for defense.
Whether the lack of an induced response is due to a lack
of machinery or an actual biochemical regulation that is
prohibiting the response is not clear from this study.

Both light deprivation and water stress significant-
ly reduced constitutive and wound-induced rates of
monoterpene biosynthesis in grand fir stem tissues
(Lewinsohn et al. 1993). In addition, Loreto et al. (2001)
measured a decrease in monoterpene cyclase activities in
holm oak (Quercus ilex L.) leaves grown at elevated
CO,. In the current study, in addition to the likely in-
crease in monoterpene cyclase activity at elevated tem-
perature, rates of synthesis as measured by cyclase activ-
ity increased with nitrogen fertilization in undamaged
needles (Fig. 6). The insignificant relationship between
cyclase activity and foliar nitrogen in both experiments
suggests the observed increase in synthesis rates in
N-fertilized trees is mediated by some factor other than
foliar N. At higher growth rates typical of nitrogen fertil-
ized trees, most enzyme activities required to support
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that growth should also increase. Thus, the increase in
monoterpene cyclase activity in trees grown at high N
availability could be interpreted as an increase in the de-
mand for more monoterpenes to defend new tissues
(Lerdau et a. 1994). Despite the increase in monoter-
pene synthesis however, we did not observe a significant
corresponding increase in monoterpene pool size with
nitrogen fertilization. Lerdau et al. (1995) reported in-
creases in both monoterpene pool size and emission rate
with nitrogen fertilization in earlier work on current-year
fully expanded Douglas fir needles. Although emission
rates were not directly measured on the trees in the cur-
rent study, higher emission rates coupled with higher
biosynthetic rates in N-fertilized trees could explain why
pool sizes in these trees did not change. Any factor that
alters the diffusive resistance to monoterpene flux, for
example changes in needle structure in N-fertilized trees,
could explain these higher emission rates (Lerdau et al.
1995). Alternative explanations are that while nitrogen
fertilization increased rates of biosynthesis in current-
year Douglas fir needles, it did not increase the produc-
tion of storage structures (resin canals) or availability of
carbon substrate for monoterpene synthesis.

Overal, we did not find that foliar nitrogen, carbon
balance, or monoterpene cyclase activity aone were
good predictors of the accumulation of monoterpenes in
current-year Douglas fir needles. In addition, despite a
wound-induced drop in monoterpene pools in wounded
needles, we found no evidence for induction of monoter-
pene synthesis in response to wounding. Monoterpene
concentration in first-year Douglas fir needles appears to
be controlled by fairly conservative genetic mechanisms.
These needles rely more on constitutive versus induced
levels of monoterpenes for defense that are not very re-
sponsive to environmental variability and resource avail-
ability. These results suggest rates of monoterpene syn-
thesis and accumulation in Douglas fir needles may be
better explained by considering selective factors such as
the probability of attack, value of the tissue to the plant
and benefit of defense (McKey 1974) than by current re-
source state.
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