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Differential response of aspen and birch trees to heat stress under elevated
carbon dioxide
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We report that elevated CO2 confers increased thermotolerance on both aspen and birch trees while isoprene production in aspen confers further
thermotolerance in aspen.
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a b s t r a c t

The effect of high temperature on photosynthesis of isoprene-emitting (aspen) and non-isoprene-
emitting (birch) trees were measured under elevated CO2 and ambient conditions. Aspen trees tolerated
heat better than birch trees and elevated CO2 protected photosynthesis of both species against moderate
heat stress. Elevated CO2 increased carboxylation capacity, photosynthetic electron transport capacity,
and triose phosphate use in both birch and aspen trees. High temperature (36–39 �C) decreased all of
these parameters in birch regardless of CO2 treatment, but only photosynthetic electron transport and
triose phosphate use at ambient CO2 were reduced in aspen. Among the two aspen clones tested, 271
showed higher thermotolerance than 42E possibly because of the higher isoprene-emission, especially
under elevated CO2. Our results indicate that isoprene-emitting trees may have a competitive advantage
over non-isoprene emitting ones as temperatures rise, indicating that biological diversity may be affected
in some ecosystems because of heat tolerance mechanisms.

Published by Elsevier Ltd.

1. Introduction

Increasing atmospheric greenhouse gases have led to increasing
atmospheric temperatures (global warming) (IPCC, 2001, 2007). It
has been reported that high temperatures decrease growth rate and
may even stop cambial growth in trees such as Pinus sylvestris and
Picea abies (Pichler and Oberhuber, 2007) as well as decrease
ecosystem productivity, as observed during the European summer
2003 heat wave (Reichstein et al., 2007). High temperature, not
high photon flux density, is the principal cause of decreased net
carbon gain as temperatures rise (Gamon and Pearcy, 1989), and
increasing temperatures beyond 35 �C will generally inhibit carbon
assimilation (Sharkey, 2005; Sharkey and Schrader, 2006). High
temperatures are reported to decrease carbon assimilation rates in
a number of different tree species including Macaranga conifera
(Ishida and Toma, 1999), Eperua grandifolia (Pons and Welschen,

2003), Cariniana legalis (Souza et al., 2005) and Quercus pubescens
(Haldimann and Feller, 2004).

High temperatures are also known to induce the production of
isoprene in isoprene-producing trees (Monson and Fall, 1989;
Centritto et al., 2005), and isoprene is thought to protect trees from
heat stress by increasing their thermotolerance (Sharkey and
Singsaas, 1995; Sharkey et al., 2001; Singsaas et al., 1997). The
mechanism by which isoprene confers thermotolerance on tree
leaves is not well understood (Behnke et al., 2007). Behnke et al.
(2007) found that isoprene-emitting aspen trees maintained a high
carbon assimilation rate compared to their non-isoprene emitting
transgenic counterparts at temperatures of 38–40 �C.

Elevated CO2 has been reported to ameliorate the adverse effects
of high temperatures in different deciduous plant species including
aspen (Darbah, 2007), birch trees (Veteli et al., 2007; Darbah, 2007)
and Phaseolus vulgaris (Cowling and Sage, 1998). Idso and Kimball
(1992) reported that elevated CO2 (ambient þ 300 ppm) increased
net carbon assimilation by 100% and 200% in orange trees at 35 and
42 �C, respectively, relative to orange trees under ambient CO2 at
the same temperatures.

In the summer of 2006, we measured the effect of a natural
prolonged heat spell on photosynthesis of aspen (Populus trem-
uloides Michx) and birch (Betula papyrifera) trees growing in Free Air
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Carbon dioxide Enrichment (FACE) rings at the Aspen FACE experi-
mental site in Northern Wisconsin. Since aspen and birch occupy
similar ecological niches, but only aspen emits appreciable quanti-
ties of isoprene, we were able to compare the effects of elevated
temperatures on these two tree species with different volatile

organic compound (VOC) emission dynamics under both ambient
and elevated CO2 in this study.

2. Materials and methods

2.1. Study site and planting material

The experiment was carried out at the Aspen FACE site in Rhinelander, WI, USA
(Karnosky et al., 2005) in 2006 during the unusual heat wave in July (Fig.1). The study
site is located at 45�30 0N and 89�39 W0 with a sandy loam soil type. This experiment
consists of four rings each of control (ambient air) (C) and elevated CO2 (target of
200 ppm above ambient) conditions in triplicate rings of 30-meter diameter each
(Karnosky et al., 2005). Six-month-old greenhouse-grown saplings from rooted
cuttings of five clones of aspen (P. tremuloides) and birch (B. papyrifera) were planted
at this site in July of 1997 (Noormets et al., 2001). Fumigation of elevated CO2 was
carried out at this site since 1997 providing nine years of exposure before these
measurements were carried out. Trees were fumigated from 07:00 to 19:00
throughout the growing season from Spring to Fall. Two aspen clones were studied
namely 271 and 42E. These clones exhibited contrasting isoprene emissions in
previous studies (Calfapietra et al., 2007).

2.2. Gas exchange measurements

Gas exchange was measured with a LI-COR photosynthesis system (LI 6400
version 5.02 from LI-COR Inc. Lincoln, Nebraska, USA). All measurements were
made on attached, fully expanded leaves on short shoots at the top of the canopy
in full sunlight. Instantaneous photosynthesis rates and responses of photosyn-
thetic CO2 assimilation (A) to carbon dioxide concentration inside the leaf (Ci)
were measured at naturally occurring leaf temperatures and binned into
measurements at 32–35 �C, 36–39 �C and 40–41 �C as air temperatures ranged
between 32 and 38 �C (Fig. 1) in aspen and birch trees. Many birch leaves exhibited
obvious signs of stress during the heat wave and these were not used for gas
exchange. Thus, the gas exchange measurements underestimate the total effect of
heat on birch photosynthesis.

Photosynthetic response curves (A/Ci curves) were measured between 3 and 5
pm when temperatures were high and trees had recovered from midday depression
(in the second peak of the bimodal diurnal curve, Fig. 2). For each A/Ci curve, the
procedure described by Long and Bernacchi (2003) was followed (varying CO2

concentration between 50 mmol mol�1 and 1800 mmol mol�1) at a saturating
photosynthetically active radiation of 1200 mmol m�2 s�1 for aspen and
1000 mmol m�2 s�1 for birch. Maximum carboxylation rate (Vcmax), electron
transport rate (J), triose phosphate use (TPU) and day respiration (Rd) variables
were computed from the A/Ci curves using the A/Ci curve fitting model developed
by Sharkey et al. (2007). TPU was determined as the highest A regardless of
whether symptoms of TPU were present. This makes it similar to the parameter
Amax reported by other investigators. Single measurements at saturating light and
CO2 are reported here as Amax, but TPU when the value is derived from an A/Ci

curve. Thus, in this study both Amax and TPU could indicate either TPU or electron
transport (J) limited conditions. At high temperature these are likely to represent J
limited conditions since CO2 insensitivity characteristic of TPU limitations were
often not observed at these high temperatures. Stomatal conductance and tran-
spiration rates were determined at the same time as instantaneous photosynthetic
measurements.
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Fig. 1. Daily air temperature in the summer of 2006 and hourly temperature
throughout the day on DOY 197. Measurements were made at the Aspen FACE site in
Rhinelander, WI, USA.

Fig. 2. Representative images of aspen (left panel) and birch leaves during the heat wave. Aspen exhibited little to no visible damage during the heat wave while birch exhibited
significant leaf damage and subsequent leaf shedding.
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2.3. Isoprene measurement and leaf temperature measurements

Isoprene emission was measured at 1000 mmol photons m�2 s�1 and 30 �C by
directing the outlet of the LI 6400 cuvette to a Fast Isoprene Sensor (Hills Scientific,
Boulder CO, USA) as described by Calfapietra et al. (2008). Leaf temperature was
measured with a Precision Infrared Thermometer (Fluke Electronics Co, Seattle,WA)
on warm sunny days. Leaf temperature measurements were taken in the afternoon
between 3 and 5 pm.

2.4. Meteorological data

An on-site weather station measured the air temperature (Tair) relative
humidity, wind speed, and photosynthetic photon flux density at the top of the
canopy, in addition to precipitation and soil water content (at 5, 50 and 100 cm
depth) measured with water content reflectometer (CS616-L, CS Campbell Scientific
Inc.). These measurements were taken at every 30 min throughout the day and
season. Details of the meteorological data from this weather station can be assessed
from http//www.aspenface.mtu.edu.

2.5. Statistical analysis

Analysis of variance (ANOVA) followed by posthoc Tukey’s-test significant at
P< 0.05 level (Sokal and Rolf, 1995) was used to test treatment differences. Repeated
measure analysis was used to test for differences between temperature groups.
Average values computed � standard errors (SE) are presented and different letters
are used to indicate significant differences. The PROC GLM component of the SAS
statistical software (by SAS Inc.) was used in carrying out this analysis. Percentage
increase or decrease was also computed.

3. Results

An unusual heat wave and drought occurred in northern Wis-
consin during the summer of 2006 where maximum temperature
varied between 30 and 38 �C (Fig. 1). In addition, rainfall during this
period was minimal, exacerbating the heat stress experienced by
leaves. According to the National Oceanic and Atmospheric
Administration (NOAA) report, the Rhinelander area was classified
as experiencing a severe drought in mid July 2006 with a drought
severity index of �3.0 to �3.9. This provided a rare opportunity to
study the effect of high temperature under elevated CO2 under forest
conditions.

3.1. Ameliorative effects of elevated CO2 on heat stress

Aspen trees showed no visible symptoms of stress except for
decreases in some gas exchange variables. However, birch trees
initially showed signs of stress through leaf curling and then yel-
lowing of leaves and finally leaf shedding (Fig. 2). Birch trees in
control rings dropped 33% of their leaves while those in elevated
CO2 dropped 20%.

Gas exchange measurements were made before, during, and
after the highest temperature recorded in the summer of 2006

(Fig. 1). These measurements were taken between 3 and 5 pm when
temperature was high and both aspen and birch should be actively
photosynthesizing after midday depression as seen in Fig. 3.
Photosynthesis declined with temperature in aspen and birch
growing in normal CO2. However, in elevated CO2 aspen photo-
synthesis, measured as Amax, did not decline while in birch it did.
Stomatal conductance mirrored photosynthetic rates but did not
account for the differences as judged by the A/Ci curves (Fig. 4). The
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Fig. 3. Measures of Amax through a day of aspen and birch in normal or elevated CO2 measured at the aspen FACE site WI, USA. Data were individual measurements made at
saturating light. Data are means � SE, n ¼ 3.

Fig. 4. Averaged A/Ci curves of aspen (data from clones 42E and 271 averaged together)
and birch showing comparison of temperature effect under elevated CO2 at temper-
ature ranges of (32–35 �C) and (36–39 �C) conditions. The individual curves in each
treatment and for the two clones of aspen were substantially similar so averaged data
are presented. Data were collected between 3 and 5 pm at the aspen FACE site in 2006
summer and are presented together with error bars representing SE (n ¼ 3 to 5 except
for the highest temperature for which n ¼ 1). Each individual A/Ci curve was fitted and
the fitted parameters were averaged and reported in Table 1.
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parameters that can be discerned from A/Ci curves were deter-
mined using an on-line fitting procedure (Sharkey et al., 2007) and
are reported in Table 1.

In both aspen and birch trees, elevated CO2 resulted in a signif-
icant increase in Vcmax, J, TPU, and in gs at leaf temperatures of 36–
39 �C (Table 1) compared to normal CO2, consistent with protection
against heat stress by elevated CO2 in both aspen and birch trees.
The change in each of these parameters between measurements
made between 32 and 35 �C and measurements made between 36
and 39 �C was negative in ambient CO2 for all trees. However, in
aspen (both clones) these parameters increased with temperature
at elevated CO2 but in birch they decreased (Table 1 and Fig. 4). The
difference between A/Ci curves taken at 40–41 �C (Fig. 4) is further
evidence for thermotolerance caused by both elevated CO2 and by
isoprene (compare aspen with birch).

Leaf temperature was lower in elevated CO2 by 1.9 �C in clone
42E, 2.7 �C in clone 271 and 3.1 �C in birch trees in 2006. These leaf

temperature measurements were repeated in 2007 to ascertain the
differences between elevated CO2 and control as seen in Fig. 5. We
observed significant increases in transpiration rates in both aspen
clones and the birch trees under elevated CO2 relative to control
(Fig. 6a). This increased transpiration rate would have had a cooling
effect on the leaves, causing leaf temperature to be lower than that
of control. This difference in leaf temperature was likely one part of
the increased thermotolerance of the plants under high CO2. A
comparison of Amax measurements made just before and after the
peak heat spell is presented in Table 2. During this period of
measurements, DOY 185–200, there was no precipitation at the
site. Photosynthetic rates recovered in both aspen and birch.

3.2. Isoprene emission and increased thermotolerance
in aspen trees

Isoprene measurements taken during this same period indicate
that these same aspen trees emitted about 45 nmol m�2 s�1 in clone
42E and 47 nmol m�2 s�1 in clone 271 isoprene under ambient CO2

and 34 nmol m�2 s�1 in clone 42E and 42 nmol m�2 s�1 in clone 271
under elevated CO2 (Fig. 6b). We recorded a 32% significant decrease
(P< 0.001) in isoprene production in clone 42E and 12% in clone 271
under elevated CO2 (Fig. 5b). The difference between heat damage to
aspen versus birch may reflect the isoprene emitted by aspen but not
birch.

4. Discussion

4.1. Effect of temperature on gas exchange and leaf health

Between 36 and 39 �C, birch trees showed visible symptoms of
heat stress through yellowing and ultimately, leaf death. Leaf
temperatures of 40–41 �C resulted in no photosynthetic activity in
birch but low and easily measured photosynthetic activity in aspen
(Fig. 4). This observation agrees with Haldimann and Feller (2004)
who reported a temporary heat-stress-dependent decrease in leaf
photosynthesis in oak trees (also an isoprene-emitting tree species)
at high temperature (45 �C). While this experiment by itself does
not prove thermotolerance by elevated CO2 or isoprene, it is a real

Table 1
Gas exchange parameters measured directly (Amax) and (gs) or derived by fitting A/Ci data. Comparison of the means and standard errors of gs, Vcmax, J, TPU and Rd for aspen and
birch trees exposed to ambient CO2 (C) or elevated CO2 at two temperature ranges (32–35 �C and 36–39 �C). Statistically significant treatment differences are denoted with
different letter after the value and significant differences due to high temperature are denoted with the symbol (*). Alpha level used is 0.1, n ¼ 3.

Aspen clone 42E Aspen clone 271 Birch

32–35 �C 36–39 �C 32–35 �C 36–39 �C 32–35 �C 36–39 �C

Amax (mmol m�2 s�1)
C 11.8 � 1.6 5.12 � 2.4b* 10.35 � 1.1b 4.96 � 1.6b* 7.42 � 1.3b 1.25 � 0.6b*
CO2 15.4 � 2.3 16.30 � 2.3a 14.33 � 0.4a 14.83 � 1.5a 14.47 � 1.5a 4.96 � 0.6a*

gs (mol m�2 s�1)
C 0.19 � 0.04 0.05 � 0.02b* 0.16 � 0.02a 0.05 � 0.03* 0.09 � 0.03 0.02 � 0.01*
CO2 0.14 � 0.02 0.10 � 0.02a 0.11 � 0.01b 0.10 � 0.02 0.09 � 0.01 0.03 � 0.01*

Vcmax (mmol m�2 s�1)
C 199 � 15 141 � 18b* 161 � 49 95 � 27b 85 � 19b 42 � 26
CO2 150 � 31 172 � 8a 240 � 50 590 � 32a* 119 � 8a 55 � 27*

J (mmol m�2 s�1)
C 147 � 12b 52 � 09b* 178 � 13 90 � 23b* 94 � 23b 32 � 13*
CO2 170 � 3a 225 � 21a* 196 � 11 208 � 8a 202 � 53a 61 � 26*

TPU (mmol m�2 s�1)
C 10.2 � 0.7 6.1 � 1.9b* 12.2 � 0.3 5.2 � 2.1b* 5.6 � 1.3b 1.6 � 0.6*
CO2 12.8 � 1.3 13.3 � 1.1a 12.6 � 0.1 12.7 � 0.6a 10.3 � 1.2a 3.0 � 1.2*

Rd (mmol m�2 s�1)
C 1.0 � 0.4b 2.1 � 0.4* 1.7 � 1.3 2.2 � 0.3 0.5 � 0.3 1.8 � 0.7
CO2 1.6 � 0.9a 1.7 � 1.5 2.2 � 2.2 1.5 � 1.6 1.7 � 0.9 2.6 � 0.9
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Fig. 5. Mean leaf temperature of aspen clones 42E (42E) and 271 (271) and birch (B)
showing the effect of elevated CO2 on leaf temperature. Measurement was taken at the
Aspen FACE site in Rhinelander, WI in the summer of 2007 with a precision infrared
thermometer.
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world observation of what would be predicted based on laboratory
experiments and so supports thermotolerance as a benefit of these
factors.

Drought can cause decreased photosynthetic rate in trees, but
drought was not the cause of reduced photosynthesis in this study.
The recovery of photosynthesis after the peak heat period (Table 2)
without precipitation indicates that the decrease in photosynthesis
and leaf shedding was due to temperature and not drought. High
temperature has been reported to decrease photosynthesis in

a number of tree species including M. conifera (Ishida and Toma,
1999), E. grandifolia (Pons and Welschen, 2003), C. legalis (Souza
et al., 2005) and Q. pubescens (Haldimann and Feller, 2004). We also
noted that both clones of aspen were affected to similar degree by
the same range of temperature, in contrast to birch.

4.2. Ameliorative effects of elevated CO2 on heat stress

Elevated CO2 protected gas exchange capacity in both aspen and
birch. In many experiments, growth of plants in elevated CO2

causes declines in the A/Ci curves (Long, 1991; Long et al., 2004;
Stitt, 1991), an effect reported specifically in birch (Eguchi et al.,
2008). This effect is not always seen in FACE conditions (Bernacchi
et al., 2005). At high temperature, elevated CO2 appears to protect
photosynthetic capacity. Huang et al. (2007) used tree ring analyses
to determine that forest trees get the most benefit from elevated
CO2 in warm, dry conditions, such as the heat wave reported on
here. We observed that leaves of both birch and aspen were cooler
in elevated CO2. Reduced water usage early in the season in
elevated CO2 rings may have left more water in the soil, allowing
higher stomatal conductance and latent heat loss. This effect has
been seen in the C4 plant sugar cane (Vu and Allen, 2009) and C3

plant cucumber (Li et al., 2008). Leaf cooling is supported by leaf
temperature measurements taken on a warm day in the summer of
2007 where leaves in both aspen clones and birch trees under
elevated CO2 had significantly lower leaf temperature compared to
those under ambient CO2 (Fig. 6).

Our observations agree with Veteli et al. (2007) who reported
that elevated CO2 ameliorated the negative effects of high
temperature in three deciduous tree species. Also, Wayne et al.
(1998) reported that elevated CO2 ameliorated high temperature
stress in yellow birch trees (Betula alleghaniensis). Furthermore, we
observed large increase in Vcmax, J, TPU and gs under elevated CO2 at
leaf temperatures of 40–41 �C in aspen. This is in agreement with
Idso and Kimball (1992) who reported that elevated CO2

(ambient þ 300 ppmv) increased net photosynthetic rate in sour
orange tree (Citrus aurantium L.) leaves exposed to full sunlight by
75, 100 and 200% compared to those in ambient CO2 concentration
at temperatures of 31, 35 and 42 �C, respectively, suggesting that
elevated CO2 ameliorates heat stress in tree leaves.

4.3. Isoprene emission and increased thermotolerance
in aspen trees

In aspen relative to birch, gas exchange parameters declined less
or increased instead of decreased at 36–39 �C relative to 32–35 �C.
Similarly assimilation rate declined with the increase of tempera-
ture less in aspen clone 271 than in aspen clone 42E especially
under elevated CO2. We believe this is consistent with isoprene
emission increasing plant thermotolerance (Sasaki et al., 2007;
Sharkey and Singsaas, 1995; Sharkey et al., 2001; Singsaas et al.,
1997; Velikova and Loreto, 2005). Isoprene emission is reported to
be dependent on temperature (Monson and Fall, 1989; Centritto
et al., 2005) and is stimulated by water stress (Sharkey and Loreto,
1993). Sharkey et al. (2001) reported that isoprene emission in trees
improves thermotolerance by helping photosynthesis cope with
very short, high temperature episodes. In this study, the heat stress
was more prolonged. This is similar to the heat stress used by Sasaki
et al. (2007) in which they found isoprene-emitting Arabidopsis
plants were less likely to exhibit leaf death than non-emitting
plants.

Behnke et al. (2007) reported that isoprene-emitting poplars
tolerated high temperatures (38–40 �C) while non-isoprene emit-
ting transgenic types (those with their isoprene synthase genes
repressed) did not. The significant decrease in Vcmax, J, TPU, gs and no
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Fig. 6. (a) Mean transpiration rate of aspen clones 42E (42E) and 271 (271) and birch
(B) showing the effect of elevated CO2 on leaf transpiration rate as well as the differ-
ences in aspen and birch trees; (b) effects of elevated CO2 on isoprene emission in two
clones of aspen. Measurements were taken at the Aspen FACE site in Rhinelander, WI
in the summer of 2006.

Table 2
Amax measured on different days and at ambient air temperatures under elevated
and ambient CO2 conditions in July 2006 at Aspen FACE, WI, USA.

DOY 187–8 DOY 194–5 DOY 196–7 DOY 198–9

Air temp 28–39 32–33 36–37 29–30
Leaf temp 31–33 36–39 40–41 32–35

42E Control 12.3 � 0.7 5.1 � 2.4 2.5 � 0.9 11.8 � 1.6
42E CO2 23.2 � 0.6 16.3 � 2.3 5.0 � 1.9 15.4 � 2.3

271 Control 9.6 � 1.2 4.96 � 1.6 2.2 � 0.7 10.4 � 1.1
271 CO2 18.4 � 1.4 14.83 � 1.5 4.8 � 2.0 14.3 � 0.4

B Control 7.5 � 0.9 1.2 � 0.6 0.7 � 0.4 7.4 � 1.3
B CO2 16.1 � 1.7 4.2 � 0.6 0.8 � 0.5 14.5 � 1.5

J.N.T. Darbah et al. / Environmental Pollution 158 (2010) 1008–10141012



Author's personal copy

change in Rd in birch could be caused by its inability to synthesize
isoprene (Loreto and Velikova, 2001; Ferrieri et al., 2005).

The question has been raised – If isoprene emission helps aspen
cope with high temperature, what do non-emitting trees do? From
our observations, it would appear they avoid the heat by shedding
leaves. This may explain why aspen did not curl its leaves, reabsorb
its chlorophyll, nor shed a portion of its leaves, as all the leaves were
still photosynthesizing.

The two clones of aspen studied were affected to different
degrees in their isoprene production under elevated CO2. This
shows that, physiologically, within the same species, different
clones respond to external stimuli differently as reported by Darbah
(2007).

In this study, we observed a 32% decrease in isoprene produc-
tion in clone 42E and 12% in clone 271 under elevated CO2 (Fig. 6c).
This agrees with Calfapietra et al. (2008) who reported that
elevated CO2 decreases isoprene emission. Short-term effects of
CO2 on isoprene emission have been ascribed to competition from
phosphenolpyruvate carboxylase for pyruvate (Rosenstiel et al.,
2003, 2004) or to decreased ATP availability (Rasulov et al., 2009).

Different studies have shown that isoprene emission (Sharkey
and Singsaas, 1995; Singsaas et al., 1997; Sharkey et al., 2001;
Centritto et al., 2005; Velikova and Loreto, 2005; Behnke et al.,
2007; Sasaki et al., 2007) and elevated CO2 (Idso and Kimball, 1992;
Wayne et al., 1998; Veteli et al., 2007) confers thermotolerance on
trees. Yet, the interactive effect of isoprene emission and elevated
CO2 on thermotolerance has not been reported. It is assumed that
since elevated CO2 decreases isoprene emission, isoprene-emitting
trees will not benefit much from their ability to emit isoprene, and
hence, their isoprene-conferred thermotolerance will decrease
with increasing atmospheric CO2. Our data from trees experiencing
a natural heat wave indicates that the decline in isoprene emission
rates at high CO2 will not negate its thermoprotective effects. Our
observations show that aspen trees (isoprene-emitting trees) under
elevated CO2 treatment performed better in tolerating heat than
the non-isoprene emitting birch, suggesting that the positive effect
of isoprene emission and elevated CO2 are additive, even though
elevated CO2 decreases isoprene emission (Calfapietra et al., 2008).

5. Conclusion

We conclude that in the face of rising atmospheric CO2 and
temperature (global warming), trees will benefit from elevated CO2

through increased thermotolerance, while isoprene-emitting trees
will have added protection from heat stress. The physiological cost of
isoprene emission to the plant will likely be outweighed by the gain
in thermotolerance. The increased isoprene emission resulting from
the higher temperatures and possible shifts in species composition
toward isoprene-emitting plants could have negative consequences
for atmospheric chemistry, as isoprene and isoprene nitrate have
been found to be among the volatile organic compounds (VOCs) that
play a key role in photochemical (tropospheric ozone) formation (Ito
et al., 2007; Harrison and Hester, 1995). A possible shift in species
composition toward isoprene emitters (Lerdau, 2007) will be
favored in the future in the presence of global warming.

Acknowledgements

This research was principally supported by the U.S. Department
of Energy’s Office of Biological and Environmental Research, (Grant
No. DE-FG02-95ER62125). Additional support was provided by the
USDA Forest Service Northern Global Change Program, the USDA
Forest Service Northern Research Station, Michigan Technological
University, the Praxair Foundation, the McIntire-Stennis Program,

and Natural Resources Canada-Canadian Forest Service. Isoprene
research in TDS’s lab is supported by NSF grant IOB-0640853.

References

Behnke, K., Ehlting, B., Teuber, M., Bauerfeind, M., Louis, S., Hansch, R., Polle, A.,
Bohlmann, J., Schnitzler, J., 2007. Transgenic non-isoprene emitting poplars
don’t like it hot. The Plant Journal 51, 485–499.

Bernacchi, C.J., Morgan, P.B., Ort, D.R., Long, S.P., 2005. The growth of soybean under
free air [CO2] enrichment (FACE) stimulates photosynthesis while decreasing in
vivo Rubisco capacity. Planta 220, 434–446.

Calfapietra, C., Wiberley, A.E., Falbel, T.G., Linskey, A.R., Scarascia-Mugnozza, G.,
Karnosky, D.F., Loreto, F., Sharkey, T.D., 2007. Isoprene synthase expression and
protein levels are reduced under elevated O3 but not under elevated CO2 (FACE)
in field-grown aspen trees. Plant, Cell and Environment 30, 654–661.

Calfapietra, C., Scarascia-Mugnozza, G., Karnosky, D.F., Loreto, F., Sharkey, T.D., 2008.
Isoprene emission rates under elevated CO2 and O3 in two field-grown aspen
clones differing in their sensitivity to O3. New Phytologist 179, 55–61.

Centritto, M., Calfapietra, C., Alessio, G.A., Loreto, F., 2005. On the relationships
between isoprene emission and light and dark respiration in hybrid poplars
under free-air CO2 enrichment. Geophysical Research. Abstracts 7, 10622.

Cowling, S.A., Sage, R.F., 1998. Interactive effects of low atmospheric CO2 and
elevated temperature on growth, photosynthesis and respiration in Phaseolus
vulgaris. Plant, Cell and Environment 21, 427–435.

Darbah, J.N.T., 2007. Impacts of elevated atmospheric CO2 and /or O3 on carbon gain
and reproductive capacity in northern forest ecosystems. Doctoral Thesis.
Michigan Technological University, USA. pp. 1-183.

Eguchi, N., Karatsu, K., Ueda, T., Funada, R., Takagi, K., Hiura, T., Sasa, K., Koike, T., 2008.
Photosynthetic responses of birch and alder saplings grown in a free air CO2
enrichment system in northern Japan. Trees – Structure and Function 22, 437–447.

Ferrieri, R.A., Gray, D.W., Babst, B.A., Schueller, M.J., Schlyer, D.J., Thorpe, M.R.,
Orians, C.M., Lerdau, M., 2005. Use of carbon-11 in Populus shows that exoge-
nous jasmonic acid increases biosynthesis of isoprene from recently fixed
carbon. Plant, Cell and Environment 25, 591–602.

Gamon, J.A., Pearcy, R.W., 1989. Leaf movement, stress avoidance and photosyn-
thesis in Vitis california. Oecologia 79, 475–481.

Haldimann, P., Feller, U., 2004. Inhibition of photosynthesis by high temperature in oak
(Quercus pubescens L.) leaves grown under natural conditions closely correlates
with a reversible heat-dependent reduction of the activation state of ribulose-1,5-
bisphosphate carboxylase/oxygenase. Plant, Cell and Environment 27, 1169–1183.

Harrison, R.M., Hester, R.E. (Eds.), 1995, Volatile Organic Compounds in the Atmo-
sphere, 4. Issues in Environment Science and Technology, pp. 1–125.

Huang, J.-G., Bergeron, Y., Denneler, B., Berninger, F., Tardif, J., 2007. Response of forest
trees to increased atmospheric CO2. Critical Reviews in Plant Sciences 26, 265–283.

Idso, S.B., Kimball, B.A., 1992. Effects of atmospheric CO2 enrichment on photo-
synthesis, respiration and growth on sour orange trees. Plant Physiology 99,
341–343.

IPCC, 2001. The Summary for Policy Makers-A third assessment report of working
group 1, Shanghai http://www.ipcc.ch/pub/spm22-01.pdf.

IPCC, 2007. Climate Change 2007. Working Group I Report: The Physical Basis of
Climate Change, http://ipcc-wg1.ucar.edu/wg1/wg1-report.html.

Ishida, A., Toma, T.M., 1999. Limitation of leaf carbon gain by stomatal and photo-
chemical processes in the top canopy of Macaranga conifera, a tropical pioneer
tree. Tree Physiology 19, 467–473.

Ito, A., Sillman, S., Penner, J.E., 2007. Effects of additional non-methane volatile
organic compounds, organic nitrates, and direct emissions of oxygenated
organic species on global tropospheric chemistry. Journal of Geophysical
Research 112 (No. D6), D06309. doi:10.1029/2005JD006556.

Karnosky, D.F., Pregitzer, K.S., Zak, D.R., Kubiske, M.E., Hendrey, G.R., Weinstein, D.,
Nosal, M., Percy, K.E., 2005. Scaling ozone responses of forest trees to the
ecosystem level in a changing climate. Plant, Cell and Environment 28, 965–981.

Lerdau, M., 2007. Ecology: a positive feedback with negative consequences. Science
316, 212–213.

Li, Q.-M., Liu, B.-B., Wu, Y., Zou, Z.-R., 2008. Interactive effects of drought stresses
and elevated CO2 concentration on photochemistry efficiency of cucumber
seedlings. Journal of Integrative Plant Biology 50, 1307–1317.

Long, S.P., 1991. Modification of the response of photosynthetic productivity to
rising temperature by atmospheric CO2 concentrations – has its importance
been underestimated? Plant, Cell and Environment 14, 729–739.

Long, S.P., Ainsworth, E.A., Rogers, A., Ort, D.R., 2004. Rising atmospheric carbon
dioxide: plants face the future. Annual Review of Plant Biology 55, 591–628.

Long, S.P., Bernacchi, C.J., 2003. Gas exchange measurements, what can they tell us
about the underlying limitations to photosynthesis? Procedures and sources of
error. Journal of Experimental Botany 54, 2393–2401.

Loreto, F., Velikova, V., 2001. Isoprene produced by leaves protects the photosyn-
thetic apparatus against ozone damage, quenches ozone products, and reduces
lipid peroxidation of cellular membranes. Plant Physiology 127 (4), 1781–1787.

Monson, R.K., Fall, R., 1989. Isoprene emission from aspen leaves. Plant Physiology
90, 267–274.

Noormets, A., McDonald, E.P., Dickson, R.E., Kruger, E.L., Sober, A., Isebrands, J.G.,
Karnosky, D.F., 2001. The effect of elevated carbon dioxide and ozone on leaf-
and branch-level photosynthesis and potential plant-level carbon gain in aspen.
Trees 15, 262–270.

J.N.T. Darbah et al. / Environmental Pollution 158 (2010) 1008–1014 1013



Author's personal copy

Pichler, P., Oberhuber, W., 2007. Radial growth response of coniferous forest trees in
an inner alpine environment to heat-wave in 2003. Forest Ecology and
Management 242, 688–699.

Pons, T.L., Welschen, R.A.M., 2003. Midday depression of net photosynthesis in the
tropical rain forest tree Eperua grandifolia: contributions of stomatal and
internal conductance, respiration and Rubisco functioning. Tree Physiology 23,
937–947.

Rasulov, B., Huve, K., Valbe, M., Laisk, A., Niinemets, U., 2009. Evidence that light,
carbon dioxide, and oxygen dependencies of leaf isoprene emission are driven
by energy status in hybrid aspen. Plant Physiology 151, 448–460.

Reichstein, M., Ciais, P., Papale, D., Valentini, R., Running, S., Viovy, N., Cramer, W.,
Granier, A., Ogee, J., Allard, V., Aubinet, M., Bernhofer, C., Buchmann, N.,
Carrara, A., Grunwald, T., Heimann, M., Heinesch, B., Knohl, A., Kutsch, W.,
Loustau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J.M., Pilegaard, K.,
Pumpanen, J., Rambal, S., Schaphoff, S., Seufert, G., Soussana, J.F., Sanz, M.J.,
Vesala, T., Zhao, M., 2007. Reduction of ecosystem productivity and respiration
during the European summer 2003 climate anomaly: a joint flux tower, remote
sensing and modelling analysis. Global Change Biology 13, 634–651.

Rosenstiel, T.N., Ebbets, A.L., Khatri, W.C., Fall, R., Monson, R.K., 2004. Induction of
poplar leaf nitrate reductase: a test of extrachloroplastic control of isoprene
emission rate. Plant Biology 6, 12–21.

Rosenstiel, T.N., Potosnak, M.J., Griffin, K.L., Fall, R., Monson, R.K., 2003. Increased
CO2 uncouples growth from isoprene emission in an agriforest ecosystem.
Nature 421, 256–259.

Sasaki, K., Saito, T., Lamsa, M., Oksman-Caldentey, K., Suzuki, M., Ohyama, K.,
Muranaka, T., Ohara, K., Yazaki, K., 2007. Plants utilize isoprene emission as
a thermotolerance mechanism. Plant and Cell Physiology 48, 1254–1262.

Sharkey, T.D., 2005. Effects of moderate heat stress on photosynthesis: importance
of thylakoid reactions, rubisco deactivation, reactive oxygen species, and ther-
motolerance provided by isoprene. Plant, Cell and Environment 28, 269–277.

Sharkey, T.D., Bernacchi, C.J., Farquhar, G.D., Singsaas, E.L., 2007. Fitting photosyn-
thetic carbon dioxide response curves for C3 leaves. Plant, Cell and Environment
30, 1035–1040.

Sharkey, T.D., Chen, X., Yeh, S., 2001. Isoprene increases thermotolerance of fos-
midomycin-fed leaves. Plant Physiology 125, 2001–2006.

Sharkey, T.D., Loreto, F., 1993. Water stress, temperature, and light effects on the
capacity for isoprene emission and photosynthesis of kudzu leaves. Oecologia
95, 328–333.

Sharkey, T.D., Schrader, S.M., 2006. High temperature stress. In: Rao, K.V.M.,
Raghavendra, A.S., Reddy, K.J. (Eds.), Physiology and Molecular Biology of Stress
Tolerance in Plants. Springer, Dordrecht, pp. 101–130.

Sharkey, T.D., Singsaas, E.L., 1995. Why plants emit isoprene. Nature 374, 769.
Singsaas, E.L., Lerdau, M., Winter, K., Sharkey, T.D., 1997. Isoprene increases ther-

motolerance of isoprene-emitting species. Plant Physiology 115, 1413–1420.
Sokal, R.R., Rolph, F.J., 1995. Biometry, third ed. WH Freeman and Co., New York, NY,

pp. 895–905.
Souza, G.M., Ribeiro, R.V., De Oliveira, R.F., Machado, E.C., 2005. Network con-

nectance and autonomy analysis of photosynthetic apparatus in tropical tree
species from different successional groups under contrasting irradiance
conditions. Revista Brasica Botanica 28 (1), 47–59.

Stitt, M., 1991. Rising CO2 levels and their potential significance for carbon flow in
photosynthetic cells. Plant, Cell and Environment 14, 741–762.

Velikova, V., Loreto, F., 2005. On the relationship between isoprene emission and
thermotolerance in Phragmites australis leaves exposed to high temperatures
and during the recovery from a heat stress. Plant, Cell and Environment 28,
318–327.

Veteli, T.O., Mattson, W.J., Niemela, P., Julkunen-Tiitto, R., Kellomaki, S.,
Kuokkanen, K., Lavola, A., 2007. Do elevated temperature and CO2 generally
have counteracting effects on phenolic phytochemistry of boreal trees? Journal
of Chemical Ecology 33, 287–296.

Vu, J.C.V., Allen Jr., L.H., 2009. Growth at elevated CO2 delays the adverse effects of
drought stress on leaf photosynthesis of the C4 sugarcane. Journal of Plant
Physiology 166, 107–116.

Wayne, P.M., Reekie, E.G., Bazzaz, F.A., 1998. Elevated CO2 ameliorates birch
response to high temperature and frost stress: implications for modeling
climate-induced geographic range shifts. Oecologia 114, 335–342.

J.N.T. Darbah et al. / Environmental Pollution 158 (2010) 1008–10141014


