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We report of no evidence of photosynthetic and stomatal acclimation in aspen trees grown under elevated CO2 and O3 after over a decade of
exposure.
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a b s t r a c t

Photosynthetic acclimation under elevated carbon dioxide (CO2) and/or ozone (O3) has been the topic of
discussion in many papers recently. We examined whether or not aspen plants grown under elevated
CO2 and/or O3 will acclimate after 11 years of exposure at the Aspen Face site in Rhinelander, WI, USA.
We studied diurnal patterns of instantaneous photosynthetic measurements as well as A/Ci measure-
ments monthly during the 2004–2008 growing seasons. Our results suggest that the responses of two
aspen clones differing in O3 sensitivity showed no evidence of photosynthetic and stomatal acclimation
under either elevated CO2, O3 or CO2 þ O3. Both clones 42E and 271 did not show photosynthetic nor
stomatal acclimation under elevated CO2 and O3 after a decade of exposure. We found that the degree of
increase or decrease in the photosynthesis and stomatal conductance varied significantly from day to day
and from one season to another.

Published by Elsevier Ltd.

1. Introduction

Levels of atmospheric CO2 and O3 are increasing rapidly (IPCC,
2007). These two gases affect plants physiologically in diametri-
cally opposite ways. There have been many discussions as to
whether or not plants will acclimate to long-term exposure to
elevated CO2 and/or O3.

Studies have documented the impacts of elevated CO2 on tree
gas exchange variables such as increases in maximum instanta-
neous photosynthesis (Amax) (Will and Ceulemans, 1997; Tissue
et al., 1997, 1999; Bernacchi et al., 2005, 2006), decrease in stomatal
conductance (gs) (Medlyn et al., 2001; Bernacchi et al., 2006; Lea-
key et al., 2006; Ainsworth and Rogers, 2007; Paoletti et al., 2007),
increased maximum carboxylation capacity (Vcmax) (Ainsworth
et al., 2003a,b; Bernacchi et al., 2005), and increased maximum
electron transport (Jmax) (Ainsworth et al., 2003a; Rogers et al.,

2004). Other studies have reported decreases in Vcmax and Jmax

under elevated CO2 as reported in the review by Ainsworth and
Long (2005).

Some researchers have reported photosynthetic and/or stomatal
acclimation (down-regulation) of Amax enhancement under long-
term CO2 exposure (Moore et al., 1999; Tissue et al., 1999; Griffin
et al., 2000; Rogers et al., 2004; Bernacchi et al., 2005), whereas
others report no down-regulation or acclimation of photosynthesis
and/or stomatal conductance (Nijs et al., 1997; Medlyn et al., 2001;
Ainsworth et al., 2003b; Leakey et al., 2006; Darbah, 2007; Ains-
worth and Rogers, 2007; Paoletti et al., 2007). Hence, it is not clear
as to whether or not there is down-regulation of Amax enhancement
after long-term exposure to elevated CO2.

Some researchers report that down-regulation of photosyn-
thesis under elevated CO2 is strongly linked to an increased car-
bon:nitrogen ratio of the photosynthesizing leaves, when the
increased uptake of CO2 cannot be matched by a sufficient nutrient
supply (Liberloo et al., 2007).

Wand et al. (1999), Wullschleger et al. (2002), Long and Ber-
nacchi (2003) and Ainsworth and Long (2005) have reported
a decrease in gs after long-tern exposure to elevated CO2. According
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to Ainsworth and Rogers (2007), across all plant species, elevated
CO2 decreases gs by 22%, but they did not find any significant long-
term change in this decrease in gs in trees under elevated CO2 in
contrast to the report of Saxe et al. (1998). Also, Medlyn et al. (2001)
found no stomatal acclimation in six tree species they investigated
and Nijs et al. (1997) found no independent stomatal acclimation
under elevated CO2 either. Hence, the literature is still somewhat
mixed as to whether or not stomatal acclimation occurs under
long-term exposure to elevated CO2.

In their review of the effects of greenhouse gases on gas
exchange, Eamus and Ceulemans (2001) noted that there is no
reason to expect down-regulation of Amax (photosynthetic accli-
mation) following long-term exposure to CO2 enrichment when
root volume is not restricted based on the work done by Curtis
(1996), but when root volume is limited, downward acclimation is
observed (Gunderson and Wullschleger, 1994; Sage, 1994; Will and
Teskey, 1997).

Here, we define photosynthetic acclimation as a significant
decrease in the stimulation of Amax, Vcmax and Jmax relative to
ambient CO2 concentrations (control) as used by Ainsworth et al.
(2003a), Rogers et al. (2004), Bernacchi et al. (2005), Leakey et al.
(2006) and Darbah (2007). We also define stomatal acclimation as
the significant decrease in stomatal conductance relative to control
as used by Leakey et al. (2006). Photosynthetic acclimation under
elevated O3 will be defined as the up-regulation of Amax after long-
term exposure of plants to elevated O3 levels.

Less information is available on the effects of elevated O3 on
these gas exchange variables. Elevated O3 is reported to decrease
maximum instantaneous photosynthesis (Volin and Reich, 1996,
1998; Tjoelker et al., 1998; Noormets et al., 2001), alter stomatal
conductance (Noormets et al., 2001; Paoletti, 2005; Paoletti et al.,
2007), decrease maximum carboxylation capacity, and maximum
electron transport (Eichelmann et al., 2004). Structural acclimation
to elevated O3 has been reported in birch trees grown in open-top
chamber experiment (Günthard-Goerg et al., 1993; Paakkonen
et al., 1995) and in container grown beech and spruce trees (Lue-
demann et al., 2005).

Few studies have considered the interacting effect of both
elevated CO2 and O3 gases on plant gas exchange variables such as
photosynthesis (Kull et al., 1996; Kellomäki and Wang, 1997, 1998;
Noormets et al., 2001; Sharma et al., 2003; Eichelmann et al., 2004)
and stomatal conductance (Volin and Reich, 1996; Volin et al., 1998;
Noormets et al., 2001; Sharma et al., 2003). It has been reported
that elevated CO2 ameliorates the negative effects of elevated O3 on
photosynthesis (Volin et al., 1998). However, this does not occur in
all situations (Kull et al., 1996; Wustman et al., 2001).

In this paper, we sought to examine if photosynthetic and
stomatal acclimation occurred following long-term exposure to
elevated CO2 and/or O3 for trembling aspen (Populus tremuloides
Michx.) growing at the Aspen FACE experiment.

The objectives of this study were to: (1) determine whether or
not photosynthetic and/or stomatal acclimation is occurring in
11-year-old aspen trees grown under elevated CO2, O3, and
CO2 þ O3 and (2) evaluate clonal differences in aspen with respect
to photosynthetic and stomatal acclimation.

2. Materials and methods

2.1. Study site and planting material

This experiment was conducted at the Aspen FACE site in Wisconsin, USA, which
was established in 1997 as the first open-air facility to examine the responses of
forest trees to interacting CO2 and O3 (Dickson et al., 2000). The Aspen FACE facility
is located at the United States Department of Agriculture (USDA) Forest Service,
Northern Research Station Harshaw Experimental Farm near Rhinelander, WI, USA
(45.6�N, 89.5�W) (Karnosky et al., 1999, 2003). The experimental site consists of four
treatments each of control (ambient air), elevated CO2 (target of 560 ppm), elevated

O3 (1.5 times ambient) and elevated CO2 plus elevated O3 conditions in triplicate
rings of 30-meter diameter each; details of this can be found in Karnosky et al.
(2005).

Planting material of the Aspen FACE project was chosen to represent northern
hardwood forests. Aspen, maple and birch are the dominant species naturally
growing in northern hardwood forests. Seed sources were from local northern
Michigan sources and 3 aspen clones (including 271) were selected on the basis of
sensitivity to O3 (Karnosky et al., 1996). Seedlings were planted in 1 m� 1 m spacing.
These rings were fumigated from 1998 onwards and average concentrations of the
CO2 and O3 over the experiment are detailed in (Karnosky et al., 2005).

2.2. Measurements of gas exchange and environmental variables

Nine leaves per treatment (3 leaves per plot) were selected from fully expanded
short shoot leaves from the upper canopy of trees (sun leaves) for aspen clones 42E
and 271. Aspen clones 42E (O3 sensitive) and 271 (O3 tolerant) were selected because
of their sensitivities to O3 levels (Isebrands et al., 2001; Karnosky et al., 2003).
Measurements were taken while leaves were still attached to the plants. Instanta-
neous photosynthetic rate and internal CO2 partial pressure (A/Ci) response curves
were measured with the leaf placed in a 6 cm2 chamber of an infrared gas analyzer
(IRGA) system equipped with CO2 control modules and LED light sources (Li-Cor
photosynthetic system, model Li 6400 version 5.02 from Li-Cor, Inc. Lincoln,
Nebraska, USA).

A/Ci curves were measured at 9 am and also at 3 pm to allow us to infer changes
in the underlying photosynthetic capacity of leaves at these two maximum points on
the bimodal daily diurnal curve. For each A/Ci curve, the procedure described by
Long and Bernacchi (2003) was followed by allowing each leaf to attain a steady-
state CO2 and water vapor exchange at the growth CO2 concentration
(360 mmol mol�1 or 560 mmol mol�1), and then CO2 concentration was decreased
stepwise to 50 mmol mol�1. The CO2 concentration was then set again to the growth
concentration and increased stepwise to 1800 mmol mol�1 all at a saturating
photosynthetic active radiation of 1200 mmol m�2 s�1 for aspen. Photosynthetic
response curves (A/Ci) were analyzed by computing the Vcmax (maximum carbox-
ylation rate of rubisco), Jmax (RuBP regeneration capacity mediated by maximum
electron transport rate) using the model described by Farquhar et al. (1980).

Instantaneous photosynthetic rate measurements were made from pre-dawn to
dusk (measured from 5 h before sunrise, 9 am, 12 pm, 3 pm, 5 pm and 8:30 pm after
sunset) on photosynthetic characteristics including Amax, vapor pressure gradient
(VPG), stomatal conductance, photosynthetic photon flux density, intercellular CO2

concentration (Ci), leaf temperature (Tlf), transpiration rate, relative humidity, etc.
measurements were taken throughout the growing seasons of 2004–2008. Target
growth concentrations used was 360 ppm and 560 ppm for ambient and elevated
CO2 respectively and ambient O3 levels were 45 ppb and elevated levels were 1.5
times the ambient.

Reciprocal light saturated instantaneous photosynthetic rate measurements
were taken between 8:30 am and 11:30 am during the peak photosynthetic period
(period of maximum photosynthetic activity) to test for evidence of photosynthetic
acclimation in the summer of 2007 and 2008. Reciprocal photosynthetic measure-
ment were taken by taking instantaneous photosynthetic measurements on trees
grown under ambient CO2 concentration at 360 ppm followed by a second
measurement at CO2 concentration at 560 ppm on the same leaves. Photosynthetic
measurements were also taken from trees grown under elevated CO2 at 560 ppm
followed by a second measurement at CO2 concentration of 360 ppm on the same
leaves. These sets of measurements allowed us to evaluate whether the trees grown
under elevated CO2 have acclimated or not. Five leaves from each tree were sampled
from short shoot at the top canopy for measurements and replicated three times.

2.3. 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 year.
Details of the meteorological data from this weather station can be assessed from
http://www.aspenface.mtu.edu.

2.4. Statistical analysis

Analysis of variance (ANOVA) followed by Tukey’s-test significant at P < 0.05
level (Sokal and Rolph, 1995) was computed for determination of significant
differences between treatments with respect to Amax, Vcmax, Jmax, gs etc. there were
four treatments with 3 replicates in this experiment. Average values
computed � standard errors (SE) were presented and different letters were used to
indicate significant differences. The PROC GLM component of the SAS statistical
software (by SAS Inc.) was used in carrying out this analysis.

J.N.T. Darbah et al. / Environmental Pollution 158 (2010) 983–991984



Author's personal copy

3. Results

3.1. Is photosynthetic and stomatal acclimation occurring in aspen
trees grown under elevated CO2?

Fig. 1 shows that Amax rate measured in all five years were
inconsistent in the magnitude of elevated CO2 stimulation from
2004 through 2008 (85%, 55%, 35%, 69% and 30%, respectively), in
clone 42E. Clone 271 did not show any evidence of photosynthetic
acclimation either, as seasonal Amax stimulation varied and did not
follow any particular pattern in the years 2004 through 2008 (38%,
67%, 51%, 62% and 65%, respectively). There is no evidence of
photosynthetic acclimation as the photosynthetic stimulation
under elevated CO2 was measured to be between 33 and 43% in
2000 at canopy closure by Noormets et al. (2001), as seen in Table 1.

Fig. 2 shows no evidence of acclimation in both clones of aspen
comparing the percentage increase in Vcmax in 2006 and 2008. We
observed an increase of 52% and 48% in 2006 and 2008, respec-
tively, in Vcmax of clone 42E. Also, Jmax increased by 90% in 2006 and
34% in 2008 indicating that photosynthetic capacity is still being
maintained after 11 years of exposure. In clone 271, Vcmax was
increased by 64% in 2006 and 85% in 2008, while Jmax was increased
by 108% in 2006 and 23% in 2008.

The results of the reciprocal instantaneous photosynthetic
measurements taken in 2007 (Fig. 3) show that when CO2

concentration was increased from 360 ppm to 560 ppm for trees
grown under ambient conditions (360 ppm), photosynthetic rates
increased significantly (34.3% with P value of 0.002 in clone 42E and
66% with P value of <0.001 in clone 271) in both clones in 2007.
Photosynthetic rates decreased significantly in both clones (�43%
with P value of <0.001 in clone 42E and �35% with P value of
<0.001) when CO2 concentration was decreased from the growth
concentration of 560 ppm to 360 ppm.

Reciprocal instantaneous photosynthesis measured in 2008
showed similar patterns. When CO2 concentration was increased
from 360 ppm to 560 ppm for trees grown under ambient condi-
tions (360 ppm), photosynthetic rates increased significantly (54%
with P < 0.001 in clone 42E and 64% with P < 0.001 in clone 271) in
both clones in 2008. Photosynthetic rates decreased significantly in
both clones (�53% with P < 0.001 in clone 42E and �64% with
P< 0.001) when CO2 concentration was decreased from the growth
concentration of 560 ppm to 360 ppm. Fig. 4a shows no evidence of
photosynthetic acclimation in aspen after 11 years of exposure to
elevated CO2.

Stomatal conductance was observed to be quite variable
between growing seasons, as seen in Table 2. Also, Fig. 5 shows that
stomatal conductance was significantly low in 2006 compared to
2007 across all the four treatments. Our observations also show
that there are days that stomatal conductance decreased under
elevated CO2 in each year and there are days that it increased
relative to control (data not shown). Considering Fig. 4b, it can be
seen that stomatal conductance was decreased under elevated CO2

in the reciprocal measurement. Furthermore, Fig. 4b shows that
stomatal conductance did not change as CO2 concentration levels
were changed for the same leaves after Licor readings had
stabilized.

3.2. Is aspen acclimating to O3 treatment effects?

Reduction in Amax was consistently significant (between 33%
and 46%, Fig. 1 and Table 1) in both clones for the growing seasons
2004, 2005 and 2006. In 2007, elevated O3 effect was not
pronounced as there was no fumigation from June 15 to July 19,
2007 (due to equipment failure). Noormets et al. (2001) observed
a decrease of 38–50% under elevated O3 in these same aspen trees
at the FACE site at canopy closure in 1999. This shows that aspen
trees have not acclimated after 11 years of exposure to elevated O3.
We observed no change in Vcmax as well as Jmax in clone 42E under
elevated O3 in both 2006 and 2008. In clone 271, which is O3

tolerant, there was no change in 2006 in both Vcmax and Jmax, but an
increase of 60% (P ¼ 0.001) and 47.5% (P ¼ 0.03) in Vcmax and Jmax

respectively, in 2008 (Fig. 2).
Stomatal conductance under elevated O3 was not consistent

either throughout the five seasons that measurements were taken.
In some season, we recorded an increase in stomatal conductance
(with P < 0.001 in 42E and P ¼ 0.01 in 271 in 2004), while in other
seasons stomatal conductance decreased (P ¼ 0.03 in 42E and
P¼ 0.01 in 271 in 2008) and yet still, some seasons with no change,
as in 2006 (Fig. 5) relative to control (Table 2). We, therefore, have
no evidence of stomatal acclimation under elevated O3 after 11
years of exposure.

3.3. Is photosynthetic and stomatal acclimation occurring in aspen
trees grown under elevated CO2 þ O3?

Percentage Amax enhancement values for both clones did not
show any evidence of photosynthetic acclimation for 2004 through
2008 growing seasons with percentage enhancement values of
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Fig. 1. Average seasonal maximum assimilation rate (Amax) for the growing seasons
2004 through 2008 in aspen clones 42E and 271 showing significant differences
between seasons in each of the four treatments. Measurements were taken from the
same trees each year at the Aspen FACE site, Rhinelander, WI, USA.
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(58%, 23%, 52%, 21.4% and 39%) and (50%, 49%, 51%, 52% and 47%) for
clones 42E and 271, respectively (Table 1). We observed no signif-
icant change in Vcmax and Jmax in clone 42E in both 2006 and 2008
(although there was a slight positive change in 2008) despite the
increase in Amax in these years. In clone 271, there was no change in
Vcmax and Jmax in 2006, but in 2008 we observed an increase of 87%
(P< 0.001) in Vcmax and 62% (P¼ 0.001) in Jmax. Both clones 42E and
271 did not show any evidence of acclimation under elevated
CO2 þ O3 after 11 years of exposure.

Reciprocal instantaneous photosynthesis measured in 2008
showed that, when CO2 concentration was increased from 360 ppm
to 560 ppm for trees grown under ambient conditions (360 ppm),
photosynthetic rate increased significantly (54% with P < 0.001 in
clone 42E and 64% with P < 0.001 in clone 271) in both clones in
2008. Photosynthetic rate decreased significantly in both clones
(�56% with P < 0.001 in clone 42E and �60% with P < 0.001) when
CO2 concentration was decreased from the growth concentration of
560 ppm to 360 ppm. Fig. 4a shows no evidence of photosynthetic
acclimation in aspen after 11 years of exposure to elevated CO2.

We recorded a decrease of 48% (P ¼ 0.035) in clone 42E in 2005
in stomatal conductance but no significant change in 2006, 2007
and 2008 (data not shown). In clone 271, there was no significant

change in stomatal conductance (despite the 33% decrease in 2006)
under elevated CO2 þ O3 in all the years. Table 2 and Fig. 5 help us
appreciate how stomatal conductance varies seasonally. Fig. 4b also
shows that stomatal conductance was not affected by the sudden
change in the CO2 concentration during the reciprocal photosyn-
thetic measurements.

4. Discussion

4.1. Is photosynthetic and stomatal acclimation occurring in aspen
trees grown under elevated CO2?

We report of sustained enhanced maximum photosynthetic rate
(30–63% for clone 42E and 271 in 2008), Jmax (23–34% for clones
42E and 271 in 2008) and Vcmax (48–85% for clone 42E and 271 in
2008) in two clones of aspen trees after 11 years of exposure to
elevated CO2. According to Noormets et al. (2001) elevated CO2

stimulated photosynthesis by 39–43% in different clones of aspen
from these same trees in the summer of 1999. Our results show that
both clones of aspen trees have consistently sustained their
enhanced photosynthetic capacity and rate from 2004 to 2008.

Table 1
Percentage change in photosynthetic rate in aspen trees exposed to elevated CO2 and/or O3 since 1997 at the Aspen Face site in Rhinelander, WI.

Year 2000* 2004 2005 2006 2007 2008

Treatment
CO2 (þ) 39–43 (þ) 38–85 (þ) 55–67 (þ) 35–51 (þ) 45–63 (þ) 30–65
O3 (�) 38–50 (�) 37–41 (�) 33–42 (�) 40–46 (�) 06–12 (�) 16–34
CO2 þ O3 (þ) 05–30 (þ) 50–58 (þ) 23–49 (þ) 51–52 (þ) 52–53 (þ) 32–47

Measurements were taken on nine different sunny days during the growing seasons. *Data from 2000 was from Noormets et al. (2001).
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Fig. 2. Seasonal average Vcmax and Jmax in the four treatments for the growing seasons 2006 and 2008 in clones 42E and 271. Measurements were taken from the same trees each
year at the Aspen FACE site, Rhinelander, WI, USA.
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Furthermore, our results support Liberloo et al. (2007) who
reported 49% and 15% significant increases in net photosynthetic
rate and Jmax, respectively, while Vcmax was unaffected (�1.6%) in
poplar after 6 years of exposure, and that there is no indication of
photosynthetic down-regulation in agreement with our findings.
Sholtis et al. (2004) reported a 44% stimulation of net photosyn-
thesis in sweet gum trees after 3 years of exposure to elevated CO2.
Also, Crous and Ellsworth (2004) found a significant photosynthetic
enhancement of 51–69% in Pinus taeda trees after 6 years of
exposure. Davey et al. (2006) suggested that poplar trees ‘‘escape’’
from long-term acclamatory down-regulation of photosynthesis
through a high capacity for starch synthesis and carbon export. This
result agrees with Paoletti et al. (2007) who reported that there was
no photosynthetic acclimation (down-regulation) occurring in
Quercus ilex under long-term CO2 enrichment.

Finally, when CO2 concentration was lowered in elevated CO2

treatment after 11 years of exposure (from 560 mmol mol�1 back to
360 mmol mol�1), the percentage decrease (53% and 64% for clone
42E and 271) was about the same as the percentage increase (54%
and 64% for clone 42E and 271) in photosynthesis when CO2 was
increased from 360 to 560 mmol mol�1 in the control treatment in
2008 (Figs. 3 and 4a). This confirms that photosynthetic enhance-
ment has not been lost in both clones of aspen after more than
a decade of exposure. Our observations support the findings of
Ainsworth et al. (2003b) who found that photosynthetic stimula-
tion in Trifolium repens remained after nine years of exposure to
elevated CO2.

Our results also show that the magnitude of elevated CO2

enhancement varies appreciatively from year to year (for example
85% in 2004 and 35% in 2006) and not necessarily a gradual
decrease resulting in acclimation. Rogers et al. (2004) reported that
photosynthetic capacity can be lost during certain conditions under
elevated CO2. We did not observe a total loss of enhanced photo-
synthetic rate but a decrease in magnitude during some growing
seasons depending on climatic conditions. Our findings show that
there is no down-regulation of Amax when there is no root volume
limitation.

Stomatal acclimation was not observed in any of the aspen
clones we studied. Table 2 shows no significant change in stomatal
conductance between control and elevated CO2 treatments in some
seasons, while other seasons saw some changes; some increased,
and others decreased. This result suggests that there is no stomatal

acclimation occurring, as the stomatal responses are not consistent
throughout the five year study period. Our results are in harmony
with the findings of Leakey et al. (2006) who found no evidence of
stomatal acclimation in soybeans grown under FACE conditions.
Also, Saxe et al. (1998) and Medlyn et al. (2001) reported no
stomatal acclimation under elevated CO2 in their reviews.

Fig. 5 helps us appreciate the difference in stomatal conductance
values between 2004 and 2008 growing seasons possibly due to the
micrometeorological conditions (Fig. 6). The mean gs values for the
2006 growing season were much lower than that of 2005 and 2007,
possibly because of the unusually high temperatures and drought
(air temperatures were commonly between 34 and 38 �C in July and
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elevated CO2 þ O3 ([COM@560 ppm] and then [COM@360 ppm]). These reciprocal
instantaneous measurements were taken at the Aspen FACE site Rhinelander, WI, in
the summer of 2008.

Table 2
Percentage (%) seasonal average change in stomatal conductance for each treatment
relative to control (ambient). These measurements were taken during the summers
of 2004 through 2008 at the Aspen FACE site in Rhinelander WI, USA.

Treatment 2004 2005 2006 2007 2008

Clone 42E
CO2 (þ) 152 (þ) 02 (þ) 03 (þ) 06 (�) 22
O3 (þ) 92 (�) 12 (þ) 06 (þ) 22 (�) 30
CO2 þ O3 (þ) 112 (�) 48 (�) 24 (�) 06 (�) 06

Clone 271
CO2 (þ) 02 (�) 15 (�) 13 (�) 01 (þ) 14
O3 (þ) 18 (�) 17 (�) 07 (þ) 08 (�) 28
CO2 þ O3 (�) 03 (�) 28 (�) 33 (�) 02 (�) 18
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a drought severity index of �3 according to NOAA (2006) in
Rhinelander, WI, USA). This lowered stomatal conductance in 2006
is likely a mechanism to conserve water by cutting down on tran-
spirational losses to prevent wilting. Our results emphasize the
need to be careful in making general statements about plant
responses to elevated CO2, as micrometeorological conditions play
a key role in controlling gs and, hence, difficult to determine
stomatal acclimation.

Our findings from the reciprocal photosynthetic measurements
reveal something unusual. We observed that stomatal conductance
was higher in clone 42E under the elevated CO2 (only in 2008) but
lower in clone 271 (Fig. 4b and Table 2); hence, we do not have any
evidence of stomatal acclimation occurring. Rather, we can say that
although the two clones behaved similarly, there is a difference in
the stomatal conductance. Calfapietra et al. (2008) also reported of
no significant difference in stomatal conductance between trees
grown in elevated CO2 and ambient CO2 after nine years of expo-
sure in 2006 at the Aspen FACE site in Rhinelander in the same
aspen clones 42E and 271. Significant differences in stomatal
conductance between these two aspen clones (42E and 271) were
reported by Calfapietra et al. (2008). This implies that caution must
be taken in making general statements about stomatal acclimation,
even within species, as it is problematic across species (Paoletti and
Grulke, 2005).

Also, our observations from the reciprocal measurements did
not show any decrease in stomatal conductance between the two

CO2 growth concentrations (Fig. 4b) as reported by Mott (1988).
Neither does our observation agree with idea that stomata are able
to acclimate quickly to elevated CO2 during reciprocal transfer
measurements from low to high CO2 and vice versa, as stated by
Paoletti and Grulke (2005). Our results suggest no stomatal accli-
mation under elevated CO2.

4.2. Is aspen acclimating to O3 treatment effects?

Much attention has been given to the effect of elevated O3 on
plants, but relatively not much has been done on neither photo-
synthetic nor stomatal acclimation of plants exposed to elevated O3
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on a long-term basis. The decrease in Amax in both clones is
consistent over the three-year period, 2004, 2005 and 2006 (�41%
to �46%, for clone 42E and �33% to �40%, for clone 271). These
percentage decreases that we recorded 11 years after exposure are
quite consistent with the 38–50% decrease reported by Noormets
et al. (2001) in 1999 on the same trees at the Aspen FACE site after
only 3 years of exposure. Our findings agree with Morgan et al.
(2004), who reported that Amax decreases with O3 after prolonged
exposure.

Despite the recorded 40–46% decrease in Amax under elevated
O3, we observed no significant change in either Vcmax nor Jmax in
clone 42E in both 2006 and 2008. But in clone 271, which is O3

tolerant, there was a significant increase in Vcmax and Jmax in 2008
but not in 2006. Our results suggest that in 2007 when there was no
fumigation from June 15 through July 19, aspen trees under
elevated O3 made good recovery and, hence, the small magnitude of
decrease in Amax. This finding is explained by Matyssek and Sand-
ermann (2003), Wieser et al. (2003), Matyssek et al. (2004) and Löw
et al. (2007) who reported that it is the actual dose of O3 uptake
through leaf stomata rather than exposure that determines the O3

stress and drives the stress response in plants. O3 reacts with water
in the apoplast mesophyll and it solutes to form different reactive
oxygen species (ROS). These ROS in turn initiate damage response
upon interaction with the plasma membrane (Bernacchi et al.,
2006), and so it is reasonable to expect that the damage done to the
photosynthetic apparatus will continue as long as the plant is
exposed to elevated O3, and O3 enters the stomata resulting in
significant decrease in Amax, as observed in this study. This constant
decrease in Amax shows that there is no evidence of photosynthetic
acclimation (up-regulation of photosynthetic variables [nor
increased tolerance]), as there is no shift nor is there an adjustment
in photosynthetic apparatus, but rather continuous damage to
photosynthetic apparatus by the reactive oxygen species formed
which decrease the photosynthetic capacity of the plants.

There was no evidence of stomatal acclimation under elevated
O3 after 11 years of exposure, as there was no significant difference
in the mean gs in both the O3 sensitive and O3 tolerant clones of
aspen in 2004 through 2008 growing seasons.

4.3. Is photosynthetic and stomatal acclimation occurring in aspen
trees grown under elevated CO2 þ O3?

The magnitude of Amax stimulation under elevated CO2 þ O3 in
the growing seasons 2004 through 2008 did not show any evidence
of acclimation in both clones. The least magnitude of Amax stimu-
lation in 2008 is above the highest observed in 1999 by Noormets
et al. (2001) in these same aspen trees (Table 1). The significant
increase in Amax under elevated CO2 þ O3 is in agreement with the
findings of Volin et al. (1998) who reported of similar findings in
aspen seedlings. Our findings are supported by the fact that others
have reported that elevated CO2 does not always ameliorate the
negative effects of elevated O3 (Kull et al., 1996; Oksanen et al.,
2001; Sharma et al., 2003). Our reciprocal photosynthetic
measurement (Fig. 4a) showed no sign of photosynthetic acclima-
tion, as the percentage change in photosynthesis between the two
CO2 levels were not different. We report that there is no photo-
synthetic acclimation occurring under elevated CO2þ O3 treatment
and that aspen trees have sustained their Amax stimulation for over
a decade.

We observed no significant change in Vcmax and Jmax in clone
42E in both 2006 and 2008 despite the significant increases in the
Amax in these two years. In clone 271, there was no change in Vcmax

and Jmax in 2006 also, but there was a significant increase in both
Vcmax and Jmax in 2008. Our observations on the Vcmax and Jmax

values from the elevated CO2 þ O3 are not surprising because many

researchers have reported of the ameliorative effects elevated CO2

have on elevated O3 (Volin and Reich, 1996; Volin et al., 1998) and
this shows that this ameliorative effect is being sustained after 11
years of exposure. It is obvious that photosynthetic response to
elevated CO2 þ O3 also varies seasonally depending on climatic
conditions. This shows that there is no evidence of photosynthetic
acclimation in clone 271 under elevated CO2 þ O2 and neither is
there any solid conclusive evidence in clone 42E to say acclimation
is occurring.

With respect to stomatal acclimation, we found that there was
a decrease in clone 42E only in 2005 and in both clones in 2006
relative to control, but no change in 2007 and no significant change
in 2008 either. Our finding of no consistent change in stomatal
conductance agrees with Volin and Reich (1996) who reported high
photosynthetic response under elevated CO2 þ O3, but with no
effect of stomatal conductance. In the review of Paoletti and Grulke
(2005), it was stated that change in stomatal conductance is
a secondary response which maintains stable internal CO2

concentration under the given treatment and that indicates a close
coupling between stomatal and mesophyll processes.

The decrease in stomatal conductance in 2006 could possibly be
due to the heat wave experienced in the mid-eastern part of United
States in July 2006 and its associated drought severity index of �3.
These decreases may well be in the range expected in the year-to-
year differences due to several differences in micrometeorological
conditions. The stomatal conductance observed in the reciprocal
measurement followed the similar pattern as those under elevated
CO2, as discussed previously giving no evidence of acclimation.

5. Conclusion

In conclusion, our results suggest no long-term photosynthetic
and stomatal acclimation to elevated CO2, O3 or CO2 þ O3 in aspen
trees exposed to elevated CO2 and/or O3 gases for 11 years. It also
shows that the magnitude of photosynthetic stimulation under
elevated CO2 is being sustained but not consistent in all seasons, but
varies from one season to another depending on climatic condi-
tions. It also suggests that researchers need to be cautious in
making general statements about plant responses to long-term
exposure to elevated CO2 and O3 on acclimation issues, especially
when their study covers one or two growing seasons, as wrong
conclusions may be drawn based on inadequate data collected.
Furthermore, different clones within the same species have
different stomatal sensitivities to environmental conditions and,
hence, their response to elevated CO2 and O3.

Acknowledgement

This research was principally supported by the U.S. Department
of Energy’s Office of Biological and Environmental Research (Grant
No. DE-FG02-95ER62125). In addition, the project was supported
by 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.

References

Ainsworth, A.E., Davey, P.A., Hymus, G.J., Osborne, C.P., Rogers, A., Blum, H.,
Nosberger, J., Long, S.P., 2003a. Is stimulation of leaf photosynthesis by elevated
carbon dioxide concentration maintained in the long term? A test with Lolium
perenne grown for 10 years at two nitrogen fertilization levels under free air
CO2 enrichment (FACE). Plant, Cell and Environment 26, 705–714.

Ainsworth, A.E., Rogers, A., Blum, H., Nosberger, J., Long, S.P., 2003b. Variation in
acclimation of photosynthesis in Trifolium repens after eight years of exposure
to free air CO2 enrichment (FACE). Journal of Experimental Botany 54 (393),
2769–2774.

J.N.T. Darbah et al. / Environmental Pollution 158 (2010) 983–991 989



Author's personal copy

Ainsworth, A.E., Long, S.P., 2005. What have we learned from 15 years of free-air
CO2 enrichment (FACE)? A meta analytic review of the responses of photo-
synthesis, canopy properties and plant production to rising CO2. New Phytol-
ogist 165, 351–372.

Ainsworth, A.E., Rogers, A., 2007. The response of photosynthesis and stomatal
conductance to rising [CO2]: mechanisms and environmental interactions.
Plant, Cell and Environment 30, 258–270.

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.

Bernacchi, C.J., Leakey, A.D.B., Heady, L.E., Morgan, P.B., Dohleman, F.G.,
McGrath, J.M., Gillespie, J.M., Wittig, V.E., Rogers, A., Long, S.P., Ort, D.R.,
2006. Hourly and seasonal variation in photosynthesis and stomatal
conductance of soybean grown at future CO2 and ozone concentrations for
3 years under fully open-air field conditions. Plant, Cell and Environment
29, 2077–2090.

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.

Crous, K.Y., Ellsworth, D.S., 2004. Canopy position affects photosynthetic adjust-
ments to long-term elevated CO2 concentration (FACE) in aging needles in
a mature Pinus taeda forest. Tree Physiology 24, 961–970.

Curtis, P.S., 1996. A meta-analysis of leaf gas exchange and nitrogen in trees grown
under elevated carbon dioxide. Plant, Cell and Environment 19, 127–137.

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.

Davey, P.A., Olcer, H., Zakhleniuk, O., Bernacchi, C.J., Calfapietra, C., Long, S.P.,
Raines, C.A., 2006. Can fast growing plantation trees escape biochemical down-
regulation of photosynthesis when growing throughout their complete
production cycle in the open air under elevated carbon dioxide? Plant, Cell and
Environment 29, 1235–1244.

Dickson, R.E., Lewin, K.F., Isebrands, J.G., Coleman, M.D., Heilman, W.E.,
Reimenschneider, D.E., Sober, J., Host, G.E., Hendrey, G.R., Pregitzer, K.S.,
Karnosky, D.F., 2000. Forest atmosphere carbon transfer and storage-II (FACTS-
II). The aspen free-air CO2 and O3 enrichment (FACE) project: an overview.
USDA Forest Service North Central Research Station, General Technical Report
NC-214, 68 pp.

Eamus, D., Ceulemans, R., 2001. Effects of greenhouse gases on the gas exchange of
forest trees. In: Karnosky, D.F., Ceulemans, R., Scarascia-Mugnozza, G.E.,
Innes, J.L. (Eds.), The Impact of Carbon Dioxide and Other Greenhouse Gases on
Forest Ecosystems. CABI, Wallingford, UK, pp. 17–56.

Eichelmann, H., Oja, V., Rasulov, B., Padu, E., Bichele, I., Pettai, H., Mols, T.,
Kasparova, I., Vapaavuori, E., Laisk, A., 2004. Photosynthetic parameters of birch
(Betula pendula Roth) leaves growing in normal and in CO2- and O3-enriched
atmospheres. Plant, Cell and Environment 27, 479–495.

Farquhar, G.D., Von Caemmerer, S., Berry, J.A, 1980. A biochemical model of
photosynthetic CO2 assimilation in leaves of C3 species. Planta 149, 78–90.

Griffin, K.L., Tissue, D.T., Turnbull, M.H., Whitehead, D., 2000. The onset of photo-
synthetic acclimation to elevated CO2 partial pressure in field-grown Pinus
radiata D. Don. after 4 years. Plant, Cell and Environment 23, 1089–1098.

Gunderson, C.A., Wullschleger, D., 1994. Photosynthetic acclimation in trees to
rising atmospheric CO2: a broader perspective. Photosynthesis Research 39,
369–388.

Günthard-Goerg, M.S., Matyssek, R., Scheidegger, C., Keller, T., 1993. Differentiation
and structural decline in the leaves and bark of birch (Betula pendula) under low
ozone concentrations. Trees 104 (7), 114.

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

Isebrands, J.G., McDonald, E.P., Kruger, E., Hendry, G., Pregitzer, K., Sober, J.,
Karnosky, D.F., 2001. Growth responses of Populus tremuloides clones to interacting
carbon dioxide and tropospheric ozone. Environmental Pollution 115, 359–371.

Karnosky, D.F., Gagnon, Z.E., Dickson, R.E., Coleman, M.D., Lee, E.H., Isebrands, J.G.,
1996. Changes in growth, leaf abscission, and biomass associated with seasonal
tropospheric ozone exposures of Populus tremuloides clones and seedlings.
Canadian Journal of Forest Research 26, 23–37.

Karnosky, D.F., Mankovska, B., Percy, K., Dickson, R.E., Podila, G.K., Sober, J.,
Noormets, A., Hendrey, G., Coleman, M.D., Kubiske, M., Pregitzer, K.S.,
Isebrands, J.G., 1999. Effects of tropospheric O3 on trembling aspen and inter-
action with CO2: results from an O3-gradient and a FACE experiment. Water, Air
and Soil Pollution 116, 311–322.

Karnosky, D.F., Zak, D.R., Pregitzer, K.S., Awmack, C.S., Bockheim, J.G., Dickson, R.E.,
Hendrey, G.R., Host, G.E., King, J.S., Kopper, B.J., Kruger, E.L., Kubiske, M.E.,
Lindroth, R.L., Mattson, W.J., McDonald, E.P., Noormets, A., Oksanen, E.,
Parsons, W.F.J., Percy, K.E., Podila, G.K., Riemenschneider, D.E., Sharma, P.,
Thakur, R., Sober, A., Sober, J., Jones, W.S., Anttonen, S., Vapaavuori, E.,
Mankovska, B., Heilman, W., Isebrands, J.G., 2003. Low levels of tropospheric O3
moderate responses of temperate hardwood forests to elevated CO2: a synthesis
of results from the Aspen FACE project. Functional Ecology 17, 289–304.

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.
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