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In this study, we found that elevated CO2 enhances and elevated O3 decreases birch reproduction and early seedling growth.
Abstract
We studied the effects of long-term exposure (nine years) of birch (Betula papyrifera) trees to elevated CO2 and/or O3 on reproduction and
seedling development at the Aspen FACE (Free-Air Carbon Dioxide Enrichment) site in Rhinelander, WI. We found that elevated CO2 increased
both the number of trees that flowered and the quantity of flowers (260% increase in male flower production), increased seed weight, germination
rate, and seedling vigor. Elevated O3 also increased flowering but decreased seed weight and germination rate. In the combination treatment
(elevated CO2 þ O3) seed weight is decreased (20% reduction) while germination rate was unaffected. The evidence from this study indicates
that elevated CO2 may have a largely positive impact on forest tree reproduction and regeneration while elevated O3 will likely have a negative
impact.
Ó 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
Global increases in air pollutants pose a major threat to the
functioning, structure and diversity of natural and semi-natural
ecosystems (Bobbink, 1998). Damaging O3 concentrations
currently occur over 29% of the world’s temperate and subpolar forests but are predicted to affect fully 60% by 2100
(Fowler et al., 1999; Ryerson et al., 2001). Simultaneously,
background concentrations of greenhouse gases such as CO2
are increasing (IPCC, 2007). Atmospheric CO2 concentration
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is expected to rise from a current 372 mmol mol1 to about
550 mmol mol1 by the middle of the century (IPCC, 2007;
Prentice, 2001).
Paper birch (Betula papyrifera Marsh.) is one of the most
widely distributed tree species in North America. Aspen (Populus tremuloides Michx.), maple (Acer saccharum Marsh.) and
birch comprise 50% of the U.S. Lake States (Minnesota, Wisconsin and Michigan) forest resources and nearly 70% of all
the pulpwood harvested in the Great Lakes region is aspen
and birch (Piva, 1996). Birch is a pioneer species which cooccurs with aspen and is an important pulpwood, lumber,
and firewood species. It is also a significant wildlife habitat
species and ornamental landscape tree, and contributes spectacularly to fall color.
Ward and Strain (1997) predicted that elevated CO2 will
affect fundamental physiological and molecular processes

Author's personal copy

J.N.T. Darbah et al. / Environmental Pollution 155 (2008) 446e452

and thus will impact both growth and reproductive responses
of plants. Elevated CO2 has been shown to increase reproductive potential (flowering and fruit and seed production) of
plants (Garbatt and Bazzaz, 1984; Curtis et al., 1994, 1996;
Idso and Kimball, 1997; Ward and Strain, 1997; Johnson
and Lincoln, 2000; Edwards et al., 2001; Bunce, 2005). Early
reproductive maturity has also been reported, likely due to
a disproportionate carbon allocation to reproduction (Ward
and Strain, 1999).
Long-term exposure of trees to elevated CO2 has been
shown to result in earlier reproductive maturation and increased cone and seed production in Pinus taeda L. (loblolly
pine) (Ladeau and Clark, 2006a,b). Jablonski et al. (2002)
reported enhanced numbers of flowers, fruits, seeds, individual
seed mass, total seed mass, and decreased seed nitrogen concentration under elevated CO2. It has been further reported that
elevated CO2 increased seed weight, lipid content and germination success in Silen latifolia (Wang, 2005).
The chemistry of seeds and seedling development has also
been reported to be altered in pines grown under elevated CO2
(Hussain et al., 2001) as seeds developed in elevated CO2 had
91% and 256% greater weight and lipid content, respectively,
three times the germination success, and an earlier germination time compared to those developed in current ambient
CO2. Germination is an energy demanding process that is
largely fueled by mobilization and oxidation of storage lipids.
There is considerable evidence from the literature that
exposure to O3, even at current ambient levels in many regions
of the world, reduces seed and fruit yields and adversely
affects seed quality (Black et al., 2000). Stewart (1998)
showed that exposure to realistic O3 episodes at developmental
stages can influence the reproductive structures directly, promoting significant adverse effects on floral development,
seed yield and quality, and seedling vigor. Chappelka (2002)
reported that O3 accelerated and increased initial floral development but delayed fruit development as well as decreased
seed size in blackberry (Rubus cuneifolius). It has been
observed that O3 caused flower bud abortion in Brassica
napus L. (Bosac et al., 1994; Stewart et al., 1996). It has
also been documented that O3 decreases seed weight and
quantity, and reduces lipid, protein and soluble carbohydrate
contents as well as the root and shoot growth of seedlings
for seed produced under elevated O3 (Bosac et al., 1998).
Inhibition of reproductive growth in plants exposed to O3 is
mediated largely by reduced physiological efficiency of
injured foliage (Kozlowski and Pollardy, 1997). By inducing
premature leaf abscission and lowering photosynthetic capacity of leaves, O3 decreases the amount of carbohydrates and
growth regulators available for reproductive growth.
Since atmospheric levels of both CO2 and O3 are rising
simultaneously, there is a critical need to examine how forest
tree reproduction will be affected under these interacting
greenhouse gases. We hypothesized that CO2 will have largely
positive effects, while O3 will have adverse effects on seed
production, germination and seedling development. Furthermore, we hypothesized that the effect of these gases on plant
reproductive capacity will largely offset one another when
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they occur simultaneously. To test our hypotheses, we examined the impact of elevated CO2 and/or elevated O3 on paper
birch reproduction at the Aspen FACE experiment where the
trees have been exposed to elevated levels of these two greenhouse gases during the growing seasons of their 9 year life history (Karnosky et al., 2003, 2005).
2. Materials and methods
2.1. Study site
This study was done at the Aspen FACE site in Rhinelander, Wisconsin,
USA (45.6 N, 89.5 W), 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 situated at the U.S. Forest
Service, Northern Research Station, Harshaw Research Farm near Rhinelander, WI, USA (Karnosky et al., 1999, 2003, 2005). The average annual
precipitation at the site is 31.9 inches and an average summer temperatures
range from 60 to 86 F. The soil is a coarse loam and a detailed description
can be found in Dickson et al. (2000). The experimental site consists of
four rings each of control (ambient air; CO2 concentrations of 360 ppm),
elevated CO2 (560 ppm), elevated O3 (1.5  ambient) and elevated CO2 plus
elevated O3 conditions in triplicate rings of 30-meters diameter each (Dickson
et al., 2000).

2.2. Planting material
Birch seeds from a local upper Great Lakes seed source (Houghton
County, Michigan) were collected and germinated in greenhouse conditions
in 1997. These birch seedlings were transplanted into the Aspen FACE rings
in July 1997. The birch seedlings were alternately planted with plants of the
same size of trembling aspen clone 216 (which is fairly tolerant to ozone)
in the southwest quadrant of each ring.

2.3. Flower, fruit and seed production
Due to the difficulty in accessing the canopy to count the number of
flowers and seed-bearing catkins, a non-linear scoring scale was used as
described by Darbah et al. (2007). Data on flowering were collected by scoring
the quantity of flowering on each tree in each treatment (score 0 ¼ no flowers;
score 1 ¼ 1e10 flowers per tree; score 2 ¼ 10e100 flowers per tree and score
3 ¼ more than 100 flowers per tree) for both male and female flowers and
seed-bearing catkins (Darbah et al., 2007). Seed-bearing catkins were
collected from all the treatments after scoring. Length, diameter and mass
of the catkins were noted and mass/100 seeds were computed.

2.4. Seed germination and seedling development
Seed germination tests were done by selecting 100 healthy looking seeds
(seeds with no deformity or damage) and germinating them in a petri dish
on moist filter paper in a growth chamber. Distilled water was used to moisten
the filter paper and the petri dishes were covered to control fungal growth.
Temperature in the growth chamber was kept at 22  2  C under a 16 h
photoperiod (150 mmol m2 s1 PAR from a white fluorescent light bulb).
Neither fertilizer nor any chemical was added at this stage. The study was
replicated four times making 400 seeds per treatment for each of the three
years of seeds (2004, 2005 and 2006). Seeds were observed for radicle emergence, and upon emergence, hypocotyl height and cotyledon lengths were
measured.
Seedlings were transferred into styroblocks (BC/CFC 4, B.C. Products
Mfg.) in a greenhouse after three weeks in the petri dishes. The styroblocks
had 160 wells (2.8 cm in diameter and 13.3 cm deep). Soil used was a mixture
of top soil, perlite and peat moss in the ratio of 1:1:1; lime, and super phosphate and miracle grow fertilizer were applied. The seedlings were placed
in a fog system in the greenhouse (Trion 500 Atomizer Humidifier model
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The experimental design of the Aspen Face project is a full factorial
randomized complete block design with three replicate rings of four treatments (Dickson et al., 2000; Karnosky et al., 2003). Percentage germination
values were arcesin transformed (sin1Ox) to agree with the assumptions
of normality before analyzing them. Analysis of variance (ANOVA) was
used to test for significant differences between treatments for each year and
average values  standard errors presented and different letters used to indicate significant differences. Repeated measures analysis of variance (MANOVA) was also used for all the three seed years. Tukey’s test significant at
P < 0.05 level (Sokal and Rolph, 1995) was used to determine significant
differences between treatment pairs. The PROC GLM component of the
SAS statistical software (by SAS Institute.) was used in carrying out these
analyses.

3. Results
3.1. Flower, fruit and seed production
It is worth noting that, for each growing season analyzed
separately, we found significant treatment differences between
most of the variables studied, but when all the seasons are
analyzed together there is no significant difference between
treatments. This was due to the fact that the number of trees
flowering, quantities of flowers produced and seed germination rates differed significantly (P < 0.001) between years.
Different microclimatic conditions as well as different physiological conditions of the trees in the three different years might
explain these differences in reproductive capacity in the three
years. There were no seeds produced under elevated CO2 þ O3
in 2004 and 2005.
We recorded an increase of 140% (P ¼ 0.02) and 70%
(P ¼ 0.04) for 2006 and 2007, respectively, in the total number
of trees that produced male flowers under elevated CO2
(Fig. 1a) and an increase of 260% (P < 0.001) in 2006 and
100% (P ¼ 0.01) in 2007, respectively, in the quantity of
male flowers produced under elevated CO2 (Fig. 1c) relative
to control. Elevated O3 increased the number of male flower
producing trees significantly (P ¼ 0.03) in 2006 and
(P ¼ 0.04) in 2007 (Fig. 1a) even though the average score
per tree was unaffected (Fig. 1b) resulting in increased flower
production per treatment with P ¼ 0.009 in 2006 and P ¼ 0.01
in 2007 (Fig. 1c). We observed that under elevated CO2 þ O3,
male flower production was unaffected in 2006 but increased
in 2007 with P < 0.001 (Fig. 1c) in the quantity of flowers
produced per treatment.
There was no treatment differences in catkin size
(P > 0.05) despite the 10% increase in size under elevated
CO2 and 20% decrease under elevated O3 and no observable
change under elevated CO2 þ O3 relative to control (Table 1).
The mass of seeds/100 seeds was increased significantly by
10% (P ¼ 0.03 in 2004) under elevated CO2 compared to

Number of trees with male flowers

2.5. Experimental design and data analysis
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Fig. 1. Flower production in paper birch under elevated CO2, O3 and
CO2 þ O3 in two successive growing seasons observed at the Aspen FACE
site in Rhinelander, WI, USA. Scoring for male flower buds were as follows:
score 0 ¼ no flowers; score 1 ¼ 1e10 flowers per tree; score 2 ¼ 10e100
flowers per tree and score 3 ¼ more than 100 flowers per tree.

control, while elevated O3 decreased seed mass/100 seeds
significantly by 20% (P ¼ 0.03) in 2004, 30% (P ¼ 0.04) in
2005 and 20% (P ¼ 0.04) in 2006 compared to control
(Fig. 2). No seeds were found in 2004 and 2005 under elevated
CO2 þ O3, but we observed a 20% decrease (P ¼ 0.04) in the
seed mass of the seeds from this treatment in 2006.
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Table 1
Seed and seedling characteristics (mean  SE) of paper birch grown under
ambient, elevated CO2 (ambient þ200 ppm) and elevated O3 (1.5  ambient)
in 2004 at the Aspen Face site in Rhinelander, WI, USA
Ambient

Elevated CO2

Elevated O3

Catkin length (mm)
Catkin diameter (mm)
Catkin mass (g)
Seedling mortality (%)
Root length (mm)
Shoot length (mm)
Cotyledon length (mm)
Seedling dry mass (mg)

33.04  1.50
7.41  0.20
0.64  0.05
2.75  1.11
28.15  5.56 b
5.50  0.77
2.64  0.30
16  31 ab

27.85  0.87
8.46  0.44
0.72  0.07
0.75  0.48
44.68  5.86 a
6.65  0.58
2.98  0.27
27  45 a

30.80  2.35
7.39  0.38
0.59  0.06
2.50  0.96
32.3  8.31 ab
5.1  0.44
2.5  0.25
10  20 b

60
C
CO2

50

Seed germination (%)

Parameter

449

a

O3
CO2+O3

40

a
30

b

ab

a

a

20

b

b

c

10
c

No flowers or seeds were produced in the combined treatment in this year.
Means are of four replicates (n ¼ 4). Means within a row not followed by
the same letter are significantly different at P < 0.05.

0

2004

2005

2006

Year

3.2. Seed germination and seedling development
For seeds developed under elevated CO2, there were 70%
(P < 0.001) and 110% (P ¼ 0.01) increases in seed germination rates for the seed years 2004 and 2005 respectively, compared to control (Fig. 2). Seeds produced under elevated CO2
and collected from the 2006 growing season did not differ
significantly despite the 20% increase recorded relative to
control. For seeds developed under elevated O3, however,
there were significant decreases of 70% (P < 0.001) in 2004,
60% (P ¼ 0.01) in 2005 and 50% (P < 0.001) in 2006 in
seed germination compared to controls. Seeds collected under
elevated CO2 þ O3 in 2006 had a 20% decrease in their germination rate compared to controls (Fig. 3). There were no treatment differences between germination rate of seeds from the
control treatment and those from elevated CO2 þ O3 despite
the 20% reduction in germination rate under elevated
CO2 þ O3.
Even though there was no significant treatment difference
(P > 0.05) in seedling survival, seedlings germinated from

Fig. 3. Effects of elevated CO2, O3 and CO2 þ O3 on seed germination success
rate of paper birch seeds collected from the Aspen FACE site in Rhinelander, WI
in 2004, 2005 and 2006 growing seasons No seed was formed in the CO2 þ O3
treatment in 2004 and 2005.

seeds developed under elevated CO2 had decreased mortality
rates compared to those from elevated O3 (Table 1). Despite
the 20% increase in shoot length observed under elevated
CO2 there were not significant treatment differences recorded
(P > 0.05) in either treatment. Root length was significantly
increased by 60% (P ¼ 0.03) under elevated CO2, while elevated O3 had no significant effect (Table 1). Seedlings from
seeds produced under elevated CO2 were consistently larger
in size throughout the first five months while the opposite
was true in the case of seedlings from elevated O3 relative
to control seedlings (Fig. 4). Seedlings from the elevated
CO2 treatment had significantly higher dry mass (P ¼ 0.03)
at the end of five months, on the other hand, seedlings from
O3 treatment did not differ significantly in their dry mass despite the 40% decrease in their dry mass.
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Fig. 2. Mass per 100 paper birch seeds produced under elevated CO2, O3 and
CO2 þ O3 in 2004, 2005 and 2006 growing seasons at the Aspen FACE site at
Rhinelander, WI, USA. No seed was produced in the combined treatment in
2004 and 2005.
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Fig. 4. Height growth for birch seedlings germinated under ambient conditions
from seeds produced under elevated CO2 and elevated O3 at the Aspen FACE
site in Rhinelander, WI in 2005. No seed was produced from the trees in the
combined treatment in 2005.
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4. Discussion
4.1. Flowering
Current knowledge on the impacts of elevated CO2 and/or
O3 on forest tree reproductive and regenerative capacity is
very limited compared to agricultural crops (Hussain et al.,
2001). With atmospheric CO2 and O3 rising simultaneously,
forest ecosystems will be exposed to these co-occurring greenhouse gases. The increases in the number of trees and in the
quantity of male flowers produced under elevated CO2
(Fig. 1) implies that more birch pollen will be produced. As
birch pollen is an important inducer of allergic reactions (Pauli
et al., 1996; Menz et al., 1996), our results suggest that birch
pollen induced allergic reactions will be on the increase as
CO2 concentrations increase in the future. These results support the findings of Curtis et al. (1994, 1996), Johnson and
Lincoln (2000), Edwards et al. (2001), Jablonski et al.
(2002), Bunce (2005) and Ladeau and Clark (2006a,b) that elevated CO2 increases reproductive potential through increased
pollen production which, in turn, increases the probability of
pollination, and hence, fertilization and viable seed formation.
These results also support the hypothesis proposed by Herms
and Mattson (1992) that birch trees under adequate carbohydrate status tend to favor male flower production.
We further found that O3 also increased male flower production and these results are consistent with the findings of
Chappelka, 2002 who reported of increased flowering in
Rubus cuneifolius and Zvereva and Kozlov (2004) who documented enhanced sexual reproduction under pollution impact
in dwarf shrubs. It has been suggested that plants increase
carbon allocation to sexual reproduction under stressful conditions as an adaptive feature to ensure reproductive fitness of
these genotypes (Saikkonen et al., 1998). This may also
explain the increase in flowering under elevated CO2 and O3.
Under the elevated CO2 þ O3 treatment we observed no
change in the quantity of flowers produced in 2006 but an
increase in 2007. Since our study had rather limited flowering
and reproductive success in the combined treatment, we need
additional data from subsequent seed years to better predict
the nature of these responses for the interacting elevated
CO2 and O3. It has been reported that elevated CO2 ameliorates the effects of elevated O3 for some physiological processes (example gas exchange; Volin et al., 1998; Karnosky
et al., 2003) but more investigation is needed to determine if
this is true for flower production.
4.2. Seed production
We found a significant increase in birch seed mass under
elevated CO2 compared to control in the 2004 and an increase
of 20% in 2005 growing seasons (Fig. 2), which is in agreement
with the observations made by Hussain et al. (2001), Jablonski
et al. (2002) and Wang (2005). According to Hussain et al.
(2001), the increase in the mass of seeds produced under
elevated CO2 was attributed to increased amounts of carbohydrate, lipids and proteins. They suggested that the increase in

these components of seed can have a profound effect on seed
germination and seedling growth, as they provide stored
resources for the germinating seedling. The extremely dry
year, with a drought severity index of 3 to 3.9 according to
the National Oceanic & Atmospheric Administration (NOAA)
regional weather report for Rhinelander in 2006 (NOAA,
2006) may explain why there was no increase in seed mass under
elevated CO2 in 2006: birch trees under elevated CO2 were
larger and needed more water and therefore possibly suffered
more from water stress than did the trees in control conditions.
The consistent significant decrease in seed mass in all three
seed years observed under elevated O3 (Fig. 2) supports the
observations made by Bosac et al. (1998) who reported that
elevated O3 decreased seed weight and quantity. Their biochemical analysis on the seeds indicated that elevated O3
had decreased lipid, protein and soluble carbohydrate contents
in the seeds of oilseed rape (Brassica napus). Elevated O3 is
also known to reduce pollen germination which, in turn, can
reduce the number of fertilized ovules which ultimately results
in decreased seed mass (Black et al., 2000).
Seeds from elevated CO2 þ O3 collected in 2006 had significantly reduced seed mass. There were no seeds produced
under elevated CO2 þ O3 in 2004 and 2005. In the 2006 seeds,
no ameliorative effects of elevated CO2 on O3 were observed
as the seed mass of seeds collected from O3 and CO2 þ O3
were similar in weight (elevated O3 ¼ 28  2 mg and
CO2 þ O3 ¼ 27  3 mg, while control was 36  3 mg). The
first gene expression studies conducted following long-term
exposure of trees to elevated CO2 þ O3 reported of differential
expression of genes that were not up-regulated with individual
gas treatment (Gupta et al., 2005). This may be an indication
that although elevated CO2 may ameliorate the effects of
elevated O3 in some physiological processes such as gas
exchange (Volin et al., 1998; Karnosky et al., 2003) it may
not be so in all processes.
4.3. Germination
In this study, the germination period for all the four treatments (control, elevated CO2, elevated O3 and elevated
CO2 þ O3) ranged from 5 to 14 days and did not differ significantly between treatments. The higher germination rate of
seeds collected from elevated CO2 in both 2004 and 2005 is
in agreement with the study conducted by Hussain et al.
(2001) and Edwards et al. (2001). This increase in germination
rate is possibly due to increased seed mass as a result of
increased storage lipid, carbohydrate and protein content
(Hussain et al., 2001). According to Tillman-Sutela et al.
(1996), lipids in the seed provide metabolic energy for maturation of the embryo during seed development. Also, storage
lipids are broken down during germination and converted to
sugars and transported to cotyledons and axis for dry mass
maintenance (Stone and Gifford, 1999). This might also
explain why our germination rate was low for seeds collected
under elevated CO2 in 2006 during the high temperature and
drought stress as Bosac et al. (1993) who reported that environmental stress can affect reproductive potential of plants.
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Under elevated O3, the observed decrease in seed germination was possibly due to decreased lipid content and hence,
decreased metabolic energy as reported by Bosac et al.
(1998) who found decreased seed quality in oilseed rape after
exposure to O3. Similarly, Marquez-Millano (1989) reported
that germination success rate in P. taeda decreased in proportion to the loss of fatty acid content with seed aging. Increased
abortion of seed buds was observed in oilseed rape (Bosac
et al., 1994) and Brassica species (Stewart et al., 1996) exposed
to elevated O3. Also, reduced pollen germination and growth
leading to decreased fertilization and fruit set was reported in
oilseed rape exposed to elevated O3 (Bosac et al., 1993).
There was no significant difference in seed germination
rates under elevated CO2 þ O3 despite the observed decrease
in seed mass (20%) and germination rate (20%) in 2006
compared to control. It is possible that the positive effects of
elevated CO2 on storage lipid content ameliorated the negative
effects of elevated O3.
4.4. Seedling quality
For seeds produced under elevated CO2, seedling vigor was
higher than for seeds produced under control conditions, as
seedlings were consistently larger throughout the first five
months of the experiment (Fig. 4). Root length of seedlings
from seed produced under elevated CO2 was increased compared to seedlings from controls, enhancing the plants’ ability
to obtain water and nutrients (Table 1). This increased vigor of
seedlings from seed produced under elevated CO2 might be
due to the higher amounts of stored carbohydrates, proteins
and lipids that the seedling depends on initially for growth
(Hussain et al., 2001) until its root system and photosynthetic
apparatus are fully developed. This also supports the prediction made by Hussain et al. (2001) that seeds produced under
CO2-enriched environments may have fundamental changes in
their viability, chemistry and germination that affect forest
reproduction success.
The observed decrease in vigor of seedlings of seed produced under elevated O3 in our study supports the observations
made by Bosac et al. (1998) in oilseed rape that there is reduced
seedling vigor in seeds produced under elevated O3 conditions.
We also observed that seedlings from elevated CO2 seeds
had higher moisture contents, 74% compared to 60% in control and 43% in elevated O3. This low moisture content or
high proportion of biomass in plant mass in seedlings from
elevated O3 sources could be due to increased cell wall thickness, lignin and extractives in the elevated O3 (seedlings), as
reported by Anderson (2003).
Since we had very little seed produced under the interacting
gases, we were not able to adequately characterize the seed
and seedling characteristics for elevated CO2 þ O3 treatment
and this remains an important research priority for our work.
5. Conclusion
Our study documents the fact that both elevated CO2 and
elevated O3 can impact the reproductive fitness of forest trees
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albietly in very different ways. Enhanced male flower production and increased seed weight, seed germination success rate,
and seedling vigor was seen for seeds produced from trees
exposed for their whole life history to elevated CO2. Elevated
O3 similarly increased flower production but decreased the
weight and germination success rate of seed from trees grown
under this pollutant. Under interacting CO2 and O3, elevated
CO2 ameliorated the negative effects of elevated O3 on flowering and seed germination, but seed mass was still reduced
These findings suggest that reproductive and regenerative
capacity of birch stands in the future could be altered by rising
atmospheric CO2 and O3.
Since sexual reproductive development is an important
stage in the life cycle of plants, any change in the processes
involved might have significant implications for the productivity of the plants and their survival (Black et al., 2000). Understanding the potential interactive impacts of elevated CO2 and
O3 on seed development and subsequent seedling performance
of forest tree species is crucial for sustainable forest management in the presence of a changing global climate. Seedling
responses play a key role in tree regeneration and succession,
as germination and initial seedling growth set the pattern for
future growth (Miao, 1995).
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