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Effects of low and elevated CO2 partial pressure on growth and
reproduction of Arabidopsis ttiaiiana from different elevations
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ABSTRACT
Atmospheric CO2 partial pressure may have been as low
as 18 Pa during the Pleistocene and is expected to increase
from 35 to 70 Pa before the end of tbe next century. Low
CO2 reduces tbe growtb and reproduction of C3 plants,
wbereas elevated CO2 often increases growtb and reproduction. Plants at bigb elevation are exposed to reduced
CO2 partial pressure and may be better adapted to tbe
low CO2 of tbe Pleistocene. We examined genotypes of
Arahidopsis thaliana from dilTerent elevations for variation
in growtb and reproduction at tbe CO2 levels of tbe
Pleistocene, the present and the future. Genotypes exhibited limited genetic variation in tbe response of tbe production of biomass to changes in CO2, but sbowed significant
variation in reproductive characters. We found evidence
ttiat p\ants ?rom high elevations may be better adapted to
low CO2 wben considering seed number, wbicb is an
important component of fitness. Genotypes sbowed greater
variation in tbe response of seed number between 35 and
20 Pa CO2 compared to 35 and 70 Pa CO2. We conclude
tbat present-day C, annuals may bave greater potential for
evolution in response to tbe low CO2 of tbe Pleistocene
relative to tbe elevated CO2 predicted for tbe future.
Key-words: Arabidopsis thaliana; Brassicaceae; elevated
T; elevation; low CO2, reproduction.

INTRODUCTION
Analyses of ancient air trapped within the Vostoc ice core
reveal that atmospheric CO2 partial pressure was as low as
18 Pa during the last two glacial maxima of the Pleistocene
Epoch (Bamola et al. 1987). The average global CO2 partial pressure has increased from 27 to 35 Pa since the onset
of the Industrial Revolution (120 years ago) and is
expected to rise to 70 Pa COT before the end of the next
century (Keeling et al. 1989), primarily due to fossil fuel
consumption and deforestation of tropical regions.
Low COT has been shown to stress C3 plants by limiting
the availability of CO2 at the chloroplasts and by increas-
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ing photorespiration (Farquhar & Sharkey 1982), resulting
in reduced photosynthesis, growth and reproduction
(Baker et al. 1990; Sage & Reid 1992; Polley et al.
1993a,b; Sage 1995). For example, Dippery et al. (1995)
found that Abutilon theophrasti grown for 35 d at 15 Pa
CO2 aborted all reproduction and attained only 8% of the
total biomass of plants grown at 35 Pa CO2, this response
was largely attributed to a 70% reduction in net photosynthesis at 15 Pa CO2 compared with 35 Pa CO2 (Tissue et al.
1995). In contrast, elevated CO2 has been shown to
increase growth and reproduction of C3 plants, especially
when other resources such as light, water and nutrients are
non-limiting (Bazzaz 1990). A survey of 156 species gave
an average 41 % stimulation in biomass production for C3
plants grown at 70 Pa CO2 compared with 35 Pa CO2
the plant response to the low CO2 (18-20 Pa) of the
Pleistocene.
Knowledge of intraspecific variation in the response of
plants to CO2 is critical (a) for accurately predicting the
responses of plants to future scenarios of elevated CO2, (b)
for understanding how plants may have adapted to low
CO2 during the Pleistocene, and (c) for identifying specific
plant traits that confer a selective advantage under changing CO2 partial pressure. Considerable attention has been
given to the study of interspecific variation in the response
of plants to CO2, whereas few studies have focused on
intraspecific variation in the response to CO2 (Garbutt &
Bazzaz 1984; Wulff & Alexander 1985; Potvin & Strain
1985; Strain 1991; Fajer, Bowers & Bazzaz 1992; Ziska &
Teramura 1992; Curtis, Snow & Miller 1994; Bazzaz etal.
1995; Norton, Firbank & Watkinson 1995; Zhang &
Lechowicz 1995; Andalo et al. 1996), and none have pursued questions pertaining to genotypic response to the low
CO2 levels of the Pleistocene.
A change in CO2 partial pressure has the potential to
alter the genetic composition of plant species over evolutionary time-scales. Evolution may proceed rapidly if there
is strong selective pressure and sufficient genetic variation.
The low CO2 of the Pleistocene may have exerted a strong
selective pressure on C3 plants due to stress imposed on
growth and reproduction. Declining CO2 levels during the
Pleistocene lasted tens of thousands of years, providing
sufficient time for evolution of annuals in response to low
CO2. Beerling & Chaloner (1993) examined fossil leaves
of Salix herbaeea and found evidence of greater stomatal
© 1997 Blackwell Science Ltd
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density (number of stomata per leaf area) and stomatal
index (ratio of stomata to epidermal cells) during the low
CO2 of the Pleistocene, which may have been adaptations
for increased carbon uptake. As CO2 continues to rise during this century, genotypes that utilize the greater carbon
supply may have a selective advantage, since additional
carbon could be allocated to the acquisition of other limiting resources (Geber & Dawson 1993). Flevated CO2 may
also act as a strong selective agent through indirect effects
on plants, such as increasing competition, in which genotypes with greater ability to compete for other resources
would be favoured (Bazzaz et al. 1995).
Plants at high elevation are exposed to lower CO2
partial pressure than plants at sea level, such that CO2
partial pressure is reduced by 30% at 3000 m elevation
(Sage & Reid 1992). Gale (1972) argued that increased
CO2 diffusivity and equal reductions in O2 partial
pressure at high elevations may partially offset the
negative effects of reduced CO2 partial pressure on
plants. However, reductions in CO2 partial pressure due
to elevation are substantial enough to reduce stromal
CO2 concentrations by at least 20% above 2500 m
elevation (Sage & Reid 1992).
Several studies present evidence suggesting that plants
from high elevations exhibit adaptations to low CO2
(Billings, Clebsch & Mooney 1961; Korner, Farquhar &
Roksandic 1988; Korner & Diemer 1994). Billings et al.
(1961) reported that a population of Oxyria digyna from a
high elevation (2027 m) was more efficient at fixing CO2
over a wide range of ambient CO2 concentrations compared to a population from sea level. More recently,
Korner & Diemer (1994) found evidence that alpine
species of the genera Ranunculus and Geum had higher
carbon gain in response to elevated CO2 than lowland
species of the same genera. In contrast to these results, a
population of Plantago major from a high elevation
(3335 m) had lower carbon gain at 70 Pa CO2 compared
with a population from sea level (Woodward 1993).
Comparison of the responses of genotypes from different elevations to low and elevated CO2 may help us understand how plant species adapted to the low CO2 of the
Pleistocene and may be important for determining the
potential for evolution of plants in response to rising CO2.

The objective of our study was to determine if wild
genotypes of Arabidopsis thaliana from a range of elevations exhibit variation in the responses of growth and
reproduction to the low CO2 of the Pleistocene (20 Pa), the
current global CO2 level (35 Pa), and the elevated CO2 predicted for the future (70 Pa). We used genotypes collected
at elevations ranging from 0 to 3400 m, resulting in local
atmospheric CO2 partial pressures ranging from 35 to
23 Pa, respectively. To the authors' knowledge, this is the
first study to investigate genetic variation in the response
of plants to the low CO2 of the Pleistocene.

MATERIALS AND METHODS
Research species and seed source
Arabidopsis thaliana is a C3 winter annual belonging to the
Brassicaceae family. This species is distributed throughout
the moderate temperate zones of the world (R'edei 1992)
where it persists under a wide range of elevations.
Flowering is dependent on a long-day photoperiod (NappZinn 1985). Each flower bears organs of both sexes and
matures into a silique. Genotypes ot Arabidopsis thaliana
from a range of elevations (Table I) were obtained from
the Arabidopsis Biological Resource Centre (ABRC) (The
Ohio State University, Columbus, Ohio, USA). Genotypes
originated from a randomly chosen plant from each of the
original populations and were propagated under uniform
conditions at the ABRC by self-fertilization.

Growth conditions
Eight replicate plants of each genotype were grown from
seed in each of three CO2-controlled growth chambers at
the Duke University Phytotron. Chambers were maintained at CO2 partial pressures of 20, 35 and 70 Pa. The
partial pressure of CO2 was automatically monitored and
controlled by continuous CO2 injection and infrared gas
analysis (Hellmers & Giles 1979). The 20 Pa and 35 Pa
CO2 chambers were scrubbed of CO2 when necessary by
passing chamber air over a hydrated lime/vermiculite mixture. Chamber effects were kept to a minimum by continuous monitoring of air temperature, light and humidity.

.A,bbreviation

Stock no

Location collected

Elevation (m)

SW
MK
SD
CM
CD
CV
KI
PT

CS6187
CS 6064
CS 6078
CS3177
CS 6082
CS902
CS 903
CS6180

Seattle. Washington, USA
Maidstone, Kent, England
Sidmouth, Devon, England
Columbia, Missouri, USA
Chagford. Devon, England
Cape Verde Islands, Atlantic Ocean
Kashmir, India
Pamiro-Alay, Tadjikistan

0
50
50
200
225
1200
1580
3400

Seeds were provided by the Arahidopsis Biological Resource Center at The Ohio State
University. Genotypes CM and KI were eliminated from the analysis due to high mortality.
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Table 1. Locations and elevations from
which Arabidopsis thaliana genotypes were
collected
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Seeds were planted in 750 cm"^ plastic pots that were of
large volume relative to root development. The medium
consisted of a 1;1;1 (v/v) mixture of gravel, 'Turface' and
vermiculite. Seeds were placed within a thin layer of vermiculite on the surface of this medium to prevent downward
transport of seeds during watering. Seeds were exposed to a
dark, cold treatment of 4 °C for 4 d after planting to promote
uniform germination. Afterwards, light/dark periods were
14 h/IO h with corresponding air temperatures of 25/18 °C.
The photosynthetic photon fiux density during the light
period was maintained at 1000 ± 50 jUmol photons m"^ s^'
using sodium vapour and metal halide lamps. Relative
humidity was ==70% during the light period and 100% during the dark period. Pots were watered to saturation with
half-strength Hoagland's solution (Downs & Hellmers
1978) each morning and with de-ionized water each afternoon. Following emergence, seedlings were thinned to one
individual closest to the centre of each pot.

Data collection and analysis
During the growth period, the number of days required to
produce the first fiower was recorded for each plant. Plants
were harvested after 70 d of growth, at which point most
plants had ceased fiowering and all were beginning to
senesce. Plant material was oven-dried (70 °C) for at least
48 h and biomass was determined. The number of siliques
per plant was determined by counting all intact siliques and
central partitions of siliques that persisted after seed maturity. The average number of seeds per silique was determined by counting the number of seeds within 30 randomly chosen siliques from plants of the same genotype
and CO2 treatment. Total mass was calculated as the sum
of root, stem, leaf and reproductive mass (siliques); seed
number per plant (total seed number) was calculated as the
number of siliques per plant multiplied by the average
number of seeds per silique.
Two-way analysis of variance (ANOVA) was used to
test for main effects and interactions of CO2 and genotype;
CO2 and genotype were analysed as fixed factors. Data
were transformed when necessary in order to satisfy the
assumptions of ANOVA. Pair-wise comparisons of means
were made within genotype to assess specific effects of
CO2 using the Scheffe post hoc test. Plants that failed to
emerge or that died during the seedling stage were eliminated from the statistical analysis. Genotypes CM and KI
were eliminated entirely due to high mortality.
An allometric analysis was performed in order to determine the effects of CO2 and genotype on allocation of
biomass to reproduction. Variation for allocation of
biomass to reproduction due to size-dependent effects was
eliminated by analysing the linear relationships between
reproductive mass (mass of siliques) and vegetative mass
(sum of root, stem and leaf mass) using a two-way analysis
of covariance (ANCOVA). Vegetative mass, rather than
total mass, was used as the independent variable to avoid
autocorrelation in the regression (Samson & Werk 1986;
Clauss & Aarssen 1994).

RESULTS
Biomass production
Genotypes showed similar patterns for the response of tota
mass and reproductive mass between 20, 35 and 70 Pa CO(non-significant CO2 x genotype interactions; Table 2 &
Fig. 1). Genotypes had significantly lower total mass at
20 Pa CO2 compared with 35 Pa CO2, ranging from a 44%
reduction in CD to a 70% reduction in MK. All genotypes
showed significant increases in total mass between 35 and

Table 2. Effeets of CO2 and genotype on total mass, reproductive
mass and days to first flower
F-values and significance

CO2
Genotype
CO2 X genotype

Total

Reproductive

Days to
first Elower

78-57***
3-93**
0-23

66-52***
1-37
0-37

39-52***
56-05***
1-98*

*P<0-05.**P<0-0\

-001.
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Figure 1. Effects of 20, 35 and 70 Pa CO2 on total mass and
reproductive ma.ss for genotypes of Arabidopsis thaliana from
different elevations. Note that the order of genotypes from left to
right corresponds to increasing elevation. Values are means ± SE
(77 = 4-8).
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0 Pa CO2., with the exception of SW. Moreover, genovpes from higher elevations did not produce greater total
nass at 20 Pa CO2 compared with genotypes from lower
^levations. All genotypes had significantly lower reproductive mass at 20 Pa CO2 compared with 35 Pa CO2,
ranging from a 50% reduction for CV to an 85% reduction
tor SD. Genotypes showed a trend for increasing reproductive mass between 35 and 70 Pa CO2, but there were no
significant differences between these treatments. The allometric analysis indicated that CO2 and genotype did not
have a significant effect on the allocation of biomass to
reproduction (data not shown).

Table 3. Effects of CO. and genotype on reproduction

Reproduction

significantly lower total seed number at 20 Pa CO2 compared with 35 Pa CO2. Furthermore, the four genotypes
from the lowest elevations (local CO2 partial pressures
between 34 and 35 Pa) showed an average 60% reduction
in average total seed number at 20 Pa relative to 35 Pa
CO2, with considerable variation, whereas the two genotypes from the medium (30-5 Pa CO2) and highest (23 Pa
CO2) elevations showed reductions of 49 and 38%, respectively (Table 4). Genotypes showed a trend for increasing
total seed number between 35 and 70 Pa CO2, but there
were no significant differences between these treatments.

Genotypes varied in the response of the number of days to
first flower to changes in CO2 (significant CO2 x genotype
interaction; Table 2 & Fig. 2), mainly due to variation in
responses at 20 Pa CO2 relative to 35 Pa. With the exeeption of SW, all genotypes required signifieantly more days
to reach first flower at 20 Pa CO2 than at 35 Pa CO2, ranging from an increase of 5 d in PT to 14 d in SD. The number of days to first flower was similar at 35 and 70 Pa CO2
for all genotypes.
Genotypes showed significant CO2 x genotype interactions for silique number per plant and seed number per
silique (Table 3 & Fig. 3). All genotypes had significantly
fewer siliques per plant at 20 Pa CO2 com.pared with 35 Pa
CO2, ranging from a 37% reduction in PT to an 81 % reduction in SD. Only genotype CD showed a significant difference for number of siliques per plant between 35 and 70 Pa
CO2. Genotypes showed variation for seed number per
silique in response to changes in CO2, but silique number
per plant had a greater effect on total seed number.
Genotypes varied in the response of total seed number to
changes in CO2 (significant CO2 x genotype interaction;
Table 3 & Fig. 3), primarily due to variation in seed
number between 20 and 35 Pa CO2. All genotypes had

F-values and significance

CO.
Genotype
CO2 X genotype

50 40
cn

2 20
cn

10
0
SW

MK

SD
CD
Genotype

Seed no.
Per Silique

Seed no.
Per Plant

84.19***
2-67*
3-32**

1-07
25.94***
2.47**

57-32***
1-51
2-49*

*P<0-05. **P<0-01. ***P<0-001.

20 Pa
35 Pa
70 Pa

o

Silique no.
Per Plant

CV

Figure 2. Effects of 20, 35 and 70 Pa CO2 on days to first flower
for genotypes of Arabidopsis thaliana from different elevations.
Values are means ± SE (« = 4-8).
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DISCUSSION
Seed production is an important component of fitness in
annual plants (Primack & Kang 1989); therefore, effects of
changing CO2 partial pressure on seed production could have
a large impact on the evolution of plants (Garbutt & Bazzaz
1984). Genotypes oi Arahidopsis thaliana from a range of
elevations exhibited variation in the response of total seed
number to changes in CO2, mainly due to the effects of CO2
on the number of siliques per plant as opposed to number of
seeds per silique. Curtis et al (1994) did not deteet a significant CO2 X genotype interaction for the response of seed
number between 35 and 70 Pa CO2 among paternal families
of Raphanus raphanistrum. In the present study, there were
no significant differences in the response of seed number
between 35 and 70 Pa CO2 for any of the genotypes.
However, all genotypes showed significant reductions in
seed number between 35 and 20 Pa CO2 and exhibited variation in the response of seed number between these CO2 levels. If we assume that present-day genotypes have similar
levels of variation to genotypes existing in the past, this result
suggests that CO2 may have been a stronger selective pressure on plants during the Pleistocene than it will be in the
future. Furthermore, genotypes from high elevations (low
local CO2 partial pressure) tended to show a smaller reduction in seed number at 20 Pa CO2 relative to 35 Pa CO2 than
genotypes from low elevations (high local CO2 partial pressure). Although our sample of six genotypes (with the majority being from lower elevations) allows us only to speculate,
this result suggests that there is potential for genetic differentiation of plant populations in response to changes in CO2
that may have been important for successful reproduction
during the low CO2 of the Pleistocene.
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Figure 3. Effects of 20, 35 and 70 Pa CO, on silique number per
plant, seed nutnber per silique. and seed number per plant (total seed
number) for genotypes of Arabidopsis thaliana from different
elevations. Values are means ± SE (n = 4-8 for silique number per
plant and .seed number per plant; /; = 30 for seed number per silique).

We found evidence of limited genetic variation in the
response of whole-plant biomass production to changes in
CO2. Genotypes exhibited similar patterns of increasing
total mass between 20, 35 and 70 Pa CO2, indicating that
genotypes did not differ in their relative abilities to assimilate carbon at low and elevated CO2. Other studies have
also shown that inbred lines of Arahidopsis thaliana
(Zhang & Lechowicz 1995) and field-collected genotypes
of Plantago lanceolata (Fajer et al 1992) show no significant variation for the response of total mass between 35
and 70 Pa CO2. Norton et al (1995) found a significant

CO2 X genotype interaction for production of total biomas
between 35 and 70 Pa CO2 within Arabidopsis thaliana
however, this significant interaction was mainly due t(
differences in the response of one genotype relative to al
others.
Genotypes of Arabidopsis thaliana exhibited simila
patterns of increasing reproductive mass between 20, 3f
and 70 Pa CO2. Genotypes of Plantago lanceolata (Fajer e,
al 1992) and Abutilon theophrasti (Bazzaz et al 1995)
also showed no significant variation for the response of
reproductive mass between 35 and 70 Pa CO2. However,
genotypes of Betula alleghaniensis showed a significant
CO2 X genotype interaction for reproductive mass between
35 and 70 Pa CO2 (Bazzaz et al 1995). This evidence suggests that some species may have limited potential for evolutionary response to changing CO2, whereas other species
may be more likely to undergo substantial shifts in genetic
composition. However, the present study indicates that
conclusions pertaining to evolution based on measurements of biomass including all reproductive structures may
not translate into similar conclusions for characters more
closely related to fitness, such as seed number.
Effects of CO2 on allocation of resources to reproduction and phenology are known to affect the reproductive
output of plants (Garbutt & Bazzaz 1984; Ackerly &
Bazzaz 1995). However, we found that CO2 and genotype
had no effect on the allocation of biomass to reproduction.
Reduced final reproductive mass at 20 Pa CO2 was a result
of proportional reductions in plant size, and was not due to
decreased allocation to reproduction. Similarly, Ackerly &
Bazzaz (1995) surveyed literature on different speeies and
found that increases in reproductive mass between 35 and
70 Pa CO2 were correlated with increases in total mass.
However, they reported a high level of variation between
species for the effeets of elevated CO2 on the relationship
between reproductive mass and total mass, indicating that
total mass may not be an appropriate indicator of reproductive mass due to unpredictable effects of CO2 on allocation
patterns. Furthermore, Arabidopsis grown at 20 Pa CO9
initiated reproduction later than plants grown at higher

Table 4. Percentage change in average seed number per plant at
20 Pa relative to 35 Pa CO, for genotypes collected from a range of
local CO2 partial pressures

Genotype

Local CO2
partial pressure (Pa)

Percentage change
[(20Pa-35)/35]X]00(%)

SW
MK
SD
CD
CV
PT

35
34-5
34.5
34
30.5
23

-60
-57
-80
-AA
^9
-38

Local CO2 partial pressure was calculated as the total atmospheric
pressure at a given elevation multiplied by the CO, mixing ratio
that remains constant with elevation (Berry, BoUay & Beere 1945;
Sage & Reid 1992).
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CO2 treatments, suggesting that a limited supply of photosynthate at 20 Pa CO2 increased the time it took plants to
reach the minimum size required for reproduction (Gross
1981;Hirose&Kachi 1982).
Our study showed that Arabidopsis thaliana was more
responsive to changes in CO2 below the current global level
than above the current global level, as have previous studies
with C3 species (Polley et al 1993a,b; Dippery etal. 1995;
Tissue et al 1995). Genotypes of Arabidopsis thaliana
exhibited greater change in total mass between 20 and 35 Pa
CO2 than between 35 and 70 Pa CO2. Furthermore, characters associated with reproduction (total seed number, reproductive mass and days to first flower) showed significant
differences between 20 and 35 Pa CO2 for most genotypes,
but did not show significant differences between 35 and
70 Pa CO2. A possible mechanism for this response may be
that plants grown at 70 Pa CO2 experienced negative feedbacks on photosynthesis that reduced potential carbon gain
(Bowes 1991); furthermore, photosynthetic adjustment to
low CO2 was not observed in Phaseolus vulgaris grown at
20 Pa CO2, indicating that plants may not adjust their photosynthetic processes for increased carbon fixation at low
CO2 (Sage & Reid 1992; Sage 1994). Sage (1995) has
hypothesized that low CO2 (18-20 Pa) during the
Pleistocene may have prevented the successful establishment of agriculture by early humans. This study supports
this hypothesis with further evidence that low CO2 is a substantial stress on C3 plants, but suggests that potential shifts
in the genetic composition of plant populations during the
Pleistocene may have ameliorated the negative effects of
low CO2 on plant reproduction.
In summary, genotypes of Arabidopsis thaliana from a
range of elevations exhibited limited genetic variation in
the response of biomass production to changes in atmospheric CO2 levels from those of the Pleistocene to those of
the future. However, genotypes showed significant variation in the response of reproductive characters (total seed
number, silique number per plant and days to first flower)
to changes in CO2. We found evidence that plants from
high elevations may be better adapted to low CO2 than
plants from sea level when considering the response of
seed number at 20 Pa relative to 35 Pa CO2. Furthermore,
genotypes showed significant reductions in seed number
between 35 and 20 Pa CO2 and showed considerable variation in seed number between these CO2 levels. However,
none of the genotypes showed significant differences
between 35 and 70 Pa CO2 for seed number. We conclude
that present-day C3 annuals may have greater potential for
evolution in response to the low CO2 of the Pleistocene
relative to the elevated CO2 predicted for the future.

ACKNOWLEDGMENTS
We thank Larry Giles and Beth Guy for their technical
assistance, and David Tremmel for statistical advice. We
also thank Janis Antonovics for his perspectives on plant
evolution. We greatly appreciate the time that Valerie
Dippery, Robert Ward, Anne Hartley and Brian Bovard
© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 254-260

259

contributed to counting siliques. This study was supported
by a contribution from the Duke University, Department of
Botany, and grants from the Department of Energy, CO2
Research Division (DE-FG05-87ER60575), the Electric
Power Research Institute (RP3041-02), and the National
Science Foundation (IBN95-20752, BSR87-06429,
DEB94-15541) for research and support related to the
Duke University Phytotron.

REFERENCES
Ackerly D.D. & Bazzaz F.A. (1995) Plant growth and reproduction
along CO2 gradients: non-^linear responses and implications for
community change. Global Change Biology 1, 199-207.
Andalo C , Godelle B., LeFranc M., Mousseau M. & Till-Bottraud
I. (1996) Elevated CO2 decreases seed gennination in
Arabidopsis thaliana. Global Change Biology 2, 129-135.
Baker J.T., Allen L.H. Jr., Boote K.J., Jones P. & Jones J.W. (1990)
Rice photosynthesis and evapotranspiration in subambient,
ambient, and superambient carbon dioxide concentrations.
Agronomy Journal 82, 834-840.
Barnola J.M., Raynaud D., Korotkevich Y.S. & Lorius C. (1987)
Vostoc ice core provides 160,()00-year record of atmospheric
CO.. A'amre'329,408-414.
Bazzaz F.A. (1990) The response of natutal ecosystems to the rising
global CO2 levels. Annual Review of Ecology and Systematics
21, 167-196.
Bazzaz F.A., Jasie'nski M., Thotnas S.C. & Wayne P. (1995)
Microevolutionary responses from two model populations.
Proceedings of the National Academy of Sciences USA 92,
8161-8165.
Beerling D.J. & Chaloner W.G. (1993) Evolutionary responses of
stomatal density to global CO2 change. Biological Journal of the
Linnean Society 48, 343-353.
Berry F.A. Jr, Bollay E. & Beere N.R. (1945) Handbook of
Meteorology, pp. 86, 353. McGraw-Hill Book Co., New York.
Billings W.D., Clebsch E.E.C. & Mooney H.A. (1961) Effects of
low concentrations of carbon dioxide on photosynthesis rates of
two races of Oxyria. Science 133, 1834.
Bowes G. (1991) Growth at elevated CO2: photosynthetic
responses mediated through rubisco. Plant, Cell and
Environment 14, 795-806.
Clauss M.J. & Aarssen L.W. (1994) Patterns of reproductive effort
in Arabidopsis thatiana: Confounding effects of size and developmental stage. Ecoscience 1, 153-159.
Curtis P.S., Snow A.A. & Miller A.S. (1994) Genotype-specific
effects of elevated CO2 on fecundity in wild radish {Raphanus
raphanislrum). Oecologia 91, 100-105.
Dippery J.K., Tissue D.T., Thomas R.B. & Strain B.R. (1995)
Effects of low and elevated CO2 on C^ and C4 annuals. I. Growth
and biomass allocation. Oecologia 101, 13-20.
Downs R.J. & Hellmers H. (1978) Controlled Climate and Plant
Research. (World Meteorological Organization Technical Note
No. 148.) Academic Press, Geneva.
Fajer E.D., Bowers M.D. & Bazzaz F.A. (1992) The effect of nutrients and enriched CO2 environments on production of carbonbased allelochemicals in Plantago: A test of the carbon/nutrient
balance hypothesis. American Naturalist 140, 707-723.
Farquhar G.D. & Sharkey T.D. (1982) Stomatal conductance and
photosynthesis. Annual Review of Plant Physiology 33, 317-345.
Gale J. (1972) Availability of carbon dioxide for photosynthesis at
high altitudes: Theoretical considerations. Ecology 53, 494-497.
Garbutt K. & Bazzaz F.A. (1984) The effects of elevated CO2 on
plants. III. Flower, fruit and seed production and abortion. New
Phytologi.st 98, 433-446.

260

J. K. Ward and B. R. Strain

Geber M.A. & Dawson T.E. (1993) Evolutionary responses of
plants to global change. In Biotic Interactions and Global
Change (eds P. M. Kareiva, J. G. Kingsolver & R. B. Huey), pp.
179-197. Sinauer Associates Inc., Sunderland, MA.
Gross K.L. (1981) Predictions of fate from rosette size in four
'biennial' plant species: Verbascum thapsus, Oenothera biennis,
Daucus carota, and Tragopogon dubius. Oecologia (Berlin) 48,
209-217.
Hellmers H. & Giles L.J. (1979) Carbon dioxide: Critique I. In
Controlled Environment Guidelines for Plant Research (eds T.
W. Tibbitts & T. T. Kozlowski), pp. 229-234. Academic Press,
New York.
Hirose T. & Kachi N. (1982) Critical plant size for flowering in
biennials with .special reference to their distribution in a sand
dune system. Oecologia (Berlin), 55, 281-284.
Keeling CD., Bacastow R.B., Carter A.F., Piper S.C, Whorf T.P.,
Heimann M., Mook W.G. & Roeloffzen H. (1989) A 3-dimensional model of atmospheric CO2 transport based on observed
winds: I. Analysis of observational data. In Aspects of Climate
Variability in the Pacific and the Western Americas (ed. D. H.
Peterson). Geophysical Monographs 55, 165-235.
Korner C & Diemer M. (1994) Evidence that plants from high altitudes retain their greater photosynthetic efficiency under elevated CO2. Eunctional Ecology 8, 58-68.
Korner C, Farquhar G.D. & Roksandic Z. (1988) A global survey
of carbon isotope discrimination in plants from high altitude.
Oecologia 74, 623-632.
Napp-Zinn K. {\9^5) Arabidopsis thaliana. In Handbook of flowering. Vol. 1 (ed. H. A. Halevy), pp. 492-503. CRC Press, Boca
Raton, FL.
Norton L.R., Firbank L.G. & Watkinson A.R. (1995) Ecotypic differentiation of response to enhanced CO2 and temperature levels
in Arabidopsis thaliana. Oecologia 104, 394-396.
Polley W.H., Johnson H.B., Marino B.D. & Mayeux H.S. (1993a)
Increase in C, plant water-use efficiency and biomass over
glacial to present CO2 concentrations. Nature 361, 61-64.
Polley W.H., Johnson H.B., Mayeux H.S. & Malone S.R. (1993b)
Physiology and growth of wheat across a subambient carbon
dioxide gradient. Annals of Botany 71, 347-356.
Poorter H. (1993) Interspecific variation in the growth response of
plants to an elevated ambient COo concentration. Vegetatio
104/105, 77-97.
Potvin C & Strain B.R. (1985) Effects of CO. enrichment and

temperature on growth in two C4 weeds, Echinochloa crusgalU
and Eleusine indica. Canadian Journal of Botany 63, 483^87.
Primack R.B. & Kang H. (1989) Measuring fitness and natural
selection in wild populations. Annual Review of Ecology and
Systematics 20, 367-396.
R'edei G.P. (1992) A heuristic glance at the past of Arabidopsis
genetics. In Methods in Arabidopsis Research (eds C. Koncz, N.
Chua & J. Schell), pp. 1-15. World Scientific Publishing Co. Pte.
Ltd, Singapore.
Sage R.F. (1994) Acclimation of photosynthesis to increasing
atmospheric CO2: the gas exchange perspective. Photosynthesis
Research 2>9,35\-l>6%.

Sage R.F. (1995) Was low atmospheric CO2 during the Pleistocene
a limiting factor for the origin of agriculture? Global Change
Biology l,93-\06.
Sage R.F. & Reid CD. (1992) Photosynthetic acclimation to subambient CO2 (20 Pa) in the C3 annual Phaseolus vulgaris L.
Photosynthetica 27, 605-617.
Samson D.A. & Werk K.S. (1986) Size-dependent effects in the
analysis of reproductive effort in plants. American Naturalist
127, 667-680.
Strain B.R. (1991) Possible genetic effects of continually increasing
atmospheric CO2. In Ecological Genetics and Air Pollution (eds
G. E. Taylor Jr, L. F. Pitelka & M. T. Clegg), pp. 237-244.
Springer-Verlag, New York.
Tissue D.T., Griffin K.L., Thomas R.B. & Strain B.R. (1995)
Effects of low and elevated CO2 on C3 and C4 annuals. II.
Photosynthesis and leaf biochemistry. Oecologia 101, 21-28.
Woodward F.I. (1993) Plant responses to past concentrations of
CO2. Vegetatio 104/105, 145-155.
Wulff R.D. & Alexander H.M. (1985) Intraspecific variation in the
response to CO2 enrichment in seeds and seedlings of Plantago
lanceolata L. Oecologia 66, 458-460.
Zhang J. & Lechowicz M.J. (1995) Responses to CO2 enrichment
by two genotypes of Arabidopsis thaliana differing in their sensitivity to nutrient availability. Annals of Botany 75, 491^99.
Ziska L.H. & Teramura A.H. (1992) Intraspecific variation in the
response of rice {Oryza sativa) to increased CO2- photosynthetic,
biomass and reproductive characteristics. Physiologia
Plantarum 84, 269-276.
Received 17 May 1996; received in revised form 23 August 1996;
accepted for publication 24 August 1996

1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 254-260

