
Abstract Under benign environmental conditions, plant
growth is generally stimulated by elevated atmospheric
CO2 concentrations. When environmental conditions be-
come sub- or supra-optimal for growth, changes in the
biomass enhancement ratio (BER; total plant biomass at
elevated CO2 divided by plant biomass at the current
CO2 level) may occur. We analysed literature sources
that studied CO2×environment interactions on the growth
of herbaceous species and tree seedlings during the vege-
tative phase. For each experiment we calculated the dif-
ference in BER for plants that were grown under ‘opti-
mal’ and ‘non-optimal’ conditions. Assuming that inter-
actions would be most apparent if the environmental
stress strongly diminished growth, we scaled the differ-
ence in the BER values by the growth reduction due to
the stress factor. In our compilation we found a large
variability in CO2×environment interactions between ex-
periments. To test the impact of experimental design, we
simulated a range of analyses with a plant-to-plant varia-
tion in size common in experimental plant populations,
in combination with a number of replicates generally
used in CO2×environment studies. A similar variation in
results was found as in the compilation of real experi-
ments, showing the strong impact of stochasticity. We
therefore caution against strong inferences derived from
single experiments and suggest rather a reliance on aver-
age interactions across a range of experiments. Averaged
over the literature data available, low soil nutrient supply
or sub-optimal temperatures were found to reduce the
proportional growth stimulation of elevated CO2. In con-
trast, BER increased when plants were grown at low wa-
ter supply, albeit relatively modestly. Reduced irradiance
or high salinity caused BER to increase in some cases

and decrease in others, resulting in an average interac-
tion with elevated CO2 that was not significant. Under
high ozone concentrations, the relative growth enhance-
ment by elevated CO2 was strongly increased, to the ex-
tent that high CO2 even compensated in an absolute way
for the harmful effect of ozone on growth. No systematic
difference in response was found between herbaceous
and woody species for any of the environmental vari-
ables considered.
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The complex effect of elevated CO2 on plant growth

The current increase in the atmospheric CO2 concentra-
tion has triggered a wide variety of botanical investiga-
tions during the last two decades, at a range of integra-
tion levels. Notwithstanding this huge effort, we still
have only a limited understanding about the effect of ele-
vated CO2 on plant growth. There is considerable varia-
tion in the direction and magnitude of growth responses
to elevated CO2, partly depending on the duration of the
exposure, plant development, species (e.g. species that
differ in inherent growth rate or type of photosynthetic
pathway) and the availability of primary resources
(Kimball 1986a; Idso and Idso 1994; Poorter et al. 1996;
Curtis and Wang 1998; Saxe et al. 1998). However, there
is still debate about when and where and to what extent
these factors are important (Kimball 1986b; Idso and
Idso 1994; Lloyd and Farquhar 1996, 2000; Poorter
1998; Stitt and Krapp 1999). The situation becomes even
more complex if we take into account that concomitant
with the increased level of CO2, there are also increases
in the level of air pollutants (ozone, nitrogen oxides, sul-
phur dioxide) and ultraviolet radiation. Enhanced deposi-
tion of air pollutants results in eutrophication and acidifi-
cation of natural ecosystems. Increased emissions of
CO2, methane and chlorofluorocarbons might result in
increased temperature and alterations in other climate
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parameters, such as the distribution and intensity of
clouds (light) and precipitation (water). We therefore
need to analyse how these changing environmental fac-
tors may modify the impact of elevated CO2 on plant
growth.

A range of research papers and reviews has dealt with
the interactions between elevated atmospheric CO2 con-
centration and environmental factors (e.g. Kimball
1986b; Gifford 1992; Idso and Idso 1994; Curtis and
Wang 1998; Poorter 1998; Luo and Mooney 1999). In
most experiments, the CO2 effect is analysed at two lev-
els of another environmental factor, sometimes with
quite contrasting results that hinder generalisations
across experiments (Rawson 1992). Differences in re-
sponse between species might be responsible for differ-
ent results. Far less attention has been paid to the possi-
bility that these differences are merely due to chance. In
the first part of this paper, we analyse the degree of vari-
ability in the results of a CO2×environment interaction
when we repeatedly sample a limited number of plants
from the same experimental population.

In the second part, we try to obtain an overall picture
of the interaction between elevated CO2 and environ-
mental factors, such as primary resources, temperature
and air pollutants. We will restrict our analysis to indi-
vidually grown plants in the vegetative stage. Apart from
the stochastic variation mentioned above, another factor
may hinder generalisations across experiments, i.e. the
range of environmental growth conditions applied in dif-
ferent experiments, which most likely stress plants to
different degrees. Therefore, we follow a method that
links the growth stimulation due to elevated CO2 to the
growth reduction at ambient levels of CO2 due to the
stress factor. That is, the severity of the applied environ-
mental stress, as evident from the growth reduction in
the control CO2 plants, is used to scale the change in bio-
mass response to elevated CO2. This allows one to, at
least partly, correct for differences between experiments.
An additional advantage of this approach is that we can
compare interactions between elevated CO2 and a range
of growth-limiting environmental factors at the same
scale.

Methodology

SLB, a parameter to quantify CO2×environment interactions

The minimal experimental design to analyse CO2×environment in-
teractions requires an orthogonal combination of two CO2 concen-
trations (ambient and elevated) and two levels of the other envi-
ronmental factor (optimal and non-optimal for growth). To quanti-
tatively analyse those experiments, we used a method based on
two main parameters. The first is an indicator of the stimulating
effect of elevated CO2 on total plant biomass (sum of above- and
belowground biomass) and is calculated as the ratio of plant bio-
mass at elevated and at ambient CO2 levels. We call this the ‘bio-
mass enhancement ratio’, using BER as an acronym. The second
parameter is an indicator of the stress experienced by plants due to
a non-optimal level of the environmental factor under study. For
each experiment, we considered as the ‘optimal’ level, the treat-
ment that resulted in the highest total biomass. The intensity of the

stress was then calculated as the reduction in total biomass at am-
bient CO2 of plants grown at the non-optimal level compared to
the total biomass of plants grown at the optimal level. We call this
the ‘growth reduction due to stress’ (GRS) and calculated it as:

(1)

with MO and MS being the total biomass of plants at the optimal
level O and at a certain sub- or supra-optimal level S, respectively.
We thereby assume that the higher the GRS, i.e. the larger the dif-
ference in biomass between the optimal and a non-optimal level,
the stronger was the stress experienced by the plants. Because ra-
tios are ln-normally distributed by nature, we first ln-transformed
the BER values obtained under optimal and non-optimal condi-
tions, and then scaled the difference between these two values by
the growth reduction observed because of the interacting stress
factor applied:

(2)

where SLB is an acronym for ‘slope of the line connecting the two
BER values’. A graphical example of our method is given in
Fig. 1. If plant biomass is as specified in the insert, then the ratio
of plant biomass at elevated CO2 relative to ambient CO2 (BER) is
2 at the optimal level and 1.5 at the sub-optimal level. At ambient
CO2, we assume that the treatment with the highest biomass is op-
timal, with a GRS of 0 as the x-value at which we plot the BER of
2. The growth reduction due to the sub-optimal level is 0.6, the x-
value at which we plot the BER of 1.5. These values result in an
SLB of –0.48. A negative SLB indicates that at a given non-opti-
mal level of the interacting factor, the relative growth response to
elevated CO2 is smaller than under optimal conditions. Note that
in most of this paper we will focus on the relative growth re-
sponse; the absolute growth response will almost always be lower
under suboptimal conditions.

A weak point in this approach is that we assume that BER
changes linearly from optimal to non-optimal levels and that the
environmental condition at which plants show the largest growth

2

Fig. 1 Example to show the method used to calculate the effect of
limiting factors on the biomass enhancement ratio (BER). The x-
axis represents the reduction in total biomass at ambient CO2 of
plants grown at the sub- or supra-optimal level when compared to
the total biomass of plants grown at the optimal level (growth re-
duction due to stress, GRS). The y-axis represents the ratio of
plant biomass at elevated and ambient CO2 levels. The positive,
zero or negative sign of the slope of the line connecting the two
BER values indicates the type of interaction (see text). For the cal-
culations, all BER values have to be ln-transformed prior to any
statistical analysis, as ratios are ln-normally distributed by nature.
The slope in this case is –0.48



response is truly optimal; this may not necessarily be the case. An
advantage is that the same method can be applied to different en-
vironmental variables, since the interactive effect with elevated
CO2 is related to the growth reduction caused by the non-optimal
level and not to the environmental level itself. This enables a com-
parison of different treatments, using the growth reduction due to
the stress factor as a biological yardstick.

Biomass responses were analysed based on a compilation of
published and unpublished experiments on individually grown
herbaceous and woody C3 species (see Appendix 1 and 2). C4 spe-
cies were excluded, because the low number of CO2×environment
studies conducted with these plants hardly allows any generalisat-
ion. In addition, we did not consider those studies in which the
non-optimal treatment caused a growth reduction of less than
10%, both because we felt that such a treatment was not stressful
for the plants and because the GRS would become too small to ac-
curately determine the slope of the line in Eq. 2. Following the
above method, we calculated the SLBs for a range of factorial ex-
periments, restricting the analysis to plants in the vegetative phase.
The ambient CO2 concentration ranged between 300 and 400 µl l–1,
and the elevated CO2 concentration between 550 and 1,100 µl l–1,
except for one experiment with high salinity.

How precisely can an interaction be determined?

The SLB values may differ substantially between experiments. An
example is given in Fig. 2, where we plotted the distribution of
SLB values for 123 observations of plant species grown in a facto-
rial combination of elevated CO2 and nutrient supply (grey bars).
In some cases, strong positive interactions were reported (e.g.
Whitehead et al. 1997: SLB>1); in other cases, strong negative
SLBs were found (e.g. Heath and Kerstiens 1997: SLB<–2). Most
discussions almost automatically assume that such contrasting re-
sponses are due to the fact that different experiments use different
species, another level of the stress factor, or simply a different
combination of growth conditions (e.g. Lloyd and Farquhar 2000).
A factor that has received less attention is plant variability within

treatments. The slope calculated to determine a CO2×environment
interaction is based on the biomass of at least four differently
treated groups of plants, each with its own variability in total bio-
mass. Consequently, the estimate of the slope is affected by the
added variability in all four experimental groups (cf. Poorter et al.
1996; Hedges et al. 1999; Jasienski and Bazzaz 1999). The preci-
sion of the slope is co-determined by the number of plants harvest-
ed per treatment. Because of constraints on space and labour, the
number of replicates harvested per treatment in experiments that
study CO2 effects in combination with other factors will generally
be low. This is unfortunate, because it decreases precision where-
as, in fact, due to the added variability in four plant groups, a
higher number of replicates would have been required than in a
single-factor experiment with two groups of plants.

To what extent might plant-to-plant variability explain the ob-
served variation in SLBs as in Fig. 2? Because we do not know all
the details of each experiment, we can only answer this question
by a simulation of the most likely situation. From the specifica-
tions of the CO2×nutrient experiments provided by the authors, we
know that the median number of plants harvested per treatment
was five. A low number is four, and a high number is ten, as
judged from the 20th and 80th percentile, respectively, of the com-
piled number of plants harvested in these experiments. We do not
know the variability in the plant populations under investigation.
Poorter and Garnier (1996) used the standard deviation in ln-trans-
formed dry mass (σlnM) as a way to characterise variability in ex-
perimental plant populations. From their compilation of a range of
experiments, we derive an average σlnM of 0.31 (50th percentile), a
low value of 0.21 (20th percentile) and a high value of 0.51 (80th
percentile). Assuming now that the true GRS and SLB values
were the average of the 123 experimental observations (0.55 and
–0.41, respectively), and that plant-to-plant variability is not al-
tered by elevated CO2, we simulated experiments in which we ran-
domly ‘harvested’ four, five or ten plants out of three artificial
populations with a σlnM of 0.21, 0.31 or 0.51, respectively. In this
way, we arrived at nine different scenarios, and for each of these
combinations of n and σlnM, we simulated 5,000 experiments. We
assume that the aggregated distribution of calculated slopes gives
us a reasonable estimate of the extent to which slopes vary due to
random variation in biomass alone. The simulated distribution of
SLB values is shown as the continuous line in Fig. 2. Although the
‘true’ (average) SLB value was negative, positive interactions
were observed in 22% of the simulations. Moreover, variation was
largely similar to that observed in the literature. Based on this sim-
ulation, we conclude that the relatively low number of plants har-
vested from rather variable populations can explain most of the
observed variability in CO2×nutrient interactions. We do not doubt
that variation in SLB is also partly due to differences between spe-
cies or growth conditions. However, in our opinion, support for
these alternative explanations has to be found in an a posteriori
analysis of a range of experiments and not in the mere observation
that species A in experiment 1 responded differently from species
B in experiment 2 (see also General discussion below). In the
analysis to follow, we will consider the average response across all
observations, and only test for possible differences between herba-
ceous and woody species in general, unless otherwise stated.

Interaction of CO2 with primary resources

Low nutrient supply

From the literature data listed in Appendix 1 and 2 and
plotted in Fig. 2, we obtained the distribution of the
slopes represented by the boxplots of Fig. 3. On average,
the SLB for nutrients was negative (P<0.001), with no
indication of a difference between herbaceous and
woody species (P>0.5). This implies that a decrease in
nutrient availability reduces the relative growth response
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Fig. 2 Frequency distribution of CO2×nutrient interactions. Bars
indicate SLB values derived from 123 published observations. The
bold line indicates the distribution of SLBs after simulating a
range of experiments with a low (n=4), an intermediate (n=5) and
a high (n=10) number of replicates per treatment, harvesting plant
populations with either a low (σlnM=0.21), an intermediate
(σlnM=0.31) or high (σlnM=0.51) variability in dry mass. The aver-
age mass for the four different treatments was chosen so that both
GRS and SLB were exactly the same as the average values in the
compiled data set. More information is given in the text



of plants to elevated CO2. Similar conclusions have been
drawn for CO2-enriched crops (Kimball 1986a) and veg-
etations (Stöcklin et al. 1998). Overall, the pattern of re-
sponse was not affected by the type of nutrient in short
supply, as judged from the similarity in interaction be-
tween experiments where nitrogen, phosphorus or all nu-
trients together were modified (Poorter 1998). Although
the average SLB is negative, positive slopes are found in
20% of the experiments. As discussed below, more de-
tailed research, including a range of nutrient levels,
should show whether these positive slopes are merely
caused by chance or are a systematic response of specific
species.

At low nutrient levels, growth is apparently not re-
stricted by carbon availability, since high concentrations
of starch and other non-structural carbohydrates are usu-
ally found in nutrient-limited plants. Therefore, we do
not expect an increase in carbon fixation to lead to a sim-
ilar stimulation in growth, unless plants at elevated CO2
would acquire more nutrients or use them more efficient-
ly (BassiriRad et al. 2001). In the case of N, one of the
ways to use the acquired nutrients more efficiently is to
invest less of the available N into Rubisco, and more into
other compounds that limit growth. Interestingly, this
does not happen (Medlyn 1996; Makino et al. 2000). We
are only beginning to understand the mechanism by
which plants with a low nutrient status adjust their
growth and how this limits the response to elevated CO2
(Stitt and Krapp 1999).

Low light availability

Theoretically, the relative stimulation of photosynthesis
by elevated CO2 is strongest close to the light compensa-
tion point (Kimball 1986a), and this has indeed been ob-
served (Idso and Idso 1994). At low light, plant growth
is strongly carbon limited, and therefore one would ex-
pect this stimulation of photosynthesis by elevated CO2
to be translated into increased growth. However, analysis
of the limited information (Fig. 3; 19 observations)
shows that this interaction is small: the average SLB
does not deviate significantly from zero, although it
comes close (0.05<P<0.1). Similar results have been
found for crop yield (Kimball 1986a). Although not sig-
nificant (P>0.3), there seems to be a tendency for tree
seedlings to have positive SLB values, whereas the her-
baceous plants in our compilation showed – on average –
no response. One might expect tree seedlings to be gen-
erally more shade-tolerant than the five crop species that
represent the herbaceous plants in this case. Such obser-
vations would be in line with the conclusion of Kerstiens
(1998) that within the group of woody species, the
shade-tolerant ones are the strongest in their growth re-
sponse. He suggests that shade-tolerant species have a
lower leaf area per unit leaf mass, which is less reduced
than in other tree species at elevated CO2. In addition,
species-specific differences in response in tree seedlings
may change with small increases in light availability
(Hättenschwiler and Körner 2000). Clearly, the number
of experiments with low light is far too limited to allow
any firm conclusion. Moreover, other factors like the
quality of light used in the experiments may play a role
as well (Hodinott and Scott 1996).

Low water supply

Overall, the results obtained for a range of different her-
baceous and woody species confirmed that a reduced
water supply modestly enhances the relative growth re-
sponse to elevated CO2 (Fig. 3; 42 observations;
P<0.05), with again a small but non-significant differ-
ence between herbs and trees (0.05<P<0.1). As in the
case of nutrients, 20% of the observations show an inter-
action deviating from the general trend.

Elevated CO2 decreases stomatal conductance by
30–60% on average (Morison 1993), which in turn re-
duces water loss in the plant. Consequently, CO2 may al-
leviate plant water stress by reducing water use. Howev-
er, plants that are stimulated in growth by high CO2 will
have an increased leaf area. This will result in increased
transpiration at the whole-plant level, thereby moderat-
ing the interaction (Samarakoon and Gifford 1996). The
effect of CO2 on stomatal conductance is observed in
both C3 and C4 species and is generally persistent
throughout plant development, with little evidence for
acclimation. There is growing experimental evidence
suggesting that elevated CO2 may have small or insignif-
icant effects on stomatal conductance of many forest tree
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Fig. 3 Distribution of slopes (SLB), indicating the strength of the
interaction between elevated CO2 and the primary resources (nu-
trients, irradiance and water) on plant growth. For each of the en-
vironmental factors, data are separated for herbaceous species
(open boxplots) and tree seedlings (shaded boxplots). Data are
based on a literature review of factorial experiments with combi-
nations of elevated CO2 and nutrients (n=51 and n=72 for herba-
ceous and woody species, respectively, in 83 papers), irradiance
(n=11 and n=8, respectively, in 8 papers) and water (n=12 and
n=30, respectively, in 25 papers). An explanation of SLB values is
given in Methodology and Fig. 1. Numbers in the graph are the
10%-trimmed means of SLB values for herbs and woody species
together. Boxplots indicate the distribution of a range of observa-
tions. The lower part of the box shows the 25th percentile. The
highest part of the box gives the 75th percentile, and the line in
between, the median (50th percentile). The whiskers indicate the
10th (lower) and 90th (higher) percentile



species, especially conifers (Curtis 1996). Hence, the re-
duced use of water in coniferous forests growing under
elevated CO2 and the subsequent growth response may
be smaller than predicted. In our compilation, however,
we did not find a difference in the strength of the interac-
tion between conifers and hardwoods (P>0.7).

Interaction with temperature and salinity

Temperature

Our analysis shows that the average SLB is negative for
sub-optimal temperatures, which indicates that at close-
to-optimal temperatures, the relative biomass increase by
elevated CO2 is higher than at low temperatures (Fig. 4;
59 observations, P<0.001). This result is in agreement
with results from previous analyses, which also conclud-
ed that low temperature reduced the growth response to
elevated CO2 (Idso et al. 1987; Rawson 1992; Curtis and
Wang 1998), although, again, 20% of the observations
differ in direction from the other experiments, with a
BER higher at low temperature. No statistical difference
was detectable between herbs and woody species
(P>0.15). In a few experiments, the highest temperature
was supra-optimal for growth. In those cases, the largest
growth response was at the highest temperature as well,
although the difference was not statistically significant
(Fig. 4; 9 observations, P>0.15).

There are at least two explanations for the CO2×tem-
perature interaction. In the short term, an increase in am-
bient CO2 concentration results in increased photosyn-
thesis in C3 species, not only by increasing the concen-
tration of substrate but also by suppressing oxygenation
(Long 1994). An increase in temperature promotes oxy-
genation relative to carboxylation through decreases in
the affinity of the enzyme Rubisco for CO2. Moreover,
the solubility of CO2 decreases faster than that of O2 at
high temperature, diminishing the relative abundance of
CO2 in the chloroplasts (Jordan and Ogren 1984). There-
fore, the stimulating effect of elevated CO2 on photosyn-
thesis is strongest under warmer conditions. An alterna-
tive explanation for the low response at low temperatures
is that growth is more impaired by sub-optimal tempera-
tures than photosynthesis (Körner 1991; Rawson 1992).
As in the case of low nutrient supply, this will result in
the accumulation of non-structural carbohydrates. With
sink strength being so crucial for the growth response of
plants (e.g. Reekie et al. 1998), plants at low temperature
are probably not able to profit much from an increased
sugar supply due to elevated CO2 (Greer et al. 2000).

Salinity

Salinity has a negative effect on both the water status
and the photosynthetic apparatus of plants (Ball and
Munns 1992). As elevated CO2 has exactly the opposite
effects, one might expect elevated CO2 to ameliorate the

negative effects of a supra-optimal salt (NaCl) concen-
tration on growth. This has indeed been found in a num-
ber of cases, but not all, and the mean SLB does not de-
viate significantly from zero (Fig. 4; 18 observations,
P>0.4). Hardly any data have been published for woody
species. Munns et al. (1999) suggested a positive
CO2×salt interaction at low salinity, but no CO2 effect at
high salinity. From the present compilation we conclude
that most halophytes have a higher BER at supra-optimal
salinity, whereas most glycophytes have a lower BER
under these conditions (Appendix 1 and 2). However, the
few observations available preclude any firm conclusion
at this stage.

Interaction with air pollutants

Ozone

Of all factors considered here, ozone shows the strongest
interaction with CO2. The slope is positive (Fig. 5; 29
observations, P<0.001), and this is true for 95% of the
observations, with no indication of a difference between
woody and herbaceous species (P>0.7). This implies that
CO2 strongly ameliorates the detrimental effect of ozone.
There is good evidence that in plants in which stomatal
conductance is reduced by CO2 enrichment, O3 flux into
the leaf interior is reduced and this contributes to reduc-
ing the injurious impact of O3 on plant growth and phys-
iology (Turcsányi et al. 2000). Three major questions re-
main with regard to the protection against O3 damage
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Fig. 4 Distribution of SLB values, indicating the strength of the
interaction between elevated CO2 and sub-optimal temperature,
supra-optimal temperature and salinity. Data are based on a litera-
ture review (sub-optimal temperature: n=48 and n=11 for herba-
ceous and woody species, respectively, in 24 papers; supra-opti-
mal: n=5 and n=4 in 6 papers; salinity: n=16 and n=2 in 12 pa-
pers). Because of the low number of observations for supra-opti-
mal temperatures and for woody species at high salinity, we only
calculated the average values (open circles herbaceous plants,
closed circles woody plants). For more information see the legend
to Fig. 3



provided by elevated CO2. First, does elevated CO2 in-
duce other advantageous mechanisms in addition to sto-
matal closure, such as detoxification or repair processes
(J. Cardoso-Vilhena, personal communication)? Second,
what is the combined effect of elevated CO2 and O3 on
the growth and productivity of species in which the sto-
mata are less responsive to CO2 enrichment, such as
many conifers? Data indicate that for these species, there
may be similar effects of O3 at ambient and elevated
CO2, or at least much less amelioration of O3 damage
than observed in herbaceous species (Pérez-Soba et al.
1995). However, the data on conifers in the literature are
at present too sparse to be conclusive at this stage. And
third, what is the combined effect of elevated CO2 and
O3 on photosynthesis? Long-term exposure to elevated
CO2 is accompanied by a decrease in Rubisco activity or
amount of Rubisco protein in many species (Drake et al.
1997). Likewise, both short-term exposures to peak con-
centrations of O3 and to high background concentrations
of O3 show a decline in Rubisco activity (Pell et al.
1994). If the effects of elevated CO2 and elevated O3 on
Rubisco were additive, then the decrease in activity
would result in a reduction of photosynthetic capacity.

UV-B radiation

Experiments with CO2×UV-B interactions are scarce
(8 observations). As with other interactions, data are
variable, and the average SLB does not deviate signifi-
cantly from 0 (Fig. 5; P>0.5). Thus, elevated CO2 may
not compensate for the harmful effect of UV-B. The rea-
son for this could be that UV-B primarily affects photo-
system II, whereas CO2 influences carboxylation and
stomatal conductance. On the other hand, elevated CO2

generally increases the concentrations of soluble phenol-
ic compounds (Poorter et al. 1997; Peñuelas and Estiarte
1998), some of which are known to decrease plant sensi-
tivity to UV-B. Most results to date have been obtained
under artificial-environment conditions, which could re-
sult in stronger damage than in the field situation. First,
the UV-B levels used in the experiments are generally
very high (Rozema 1993). Second, leaves developed un-
der high light adapt morphologically and physiologically
in a way that may also confer protection against UV-B
(Teramura and Murali 1987). Consequently, plants in
growth chambers, in which the daily irradiance is about
two times lower than under field conditions (Garnier and
Freijsen 1994), may be more sensitive to UV-B than
plants in the field.

Sulphur dioxide

The very few data available on the combined effects of
elevated CO2 and supra-optimal SO2 (3 observations)
show a positive interaction, with high SLB values. This
suggests that CO2 enrichment reduces the adverse effects
of SO2 on plant growth. SO2 is probably used as a source
of sulphur and assimilated to proteins and other organic
compounds. The presence of elevated CO2 results in
higher metabolic rates that may stimulate the sulphur as-
similation and accelerate repair processes (Rao and De
Kok 1994). In addition, high CO2 decreases stomatal
conductance, which in turn may reduce the SO2 flux into
the leaf. However, when SO2 levels are very high, as in
many East European countries, elevated CO2 may not be
able to counteract the detrimental effect of SO2.

General discussion

How useful is a meta-analysis?

We would like to make a strong case for meta-analysis as
a tool that allows generalisation across a wide range of
experiments (Gurevitch and Hedges 1999). It provides a
framework to judge whether a new result falls within the
low, high or average range of previous observations.
Moreover, it may allow the detection of contrasting re-
sponses between (groups of) species or environments,
before such differences have been explicitly tested in a
specifically designed experiment. Finally, because the
strength of the interaction is prone to random variation
(Fig. 2), average values across experiments may give a
better estimate of the strength of the interaction under
study. However, when interpreting the results of a meta-
analysis, one should keep in mind that this approach has
some limitations. First, unnoticed mistakes may have oc-
curred in the experimental phase or during calculation of
the data on which the compilation is based. Second, re-
searchers may have chosen to refrain from publishing
data that were found to be statistically non-significant,
which may bias the overall picture (Gurevitch and Hedges
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Fig. 5 Distribution of SLB values, indicating the intensity of the
interaction between elevated CO2 and air pollutants. Data are
based on a literature review of interactions with O3 (n=16 and
n=13 for herbaceous and woody species, respectively, in 19 pa-
pers), UV-B (n=2 and n=6 in 8 papers) or SO2 (n=3 and n=0 in 2
papers). Because of the low number of observations for UV-B and
SO2, we only calculated the average values (open circles herba-
ceous plants, closed circles woody plants). For more information
see the legend to Fig. 3



1999). Third, the available studies are not necessarily a
weighted random sample of global vegetation, implying
that estimates of the response of the ‘average’ C3 plant
or vegetation are extrapolations with unknown confi-
dence margins. Fourth, we can never exclude that an ob-
served class difference in SLB (e.g. woody plants versus
herbs) is confounded with another difference across spe-
cies (e.g. sun versus shade species), or a difference in ex-
perimental conditions (cf. Lloyd and Farquhar 2000).
Such a risk is particularly evident when only a few stud-
ies have been carried out, as in the case of CO2×light in-
teractions. A last point to consider, especially in the con-
text of the present review, is that we assumed that inter-
actions would be similar for CO2 concentrations ranging
between 550 and 1100 µmol mol–1, and that the BER
values change linearly between the assumed optimal and
non-optimal level.

Given these considerations we face a dilemma. Ideal-
ly, conclusions would be based on large-scale experi-
ments that study CO2×environment interactions for a
wide range (say >15) of ecologically contrasting species.
Even in this case, true generality is only achieved if re-
searchers at different laboratories independently arrive at
similar conclusions. As such large-scale screenings are
rare, and the vast majority of experiments is restricted to
one to four species, we have to accept that most of the
generalisations will come from combining information
from a variety of experiments. To minimise the chance
effect alluded to in Fig. 2, we suggest using an experi-
mental design with more than two levels of the interact-
ing factor, giving more degrees of freedom to estimate
the overall response. Moreover, if plant-to-plant varia-
tion is not of prime interest, all precautions possible
should be taken to minimise and control plant-to-plant
variability within the experimental population (Poorter
and Garnier 1996), which will also improve the precision
of the SLB estimation.

An overview of interactions

The effect of an interaction between CO2 and any envi-
ronmental factor will not only depend on the slopes of
the lines (Figs. 3, 4 and 5), but also on the magnitude of
the growth reduction due to the stress factor at ambient
CO2. This is taken into account in Fig. 6, where we plot
the average BER values against the average GRS, as ex-
plained in Fig. 1. At optimal conditions (GRS=0), we as-
sumed a BER value of 1.47 (average from the compila-
tion by Poorter et al. 1996). The BER values at non-opti-
mal conditions were then derived from the average SLB
and GRS values in the present compilation. The dashed
line in the figure indicates the extent to which the en-
hancement in plant biomass by elevated CO2 should in-
crease in order to compensate for growth losses at non-
optimal conditions, not only in a proportional but also in
an absolute way. Clearly, propositions that plants under
stress will always respond relatively more strongly to
CO2 enrichment than those under optimal conditions

(e.g. Idso and Idso 1994) do not hold. The growth en-
hancement by elevated CO2 is severely reduced at low
temperatures or poor nutrient supply. This is not only ex-
plained by the more negative SLB values, but also by the
generally strong growth reduction in those experiments
(GRS >0.5). The average growth enhancement by elevat-
ed CO2 at optimal conditions is not significantly altered
by high UV-B, high salinity or low irradiance, mainly
because the average SLB values were only marginally
different from zero. The interaction with water was sig-
nificant, but the effect was small. The interaction be-
tween elevated CO2 and O3 was strong. This is the only
type of stress where biomass is stimulated more than
twofold under elevated CO2 (BER values at high O3 are
often larger than 2). The average value is above the dot-
ted line, indicating that the loss of biomass at elevated
O3 is more than compensated by the presence of elevated
CO2. However, the biomass of high-CO2 plants at high
O3 concentrations is not as large as that of high-CO2
plants grown at low O3 levels.

Differences between species

The responses in Fig. 6 are average values of literature
data for both herbaceous and woody species. Some time
ago, Curtis and Wang (1998) reviewed the growth re-
sponse of woody plants to elevated CO2. To the extent
that they studied CO2×environment interactions, their
conclusions and ours are in agreement. This can be ex-
plained by the fact that we did not find systematic differ-
ences between woody seedlings and herbaceous species
for any of the environmental factors, although some (ir-
radiance, water) are on the verge of significance. Con-

7

Fig. 6 Summary of the average growth response of plants for an
interaction between elevated CO2 and other environmental factors.
Responses are calculated using a biomass enhancement ratio of
1.47 for plants grown under optimal conditions. The average slope
was calculated from the data of Figs. 4, 5 and 6, and the average
reduction in growth at 350 µl l–1 CO2 as calculated in the compiled
literature. The dashed line indicates the biomass enhancement by
elevated CO2 that would compensate for biomass reduction under
stress conditions, not only in a proportional but also in an absolute
way



clusions deviate strongly for the factor ozone, where we
calculated much stronger responses both for herbaceous
and woody species. The fact that Curtis and Wang
(1998) had only two data points for this factor may ex-
plain the different results. We were not able to find sys-
tematic differences in the compiled literature between re-
sponses of gymnosperms and hardwood seedlings. This
may imply that the differential response of stomatal con-
ductance with respect to increased CO2 does not neces-
sarily lead to a strongly different CO2×environment in-
teraction.

We have not paid attention to C4 and Crassulacean ac-
id metabolism species, because far less information is
available for the response of these species under sub- or
supra-optimal conditions. However, as their response to
elevated CO2 is generally smaller than that of C3 species
(Poorter et al. 1996), we expect the CO2×environment
interactions to be smaller as well.

Conclusions

Plant-to-plant variability in biomass within treatments is
one of the factors that explains contrasting CO2×environ-
ment interactions published in the literature. On average,
the growth stimulation by elevated CO2 is smaller at low
nutrient availability and low temperature, increases
somewhat at low water supply, and is substantially high-
er at high ozone concentrations. There is a strong paucity
of data on the interaction with light, salt, UV-B, nitroge-
nous air pollutants and SO2, but, with the exception of
SO2, average responses are small. No systematic differ-
ences were found between woody and herbaceous spe-
cies for any of the interactions.
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