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Abstract: In this study, effects of elevated CO2 and associated phenomena such as increased atmospheric 
temperatures and nutrient deposition have been discussed in terms of plant growth and regeneration, population 
and biodiversity issues. Elevated CO2 may result in enhanced carbon sequestration to soil, though it is not clear 
if an increased soil carbon pool will contribute to higher plant productivity. However, there is evidence that an 
increased anthropogenic nitrogen deposition co-occurring with elevated CO2 may act as a missing sink for the 
excessive carbon in the ecosystem and thereby contribute to enhanced plant productivity. Although elevated 
CO2 may improve plant water use efficiency and reduce light compensation point for effective photosynthesis, 
associated effects of extreme temperatures may damage plant tissues, and consequently limit the survival of 
certain plant species in some regions. Rapid changes in climate may result in substantial tree mortality; as a 
consequence large expanses of forested regions may become increasingly dominated by early successional 
vegetation of small size which may suppress saplings of dominant canopy tree species. High resource 
availability associated with elevated CO2 may cause a smaller number of individuals to proportionately 
dominate biomass and reproductive output within a population that may act to reduce effective population size 
in genetic terms. Thus plant biodiversity will be affected due to rising CO2. However, speciation rates would be 
little affected due to shortness of the time scale. 
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Introduction 
 
The occurrence of increased concentrations of CO2 on earth generated from 
anthropogenic sources has been presumed to be the most important cause of global 
warming. There have been decades of high quality research on the impact of elevated 
CO2 on plant physiology (Lemon, 1983; Strain and Cure, 1985; Rey et al., 1997; Tjoelker 
et al., 1998). This area has received high research priority, since of all the elements of 
global change, CO2 increase has been the best documented and is of greatest concern 
(Mooney, 1996). The early results of a new network of CO2 investigators sponsored by 
the Global Change and Terrestrial Ecosystem Programme (Steffen et al., 1992) are 
common to all experiments, such as the increase of carbon to nitrogen ratios of plant 
tissues, the accumulation of carbohydrates and the differential responses of species within 
a community because of rising CO2. Although the results accumulating from those 
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experiments have given much deeper understanding of the complex responses that can be 
anticipated in natural systems on our earth, much more work needs to be done (Mooney, 
1996).  
 
The ecological interest arose when it became apparent that atmospheric CO2 levels are 
increasing at unprecedented speed and possibly will influence plant life all over the 
world. While it has been predicted with confidence that doubling ambient CO2 levels 
under horticultural or agro-industrial conditions will facilitate CO2-stimulated 
enhancements of seasonal yields by about one-third compared with controls (Cure, 1985), 
very little is known about CO2 responses of non-agroecosystems such as forests (Körner, 
1993). Forest trees form approximately 90% of the global biomass compared with 1% 
crop biomass (Körner, 1996). All whole-plant CO2 enrichment experiments that have 
been conducted with forest tree species were, for practical reasons, done with seedlings, 
mostly grown in isolation and in highly disturbed or even horticultural substrates (Eamus 
and Jarvis, 1989). Therefore, results of experiments, if conducted on trees in the forests, 
are expected to vary. Once interspecific interaction and resource limitation of growth 
come into play (which are not uncommon in forests), CO2 responses would not fit the 
patterns observed in agrosystems, making sound predictions for the future development 
of the biosphere impossible. 
 
The present work is a critical review of current literature relevant to the possible effects 
of elevated CO2 on performance of plant life on earth. Attempt has been made to discuss 
the important issues such as relationships between plant growth and ecosystem carbon 
pool, effects of extreme temperatures and nutrient deposition on plant growth, changes in 
landscape, and effects on plant population and biodiversity.  
 
 
CO2 Assimilation and Plant Growth 
 
Plant growth is generally considered as a consequence of CO2 assimilation through 
photosynthesis. However, growth at the level of an individual cannot be predicted from 
photosynthesis alone, simply because most of the other growth determinants (such as 
seed quality and seed germination, carbon investment in root exudation and mycorrhiza 
formation, plant maturation and senescence, competition for resources, nutrient recycling 
etc.) are quantitatively or even qualitatively unknown (Strain, 1987). In particular, 
phenological controls (such as floral initiation, fruiting etc.) are poorly understood, but 
they are of key importance for all other growth determinants (e. g. Coleman et al., 1994). 
Growth requires resources other than CO2 and their availability, and in particular, their 
pool size also cannot be expected to increase proportionally along with enhanced CO2 
(Körner, 1996). Therefore, the most common initial response of plants to CO2 fertilization 
is overshooting of assimilate levels in leaves (mostly starch) reflecting limitations to 
export of these photosynthetic products  from chloroplasts to the plant parts (Ehret and 
Joliffe, 1985; Körner et al., 1995; Rey et al., 1997). Although growth enhancement in 
tree seedlings grown under elevated CO2 have been reported (Rey et al., 1997; Staddon 
and Fitter, 1998), CO2-induced net photosynthesis has been found to be greater for 
slower-growing species than for faster-growing species (Tjoelker et al., 1998). Species-
specific and environmental characteristics may therefore determine the long-term 
response to elevated CO2. 
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It is assumed that elevated CO2 will induce an increase of Leaf Area Index (LAI) (Leith 
et al., 1986; Long and Drake, 1992; Tjoelker et al., 1998). The basis for this assumption 
is the reduction of the light compensation point of photosynthesis under elevated CO2 
(Valle et al., 1985; Wong and Dunin, 1987; Long and Drake, 1991). Leaves living under 
limiting light conditions can be expected to profit relatively more from CO2 enrichment, 
although the absolute carbon gain may still be small. However, when mineral nutrient 
availability is limiting growth which may be the case even in moderately fertile soils, it 
appears that plants in dense communities could respond in a different way (Körner, 
1996). Despite improved carbon balance in their shaded leaves, the nitrogen trapped in 
these leaves could be invested much more efficiently in the fully sunlit crown, where the 
relative stimulation by CO2 enrichment may be smaller but the absolute carbon gain due 
to elevated CO2 is much greater. However, this does not apply to understorey plants 
which are bound to the lowest canopy level (Körner, 1996). 
 
Plants grown under elevated CO2 have almost always been found to produce tissues that 
contain more carbon and less nitrogen, even when subtracting starch accumulation (e. g. 
DeLucia et al., 1985; Curtis et al., 1989; Wong, 1990; Körner and Miglietta, 1994). It has 
been assumed that this CO2 induced increase in C/N ratio (and possibly increased lignin 
content) will lead to reduced rates of decomposition, and thereby facilitate increased 
carbon sequestration to soils (Van Veen et al., 1991). There is another pathway by which 
CO2 fertilization may influence the soil environment namely through priming effects of 
increased rates of turnover in fine roots and exudation of low molecular weight organic 
compounds (sugars, amino acids) to the rhizosphere (Zak et al., 1993). This may enhance 
microbial activity that could result in increased rates of litter decomposition leading to 
decreasing soil carbon pool. These two avenues of carbon into the soil may have quite 
contrasting effects on the soil carbon pool, and currently it is still uncertain in which 
direction soil carbon pool actually will work (Körner, 1996). 
 
 
Relationship of Plant Growth Rate and Ecosystem Carbon Pool  
 
Plant growth stimulation is almost always seen as a self-evident indicator of enhanced 
carbon sequestering, which is not true (Prentice, 1993). The carbon pool of an ecosystem 
is not correlated with its growth rate, as can be seen when old growth and early 
successional forests are compared (Körner, 1996). Despite a limited carbon pool, the 
speed of carbon cycling in early successional forests is higher compared to old growth 
forests which is why they grow faster, mature earlier and also die earlier. However, the 
mean residence time of carbon in the ecosystem is of greater importance than the speed 
of carbon cycling through the system to contain excessive carbon in a CO2-enriched 
environment (Körner, 1996). In forests, which form the only significant biomass carbon 
pool of the biosphere, the speed of closure and reopening of gaps, to large extent, 
determine the carbon pool per unit area (Körner, 1996). There is no evidence that the 
carbon residence in biomass is likely to increase in a CO2-enriched world (Körner, 1996). 
Rather the reverse may be true, an idea which found recent support in the observation that 
tree turnover in tropical forests has been increased significantly in recent decades 
(Phillips and Gentry, 1994).  
 
Animals and microbes may strongly interfere with CO2 effects on plant growth, 
ecosystem dynamics and the ultimate carbon pool size per unit land area. Compensatory 
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feeding on CO2 grown food (high C/N ratio) has been demonstrated (reviewed by Lincoln 
et al., 1993), but in nature herbivores may exhibit alternative feeding and select the 
remaining best food rather than feed more on the protein depleted food. There is evidence 
that elevated CO2 may increase the extent of colonisation by mycorrhizal fungi through 
allocation of more carbohydrates in roots (Lovelock et al. ,  1996; Rey et al., 1997; 
Staddon and Fitter, 1998). However, mycorrhizae in a CO2–enriched environment may 
behave symbiotically or parasitically depending on species-specific effects (Sanders, 
1996).  
 
Approximately 6.0 Pg of carbon per year are emitted into the atmosphere due to fossil 
fuel combustion, cement manufacturing and deforestation (Houghton et al., 1990; 
Watson et al., 1990). As a result, the concentration of CO2 in the atmosphere has 
increased from preindustrial levels of 280 ppm to the current level approaching 360 ppm. 
Elevated CO2 has a dual role in affecting global vegetation pattern, CO2 and other green 
house gases may alter climate sufficiently such that climate zones may shift northward as 
well as higher in elevation, altering vegetation distributions considerably (e. g., Davis, 
1989; Eamus and Jarvis, 1989; Peters, 1991; Davis and Zabinski, 1992). CO2 also has 
direct, species-specific effects on the growth and physiology of plants, and these direct 
effects have the potential to alter plant community structure and ecosystem function (Arp 
et al., 1993). At a biochemical levelm, CO2 is the principal substrate of the most 
abundant enzyme on the planet (Rubisco, e. g., Bowes, 1991). At an ecological level, 
CO2 is a widely used plant resource (Bazzaz and McConnaughay, 1992). At a global 
geophysical level, CO2 is a primary link between vegetation and climate (Tans et al., 
1990; Houghton, 1991).  
 
 
Elevated CO2 and Effects of Extreme Temperatures  
 
Limited data from studies with herbaceous species suggest that the combined effect of 
CO2 and temperature are not necessarily additive and are, therefore, difficult to predict 
from knowledge of their individual effects (Idso et al., 1987; Idso and Kimball, 1989; 
Long, 1991; Eamus, 1991; Farrar and Williams, 1991; Hogan et al., 1991). Increased 
atmospheric temperatures are assumed to induce increased respiratory rates by organisms 
(Ryan, 1991; Bonan and Sirois, 1992) and thereby could mitigate CO2 effects on 
photosynthesis. To make any anticipatory statement regarding the vegetation response to 
climate warming, one must consider the species-specific effects of temperature in 
combination with elevated CO2 (Bazzaz et al., 1996).  
 
Both CO2 and temperature are known to affect plant carbon gain independently by 
altering processes at many levels of plant organization. Such processes include 
photosynthesis and respiration (Bowes, 1991; Long, 1991), leaf energy budgets and water 
use deficiencies (Eamus, 1991), carbon and nutrient allocation (Hogan et al., 1991; Farrar 
and Williams, 1991; Coleman and Bazzaz, 1992) and leaf area production, phenology 
and architecture (Ford, 1982; Ackerly et al., 1992). Elevated CO2 leads to higher leaf 
level water use efficiency via decreases in stomatal conductance (Lemon, 1983) and 
transpiration rate, and also via an increase in net photosynthesis (Norby and O’Neill, 
1989; Eamus, 1991). In contrast, high temperatures may decrease water use efficiency 
due to greater vapour pressure deficits, and the increased need for transpirational cooling 
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of warmer leaves (Jones, 1992). Therefore, it is possible that the magnitudes of CO2 
enhancements of water use efficiency may decrease with increasing temperature. 
 
On the other hand, extreme temperatures may damage plant tissues, and consequently 
limit the survival of certain plant species in some regions. The implication of extreme 
temperature events are highly species -specific (Coleman et al., 1991; Pastor, 1993). 
Elevated concentrations of CO2 in the atmosphere alter plant allocation, physiology, and 
growth, which may accentuate or ameliorate the damage from extreme temperatures. 
Growth in high CO2 atmosphere tends to lower foliar conductance rates which may cause 
higher leaf temperatures (Idso et al., 1987), leading to more damage during an extremely 
hot period. However, elevated CO2 concentration may reduce the leaf area ratio (Bazzaz, 
1990), thereby reducing the ratio of transpiring leaf area to water-acquiring roots, which 
may improve the plant’s ability to cool under some conditions. The response of 
vegetation to rising CO2 levels and temperature may not be simply predicted from the 
response of the plants to one or the other factor (Bazzaz, 1990). Rather, complex 
interactions make it necessary to consider these combinations of factors simultaneously 
in order to make coherent statements about the effects of climate change on vegetation. 
 
 
Nitrogen Deposition and Feedbacks on the Carbon Cycle  
 
Increases in the supply of nutrients (especially nitrogen) can lead to increased growth 
enhancements of trees with elevated CO2 (Brown and Higginbotham, 1986; Johnson et 
al., 1992; Wong et al., 1992). Thus it is possible that increasing atmospheric CO2 
concentrations may feedback positively with regionally enhanced nitrogen supply rates 
from high levels of nitrogen deposition (through industrial combustion of fossil fuels, 
acid rain in temperate climates, atmospheric aerosol and particle deposition) so that both 
the carbon and nitrogen sink strengths of forest is enhanced. It has been suggested that 
this anthropogenic nitrogen fertilization may actually constitute a large portion of the 
missing sink for carbon (Hudson et al., 1994). Preliminary evidence demonstrates that 
temperate deciduous forest tree seedlings of different species show differential pattern of 
growth enhancements under elevated CO2 with different nutrient supply rates (Bazzaz 
and Miao, 1993). This differential growth behaviour under elevated CO2 may therefore 
alter species’ competitive abilities during regeneration and thus affect future forest 
composition (Bazzaz et al., 1996). 
 
The single largest pool of terrestrial carbon is in the soils. There is evidence that elevated 
CO2 does not result in higher rates of root exudation per unit mass of root (Norby et al., 
1987). Rather, total root mass increases under elevated CO2 and thus substantially more 
carbon is transported into the soil (Norby et al., 1992; Zak et al., 1993). Increases in the 
total amount of carbon input into the soil may in turn increase the amount of carbon 
retained in the soil due to preferential metabolism of readily decomposable (N-rich) 
material by microbes (Lekkerkerk et al., 1990). Decreases in the decomposability of 
tissue due to increased C/N ratios in plants exposed to elevated CO2 (Lovelock et al., 
1998; Gahrooee, 1998) may also play a role in increasing soil carbon retention (Strain 
and Bazzaz, 1983). Therefore, N sink strength in carbon rich soil increases which may be 
favorable for plant growth through anthropogenic N deposition. For example, it has been 
observed that the elevated CO2 may ameliorate nitrogen saturation in forests of the 
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dominant deciduous tree species in the Harvard Forest when exposed to high chronic 
nitrogen deposition (Bazzaz and Miao, 1993).  
 
 
Changing Landscape: Importance of Forest Regeneration 
 
Changes in the global temperature and precipitation patterns due to elevated CO2 may 
result in significant alterations in species distributions and community composition 
(Solomon, 1986; Davis and Zabinski, 1992). If the climate changes very rapidly there 
may be land areas with substantial tree mortality (Bazzaz et al,. 1996). In such a 
situation, regeneration will become increasingly important and large expanses of forested 
regions may become increasingly dominated by early successional vegetation. The CO2 
responsiveness of early growth has been found to be very large in a number of early 
successional species in Eastern deciduous forest communities including striped maple 
(Acer pensylvanicum) and grey birch (Betula  populifolia) (Rochefort and Bazzaz, 1992; 
Bazzaz and Miao, 1993). These species do not attain large sizes, but often are important 
in suppressing the growth of seedlings and saplings of dominant canopy tree species 
(Burns and Honkala, 1990). In the evergreen forests of western North America, a similar 
differential enhancement in growth has been observed in the earlier successional red alder 
(Alnus rubra) (Arnone and Gordon, 1990) relative to the later successional Douglas fir 
(Pseudotsuga menziesii) (Hollinger, 1987). Enhanced regeneration of early successional 
species under elevated CO2 could thus constitute the important negative feedback on the 
regeneration of these forests to a mature phase system (El Kohen et al., 1993). 
 
 
Effects of Elevated CO2 on Plant Populations  
 
For forest trees, the maximal life spans are commonly 100+ years; however, generation 
times are often of the order of 10-60 years (Harper and White, 1974). One implication of 
multi-generational time scales is that CO2 must be considered in the context of all phases 
of a plant’s life cycle, including seed germination, seedling establishment, plant growth, 
reproductive onset, flowering, ovule fertilization, seed and fruit development, and seed 
dispersal. A second implication is that long-term responses to elevated CO2 may be 
determined not only by individual or canopy-level physiology, but by population level 
phenomena such as altered density-dependent reproduction (Bazzaz et al., 1992) or 
accelerated plant senescence (St Omer and Horvath, 1983). 
It has been clear for some time that elevated CO2 atmospheres may alter reproduction in a 
fashion that is distinct from effects on vegetative growth and development. In some 
species, elevated CO2 accelerates floral initiation (Hovland and Dybing, 1973; Enoch et 
al., 1976), while in many other species a significant delay has been documented (Hesketh 
and Hellmers, 1973; Marc and Gifford, 1984). In some cases, either response may occur, 
depending on growth conditions (Reekie and Bazzaz, 1991). Other reported effects of 
CO2 on reproduction development include altered sex expression (Imazu et al., 1967) and 
diminished self-incompatibility (Palloix et al., 1985).  
 
The effects of increasing CO2 on plant populations may be predictable in terms of general 
theory regarding population level responses to increasing resources (Bazzaz and 
McConnaughay, 1992). High resource levels have generally been found to accelerate the 
process of size hierarchy formation in plant populations such that a smaller number of 
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individuals come to proportionately dominate biomass and reproductive output within the 
population (Weiner and Thomas, 1986). Elevated CO2 may also act to reduce effective 
population size in genetic terms (Heywood, 1986). Also population fluctuations may be 
exaggerated by elevated CO2, increasing the likelihood of local population extinction. 
 
There is a growing body of evidence for genetic variation in CO2 responses within natural 
plant populations (Curtis et al., 1994). In addition to genotype-specific effects, CO2 might 
also affect selection rates by altering fecundity distributions within plant populations 
(Thomas and Bazzaz, 1993). If elevated CO2 generally increases variability in 
reproductive output, this could operate to greatly accelerate the selection process. 
 
 
Elevated CO2, Biodiversity and Conservation Issues 
 
The impacts of potential global warming on biodiversity have received considerable 
attention from researchers and conservationists (e.g. Peter and Lovejoy, 1992). In 
contrast, very little emphasis has been placed on potential direct effects of elevated CO2 
on biodiversity issues until very recently (Bazzaz et al., 1996). It has been argued that 
some aspects of the direct effects of CO2 on vegetation (particularly increased water use 
efficiency) may work to enhance biodiversity in natural systems  (Woodward and 
Rochefort, 1991; Rochefort and Woodward, 1992). The logic behind the prediction is that 
elevated CO2 may enhance water use efficiency, permitting the development of 
vegetation with a higher LAI. Across biomass, it is often the case that high LAI systems 
have a higher local diversity of plant species or higher taxonomic groups. Thus, for 
example, enhanced water use efficiency might favor rain forest over savanna vegetation, 
resulting in locally increased plant diversity (Bazzaz et al., 1996). However, at a regional 
scale, existing rain forest species would displace existing savanna species, thus leading to 
a net loss in species diversity. In this scenario, extinction rates may well be enhanced by 
rising CO2, while speciation rates would be little affected due to shortness of the time 
scale of interest (50-200 yrs) (Bazzaz et al., 1996).  
 
In many analyses of potential effects of rising CO2 on biodiversity, it seems essential that 
CO2 generally enhances the growth of individual plants, and that this growth 
enhancement is highly species-dependent. CO2 fertilization of ecosystems will thus 
enhance the performance of responsive species in the system, probably at the expense of 
less responsive species (Bazzaz et al., 1996). There is some evidence to suggest that 
growth responses to CO2 are largest in species with high intrinsic growth rates early in 
ontogeny (Poorter, 1993); a characteristic common among early successional species 
(Bazzaz, 1979; EL Kohen et al., 1993). Early successional species are also in many cases 
more tolerant of a broad range of environmental conditions (Bazzaz, 1987). In sum, CO2 
fertilization seems likely to accelerate plant competition for other resources, and in many 
systems relatively early successional species may be differentially favored. Such a pattern 
could contribute to a loss of biodiversity in many systems. 
 
 
Conclusion 
 
Elevated CO2 may result in enhanced carbon sequestration to soil. However, it is not clear 
if an increased soil carbon pool will contribute to higher plant productivity. While the 
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effects of elevated CO2 on plant water use efficiency and light compensation point in 
leaves are positive for effective photosynthesis, associated effects of extreme 
temperatures may damage plant tissues, and consequently limit the survival of certain 
plant species in some regions. However, an increased anthropogenic nitrogen deposition 
co-occurring with elevated CO2 may constitute a large portion of the missing sink for 
carbon in the ecosystem thereby contribute to enhanced plant productivity. Although this 
may result in differential pattern of growth responses in different species, their 
competitive abilities during regeneration may be affected which would, therefore, affect 
future forest composition. Rapid changes in climate may result in substantial tree 
mortality as a consequence of which large expanses of forested regions may become 
increasingly dominated by early successional vegetation. These species will be of small 
size and may suppress saplings of dominant canopy tree species. High resource 
availability associated with elevated CO2 may cause a smaller number of individuals to 
proportionately dominate biomass and reproductive output within a population that may 
act to reduce effective population size in genetic terms. Thus plant biodiversity will be 
affected due to rising CO2. However, speciation rates would be little affected due to 
shortness of the time scale. 
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