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ABSTRACT

It is well known that elevated atmospheric carbon dioxide (C02)

increases the potential for plant growth. At the ecosystem level,

increased root production, changes in root demography, exudation of

carbon into the soil, litter quality and the production of secondary

metabolites may all influence carbon gain, feedback relationships and

system stability. The increased flux of carbon from roots into the soil

will probably have a positive influence on nitrogen availability as time

goes on. On the other hand, increased soil temperature will accelerate

both root and soil respiration and this could result in a substantial

flux of CO2 back to the atmosphere. The impact of higher level

ecological interactions (such as elevated CO2 combined with higher

temperatures) on soil biological processes is very poorly understood.

INTRODUCTION

The composition of the Earth's atmosphere is changing due to the

combustion of fossil fuels and human land use patterns. There is no

doubt that carbon dioxide (C02) in the atmosphere is increasing and this

increase will continue for at least several decades. An increase in

global temperature has also been predicted, although the certainty of

this is still somewhat debatable. Least certain are global changes in

precipitation, but at a minimum, both managed agroecosystems and natural
vegetation will grow in an increasingly CO2 enriched atmosphere well into

the future.

It is well known that elevated CO2 increases the potential for

plant growth. High levels of CO2 stimulate photosynthesis per se, since

both CO2 and O02 compete for the same site on the catalyzing enzyme

rubisco (Goudriaan et al. 1990). Research has shown that for

agricultural crops, elevated C02 increases photosynthesis, dry matter

production and economic yield, substantially in C3 species like soybean,

but less in C4 species such as maize. It also decreases stomatal

conductance and transpiration and generally improves water-use efficiency

in almost all plants (Lawlor and Mitchell 1991). On the whole, elevated

CO2 will very likely increase the productivity of the Earth's vegetation.

However, experiments indicate that nutrient availability, water stress,

and temperature can all influence plant response to elevated C03, and of

course, climatic and edaphic factors vary from one field situation to the

next in terms of controlling ecosystem function.

At the ecosystem level, the distribution of carbon within tissues

(particularly roots and leaves), the demography of plant organs (rates of

birth and death), exudation of carbon into the soil, litter quality

(carbon:nitrogen ratio), and the production of defense compounds may all

influence carbon gain, feedback relationships and system stability. Up

to this point in time, most of the CO2 experiments have been done in 



controlled environments. Work has concentrated on a few crops, and the

major research emphases have been leaf-level physiological responses

(Bazzaz 1990). Very little is known about how temperature, water and

nutrients interact to regulate plant responses to inevitable increases in

atmospheric CO2. As usual, the below-ground portion of the ecosystem is

the least understood. The goal of this communication is to summarize

some of what is known about the impact of global climate change on the

below-ground processes. The greatest emphasis will be on plant-soil

responses tc elevated C02, for this aspect of global change is bound to

occur and there is more empirical evidence to work from. Below-ground

responses tc an increase in soil temperature will also be briefly

reviewed. Finally, some of the complex interactions between climatic and

edaphic factors will be examined to demonstrate the difficulty in

predicting how ecosystems will respond to global change.

ELEVATED CARBON DIOXIDE
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Carbon dioxide is the first molecular link from atmosphere to

biosphere and the products of photosynthesis provide the energy for most

heterotrophic activity in the soil. Virtually all literature (87% of the

articles reviewed by Rogers et al. 1993) reports that root dry weight

increases under elevated atmospheric CO2, regardless of species or study

conditions. For example, Del Castillo et al. (1989) report an increase

jn the number of actively growing soybean roots and greater exploration

of the soil under elevated C02. Roots of winter wheat penetrated to

depth faster and numbers were greater when plants were grown in an

enriched COz atmosphere in the field (Chaudhuri et al. 1990). Roots

often exhibit the greatest relative dry weight increase among plant

organs under high C02 (Zak et al. 1993), and root to shoot ratio

sometimes increases, although such a response has been quite variable

among species and life forms (Rogers et al. 1993). Recent studies have

also demonstrated a strong correlation between pot size and

photosynthetic capacity (Arp 1991, Thomas and Strain 1991). These

results suggest that roots are an important sink for photosynthate and

that rooting volume has the potential to constrain plant growth response

to an enriched atmosphere.

It is often reported that sustaining a positive response to

increased CO2 requires an increase in plant uptake of the total amount of

essential nutrients, and that in some natural situations, where available

minerals may be exhausted by stimulated plant growth, nutrient

availability in the soil may impose a severe constraint on further plant

growth. However, Long (1991) has pointed out that even if plants grown

at elevated CO2 show a 40% loss of their active Rubisco, net

photosynthetic rates will still be enhanced at elevated CO2 when

temperatures exceed 22.5 degrees C. It would seem that except in cases

of extreme nutrient deficiency or in cold environments, plant growth will

likely be stimulated by elevated CO2 in most field situations. This

certainly seems to be the case with temperate crops (Rogers et al. 1993).

Furthermore, the partitioning of carbon to the root systems of plants

growing in a COz enriched atmosphere will probably depend directly upon

mineral nutrition, especially nitrogen availability.

In experimental situations where nutrition has been adequate to

optimal, increased CO2 has resulted in a decrease or no change in the 



root:shoot ratio (Tolley and Strain, Sionit et al. 1985, Koch et al.

1986, Conroy et al. 1986, Brown and Higginbotham et al. 1985, Hollinger

1987). In contrast, in experiments in which no nutrients were added or

plants were grown in a nutrient deficient medium, an increase in

atmospheric CO2 resulted in an increase in the root:shoot ratio and small

diameter roots were particularly responsive to an increase in CO2 (Norby

et al. 1986, Luxmore et al. 1986, Norby et al. 1987, Zak et al. 1993). A

number of whole-plant growth and physiological models suggest that plants

allocate resources to balance the relative uptake of nitrogen and carbon

as a function of the relative availability of these resources in the

environment (Thornley 1972, Hunt 1975, Reynolds and Thornley 1982, Agren

and Ingestad 1987, Hilbert 1990, Gleeson 1993). Essentially, the

response of a plant to a low rate of N supply is to increase the amount

of roots, whereas the response to a low rate of C supply is to increase

leaf area (Eamus and Jarvas 1989). Nutrient uptake is often not simply

proportional to root weight but rather to root length (Nye and Tinker

1977). In perennial plants where structural roots serve important

anchorage and storage functions, simple root:shoot ratios may not be a

very meaningful way to understand plant response to elevated COZ. In

summary, it appears that root growth in response to elevated COZ is in

general accordance with carbon/nutrient balance models. We should expect

allocation to roots to be a function of nitrogen availability in the soil

and, in most cases, an increase in total plant growth. Since ina

relative sense plants have more carbon to spend on the production of

various plant organs at elevated C03, the common reports of increased

root growth at a given level of nutrient availability might be expected.

Factorial experiments that vary nitrogen availability in the soil and CO?

in the atmosphere should provide a more generalized answer to questions

of carbon partitioning under elevated CO2.

Increased root growth under elevated CO? has the potential to

influence plant respiration. Respiration of roots is significantly

greater than the above-ground portion of the plant on a dry weight basis
(Farrar 1981). In rapidly growing crop plants, maintenance respiration

is generally a small percentage of net assimilation and the rate of

respiration is often assumed to be directly related to growth rate (Agren

and Ingestad 1987). If root growth is increased, increases in root

respiration are sure to follow and the overall flux of COg from the soil

should exhibit an increase proportional to increased fine root

respiration.

A question that is as yet unanswered is whether or not elevated CO?

changes the nature of the plant itself or if it simply speeds ontogenetic

development. There seems to be very little information on this topic.

Coleman et al. (1993) recently reported that elevated CO2 accelerated

plant growth rate and that tissue nitrogen concentration was a function

of plant size. Their results indicate a simple acceleration of ontogeny.

There seem to be no growth curves for fine roots in the literature

comparable to those that exist for leaf area and the questions of whether

or not elevated C03 alters root system aging, the rates of exudation of

carbon, sloughing of tissue, or the rate of root turnover seem to be more

or less totally unanswered in any kind of conclusive way. Root turnover

is a very critical process to understand because this is one of the major

pathways for carbon flux to the soil.

Altered root growth may also influence host-pathogen interactions in

the soil. Rogers et al, (1993) report that since elevated CO2 generally

increases carbon gain and plant growth potential, plants may be able to

sustain a higher level of infection without a reduction in yield. Plants 



which are more vigorous should also be able to resist infection from weak

pathogens, such as facultative parasites, resulting in lower disease

incidence and severity. Such generalities are sure to be too simple, and

all that seems certain is that the quantity and quality of metabolic

products in the rhizosphere will very likely change under an enriched

atmosphere. This may have an impact on the incidence and severity of

soil-borne disease.
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Luxmoore (1981) suggested a scenario whereby increased

photosynthesis in a high C02 environment would increase the amount of

carbon allocated to roots, resulting in increased root exudation,

mycorrhizal infection, and N-fixation. In some trees, an increase in

fine root production under elevated CO2 has been associated with an

increase in the rate of establishment and density of mycorrhizal

symbiosis (C'Neill et al. 1987, Norby et al. 1987). It has also been

hypothesized that, since respiration rates of fungi are higher than for

vascular plants, increased mycorrhizal colonization of plant roots under

elevated CO2 may increase whole-plant respiration (Lamborg et al. 1983).

If both root growth and mycorrhizal colonization increase under elevated

C07, this would compound the respiratory costs of the root system. There

are also reports that legume nitrogen fixation increases with higher C02

concentrations by increased levels of nodulation (Norby 1987). From a

very simple perspective, intuition suggests that increased root growth at

elevated CO2 should provide additional carbon substrate for heterotrophic

activity in the soil, and preliminary experimental evidence suggests that

this is in fact the case (Zak et al. 1993).

Changes in the rhizosphere and soil structure may be important

phenomenon im a world with a C032 enriched atmosphere. Although there

seems to be very little information on sloughing and exudation of carbon

from fine roots under elevated CO2 (Norby et al. 1987), it must increase

in many situations simply due to increased fine root proliferation.

Increased inputs of carbon might have a positive influence on the

formation of desirable soil structure.

Changes in the placement of litter may also have a significant

impact on soil processes and soil biological activity. Im field studies

using 14¢_jabeled wheat straw, Holland and Coleman (1987) showed that a

greater proportion of added 14¢ was retained in the surface-straw

treatment compared to when straw was incorporated into the soil. When

litter was distributed on top of the soil it was decomposed to a greater

extent by fungi compared to when it was mixed into the soil. The lesson

here is that microbial community structure is influenced by both the

quality and placement of litter and that if root:shoot ratios or litter

quality shifts under elevated C02, microbial community structure is bound

to respond.

ing .

The impact of elevated CO2 on nitrogen cycling is a key issue since

nitrogen limits the growth of many terrestrial ecosystems. Several

authors have predicted that the rate of litter decomposition may be

slower under elevated C02. These predications are based on the finding

in many studies that the carbon-to-nitrogen ratio of tissues grown under

elevated CO2 declines and on evidence that tissue high in carbon (and

lignin) and low in nitrogen decays slowly. Schimmel (1990) has actually 



suggested that at the ecosystem level a longer-term effect of climate

change will be decreased availability of nitrogen, negating the

atmospheric fertilization effect.

My colleagues and I have not been operating under these assumptions

(Zak et al. 1993). Because plant production regulates the magnitude of C

input to the soil, and because microbial populations within the soil are

often C limited (Smith and Paul 1990), we believe increases in litter

production, especially fine root production, in response to elevated C02

should elicit a concomitant increase in microbial populations. Although

soil microorganisms are limited by physical factors (e.g. soil

temperature and water potential), microbial biomass is correlated to soil

erganic C content over a range of conditions (Insam and Domsch 1988,

Insam et al. 1989). At elevated atmospheric CO2, the extent to which C

availability and microbial populations increase should be dependent, at

least in part, on the increase in fine root production and the rate at

which root-derived C enters the soil. Changes in soil ¢ availability

related to elevated CO2 may first be apparent in microbial activity and

nutrient dynamics within the rhizosphere, and some preliminary evidence

supports this assumption (Zak et al. 1993).

Increased C availability, resulting from relatively greater rates of

plant production under elevated C02, could then produce positive feedback

effects on N transformations and lead to greater N availability for plant

growth. This hypothesis is outlined in Figure 1. The metabolism of

plant-derived C undoubtedly influences N transformations, because soil

microorganisms require both C and N for growth and maintenance. When the

quantity of labile C within the soil is high, inorganic N is assimilated

for maintenance, or to form new microbial cells. In turn, N is liberated

from microbial cells when C availability limits growth and populations

decline. However, theoretical analysis and experimental evidence suggest

that N mineralization could increase in response to labile C inputs from

root production (Clarholm 1985, Robinson et al. 1989, Kuikman et al.

1990). The amount of C available for microbial maintenance or

biosynthesis should therefore be a key regulator of soil N dynamics. We
believe that labile C in the soil will increase under elevated CO2 and

that this will eventually have a positive influence on soil N

availability (Figure 1). The resolution of the ecosystem feedback effect

of elevated CO2 on N availability is critical in terms of understanding

how natural vegetation will respond to atmospheric enrichment.

SOIL TEMPERATURE

roots

The relationship between soil temperature and fine root longevity

(i.e. mortality rates) is unclear. Root mortality can occur at any

sublethal soil temperature if resources like moisture are in short supply

(Bevington and Castle 1985, Deans 1979, Kuhns et al. 1985). But, optimal

soil temperatures for root growth approach 30° C for some species, and

field soil temperatures are unlikely to reach lethal levels in a globally

warmed world. High soil temperatures do appear to accelerate the rate at

which roots “age” (Rogers 1939, Atkinson 1980, Kuhns et al. 1985) but, to

our knowledge, the effect of soil temperature on fine root lifespan has

not yet been determined.

Despite the lack of empirical data, inferences about the

relationship between soil temperature and fine root longevity can be made 
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Figure 1. A conceptual model depicting the influence of elevated

atmospheric COz on plant production, microbial activity, and the cycling

of carbon ané nitrogen. The model is characterized by a series of

positive feedbacks in which increased net carbon assimilation under

elevated CO2 results in increased fine root/mycorrhizal growth, microbial

biomass, and rates of N mineralization. Negative feedbacks could occur

if below-ground litter C:N ratios widen to the point where gross rates of

microbial immobilization surpass gross rates of N mineralization. Input

of leaf and stem litter is also significant but is not illustrated here.

(Figure modified from Zak et al. 1993). 



based upon our knowledge of how soil temperatures affect root

respiration. It is well known that root maintenance respiration rates

increase as soil temperatures increase (Cox 1975, Billings et al. 1977,

Lawrence and Oechel 1983). Q10 values ranging from less than 2 to 2.7

have been reported in the literature (Billings et al. 1977, Lawrence and

Oechel 1983, Marshall and Waring 1985). Warmer soil temperatures have

also been shown to accelerate the depletion of carbohydrate supplies in

fine roots (Marshall and Waring 1985). Hendrick and Pregitzer (1993)

have recently reported that soil temperature may be responsible for

shorter root lifespan in temperate deciduous forests. One mechanism for

this relationship may simply be a more rapid rate of carbohydrate

depletion due to higher respiration rates.

If root longevity decreases as soil temperature increases, then fine

root construction costs will escalate because fine root absorbing area

will need to be replaced more frequently. However, the observation that

roots “age“ faster at warmer soil temperatures is significant regardless

of the degree to which longevity is affected. Roots typically lose some

of their capacity for water and nutrient absorption as they age and

become suberized. Thus, the cost of maintaining sufficient absorbing

area, and therefore construction costs, will increase as the rate of root

aging increases. All the evidence points to the fact that warmer soil

temperatures will increase the carbon costs of the root system. However,

it should be noted that acclimation to moderate changes in temperature

can occur (Amthor 1991). Nonetheless, it seems likely that higher

temperatures will modify plant developmental processes, resulting in

changes in many aspects of plant metabolism, including root respiration.

‘ber d oe 1 soil

Temperature increases will allow increased rates of microbial

activity for mineralization of organic matter and denitrification. Soil

microbial activity generally responds in an exponential manner to
temperature with, approximately, a doubling of activity for every 10

degrees of temperature increase. Consequently, a projected 2-3 degree C

temperature increase associated with climate change is calculated to

increase microbial activity by 15-23% (Sinclair 1992).

Increased microbial activity due to global warming will accelerate

the decomposition of soil organic matter, thereby releasing CO2 to the

atmosphere, which may further enhance the warming trend (Jenkinson et al.

1991). Jenkinson et al. (1991) calculate that such a feedback mechanism

could be quantitatively important, because CO2 is thought to be

responsible for about 55% of the increase in radiative forcing arising

from anthropogenic emissions of gases to the atmosphere, and there is

about twice as much carbon in the top meter of soil as in the atmosphere.

Release of COz7 from the soil can be a very important source of

atmospheric CO> on a global basis. Land use practices can also greatly

influence soil carbon storage. If agriculture moves north in the

northern hemisphere as the climate warms, then soil carbon may become an

even greater source of atmospheric C (Jenkinson et al. 1991). In a very

interesting story, Billings et al. (1982, 1983) have suggested that the

Arctic tundra will change from a CO2 sink to a CO2 source if global

temperatures increase, and Schlesinger (1990) makes the point that stable

soil carbon is stored so slowly that the soil will probably not become a

significant sink for atmospheric carbon in the coming decades. Clearly

the respiration of soil carbon is an important source that may accelerate

the accumulation of CO2 in the atmosphere if the climate warms. 



HIGHER LEVEL ECOLOGICAL INTERACTIONS

Although the effects of increasing CO2 and temperature on plant

productivity and soil processes have received separate consideration, the

interaction among factors has received little attention. It is in the

context of complex interactions and variable field environments that the

effects of global change must be judged (Bazzaz 1990, Lawlor and Mitchell

1991).

On current evidence, it is striking that certain of the effects of

increasing CO2 and temperature are opposite (Bazzaz 1990). At warmer

temperatures, plants have less storage carbohydrate to maintain fine

roots; plants in high C02 have more. At warmer temperatures, plants have

a lower root:shoot ratio; plants at elevated CO2 often have a higher one.

Conversely, the increased supply of assimilate provided by high C02 and

the increased sink metabolism permitted by soil warming should combine to

produce larger root systems, with less feedback inhibition of

photosynthesis, and a higher flux of carbon to the soil via exudation,

sloughing and fine root mortality.

Strain (1987) has discussed the physiological and ecological aspects

of plant response to elevated atmospheric CO2. His argument is that if

primary shifts in physiological processes such as photosynthesis,

respiration, carbon allocation and water use efficiency occur in response

to elevated COZ, then higher level ecological interactions in

competition, plant-animal relationships and biotic-abiotic interactions

will take place. Such changes will very likely aggregate to alter local

ecosystem function and might even alter some aspects of the global

environment (see, for example, Jenkinson et al.(1991). Bazzaz (1990)

concluded that impacts on ecosystem productivity would result primarily

from changes in species composition brought about by differential species

response to elevated C02. Plant density, species composition, the

availability of essential resources, and the influence of herbivores,

pathogens, and symbionts will all interact with a changing global

environment in complex ways to determine community response to future

global conditions. With the knowledge that ecosystems are interactive,

complex, dynamic and still relatively poorly understood, decision makers

must decide how humans will alter their behavior in order to promote

their own well-being and the integrity of the planetary environment.

Clearly, we have only scratched the soil surface in terms of our

fundamental knowledge of those below-ground processes that will partly

determine what the future will be like.
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