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Aerial view of open top chamber system for elevated atmospheric CO, studies installed by Rogers and colleagues (ARS-USDA,
Raleigh, North Carolina, USA). Upper field: row cropped soybean. Lower field: containerized studies of water stress, nutrition,

and nitrogen fixation. (Photo courtesy of Dr. W. W. Cure)
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Abstract

Carbon dioxide is rising in the global atmosphere, and this increase can be expected to continue into
the foreseeable future. This compound is an essential input to plant life. Crop function is affected across
all scales from biochemical to agro-ecosystem. An array of methods (leaf cuvettes, field chambers, free-air
release systems) are available for experimental studies of CO, effects. Carbon dioxide enrichment of the
air in which crops grow usually stimulates their growth and yield. Plant structure and physiology are
markedly altered. Interactions between CO, and environmental factors that influence plants are known
to occur. Implications for crop growth and yield are enormous. Strategies designed to assure future global
food security must include a consideration of crop responses to elevated atmospheric CO,. Future re-
search should include these targets: search for new insights, development of new techniques, construction
of better simulation models, investigation of belowground processes, study of interactions, and the

elimination of major discrepancies in the scientific knowledge base.

Introduction

Expect the CO, concentration in our planet’s
air (along with radiatively active trace gases) to
continue its steady climb, a climb that began with
the lighting of the first fires of the Industrial
Revolution. The analytical evidence, so clearly
tracked over the past three decades by C.D.
Keeling, will presumably continue its ascending
trajectory (Keeling et al. 1989). Please see Fig-
ure 1 which provides a 30-year trace that includes
Dr. Keeling’s latest data. It is perhaps the one
global alteration that can be anticipated with cer-
tainty. A doubling of CO, could occur during the
last half of the next century (Bolin et al. 1986).
The fixation and release of this compound by

plants is a two-way bridge linking the atmosphere
and biosphere. Regardless of whether there are
accompanying climate shifts, as have been pre-
dicted (Bolin er al. 1986; Idso 1989; Rosenberg
etal. 1990; Smit et al. 1988), CO, increases will
directly affect growing plants. Not only is CO,
essential for plant life but it also enhances growth
and yield (Warrick 1988; Dahlman et al. 1985;
Fajer 1989; Rogers et al. 1983c). Thus CO, is of
pivotal significance to both natural plant commu-
nities and agro-ecosystems.

What physical climates will prevail and what
interactions will occur in a future world are not
known. What we can be sure of, however, is that
as CO, levels climb higher and higher, the growth
of vegetation will be stimulated, some plant spe-
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Fig. 1. Original data of C. D. Keeling et al. (1989). The steady upward trend of CO, in Earth’s atmosphere is the most appar-
ent feature; the saw-toothed pattern reflects seasonal biospheric changes.

cies more than others. Most experimental prob-
ings have revealed two main responses: (1) in-
creased rates of photosynthesis, ie., carbon
fixation, and (2) enhanced water use efficiency.
The proper function of these two vital plant pro-
cesses can spell the difference between feast and
famine. So the potential of elevated CO, to pos-
itively impact plants — our primary producers of
food and fiber — is great. Virtually all works to
date have shown enhanced crop growth, the al-
leviation of some stresses, and substantial boosts
of yields.

Plant responses to above-ambient levels of CO,
have been summarized in several excellent
reviews of recent origin, each with its own special
intent. Lemon (1983), Waggoner (1984), and Wit-
twer (1985, 1988) offer a solid background. Thor-
ough syntheses of this topic have been given by
Enoch & Zieslin (1988), Gifford (1988), Morison
(1988), and Strain (1987). Kimball (1983a, b)
provides comprehensive statistical summaries of
previous research. Strain and Cure (1985) give
in-depth coverage to recent findings. The green-
house effect in terms of ultraviolet-B radiation,
CO,, and ozone has been discussed by Krupa &
Kickert (1989). They underscore the need for
muitifactor studies. Smith & Tirpak have also
provided excellent coverage of climate (1989a)
and CO, (1989b) relationships to agriculture as
have Adams et al. (1990) in a more condensed

fashion using model output. In their very recent
ASA Special Publication, Kimball ez al. (1990)
offer a state-of-the-art report on the impact of
CO, on global agriculture (including a look at the
greenhouse effect, trace gases, and possible influ-
ence on soils). In his new book on climate change
and world agriculture, Parry (1990) gives a good
synopsis of CO, enrichment effects and their re-
lationships to other climatic changes. A collection
of papers on primary productivity in European
agro-ecosystems has just been published (Goudri-
aan ef al. 1990). Soils and global change have
been discussed (Bouwman 1990; Buol ez al. 1990;
Hatfield 1990).

Here we provide a short overview of the influ-
ence of more CO, on crops. First, a brief look at
current research methods will show how most
plant effects data have been gathered. And in the
discussion that follows, crop responses to ele-
vated CO, will be viewed in three contexts: (1) at
several hierarchical scales, from biochemical
through physiological, individual plant types (Cs,
C,, and CAM), the cell, leaf, to agro-ecosystem,
(2) interactively with other environmental factors,
and (3) at the species level a brief look at 10 major
crops, with special emphasis on water use, car-
bon fixation, biomass, and yield. Implications for
crop agriculture will be presented. Finally, a few
specific targets of future research will be pro-
posed.



Research methods

In the past decade and a half, technology has
provided several approaches to the study of plant
response to rising CO,, primarily in the form of
various configurations of containment structures.
A comprehensive evaluation of exposure tech-
niques has been presented by Drake et al. (1985).
Much of the current data base has come from
greenhouses where CO, is often added to boost
commercial production. Research greenhouses
with better regulation of test variables have also
been employed in CO, experiments (Enoch &
Kimball 1986; Mortensen 1987). Environmental
rooms where basic physical factors are controlled
probably constitute the second largest source of
CO,/vegetation information. One specialized ex-
ample is the sunlit SPAR (soil-plant-atmosphere-
research) system where conditions are tightly reg-
ulated (Jones etal. 1984). Leaf cuvettes are
another common category; these vary from no
control to highly sophisticated conditioning and
come in a variety of sizes and shapes, many
custom-made (Sinclair et al. 1979). A second
cousin to cuvettes, the branch exposure chamber
(BEC) is especially useful in tree research; the
unit envelops a whole branch and allows maxi-
mum experimental flexibility (CO, and air pollut-
ant addition, gas exchange measurement, and use
of tracers, even in tall trees). Dr. Jim Houpis and
his colleagues at the Lawrence Livermore Na-
tional Laboratory have recently developed an ex-
cellent version of the BEC (Houpis ez al. 1991).
A widely used plant exposure chamber in air qual-
ity and gas kinetics work (i.e., uptake by and
release from plants) is the continuous stirred tank
reactor or CSTR (Rogers et al. 1977). The unique
feature of this chamber, besides offering a uni-
form and highly characterizable environment, is
that it provides direct kinetic data.

In the field, two principal avenues have been
taken: (1) open top chambers (OTC) in two ver-
sions, round (Heagle eral. 1973; Rogers et al.
1983b) and square (Kimball eral. 1983), and
(2) free-air CO, enrichment (FACE) (Hendrey
et al. 1988). Both OTC types have been used over
several years in CO, efforts. The square type is
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much cheaper but probably would not withstand
stormy weather as well as the round type. Some-
times a simple portable enclosure is used in short-
term measurements. A far more advanced sys-
tem, the field tracking chamber, simulates outdoor
conditions but permits the introduction of test
variables such as CO, (Prudhomme et al. 1984).
None of these, however, provide ideal field me-
teorology, which has led to attempts to release
gases in various patterns over and within open
fields (Allen eral. 1985). At present, the most
promising approach appears to be FACE, a re-
cent innovative technique. In practice, a large di-
ameter (23 m) PVC doughnut from which a uni-
formly spaced series of vertical vent pipes arise is
used; vent pipes are ported by drilling holes at
vertical intervals. A circular array of stand pipes
is thus created; a sophisticated programmer
(based on an algorithm keyed to wind) controls
the release of CO, into the ring; CO, is dumped
upwind from open sectors of the vertical pipes in
amounts equivalent to windspeed such that a cir-
cular plot is uniformly fumigated. Dr. George
Hendrey and his team from the Brookhaven Na-
tional Laboratory have done a remarkable job
over the past two years in designing and perfect-
ing this system (Hendrey er al. 1988).

Beyond the special ways in which controlled
test atmospheres of CO, are generated, virtually
all categories of classical botanical methodology
have been considered and many used in CO, ef-
fects research, particularly sequential determina-
tions of plant extension and mass, often for input
to simulation models. Physiologically, water use
and net photosynthesis have frequently been as-
sessed; water use in terms of stomatal conduc-
tance, water potential, or soil water content, and
net photosynthesis by mass balance or radio-
labeling. Newer, more novel techniques have also
been applied. For example, we have used nuclear
magnetic resonance (NMR) imaging to ascertain
short-term water flow dynamics in root systems
of plants exposed to CO,-enriched air. Stable iso-
topic ratios have been used to excellent advantage
in both photosynthetic and water use investiga-
tions (Rundel ez al. 1989). Dynamic tracing with
short-lived isotopes such as ''C and >N has pro-
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vided new insight into plant metabolic functions
(Goeschl et al. 1988).

To integrate and utilize these incoming streams
of physicochemical and biological data, crop sim-
ulation models are used (Dahlman 1985; Harvey
1989; King eral. 1985; Reynolds & Acock
1985a, b). Due to the highly complex nature of
crop response to CO, in the presence of fluctu-
ating atmospheric and edaphic factors over the
growing season continuum, models are extremely
valuable, both as research tools and as methods
of prediction. Several models being constructed
for crops are expected to treat physiological ef-
fects of variable CO, concentration. These mod-
els show great promise, but much remains to be
done, particularly with respect to new experimen-
tal parameters, data inputs, and verification. They
are essential to our work since trajectories of re-
sponse must be projected in the most reliable
way.

Scales of crop response

The experimental assessment of crop response to
more atmospheric CO, takes several scales: bio-
chemical, physiological, cellular level, organ
(leaves, stems, roots, and reproductive struc-
tures), individual plants, canopies, and whole
cropping regions. Economic yield is often the
main point of agronomic research, and likewise is
the central focus of most CO,/crop assessments.

Biochemical. At the biochemical level, there are
three main plant groups, so-called C,, C,, and
CAM. Three and four refer to the number of car-
bon atoms in the first molecules formed at the end
of the photosynthetic pathway. Soybean, wheat,
rice, and potato are examples of C; plants. The
C, pathway is found in tropical grass crops like
corn, sugarcane, and sorghum. The C, type me-
tabolism is almost never found in woody species.
The C,’s are more efficient in photosynthesis than
the C5’s. The CAM (Crassulacean acid metabo-
lism) plants are a form of C, except that CO, is
fixed at night and then processed via a C; path-
way during the day. They are succulent plants

such as cacti and are highly efficient users of
water. High levels of CO, stimulate photosynthe-
sis, particularly in C; plants. The C, types are
much less affected. Growth tends to respond sim-
ilarly (Warrick 1988; Kramer 1981). Limited data
on CAM plants suggest that night enrichment
would be beneficial (Black 1986). In his just-
completed review (which includes a discussion of
leaf metabolism), Allen (1990) concludes that di-
rect biochemical effects do not appear to be the
cause of enhanced photosynthesis. It is simply an
increase in the carbon (i.e., CO,) feedstream to
photosynthesis. A substantial amount of work
has focused on net photosynthesis at higher con-
centrations of CO, (Allen et al. 1990b; Besford
et al. 1990; Gifford & Morison 1985; Huber et al.
1984a, b; Radin ez al. 1987).

Physiological/cellular. At the cellular level, ele-
vated CO, slows transpiration rate by inducing
the partial closure of guard cells that form sto-
mates on leaf surfaces. This contributes to an
increase in water use efficiency (WUE, the ratio
of carbon fixed to water transpired). Physiologi-
cally, WUE increase represents one of the most
significant crop responses identified thus far. Both
the suppressed use of water and the rise in pho-
tosynthetic rate go toward pushing this important
ratio upwards. Table 1, presented by Acock and
Allen (1985) from the data of Wong (1980) and
Valle et al. (1985), shows the relative contribu-
tions of each of these two processes. It is readily
apparent that the positive change in transpiration
rate is most important for a C, plant like corn in
contrast to C; types where both carbon fixation
and transpiration are important. Figure 2 shows
WUE for field-grown corn and soybean over a

Table 1. Relative contribution (%,) of changes in net photo-
synthesis and transpiration rate to a CO,-induced, approxi-
mate doubling of leaf water use efficiency for four species.

Crop Photosynthesis Transpiration
Comn 217 73
Cotton 60 40
Snow gum 75 25
Soybean 90 10
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Fig. 2. Water use efficiencies for corn and soybean at various

CO, concentrations. Values were fitted by the method of least

squares and are based on 50 observations for corn and 46 for
soybean.

range of CO, concentrations (Rogers etal.
1983a).

That WUE is boosted by CO, enrichment of
experimentally tested crops has often been re-
ported (Baker et al. 1990b; Morison 1985; Sionit
etal. 1984). However, discrepancy does exist.
Some claim that larger plant size offsets the re-
duction in water use resulting in no change. Oth-
ers suggest that the landscape’s response is not
adequately reflected by studies of small numbers
of plants in artificial enclosures. At least one re-
cently completed simulation, which included cli-
mate change, predicts a rise in plant water needs
(Curry et al. 1990). But by and large, most stud-
ies have reported enhancements. In their compre-
hensive summary of the topic, Kimball and Idso
(1983) cited 46 observations showing that tran-
spiration would be lowered an average of 349,
which when coupled with an economic yield en-
hancement of 339, (over 500 observations) sug-
gested a doubling of water use efficiency for a
doubling of CO, level.

There have been no in situ, non-invasive field
studies of CO, effects on plant water use pub-
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lished to date. In the field, water availability will
depend upon rainfall distribution, leaf and can-
opy structure, extent and depth of crop rooting,
and the various weather variables. For an accu-
rate assessment, the test crops must be unencum-
bered by our experimental gear, i.e., micromete-
orology must be normal for the crop to be
representative of what happens on the farm.

Another important reaction in some crop
plants, the legumes, is nitrogen fixation. Legume/
bacterial symbiosis is significantly increased by
elevated CO, levels (Reardon et al. 1990; Reddy
et al. 1989a). The increase appears to be mainly
due to larger biomass (Acock 1990), i.e., bigger
plants, more carbon allocation for nitrogen fixa-
tion.

Organ level. Individual plant organs have often
been observed to enlarge proportionally with
added CO,. Lengths of stems and roots increase
(Allen et al. 1990a; Rogers et al. 1987). The ex-
panse and thickness of leaves increase (Thomas
& Harvey 1983). Shifts in stomatal density have
also been seen (Rowland-Bamford et al. 1990). In
their study of leaf ultrastructure, Vu et al. (1989)
observed larger starch grains but no appreciable
alteration of chloroplasts. Enhanced numbers of
specific parts (stems, branches, tillers, and flow-
ers) are often seen. Two authors have presented
new data on crop roots and CO, enrichment
(Chaudhuri et al. 1986, 1990; Del Castillo 1989).
Our laboratory has observed a significant en-
hancement of root development in both the lab-
oratory (Rogers eral. 1987) and field (Rogers
etal. 1989). A theoretical framework has been
developed for the growth and carbon economy of
wheat seedlings as affected by soil resistance to
penetration and CO, level (Masle eral. 1990).
Acceleration of development and a shortening of
total growth duration has been recorded for rice
(Baker etal. 1990a). Reproductive structures
(which are often the marketable product) may
increase in size or number (Acock & Allen 1985).
Figure 3 provides an example of partitioning in
corn (a C, plant) and Figure 4 soybean (C,) over
a range of CO, exposure concentrations (Rogers
et al. 1982). Shifts in overall plant structure may
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Fig. 3. Partitioning of dry weight components of corn: roots,
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Fig. 4. Partioning of dry weight components of soybean:
roots, stems, leaves, and pods (n=6). ‘Ambient’ refers to
control plots outside of open top chambers used for season-
long CO, exposure.

be of much less consequence to crop production
where the rule is monoculture than in natural ec-
osystems which are highly diverse. Natural inter-
specific competition is intense and is believed to
be strongly influenced by canopy architecture,
root distribution, and environmental conditions.
Harsh stresses are common in these native plant
communities.

A so-called ‘luxury consumption’ of carbon can
occur when extra CO, from the air is available.
This can translate into plant parts with higher
densities than might actually be required (Acock
& Allen 1985). This can also lead to taller, denser
canopies and greater root length densities. Such
changes may enhance the plant’s capacity to har-

vest light, water, and nutrients. Practically speak-
ing, this capacity to gather raw materials can be-
come crucial over the cropping cycle.

Plant/canopy. Single plants provide integrated
values for what goes on at the process level. Many
individual crop plants have been evaluated for
their response to CO,. Groups of plants or seg-
ments of crop rows have also been studied. Such
findings have contributed substantially to our data
base, but for analysis of broad questions of food
productivity and sustainable agriculture, there
must be extrapolation to the agro-ecosystem level
and then to cropping regions. This will require
improved models tested with field data.

Cropping system/region. Agro-ecosystems within
specific geographic regions should respond in a
generally uniform pattern since the atmospheric
CO, level is globally determined. Specific long-
range predictions will have to await the refine-
ment of crop simulation and climate models; for,
as yet, model resolution is not fine enough to
describe regional weather patterns. Current crop
models can not treat highly variable physical forc-
ing functions such as temperature, precipitation,
and CO, concentration at the required scales.
Nevertheless, at present our best bet is the use of
models which help organize myriads of facts and
lead to intelligent and, hopefully, realistic output.
On a regional scale, one system where agro-
ecosystems and natural ecosystems meld is in the
rangelands that are used for livestock grazing.
Research needs were highlighted in a 1982 report
to DOE (Pendleton & van Dyne 1982). Recently
Dr. Clenton Owensby and his colleagues (1989)
at Kansas State University provided the first and
only study of rangeland/grazing responses to el-
evated CO,. In their report, rangeland biomass
was observed to increase with extra CO, but in-
dividual species response varied, suggesting that
over time community composition might shift.
The methodology needed to investigate grazing of
CO,-affected rangeland was developed. With
rangelands occupying 479, of the world’s land
area, such research is indeed important.
Economic yield, the bottom line of all farming,



has been seen to increase. Kimball’'s excellent
compilation and analysis of hundreds of prior
studies (1983a) suggests an enhancement factor
of 1.32 (99.9%, confidence interval: 1.24 to 1.43)
if ambient CO, were doubled. Allen ez al. (1987)
have discussed yield in relation to CO,- enhanced
photosynthesis and biomass accumulation. In
another crop analysis, Kimball ez al. (1989) con-
sidered both direct CO, effects and changing cli-
mate. We are not aware of major studies on the
alteration of quality or desirability of agricultural
products produced at high levels of CO,. Virtu-
ally all authors dealing with direct effects of CO,
have concluded that the impact on crops will be
positive.

Interaction with other environmental factors

Virtually any factor that affects plant growth can
influence its reaction to elevated CO,. From a
different vantage point, it is also known that CO,
can ameliorate certain environmental stresses.
The role of CO, as a chief input to plant life may
become especially significant in view of predicted
future climate effects on crops (Bolin et al. 1986;
Idso 1989). Water, temperature, light, nutrients,
salinity, and air pollutants have all been observed
to interact with CO, concentration. In addition,
biological interactions with crops have been seen
in the form of altered weed competition and crop
pests relationships.

Water. Water stress has been repeatedly ob-
served to be ameliorated by increased concentra-
tion of CO, (Gifford 1979; Morison & Gifford
1984a, b; Schonfeld et al. 1989; Sionit et al. 1980,
1981d). Our laboratory observed this with soy-
bean (Rogers et al. 1984; Prior et al. 1991). Re-
ports that it occurs with other plant species are
not uncommon {(Lemon 1983; Acock & Allen
1985; Wong 1980). By inducing the partial clo-
sure of stomates, water is conserved. To date the
role of plant roots, the primary extractors of soil
water, has not been elucidated. This protection
from water stress phenomena could help relieve
negative impacts of drier future climates.
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Temperature. Baker et al. (1989) substantiated a
high degree of temperature dependence in soy-
bean growth response to elevated CO,. Jones
etal. (1985) have provided response curves for
photosynthesis and transpiration under various
levels of both CO, and temperature. Idso ez al.
(1987) reported results suggesting that for a 3
degree C rise in mean surface air temperature,
plant growth enhancement would increase from
309 to 569, . Their results also showed that at
cooler temperatures (<18.5 degrees C, daily
mean) elevated CO, tends to reduce plant growth.
The authors aptly pointed out that this tempera-
ture dependence would make the prediction of
CO, response far more complex than first
thought. Both Potvin (1985) and Sionit eral.
(1981b) saw alleviation of chilling effects by CO,
enrichment. Potvin observed a buffering of phys-
iological shifts due to cold while Sionit et al.
saw an elevated CO, compensation for chilling
in the common garden vegetable okra. The life
cycle of the plant could be completed several de-
grees lower with added CO,. The interaction of
CO, and temperature is not well understood;
there is some conflict in the experimental data
base.

Light. Light and CO, have been long known to
interact. Both affect the plant through the photo-
synthetic process. Brun and Cooper (1967) have
provided a full spectrum of their interactions with
soybean leaves. A maxima for net photosynthe-
sis was reached which fell if either light level or
CO, concentration was lowered. Sionit et al.
(1982) reported similar findings for soybean, rad-
ish, sugarbeet, and corn; total dry matter produc-
tion was highest at the highest values of CO, and
light tested. It has been concluded that, at least
in part, elevated CO, can compensate for reduced
light (Acock & Allen 1985; Hurd 1968;
Mortensen & Ulsaker 1985).

Nutrition. Positive plant response to CO, appears
to occur under a wide range of nutrient availabil-
ity (Sionit et al. 1981a; Sionit 1983; Cure et al.
1988). Studies (with soybean, corn, rice, cotton,
wheat, and a few weed species) have, however,
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demonstrated diminished growth responses due
to nitrogen limitation (Cure et al. 1988; Goudri-
aan & de Ruiter 1983). One study has shown this
with several plant types over a range of dilutions
of a complete nutrient solution (Patterson & Flint
1982). In other words, with increasing nutrient
availability, the CO, stimulation response appears
to grow larger.

Salinity. Relief from the effects of salinity has
been seen in some studies (Schwarz & Gale 1984).
Salt tolerance increases as CO, concentration
goes up (Zeroni & Gale 1989). There are two
possible explanations. Extra supplies of photo-
synthate may help to offset increased respiration
demands. Less water throughput in the transpi-
ration stream (rate lowered by extra CQO,) could
lessen the quantity of salt taken up (Acock &
Allen 1985).

Air pollutants. The narrowing of stomates by in-
creased levels of CO, immediately infers the pos-
sibility of protection from air pollutants that enter
leaves by this route. In fact it has been experi-
mentally demonstrated. A few laboratories have
shown a lessening of injury by O5, SO,, NO, and
NO, on several common crops (Allen 1990;
Reddy et al. 1989b). Allen’s recently published
review (1990) of the topic revealed a paucity of
data and concluded further studies were needed.

Weed competition. Weeds are important since
they suppress crops in a variety of ways by com-
peting for raw materials. The differential re-
sponses of plant species to rising CO, suggest
that relative competitiveness may be altered. This
has been found to be the case. Studies by Patter-
son and Flint (1990) have shown that weeds with
the C; pathway would probably outcompete C,
crops but that C, weeds would be less competi-
tive against C; crops. Other studies have substan-
tiated this (Patterson et al. 1988; Sasek & Strain
1989). Zangerl & Bazzaz (1984) have noted an
unusually high stimulation of growth in one com-
mon C, weed species. Potential shifts in weed
growth will be important in terms of farm prac-
tice and economics.

Pests. The interaction of high CO, and plant in-
sect pests has been shown (Osbrink ez al. 1987,
Fajer etal. 1989). First Lincoln etal. (1984)
showed that insect (butterfly larvae) feeding rates
rose as CO, in the plant growth atmosphere was
increased. This was related to the nitrogen and
water content of soybean leaves. More recent
studies have suggested that leaf-feeding caterpil-
lars do not do as well on plants grown at high
CO,, presumably due to increased carbon:nitro-
gen ratio (nutritive value lower) (Akey & Kimball
1989).

Effects on specific crop species

Different species respond differently. This is a
chief concern with respect to natural plant com-
munity response (where competition governs
composition) to global CO, rises. It is not so
much an issue in crop monoculture, except for
weeds which must be controlled. Major world
crops have been researched to varying degrees
with respect to CO,. An idea of the relative thor-
oughness with which 10 major crops have been
studied may be gleaned from a tally of the entries
in the comprehensive CDIAC bibliography pro-
vided by Strain & Cure (1986). Please see Table 2
which shows number of studies as well as world
rank, photosynthetic type, and selected references
by species. Table 3 provided the response of four
key variables of these same 10 crops to a doubling
of ambient CO, (Cure & Acock 1986). The extent
of crop response could eventually influence their
selection for the farm.

Implications for agriculture

Previous discussions of the agricultural implica-
tions of more atmospheric CO, have been pre-
sented (Strain & Cure 1985; Kimball et al. 1989;
Rosenberg 1981, 1982). Table 4 lists specific im-
plications with the authors’ perception of impor-
tance, relative knowledge base, and degree of
confidence. Available data suggest that the direct
effects of CQO, alone will have a positive effect on
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Table 2. World rank, photosynthetic type, number of CO, studies, and selected references for 10 major crops.

Crop World rank Photosynthetic Number of Selected
(acreage) pathway CO, studies* references
Wheat 1 Cs 48 Havelka et al. 1984a,
Sionit et al. 1981c
Rice 2 Cs 12 Imai et al. 1985,
Yoshida 1973
Corn 3 C, 57 King & Greer 1986,
Surano & Shinn 1984
Barley 4 C, 10 Ford & Thorne 1967
Sorghum 6 C, 10 Chaudhuri ez al. 1986,
Mauney et al. 1979
Soybean 7 C, 89 Acock & Allen 1988,
Havelka et al. 1984b
Cotton 9 C, 29 Kimball ez al. 1989
White potato 12 C, 12 Goudriaan & de Ruiter 1983
Sweet potato 16 C, 8 Bhattacharya er al. 1985
Alfalfa - C, 8 Goudriaan & de Ruiter 1983,

Morison & Gifford 1984

* This column updated; all other information, Cure and Acock (1986).

Table 3. Percent change +95% confidence limits in four key variables of 10 major crops due to a doubling of ambient CO,
concentration. Data from Cure and Acock (1986) computed by regression analysis; N numbers and references were provided.

Crop Transpiration Photosynthesis Biomass Yield
Corn ~26+6 +4+13 +9+5 +29+64
Wheat ~17+17 +27+20 +31+16 +35+14
Soybean -23+5 +42+10 +39+5 +29+8
Sorghum -27+16 +6+16 +9+29 -
Barley -19+6 +14+ * +30+17 +70+ *
Cotton - 18+ 17 +13+19 +84+ 126 +209+ *
Rice -16+9 +46+ * +27+7 +15+3
White potato -51+24 —-15+ * +51+111
Sweet potato - +59+18 +83+12
Alfalfa - +57+277 -

* Data points too few to calculate.

crop yield, all other factors remaining the same.
Once-in-a-while a reported experiment shows lit-
tle or no effect, but these are few and far between.
As crop simulation models mature over the next
decade, we should be in an excellent position to
predict and even take advantage of direct
response of crops to CO,. In his 1989 address
before the Agricultural Science Centennial in
Steinkjer, Norway, Dr. J. E. Newman (1989)
concluded that rising atmospheric CO, should
provide benefits to agriculture through direct fer-

tilization and enhanced water use efficiency on
local, regional, and global scales. Increased CO,
is an important aspect of the future, and farmers,
growers, and producers of foods are expected to
adjust their practices to take advantage of this
CO, subsidy. Based on current projections, there
is every reason to believe that this will occur.
Strategies designed to assure future global food
security must include a consideration of crop re-
sponses to elevated atmospheric CO,.
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Table 4. Implications of more atmospheric CO, for agriculture ranked by overall importance to crop production, based on au-

thors’ interpretation of the available literature base.

Rank Implication for Relative size of Degree of
agriculture knowledge base* confidence*
1 Increased yields VH VH
2 Aboveground crop processes VH VH
3 Belowground crop processes VL VL
4 Shift in water use, probably a savings H I
5 Amelioration of some environmental stresses H 1
6 Nutrient needs may change L L
7 Grazingland composition and quality could change L L
8 New weed problems may arise 1 I
9 Degree of disease (including insects)susceptibility L L
10 Farmers might switch species (e.g., C;>C,) in some cases I L
11 Potential change in geographic range of given crops L VL
12 Possibility of crop quality alteration L VL

* Ratings: Very High, High, Intermediate, Low, & Very Low (VH, H, I, L, & VL).

Future research targets

Research needs have been delineated by previous
authors (Dahlman et al. 1985; Strain & Cure
1985; White 1985). Certainly any data that would
shed light on the CO,/crops question would be
welcomed. Below are a few critical goals which
we have prioritized in descending order:

(1) Search for new insights and opportunities.

(2) Develop novel techniques.

(3) Construct better simulation models.

(4) Investigate belowground processes.

(5) Study interactions of CQO, and other environ-
mental factors.

(6) Eliminate major discrepancies in scientific
knowledge base.

Exploring for new insights and opportunities is
particularly significant since we are dealing with
a global function. Novel techniques, e.g., both
stable and short-lived isotopes, non-invasive ex-
posure methods, and in situ plant probes such as
NMR (spectroscopy and imaging), would cer-
tainly improve our research arsenal. More com-
plete data inputs and improved field verification
procedures are essential if our models are to pro-
vide greater reliability. Belowground processes
(which include plant root systems, the rhizo-
sphere, and the soil) have been too long ignored

due to lack of methodology and difficulty in data
collection; they must be investigated. Interactions
of CO, (an area where data are sparse) with cli-
matic change variables, ozone, and ultraviolet-B
radiation need to be examined. And finally, we
must research and seek to eliminate major dis-
crepancies, e.g., the influence of elevated CO, on
plant water use.

A lot has been accomplished, but as most au-
thors have concluded, a lot remains to be done.
We agree. We must continue to develop a sound
and complete knowledge base. Crop responses to
CO, enrichment offer fertile ground for enormous
strides to be made in world food production. It
is essential that we understand and best utilize
this and other future potentials.
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