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Abstract

Plants of six weedy species (Amaranthus retroflexus, Echinochloa crus-galli, Panicum dichotomiflorum, Setaria
faberi, Setaria viridis, Sorghum halapense) and 4 crop species (Amaranthus hypochondriacus, Saccharum offici-
narum, Sorghum bicolor and Zea mays) possessing the C4 type of photosynthesis were grown at ambient (38 Pa)
and elevated (69 Pa) carbon dioxide during early development (i.e. up to 60 days after sowing) to determine: (a)
if plants possessing the C4 photosynthetic pathway could respond photosynthetically or in biomass production to
futureincreasesin global carbon dioxide and (b) whether differences exist between weeds and cropsin the degree
of response. Based on observationsin the response of photosynthesis (measured as A, CO, assimilation rate) to the
growth CO, condition as well as to arange of internal CO, (C;) concentrations, eight of ten C, species showed a
significant increase in photosynthesis. The largest and smallest increases observed were for A. retroflexus (+30%)
and Z. mays (+5%), respectively. Weed species (+19%) showed approximately twice the degree of photosynthetic
stimulation as that of crop species (+10%) at the higher CO, concentration. Elevated carbon dioxide also resulted
in significant increases in whole plant biomassfor four C4 weeds (A. retroflexus, E. crus-galli, P. dichotomiflorum,
S viridis) relative to the ambient CO, condition. Leaf water potentialsfor three selected species (A. retroflexus, A.
hypochondriacus, Z. mays) indicated that differencesin photosynthetic stimulation were not due solely to improved
leaf water status. Data from this study indicate that C4 plants may respond directly to increasing CO, concentration,
and in the case of some C, weeds (e.g. A. retroflexus) may show photosynthetic increases similar to those published
for C3 species.

Abbreviations: A —leaf CO, assimilation rate; C,—ambient CO,; C; —internal CO,; CER—carbon exchange rate;
DAS—days after sowing; PAR —photosynthetically active radiation

Introduction

Ongoing increases in atmospheric carbon dioxide
should stimulate net photosynthesis in C3 plants by
increasing the CO, concentration gradient from air to
the leaf interior and by decreasing the loss of CO,
via photorespiration. Alternatively, plants with the C,4
photosynthetic pathway aready have an interna bio-
chemical pump for concentrating CO, at the site of
carboxylation which functions to eliminate the oxy-
genase component of Rubisco, thereby eliminating

photorespiratory carbon loss. Because of these differ-
ent photosynthetic pathways, it is anticipated that C,
plants should be saturated at the current atmospher-
ic CO, concentration while C3 plants should continue
to respond photosynthetically to ongoing increases in
atmospheric carbon dioxide (see Figure 10.10 in Taiz
and Zeiger 1991).

Although C, species may not be directly stimulat-
ed by higher CO; levels, they can still show a signif-
icant stimulation of photosynthesisas CO; rises. This
is because increasing CO, may also result in stom-
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atal closure. This is a common response in both Cs
and C, species and results in an increase in water use
efficiency and improved water relations. As a conse-
guence, plants with the C, photosynthetic pathway,
may show improved photosynthesis and growth under
a drought stress condition at elevated carbon dioxide
(cf. Andropogon gerardii, Knapp et a. 1993). In addi-
tion, increased water potential at elevated CO, could
gtimulate growth even in wet soil (e.g. field corn,
Rogers et al. 1983), by increasing leaf area without
any increase in carbon exchangerate (CER).

However, in examining reviews which document
the average response of C,4 plantsto adoubling of CO,
concentration, itisclear that for anumber of C4 species,
significant increases in both growth and photosynthe-
sis have been observed (cf. Poorter 1993). Although
little effort has been done to separate improved water
relations from a direct stimulation of photosynthesis,
it seems unlikely that improved water relations can,
in all cases, account for the response of C, species to
elevated carbon dioxide.

Within agricultural systems C, species are impor-
tant as both basic food crops (e.g. maize, sorghum) and
as noxious weeds (e.g. pigweed, foxtail). If potential
differences in the growth or photosynthetic response
of C4 weedsand cropsto elevated CO; exist, such dif-
ferences may have consequences for weed-crop com-
petitive interactions.

In the current study, our principle objective was to
guantify the photosynthetic and growth response of C,
plants to a doubling of the current atmospheric CO,
concentration in order to determineif increasing CO,
could stimulate photosynthesis and/or growth direct-
ly. However, because of the importance of both C,4
weeds and crops to agricultural systems, a secondary
objective was to determine if differential responsesto
increasing CO, occurred between the groups.

Materials and methods

All experiments were conducted from late April
through early September 1996 in two glasshouses
located at the USDA-ARS Climate Stress Laboratory
in Beltsville, Maryland. Each glasshouse was 13.5 n?
in surface area and transmitted 65% of incoming PAR
while temperature and CO, concentration were main-
tained within preset limits. Glasshouseswere designed
to maintain maximum and minimum temperatures
between 31 and 17°C, respectively. Air temperature
was obtained by shielded, aspirated thermocouples

near the top of plants in each glasshouse. Blowers
constantly circulated air through heat exchangers and
produced an air speed of about 0.5m s across|eaves.
Relative humidity inside the glasshouse was not con-
trolled, but was a or near that of ambient, outside
air. Carbon dioxide was controlled 24 h day—* by a
WMAZ2 infra-red gas analyzer (PP systems, Haverhill,
MA) which injected CO; if levelsfell below 35and 70
Pa, respectively, for each glasshouse. CO, treatments
were switched between glasshouses twice during the
study. No significant differences with respect to light
or temperature were observed between glasshouses.
A 21x datalogger (Campbell Scientific, Logan, UT)
recorded PAR, temperature and CO, concentration in
both glasshouses at 30 second intervals. Average 24-h
values of CO, concentration were 38+1.7 and 69+2.5
Pafor the ambient and elevated treatments, respective-
ly.

A total of six weed species, (Amaranthus
retroflexus L., Echinochloa crus-galli (L.) P. Beauv.,
Panicum dichotomiflorum Michaux, Setaria faberi
Herrm., Setaria viridis (L) P Beauv., Sorghum
halapense (L) Pers.) and four crop species (Amaran-
thus hypochondriacus L., Saccharum officinarum L.,
Sorghum bicolor (L) Moench, and Zea mays L.) pos-
sessing the C,4 type of photosynthesis were grown at
ambient (38) and elevated (69 Pa) carbon dioxide dur-
ing early development (i.e. al plants were harvested
from 30-60 days after sowing, DAS) (Table 1). All
specieswere grown from seed obtained locally (except
S. officinarum which was obtained from cuttings) in
20 cmdiameter (3.51) potsfilled with vermiculite, with
pots rotated weekly to minimize micro-climate effects
within the glasshouse. All pots were watered daily to
thedrip point with acomplete nutrient solution (Robin-
son 1984). After emergence, seedlingswerethinned to
one plant per pot with six pots per species randomly
assigned to one of the two CO, treatments. Because
of limited space within the glasshouses and the num-
ber of species to be examined, different species were
grown at different times over the period from April
25 through August 27. Species were grown at random
during this time period (i.e. weeds were not grown all
at oncefollowed by crops), and valuesof averagedaily
(24 h) temperature and PAR were consistent between
speciesand groups(e.g. 23.8vs. 26.5°C; 23.6 vs. 23.4
mol m~2 day—?, for weeds and crops, respectively)
(Table 1).

Singleleaf photosynthesis(measured as A, therate
of CO, assimilation) was determined twice during the
vegetative stage of growth for each species. On each
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Table 1. List of C4 crops and weeds used in the experiment. Subtype refers to the different decar-
boxylation kinetics of CO, release within the bundle sheath. Subtypes are named after the enzymes
that catalyze the specific decarboxylation reactions: NADP-dependent malic enzyme (NADP-ME);
NAD-dependent malic enzyme (NAD-ME) and phosphoenol pyruvate (PEP) carboxykinase (PEP-
CK). Temp. and PAR refer to the average 24 h temperature and photosynthetically active radiation
during the period of growth for that particular species. Crops and weeds were grown at random
over a4 month period in climate controlled glasshouses. See methods for additional details

Species Common name

Cysubtype  Temp. PAR
(°0) (mol m—2day—1)

Weeds
Amaranthus retroflexus

Echinochloa crus-galli Barnyard grass

Panicum dichotomiflorum  Fall panicum
Setaria faberi Giant foxtall
Setaria viridis Green foxtail
Sorghum halapense Johnson grass
Crops

A. hypochondriacus Grain Amaranth
Saccharum officinarum Sugarcane

Sorghum bicolor Grain sorghum
Zea mays Corn

Red-root pigweed

NAD-ME 235 22.2
NADP-ME 235 231
NAD-ME 236 239
NADP-ME 235 22.7
NADP-ME 245 251

a 24.3 24.7

NAD-ME 25.7 235
NADP-ME  26.3 18.9
NADP-ME  26.9 24.7
NADP-ME  27.0 26.3

@ We could find no literature which documented the C4 subtype of this species

sampling date, assimilation was determined on the
uppermost, fully expanded leaf for 6 plants of each
species(i.e. 3 per CO;, treatment). Measurementswere
made using a portable open gasexchange systemincor-
porating infra-red CO, and water vapor analyzers for
determining net photosynthetic CO, uptake rate and
stomatal conductance (CIRAS-1, PP Systems, Haver-
hill, MA). PAR was supplied by a separate light unit
which produced aconstant PAR of 2000 zmol m—2s~1
for all measurementsof gasexchange. Thewater vapor
pressure surrounding the leaf during the measurement
was approximately 2.0 kPa, and did not vary between
CO; treatmentsor species. L eaf temperaturewas main-
tained between 26-28°C. All data were collected on
aPC at 10 sintervals using the remote control operat-
ing system software supplied by CIRAS. To determine
assimilation for awide range of CO, values, different
CO;, concentrations were obtained using the internal
CO, mixing system (with CO,, cartridge) provided with
the CIRAS-1 system. Theresponseof |eaf assimilation
rate (A) to intercellular carbon dioxide concentration
(C)) wasdetermined at six external CO, concentrations
(Cy) of 12, 24, 38, 70, 108 and 144 Pa. Initially, leaves
were measured at their respective growth CO, concen-
tration (i.e. 38 or 70 Pa); then C, waslowered to 12 Pa
and increased in steps to 144 Pa. In changing to a new
CO; concentration, sufficient time was given (10-15

min) to allow for a steady-state condition prior to the
measurement of assimilation rate. All measurements
were made at approximately the same temperature and
humidity as within the glasshouses. Equal numbers of
A/C; responses were determined in the morning and
afternoon, but combined for analysis.

To determine if growth at elevated CO, result-
ed in improved water relations, leaf water potential
was measured in the dewpoint mode using a HR-33
microvoltmeter and six insulated C-51 sample cham-
bers (Wescor, Inc. Logan, UT). Water potential mea-
surementswere determined during the morning (0900—
1000) and afternoon (1300-1600) for six sunlit leaves
for each of three species, A. retroflexus, A. hypochon-
driacus, and Z. mays with data combined from both
time periods for analysis.

Within 24 h following the second A/C; measure-
ment, all plants of a given species were cut at ground
level and separated intoleaf |aminae, stems (sheathsfor
monocotyledons) and roots. L eaf areawas determined
photometrically with a leaf area meter (Li-Cor Corp.,
Li-3000, Lincoln, NE). Dry weights were obtained
separately for leaves, stems and roots. Material was
dried at 55°C for a minimum of 72 h (or until dry
weight was constant) and weighed.

Theeffect of elevated CO, on gas exchange param-
eters at the growth CO, concentration, water poten-
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Figurel. Thepercent stimulation of singleleaf photosynthesis(mea-
sured asleaf CO, assimilation rate zmol m—2 s~1) for selected weed
(hatched bars) and crop species (open bars) grown and measured at
elevated CO, (69 Pa) relative to ambient CO, (38 Pa). * indicates
a significant difference relative to the ambient CO, concentration
(Students unpaired t-test), n = 10-12.

tial and dry weight were analyzed by species using a
Students unpaired t-test. Comparisons between crops
and weeds as a whole were made using a one-factor
ANOVA. Comparisons between ambient and elevat-
ed CO, for short-(measurement CO,) and long-term
(growth CO,) exposurefor a given specieswere made
using a2 way ANOVA with means separated by aleast
squares means table. Unless otherwise stated, differ-
ences were determined as significant at the P<0.05
level.

Results

In the present experiment, averaged for both sam-
pling periods, leaf photosynthetic rate measured at the
growth CO, concentration was significantly increased
at elevated relative to ambient CO, concentration for
eight out of ten C4 species (Table 2). When ranked,
A. retroflexus showed the largest response to elevat-
ed CO, with an average increase in photosynthesis of

30%, while no response could be detected for Z. mays
and S. officinarum (Figure 1). All of the weedy C4
species responded significantly to the increasein CO,
concentration compared to half of the C4 crop species
tested. When averaged by group, weeds showed a19%
stimulation of photosynthetic rate, while crop photo-
synthesisincreased by 10% (Figure 1). (Thedifference
between crops and weed in the stimulation of photo-
synthesiswas significant at P = 0.04).

By comparing photosynthetic rates under short-
term exposure to the different growth CO, concentra-
tions, photosynthetic acclimation could be determined.
Should the photosynthetic rate at a given measure-
ment CO, differ with growth CO, treatment, accli-
mation could be said to have occurred. Short-term
measurements at each of the treatment CO, concen-
trations did not indicate photosynthetic acclimation to
elevated CO, had occurred for any C, species which
demonstrated a enhanced photosynthetic response at
the elevated CO, treatment (i.e. all species except Z.
mays and S. officinarum) (Table 1). In addition, (with
the exception of S. faberi), the A/C; responsewasinde-
pendent of the treatment CO, concentration for both
crop (Figure 2a, b) and weedy species (Figure 3a, b) at
either sampling period. For S faberi, acclimation did
occur as evidenced by a significant declinein the max-
imum rate of photosynthesis for the elevated grown
leavesat 38 DAS.

For all species, assimilation continued to increase
up to a C; value of ca. 20 Pa (Figures 2 and 3). With
the exception of S. faberi, no significant change in
either theinitial dopeof the A/C; response or the upper
portion of the curve occurred with long-term growth
a elevated CO, (Table 3, Figures 2 and 3) for any
species. The ratio of intercellular CO; to growth CO,
(G/Cy) aso was unaffected by CO, concentration. For
both crops and weeds, average stomatal conductance
(gs) decreased ca. 50% at the elevated relative to the
ambient CO, concentration (Table 3). No significant
differencesin initial dope, Ci/C, or gs were observed
between crops and weeds at either growth CO, con-
centration (Table 3).

Significant increases in total biomass at the end
of the experimental period were observed in four C,
species (Table 4). The increase in total biomass with
elevated CO, concentration was not associated with
a consistent increase in leaf area, or changes in par-
titioning between leaves, stem or roots (Table 4). As
with photosynthesis, A. retroflexus showed the largest
increase in biomass with elevated CO, (ca. 25%). If
ranked, four of the six weeds tested showed a sig-
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Figure 2. Response of leaf photosynthesis (measured as leaf CO, assimilation rate, A) to arange of internal CO, concentrations (C;) for single
leaves of four crop species A. hypochondriacus, S. bicolor (A) and S officinarum, Z mays (B) grown at either ambient (O, 38 Pa) or elevated
(@, 69 Pa) CO,. DAS indicates the number of days after sowing in which the measurements were taken. n = 3, bars are + SE.
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Table 2. Photosynthesis (as CO, assimilation rate, pmol CO, m=2 s~1)
for ambient and elevated CO, grown C,4 crops and weeds each measured at
ambient and elevated CO,. Different letters within a row indicate significant
differences. Both sampling periods were combined for analysis. (L east squares

means, n = 6)
Species 38 Pa -Grown- 69 Pa
38 Pa 69Pa -Measured- 38Pa 69Pa
Weeds
A. retroflexus 34.5b 40.6b 38.6b 44.9a
E. crus-galli 34.9b 42.4a 327b  426a
P. dichotomiflorum 36.6b 42.0a 37.6b 433a
S faberi 36.4b 43.9a 33.7b 4l1l5a
S viridis 34.8b 43.2a 34.0b 39.6a
S halapense 39.8b 46.6a 36.2b 44.6a
Crops
A. hypochondriacus ~ 47.1b 53.6a 448b 5l.6a
S officinarum 325ab 36.6a 31.6b 355a
S bhicolor 42.5b 48.6a 40.4b  50.0a
Z. mays 52.4a 56.9a 49.2a 54.5a
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Figure 3. SameasFigure 2, but for six weedy species, A. retroflexus, E. crus-galli, P. dichotomiflorum (A) and S faberi, S halepense, S viridis

(B).

nificant stimulation of biomass with increasing CO,,
while none of the C, crops tested showed a signifi-
cant response (Figure 4). As with photosynthesis, the

increase in total biomass with elevated CO, was sig-
nificant for weeds as a group, but not significant for

crops.



Table 3. Initial slope of the A/C; response (determined from thefirst two points of the A/C; response), ratio of Ci/Ca, and
stomatal conductance at C, for ambient and elevated grown C,4 crops and weeds. Both sampling periods were combined

for analysis

Species Ambient grown Elevated grown
Initia slope Ci/Ca Os Initia slope CilCa Os
pmol m—2s~1 mmol m—2s~1  ymolm—2s-1 mmol m—2s~1
/pmol mol —1 /pmol mol—1

Weeds

A. retroflexus 0.27 0.34 353 0.35 0.37 197

E. crus-galli 0.41 0.29 261 0.38 0.28 139

P. dichotomiflorum 0.39 0.30 300 0.32 0.32 156

S faberi 0.21 0.31 279 0.24 0.36 135

S viridis 0.22 0.28 316 0.23 0.28 144

S halapense 0.24 0.26 230 0.24 0.27 131

Crops

A. hypochondriacus  0.50 0.36 379 0.43 0.43 166

S officinarum 0.25 0.36 295 0.26 0.43 149

S hicolor 0.49 0.28 302 0.61 0.26 147

Z. mays 0.52 0.37 459 0.43 0.38 210

Table 4. Leaf areaand dry weight at the final harvest of selected C, crops and weeds grown at ambient or

eevated CO,
Species CO, DAS Lefaea Leaf Wt. StemWt. RootWt.  Tota
Pa em? e G-
Weeds
A. retroflexus 38 37 2055 9.9 4.1 4.4 18.4
69 37 2110 12.0 4.62 6.32 22,92
E. crus-galli 38 38 1393 42 7.3 4.2 15.7
69 38 16552 4,92 9.08 4,92 18.82
P. dichotomiflorum 38 43 946 3.6 24 14 7.4
69 43 10992 452 3.0 19 9.22
S faberi 38 39 1561 53 6.1 4.6 15.9
69 39 19252 6.22 6.6 4.6 17.4
S viridis 38 37 2333 9.1 9.0 6.2 24.3
69 37 25712 10.82 12.22 59 28.92
S halapense 38 37 2132 7.9 9.1 6.5 235
69 37 2323 85 9.7 7.1 253
Crops
A. hypochondriacus 38 34 2493 12.2 5.8 7.0 25.0
69 34 2611 12.9 6.8 82 27.9
S officinarum 38 61 3616 37.3 494 37.1 124.0
69 61 4110 39.8 483 44.3 132.0
S bicolor 38 35 2144 6.9 5.6 7.1 19.6
69 35 2118 6.9 6.0 75 20.4
Z. mays 38 33 2301 89 8.7 6.2 238
69 33 2384 89 9.7 59 24.5

a |ndicates a significant difference at the elevated relative to the ambient CO, concentration on a per plant

basis for a given species (P<0.05, Students unpaired t-test).
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Percent Stimulation of Plant Biomass

Figure4. The percent stimulation of total plant biomass for selected
weed and crop species grown and measured at elevated CO-, (69 Pa)
relative to ambient CO, (38 Pa). Symbols are same as Figure 1.
+ Indicates a significant difference relative to the ambient CO,
concentration (Students unpaired t-test), n = 6.

Table 5. Mean daytime |leaf water potentials for three selected
species, A. hypochondriacus, A. retroflexus and Z. mays at
ambient and elevated CO»

Species CO, concentration
38 Pa 69
_________ MPa - -----=---
A. hypochondriacus  —0.82+0.04 —0.861-0.06
A. retroflexus —-0.89+0.06 —-0.96+0.09
Z. mays -0.91+0.02 -0.88+0.03

Measurements of leaf water potential for the C,
dicots, A. retroflexus, A. hypochondriacus and the C,
monaocot, Z. mays, are consi stent with thewell-watered
condition of the plants (Table 5). However, elevated
CO; did not result in an improved water potential for
any species (Table 5).

Discussion

C,4 plants, possessing an internal ‘CO, pump’ have
the ability to concentrate CO, at the site of carboxy-
lation with a subsequent decrease in the oxygenation
of RUBP and loss of photorespiratory CO,. As a con-
seguence, increasing the external CO, concentration
above current ambient levels should have little effect
on net photosynthesis in C4 plants. This hypothesis
is consistent with the observations of a number of
researcherswho havereported CO, assimilation values
for awide range of C4 crops and weeds to be saturat-
ed at current CO, levels (e.g. a C, of 35 Pa, a C;j of
about 15 Pa) (cf. Greer et al. 1995; Tissue et al. 1995;
Harley and Ehleringer 1987; Lin and Ehleringer 1983;
Mauney 1979; De Wit 1978; Pearcy 1977). Although
higher photosynthetic rates or increased biomass for
C4 plants have been reported with increasing CO,
concentrations, such increases are usually attributed
to changes in partitioning, accelerated inflorescence
development, delayed leaf senescence or improved
water potentialsresulting from stomatal closureat high
CO, (cf. Knapp et al. 1993; Potvin and Strain 1985;
Carter and Petersen 1983). However, these hypotheses
do not compl etely explain theincreased photosynthetic
rate and/or biomass noted at elevated CO, in the cur-
rent experiment for eight of ten species examined. The
observed increase in photosynthetic rate and biomass
in the present study was not associated with differ-
ences in partitioning, senescence or improved water
potentials between CO, treatments. In addition, lit-
tle evidence of photosynthetic acclimation to elevated
CO;, was observed, suggesting that the stimulation of
photosynthesis could continuefor weeks (e.g. E. crus-
galli) or months (e.g. S. officinarum).

Although adirect stimulation of increasing CO, on
growth or photosynthetic rate may seem contradicto-
ry to what is known concerning the C4 pathway, the
current data are consistent with some reports which
show a significant stimulation of either photosynthe-
sis or growth in C,4 plants as CO, concentration rises
(Johnson et al. 1993; Black 1986; Sionit and Paterson
1984; Wong 1979; Ludlow and Wilson 1971; Moss et
al. 1961). Intheseand the current study, photosynthesis
in selected C,4 species does not saturate until C, values
approach 60-80 Pa (e.g. see Figure 3, Black 1986). As
aconsequence, photosynthesisor biomasscanincrease
by 40-60% with a doubling of CO, concentration (cf.
A. retroflexus and E. indica, Black 1986; Sionit and
Paterson 1984). Such increases are on a par with the
observed stimulation of photosynthesis and growth in



some C3 species (see Poorter 1993 and Kimball 1983
for reviews).

Clearly, growth conditions can differ between
experiments. However, there does not appear to be
one set of environmental or growth conditions which
are associated with either those experiments which do
(or those which do not) demonstrate a significant stim-
ulation with elevated CO,. Alternatively, if the Cq4
pathway is not always tightly controlled with respect
to maintaining a high internal concentration of CO,,
a continued response to increasing CO, concentration
could be observed, with such a response, as in the
current experiment, being species specific.

As determined by Ehleringer and Pearcy (1983),
different rates of CO, leakagefrom bundle sheath cells
in C4 plants should belower in monocotsthan in dicots
(due to the presence of suberized lamella in bundle
sheath cells in grasses) and vary according to decar-
boxylation subtype (lower in NADP-malic enzymeand
PCK subtypes than in NAD-malic enzyme type Cq4
plants). Can such differences be correlated to the rela-
tiveresponse of agiven C, speciesto elevated CO,?1n
the present experiment, species which should show a
strong rel ative response to elevated CO, based on CO,
leakage rates (i.e. dicots with a NAD-malic enzyme
subtype) differ substantialy (e.g. A. retroflexus and
A. hypochondriacus) as do species (e.g. Z. mays and
E. crus-galli) which should show a weaker response
(i.e. monocots with a NADP-malic enzyme subtype).
While a broader range of species and subtypes needs
to be examined, it does not seem likely that rates of
CO; leakage, per se, provide a complete explanation
for the sensitivity of C4 speciesto increased CO, con-
centration.

Although C,4 plants can have a direct response to
increasing CO; levels, the exact mechanismisunclear.
Ward (1987), in examining the relationship between
temperature and photosynthesis in Z. mays has sug-
gested that variation in the rate of CO, delivery to the
bundle sheath relative to the capacity for net assimila-
tion by C3 photosynthesis could determine the photo-
synthetic response of C4 plantsto CO, concentration.
Such variation could be associated with environmen-
tal cues such as light, nutrition or temperature which
could favor the activity and concentration of PEPCase
relativeto Rubisco (or vice-versa). For example, Wong
(1979), demonstrated that Z. mays could respond pho-
tosynthetically to elevated CO,, but only if nitrogen
was adequate. Additional work is need to elucidate
the role of environmental parameters and nutrition in
influencing both carboxylation kinetics and potential
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photosynthetic acclimation (e.g. S. faberi). Such infor-
mation could serve as the basis for predicting the rel-
ative growth stimulation of C4 species as atmospheric
CO, continuesto increase.

I rrespective of mechanism, it seems clear from the
current data that substantial variation in the response
to elevated CO, exists within C4 species, especial-
ly between weeds and crops. Such variation does not
seem to be related to consistent changes in either gs
or in the ratio of C;i/C, between crops and weeds as
CO, increases. While the source of such variation
is unknown, differential sensitivity to increasing CO,
could have consequences with respect to competition
and crop productionin agricultural systems. Itisgener-
ally acknowledged that whilethe C4 pathway occursin
relatively few plants, C, species are disproportionally
over-represented in lists of major weeds. For example,
of the 76 ‘worst’ weeds, 42% are C4 plants (Paterson
1985). Greater stimulation of C,4 weeds at higher CO,
concentrations could not only influence C4 weed/Cy
crop interactions (e.g. S. halapense and S. bicolor);
but, in addition, the response of some C, weeds (e.g.
A. retroflexusinthe current study) aregreater thanthose
reported for some Cs crops (e.g. tomato, see Table 4.8,
Acock and Allen 1985). It is unfortunate that, to date,
no studies of the relative yield response at elevated
CO; of either C3 or C4 crops in competition with Cy4
weeds have been reported under field conditions.

In conclusion, while differences between the Cj
and C, photosynthetic pathways still indicate a larg-
er relative response of Cs to C4 plants with increased
CO; levels, it should not be assumed that C, plants
areincapable of responding to elevated concentrations
of carbon dioxide. Such responses appear to be inde-
pendent of any improvement in water relations even
in the absence of drought (e.g. Z. may, A. retroflexus
and A. hypochondriacus). Direct effects on photosyn-
thesis and/or growth to elevated CO, could indicate
changes in the ability of a given C4 species to con-
centrate CO, at the site of carboxylation; however,
additional details are needed. In any case, interspecif-
ic variation in the response of C4 plants, particularly
between crop and weeds may have eco-physiological
consequences which could alter crop production in a
future higher CO, world.
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