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It is recognized thar as a result of anthro

We tested whether the efficacy of chemical weed control might change as atmo-
spheric CO; concentration (CO,)] increases by determining if tolerance to a widely
used, phloem mobile, postemergence herbicide, glyphosate, was altered by a doubling
of {CO,). Tolerance was determined by following the growth of Amamnchus retro-
flecus L (redrooc pigweed), a C4 species, and Chenopodium album L. (common
laml ), a Cs species, grown at near ambient (360 pmol mol-!) and ewice
ambienc (720 pmol mol-') [CO,] for 14 d following glyphosate application at races
of 0.00 (concrol), 0.112 kg ai ha=! (0.1 X che commercial rate), and 1.12 kg ai
ha-! (1.0 X the commercial rate) in four separate crials. Irrespective of (CO),
growth of the Cy species, A. retroflexss, was significantly reduced and was eliminaced
altogether ac glyphosate applicadon rates of 0.112 and 1.12 kg ai ha"!, respectively.
However, in contrast to the ambient (CO,] treatment, an application race of 0.112
kg ai ha~! had no effect on growth, and a 1.12-kg ai ha~! rate reduced burc did noc
eliminace growth in elevated [CO,}-grown C. album. A.ldwuﬁilﬂyphosate tolerance
does increase with plant size at the time of applicadon, di ces in glyphosate
colerance berween CO, teatments in C. album cannot be explained by size alone.
These data indicate chac rising acmospheric [CO;] could increase glyphosate toler-
ance in 2 C; weedy species. Changes in herbicide tolerance at elevared [CO,] could
limit chemical weed control efficacy and increase weed—crop competition.

Nomenclature:  Glyphosate; Chenopodium album L. CHEAL, commen lambs.
quarters; Amaranthus resroflexus L. AMARE, redroot pigweed.

Key words: "Climacg change, cartson dioXide; postemergence, CHEAL-AMARE

ic activities,

changes that could influence herbicide uptake rates, herbi-

the concencration of carbon dioxide [CO,] is increasing in
the earth’s atmosphere and should reach 600 wmol mol-!
sometime during the middie of the 21st cencury (Conway
et al. 1994; Houghron et al. 1996). It has long been known
that CO; was the entry poinc for carbon in the biological
cycle and that increasing (CO,] resulted in a general stim-
ulacion of leaf photosynthesis and plant growth (Bowes
1996). The andicipated stimuladon in growth should be
greater in plancs with the C; photosynthetic pathway
(~95% of all planc species) than in those with the C¢ pho-
tosynchetic pathway, due, in part, to the amount of carbon
lost chrough photorespiration in each pachway (Poorter
1993). -

In agriculcural systems, a number of studies have quan-
tifed the photosynthetic and growth responses of major
crop and weedy species to future increases in atmospheric
carbon dioxide (e.g., Bunce 1997; Patterson and Flinc 1980;
Tremmel and Patverson 1993, 1994; Ziska and Bunce
1997). It is clear thac substandial increases in photosynchesis
and growth can be ancicipated with increasing (CO,), al-
though fewer studies have measured competitive interactions
berween weeds and crops directly (Parterson 1995; Pacterson
and Flint 1990).

Because increasing (CO,] can stimulate weed growth
and, presumably, alter weed—crop compedton, how will
[CO,] alcer future chemical weed control efforts in agricul-
cural systems? This area of research remains primarily spec-
uladive (see Pactrerson 1995), buc growth ac elevated {CO-]
could resule in anacomical, morphological, and physiological
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cide movement, and overall effectiveness. For example, in-
creasing [CO,] can increase leaf thickness and reduce sto-
matal number and conductance, possibly limidng uptake of
foliar-applied herbicides. Decreased stomacal conductance
with increasing (CO,] could also reduce transpiracion and
uptake of soil-applied herbicides. The duradon of time
weeds are susceptible o herbicide weatment could also be
affected because at elevated [CO,], time spent in che seed-
ling stage (usually the time of greatest effectiveness in post-
emergence, foliar-applied herbicides) could be reduced if in-
creasing {CO,] stimulates growth. In addition, for perennial
weeds, increasing [CO-] could stimulace greacer rhizome
and tuber growth, making herbicidal control of such weeds
more difficulc and costly.

Although cthere are empirical reasons for assuming that
growth ac fucure levels of [CO,] could influence herbicide
efficacy, we are aware of no study that has compared the
reladive effectiveness of herbicide control for susccpt.xble
weedy species as a function of carbon dioxide concencrauon.
We chose glyphosate (formulation: “Roundup”) as 2 widely
used, phloem mobile, postemergence herbicide. Although
new herbicides are likely in che furure, the currenc monetary
investment in glyphosate and its overall effectiveness suggest
that its widespread use will coincide wich che global rise 1n
atmospheric {CO,)] well into the next cencury. In the current
experiment, we used two weedy species, chosen among the
world’s worst weeds (Holm et al. 1977): Amaranthus resro-
flexus (redroot pigweed) and Chenopodium album (common

lambsquarters), 2 C4 and Cj species, respectively, to deter-



mine the efficacy of glyphosate ac cwo different plant growth
stages (seedling and maruricty) and two different CO, con-
centrations.

Materials and Methods

Experiments were conducted in two air-conditioned
glasshouses located at the USDA-ARS Climare Stress Lab-
oratory in Beltsville, MD. Each glasshouse was 13.5 m? in
surface area and transmiwted 65% of incoming photosyn-
thetically active radiation (PAR), with temperature and CO,
concentration maintained wichin preset limits. Glasshouses
were designed to maintain maximum and minimum tem-
peratures berween 31 and 17 C, respectively. Temperarure
sensors in shaded, ventilated enclosures were placed near the
top of plants in each greenhouse. PAR sensors were located
near the top of each greenhouse. Dew-poinc temperatures
were determined periodically near midday and closely ap-
proximated those of ourside air. Carbon dioxide was main-
tained by a WMA2 infrared gas analyzer,! which injected
CO, if levels fell below 350 and 700 wmol mol-!, respec-
tvely, for each glasshouse. Blowers constandy circulated air
in the glasshouses and provided an air speed of about 0.5
m s~! over leaves. A data logger? recorded PAR, tempera-
ture, and CO, concentration in both glasshouses ac 30-s
intervals.

Seed of A. retroflexus, a broad-leaved Cy species, and seed
of C. album a broad-leaved C; species, obtained from local
_populations, were sown on two different dates in che spring
(Mareh 20-and-April-3}-and-again-in the“summer-(June 26
and July 10) in 14-cm-diam (1.8 L) pocs filled wich ver-
miculite. CO; treatments were switched between glasshous-
es, and the experiment was repeated in the summer monchs,
pardy to confirm earlier findings and because the shorter
spring days resulted in early anchesis and reduced vegerative
growth for A. remoflecus. After emergence, seedlings were
thinned to one per pot with 50 pocs per species, and growth
stage was randomly assigned to one of the two CO, treat-
ments. Pocs were flushed daily with a complece nutrient so-
lution and rotated weekly to minimize microclimate effects
within a glasshouse. CO; treatmencs assigned to a given
glasshouse were switched between spring and summer e-
periments. Solutions of commercial glyphosate? (wich no
addicional surfacrant) were applied on April 16 (13 and 27
d after sowing, DAS) and again on July 27 (17 and 31 DAS)
ac spray races of 0.00 (control), 0.112, or 1.12 kg ai ha-!
(0.1 X and 1.0 X of the recommended rate) using a pres-
surized backpack sprayer with TeeJer 8003-E nozzles.é
Plancs 13 and 17 DAS were still in the seedling scage (i.c.,
<10 cm in height and endirely vegetative), while chose 27
and 31 DAS had flowered. Sixteen plants per species, CO,
treatment, and growth stage were sprayed with each gly-
phosate concentration. To prevent short-term changes in
stomaaal conductance, herbicide applications were per-
formed in the respective glasshouses to mainrain near nor-
mal ambient and elevated CO, treatment levels (365 and
723 wmol mol~!, respectively, when averaged for the April
16 and July 27 applicadons). No significant differences in
24-h average day/nighc temperatures or PAR were observed
berween glasshouses for a given experimenc (Table 1). As
mighe be ed, average day/night temperacures and PAR
were higher for the July/August experiment compared to

Taste 1. Average 24-h values for dayrime and nighttime CO con-
centrations, day and night temperatures, and PAR during che 14-
d period following glyphosate application for the ambient and el-
evated CO, greenhouses. Greenhouses were switched berween

tme

mol

m=2

d-t

April 16-30 Amb. 390.7 5174 25.1 198 19.1
Elev. 720.7 7307 249 194

July 27-Augusc 10 Amb. 381.0 443.0 264 212 319
Elev. 7279 7321 260 208

March/April (Table 1). No difference in CO, concencradon
(for a given CO, treatment) was observed berween experi-
ments. However, for both experiments, nighttime CO; con-
centrations rose to 440 and 520 pmol mol-! for the am-
bient glasshouse (Table 1).

__ Single-leaf photosynthesis (measured as A, the rate of
CO; assimilation) and stomatal conductance were obrained
1 d prior to and 7 d after spraying with glyphosate for
postlowering plants of each weedy species for both the
spring and summer experimencs. For each sampling time,
assimilacion was determined on the uppermost fully ex-
panded leaf for six plants of each species and CO; treat-
ment._Measuremengs_were_made using a_portable_open-gas
eéxchanige system’ incorporating infrared CO, and watér va-
por analyzers for determining net photosynthetic CO; up-
cake rate and stomatal conductance.! PAR was supplied by
a separace lighc unic that produced a constant PAR of 1,600
pmol m=2 s=! for all measuremencs of gas exchange. The
water vapor pressure surrounding the leaf was approximacely
1.5 kPa and did not vary berween CO; treatments or spe-
cies.

One hour prior to glyphosate application on April 16
and July 27 ax?d 5, 10, gm)'g 14d a&pegward (4,9, and 14 d
for che July 27 date), four to six planes of each species,
growth stage, and CO; treatment were cuc at ground level
and separated into leaf laminae, stems (including petioles),
and roots. At the time of spraying, planc height was also
determined for six postflowering plants of cach species. CO-
creament had no effect on plant heighe for A. resroffexus at
the time of spraying, while C. album heights were 31/47
cm and 42/62 cm f%r the ambient and elevaced (CO;] for
the April 16 and July 27 applicadions, respectively. Leaf area
was determined photometrically with a leaf area meter.> Leaf
area was obtained only on upright green leaves. Dry weighes
were obrained separarely for leaves, stems, and rooss. Ma-
terial was dried at 55 C for a minimum of 72 h (or unul
dry weight was constant) and then weighed. If dry weight
did not significantly increase over the 14 d following spray-
ing, plants were considered to have died.

The effect of elevated CO- on growth and gas exchange
with and withour glyphosate application was analyzed sep-
arately for each species, growth stage (seedling or postfow-
ering), and application time (April 16 or July 27) for a given
sampling darte using a Student’s unpaired ¢ test assuming
unequal variance. Unless otherwise stated, differences were
determined to be significanc at the P < 0.05 level.
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Tasce 2. Changes in scomatal conduczance (g, mmol m=2 s-') and single-leaf photosynchesis (4, pmol m=2 s-") for Amaranthus retroflexus
(C,) and Chenopodium album (C;) grown at ambient (390 pmol mol-!) and elevated (720 pmol mol-!) carbon dioxide (measured ac
370 and 700 pmol mol-!). C, no herbicide application; 0.1 X, 10% of recommended rate; 1.0 X, 100% of recommended rate. Mea-
surements were taken for the lasc fully expanded leaf at full sunlight (~1,400 pmol m-2 s-!) for postflowering plants only. No green
leaves were available for A. retroflexus at che 1.0 X herbicide treacment for the April 16~30 experiment or for the ambient CO; treatmenc
for che July 27-Augusc 10 experiment. * indicates a significant difference in g or A between the elevated and ambienc [(CO,] treatmencs
for a given species and application rate (Scudenc's unpaired ¢ test, n = 6).

April 16-30 July 27-August 10
Species {CO,4] Herbicide o A o A
wmol m-2 s-
Prior to spraying
A. rewroflexus Amb. 679.2 37.7 523.1 49.0
Elev. 455.2* 40.2 221.5* 45.6
C. album Amb. 4,383.8 31.8 6,251.0 403
Elev. 1,422.0° 40.2* 1,285.2° 52.8
Seven days after spraying
A. retroflexus Amb. C 926.0 425 531.1 327
Elev. C 298.0" 42.2 177.77 32.0
A. retrofiexus Amb. 0.1 x 341.0 33.0 3145 27.4
Elev. 0.1 X 197.2 35.5 259.0 34.5*
A. retroflexus Amb. 1.0 X
Elev. 1.0 X 142.2 8.9
C. album Amb, C 5.463.4 35.9 1,490.0 29.3
Elev. C 2,216.5" 40.2* 512.3" 38.5"
C. album Amb, 0.1 x 4,350.6 33.6 1,290.1 30.5
Elev. 0.1Xx 3,369.2° 46.6* 504.8 37.6"
C. album Amb. 1.0 X 2,068.8 20.0 620.0 19.2
Elev. 1.0 x 587.0" 25.6* $55.2 38.3*
Redroot pigweed Results
Seedling Prior to application of glyphosate, growth at elevated
Sprayed Apeil 15 Sprayed July 27 [CO,] resulted in a significant increase in photosynthesis
"""" o e (+26, +31%) and a decrease in stomaral conducrance
Coatrol ! Coatroi (—68, —79%) relative to the ambient {CO,] in single leaves
. of the C; weed C. album for the April 16 and July 27
‘ applications (Table 2). A similar pattern was observed for
stomatal conductance in the Cy weed, A rerroflexus (—33,
- e - e E - —59%), but no effect of elevated (CO;] on photosynchesis
"2 _ i 2 was observed (Table 2). For the April 16 application, post-
i i Rate i Race 3 Bowering A retroflexus leaves had completely wilted at the
z "E 1.0 X rate for both CO, creacments wichin 7 d after spray-
2 o ing wich glyphosate. Initial resules were similar for che July
z e I 27 application; however, leaf regrowth from the main stem
E e - -~ occurred ac the elevated CO; treatment, allowing measure-
L0x Rate 1.0% Rate ment of leaf photosynchesis (Table 2). For C. album, gly-
phosate had no effect on photosynthesis or conductance at
t - ; the 0.1 X level for either application date relacive to the
il i
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Ficure 1. Change in whole-planc dry weighe in seedlings of Amarandins
rerroflexus for 14 d following applicacion of glyphosate at eicher 0 (concrol},
10% (0.1 X), or 100% (1.0 X) the recommended commercial race. Appii-
carion dates for glyphosace were April 16 (spring) and fuly 27 (summer).
Plancs were grown ac either ambienc (O solid line) or elevaced (® dashed
line) (CO,}. Growth rate was considered posicive if plant dry weighes in-
creased over 14 d. If dry weight was unchanged or decreased over chis same
period. plants were considered o have died. ~ indicates a significant differ-
ence berween elevated and ambient CO: crearmencs for a given sampling
time and application race (Scudend’s ¢ cest, # = 4 0 6). See Mechods for
additional deeails.
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photosynthetic performance at a given CO; level for the
control (Table 2). Ac the 1.0 X glyphosate rate, photosyn-
thesis was reduced for both {CO,] treatments (April 16) and
for the ambienc (CO,] treatmenc relative to the control (Ta-
ble 2). However, significant stimulations in photosynthesis
or decreased stomaral conductance at elevated reladive o am-
bient (CO,] were still observed for all three glyphosate creat-
ments (Table 2).

Growth at elevated [CO,] had no effect on fnal dry
weights of A rerrg control seedlings from 13 to 27
DAS (April 16) or from 17 to 31 DAS (July 27) (Figure
1). Adding glyphosate at the 1.0 X rate resulted in seedlin
death for both application dates, with no effect of [CO:
on susceptibility. However, for the July 27 application, gly-
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Ficure 2. Same as Figure |, buc for posdlowering plants of Amamndhs

phosate at the 0.1 X rate did not result in death for the
elevated (CO;]-grown A. resroflexus seedlings, although their
growth _rate was_reduced relarive to the control (Figure 1)..
For ‘postflowering™ A retroflexus,” slightly greater tolerance to-
glyphosate at elevated [CO,] was o in some instanc-

es. For che April 16 applicadion, the 1.0 X rarte resulted in

plant death with no of COy concentration, whereas
at thé 0.1 X rate, ambient-grown A. resry, died, and
elevated [CO,]-grown A. retroflexus doubled in size 41 DAS

(Figure 2). In conerast, for the July 27 application, a 0.1 X

rate was ineffective in reducing che growth of A. rerroflexus
at either CO; concentration, whereas positive growth was

still maintained for che elevated (CO,J-grown plancs, even
with a 1.0 X glyphosate rate (Figure 2).

Elevaced (CO,] per se resulted in a significanc increase in
plant dry weight of control C. album seedlings from 13 to
27 DAS (April 16) or from 17 to 31 DAS (July 27) (Figure
3). For cither application dace, glyphosace (0.1 X, 1.0 X
rate) applied to elevated [CO.]-grown plants did not resule
in seedling deach, alchough the increase in dry weighe at che
1.0 X rate was significandy reduced reladive to the elevated
{CO,] control (Figure 3). In contrast, che increase in dry
weight of ambient [CO,}-grown C. album seedlings was ei-
ther severely reduced (0.1 X) or eliminated (1.0 X) with
glyphosate (Figure 3). For postflowering control plants of
C. album, elevated [CO,] resulted in significandy higher dry
weight from 27 to 41 DAS (April 16) or from 31 o 45
DAS (July 27) (Figure 4), although most of the stimuladion
in dry weight as a result of increasing (CO,] probably oc-
curred earlier during the seedling stage (see control graph,
Figure 3). As with the seedling response, postflowering C.
album plants grown art elevated [CO,] were less sensitive to
glyphosate applied ac che 0.1 X rate (no significant change
reladve to the control at elevated (CO,)), while dry weight
of ambient-grown C. album was reduced for boch applica-

don daces. Following treatmenc atr the 1.0 X race,
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Ficune 3. Same as Figure 1, buc for seedlings of Chenopodium album. Note
that che scale of the y-axis is reduced for the 1.0 X race (bocrom graph) co
beteer illustrace differences berween CO, concentrations.

weights of C. album grown at elevated [CO,] were signifi-
candy less than the respective control but were still positive
compared to ambienc-grown C. album (Figure 4).

. -—Although_dhe absolute changes-in- dry-weight varied-as-a

function of application dates, C. album demonstrated in-
creased tolerance to glyphosate at either growth stlzge at the
elevated CO; concentration, as evidenced by significant in-
creases in leaf area and leaf, stem, and rooc weights (as well
as coral dry weight) relative to the ambient CO,-grown
plants following spraying (Tables 3 and 4). Even at the com-
mercially recommended rate (i.e., 1.0 X), green leaves were
still observed for postlowering C. album 14 DAS (Tables 3
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Taste 3. Vegeracive and cotal dry weights (per planc) of Amaranchus resroflexus (Cy) and Chenopodium album (C3) grown ac ambienc and
clevated carbon dioxide 14 d after postemergent treatment with glyphosate on April 16. C, no herbicide application: 0.1 X, 10% of
cecommended race; 1.0 X, 100% of recommended rate. Seedlings were sprayed 13 DAS, and postflowering plants were sprayed 27 DAS.
n = 4. Dry weights for A. retroflexus seedlings at 0.1 and 1.0 X application rates at eicher {CO;) are not available due to planc deach. E/
A is the ratio of total dry weight for the elevated : ambient CO, treacment for a given level of glyphosace applied. * indicates a significant
difference between the elevated and ambient {CO,) treacments for a given growth parameter for a given species and growth stage (Studenc’s

unpaired ¢ test, 2 = 4).

Leaf wt

Species [CO,] Herb Leaf area Stem we Root wt Torcal wt E/A
cm-'
Seedling stage
A. resroflexus Amb. C 65.8 0.21 0.14 0.12 0.46
Elev. C 86.1 0.25 0.14 0.14 0.53 1.15
C. album Amb. C 229.5 0.69 0.38 031 1.38
Elev. C 324.0* 1.06* 0.61° 0.49 2.16* 1.56"
C. album Amb. 0.1 % 454 0.12 0.06 0.06 0.25
Elev. 0.1 x 210.0" 0.68* 0.39" 0.33* 1.39* 5.56*
C. album Amb. 1.0 % 0.0 0.00 0.01 0.00 0.01
Elev. 1.0 X 3.5 0.04" 0.04" 0.03~ 0.11* 11.25*
Maruricy
A. retroflexus Amb. C 407.0 2.03 6.29 0.74 9.07
Elev. -C 508.0 2138, 7.64" 0.82 10.63
A retroflexus Amb. 0.1x 205.0 0.66 2.94 0.37 3.96
Elew. =~ 01X 362.5° 1.94° 335 0.49 5.78
A. retroflexus Amb. “1,0 X 0.0 0.00 1.54 0.17 1.72
Elev. 1.0x 0.0 0.00 1.33 0.12 1.45
C. album Amb. C 857.8 4.04 9.22 204 15.29
Elev. C .384.3" 5.72% 11.80* 2.59 20.11 1.327
C. album Amb. 0.1 X 466.5 2.17 3.49 112 5.15
Elev. 0.1 x ,229.0" 617" 9.36" 2.01* 17.53*
C. album Amb. 1.0 X 0.0 0.00 0.93 0.15 1.08
Elei,  —EOX CggSI_T EAPS. D308 0I5 T 480% Aagm
3 Green, nonwilted leaves only.
b All leaf matecial.

and 4). For the July 27 applicacion, no significant difference
was observed berween the ambient control and the elevated
1.0 X treatment 14 d after postemergent trearment with
glyphosate (i.e., 40.6 vs. 30.7 planc-') (Table 4). Because
of the influence of elevated [C(gz] on dry weight after spray-
ing, the ratio of total dry weight for the elevated : ambient
CO, treatment increased significancly with increasing rates
of glyphosate in C. album (Tables 3 and 4). For A. retro-
flexus, changes in leaf area and in leaf, stem, and root
weights indicated that increased tolerance to glyphosate was
not consistently observed (Tables 3 and 4).

Overall, herbicide tolerance can be defined as the extenc
to which growth rates are reduced by an herbicide. A de-
termination of relacive growth rate (RGR) averaged from all
trials demonstrated that for A. rerroflexus, on average, gly-
phosate applied ac the 0.1 X rate reduced the RGR by half
and, v:ihenth )gxzr;n ac tgx)e (1;.0 X rate, reduced it to zero (i.e.,

lant death) (Figure 5). Growing A. resroflexus at either am-
gient or clmtesu{COzl didwrlxrol% alter glyphosare tolerance.
In contrast, glyphosate applied w0 clcvacc);r [CO,)-grown C.
album either had no effect (0.1 X rare) or rcduccgr bur did
not eliminate growth (1.0 X race), whereas growth of am-
bient [CO,)-grown C. album was either significandy re-
duced (0.1 X rate) or eliminated altogether (1.0 X rate)
(Figure 5).

Discussion

Elevated [CO,] per se resulred in a significant stimulation
of leaf photosynthesis, plant growth, and height and a sig-
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nificanc reduction in stomatal conductance in the Cs stgc—
cies, C. album. Increasing CO, concentration had no effect
on growth and planc heighe in the C, species, A. remoflexus.
In general, these observed differences are consistent with the
response of C3 vs. C4 plants to elevated CO; concentration
(Kimball et al. 1993; Poorter 1993; Ziska and Bunce 1997).

If the growth of C; weeds such as C. album can be di-
rectly stimulated. by future levels of atmospheric carbon di-
oxide, how will this affect chemical weed concrol efforts? In
general, the larger a planc is when a postemergence herbicide
is applied, the less effective the herbicide. 1 increased tol-
erance to glyphosate is observed ac elevaced [CO} in o
album, does this simply reflect a larger size of the planc (due
to growth at elevaced [CO,)) at the time of glyphosace ap-
plicacion? For example, in the present study, C. album plancs
spend about 5 d less in the seedling stage when grown at
elevated [CO,]. This illuscrates a simple but importanc
point—i.e., that the efficacy of glyphosate (and other post-
emergence herbicides) would be reduced at elevared [C;Qz]
because the time spent in the stage of greatest herbicide
sensitivity would be shortened. Clearly, therefore, the size of
the planc at the dme of spraying would be an important
consideradon.

The relarive influence-of plant size to glyphosate rolerance
can be determined by plotting the ratio of the dry weight
of weated plants to that of cheir respective control 2 wk
after glyphosate application as a function of the inicial dry
weight ac che time of spraying. If increased tolerance is sim-



Tanie 4. Vegetative and cotal dry weights (per plant) of Amaranthus recroflexus (Cy) and Chenopodium album (Cj) grown at ambienc anc
elevated carbon dioxide 14 d after postemergenc creacment with glyphosace on July 27. Seedlings were spiayed 17 DAS, and postflowering
plants were sprayed 31 DAS. #n = 4. All other paramerers are given in Table 3. )

Species (CO4 Herb. Leaf area Leaf we Scem wt Root wt Total wrt EA
: s
Seedling stage
A rnmﬂo:w Amb. C 1,720 6.68 7.09 3.83 17.60
Elev. C 1.815 7.14 8.36 3.82 19.31 10
A. resroflexus Amb. 0.1 x 573 1.95 1.33 0.72 4.00
Elev. 0.1 x 793" 2.98* 2.02* 2.19" 7.19* .80"
A. retroflexus Amb. L0 X 0.0 0.00 0.47 0.04 0.52
Elev. 1.0 x 0.0 0.00 0.44 0.09 0.46 0.89
C. album Amb. C 1,092 4.06 3.13 137 8.55
Elev. Cc 1,188 4.94 3.43 2.05" 10.41* 22"
C. album Amb. 0.1 x 1,076 3017 2.13 1.05 6.35
Elev. 0.lx 1,614* 6.42* 474" 237 13.52* 213
C. album Amb. 1.0 x 0.0 0.00 0.33 0.05 0.38
Elev. 1o x 0.0 0.00 0.92° 0.12" 1.03" 271"
Macurity
A. retroflecus Amb. C 3,394 13.94 33.36 7.63 54.92
Elev. C 3.382 14.20 - 32.85 7.06 54.10 0.99
A. retroflexus Amb. 0.1 X 3,167 13.74 33.39 8.25 55.37
Elev. 0.1 x 3.930" 16.33* 34.46 8.01 58.80 1.06:
A. resroflexus Amb. 1.0 x 0.0 0.00 10.34 2.38 12.71
Elev. 1.0 X 177 0.38* 13.10" 2.99 16.25* 1.28*
C. album Amb. C 3,615 14.42 19.66 6.52 40.60
Elev. C 3,675 16.58 27.34° 7.30 $1.20
C. album Amb. 0.1 x 2,696 10.17 17.79 3.89 31.86
Elev. 0.1 x 3,547 15.87° 30.38* 6.357 52.60* 65"
C. album Amb. 1.0 X 5382 4.70b 598 1.65 12.33
‘Etev- T.00¢ TAI™ 994 pin .99 ¢, < 356 Z30.68% 2.49°

* Green, nonwilted leaves only.
b All leaf macerial.

ply a functon of plant size, chen ambient and elevated
{CO;]-grown plancs should have a similar response.

The four separate trials described previously provided a
range of plant sizes (dry weights) ac the time of glyphosate
application. Amaranthus retroflexus treated ac the 1.0 X race
showed enhanced tolerance (i.e., the dry weight rato of
sprayed to unsprayed plant increased) as the initial plant
weight at the tme of spraying increased, but no difference
between ambient and elevated (CO,J-grown plants was ob-
served (Figure 6). Chenopodium album plants also demon-
scrated increased glyphosate tolerance with size. However, a
distince response was observed for each [CO,) trearmenc ac
the 1.0 X rate. Thar is, glyphosate tolerance was increased
as the size of the planc to be sprayed increased, but for any
size plant, growth at elevated [CO,] resulted in enhanced
tolerance celative to the ambient (CO,) condition (Figure

If che differences are not only a reflection of planc size ac
the cime of spraying, what is the basis for increased tolerance
to glyphosate ac elevated [CO,] for C. album? It is reason-
able to suggest chat a [CO4J-induced reduction in stomatal
conductance may have limited glyphosate uprake. Indeed,
in chis study for postlowering C. album plants, stomatal
conductance was reduced by ~73% at elevated (COs).
However, A. retroflexus also showed a teduction in conduc-
tance with elevated {CO,] (~45%) and a much lower con-
ductance relacive to C. album overall, but it did not exhibic
increased tolerance to glyphosate as determined by changes

in RGR. This does not rule out [CO,]-induced changes in
foliar absorption and a subsequent reduction in glyphosate
upcake; however, glyphosate absorption is not necessarily
through stomates, and actual concentrations of glyphosace
in the plants following application were not determined.
Even if glyphosate uptake rates did not differ as a func-
tion of elevated [CO,], there are still 2 number of physio-
logical changes commonly observed in elevated [CO,]
plants thac could influence glyphosate effectiveness. In gen-
eral, protein content per of tissue can be reduced at
elevated (CO.] (Bowes 1996), which could resulc in less
demand for aromacic amino acids (glyphosate is the prin-
cipal inhibitor of the shikimic acid pathway chac is involved
in the production of aromacic amino acids [Vaughn and
Duke 1991}]). Alternatively, high leaf starch concentradions
that commonly occur in Cj plancs under CO; enrichment
could incerfere wich herbicide activicy (Pacterson 1993). For
Beta vulgaris L. (sugarbeet), short-term increases in CO:
concentration restored net carbon exchange in glyphosate-
treated plancs (Geiger et al. 1986). However, it is clear thac
addicional experimencs are needed to determine whether el-
evated CO; resules in reduced glyphosate uptake or alcer-
ation of glyphosate activity for A rerroflexus and C. album.
Irrespective of the mechanism, the present study dem-
onstrates that growth at elevated (CO.] can increase toler-
ance to glyphosate. In C. album, for example, although the
dry weighe ar cither stage of growth (for boch experiments)
was gready reduced ac elevated [CO,] ac che 1.0 X appli-
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Ficure 5. Average change in RGR (g g*! d~!) as a function of creaement
{CO,] for the 14-d period following glyphosate application in Amaranthus
recrofiexus and Chenopodium album. C = no herbicide, 0.1 X = 10% of
recommended rate, and 1.0 X = 100% of recommended rate. Commos
means separated by different lecters are stadistically differenc (P < 0.05)
relacive o the concrol (LSD). Bars are = SE.

cation rate, growth (as determined from the observed chang-
es in whole-plant dry weight) was still positive, and green
leaves were still presenct 14 DAS. No ambient C. album
plants survived (i.e., no significanc increase in dry weighe
was observed) during this period. Survival suggests regrowth
and seed production of elevated [CO,]-grown C. album
plants over time. For A. rerroflexus, the results are less clear.
Regrowth of green leaves for postflowering, elevated (CO:}-
grown plancs in the July trial treated ac che 1.0 X rarte sug-
gests enhanced tolerance. However, regrowth, while signifi-
cant, was small. Longer observation periods would be need-
ed in future crials to confirm regrowth for this species.
One of the few positive benefits associated with the on-
going rise in atmospheric [CO,] is che anticipated increase
in crop growth and productivity. However, the daca pre-
sented here show that postemergence application of gly-
phosate at commercial rates may be inadequate to control
such common and troublesome C; weeds as C. album. Fur-
ther applications, or addicional glyphosace, could presum-
ably control such weeds. but would add to che economic
cost of weed control. Consequendy, one unintended con-
sequence of higher [CO-] levels may be to hinder chemical
weed control efforts with subsequent effects on crop~weed
competition. While additional data are needed to confirm
the ubiquity of glyphosate tolerance for elevated [CO,l-
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Ficure 6. Relacionship between the initial weight of Amaranthus reeroflexus
and Chenopodium album plants at the time of glyphosate applicacion (1.0 X
race) and the ratio of the dry weighe of che sprayed plancs co the ambient
or elevated (CO;l concrol (nonsprayed) plancs after 14 d (as a percenca ).
Increases in the “percent celacive to the control” indicate decreasing eftec-
civeness of glyphosate in controlling growth. For racios of dry weight <
5%. plancs were considered to have died. Daca were obeained from separace
ceials on seedling and poscflowering plants done in the spring (March/April)
and summer (July/Augusc).

grown C; plants, if chemical weed control does become less
etfective, any potential increases in agricultural productivity
with increasing atmospheric {CO,) could be adversely at-
fected.

Sources of Materials

| WMA2 infrared gas analyzer, CIRAS-1, PP Systems, 241
Winter Sereer, Haverhill, MA 01830.

2 Dara logger, Campbell Scientific, 815 West 1800 North, Lo-
gan, UT 84321-1784.

3 “Roundup” commercial glyphosace, Monsanto Agriculural
Products. 800 North Lindbergh Boulevard, St. Louis, MO 63167.

4 TeeJer 8003E nozzles, Spraying Systems Corp., Wheaton, L
60187.

5 Leaf area meter, model 3100, Li-Cor Corporation, Lincoln,
NE 68504.
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