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Response of Soybean Growth to Elevated CO, Conditions
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ABSTRACT: The study examined the effects of CO,
enrichment on growth of soybean (Glycine max). Two soy-
bean varieties were used, Taekwang and Cheongja. The
plants were grown in growth chambers with a 12-h photo-
period and a day/night temperature of 28/21°C at the
seedling stage and 30/23°C from the flowering stage. The
plants were exposed to the two elevated CO, levels of 500
and 700 ppm and the ambient level of 350 ppm. Results of
the experiment showed that at the second-node trifoliate
stage of the two varieties, the elevated CQO, increased plant
height, leaf area and dry weight. The elevated CO, also
raised the photosynthetic rate of soybean as compared to
the ambient level. From the beginning bloom stage to the
full maturity stage of the two varieties, the elevated CO,
increased plant height, leaf area, seed weight and photo-
synthetic rate. The stomatal conductance and transpira-
tion rate decreased on long days relative to short days of
treatment. Through the entire stages, the elevated CO,
increased the water use efficiency of soybean plants
because stomatal conductance and transpiration rate
decreased at the elevated CO, levels relative to the ambi-
ent level.

Keywords : CO, enrichment, soybean, photosynthetic rate, sto-
matal conductance, transpiration rate, elevated CO,

he acceleration of industrial development has continu-
ously increased the emission of carbon dioxide into the
atmosphere. The atmospheric CO, level increased from
315.98 to 377.38 ppmv from 1959 to 2004, showing 1.4
ppmv annual increment (Keeling & Whorf, 2005). Conse-
quently the influence of elevated CO, to soybean growth has
been extensively investigated and many research results
have been produced (Ackerson er al., 1984; Allen et al.,
1991; Ferris et al., 1999). The research on plant responses to
the greenhouse gas concentration by the use of environ-
ment-controlled growth chambers showed an association
and responses to a rise in the temperature (Pickering et al.,
1994), as well as an important variation in the physiological
development and the grain yield (Baker & Allen, 1993;
Allen & Boote, 2000).
As the CO; level was on the rise in soybean growing, so
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were the photosynthetic rate, leaf area and grain yield (Jones
et al, 1984, 1985a, b, c; Valle ef al., 1985; Campbell et al,
1990; Allen ef al, 1990). Soybean yield showed less
response to the elevated CO, than photosynthetic and plant
weight reponses (Grashoff et al,, 1995; Wand et al., 1999).
To maintain and increase soybean yield, it is important to
find the varieties that can maximize the potential photosyn-
thetic advantages under the elevated CO, level (Ziska et al.,
1997). Prior & Rogers (1995) reported that some soybean
varieties showed little difference in plant dry weight at the
vegetative growth period and only 7% increase of grain
yield when CO, enrichment was about twice the ambient
atmospheric level. Allen ef al. (1991), however, reported
that the same varieties showed 45% increase in plant dry
weight at the vegetative growth period and 20% difference
in grain yield. Similarly, Ferris et al. (1999) reported that
certain soybean varieties showed 1% difference in grain
weight while Ziska et al. (1997) reported 42% grain weight
increase in the same varieties. The water use efficiency of
soybeans increased under the ¢levated CO,, and transpira-
tion rate increased at the rate of 4~5%/°C in the range of
28~35°C (Jones et al., 1985a, 1985b, 1985d).

Curry et al. (1995) utilized the climate change model and
predicted that soybean yield would decrease if the tempera-
ture rose 5°C in the Southwest of America (Allen & Boote,
2000).

To maximize the soybean yield under increasing CO, lev-
els, it will be necessary to select the most suitable varieties
that can overcome regional weather conditions like the ele-
vated atmospheric CO, and temperatures.

This experiment will serve as a basic study to develop
crops that can adjust to the elevated atmospheric CO, level
due to global warming. Parameters analyzed include devel-
opmental characteristics, yields, photosynthetic rate, evapo-
ration rate and photosynthesis-related characteristics under
elevated CO,.

MATERIALS AND METHODS

This experiment was conducted in 2005 using the CO,-
controlled plant growth chamber in an artificial weather
room of National Institute of Crop Science (NICS). Experi-
ment was performed on two varieties, Tackwang and
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Fig. 1. Emergence responses of soybean to CO; enrichment.

Cheongja, treated with CO, at the following levels: 350
(ambient level), 500, and 700 ppm. The treatment lasted for
14-40 days at the germination, V2 and R1 stages, respec-
tively. During the flowering stage, the CO, treatment lasted
from right before the blooming until the full maturity stage.
COs.controlled chambers were utilized for soybean growing
and the purity of CO, was maintained at 99.99%.

The luminosity within the chamber was 900 pmol m™s™.
Temperatures were maintained at 24°C (max 28°C/min
21°C) at the germination and V2 stage, and 26°C (max
30°C/min 23°C) at the flowering stage. The humidity was
maintained at 70~80%, and photoperiod 12 hours. The two
varieties were sowed at the wagner pot (1/5000a) and treated
into the growing chamber during the germination stage, and
then grown in the greenhouse. Fertilization and care were
given according to the usual pot growing method. Investiga-
tions were done three times after each growing stage treat-
ment for 7~25 days at the interval of 7~10 days. The effects
of the treatments on the following parameters were ana-
lyzed: developmental characteristics, photosynthetic rate,
chlorophyl! content, and yield-related characteristics. About
photosynthesis-related characteristics, the amounts of photo-
synthesis, transpiration rate and stomatal conductance were
investigated by the use of the Li-6400 (USA). Chlorophyll
content was investigated by the use of SPAD-502 (Japan).

RESULTS AND DISCUSSION
Germination Stage

The emergence responses of Cheongja (Fig. 1) at the 500
and 700 ppm CO, levels were higher than the control from
sowing until 6 days after, but those of Tackwang showed lit-
tle differences. Seven days after sowing, both Tackwang and
Cheongja showed more then 93% germination rate regard-
less of CO, level. Results indicate that CO, level does not
affect the germination rate of soybeans.
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V2 Stage

Table 1 shows the results of analysis on soybean growth
and photosynthetic rate at V2 stage. Increasing the CO, con-
centration resulted to a corresponding increase in the stem
length of Cheongja at around the 7th and 10th day after the
treatment, At around the 14th day, the stem length decreased
more in the 500 ppm treatment than in the other treatments.
Leaf area and dry weight increased in the enriched CO,
treatments 7-14 days after the treatment. Dry weight of roots
stayed roughly the same regardless of CO, level. Photosyn-
thetic rate increased as the CO, level rose, but showed little
difference among the 7th, 10th and 14th day after the treat-
ment.

For Taekwang, enriching CO, resulted to an increase in
plant height, leaf area and top dry weight on the 7th, 10th,
and 14th day after treatment. Very little difference was
observed for root dry -weight until the 10th day after the
treatment, but around the 14th day higher root dry weight
was observed in the 500 ppm and 700 ppm treatments than
the control treatment. In the case of Tackwang, photosyn-
thetic rate increased as the CO, level increased, but showed
little differences between the 7th, 10th, and 14th day after
treatment.

Flowering Stage

Table 2 shows the growth and photosynthetic rate accord-
ing to the CO, concentration at the flowering stage. Varying
the CO, level did not affect the plant height of Cheongja at
the 7th, 10th, and 14th day. However, longer treatment
period and higher CO, concentration resulted to larger leaf
area. On the other hand, top dry weight showed a big differ-
ence. From the 7th day after the treatment, pods started to
develop and pod weight increased as the CO, treatment con-
centration increased.

Unlike in V2 stage, root dry weight increased in the flow-
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Table 1. Effects of CO, enrichment on the growth and photosynthetic rate of two soybean varieties under V2 stage.

Cultivar Period CO, Plant height Leaf7 area Top dry weight Root dry weight PhotosyI}thetic
(days) (ppm) (cm) (em*/pl.) (g/pl) (g/pl) rate
Control » 26.9 232 0.7 0.1 11.3
7 500 27.8 250 0.9 02 14.4
700 293 256 2.4 0.1 21.0
Control 359 293 0.8 03 8.8
Cheongja 10 500 36.0 311 1.0 0.3 123
700 443 331 24 0.4 17.8
Control 53.8 389 1.5 0.5 14.6
14 500 50.5 395 1.7 0.5 15.9
700 58.1 410 3.1 0.5 20.8
Control 33.0 201 0.6 0.1 14.4
7 500 332 205 1.2 0.1 20.7
700 33.8 207 1.9 0.3 21.8
Control 37.6 210 0.8 0.3 11.8
Taekwang 10 500 384 213 1.4 0.3 15.6
700 426 230 2.0 0.3 20.0
Control 634 294 0.9 0.5 12.6
14 500 63.7 304 1.7 0.7 17.0
700 68.0 345 2.9 0.7 19.8

! Photosynthetic rate : pmol m? s™', * Control : 350 ppm

Table 2. Influence of CO; enrichment on the growth and photosynthetic rate of two soybean varieties at the start of bloom stage.
Period CO,  Plantheight Leafarea Topdryweight Poddry weight Rootdry weight Photosynthetic

ClNAT dayy e em) @mipl)  (ghl) (epl) (@pl) rate
Control 70.6 1,471 8.2 0 25 6.1

7 500 66.5 1,507 11.1 0 2.8 12.8

700 719 1,518 119 0 2.9 15.5

Control 779 1857 122 03 16 119

Cheongja 14 500 753 2337 17.6 1.2 24 25
700 723 2352 17.7 13 25 294

Control 76.7 1,944 1.4 a1 23 13.8

21 500 89.0 2,513 18.9 56 42 16

700 80.0 3,403 206 6.1 3.8 18.6

Control 536 1602 79 0 29 6.7

7 500 59.9 1,762 10.4 0 3.0 20.8

700 56.9 1,916 116 0 3.1 216

Control 776 2,152 10.5 0 16 13.8

Tackwang 14 500 732 2,419 134 0 23 16.0
700 75.5 2,560 16.5 0 27 18.6

Control 773 2,401 132 22 2.0 11.9

21 500 75.0 2,884 203 53 53 25

700 73.7 3,049 213 54 53 294

! Photosynthetic rate : pmol m? s, * Control : 350 ppm
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ering stage as the CO,; concentration increased, but showed
no big difference between the 500 and 700 ppm group. Pho-
tosynthetic rate increased as the CO, concentration increased.

The plant height of Taekwang under the 500 and 700 ppm
treatment groups were longer than control group at around
the 7th day after the treatment, but from the 14th day
onward, longest plant height was observed under the control
group. Leaf area showed big increase as the CO, treatment
period and concentration increased, showing big difference
in top dry weight. The pods of Tackwang developed a little
later than Cheongja on the 21st day after treatment and the
pod weight increased in the 500 and 700 ppm treatment
groups relative to the control group. Root dry weight of
Tackwang and Cheongja increased as the CO, concentration
increased. Photosynthetic rate of both varieties increased as
CO, level increased.

Allen et al. (1991) treated CO, from 160 to 660 mmol/mol
and found out that soybean dry weight increased from 12.88
to 39.12 g per plant, and grain weight increased from 5.77 to
17.85 g. Jones et al. (1984) reported that under the CO, con-
centration of 330 and 800 mmol/mol, the maximum photo-
synthetic rate of the soybean was recorded at 70 days after
sowing and was 60 and 90 mmol CO,/m%s, respectively,
and leaf area index was 6.9 and 9.0, respectively, indicating
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that increased CO, resulted in increased photosynthetic rate.
Moreover, under the CO, concentration of 320 and 640
mmol/mol, the maximum photosynthetic rate was 40 and 75
mmol/m%s, respectively (Jones et al., 1985¢c), and under the
CO, concentration of 330 and 800 mmol/m?/s, the maxi-
mum photosynthetic rate was 40 and 80 mmol/m?/s, respec-
tively(Jones ef al., 1985a, b).

Valle et al. (1985) reported that under the CO, concentra-
tion of 330 and 660 m mol/mol, soybean leaf showed maxi-
mum photosynthetic rate of 30 - 50 mmol/m?/s. Allen et al.
(1990) reported that as the CO, concentration increased
from 330 to 800 mmol/mol, photosynthetic rate increased in
all soybean leaves. Campbell et al. (1990) reported that pho-
tosynthetic rate was higher in 330 than 660m mol/mol of
CO, concentration.

The relationship between soybean nodules and CO, con-
centration is shown in Fig. 2. Both Cheongja and Tackwang
showed increased nodules as the treatment period length-
ened and CO, concentration increased.

Under enriched CO,, the assimilation rate caused the
growth and yield of soybeans. Over time, however, the
increase in overall leaf area and dry weight diminished,
resulting from the reduced carbon usage rate for reproduc-
tion. Davey et al. (1999) reported that the photosynthetic
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Fig. 2. Changes of nodule number according to the days after treatment of different CO, concentrations at R1 stage.
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Fig. 3. Changes in grain yield of soybean according to the concentration of CO, at maturity stage.



RESPONSE OF SOYBEAN GROWTH TO ELEVATED CO, CONDITIONS 307

stimulation of the nitrogen-fixing varieties grown under
enriched CO, was three times as high as that of the non-nod-
ule varieties. Nodule varieties are supposed to have an
added factor of accumulating carbohydrates compared to
non-nodule varieties. This added factor will depend on envi-
ronment, but respiration rate of nodule soybeans played
more important role than sound root tissue (Vessey ef al.,
1988).

Yield Responses

The effects of CO, treatment on the grain vield of two
soybean varieties were analyzed after the CO, treatment
from the blooming to the harvesting stage. As shown in Fig,
3, both Cheongja and Tackwang produced more grain yield
in the 500 and 700 ppm treatment groups than the control
group, resulting in higher grain weight.

Kimball (1983) reported that soybean yield increased by
24% under the elevated CO, concentration. This result was a
little lower than the 33% average increase based on the 430
researches on the crops and CO,, and even lower than the
40% increase as reported by Conroy ef al. (1994).

The grain yield per plant under the 500 and 700 ppm treat-
ment increased compared to the control group. However,
CO, increase during the blooming stage is considered to
promote the aging of the plant.

Correlation of Photosynthetic Rate, Stomatal
Conductance, and Transpiration Rate According to
CO, Concentration

Changes in photosynthetic rate and stomatal conductance
according to the CO, concentration are shown in Fig. 4. In
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relation to increased photosynthetic rate, stomatal conduc-
tance appeared lower in the high CO, concentration treat-
ments than those in low concentration treatments. When
atmospheric CO, rose, most crops responded with lower
transpiration per leaf area. Hence, stomatal conductance
decreased while leaf area index rose. Under doubled CO,
concentration, reports show that a 40% decrease in stomatal
conductance results to less than 10% decrease in water
usage of the crops in chambers or experimental wrappings.
In terms of transpiration rate change of the crops, crop
energy balance is adjusted by the stomatal conductance, leaf
area index, crop structures and climate factors (Allen, 1996).

The correlation between photosynthetic rate and transpira-
tion rate according to the CO, concentration is shown in Fig.
5. Results show that as photosynthetic rate rises, so does
transpiration rate. In relation to photosynthetic rate incre-
ment, transpiration rate appeared higher in the lower levels
of CO, than in the higher ones. Allen ef al. (1985) reported
that beans grown under enriched CO, showed higher water
vse efficiency as affected by increased photosynthesis than
that affected by decreased respiration. Besides, the increase
in water use efficiency due to increased photosynthesis and
decreased respiration was 0.8 and 0.2, respectively (Jones et
al., 1985b). The report also mentioned that increased water
use efficiency under elevated CO; levels resulted more from
increased photosynthesis than from decreased water loss by
partial closure of stomata (Allen, 1996). Rice showed simi-
lar trend (Kim et af., 2005). Widodo ef al. (2003) experi-
mented rice water content and cold stress damage under the
CO, levels of 350 and 700 ppm over its whole growth
period and found out that drought treatment effect was more
severe in the plants grown in the natural environment than
those under CO, treatment. Besides, rice under elevated
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Fig. 4. Changes in photosynthetic rate and stomatal conductance according to the concentration of carbon dioxide.
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Fig. 5. Changes in photosynthetic rate and transpiration rate according to the concentration of carbon dioxide.

CO, showed increased photosynthetic rate during the day,
wider photosynthesis-related variables, longer drought-
enduring period, and faster recovery. These research results
indicate that beans grown in areas with higher atmospheric
CO, content will perform better during drought periods. But
as CO, level increase ensues, atmospheric temperature rise,
and water use efficiency can decrease.

CONCLUSION

The experiment observed the growth and photosynthesis-
related responsés of soybeans under the elevated atmo-
spheric CO, level. Results showed that:

The germination rate of Taekwang and Cheongja soy-
beans under enriched CO, was over 93% around the 7th day
from sowing, and therefore showed not much difference
between the different CO, concentrations. At the V2 stage
CO, treatment, CO, concentration showed positive relation-
ship with leaf area, top dry weight, and photosynthetic rate,
but root dry weight showed insignificant differences. At the
blooming stage CO, treatment, CO, concentration showed
positive relationship with leaf area, top dry weight, and pho-
tosynthetic rate. Pod weight and nodules of the roots
increased in the 500 and 700 ppm CO, treatment groups.
The grain weight and yield per plant of Cheongja and Taek-
wang increased under the elevated CO, concentration. CO,
concentration is negatively related to stomatal conductance
and transpiration rate, resulting in high water use efficiency.

REFERENCES

Ackerson, R.C., U.D. Havelka, and M.G Boyle. 1984. CO,-
enrichment effects on soybean physiology. II. Effects of stage-

specific CO, exposure. Crop Science 24: 1150-1154.

Allen, L.H. Jr. 1996. The CO, fertilization effect: higher carbohy-
drate production and retention as biomass and seed yield. Glo-
bal climate change and agricultural production.

Allen, LH., Jr, E.C. Bisbal, K.J. Boote, and P.H. Jones. 1991.
Soybean dry matter allocation under subambient and superam-
bient levels of carbon-dioxide. Agronomy J. 83: 875-883.

Allen, L.H. Jr., P. Jones, and J.W. Jones. 1985. Rising atmospheric
CO, and evapotranspiration. In: Advances in Evapotranspira-
tion. ASAE Pub. 14-85. American Society of Agricultural
Engineers, St. Joseph, Michigan. pp. 13-27.

Allen, L.H. Jr. and K.J. Boote. 2000. Crop ecosystem responses to
climatic change: Soybean. p. 133-160. In K.R. Reddy and H.F.
Hodges (ed.) Climate change and global crop productivity.
CABI Publ., New York.

Allen, L.H. Jr., RR. Valle, J.W. Mishoe, J.W. Jones, and P.H.
Jones. 1990. Soybean leaf gas exchange responses to CO,
enrichment. Soil Crop Sci. Soc. Fla. Proc. 49: 192-198.

Baker, J.T. and L.H. Allen, Jr. 1993. Contrasting species responses
to CO, and temperature: Rice, soybean and citrus. Vegetation
104(105): 239-260.

Campbell, W.J., LH. Allen, Jr,, and G Bowes. 1990. Response of
soybean canopy photosynthesis to CO, concentration, light and
temperature. J. Exp. Bot. 41:427-433,

Conroy, J.P,, S. Seneweera, A.S. Basra, G Rogers, and B. Nissen-
wooller. 1994. Influence of rising atmospheric CO, concentra-
tions and temperature on growth, yield and grain quality of
cereal crops. Australian Journal of Plant Physiology, 21, 741-
758.

Curry. R.B., J.W. Jones, K.J. Boote, R M. Peart, L.H. Allen, Jr, and
N.B. Pickering. 1995. Response of soybean to predicted cli-
mate change in the USA. 1995. In: Climate Change and Agri-
culture: Analysis of Potential International Impacts. C.
Rosenzweig, L.A. Harper, S.E. Hollinger, J.W. Jones, and L.H.
Allen, Jr. (eds.). ASA Special Pub. No. 59, American Society
of Agronomy, Madison, Wisconsin. pp. 163-182.



RESPONSE OF SOYBEAN GROWTH TO ELEVATED CO, CONDITIONS 309

Davey, P.A., A.J. Parsons, L. Atkinson, K. Wadge, and S.P. Long.
1999. Does photosynthetic acclimation to elevated CO, increase
photosynthetic nitrogen-use efficiency? A study of three native
UK grassland species in open-top chambers. Functional Ecol-
ogy, 13:21-28.

Ferris, R., T.R. Wheeler, P. Hadley, and R.H. Ellis. 1999. Recovery
of photosynthesis after environmental stress in soybean grown
under elevated CO,. Crop Science 38: 948-955.

Grashoff, C., P. Dijkstra, S. Nonhebel, AHCM., Schapendonk, and
Van De Geijn SC. 1995. Effects of climate change on produc-
tivity of cereals and legumes; model evaluation of observed
year-to-year variability of the CO, response. Global Change
Biology 1: 417-428.

Jones, P., L.H. Allen, Jr., .W. Jones, K.J. Boote, and W.J. Camp-
bell. 1984. Soybean canopy growth, photosynthesis, and tran-
spiration responses to whole-season carbon dioxide enrichment.
Agron. J. 76: 633-637.

Jones, P., L.H. Allen, Jr., and J.W. Jones. 1985a. Responses of soy-
bean canopy photosynthesis and transpiration to whole-day
temperature changes in different CO, environments. Agron. J.
77:242-249.

Jones, P, L.H. Allen, Jr., J.W. Jones, and R.R. Valle. 1985b. Photo-
synthesis and transpiration responses of soybean canopies to
short- and long-term CO, treatments. Agron. J. 77: 119-126.

Jones, P, J.W. Jones, and L.H. Allen, Jr. 1985¢. Carbon dioxide
effects on photosynthesis and transpiration during vegetative
growth in soybeans. Soil Crop Sci. Soc. Fla. Proc. 44: 129-134.

Jones, P., J.W. Jones, and L.H. Allen, Jr. 1985d. Carbon dioxide
effects on photosynthesis and transpiration during vegetative
growth in soybeans. Soil Crop Sci. Soc. Fla. Proc. 44: 129-134.

Keeling C.D. and T.P. Whorf. 2005. Atmospheric carbon dioxide
record from Mauna Loa. Carbon Dioxide Research Group,
Scripps Institution of Oceanography, University of California.

Kimball, B.A. 1983. Carbon dioxide and agricultural yield: An

assemblage and analysis of 430 prior observations. Agron. J.
75: 779-788.

Kim, Y.-G, J.-C. Shin, M.-G Choi, B.-C. Koo, and S.-D. Kim.
2005. Response of Rice Growth according to Growth Stage
under CO, Enrichment. Korean Journal of Crop Science 50(3):
179-185.

Pickering, N.B., L.H. Allen, Jr., S.L. Albrecht, P. Jones, J.W. Jones,
and J.T. Baker. 1994. Environmental plant chambers: Control
and measurement using CR-10T dataloggers. p. 29-35. In D.G
Watson et al. (ed.) Computers in agriculture 1994. Am. Soc.
Agric. Engineers, St. Joseph, MI.

Prior, S.A. and H.H. Rogers. 1995. Soybean growth response to
water supply and atmospheric carbon dioxide enrichment.
Journal of Plant Nutrition. 18: 617-636.

Valle, R., J.W. Mishoe, W.J. Campbell, J.W. Jones, and L.H. Allen,
Jr. 1985. Photo-synthetic responses of 'Bragg' soybean leaves
adapted to different CO, environments. Crop Sci. 25: 333-339.

Vessey, J.K., K.B. Walsh, and D.B. Layzell. 1988. Can a limitation
in phloem supply to nodules account for the inhibitory effect of
nitrate on nitrogenase activity in soybean? Physiologia Plan-
tarum 74: 137-146.

Wand, SJ.E., F. Midgley, M.H. Jones, and P.S. Curtis. 1999.
Responses of wild C, and C; grass (Poaceae) species to ele-
vated atmospheric CO, concentration: a meta-analytic test of
current theories and perceptions. Global Change Biology 5:
723-741.

Widodo, W., J.C.V. Vu, K.J. Boote, J.T. Baker, and L .H. Allen Jr.
2003. Elevated growth CO, delays drought stress and acceler-
ates recovery of rice leaf photosynthesis. Environmental and
Experimental Botany 49: 259-272.

Ziska, L.H., O. Namuco, T. Moya, and J. Quilang. 1997. Growth
and yield response of field-grown tropical rice to increasing
carbon dioxide and air temperature. Agronomy J. 89: 45-53.



