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Abstract

The carbon dioxide (CO2) concentration of the global atmosphere has increased during the last decades. This increase is expected to impact the
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iurnal variation in temperature as well as the occurrence of extreme temperatures. This potentially could affect crop production throu
n growth and development that will ultimately impact yield. The objective of this study was to evaluate the effect of CO2 and its interactio
ith temperature on growth and development of soybean (Glycine max (L.) Merr., cv. Stonewall). The experiment was conducted in contr
nvironment chambers at the Georgia Envirotron under three different temperatures and two CO2 regimes. The day/night air temperatures w
aintained at 20/15, 25/20 and 30/25◦C, while the CO2 levels were maintained at 400 and 700 ppm, resulting in six different treatments.
ere grown under a constant irradiance of 850�moles m−2 s−1 and a day length of 12 h; a non-limiting supply of water and mineral nutrients
rovided. Five growth analyses were conducted at the critical development stages V4, R3, R5, R6 and R8. No differences in start o
ere observed as a function of the CO2 level, except for the temperature regime 25/20◦C, where flowering for the elevated CO2 level occurred
days earlier than for the ambient CO2 level. For aboveground biomass, an increase in the CO2 level caused a more vigorous growth at low

emperatures. An increase in temperature also decreased seed weight, mainly due to a reduction in seed size. For all temperature c
nal seed weight was higher for the elevated CO2 level. This study showed that controlled environment chambers can be excellent facili
onducting a detailed growth analysis to study the impact on the interactive effect of changes in temperature and CO2 on soybean growth and fin
ield.
2005 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that the carbon dioxide (CO2) concentra-
ion of the global atmosphere has increased during the last few
ecades, mainly due to energy consumption from fossil fuels.
ince the start of the industrial revolution, the atmospheric CO2

evel has increased from 280 ppm to around 370 ppm, and con-
inues to rise at approximately 1.8 ppm per year (Mendelsohn
nd Rosenberg, 1994; Etheridge et al., 1996; Keeling and Whorf,
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2000). It is expected that the CO2 level might reach a conce
tration of 600–1000 ppm by the end of this century (Cox et al.
2000). Several new studies have shown that the climate re
of the 20th century cannot be explained solely by accou
for solar variability, volcanic eruptions and El Niño cycles. I
appears more likely that greenhouse gases from human
ities were the dominant drivers of these global-average
perature changes during the 20th century (USGCRP, 2000).
Due to the increase of the CO2 level, it is expected that th
maximum, minimum and mean global temperatures will
change by 3–4◦C (Taylor and MacCracken, 1990; Watson
al., 1990). The Intergovernmental Panel on Climate Cha
(IPCC) expects a global surface temperature increase, ra
from 1.0 to 3.5◦C by 2100 based on the predictions of the g
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eral circulation models (GCM), such as GISS, UKMO, OSU
and GFDL-R30 (IPCC, 2001). The interactive effects of global
warming and increasing CO2 levels could especially impact agri-
culture, affecting both growth and development of crops and
ultimately impacting yield and food production (Cox et al., 2000;
Hansen et al., 2000).

Bunce and Ziska (1996)found that total respiration for soy-
bean increased very little with an increase in temperature, despite
an increase in the relative growth rate. Temperature effects on
a soybean plant are a major determinant for growth, develop-
ment and yield.Sionit et al. (1987a)reported that the root to
shoot ratio, leaf mass ratio and specific leaf weight of soy-
bean decreased with increasing temperature.Thomas and Raper
(1978), Flint and Patterson (1983), and Seddigh and Jolliff
(1984)also found an increase in height and branching of soy-
beans with an increase in temperature. The photosynthetic rate is
affected by temperature due to its pervasive role in the regulation
of the biochemical reaction rates, morphogenetic processes, and
the exchange of CO2 and energy with the atmosphere (Hofstra,
1984; Long and Woodward, 1988; Piper et al., 1996; Wang et
al., 1997). The optimum range of temperatures for growth and
development of soybean has been reported to be between 20 and
30◦C (Hofstra, 1972; Hesketh et al., 1973).

Under high light intensities, the diffusion rate of CO2 from the
air to the stomata is the major limiting factor for CO2 assimila-
tion. As the rate of diffusion is proportional to the concentration
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chambers under natural light compared to ambient CO2 concen-
trations.Torbert et al. (2004)reported a significant increase in
nitrogen fixation under elevated CO2 concentrations. A meta-
analysis was recently conducted byAinsworth et al. (2002)to
summarize the known effects of CO2 on soybean physiology,
growth and yield.

There are still many questions about the interactive effects
of increasing temperatures and CO2 concentrations on plant
growth and development.Idso et al. (1987), Baker et al. (1989)
andNewman et al. (2001)reported that CO2 effects generally
increase with increasing temperatures, whereasColeman and
Bazzaz (1992)andTremmel and Patterson (1993)reported that
CO2 effects were greater at ambient temperatures than at high
temperatures. The objective of this study was to evaluate the
effect of CO2 on soybean growth and development under dif-
ferent temperature regimes and to determine how the interactive
effects of CO2 and temperature impact the growth characteristics
of a soybean plant.

2. Material and methods

2.1. Environment

The experiment was conducted in the controlled-environment
chambers of the Georgia Envirotron, located at the College of
Agricultural and Environmental Sciences—Griffin campus of
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radient, higher concentrations of CO2 generally stimulate th
et photosynthetic rate (Cure and Acock, 1986; Allen et a
987; Amthor, 1995) and may also reduce transpirational los

rom plants (Allen, 1990; Allen and Amthor, 1995). Elevated
O2 can also promote a full recovery under environme
tresses (Ferris et al., 1998). The stimulation of the net photosy
hetic rate is, in part, because a high CO2 concentration increas
arboxylation and reduces photorespiration (Long, 1991). Ziska
nd Bunce (1995)found that elevated CO2 concentrations di
ot increase whole plant photosynthesis, except at the hi

emperature for two soybean varieties. They concluded tha
elationship between temperature and CO2 concentration migh
ot reflect known changes in carboxylation kinetics. Accor

o Pritchard et al. (1999), the most significant direct effect
levated CO2 on plant growth is an increase in carbohyd
vailability and water-use efficiency. Combined they stimu
ell proliferation promoting cell division or cell expansion,
oth. According toMurray (1995), C3 species are able to u

ize extra CO2 to support faster growth, especially during
arly stages of development.Sionit et al. (1987a)reported tha

otal soybean leaf area increased in response to CO2 enrich-
ent among the temperature regimes. They also reporte

he leaf to mass ratio remained relatively constant across the2
reatments, but that the specific leaf mass varied with CO2 and
emperature regimes.Lee et al. (1997)found an increase in th
eaf area index and leaf dry mass of soybean due to elevate2
oncentrations, but there was no effect on leaf area, plant h
otal biomass or grain yield.Leadley and Reynolds (1989)also
eported that final leaf area was not affected by CO2. Jones et a
1984)measured a faster rate in leaf area increase in soy
rown at a high CO2 concentration in controlled environme
st
e

at

t,

s

he University of Georgia (Ingram et al., 1998). Six large Con
iron growth chambers (model CG72), with a floor spac
.64 m2 and a height of 2.20 m, were used in this experim
arbon dioxide was automatically injected into the cham
nd the level in the chambers was controlled using a CO2 deliv-
ry system and chamber vents. An individual LICOR infra
as analyzer (LI-800 GasHound CO2 Analyzer, LI-COR, NE
SA) was used to monitor CO2 levels for each chamber ind
endently; the accuracy of the analyzer was 2% at a lev
00 ppm. All chambers also included a drip irrigation syste

Each chamber was assigned a unique temperature
O2 combination, resulting in six different treatments. Th

ncluded a CO2 concentration of 400 ppm and a day/ni
emperature 20/15◦C; a CO2 concentration of 400 ppm an

day/night temperature of 25/20◦C; a CO2 concentration
00 ppm and a day/night temperature of 30/25◦C; a CO2 con-
entration of 700 ppm and a day/night temperature of 20/1◦C;
CO2 concentration of 700 ppm and a day/night temperatu
5/20◦C and a CO2 concentration of 700 ppm and a day/ni

emperature 30/25◦C. The photoperiod of each chamber w
et at 12 h. Photosynthetically active radiation (PAR) inside
rowth chambers was 753.7�moles m−2 s−1, measured at th

op of the pots at planting and at the top of canopy during
ourse of the experiment.

The experimental unit was a large 25 l plastic conta
ach containing two equally spaced plants. A total of
ontainers were used in each study and 20 containers
ssigned randomly to each treatment or chamber. The e
ental design was completely randomized with four replic
er treatment. Twenty pots corresponding to each CO2 ver-
us day/night temperatures combination were placed in
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corresponding chamber. The pots were rotated biweekly until
flowering to minimize border effects. The distance between
pots was maintained at 20 cm; the surface area of the pots
was 625 cm2. Pots were filled with washed sand. Six seeds of
soybean, cultivar Stonewall (Maturity Group VII), were sown
in each pot and thinned to two plants per pot after germina-
tion. The seeds did not receive any chemical treatments and
were not inoculated. Plants were watered daily with a modi-
fied half-strength of Hoagland’s solution (Downs and Hellmers,
1975) and inorganic nitrogen through an automated irrigation
system.

2.2. Measurements

Vegetative and reproductive development was recorded every
2 days during the growing season. Growth analysis sampling
was conducted at the developmental stages V4, R3, R5, R6 and
R8 (Fehr et al., 1971) for all combinations of three day/night
temperatures (20/15, 25/20 and 30/25◦C) and two CO2 concen-
trations (400 and 700 ppm). For each growth analysis harvest,
four pots with two plants per pot from each chamber were
randomly selected and used to measure the individual plant com-
ponents. Total leaf area (cm2 plant−1), total aboveground dry
mass per (g plant−1), leaf dry mass (g plant−1) were determined
for all stages. Final grain weight, seed number per plant and seed
w
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defined as the accumulation of the difference between the daily
mean temperature and a base temperature. In this study, a base
temperature of 10◦C was adopted (Sexton et al., 1998).

To describe total aboveground biomass growth, a sigmoid
function was used, as shown in Eq.(1). Sigmoid functions have
been used to describe plant growth in many studies (Swinton
and Lyford, 1996; Nobrega et al., 2001andGava et al., 2001).
This function was adopted to allow for a comparison among the
growth rates of the different treatments.

Ŷijk =
[
cos

[
(Xij + 2)

π

2

]
+ 1

]β

(1)

Ŷijk represents the predicted ratio between total aboveground
biomass (g plant−1) and maximum total aboveground biomass
for the CO2 concentrationi (i = 400, 700 ppm), temperature
regimej (j = 20/15, 25/20, 30/25◦C) and replicationk (k = 1–4);
Xij represents the ratio between degree days after emergence
(◦C day) and maximum degree days after emergence for the
CO2 concentrationi and temperature regimej; andβ represents
the biomass growth rate (slope of the linear regression model)
(g◦C day plant−1). A similar model was also used to analyze
leaf mass. In this case,̂Yijk was replaced with the predicted
ratio between leaf mass (g plant−1) and maximum leaf mass
(g plant−1).

For both models, the maximum likelihood method was
applied to estimate the empirical parameters (β), using the
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eight per plant were measured at final harvest.
The plants in each pot, e.g., two plants, were cut a

ase and the individual plant components were separate
eaves, stems, petioles and pods (greater than 5 mm). Lea
as determined with a leaf area meter (LI 3000, LI-COR,
SA). The plant components, including leaflets, stems, co
ons, petioles and pods were dried at 65◦C for a minimum o
2 h. Total aboveground dry biomass for each pot was obta
y adding all plant components. To obtain the aboveground
ry biomass per plant, total pot biomass was divided by
hese values were then used for statistical and growth ana
he specific leaf area (SLA) (cm2 g−1), leaf area ratio (LAR
cm2 g−1) and leaf weight ratio (LWR) (g g−1) were calculate
or each sampling date as the ratio of leaf area to leaf biom
eaf area to aboveground biomass and leaf biomass to total p
boveground biomass, respectively.

.3. Statistical analysis

.3.1. Main effects and interactions
Three-way analysis of variance was applied on the gr

nalysis variables using the ANOVA procedure of SAS Sys
ersion 6.12 (SAS Institute Inc., 1989) to evaluate the effects
O2 and temperature as a function of growth stage. Statis
ignificance of main effects and their interactions were ass
ith F-tests.

.3.2. Temporal analysis
The aboveground variables, such as total aboveground

iomass and leaf mass, were analyzed by fitting empirical
ls to describe their temporal variation as a function of the
nits or degree days after emergence (DDE). Degree days
o
ea

-

s.

,

,

l
d

-
l
re

IXED procedure of the SAS System Version 6.12 (SAS
nstitute Inc., 1989), after the transformation of biomass a
egree days in relative values. This was done by divi
iomass of a determined stage, CO2 concentration (i), tempera

ure regime (j) and replication (k) by the maximum biomass
CO2 concentration (i) and temperature regime (j). The sam

ransformation was made for degree days.t-Tests for contras
ere used to evaluate the effect of the CO2 concentration onβ

empirical parameter) for each temperature regime.
To compare the temporal variation in leaf area for both2

evels at one specific temperature regime, two leaf area g
ates were defined. The first rate, i.e., Rate1, was defined

ate1=
(

leaf areamax − leaf areaV4

DDEmax − DDEV4

)
(2)

here Rate1 represents the leaf area growth rate betwe
eginning of stage V4 and the corresponding time to the

mum leaf area (m2 ◦C day plant−1); leaf areamax the maxi-
um mean leaf area value during the crop cycle (m2 plant−1);

eaf areaV4 the average leaf area value at the beginnin
tage V4 (m2 plant−1); DDEmax the degree days at leafareamax
◦C day) and DDEV4 are the degree days at the beginning
tage V4 (◦C day).

The second rate, i.e., Rate2, was defined as:

ate2=
(

leaf areaR8 − leaf areamax

DDER8 − DDEmax

)
(3)

here Rate2 represents the leaf area growth rate betwe
ime corresponding to the maximum leaf area and the begin
f the R8 stage (m2 ◦C day); leafareaR8 the mean leaf area val
t beginning of stage R8 (m2 plant−1), and DDER8 the degre
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days at the beginning of stage R8 (◦C day). As this partially
represents the leaf senescence period, it is expected that this
rate is negative. For specific leaf area, leaf area ratio, leaf weight
ratio, the mean values at each harvest date were used to represent
their temporal variation.

To compare the temporal variation in pod biomass growth
for both CO2 levels at one specific temperature regime, three
pod growth rates were defined as Rate1 (between V4 and
R3), Rate2 (between R3 and R6) and Rate3 (between R6
and R8). To calculate these rates, the same procedures as
presented for leaf area were used. The effect of temperature
and CO2 on the seed yield, seed number per plant and seed
weight per plant was compared using analysis of variance
(ANOVA).

3. Results and discussion

3.1. Flowering

Only the temperature regime 25/20◦C showed a difference
in the start of flowering date (R1: defined as the date when 50%
of the plants have at least one flower at any node (Fehr et al.,
1971)) between the elevated and ambient CO2 levels. For this
temperature regime, R1 was 2 days advanced for the elevated
CO2 level (Table 1). The other two temperature regimes did not
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Flowering was first observed in the 30/25 temperature regime
(507.5 DDE; 29 DAE for both CO2 levels), followed by the
25/20◦C temperature regime (412.5 DDE; 33 DAE and 387.5
DDE; 31 DAE for the ambient and elevated CO2 level, respec-
tively) and the 20/15◦C temperature regime (450.0 DDE and 60
DAE for both CO2 levels) (Table 1). Please note that for soy-
bean the temperature regime of 30/25 is not supra-optimal for the
flowering.

At ambient CO2 levels, flowering in soybeans is mainly
controlled by temperature and photoperiod. In this study, pho-
toperiod was fixed at 12 h and was below the critical photoperiod
for this genotype. We, therefore, expected to find the same
degree days after emergence for development for all temperature
regimes. However, there were differences in DDE for all tem-
perature regimes (Table 1). DDE, in this study, was calculated
as the difference between the daily mean temperature and a base
temperature, which was defined as 10◦C. For the temperature
regimes 20/15, 25/20 and 30/25◦C, 7.5, 12.5 and 17.5◦C day,
respectively, were accumulated for each day after emergence.
According to Wang et al. (1997), reproductive development
of soybean can be modified by temperature, although it is
frequently under photoperiodic control. This difference between
DDE might be explained as the effect of the night temperature
on soybean development as observed byThomas and Raper
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evels. In spite of the controversy about the effects of CO2 on
he advancement or delay of flowering, in our study, the n
er of days to R1 appeared to be more strongly affected b

emperature than by the CO2 concentration. This result is
greement withSionit et al. (1987a,b)andBaker et al. (1989,

able 1
egree days between emergence and the start of flowering (DDEF)
etween emergence and the start of flowering (DAEF), degree days be

he start of flowering and physiological maturity (DDFM), days between fl
ring and physiological maturity (DAFM), degree days between emergenc
hysiological maturity (DDEM), and days between emergence and to ph

ogical maturity (DAEM) for three temperature regimes and two CO2 levels

emperature
day/night) (◦C)

CO2 level (ppm)

400 700

DDEF
(◦C day)

DAEF DDEF
(◦C day)

DAEF

0/15 450.0 60 450.0 60
5/20 412.5 33 387.5 31
0/25 507.5 29 507.5 29

DDFM
(◦C day)

DAFM DDFM
(◦C day)

DAFM

0/15 465 62 465 62
5/20 752.5 60 537.5 43
0/25 805 46 962.5 55

DDEM
(◦C day)

DAEM DDEM
(◦C day)

DAEM

0/15 915 122 915 122
5/20 1162.5 93 925 74
0/25 1312.5 75 1470 84
r

s
n

d
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1981), Seddigh et al. (1989)and recently by Bunce
2004).

.2. Growth analysis

Total aboveground biomass, leaf mass and leaf area,
iomass and the fitted models representing their variatio
function of DDE for each combination of CO2 and temper

ture regimes are shown inFig. 1. The maximum likelihood
stimates of the growth rate (β) for total aboveground biomas
nd leaf mass and the contrasts between the growth rate f
ifferent CO2 levels at each temperature regime are liste
ables 2 and 3. For total aboveground biomass, the differen
etween ambient and elevated CO2 levels was significant fo
oth temperature regimes 20/15 and 30/25◦C (p = 0.0064 and
.0001, respectively;Table 2). Biomass growth rate (β) for the

emperature regime 20/15◦C was greater at the elevated th
he ambient CO2 level (2.03 and 1.72 g◦C day plant−1, respec
ively). Sionit et al. (1987b)also found that an increase in t
O2 level caused soybean to grow more vigorously at lower
eratures. However, for the temperature regime 30/25◦C, the

otal biomass growth rate (β) was greater at the ambient than
levated CO2 level (1.53 and 1.03 g◦C day plant−1, respectively
able 2). The fitted empirical model (Fig. 1c) for this temperatur
egime showed that there was an increase inβ for the ambien
O2 level and a decrease inβ for the elevated CO2 level after

he R6 stage. This result was expected because the whole
esponse to elevated CO2 level may decrease over time due
iochemical limitations, e.g., a decrease in rubisco activity,
tructural limitations, e.g., chloroplast disruption or chan
t the canopy level, e.g., self-shading (Pritchard et al., 1999).
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Table 2
Biomass growth rate estimates (β) for the models describing total aboveground biomass as a function of degree days after emergence (DDE) for each temperature
and CO2 level

Temperature (day/night) (◦C) CO2 (ppm) β ± standard error
(g◦C day plant−1)

r2a bβ diff. cp-Value

20/15 400 1.72814± 0.0779 0.97 −0.3063 <0.01d

20/15 700 2.03448± 0.0779 0.97
25/20 400 1.71410± 0.0600 0.98 0.1044 0.27ns
25/20 700 1.60968± 0.0738 0.97
30/25 400 1.57796± 0.0636 0.99 0.5440 <0.01d

30/25 700 1.03391± 0.0569 0.87

ns: not significant at the 0.05 probability level.
a Determination coefficient.
b β diff.: difference betweenβ for 400 and 700 ppm CO2.
c p-Value associated tot-test for contrast betweenβ parameters from the same temperatures and different CO2 levels.
d Significant at the 0.05 probability level.

There was no significant difference (p = 0.275) forβ to ambi-
ent and elevated CO2 level for the temperature regime 25/20◦C
(Table 2). The increase in temperature caused a decrease in the
plant biomass weight (Fig. 1a–c) due to a decrease of the soy-
bean cycle as shown inTable 1.

For leaf biomass, the growth rate (β) parameter was also
significantly different for the temperature regimes 20/15 and
30/25◦C, while for the temperature regime 25/20◦C, there was
no significant difference between the elevated and ambient CO2

level (p = 0.133) (Table 3). This is the same trend that was found
for the total biomass growth rate.

The variation in leaf area as a function of DDE is shown
in Fig. 1g–i. For Rate1 (m2 ◦C day), defined as the leaf area
growth rate between the beginning of the V4 stage and the time
corresponding to maximum leaf area, there was no significant
difference between the ambient and elevated CO2 levels for the
temperature regimes 20/15 and 30/25◦C (p = 0.0719 and 0.2669,
respectively). A significant difference between the ambient and

Table 3
Leaf growth rate estimates (β) for the models describing leaf mass as a function of degree days after emergence (DDE) for each temperature and CO2 level

Temperature (day/night) (◦C) CO2 (ppm) β ± standard error
(g◦C day plant−1)

r2 aβ diff. bp-Value

20/15 400 1.42143± 0.1002 0.94 −0.3030 0.03c

20/15 700 1.72451± 0.1002 0.94
25/20 400 1.17244± 0.0771 0.90 −0.1851 0.13ns
25/20 700 1.35754± 0.0949 0.95
30/25 400 1.23398± 0.0818 0.96 0.4248 <0.01c

30/25 700 0.80918± 0.0731 0.77

ns: not significant at the 0.05 probability level.
a β diff.: difference betweenβ for 400 and 700 ppm CO2.
b p-Value associated tot-test for contrast betweenβ parameters from the same temperatures and different CO2 levels.
c Significant at the 0.05 probability level.

T
E s an

T
(

2
2
2
2
3
3

R
b

able 4
stimates of leaf area growth rates for three different temperature regime

emperature
day/night) (◦C)

CO2

(ppm)
Rate1
(m2 ◦C day)

aDiff1
(m2 ◦C day)

0/15 400 0.003879 0.002922
0/15 700 0.003310
5/20 400 0.001968 0.000710
5/20 700 0.001258
0/25 400 0.000862 0.000341
0/25 700 0.001203
ate1 represents leaf area growth between the beginning of the V4 stage and
etween the time corresponding to the maximum leaf area and the beginning
a Diff1: difference of the mean Rate1 between 400 and 700 ppm CO2.
b Diff2: difference of the mean Rate2 between 400 and 700 ppm CO2.
c p-Value: value associated tot-test for contrasts between Rate1 for the same
d Significant at the 0.05 probability level.
d two CO2 levels

bp-Value Rate2
(m2 ◦C day)

bDiff2
(m2 ◦C day)

cp-Value

0.07ns −0.000694 0.000456 <0.01d

0.000238
0.03 −0.000218 0.000084 0.78ns

−0.000134
0.26ns −0.000045 0.000294 0.34ns

−0.000339
the time corresponding to the maximum leaf area and Rate2 represents leaf area growth
of the R8 stage; ns: not significant at the 0.05 probability level.

temperature regime and different CO2 levels.
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Fig. 1. Total aboveground biomass (g plant−1) (a–c), leaf mass (g plant−1) (d–f), leaf area (m2) (g–i) and pod growth at elevated CO2 (- - -) and ambient CO2 (—)
as a function of degree days after emergence (DDE). The open symbols represent the elevated CO2 measurements and the solid symbols represent the ambient CO2

measurements for each harvest stage. The lines represent the model predicted values for biomass, leaf mass and leaf area.

elevated CO2 levels for Rate1 was only found for temperature
regime 25/20◦C (p = 0.0282) (Table 4). For this temperature
regime, Rate1 was greater for the ambient than the elevated
CO2 level. For Rate2 (m2 ◦C day), defined as the leaf area vari-
ation rate between the time corresponding to the maximum leaf
area and the beginning of the R8 stage, there was no significant
difference between the ambient and elevated CO2 level for the
temperature regimes 25/20 and 30/25◦C (p = 0.7839 and 0.3452,
respectively), while for temperature regime 20/15◦C Rate2 was
significantly different (p = 0.0001) (Table 4).

The variation in pod biomass growth as a function of
DDE is shown inFig. 1j–l. The pod growth rate was divided

into three rates, e.g., Rate1: V4–R3, Rate2: R3–R6 and
Rate3: R6–R8. For Rate1 (g◦C day plant−1) and temperatures
regimes 25/20 and 30/25◦C, there was a significant differ-
ence between the ambient and elevated CO2 levels (p = 0.0032
and 0.0128, respectively;Table 5). For the 30/25◦C temper-
ature regime, Rate1 was greater for the elevated CO2 than
for the ambient level (0.0051 and 0.0005 g◦C day plant−1,
respectively). However, for the 25/20◦C temperature regime,
Rate1 was greater at the ambient than at the elevated
CO2 level (0.0076 and 0.0019 g◦C day plant−1, respectively).
For Rate2 (g◦C day plant−1), only the temperature regime
30/25◦C showed a significant difference between the ambi-
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Table 5
Estimates of pod biomass growth rates for three different temperature regimes and two CO2 levels

Temperature
(day/night)
(◦C)

CO2

(ppm)
Rate1
(m2 ◦C
day)

aDiff1
(m2 ◦C
day)

dp-Value Rate2
(m2 ◦C day)

bDiff2
(m2 ◦C day)

dp-Value Rate3
(m2 ◦C day)

cDiff3
(m2 ◦C day)

dp-Value

20/15 400 0.0046 0.0010 0.53ns 0.3747 0.0793 0.13ns 2.3573 1.6088 0.14ns
20/15 700 0.0036 – – 0.2954 – – 0.7485 – –
25/20 400 0.0076 0.0056 <0.01e 0.2484 0.0299 0.56ns 0.2515 0.0022 0.99ns
25/20 700 0.0019 – – 0.2185 – – 0.2493 – –
30/25 400 0.0005 0.0045 0.01e 0.0775 0.1137 0.03e 0.8711 0.7354 0.49ns
30/25 700 0.0051 – – 0.1912 – – 0.1357 – –

Rate1 represents pod biomass growth between the beginning of the V4 and R3 stages; Rate2 represents pod biomass growth between R3 and R6 and Rate3 represents
pod biomass growth between R6 and R8; ns: not significant at the 0.05 probability level.

a Diff1: difference of the mean Rate1 between 400 and 700 ppm CO2.
b Diff2: difference of the mean Rate2 between 400 and 700 ppm CO2.
c Diff3: difference of the mean Rate3 between 400 and 700 ppm CO2.
d p-Value: value associated tot-test for contrasts between Rate1 (or Rate2 or Rate3) for the same temperature regime and different CO2 levels.
e Significant at the 0.05 probability level.

ent and elevated CO2 level (p = <0.03). For this tempera-
ture regime, Rate2 was greater at the elevated CO2 level
(0.0775 and 0.1912 g◦C day plant−1, respectively). For Rate3,
none of the temperature regimes (20/15, 25/20 and 30/25◦C)
showed a significant difference between the ambient and
elevated CO2 level (p = 0.1474, 0.9984 and 0.4978, respec-
tively; Table 5). The greatest impact of the increased CO2
level on pod biomass growth was found for the highest
temperature regime 30/25◦C. For this temperature regime,
the pod biomass growth rate at the elevated CO2 level
was greatest for Rate1 and Rate2. According toNakamoto
et al. (2004), the response of seed yield to CO2 enrichment is
mainly attributed to the response during the reproductive period.
Based onNakamoto et al. (2004)observations and the results
of this study, it is possible suggest that the effect of elevated
CO2 on pod growth rate mainly occurs between R1 and R6,
e.g., corresponding to Rate1 and Rate2.

The temporal trends for SLA, LAR and LWR as a function
of DDE are shown inFig. 2. For all temperature regimes,
SLA at the V4 stage was greater at the ambient than at the
elevated CO2 level. The specific leaf area also decreased
due an increase in temperature for both CO2 levels. This
could be caused by an increase in the accumulation of total
nonstructural carbohydrates in the leaves (TNC), which
occurs whenC fixation exceedsC utilization (Pritchard et al.,
1999). Leaf initiation, represented here as LAR, was reduced at

the elevated CO2 level for all temperature regimes (Fig. 2d–f),
similar to the observations made byPritchard et al. (1999). The
leaf weight ratio (LWR) decreased as a function of DDE for all
temperature regimes (Fig. 2g–i) due to plant development and
senescence.

3.3. Seed weight

The significance of the main effects and interactions among
CO2 and temperature on seed weight per plant, seed num-
ber per plant and individual seed mass at maturity are shown
in Tables 6 and 7. There was a significant positive interac-
tion between temperature and CO2 for seed weight and seed
number per plant. Seed weight increased by an average of
7.5% for temperature regimes 20/15 and 30/35◦C under the
elevated CO2 level. However, the increase was smaller as
the temperature regime increased. The number of seeds per
plant only increased for the elevated CO2 level and the low-
est temperature regime; the increase was also smaller as the
temperature increased. There was no significant interaction
between CO2 and temperature for individual seed size, so
the effects of ambient and elevated CO2 were similar. The
ANOVA of the individual seed size (Table 6) confirmed that
the seeds were significantly larger under high temperature treat-
ments, indicating an acceleration of early seed growth for
the higher temperature. In an earlier study,Egli and Ward-
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Fig. 2. Specific leaf area (ratio of leaf area to leaf biomass, m2 g−1) (a–c), leaf area ratio (ratio of leaf area to aboveground biomass, m2 g−1) (d–f) and leaf weight
ratio (ratio of leaf biomass to total plant aboveground biomass, g g−1) (g–i) at elevated CO2 and at ambient CO2 as a function of degree days after emergence (DDE).
The open symbols represent the elevated CO2 measurements and the solid symbols represent the ambient CO2 measurements for each harvest stage.

law (1980)found that for soybean an increase in both the day
and night temperature increased the individual seed growth rate.

Seed weight per plant was positively correlated (88%)
to the number of seeds per plant for all treatments, while
there was no significant relationship between the seed weight
per plant at harvest maturity and the individual seed size
or mass for each individual treatment (p-value = 0.24). Thus,

it was possible to explain 88% of the variation in seed
weight per plant by the differences in seed number rather
than in seed size for the various temperature and ele-
vated CO2 treatments. The relationship between seed weight
and seed number per plant for soybean has also been
shown in previous studies (Ferris et al., 1999; Egli and Yu,
1991).

Table 7
Average values of final seed weight, seed size and seed number at final harvest

CO2 (ppm) Temperature (◦C) Seed weight (g plant−1) Seed mass (g) Seed number (# plant−1)

400 20/15 55.39 0.28 198.30
400 25/20 52.71 0.28 190.77
400 30/25 35.85 0.19 187.45
700 20/15 60.12 0.26 227.34
700 25/20 29.06a 0.24 125.30
700 30/25 38.70 0.24 163.45

a Data obtained at R7 (physiological maturity) due to a problem with the operation of the chamber.
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3.4. Interactive effects of CO2 and temperature

The temporal analysis of the individual growth characteris-
tics and traits showed that the response of soybean to elevated
CO2 is temperature dependent. The lowest temperature regime
(20/15◦C) showed a higher biomass growth rate (β) and leaf
growth rate (β) for the elevated CO2 level than the normal CO2
level (Tables 3 and 4). These results are similar to those found by
Tremmel and Patterson (1993), Baker et al. (1989)andColeman
and Bazzaz (1992). For final yield, there was a strong interaction
of CO2 and temperature on final seed weight per plant and seed
number per plant.
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