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Abstract

The carbon dioxide (C€) concentration of the global atmosphere has increased during the last decades. This increase is expected to impact th
diurnal variation in temperature as well as the occurrence of extreme temperatures. This potentially could affect crop production through change
in growth and development that will ultimately impact yield. The objective of this study was to evaluate the effect ah€@s interaction
with temperature on growth and development of soyb&anc{ne max (L.) Merr., cv. Stonewall). The experiment was conducted in controlled
environment chambers at the Georgia Envirotron under three different temperatures and,tvemi@@s. The day/night air temperatures were
maintained at 20/15, 25/20 and 30/Z5 while the CQ levels were maintained at 400 and 700 ppm, resulting in six different treatments. Plants
were grown under a constant irradiance of @8@oles nT2s~* and a day length of 12 h; a non-limiting supply of water and mineral nutrients were
provided. Five growth analyses were conducted at the critical development stages V4, R3, R5, R6 and R8. No differences in start of flowering
were observed as a function of the £l@vel, except for the temperature regime 25/20where flowering for the elevated G&vel occurred
2 days earlier than for the ambient g€@vel. For aboveground biomass, an increase in the I8l caused a more vigorous growth at lower
temperatures. An increase in temperature also decreased seed weight, mainly due to a reduction in seed size. For all temperature combinatic
final seed weight was higher for the elevated,G&¥el. This study showed that controlled environment chambers can be excellent facilities for
conducting a detailed growth analysis to study the impact on the interactive effect of changes in temperaturecamsb@iean growth and final
yield.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2000. It is expected that the GQevel might reach a concen-
tration of 600-1000 ppm by the end of this centuBpk et al.,

It is well known that the carbon dioxide (GPconcentra- 2000. Several new studies have shown that the climate record
tion of the global atmosphere has increased during the last fewf the 20th century cannot be explained solely by accounting
decades, mainly due to energy consumption from fossil fuelsfor solar variability, volcanic eruptions and El M cycles. It
Since the start of the industrial revolution, the atmospherig COappears more likely that greenhouse gases from human activ-
level has increased from 280 ppm to around 370 ppm, and corlities were the dominant drivers of these global-average tem-
tinues to rise at approximately 1.8 ppm per yadedelsohn perature changes during the 20th centudSGCRP, 200D
and Rosenberg, 1994; Etheridge etal., 1996; Keeling and WhorDue to the increase of the GQevel, it is expected that the

maximum, minimum and mean global temperatures will also

—_— change by 3-4C (Taylor and MacCracken, 1990; Watson et
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(IPCC) expects a global surface temperature increase, ranging
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eral circulation models (GCM), such as GISS, UKMO, OSUchambers under natural light compared to ambient &icen-
and GFDL-R30PCC, 200). The interactive effects of global trations.Torbert et al. (2004)eported a significant increase in
warming and increasing CQevels could especiallyimpact agri- nitrogen fixation under elevated GQ@oncentrations. A meta-
culture, affecting both growth and development of crops andnalysis was recently conducted Ainsworth et al. (2002}o
ultimately impacting yield and food productio@¢x etal.,2000; summarize the known effects of G@n soybean physiology,
Hansen et al., 2000 growth and yield.

Bunce and Ziska (1996pund that total respiration for soy- There are still many questions about the interactive effects
beanincreased very little with anincrease in temperature, despitd increasing temperatures and g£@oncentrations on plant
an increase in the relative growth rate. Temperature effects ogrowth and developmenidso et al. (1987)Baker et al. (1989)

a soybean plant are a major determinant for growth, developandNewman et al. (2001)eported that C@ effects generally
ment and yieldSionit et al. (1987a)eported that the root to increase with increasing temperatures, whe@akman and
shoot ratio, leaf mass ratio and specific leaf weight of soyBazzaz (1992andTremmel and Patterson (199&ported that
bean decreased with increasing temperaititemas and Raper CO; effects were greater at ambient temperatures than at high
(1978) Flint and Patterson (1983pand Seddigh and Jolliff temperatures. The objective of this study was to evaluate the
(1984)also found an increase in height and branching of soyeffect of CQ on soybean growth and development under dif-
beans with an increase in temperature. The photosynthetic ratefsrent temperature regimes and to determine how the interactive
affected by temperature due to its pervasive role in the regulatioeffects of CQ and temperature impact the growth characteristics
of the biochemical reaction rates, morphogenetic processes, anfla soybean plant.

the exchange of C&and energy with the atmospheiédfstra,
1984; Long and Woodward, 1988; Piper et al., 1996; Wang
al., 1997. The optimum range of temperatures for growth an
development of soybean has been reported to be between 20 ang  £,.1ironment

30°C (Hofstra, 1972; Hesketh et al., 1973

Under high lightintensities, the diffusion rate of gfdom the The experimentwas conducted in the controlled-environment
air to the stomata is the major limiting factor for @@ssimila-  chambers of the Georgia Envirotron, located at the College of
tion. As the rate of diffusion is proportional to the concentrationAgricultural and Environmental Sciences—Griffin campus of
gradient, higher concentrations of g@enerally stimulate the the University of Georgialfgram et al., 1998 Six large Con-
net photosynthetic rateClire and Acock, 1986; Allen et al., viron growth chambers (model CG72), with a floor space of
1987; Amthor, 199%5and may also reduce transpirational losses8.64 n? and a height of 2.20 m, were used in this experiment.
from plants QAllen, 1990; Allen and Amthor, 1995Elevated Carbon dioxide was automatically injected into the chambers
CO, can also promote a full recovery under environmentaland the level in the chambers was controlled using a @&liv-
stressesHerris etal., 1998 The stimulation of the net photosyn- ery system and chamber vents. An individual LICOR infrared
theticrate is, in part, because a high£30ncentration increases gas analyzer (LI-800 GasHound @@nalyzer, LI-COR, NE,
carboxylation and reduces photorespiratioor(g, 199). Ziska  USA) was used to monitor C{evels for each chamber inde-
and Bunce (1995found that elevated CfOconcentrations did pendently; the accuracy of the analyzer was 2% at a level of
not increase whole plant photosynthesis, except at the higheg00 ppm. All chambers also included a drip irrigation system.
temperature for two soybean varieties. They concluded that the Each chamber was assigned a unique temperature and
relationship between temperature and @0ncentration might CO, combination, resulting in six different treatments. These
not reflect known changes in carboxylation kinetics. Accordingncluded a CQ@ concentration of 400 ppm and a day/night
to Pritchard et al. (1999)he most significant direct effect of temperature 20/18C; a CQ concentration of 400 ppm and
elevated CQ on plant growth is an increase in carbohydratea day/night temperature of 25/2Q; a CQ concentrations
availability and water-use efficiency. Combined they stimulate400 ppm and a day/night temperature of 30/25a CQ con-
cell proliferation promoting cell division or cell expansion, or centration of 700 ppm and a day/night temperature of 20Ct5
both. According toMurray (1995) C3 species are able to uti- a CQ, concentration of 700 ppm and a day/night temperature of
lize extra CQ to support faster growth, especially during the 25/20°C and a CQ concentration of 700 ppm and a day/night
early stages of developmergionit et al. (1987ajeported that temperature 30/25C. The photoperiod of each chamber was
total soybean leaf area increased in response tp €®ich- set at 12 h. Photosynthetically active radiation (PAR) inside the
ment among the temperature regimes. They also reported thgtowth chambers was 753.mmoles m2s~1, measured at the
the leafto mass ratio remained relatively constant across the CQop of the pots at planting and at the top of canopy during the
treatments, but that the specific leaf mass varied with @@l  course of the experiment.
temperature regimekee et al. (1997jound an increase in the The experimental unit was a large 251 plastic container,
leaf area index and leaf dry mass of soybean due to elevated C@ach containing two equally spaced plants. A total of 120
concentrations, but there was no effect on leaf area, plant heightpntainers were used in each study and 20 containers were
total biomass or grain yield.eadley and Reynolds (1988)so  assigned randomly to each treatment or chamber. The experi-
reported that final leaf area was not affected by,Clones etal. mental design was completely randomized with four replicates
(1984)measured a faster rate in leaf area increase in soybeapsr treatment. Twenty pots corresponding to each, @€r-
grown at a high C@ concentration in controlled environment sus day/night temperatures combination were placed in each

Eﬁ. Material and methods
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corresponding chamber. The pots were rotated biweekly untillefined as the accumulation of the difference between the daily
flowering to minimize border effects. The distance betweemmean temperature and a base temperature. In this study, a base
pots was maintained at 20cm; the surface area of the potemperature of 10C was adopted3exton et al., 1998

was 625 cri. Pots were filled with washed sand. Six seeds of To describe total aiveground biomass growth, a sigmoid
soybean, cultivar Stonewall (Maturity Group VII), were sown function was used, as shown in Ed). Sigmoid functions have

in each pot and thinned to two plants per pot after germinabeen used to describe plant growth in many stud®siriton
tion. The seeds did not receive any chemical treatments anghd Lyford, 1996; Nobrega et al., 20@hdGava et al., 2001
were not inoculated. Plants were watered daily with a modi-This function was adopted to allow for a comparison among the
fied half-strength of Hoagland’s solutioB¢wns and Hellmers, growth rates of the different treatments.

1979 and inorganic nitrogen through an automated irrigation_ T B

system. P = [cos|(xy + 27| + 1] (1)

f/ijk represents the predicted ratio between totalaground
biomass (g plant') and maximum total atveground biomass
r the CQ concentrationi (=400, 700 ppm), temperature
gimeyj (j=20/15, 25/20, 30/25C) and replicatiork (k= 1-4);

2.2. Measurements

Vegetative and reproductive development was recorded evelf
2 days during the growing season. Growth analysis samplin :
was conducted at the developmental stages V4, R3, R5, R6 and. represents the. ratio between degree days after emergence
R8 (Fehr et al., 197)for all combinations of three day/night ¢ Cday) and maximum degree days after emergence for the

temperatures (20/15, 25/20 and 30725 and two CQ concen- Co, goncentration’ and temperature reg_iryieandﬂ repr_esents
trations (400 and 700 ppm). For each growth analysis harves}he biomass growth rate (slope of the linear regression model)
g°C day plant?). A similar model was also used to analyze

four pots with two plants per pot from each chamber were ¢ n thi . laced with th dicted
randomly selected and used to measuretheindividualplantcor#ﬁa, mass. In this casd;j; was replace with the predicte

ponents. Total leaf area (é&plant™1), total alwveground dry ratio betl/veen leaf mass (gplar) and maximum leaf mass
mass per (g plant), leaf dry mass (g plant) were determined (gplant™).

for all stages. Final grain weight, seed number per plant and seed Flprdboth models, ;he maxi_mt:m likelihood mgthodhwas
weight per plant were measured at final harvest. applied to estimate the empirical parametef}, (using the

The plants in each pot, e.g., two plants, were cut at thMIXED procedure of the SAS System Version 6.13A8

base and the individual plant components were separated int stituteC:nc., .198§a|af.ter th? trans_lfgrmation é)f bioLnasas %r?d
leaves, stems, petioles and pods (greater than 5 mm). Leaf arbggree afysdln re a_mv(ej values. IS was qne y awiding
was determined with a leaf area meter (LI 3000, LI-COR, NE, iomass of a determined stage, £Xncenirationd, tempera-

USA). The plant components, including leaflets, stems, cotyle'Eure regime.) and replication) by the maximum biomass of

dons, petioles and pods were dried af65for a minimum of a CQ; concentrationd and temperature regimg)(The same

72 h. Total abveground dry biomass for each pot was obtainecfr"’meormatlon was made for degree dayBests for c_ontrasts

by adding all plant components. To obtain theoeground Were_u_sed to evaluate the effect of themncentratlon orp

dry biomass per plant, total pot biomass was divided by two.(erl:_pIrICaI paran;]eter) for ea}ch t_enjper_atlurefregmfe. both,CO
These values were then used for statistical and growth analysis. 0 compare t e t.empora variation In leat area for otfy

The specific leaf area (SLA) (chg1), leaf area ratio (LAR) levels at one specific temperature regime, two leaf area growth

(cm?g-1) and leaf weight ratio (LWR) (g% were calculated rates were defined. The first rate, i.e., Ratel, was defined as:

for each sampling date as the ratio of leaf area to leaf biomass leaf areanax — leaf.area,
leaf area to aveground biomass and leaf biomass to total planf‘jatelz DDEmayx — DDEy4

aboveground biomass, respectively.
where Ratel represents the leaf area growth rate between the

beginning of stage V4 and the corresponding time to the max-
imum leaf area (fh°Cday plant?); leaf aregnay the maxi-
2.3.1. Main effects and interactions mum mean leaf area value during the crop cyclé grant1);

Three-way analysis of variance was applied on the growttieaf areas the average leaf area value at the beginning of
analysis variables using the ANOVA procedure of SAS Systemstage V4 (M plant™); DDEmax the degree days at leafeanax
Version 6.12 8AS Institute Inc., 19820 evaluate the effects of (°Cday) and DDR4 are the degree days at the beginning of
CO, and temperature as a function of growth stage. Statisticaitage V4 {C day).
significance of main effects and their interactions were assessed The second rate, i.e., Rate2, was defined as:

with F-tests. leaf areagg — Ieafareahax)

2.3.2. Temporal analysis DDErg — DDEmax

The aboveground variables, such as totabwvaground where Rate2 represents the leaf area growth rate between the
biomass and leaf mass, were analyzed by fitting empirical modime corresponding to the maximum leaf area and the beginning
els to describe their temporal variation as a function of thermabf the R8 stage (' C day); leafareagthe mean leaf area value
units or degree days after emergence (DDE). Degree days wea¢ beginning of stage R8 @plant™1), and DDEg the degree

)

2.3. Statistical analysis

Rate2—= ( 3)
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days at the beginning of stage R8(day). As this partially who also found that temperature affects the development rate
represents the leaf senescence period, it is expected that tlissoybean to a far greater extent than the,@0ncentration.
rate is negative. For specific leaf area, leaf area ratio, leaf weiglitlowering was first observed in the 30/25 temperature regime
ratio, the mean values at each harvest date were used to repres@@i7.5 DDE; 29 DAE for both C®levels), followed by the
their temporal variation. 25/20°C temperature regime (412.5 DDE; 33 DAE and 387.5
To compare the temporal variation in pod biomass growttDDE; 31 DAE for the ambient and elevated gf@vel, respec-
for both CQ levels at one specific temperature regime, thredively) and the 20/15C temperature regime (450.0 DDE and 60
pod growth rates were defined as Ratel (between V4 anDAE for both CQ levels) (Table J). Please note that for soy-
R3), Rate2 (between R3 and R6) and Rate3 (between Riieanthetemperature regime of 30/25is not supra-optimal for the
and R8). To calculate these rates, the same procedures #ewering.
presented for leaf area were used. The effect of temperature At ambient CQ levels, flowering in soybeans is mainly
and CQ on the seed yield, seed number per plant and seedontrolled by temperature and photoperiod. In this study, pho-
weight per plant was compared using analysis of variancéoperiod was fixed at 12 h and was below the critical photoperiod

(ANOVA). for this genotype. We, therefore, expected to find the same
degree days after emergence for development for all temperature

3. Results and discussion regimes. However, there were differences in DDE for all tem-
perature regimesTéble 1. DDE, in this study, was calculated

3.1. Flowering as the difference between the daily mean temperature and a base

temperature, which was defined as°@ For the temperature
Only the temperature regime 25/20 showed a difference regimes 20/15, 25/20 and 30/25, 7.5, 12.5 and 175 day,
in the start of flowering date (R1: defined as the date when 50%€spectively, were accumulated for each day after emergence.
of the plants have at least one flower at any ndeh¢ et al., According toWang et al. (1997)reproductive development
1971)) between the elevated and ambientQévels. For this of soybean can be modified by temperature, although it is
temperature regime, R1 was 2 days advanced for the elevatégquently under photoperiodic control. This difference between
CO; level (Table 7). The other two temperature regimes did not DDE might be explained as the effect of the night temperature
show a difference in R1 between the ambient and elevated CQn soybean development as observedThypmas and Raper
levels. In spite of the controversy about the effects ob@®  (1981) Seddigh et al. (1989)and recently by Bunce
the advancement or delay of flowering, in our study, the num{2004)
ber of days to R1 appeared to be more strongly affected by air
temperature than by the GQ@oncentration. This result is in 3.2. Growth analysis
agreement witlSionit et al. (1987a,bdndBaker et al. (1989)
Total albveground biomass, leaf mass and leaf area, pod
Table 1 biomass and the fitted models representing their variation as
Degree days between emergence and the start of flowering (DDEF), dayd function of DDE for each combination of G@nd temper-
between emergence and the start of flowering (DAEF), degree days betweegture regimes are shown Fig. L The maximum likelihood
thg start of rovx_/ering and phy_siological maturity (DDFM), days between flow- astimates of the growth rat@)for total atoveground biomass
ering and physiological maturity (DAFM), degree days between emergence andp, y 104t mass and the contrasts between the growth rate for the
physiological maturity (DDEM), and days between emergence and to physio- . . . .
logical maturity (DAEM) for three temperature regimes and two,G®els different CQ levels at each temperature regime are listed in
Tables 2 and 3For total aloveground biomass, the difference

I;:;f’nei;t;rgc) €O, level (ppm) between ambient and elevated £f@vels was significant for
400 700 both temperature regimes 20/15 and 30R5p =0.0064 and
DDEE DAEE DDEE DAEE 0.0001, respectivelyfable 9. Biomass growth rates] for the
(°Cday) (°Cday) temperature regime 20/I& was greater at the elevated than
20/15 4500 60 4500 o0 the ambient C@level (2.03 and 1.72¢C day plant?, respec-
25/20 4125 33 3875 31 tively). Sionit et al. (1987bplso found that an increase in the
30/25 5075 29 5075 29 COy level caused soybean to grow more vigorously at lower tem-
DDEM DAEM DDEM DAEM peratures. However, for the temperature regime 3028he
(°Cday) (°C day) total biomass growth ratg) was greater at the ambient than the
20115 65 s e s elevated CQIgveI (1.53'a}nd 1.03¢Cday plantl', respectively;
25/20 7525 60 5375 43 Table 9. The fitted empirical modeHjg. 1c) for this temperature
30/25 805 46 965 55 regime showed that there was an increasg far the ambient
DDEM DAEM DDEM DAEM CO, level and a decrease phfor the elevated C®level after
(C day) (C day) the R6 stage. This result was expected because the whole plant
response to elevated GQevel may decrease over time due to
;ggg 12255 2232 ;2155 17312 biochemical limitations, e.g., a decrease in rubisco activity, ultra

30/25 1315 75 1470 84 structural limitations, e.g., chloroplast disruption or changes
at the canopy level, e.g., self-shadirfgrifchard et al., 1999
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Table 2
Biomass growth rate estimate$) for the models describing total abeground biomass as a function of degree days after emergence (DDE) for each temperature
and CQ level

Temperature (day/nightyC) CQO; (ppm) B =+ standard error r2a bg diff. Cp-Value
(g°Cday plant?)

20/15 400 1.728140.0779 0.97 —0.3063 <0.0¢

20/15 700 2.03448& 0.0779 0.97

25/20 400 1.71418 0.0600 0.98 (1044 0.27ns

25/20 700 1.60968& 0.0738 0.97

30/25 400 1.57796:0.0636 0.99 5440 <0.0¢

30/25 700 1.0339% 0.0569 0.87

ns: not significant at the 0.05 probability level.
@ Determination coefficient.
b g diff.: difference betweers for 400 and 700 ppm C©
¢ p-Value associated tetest for contrast betweeghparameters from the same temperatures and differeptl ©@Is.
d Significant at the 0.05 probability level.

There was no significant difference£0.275) forg to ambi-  level (p =0.133) Table 3. This is the same trend that was found

ent and elevated CQevel for the temperature regime 25/20  for the total biomass growth rate.

(Table 2. The increase in temperature caused a decrease in the The variation in leaf area as a function of DDE is shown

plant biomass weight{g. 1a—c) due to a decrease of the soy-in Fig. 1g—i. For Ratel (fA°C day), defined as the leaf area

bean cycle as shown ifable 1 growth rate between the beginning of the V4 stage and the time
For leaf biomass, the growth ratg)(parameter was also corresponding to maximum leaf area, there was no significant

significantly different for the temperature regimes 20/15 andlifference between the ambient and elevated &@els for the

30/25°C, while for the temperature regime 25/20, there was temperature regimes 20/15 and 30/25p =0.0719 and 0.2669,

no significant difference between the elevated and ambient CQespectively). A significant difference between the ambient and

Table 3

Leaf growth rate estimateg) for the models describing leaf mass as a function of degree days after emergence (DDE) for each temperatyréeaadd CO

Temperature (day/nightjC) CQO; (ppm) B =+ standard error 2 ag diff. bp-Value
(g°Cday plant?®)

20/15 400 1.42143 0.1002 0.94 —0.3030 0.08

20/15 700 1.7245% 0.1002 0.94

25/20 400 1.172440.0771 0.90 —0.1851 0.13ns

25/20 700 1.35754 0.0949 0.95

30/25 400 1.23398 0.0818 0.96 21248 <0.0%

30/25 700 0.80918 0.0731 0.77

ns: not significant at the 0.05 probability level.
a g diff.: difference betwee for 400 and 700 ppm C9
b p-Value associated tetest for contrast betweghparameters from the same temperatures and differepti€@Is.
¢ Significant at the 0.05 probability level.

Table 4

Estimates of leaf area growth rates for three different temperature regimes and pevéld

Temperature Cco, Ratel apiffl bp-Value Rate2 bpiff2 Cp-Value
(day/night) ¢C) (ppm) (m2°C day) (m2°C day) (m2°C day) (m2°C day)

20/15 400 0.003879 0.002922 0.07ns —0.000694 0.000456 <0.01
20/15 700 0.003310 .000238

25/20 400 0.001968 0.000710 0.03 —0.000218 0.000084 0.78ns
25/20 700 0.001258 —0.000134

30/25 400 0.000862 0.000341 0.26ns —0.000045 0.000294 0.34ns
30/25 700 0.001203 —0.000339

Ratel represents leaf area growth between the beginning of the V4 stage and the time corresponding to the maximum leaf area and Rate2 repegenigheaf ar
between the time corresponding to the maximum leaf area and the beginning of the R8 stage; ns: not significant at the 0.05 probability level.

a Diff1: difference of the mean Ratel between 400 and 700 ppm CO

b Diff2: difference of the mean Rate2 between 400 and 700 ppm CO

¢ p-Value: value associated tdest for contrasts between Ratel for the same temperature regime and diffepdpv€&

d Significant at the 0.05 probability level.
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Fig. 1. Total abveground biomass (g plark) (a—c), leaf mass (g plant) (d—f), leaf area () (g-i) and pod growth at elevated GQ - -) and ambient C@(—)
as a function of degree days after emergence (DDE). The open symbols represent the eleyvatedsi@ements and the solid symbols represent the ambient CO
measurements for each harvest stage. The lines represent the model predicted values for biomass, leaf mass and leaf area.

elevated CQ levels for Ratel was only found for temperature into three rates, e.g., Ratel: V4-R3, Rate2: R3-R6 and
regime 25/20C (p=0.0282) Table 4. For this temperature Rate3: R6-R8. For Ratel {§ day plant!) and temperatures
regime, Ratel was greater for the ambient than the elevatadgimes 25/20 and 30/2&, there was a significant differ-
CO, level. For Rate2 (rh°C day), defined as the leaf area vari- ence between the ambient and elevated @®els p =0.0032
ation rate between the time corresponding to the maximum leand 0.0128, respectivelyfable 5. For the 30/25C temper-
area and the beginning of the R8 stage, there was no significaature regime, Ratel was greater for the elevated @@n
difference between the ambient and elevateg @®el for the  for the ambient level (0.0051 and 0.0005Qday plant?,
temperature regimes 25/20 and 30725p = 0.7839 and 0.3452, respectively). However, for the 25/2Q temperature regime,
respectively), while for temperature regime 20/C5Rate2 was Ratel was greater at the ambient than at the elevated
significantly different =0.0001) Table 4. CO; level (0.0076 and 0.0019°¢ day plant?!, respectively).
The variation in pod biomass growth as a function ofFor Rate2 (§Cdayplant!), only the temperature regime
DDE is shown inFig. 1j—-I. The pod growth rate was divided 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 1Wev€l©®

Temperature  CO, Ratel apiffl dp-value  Rate2 bpiff2 dp-value  Rate3 °Diff3 dp-value
(day/night) (ppm)  (m2°C (m2°C (m?°Cday) (m?°Cday) (m?°C day) (m2°C day)

0 day) day)

20/15 400 0.0046 0.0010 .BBns 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 @|me 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 L@ 0.0775 0.1137 0.03 0.8711 0.7354 0.49ns
30/25 700 0.0051 - - 0.1912 - - 0.1357 - -

Ratel represents pod biomass growth between the beginning of the V4 and R3 stages; Rate2 represents pod biomass growth between R3 and R6samifRate3 repre
pod biomass growth between R6 and R8; ns: not significant at the 0.05 probability level.

a Diff1: difference of the mean Ratel between 400 and 700 ppm CO

b Diff2: difference of the mean Rate2 between 400 and 700 ppm CO

¢ Diff3: difference of the mean Rate3 between 400 and 700 ppm CO

d p-Value: value associated tdest for contrasts between Ratel (or Rate2 or Rate3) for the same temperature regime and diffelergl€0

€ Significant at the 0.05 probability level.

ent and elevated COlevel (p=<0.03). For this tempera- the elevated C®level for all temperature regimegi@y. 2d—f),
ture regime, Rate2 was greater at the elevatedy @G®el similar to the observations made Byitchard et al. (1999)The
(0.0775 and 0.1912%C day plant?, respectively). For Rate3, leaf weight ratio (LWR) decreased as a function of DDE for all
none of the temperature regimes (20/15, 25/20 and 3@25 temperature regime$ig. 2g—-i) due to plant development and
showed a significant difference between the ambient andenescence.
elevated CQ level (p=0.1474, 0.9984 and 0.4978, respec-
tively; Table 5. The greatest impact of the increased LCO 3.3. Seed weight
level on pod biomass growth was found for the highest
temperature regime 30/2E&. For this temperature regime,  The significance of the main effects and interactions among
the pod biomass growth rate at the elevated,Cével CO, and temperature on seed weight per plant, seed num-
was greatest for Ratel and Rate2. AccordingNimkamoto ber per plant and individual seed mass at maturity are shown
et al. (2004) the response of seed yield to €@nrichmentis in Tables 6 and 7There was a significant positive interac-
mainly attributed to the response during the reproductive periodion between temperature and g@r seed weight and seed
Based orNakamoto et al. (20049bservations and the results number per plant. Seed weight increased by an average of
of this study, it is possible suggest that the effect of elevated@.5% for temperature regimes 20/15 and 30/35under the
CO; on pod growth rate mainly occurs between R1 and R6elevated CQ@ level. However, the increase was smaller as
e.g., corresponding to Ratel and Rate2. the temperature regime increased. The number of seeds per
The temporal trends for SLA, LAR and LWR as a function plant only increased for the elevated £@vel and the low-
of DDE are shown inFig. 2 For all temperature regimes, est temperature regime; the increase was also smaller as the
SLA at the V4 stage was greater at the ambient than at theemperature increased. There was no significant interaction
elevated CQ level. The specific leaf area also decreasedbetween CQ and temperature for individual seed size, so
due an increase in temperature for both ;.Clevels. This the effects of ambient and elevated £@ere similar. The
could be caused by an increase in the accumulation of totadNOVA of the individual seed sizeTable § confirmed that
nonstructural carbohydrates in the leaves (TNC), whichthe seeds were significantly larger under high temperature treat-
occurs wherC fixation exceed< utilization (Pritchard et al., ments, indicating an acceleration of early seed growth for
1999. Leaf initiation, represented here as LAR, was reduced athe higher temperature. In an earlier stugli and Ward-

Table 6

Analysis of variance for the effects of G@nd temperature on final seed weight, individual seed size, and seed number at final harvest

Source of variation d.f. Seed weight (g plahx Seed size (g) Seed number (# plaht
p-Value

Replicate 3 @®5 026 010

CO; (0) 1 0.17ns 075ns 012ns

Temperature®) 2 <0018 <0.012 <0.01

CxT 2 0.012 0.06ns 0022

Error 15

Total 23

ns: not significant at the 0.05 probability level.
a Significant at the 0.05 probability level.
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Fig. 2. Specific leaf area (ratio of leaf area to leaf biomagsym) (a—c), leaf area ratio (ratio of leaf area twabground biomass, hg~1) (d—f) and leaf weight
ratio (ratio of leaf biomass to total plant@akeground biomass, gd) (g-i) at elevated C®and at ambient C®as a function of degree days after emergence (DDE).
The open symbols represent the elevated @®asurements and the solid symbols represent the ambienn€&surements for each harvest stage.

law (1980)found that for soybean an increase in both the dayit was possible to explain 88% of the variation in seed
and night temperature increased the individual seed growth rateceight per plant by the differences in seed number rather
Seed weight per plant was positively correlated (88%)than in seed size for the various temperature and ele-
to the number of seeds per plant for all treatments, whilevated CQ treatments. The relationship between seed weight
there was no significant relationship between the seed weigland seed number per plant for soybean has also been
per plant at harvest maturity and the individual seed sizeshown in previous studied-érris et al., 1999; Egli and Yu,

or mass for each individual treatmemt-alue =0.24). Thus, 1991).

Table 7

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

CO; (ppm) Temperature’C) Seed weight (g plant) Seed mass () Seed number (# pidit
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 29.06 0.24 125.30

700 30/25 38.70 0.24 163.45

2 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 Egli, D.B., Yu, Z., 1991. Crop growth rate and seeds per unit area in soybean.
Crop Sci. 31, 439-442.
The temporal analysis of the individual growth characteris-Eg”' D.B., Wardlaw, I.F., 1980. Temperature response of seed growth char-

. . acteristics of soybeans. Agron. J. 72, 560-540.
tics and traits showed that the response of Soybean to elevat%%eridge, D.M., Steele, L.P., Langenfelds, R.L., Francey, R.J., Barnola, J.M.,

CO; is temperature dependent. The lowest temperature regime worgan, V.A., 1996. Natural and anthropogenic changes in atmospheric
(20/15°C) showed a higher biomass growth rag énd leaf CO;, over the last 1000 years from air in Antartic ice and firn. J. Geophys.
growth rate ) for the elevated C®level than the normal C9 Res. 101, 4115-4128. _

level (Tables 3 and ¥ These results are similar to those found by':ehr'f ;’V'R'I* Ca"'”ezsv CE. B”rTOOdt') D.T., Pennington, J'S':ngn' Stage
Tremmel and Patterson (199Bgker etal. (198%ndColeman gci'eff’ ngzn;fggléscnpt'ons of soybeatycine max (L) Merrill. Crop

and Bazzaz (1992for final yield, there was a strong interaction rerris, R., Wheeler, T.R., Ellis, R.H., Hadley, P., 1999. Seed yield after
of CO, and temperature on final seed weight per plant and seed environmental stress in soybean grown under elevated. @op Sci.

number per plant. 39, 710-718.
Ferris, R., Wheeler, T.R., Hadley, P., Ellis, R.H., 1998. Recovery of pho-
tosynthesis after environmental stress in soybean grown under elevated
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