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Leaf and canopy scale drivers of genotypic variation in
soybean response to elevated carbon dioxide concentration
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Abstract
The atmospheric [CO2] in which crops grow today is greater than at any point in
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their domestication history and represents an opportunity for positive effects on
seed yield that can counteract the negative effects of greater heat and drought this
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century. In order to maximize yields under future atmospheric [CO2], we need to
identify and study crop cultivars that respond most favorably to elevated [CO2] and
understand the mechanisms contributing to their responsiveness. Soybean (Glycine
max Merr.) is a widely grown oilseed crop and shows genetic variation in response
to elevated [CO2]. However, few studies have studied the physiological basis for
this variation. Here, we examined canopy light interception, photosynthesis, respiration and radiation use efficiency along with yield and yield parameters in two cultivars of soybean (Loda and HS93-4118) previously reported to have similar seed
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yield at ambient [CO2], but contrasting responses to elevated [CO2]. Seed yield
increased by 26% at elevated [CO2] (600 lmol/mol) in the responsive cultivar Loda,
but only by 11% in HS93-4118. Canopy light interception and leaf area index were
greater in HS93-4118 in ambient [CO2], but increased more in response to elevated
[CO2] in Loda. Radiation use efficiency and harvest index were also greater in Loda
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than HS93-4118 at both ambient and elevated [CO2]. Daily C assimilation was
greater at elevated [CO2] in both cultivars, while stomatal conductance was lower.
Electron transport capacity was also greater in Loda than HS93-4118, but there was
no difference in the response of photosynthetic traits to elevated [CO2] in the two
cultivars. Overall, this greater understanding of leaf- and canopy-level photosynthetic traits provides a strong conceptual basis for modeling genotypic variation in
response to elevated [CO2].
KEYWORDS

crop yield, elevated carbon dioxide concentration, free-air CO2 enrichment, genotypic
variation, Glycine max, photosynthesis, radiation use efficiency

1 | INTRODUCTION

decade, [CO2] has risen by an average 2.1 lmol mol1 year1 and in
2015 the annual mean [CO2] measured at Mauna Loa exceeded

Atmospheric carbon dioxide concentration ([CO2]) is 44% higher in

400 lmol/mol for the first time in measured history (Betts, Jones,

2016 than it was in pre-industrial times (WMO, 2016). Over the past

Knight, Keeling, & Kennedy, 2016). This increase in atmospheric
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[CO2] is estimated to have contributed significantly to yield gains in
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cultivars revealed that HI was consistently lower in soybeans grown

C3 crops over the past 30 years (McGrath & Lobell, 2013; Sakurai,

at elevated [CO2], and cultivars with greater HI tended to have

Iizumi, Nishimori, & Yokozawa, 2014; Specht, Hume, & Kumudini,

greater seed yield response to elevated [CO2] (Bishop et al., 2015).

1999; Specht et al., 2014). If emissions continue to grow at the cur-

Therefore, it is possible that genotypic variation in soybean yield

rent pace, [CO2] is expected to reach 500 lmol/mol by 2050 and

responses to elevated [CO2] could be driven by changes in FPARi,

730–1,020 lmol/mol by 2100 (Ciais et al., 2013). In order to take

RUE, and HI. A recent meta-analysis showed RUE in soybean is posi-

advantage of the potential benefit from rising [CO2], it is important

tively correlated with atmospheric [CO2] in recent decades (Slattery

to identify C3 crop cultivars that respond most favorably to elevated

& Ort, 2015), while a field study of historical soybean varieties found

[CO2] and the mechanisms contributing to their responsiveness

evidence that breeding has also resulted in improved RUE (Koester,

(Aspinwall et al., 2015).

Skoneczka, Cary, Diers, & Ainsworth, 2014). RUE is the slope of the

Increasing [CO2] stimulates photosynthesis in C3 crops by

relationship between the energy content of accumulated above-

increasing the velocity of the Rubisco carboxylation reaction and

ground biomass vs. intercepted photosynthetically active radiation

decreasing the competitive oxygenation reaction that leads to pho-

and generally represents the balance between photosynthesis and

torespiration (Aranjuelo et al., 2013; Drake, Gonzalez-Meler, & Long,

respiration (Sinclair & Muchow, 1999).

1997; Long, Ainsworth, Rogers, & Ort, 2004). Elevated [CO2] also

This 3-year field study investigates physiological mechanisms

decreases stomatal conductance (gs) (Ainsworth & Rogers, 2007),

associated with the yield response of two soybean cultivars (HS93-

which has the potential to scale to lower canopy transpiration and

4118 and Loda) previously shown to have very different yield

greater water use efficiency (Bernacchi & VanLoocke, 2015). These

responses to elevated [CO2] (Bishop et al., 2015). These two culti-

[CO2]-induced responses typically improve C3 crop biomass and

vars were among 18 cultivars initially tested for yield response to

yield at elevated [CO2] (Ainsworth & Long, 2005; Kimball, 1983;

elevated [CO2], and they showed consistent differences in response

Kimball, Kobayashi, & Bindi, 2002; Long et al., 2004), although the

to elevated [CO2] across four growing seasons, in contrast to other

magnitude and even the direction of the effect can vary with water

cultivars whose response was more variable (Bishop et al., 2015).

availability and drought stress (Gray et al., 2016; Obermeier et al.,

Across 4 years of study, HS93-4118 showed no significant stimula-

2017), nutrient availability (Long et al., 2004; Luo et al., 2004), and

tion in yield at elevated [CO2] while Loda showed an average 24%

temperature (Ruiz-Vera et al., 2013). Soybean physiological and yield

stimulation in yield (Bishop et al., 2015). The two cultivars are similar

responses to elevated [CO2] have been broadly investigated in con-

in terms of maturity group and release date, have similar yields at

trolled environments (Ainsworth et al., 2002; Kumagai, Aoki, Masuya,

ambient [CO2], and therefore provide a promising comparison for

& Shimono, 2015; Ziska, Bunce, & Caulfield, 1998, 2001) and in the

understanding the physiological basis for variation in yield response.

field (Ainsworth, Rogers, Nelson, & Long, 2004; Bernacchi et al.,

Based on previous studies of a commercial genotype (Dermody

2006; Bishop, Betzelberger, Long, & Ainsworth, 2015; Bunce, 2015;

et al., 2006), we predicted that the greater seed yield stimulation in

Gray et al., 2016; Hao et al., 2012; Leakey et al., 2009; Morgan, Bol-

Loda would be associated primarily with greater stimulation of RUE

lero, Nelson, Dohleman, & Long, 2005; Rogers et al., 2004, 2006). A

by elevated [CO2] linked with improved C balance of the leaf at ele-

consistent finding is that there is significant variation among soybean

vated [CO2]. We also hypothesized that Loda would have greater HI,

cultivars in their seed yield response to elevated [CO2] (Bishop et al.,

supporting greater yields at elevated [CO2].

2015; Bunce, 2015; Hao et al., 2012; Kumagai et al., 2015; Ziska
et al., 1998, 2001). Variation in response has been attributed to
increased branching or individual seed weight at elevated [CO2]
(Ziska et al., 1998), delayed transition from vegetative to reproductive growth (Bunce, 2015), and plasticity in biomass accumulation,
pod production, and partitioning (Bishop et al., 2015; Kumagai et al.,

2 | MATERIALS AND METHODS
2.1 | Field site, experimental conditions, and
soybean cultivars

2015). While these studies potentially identify traits related to [CO2]

This experiment was performed at the SoyFACE research facility

response, they do not yet identify physiological mechanisms influ-

(http://www.igb.illinois.edu/soyface/)

encing these traits.

(40°020 N, 88°140 W; 228 m above sea level) during the 2012, 2013,

in

Champaign,

IL,

USA

According to the Monteith (1977) formulation, yield potential

and 2014 soybean growing seasons. This facility has been described

(Yp) can be calculated from photosynthetically active radiation (PAR)

previously by Ainsworth et al. (2004) and Rogers et al. (2004). The

multiplied by the efficiencies by which light energy is intercepted by

field experiment consisted of four blocks, each containing two 20 m

a crop canopy (FPARi), converted into biomass (RUE; radiation use

diameter octagonal plots, with one control (i.e., ambient [CO2]) and

efficiency), and partitioned to seeds (HI; harvest index). Dermody

one elevated [CO2] plot (target [CO2] of 590–600 lmol/mol). Ele-

et al. (2008) reported that improvement in RUE was primarily

vated [CO2] plots were fumigated during daylight hours using FACE

responsible for the soybean yield response to elevated [CO2] in a

technology (Miglietta et al., 2001), and the mean elevated [CO2] for

commercial cultivar. In that study, FPARi was not consistently stimu-

each year is reported in Table 1. To avoid cross-contamination from

lated by elevated [CO2] and HI was reduced by growth at elevated

the elevated plots to the ambient plots, rings were separated by

[CO2] (Morgan et al., 2005). Further study of 18 additional soybean

100 m (Miglietta et al., 2001). Weather conditions including air
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Year

Growing season
precip (mm)

Ave air
T (°C)

Total solar
radiation
(MJ/m2)

2012

265.6

24.1

2,716

15-May

15-October

592.5  1.2

2013

232.3

22.4

2,016

12-June

1-November

596.3  13.6

2014

526.4

22.7

2,179

18-June

1-November

602.6  6.6

Planting
date

Harvest date

Elevated [CO2]
(lmol/mol)

ET AL.

T A B L E 1 Meteorological conditions
from planting to crop maturity, planting
dates and average elevated [CO2] during
the 2012, 2013, and 2014 growing
seasons at the SoyFACE experimental site
in Champaign, IL

temperature, relative humidity, solar radiation, and precipitation dur-

seed per g aboveground biomass), and time to completion of matu-

ing growing season were recorded by an onsite weather station

rity of 95% of the pods were measured. In 2012, grain yield was

(Table 1; Fig. S1). The soil at the SoyFACE site is a Drummer-Flana-

measured. When the cultivars reached maturity, yield was deter-

gan soil, typical of central Illinois.

mined by harvesting 2 m of the two central rows from each plot

Two soybean cultivars (HS93-4118 and Loda) were planted with

with a small combine. For HI measurements in 2013 and 2014, 1 m

a row spacing of 0.38 m in the central part of each ring. In 2012

of a row was harvested by hand, and the stems and pods were sepa-

and 2013, each cultivar was planted over 4.56 m2 (four rows of 3 m

rated and dried at 60°C.

2

long), while in 2014 a larger area (16.41 m , eight rows of 5.4 m
long) was planted per cultivar for sequential biomass harvesting dur-

2.3 | Light interception, radiation use efficiency,
sink:source ratio, and plant height

ing the growing season to calculate conversion efficiency (RUE).
HS93-4118 is a maturity group II soybean that was released in 2000
with parent cultivars IA2007 and DSR304. Loda is also a maturity

Measurements of canopy light interception were made once or twice

group II soybean released in 2000 with parent cultivars Jack and

per week throughout the 2014 growing season depending on the

IA3003. Both varieties were obtained from the USDA soybean germ-

weather conditions. Photosynthetically active radiation (PAR) measurements were taken above (Ia) and below (Ib) the canopy in an

plasm collection.
HS93-4118 and Loda were previously grown at SoyFACE and

undisturbed area (two central rows) of each plot during the middle

seed yield was measured at maturity each year from 2004 to 2008

of a clear day using a line quantum sensor (AccuPAR LP-80; Deca-

(Fig. S2). The growing conditions and methods for measuring seed

gon Devices, Pullman, WA, USA), following the methods described in

yield during those years are described by Bishop et al. (2015). These

Koester et al. (2014). FPARi was calculated as 1  (Ia/Ib) (Nobel, For-

data were combined with the three years of data collected in the

seth, & Long, 1993). FPARi weekly measurements stopped when

current study to provide 8 years of seed yield observations at ambi-

most of the soybean foliage had senesced at the R7 developmental

ent and elevated [CO2].

stage (Fehr, Caviness, Burmood, & Pennington, 1971). Mean FPARi
is the average of all weekly observations for each cultivar and CO2
treatment up to R7.

2.2 | Crop growth, yield, and harvest index

During the 2014 growing season, aboveground biomass accu-

During each growing season, developmental stage and yield traits

mulation per unit area was measured every 10 days after the

were recorded using the two central rows of the cultivar’s plots,

plants reached the V5 developmental stage (Fehr et al., 1971).

meanwhile the two outside rows were used as borders. In 2013 and

Avoiding the borders of the plot, a 1 m section of row was har-

2014, above-ground biomass (DM g/m), grain yield (tons/ha), HI (g

vested at ~2.5 cm above the ground. Plants were counted and
HS93-4118 Amb
HS93-4118 Ele
Loda Amb
Loda Ele

Seed yield (kg ha–1)

7000

c

(b)

(a)
6000

b

4000

b

c

5000
a

b

a

a

b

b
a

a

b

b

a

a

3000
2000
8 season average

2012

2013

2014

F I G U R E 1 (a) Average seed yield measured over 8 growing seasons (2004–2008, 2012–2014) for HS93-4118 and Loda grown at ambient
(Amb) and elevated (Ele) [CO2]. Least square means and standard error of the least square means are plotted. (b) Average seed yield for the
years of this study, 2012, 2013, and 2014. Different letters indicate statistically significant differences in least square mean values across the
eight growing seasons (a) or within a given year (b) based on pair-wise comparisons of the means (p < .05)
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canopy light extinction coefficient (k) was estimated during and
after canopy closure from transmitted (TPAR) and incoming PAR
net, Kiniry, Board,
(PAR) according to the following equation (Fle
Westgate, & Reicosky, 1996):
k ¼  lnðTPAR/PARÞ=LAI:

2.5 | Gas exchange measurements
Diurnal measurements of leaf instantaneous photosynthetic CO2
assimilation (A), and stomatal conductance (gs), were measured using
a portable infrared gas analyzer (Li-Cor 6400; LI-COR Biosciences).
Measurements were made on the most recently fully expanded leaf
at the top of the canopy during vegetative and reproductive developmental stages in 2012, 2013 and 2014. Gas exchange was measured every 2 hr from sunrise to sunset on three plants per cultivar
per ring. Before each time of measurement, light intensity was
recorded by a photosynthetic photon flux density meter (LI-190; LICOR Biosciences) and temperature was monitored by the onsite

F1,6 = 10.3, .0184

Source:Sink

F1,6 = 0.38, .5603
F1,6 = 0.03, .8584

F1,3 = 5.37, .0597

Height

F1,6 = 59.5, .0045
F1,6 = 3.58, .1072

F1,6 = 0.70, .4354

F’s under scripted values correspond to numerator and denominator degrees of freedom for each term used in the ANOVA.
Bold indicates statistical significance (p < .05).

One set of measurements were taken per cultivar per ring. The

F7,37 = 0.73, .6468

transect at 0%, 25%, 50%, and 75% of the distance across a row.

Year 9 [CO2] 9 C

direction as a set of four below canopy readings along a diagonal

F7,44 = 1.03, .4252

above the canopy was taken immediately before and in the same

F7,37 = 5.10, .0004

(LAI2000; LI-COR Biosciences). An opaque mask with a 45° opening was used to restrict the viewing area of the lens. One reading

Year 9 C

ditions (Hyer & Goetz, 2004) using a plant canopy analyzer

Year 9 [CO2]

measurement was taken in the evening to ensure diffuse light con-

F7,44 = 18.7, <.0001

week throughout 2012, 2013, and 2014 growing season. Each

Year

Leaf area index (LAI) readings were taken approximately once per

F1,6 = 0.86, .4196

2.4 | Leaf area index and light extinction coefficient

F1,6 = 11.3, .0396

genotype and [CO2] treatment and averaged for statistical analysis.

F1,6 = 0.23, .6534

beans reached maturity. Five plants per plot were measured for each

F1,6 = 47.8, .0010

coln, NE, USA). Plant height was measured in 2014 when the soy-

F1,6 = 12.41, .0125

measured with a leaf area meter (LI-3000; LI-COR Biosciences, Lin-

F1,6 = 78.7, .0001

et al., 2014). The leaf area of five plants per cultivar per plot was

F1,6 = 14.2, .0089

divided by the leaf area per plant measured at canopy closure (Zhu

F1,10 = 47.8, <.0001

The sink:source ratio was estimated as the seed weight per plant

Cultivar (C)

(Fig. S3; Monteith, 1972).

[CO2] 9 C

RUE was calculated from the slope of this linear relationship

Stover

ground harvests (MJ/m2) was regressed against PARi (MJ/m2), and

F1,3 = 6.42, .0446

mass harvests, by the linearly interpolated FPARi. For calculation of
seasonal RUE, cumulative biomass energy content from above-

Partitioning efficiency (HI)

plying the total PAR measured by the climatic station between bio-

Radiation use efficiency (RUE)

(PARi) at the time of each biomass harvest was calculated by multi-

F1,3 = 6.43, .0433

with benzoic acid as standard. The cumulative intercepted radiation

Interception efficiency (FPARi)

bomb calorimeter (model 1261; Parr Instrument, Moline, IL, USA)

F1,3 = 4.54, .1228

then analyzed separately for total energy content using an adiabatic

F1,6 = 25.6, .0028

into energy equivalents, leaves, stems, and seeds were ground and

Seed yield

was dried at 60°C and then weighed. To convert the plant biomass

[CO2]

pods (when the plants reached reproductive stages). Plant material

T A B L E 2 Analysis of variance (F, p) of yield measured in 2012, 2013, and 2014, and yield determinants, stover, height, and source:sink ratio measured in 2014, for soybean cultivars HS934118 and Loda grown at ambient and elevated [CO2]

separated into leaves, stems (including petioles and petiolules), and

F1,3 = 0.00, .9531

ET AL.

F1,3 = 0.46, .5423
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Ambient [CO2]
Elevated [CO2]
0.90

(d)

d

b

b,c

0.80

ab
a

a

160

a
120

0.75
80

0.70

40

0.65

Stover (g m–1)

FPARi

0.85

200

(a) c,d

0.60

(b)

RUE

b

(e) b

c
bc

0.04

a

a

ab

a

100
80
60

0.03

40
0.02

Height (cm)

0.05

20

0.65
0.60

14

(c)

b

b
a

(f)

a

12
10

ab

a

HI

0.55

b

ab

8
6

0.50

4

0.45

2

0.40
HS93-4118

Loda

HS93-4118

Loda

1.2

c

A' (mol CO2 m–2 d–1)

(a)
c

1.0

ab
0.8

Sink: Source (mg cm–2)

0.01

F I G U R E 2 (a) Efficiency of canopy light
interception (FPARi), (b) radiation use
efficiency (RUE), (c) partitioning of biomass
to seed or harvest index (HI), (d) end of
season stem and leaf biomass (stover), (e)
plant height (cm) measured at maturity,
and (f) ratio of seed weight to maximum
leaf area (source:sink) measured in HS934118 and Loda grown at ambient and
elevated [CO2] in 2014. Different letters
indicate statistically significant differences
in mean values based on pair-wise
comparisons of the means (p < .05)

b

b

b
a

a

a

b
a

ab

0.6
0.4
0.2
0.0
1.0

(b)
a

gs (mol m–2 s–1)

0.8

a

a
b

a

a
b

b

b

0.6
0.4

a

b

b

0.2
0.0
HS93-4118

2012

Loda

HS93-4118

Loda

HS93-4118

2013

Loda

2014

F I G U R E 3 (a) Daily photosynthetic C
gain (A0 ), and (b) midday stomatal
conductance (gs) measured in HS93-4118
and Loda grown at ambient and elevated
[CO2] in 2012, 2013, and 2014. The bar
chart shows the seasonal average values,
and diurnal photosynthesis was measured
3–4 times per growing season. Different
letters indicate statistically significant
differences in least square mean values
within a given year based on pair-wise
comparisons of the means (p < .05)

weather station. The conditions in the leaf cuvette were then set to

[CO2] treatment (590–600 lmol/mol). The total daily CO2 uptake

match the ambient environmental conditions, with the [CO2] in the

(A0 ) was estimated by integrating under the area of the diurnal curve

cuvette set to match either ambient (~400 lmol/mol) or elevated

of photosynthesis.

|
2.17, .105

0.37, .776

2013

0.90, .418

3.89, .031

7.63, <.001

0.65, .584
0.57, .569

10.4, <.001

6.24, .016

2014

0.28, .598
0.05, .827

7.30, .012

0.39, .537

2013

N (g/m2)

[CO2]

0.89, .3551

0.00, .9638

3.49, .0706

Cultivar (C)

4.19, .0533

2.25, .1483

2.07, .1592

4.91, .0379

0.01, .9315

0.54, .4660

15.31, .0008

0.29, .5989

46.1, <.0001

0.98, .384
0.05, .985
1.19, .317

0.26, .771
2.06, .119
2.50, .098

2.11, .137

23.1, <.001

of A to intercellular [CO2] (ci), as previously described (Ainsworth
leaves were harvested predawn and kept at low light conditions
Parameters were measured on multiple days of year (DOY) across the growing season. Years were analyzed independently.

0.36, .70

2.6, .089
0.32, .809

2.67, .059
2.81, .075

0.49, .671
0.33, .571

4.13, .055
0.74, .536

0.04, .990
0.12, .887

0.38, .689
3.75, .066

0.66, .425
C 9 CO2 9 DOY

C 9 DOY

5.33, .009

0.74, .485
2.60, .064

44.8, <.001
48.6, <.001

1.20, .316
6.02, .023

92.6, <.001
22.2, <.001

1.52, .223
1.54, .230

186, <.001
0.94, .343

0.09, .773

0.03, .865

In addition, the maximum rates of Rubisco carboxylation (Vc,max)

et al., 2007). On the day after diurnal photosynthesis measurements,

CO2 9 DOY

DOY

0.74, .394

0.79, .380
0.01, .906

0.02, .884
2.61, .121

0.14, .710
0.41, .526

10.9, .002
0.41, .526

0.24, .626
0.11, .746

11.0, .003
Cultivar (C)

G 9 CO2

5.27, .028

1.02, .393

0.12, .8877

20.7, <.001

1.94, .1782

0.37, .691

5.49, .0291

20.5, <.001

0.14, .958

18.9, <.001

DOY 9 [CO2] 9 C

0.22, .639

0.83, .4443
0.82, .4492

0.92, .41

0.24, .6266
0.14, .7109

1.02, .321

0.07, .7995
1.84, .1892

5.39, .026

3.14, .085

2012

DOY 9 [CO2]
DOY 9 C

1.43, .237

2014
2013

Day of year (DOY)

2.44, .128
36.2, <.001

2012
2014

34.8, <.001
29.4, <.001

2013
2012

12.9, .002
29.4, <.001

2014

Rd (lmol m2 s1)
2014

and RuBP regeneration rate (Jmax) were estimated from the response

25.8, <.001

2013

2014

Parameters were measured on multiple days of year (DOY) across the
growing seasons. Years were analyzed independently.

6.97, .015

2012

3913

T A B L E 4 Analysis of variance (F, p) of leaf N content and dark
respiration (Rd) measured in HS93-4118 and Loda grown at ambient
and elevated [CO2]

[CO2] 9 C

CO2

Jmax (lmol m2 s1)
Vc,max (lmol m2 s1)
gs (mol m2 s1)
A0 (mol CO2 m2 day1)

0.11, .741

ET AL.

T A B L E 3 Analysis of variance (F, p) of diurnal C gain (A0 ), midday stomatal conductance (gs), maximum Rubisco carboxylation rate (Vc,max), and RuBP regeneration rate (Jmax) measured in
2012, 2013, and 2014 for HS93-4118 and Loda grown at ambient and elevated [CO2]
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prior to measurement to avoid transient decreases in water potential, decreases in chloroplast inorganic phosphate concentration, or
decreases in maximum photosystem II efficiency (Bernacchi et al.,
2005). To avoid breaking the xylem water column, petioles of the
harvested leaves were immediately immersed in water, then re-cut
again under water (Bernacchi et al., 2005). This approach of cutting
leaves before dawn and measuring A/ci response curves in a field
laboratory enables measurements to be made with multiple leaf gas
exchange systems at a common temperature and VPD. The approach
has previously been shown to provide estimates of photosynthesis
that are similar to those measured in the field (Ainsworth et al.,
2004). In 2012, A/ci curves were measured when the plants were in
vegetative growth (V6, 2 July), beginning pod development (R3, 2
August), and beginning seed development (R5, 18 August) according
to the growth stages defined by Fehr et al. (1971). In 2013, A/ci
curves were made at V6 (13 July), full bloom (R2, 27 July), and R5
(13 August). In 2014, A/ci curves were made when plants were in
vegetative growth (V5, 23 July), R2 (12 August), full pod (R4, 24
August), and full seed (R6, 7 September). Photosynthesis was initially
induced at growth [CO2] (ambient, 400 lmol/mol CO2 or elevated,
600 lmol/mol CO2). Next, [CO2] was reduced stepwise to the
lowest concentration of 50 lmol/mol and then increased stepwise
to the highest CO2 concentration of 1,500 lmol/mol. During the
measurements, leaf temperature was ~25°C and PPFD was 1,500–
1,750 lmol m2 s1. Vc,max and Jmax were calculated using equations
developed by Farquhar, von Caemmerer, and Berry (1980) with the
temperature functions of Bernacchi, Singsaas, Pimentel, Portis, and
Long (2001), Bernacchi, Pimentel, and Long (2003).
In 2014, dark adapted leaf respiration was measured as CO2
efflux in situ from the youngest most fully expanded leaf at V5 (24
July), R4 (24 August), and R6 (7 September). Gas exchange measurements started 2 hr after sunset, and a larger leaf cuvette (2 9 6 cm)
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was used with the infrared gas analyzer (LI-6400) for measurements

autoregressive covariance structure and Kenwood-Rogers specifica-

of CO2 efflux. For each ring and cultivar, three leaves were mea-

tion for fixed effects and degrees of freedom. Growing seasons were

sured. The block temperature of the Li-Cor 6400 was set according

analyzed independently. Cultivar and [CO2] were fixed effects, the

to the recorded ambient temperature, and the relative humidity was

day of the year that the measurement was taken (DOY) was a
repeated effect and block was a random effect in the model (PROC

maintained between 60% and 70%.

MIXED, SAS

9.4). When the main effect of [CO2], cultivar, or DOY or

their interaction were significant, paired linear contrasts were done

2.6 | Leaf N content

on the least squares means to identify significant differences

In 2013, leaves were harvested for leaf N content at two growth

between cultivars and [CO2] treatments.

stages, V6 and R5. In 2014, leaf disks were harvested at V5 and R4.

The correlations and linear dependencies among yield, yield

At each time point, three 1.4 cm2 disks from the middle leaflet of

determinants, and photosynthetic parameters were tested with

the youngest most fully expanded leaf from three different plants

simple linear regression models (PROC

CORR, PROC REG, SAS

9.4).

per plot were harvested and pooled. Disks were dried at 50°C,
ground, weighed, and put into tin capsules. Leaf N content (g/m2)

3 | RESULTS

was determined by dry combustion of the capsule in an elemental
analyzer (Costech 4010; Thermo Scientific, Waltham, MA, USA).

3.1 | Yield and yield component responses to
elevated [CO2]

2.7 | Statistical analysis

Averaged over eight growing seasons, the stimulation in seed yield
at

MIXED, SAS

<400 kg/ha (10.9%) in HS93-4118 (Figure 1a), resulting in a signif-

9.4; SAS Institute, Cary, NC, USA) with growing season

elevated

[CO2]

~1,000 kg/ha

Seed yield was tested using a mixed model analysis of variance (PROC

was

(25.6%)

in

Loda

and

(year), [CO2], and cultivar modeled as fixed effects, and block as a

icant cultivar 9 [CO2] treatment interaction (Table 2). Loda had

random effect. To test for significant differences between cultivars

similar, but slightly greater yield in ambient [CO2] as HS93-4118,

and [CO2] treatments within a growing season, paired linear con-

and much greater yield in elevated [CO2] (Figure 1a). This general

trasts were done on the least squares means. Monteith parameters

pattern of similar yields at ambient [CO2] and a greater yield

and sink:source were tested with a similar mixed model, except that

responsiveness to elevated [CO2] in Loda compared to HS93-

growing season (year) was not included because parameters were

4118 was consistent over eight growing seasons (Figure 1b;

only measured in 2014.

Fig. S1).

Leaf N and gas exchange parameters that were measured multi-

Yield determinants FPARi, RUE, and HI were measured in

ple times during a single growing season were tested with a

2014. Loda had lower FPARi and greater RUE than HS93-4118

repeated measures mixed model analysis of variance with the

(Figure 2a,b; Table 2). There was a trend toward greater FPARi

Vc,max (µmol m–2 s–1)
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0
HS93-4118

2012
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HS93-4118

2013
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HS93-4118

2014
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F I G U R E 4 (a) Maximum rate of Rubisco
carboxylation (Vc,max), and (b) RuBP
regeneration rate (Jmax) measured in HS934118 and Loda grown at ambient and
elevated [CO2] in 2012, 2013, and 2014.
The bar chart shows the seasonal average
values, and photosynthetic capacity was
measured 3–4 times per growing season.
Different letters indicate statistically
significant differences in least square mean
values within a given year based on pairwise comparisons of the means (p < .05)
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and RUE in elevated [CO2] (Figure 2a,b; Table 2). The FPARi

Ambient [CO2]

results were consistent with LAI measurements, which were taken

Elevated [CO2]

in 2012, 2013, and 2014 (Fig. S4). HS93-4118 had greater peak
LAI than Loda, and more rapid canopy closure especially in ele-

(a)

vated [CO2] (Fig. S4). This allowed for greater early season FPARi

b

2.5

There was no significant effect of [CO2] on HI in 2014, but Loda
had significantly greater HI than HS93-4118 (Figure 2c; Table 2). End
of season stem and leaf biomass (stover) was increased by elevated
[CO2], although the pairwise comparison of means showed it was only

Rd (µmol m–2 s–1)

in HS93-4118 compared to Loda and slightly greater light extinction coefficients (Fig. S5).
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statistically significant for Loda (Figure 2d; Table 2). Loda was signifi-

ab
a

2.0

ab

1.5
1.0
0.5

cantly shorter than HS93-4118, and height was not significantly
affected by growth at elevated [CO2] in either cultivar (Figure 2e;

2.4

Table 2). The ratio of carbon sinks (seed mass) to sources (peak leaf
area) tended to be greater in Loda compared to HS93-4118 (Fig-

a

2.0

N (g m–2)

ure 2f), however, elevated [CO2] did not alter this parameter.

3.2 | Leaf photosynthetic and respiration responses
to elevated [CO2]

b

(b)

a

a

1.6

1.2

Diurnal measurements of photosynthesis were made during the 2012,
2013, and 2014 growing seasons. By integrating under the diurnal

0.8

curve, daily photosynthetic C gain (A0 ) was estimated. A0 was consistently greater in elevated [CO2] in both cultivars (Figure 3a; Table 3),

2.4

and Loda had greater A0 than HS93-4118 when averaged across [CO2]

(c)

a
a

treatments in 2012 and 2014 (Figure 3a; Table 3). Both cultivars also

a

a

2.0

[CO2] consistently across growing seasons (Figure 3b; Table 3). Vc,max
was down-regulated in elevated [CO2] in both cultivars in 2012, but
not in 2013 or 2014 (Figure 4a). There was no evidence for down-regulation of Jmax in any year or cultivar (Figure 4b; Table 3). Supporting

N (g m–2)

showed reductions in midday stomatal conductance (gs) at elevated
1.6

1.2

greater daily C assimilation, Loda had greater photosynthetic capacity
than HS93-4118, especially Jmax (Figure 4b; Table 3).

0.8

Dark respiration was measured in the 2014 growing season on
three different dates corresponding to different developmental

HS93-4118

Loda

stages. Respiration rates tended to be greater at elevated [CO2]
(p < .10; Figure 5a), but were not significantly different between cultivars (Figure 5a; Table 3). Leaf N content was not consistently
affected by elevated [CO2] in 2013 and 2014 (Figure 5b,c; Table 3).
In 2013, leaf N was significantly greater in Loda grown at ambient
[CO2] than Loda grown at elevated [CO2] and greater than HS934118 (Figure 5b), but in 2014, there were no significant effects of

F I G U R E 5 (a) Dark respiration (Rd) measured in 2014 and leaf N
content measured in 2013 (b) and 2014 (c) for HS93-4118 and Loda
grown at ambient and elevated [CO2]. The bar chart shows the
seasonal average values from multiple measurements. Different
letters indicate statistically significant differences in least square
mean values within a given year based on pair-wise comparisons of
the means (p < .05)

[CO2] or cultivar on leaf N (Figure 5c, Table 3).
across genotypes and [CO2] treatments, RUE was positively correlated
with A0 (Figure 6). RUE was also positively correlated with Rd (Fig-

3.3 | Correlations between seed yield,
photosynthetic parameters, and yield determinants

ure 6), and weakly negatively correlated with Vc,max. A0 was positively

Using data from 2014, the relationship between leaf physiological

There were no significant correlations among Vc,max, Jmax, and Rd when

traits averaged over the growing season and RUE was explored with

averaged across the growing season (Figure 6).

correlated with Jmax and Rd, but not correlated with Vc,max (Figure 6).

simple correlation analysis (Figure 6). Theoretically, greater photosyn-

Soybean seed yield was correlated with yield determinants, FPARi,

thetic rates support greater RUE (Monteith, 1977; Reynolds, van Gin-

RUE, and HI, and the relationship was altered by growth elevated [CO2]

kel, & Ribaut, 2000; Sinclair & Muchow, 1999), and in this experiment

(Figure 7). In both ambient and elevated [CO2], there was a negative
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F I G U R E 6 Correlations between radiation use efficiency (RUE), daily C gain (A0 ), maximum rate of Rubisco carboxylation (Vc,max), maximum
RuBP regeneration rate (Jmax), and dark respiration rate (Rd). Each symbol represents the seasonal mean value for each replicate in ambient and
elevated [CO2] per genotype (n = 4). Significant correlations are indicated by solid lines
linear correlation between yield and FPARi (Figure 7). This negative

responses to elevated [CO2] (Bishop et al., 2015). Growth at ele-

relationship was driven by HS93-4118’s taller canopy with greater LAI

vated [CO2] consistently increased seed yield in Loda across eight

and FPARi, but lower seed yields compared to Loda. Seed yield was

growing seasons, with an average increase of 25.6%. In contrast,

positively correlated with RUE in elevated [CO2] and positively corre-

seed yield was not stimulated in HS93-4118 at elevated [CO2] in

lated with HI in both ambient and elevated [CO2] (Figure 7).

five of the eight growing seasons (Figure 1; Fig. S2). Previous
research at SoyFACE indicated that greater RUE at elevated [CO2]
contributed more to the improvements in seed yield than changes in

4 | DISCUSSION

FPARi or HI (Dermody et al., 2008; Morgan et al., 2005; Zhu, Long,
& Ort, 2010). However, in this study, growth at elevated [CO2]

This study investigated the physiological basis for variation in soy-

increased RUE in both HS93-4118 and Loda, with no interaction of

bean response to elevated [CO2] by comparing two cultivars with

cultivar and treatment (Table 2). Instead, we found evidence that

similar release dates and maturity groups, but contrasting yield

plasticity in FPARi contributed to the greater yield response. Loda
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8000

Seed yield (kg ha–1)

7200

r2 = 0.57
P = 0.030
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F I G U R E 7 Correlations between seed yield and the efficiency of canopy light interception (FPARi), radiation use efficiency (RUE), and
biomass partitioning to seed (HI) measured in 2014. Each symbol represents one replicate per genotype and treatment (n = 4). Significant
correlations between variables are indicated for ambient [CO2] (black lines) and elevated [CO2] (gray dashed lines). Symbols are defined in
Figure 6

had a smaller canopy than HS93-4118, and showed a small, but sig-

In theory and practice, RUE is dependent upon leaf and canopy

nificant increase in FPARi at elevated [CO2], while there was no

CO2 exchange rates, determined by both leaf photosynthetic CO2

change in FPARi in HS93-4118. This resulted in a significant

assimilation and mitochondrial respiration (Sinclair & Horie, 1989;

[CO2] 9 cultivar interaction for FPARi (Table 2). HI was 5% greater

Sinclair & Muchow, 1999). Although canopy photosynthesis was not

in Loda than HS93-4118, and not significantly affected by elevated

measured in this study, diurnal photosynthetic measurements were

[CO2]. This was a surprising result given that both of these cultivars

made over three years and multiple growth stages, and we found

and many others showed consistent reductions in HI when grown at

that average seasonal A0 was significantly correlated to RUE (Fig-

elevated [CO2] in previous seasons at SoyFACE (Bishop et al., 2015;

ure 6). Both cultivars showed significantly greater A0 at elevated

Morgan et al., 2005). However, in 2014 the crop was planted late

[CO2], and in 2012 and 2014, Loda had significantly greater A’ on

(June 18) which may have contributed to high HI (Unkovich, Bal-

average across the growing seasons than HS93-4118 (Table 2). Loda

dock, & Forbes, 2010), and the growing conditions were excellent

also had greater photosynthetic capacity than HS93-4118, especially

with abundant rainfall and moderate temperatures (Fig. S1), which

Jmax. Thus, greater photosynthetic capacity in Loda compared to

may explain the high overall yields.

HS93-4118 likely contributed to higher seed yields in both ambient

The combination of lower LAI and FPARi and greater HI resulted

and elevated [CO2]. Bernacchi et al. (2013) previously modeled that

in greater sink:source ratio in Loda compared to HS93-4118 (Fig-

increasing Jmax improved photosynthesis in soybean under both

ure 2e). In rice, sink:source ratio increased in a [CO2] responsive cul-

ambient and elevated [CO2], theoretically supporting our observation

tivar and decreased in a less responsive cultivar (Zhu et al., 2014)

that Jmax was greater in the higher yielding cultivar and positively

and a large reproductive sink was needed for maximal CO2 response

correlated to A0 (Figure 6). A significant correlation between photo-

(Hasegawa et al., 2013). But in this study with soybean, sink:source

synthetic C assimilation rate and yield in ambient and elevated [CO2]

ratio did not change with growth at elevated [CO2] in either cultivar.

has previously been reported for rice (De Costa, Weerakoon,

Soybean canopies have very high LAI, and it has been argued that

Chinthaka, Herath, & Abeywardena, 2007), but our previous mea-

current dense soybean canopies are not optimal for productivity or

surements of midday photosynthesis on six soybean cultivars did not

resource use efficiency at current or elevated [CO2] (Drewry, Kumar,

show any significant correlation with yield (Bishop et al., 2015). That

& Long, 2014; Srinivasan, Kumar, & Long, 2016). It has also been

previous analysis was limited to midday measurements which most

argued that FPARi is close to its theoretical maximum, so perhaps

commonly represent light-saturated photosynthetic values, and was

there is little room for improvement (Zhu et al., 2010). In this study,

also limited to a single measurement in the growing season, which

both cultivars showed increased LAI at elevated [CO2], while only

missed the seed filling period when canopy photosynthesis has been

Loda, the yield-responsive cultivar with lower LAI, also showed a sig-

reported to be most strongly correlated to soybean yield (Kumudini,

nificant increase in FPARi at elevated [CO2]. The fact that LAI can

2002).

increase at elevated [CO2] with no impact on FPARi and the nega-

Another component that could affect yield through RUE is Rd. Rd

tive correlation between FPARi and seed yield within a [CO2] treat-

tended to increase at elevated [CO2] as has been previously

ment (Figure 7) appears to support the hypothesis that LAI is higher

reported for soybean (Davey et al., 2004; Leakey et al., 2009) and

than optimal for modern soybean cultivars (Srinivasan et al., 2016).

other crops (e.g., Griffin & Turnbull, 2013). This was true for both
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cultivars, and the increase in respiration at elevated [CO2] tended to
be greater for Loda (+19%) than for HS93-4118 (+8%), resulting in a
significant correlation between RUE and Rd (Figure 6). Nutrient or N
availability can also impact RUE (Sinclair & Muchow, 1999) and its
response to elevated [CO2] (Slattery, Ainsworth, & Ort, 2013). However, in 2014 when RUE was measured, there were no significant
differences in leaf N concentration due to elevated [CO2] or cultivar.
Hence, leaf N concentration did not appear to play a direct role in
the variation in RUE response to elevated [CO2] in HS93-4118 and
Loda.
This study tested the hypothesis that greater photosynthesis and
RUE would be associated with genetic variation in soybean response
to elevated [CO2]. Across multiple field seasons, Loda showed nearly
double the stimulation in yield at elevated [CO2] as HS93-4118.
RUE and HI were significantly higher in Loda than HS93-4118 in
both ambient and elevated [CO2], but greater plasticity in the
response of FPARi likely contributed to a greater seed yield response
to elevated [CO2]. Photosynthetic capacity was also greater in Loda
than HS93-4118, supporting the hypothesis that increasing A0 could
drive greater productivity in both current and future [CO2]. Previous
research with a commercial soybean cultivar showed that the
expected stimulation in yield at elevated [CO2] could be decreased
and even reversed with increasing drought stress (Gray et al., 2016).
Here, we demonstrate a consistent stimulation in yield at elevated
[CO2] in the soybean cultivar Loda across eight growing seasons
with variable temperature and drought stress emphasizing that cultivar selection will be a key component of effective adaptation to global change.
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