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Abstract

Without new innovations, present rates of increase in yields of food crops globally are inadequate to meet the

projected rising food demand for 2050 and beyond. A prevailing response of crops to rising [CO2] is an increase in

leaf area. This is especially marked in soybean, the world’s fourth largest food crop in terms of seed production, and

the most important vegetable protein source. Is this increase in leaf area beneficial, with respect to increasing yield, or

is it detrimental? It is shown from theory and experiment using open-air whole-season elevation of atmospheric

[CO2] that it is detrimental not only under future conditions of elevated [CO2] but also under today’s [CO2]. A mecha-

nistic biophysical and biochemical model of canopy carbon exchange and microclimate (MLCan) was parameterized

for a modern US Midwest soybean cultivar. Model simulations showed that soybean crops grown under current and

elevated (550 [ppm]) [CO2] overinvest in leaves, and this is predicted to decrease productivity and seed yield 8% and

10%, respectively. This prediction was tested in replicated field trials in which a proportion of emerging leaves was

removed prior to expansion, so lowering investment in leaves. The experiment was conducted under open-air condi-

tions for current and future elevated [CO2] within the Soybean Free Air Concentration Enrichment facility (SoyFACE) in

central Illinois. This treatment resulted in a statistically significant 8% yield increase. This is the first direct proof that

a modern crop cultivar produces more leaf than is optimal for yield under today’s and future [CO2] and that reducing

leaf area would give higher yields. Breeding or bioengineering for lower leaf area could, therefore, contribute very

significantly to meeting future demand for staple food crops given that an 8% yield increase across the USA alone

would amount to 6.5 million metric tons annually.
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Introduction

Rising global population coupled with dietary change

in emerging economies is predicted to increase global

demand for staple food crops 50% by 2030 (Ainsworth

et al., 2012), and 70–100% by 2050 (Alexandratos &

Bruinsma, 2012; Tilman & Clark, 2015). While the years

of the Green Revolution saw large increases in yields

per hectare for the major food crops, the rate of increase

has declined sharply in the last two decades (Long &

Ort, 2010; Ray et al., 2012; Long, 2014; Zhang et al.,

2014; Long et al., 2015). This is at least in part because

the genetic approaches of the Green Revolution are

reaching their biological limits (Zhu et al., 2010). Much

of the remaining land that could be used for crop pro-

duction is either environmentally sensitive, in

particular tropical forest, or easily erodible land, such

as sloped areas. Failure to increase yields on land cur-

rently in crop production to meet future demand will

elevate price and incentivize expansion onto sensitive

land, accelerating global change through destruction of

perennial vegetation and soil tillage. At the same time,

there is an ongoing loss of cropland where irrigation

has proved unsustainable and where urban expansion

is occurring at a rapid pace (Solomon et al., 2007; Strze-

pek & Boehlert, 2010; Foley et al., 2011; Zhang & Cai,

2011). Rising [CO2] appears to be one of the very few

aspects of global change that is predicted to cause

increased yields. However, achieved yield increases

under open-air field conditions using Free Air Concen-

tration Enrichment technology (FACE) have proved to

be far lower than predicted from studies in controlled

environments and field enclosures (Ainsworth et al.,

2002, 2008; Morgan et al., 2005; Long et al., 2006). Meet-

ing the projected large increases in demand for staple

food crops will therefore require new innovations
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beyond those used in the first Green Revolution, which

focused largely on harvest index improvement. As it

requires more than 20 years to transfer any innovation

in advantaged seed to the farmer’s field, new

approaches are needed now to insure against the possi-

ble challenges in food supply predicted for mid-century

(Kromdijk & Long, 2016).

A near universal response of plants grown under

forecast future elevated [CO2] is an increase in invest-

ment in leaves, shown by increased leaf biomass, area,

and leaf area index (LAI), that is, the amount of leaf

area per unit ground area (Ainsworth & Long, 2005).

We hypothesize that modern crop cultivars produce far

more leaves than required to maximize seed yield, that

is, the total leaf area is supraoptimal. We test this

hypothesis with a crop of a modern soybean cultivar.

Soybean (Glycine max L. Merr.) is the world’s fourth lar-

gest food crop in terms of seed production and is the

most important vegetable source of protein (Ainsworth

et al., 2012). The US Midwest is the largest single pro-

ducer of soybean accounting for over one-quarter of

global production. While soybean yields have risen in

the past few decades (Ainsworth et al., 2012), current

rates of increase fall far short of current and projected

increase in demand as is already reflected in the global

price spikes of recent years (Ray et al., 2013; Long,

2014). Healthy crops of modern soybean cultivars pro-

duce an LAI of 6–7 (Dermody et al., 2006). As a result,

most leaves are shaded, and some many times, such

that they conduct little photosynthesis (Drewry et al.,

2010a,b), yet impose significant respiratory and invest-

ment costs on the plant. In addition, soybean crops, in

common with other major C3 crops such as rice and

wheat, produce more leaves with increasing atmo-

spheric [CO2] (Ainsworth & Long, 2005; Dermody et al.,

2006), perhaps further exacerbating the problem.

Hence, modern crop cultivars appear to overinvest in

leaves to the detriment of yield under current and

future elevated [CO2] (Morgan et al., 2005; Ainsworth

et al., 2012). Indeed, this supraoptimal response of leaf

area to rising [CO2] could in part explain why yields

have not increased with rising [CO2] to the extent antic-

ipated (Long et al., 2006).

Prior studies mimicking insect damage have shown

that minor defoliation does not affect seed yield (Haile

et al., 1998). Furthermore, large losses of leaf area can

occur due to weather or herbivory events during a

growing season with relatively small impacts on yield

(Conley et al., 2008, 2009), and insect damage increases

under elevated CO2 (Schroeder et al., 2006; Zavala et al.,

2008; O’Neill et al., 2011). A more recent growth cham-

ber study has shown that the putative wild ancestor of

soybean, Glycine soja Seib et Zucc., can withstand a 50%

loss of foliage without loss of seed production (Goto

et al., 2016). However, mature leaves were removed in

these studies. This would fail to reveal the yield gain

that might be achieved by preventing investment in

excess leaves or whether more leaves are beneficial

under rising [CO2] in the field.

Past modeling studies in canopy optimization have

indicated the feasibility of increased canopy net

assimilation through structural changes such as

altered leaf angles and transmissivity (Drewry et al.,

2014). Circumstantial evidence from crop breeding

efforts suggests that yield increases associated with

year of release of new cultivars have correlated with

slight decreases in LAI (Morrison et al., 1999; Jin et al.,

2010). However, to date, a detailed canopy microcli-

mate and photosynthesis model, coupled with experi-

mental verification under current and future elevated

[CO2], has not been applied to test the hypothesis that

modern crops produce too many leaves. Here, bio-

chemical and biophysical principles are used to model

and understand whether reduction in leaf area would

(1) change total net carbon gain by the crop, that is,

net primary production (NPP), and (2) by forcing

decreased investment in leaf construction cause a

yield increase under current and elevated [CO2].

These predictions were tested experimentally, by arti-

ficially removing developing leaves, in replicated field

trials, under open-air conditions of current and ele-

vated [CO2] (550 ppm) within the SoyFACE facility

(Long et al., 2006).

Materials and methods

To understand how LAI impacts seed yield in a soybean crop

and guide experimental design, model simulation studies

were performed using a multilayer soil–root–canopy system

vegetation model MLCan (Drewry et al., 2010a). MLCan has

been extensively validated for both C3 vegetation and C4 veg-

etation, including soybean and maize (Drewry et al., 2010a,b;

Le et al., 2011; Quijano et al., 2012; Walker et al., 2016), and has

the distinctive capability to capture the effect of vegetation

acclimation to growth under elevated [CO2] by incorporating

ecophysiological, biochemical, and structural acclimation

(Drewry et al., 2010b). MLCan integrates the impacts of verti-

cal variations in photosynthetic capacity within the canopy by

modeling leaf level biochemical processes, and both leaf and

canopy level physical processes of diffusive exchange of heat

and gases, as well as radiative exchanges and energy balance.

It also captures the dynamic variation of sunlit and shaded

portions of canopy leaves during the course of the day (Spit-

ters, 1986; Campbell & Norman, 1998). Leaf level processes

are scaled to the crop canopy using a turbulent transport

scheme that models scalar gradients such as wind speed, tem-

perature, [CO2], and water vapor within the canopy. MLCan

couples its canopy model with a soil–root hydrology model

that incorporates hydraulic redistribution by simulating the

passive movement of water between soil and roots driven by
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soil–plant–atmosphere gradients in water potentials (Amenu

& Kumar, 2008).

The inputs for MLCan are above-canopy meteorological

forcing (incoming short- and long-wave radiation, precipita-

tion, CO2 concentration, water vapor pressure, air pressure,

air temperature, and wind speed), vegetation structural prop-

erties (canopy height, LAI, vertical leaf area profile (VLAP),

leaf angle distribution, root depth, and root distribution in the

vertical soil profile), and physical and biochemical parameters

(leaf reflectivity and transmissivity, maximum capacities for

ribulose-1-5-bisphosphate (RubP) regeneration (Jmax) and for

RubP carboxylase/oxygenase (Rubisco) limited photosyn-

thetic CO2 assimilation (Vcmax); see Drewry et al. (2010a) for

details).

Model simulations were performed for soybean plant cano-

pies using observed half hourly meteorological data from the

Ameriflux tower at Bondville, Illinois, USA (40.0062 N,

88.2904 W, and 219 m elevation) for the years 2002 (days 213–
258), 2004 (days 185–241), and 2006 (days 189–241), for which

the model MLCan was previously validated (Drewry et al.,

2010a). The Ameriflux site is close to the experimental site at

SoyFACE and is a rainfed site that has been subjected to a con-

tinuous, surface till, crop rotation practice of alternating

annual soybean (even years) and maize (odd years) crop since

1996. Detailed site description and data collection methods

have been described previously (Meyers & Hollinger, 2004).

The Ameriflux (http://public.ornl.gov/ameriflux/) L4 gap-

filled weather data were used for this simulation.

The parameters used in the model simulations were

obtained from the original MLCan model (Drewry et al.,

2010a) with the following modifications. Based on measured

data (Morgan et al., 2004), Vcmax,25 and Jmax,25 at the top of the

canopy were specified as 115 and 205 lmol m�2 s�1, respec-

tively. The decline in leaf nitrogen, and hence Vcmax,25, as a

function of overlaying canopy LAI was modeled using an

exponential extinction coefficient (kn) with a value of 0.2 based

on measured data at SoyFACE (Morgan et al., 2004) (Fig. S1b).

The corresponding equation for this decline is as follows:

Vcmax;25fzg ¼ Vcmax;25fz0g exp½�knLAIfzg�; ð1Þ
where Vcmax,25 {z} is the Vcmax,25 at a depth z from the top of

the canopy, Vcmax,25 {z0} is the Vcmax,25 at the top of the

canopy, and LAI {z} is the canopy LAI above depth z (i.e.,

from the top of the canopy to the depth z). Leaf respiration

was also scaled down as a function of leaf nitrogen, such that

lower canopy leaves respire less than the upper canopy leaves,

using a similar formulation as Vcmax,25 with a kn value of 0.2.

This is expressed as follows:

Rd;25fzg ¼ Rd;25fz0g exp½�knLAIfzg�; ð2Þ

where Rd,25 {z} is the Rd,25 at a depth z from the top of the

canopy, and Rd,25 {z0} is the Rd,25 at the top of the canopy.

Net primary production was computed across the three

growing seasons, under current and elevated (550 [ppm])

[CO2], for different LAI values (Fig. 2a). Potential seed yield

was computed as the sum of two components: (1) contribution

from NPP, and (2) savings from leaf tissue construction costs.

NPP contribution to seed yield was computed as follows. The

average seed fill duration (R5 and R6 growth stages) for soy-

bean plants, as measured at SoyFACE in 2002, was 41 days,

between days 226 and 267 under current [CO2], and days 228

and 269 under elevated [CO2] (Castro et al., 2009). Computing

the seasonal cumulative NPP for the pod filling days provides

the total seasonal NPP available for the plant. In total, 80% of

this seasonal cumulative NPP was allocated to seeds during

the seed fill stage, after deducting a 35% pod and seed tissue

construction cost to account for growth respiration costs

(Bunce & Ziska, 1996). Using the average fractions of total

plant carbon in soybean seeds under current and elevated

[CO2] which were measured at SoyFACE as 0.514 and 0.519,

respectively (Gray et al., 2013), we obtained the seed yield con-

tributions from NPP for a given LAI.

The potential gain in seed yield by suppressing leaf devel-

opment was computed as follows. In simulating the effect of

leaf area, LAI is varied around the observed peak value. The

difference between observed LAI and simulated LAI was con-

verted into biomass using specific leaf weight. The average

specific leaf weight for soybean leaves under current and ele-

vated [CO2] was 28.4 and 35.5 [g m�2], respectively (Dermody

et al., 2006). After accounting for growth respiration, it is

assumed that all the carbon diverted from the savings in leaf

production will be available for pod and seed production,

during the reproductive growth phase of the plant. We also

account for the lower carbon fraction in seeds under elevated

[CO2], which at SoyFACE was 0.456 and 0.453 for current and

elevated [CO2], respectively (Dermody et al., 2008)). The yield

contribution from NPP and suppressed leaf construction were

summed to obtain the total seed yield, and in turn allowed cal-

culation of optimum LAI that maximizes the seed yield.

Experimental materials and methods

Leaf area manipulation experiments were performed on inde-

terminate soybean (Glycine max L. Merr.) maturity group 3 cul-

tivar Pioneer 93B15 canopies, under both the current [CO2] of

390 [ppm] and elevated [CO2] of 550 [ppm], using the 32 hec-

tare SoyFACE facility at the University of Illinois (40.0559 N,

88.2009 W, and 230 m elevation) during the year 2010. This

facility provided precisely controlled open-air elevation of

[CO2] to 550 [ppm], from the ambient 390 [ppm], approximat-

ing to the business-as-usual concentration projected by the

Intergovernmental Panel on Climate change in 2001 (Prentice

et al., 2001). The FACE experiment for elevated [CO2] was per-

formed using eight octagonal plots of 20 [m] diameter, four

control at current [CO2] and four treatment at elevated [CO2]

(Morgan et al., 2004).

The soil type at SoyFACE is Drummer–Flanagan series

(fine-silty, mixed, mesic Typic Endoa-quoll) (Morgan et al.,

2005). Tile drains are present at a depth of about 1–2 m below

the ground surface, and hence, the water table is always below

this level. The average ground surface slope at this site is <1%.

This rainfed site has been subjected to a continuous crop rota-

tion practice of alternating annual soybean and maize, with

management typical for the Corn Belt as described previously

for the Ameriflux site. The weather station at SoyFACE pro-

vided continuous measurements of wind speed, temperature,
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radiation, and humidity at hourly intervals (Fig. S2) (Van-

loocke et al., 2010).

Soybean seeds were planted on May 26, 2010 using a

mechanical seed planter with a row spacing of 0.38 [m]. Fumi-

gation with CO2 was conducted from sunrise to sunset and

began on crop emergence on the June 9 and continued until

September 28, when crop dry-down was complete, just prior

to harvest. No fertilizer, pesticide, or insecticide was applied

within the plots, reflecting standard regional practice for the

cultivation of soybean crops following rotation with a fertil-

ized maize crop, as in this case (Morgan et al., 2004). Follow-

ing emergence, plots were thinned to achieve a final density of

52 [plants m�2], in line with typical production population

densities. All the plots were weeded manually between 13

and July 15.

Each of the eight octagonal plots of SoyFACE contained,

within its � 350 m2 area, one LAI reduction subplot of 6 m by

2 m and an adjacent control subplot of the same size. This

forms a randomized complete-block split-plot experimental

design. LAI reduction was achieved by removing approxi-

mately seven emerging trifoliate leaves (before they reached

2 cm in length) per plant (Fig. 1). Defoliation was performed

twice: July 16–21 and August 4–6 to reduce investment in

leaves during the critical stage of seed fill (estimated at vegeta-

tive stages V10–V16 and reproductive stages R3–R6 (Castro

et al., 2009)). The leaf tissue that was removed was bagged

and dried to constant weight, and its final weight was

recorded.

Leaf area index was measured on a weekly basis from the

beginning of July to the end of August using a plant canopy

analyzer (LAI-2000; LI-COR Inc., Lincoln, NB, USA). The

canopy analyzer determines LAI using a fisheye optical sensor

that measures radiation attenuation and direction in a series

of solid angles constituting a hemispherical receiver (Welles &

Norman, 1991). All measurements were performed in condi-

tions where the incoming solar radiation was predominantly

diffuse, that is, heavily overcast sky, or dawn and dusk. LAI

measurements were performed along a diagonal transect

between the innermost rows of each subplot using a 45° view
cap. Each measurement consisted of one above-canopy read-

ing followed by three evenly spaced below-canopy readings

that were positioned 1 m apart. The standard error (SE) was

maintained below 0.3 when LAI was <3.5, that is, before

canopy closure, and below 0.15 when LAI was >3.5, that is,
after canopy closure. All leaves had senesced in all the sub-

plots by September 17.

After completion of dry-down in the field, 4 m long sections

of the innermost two rows of each subplot were manually har-

vested on September 27, by cutting at the base of the stem to

remove all the aboveground biomass. The two inner rows had

a buffer of 1 m and 0.3 m along the row and across the rows,

respectively, at each end of each subplot. As there were no

gaps between the subplot rows and adjacent rows of the same

cultivar, a larger number of guard rows were unnecessary.

Seeds were removed with a mechanical thresher and dried at

85 °C to constant weight, and final weight was recorded.

Statistical analysis

To analyze the effect of leaf removal on LAI, data were ana-

lyzed using a randomized complete-block, split-plot,

repeated-measures design. A mixed model analysis of vari-

ance was performed with the Satterthwaite option (Proc

MIXED routine, SAS v9.4, SAS Institute, Cary, NC, USA). DOY,

[CO2] treatment, LAI reduction treatment, and the interactions

DOY 9 [CO2] treatment, DOY 9 LAI reduction treatment,

LAI reduction treatment 9 [CO2] treatment, and DOY 9

[CO2] treatment 9 LAI reduction treatment were treated as

fixed effects, and block was treated as a random effect. The

analysis was performed on LAI data from the first LAI reduc-

tion treatment through the end of the growing season. The

best fit covariance matrix (unstructured) was chosen using

Akaike’s information criterion.

To analyze the effect of leaf removal on seed yield, data

were analyzed using a randomized complete-block, split-plot

design. A mixed model analysis of variance was performed

with the Satterthwaite option (Proc MIXED routine, SAS v9.4,

SAS Institute). LAI reduction treatment, [CO2] treatment and

the interaction of LAI reduction treatment 9 [CO2] treatment

were considered as fixed effects, and block was treated as a

random effect.

The results of the statistical models for both the LAI and

seed yield indicated that the block effect was not significant;

however, the statistical conclusions were the same with and

without including the block effect. Least-square means differ-

ences were calculated (LSMEANS routine, SAS v9.4, SAS
Fig. 1 Demonstration of area, and area index reduction

achieved by removing young emerging trifoliate leaves.
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Institute) using pairwise comparisons of LAI reduction treat-

ment or [CO2] treatment. A one-sided F-test was used to

obtain P-values (a = 0.05) to test the hypothesis that experi-

mentally removing emerging leaves would (1) decrease LAI,

and (2) increase seed yield.

Results

The model predicted that the optimal LAI to maximize

seed yield under current and elevated [CO2] was 4.2

and 4.6, respectively (Fig. 2b). This is �40% less than

the observed peak LAI of 6.8 and 7.5, respectively

(Fig. 2b). Decreasing LAI to the model optimum values

was predicted to increase seed yield by 8% and 10%,

respectively (Fig. 2b).

The difference in model-simulated NPP between

observed LAI and model predicted optimum LAI was

very small (� 3%) under both [CO2] treatments. The

model therefore predicts that the additional two units

of LAI above the model predicted optimum would not

significantly contribute to net carbon gain, as photosyn-

thesis roughly compensated for respiratory costs

(Fig. 2a). The predicted gains in yield were primarily

due to decreased investment in leaves allowing pre-

dicted increase in seed production. However, as LAI is

lowered below the optimum value, predicted losses in

NPP become significant to the detriment of seed pro-

duction. Plants with optimal LAI are predicted to use

38% and 39% less carbon in constructing leaf tissue,

than for the LAI observed in the field, under current

and elevated [CO2], respectively (Fig. S3). Peak LAI in

soybean, as in most seed and grain crops, is important

as it is experimentally observed to occur at the time

when seed fill starts (Dermody et al., 2006). In field-

grown soybean, it is observed to be largely maintained

during seed fill through continued production of

leaves, the period that is most critical for final yield

(Dermody et al., 2006).

Why does increased leaf area not result in a predicted

increase in NPP? The predicted total photosynthetic

CO2 uptake, that is, gross primary production (GPP) at

midday, is 13% higher under observed peak LAI (6.8)

than at the predicted optimum LAI for yield (4.2)

(Fig. 3a). However, the predicted gains are much lower

in the low light levels of the rest of the day, and these

gains are offset by the 25% increase in respiratory losses

caused by the additional leaf area (Fig. 3a). As NPP

represents the difference between GPP and respiratory

losses by the whole plant, the net effect is a very small

(~3%) increase in NPP as the LAI is increased by 40%

from optimum to observed peak values (Figs 2a and

3c). As LAI increases, marginal gains in GPP diminish,

while the respiratory losses increase (Fig. S4). A similar

behavior is observed under elevated [CO2], but with an

optimum LAI that is 10% higher than under current

[CO2] (Figs 3b, c, and S4). This higher value is because,

for a given LAI, elevated [CO2] stimulates NPP by

improving light use efficiency through reduced pho-

torespiration, which results in a lower light compensa-

tion point, that is, the light level at which

photosynthetic [CO2] uptake equals respiratory loss

(Long & Drake, 1991; Drake et al., 1997; Ainsworth &

Rogers, 2007).

How does the architecture of the soybean canopy,

and its associated light interception, cause the pre-

dicted trade-off effect between gains in GPP and losses

in respiration as LAI is reduced? Soybean plants have
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Fig. 2 Predicted (a) aboveground net primary production and

(b) yield change relative to observed yield as a function of area,

and area index (LAI) of soybean crop leaf canopies under cur-

rent and elevated [CO2] (550 ppm). While the observed LAI

under current and elevated [CO2] is 6.8 and 7.5, respectively,

the optimum LAI for maximizing yield is 4.2 and 4.6, respec-

tively. When LAI is decreased from observed to optimal values

in the model, yield increases by 8% and 10% under current and

elevated [CO2], respectively, while NPP remains relatively

invariant. Peak LAI achieved through experimental reduction

by clipping emerging leaves resulted in a predicted yield

increase of 4% under both current and elevated [CO2], respec-

tively.
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more leaves near the top of its canopy profile (Dermody

et al., 2006; Fig. S1a), which significantly reduces the

light penetration through to the lower canopy and the

associated contribution of lower layers to NPP (Drewry

et al., 2010a, 2014). Upper canopy leaves are sunlit and

contribute most to NPP, while lower leaves are shaded

and contribute least (Fig. S5). The proportion of shaded

leaves increases with LAI such that, at solar noon, 53%

of the canopy is shaded at the predicted optimal LAI,

whereas 68% of the canopy is shaded at the actual

observed peak LAI (Fig. S6a). Shading increases with

the lower sun angles that occur either side of solar

noon. As a result, when integrated over the course of

the day, on average, 84% of leaves at the predicted opti-

mum LAI and 90% at the observed peak LAI in the

field are shaded (Fig. S6a).

Comparing the model-estimated canopy light use

efficiency (LUE) between the predicted optimum LAI

and the observed LAI, we find that the LUE is higher

under optimal LAI by 9% and 7% under current and

elevated [CO2], respectively (Fig. 4a). LUE is the ratio

of canopy NPP to the photosynthetically active radia-

tion (PAR) absorbed by the canopy. PAR absorbed by

the canopy declines as LAI is decreased from the

observed peak to the predicted optimum value

(Fig. S6b), while NPP remains relatively invariant

(Fig. 2a). Hence, the numerator (NPP) in the formula-

tion for LUE remains invariant, while the denominator

(PAR absorbed) decreases, resulting in an increased

LUE, as we decrease LAI from the observed peak to the

predicted optimum value. The analysis of the sunlit

and shaded leaves (Figs S5 and S6) and the variation of

LUE (Fig. 4a) are consistent with the predicted yield

results (Fig. 2) where maximal yield was achieved at

LAIs that are 40% lower than the observed peak LAIs.

Reducing LAI also decreases crop water demand by

11% under both current and elevated [CO2] (Fig. S7).

This is because plants with fewer leaves transpire less

without significantly changing their NPP. This results

in a predicted increase in canopy water use efficiency

(WUE) by 9% under both current and elevated [CO2]

(Fig. 4b). WUE is defined as the ratio of canopy NPP to

crop evapotranspiration.

Consistent with previous experiments (Morgan et al.,

2005; Dermody et al., 2006), elevated [CO2] increased

LAI by 17% (P < 0.0005) and seed yield by 25%

(P < 0.0178) (Table 1, Figs 5 and 6). The removal of

emerging leaves (Fig. 1) significantly decreased LAI

throughout seed fill and resulted in an 8% (P < 0.0414)

increase in seed yield under both [CO2] treatments

(Table 1 and Figs 5 and 6). The interaction between

[CO2] and the LAI reduction treatment was not signifi-

cant (Table 1).

Discussion

The combined model and experimental results show

that a modern soybean cultivar appears to produce far

more leaves than necessary to the detriment of yield, a

trend that appears to rise with rising [CO2]. Although
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our model predicts that the optimum LAI rises with

[CO2], it also predicts that even the current observed

LAI during seed fill is supraoptimal for future elevated

[CO2]. Our model results predict that NPP (net carbon

gain) is insensitive to LAI for a wide range of values

(4.0–8.0; Fig. 2). At this range of LAI, most canopy

leaves are shaded and hence photosynthetically less

efficient, that is, adding more leaves does not signifi-

cantly benefit net carbon gain. However, by having

fewer leaves, plants save on investment cost in con-

structing leaf tissue, and this could advantageously be

diverted toward seed production, thereby increasing

seed yield. In practice, artificially decreasing invest-

ment in leaves by removing a proportion of the

emerging leaves during seed fill in the field resulted in

increased seed yield. Significant increases in the magni-

tude predicted by the model were observed in the field

both at current and elevated [CO2] (Table 1; Fig. 6).

An important benefit of having fewer canopy leaves

is its associated lower crop water demand. This indi-

cates the potential to improve seed yield while increas-

ing sustainability with respect to water use (Richards,

1983; Drewry et al., 2014). It is possible that by having a

lesser transpiration demand (Fig. S7), plants with lower

LAI can potentially have fewer roots and save on root

investment and maintenance costs. The additional sav-

ings in roots could then be used to further increase seed

yield, making our predicted yield increase estimates

conservative. Alternatively maintaining the same

amount of root, yet decreasing transpiration demand,

would make the crop more drought tolerant which will

assume increasing importance across the Midwest as

predicted climate change develops (Lobell et al., 2014;

Ort & Long, 2014).

The lack of sensitivity of NPP over a wide range of

LAI values (Fig. 2a) suggests that soybean produces

surplus leaves during seed filling when resources could

be diverted to fill more seeds. Further, it needs more

water as well; why? The putative wild ancestor of soy-

bean occurs in mixed communities (Ohara & Shi-

mamoto, 1994). Here, production of more leaves than

are necessary to achieve optimum yield serves to shade

out competitors. Insect herbivory was found to remove

an average of 30% leaf area in a survey of wild soybean

in Japan (Goto et al., 2016). Therefore, overproduction

of leaves would be protection against seed production

loss following herbivory. This could be critical during

seed fill, when loss of leaves is to the extent that canopy

carbon uptake is diminished resulting in underfilled

seed. This would greatly decrease the probability of

survival of the resulting seedlings in the wild. Finally,

some forms of wild soybeans twine around the stems

of other plants, such as tall grasses. This results in a

much greater distance between leaves than in the bush

form of modern cultivated soybean. Inheritance of this

characteristic from the wild ancestor could also lead to

overproduction of leaves. While lowering LAI makes

plants more optimal to maximize seed yield, it also
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Table 1 Analysis of variance of the effects of elevated [CO2] and leaf removal on the measured LAI and yield of soybean in Soy-

FACE

Treatment effect

LAI (m2 m�2) Yield (g m�2)

Mean difference % difference P-value Mean difference % difference P-value

Elevated [CO2] +0.66 +16.76 0.0005 +93.41 +24.76 0.0178

LAI reduction �0.23 �3.70 0.0157 +32.99 +8.10 0.0414

Elevated [CO2] 9 LAI reduction – – 0.4442 – – 0.4272

Bold values indicate where treatment effects or interactions were significant (a = 0.05).
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makes the plants less resilient against herbivory, dis-

ease losses of leaves, and competition from neighboring

plants (Makela et al., 2002; Srinivasan & Kumar, 2015).

However, modern germplasm coupled with biotechno-

logy, chemical treatment and agronomic advances have

minimized such pressures.

While our model predictions were based solely on

carbon considerations, other nutrients (such as nitro-

gen, phosphorus) play a critical role in plant develop-

ment and are essential to achieve high yields. While the

nutritive quality of the yield of many crops declines

when grown under elevated [CO2], legumes generally

are less affected (Myers et al., 2014). Previous studies of

soybean grown throughout the growing season in ele-

vated [CO2] at SoyFACE have not found any differ-

ences in seed nitrogen content, compared to ambient

[CO2], despite increases in seed yield (Gray et al., 2013).

Carbohydrates provide the energy for microbial nitro-

gen fixation, as well as for mycorrhizal foraging for

nutrients such as phosphorus (Cotton et al., 2015). The

finding that nitrogen content is not affected implies that

a constant proportion of the additional carbon fixed is

used to supply these nutrients. In soybean, N assimila-

tion was increased under elevated [CO2] in proportion

to the increase in biomass such that C/N was

unchanged (Rogers et al., 2006). While senescing leaves

can be a source of N for the developing seed, only

about half of leaf nitrogen is remobilized during senes-

cence in legumes (Araujo et al., 2012). Although esti-

mates vary widely, a detailed analysis suggests that

between 7 and 12 mol CO2 assimilated are needed to

power the fixation of 1 mol N in legumes (Minchin &

Witty, 2005). This suggests a further cost of surplus

leaves in legumes that could further lower yields. In C3

nonlegume crops, a small but significant decline in N

and proteins occurs with growth under elevated [CO2]

(Ainsworth & Long, 2005; Myers et al., 2014). Again

surplus leaves sequestering limiting N and indeed
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other nutrients could have a detrimental effect on quan-

tity and quality of the harvested product.

Our LAI reduction experiments removed seven

emerging trifoliate leaves per plant, with an expected

decrease in LAI of about 2–3. However, the actual

decrease in LAI was much smaller. As area per trifoli-

ate leaf decreases during the reproductive stage of

plant growth, defoliation of emerging leaves after seed

fill removes relatively smaller leaves resulted in a lower

decrease in LAI than initially expected. The observed

lesser than expected decrease in LAI also indicated

some compensatory growth of additional leaf area in

response to defoliation. While our LAI reduction exper-

iment was only able to decrease peak LAI by 4% result-

ing in an 8% increase in seed yield, the model predicted

that a 38% reduction in LAI would have been optimum

and would increase yield by 8%. This suggests that

there is potential to further decrease LAI and poten-

tially achieve considerably greater yield gain due to

additional savings in leaf construction cost.

Although this study considered a single modern

commercial soybean cultivar, its leaf area appears to be

average across cultivars, and in fact with below average

increase in leaf area under elevated [CO2] (Ainsworth

et al., 2002). This suggests that the findings in this

research could have wider applicability and with fur-

ther testing could prove to be relevant to other major

C3 food crops. Given the genetic resources available for

this crop, breeding for a lower LAI during seed devel-

opment stage should be a readily achievable goal (Haile

et al., 1998; Bishop et al., 2015). This study is perhaps a

first test of concept that applies computer model simu-

lations to identify nonintuitive means of achieving

yield increase, here decreasing, not increasing, leaf

area. These results suggest a broader opportunity to

drastically boosting crop yield at a time of stagnation of

improvements in major C3 food crops, with the poten-

tial to positively impact national and international food

and water security under a changing climate.
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Figure S1. Vertical distribution of leaf nitrogen (and hence
Vcmax,25) in soybean canopies.
Figure S2. SoyFACE weather data for year 2010 (black line)
with average (grey line) and �1 SE (shaded grey region)
across 9 years (2002–2010).
Figure S3. Estimated leaf tissue construction carbon costs, as
a function of LAI in soybean plant canopies under current
and elevated [CO2] (550 ppm).
Figure S4. Predicted variation in total photosynthetic
canopy uptake of CO2 (GPP), respiratory efflux (Respiration)
and the net of these (NPP) as a function of LAI in current
(solid lines) and elevated (dashed lines) [CO2].
Figure S5. Individual and combined predicted contributions
of average sunlit and shaded leaves to canopy NPP over a
24 h period as a function of LAI.
Figure S6. Shading in soybean canopies.
Figure S7. Predicted total crop transpiration as a function of
LAI.
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