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Abstract

Plants have evolved to adapt to their neighbours through plastic trait responses. In
intercrop systems, plant growth occurs at different spatial and temporal dimensions,
creating a competitive light environment where aboveground plasticity may support
complementarity in light-use efficiency, realizing yield gains per unit area compared
with monoculture systems. Physiological and architectural plasticity including the
consequences for light-use efficiency and yield in a maize-soybean solar corridor
intercrop system was compared, empirically, with the standard monoculture systems of
the Midwest, USA. The impact of reducing maize plant density on yield was investigated
in the following year. Intercropped maize favoured physiological plasticity over
architectural plasticity, which maintained harvest index (HI) but reduced light
interception efficiency (g;) and conversion efficiency (e.). Intercropped soybean invested
in both plasticity responses, which maintained ¢;, but HI and &. decreased. Reducing
maize plant density within the solar corridor rows did not improve yields under
monoculture and intercrop systems. Overall, the intercrop decreased land-use efficiency
by 9%-19% and uncoordinated investment in aboveground plasticity by each crop
under high maize plant density does not support complementarity in light-use efficiency.
Nonetheless, the mechanistic understanding gained from this study may improve crop
cultivars and intercrop designs for the Midwest to increase yield.
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sustainable intensification of agriculture (Foley et al., 2011; Godfray
& Garnett, 2014; Tilman et al,, 2011, 2017). Polycultures, or the

Predicted increases in global population growth and economic commonly used term intercropping, is an ancient and indigenous
development coupled with decreases in land resources and bio- agroecological approach defined as the simultaneous or relay
diversity have fostered attention in agroecological approaches for a cultivation of multiple crops on the same field during a significant
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part of their growth cycle (Vandermeer, 1989; Zaeem et al., 2019).
Compared with the cultivation of single crops (monocultures here-
after), intercropping has demonstrated increases in crop production
per unit land area with improvements in regulating ecosystem
services (Brooker et al., 2015; Cong et al., 2015; S. Li et al., 2020).
Evolving intercrop designs for agroecosystems where intercropping is
not the dominant form of agriculture, such as the Midwest, USA,
remains restricted by mechanized management with existing machin-
ery. Intercropping designs that can be mechanized may also
demonstrate higher yields on a land area basis with additional
ecosystem services relative to the standard regional practice.

The Midwest, USA, is commonly managed by an annual rotation
between maize (Zea mays L.) and soybean (Glycine max L. Merr.)
monocultures representing 30%-40% of the global production (FAO,
2020). There is interest among Midwestern farmers in intercropping
N-fixing legumes between maize rows that are wider-spaced (2x) and
at equal maize planting density compared with the standard maize
monoculture (Abels et al., 2019; Kremer, 2016; Kremer & Deichman,
2014b). Maize arranged in the wide rows, defined as a solar corridor,
may improve yields by maximizing the availability of incident light
deeper into the canopy (Deichman, 2000; Kremer, 2016; Kremer &
Deichman, 2014b). The legume, with the added benefit of biological
N fixation, can provide forage for grazing livestock after mechanical
maize harvest or be used as a crop residue to improve soil fertility for
succeeding crops in rotation (Abels et al., 2019; Kremer & Deichman,
2014a).

The maximal yield potential of crops based on the availability of
incident light is determined by the interception efficiency (g),
conversion efficiency (g.), and harvest index (HI; (Monteith & Moss,
1977). The rate and duration of canopy closure paired with canopy
size and architecture affect ¢; whereas ¢, defines how efficiently the
intercepted light is converted into biomass by balancing photo-
synthetic carbon gain and respiratory carbon loss. The HI represents
the fraction of total aboveground biomass partitioned to harvestable
organs. An assumption of high-performing cultivars in monocultures
is that the theoretical maximum of & and HI have already been
achieved (Koester et al., 2014; Zhu et al., 2010), whereas lesser gains
in g for C3 and C4 crops have been realized (Zhu et al., 2008).
Therefore, maintaining these efficiencies for each species in the solar
corridor intercrop system may collectively lead to greater light
capture and use, resulting in a yield advantage on a land area basis
over the standard maize monoculture.

However, plant growth of different species occurs at different
temporal and spatial dimensions, which creates a competitive light
environment in intercrops. In response, plants can adapt to the
proximity of neighbours by inducing plastic responses and establish
resource complementarity with their neighbours (Cardinale et al.,
2007; Li et al., 2014; Loreau & Hector, 2001; Niklaus et al., 2017).
Within the solar corridor, the structural dominance of maize planted
in the north-south row direction may significantly decrease incident
light for the intercropped legume during the morning and afternoon
when the solar elevation angles are low. Thus, the legume may

maximize net carbon gain through increased chlorophyll content,

specific leaf area (SLA) and reduced chlorophyll a/b ratio (physiologi-
cal plasticity), or the legume may minimize shading by branch
reduction, and stem and petiole elongation (architectural plasticity).
These plastic responses are also referred to as shade tolerance and
shade avoidance, respectively (Boardman, 1977; Givnish, 1988;
Gommers et al., 2013; Gong et al., 2015; Valladares & Niinemets,
2008). If investment in these aboveground plasticity responses leads
to a significant biomass accumulation in the legume, more far-red
light than red light will be reflected upwards, which may induce
neighbour proximity signals and subsequent plasticity responses in
maize (Zhang et al, 2020a, 2020b). In addition, intraspecific
competition may occur between maize plants by the doubling of
plant density within the solar corridor rows, which may offset any
improvement in light distribution expected from the wider row
widths. Therefore, characterizing the degree of aboveground
plasticity in both species in the solar corridor intercrop system can
provide a mechanistic understanding of how light complementarity
and yield advantages might be realized, which could aid future trait
selection and breeding.

The extent of physiological and architectural plasticity and its
consequences for the three seasonal light-use efficiencies and
yield within a maize and soybean solar corridor intercrop system
were evaluated against respective monoculture systems under a
constant maize plant density during the 2019 growing season. In
the following year, maize plant density treatments in the solar
corridor row configuration were investigated to determine
whether reducing maize plant density eases competition and
establishes a yield advantage compared with the standard maize
monoculture. These field experiments were used to translate the
ecophysiological complexities within an intercrop system from
the leaf, plant, and canopy, which may highlight key factors to
improve crop production beyond the standard monoculture
systems of the Midwest, USA.

2 | METHODS

2.1 | Site description

Field experiments were conducted at the Energy Farm, University
of lllinois at Urbana-Champaign (40°03'N, 88°12', 215 m above
sea level) during the 2019 and 2020 growing seasons. Soils at the
experimental site are Drummer silty clay loam (Typic Endoaquolls)
that is deep and poorly drained (Soil Survey Staff, 2015).
Preplanting soil properties included 3.2% organic matter,
pH 5.8, 67.3kgPha™l, 335.1kgKha™?, 4919.4kgCaha™! and
881.0kg Mgha™!. The site previously maintained a 2-year rota-
tion of maize and soybean monocultures, where no nitrogen
fertilizer was added before or after soybean planting, which is in
accordance with the standard practice of the region. Both
experimental years used the same cultivars: hybrid maize (Z. mays
L. [DEKALB DKC63-21RIB]) and indeterminate soybean (G. max L.
Merr. [Asgrow AG36X6]).
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In 2019, experimental plots were arranged in a randomized
complete block design with four replicates (Appendix Figure A.1).
Maize and soybean were sown simultaneously on June 3 under both
monoculture and solar corridor cropping systems with a six-row seed
drill planter using planting densities typically used in the Midwestern
USA. All experimental plots consisted of north-south rows recom-
mended for the solar corridor intercrop system (Deichman, 2000;
Appendix Figure A.1). The monoculture plots consisted of three
cropping systems as follows: (i) 12 soybean rows with a row spacing

2 (soybean

of 0.76 m at a planting density of 34.6 plants m’
monoculture, Mgoybean); (i) 12 maize rows with a row spacing of
0.76 m at a planting density of 8.4 plants m™? (maize monoculture,
M aize); (iili) 6 maize rows with a row spacing of 1.52 m at a planting
density of 16.8 plants m?2 (solar corridor maize monoculture,
SC.Mnaize). The solar corridor intercropped plots consisted of 12
alternating rows of maize (sc.lmaize) and soybean (sc.lsoybean) at 0.76 m
row spacing, and at equal planting densities as sc.Mmaize and Msoybeans
respectively (Figure 1a). Explicitly, the intercrop holds an additive
design compared with the maize monocultures, but sc.lsoybean holds a
replacement design by % compared with Mggpean. In 2020, the
experimental plots from 2019 were repeated, except (1) there were
three replicate blocks, (2) there were two additional maize density
treatments for sc.M.ize and sc.laize at lower planting densities than

(a) Msoybean

SC.Maize

SC-Imaize+soybean
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Mmaizes and (3) maize was planted with a precision vacuum seed
planter (Appendix Figure A.1).

In both years, 202kgNha™! as urea granules (ESN, Smart
Nitrogen) was side dressed to all maize rows across experimental
plots at early vegetative growth (three maize leaves) to maximize the
potential for soybean nodulation in the intercrop plots. Daily
temperature and precipitation data over the growing season from
planting to harvest were obtained from the mean of three weather
stations on-site and daily solar radiation (MJ m2) was measured over
the experimental plots (Figure 2). Plots were harvested at physiologi-
cal maturity (Table 1).

2.2 | Leaf tissue sampling

Leaf tissue sampling measured the degree of physiological plasticity.
During the 2019 growing season, leaf disks (1 cm diameter) were
collected from fully developed leaves at the top of the canopy around
solar noon to determine chlorophyll content (chl content), chlorophyll
a/b ratios (chl a/b), and carotenoid content (Lichtenthaler, 1987;
Porra et al., 1989). Three leaf disks (1.8 cm in diameter) were also
collected and then dried at 60°C to determine SLA (mm? mg™%). The
dried samples were then ground to a powder, after which a target

(b)
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FIGURE 1 Cropping systems and quantum sensor placement during the 2019 growing season. (a) Representative photograph of the four
cropping systems taken on 22 July 2019 (42 days after emergence [DAE]): soybean monoculture at 0.76 m row space (Msoybean), Maize
monoculture at 0.76 m row space (Mnaize), solar corridor maize monoculture at 1.52 m row space (sc.Mpmaize), and solar corridor intercrop at
0.76 m row space (SC.Imaize+soybean)- The within-row maize plant density is doubled in both solar corridor systems to maintain plant density to
Mmaize: The SC.Imaize+soybean System had half the number of soybean rows compared to Msoypean. All rows were north-south orientation. (b)
lllustrative representation of the sc.lmaize+soybean System. Rectangular bars indicate the placement of line quantum sensors, inverted triangle
indicates the placement of a point sensor measuring upwelling light and the upright triangle indicates the placement of a point sensor measuring

downwelling light. Figure is not to scale.
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FIGURE 2 Meteorological conditions across the 2019 and 2020 growing seasons in Champaign, IL, USA. Daily observations are indicated for
maximum (white circle) and minimum (black circle) air temperatures with the 30-year mean temperature ranges (red band) AD, daily (black bar)
and cumulative precipitation (black line) with the cumulative 30-year mean precipitation (red line) BE and daily incident solar radiation (black
circle) with the 30-year mean incident solar radiation range (red band) CF. The vertical lines represent each storm that occurred during the 2020
growing seasons where the hailstorm and windstorm (derecho) occurred at 30 and 60 days after emergence (DAE), respectively. Historical

weather data were obtained from the lllinois Climate Network (10.13012/J8MW2F2Q). [Color figure can be viewed at wileyonlinelibrary.com]

mass of 2-4mg was weighed and combusted with oxygen in an
elemental analyser (Costech 4010; Costech Analytical Technologies),
which was calibrated to %N against an acetanilide standard curve to
determine carbon to nitrogen ratios (C:N). Samples were collected
four times during the growing season between vegetative and
reproductive growth stages for both maize and soybean for a
temporal picture of the degree of physiological plasticity.

2.3 | Plant architecture analysis

Plant architecture analysis measured the degree of architectural plasticity.
The phytomer was used as the primary ranking unit for the architectural
analysis of maize and soybean plants (Appendix Figure A.3 and A4).
Nondestructive measurements of phytomer development were con-
ducted during the 2019 growing season on three maize and four soybean
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TABLE 1
densities during the 2019 and 2020 growing season
Row
Year Cropping system space® (m)
2019 Maize monoculture (Mmaize) 0.76
Maize solar corridor monoculture (sc.Mmaize) 1.52
Maize solar corridor intercrop (sc.lmaize) 1.52
Soybean monoculture (Mgoybean) 0.76
Soybean solar corridor intercrop (sc.lsoybean) 1.52
2020 Maize monoculture (Mmaize) 0.76
Maize solar corridor monoculture (sc.Maize) 1.52
Maize solar corridor intercrop (sc.lmaize) 1.52
Soybean monoculture (Msoypean) 0.76
Soybean solar corridor intercrop (sc.lsoybean) 1.52

2Row space within species.

B9-wiLey—

Summary of maize and soybean cropping systems and corresponding row space, planting dates, harvest dates and final plant

bFinal plant density is the average plant stand after germination and the 2020 windstorm (derecho).

plants in each plot, which were tagged at emergence. Internode length,
petiole length, and plant height were measured with a ruler, leaf/blade
dimensions were measured with a handheld leaf area metre (CI-203, CID
Bio-science) and soybean pod number at reproductive stages were
counted. Measurements were conducted every week through to silking
and full pod for maize and soybean, respectively. Given the importance of
maintaining nondestructive measurements, maize internode and sheath
length could not be measured. Therefore, the distance between blade
collars was measured instead, where Phytomer 1 was defined as the first
leaf blade after the cotyledon. If occurred, soybean branching at the lower
phytomers was considered a single phytomer where petiole length was
measured as the distance between the node at the base of the stem to
the last branching petiole. The last sampling time point was considered
the final organ size and used for comparison in this study where soybean
Phytomer 1 (unifoliate leaves) and maize Phytomers 1-5 are excluded
due to their advanced senescence.

2.4 | Light response of leaf photosynthesis

In 2019, photosynthetic light response curves were conducted around
solar noon on the youngest fully expanded leaf at silking for maize and
the beginning of seed production for soybean. All measurements were
conducted with open path gas exchange systems equipped with a leaf
chamber fluorometer of é cm? (LI-6800, LI-COR). Curves consisted of
12 points from 2000 to Opmolm?s™!
density (PPFD) following acclimation at 2000 umolm2s™* PPFD.

Leaves were acclimated to full sunlight to mimic the environmental

photosynthetic photon flux

conditions outside of the chamber (Figure 3). Chamber conditions were
set to 60%-80% humidity, ambient air temperature (determined by
T.i:°C with open leaf chamber), and 410p.p.m. reference CO,
concentration in the airstream. Response curves were fitted using
an Excel-based fitting tool (Bellasio et al., 2015, 2016) to derive:

Planting Emergence Harvest Final plant density®
date date date (plants/m2)
3 Jun 10 Jun 15 Oct 6
3 Jun 10 Jun 15 Oct 22
28 Oct 11
2 Jun 12 Jun 15 Oct 5
54,3
54,3
3 Jun 12 Jun 20 Oct 18
9
2000
—e— Incident
—o— Above SC.L hean
R 1500
g
g 1000
S
[
|2
=9}
ey
500
O 1 1 1
07:00:00 11:00:00 15:00:00 19:00:00
Time of day (hours)

FIGURE 3 Shade conditions for intercropped soybean during the
2019 growing season. Mean photosynthetic photon flux density
(PPFD) incident and above intercropped soybean between wide
maize rows in the solar corridor arrangement (sc.lsoybean) during
sunlight hours (07:00 a.m.-07:00 p.m.). Each point represents a

30 min interval of the day averaged across 75 measurement days.
Error bars represent £1 SE error of the mean and n =4 for all data
points. Rows were north-south orientation.

(i) maximum rate of photosynthesis (As,) by fitting a nonrectangular
hyperbola; (i) apparent quantum yield (AQY) by the initial linear slope of
the fitted curve; (iii) PPFD-A compensation point (LCP); and (iv) dark
respiration (Rg).

2.5 | Biomass determination

Aboveground biomass harvests were conducted four times at 2-3 week
intervals during the 2019 growing season across vegetative and
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reproductive growth stages of maize and soybean. A 1 m length of a
row in each plot was harvested at soil level while avoiding plot borders
and previously harvested locations. The number of plants per metre was
recorded and the total leaf area per plant was determined for three
harvested plants using a leaf area metre (CI-203CA, CID Bio-science).
Stems (including petioles and petiolules or sheaths), leaves and pods or
cobs were then separated and dried at 60°C for a minimum of 1 week to
determine dry weights. To convert total biomass into total energy
content (MJm?) for the calculation of conversion efficiency (g.), the
separated organs were ground and analysed using adiabatic bomb

calorimetry (Model 6200, Parr Instrument).

2.6 | Seasonal interception efficiency and
conversion efficiency

Daily canopy light interception fractions and seasonal interception

efficiency (g;) during the 2019 growing season were calculated as,

& = 1- (#) (1)

where I, was incident PPFD (umolm™s™!) measured above the
canopy with a downwelling quantum point sensor 2 m above canopy
surface, Iy was transmitted PPFD (umol m2s1) measured at 0.1 m
from the soil surface using a quantum line sensor, and I, was reflected
PPFD (umolm™2s!) measured with an upwelling quantum point
sensor 1 m above the canopy surface. A line quantum sensor was also
placed 0.5m above the soybean row in the intercrop systems to
partition interception fractions within the canopy (Figure 1b and
Appendix Figure A.5).

All measurements were collected using point (Model SQ-215)
and line (Model SQ-311) quantum sensors (Apogee Instruments). All
data were logged every 15s and averaged over 30 min using a
datalogger (model CR1000 with AM16/32B multiplexer, Campbell
Scientific). Measurements began 23 days after emergence (DAE) at
early vegetative growth for maize and soybean. All sensors were
factory calibrated. Data were checked for errors daily and sensor
height was adjusted weekly to maintain their constant distance from
the growing canopy surface. Data loss from storm damage,
equipment failure, or power outage represented <3.5% of total data
collection. Where gaps existed, data from plots within the same
treatment were averaged to fill the missing data gaps.

The slope of linear fit of cumulative absorbed photosynthetically
active radiation (APAR [MJ m™2]) versus cumulative biomass energy
(MJ m™) was used to estimate conversion efficiency () where APAR

was calculated as

APAR = I, — (I + ) 2

27 | Yield

In both experimental years, total aboveground biomass at physiologi-
cal maturity was measured by harvesting 3 m from the centre rows

per plot by hand, to determine grain yield, stover, HI and seed mass.
The 2019 grain yield data were used to calculate the Land Equivalent

Ratio (LER; Vandermeer, 1989) to assess the land-use efficiency

YscAI soybean

LER = Ysc.lmaize +

)

’
YMmaize YMsoybean

where Y is the yield (g m™) of maize or soybean in the corresponding
system indicated by the subscripts. If LER > 1, the intercrop system
has a yield advantage and increased land-use efficiency per unit area
compared with the monocultures. The 2020 grain yield data from
cropping systems with the highest maize plant density was used
to calculate a 2-year average LER (LER,yerage) by using the equation
above. In addition, an LER if the solar corridor intercrop were to
replace the maize monoculture in the standard annual rotation of the

Midwest, USA, was also calculated,

YMsoybean < Ysc4lmaize+soybean

LER otation = , (4)

YMmaize € YWisoybean
where Y was the average yield (gm™2) of the rotation between
2019 and 2020, represented by the ¢ symbol. Specifically, the
numerator represents the average yield of the annual rotation
with the solar corridor intercrop and the denominator represents
the standard annual rotation between maize and soybean
monocultures. The LER per possible rotation scenario were

averaged to produce LER yation (N = 4).

2.8 | Data and statistical analysis

In the calculation of the 2-year average grain yield for each cropping
system, the third block in 2019 was omitted to equal the number of
replicate blocks between years and include each border block. As the
plant density of sc.lsoybean is half compared with the plant density of
Msoybean (Table 1), analysis of € and e. from 2019 were normalized to
the area of sc.lsoybean to make meaningful comparisons by multiplying
the Mgoybean averages by 0.5, abbreviated as Msoypean 0. Likewise,
Msoybean grain yield (g m2) was also multiplied by 0.5 in both years to
give the expected yield under the null hypothesis that an individual
soybean plant has the same yield in the intercrop and monoculture
(Loreau & Hector, 2001). The observed sc.lsoybean Yield was then
compared with the expected yield, where a decrease indicates a yield
loss for intercropped soybean.

Statistical analyses were conducted on the plot means using a
mixed model analysis of variance using R software (R Core Team,
2021) and the Ime function (package ‘nlme’, Pinheiro et al., 2021)
with cropping system considered fixed effects and block and block by
cropping system effects considered random. SLA, chl content, chl
a/b, carotenoid content, C:N, biomass, plant height and leaf area per
plant measured in 2019 were analysed as repeated measures with
DAE as the repeated fixed factor. First-order linear regressions for
the calculation of €. were performed on each replicate block, where
n=4 (SigmaPlot, Systat Software). All statistical analyses were
conducted within species, except for the parameters in Figure 9.
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Multiple pairwise comparisons of maize treatments were conducted
using the emmeans function (package ‘emmeans’, Russell, 2021). The
residuals were checked for normality and constant variance, and an a
of 0.1 was used to determine significance and reduce the probability
of Type Il errors.

3 | RESULTS

3.1 | Meteorological conditions during the 2019
and 2020 growing season

The majority of daily maximum and minimum air temperatures were
higher than the daily 30-year mean temperature ranges in both years
(Figure 2a,d). At emergence in 2019, the cumulative precipitation rate
was higher than the 30-year mean, but by the end of the season both
rates were similar, and so 200 mm less precipitation fell across the
2019 growing season compared with the 30-year mean (Figure 2b).
In contrast, the cumulative precipitation rate at emergence in 2020
matched the 30-year mean, but less precipitation fell across the
season (Figure 2e). Daily incident solar radiation across each growing
season fell within the 30-year mean range (Figure 2cf). Two
destructive weather events occurred in 2020, a hailstorm and
windstorm (derecho) at 30 and 60 DAE, respectively. The hailstorm
caused significant damage to plant architecture, where corn smut
galls developed by the pathogenic fungus Ustilago maydis in maize,
and the windstorm decreased the original maize plant density

2

treatments by 1 and 4 plants per m“ on average for maize and

soybean, respectively (Appendix Figure A.2 and Table 1).

3.2 | The intercrop system provided 65%-80% of
incident light for understory soybean around solar
noon in 2019

The solar corridor arrangement of maize rows running north-south
provided 35% of incident light (expressed as PPFD [umol m2s™1]) to
SC.lsoybean during the morning before an increase to approximately
80% at solar noon (13:00), before decreasing back to 35% in the
afternoon (Figure 3). Thus, the solar corridor intercrop system
provided 65%-80% of incident light for soybean between maize
rows *2 h from solar noon in 2019.

3.3 | Intercropping increased SLA by 24% while
maintaining light-use efficiency at the leaf level for
soybean

Soybean SLA in both cropping systems declined with development
(Figure 4a and Appendix Table A.1). Intercropping increased soybean
SLA for all sampling days (Figure 4a) in addition to the seasonal mean
by ~24% (p < 0.001, Table 2). In contrast, soybean total chl content
increased with development (Figure 4b). There was a significant DAE

B9-wiLey—

by cropping system interaction for soybean total chl content
(Appendix Table A.1) and was greater for Msoypean than sc.lsoybean
at 67 DAE, which corresponds to the beginning of seed production
(p < 0.1, Figure 4b). Across the season, total chl content was similar
between soybean treatments (p=0.11, Table 2); however, chl a/b
ratios for sC.lsoybean Was lower than Mg pean ON all sampling days
(Figure 4d) and across the growing season (Table 2, p < 0.05). There
was a significant DAE by cropping system interaction on soybean
carotenoid content (Appendix Table A.1). Intercropping decreased
carotenoid content for soybean after full bloom at 38 DAE and across
the season by 19% compared with Mgoypean (Figure 4c and Table 2,
p < 0.05). Likewise, the average C:N ratio for sc.lsoybean Was lower at
38 DAE (Appendix Table A.1 and Figure 4e) and seasonally (Table 2,
p < 0.05). Intercropping soybean significantly decreased all photo-
synthetic parameters of light response curves compared with Mgoybean
(b < 0.1), except for the AQY (p = 0.41, Table 3), demonstrating similar
AQY at the leaf level.

3.4 | Soybean architecture varied between
cropping systems

Intercropped soybean plants had significantly greater final inter-
node length than Moypean plants between phytomer Ranks 2 and
13, and the remaining 2 uppermost phytomers were significantly
higher for Mgoypean (p < 0.05; Figure 5a). This result corresponds to
the significant increases in sc.lsoypean Plant height by ~10% across
development compared with Mggypean Plant height (Appendix
Table A.1 and Figure A.6A). The final petiole length and total leaf
area between Ranks 2-5 and 2-6, respectively, for Msoyhean Were
greater than sc.lsoypbean Plants due to branching by Mgoypean plants
(p < 0.1, Figure 5b,c and Appendix Figure A.9). For the remaining
ranks, petiole length and total leaf area at the middle phytomers
had no significant differences, except Rank 8 was higher for
SC.lsoybean (P < 0.1, Figure 5b,c) and the upper phytomers were
greater for Msoynean (0 <0.1, Figure 5b,c). Consequently, the
majority of phytomer ranks for sc.lsoybean Plants had significantly
fewer pods than Mggybean, With the greatest difference at the lower
phytomer ranks where branching occurred in Mggypean Plants
(p<0.1, Figure 5d).

3.5 | Intercropping increased SLA and decreased
chl content without impacting photosynthesis for
maize

At 52 DAE, SLA of sc.Mn.i.e Was higher than M.ie (p<0.1,
Figure 4f). Later in reproductive development at 80 DAE, SLA of
SC.Imaize Was higher than both maize monocultures (p < 0.1, Figure 4f).
Seasonally, however, only SLA of sc.ln.ize Was significantly higher
than Mpaize by ~10% (p < 0.05, Table 2). On individual sampling days,
no differences in total chl content were observed between maize

cropping systems (Figure 4g), but seasonally, sc.laize chl content was
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FIGURE 4 Tissue sampling analysis across multiple days after emergence (DAE) during the 2019 growing season. Mean specific leaf area (SLA)
AF, total chl content BG, carotenoid content CH, chl a:b DI and C:N EJ for soybean in monoculture (Mgoyhean = White bars) and solar corridor intercrop
(sC.lsoybean = black bars), and maize in monoculture (Myaize = White bars), solar corridor monoculture (sc.Mpaize = grey bars) and solar corridor intercrop
(sC.Imaize = black bars). Error bars and replicates are as in Figure 3. Letters indicate significant differences within DAE at a =0.1.

lower than Maize by 15% (p < 0.1, Table 2). Likewise, no differences was lower than M.z later in reproductive development at 80 DAE
in chl a/b ratios were found between maize cropping systems on (b < 0.1, Figure 4h). Alternatively, sc.M.ize carotenoid content was
individual sampling days (Figure 4i), but seasonally, sc.M.i,e Was higher than sc.l.ize early in development at 38 DAE (p<0.1,

lower than Mpaize (p < 0.1, Table 2). For carotenoid content, sc.lmaize Figure 4h). Seasonally, carotenoid content was 13% lower for sc.lmaize
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TABLE 2 Seasonal averages of SLA, C:N and leaf pigments of maize and soybean in monoculture and intercrop systems during the 2019
growing season
Maize Soybean
Parameter M sc.M sc.l MSE M sc.l MSE
SLA mm? mg™? 20.36 £0.30 21.48+0.39 22.23°+0.34 0.91 21.93+0.84 28.94°+0.98 2.83
Total Chl content ugcm2 30.88+0.70 29.42+0.95 26.44%+0.71 0.0007 34.54+0.97 32.83+0.70 0.0003
Chl a:b - 4.54 +0.04 4.39*+ 0.05 444 +0.04 0.02 3.43+0.03 3.10+0.03 0.01
Carotenoid content ugcm2 5.07 +£0.09 4.87+0.12 4.41°+0.12 0.13 6.05+0.18 4.89%+0.12 0.29
C:N - 13.64£0.22 14.02 £0.37 14.79 £0.28 0.0001 8.94+0.12 8.54°+0.14 0.08

Note: 2019 growing season means + 1 SE (n =4) are reported for SLA, total chlorophyll content, carotenoid content, chlorophyll a:b ratio and C:N. Leaf
sampling was conducted four times between vegetative and reproductive growth stages for both maize and soybean. MSE is reported from each ANOVA.

Abbreviations: ANOVA, analysis of variance; C:N, carbon to nitrogen ratio; MSE, Mean square error; SLA, specific leaf area.

Significant differences compared with M are indicated at a =0.1.

TABLE 3
2019 growing season

Estimates from leaf photosynthetic light response curves of maize and soybean in monoculture and intercrop systems during the

Maize Soybean
Parameter M sc.M sc.l MSE M sc.l MSE
Acat umolm2 s 56.19 £2.70 50.40+1.86 48.82+1.73 13.95 37.7+1.62 29.892+1.12 7.56
AQY - 0.068 £ 0.002 0.065 £ 0.002 0.064 % 0.002 0.0001 0.055+0.001 0.054 +0.001 0.0001
LCP umol m?s? 59.33+2.95 51.61+2.29 55.37+3.16 12.77 53.89 +2.25 34.27°+1.45 5.50
Ry umolm2s? 3.94+0.27 3.29+0.18 3.46+0.16 0.0001 291+0.13 1.832+0.08 0.013

Note: Cropping system means + 1 SE (n =4) are reported for parameters related to photosynthetic light curves (Appendix Figure A.10). Curves were
conducted in 2019 at silking and beginning of seed production for maize and soybean, respectively. MSE is reported from each ANOVA.

Abbreviations: ANOVA, analysis of variance; MSE, mean square error.

3Significant differences compared with M are indicated with an asterisk at a = 0.1.

compared with M.z (p < 0.05). Maize cropping system treatments
did not affect C:N ratios (p>0.1, Figure 4j and Table 2) and
photosynthetic light response parameters (p > 0.1, Table 3). There
were no interacting effects for any maize leaf tissue analysis
parameters (Appendix Table A.1).

3.6 | The solar corridor row arrangement
decreased blade width of maize

At silking, maize in both solar corridor treatments had a maximum of 16
leaves (phytomers), whereas Mp.ize had a total of 17. Across all maize
cropping system treatments, leaves positioned at the middle of the plant
(Phytomers 7-10) had the greatest blade length and successive leaves
displayed a steady decline (Figure 6a). Before the peak in blade length at
Phytomer 10, blade length of both sc.M.ize and sc.lmaize Were longer
than Mpnaize by 7%-10% (p < 0.001). Beyond Rank 10, sc.lnaize decreased
in blade length between Ranks 13 and 16 compared with M.ize by
20%-136% (p < 0.1). Consequently, these phytomer ranks also showed
a similar decrease in sc.ln.ize blade area (p < 0.1, Figure 6c). Among all
maize treatments, blade width peaked between phytomer Ranks 9 and
12 before a steady decline for the upper leaf positions (Figure 6b). For
phytomer Ranks 8 through 16, M.z plants had wider leaf blades by

7%-142% compared with sc.l.ie With 5 of those ranks also wider than
SC.Maize Plants (p < 0.1).

The distance between leaf blade collars had a varied response
between maize cropping systems (Figure 6d). For the majority of the
upper phytomer ranks, sc.lmaize had smaller distances than M,,i,e by
5%-18% (p < 0.1, Figure 6d), which corresponds to the significant
decreases in sc.lmaize final plant height compared to M .ize (Appendix
Table A.1 and Supporting Information: Figure S4B). Distances
between blade collars for sc.M.ize fell between Mp.ize and sc.lmaize
(Figure 6d), and thus no differences in sc.Mmaize plant height was
found (Appendix Table A.1 and Figure A.4B).

3.7 | Intercropping decreased maize plant leaf area
but did not impact soybean plant leaf area

The average plant leaf area of sc.lsoyhean Was slightly higher than
Msoybean at 30 DAE (Figure 7a) and the greater light interception
fractions for sc.lsoybean €arly in canopy development reflects this
initial increase (Figure 7b). From full bloom onwards (40 DAE),
sC.lsoybean Plant leaf area was slightly lower than Mgoyhean Plants.
However, statistically, there was no significant cropping system

effect across development (p = 0.28) and soybean plant leaf area was
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FIGURE 5 Soybean plant architecture analysis across phytomer ranks during the 2019 growing season. Mean final internode length (a),
petiole length (b), total leaf area of trifoliate (c), and pod number (d) versus phytomer rank at full seed for soybean in monoculture

(Msoybean = White circle) and solar corridor intercrop (sc.lsoybean = black triangle). Asterisks indicate a significant difference within phytomer rank
at a =0.1 when present. Phytomer 1 (unifoliate leaves) was not measured due to advanced senescence at the time of sampling. Error bars and

replicates are as in Figure 3.

only significantly affected by DAE (Appendix Table A.1). At canopy
closure, sc.lsoybean intercepted ~45% of the incident light available
within the solar corridor maize rows, whereas Mo bean intercepted
90% of downwelling incident light (Figure 7b). Thus, light interception
fractions of Moyhean NOrmalized to the plant density of intercropped
soybean (Msoybean*o's) indicates 45% light interception at canopy
closure and agrees with the nonsignificant cropping effect on
soybean plant leaf area (Figure 7b).

Differences in maize plant leaf area were apparent after maize
reached seven leaves, where both systems of maize in the solar corridor
arrangement expressed a decrease compared with M.i,e (Figure 7c)
where only sc.ln.ize Was significantly lower (Appendix Table A.1). Light
interception measurements matched the leaf area response by a similar
deviation between systems (Figure 7d). At canopy closure, M.ize
intercepted 80% of downwelling incident light, whereas sc.Mpi,e and

sC.Imaize Canopies intercepted around 70% (Figure 7d).

3.8 | The solar corridor intercrop system had
negative impacts on the seasonal light-use efficiencies
of both crops in 2019

The seasonal light interception fraction (g) for maize in both solar
corridor systems was similar and significantly lower than Maize

(p < 0.001, Table 4). Only sc.lyaie had a significant reduction in seasonal
conversion efficiency (¢) compared with both maize monoculture
systems by the accumulation of less biomass MJm? (p < 0.05, Table 4
and Figure 8b). Under the area of the intercrop system, the g for
SC.lsoybean Was no different than Mcoypean 0>, but €. for sC.lsoybean Was
lower than Msoybean O (p < 0.1, Table 4 and Figure 8a).

The combined seasonal performance of both maize and soybean
in the intercrop system (sc.Imaize+soybean) Was compared against the
two maize monoculture systems (Figure 9). The Msoypean System was
excluded from comparisons due to the inherently different functional
and structural characteristics compared to systems involving maize.
The addition of soybean in the intercrop increased LAl more than
both maize monoculture systems (p < 0.1) and & compared with the
SC.Mpaize System only (p < 0.001). However, biomass at silking and &,
were higher for M..ie than the intercrop (p < 0.1). Biomass at silking
was also higher for M,ize than sc.Mp.ize (p < 0.01). No differences in

end-of-season stover were found (p > 0.1).
3.9 | Intercrop grain yield was lower in each
experimental year and averaged across years

Compared with each respective monoculture system in 2019, the
intercrop reduced maize grain yield by 34% at equal maize plant density
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FIGURE 6 Maize plant architecture analysis across phytomer ranks during the 2019 growing season. Mean final blade length (a), final blade
width (b), final blade area (c), and final distance between blade collars (d) versus phytomer rank at silking for maize in monoculture (Mpaize = White
circle), solar corridor monoculture (sc.Mpaize = grey circle) and solar corridor intercrop (sc.lmaize = black triangle). Letters indicate significant

differences between cropping systems within a phytomer rank at a = 0.1 when present where a = Mhaize - SC.lmaizes P = Mmaize = SC.-Mmaize and ¢ =
SC.Mpaize - SC.Imaize- Phytomers 1-5 were not measured due to their advanced senescence at the time of sampling. Error bars and replicates are

as in Figure 3.

(p <0.05) and soybean grain yield by 78% at half the soybean plant
density (56% lower than Msoybean*o‘s [p < 0.01, Table 4]). In comparison
with sc.Mp.ize, NO difference in intercrop maize grain yield was found
(p =0.32, Table 4). Compared with Maize, the sc.Maize System had no
difference in grain yield but was more variable (p =0.22, Table 4). No
differences were found in HI (p=0.83) and seed mass (p=0.16)
between maize cropping systems, whereas sc.lsoyhean had lower HI
(p <0.05) but similar seed mass to Msoypean (0 = 0.71; Table 4).

In 2020, decreasing maize plant density in the solar corridor
intercrop compared with the standard Mp.ize System decreased
maize grain yields (p < 0.1), whereas at equal maize plant density, no
differences in maize grain yield were found, including between
SC.Mmaize and Mpaize. However, the grain yield of sc.lsoypean remained
lower than Mgoybean and Msoybean*o'5 across maize plant density
treatments (p < 0.1). No differences were found in maize and soybean
HI across cropping systems (p > 0.1) and the seed mass of maize and
soybean increased with decreasing maize plant density compared to
each respective monoculture system (p < 0.1, Appendix Table A.2).

Grain yields from 2019 and grain yields from the systems with
the highest maize plant density in 2020 were used to calculate the
2-year average grain yield, LER,yerage and LER qtation (Table 5). Grain
yields of sC.lmaize and sc.lsoypean Were significantly lower than their

respective monocultures by 31% and 77%, respectively (p <0.01).

The land-use efficiency of the solar corridor intercrop was lower on
average and in rotation compared to the standard monoculture
systems by 9% + 0.05% and 19% + 0.04, respectively.

4 | DISCUSSION

The solar corridor intercrop system was hypothesized to improve
light capture and increase or sustain maize yields with the additional
forage benefit or grain yield from the intercropped legume enhancing
ecosystem services beyond the standard monoculture systems of the
Midwest, USA (Deichman, 2000; Kremer, 2016; Kremer & Deichman,
2014b). This study evaluated aboveground plasticity within the
physiological and architectural dimensions of the intercrop system
and its consequences for light-use across biological scales under high
maize plant density in 2019 and the impact of reducing maize plant
density on yield in 2020. We show that both intercropped species
invested in aboveground physiological and architectural plasticity,
and high maize plant density produced the greatest yields in solar
corridor monoculture and intercrop systems. However, the collective
performance of both crops in the intercrop was suboptimal, despite
an increase in LAl and maintenance of ¢; by the addition of soybean.

On average, the intercrop resulted in a 31% and 77% grain vyield
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TABLE 4 Seasonal canopy level processes related to the Monteith equation (Monteith & Moss, 1977), grain yield, HI and seed mass of
maize and soybean cropping systems in the 2019 growing season

Cropping system & £ Grain yield (g m™) HI Seed mass (g [100 seeds]™)
Minaize 0.77 +0.01 0.020 +0.001 963.54 +24.86 0.57+0.03 35.92+0.83
SC-Mmaize 0.64* + 0.01 0.021 +0.001 787.89 +105.48 0.58 £0.02 36.83+2.06
SC.Imaize 0.65* + 0.01 0.017** +0.001 639.41*+47.23 0.57+0.01 33.07+1.13

Soybean expected?® and observed"® yield per m? of intercrop

Msoybean 0.70+0.02 0.012 +0.001 266.23 +23.49 0.57 +0.02 18.52+0.47
Expected M.oybean 0.35+0.01 0.012 +0.001 133.12+11.74 = =
Observed sc.lgoypean 0.40+0.04 0.009* +0.001 59.24* +7.64 0.51* +0.02 18.73+0.52

Note: Growing season means with +1 SE (n = 4) are reported for seasonal interception efficiency (¢;), conversion efficiency (), grain yield at physiological
maturity, harvest index and mass per 100 seeds. Significant differences compared with M systems within species are indicated with a single asterisk and
differences compared with both M and sc.M systems are indicated with a double asterisk at a =0.1.

Abbreviation: HI, harvest index.

“The expected yield is the absolute yield of Msoypean multiplied by the relative density of soybean in the intercrop (0.5) under the null hypothesis that
individual soybean plants have the same vyield in intercrop as in the monoculture.

The observed SC.lsoybean is the €, €. and grain yield per unit area of intercropping.
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are as in Figure 5 for soybean and Figure 6 for maize.

decrease of maize and soybean, respectively, compared with their
respective monoculture systems. This led to an LER,ierage Of
0.91+£0.05 (1 SE), suggesting a decrease in land-use efficiency
where 9% more land area is needed for the intercrop to achieve the
same yields as the monoculture systems of the Midwest, USA. If the
intercrop were to replace the maize monoculture in the annual
rotations (LER,otation), land-use efficiency would decrease further to
19%. This indicates that uncoordinated investment in aboveground
plasticity by each component crop in an additive and simultaneous
design under high maize plant density does not establish light

complementarity, leading to a yield disadvantage.

41 | Maize response

For the maize cultivar evaluated in this study, sc.lnaize plants
displayed the lowest structural dimensions (Figure 6a-c), including

B9-wiLey—

plant height (Appendix Figure A.6B), and accumulated the lowest
aboveground biomass (Figure 8b, and Appendix Figure A.7B
and A.8B). Therefore, sc.lnaize showed a decrease in &, compared
with both sc.Maize and Mp.ize (Table 4), which suggests that
interspecific competition between maize and soybean occurred.
In response to interspecific competition, the sc.l.ize plants invested
in physiological plasticity, evidenced by a seasonal 10% increase in
SLA and a 13% reduction in photoprotective carotenoids compared
with Mp.ize plants (Table 2). However, the decrease in total chl
content for sc.dp.ize May have hindered such investments from
maintaining ¢., despite no impacts on photosynthetic rate and
biomass allocation to grain yield (Tables 2-4). Furthermore, the
reduction in sc.m.ize plant height and blade length compared
with M.ize plants suggests there was no investment in architectural
plasticity (Figure 6 and Appendix Figure A.6). It has been argued that
domestication has reduced architectural plasticity through selection
for yield at high density as the response reduces biomass allocation
to vyield (Carriedo et al., 2016; Wille et al., 2017). However,
architectural plasticity has not been fully eliminated and can be
advantageous against weed suppression (Carriedo et al., 2016).
Therefore, selecting a modern maize cultivar that favours architec-
tural plasticity rather than physiological plasticity could improve
maize yields in the solar corridor intercrop system under high maize
plant density.

A previous study identified 21 maize hybrids out of 200 as
promising candidates for the sc.M.ize System and stressed the need
to select appropriate maize hybrids for optimal performance
(Deichman & Kremer, 2019). However, the study only considered
nongenetically modified maize hybrids with early release dates not
representative of modern hybrids used in the Midwest today.
Another study that conducted multiple years of experiments also
reported an underperformance in both the solar corridor mono-
culture and intercrop systems concerning two modern hybrid maize
cultivars (Nelson, 2014). Although our study only considered one
modern maize hybrid, a reduction in yield for both sc.Mie and
SC.Imaize cOmpared with that of the standard maize monoculture
system was also found, and reducing maize plant density does not
minimize maize yield losses (Appendix Table A.2). Historic yield
trends of maize hybrids in the Midwest have been attributed to
increasing population density and changes in belowground architec-
ture may have had a more direct role than aboveground architecture
(Hammer et al., 2009). Efforts to characterize belowground plasticity
in modern maize hybrids may be more effective at improving the
solar corridor intercrop system, which would complement the
evidence that the scM,i,e System can promote soil quality (Kremer
& Deichman, 2014a).

4.2 | Soybean response

On average the sc.lnaize provided 60%-80% of incident light for
SC.lsoybean £ 2 h from solar noon in 2019 (Figure 3). To adapt, the
soybean cultivar used in this study invested in both physiological and
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sc.Imaize+soybean

TABLE 5 Two-year average grain yield and LER between the 2019 and 2020 growing seasons

Monoculture Intercrop LER
Mmaize sc-Mmaize Msoybean sc-Imaize Sc-lsoybean TOtaI LERaverage LERrotation
Two-year average  934.47a+24.18 834.72a+61.40 288.71+12.33 640.26b+40.85 66.40° 706.66+44.81 0.91 +0.05 0.81+0.04
grain yield
(gm?

Note: The 2-year yield averages (n = 3, £1 SE) between 2019 and 2020 are reported. Letters indicate significant differences within maize and an asterisk
indicates significant differences within soybean at p < 0.1. LER, erage Was calculated by using the above grain yield values and Equation 3. LER otation Was
calculated by using grain yield values in Table 4 and Appendix Table A.2 and Equation 4 (n =3, +1 SE).

Abbreviation: LER, land equivalent ratio.

architectural plasticity. In the early phase of vegetative growth,
plasticity in leaf area conferred a transient competitive advantage for
SC.lsoybean relative to Mgoynean by higher interception fractions
(Figure 7b). During the canopy closure phase, sc.lsoybean Plants were
taller and less branched (Figure 5 and Appendix Figure A.6A and A.9)
with similar plant leaf area to Msoypean Plants (Figure 7a). Thus, no
differences in g under the intercrop area were found, despite
Msoybean Plants exhibiting a higher spatial clustering of leaves at the
lower phytomer ranks by branching (Figure 5c and Appendix
Figure A.9). However, the physiological plasticity of sc.lsoybean l€aves
by maximizing net carbon gain through higher SLA, expression of
more accessory pigment chlorophyll b and fewer carotenoids while
maintaining chl content, did not sustain a similar €. to that in Msoybean
(Tables 2 and 4). Moreover, biomass allocation to grain yield was
reduced even though seed mass was maintained (Figure 5d and
Table 4). In 2020, decreasing the maize plant density did not increase

sC.lsoybean Yield significantly (Appendix Table A.2) but the increase
suggests that the intensity of interspecific competition eased slightly.

The occurrence of both shade responses supports the hypothesis
that the molecular regulatory components from shade detection to
phenotypic output may be shared in soybean (Gommers et al., 2013;
Gong et al., 2015). Efforts to identify the genetic factors and redirect
the response solely to physiological plasticity could be an attractive
approach for legumes under intercropping, as architectural plasticity
is likely to be inefficient given the physiological and structural
dominance of most cereals. This argument is further supported by a
previous study considering a different simultaneous maize and
soybean intercrop at regular row spacing and lower maize plant
density, which concluded that architectural plasticity does not
contribute to a yield advantage (C. Li et al., 2020). However, similar
to maize, only one modern cultivar of soybean was investigated in

this study, which has been bred for high performance in
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monocultures under high light. Screening for plastic responses in
older soybean cultivars and its wild ancestor Glycine soja would

provide more evidence of its potential in the solar corridor intercrop.

4.3 | Implications, the broader context and
considerations for future studies

Beyond competition for light, the relative land-use advantage of
intercropping decreases with high N fertilizer input, particularly when
cereals and legumes are sown simultaneously. This phenomenon occurs
because competition for N increases through weakening the biological
capture of atmospheric N by the legume (Hauggaard-Nielsen & Jensen,
2001; S. Li et al., 2020; Yu et al, 2015). If a plant displays reduced
growth in intercropping due to competition for one or more resources,
its acquisition for other resources may also decrease, as the plant
functions as a unified system. Such negative feedback obscures the
identification of the original drivers of competition (Tang et al., 2020). As
this study explored a simultaneous cereal/legume intercrop with a high
N input and only considered light competition, the conclusion that the
lack of complementarity in light capture traits was solely responsible for
the yield losses may need further examination.

Moreover, interspecific competition can be intensified by simulta-
neous planting of component crops compared with relay intercrop
systems, where the co-growth period is shortened by different planting
dates for each crop (Xu et al., 2020). A global meta-analysis suggested
that the most significant absolute yield gains in high-input intercrop
systems were achieved by maize and legumes arranged in multirow
strips with considerable temporal niche differentiation (C. Li et al., 2020).
Although designing a multirow relay intercrop system that can be
mechanically managed with existing machinery in the Midwest may be
more favourable in terms of delivering higher yield gains, the solar
corridor intercrop system offers to replace the maize monoculture in
annual rotation while potentially increasing regulating ecosystem
services through the addition of the legume. Further, a relay system
may not be ideal for the solar corridor, wheat strips sown before solar
corridor maize was the least productive system compared to both
SC.Mpaize and standard M,.i,e Systems (Nelson, 2014). In addition, relay
intercropping increases the occurrence of mechanized planting. As the
Midwest is expected to have more extreme weather events with a
higher amount of rainfall in the spring, improving the performance of a
simultaneous solar corridor intercrop design may be well-favoured by
farmers under a limited number of viable planting days (Hayhoe et al.,
2018; Tomasek et al., 2015, 2017).

Given the large yield disadvantage reported in this study for both
crops on average and in rotation, little incentive to invest in
improving the solar corridor intercrop system may be argued.
However, this study only addressed the response of single cultivar
for each crop, and despite the inclusion of data from two growing
seasons, the weather-induced damage likely impacted the vyield
results (Appendix Table A.2). Further examination investigating the
yield response of multiple elite and ancestral cultivars of maize and

soybean, or other short stature crops, across various locations in the
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Midwest would narrow down those cultivars that perform best within
the solar corridor intercrop design. Architectural and physiological
evaluations of the better performing cultivars can then be conducted
to then identify which traits and plastic trait responses suit the solar
corridor intercrop system.

Furthermore, the detailed architectural and physiological data
presented in this study could be used to parameterize a mechanistic
functional-structural plant (FSP) model to identify those better suited
traits at a faster pace than conducting multiple field trails. Such models
simulate plant growth in three-dimensions at the organ level and have
proven to be a valuable tool in simulating crops systems to understand
the contribution of individual traits to plant performance (Evers et al.,
2019; Gaudio et al., 2019). Individual traits can be varied one by one per
simulation scenario, and the effect of each plastic trait on plant
performance can be quantified separately across monoculture and
intercrop configurations. So far, only descriptive FSP models have been
used to quantify the contribution of plasticity to light interception in
intercrops (Barillot et al., 2014; Li et al.,, 2021; Zhu et al., 2015). The
development of a mechanistic FSP model including photosynthesis and
assimilate distribution according to light interception and organ sink
demands is a necessary step forward to strengthen the understanding

between plasticity and yield in the solar corridor intercrop.
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