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ARTICLE INFO ABSTRACT

Keywords: Intercropping of two or more crop species increases the efficiency of resource use and often produces a greater
Modelling yield per unit land area. The relative efficiency of intercropping depends on row configuration, but there is a
If}terCfOPPi“g ) shortage of modelling-based evaluation of alternative intercropping options due to the inadequacy of standard
]A‘};g;tlvllmerceptwn process-based crop models to simulate resource capture, growth and yield formation when the canopy is spatially
Soybean structured in strips. We implemented a light interception model for strip crops into the APSIM Classic model and

combined it with a quasi-Bayesian approach to derive the model parameters to simulate crop growth and grain
yield in maize-soybean strip intercropping. We used 4 years of field data for 5 different row configurations to
derive key model parameters for simulation of light interception, LAI dynamics, biomass growth and grain yield
of maize and soybean intercrops. Key model parameters (e.g. RUE, k etc.) were found to change with row-spacing
and configuration, posing challenges to simulate different configurations with a single parameter set. The po-
tential ranges of these key parameters were derived by constraining the model to observed data. The model can
be potentially used to evaluate impact of planting configurations on productivity of strip intercropping systems,
but the variability of key model parameters among configuration treatments calls for further in-depth research to
improve modelling physiology of strip intercrops.

1. Introduction

Intercropping is defined as the cultivation of two or more crop spe-
cies simultaneously in the same field (Francis, 1989). Intercropping is
widely practiced across the world to increase grain production and
resource use efficiency (Brooker et al., 2015; Cong et al., 2015; Mao
etal., 2015; Zhang and Li, 2003; Li et al., 2020a, 2020b). Cereal-legume
intercropping is one of the most common types of intercropping (Yu
et al., 2015). Typically, C4 cereal crops such as maize and sorghum are
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the dominant plant species, whereas Cg legume crops such as beans,
soybean, cowpea, groundnut, faba bean and pigeon pea are the associ-
ated or secondary species (Banik et al., 2006; Echarte et al., 2011; Fan
etal., 2006; Gao et al., 2010b; Ghosh et al., 2009; Li et al., 2001). In most
cereal-legume intercropping systems, the cereal species are taller than
the legume, while the roots grow to a greater depth than those of legume
species (Gao et al., 2010a, b). This implies that the component crops
have interspecies interactions that affect aboveground light interception
(Liu et al., 2017a, 2018; Liu et al., 2017b; Wu et al., 2017; Yang et al.,
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2014) and belowground capture of soil water and nutrients whereby
cereals are often dominant over legumes (Chen et al., 2017; Wang et al.,
2017a; Yang et al., 2017; Yong et al., 2018). The complexity of in-
teractions was often highlighted as a major reason for the difficulty to
quantitatively evaluate the productivity and environmental impact of
various intercropping systems (Gou et al., 2017b).

Crop modelling has become an accepted tool to assess the land
productivity with different crop systems (Kirkegaard et al., 2014; Wang
et al., 2008). The APSIM modeling framework (Holzworth et al., 2014;
Keating et al., 2003; Wang et al., 2002) is one of the most used agri-
cultural systems models to simulate the growth, yield and resource use
efficiency of major crops (Liu et al., 2013a; Mohanty et al., 2012; Sun
et al.,, 2016; Wang et al., 2018; Yang et al., 2013, 2015) and diverse
cropping systems, including the impact of different management prac-
tices like rotations, fallowing, tillage, and grazing (Malone et al., 2007;
Pembleton et al., 2013; Thorburn et al., 2001; Zeleke, 2017). APSIM has
the ability to simulate crop growth and yield in intercropping systems
(Carberry et al., 1996; Chimonyo et al., 2016; Dimes et al., 2011; Keating
et al., 2003; Nelson and Cramb, 1998; Robertson et al., 2004; Wang
et al., 2002). However, so far, only a few studies have reported using
APSIM to simulate production in intercropping systems. These include a
study on modelling of yield and water use efficiency of a
sorghum-cowpea intercropping system (Chimonyo et al., 2016), and an
application of APSIM to simulate maize-bean cropping systems in
eastern and southern Africa (Dimes et al., 2011).

APSIM currently simulates intercrops by assuming a mixed canopy
with a horizontally homogeneous LAI distribution (Keating and Car-
berry, 1993; Tsubo and Walker, 2002), which is not the case in strip
intercropping. Compared with homogeneous sole crop canopy, strip
intercropping creates heterogeneous canopy and thus alters radiation
capture and use efficiency by varying spatio-temporal distribution of
component crops (Liu et al., 2017a, 2018; Wang et al., 2015; Yang et al.,
2014), particularly by changing planting configuration (row spacing,
strip width, sowing densities, and sowing dates) (Gou et al., 2017b;
Wang et al., 2019, 2017b; Wang et al., 2015). The current approach in
APSIM for light interception of horizontally homogeneous canopy of
intercrops does not consider the impact of row configurations (e.g. strip
width of component crops), and therefore can’t satisfactorily simulate
light interception and radiation use efficiency of intercrops in strip
intercropping systems. A recent study found that APSIM is not able to
simulate crop growth and yield in wheat-faba bean intercropping system
in Europe (Berghuijs et al., 2021).

A light interception model for strip-planted intercrops has been
recently applied to study resource use efficiency of wheat-maize (Gou
et al.,, 2017a; Wang et al., 2015; van Oort et al., 2020), wheat-cotton
(Zhang et al.,, 2008; Mao et al., 2015), maize-soybean (Liu et al.,
2017a, b) and wheat-fababean strip intercropping systems (Berghuijs
et al., 2020). This model was developed based on the light interception
for strip crops derived from elementary geometric principles (Gou-
driaan, 1977; Pronk et al., 2003). It simulates light interception of strip
intercrops based on LAJ, extinction coefficient (k), plant height, and strip
width of component crops. Several studies have found that this model
can better simulate light competition between component crops in strip
intercropping systems (Liu et al., 2017a, b; Wang et al., 2015). However,
due to the changes in canopy structure and interspecific interactions, the
model parameters estimated for sole crops, such as radiation use effi-
ciency (RUE) and light extinction coefficient (k), may need to be
re-estimated (Gou et al., 2017a, b; van Oort et al., 2020).

Up to the time of this study, no efforts was made to implement the
light interception model in APSIM for simulation of strip intercrops and
the APSIM model has never been tested in maize-soybean systems.
APSIM is able to simulate more than 20 different crops. Implementing
the light interception model for strip intercrops will extend APSIM’s
capability to simulate productivity and resource use efficiency of strip
intercropping systems with various crops.

The main objectives of this study are to (1) implement a strip-
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intercrop light interception model into APSIM-Classic; (2) investigate
the changes in key model parameters for light interception of intercrops
and derive model parameters for simulating maize-soybean strip inter-
cropping systems; (3) investigate the potential of using APSIM to
simulate biomass and grain yield and to evaluate the impact of row
space configuration in maize-soybean intercropping systems, and (4)
discuss the future need for model improvement.

2. Materials and methods
2.1. Field experiments

2.1.1. Experiment 1: maize-soybean relay strip intercropping

A field experiment was conducted for three years from 2014 to 2016
at the experimental farm of Sichuan Agricultural University in Ya’an
(29°59'N, 103°00'E), Sichuan province, China. The climate is subtrop-
ical and humid, with an average annual rainfall of 1663 mm and a mean
annual temperature of 16.5 °C (1981-2016). Daily weather data from
Ya’an station, 5 km from the experimental site, were obtained from the
National Meteorological Networks of the China Central Meteorological
Agency (CMA), including daily precipitation, maximum and minimum
temperature, and sunshine hours. Sunshine hours were converted to
daily global radiation using the Angstrom equation (Angstrom, 1924).
The soil of the experimental field is a Purple clay loam (Luvic Xerosols,
FAO classification). At the beginning of experiment, total N, P, K,
available N, P, K, and organic matter in the top 60 cm soil layer were
2.79 gkg ™!, 0.383 g kg, 12.89 g kg 1,168.6 mg kg *, 81.3 mg kg !,
140.1 mg kg~!, and 4.32 %, respectively.

The experiment (Experiment 1) was conducted using a randomized
complete block design with three replicates. Maize and soybean were
planted in alternating strips, with each strip containing two rows of the
same species (soybean or maize). Row spacing between the rows of the
same species (for both maize and soybean) was 0.4 m, while the distance
between maize and soybean rows was 0.6 m (Fig. 1). All strips were
oriented north-south. Maize cultivar Zhenghong505 was sown on 29
March 2014, 2015, 2016 and harvested on 8 August 2014, 2015, 2016
Soybean cultivar Nandoul2 was sown on 15 June 2014, 2015, 2016 and
harvested on 25 October 2014, 2015, 2016. The planting density was
45,000 plant ha™! for maize, and 99,000 plant ha™! for soybean. Fer-
tilizer input was 270 kg ha™! of urea, 600 kg ha™! of P,O5 and 100 kg
ha™! of K0 in the sole crop and in the maize strip. The fertilizer was
applied next to the maize rows. P05 and K0 were all incorporated into
soil at maize sowing, while urea was applied at sowing, seeding stage
and jointing stage in a ratio 2:3:5. No fertilizer was applied to the soy-
bean strips. No irrigation was applied. Weeds, insect pests and diseases
were properly controlled and the crops were managed to be not limited
by other nutrients and water.

2.1.2. Experiment 2: maize-soybean strip intercropping

Data from a maize-soybean intercropping experiment in Shandong
province were extracted from the literature (Liu et al., 2017a, 2018; Liu
et al., 2017b).

The experiment was conducted for three years from 2013 to 2015 at
a site in Heze City (35°15'09”N, 115°25'05E), Shandong province,
China. The site is characterised by a temperate summer monsoon
climate, with an average annual rainfall of 639 mm and average annual
temperature of 14 °C. The soil is a sandy loam (J-Fluvisols, FAO classi-
fication) in the upper 0.5 m (below 0.5 m is clay texture) and an
available N, P and K in the top soil (0—30 cm) of 101, 34, 187 mg kg’l,
respectively. Daily weather data from Dingtao station, 60 km from the
experimental site, were obtained from the National Meteorological
Network of the China Central Meteorological Agency (CMA).

The experiment was conducted as a randomized complete block
design with four intercropping treatments, each with three replicates.
The treatments included maize-soybean strip intercropping (2 rows of
maize intercropped with 2 rows of soybean) with three diff ;erent row
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Fig. 1. Row arrangement and plant spacing of each treatment in experiment 1 (RSI: Maize-soybean relay strip intercropping) and experiment 2 (SI1, SI2, SI3: Maize-

soybean strip intercropping; SI4: Maize-soybean single row intercropping).

arrangements (SI1, SI2, SI3) and maize-soybean alternate row inter-
cropping (SI4) as depicted in Fig. 1. In SI1, maize row spacing was 20
cm, while the distance between the neighbouring maize and soybean
rows was 70 cm. In SI2, maize row spacing was 40 cm, while the distance
between the neighbouring maize and soybean rows was 60 cm, In SI3,
maize row spacing was 60 cm, while the distance between the neigh-
bouring maize row and soybean rows was 50 cm. Thus the intraspecific
competition between maize rows was designed to be strongest in SI1,
weaker in SI2 and weakest in SI3, while the interspecific competition
between maize and soybean was expected to be weakest in SI1, stronger
in SI2 and strongest in SI3. Maize and soybean yields were expected to
vary as a result of the different row configurations at a constant overall
density. The alternate row intercropping SI4 with an interrow distance
of 50 cm represents the strongest interspecific interactions between
maize and soybean (Fig. 1). The plant spacing within a row was 0.14 m
for maize and 0.07 m for soybean, respectively. Planting density was
70,500 plant ha™! for maize and 141,000 plant ha™! for soybean,
respectively.

Maize (Xuandan26) and soybean (Hedoul9) were planted simulta-
neously in each year, i.e., on June 13, 2013, June 10, 2014 and June 14,

2015, and harvested simultaneously on September 26, 2013 and
September 28, 2014 and 2015. The crops were irrigated three times
(total irrigation amount 100 mm) by sprinklers during the summer
rainfall growing season to eliminate any water stress. Weeds and pest
were properly controlled. 330 kg ha™! of urea, 100 kg ha™! of P,O5 and
100 kg ha™! of Ko0O were broadcasted in the maize strip at maize at
jointing stage. No fertilizer was applied to soybean strip. Further details
are provided by the original publications.

2.1.3. Experimental data and data processing

In both experiments, we recorded the median phenological stages of
soybean (Fehr and Caviness, 1977): dates of sowing, emergence (VE),
first flowering (R1), start of pod growth (R3), start of grain filling (R5),
maturity (R7) and harvesting. Phenological stages of maize were
recorded including dates of sowing, flowering (R1) and maturity (R6).

Five soybean plants in each plot were randomly sampled to measure
leaf area, leaf number, plant height, node number on the main stem and
biomass at 40, 56, 71, 84, 100, 115 days after sowing in experiment 1
and at 25, 37, 51, 66, 82, 97 days after sowing in experiment 2. All
leaves on each plant were scanned using a flatbed scanner (CanoScan
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LiDE200, Canon Inc., Japan), and the leaf area of each leaflet was
determined from the images using analysis with Image J 1.45 s. After-
wards, the leaves, petioles, and stems were separated and then dried to a
constant weight at 75°C to determine total biomass. When soybean
plants reached physiological maturity, ten consecutive soybean plants in
each plot were selected to measure pod number per plant, grain number
per pod and 100 - grain weight to calculate grain yield.

Five maize plants in each plot were sampled to measure leaf area,
plant height and biomass at 44, 71, 78, 88, 117 days after sowing in
experiment 1 and at 25, 37, 51, 66, 82, 97 days after sowing in exper-
iment 2. Single leaf blade area of maize was calculated as leaf length x
greatest leaf width x crop specific coefficient (0.70). Leaf blade and
stem (including leaf sheath) were separated and dried to a constant
weight at 75°C to determine total biomass. When maize reached phys-
iological maturity, five maize plants were selected for yield measure-
ment in each plot, including spike number per plant, grain number per
spike and 1000-grain weight.

The total leaf area per unit area planted with a species was calculated
from the experimental data by multiplying the leaf area per plant with
the density of the species per unit area in the strip. Leaf area index (LAI)
was calculated by dividing the total measured leaf area from the sample
by the total land area covered by the sampled plants. Radiation use ef-
ficiency (RUE) was established from the empirical data by taking the
ratio of accumulated dry matter and cumulative intercepted radiation
(Liu et al., 2017b):

_ ADM

TS ILF

Here, ADM was the accumulated dry matter for the whole growing
period of unit land area of the maize strip or soybean strip (g m~2). Ip
was the daily total radiation record from the local Meteorological Bu-
reau (MJ m~2). F represents the daily fraction of intercepted PAR of the
intercropped maize or soybean. F was calculated using a strip crop light
interception model, based on the empirical measurements (Liu et al.,
2017b).

RUE

@

2.2. The APSIM model and simulation of intercrops

APSIM version 7.9 (Holzworth et al., 2014) was used to simulate
phenological development, light interception, biomass growth and yield
formation of maize and soybean in intercropping systems. APSIM sim-
ulates development and growth of different individual crops using a
template approach (Wang et al., 2002). For both maize and soybean,
APSIM uses a RUE to convert daily intercepted radiation to biomass
growth rate. This potential growth rate is further reduced by suboptimal
temperature and any water and nitrogen stresses. Phenological devel-
opment from emergence to maturity is driven by accumulation of
thermal time, with the rate of accumulation modified by photoperiod
during the phase from end of the juvenile stage to floral initiation. For
maize, potential LAI growth is simulated as the product of leaf number,
leaf size, and number of plants per m2. Individual leaf size is calculated
from final leaf number assuming that it follows a bell-shaped distribu-
tion with leaf position along the stalk. Grain yield is simulated based on
grain number and grain filling rate (Archontoulis et al., 2014; Liu et al.,
2013b; Zhao et al., 2015).

For soybean, a leaf-size approach together with node appearance and
branching is used to simulate LAI dynamic. Node appearance depends
on temperature, whilst the number of leaves on each node is determined
by a branching. For grain growth, a harvest index (HI) approach is used
to calculate grain biomass growth since start of grain filling (Keating
etal., 2003; Robertson and Carberry, 1998; Robertson et al., 2002; Wang
et al., 2002). A more detailed description of the crop models can be
found at http://www.apsim.info.

APSIM is currently able to simulate intercrops that form a mixed
canopy with a horizontally homogeneous LAI distribution, that is: the

Field Crops Research 265 (2021) 108122

two canopies are completely mixed when considering the horizontal
plane, though the LAI profiles over height might differ between the
species, so they are not homogeneously mixed over the vertical profile.
The Canopy modules in APSIM indexes all the crop species in an inter-
cropping system and calculates the light interception of each individual
species based on its LAI, height and extinction (k) as weighted by the
product of the light extinction coefficient k and the leaf area index of all
the crops (Keating and Carberry, 1993). A maximum of ten crop species
can be specified for intercropping. Egs. (2)-(4) gives an example for the
fraction of light interception of two crops with the same height in a
horizontally homogeneous intercrop:

_ —k\ LAI, —ky LAL,
ﬁmmo_intcn‘mps =1-e™ = (2)

k]LAI]

omo_intercropl — 77 x 7 71 7 a7 homo_intercrops 3

Juomo-intercrop leAll-s—kzLAszh ~intererop ®
kLAL

'mnu intercrop2 = 7 7 A7 L 1 7 A7 .wmu intercrops 4

fh _inte p2 leA11+k2LAlzj/ _inte Ps ( )

The Canopy module defines layer boundaries by the top of each crop
canopy. Thus there are as many layers as there are crop species. Each
layer in turn is taken from the top, in the combined canopy, to get the
combined (k LAI) value of the canopies present in that layer. The fraction
of light transmitted out of the bottom of that layer in turn is the fraction
entering the next layer below. The total radiation intercepted in a layer
is divided amongst the canopies occupying the layer, being done on the
basis of the product k LAI of each species’ canopy (Egs. (2) and (4)). LAI
is assumed to follow a power function with relative height (Eq. (5)):

LAI (h) = h %3 (5)

where h is the relative height (0 at the bottom and 1 at the top of the
canopy). Accordingly, 47 % of the leaf area is in the top 10 % of height,
27 % in the next 10 %, 15 % in the next 10 %, and so on (http://www.
apsim.info).

The Canopy module within APSIM has been successfully used in the
study of crop-weed competition (Wiles and Wilkerson, 1991) and
intercropping systems (Keating and Carberry, 1993). However, when
applied to strip intercropping systems, the algorithms in the Canopy
module overestimate the light interception of the taller crop species and
underestimate the light interception of the lower species (Gou et al.,
2017b).

2.3. Light interception model for strip intercrops and its implementation in
APSIM

We integrated a strip intercrop light interception model into APSIM
to test how it improves simulations of canopy development, biomass
growth and yield of maize and soybean in strip intercropping systems
with varying row configurations. The new model was based on the al-
gorithms originally developed by Goudriaan (1977) and Pronk et al.
(2003) for simulation of light interception of strip-planted sole crop,
which was further modified/enhanced for application to strip intercrops
by Zhang et al. (2008); Mao et al. (2015); Wang et al. (2015) and Gou
etal. (2017a). It simulates light distribution of intercrops as a function of
strip widths, LAI and heights of two crops, in which crop LAI and height
change dynamically over time. A short summary of the light interception
model for strip-planted intercrops is given in Appendix 1.

To implement the model, we modified the Canopy module to let it
read three extra parameters (StripIntercropping = true/false, Strip-
Width, and PathWidth). If StripIntercropping is true, the strip inter-
cropping light interception model is used to calculate the light
interception of two crops based on their heights together with strip
width (StripWidth), and path width (PathWidth as strip width of the
second crop). No other changes were made in the code.
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2.4. APSIM parameterization and testing

The soybean data from Experiment 1 and maize data from Experi-
ment 2 SI2 were initially used to derive the APSIM parameters for the
crop cultivars used in the experiments. The purpose of this study is to
investigate whether APSIM with the light interception model for strip
intercropping is able to simulate the growth and yield of the two species
in strip intercropping with different row configurations. In order to
reduce uncertainties caused by simulation of phenological stages, we
firstly derived the phenological parameters for the local maize and
soybean cultivars using a trial-and-error method to minimize the RMSE
between observed and simulated dates of flowering and physiological
maturity.

For soybean, previous studies indicate that organ sizes, leaf/node
appearance rate and radiation use efficiency under intercropping change
significantly as compared to sole crops (Liu et al., 2017a; Li et al.,
2020b). Comparison to the observed data from Experiment 1 showed
smaller individual leaf sizes, longer node phyllochron and higher RUE
(Appendix 2 Fig. A1). We used these observed values to replace the
default values in APSIM. In addition, we modified the thermal time to
senesce one node of soybean from 68 (APSIM default) to 100 (relay strip
intercropping) and to 120 (strip intercropping) to ensure soybean can
mature before all leaves become senesced.

For maize, the leaf size profile was modified based on data for maize
cultivars in China Zhen et al. (2018) (Appendix 2 Fig. A2). Specific leaf
area, extinction coefficient, radiation use efficiency and plant height
from Experiment 2 SI2 (Appendix 2 Fig. A2) were used for simulating
maize in strip intercropping.

With the above parameterisation, we ran APSIM to see how it per-
forms in terms of simulating the dynamics of LAI and biomass, and grain
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yield for soybean and maize in strip-intercropping systems.
2.5. Parameter optimisation

Due to the uncertainties in several model parameters (present in
Appendix 2 Figs. A1, A2), we further applied an quasi-Bayesian optimi-
sation method (Luo et al., 2015) to constrain model simulations to
measured data of LAI dynamic, biomass and yield of the two crops in all
treatments and derive the likely distributions of key parameters for each
treatment in order to improve the simulations of maize and soybean in
strip intercropping. We did this optimisation separately for each
configuration treatment. These parameters include RUE, extinction co-
efficient, specific leaf area, height-stem weight relationship, leaf senesce
rate (maize), thermal time to senesce one node (soybean) and grain
growth parameters (maize). Each parameter was first assumed to exhibit
a uniform distribution bounded within a range (Figs. 2 and 3). The
ranges of parameter values were confined to values determined to be
biologically and physically possible based on prior knowledge and re-
sults (Yang et al., 2014, 2017; Liu et al., 2018, 2017b). We used the
normalized root mean square error (NRMSE) as goodness of fit criteria to
be optimized in the Bayesian calibration. This metric was calculated as
follows:

n 2
RMSE = w .
: 2
T W/ M )

€ Fig. 2. Prior distribution for optimisation for soybean. a: RUE,
2.0 g 10 b: specific leaf area, c: extinction coefficient for green leaf, d:
—~ 16 a 3 8 b extinction coefficient for dead leaf, e: plant height vs stem
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Where X; and Y; are the paired observed and simulated values. M is the
average of the observed values, and n is the number of observations.

In order to assess the impact of equifinality, i.e. multiple combina-
tions of parameters that resulted in similar model performance (He
et al., 2017) and the likely change in model parameters caused by
intercrop configurations, we defined criteria to select an ensemble of
parameters that resulted in NRMSEs between observed and simulated
LAL biomass, yield less than a certain value respectively. For maize, we
targeted to constrain the model to observed LAI dynamics, maximum
biomass and yield with a NRMSE less than 30 %, 15 % and 15 %,
respectively. For soybean, the model was constrained to LAI dynamics,
biomass dynamics and grain yield with a NRMSE less than 30 %, 30 %
and 15 %, respectively. The determination of these criteria took into
account of the availability and importance of observed data as well as
what is achievable with the model and data. LAI dynamics was consid-
ered to be essential for light interception of both crops. Optimising
against the observed biomass dynamics of the shorter crop soybean
further constrained the space of parameters affecting biomass growth, i.
e., RUE and k.

In addition, we choose one set of model parameters from the above
ensemble as the ‘best ‘parameter set that enable best simulation of final
biomass and grain yield of both crops. This is the parameter combina-
tions that led to the least combined NRMSE (NRMSEc) between

Grain number Grain growth rate

observed and simulated biomass and yield of both crops. NRMSEc is
calculated as:

1

NRMSEc = — (NRMSE,;, + NRMSE,, + NRMSE,, + NRMS,) (8)

&1

Where NRMSE, and NRMSE,, represent the NRMSEs for maximum
aboveground biomass and yield of maize, while NRMSEg, and NRMSE;,
that of soybean.

3. Results
3.1. Light interception of strip intercrops

First, we compared the effect of row and strip configuration on the
light interception by the taller crop species (maize) and the lower crop
species (soybean). The fraction of light interception was calculated using
the light interception model for horizontally homogeneous intercrops
(HIC, the default model in APSIM) and for strip-intercrops (SIC, the new
model) under four different row spacing arrangements (SI1, SI2, SI3,
SI4), assuming simultaneous maize and soybean intercrops with a
growth duration of 120 days, maximum LAI of 5 for maize and 3 for
soybean, and a maximum crop height of 2.5 m for maize and 0.8 m for
soybean.
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As shown in Fig. 4, in the intercrop treatments SI1, SI2 and SI3, the
light interception model for strip-intercrops (SIC) calculated a lower
fraction of light interception by the higher crop (maize) and a higher
fraction by the shorter crop (soybean), than the HIC model. Thus, if the
HIC model was used for strip intercrops, it would overestimate the
fraction of light interception by the taller crop species and underesti-
mate the fraction of light interception by the lower crop species. In
addition, from SI1 to SI3, the maize row spacing was increasing from 20
cm to 60 cm and the distance between the neighbouring maize and
soybean rows was decreasing from 70 cm to 50 cm, leading to changes in
the crop strip width of both crops. With the SIC model, the light inter-
ception of maize was increasing with wider distance in maize while the
light interception of soybean was decreasing with narrow distance from
soybean to maize in SI1 to SI3. The HIC model does not capture this
difference because it assumes a horizontally homogeneous canopy, and
its algorithms do not consider the impact of changing space between
crops.

3.2. Model performance with derived parameters based on experimental
data

With the strip-intercrop (SIC) light interception model and the values
of parameters derived using the experimental data (the blue line in
Appendix 2 Figs. A1, A2), APSIM was unable to accurately simulate the
growth of soybean and maize in strip intercropping systems with
different row configurations (Fig. 5). There was an underestimation of
maize LAI and biomass, but a tendency to overestimate soybean LAI,
biomass (when the observed max LAI was greater than 3) and grain
yield.

3.3. Ranges of parameter values derived from optimisation

The wide distributions of the parameter values clearly show equi-
finality (Figs. 6 and 7). For soybean (Fig. 6), the derived RUE for pre-
grain filling ranges from 1.1 to 1.6 g MJ~ !, with the average value in
all treatments much higher than the APSIM default value of 0.88 g MJ_.
However, the average RUE across treatments is close to 1.27 g MJ 1,
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similar to the value obtained from experiment (Appendix 2 Fig. A1l e).
This indicated that the derived values from optimisation agree with the
actual values from experiment. Except for SI1, the results also seem to
indicate that a higher RUE before grain filling and a lower extinction
coefficient for green leaf area (e.g. from SI1 to SI4) are needed to
simulate the soybean biomass growth when it is more enclosed by the
maize canopy (Fig. 6a, ¢). This may be explained by the reduction in
radiation intensity and the increase in diffuse radiation when soybean is
more shaded, but requires further data to verify, though the increase in
specific leaf area (Fig. 6e) also support this reasoning. The relatively
higher RUE for SI1 may be caused by the underestimation of LAI (Fig. 8).
In addition, the thermal time to senesce one node (116.6 °C d/node) is
much higher than that of APSIM default value (68) (Fig. 6 h).

For maize (Fig. 7), all the derived RUE values (1.5-3.5 g MJ _l) for
pre-grain filling are higher than the APSIM default (1.6), with an
average value for RUE is 2.47 g MJ ™}, close to the value obtained from
the experiment (Appendix 2 Fig. A2 e). This indicated that the derived
values from optimisation agree with the actual values from experiment.
The extinction coefficient for dead leaf varied over the range of
0.18-0.60, higher than the default values in APSIM (0.1). The ranges of
variation, median and the mean values in stem weight, head number and
grain growth rate are similar across different treatments (Fig. 7 h, f, e),
indicating little change in those parameters for maize between the
treatments. The mean value of leaf senescence rate in five treatment
(0.00024 leaf/°Cd) is much lower than that of APSIM default value
(0.00035 leaf/°Cd) (Fig. 7 j). This is reasonable considering the stay-
green nature of the modern cultivar. In general, the mean/median
values of all parameters for maize differ less between treatments than
those of soybean, likely due to the higher crop canopy of maize which is
less affected by the lower crop soybean.

3.4. Simulation of LAI and biomass dynamics

Figs. 8 and 9 summarises the comparison of simulated and observed
LAI biomass and yield dynamics in all three years. Simulations were
generated using the ‘best’ parameter set for each treatment (lines) and
with the multiple sets of parameters (the ensembles) from Figs. 6 and 7

— HIC for maize + soybean
— HIC for maize
—— HIC for soybean

1.2

SI2

Light interception
o O O O -~
N A O 00 O

0.0
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Fig. 4. Comparison of fraction of light interception calculated using the light interception model for horizontally homogeneous intercrops (HIC) and the new strip-
intercrop model (SIC) for four different row spacing arrangements in Experiment 2 (SI1, SI2, SI3, SI4 see Fig. 1).
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Fig. 6. Posteriori distribution of APSIM parameters for soybean, estimated by
quasi-Bayesian calibration for four different intercropping treatments. Panels
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grain filling (b), extinction coefficient (c, d), specific leaf area (e), stem weight
per unit stem length (f), and thermal time to senesce one node (g). The yellow
boxes show the 25, 50, and 75 percentiles of the distribution of parameter
values, the whiskers indicate the 10 and 90 percentiles, and the red dashed
horizontal lines show the average value of quasi-Bayesian calibration. The black
circles in (a) show the value obtained from experiment 2. The blue circles show
the parameters that led to the smallest NRMSE between observations and
simulations. The grey dash line show the default value from APSIM (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).

(the cyan area). The Appendix 2 Figs. B1, B2 also provides the compar-
isons of the observed and simulated LAI and biomass dynamics and grain
yield for each year. For both crop species, the results show great vari-
ability in simulated biomass and yield, characterised by the much wider
regions of simulated values (cyan region), which was caused by varia-
tions in model parameters. For both maize and soybean, the ‘best’
parameter set enabled a generally good match between simulated (lines)
and observed LAIL, biomass and yield (dots). However, even with the
‘best’ parameter set, the model was not able to simulate some treatments
well (e.g. soybean LAI in RSI & SI1 and biomass in SI3) due to the fact
that the model does not fully capture the complex interactions between
the two species caused by their different growth dynamics and the
subsequent change in the microclimate.

3.5. Simulation of final biomass and yield across treatments

Based on the derived parameter distributions, the simulated ranges
of final biomass and yield for maize and soybean are shown in Fig. 10.
For soybean, the ‘best’ parameter set enabled the model to capture 76.6
% and 78.9 % of the variation in observed biomass and yield, respec-
tively, with corresponding NRMSE of 8.7 % and 7.9 %. For maize, the
model simulated final biomass and yield with NRMSE less than 10 %
with the ‘best’ parameter set. Maize yields in the treatments SI1, SI2, SI3,
SI4 in 2014 seem to be underestimated, but this could well be due the
higher measured yield in 2014 than the other two years (with similar
final biomass), with unknown causes and potential measurement
inconsistency. But for the overall performance, the model simulated the
final biomass and yield for intercrops with acceptable accuracy with the
derived parameters.

4. Discussion
4.1. Modelling strip intercrops

This was the first attempt to integrate a strip-intercrop light inter-
ception model into APSIM, with the aim to evaluate how planting con-
figurations influence light interception, plant growth and grain yield in
strip intercropping. The new model contrasts to the existing models that
assume a horizontally homogeneous canopy (HIC) for simulation of light
interception of intercrops e.g., the crop-weed competition model
INTERCOM (Baumann et al., 2002; Kropff and Van Laar, 1993), the
homogeneous mixing model STICS (Corre-Hellou et al., 2009), the
cereal-legume mixture model (Tsubo et al., 2005), and the default model
in APSIM. It has been previously found to more accurately simulate light
interception in several strip intercropping systems (Tan et al., 2020; van
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Oort et al., 2020; Wang et al., 2019, 2015; Gou et al., 2017b; Liu et al.,
2018). However, light interception is only one component of the whole
model. In order to achieve satisfactory simulation of crop light capture,
biomass growth and grain yields, changes in key model parameters to
account for changes in crop physiology and canopy microclimate in the
strip intercropping systems are also needed, as demonstrated by our
results in this study.

Strip-intercropping systems often out-yields mono-cropping systems
mainly due to increased biomass and yield in the border rows of the
dominant species as a result of greater radiation interception (Wang
et al., 2017; Zhu et al., 2020). The newly implemented model simulates
light interception of intercrops in response to their crop strip widths that
determine the border row fractions in the system. In the maize-soybean
strip intercropping system as an example, smaller crop strips will create
a larger fraction of border rows, which will increase the light intercep-
tion of the taller crop maize while decrease the light interception of
soybean (Fig. 5), potentially leading to higher maize biomass and yield.
In that regard, the new model captures the border row effect, while the
default model in APSIM does not. This enhanced ability to simulate ef-
fect of border rows is demonstrated here (Fig. 5) and also by Gou et al.
(2017a).

10

In addition to border-row effect, changes in morphology and physi-
ology of the shorter intercrop under shade warrant further study for
improved modelling of intercropping systems (see section below).
However, direct measurements of light interception and physiological
responses of component crops with varying row configurations are
expensive and not always economically or experimentally feasible
(Knorzer et al., 2011). Efforts to improve modelling of intercrops like the
current study will always play an essential role in future studies.

4.2. Parametrisation for soybean and maize modelling under strip
intercropping

With the strip intercrop light interception model and average values
of key parameters from four configuration of strip-intercropping, our
results show that the model was not able to correctly simulate biomass
and grain yield of the two crops across different treatments of row
configurations. Key parameters like RUE and extinction coefficient etc.
change with row configurations, consistent to findings in previous
studies (Liu et al., 2017b; Wang et al., 2015). The much greater changes
in parameters for the shorter soybean crop than for the higher maize
crop imply the need for re-parameterising the crops in strip
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intercropping, particularly the shorter crop. The optimisation approach
used in this study enabled to derive parameter sets for overall good
simulations of intercrops across all treatments, demonstrating the use-
fulness of this approach in future studies, particularly for complex sys-
tems like strip-intercropping.

Plasticity in crop traits is an important factor contributing to changes
in canopy structure and light capture in strip intercropping (Zhu et al.,
2015). During the co-growth period of maize and soybean crops, the
shorter soybean crop experiences a shade environment with decreased
light intensity and decreased red and far red ratio (Liu et al., 2017a;
Yang et al., 2014). This shade environment causes changes in leaf size,
node appearance rate, plant height and radiation use efficiency of soy-
bean (Liu et al., 2017a; Li et al., 2020a, 2020b). We think that these
changes are the key causes of changes in model parameters across
treatments and from those for mono-crops, e.g., the higher RUE, specific
leaf area, lower extinction coefficient and lower stem weight per unit
height of soybean under increased shading, and the slower thermal time
to senesce one node (118.8 °C d/node) of soybean in strip intercropping
treatments as compared to that of APSIM default (68 °C d/node) and in
other studies (Archontoulis et al., 2020).

The taller crop, on the other hand, will be more exposed to radiation
because of the border row effects. The extent of such changes will likely
depend on the row configuration and relative heights of the two crops,
consequently impacting on the RUE and k. The higher RUE value
derived for maize in this study could be due to two main reasons: 1)
modern cultivars utilise light better, 2) border-row effect, leading to
similar yield of maize in strip-intercropping to that of mono-maize
despite half planting area.

4.3. Future steps

In China, the main limitations to the development of intercropping
systems are the increase in labor costs and a shift of rural labour into the
construction and industrial sectors (Feike et al., 2012). The authorities
promote therefore a transition from traditional row-intercropping sys-
tems to wide strip intercropping systems that can be more easily
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mechanized. This requires a modelling tool to help design the best
row-spacing and configurations for such strip-intercropping across
different climatic regions so that machineries can also be designed. In
this study, APSIM with the new strip-intercrops light interception model
and Bayesian calibration method appeared to be an effective means to
simulate the productivity of such intercropping system and to assist in
the design of row configurations, even though more work needs to be
done for estimation of key model parameters appropriate for a new
configuration.

Further model improvements will include better capturing the
plasticity of the intercrops, especially the lower crops like soybean, in
response to the change caused by different row configuration and how
this impacts the key model parameters like RUE, extinction coefficients,
leaf and stem growth. Future advance will benefit significantly from
experimental data for intercrops as compared to mono-crops on: 1) in-
dividual leaf size and leaf/node stages, 2) dynamics of developments,
plant height, LAI and biomass, 3) partition of biomass to organs (leaf,
stem, head), and 4) grain growth and yield. In addition, changes in
belowground root traits (rooting depth, root length/mass distributions
in soil etc.) of intercrops can’t be ignored for better understanding the
competition in water and nutrients resources in soil, although data on
this aspect is even more difficult to get. It remains relatively unexplored
how configuration with different crop species and strip width will
change or enhance the root system development of intercrops and sub-
sequently affect the utilisation of below ground resources. More exper-
imental data are becoming available for such model improvement (Liu
et al., 2017a, 2018), but new modelling efforts need to catch up. Model
improvement will also include new parameterisation or update for
modern crop cultivars, and better quantification of how intercropping
change physiological traits from mono-crops.

5. Conclusions

This was the first attempt to integrate a strip-intercrop light inter-
ception model into APSIM, to allow evaluation of how planting config-
urations influence light interception, plant growth and grain yield in
strip intercropping. A quasi-Bayesian optimisation approach enabled to
derive the key model parameters by constraining the model to LAI,
biomass and yield of strip-planted maize and soybean crops. These key
model parameters were found to change with row configuration, indi-
cating a need to improve modelling morphology and physiology of in-
tercrops. The improved model improved the simulation of biomass and
grain yield of soybean and maize crops across row configuration treat-
ments, and can be potentially used to evaluate impact of planting con-
figurations on productivity of strip intercropping systems.
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