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Maize-soybean intercropping is a sustainable intensive agroecosystem, though the productivity is constrained by
interspecific competition for water and light resources. To enhance the water use efficiency in this intercropping
system and understand canopy structure dynamics under the water-limited conditions of arid northwest China,
this study proposes a novel optimization strategy that synchronizes deficit irrigation scheduling with crop-
specific water requirements during critical phenological phases. Four irrigation regimes were implemented:
W1 (full irrigation for both maize and soybean crops), W2 (maize-full and soybean-deficit), W3 (maize-deficit
and soybean-full), and W4 (dual deficit). Through UAV-based high-resolution 3D canopy reconstruction
(R = 0.98 for plant height validation), 14 spatial-geometric descriptors were quantified. The W2 strategy
demonstrated superior competitive coordination, enhancing aggressivity of maize (Ams) by 85.9 % through
strategic canopy reconfiguration: 11.8 % reduction in maize maximum leaf layer width position (MLLWP),
28.3 % decrease in inter-specific canopy overlap area (COA), and 40.0 % compression of shading convex hull
volume (SCHV). These optimized structural adaptations synergistically enhanced photosynthetically active ra-
diation interception (+13.4 %) while achieving concurrent reductions in crop evapotranspiration (ET, —19.7 %)
without yield penalty, thereby elevating irrigation water use efficiency (IWUE) by 14.4 % and water equivalent
ratio (WER) by 15.9 %. This work provides mechanistic insights into canopy architecture-mediated resource
competition mitigation and establishes a technological framework for sustainable intensification in water-limited
environments.

1. Introduction

Drought is the main constraint of crop production in arid or semi-arid
areas in China, and has been exacerbated by global climate change and
population growth [1]. How to utilize limited water and land resources
to ensure food security has become a core challenge in 21st-century
agricultural development [2]. Improving crop efficiency in resource
utilization is not only crucial for unlocking the yield potential of crops
but also an important goal for sustainable agricultural development [3].
From a field perspective, crop yield is jointly determined by

photosynthetically active radiation (PAR), radiation use efficiency
(RUE), and harvest index (HI) [4]. Although HI has approached its
theoretical limit through long-term breeding [5], further exploration of
yield potential by optimizing PAR and RUE remains a current research
topic, and this is closely related to crop morphology and canopy struc-
ture [6].

Canopy structure plays a vital role in determining PAR interception
(PARi) and crop productivity. In-depth investigation of the mechanisms
underpinning the relationship between canopy structure and crop yield
production, particularly under conditions of limited water resources, is
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of significant scientific and practical value [7]. Studies have shown that
alternative planting configurations and cultivation management mea-
sures can significantly enhance the light interception and utilization
efficiency of canopies [8,9]. The maize-soybean intercropping system,
due to its unique canopy structure and root distribution, has significant
advantages in the utilization of light, heat, water, and soil resources,
compared with monoculture systems [10-13]. The tall maize canopy,
with its lower extinction coefficient, can transmit more light to the lower
soybean canopy, which, with its horizontally arranged leaves and higher
extinction coefficient, more fully absorbs the transmitted light [14]. In
addition, deep-rooted maize can promote the nitrogen fixation ability of
soybean through root exudates [15], as well as better utilize water and
nitrogen in the soybean root zone due to interplant root overlap effects
[16]. Root overlap can further enhance the canopy advantage of taller
crops, though this may lead to intensified interplant competition [17].
Efficient water use in intercropping systems depends mainly on inter-
plant competition and complementarity, which are influenced by crop
types, irrigation systems, and spatial arrangements [13,18-20]. By
optimizing intercropping strip width and crop planting density, 20-50 %
of water and land resources can be saved under limited conditions [21].
Therefore, due to intense competition for light resources, especially in
arid regions, the trade-off in water use between crops becomes even
more critical [22].

The resource use efficiency in intercropping systems, particularly the
enhancement of light interception and utilization efficiency, mainly
depends on optimizing the canopy structure of the crop population and
fully utilizing interplant complementarity [8,23]. Research has shown
that optimizing the canopy extinction coefficient can improve radiation
use efficiency by over 26.0 % [24], especially in water-limited envi-
ronments, making it an effective way to improve intercropping pro-
ductivity [25]. The extinction coefficient of the canopy changes with the
solar zenith angle, which is closely related to leaf extension direction
[26]. While geometric light transmission models such as DRT, APSIM,
and ERCRT have provided accurate predictions of PARi and exhibited
high stability [27,28], traditional models often assume a uniform can-
opy structure, neglecting the impact of canopy spatial heterogeneity and
inter-crop interactions (such as leaf vertical stratification and over-
lapping), which may lead to biased results [29,30]. Therefore, precise
measurement of crop canopy geometric phenotypic characteristics could
offer additional insights into the mechanisms of light energy distribution
and utilization in crop populations.

Traditional methods of obtaining canopy phenotypic characteristics,
such as manual measurements using rulers or telescopic leveling rods,
are time-consuming, labor-intensive, and destructive [31]. Recent ad-
vancements in high-throughput plant phenotyping technologies have
made it possible to monitor crop canopy phenotypic structure and RUE
with high precision [32]. By combining high-resolution canopy struc-
tural data with intelligent analysis technologies, key factors limiting
RUE and their regulatory mechanisms can be explored in depth [33]. For
instance, 3D reconstruction of individual crops and small populations
using multi-view geometry methods (SFM-MVS) in field environments
not only provides an accurate reflection of crop growth but also enables
precise quantification of plant interactions [34]. Canopy geometric
features extracted from 3D point cloud data (such as canopy volume,
surface area, plant height, and maximum leaf width) can further reveal
the dynamic patterns of interplant competition and resource allocation
[35-38]. Studies on maize-soybean intercropping systems have shown
that 3D point cloud data generated by drones can be used to analyze the
impact of canopy height differences, row orientation, and latitude on
light interception and shading, providing theoretical support for opti-
mizing intercropping system design [39-42].

Although previous studies have focused on optimizing intercropping
canopy structures through adjustments in planting density, sowing time,
and row orientation [21,43,44], research combining irrigation strategies
and variety selection to further optimize canopy structure and enhance
light interception under water scarcity conditions is lacking. Existing 3D
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modeling studies have shown that this technology significantly im-
proves the accuracy of crop yield and light interception predictions,
while revealing differences in light energy utilization across different
planting systems. However, exploration of interplant relationships,
canopy spatial structure characteristics, and their water regulation
mechanisms in intercropping systems has not yet been fully explored.
This study aims to use drones and high-throughput 3D modeling tech-
nology to analyze the dynamic impact of canopy heterogeneity on
resource use efficiency under deficit irrigation conditions. The specific
objectives include: (a) quantifying the relationship between canopy
competition space and resource use efficiency in intercropping systems;
(b) elucidating how water regulation and plant morphology influence
spatial heterogeneity within the plant canopy.

2. Materials and methods
2.1. Field experiments

Field experiments were conducted from May to October 2023 at the
Gansu Wuwei Oasis Agricultural Water Use Efficiency National Field
Science Observation and Research Station (37°52' N, 102°50’ E, eleva-
tion 1581 m). This region has a continental temperate arid climate,
receiving approximately 3000 h of sunshine annually. Annual evapo-
ration and precipitation in the region are 2000 mm and 164 mm,
respectively. During May to October 2023, the effective precipitation
measured was 73.6 mm. The daily average radiation reached up to
29.07 MJ m2, and from June onwards, the daily average radiation
consistently exceeded 25 MJ m~2 (Fig. S1).

The experiment utilized two maize varieties with distinct morphol-
ogies: a compact type (M1, Xianyu 335) and a spreading type (M2,
Longdan 4), along with a single shade-tolerant soybean variety, Long-
huang 3(S). Four different water treatments were applied in the maize-
soybean intercropping system: M1S-W1 and M2S-W1, where both maize
and soybean were fully irrigated throughout the growing season; M1S-
W2 and M2S-W2, where maize was fully irrigated throughout its
growing season, and soybean received deficit irrigation (50 % I) from
germination to flowering (VE to R1) and from the grain-filling to
maturity stages (R6 to R7); M1S-W3 and M2S-W3, where soybean was
fully irrigated throughout its growing season, and maize received deficit
irrigation (50 % I) from germination to jointing (VE to V14) and from
the grain-filling to maturity stages (R3 to R4); M1S-W4 and M2S-W4,
where both maize (VE to V14 and R3 to R4) and soybean (VE to R1
and R6 to R7) received deficit irrigation (50 % I). For monoculture
maize, the varieties M1 and M2 were subjected to full irrigation
throughout their entire growth period under treatments M1-W1 and M2-
W1, as well as regulated deficit irrigation (VE to V14 and R3 to R4, 50 %
I) under treatments M1-W4 and M2-W4. In the case of monoculture
soybean, full irrigation was applied for the entire growth period under
treatment S-W1, while deficit irrigation (VE to R1 and R6 to R7, 50 % I)
was implemented under treatment S-W4. Irrigation amounts during the
experiment are shown in Table 1.

The water requirement calculation formula for the fully irrigated
treatment [45] is:

I=K. x Z ET, — EP (¢

i=1

Where, K. is the crop coefficient. For maize the values are 0.7 (VE-V14),
1.15 (VT-R3), and 0.5 (R3-R4). For soybean, the values are 0.5 (VE-R1),
1.15 (R1-R5), and 0.5 (R6-R7). ET(; represents the reference crop
evapotranspiration on the i-th day within a given irrigation period,
calculated using the Penman-Monteith formula [46], in mm. EP is the
effective precipitation during the irrigation period, in mm.

The irrigation method used was drip irrigation with film mulching,
with the film retained until harvest. Each plot measured 23.03 m?>
(4.9 m x 4.7 m). Each treatment had three replicates. Sowing was



S. Duan et al.

Table 1
Irrigation amounts and frequencies per treatment and growth stage.
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Planting Pattern ~ Treatment Maize Irrigation amount and Frequency (mm/ Soybean Irrigation amount and Frequency(mm/ Total Irrigation(mm)
times) times)
VE-V14  VT-R3 R3-R4 VE-R1 R1-R5 R6-R7
Intercropping M1S-W1, M2S-W1 163.4/3  101.0/4  93.2/2 136.8/3  70.0/4  86.7/2 651.1
M1S-W2, M2S-W2 163.4/3  101.0/4  93.2/2 87.4/3 70.0/4  43.4/2 558.4
M1S-W3, M2S-W3 100.7/3  101.0/4  46.6/2 136.8/3  70.0/4  86.7/2 541.8
M1S-W4, M2S-W4 100.7/3  101.0/4  46.6/2 87.4/3 70.0/4  43.4/2 449.1
Monoculture M1-W1, M2-W1, S-W1  163.4/3  101.0/4  93.2/2 158.8/3  70.0/4  86.7/2 357.6, 156.7
M1-W4, M2-W4, S-W4  100.7/3  101.0/4  46.6/2 109.4/3  70.0/4  43.4/2 248.3,113.4

performed with fixed row spacing, and intercropping followed a
“2 + 3+2 + 3’ pattern, with crops planted in rows oriented east-west.
The row spacing for maize was 40 cm, with a plant spacing of 12 cm,
and for soybean, the row spacing was 30 cm, with a plant spacing of
16 cm. The inter-row spacing between maize and soybean was 70 cm
(Fig. S2). For monocultures, the row and plant spacing for maize and
soybean were consistent with those used in the intercropping system.
Fertilization for maize included 260 kg ha™! of nitrogen (N), 45 kg ha™!
of P;0s, and 36 kg ha™! of K20 — 30 % of nitrogen was applied as basal
fertilizer, 60 % at the V14 stage, and 10 % at the R3 stage. For soybean,
fertilization included 78 kg ha™! of nitrogen, 45 kg ha™! of P,0s, and
36 kg ha™! of K50 as basal fertilizer. Field management practices (e.g.,
fertilization and weed and pest control) were implemented to maximize
the yield according to local practices. Specifically, maize at the V14
stage was sprayed with pyrethroid to control aphids, and abamectin was
applied to soybean at the R1 stage to control red spider mites.

2.2. Canopy 3D reconstruction, phenotypic extraction, and accuracy
validation

2.2.1. Canopy image acquisition and 3D reconstruction

At four growth stages — maize V10-soybean R1, maize VT-soybean
R3, maize R2-soybean R5, and maize R4-soybean R7 - images were
captured using the RGB sensor of the DJI Phantom 4 RTK UAV system
(SZ DJI Technology Co. Ltd., China). Photographs of field crop canopies
were taken between 09:00 and 10:00 on a clear morning using ortho-
photo and cross-circling oblique, setting the flight altitude to 4 m above
the overall canopy each time [47], which effectively prevented canopy
disturbance from UAYV rotor airflow (Fig. 1a). The method by which the
flight path was established is referred to in Xiao [47]. Based on the
captured images, Agisoft Metashape (Agisoft LLC, St. Petersburg, Russia;
version 1.7.0) was used for 3D point cloud reconstruction (Fig. 1). This
software is one of the mainstream tools utilizing the SFM (Structure from
Motion-Multi-View Stereo) algorithm for point cloud generation. The
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Fig. 1. Canopy phenotypic feature extraction and accuracy validation

(a) Schematic path trajectories of the images obtained using orthophoto and cross-circling oblique; (b) 3D point cloud of the canopy obtained from the multi-view
image reconstruction; (c) sifting of soil from the canopy point cloud; (d) segmentation of the corn and soybean point clouds within a single plot using the BD and CCL
algorithms; (e) extraction of the corn and soybean phenotypes; (f) correlation analysis between the measured plant height values of maize and soybean and the

extracted point cloud values.
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process includes image matching, sparse point cloud generation, and
dense point cloud reconstruction. Statistical outlier removal filter was
applied to remove noise. To enhance computational -efficiency,
voxel-based downsampling was used with a voxel size of 0.003 m.
Finally, in CloudCompare (2.13.0, http://www.cloudcompare.org/),
manual segmentation was performed to obtain the point clouds for each
maize/soybean trial plot.

2.2.2. Vegetation point cloud extraction

In each plot (23.03 m?), plant and soil point clouds were initially
segmented (Fig. 1c). The point cloud that was generated contains RGB
three-channel color information. The vegetation index is calculated (as
in Egs. (2)—(7)), with a threshold of 25 to segment the soil and crop point
clouds for deriving the final color-coordinate moments (COM) [48].

ExG=2*G-R-B (2)
ExXR=14*R -G 3
ExGR = ExG — (1.4 * R - G) 4
CIVE = 0.441 *r — 0.811 * g +0.385 * b + 18.78745 (5)
VEG = % ©)
COM = 0.25 * ExG + 0.30 * ExGR + 0.33 * CIVE + 0.12 * VEG )

where R, G, and B represent the red, green, and blue components of each
pixel, and r, g, and b are the normalized R, G, B values, respectively.

2.2.3. Soybean and maize point cloud segmentation

Point cloud processing was conducted using the open-source
CloudComPy (https://github.com/CloudCompare/CloudComPy), with
the specific process including the extraction of the upper canopy and the
segmentation of point clouds for soybean and maize (Fig. 1). The point
cloud was divided into 100 segments based on vertical height, and the
vertical distribution profile of the point cloud quantity for each segment
was generated. Due to the distribution characteristics of the soybean/
maize canopy, the upper canopy of maize, being the primary light
interception part, had a higher point cloud density. The first high-
frequency zone was observed in the upper canopy. From the height of
this high-frequency zone to above the soybean canopy, the point cloud
density continuously decreased until it increased again at the soybean
canopy height, forming a new high-frequency zone. Based on the ver-
tical distribution characteristics of the soybean/maize intercropping
point clouds, a bimodal distribution (BD) algorithm using histograms
was applied to detect the lowest frequency zone between the two high-
frequency zones, which was considered the canopy height threshold.
Point clouds above this threshold correspond to the maize canopy, while
those below the threshold represent both the soybean canopy and the
lower maize point clouds (Fig. S3).

Connected-component labeling (CCL) is a computer vision algorithm
that segments the selected cloud into smaller parts, each separated by
the minimum distance. Each part is a connected component (i.e., a group
of “connected” points). CloudComPy uses a 3D grid to extract connected
components. This grid is derived from an octree structure, where the
minimum gap between two components can be defined at the octree
level. The CCL algorithm was applied to the point cloud below the
threshold, with the octree level set to 9 when the soybean canopy was far
from the maize canopy in the early growth stages, and set to 10 or 11
when the two canopies were closer in the later stages. This method
effectively segmented the point clouds of soybean and maize. The maize
lower canopy point cloud obtained from the segmentation was then
merged with the maize canopy point cloud extracted in the previous
step, successfully obtaining the point clouds of the two crops in the
soybean/maize intercropping system (Fig. 1d).
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2.2.4. Parameter extraction and validation

This study extracted seven crop canopy geometric parameters and
seven system canopy geometric parameters from the 3D point cloud
images of the maize-soybean intercropping system (Fig. 1e and Table 2)
to evaluate the structure and function of the intercropping system. The
system canopy geometric parameters include Canopy Overlap Area
(COA), Shading Convex Hull Volume (SCHV), Shading Leaf Volume

Table 2

Definition and calculation methods of canopy parameters.

Metric (Abbreviation)

Description

Calculation Method

Plant Height (PH)

Canopy Volume (CV)

Canopy Projected
Area (CPA)

Canopy Coverage
((¢9)]

Maximum Leaf Layer
Width Position
(MLLWP)

Projected Convex Hull
Area (PCHA)

Convex Hull Diameter
(CHD)

Canopy Overlap Area
(COA)

Shading Convex Hull
Volume (SCHV)

Shading Leaf Volume
(SLV)

Leaf to Convex Hull
Volume Ratio
(LVPM)

Maximum Direct
Sunlight Width of
Soybean (MSWS)

Unshaded Area of
Soybean (UAS)

Leaf Edge Distance
(LED)

The height of maize or
soybean plants.

The volume of maize or
soybean canopies.

The projected area of maize
or soybean canopies.

The coverage rate of maize
or soybean canopies within
the study area.

The position of the
maximum leaf layer width
at a specific height.

The projected convex hull
area of maize or soybean
canopies.

The maximum convex hull
diameter of maize or
soybean canopies.

The overlapping area of
maize and soybean
canopies.

The convex hull volume of
maize shading soybean
(higher maize points over
soybean).

The leaf volume of maize
shading soybean (higher
maize points over
soybean).

The percentage of maize
leaf volume relative to the
convex hull volume.

The maximum width of
soybean exposed to direct
sunlight.

The area of soybean canopy
not shaded by maize
leaves.

The distance from the
outermost edge of maize
leaves to the soybean
canopy.

Determined as the
maximum z-axis value of
the point cloud for an
individual plant.
Generated by voxelizing
the point cloud into a
surface model, multiplying
the number of voxels by
their unit volume.
Calculated using a grid-
based statistical method on
the point cloud's
projection.

The ratio of the convex hull
area of the maize or
soybean point cloud to the
total study area.
Determined by layering the
point cloud by height and
identifying the height of
the layer with the
maximum projected area.
Computed by projecting
the point cloud onto the x-y
plane and calculating the
convex hull area.
Calculated using the
rotating calipers method to
find the maximum pairwise
distance on the convex hull.
Computed as the
intersection area of the
convex hulls of maize and
soybean point clouds on the
x-y plane.

Determined by selecting
maize points above
soybean height and
calculating the 3D convex
hull volume.

The algorithm groups
points within the maize-
shaded soybean region
based on spatial proximity,
and the identified cluster
volumes are summed to
obtain the SLV.

The ratio of maize shading
leaf volume (SLV) to the
shading convex hull
volume (SCHV).

Computed as the maximum
width in the y-axis
direction of the soybean
region unshaded by maize.
Calculated as the area of
the soybean polygon after
subtracting the maize
convex hull.

Measured as the vertical (z-
axis) height difference
between the outermost
edge of maize leaves (above
the soybean canopy) and
the soybean canopy.



http://www.cloudcompare.org/
https://github.com/CloudCompare/CloudComPy

S. Duan et al.

(SLV), Leaf to Convex Hull Volume Ratio (LVPM), Maximum Direct
Sunlight Width of Soybean (MSWS), Unshaded Area of Soybean (UAS),
and Leaf Edge Distance (LED). The crop canopy geometric parameters
include Plant Height (PH), Canopy Volume (CV), Canopy Projected Area
(CPA), Canopy Coverage (CC), Maximum Leaf Layer Width Position
(MLLWP), Projected Convex Hull Area (PCHA), and Convex Hull
Diameter (CHD).

2.3. Field measured data

2.3.1. Canopy light interception

Beginning 49 days after sowing, PARi was measured approximately
every 15 days, with additional measurements taken before and after
irrigation. Observations were made between 11:30 a.m. and 2:00 p.m.
on clear, sunny days, using the AccuPAR Plant Canopy Analyzer (LP-80,
METER Company, USA). Measurements were taken for the incident PAR
at the canopy top (20 cm above the canopy), at the bottom of the maize
rows, between the maize and soybean inter-rows, and at the bottom of
the soybean rows. PARI is the difference between the PAR at the canopy
top and the PAR at the canopy bottom. The PARI of intercropping system
was calculated as the weighted average of light interception per unit
area for both crops:

PAR; = PAR X A, +PAR,; X Ay, 8

where, PARy,; andPAR; represent the light interception (pmol m % h
for intercropped maize and soybean, respectively. A,, andA represent
the land area proportions of intercropped maize and soybean per hect-
are, with maize at 0.45 and soybean at 0.55.

2.3.2. Shoot biomass and yield

Biomass was destructively sampled and measured after the comple-
tion of the UAV aerial photography. Three representative plants with
uniform growth were selected from each plot for destructive sampling.
Plant height and maize leaf angle were measured, and the stems, leaves,
and fruits were placed in paper bags. The samples were then oven-dried
at 105 °C for 2 h for deactivation and at 85 °C until a constant weight
was reached. The shoot biomass was weighed using an electronic scale
with 0.01 g precision.

When maize and soybean reached full maturity, grain yield was
measured in the intercropping and monoculture plots. The measurement
area for maize was 3.2 m? (4 m x 0.8 m), and for soybean, it was 3.6 m?
(4 m x 0.9 m). After harvest, the grain was manually threshed, and
yields were adjusted for moisture content of 14.0 % for maize and
13.5 % for soybean. The total yield of an intercropping system is
calculated as the sum of the yields of intercropped maize and inter-
cropped soybean per unit area [49]:

Yield = Y + Yy 9

where, Yo and Y; are the grain yields (kg ha™!) for intercropped maize
and soybean, respectively, corresponding to 45 % and 55 % of the land
area per hectare.

2.3.3. Intercrop relative competitiveness and nutrient competition ratio
The aggressivity (Anys) and competitive ratio (CRys) of the inter-
cropping system were calculated based on yield [50]:

A — Ymi _ Ysi (10)
™ Yom X Am) (Yims X Ay)
CRms = [Ymi/Ymm X Am]/[Ysi/Yms X A%] (11)

Where, Ymm and Yps represent the grain yields for monoculture maize
and soybean (kg ha_l). When Aps > 0, CRps < 1, it indicates that soy-
bean is more competitive than maize. When A5 < 0, CRys > 1, it in-
dicates that maize is more competitive than soybean.
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2.3.4. Irrigation water use efficiency and water use efficiency

Irrigation Water Use Efficiency (IWUE, kg m™~>) is the ratio of grain
yield to the system irrigation amount during the growing season. The
calculation formula is as follows:

Yield

IWUE = x 0.1 12)

where, I is represent the total irrigation amount (mm) during the
growing season for intercropping system, respectively.

Water Use Efficiency (WUE, kg m~3) is the ratio of grain yield to the
system evapotranspiration (ET) during the growing season. The calcu-
lation formula is as follows:

Yield

WUE = x 0.1 (13)
ET

Crop water consumption (ET, mm) is estimated using a simplified
water balance method:

ET=EP+I1— (W, - W,)+G-R-D 14

where, ET-crop water consumption (mm); EP-rainfall (mm); G-ground-
water recharge (mm); I-irrigation amount (mm); R-surface runoff (mm);
D-deep drainage (mm); W, and W,, are soil water storage in the
0-100 cm soil layer at the beginning and end of the experiment
respectively (mm). Due to the deep groundwater depth (>40 m), flat
terrain, low rainfall and shallow infiltration depth under drip irrigation,
G, R and D were ignored and the equation was simplified as:

ET=EP +1— (W, —W,) 15)

Specimens were obtained at 10-cm depth intervals to a maximum
depth of 100 cm, systematically collected from a single sampling loca-
tion within each plot. The collected samples were oven-dried at 105 °C
for 48 h to assess soil gravimetric water content.

2.3.5. Land equivalent ratio and water equivalent ratio
The Land Equivalent Ratio (LER) and Water Equivalent Ratio (WER)
are calculated using the following formulas [51]:

Ymi ysi

LER = + (16)
mm Yms
WUE,; WUE;

WER = 1
WUEnm + WUE an

where, WUE,;; and WUE,,, are the water use efficiencies for inter-
cropped and monoculture maize, respectively. WUEg; and WUE,; are
the water use efficiencies for intercropped and monoculture soybean.

3. Statistical analysis

Pearson correlation analysis was used to examine the linear relation-
ship between the measured plant heights of maize and soybean and the
point cloud-derived plant heights to validate the accuracy of the point
cloud extraction. Pearson correlation analysis was also applied to examine
the linear relationships between the phenotypes, while the Mantel test
was used to explore relationships between phenotypes and observed
productivity, inter-crop relationships, and resource utilization ratios.

An Elastic Net Regression model was used to select important fea-
tures. First, the coefficient matrix of the Elastic Net model was extracted
as a sparse matrix, and non-zero coefficients were filtered to identify
explanatory variables that have a significant contribution to the
response variable. Linear regression models were then constructed using
the selected important features. Key statistics, including the coefficient
of determination (R?) and the significance levels of the coefficients, were
obtained from the model summary. Model performance was assessed
using statistical indicators such as Root Mean Square Error (RMSE) and
the coefficient of determination (R?).
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) (18)

RMSE = M (19)
n

where, X; represents the point cloud-estimated productivity parameters,
competitiveness parameters, and resource utilization equivalents, while
x; denotes the measured values, ; is the sequence of the samples, and n is
the sample size. A Fisher's one-way analysis of variance (ANOVA) with a
minimum significant difference test (p < 0.05) was conducted to assess
the significance of differences in canopy phenotypic parameters, pro-
ductivity indicators, inter-species competition indicators, and resource
utilization equivalents under deficit irrigation. The mean values and
standard deviations of the traits were calculated.

Data processing, feature selection, modeling, and result analysis
were all performed using custom scripts developed in R version 4.3.2.
Using these methods, this study accurately identified the features that
significantly impact the target variables, developed an efficient regres-
sion model, and validated the model's predictive ability and robustness
through various evaluation criteria. This provides reliable statistical
support for data-driven biological phenotypic analysis.

4. Results

4.1. Accuracy validation and correlation analysis of 3D canopy
Pphenotypic traits

Point cloud-derived Plant height (PH) and field-measured data
points demonstrated strong concordance with the regression line and
exhibited an excellent fit (R = 0.98), validating the validity and preci-
sion of the point cloud extraction methodology (Fig. 1f). The BD-CCL
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combined method demonstrated significant advantages in ensuring the
accuracy of main structural segmentation for both crops (Fig. S4). The
phenotypic characteristics of maize and soybean canopies demonstrate a
statistically significant interspecific complementarity correlation
(Fig. 2). Of the maize canopy phenotypic parameters, Projected convex
hull area (PCHA) and Convex hull diameter (CHD) displayed the most
robust positive associations with productivity metrics, including
biomass accumulation and yield. In contrast, Canopy projected area
(CPA) and Canopy volume (CV) of soybean exhibited the strongest
positive correlations with analogous productivity metrics. PCHA and
CPA of Maize, PCHA of soybean exhibited highly significant positive
correlations with parameters associated with interspecific competitive
capacity. PH, CPA, PCHA, and MLLWP of maize demonstrated signifi-
cant positive associations with the manifestation of intercropping
resource utilization efficiency (LER and WER). Furthermore, systemic
indices including Shading convex hull volume (SCHV) and Canopy
overlap area (COA) demonstrated highly significant positive correla-
tions with both canopy parameters of the two species; these indices
similarly displayed strong correlations with productivity metrics. The
system-level COA, SCHV, Shading leaf volume (SLV), and PARi exhibi-
ted varying degrees of significant positive correlations.

4.2. Generalized analysis of the importance of canopy spatial geometric
phenotypes for intercropping system characteristics

Systematic evaluation of canopy spatial geometry parameters
(Fig. 3) revealed critical functional associations in intercropping sys-
tems. Maize PCHA demonstrated superior predictive capacity for both
interspecific competitive dominance and population productivity,
attaining the highest important feature coefficients: 0.64 for yield pre-
diction, 0.47 for Ams, and 0.62 for CRms. COA emerged as the most
influential determinant for CRms (p = 0.73). Maize CPA exhibited peak
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Fig. 2. Correlation analysis between 3D-model-derived phenotypic traits and crop productivity related parameters of maize and soybean.

The heatmap displays the Pearson correlation coefficients (r) between variables, with colors ranging from —1 (blue for negative correlation) to +1 (red for positive
correlation). The color of the connecting lines indicates the significance of the Mantel test (p-value): orange for p < 0.01, green for 0.01 < p < 0.05, and gray for
p > 0.05. The thickness of the lines corresponds to the absolute value of the Mantel correlation coefficient, with thicker lines indicating stronger correlation. The line
types differentiate the signs of the correlation coefficients (controlled by the “sd” variable), with solid lines representing r > 0 and dashed lines representing r < 0.
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explanatory power for LER (p = 0.48) and WER (f = 0.52), while SCHV
contributed substantially to WER prediction (0.50). Notably, MLLWP
dominated PARI at system level (p = 0.57).

4.3. Analysis of canopy geometric parameters

The PCHA, CPA, MLLWP, and PH of different maize varieties exhibit
consistent trends across growth stages (Fig. 4), showing a pattern where
full irrigation (W1) consistently outperforms deficit irrigation (W2, W3
and W4) treatments. W1 outperformed all other treatments across all
growth stages. The W2 treatment in the intercropping system with

(a) Feature importance of PAR

MLLWP-M-
PH-S -
PCHA-M-
MLLWP-S-
CV-S+
SLVH

T T T T
-0.2 0.0 02 04 0.6

(c) Feature importance of LER

PCHA-M_|
SCHV]
PH-M_]

MLLWP-S—
LED -
CV-M-
MLLWP-M .
LVPM
CV-S [ |
CHD-M .
MSWS | I
CPA-M _7—_|—|—|—r
-0.50-0.250.00 0.25 0.50

(e) Feature importance of Ams

PCHA-M-
LVPM —
COA
CPA-M
LED+

O
cvs|
—

PCHA-S

025 0.00 025 0.50
(f) Feature importance of Yield

PCHA-M -
MLLWP-M -
CPA-S
COA H
CHD-S -

]
cvs-
—

CHD-M

025 0.00 025 0.50
Coefficient

Fig. 3. The important features selected by the elastic net regression model
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deficit irrigation displayed larger values for PCHA, CPA, MLLWP, and
PH compared to W3 and W4. The PCHA for the W2 treatment was
12.5 % higher than other deficit treatments (p > 0.05), while CPA was
13.1 % higher (p > 0.05). MLLWP was 28.8 % higher (p < 0.05), and PH
was 16.8 % higher than other treatments (p < 0.05).

From the genotypic perspective, under full irrigation treatment, the
PCHA and CPA values of M1 were consistently lower than M2 across all
developmental stages (p > 0.05), with an average decrease of 8.1 %.
Under water deficit conditions, M1 had 4.0 % and 5.2 % lower values
than M2 during the V10 and R2 growth phases, respectively. However,
during the VT and R4 stages, M1 had greater values surpassing M2 by
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a, b, c,d, e, f, and g, correspond to the following variables in intercropping systems: PAR interception, water equivalent ratio (WER), land equivalent ratio (LER),

competitiveness (Ams), competition ratio (CRms), yield, and biomass.
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(a) and (b) correspond to the Projected Convex Hull Area (PCHA) of intercropped M1 and M2, (c) and (d) correspond to the Canopy Projected Area (CPA) of
intercropped M1 and M2, (e) and (f) correspond to the Maximum Leaf Layer Width Position (MLLWP) of intercropped M1 and M2, and (g) and (h) correspond to the
Plant Height (PH) of intercropped M1 and M2. Different letters indicate significant differences between irrigation treatments during the same growth period, with a

significance level of p < 0.05.

5.7 % and 8.4 %. Regarding plant height (PH), M1 was consistently taller
than M2 under identical water treatments, with an average enhance-
ment of 5.6 % throughout the complete growth cycle (p < 0.05). The
maximum leaf layer width position (MLLWP) displayed varietal diver-
gence across water treatments, with M2 exhibiting 2.9 % higher values
than M1 under W2 and W3 conditions, whereas M1 outperformed M2 by
approximately 7.0 % in W1 and W4 treatments (p < 0.05).

For CV of Soybean (Fig. 5), W2 had higher values in the early stages
and W3 was higher in the later stages. During the R1 and R3 stages, the

EV @EW
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W3 treatment had the lowest soybean CV, lower than other treatments
by 10.2 % (p < 0.05). By the R7 stage, the W3 treatment had the highest
rate of increase in CV, exceeding others by 90.5 % (p < 0.05). Among the
deficit irrigation treatments, the W2 treatment had the highest soybean
CV, which was on average 8.2 % higher than other treatments
(p > 0.05). Genotypic analysis revealed soybean intercropped with M1
maize cultivars demonstrated greater CV than those paired with M2
under equivalent water treatment. Specifically, under full irrigation, the
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Fig. 5. Canopy volume (m®) of intercropped soybean under different treatments
Different letters represent significant differences between irrigation treatments at the same growth stage at the p < 0.05 level.
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CV was increased by 9.5 % (p < 0.05), while under deficit irrigation, it
was increased by 6.7 % (p > 0.05).

SCHV and COA exhibited a general trend of W1 > W2 > W3 > W4
across all growth stages (Fig. 6). Specifically, the COA under the W2
treatment was significantly lower than under the W1 treatment by
23.2 %, 51.3 %, and 30.6 % in the V10, VT, and R4 stages, respectively.
SCHYV was significantly lower than W1 by 9.7 %, 11.8 %, and 4.7 % in
the V10, VT, and R2 stages but was significantly higher than W3 and W4
treatments by 65.3 % and 103.9 % (p < 0.05).

4.4. Field-measured data

4.4.1. Productivity indicators, competition indices, and resource utilization
efficiency indices

Biomass and yield consistently had a ranking of W1>W2>W3>W4
across cultivars under varying water regimes (Fig. 7a-b). The W2
treatment exhibited the lowest reduction rates among the deficit irri-
gation treatments, with a 5.68 % decrease in biomass (p < 0.05) and a
4.46 % decrease in yield (p > 0.05). Additionally, W2 outperformed the
other deficit treatments (W3 and W4) by 12.1 % and 12.4 % (p < 0.05),
respectively. Genotypic analysis indicated M1S surpassed M2S in yield
under W3 (+5.0 %, p < 0.05) and biomass under W1 (+1.9 %, p > 0.05),
while M2S was generally greater than other treatments with 6.1 %
higher yield (p < 0.05).

Ams and CRms had a ranking of W2>W1>W4>W3 (Fig. 7c-d), with
Ams>0 across all treatments. Notably, W3 approached competitive
equilibrium (Ams=0, CRms<1), while W2 had 85.9 % greater Ams and
39.3 % greater CRms than other treatments. Ams of M2 genotypes were
108.3 % and 49.4 % greater than M1 in well-watered intercrops (W1 and
W2), contrasting with M1's 16.0 % greater Ams under deficit irrigation
(W3 and W4).

All treatments had LER and WER >1 (Fig. 7e-f). W3 had 14.1 %
higher LER than W2 and W4 (p < 0.05), while W1 had 16.0 % lower
WER than deficit treatments. M1 had 3.1 % greater LER in water-
stressed intercrops (W3 and W4), with greater WER (23.3 %) evident
only in W4.

4.4.2. The ET, WUE, and IWUE of intercropping system

Compared to the W1 treatment, ET under all deficit irrigation
treatments decreased by 21.9 %, with treatment hierarchy W2>W4>W3
(Table 3). The W3 treatment demonstrated exceptional water conser-
vation, reducing ET by 26.5 % (M1) and 22.3 % (M2) relative to other
regimes. There were differences between maize genotypes — M1 had
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39.8 % higher ET than M2 under identical water management
(p < 0.05).

WUE (Table 3) peaked under W3 for both cultivars — M1 was 16.75 %
greater and M2 was 20.4 % greater than other treatments. While M1
systems showed no significant WUE variations across irrigation regimes,
M2 was 24.3 % greater in W2 versus W1. Notably, M2 consistently had
greater (30.48 %) WUE than M1 under matched irrigation conditions.

W1 was the treatment with the lowest IWUE — M1 and M2 cultivars
under W1 were 6.8 % and 17.2 %, respectively, compared to their ef-
ficiency under other water treatments. In contrast, W2 had optimal
IWUE for both cultivars, 14.15 % greater than W1. Notably, there was no
difference in IWUE between M1 and M2 under identical water man-
agement conditions.

4.4.3. Trends in PARi

As shown in Fig. 8, the PARi within maize-soybean inter-row spaces
and intercropping system exhibited a consistent hierarchy across irri-
gation treatments: W1 > W2 > W3 > W4. Specifically, the W2 treatment
increased PARi by 10.6 % and 13.9 % compared to W3 and W4,
respectively. Temporal analysis revealed that PARi in W2 converged
with W1 after 98 days, a trend particularly pronounced in the M2 sys-
tem. The W1 treatment reached its maximum PARI earlier (85 days after
sowing, 1859 pmol m 2s~!), whereas W2 had a later peak in PARi
(1684 pmol m~2s~! at 98-110 days), indicating extended light-energy
utilization during late reproductive stages.

Genotypic comparisons under identical water regimes showed that
M2 intercropping systems had 4.7 % higher inter-row PARi and 9.7 %
greater system PARi than M1 across the entire growth period.

5. Discussion

5.1. Coupling mechanism between canopy geometry and resource use
efficiency

Crop canopy geometric parameters significantly affect the efficient
utilization of resources such as water, soil, light, and heat by modulating
multi-dimensional mechanisms including light interception, tempera-
ture regulation, and ventilation [52]. Complex, multi-layered, and het-
erogeneous canopy architectures are considered to optimize the capture
and distribution of solar radiation, enhance the use of diffuse light, and
ultimately increase yield [53]. Studies have shown that greater plant
height (PH) facilitates a more stratified vertical distribution of leaves,
thereby enhancing photosynthetic capacity and cooling [54]. Similarly,
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Fig. 6. Canopy geometric parameters of system under different treatments

(a) (a) and (b) correspond to the Canopy Overlap Area (COA) of M1S and M2S, while (c) and (d) correspond to the Shading Convex Hull Volume (SCHV) of M1S and
M2S. Different letters represent significant differences between irrigation treatments at the same growth stage at the p < 0.05 level.
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Table 3
ET, WUE and IWUE for intercropping populations under different irrigation
treatments.

Treatment ET (mm) WUE (Kg m 3 IWUE (Kg m 3
M1S-W1 476.0 a 5.0 cd 7.6 bc
M1S-w2 475.0 a 46d 8.3 abc
M1S-W3 3429b 5.8 bed 7.4c

M1S-w4 350.5b 5.4 bed 8.6 ab

M2S-W1 340.0 b 6.7 b 7.3¢

M2S-W2 286.0 cd 83a 9.1a

M2S-W3 242.6d 8.6a 7.7 be
M2S-W4 307.7 be 6.3 bc 89a

10

the position of the maximum leaf layer width (MLLWP) reflects the
stratification of canopy structure and corresponds to the height at which
the plant most effectively captures light [55]. By adjusting leaf layer
distribution, canopy structure can mitigate self-shading and promote
competition for light resources within the community [56]. Under
drought stress, plants may shift the MLLWP closer to the ground to
reduce transpirational water loss [57].

In this study, both MLLWP and PH of maize exhibited a highly sig-
nificant positive correlation with PARi (Fig. 2). Deficit irrigation under
intercropping significantly reduced maize PH and MLLWP (Fig. 4);
however, under the W2 treatment, these values were 16.8 % and 28.8 %
higher than those under the other deficit irrigation treatments, leading
to an 11.4 % increase in maize PARi. Moreover, the horizontal
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Fig. 8. Changes in PARi between maize-soybean inter-row and intercropping system under different treatments

(a) PARI trends of M1S in the inter-row, (b) PARI trends of M1S in the intercropping system, (c) PARi trends of M2S in the inter-row, (d) PARIi trends of M2S in the
intercropping system. “*”, “**” and “***” jndicate statistically significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively, between deficit irrigation
treatments (W2, W3, W4) and conventional irrigation (W1) in the intercropping system.

heterogeneity of canopy structure can increase the spatial occupation of
the canopy, enabling more light to be intercepted by leaves at different
heights and positions, thereby reducing ground-level light loss and
facilitating the maintenance of diversity and the differentiation of
ecological niches [58,59]. However, some studies have indicated that
vertically stratified species play a dominant role in light distribution,
while horizontal heterogeneity influences the overall pattern of light
distribution [8,60]. This study is the first to confirm this theory in a
maize-soybean intercropping system.

Canopy projection area (CPA) and canopy volume (CV) are impor-
tant indicators for evaluating horizontal heterogeneity and the effective
photosynthetically active area [61]. Although there were no significant
differences in CPA among deficit-irrigated maize treatments, the sig-
nificant advantages in PH and MLLWP, together with the stable CV of
soybean (Fig. 5), resulted in the PARI of the intercropping system in the
W2 treatment being 12.2 % higher than that of the W3 and W4 treat-
ments. Additionally, canopy biomass and yield were increased by 12.1 %
and 12.4 % (Table. S 1), respectively. More importantly, the projected
convex hull area (PCHA) of maize and the CV of soybean in the W2
treatment were comparable to those in W1, while total irrigation volume
was reduced by about 16.6 %, leading to an increase in IWUE by 12.2 %
(Table. S 1).

Although there is a strong correlation between crop canopy geo-
metric parameters and resource use efficiency, the underlying mecha-
nisms in intercropping systems become considerably more complex due
to pronounced interspecific leaf interweaving, overlapping, and spatial
heterogeneity in leaf distribution [62,63]. This study innovatively
considered the effects of interspecific canopy structural interactions on
resource utilization in maize-soybean intercropping systems. The results
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indicated that shaded convex hull volume (SCHV) and canopy overlap
area (COA) are key indicators for demonstrating the advantages of
maize-soybean intercropping (Figs. 2 and 3). Compared with full irri-
gation for both maize and soybean, deficit irrigation during non-critical
growth stages significantly reduced SCHV and COA in the intercropping
system (Fig. 4). The W2 treatment exhibited the most pronounced
improvement in water use for intercropping, with the WER increasing by
15.9 % and the IWUE increasing by 14.4 %. Notably, SCHV and COA in
the W2 treatment were 82.6 % and 19.7 % higher than those in other
deficit irrigation treatments, indicating that minimizing interspecific
competition is not always the optimal strategy for improving resource
use efficiency. There exists a trade-off between canopy structure and
resource utilization at the system level.

However, in the multiple regression analysis, the linear models fitted
between canopy structure and the predicted values of LER and WER
showed relatively weak correlations (Fig. S5), indicating that resource
use efficiency may also be influenced by the root-zone environment.
Previous studies have shown that the spatial distribution and competi-
tion of interspecific roots, along with their morphological plasticity,
synergistically enhance land and water use efficiency, deep-rooted
maize and shallow-rooted soybean achieve spatial niche separation
and temporal asynchrony in peak resource demand, thereby facilitating
coordinated competitive-complementary interactions [64]. Moreover,
maize root exudates (such as flavonoids) can promote nitrogen fixation
nodulation in soybean, further strengthening nitrogen uptake and uti-
lization in maize [65]. Therefore, under deficit irrigation, resource use
efficiency in maize-soybean intercropping systems is jointly regulated
by canopy and root-zone interactions.
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5.2. Effects of canopy heterogeneity on interspecific relations and
intercropping benefits

Canopy heterogeneity modulates resource allocation among crops,
thereby promoting interspecific complementarity, mitigating competi-
tion, and enhancing both land use efficiency and the overall benefits of
intercropping systems [44]. However, some studies have suggested that
the implementation of agronomic practices such as reduced nitrogen
fertilization, widening row spacing, and increased planting density,
which moderately intensify the coordination of interspecific competi-
tion, can further augment the benefits of intercropping systems [66-68].
In this study, maintaining adequate irrigation for maize combined with
regulated deficit irrigation for soybean (W2) significantly enhanced the
interspecific advantage of maize, with Ams and CRms being 85.9 % and
39.3 % higher than other treatments (Fig. 7c and d), whereas yields
exhibited no significant differences compared to W1 (Fig. 7a). This is
because the yield advantage of the maize-soybean intercropping system
primarily depends on the increase in kernel number per ear of maize
[66]. In this study, the kernel number per ear of maize under W2 was
9.5 % higher than that under W3 and W4 (Table. S 1). Furthermore,
analysis of crop phenotypes showing high correlation with interspecific
competition parameters revealed that the proposed indices, SCHV and
COA are the main factors influencing interspecific relationships (Fig. 3).
Reduced leaf overlapping led to higher PAR transmission from the maize
canopy to the soybean canopy and a more uniform light distribution
[69], facilitating stable soybean yields under water stress. With full
irrigation in maize, the MLLWP, PCHA, and COA values were higher by
36.5 %, 119.0 %, and 36.6 % respectively compared to deficit irrigation,
which enhanced interspecific advantages. Concurrently, the leaf angle
decreased by 11.9 %, reducing the shading effect on soybean. As a result,
the PARi of the soybean canopy increased by 12.9 %, contributing to
more stable yield and improved resource use efficiency.

This study also found that excessive suppression of the dominant
crop's competitiveness can lead to uneven light distribution, thereby
negatively impacting both light distribution and overall crop yield.
Under the W3 treatment, deficit irrigation applied to maize resulted in a
30.88 % decline in Ams and a 24.31 % reduction in the CRms (Fig. 7c
and d), as well as a 22.34 %-26.53 % decrease in ET. However, this also
increased the maize leaf angle by 12.3 %, intensified shading on soybean
[70], reduced PARi by 14.7 %, and ultimately led to a 15.1 % decrease in
maize yield. Given that maize contributes the most to total yield in the
intercropping system, system yield was reduced by 12.0 %. Therefore,
future studies should focus on more precisely balancing irrigation
management and interspecific competition to further enhance the ben-
efits of intercropping systems.

Furthermore, under root-zone water scarcity in maize, interspecific
competition is primarily mediated through light interception [22].
Compact-type maize cultivars in intercropping systems demonstrate
more efficient resource partitioning compared to sprawling-type culti-
vars, thereby mitigating competitive pressures on soybean [21]. First,
compact maize exhibits enhanced xylem embolism resistance under
water stress [71], enabling better canopy acclimation to moisture defi-
cits and reduced canopy mortality risk [72]. Their erect leaf architecture
minimizes leaf overlap, improving both photosynthetic efficiency and
water productivity [72]. Second, the concentrated root spatial distri-
bution of compact maize allocates more soil volume for soybean
development [73], thereby strengthening competitive capacity of soy-
bean (Fig. 7). Consequently, compact-type (M1) maize-soybean inter-
cropping systems under deficit irrigation demonstrated greater
interspecific complementarity and superior LER compared to
spreading-type (M2) counterparts.

5.3. Management implications of variety selection and irrigation strategy

In arid or water-limited environments, regulated deficit irrigation
enhances light interception efficiency and canopy photosynthesis by
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adjusting canopy structural parameters, such as reducing leaf angle,
shortening internode length, and decreasing leaf area index [74,75],
thereby promoting sustainable agricultural production without signifi-
cant yield penalties. Structural analysis of crop canopies can be used for
analysis and understanding of regulated deficit irrigation using 3D point
clouds. The use of sensors such as RGB or Lidar enables rapid access to a
certain number of crop canopies. The point cloud structure provides
researchers with a method to quantitatively analyze the canopy struc-
ture, such as the newly proposed SCHV in this paper, which is a
phenotypic indicator that could not be measured before. Additionally,
the shooting method employed in this paper necessitates only an RGB
UAV, a technology that is comparatively more economical than utilizing
Lidar. Conversely, the present study exclusively employed point cloud
data, which can be integrated with multispectral and thermal imaging to
facilitate a more comprehensive analysis of intercropping deficit irri-
gation in the future. In this study, both PCHA of maize and CV of soy-
bean exhibited significant correlations with yield (Fig. 2), corroborated
by high-fidelity multivariate regression models for biomass (R? = 0.93)
and yield (R?=0.73) prediction (Fig. S4).

Within maize-soybean intercropping systems, shading from maize
leaves redistributes PAR in soybean canopies. COA and SCHV show
strong explanatory power for both PARi and productivity (Fig. 2). Soy-
bean partially counteracts maize shading through compensatory CV
expansion (Fig. 5), reducing row-zone canopy overlap [76], and
enhancing light distribution homogeneity, thereby improving PARi
interception and yield stability. Notably, deficit irrigation in intercrop-
ping systems significantly reduced COA and SCHV (Fig. 6), with W2
displaying minimal reduction and achieving the highest system yield
(+12.4 %), indicating that moderate shading contributes to yield
stability.

In maize-soybean intercropping systems, maize yields significantly
surpass soybean monoculture, and the LER is predominantly driven by
maize productivity [20]. Full irrigation of maize ensures yield stability
in intercropping systems. Although spreading type maize-soybean
intercropping increases COA and SCHYV, intensifying shading effects
on soybean, the concurrent enhancement of system PARi (Fig. S5)
partially offsets shading-induced yield losses. Maize deficit irrigation
significantly reduces group COA and SCHV, weakening the competitive
advantage of maize. However, decreased maize PCHA and CV impair
light competition capacity, resulting in a 17.9 % maize yield reduction
(Table S1) and overall system productivity decline. Remarkably, under
maize deficit-soybean full irrigation conditions, M1 intercropping sys-
tems outperformed M2 by 2.0 % in yield, demonstrating that W3-treated
compact maize-soybean intercropping configurations exhibit superior
drought adaptability under water scarcity.

5.4. Future research directions

While this study clarifies the relationship between canopy architec-
ture and resource utilization in maize-soybean intercropping systems
under water deficit, several critical areas require further investigation:

(a) Integrated Modeling Frameworks: Combining 3D point cloud-
derived canopy structural optimization models with process-
based crop growth simulators could enhance predictive accu-
racy for crop productivity and enable data-driven precision
agriculture.

IoT-Enhanced Resource Management: Implementing IoT net-
works for real-time monitoring of soil moisture dynamics and
field microclimates, coupled with 3D phenotyping, may quantify
interspecies interactions, mitigate competition, and optimize
light/thermal/water/soil resource allocation for intelligent irri-
gation scheduling.

(b)
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6. Conclusions

This study integrates UAV-based remote sensing with high-
throughput 3D modeling to mechanistically resolve how water-
regulated canopy architecture governs interspecific relationships and
resource use efficiency in a maize-soybean intercropping system. We
established a predictive framework linking canopy geometry, cultivar
selection, and irrigation strategy to productivity optimization in preci-
sion agriculture. Key conclusions are as follows:

(a) Interspecific Competition and Resource Complementarity: Mod-
erate interspecific competition promotes resource use efficiency,
particularly under the full-irrigated maize and deficit-irrigated
soybean strategy, which significantly improves irrigation water
use efficiency (IWUE) and water equivalent ratio (WER).

(b) Canopy Geometric Traits and Resource Efficiency: System canopy
geometric parameters, particularly shading leaf convex hull vol-
ume (SCHV) and canopy overlap area (COA), critically influence
light-use efficiency in intercropping systems. Structural optimi-
zation through fine-tuning canopy projected convex hull area
(PCHA) and canopy volume (CV) effectively enhances crop pro-
ductivity and irrigation water efficiency under water-limited
conditions.
Cultivar Selection and Irrigation Strategy: Cultivar compatibility
and irrigation protocols significantly affect system-level resource
efficiency. Compact maize-soybean configurations demonstrate
superior drought resilience under water scarcity. While the
deficit-irrigated maize and full-irrigated soybean strategy reduces
canopy overlap and shading volume to improve water use effi-
ciency (WUE), it concurrently decreases total light interception
and yield, highlighting the necessity for optimal irrigation
scheduling.
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