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Abstract: Agrivoltaic systems (AV) combine agricultural activities with the production of electricity
from photovoltaic (PV) panels on the same land area. The concept of AV systems was introduced in
1982 by Goetzberger and Zastrow, but only more recently have the increased environmental concerns
and the favorable economic and political frameworks stimulated a growing interest in this technology.
A critical issue in the development of AV is the selection of crops that can grow profitably under
the micrometeorological conditions generated by AV systems. This experiment studied the effect of
four different shade depth treatments (AV1 = 27%, AV2 = 16%, AV3 = 9%, and AV4 = 18%) on the
morphology, physiology, and yield of a soybean crop grown under a large-scale AV system. The
field results were used to validate the output of a simulation platform that couples the crop model
GECROS with a set of algorithms for the estimation and spatialisation of the shading, radiation, and
crop-related outputs. Crop height, leaf area index (LAI), and specific leaf area (SLA) all increased
under the most shaded AV areas compared to the full light (FL, control) conditions. On average,
under an AV system, the grain yield and the number of pods per plant were reduced by 8% and 13%,
and in only one area (AV2) was a slight increase in grain yield (+4.4%) observed in comparison to the
FL. The normalised root mean square error (nRMSE) value of the predicted grain yield differed from
the observed grain values of 12.9% for the FL conditions, 15.7% in AV1, 16.5% in AV2, 6.71% in AV3,
and 2.82% in AV4. Although the model simulated the yield satisfactorily, the results of the RMSE
revealed that the model tends to underestimate the yield with an increase in shade, particularly for
the AV1 and AV2 conditions.

Keywords: soybean; agrivoltaic system; modelling; shading; yield

1. Introduction

In 2015, the United Nations General Assembly [1] defined the 17 Sustainable Devel-
opment Goals (SDGs). Among these, SDG 7, which targets the production of sustainable
energy, aims at (i) ensuring universal access to affordable, reliable, and modern energy
services; (ii) increasing substantially the share of renewable energy in the global energy
mix; and (iii) doubling the global rate of improvement in energy efficiency [2]. In addition
to these targets, SDG 7 also intends to stimulate investment in energy infrastructure and
clean renewable energy technologies.

The use of renewable energy sources provides multiple benefits to society as these
sources reduce CO2 emissions, improve air quality, and promote economic growth and can
help us to move forward to more efficient and cleaner power production. In 2021, solar
energy, among the renewable energy sources, reached a capacity of 849 GW, increasing by
18% compared to that of 2020 (716 GW) [3]. At the same time, an effective energy transition
strategy would require an increase in the use of renewables which was larger than the
projected growth in energy demand in order to curtail the share of non-renewable energy
employed. Many countries still strive for this goal, despite dramatic increases in their share
of renewables for generating electricity [3].
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The implementation of renewables can also have negative sides, and a major concern
relates to the high land requirement of most renewables, which can compete with agri-
cultural activities on land use, potentially resulting in a reduction in food production [4].
Agrivoltaic (AV) systems, combining food and energy production on the same land, can
represent a win–win strategy that can increase land use efficiency [5–9] while reducing wa-
ter use by crops, especially in drought-prone environments [10]. In these environments, the
sustainability of agrivoltaic systems could be further increased by using wastewaters [11]
or biostimulants [12].

The concept of the AV system was first formulated in 1982 [13], but only more recently
have the increased environmental concerns and the favorable economic and political
frameworks stimulated a growing interest in this technology. The main driver of the
current interest in AV systems is the development of sustainable renewable energies that
have a low impact on soil consumption [14].

In the last decade, a growing number of studies have investigated different topics
related to the AV system. Most of the studies have addressed the impact of AV conditions
on crop yield [5,6,15–20], but many others have recognised that AV systems tend to reduce
crop evapotranspiration [18,20–23], protect the crop against extreme weather events (for
example, drought stress [10]), and increase the land equivalent ratio (LER), which is an
index used to evaluate a dual-use purpose as compared to a mono-use purpose (only
photovoltaic panels or only crop) [5–9]. Despite this, the studies are still insufficient
to assess the impact of the AV system on the productivity and development of a large
number of crops, and only a very few studies have analysed the crops’ physiological and
morphological responses [15,17–20,24–26] to the dynamic shading conditions generated by
the AV system.

Height, vigor, stem potential, chlorophyll content (SPAD), leaf area index (LAI), and
specific leaf area (SLA) are the crops’ physiological and morphological traits that are the
most influenced in low light conditions and shaded conditions.

The height and vigour of crops growing under shaded conditions tends to be greater in
order to increase light interception, and this trait reflects an adaptation of crops to shade [27–31].

In addition, in low light conditions, the adaptation of crops consists of an increase
in SLA, a decrease in the chlorophyll a/b ratio, and an increase in the total chlorophyll
content, which can increase the carbon gain in a shaded environment [31,32]. A high value
of SLA in the shade tends to increase light interception [32], and the leaves appear thinner
than those growing in sunlight conditions. The difference between sun leaves and shade
leaves depends on the leaf internal structure, which performs an important role in light
capture [31]. Therefore, it can be assumed that even in the AV environment the plants
reacted similarly to the crops growing under low light or in a shaded environment by
modifying their leaf structures and by exhibiting physiological adaptation mechanisms,
such as changing stomata size and density [33–39].

Furthermore, a crop’s physiological and morphological traits can influence the crop
development by affecting the processes of light interception, photosynthesis, and transpiration,
as already demonstrated for the LAI [25,40–44]. For example, the LAI of celeriac [18], wheat,
grass–clover, and potatoes [26] was higher under an AV system than in full light conditions.

Information on the performance of industrial crops cultivated under AV systems is
scarce, and limited data are available on soybean (Glycine max L.) cultivation under AV
systems. Namely, two modelling approaches have been investigated for soybean [45,46].
The adoption of the crop modelling approach allows an insight into the microclimatic con-
ditions that are generated under AV systems by considering multiple micrometeorological
conditions (i.e., solar radiation, temperature, CO2 concentration, soil nutrients, and water);
the management of the crops (i.e., plant number per m2 or fertilisation); and the crop yield
response to the shaded environment [46,47].

In a recent work, the response of soybean to an AV environment was modelled by
coupling a crop model with a solar power generation model to obtain data on the effect
of an AV system on both the crop yield and the net revenue for the landowners [46]. In
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another study carried out in Korea [45], field trials were carried out on rice, barley, and
soybean to collect the data needed to calibrate and validate three crop models (CERES-rice,
CERES-barley, and CROPGRO-soybean) and to predict the impact of shade on crop yield.

In 2018, a pioneering AV simulation work on maize [6] had already demonstrated the
importance of using models to study how crops respond to the microclimatic conditions
generated in an AV system and how this response interacts with weather conditions that
change from year to year. In the abovementioned study, for example, the model simulations
indicated that the maize yield was more stable under AV conditions than under full light
and that in dry and hot years the rainfed maize yield under AV conditions was higher than
under full light.

In order to study the response of soybean cultivated under an AV system, a field
experiment was set up and an improved version of the model previously run for maize [6]
was used to simulate soybean growth under an AV system. In particular, the objectives of
this research were: (1) to measure the morphological, physiological, and yield response of
soybean cultivated under the dynamic shading environment of a large-scale Agrovoltaico®

system [48] and (2) to use the experimental data to validate the capacity of the modelling
platform to accurately simulate the response of soybean under such conditions.

2. Materials and Methods
2.1. Study Area and Experimental Design

The study was carried out in a large commercial AV plant (Remtec, Agrovoltaico® [48])
in Monticelli d’Ongina (Italy, 45◦04′10′′ N–9◦55′40′′ E) where the PV panels are stilt-
mounted on a biaxial full sun-tracking system. The experimental setup included a control
area of “full light” (FL, 180 m2) located just outside the AV system and 8 experimental
areas (Figure 1) characterised by 4 different shade depth (SD) treatments (see Section 2.4):
27%, 16%, 9%, and 18% (by considering the average value of the SD over the crop growing
cycle), which are indicated, respectively, as AV1, AV2, AV3, and AV4. Each area included
4 soybean rows, for a total of 16 rows and an area of 144 m2 for a single replicate (2 replicates
for each AV area).
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Figure 1. Experimental setup of the soybean trial in Monticelli D’Ongina (2021). Different colours
represent the different shade depth (SD) levels, and the four SD levels are indicated as follows:
AV1 = 27%, AV2 = 16%, AV3 = 9%, and AV4 = 18%.

Leaf area index (LAI) and the yield data (pod number and pod fresh weight) were
collected by using the quadrat sampling methods [49], with a modification for the AV
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environment. The quadrats of the SD treatments were obtained by using a PVC quadrat
frame (100 × 100 cm, 1 m2) placed directly on top of the vegetation.

2.2. Agronomic Management

The experimental field was ploughed (30 cm depth) to a fine tilth in March 2021.
The soybean (Glycine max, L.) cultivar Namaste (Venturoli, maturity group 1/1+ [50]) was
sowed on 29 April 2021. The sowing density was 50 plant m−2. The seeds were planted by
a pneumatic seed drill (Gaspardo, Pinta [51]) at a depth of 3–4 cm. The inter-row spacing
was 70 cm, and the distance between the seeds in the row was 3 cm. To control weeds,
hoeing was performed on the inter-rows on 7 June 2021. The soybean plants were fully
irrigated at 100% of crop evapotranspiration (ETc) with a sub-irrigation system with 15-day
intervals (5 July and 20 July 2021, and 4 August 2021). The ETc was calculated by using the
Irriframe cloud services developed by the Water Boards Italian Association (ANBI) [52].
Harvesting was carried out on 27 September 2021.

2.3. Field Data Collection
2.3.1. Crop Height

Crop height is a morphological and shade-adaptive trait which is most affected under
a shaded environment [26–31] and under an AV system [18,26] since crops tend to elongate
their stems when light decreases. To study the effect of the AV system on soybean height,
measurements were carried out throughout the growing cycle on four occasions: 28 June,
15 and 30 July, and 9 August 2021. The heights of 12 plants per treatment were measured,
with a 1 mm resolution.

2.3.2. SPAD Chlorophyll Content

The chlorophyll content in leaves, which determines their photosynthetic capacity [53],
is linked to the N nutrition status of the plant and is affected by shading. According to studies
carried out in moderately shaded environments with peony [54] and red rice [55], under low
light conditions for a large number of species [31] and in an intercropping system (maize–
soybean) [56], the chlorophyll content tends to increase as the light availability decreases.

The measurements of the chlorophyll content in the leaves were carried out in this
study with the SPAD chlorophyll meter SPAD-502 plus (Konica Minolta) to measure
the dynamics of the leaves’ chlorophyll content throughout the phenological cycle. The
SPAD values were measured on 4 leaves of 3 different plants per treatment to obtain a
representative mean value. The measurements were carried out on the following dates: 23
June, 7,15, and 30 July, 9 August, and 3 September 2021.

2.3.3. Leaf Area Index (LAI) and Specific Leaf Area (SLA)

The leaf area index (LAI) was monitored throughout the growing season to evaluate
crop adaptation under AV conditions. The LAI was measured by using an AccuPAR
LP-80 PAR/LAI ceptometer from METER Group. A total of 4 LAI measurements were
carried out per shade depth treatment in the selected quadrat (12 measurements in total) in
4 development phases (early crop establishment: 16 June; flowering stage: 30 June; the full
pods stage: August 9; and the maturity stage: 3 September 2021).

In addition to LAI, specific leaf area (SLA) was also monitored.
SLA is the ratio of the leaf area to the leaf dry mass (cm2 g−1). SLA increases under

low light conditions [57–60] and in shaded conditions, which is an indication of the shade-
adaptive mechanism of most plants [31,60]. The SLA was measured under the AV system by
randomly selecting 12 plants for each treatment (4 plants × 3 replicates for each treatment).
The samples were collected on 30 June, 15 July, and 9 August 2021 during the flowering,
the beginning, and the full pod development, respectively. Samples of 15 leaves per plant
with a fresh weight ranging from 4.5 g to 11 g were collected. The leaf samples were
subsequently analysed with a desktop scanner for total surface estimation (cm2). The leaf
samples were then dried in a forced-air oven at 65 ◦C until a constant dry weight (g).
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2.3.4. Crop Yield Parameter: Fresh and Dry Weight of Pods

All the plants in the quadrat were sampled, and the soybean pods were collected from
the plants and immediately weighed in the field in order to record the fresh weight with a
precision scale (Figure 2).
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Figure 2. (A) Soybean plant on 27 September 2021 (harvest date) under AV system and (B) sample of
soybean pods after the harvest, used to determine the pod number, the fresh and dry weight of the
pods, and the grain yield.

The samples were subsequently oven-dried at 65 ◦C until a constant weight for the
determination of the dry matter and the water content of each sample (following the method
indicated by Kenig et al. [61]). The dry weight of the pods per quadrat was estimated from
the fresh weight of the pods harvested in the quadrat and from the water content of the
samples (Equations (1) and (2)).

DW = FW −Wctot ·FW (1)

Wc =
(FW − DW)

FW
(2)

where:
DW is the quadrat dry weight (g); FW is the quadrat fresh weight (g); and Wc is the

water content of the pods.
Biomass productivity was then calculated from the quadrat dry biomass and expressed

in t ha−1. Once the DW of the pods was obtained, the soybean seeds were separated from
the pods and weighed to obtain the grain yield (g m−2).

2.4. Simulations

The simulations were performed with an updated version of the modelling platform
described in [6]. The system couples a crop growth model (GECROS [62]) to a set of
algorithms for estimating and spatialising the shading, radiation, and crop-related outputs.

The system can simulate the entire growing cycle of the crop, including phenol-
ogy, carbohydrate partitioning, and grain yield. The simulations were conducted on a
12 m × 12 m test area covering all the used shading conditions of the AV system. Calcula-
tions were iterated in the test area on cells of size 0.5 m × 0.5 m, allowing for the mapping
of the results.

The radiation mapping was calculated on the cells with a resolution of 0.12 m × 0.12 m
and a 30 min time step. The mapped values of the radiation were then used to compute the
shade depth (SD) map (Figure 3).
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SD indicates the reduction percentage of the global radiation compared to the full light
and is calculated as:

SD(i, j) = 100 ∗
IFL − I(i, j)AV

IFL
(3)

where IFL is the cumulated radiation in full light:

IFL =
∫ tend

tstart
gFL(t)dt (4)

and I(i j) is the cumulated radiation in a cell i, j of the AV area:

I(i, j) =
∫ tend

tstart
g(i, j)(t)dt (5)

The SD values were estimated as mean values in the 1.5 m × 1.5 m plots (Figure 3).
The simulated and observed grain yield values in the experimental plots were then plotted
against the SD values estimated at the plot locations.

2.5. Statistical Analysis

Statistical analysis was performed using Rstudio, R version 4.2.1 (R Core Team, 2022).
The statistical analysis of the physiological and morphological traits of the crop was

carried out using two-way ANOVA to identify the statistically significant differences among
the experimental factors of the shading levels (FL, AV1, AV2, AV3, and AV4) and the time
(dates) for the variables considered (LAI, SLA, SPAD, etc.) (see Supplementary Materials).
The two-way ANOVA for the SLA was carried out only on 2 dates: 15 July and 9 August
2021. One-way ANOVA was carried out for crop yield data.

The ANOVA test was followed by the post hoc Tukey’s honestly significant difference
test. The simulation data were analysed through root mean square error (RMSE) and
normalised RMSE (nRMSE, %) to measure the differences between the simulated and the
observed values of the soybean grain yield. The nRMSE was calculated by comparing the
4 simulated grain yields and the 4 observed grain yields in the FL conditions and, in the
AV system, the 2 simulated grain yields and the 2 observed grain yields.

3. Results
3.1. Crop Height

The average plant height (cm) (see Table S1 of Supplementary Materials), measured
during the whole growing cycle, of the AV1 plants (98.25 cm) was significantly higher
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(p-value < 0.05, see Table S2 of Supplementary Materials) than that of the FL plants
(87.8 cm) and all the other AV treatments (AV2 = 86.95 cm, AV3 = 85.04 cm, and
AV4 = 90.81 cm), which indicates that only the most severe conditions of shade depth
significantly affected stem elongation. The height of the plants grown in AV2, AV3, and
AV4 did not statistically differ from that of the FL plants, but the plants in AV1 were
significantly higher than those in AV2, AV2, AV3, and AV4 (Figure 4).
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3.2. SPAD Chlorophyll Content

The differences in the chlorophyll content among the treatments were very limited and
apparently not directly related to shading depth. The SPAD value of the FL treatments (43.58)
was statistically higher (p-value < 0.05, Figure 5; see Tables S1 and S3 of Supplementary
Materials) than that measured in the AV2 treatment (41.87). The level of shading of the other
three treatments did not affect SPAD when compared to the FL conditions (AV1 = 43.41,
AV3 = 42.87, and AV4 = 42.33).
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3.3. Leaf Area Index and Specific Leaf Area

The highest LAI was found under the most shaded conditions (AV1) (Figure 6). The
mean LAI in FL (2.78) was significantly lower (p-value < 0.05; see Table S4 of Supplementary
Materials, Figure 6) than in AV1 (3.63).
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The LAIs of the AV2 (3.42), AV3 (3.26), and AV4 (2.64) SD treatments were not different
from that of the FL (see Table S1 of Supplementary Materials). However, the LAIs of the
AV2 and AV3 treatments showed a tendency to increase compared to the FL, which indicates
that the soybean adapted its canopy to shade progressively by increasing leaf area. This
morphological adaptation is also supported by the measurement of the SLA (Figure 7), which
increased by 9% (216 c m2 g−1) under AV1 compared to the FL conditions (198 cm2 g−1), even
though this difference, was not statistically significant (p-value≥ 0.05, see Tables S1 and S5
of Supplementary Materials). The other treatments showed the following SLA values:
201 cm2 g−1 (AV2), 159.12 cm2 g−1 (AV3), and 194.90 cm2 g−1 (AV4).

Horticulturae 2022, 8, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 7. Specific leaf area (SLA, cm2 g−1) for different shade depths. Different letters (a, b, ab)at the 
top of the graphs indicate statistically significant differences according to Tukey HSD test, treat-
ments with the same letter are not significantly different. 

3.4. Crop Yield Parameters 
The pod number and grain yield showed a decreasing trend with increasing SD levels 

(Figure 8A,B; see Table S1 of Supplementary Materials). In particular, number while not 
statistically significant ((p-value ≥ 0.05, Table S6 of Supplementary Materials), in the most 
shaded treatments (AV1 and AV4) the pod number was reduced by 19.4% (1983, AV1) 
and 18.2% (2011, AV4) compared to that in the FL conditions (2461) (Figure 8A), and, in 
the AV2 and AV3 treatments, the number of pods was reduced by 3.3% (2379) and 11.5% 
(2177), respectively. The total pod number reduction compared to the open field condi-
tions was on average 13% when considering all of the AV conditions. 

 
Figure 8. Effect of shading depth on soybean yield response in terms of number of pods m−2 (A) and 
grain yield per g m−2 (B). Data variability within treatment is indicated by the standard deviation 
bars ((A,B), see Tables S7 and S8 of Supplementary Materials). 

The grain yield was not statistically significant ((p-value ≥ 0.05, see Tables S9 of Sup-
plementary Materials) for the SD treatments. The grain yield reduction compared to that 
of the FL (667 g m−2) was 8% (614 g m−2), 4.6% (636 g m−2), and 11.8% (588 g m−2), respec-
tively, for treatments AV1, AV3, and AV4, while for AV2 a slight increase (+4.4%, 697 g 
m−2) was observed (Figure 8B). 

  

Figure 7. Specific leaf area (SLA, cm2 g−1) for different shade depths. Different letters (a, b, ab)at the
top of the graphs indicate statistically significant differences according to Tukey HSD test, treatments
with the same letter are not significantly different.



Horticulturae 2022, 8, 1160 9 of 15

3.4. Crop Yield Parameters

The pod number and grain yield showed a decreasing trend with increasing SD levels
(Figure 8A,B; see Table S1 of Supplementary Materials). In particular, number while not
statistically significant ((p-value ≥ 0.05, Table S6 of Supplementary Materials), in the most
shaded treatments (AV1 and AV4) the pod number was reduced by 19.4% (1983, AV1) and
18.2% (2011, AV4) compared to that in the FL conditions (2461) (Figure 8A), and, in the AV2
and AV3 treatments, the number of pods was reduced by 3.3% (2379) and 11.5% (2177),
respectively. The total pod number reduction compared to the open field conditions was
on average 13% when considering all of the AV conditions.
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Figure 8. Effect of shading depth on soybean yield response in terms of number of pods m−2 (A) and
grain yield per g m−2 (B). Data variability within treatment is indicated by the standard deviation
bars ((A,B), see Tables S7 and S8 of Supplementary Materials).

The grain yield was not statistically significant ((p-value ≥ 0.05, see Table S9 of Supple-
mentary Materials) for the SD treatments. The grain yield reduction compared to that of the
FL (667 g m−2) was 8% (614 g m−2), 4.6% (636 g m−2), and 11.8% (588 g m−2), respectively,
for treatments AV1, AV3, and AV4, while for AV2 a slight increase (+4.4%, 697 g m−2) was
observed (Figure 8B).

3.5. Modelling Results

The normalised root mean square error (nRMSE) value of the predicted grain yield differs
from the observed grain values of 12.9% for the FL conditions, 15.7% in AV1, 16.5% in AV2, 6.71%
in AV3, and 2.82% in AV4. The results of the RMSE revealed that the model underestimated the
grain yield, particularly in the AV2 and AV1 conditions (>15% nRMSE) (Table 1).

Table 1. Root mean square error value (RMSE) and normalised RMSE (nRMSE) between simulated
and observed grain yield (g m−2).

TRT SD (%) RMSE nRMSE

FL 0% 86.2 12.9%
AV1 27% 96.3 15.7%
AV2 16% 115.00 16.5%
AV3 9% 42.7 6.71%
AV4 18% 16.6 2.82%

The simulation platform showed a good correspondence between the observed and
the simulated values (Figure 9).
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4. Discussion

One of the main limiting factors in the development of sustainable AV solutions is
the lack of information on the response of the main field crops to the shading conditions
generated by the AV system. In this work, for the first time, a soybean crop was cultivated
under a largescale AV system, and the field results (morphological and physiological traits
and yield) were used to validate a simulation model to forecast the soybean yield.

The soybean physiological and morphological traits were affected by the shade depth
levels. Plant height and vigour increased linearly with the shade depth levels (Figure 4),
which is a normal response of plants growing under shaded conditions [25–30], as was
previously reported for soybean in an intercropping system [63,64] and for other field crops,
such as durum wheat, potatoes, and grass–clover, under an AV system [26].

The leaf physiological and morphological traits investigated in this study were the
leaf area index (LAI), the specific leaf area (SLA), and the chlorophyll content (SPAD).

The LAI and SLA data were not exclusively collected to evaluate the physiological and
morphological mechanisms of shade adaptation; they were also collected for modelling
purposes. In fact, the LAI is an important trait, along with SLA [65–67], for predicting crop
photosynthesis and its growth response during the growing cycle.

The LAI and SLA were higher in the most shaded AV areas than in the FL conditions
across all the sampling dates. An increase in the LAI under the AV system was found in
celeriac [17,26], wheat, potatoes, and grass–clover [26]. The SLA of the soybean increased
with the SD treatment, which confirms the response of this trait to shading already found
in lettuce [15] and apples [20] grown under AV systems and in soybean grown in an
intercropping system [63,64].

The chlorophyll content, which in this study was estimated with the SPAD index, was
not affected by the SD levels under the AV system as the range of data collected varied
by ±2 between the treatments. These SPAD results were unexpected as the chlorophyll
content usually increases in crops grown under low light and under shade and in soybean
in intercropping conditions [31,53–56,63,68,69]. In the AV system studied in this work, the
soybean SPAD values were similar to those of plants growing in full light conditions, which
is probably a consequence of the low shading depth and of the fact that the level of shading
was not constant but changed dynamically throughout the day. For this reason, it seems
incorrect to say that the response of soybean grown under AV conditions corresponds to
that of soybean cultivated in intercropping systems or in experiments where the level of
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shading is constant throughout the day. In fact, the results obtained for SPAD under the
AV system with a maximum shade < 30% were different to those obtained in the shading
condition for other crops growing under a moderate shade environment, where the shade
can reach values > 50% [54,55].

Regarding yield potential, it is considered that soybean is among the crops that suffer
from shading conditions the most [70], but without field observations in an AV system, this
assertion can only be based on a basic knowledge of the crop or on the trials where shading
conditions are features of the experimental setup, e.g., intercropping systems [71].

Taking into account cropping in AV systems, it is interesting to analyse how the
conditions of reduced radiation affect grain yield. In a previous study, it was reported
that shading conditions negatively affected the reproductive stages of soybean (flowering
and pod set) as they are directly related to the photosynthetic process [72–75]. It was also
reported that continuous shade affects the soybean pod number by increasing the pod
abortion [76]. Our results are in agreement with the bibliographic evidence and confirmed
that in soybean the yield reduction experienced under the shade of the AV system is
associated with a negative impact of shade during the pod set stage (Figure 8A). The
inversely proportional relationship between shade depth and grain yield (Figure 8B) is, to
a good extent, explained by the depressive effect of shade on the pod number, as revealed
in Figure 8A. This is particularly evident for the AV1 and AV4 treatments.

In view of that which was mentioned above, the particular results observed for the
treatment in AV2 are, to some extent, counter-intuitive in that the AV2 yields do not fit well
in the relationship with the shade depth. Our interpretation must refer to a non-uniform
distribution of irrigation water. In fact, the treatment in AV2 was located near the drip
irrigation, and this may have affected the yield performances compared to the other treatments.

The average grain yield reduction for the whole AV system was 8%, which is largely
under the limits of the yield reductions indicated by the DIN standards in Germany ([77],
for which at least 66% of the reference yield needs to be achieved under the AV system). In
a Korean study [45], which investigated soybean cultivation under an AV system, grain
yield was reduced by 20% with a shade depth of 25%, while, in the present work, a similar
shade depth (27% in AV1) determined a yield reduction of only 8%. These results confirm
that, considering the conceptual model proposed by Laub et al. [70], soybean is shade
tolerant. The yield reduction measured in this work is lower that what previously reported
in the literature [45,64,70,78–80], which could be a consequence of pedoclimatic conditions
or variety choice, considering that the effect of shading in soybean varies largely with the
genotype [64]. Considering the large effect that genotype, environmental factors, and AV
system design have on crop yield, it would be necessary to run multiple long-term studies
to provide the information needed to support the design and management of sustainable
AV systems. In this regard, the use of models such as GECROS [62], implemented in the
modelling platform of this study, offers a great contribution to the development of AV
systems. The experimental data obtained in this study were used to validate the modelling
platform, and the values of the nRMSE (<7% and 16.5%, the best and worst performances,
respectively) indicated that the simulation platform can satisfactorily predict soybean grain
yields under AV.

5. Conclusions

In this work, the morphological and physiological traits and yield responses of soybean
growing under a commercial large scale AV system were investigated both in the field and
using a crop model.

The main morphological and physiological traits that increased significantly under
the most shaded areas were plant height, the LAI, and the SLA. These results highlight
the capacity of a soybean crop to adapt its morphology under an AV system to improve
light capture, particularly by increasing leaf area (both the LAI and the SLA increased with
shading level) and by increasing the stem elongation.
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Under the large scale AV system tested in this study, soybean yield was on average
reduced by 8%, due to a reduction in pod number, which was proportional to the shade
depth level increase. The simulation platform developed by Amaducci et al. (2018) was
validated in this study and is thus confirmed as a valuable tool for testing the potential
of different AV scenarios. This could be of great practical use when studying the impact
that a given AV design, in a particular environment and with a specific crop, has on a set
of pre-defined key performance indicators or on the achievement of a target level of crop
yield. In this regard, the regulations in France, Japan, and Germany have set the maximum
level of yield reduction that can be achieved underAV systems (compared to full light) as
10%, 20%, and 34%, respectively. In addition, the simulation platform can be used to study
the effect of specific agronomic choices (e.g., fertilisations and irrigation) on crop yield and
on AV performance in general.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae8121160/s1, Table S1: values of crop height,
LAI, SPAD, SLA, number of pods and grain yield and Tukey’s HSD letters, Table S2: Tthe two-way
ANOVA table for height, Table S3: the two-way ANOVA table for SPAD, Table S4: Tthe two-way
ANOVA table for LAI, Table S5: the two-way ANOVA table for SLA, Table S6: one-way ANOVA for
number of pods, Table S7: summary of the standard deviation and standard error of pods number
measured per each treatment; N = number of samplings per area, Table S8: summary of the standard
deviation and standard error of grain yield measured per each treatment; N = number of samplings
per area., Table S9: one-way anova for grain yield.
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