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Abstract This study collates relevant research on the impact of light regulation on the growth of understory crops in mulberry
three-dimensional planting systems. Starting from aspects such as the structural design of mulberry planting and the changing
characteristics of light distribution, it examines how understory crops adapt to different light conditions and summarizes some key
factors affecting the shade tolerance of crops. Several simple and effective methods to improve the lighting environment under the
forest are introduced, such as appropriate pruning of mulberry trees, adjusting the planting orientation, and laying reflective films.
The example of “intercropping mulberry trees and soybeans” is also used to illustrate that by improving the lighting conditions, not
only can the yield of soybeans be increased, but also their quality can be enhanced. This study aims to provide some theoretical and
practical operation suggestions for the efficient planting of lower layer crops in the three-dimensional mulberry planting system.
Keywords Mulberry-based vertical planting; Understory crops; Light environment regulation; Shade response; Resource use
efficiency

1 Introduction

The agroforestry system is a planting method that groups different plant species together and arranges them in
layers. This can make better use of the land and also enhance ecological benefits. Mulberry (Morus spp.) are often
selected as upper-layer tree species due to their strong adaptability and high economic value. Its leaves can be
used to feed silkworms and can also be grown together with many crops to increase the output rate and resource
utilization rate of each plot (Chanotra et al., 2024). In recent years, mulberry has also begun to appear in vertical
agriculture and controlled environment planting systems, and are regarded as a good idea for developing
sustainable agriculture (Baciu et al., 2023).

However, under the shade of tall crops like mulberry, the crops planted below often do not receive enough
sunlight. The shape of the canopy and the seasonal variation of mulberry leaves can directly affect the light
conditions under the canopy, which may limit the growth and yield of crops (De Pauw et al., 2021; Kara, 2022).
Studies have found that the intensity and variation of light under the forest can affect the growth rate,
photosynthetic efficiency and nutrient absorption capacity of crops (Baligar et al., 2020; Modolo et al., 2021; Xu
et al., 2023). Therefore, how to adjust the canopy structure or adopt a more reasonable planting method to
improve the light conditions below is a key issue that needs to be solved in current three-dimensional planting (Su
et al., 2023).

This study reviews the research progress on how to regulate light in the three-dimensional planting system of
mulberry and what impact this has on the crops under the forest. We also analyzed the physiological and
ecological responses of undergrowth crops under different lighting conditions. This study hopes that these
contents can provide some theoretical references and practical suggestions for the design and management of
mulberry planting systems.

2 Characteristics of Mulberry-Based Vertical Planting Systems

2.1 Structural configurations of mulberry-based systems

Several common layout methods are often used in the three-dimensional planting system of mulberry, such as pit

type, row type and double-row type. The pit type (90x90 cm) is generally used for growing one-year-old mulberry
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seedlings. The row type (60x90 cm) is suitable for close planting, while the double-row type (90+150x60 cm) is
suitable for the middle and later stages or plots with different density requirements. On the vacant land beside the
fields, people often grow some vegetables for intercropping, which makes the space utilization rate higher. In
addition, new technologies such as hydroponics, aeroponics and aquaponics have also been used to grow mulberry
in controlled environments, which can save water and increase yield (Baciu et al., 2023; Chanotra et al., 2024).

2.2 Typical crop combinations and ecosystem services

Mulberry can also be grown in combination with many crops, such as alfalfa, turmeric, potatoes, garlic, onions
and fennel. These intercropping patterns not only improve the land utilization rate, but also make the soil healthier,
with more microorganisms and smoother nutrient cycling (Zhang et al., 2019; Chanotra et al., 2024). After
planting vegetables, farmers can still harvest several crops a year, and their income becomes more stable. This
combination can also reduce soil erosion, assist in carbon sequestration, and improve the microclimate (Kaushal et
al., 2024).

2.3 Benefits and limitations of vertical agroforestry models

Vertical agroforestry systems have many advantages. It can make full use of land and resources and increase the
yield per unit area. The multi-layer structure can also make the soil looser and more nutrient-rich, which is
conducive to improving the carbon sink function and regulating the climate (Kaushal et al., 2024). Meanwhile,
when there are more types of crops, farmers’ income sources become more stable and their ability to withstand
market fluctuations or natural disasters is stronger (Chanotra et al., 2024). From an ecological perspective, there
are more types of microorganisms in the soil and the system is more stable (Zhang et al., 2019). But there are also
some problems. For example, mulberry itself is relatively tall and have a high demand for water and space. If they
are planted too densely, they may compete for resources with the crops below (Magadum et al., 2020). Different
crops have different requirements for sunlight, water and nutrients. If not managed properly, some crops may not
grow well. In addition, this type of system requires a considerable initial investment, is troublesome to manage
after cultivation, and has relatively high technical requirements for farmers (Baciu et al., 2023).

3 Light Environment in Multilayer Planting Systems

3.1 Vertical light distribution and shading patterns

In a multi-layer planting system, the distribution of light in the up and down directions is very uneven. The upper
crops or trees will block the sunlight, greatly reducing the light that the lower crops receive. For instance, in the
sloping forest where multiple plants are mixed, the relative photosynthetic photon flux density (rPPFD) at
different heights varies significantly. The rPPFD under the forest is much lower than that on single-story slopes,
and the light variation is significant whether in the up-down or left-right direction. In artificial cultivation factories,
when planting in the traditional vertical I-shaped method, the lower down, the weaker the light becomes, and the
photosynthesis of the lower layer crops will be affected. However, if S-shaped lateral layering planting is adopted
and side supplementary lighting is added, the light distribution can be more uniform, and the crop quality and light
utilization rate will also be higher. In addition, reasonable arrangement of planting structure and crop types can
also reduce shadow coverage and enable the lower layer crops to grow better (Feng et al., 2019; Solanki et al.,
2024).

3.2 Temporal and seasonal light dynamics

The light in a multi-layer system is not only unevenly distributed but also varies greatly over time. The intensity
of light under the forest or in multi-story structures fluctuates constantly with the position of the sun throughout
the day and the change of seasons. Especially in places where there are gaps in the forest canopy, the changes in
sunlight are even more obvious. Artificial light sources (such as leds) can adjust the duration and intensity of
illumination, which can alleviate the influence of seasonal changes in natural light to a certain extent and maintain
relatively stable illumination throughout the year (Gerovac et al., 2016). Nowadays, there are also lighting devices
that can move along with the sun, which can guide natural light as much as possible to the lower layers of the
structure. This not only enhances the lighting of the lower layers but also saves electricity.
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3.3 Key metrics for light environment assessment

It is very important to scientifically assess the light environment of multi-layer systems. Common light assessment
indicators include: rPPFD (relative value of photosynthetic photon flux density), daylight integral (DLI), total
photon flux (TPF), uniformity of light distribution, and light quality (that is, the color composition of light).
Among them, rPPFD is the most core indicator, used to see how much effective light can be received at each layer
height (Zhu et al., 2020). DLI and TPF represent the total amount of light absorbed by crops over a period of time,
which is directly related to the growth rate and yield of crops. If one wants to understand whether the light
distribution is uniform, three-dimensional modeling or radiation models can be used for analysis. The influence of
different planting methods on the light distribution can be clearly seen at a glance. In addition, the quality of light
is also very important. For instance, red light, blue light and far-red light all have regulatory effects on the growth
of leaves, flowering and fruiting of crops. Nowadays, LED lights can adjust these spectra to help crops grow
better and have higher yields (Gerovac et al., 2016).

4 Physiological Responses of Understory Crops to Shading

4.1 Photosynthetic adaptation under low light

In the shaded environment under the forest, the photosynthesis of crops will undergo obvious changes. Generally
speaking, shading can reduce the net photosynthetic rate, stomatal conductance and transpiration rate of leaves,
while increasing the CO: concentration between cells. This indicates that the decline in photosynthesis is mainly
not caused by stomatal limitation, but by non-stomatal factors (Raai et al., 2020; Wang et al., 2021; Zhang et al.,
2024). To adapt to weak light, crops usually increase chlorophyll, especially chlorophyll b, which can better
absorb blue light (Gong et al., 2022; Sun et al., 2023). Some varieties also enhance the expression of some genes
related to photosynthesis, such as the Lheb1 protein, which helps to better capture light energy under weak light.
Meanwhile, shading also activates the antioxidant enzyme system, enhancing the resistance of crops to
photosuppression and oxidative stress (Ren et al., 2022).

4.2 Morphological plasticity

In an environment with insufficient light, the appearance of crops under the forest will also undergo many changes.
For example, the stems become longer, the leaves thinner, the leaf area larger, and the petioles elongated. This
enables them to receive sunlight more easily (Gong et al., 2022; Gatti et al., 2023). Like the vine plant Mikania
micrantha, the stem nodes grow longer and the epidermal cells stretch under weak light, which is conducive to
rapid growth. The internal structure of the leaves will also change. For example, the palisade tissue and spongy
tissue become loose, which is more conducive to absorbing scattered light. In addition, shading can also affect the
hormone levels within plants. For example, changes in auxin, gibberellin and brassinolide can promote the growth
of leaves and stems (Jiang et al., 2020).

4.3 Impact on reproductive development and crop quality

Shading can also affect the flowering and yield of crops. Very often, shading can prolong the entire growth cycle
of crops and postpone the flowering and maturation time. In terms of yield, shading usually leads to a reduction in
the dry matter of crops, and the number and weight of grains also decrease, resulting in a decline in total yield
(Liang et al., 2020). However, there are also some crops that do not reduce yield under moderate shading
conditions (such as 30% shading), and sometimes the protein content even increases (Raai et al., 2020). In
addition, shading can also affect some nutritional indicators and stress resistance. For example, starch content,
protein content and antioxidant capacity may also be affected (Laub et al., 2021; Wang et al., 2021).

5 Species-Specific Shade Tolerance in Understory Crops

5.1 Classification of crops by shade tolerance

The shade tolerance of under-forest crops can be judged by many indicators. Some are classified based on expert
experience, while others use the growth conditions in the field as a reference. The commonly used approach
nowadays is to examine the physiological characteristics of crops, such as photosynthetic efficiency and leaf
features. Studies in North America and Europe have classified plants into several categories: those that are
particularly shade-tolerant (such as some ferns and mosses), those that are moderately shade-tolerant (some
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herbaceous and shrub species), and those that are less shade-tolerant (mostly sun-loving tree species). The degree
of shade tolerance is generally indicated by numbers from 1 to 9, where 1 is the most shade-tolerant and 9 is the
most shade-afraid (Feng et al., 2018). The study also found that the “low light abundance index” is a relatively
practical method for evaluating the shade tolerance of undergrowth plants. In addition, factors such as seed size,
leaf shape (coniferous or broad-leaved), and growth rate are also related to shade tolerance.

5.2 Mechanisms of shade avoidance and acclimation

The responses of undergrowth crops to shade are usually divided into two categories. One type is the
“shade-avoiding type”. Crops of this type will rapidly elongate their stems and leaves under weak light, striving to
obtain as much sunlight as possible. Another type is the “shade-tolerant type”, which can adapt to weak light by
improving photosynthetic efficiency, increasing chlorophyll, and enhancing water use efficiency (Figure 1)
(Martinez-Garcia and Rodriguez-Concepcion, 2023). Shade-tolerant crops usually do not grow taller blindly but
maintain a high carbon utilization efficiency and survival rate (Schmiege et al., 2020; Cifuentes and Moreno,
2022). This type of crop also shows particular performance in terms of root distribution, leaf size and lifespan.
Some crops can also better adapt to low light by increasing the nitrogen content in leaves and raising the ratio of
chlorophyll to nitrogen (Kang et al., 2022).
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Figure 1 Summary of some differential responses associated with either shade avoidance or shade tolerance strategies (Adopted from
Martinez-Garcia and Rodriguez-Concepcion, 2023)

Image caption: (a) Plant responses known to differ between strategies are described in the various laboratory conditions used: white
(W) or control, proximity shade and canopy or deep shade. (b) Aspect of seedlings of Arabidopsis thaliana and Cardamine hirsuta
grown under W (control or unshaded) or W enriched with FR (W +FR, proximity of canopy shade) illustrating the differences in
their hypocotyl length. FR, far-red light (Adopted from Martinez-Garcia and Rodriguez-Concepcion, 2023)
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5.3 Screening and breeding of shade-compatible cultivars

To ensure that the under-forest crops in the mulber-based three-dimensional planting system grow better, it is
crucial to select and breed varieties suitable for shady environments. Studies have found that different crop
varieties perform differently under different shading conditions. For example, cocoa and some coniferous trees
have significant differences in physiological responses when the light is different (Avila-Lovera et al., 2020;
Schmiege et al., 2020; Garcia-Pérez et al., 2021). Nowadays, molecular biology and genetics studies have also
identified many genes and pathways related to shade tolerance, providing a basis for future molecular breeding
(Martinez-Garcia and Rodriguez-Concepcion, 2023). In addition, the use of quantitative indicators such as "low
light abundance index" can more accurately select varieties suitable for weak light (Feng et al., 2018).

6 Regulation of the Light Environment for Optimized Growth

6.1 Pruning and canopy management of mulberry

The canopy of a mulberry can affect whether the crops beneath it can be exposed to sunlight. Pruning, rotation and
shaping can help us control the tree canopy, allowing more sunlight to reach the understory of the forest and
enhancing the photosynthesis and growth of crops. For instance, rotational cutting, top pruning or cutting off some
branches can not only reduce soil erosion and improve the soil, but also open the tree canopy, allowing sunlight to
penetrate more easily, resulting in better crop growth and increased yield and quality (Kaushal et al., 2024). In
some places, mixed forests or multi-layer planting systems are used. Under such structures, sunlight varies greatly,
especially during seasonal changes. Regular pruning is very useful as it can increase light gaps and help the crops
below grow better (Kara, 2022).

6.2 Use of reflective materials and row orientation

In addition to pruning, we can also use some simple tools to enhance sunlight, such as laying reflective film, white
ground film, etc. These things can reflect sunlight to the understory of the forest, especially scattered light, which
enables the lower leaves to absorb more light and enhance photosynthesis. In addition, when planting mulberry, if
the rows face north and south, the sunlight will be more evenly distributed and it is less likely that there will be
too much shadow covering the crops below. Studies have found that using LED for supplementary lighting,
adjusting the intensity or color of the light (such as supplementing blue or white light) can also make undergrowth
crops grow better and accumulate more nutrients (Win et al., 2022; Paponov, 2025).

6.3 Controlled intercropping and spacing adjustments

The planting layout is also very important. By changing the types, densities or arrangements of intercropping
crops, they can be made to compete for less light and cooperate more. For instance, when mulberry is planted
together with turmeric and vegetables, if the row spacing and plant spacing are designed reasonably, sunlight can
be distributed better, the yield and quality of under-forest crops can be improved, and the land can be used more
efficiently (Kaushal et al., 2024). Moreover, different planting methods, such as pit planting, single-row planting,
and double-row planting, will cause the crops below to receive different amounts of light. The appropriate
approach should be selected based on the actual situation (Chanotra et al., 2024).

7 Interactions Between Light, Microclimate, and Soil Factors

7.1 Light-mediated effects on temperature and humidity

In vertical planting systems, light not only has a direct effect on the photosynthesis of crops but also indirectly
affects their growth conditions. For instance, after the lights are turned on, the LED lights will make the
surrounding area warmer, which will change the air humidity and also accelerate the evaporation rate of soil
moisture (Kamenchuk et al., 2023). Moreover, different combinations of light intensity and spectra can also cause
changes in temperature and humidity. Therefore, when designing vertical systems, one cannot only consider
whether the light intensity is strong or not, but also find ways to make the microclimate suitable for crop growth.

7.2 Effects on soil moisture retention and microbial activity

In mulber-based composite systems, soil moisture can be maintained, rainwater erosion can be reduced, soil loss

can be decreased, and the organic carbon and moisture content in the soil can also be increased by managing the

tree canopy and reasonable intercropping (Kaushal et al., 2024). If planting is reasonable and fertilization is
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scientific (especially nitrogen fertilizer), it can also improve the soil structure, make the microorganisms in the
soil more diverse and vigorous, and enhance the activity of enzymes, which is conducive to the cycling and
utilization of nutrients (Zhang et al., 2021). In addition, changes in soil temperature and moisture can also affect
the types and activities of microorganisms, which have a significant impact on the environment around plant roots
and nutrient absorption (Zhang et al., 2019; Li et al., 2023).

7.3 Integrated microenvironment management strategies

To make crops grow better, some comprehensive management methods can be adopted, such as pruning the tree
canopy, reasonable intercropping, application of biochar, and zonal watering, etc. (Wang et al., 2020; Wang et al.,
2022a). For instance, when mulberry and crops are planted together and combined with pruning methods, not only
can soil erosion be reduced and soil fertility be enhanced, but also water can be retained, the number and variety
of microorganisms in the soil can be increased, making the entire system more stable and environmentally friendly
(Kaushal et al., 2024). In addition, by adjusting the pH value and carbon-nitrogen ratio of the soil, it can also help
establish a more crop friendly microbial community (Wang et al., 2022b; Li et al., 2023).

8 Productivity and Resource Use Efficiency in Mulberry-Based Systems

8.1 Biomass partitioning and yield components

Mulberry adjusts their growth patterns in different environments. For instance, when encountering drought or
heavy metals in the soil, mulberry will devote more energy to root growth and increase the ratio of roots to stems
(R/S), which can better resist environmental stress (Wang et al., 2022a; Zhang et al., 2023). When grown together
with other crops (such as intercropping with alfalfa), the leaf, stem and crude protein content of mulberry can
increase by 36.4%, 61.1% and 12.7% respectively, indicating a significant increase in yield. Furthermore, when
mulberry is planted on hillsides or in marginal plots, the branches pruned each year can contain 17.0 to 22.5 tons
of dry matter, which is more than that of many fast-growing trees or perennial grass crops (Lu et al., 2009).

8.2 Light-use efficiency and land equivalent ratio (LER)

In the intercropping system, mulberry can also make better use of sunlight. Compared with monoculture, the light
saturation point, light compensation point and maximum photosynthetic rate of mulberry under intercropping
conditions have increased by 15.0%, 39.3% and 20.7% respectively. That is to say, it has a stronger ability to
absorb and utilize sunlight. Meanwhile, the land equivalent ratio (LER) of the intercropping system reached 1.29,
which indicates that more can be produced per unit of land. Under the condition of increased carbon dioxide
concentration, the efficiency of photosynthesis and PSII light system of mulberry is also higher, which helps it
grow faster and accumulate more dry matter (Shi et al., 2025).

8.3 Nutrient and water use efficiency under shade conditions

Under conditions of weak sunlight or limited resources, the mulberry composite system can also perform well. For
instance, by using a low-cost drip irrigation plus fertilization (LCDF) method, the water utilization efficiency can
be increased by 61%, the fertilizer utilization efficiency by 63%, and 24% of water can be saved (Mahesh et al.,
2020). During droughts, the water use efficiency of mulberry can even increase by 104% to 163%. Its roots can
also better absorb nutrients such as nitrogen, phosphorus and potassium, improving the drought resistance and
yield of the entire system (Ren et al., 2025; Shi et al., 2025). In addition, planting mulberry together with other
crops can also reduce soil erosion, prevent nutrients from being washed away, and at the same time increase the
nitrogen, phosphorus content and enzyme activity in the soil, making the soil healthier (Piao et al., 2020; Kaushal
et al., 2024).

9 Case Study: Light Regulation and Crop Response in a Mulberry-Soybean Intercropping
System

9.1 Site description and system configuration

In northern China, farmers often intercrop mulberry and soybeans to make better use of the land. This method is
called the mulberry - soybean intercropping system. Generally, their positions are arranged in a band-like pattern
or by alternating wide and narrow rows. Mulberry (Morus alba L.) grows tall and is perennial, while soybeans are
harvested in the same year they are planted and are relatively short. When the two are staggered and planted
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together, a two-layer structure can be formed. In this way, sunlight can be utilized more effectively and the land
use efficiency is also higher (Figure 2) (Feng et al., 2025).

Figure 2 Intercropping of forage mulberry and soybean (Adopted from Feng et al., 2025)

Image caption: (A) Diagram of the row configuration of forage mulberry and soybean. (B) Forage mulberry starting to grow leaves
during the soybean seedling stage in the field. (C) Soybean seedlings when the forage mulberry begins leaf-sprouting in the field. (D)
Before the forage mulberry is mowed, soybeans and forage mulberries are nearly of equal height. (E) Before the forage mulberries
are mowed, soybeans are at the R1 stage. Notes: SN indicates sole cropping of soybeans; IN indicates intercropped with forage
mulberry (Adopted from Feng et al., 2025)

9.2 Light environment monitoring and management interventions

To understand the utilization of sunlight, researchers measure some light indicators, such as photosynthetically
active radiation (PAR), light saturation point, light compensation point, and the ratio of red light to far-red light
(R:FR). Research has found that in this intercropping system, mulberry can utilize the strong light in the upper
layer, while soybeans are more suitable for the weak light in the lower layer. The apparent quantum efficiency of
soybeans is also quite high. By adjusting the row spacing, bandwidth, or pruning mulberry, the light exposure of
soybeans can be improved to make them grow better (Jin et al., 2024; Wu et al., 2025). However, the light
received by soybeans in different positions varies. For instance, the rows on the edge receive more light, while the
rows in the inner part may appear to have insufficient light due to being blocked by mulberry.

9.3 Crop performance and system productivity outcomes

Under such a planting model, soybeans also perform better. Its chlorophyll content, photosynthetic rate, leaf area
and yield have all increased, and the number of root nodules has also increased, indicating better nutrient
absorption (Feng et al., 2025). Moreover, the mulberry itself has grown better, with an increase in height, more
chlorophyll, and an increase in the biomass of their roots and above-ground parts. Soybeans are also well adapted
to weak light. Its leaf area index, photosynthesis and yield are basically positively correlated with the amount of
light it can receive (Jin et al., 2024; Wu et al., 2025). If the row spacing and bandwidth are reasonably arranged,
mulberry and soybeans can work together to increase production, making the land use efficiency higher and the
output of the entire system more considerable.

10 Concluding Remarks

Research has found that crops under the forest are highly sensitive to changes in light and are also prone to
changes. Take Camellia oleifera and perennial leguminous plants as examples. If the light is appropriate, for
instance, reaching 75% of full sunlight, it can significantly increase their leaf size, enhance photosynthesis, and
accelerate nutrient absorption. Eventually, the plants will grow stronger and bear more fruits. The mulberry itself
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is no different. The growth of its leaves and the amount of its biomass are both directly related to the light it
receives. Different forest land structures, such as mixed forests or intercropping methods, combined with
reasonable thinning, can also help the crops under the forest obtain a better light environment. In this way, light
can be utilized better and the output can also increase accordingly. This indicates that when designing a system
where multiple plants are grown together, it is necessary to consider the light requirements of each crop and
appropriately adjust the shape of the tree canopy and the distribution of light, so that different crops can coexist
and grow better.

However, in actual operation, it is still quite difficult to achieve a reasonable distribution of light. Because each
crop has different light requirements, some prefer strong light while others are suitable for weak light. If the light
is too strong or too weak, it may cause crops to grow poorly, and even fruits may not grow at all. Moreover, if a
large number of trees or grass are planted in the forest, the structure of the tree crowns, the combination of species
and the intensity of tree cutting all need to be carefully considered. Otherwise, the light may be unevenly
distributed, and the crops may compete with each other instead. Especially for some herbaceous plants and
saplings under the forest, they may also have the problem of “grabbing territory” due to changes in light and
temperature. Therefore, these situations should be taken into account when managing forest land.

Future research can start from several directions. First, it is necessary to further clarify exactly how strong the
light and which color of light different forest floor crops prefer, and to understand their responses to light from a
physiological perspective. Secondly, we can develop light regulation models suitable for growing multiple crops
together to help us better plan the structure and management methods of the forest. Thirdly, in the context of
increasingly severe climate change, it is also necessary to study how factors such as light, temperature, and soil
moisture jointly affect crops, and find ways to make the system as a whole more adaptable to the environment.
Finally, it would be best to combine some new sensors and models to monitor and adjust light in real time, so that
the forest farmers’ system can be both efficient and sustainable.
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