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Abstract: Knowledge of the sunshine requirements of landscape plants is important information for
the adaptive selection and configuration of plants for urban greening, and is also a basic attribute of
plant databases. In the existing studies, the light compensation point (LCP) and light saturation point
(LSP) have been commonly used to indicate the shade tolerance for a specific plant; however, these
values are difficult to adopt in practice because the landscape architect does not always know what
range of solar radiation is the best for maintaining plant health, i.e., normal growth and reproduction.
In this paper, to bridge the gap, we present a novel digital framework to predict the sunshine
requirements of landscape plants. First, the research introduces the proposed framework, which
is composed of a black-box model, solar radiation simulation, and a health standard system for
plants. Then, the data fitting between solar radiation and plant growth response is used to obtain
the value of solar radiation at different health levels. Finally, we adopt the LI-6400XT Portable
Photosynthetic System (Li-Cor Inc., Lincoln, NE, USA) to verify the stability and accuracy of the
digital framework through 15 landscape plant species of a residential area in the city of Wuhan,
China, and also compared and analyzed the results of other researchers on the same plant species.
The results show that the digital framework can robustly obtain the values of the healthy, sub-healthy,
and unhealthy levels for the 15 landscape plant species. The purpose of this study is to provide
an efficient forecasting tool for large-scale surveys of plant sunshine requirements. The proposed
framework will be beneficial for the adaptive selection and configuration of urban plants and will
facilitate the construction of landscape plant databases in future studies.

Keywords: digital framework; Solar Analyst; shade tolerance; solar radiation response; landscape
plants; geographic information systems (GIS)

1. Introduction

The world’s urbanization prospects show that more people live in urban areas, with
55% of the world’s population residing in urban areas in 2019, and by 2050, 68% of the
world’s population is projected to be urban [1]. This trend requires cities to provide more
green spaces and welfares for recreation, relaxation, and leisure [2,3]. At the same time,
urban problems and challenges, such as the excessive size, overcrowding, and the shortage
of urban infrastructure, which follow the process of urbanization should also be taken
seriously [4–6].

Numerous studies have demonstrated that the contribution of plants to the urban
environment is extensive and far-reaching, as plants play an important role in biodiver-
sity conservation [7,8], improving microclimates [9–11], relieving air pollution [12,13],
enhancing aesthetic value [14], and even influencing the psychological behavior of city
dwellers [15,16]. However, urban managers, urban forestry and landscape scientists are
more concerned with the sustainable selection and cultivation of plants [17–19], these core
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benefits not only have advantages in planting and management costs, but the eco-functions
are also dependent on their survival, growth, development and reproduction [20,21].

Therefore, the concept of “the right tree in the right place” in the field of forestry
was advocated by foresters in the early stages and was used for the basis of plantation
management [22], its main technique focuses on the matching of site soil types and tree
species. In recent years, urban greening and forestry as the habitats for dweller have
received increasing attention. Summarizing relevant research shows that plant selection in
urban areas is limited by more stress factors, such as soil, drought, sunshine, climate, air
pollution, pests, and diseases [23–27]. In North America, researchers such as the University
of Minnesota Extension Department have raised concerns about the adaptability of urban
plants, and provided suggestions for tree selection, and aiming to improve the adaptability
of plants to the city [28]. Similarly, in studies of Utah [29] and Michigan [30], scholars
also explored the adaptation of plant species to local environmental conditions. Solar
radiation, in particular, is considered to be an important decision factor for plant selection.
In addition, the variation of sunshine is also very obvious in urban built-up areas, due
to the buildings and terrain [31]. Therefore, for urban greening, how to select adaptive
plants more intelligently based on their ecological habits has become a research focus and
challenge [19,21,32,33].

The requirement for solar radiation is a genetic feature for a specific plant, although
it may change in different environments and growth periods [34,35]. In other words, the
demand for solar radiation in plant species is also the type of ecological tolerance or the
ecological amplitude. For example, a literature reveals the light and soil conditions impact
on the ecological behavior of deciduous hardwood trees in Sweden [36], the results found
that Fraxinus excelsior and Ulmus glabra are highly tolerant of shade. The researchers
found that the shade tolerance of three tree species has variability [37], and others achieve
similar results [38]. It can be seen that the sunshine tolerance for plants is a complex and
important research content. Back to the field of landscape architecture, the basic data of
landscape plants with regard to solar radiation response act as the key information for
the practice of “right plants in the right place”, especially for the database construction of
decision support systems used for the sustainable selection of trees and shrubs [19,21,32].

In reality, the light compensation point (LCP) and light saturation point (LSP) are the
common indicators used to determine the shade tolerance of landscape plants [39–41]. The
LCP is the amount of light intensity on the light curve where the rate of photosynthesis
exactly matches the rate of respiration. Correspondingly, the LSP is the intensity at which
additional increases in light do not increase photosynthesis. These two values can be
determined by photosynthetic systems in the field for plants [42], such as the LI-6400XT
Portable Photosynthetic System or later models. However, instruments to measure the
values of gas exchange are susceptible to climate, operation method, and instrumental
errors, as noted in a number of studies [43–46], the locations of these research sites are
geographically similar. Furthermore, the values of LCP and LSP are difficult to adopt for
reference in practice, because the landscape architect does not know what range of solar
radiation is the best for maintaining plant health, i.e., normal growth and reproduction.

The computer-based digital software, such as solar radiation models, can be used for
various types of practical activities or theoretical exploration. Such as the Meteorological
Radiation Model (MRM) and the latest version [47–49], to adopted the type of models for
obtaining daily global solar radiation [50]. It shows good stability and plays an important
application value in the fields of solar power, biology, agriculture, and the study of urban
environmental comfort [51–53]. The digital model of solar radiation, such as the Solar
Analyst [54,55], combined with geographic vector data, has a lot of conveniences for solar
radiation simulation in different time intervals. At the same time, the acquisition of analog
values and parameter correction in different areas is also easy to implement. To this end, the
solar model provides an opportunity to accurately describe the solar radiation conditions
of the plant growth environment. However, there are few reports on the prediction for
sunshine tolerance of plant by digital model. In order to fill the deficiencies of the existing
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research and to provide a more practical method to predict the sunshine requirements
of landscape plants for landscape architects, we propose a novel forecasting framework
based on the Solar Analyst, and combined with instrument verification to test the accuracy
and stability of the proposed framework. In this paper, we attempt to prove the following
inferences:

• A plant will show different health responses under different conditions of solar radia-
tion, if the other ecological factors remain the same.

• If properly calibrated, digital technology can be used to accurately simulate solar
radiation.

• If the preconditions are true, two-factor linear fitting between the plant health response
and solar radiation can be used to obtain the healthy, sub-healthy, and unhealthy levels
of landscape plants.

The rest of this paper is organized as follows: In Section 2, the materials and method-
ology are introduced, including the digital framework, study area and location, plant
samples and data management, equipment and instruments, and verification of the results.
Section 3 describes the results of this study and discusses some of the specific phenomena
observed during the study. A summary of the research is provided in Section 4.

2. Materials and Methodology
2.1. Digital Framework
2.1.1. Structure and Workflow of the Digital Framework

In systems theory, a black-box model is used to solve complex system problems [56,57].
The main advantage of the black-box model is that we only focus on the “input” and
“output” and not on the internal connections and changes in the system. As a result, it
simplifies the procedure.

The healthy growth of plants is affected by many factors. The soil characteristics
(including soil type, water content, pH, etc.), atmospheric temperature, and solar radiation
are the most important factors. However, it is very difficult to analyze the response of urban
plants to the various factors, especially in the natural environment. In order to solve this
problem, we adopt the black-box model to analyze the fitting relationship between solar
radiation and plant growth status (Figure 1), thereby predicting the sunshine requirements
of the landscape plants.

Figure 1. The structure and workflow of the digital framework.

In a small-scale urban environment, it is difficult to obtain statistics on solar radiation
due to the variation of sunshine caused by buildings and the terrain. To this end, we adopt



Appl. Sci. 2021, 11, 2098 4 of 17

a digital approach combined with instrument measurements to obtain the amount of solar
radiation in different time scales and at different heights. The instruments and equipment
are listed in Section 2.4. In previous studies, we used and verified this approach in the
form of a case study [20,21].

The plant health standard is a core part of this study, whereby we establish a systematic
index system, which contains both qualitative and quantitative indicators for different
plant types, as described in Section 2.1.3. At the exit of the digital framework, we can
obtain the adaptability, sensitivity, relevance, etc. of the plant to different levels of solar
radiation based on the results of the data fitting, and we can then verify the reliability of
the method.

2.1.2. Solar Radiation Simulation and Correction

The solar radiation simulation shown in Figure 1 was derived in Solar Analyst, which
is a spatial analysis module in the ArcGIS desktop software [58,59]. For the model setting,
we consider the geographic latitude and altitude where the study area is located, but we
also balance the computer run time and the simulation accuracy. The model parameter
settings are shown in Table 1.

Table 1. Parameter settings for the solar simulation in ArcGIS Solar Analyst [20].

Name Description Name Description

Slope/aspect Flat surface Building height N * 3.3 m

Time period 2014 (whole
year/average daily) Building grid size 0.5 * 0.5

Latitude 30.5◦ N Transmittance 0.5
Sky size 200 * 200 Hour interval 0.5
Proportion of diffuse radiation 0.3 Calculation directions 32

In order to make the simulation results closer to the local real values, we adopted a
LightScout Quantum Meter (Model: QMSS-S, Spectrum Technologies USA Inc., Fort Worth,
TX, USA) to carry out the solar radiation test at the sample site, and to correct the model’s
output. The formula is as follows:

Rsolar =
Rtest

Rsimulation
∗ Rmodel (1)

In this formula, Rsolar represents the solar radiation of the plant canopy; Rtest is the
solar radiation of the test point, as measured by the LightScout Quantum Meter; Rsimulation
is the simulated sunshine radiation of the test point, as generated by the Solar Analyst
model (ArcGIS software); and Rmodel is the maximum value of the model simulation. The
simulation process and results of the robust model are shown in Figure 2.

The wavelength of solar energy which can be used by plant photosynthetic activity is
in the band range of approximately 300–800 nm, which is known as “photosynthetically
active radiation” (PAR). Another means of measuring light quantity for plant growth
involves discrete units of quantum flux in the PAR region called "photons". Photosynthetic
Photon Flux (PPF) is commonly measured in units of micromoles per square meter per
second (µmoles/m2·s). In this paper, in order to maintain the accuracy of the numerical
conversion between model and instrument, we adopted 4.57 as the coefficient [60], from
solar radiation (W/m2) to PAR (µmoles/m2·s).
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Figure 2. Dynamic simulation of “Site-Plant-Sunshine” at three canopy heights in different seasons.

2.1.3. Health Criteria to Determine the State of Plant Growth

Plants are living organisms, and it is thus difficult to determine whether they are
healthy or not, especially for laypersons who are not horticulturalists or botanists. The
health problems of plants that are caused by solar radiation can be divided into two main
categories: excessive solar radiation and inadequate solar radiation. In the former case,
the high sunshine intensity causes plant damage, such as leaf burn, dead branches (young
shoots), and so on. In the latter case, the ornamental value of the plants is reduced, poor
growth occurs, and even death, due to the lack of sunshine.

There is no existing uniform standard for judging the health of plants, although this has
been addressed in some studies dedicated to the protection of old and famous trees [61,62]
and in studies of urban tree health management [63,64]. The Visual Tree Assessment (VTA)
method can also be used to describe the health of trees [65]. For the evaluation of plant
health problems caused by inappropriate sunlight, a literature introduced the “contrast
method of plant growth” between normal sunlight and restricted sunlight by means of the
analysis of leaf morphology and total growth [66].

In this study, we used the following indicators to judge the health of landscape
plants, covering three types of plants, i.e., trees, shrubs, and ground-cover plants. The
health evaluation system focuses on the state of plant growth in response to different solar
radiation levels, and was set as follows (Table 2).
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Table 2. Health standard system used to determine the state of plant growth.

Method Indicator
Health Levels

Description
Healthy (H) Sub-Healthy (S-H) Unhealthy (U-H)

Appearance
judgment

Leaf color Normal
Yellowed (parts of
colorful plants turn
green)

Brown (for the
growing season)

Experience-
based
judgment

Dead branch rate
(DBR) DBR ≤ 30% 30% < DBR ≤ 50% DBR > 50% Quantitative

calculation
Comprehensive status
of plant growth
(CSPG)

ExuberSant Weak Very weak or
withered

Experience-
based
judgment

Soil exposure level
(SEL) SEL ≤ 10% 10% < SEL ≤ 50% SEL > 50% Quantitative

calculation

Physiological
tests

Photosynthetic rate
(PR)

PR ± normal value
× 10%

PR ≥ normal value ×
50%

PR < normal value
× 50%

Quantitative
calculation

Chlorophyll content
(CC)

CC ± normal
value × 10%

CC ≥ normal value ×
50%

CC < normal value
× 50%

Quantitative
calculation

Other Leaf area index (LAI) LAI ≥ normal
value × 90%

Normal value * 90% <
LAI ≤ normal value ×
50%

LAI < normal
value × 50%

Quantitative
calculation

Note: ‘normal values’ are the values of the comparative samples, which are plants under normal conditions.

2.1.4. Data Fitting and Predictive Analysis

In order to reveal the pattern of the plant response to solar radiation, we adopted
SigmaPlot 12.5 (SYSTAT, San Jose, CA, USA), MS Excel 2016 (Microsoft Corporation,
Redmond, WA, USA), and MATLAB 2014 (MathWorks, Natick, MA, USA) for the data
fitting of the health levels of the landscape plants and the photosynthetic photon flux (PPF)
of the plant environment. The value of PPF is derived from the solar radiation model,
which is mainly located in the canopy of the sample plant. The simulated height is set to
6 m, 3 m and 0.5 m, respectively, for trees, shrubs and ground cover plants, as shown in
Figure 2. We could then infer the adaptability of the landscape plants for solar radiation
based on the results of the data fitting, including the shade tolerance, sensitivity to sunlight,
and the correlation between the health level of the plant and solar radiation.

2.2. Study Area and Location

The city of Wuhan, central China, is located between latitude 29◦58′–31◦22′ N and
longitude 113◦41′–115◦05′ E and is the capital of Hubei province. Wuhan features a
subtropical monsoon humid climate, abundant rainfall, and adequate heat for plant growth.
The annual average temperature is 15.8–17.5 ◦C, the frost-free period lasts from 211 to
272 days, there is abundant fresh water, and the city’s average annual rainfall is 1550–
2050 mm. The above data and information are publicly available data from the Wuhan
Bureau of Statistics website and Statistical Yearbooks. The study area consists of three
residential areas, Jindi, Dahua, and Yayuan, and all plant samples are from this study area.

2.3. Plant Samples and Data Management

The sample survey was based on quadrats and serves as a plant community that
includes both trees, shrubs, and ground-cover plants. The survey information was recorded
and encoded in the form of digital photos. However, the sample positioning and the height
of the plant canopy (trees or shrubs) are crucial in the processes of data collection, data
normalization, and data management. To solve this problem, we adopted the measurement
tools described in Section 2.4 and recorded the location data of the samples. The plant
samples and data were managed in ArcGIS software after conversion between the MS
Excel and GIS data tables, which is depicted in Figure 3.
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Figure 3. Sample distribution and data management based on ArcGIS.

In this research, we surveyed a total of 73 plant community quadrats, which covered
15 plant species and a total of 170 plant samples (Figure 3 and Table 3). The unified
Latin names of the landscape plants in the samples were established using Flora of China
(http://foc.eflora.cn/ (accessed on 25 February 2021)) and are used for the description of
the plants in this study, as shown in Table 3.

Table 3. Description of the landscape plant samples.

Scientific Name of the Plant Samples
(Latin Name)

Number of
Samples

Features

Type-1 Type-2

Tree Shrub Ground-Cover Plant Evergreen Deciduous

Cercis chinensis Bunge 7 × ×
Podocarpus macrophyllus (Thunb.) D. Don 5 × ×
Acer palmatum ‘Atropurpureum’ 6 × ×
Aucuba japonica var. variegata D’Om-Brain 8 × ×
Fatsia japonica (Thunb.) Decne. et Planch. 8 × ×
Mahonia fortunei (Lindl.) Fedde 8 × ×
Nandina domestica Thunb. 6 × ×
Ligustrum quihoui Carr. 16 × ×
Rhododendron simsii Planch. 19 × ×
Loropetalum chinense var. rubrum Yieh 14 × ×
Euonymus japonicus var. alba-marginata T. Moore 14 × ×
Aspidistra elatior Blume 7 × ×
Ophiopogon bodinieri Levl. 19 × ×
Oxalis corymbosa DC. 8 × ×
Zoysia matrella (L.) Merr. 25 × ×

2.4. Equipment, Instruments, and Techniques Used in the Study

The determination and analysis of the plant physiology, the determination of the
geographical location of the plant samples, the simulation of solar radiation, and the correc-
tion of the model parameters are the core steps of this study. Therefore, a comprehensive
application of various instruments, equipment, tools, and technologies was required for
the completion of our research, as listed in Table 4.

http://foc.eflora.cn/
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We measured the photosynthetic rate of the sample plants using the LI-6400XT
Portable Photosynthetic System on one fully expanded leaf from the newest leaf cohort of
each plant obtained in the field surveys, and processed the labeled data indoors. For the
chlorophyll content, handheld SPAD 502 are used to achieve these measurements. For the
quantitative indicators, leaf color and the overall status of plant growth were mainly based
on field imaging and laboratory judgments made by investigators and plant conservation
staff. In addition, the number of dead branches (shrubs or small trees only) of the sample
plants was recorded in the field. The determination of leaf area index (LAI) was also
done in the field through the touch probe method. The level of soil exposure (SEL) is
the percentage of exposed soil area with regard to the sample area, and is mainly used to
analyze ground-cover plants or lawns. SEL was obtained through the MATLAB platform,
using an image extraction technique.

Table 4. Equipment and techniques were used in this study.

Function Specific Name

· Recording and drawing · Sample survey form, image maps of the
study area

· Image acquisition · Digital camera (Nikon COOLPIX S8100),
smartphone

· Measurement and analysis of physiological
indices

· LI-6400XT Portable Photosynthetic System
(Li-Cor Inc.)

· SPAD 502 Plus Chlorophyll Meter

· Measurement of environmental light · LightScout Quantum Meter (Spectrum
Technologies USA Inc., model: QMSS-S)

· Simulation and analysis of solar radiation · Solar Analyst model, ArcGIS 10.2 for
desktop, ESRI.

· Distance measurement and parameter
correction

· Total station
· Tape measure

3. Results and Discussion
3.1. Plant Health Level Response to Solar Radiation

The reason why the health level of landscape plants responds to solar radiation is
that the amount of solar radiation flux determines the accumulation of photosynthetic
substances, such as carbohydrates [67]. Therefore, the same plant in different solar radiation
environments will show a different health status. The results depicted in Supplementary
Materials show that there is a diverse range of health responses to solar radiation among
the 15 species of landscape plants. Therefore, if the designer chooses different plant species
for urban greening and forestry, this would increase the likelihood of plant health problems.

One obvious phenomenon is that the health of Podocarpus macrophyllus (Thunb.) D.
Don and Aucuba japonica var. variegata D’Om-Brain is not affected by changes in solar
radiation, based on our findings (no. 2 and no. 4 in Supplementary Materials), especially
the PPF values of 16–120 µmol/m2·s and 9–325 µmol/m2·s, respectively. Therefore, it can
be inferred that these plants have a wide range of applications for diverse solar radiation
environments. Nevertheless, the literature [68] revealed that different solar radiation
levels can affect root soil temperature and water content, thereby affecting plant growth.
However, this factor is difficult to consider in a natural experiment. The small number of
plant samples may also be an important reason for the two plant species, which will affect
the fitted curve. In order to explore this linear law, the scope of investigation should be
expanded in future research, even between different cities to obtain more sufficient data.

Cercis chinensis Bunge, Mahonia fortunei (Lindl.) Fedde, Nandina domestica Thunb.,
Ligustrum quihoui Carr., and Loropetalum chinense var. rubrum Yieh (nos. 1, 6, 7, 8, and
10 in Supplementary Materials) show more significant responses to changes in PPF. The
five plant species show PPF thresholds of 78 µmol/m2·s, 78 µmol/m2·s, 10 µmol/m2·s,
150 µmol/m2·s, and 77 µmol/m2·s, respectively, for the transition from the sub-healthy to
healthy status when the other ecological factors are the same. To this end, mapping the laws
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of health responses is very valuable information for adaptive plant selection and configura-
tion based on the spatial pattern of solar radiation, especially when supported by digital
technology, such as geographic information systems and decision support systems [20,21].

The health level is irregular in response to solar radiation for some plant species,
such as Rhododendron simsii Planch., Euonymus japonicus var. alba-marginata T. Moore,
Ophiopogon bodinieri Levl., and Zoysia matrella (L.) Merr., especially the transition from
unhealthy to sub-healthy (nos. 9, 11, 13, and 15 in Supplementary Materials). For the
above plants, the thresholds are 144 µmol/m2·s, 164 µmol/m2·s, 60 µmol/m2·s, and
208 µmol/m2·s, respectively, for the transition from sub-healthy to healthy status. Our
results show that Ophiopogon bodinieri Levl. is more tolerant to shading, and Zoysia matrella
(L.) Merr. needs more solar radiation to maintain vitality, because it belongs to the C4
Poaceae family and is considered a warm-season grass [69–71]. In the practice of adaptive
planning of plants, these response characteristics can serve as the basic data for plant
species selection and community configuration [72–74].

3.2. Plant Sensitivity to the Changes of Solar Radiation

We adopted the regression analysis method to reveal the sensitivity of landscape
plants to PPF changes (Supplementary Materials, Figures 4 and 5). In Supplementary
Materials and Figure 5, linear regression models are applied for the 15 landscape plants
between health levels and PPF. The R2 and slope values represent the degree of relevance
and the sensitivity, respectively. At the same time, the positive and negative values of the
slope indicate a positive or negative correlation, respectively, in Figure 4.

Figure 4. Slope ranking of the linear models in the 15 landscape plant species.
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Figure 5. The ranking of the correlation coefficients (R2) for the 15 landscape plant species.

The results show that Mahonia fortunei (Lindl.) Fedde, Ligustrum quihoui Carr., and
Rhododendron simsii Planch. are the top three most sensitive plants to changes in PPF (nos.
6, 8, and 9 in Supplementary Materials and Figure 4). Therefore, landscape architects
should pay more attention to these plants, especially when the PPF is below 78 µmol/m2·s,
150 µmol/m2·s, and 144 µmol/m2·s, respectively, at which point the health status shifts
from healthy to sub-healthy. In contrast, Podocarpus macrophyllus (Thunb.) D. Don and
Aucuba japonica var. variegata D’Om-Brain are only slightly affected by the change in PPF,
especially in the ranges of 16–120 µmol/m2·s and 9–325 µmol/m2·s, respectively (nos. 2
and 4 in Supplementary Materials). This means that both plants have a wide range of
applications and are not limited by the solar radiation variation in urban areas. Meanwhile,
for Aspidistra elatior Blume, Acer palmatum ‘Atropurpureum’, and Oxalis corymbosa DC., the
slope of the linear fitting between health level and PPF is negative, which indicates that
excessive solar radiation is unfavorable for their health. Related research has revealed that
plant height, number of leaves, leaf blade length and width, leaf area, and fresh and dry
weights of leaf are greatly increased in grown Aspidistra plants under shady conditions
compared with those grown under full sunlight conditions [75]. From this, we can see that
the above conclusion supports our fitting results for Aspidistra elatior Blume (Figure 6 and
Supplementary Materials).

However, the effect of solar radiation on plant health is complex for some species.
Therefore, our research attempted to reveal these response relationships through nonlinear
fitting, as shown in Supplementary Materials. The results show that Aspidistra elatior
Blume is a shade-loving plant species, and its health is not affected when the PPF of the
planting environment is between 6–107 µmol/m2·s; however, when the PPF increases to
262 µmol/m2·s, the health status changes from healthy to sub-healthy. This conclusion has
been confirmed in many other studies [75–77]. For other plants which are not shade-tolerant
and cannot tolerate strong solar radiation, such as Acer palmatum ‘Atropurpureum’ and
Oxalis corymbosa DC, the application scope of these plants is relatively narrow. However,
planners could overcome this problem through solar analysis and then selecting adaptive
plant species for urban greening [20].
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Figure 6. Numerical comparison between LCP-LSP and the sub-healthy and healthy levels, as measured by LI-6400XT and
forecast by our digital framework, respectively.

3.3. Accuracy Analysis of the Forecasting Framework

In order to verify the accuracy of the digital forecasting framework, the LI-6400XT
Portable Photosynthetic System was used for the field measurement of photosynthetic
rate (Pn)-PAR response curves, and to obtain the values of LCP and LSP based on the
different photosynthetic intensity settings of the red/blue LED light source, from 0 to
2000 µmol/m2·s. Our results show that the healthy level is higher than LCP, which
are both much lower than LSP. However, the sub-healthy level is the survival line for
landscape plants, which is more valuable for adaptive plant selection in practice. In
addition, we cannot obtain the LCP and LSP data of Zoysia matrella (L.) Merr through the LI-
6400XT, due to the fact that the leaves are too small to be measured by the needle chamber
(2 × 6 cm). Our research indicates that the sub-healthy and healthy levels of Zoysia matrella
(L.) Merr are higher (Figure 6). Therefore, this plant belongs to the sun-loving plant species,
although some cultivars of zoysia grass have reported differences within a certain range of
shading [78,79].

The sub-healthy level is higher than the healthy level for Aspidistra elatior Blume,
which is able to tolerate extreme shading, even in a 6 µmol/m2·s PPF environment. Many
studies have confirmed that the biomass of this species can be increased by reducing solar
radiation [75–77], so it belongs to the shade-loving plant species. It is noteworthy that
LCP is higher than the sub-healthy level for Cercis chinensis Bunge in Figure 6. The results
reported by other scholars suggest that the LCP of this species is 31.98 µmol/m2·s [46].
From this, we can see that both the accuracy and stability of the LI-6400XT are greatly
affected by the environment and the operator. Detailed comparison data are listed in Table 5.
In addition, we found that the growth of Euonymus japonicus var. alba-marginata T. Moore
was poorer than that of Euonymus japonicus (original species) at a PPF of 65 µmol/m2·s, and
its sub-healthy and healthy levels are also higher than the original species, so we conclude
that the lower chlorophyll content of the variegated leaf variety results in a decrease in its
photosynthetic capacity [80,81]. Overall, our forecasting framework is relatively robust
and can be used as an effective tool for the assessment of the solar radiation response of
landscape plants.

Because of the ecological factors that affect plant health are diverse and can play a
synergistic role. In this study, in order to verify the stability and reliability of our results,
a comparison of the research is shown in Table 5, between our research and the results
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of others. The distribution of these experimental sites is located in the cities of Wuhan,
Changsha, Nanjing and Chongqing, respectively. They have similar geographic latitudes
and are used to eliminate interference from climatic and soil factors. The results show that
the healthy level is much higher than the value of LCP, the sub-healthy level is also almost
higher than the LCP, except Nandina domestica Thunb. and Mahonia fortunei (Lindl.) Fedde.
In our research, it is found that the solar radiation of the planting site should meet the
healthy level of landscape plants, so that its ecological functions and artistic effects can be
better exerted. In practice, the value of healthy level can be converted into the percentage of
total solar radiation, combined with GIS spatial analysis and the landscape plant database,
techniques to achieve the goal of “right tree, right place” in future research. In contrast, the
LCP and LSP data lack the practical values in the digital process of plant species selection
and configuration for landscape architects.

Table 5. Comparison between the results of our research and studies of other scholars.

Scientific Name
of Plant

LCP (µmole/m2·s) Data of this Research [72]

Data-1 [44]
Wuhan

Data-2 [46]
Changsha

Data-3 [43]
Nanjing

Data-4 [45]
Chongqing Sub-Healthy Healthy

Fatsia japonica (Thunb.) Decne. et
Planch. 8.91 8 — — 11 38

Loropetalum chinense var. rubrum
Yieh — 8 23 27.3 40 120

Rhododendron simsii Planch. 22.97 16 — 32.27 49 153
Euonymus japonicus var.

alba-marginata T. Moore 23 — — — 144 295

Nandina domestica Thunb. 17.68 — — — 10 38
Mahonia fortunei (Lindl.) Fedde 42.29 — — — 31 110

Cercis chinensis Bunge — 31.98 — — 48 321
Aucuba japonica var. variegata

D’Om-Brain — 8 — — — 9

Note: ‘LCP’ is the abbreviation of light compensation point, and the symbol ‘—’ indicates no data.

4. Conclusions and Outlook

In this paper, a digital framework has been proposed to predict the sunshine require-
ments of landscape plants, combined with the digital simulation for solar radiation and
some equipment. The results could be used for plant selection and configuration based
on site adaptability, and could act as a basic reference for the practice of urban greening
and sustainable urban forest management. The main innovation of this research is the
introduction of a health standard system for landscape plants based on black-box thinking
and digital technology. When combined with LI-6400XT validation, the results indicate that
the digital framework has a good prediction accuracy and stability. From the comparison
with the results of other scholars, we can see that the healthy level as an indicator used to
test the solar radiation response of plants has more practical value than the LCP indicator,
especially for the application of information technology in the future, such as intelligent
decision support systems.

The biggest challenge for our research is to find more plant species and samples
in different geographic latitudes and climate regions, and obtain their values of healthy
level for sunshine requirements. In this study, we have predicted the sunshine demand
values of 15 landscape plant species in the city of Wuhan, and proposed optimization
strategies based on the site types, the annual total solar radiation, and growth status of plant
(Figure 7). Under our technical guidance and suggestions, some dead landscape plants
due to inappropriate sunshine in study areas, have been replaced with more adaptable
plant species (Figure 8).
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Figure 7. Optimization for landscape plant selection and community configuration based on the site types and solar
simulation.

Figure 8. Planting areas for Zoysia matrella (L.) Merr., which was replaced with Ophiopogon bodinieri Levl.

In natural planting sites, such as residential areas, the number of plant samples is
often limited by many factors, which can affect the accuracy of the data fitting between
the health responses of plants and solar radiation. Soil moisture is a very important factor
for plant health. The reality is that our study cannot control this factor, to ensure absolute
consistency for soil moisture. However, as a residential area with the complete irrigation
facilities, we can assume the same soil conditions for study areas, especially in the case of a
sufficiently large number of samples. In addition, we also found that the practical value of
this research is greater in high latitude regions, because of the great changes in the solar
altitude angle in a year. In our future research, we will collect more plant samples in similar
geographic locations in built-up areas, and we will attempt to more accurately predict the
healthy, sub-healthy, and unhealthy levels of a specific plant species. Furthermore, the
solar radiation model reveals the distribution of plant species and plant diversity in urban
built-up areas, which needs to be further explored.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/5/2098/s1, Figure S1: study area; Figure S2: test location for the calibration of solar model;
Figure S3: testing for PPF; Figure S4: Health level responses to Photosynthetic Photon Flux (PPF) in
15 landscape plants; Figure S5: Linear fitting between plant health level and solar radiation; Figure
S6: Nonlinear fitting between plant health level and solar radiation. Table S1: sample screening; Table
S2: linear model, and correlation coefficient (R2).

https://www.mdpi.com/2076-3417/11/5/2098/s1
https://www.mdpi.com/2076-3417/11/5/2098/s1
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