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Background and objectives: Urban scenic forests are a main component of 
forest parks, and a quantitative study of the landscape color of urban scenic 
forests can provide a scientific reference for the planning of forest parks and 
the design of scenic forest management measures. The purpose of the study 
is to find the quantitative correlation between autumn landscape color and 
ecological service functions and to obtain the important influencing factors.

Materials and methods: This study focuses on Purple Mountain National Forest 
Park in Nanjing as a case study area and uses forest resource survey data 
from Purple Mountain National Forest Park in 2020, autumn landscape color 
photograph data from Purple Mountain National Forest Park in 2020, and digital 
elevation model data as the main information sources. The correlation between 
two ecological functions of above-ground biomass (AGB), tree species diversity 
(TSD), and influencing factors (including color factors, stand factors, and terrain 
factors) were both analyzed by Pearson correlation analysis. Then, multiple 
linear regression (MLR) and random forest (RF) methods were used to perform 
the quantitative relationship between the functions.

Results: The results show that, in the established quantitative models of AGB, 
with TSD as the dependent variable, the correlation coefficients of the MLR 
model are both above 0.784, while the correlation coefficients of the RF model 
are all above 0.872. Moreover, the brightness value of the main color (BRI), the 
number of yellow-green blocks (NYG), and the number of yellow blocks (NY) 
have important effects on the two ecological service functions.

Conclusion: In conclusion, there are complex non-linear relationships between 
the ecological service functions of AGB, TSD, and influencing factors, and the 
landscape color can reflect the ecological function of the scenic forest to some 
extent. In addition, stand factors and color factors have important effects on 
the ecological function of AGB. Color factors and terrain factors have important 
effects on the ecological function of TSD. BRI, NYG, and NY have important 
effects on the two ecological functions. Finally, this quantitative method has 
universal applicability in the temperate zone, warm temperate zone, and 
subtropical zone of China.
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1 Introduction

With the acceleration of urbanization, Purple Mountain, located 
in the eastern suburb of Nanjing, has gradually become a “mountain 
in the city.” Furthermore, the social and economic conditions 
surrounding Purple Mountain have greatly changed. The increasing 
income and leisure time have caused the daily number of tourists 
visiting Purple Mountain National Forest Park to increase (Wang 
et al., 2020). The data show that the annual number of tourists visiting 
Purple Mountain Forest Park in 2008 reached 6.2 million. By 2012, 
this number had increased to 15.69 million (Cheng, 2014). Due to the 
presence of plentiful resources of colored leaf species, the forest 
scenery is popular among tourists, especially in the autumn. The 
number of visitors to Purple Mountain in the fall is higher than in 
other seasons. The original function of the Purple Mountain scenic 
forest was relatively singular, and the recreational resources of the 
peripheral landscape are scarce and cannot meet the increasing needs 
for recreational and color esthetic purposes of urban residents and 
tourists. As a national urban forest park, finding a way to coordinate 
multiple benefits, such as social benefits (Kim et al., 2020), esthetic 
benefits (Li, 2021), climate and physical benefits (Dadvand, 2019; 
Wang et al., 2019), and ecological benefits (Tyrväinen et al., 2005; 
Wang and Zhao, 2020), to meet the increasing leisure and 
entertainment needs of the public has become an urgent problem to 
be solved in Purple Mountain Forest Park.

1.1 Literature

Seasonal autumn color is common and occurs worldwide 
(Burnside, 2023). The changing leaf color in woody plants is caused 
by the unmasking of carotenoids and the breakdown of chlorophyll, 
which is considerably related to the leaves’ intense yellow coloration 
(Li et al., 2018). In terms of red coloration, anthocyanins are often 
treated as a functional indicator because they are beneficial for 
branches and the trunk in terms of enhancing the recovery rate of 
foliar nitrogen and other resources through the protection of photo-
oxidation and photo-inhibition (Liu et al., 2016).

However, young tree leaves with a red color in tropical regions are 
the result of physiological causes (Wang et  al., 2023), such as 
scavenging reactive oxygen species and defense against 
photoinhibition. Researchers observed that differences in relative 
humidity and light availability are related to autumn phenological 
variation. Moreover, air temperature and light were analyzed as 
microenvironmental drivers and were found to have an impact on the 
extent of differences in leaf senescence among overstory, mesostory, 
and understory trees, which are the three vertical canopy positions 
(Gressler et al., 2015). Klosterman and Richardson (2017) calculated 
the color indices from drone imagery of an oak-dominated temperate 
deciduous forest and found that the plant area index not only 
correlated with the canopy greenness index in the spring green-up but 

also correlated with the canopy redness index during autumn  
senescence.

Since the scenic beauty evaluation method (SBE method) can 
objectively reflect the esthetic value of the actual landscape, it can 
be adopted in the esthetic evaluation of the autumn color landscape. 
Zheng et al. (2016) used a community survey to carry out an esthetic 
evaluation of scenic forests with the SBE method. Based on different 
elevation levels, the autumn landscape color was quantified, and the 
color distribution and esthetic quality of different plant communities 
were obtained. Liu et al. (2023a,b) obtained the tourists’ preference for 
the color of forest landscapes by questionnaire survey. The results 
showed that tourists prefer to stay with different forest landscape 
colors. Additionally, color helps people to understand their 
surroundings and influences our behavior consciously or 
unconsciously (Günes and Olguntürk, 2020).

Different landscape colors, such as warm colors and cool colors, 
affect psychological and physiological wellbeing (Neale et al., 2021). 
People can achieve the beneficial effect of color esthetics ecological 
service (Chalmin-Pui et  al., 2021). Meanwhile, landscape colors 
trigger various emotional reactions from people (Günes and 
Olguntürk, 2020). Compared to green foliage, autumn-leaf and 
flowering plants have higher restorative potential (Kuper, 2020). In the 
diverse forest landscape, colors, tourists’ attention recovery, landscape 
preference, and length of stay vary. Tomitaka et al. (2021) conducted 
a face-to-face questionnaire survey to obtain data on plant 
communities of people’s esthetic preferences. The results showed that 
biological communities with higher flower color diversity and species 
richness, as well as the absence of shrubs, are preferred. In urban areas, 
green walls play an important role in improving people’s health and 
wellbeing. Living walls will have high esthetic value if designed using 
color contrast principles (Thorpert and Englund, 2023). In addition, 
the seasonal forest landscape has psychological benefits for tourists 
(Liu et al., 2023a,b). The scenes with red and yellow and red color 
blocks are more preferred. Tourists feel comfortable in the 
environment with relatively low color temperature and high saturation.

Currently, there is limited research available on the relationships 
between ecological service functions and seasonal landscape colors. It 
is urgent to find the relationships to provide scientific reference and a 
basis for the ecological planning and construction of colored 
scenic forests.

1.2 Hypothesis and aim of study

It is possible to conduct forest management rationally by utilizing 
fully the seasonal change characteristics of subtropical forests to study 
ecological functions. This study aims to explore the relationship 
between landscape colors and the ecological functions of scenic 
forests, which can provide discriminant methods and data support for 
maximizing the ecological functions of forest parks.
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2 Materials and methods

2.1 Study area

This study focuses on Purple Mountain National Forest Park, 
which lies in the city of Nanjing, Jiangsu, China (Figure 1). The forest 
park has a total area of 3008.8 ha (Yang and Li, 2023). It belongs to the 
transition zone between the north subtropical zone and the warm 
temperate zone, with abundant sunshine and distinct seasonal 
changes. The park is a mixed growth area of deciduous broadleaved 
forest and evergreen broadleaved forest, with abundant plant species 
and an obvious transitional vegetation composition. The dominant 
tree species are Pinus massoniana, Liquidambar formosana, and 
Quercus acutissima (Sun and Pan, 2022). It is a significant urban forest 
green space in which the forest coverage rate reaches 70.2% and 
accounts for 15.6% of the total forest area in Nanjing. Purple Mountain 
National Forest Park is well known for hosting many visitors. In recent 
years, the average annual number of visitors has been approximately 
8 million, and the number of climbers each year is approximately 9 
million (Yang and Tang, 2020). The shape of the distribution of tourist 
volume in Purple Mountain Forest Park in 1 year is bimodal, with 
peaks in spring (March–May) and autumn (October). This seasonal 
change in tourists over 1 year is the unique advantage of urban forest 
parks. Purple Mountain has been recognized as one of the 40 best 
tourist attractions in China since 1991 and was assessed as a nationally 
civilized scenic area in 1999. The urban forest park was designated as 

an “AAAAA-level tourist area” and was certified by the ISO14000 
environmental management system in 2000.

2.2 Data collection

The data sources used in this study include the forest resources 
survey data (includes 662 forest sub-compartments) for Purple 
Mountain National Forest Park in 2020 (GB/T 26424–2010), the 
autumn landscape color photograph data for Purple Mountain 
National Forest Park in 2020, and DEM data (digital elevation model 
made according to a 1:10,000 topographic map of Purple Mountain 
Forest Park, with spatial resolution of 3.3 × 3.3 m). The characteristic 
factors of the stands can be obtained from the forest resources survey 
data for Purple Mountain National Forest Park collected in 2020, 
including the average diameter at breast height (DBH), average tree 
height (AH), unit volume (UV), and canopy density (CD) of each 
forest sub-compartment. The autumn landscape color photograph 
data for Purple Mountain National Forest Park obtained in 2020 were 
used for landscape color quantification. DEM data were used to 
extract terrain factors, such as slope (SL) and aspect (AS).

The collection time of autumn landscape color photographs was 
during the months of October and November in the year 2020. A total 
of 1,324 photos were taken. Two photographs were taken in each 
forest sub-compartment according to the forest resources survey data 
of Purple Mountain National Forest Park in 2020. These two 

FIGURE 1

Location of Purple Mountain National Forest Park, Nanjing, Jiangsu.
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photographs were randomly sampled, and one photograph was 
selected. Finally, a total of 662 photographs of 662 forest 
sub-compartments were selected for the study data. To truly reflect the 
characteristics of the autumnal color landscape of scenic forest and to 
make the landscape more comparable, photographs were taken with 
the same standards.

2.3 Quantitative data of landscape color

The quantitative data of landscape color consider 24 hue wheels 
as the color system, the Hue, Saturation, and Brightness model (HSB 
model) as the color model, and ColorImpact (version 4.2.5) software 
as the platform to extract and quantify the different color blocks in the 
662 collected photographs one by one. The 24-hue wheel is used for 
the qualitative classification of landscape colors with different hue 
values. The HSB model is used to quantify the hue value, saturation 
value, and brightness value of each specific color block in each 
photograph. The composition proportion represented by each color 
block in each photograph was obtained with ColorImpact. The 
objectives of color quantification are identifying the main landscape 
color and all colors composing each photograph. The main landscape 
color refers to the color representing the largest proportion of the total 
color in each forest sub-compartment, and all composed colors are 
each individual color composing the entire landscape in each forest 
sub-compartment.

After data processing, a total of 11 quantitative variables regarding 
color were obtained, including the hue value of the main color (HUE), 
the saturation value of the main color (SAT), the brightness value of 
the main color (BRI), the proportion of the main color in each forest 
subcompartment (PM), the number of red blocks (NR), the number 
of red-orange blocks (NRO), the number of orange blocks (NO), the 
number of orange-yellow blocks (NOY), the number of yellow blocks 
(NY), the number of yellower yellow-green blocks (NYYG), and the 
number of yellow-green blocks (NYG).

2.4 Ecological service function data

Forest ecosystems represent the key link of the Earth’s energy 
cycle, with important ecological service functions. In urban forests, 
plants, as primary producers, can absorb CO2 through photosynthesis 
and release O2, thereby slowing global warming (Zhang et al., 2023). 
However, trees have a large carbon pool, a high leaf area index, and a 
long life cycle and can effectively sequester carbon and cool 
temperatures (Hu et  al., 2021, 2023). Forest biomass is a basic 
parameter used to describe the structure and function of forest 
ecosystems (Swamy et al., 2023). Many ecosystem processes interact 
with forest biomass (Maxwell et  al., 2023). Since it is difficult to 
measure forest biomass underground, most studies focus on 
estimating the above-ground forest biomass (Ketterings et al., 2001; 
Yang B. et al., 2023).

Biodiversity is the biological resource on which human beings 
depend for survival. Urban forests provide habitats for wildlife 
(Ananyev et al., 2023; Burrascano et al., 2023) and provide residents 
with recreational viewing places (Marselle et al., 2021). The quality of 
urban ecosystems can be  reflected scientifically through the 
biodiversity index, which can be used to carry out scientific planning 

for urban forestry (Hedin et al., 2022; Liu et al., 2023a,b). To describe 
the species diversity of a community quantitatively, a diversity index 
can be  introduced. As the basic unit of this study is the forest 
sub-compartment, it is reasonable to measure the tree species 
composition in a forest community with the Shannon—Wiener index, 
which can be used to quantify α diversity (Fry et al., 2009; Coote et al., 
2013; Tinya et al., 2023).

In urban areas, trees can sequester carbon through above-ground 
biomass to maintain the biological diversity and provide residents 
with multiple ecosystem service functions to optimize their living 
environment (Carrus et  al., 2015). Therefore, the quantitative 
relationships between landscape colors and ecological functions can 
be reflected through two ecological indicators: above-ground biomass 
(AGB) and tree species diversity (TSD).

2.4.1 AGB
Fang et al. (1996) proposed the widely used method (Li et al., 

2023; Liu et al., 2023a,b) of the continuous conversion factor function 
to estimate forest biomass and introduced the model of biomass and 
accumulation with the calculation parameters of the dominant tree 
species, which overcame the shortcomings of the static conversion 
parameters of the biomass conversion factor method. This method is 
also used in this study to predict biomass. The equation is as follows:

 B a V b� ��  (1)

In the formula, B is the stand biomass per hectare (m3/hm2), V is 
the stand volume per hectare (t/hm2), and a and b are the parameters. 
The biomass is calculated for each forest sub-compartment.

2.4.2 TSD
For tree species diversity, we calculated the Shannon–Wiener’s 

diversity index (H).

 
H p pi ii

S� � �� ln
1  (2)

In the formula, pi is the proportional abundance of species i 
among the total number of tree individuals of all species (in 662 forest 
sub-compartments), and S is the total number of tree species in each 
forest sub-compartment.

2.5 Quantitative analysis methods

Multiple linear regression (MLR) is a multivariate statistical 
technique for examining the linear correlations between two or more 
independent variables and a single dependent variable. Due to its 
good interpretability, MLR is one of the most commonly used 
estimation models for forest parameters (Zhang et al., 2020). MLR has 
been widely employed in numerous studies of scenic beauty (Gosal 
and Ziv, 2020; Egbueri et al., 2023). This method is also used to analyze 
the relationships between various factors in the study of the seasonal 
color landscape of scenic forests (Chen et al., 2008). Thus, this method 
was introduced to analyze the existence of a linear relationship 
between independent variables and dependent variables.

Random forest (RF) belongs to the integrated learning algorithm. 
RF uses an ensemble of classification trees. Each classification tree is 
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built using a bootstrap sample of the data, and at each split, the 
candidate set of variables is a random subset of the variables. Thus, the 
RF applies the bagging algorithm and random variable selection for 
tree building. Each tree is pruned to obtain low-bias trees (Breiman, 
2001). RF models have been used in recent years to predict forest 
attributes, such as tree species distribution and the succession stage. 
Therefore, the RF model can also be effectively introduced in analyzing 
the existence of a non-linear relationship between independent 
variables and dependent variables in this study.

The correlation coefficient and root mean square error between 
the predicted values and the measured values are often used to 
evaluate the prediction accuracy of estimation models (Isles, 2024; 
Zhang et  al., 2024). In addition, the mean absolute error, relative 
absolute error, and root relative square error are used in the evaluation 
of model performance by some experts (Deng et al., 2014; Sun et al., 
2024). In this study, the above-mentioned five indices were calculated 
to evaluate the prediction performance of the quantitative models by 
the two above-analyzing methods using a 10-fold cross-validation 
method. R was developed by Ross Ihaka and Robert Gentleman from 
the University of Auckland, New Zealand. It is software mainly applied 
in statistical analysis in various fields of study. Therefore, the multiple 
linear regression analysis in this study was conducted using R4.2.3 as 
the software platform.

3 Results

3.1 Quantitative analysis of the relationship 
between the ecological functions and 
influence factors

3.1.1 Pearson correlation analysis
To explore the relationships between landscape color factors and 

ecological functions, the relationships between the 17 factors of PM, 
NR, NRO, NO, NOY, NY, NYYG, NYG, DBH, AH, UV, CD, SL, AS, 
HUE, SAT, and BRI and AGB and TSD were analyzed by Pearson 
correlation analysis. The results show that 10 factors are correlated 
with AGB (p < 0.05). Among them, only NO (−0.08), HUE (−0.116), 
and BRI (−0.102) showed a negative correlation. The 7 remaining 
factors, NY (0.116), SAT (0.159), UV (0.865), DBH (0.802), AH 
(0.845), CD (0.689), and SL (0.114), were all positively correlated with 
AGB. All the factors show an extremely significant correlation with 
AGB (p < 0.01), except NO (p < 0.05). Additionally, 14 factors were 
correlated with TSD (p < 0.01). NRO (−0.122), NY (−0.334), HUE 
(−0.125), and PM (−0.203) were negatively correlated with 
TSD. However, the 10 factors of NOY (0.268), NYYG (0.138), NYG 
(0.181), SAT (0.212), BRI (0.215), UV (0.148), DBH (0.173), AH 
(0.180), CD (0.171), and SL (0.376) were positively correlated 
with TSD.

Among them, there are nine factors with extremely significant 
correlation with the two ecological functions (p < 0.01): SL, PV, DBH, 
AH, CD, NY, HUE, SAT, and BRI. Among them, SL, PV, DBH, AH, 
CD, and SAT are positively correlated with the two ecological function 
dependent variables, while HUE is negatively correlated with the two 
ecological functions. NY is positively correlated with the ecological 
function of AGB but negatively correlated with TSD. BRI is negatively 
correlated with AGB but positively correlated with TSD. This indicates 
that, with the increase of the average DBH, the average tree height, the 

unit volume, the canopy density, the slope, the saturation value of the 
main color, and the decrease of the hue value of the main color, the 
function of the above-ground biomass, and the tree species diversity 
of the stand will be more significant. At the same time, when the 
number of yellow blocks in landscape colors is increasing, the 
ecological function of above-ground biomass is stronger, while the 
ecological function of tree species diversity is weaker.

In general, the stand is healthy and flourishing with a larger 
average DBH, higher average tree height, larger unit volume, and thick 
canopy. With the increase of slope in a certain suitable range, the light-
receiving area of stands will be increased, promoting the growth of 
stands. Therefore, the above-ground biomass will be higher. Generally, 
the species with higher above-ground biomass are mostly concentrated 
in the dominant color-leaved species communities of Liquidambar 
formosana and Quercus acutissima in the study area. In the dominant 
species community of Liquidambar formosana and Quercus 
acutissima, the dominance degree of the dominant species is relatively 
low. The community generally consists of at least two dominant 
species, and the tree species diversity is relatively high. In addition, 
sufficient illumination speeds up the decomposition of chlorophyll in 
leaves. Then, the leaves will expose carotenoids to a greater extent, 
presenting a highly saturated color landscape with an excellent low 
hue value. When in a thin forest with good light transmittance, small 
trees and shrubs grow fast with sufficient light. Therefore, the need for 
moisture and nutrients in the soil is increasing, which will form a kind 
of competition relations between the small trees, shrubs, and 
dominant trees. This mutual influence relationship leads to the weak 
growth of dominant tree species with less color-changing leaves, 
which reduces the above-ground biomass but improves the species 
diversity with the increase in the number of species.

3.1.2 Establishment of a quantitative relationship 
model

The 17 factors were input as independent variables, and AGB and 
TSD were input as dependent variables to establish the MLR model. 
During processing, all the independent variables were screened step 
by step. After establishing the model, the probability values of the “F 
statistic” of the three models were all 0.00 according to ANOVA. Since 
0.00 < 0.01, the original hypothesis that the overall regression 
coefficient is 0 can be  rejected, indicating that there is a linear 
relationship between the independent variables and the dependent 
variables. The probability values of the T-tests of the introduced 
independent variables need to be greater than 0.05. All independent 
variables involved in the modeling should be  guaranteed to 
be  significant (sig < 0.1). Through collinearity diagnosis, the VIF 
values of the independent variables were all found to be less than 5, 
indicating no collinearity. Finally, the two best multiple linear 
regression models of AGB and TSD were established. In the MLR 
model with AGB as the dependent variable, there were five factors, 
namely NRO, NO, BRI, UV, and AH. NR, NRO, NOY, NYYG, NYG, 
PM, DBH, CD, SL, HUE, SAT, and BRI were included to establish the 
MLR model with TSD as the dependent variable.

For the RF method, ntree (controlling for the number of trees 
present) and mtry (controlling for the number of predictor variables 
randomly sampled as candidates at each split) are two parameters that 
need to be  tuned. Finding the best combination of parameters is 
critical to obtaining and optimizing the best model. For each model, 
the number of trees (ntree) uses the same increasing increment (100 
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trees, 110 trees, 120 trees, …, 1,000 trees). For mtry, the default value 
is one-third of the number of predictor variables (mtry = 6); half 
(mtry = 3) and 1.5 times (mtry = 9) the default values were also checked.

In the establishment process of RF models, the results 
(Figures 2A–F) show that the changes in the error depend on the ntree 
and mtry values used. As the number of trees and the value of the mtry 
of the model increase, the error first decreases and then stabilizes. 
When the number of trees is 200 and mtry = 9, the error is the lowest 
(1316.67). Therefore, we  chose these two values as the tuning 
parameters to establish the RF model of the quantitative relationship 
between AGB and influence factors (Figures  2A–C). When the 
number of trees is 200 and mtry = 9, the error is the lowest (0.00048). 
Thus, we chose these two values as the tuning parameters to establish 
the RF model of the quantitative relationship between TSD and 
influence factors (Figures 2D–F).

Compared with the correlation coefficients of the two established 
MLR models and the two established RF models (Tables 1, 2), the 
correlation coefficients of the RF models and the multiple correlation 
coefficients are all higher than that of the MLR models, which explains 
more variance. Therefore, the two ecological functions and influence 
factors, including color factors, stand factors, and terrain factors, 
mainly exist in the more complex non-linear quantitative relationship.

3.1.3 Main influencing factors
According to the significance analysis (Figure 3), UV, AH, DBH, 

CD, NOY, BRI, NY, and NYG had a greater impact on AGB ecological 
function. Among them, four stand factors have the main effect 
compared with other factors. The factor UV has the largest effect on 
AGB, and the stand factors AH and DBH also have an effect on the 
ecological function of AGB. Among the four color factors, the 

FIGURE 2

Tuning RF—the influence of the mtry and ntree values on the RF model (A–C) represent, respectively, tuning the RF model of AGB:mtry  =  3, mtry  =  6 
and mtry  =  9; (D–F) represent, respectively, tuning the RF model of TSD: mtry  =  3, mtry  =  6 and mtry  =  9.

TABLE 1 Quantitative relationship between AGB and influence factors.

Model Correlation 
coefficient

Mean absolute 
error

Root mean 
squared error

Relative absolute 
error

Root relative 
squared error

MLR 0.8798 23.665 39.0377 35.8983% 47.6069%

RF 0.8878 23.238 37.6819 35.2507% 45.9535%
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difference in importance with the stand factor, CD, is little. The three 
factors NOY, NY, and NYG are centrally distributed in the stands with 
some characteristics that reflect the good or bad of AGB to some 
extent. In addition, BRI can reflect the canopy density of the stand so 
as to reflect the growth situation of the stand and then reflect the 
difference of AGB.

It can be seen that the eight independent variables of BRI, NYG, 
HUE, NY, SL, PM, NYYG, and SAT have a greater impact on the 
ecological function of TSD (Figure 4), including one terrain factor and 
seven color factors. BRI has the greatest influence on TSD. It indicates 
that the BRI factor can reflect the growth of tree species by reflecting 
the light transmittance of the stand and then reflect the ecological 
function of TSD. The six color factors of NYG, HUE, NY, PM, NYYG, 
and SAT are the composition and the distribution of landscape color. 
They can reflect the corresponding intensity of illumination and light 
reflection so as to reflect the difference of TSD. SL can affect the 
strength of tiny illumination and the distribution of tree species and 
soil nutrients, directly affecting TSD.

Overall, stand factors and color factors have important effects on 
the ecological function of AGB. Color factors and terrain factors have 
important effects on the ecological function of TSD. BRI, NYG, and 
NY have important effects on the two ecological functions. Based on 

the results above, the dominant tree species with leaves in yellow-
green or yellow in autumn should be strengthened and refined in 
forest management, such as broadleaf mixed forest and other Quercus. 
Thus, the scenic forests can better utilize their ecological service 
functions and provide people with a good living environment.

4 Discussion

Researchers prefer to collect photos to conduct research on 
landscape colors or scenic beauty of plant analysis (Erdenejargal et al., 
2021; Long et al., 2023). This is because photographs are closely related 
to human visual perception and are basically consistent with human 
viewing habits. Therefore, viewers’ true feelings need to be taken into 
consideration (Elwell et al., 2020). Furthermore, this study focuses on 
physical landscape image acquisition. Meanwhile, the present 
photographic method of vegetation analysis with normalized 
difference vegetation index (NDVI) is popular (Moinardeau et al., 
2021; Erlandsson et al., 2023; Zhang and Zeng, 2024). The purpose of 
NDVI approaches is to classify soil more clearly, extract spectral 
information from a top-down perspective, and then conduct research 
on vegetation coverage and growth status. The NDVI method can 

TABLE 2 Quantitative relationship between TSD and influence factors.

Model Correlation 
coefficient

Mean absolute 
error

Root mean 
squared error

Relative absolute 
error

Root relative 
squared error

MLR 0.7846 0.0207 0.0281 57.125% 62.0884%

RF 0.8728 0.0157 0.023 43.4093% 50.9078%

FIGURE 3

Importance of 17 independent variables with AGB as the dependent variable.
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be applied to ecological service and then reflect the level of ecological 
quality accurately. However, it is not suitable to study the field of 
landscape colors or esthetics ecological service. The quantified analysis 
is concise and comprehensive without the feeling of a human being.

The method of color extraction and quantification in this study is 
based on landscape photograph data from the actual survey. Therefore, 
considering the applicability of this method, it is applicable to all 
landscape color extraction and quantification studies based on color 
photographs, including landscape colors in different seasons and those 
across different types of landscapes. According to the specific factors 
of autumn seasonal landscape color, the applicability of this method 
mainly depends on whether the seasonal changes of the autumn 
landscape occur in different urban forest parks. In China, most areas 
occur in the temperate zone, warm temperate zone, or subtropical 
zone. The forest types in these three climate zones are mainly 
deciduous broadleaf forests and evergreen broadleaf forests, which 
have distinct climate characteristics throughout the year. These forest 
communities show obvious seasonal changes. In the northern cold 
temperate zone, the summer is short with warm and cool 
temperatures, and the winter is long with cold temperatures. The 
regional vegetation is mainly composed of northern coniferous forests. 
The forest type in the tropical zone is tropical rainforest. Therefore, in 
the cold temperate zone and tropical zone, there is no obvious seasonal 
alternation in the forest communities. Since most regions in the 
temperate, warm temperate, and subtropical zones of China show 
obvious changes in autumn landscape color, and the color of the 
landscape is a great attraction for tourists, this quantitative method 
has universal applicability in the temperate zone, warm temperate 
zone, and subtropical zone of China.

In the established models, the variance explanations of the RF 
models with the three attribute values of the main color as the 
dependent variables are all more than 82%. Meanwhile, the RF models 
with the two ecological functions as the dependent variables can only 
explain less than 80% variance. The reason may be that the objective 
influencing factors are not only the selected independent variables in 
this study, such as the light, but also significantly related to the main 
color in autumn. However, due to limited objective conditions, no 
corresponding factor data are collected in this study. In addition, there 
is only little difference between the correlation coefficient of the MLR 
model (correlation coefficient = 0.8798) and the RF model (correlation 
coefficient = 0.8878) with AGB as the dependent variable. Therefore, 
we can find that the ecological function of AGB not only exists in a 
complex non-linear relationship with the influencing factors but also 
has a linear quantitative relationship with some influencing factors. 
Similar results can also be found in the esthetic evaluation of hilly and 
mountain village landscapes (Long et al., 2023). Based on 26 landscape 
indicators, the adjusted R-square of the MLR model ranks second 
place. In addition, the value (R2 = 0.723) is relatively close to that of the 
first-place model (R2 = 0.746). According to the significance analysis 
of color factors, the ecological service value will be  higher in the 
environment with a yellow and yellow and green combination 
landscape. However, tourists prefer to stay longer in the red and yellow 
and red combination surroundings (Liu et  al., 2023a,b). Thus, 
ecological indicators are different, and the important impact factors 
vary. It is worth noting that, in different color reference systems, the 
results will be different (Yang M. et al., 2023). As the landscape color 
of the forest community will change with the succession of the forest 
community, the dominant tree species will change and show different 

FIGURE 4

Importance of 17 independent variables with TSD as the dependent variable.
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landscape colors in different periods. Therefore, the study of the 
landscape color associated with forests is a dynamic and long process.

Colors are difficult to describe and analyze, and there are relatively 
few direct studies regarding this topic. In future studies on landscape 
colors, other ecological factors, species richness (Tomitaka et  al., 
2021), the mean shape index, mean contiguity index, Shannon’s 
diversity index (Long et al., 2023), and color factors based on different 
color systems can be appropriately introduced to further explore the 
relationship and the value of landscape autumn colors and ecological 
service functions. Clearly, considering seasonal colors in the other 
three seasons can allow a more comprehensive measurement of the 
relationship between forest landscape colors and ecological 
significance, thereby providing a reference for rational planning 
associated with landscape seasonal colors and the scientific 
formulation of landscape forest management measures.

5 Conclusion

In this study, we find that, first, the relationships between the 
ecological service functions of AGB, TSD, and influencing factors are 
complex and non-linear. The landscape color can reflect the ecological 
function of the scenic forest to some extent. Second, UV, AH, DBH, 
CD, stand factors, and color factors (NOY, BRI, and NY) have 
important effects on the ecological function of AGB. In addition, color 
factors, including BRI, NYG, HUE, and NY, and terrain factors have 
important effects on the ecological function of TSD. Overall, the three 
factors, BRI, NYG, and NY, affect the two ecological functions 
significantly. It provides a scientific reference for the color construction 
and planning of forest parks.
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Glossary

DEM Digital elevation model

DBH The average DBH

AH Average tree height

UV Unit volume

CD Canopy density

SL Slope

AS Aspect

HUE The hue value of the main color

SAT The saturation value of the main color

BRI The brightness value of the main color

PM The proportion of the main color in each forest subcompartment

NR The number of red blocks

NRO The number of red-orange blocks

NO The number of orange blocks

NOY The number of orange-yellow blocks

NY The number of yellow blocks

NYYG The number of yellower yellow-green blocks

NYG The number of yellow-green blocks

AGB Above-ground biomass

TSD Tree species diversity
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