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Abstract: The forest area in China’s plateaus and mountainous regions accounts for as much as 43% of
the country’s total forest area. Accurately estimating the aboveground biomass (AGB) in these plateau
and mountain forests is significant for global carbon sink assessment and climate change. However,
the complexity of the natural environment poses significant challenges to the accurate estimation of
forests” aboveground biomass (AGB), and the accuracy of both AGB estimation and spatial mapping
needs further improvement. This study utilized support vector regression, backpropagation neural
networks, and random forests to predict trends in AGB and establish an optimal original model for
forest AGB estimation. Further calibration was performed using regression kriging on the optimal
model. The results indicated that (1) random forests achieved the highest coefficient of determination
(R? for cypress = 0.63, R? for fir = 0.66, R? for cryptomeria = 0.64, and R2 for mixed forest = 0.54),
showing greater potential in predicting AGB in complex mountainous mixed forests; (2) the residual
kriging method significantly improved the estimation accuracy, increasing the R? values of the
original RF model by 25%, 24%, and 22%, and improving the accuracy of mixed plot estimates from
54% to 81%; and (3) the residual kriging method effectively addressed the underestimation of high
values and overestimation of low values in AGB estimates, broadening the range of AGB values and
allowing for a more detailed spatial distribution of forests” aboveground biomass.

Keywords: aboveground biomass; mixed forest; regression kriging; plateaus and mountainous
regions

1. Introduction

Forest biomass is closely related to carbon sources and sinks in forest ecosystems and
reflects their material cycles [1]. The accurate estimation of forest biomass is helpful for
understanding the whole ecosystem and climate change, provides a basis for implementing
forest resource monitoring, and can provide a reference for the contribution made by the
global carbon cycle [2].

Traditional forest survey requires cutting down trees, which consumes a significant
amount of human, material, and financial resources, and is powerfully destructive to
forest vegetation [3]. In recent years, with the development of remote sensing technology,
the method of combining measured data with remote sensing data and using statistical
modeling to estimate forest aboveground biomass (AGB) has been widely used to study
the spatial distribution of forest biomass and its changes [4].

As representatives of active remote sensing, synthetic aperture radar (SAR) and light
detection ranging (LiDAR) are able to penetrate part of the forest canopy and obtain

Forests 2024, 15, 1734. https:/ /doi.org/10.3390/£15101734

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f15101734
https://doi.org/10.3390/f15101734
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0009-0007-6157-4410
https://orcid.org/0000-0001-6352-7596
https://doi.org/10.3390/f15101734
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f15101734?type=check_update&version=1

Forests 2024, 15,1734

2of 16

information about the vertical structure of the forest [5-8]. Equipped with an all-weather
day and night imaging system, and with high penetrability and independence from the
weather and clouds, SAR is capable of realizing all-weather ground observations, which
are widely used in disaster monitoring and environmental monitoring [9]. However, the
effect of changes in the terrain on the signal limits the further application of SAR in forests
on complex terrain [10]. Aerial LIDAR and satellite LIDAR have the potential to detect
the canopy’s structure and can obtain information on the vertical structure of large forests;
however, the canopy and dense thickets of complex forests are still highly disruptive,
making it difficult to obtain accurate information on the surface [11]. In addition, the
discontinuity of satellite-borne LiDAR has also led to its limited application [12].

The use of optical remote sensing data to extract factors related to a forest’s biomass
for estimating that forest’s AGB has long been studied [13]. High-resolution optical data,
such as China GF-6 and Quickbird, have high data density and information richness and
can provide fine-grained forest distributions. However, the data coverage and cost limit
their large-scale application [14]. MODIS data can provide free and relatively continuous
time-series data. However, they have a low resolution, are subject to cloud cover and
atmospheric disturbances, are limited in their ability to provide fine information on a
forest’s structural parameters, and are more suitable for inversion studies in large-scale
areas [15]. Landsat series satellite images have become the most widely used in forest
biomass studies over the past few decades due to the technology being more mature, their
inclusion of rich spectral information and spatial texture features, and the full consideration
of acquiring vegetation information [16]. Landsat satellite imagery is not only free of charge
in terms of the data source, but also has a continuous observation record and a high spatial
resolution, and has been widely used in monitoring land cover changes, forest disturbances,
and the growth of vegetation in recent years [4].

Although research on using remote sensing data in estimating forests” aboveground
biomass has made some progress, biomass modeling is still the basis for biomass prediction
and correction [17]. Remote sensing data combining ground truth data with remote sensing
features are the main data sources and estimation methods for constructing estimation
models of regional AGB and realizing the estimation of forests” aboveground biomass on a
regional scale [2,8,18,19].

In the estimation studies of forests” AGB, the main estimation methods mainly include
parametric and nonparametric models [8]. Parametric models usually assume that the
overall population follows a certain distribution, on the basis of which the estimation is
constructed [20]. This requires a strong linear relationship between the characteristic vari-
ables and the forest’'s AGB, and if the relationship between the variables is too complex, the
parametric model may not be able to accurately capture the nonlinear relationship between
the AGB and other variables [21], limiting its ability to estimate the forest’s AGB under com-
plex forest conditions. Nonparametric models are mainly realized by establishing nonlinear
relationships between the measured data and characteristic variables; they do not need to
make strict assumptions on the data’s distribution and relationships among the variables
and are more flexible than parametric models in dealing with complex relationships [22-24].
In addition, in nonparametric models, the problem of covariance between the feature vari-
ables does not constitute a limitation in modeling AGB, which enhances the utilization
of variable information and improves the models” accuracy. Support vector regression
(SVR), backpropagation neural network (BPNN), and random forest (RF), as commonly
used nonparametric machine learning models, have been proven to be effectively applied
for estimating biomass, the growth of standing stock, and the leaf area index [10,25-27].
Estimating forests” AGB using machine learning models can effectively solve the problem
of nonlinearity and the high dimensionality of multidimensional predictor variables, thus
improving the AGB prediction accuracy and providing a reliable method for estimating
forests” AGB by using remote sensing technology.

Kriging is a geostatistical method that can generate predictive surfaces and measure
the certainty and stability of predictions to some extent [28], providing optimal unbiased
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estimates. Unlike deterministic statistical interpolation methods (including inverse distance
weighting and global polynomials), which may fail to fully leverage the spatial variability in
data when faced with an uneven spatial distribution [29]. Kriging models, when combined
with other statistical models, can adequately account for nonstationarity and trends in
the data. This flexibility and applicability make kriging particularly effective in handling
forest biomass data [30,31]. RK integrates regression analysis and kriging interpolation
techniques to account for nonspatial variation in the data through regression modeling
while capturing spatial correlation in the data using kriging techniques. Fusing regression
modeling and kriging methods can provide more accurate predictions when dealing with
spatially correlated data [32,33]. Previous studies have successfully combined regression
kriging with random forest regression to effectively mitigate uncertainties in estimations
of AGB caused by spatial heterogeneity, thereby improving the accuracy of forest AGB
estimates [34]. However, it remains to be validated as to whether the machine learning-
based regression kriging method can correct the issues of accuracy in estimating the
aboveground biomass in the typical spatially heterogeneous forest areas of the Southwest
Plateau region of China.

This study proposed a residual-based regression kriging method to improve the
accuracy of forest above-ground biomass (AGB) estimation and mapping in mixed forests
in the mountainous areas of the Southwest Plateau of China. Using a typical mixed forest
stand in the mountainous areas of the Southwest China Plateau as an experimental study
area, this study used support vector regression, inverse neural networks, and random
forests to predict the trend in AGB and establish an optimal primitive model for the
estimation of AGB in mixed forests, and then used kriging interpolation to improve the
accuracy of these estimations. In addition, Landsat 9 imagery was used for the spatial
mapping of AGB in the study area, employing random forests and regression kriging. A
comparative analysis was conducted to evaluate the effectiveness of the residual-based
regression kriging model in spatially mapping the aboveground biomass of mixed forests.

2. Materials and Methods
2.1. Study Area

The study area is located in the southwest of China, with a longitude of 105°27'50"—
105°36'10” E and latitude of 25°47'40"-25°55'40" N, and covering an area of 7943 ha and
characterized by typical plateau mountainous terrain and climatic features. It belongs to
the subtropical humid climate zone, with an annual precipitation of 1205.1-1656.8 mm
and an average annual temperature of 15 °C-20 °C. The topography of the study area
shows a trend of being high in the northwest and low in the southeast, with the elevation
ranging from 957 m to 1807 m. It is characterized by a complex topography, a broken
surface structure, and large topographic ups and downs. Coniferous forests account for
66% of the forest area in the study area, with fir (Cunninghamia lanceolata [35]), cryptomeria
(Cryptomeria japonica var. sinensis Miquel [36]), and cypress (Cupressus funebris [35]) as the
main dominant tree species. Among them, fir, cryptomeria, and cypress accounted for 52%,
11%, and 3% of the coniferous forest area, respectively, which is a typical mixed forest stand
structure in the mountain forests of the Southwest China Plateau (Figure 1).

2.2. Data and Processing
2.2.1. Landsat Image Preprocessing

The Landsat 9 imagery used in this study was OLI data from 5 September 2022,
downloaded from the Google Earth Engine platform as a Level T1 product, with the
original product having undergone radiometric and atmospheric correction. The terrain
within the forest area is complex and varies significantly. Therefore, this study employed
the C correction algorithm to eliminate differences in the spectral characteristics between
shaded and sunlit slopes caused by variations in the terrain [37].
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Figure 1. Location of the study area and distribution of coniferous forest.

2.2.2. Acquisition of Measurement Data

The fields were collected from July to October 2022. According to the <Technical
regulations for continuous forest inventory> [38], sample plots were established with a
size of 25.82 m x 25.82 m, arranged at 1 km x 1 km intervals, resulting in 66 uniformly
distributed sample plots in the study area. Prior to the surveys, high-precision positioning
systems (GPS) recorded the GPS coordinates of the four corners and the center of each
plot, along with detailed information on the plots’ locations, measurement dates, and the
dominant tree species. For each plot, trees with a diameter at breast height (DBH) greater
than 5 cm were measured [39], including each tree’s height and DBH, the coordinates
of each measured tree, and the total number of individuals in the plot, as illustrated in
Figure 2b—e.

(@)

- Sample sites Y
(a):Distribution of sample sites 4§

(bec):Coordinate of trees
(dge):Data Collection

Figure 2. Distribution of sample sites and data collection.
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2.2.3. Extension Plot Data Preprocessing

The study area is located in the Southwest China Plateau, characterized by complex
terrain and significant changes in elevation, making many areas difficult to access for
collecting extensive field data. To ensure the model’s validation and calibration while
enhancing its predictive performance, sample plots were expanded after verification of
the accuracy with forest resource inventory data from forestry management departments.
Using the “dominant tree species” field from the inventory data, forest patches were
classified, and the centers of these patches were extracted to obtain the average tree height
and diameter. The actual average aboveground biomass (AGB) per unit of area was
calculated for each patch. Finally, the AGB values corresponding to the center points were
converted to pixel values, in line with the resolution of Landsat 9 OLI imagery (pixel size
of 25.82 m x 25.82 m). To ensure the reliability and accuracy of the expanded samples,
outlier processing was performed on the additional sample points. The numbers of plots
for cypress, cryptomeria, and fir, based on their location and proportions of area, were
determined to be 11, 53, and 239, respectively, resulting in a total of 303 plots after expansion,
as shown in Figure 2a.

The allometric growth equations used for calculating biomass in this study were
published by the National Forestry and Grassland Administration of China (https://www.
forestry.gov.cn/ (accesed on 16 September 2022)). The parameters related to tree species (p)
were derived from the basic wood densities provided by the same agency. This study first
calculated the aboveground biomass (AGB) for individual trees, aggregating these results
to the plot level. The plot-level AGB was then converted to biomass per hectare (Mg/ha).
The corresponding formula is as follows [39]:

Ma=a x D7/3, (1)

a=03p 2)

where Ma is the measured biomass, D is the measured diameter at breast height, a is a
parameter, and p (g/cm?) is the basic wood density associated with the tree species. It was
calculated using the wood biomass of a single tree and converted to per-hectare biomass.
The measured results showed that the highest value of AGB in the sample plots surveyed
in the study area appeared in Cunninghamia lanceolata, followed by Cupressus funebris and
Cryptomeria japonica var. sinensis Mique in order; the mean values also appeared in the same
order (Table 1).

Table 1. Statistical results of AGB measuring different vegetation types. Mg/ha.

. . . Standard Coefficient of
Tree Specias Number Minimum Maximum Averages Deviation Variation (%)
Cupressus funebris 239 17.1803 206.7508 56.41 30.38 53.85
Cryptomeria japonica var. 53 16.5891 69.9303 42,5582 16.74 39.34
sinensis Miquel
Cunninghamia lanceolata 11 28.4259 82.3241 50.3641 18.75 37.23
Mixed 303 16.5891 206.7508 53.5935 28.61 52.93

2.3. Extraction and Selection of Feature Variables

The feature variables commonly used for AGB estimation in research mainly include
spectral variables and texture features. Among them, the V-type vegetation index can
effectively evaluate the growth status of forest vegetation and is widely used in monitoring
forest cover and the dynamics of vegetation and for estimating AGB [40,41]. In this study,
nine commonly used vegetation indices were calculated, namely NDVI, GRVI, ARVI, EVI,
VARI, SAVI, MSAVI, SQRT, and TNDVI (Table 2).

Models that include textural features can facilitate a more comprehensive understand-
ing of the structure and distribution of vegetation, thus effectively improving the accuracy
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of AGB estimations [31,42]. In order to screen the main textural features [43] and avoid
causing redundancy in the information, this study extracted eight textural features of
Band 2 [44] of Landsat 9 containing the main information as the parameters for estimating
forests” biomass, which were the mean, contrast, variance, dissimilarity, homogeneity,
and entropy. In the extraction of textural features, the window size affects the amount
of texture information and the scale of analysis. Too small a window may result in more
noise effects, while too large a window may lead to weakened heterogeneity in the texture.
Finally, the textural features with a window size of 3 x 3 were extracted using a grayscale
covariance matrix. In order to reduce the dimensionality and redundancy, this study also
used principal component analysis [45] to refine the textural features, retaining at least 90%
of the components of the textural information in each band.

Table 2. List of feature variables used in this study.

Variable Feature Variable Reference
Band reflectance (Band i,i=1,2,...7) [46]
Normalized difference vegetation index (NDVI) [47]
Red-green vegetation index (RGVI) [48]
Atmospherically resistant vegetation index (ARVTI) [44]
. Enhanced vegetation index (EVI) [49]
Spectral Variable Visible atmosphericilly resistant index (VARI) [48]
Modified soil-adjusted vegetation index (MSAVI) [44]
Soil-adjusted vegetation index (SAVI) [44]
Transformed Normalized Difference Vegetation [44]
Index(TNDVI)
Difference Vegetation Index (DVI) [44]
Mean [50]
Contrast [50]
Variance [50]
Dissimilarit [50]
Texture feature Homogeneit}; [50]
Entropy [50]
Correlation [50]
Second moment [50]

In order to eliminate the difference in magnitude between different variables, this
study carried out a uniform normalization of the extracted vegetation features, textural
features, and band reflectance factors, using the following normalization formula [51]:

Xi = (x - xmin)/(xmax - xmin)r 3)

where x is the original value of the feature data, x; is the value after normalization, and
Xmax and Xp,;;, are the maximum and minimum values of the sample data, respectively.
This study analyzed the importance of all the characteristic variables, and the combina-
tion of variables with high relative importance to AGB was selected through the importance
analysis [52] to participate in the construction of the AGB prediction model. In order to val-
idate the selection of nonlinear variables, the variables were also analyzed using Pearson’s
correlation [53] and significance tests in SPSS26, and the linear relationship between the
characteristic variables and AGB was evaluated through Pearson’s correlation coefficients.

2.4. Model Selection

Nonparametric models do not require any assumptions about the distribution of the
data and can describe complex nonlinear relationships, which gives them greater potential
in estimating a forest’s parameters. The nonparametric models SVR, BPNN, and RF have all
been widely used in the estimation of forests” AGB [54-56]. SVR transforms the regression
problem into an optimization problem by minimizing the regularized loss function and
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maximizing the interval to solve for the model’s parameters (weights corresponding to the
support vectors), which, in turn, predicts the new input data, and it is suitable for different
complex scenarios [57]. A BP (backpropagation) neural network is a multilayer feedforward
network trained according to the error backpropagation algorithm, which does not need
to determine the mathematical equations of the mapping relationship in advance and can
obtain satisfactory results by its own training. RF, as a representative of nonparametric
models, is widely used in the estimation of forests” AGB [58]. The random forest algorithm
generates a large number of decision trees, each of which is constructed independently
using a unique bootstrap sample of the training data, and the average of the predictors of
all the decision trees is used as an estimate of the final target variable. In addition, RFs are
randomly selected, using all the available predictors to reduce the correlations between
decision trees, thus reducing noise and improving the accuracy of predictions to achieve
high predictive accuracy [59]. The RF algorithm is able to deal with variables with different
attributes and large differences in the range of values, can determine the importance of the
variables, can avoid a large overfitting phenomenon, and has good robustness [60].

2.5. Parameters of the Prediction Model Using Regression Kriging

This study explored the trend and structural changes in the forest’'s AGB using a
nonparametric random forest model, assessed the spatial correlations by calculating the
residuals (i.e., the differences between the observations and the predictions of the regression
model), and applied kriging interpolation to these residuals to make predictions. This
study ultimately superimposed the predicted values of the original regression model on
the predicted values of the residuals obtained by kriging interpolation to obtain the final
corrected results. The formula [61] is expressed as follows:

ERK(So) = Y 1o Brear(So) + Y, Aie(Si), (4)

where f is the estimated trend of the model’s function, gx(S) is the predictor variable of
So, p is the number of auxiliary variables, e(S;) is the residuals of the regression model in,
A; is the kriging weights determined by the autocorrelation structure of the residual space,
and 7 is the number of known points.

2.6. Accuracy Assessment

To fully utilize the samples and improve the model’s reliability, this study validated the
estimation results using leave-one-out cross-validation (LOOCV) [41]. In this method, one
sample was left as the test set while the remaining samples served as the training set, and
this process was repeated n times to determine the final estimation result. The evaluation
metrics chosen were the coefficient of determination (R?) [62] and root mean square error
(RMSE) [62]. A higher R? value indicates a better model fit, while a lower RMSE value
signifies smaller estimation errors. The methods of calculation for the evaluation metrics
are as follows:

n A Y

R2 =1— l'nil (yl :V:)Z (5)
im1 (i —y)
()

RMSE — W (6)

where y; is the measured value of AGB, ¥; is the predicted value of the AGB model, 7 is
the mean value of measured AGB, and  is the number of samples.

3. Results
3.1. Relevance and Materiality Analysis
By employing a specific selection method to choose a minimal set of features with

optimal model performance, a model’s efficiency can be enhanced. Importance assessment,
a analysis technique for nonlinear features using random forest algorithms, quantified each
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variable’s contribution to the aboveground biomass (AGB) model. The Pearson’s correlation
coefficient was used to evaluate the linear relationship between variables and AGB. This
study combined importance analysis with Pearson’s correlation to rank all feature variables
and conduct significance testing, selecting the combinations with the highest contribution
and correlation coefficients for building the model. The results indicated that the spectral
variables GRVI, B3, VARI, B7, B4, ARVI, and NDVI showed significant correlations with
AGB at a 5% significance level, maintaining the same ranking in the importance assessment
(Figure 3). Dual-validation selection provided a deep analysis of the variable impacts,
significantly enhancing the model’s transparency and interpretability.
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Figure 3. Correlation coefficient matrix and importance ranking between characteristic variables
and AGB.

3.2. Comparison of Raw AGB Estimation Results

The performance of the model was displayed using a scatterplot showing the rela-
tionship between the observed and predicted values based on the results of leave-one-out
cross-validation (Figure 4). For mixed vegetation forests, different machine learning models
exhibited the lowest R? values (SVR: 0.34; BPNN: 0.45; RF: 0.54), with corresponding RMSE
values (SVR = 17.3368; BPNN = 21.4712; RF = 21.4136). In species-based model validation,
all models showed higher R? values compared with mixed forests, with RF achieving the
highest R? (cypress R? = 0.63; cryptomeria R? = 0.66; fir R? = 0.64) and the lowest RMSE
(cypress RMSE = 8.6289; cryptomeria RMSE = 4.9546; fir RMSE = 18.4441). The range
of predicted AGB for RF was broader than those of SVR and BPNN, indicating greater
predictive potential for RF in estimations of AGB for both species-specific and mixed forests
(Table 3).

Table 3. Summary AGB estimation of different models.

Type Model Minimum Maximum Average R? RMSE
SVR 48.7978 61.0907 48.1854 0.37 10.0716
Cypress BPNN 37.9780 67.5835 50.9663 0.53 12.3942
RF 32.5075 73.7727 52.2949 0.63 8.6289

SVR 30.1387 63.8012 41.8848 0.40 5.2027

Cryptomeria BPNN 30.5886 64.8047 42.0657 0.55 6.1921
RF 26.9493 65.9728 42.6753 0.78 4.9546

SVR 38.2182 156.9810 53.2810 0.46 22.9615
Fir BPNN 35.9082 157.5713 58.3369 0.53 21.0224
RF 29.3553 160.3625 59.8466 0.64 18.4441

SVR 30.1387 81.9725 51.2017 0.34 17.3368

Mixed BPNN 30.5886 161.5713 57.2498 0.45 21.4712
RF 26.9493 186.9406 62.8294 0.54 21.4136
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Figure 4. Scatter plot between predicted and observed AGB. (a) for crpress of SVR; (b) for crpress
of BPNN; (c) for crpress of RF; (d) for cryptomeria of SVR; (e) for cryptomeria of BPNN; (f) for
cryptomeria of RF; (g) for fir of SVR; (h) for fir of BPNN; (i) for fir of RF; (j) for mixed of SVR; (k) for
mixed of BPNN; (1) for mixed of RE.

3.3. Regression-Kriging-Based AGB Estimation

The random forest model was used for the original prediction, the residuals of the
original prediction were spatially interpolated using the simple Gaussian kernel kriging
method, and the predicted AGB of the RF model was superimposed on the residual
interpolation to form the improved prediction of AGB, as shown in Figure 5. Compared
with the original RF model’s prediction, the kriging model with superimposed residuals
was of higher quality and significantly improved the accuracy of the estimated AGB of the
forests. The RMSE values obtained from the regression kriging model were all lower than
those of the original RF model. Among them, the RMSE of cypress decreased from 8.6289
to 8.2738, that of cryptomeria RMSE decreased from 6.9546 to 6.2763, that of fir RMSE
decreased from 18.4441 to 12.4875, and the RMSE of mixed forest decreased from 21.4136 to
12.7323, with the best improvement in modeling seen in the mixed forest (Figures 4 and 5).
The coefficient of determination of cypress funebris improved from 63% to 88%, that
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of cryptomeria from 66% to 90%, and that of fir from 64% to 86%. The coefficient of
determination of the mixed forest in the whole sample site improved from 54% to 81%. In
addition, the improved model enhanced the ability to capture the spatial variability in the
forests” aboveground biomass (AGB) and effectively reduced the prediction bias. After
the improvement through regression kriging, the range of fir AGB values was expanded
from 29.3553-160.3625 Mg /ha to 20.9844-201.7401 Mg/ha, the range of cryptomeria AGB
values was expanded from 26.9493-63.9728 Mg/ha to 20.1759-70.8089 Mg/ha, the range of
cypress AGB values was expanded from 32.5070-73.7728 Mg /ha to 30.2114-78.4640 Mg/ha,
and the range of mixed forest’s AGB values expanded from 26.9493-186.9406 Mg/ha to
15.9189-200.6346 Mg/ha. The improved AGB results were closer to the actual distribution
of the AGB values in the forests of the study area.

80 |- y=0.78573x+15.98192 y =0.8469x+9.8388
R2=0.88 70 | R2=0.90 .
o RMSE=8.2738 RMSE=6.2783 =
60 b
60 + 50+
50+ 40 +
40t 301
201 = .
30 = (@) - (b)
—8 L 1 1 L L 1 ]0 L 1 1 L 1 1
E 30 40 50 60 70 80 10 20 30 40 50 60 70
2
Ay
y=0. 83264x+10. 479 y=0.83906x+11.84129
200} R%*0.86 - 200 R%=0.81 .
RMSE=11. 2648 RMSE=12.7323 .
150 | 150 b
100 | 100 |
50+ 501
(d)
0 1 1 1 1 0 1 1 1 1
0 50 100 150 200 0 50 100 150 200
Observed

Figure 5. Scatter plots of the predicted AGB by regression kriging against the observed AGB values,
(a) for cypress; (b) for cryptomeria; (c) for Fir; and (d) for mixed forests.

4. Discussion
4.1. Comparison of the Performance of Different Machine Learning Models

Different machine learning algorithms exhibit varying sensitivities to the data’s distri-
bution [63], providing diverse options for handling nonuniformly distributed data. This
study focused on the forest environment of the southwestern plateau region of China,
exploring the potential for the application of three advanced machine learning algorithms,
namely random forest (RF), backpropagation neural network (BPNN), and support vector
regression (SVR), for estimating forests” aboveground biomass (AGB). The results indicated
that RF demonstrated significantly superior performance in estimating AGB in complex
regional terrain compared with SVR and BPNN. Possible reasons include the sensitivity of
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the SVR to kernel functions and the regularization parameter C, which may have affected
the model’s stability across different slope gradients, leading to decreased performance [64].
Although BPNN performs well under specific terrain conditions, it may lack sufficient
generalization ability [65], resulting in unstable predictions in complex terrain. In contrast,
the RF reduces the risk of overfitting by integrating multiple decision trees and requires
minimal parameter adjustments, enhancing its generalization ability on new data [66] and
improving its stability and predictive accuracy in complex terrains. Furthermore, RF is less
sensitive to noise in the training samples and can effectively handle the complex nonlinear
relationships between AGB and remote sensing, as well as accuracy reductions caused by
data gaps. Therefore, RF exhibited greater robustness in estimating the AGB of forests in
areas with complex terrain.

4.2. Comparison of Forest AGB Spatial Mapping

This study produced two maps of the forests” AGB based on random forest (RF)
and regression kriging to compare the AGB values across the study area by tree species,
namely, the original map of the forests” AGB generated from the RF model (Figure 6a)
and the predicted AGB map obtained through regression kriging correction (Figure 6b).
The results showed that, while the spatial distribution trends of the two AGB maps were
similar, their distribution patterns differed, supporting the findings that residual-based
regression kriging effectively improves AGB prediction accuracy. Furthermore, the find-
ings in Figure 6 reveal that the range of AGB from the RF model was relatively narrow
(10.0545-180.3720 Mg/ha, with a mean of 42.4348 Mg/ha), while the calibrated map of
AGB exhibited a discrete distribution pattern (5.1565-219.3680 Mg/ha, with a mean of
49.6055 Mg/ha). The mean and range of predictions from the regression kriging model
were superior to those of the RF model. In the same area, the calibrated AGB values were
higher in regions with originally high values and lower in regions with originally low
values. This supports the conclusion that the calibrated AGB values can effectively address
the issues of underestimation in high-value areas and overestimation in low-value areas,
thereby enhancing the accuracy of mapping the spatial distribution of forests” AGB.

4.3. Analysis of the Consistency of the Research Results

Compared with the random forest technique, simple kriging, which integrates the
results of residual interpolation, exhibited higher mapping accuracy. It effectively alleviated
the issues of overestimating low values and underestimating high values. All the accuracy
metrics exceeded those of the RF model, supporting the findings from other researchers.
For instance, Jiang Fugeng et al. [61] proposed combining random forests with ordinary
kriging to enhance the accuracy of estimations of aboveground biomass in the Wangye
Dian forest, increasing the coefficient of determination from 0.57 to 0.87. This indicated
that the combined approach of random forests and kriging can effectively address the
complexities of forest conditions, further supporting the feasibility of using this method to
estimate aboveground biomass in complex forest environments.

There are also researchers whose conclusions differed from those of this study to
some extent. Zhou Youfeng et al. [67] improved the estimation of forests” AGB in northern
Guangdong by combining random forests with kriging, and the accuracy was improved
from 0.46 to 0.57. The reasons for this discrepancy may be manifold. First, there was
obvious heterogeneity among the geographic units, leading to spatial differences in the
sampling points. The inconsistency of the datasets on forests” AGB used in constructing
the model increased the uncertainty in the estimation process. Second, unlike studies that
estimated AGB based on the type of forest, this study explores aboveground biomass at
the species level and adopted a species-specific approach, which helped us to understand
the spatial distribution and dynamics of the forests” AGB in a finer way. Lastly, obtaining
comprehensive and accurate multivariate data is often challenging in highland moun-
tainous areas with complex topography. Simple kriging relies on a single variable and
reduces the need for large amounts of complex data, thereby reducing the burden of data
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collection. In addition, in areas of high topographic relief, the biomass varies markedly
between small areas, and simple kriging can provide relatively accurate estimates of these
localized changes.
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Figure 6. Spatial distribution of forest AGB. (a) For RFE. (b) For regression kriging.

4.4. Shortcomings and Prospects

The forest AGB estimated using the random forest method had the phenomenon of
high low values and low high values. Other scholars using optical remote sensing data to
estimate forests” AGB also had this problem [52]; a possible reason is the mixed pixel effect
in optical remote sensing data. In areas of forest with low AGB, the pixel values tend to
be affected by the surrounding features and cannot accurately reflect the true information
of the image element. On the contrary, in areas of forest with high AGB, the vegetation’s
reflectance tends to be saturated, resulting in the optical remote sensing data failing to
capture higher biomass values, which leads to the predicted AGB values being lower than
the actual ones [68]. This study area belongs to the mountainous region of the Southwest
China Plateau, which has a complex and highly fragmented topography, characterized
by strong spatial heterogeneity. The complex topography and vertical forest structure
exacerbated the mixing of image pixels, making it difficult for the optical remote sensing
data to accurately capture the true characteristics of regional forests. This may further
reduce the sensitivity of optical remote sensing data to changes in the forests” AGB. In
addition, studies estimating AGB for evergreen coniferous forests are also challenging.
Coniferous forests are relatively homogeneous in form and structure, with a more uniform
canopy structure and branch distribution. This homogeneity may hinder the effectiveness
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of biomass estimation models that rely on optical data for capturing the inherent complexity
of these forests.

Future research could be strengthened in several key areas. First, it has been argued
that forests” AGB exhibits significant variability in stand age composition, with mature
and over-mature forests typically exhibiting higher aboveground biomass (AGB) [69].
Therefore, incorporating the effect of stand age into the analysis will provide a more
accurate evaluation of the current AGB status. Second, the correlations between the spectral
features of optical remote sensing data and tree species diversity are unstable, spatially and
temporally variable, and do not reflect the effect of the vertical structural heterogeneity of
vegetation on tree species diversity. The long-wave signals of synthetic aperture radar (SAR)
data have a certain ability to penetrate the forest canopy, which can mitigate the saturation
effect to a certain extent. Therefore, studying the integration of optical remote sensing
data and SAR data has the potential to improve the problem of optical saturation. Lastly,
high plateaus and mountainous areas have a high degree of spatial heterogeneity with a
large topographic relief and fragmented terrain. The current study did not incorporate
topographic factors into the experiment, and the effects of the topography on the forests’
AGB will be further explored in future studies to more accurately analyze forests” AGB.

5. Conclusions

This study focused on typical mixed forests in the Southwest China Plateau. It pro-
posed a machine learning model that was suited for estimating forests” AGB in complex
plateau areas. Additionally, a residual-based regression kriging method was introduced to
enhance the accuracy of AGB estimation. The research results indicated the following:

(1) The random forest model outperformed support vector regression and backpropa-
gation neural networks in estimating AGB in mixed forests, demonstrating a higher
coefficient of determination and a lower root mean square error;

(2) The residual-based kriging regression prediction combined with Landsat 9 improved
the accuracy of AGB prediction. Additionally, regression kriging effectively expanded
the estimated range of AGB values, addressing the issues of underestimating high
AGB values and overestimating low AGB values.

In predicting AGB in complex plateaus and mountainous mixed forests, RF demon-
strated greater predictive potential among the nonparametric machine learning models.
Residual-based regression kriging effectively enhanced the accuracy of AGB estimation,
reducing overestimation and underestimation to some extent, and providing a more precise
description of the spatial distribution of the local AGB. The methods proposed in this study
are transferable to some degree and can be applied to other research areas. The findings
will provide methodological references for the accurate estimation of biomass in mixed
forests in complex plateaus and mountainous regions.
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