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1. Introduction

As an important resource, forests not only provide irreplaceable
economic benefits, but also yield ecological benefits that maintain
the balance of terrestrial ecosystems. In addition, forests are an
energy base of the biosphere. With the development of informa-
tion-based technologies and globalization, accurate information
regarding individual trees and standing forests in forest resource
investigations is increasingly needed in order to achieve sustain-
able development of forestry [1–6]. As an important means of
obtaining information, unmanned aerial vehicles (UAVs) are
becoming increasingly popular in a wide range of fields, given their
developmental trends of miniaturization and diversification [7–9].
Moreover, geographic information system (GIS) technology, as
another type of core technology in the digital world, is undergoing
rapid development. With the development of relevant components
and Internet technologies, GIS has been applied to componentiza-
tion and networking, and its conventional function has been
greatly improved. For example, technological developments in data
editing, querying and calculating, spatial analysis, and spatial data
engines provide a solid foundation for GIS applications in various
fields, and offer both technological and theoretical support [10].

As an indicator of biodiversity, the term forest resources is an
umbrella term for the lands and organic body of forests that provide
the necessary material bases for human beings’ productive activi-
ties and lives. Therefore, the question of how to efficiently, accu-
rately, and rapidly obtain forest resource information is a hot
topic. Forest examination is a type of observational analysis and
evaluation of forest resources in terms of quantity, quality, spatial
distribution, and utilization, which is performed at regular periods
and regular positions. The aim of forest examination is to keep
abreast of the status quo of forest resources and the dynamics of
changes (growth and decline), as well as to predict the develop-
mental tendency of forest resources while serving forestrymanage-
ment and scientific decision-making. China’s first forest resources
investigation was performed in 1950, in the Yaohe Forest, Gansu
Province, and was organized by the Ministry of Forestry and Land
Reclamation (now Ministry of Natural Resources of the People’s
Republic of China) [11]. Since the 1960s, new techniques such as
sampling survey theory technology and remote sensing (RS), GISs,
and positioning and navigation system technologies have been
applied to forestry surveys [12]; these technologies have promoted
the development of forest resource survey technology and form a
basic model of China’s forest resource survey technology.

By the 1980s, the basic framework of China’s forest resource
surveying had been established. It was officially proposed that
the national forest resource survey be divided into three cate-
gories: ① a continuous inventory of national forest resources—
namely, Category I investigation, which takes the forests all across
the country as its research objects, with the aims of thoroughly
determining the status quo and dynamics of forest resources in a
broader sense and offering support for forestry principles, plans,
layouts, and designs; ② a forest resource planning and design
investigation—namely, Category II investigation, which is based
on sub-compartment units of the national forests, and which aims
to obtain a good knowledge of the status quo of country-level for-
estry organizations and to offer support for analyzing and examin-
ing the management results of forest activities and designing
sustainable management plans; and ③ a forest operating investi-
gation—namely, Category III investigation, which is basically
designed for corporations to carry out productive activities. Since
the beginning of the 21st century, which is guided by information
technology, the focus of forest resources investigations has no
longer been limited to the acquisition of single-tree measuring fac-
tors. Instead, forest knowledge exploration and accurate forest
resources measurement, as well as annual data acquisition and
examination, have gradually become the focus of modern investi-
gation and of the examination of forest resources [13,14].

Chinese management of forest resources still needs improve-
ment in terms of integrity and maturity, as several practical prob-
lems are still encountered in the investigation of China’s forest
resources. To be specific, an examination system that is relevant
to forest investigation has not been extensively applied. In
comparison with forest resource measurement in developed coun-
tries, there is still considerable room for China’s national standard
to develop. This state of affairs is reflected not only in the establish-
ment of the system for the dynamic of forest resource changes, but
also in data-renewal technologies. In other words, China’s dynamic
forest resource assessment has not been sufficientlymodernized. In
addition, it is quite clear that neither Category I investigation data
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(which is collected every five years) nor Category II investigation
data (collected every ten years) can fully cover the overall status
of China’s forest resources or their dynamic changes [15]. Conse-
quently, a prediction model that can be used to deduce annual for-
est data is greatly required. Earlier investigations have mostly
involved manual practices, in which researchers performed a field
investigation and manually calculated the data. A forest investiga-
tion performed in thismanner is costly as well as being less efficient
and accurate. With today’s scientific and technological develop-
ments, China’s forest investigation technology can transition from
purely manual work to being assisted by RS, which will dramati-
cally increase the investigation efficiency. However, this shift will
not improve the field investigation model in essence, as it still has
high energy and material costs. Therefore, a dynamic simulation
model of a forest resource ecosystem is desperately needed in order
to save costs and realize more precise management and calculation
of forest ecosystems. A flow chart of systems for investigation and
examination of China’s forest resources show in Fig. 1.

2. Development of a forest resource examination system

2.1. System development based on the Internet+

As mentioned earlier, China’s forest resource investigation is
divided into three categories. A Category I investigation focuses
on the diameters of each individual tree in fixed forest sample
plots. A Category II investigation is mainly conducted based on
sub-compartment units of the national forests; it records the area
in square meters of the sublot, along with the accumulation vol-
ume, average height, canopy density, and site conditions of stand-
ing forests. Finally, a Category III investigation is applied to logged
forests, and is used for final felling and forest planting operations.
Fig. 1. Flow chart of systems for investigation and examination of China’s forest resources
AI: artificial intelligence.
2.2. Development of a Category I ‘‘continuous examination of growth”
model in sample plots

To achieve precise management of China’s forest resources, it is
necessary to have a good knowledge of forest status information
and, in particular, of the dynamic changes and relationships
between trees’ growth and standing environments. To be specific,
the standing environments integrate various environmental fac-
tors that affect the trees’ growth, including topographical terrain,
temperature, rainfall, soil, and planting density [16]. In addition,
the standing environments are directly related to multiple aspects
of forest management such as productivity, economic benefits,
logging harvest, forest cultivation direction, and growing speed.
China’s forest growth prediction model has great practical signifi-
cance for the precise management and planning management of
forests. Quantitative management of forest resources and predic-
tion of forest growth volume can well assist in the realization of
cultivation, intermittent logging, and rotational logging, in addi-
tion to the re-planting, transplanting, and management of forest
resources in different standing environments [17]. It can also accel-
erate the sustainable development of forest resources while
achieving great economic benefits. Therefore, this study analyzes
Category I (over multiple periods) investigation data, which
includes the longitudes and altitudes, height, temperature, rainfall,
slope gradient, direction, position, and soil thickness of continuous
examination sample plots in Fujian Province. The prediction model
of China’s forests’ growth, including the growth pattern (standing
environment) index and growth structure (site class) index, is
shown in Eq. (1),

DYj
tþDt ¼ Aj � Yj2

t � e�bj �Yj
t � Xi

p � Xk
s ð1Þ
. 3S: remote sensing, global positioning system, and geographic information system;
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where j refers to China’s major arbor species, Yt is the information
for the examined tree, DYtþDt is the forests’ growth after Dt years, Aj

is the growth speed index (for tree species j), bj is the growth

acceleration index (for tree species j), Xi
p is the growth pattern

(standing environment) index for category i, t is age of the tree,

and Xk
s is the growth structure (site class) index for category k.

3. Observation of the micro-sample plot examination system

With the assistance of the Internet+, all forests on a country
level can be categorized into 100–300 independent heterogeneous
sub-compartments according to the investigation factors. The
overall picture can then be observed through accurate investiga-
tion of these 100–300 sub-compartments [12]. For the examina-
tion of individual forest sub-compartments, we applied a
methodology of accurate examination—that is, standing forest
examinations on micro-sample plots (5–9 trees). Micro-sample
plot observation is a highly effective, low-error, and standardized
sampling survey method derived from the polygon sample plot
method. The basic method of micro-sample plot observation is to
select five or nine observation trees around one observation tree,
determine the diameter at breast height (DBH) value of all of the
trees, the height of the center tree, and the sample plot radius,
and calculate the stand parameters, such as the average DBH, stand
density, and volume. The layout principle of a sample plot in the
micro-sample plot observation method is as follows: ① Each sam-
ple point is evenly distributed, and is established on different
topography. The distance between the sample plots is at least
10 km.② Representative sample plots are chosen to reflect the dis-
tribution of tree species in the area. ③ Convenient transportation,
which is conducive to monitoring and is convenient for continuous
observation, is selected. ④ Forest margins, roadsides, and areas
with serious human interference are avoided; otherwise, these will
result in greater data errors. Fig. 2 shows a diagram of the nine-tree
micro-sampling plot observation method.

The calculations of the stand density, average stand DBH, and
stand volume are as follows:

Stand density, �N, typically refers to the density of trees in the
fixed area of each plot. The formula is as follows:

�N ¼ n� 0:5
@R2

n�1

� 104 ð2Þ

where n is the number of trees and Rn�1 (m) is the distance from the
center tree to the farthest (n � 1)th tree.

The average stand DBH, �D, refers to the general stand DBH value
of the whole stand tree; the formula is as follows:

�D ¼
Pn�2

i¼1 Di þ Dn þ 0:5Dn�1

n� 0:5
ð3Þ
Fig. 2. Diagram of the nine-tree micro-sampling plot observation method.
where Di (cm), Dn (cm), and Dn�1 (cm) is the breast diameter of the
ith, nth, and (n – 1)th tree.

The stand volumeM (m3�hm�2) must be calculated according to
the deduced form number; that is, the volume of each tree is cal-
culated from the deduced form number, and the stand volume is
calculated from the volume. The calculation formula is as follows:

M ¼
Pn�2

i¼1 Vi þ Vn þ 0:5Vn�1

@R2
n�1

� 104 ð4Þ

where Vi (m3), Vn (m3), and Vn–1 (m3) is the volume of the ith, nth,
and (n � 1)th tree.
4. Methodology of annual growth prediction

To maintain the fitness and accuracy of the model in practical
applications, we analyzed the data obtained from the Fujian sam-
ple plots and applied the model solution in Statistical Product
and Service Solutions (SPSS). The results are shown in Table 1,
where the goodness of fit index (GFI) is applied to determine the
fitting level between the estimated model and the observation val-
ues. (The model is shown to be better when the correlation coeffi-
cient, R, is closer to a value of 1.) In this model, R reached 0.98, and
the reset R2 was 0.98, which demonstrates that the independent
variables can explain 98% of the changes in the dependent vari-
ables. Thus, this model is believed to fit well for growth prediction.

Analysis of variance (ANOVA) was applied to analyze the vari-
ance results. The ANOVA is represented by the F value, which is
an overall verification of the regression equation, and which helps
to determine whether there is a significant linear relationship
between the independent variables and all the dependent variables
in the model. As Table 2 shows, the independent degrees of free-
dom (DOF) in this model equals 52, and the sample size is
37 798; therefore, it can be calculated that the value of F at a sig-
nificance level of 0.05 is far less than that of the model of this
study. Consequently, it is believed that all the independent vari-
ables selected in this model can exert significant influence on
diameter growth. In addition, the value of significance is 0, which
is less than 0.05, signifying that the design and application of this
model is quite feasible.
5. Verification of the accuracy of the micro-sample plot growth
model

To verify the prediction accuracy of this model on forest growth
volume, we selected data from 100 Fujian sample plots, in which
the following factors are included: geographical factors such as
longitude, latitude, height, slope gradient, slope direction, and
slope position; meteorological factors such as rainfall and average
temperature; soil factors such as soil thickness and soil categories;
and information on tree species such as the density of standing
Table 1
Model-fitting results.

R R2 Reset R2 Standard deviation

0.98 0.98 0.98 1.03

Table 2
ANOVA results.

Item Sum of square DOF Mean
square

F Significance

Regression 1 647 900.435 52 34 190.314 29 693.399 0.000
Residual 40 284.562 37 746 1.067
In total 1 688 184.997 37 798



Table 3
Verification and analysis of DBH prediction accuracy.

Item Bias (mm) Relative bias (%) RMSE (mm) Relative RMSE (%) R2

Accuracy verification –2.187 –1.235 14.154 7.993 0.941
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forests and the RS index. Next, the bias, relative bias, root mean
squared error (RMSE), relative RMSE, and R2 were calculated based
on 567 data values obtained from these 100 sample plots; in this
way, an overall evaluation of this model was generated. The results
are shown in Table 3, in which the value of the bias is –2.187 mm,
that of the relative bias is –1.235%, that of the RMSE is 14.154 mm,
that of the relative RMSE is 7.993%, and that of the R2 is 0.941
(which is higher than 0.9). Therefore, it was determined that the
model can effectively predict annual forest growth.
6. Conclusion

Focusing on Category I investigation data obtained from 37 798
plots in Fujian Province—including longitude, altitude, height, tem-
perature, rainfall, slope gradient, direction, position, and soil thick-
ness—we developed a prediction model of China’s forest growth
with a growth pattern (standing environment) index and growth
structure (site class) index included. Taking the original diameter,
longitude, altitude, height, temperature, rainfall, slope gradient,
direction, position, and soil thickness as the independent variables,
this model can accurately predict forest growth. It was found by
model fitting of the Fujian districts that the prediction accuracy
of annual growth was as high as 0.98, which demonstrates that
the equation can be well applied for growth prediction. Further-
more, to verify the prediction accuracy, we selected 100 sample
plots in Fujian Province, which were excluded from the develop-
ment of this prediction model, and ensured that each dataset cov-
ered the information for all the tree species present. The resulting
R2 was higher than 0.9 on average after prediction verification on
567 data values, indicating that this model can effectively predict
forest growth. Therefore, the proposed model can be widely pro-
moted and applied in national forest investigation systems, in
order to ensure data reliability and offer supporting data for forest
carbon sink calculations, annual output, and quality evaluation of
forests.

Acknowledgements

We are grateful to the staff of the Precision Forestry Key Labo-
ratory of Beijing, Beijing Forestry University, and to acknowledge
all the people who have contributed to this paper. This research
was jointly supported by the Fundamental Research Funds for
the Central Universities (2015ZCQ-LX-01) and the National Natural
Science Foundation of China (U1710123).

References

[1] Bai LS, Feng ZK, Li YD, Nie ML, Sui HD. Inventory system of forest resources
and its implementation based on PDA. J Beijing For Univ 2008;S1:138–42.
Chinese.

[2] Wang GD, Guo GM, Cao BB, Jiao S. [On the application value of UAV remote
sensing in forest resources investigation]. Technol Enterp 2014(15):383.
Chinese.

[3] Feng ZK, You XB, Ren YQ. Discussion on monitoring system for forest resources
and environment based on 3S technology. J Beijing For Univ 2001;23(4):90–2.
Chinese.

[4] Fan YX, Feng ZK, Mannan A, Khan TU, Shen CY, Saeed S. Estimating tree
position, diameter at breast height, and tree height in real-time using a mobile
phone with RGB-D SLAM. Remote Sens 2018;10(11):1845.

[5] Gao X. [Research on informatization approaches for forest resources inventory
and monitoring] [dissertation]. Beijing: Beijing Forestry University; 2015.
Chinese.

[6] Liu J, Feng Z, Yang L, Mannan A, Khan TU, Zhao Z, et al. Extraction of sample
plot parameters from 3D point cloud reconstruction based on combined RTK
and CCD continuous photography. Remote Sens 2018;10(8):1299.

[7] Feng Z, Huang X, Forest Liu F. survey equipment and development of
information technology. Trans Chin Soc Agric Mach 2015;46(9):257–65.
Chinese.

[8] Gao FX. Characteristics and development suggestions of forest resources in
Kaiyuan City. J Green Sci Technol 2014;5:116–7. Chinese.

[9] Zhou GH, Zeng WS, Chen XF. Problems and countermeasures of forest resource
and ecological condition monitoring in China. Cent South For Inventory Plan
2006;25(4):1–5,9. Chinese.

[10] Qiu Z, Feng Z, Jiang J, Lin Y, Xue S. Application of a continuous terrestrial
photogrammetric measurement system for plot monitoring in the Beijing
Songshan National Nature Reserve. Remote Sens 2018;10(7):1080.

[11] Qiu ZX, Feng ZK, Wang MM, Li ZR, Lu C. Application of UVA photogrammetric
system for monitoring ancient tree communities in Beijing. Forests 2018;9
(12):735.

[12] Chmura GL, Anisfeld SC, Cahoon DR, Lynch JC. Global carbon sequestration in
tidal, saline wetland soils. Global Biogeochem Cycles 2003;17(4):1–22.

[13] Houghton RA. Aboveground forest biomass and the global carbon balance.
Glob Change Biol 2005;11(6):945–58.

[14] Liu J, Feng Z, Mannan A, Yang L. Positioning of coordinates and precision
analysis of sample trees using the intelligent forest survey calculator. Comput
Electron Agric 2019;159:157–64.

[15] Chang C, Feng ZK, Lin YC, Qiu ZX. Development and application of new
generation forest survey technology system and observation equipment.
Beijing Surv Mapp 2018;32(12):1412–7. Chinese.

[16] Fang JY, Wang GG, Liu GH, Xu SL. Forest biomass of China: an estimate based
on the biomass–volume relationship. Ecol Appl 1998;8(4):1084–91.

[17] Liu J, Feng Z, Mannan A, Khan TU, Cheng Z. Comparing non-destructive
methods to estimate volume of three tree taxa in Beijing, China. Forests
2019;10(2):92.

http://refhub.elsevier.com/S2095-8099(18)30822-1/h0005
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0005
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0005
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0010
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0010
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0010
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0015
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0015
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0015
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0020
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0020
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0020
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0025
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0025
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0025
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0030
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0030
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0030
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0035
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0035
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0035
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0040
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0040
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0045
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0045
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0045
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0045
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0050
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0050
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0050
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0055
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0055
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0055
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0060
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0060
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0065
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0065
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0070
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0070
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0070
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0075
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0075
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0075
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0080
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0080
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0085
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0085
http://refhub.elsevier.com/S2095-8099(18)30822-1/h0085

	Key Technologies of Forest Resource Examination System �Development in China
	1 Introduction
	2 Development of a forest resource examination system
	2.1 System development based on the Internet+
	2.2 Development of a Category I “continuous examination of growth” model in sample plots

	3 Observation of the micro-sample plot examination system
	4 Methodology of annual growth prediction
	5 Verification of the accuracy of the micro-sample plot growth model
	6 Conclusion
	Acknowledgements
	References


