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Abstract: The Yunnan pine (Pinus yunnanensis Franch.) is one of the primary forest vegetation types
in Yunnan Province and has prominent economic value and ecological significance. Monitoring
changes in Yunnan pine forests contributes to their health management. The normalized differential
vegetation index (NDVI) is an essential indicator for studying regional vegetation change. Landsat
images were used to analyze the NDVI changes of Yunnan pine forests in rainy and dry seasons as
well as the NDVI changes of Yunnan pine forests from 2009 to 2020. The results showed that the
NDVIin Yunnan pine forests showed opposite trends in the rainy and dry seasons, with an increase
in the rainy season and a decrease in the dry season. The areas of NDVI decline during the rainy
season are mainly located at the edges of the forest area, with very few within the forest area. The
main reason for the decline in NDVI within the forest area was pests. From 2009 to 2020, the areas
where NDVI increased and decreased were 92.23% and 7.77% of the pine forests, respectively. The
decreasing areas were mainly located at the edges of the pine forests, with sporadic distribution
within the forest areas. The drought led to a significant decline in NDVI in the forest area in 2010
and 2013. Due to the lack of protective measures, the forest area in Xijiekou Town was severely
infested with pests, with complex NDVI changes and strong fluctuations, and areas of severe pest
infestation could be detected by NDVI imagery. This study is meaningful for forest protection and
explores the potential capability of Landsat imagery for pest detection.

Keywords: Landsat; NDVI; spatial and temporal variation; Pinus yunnanensis

1. Introduction

Vegetation coverage is influenced by climate and other factors such as pests, dis-
eases, and anthropogenic activities. Furthermore, a large number of studies have shown
that normalized differential vegetation index (NDVI) has a high correlation with vegeta-
tion coverage [1-3] and that the higher the NDVI, the higher the vegetation coverage.
Therefore, NDVI is an effective indicator for monitoring variation in vegetation, which
can reflect the growth of surface vegetation [4,5]. In recent years, many scholars have used
NDVI product data (e.g., SPOT-VGT NDVI, GIMMS NDVI 3g, and MODIS NDVI) for
vegetation change studies [6-9]. These data are superior for studying variation in vegeta-
tion in response to climate change and significant regional changes in vegetation coverage
and can reflect the expansion or contraction of vegetation coverage in response to external
environmental influences. In addition, vegetation variation can also be reflected through
Landsat data [10]. Landsat data have worked better in studies of the mangrove forests
coverage, mapping the degradation of mangroves due to shoreline changes [11]. Com-
pared with these data, Landsat data have higher spatial resolution and are easy to obtain,
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which should be more advantageous in studying vegetation variation caused by pests and
diseases.

In recent years, the effects of pests and diseases have led to the deterioration of forest
health, which has attracted much attention. For example, Spruce et al. (2019) used MODIS
NDVI data to monitor forest death due to mountain pine beetle, demonstrating the poten-
tial of MODIS NDVI data to detect variation in forest coverage in small areas due to pest
impacts [12]. In contrast, the time series of Landsat images contain a wealth of information
that can also be used to detect pest disturbance. The Landsat time series change detection
algorithm (LandTrendr) allows the mapping of spectral trajectories associated with pest
disturbance at different times and severities [13,14]. Hais et al. (2009) used Landsat images
to determine differences in spectral responses between two types of forest disturbance
(i.e., bark beetle outbreaks and deforestation) [15]. In a study of defoliation damage in oak
forests caused by Tortrix viridana (Lep.: Tortricidae), Landsat's NDVI images were closely
related to the canopy coverage of the oak forest. The monitoring of damage by T. viridana
can be achieved by monitoring changes in NDVI in oak forests [16]. In the study of dam-
age caused by the Tomicus spp., Yu et al. (2018) used Landsat time-series data to detect the
timing of outbreaks and movement trajectories [17].

This study is conducted on Yunnan pine (Pinus yunnanensis Franch) forests in Shilin
County, Kunming, Yunnan Province, China. Pine forests in the area have been under pro-
longed pest stress (the main pest species are Tomicus spp., Monochamus alternatus, and
Dioryctria rubella Hampson), which has led to the death of Yunnan pine forests and caused
substantial economic losses [18]. Therefore, there is an urgent need to monitor and evalu-
ate variation in the coverage of Yunnan pine forests. Landsat data are used to analyze
Yunnan pine forest coverage change, which is freely available from the United States Ge-
ological Survey (USGS). They are widely used in various fields such as monitoring of veg-
etation variation [19-21], crop yield estimation [22], and land utilization [23,24]. First, the
NDVI of Landsat series satellite imagery was calculated. Then, the spatial and temporal
characteristics of the NDVI of Yunnan pine forests in the study area were investigated
utilizing one-dimensional linear trend analysis and stability analysis to explore the exter-
nal factors (such as climate, anthropogenic activity, pests, etc.) that contribute to fluctua-
tions of Yunnan pine forest coverage. We also explore the potential ability of Landsat data
to monitor variation in vegetation coverage in small areas due to the effects of pests.

2. Materials and Methods

2.1. Study Area

The study area is located in Shilin Yizu Autonomous County (Shilin), Kunming, Yun-
nan, China (103°10'-103°41" E, 24°30'-25°03' N), at an altitude of 1700-1950 m. The climate
of Shilin is a subtropical low-latitude plateau mountain monsoon climate, characterized
by rainy and dry seasons, with a rainy season from May to October and a dry season from
November to April and an average annual temperature of 14.7 °C. Shilin is a typical karst
landform, and its forest vegetation is difficult to recover quickly after being destroyed.
Yunnan pine is the dominant species in Shilin, covering almost half of the county’s arbor-
eal forest area, which is important for the local ecological balance (Figure 1A). However,
80% of Yunnan pine forests are pure stands with a single stand structure. Most Yunnan
pines grow in poor ground conditions, making them susceptible to pest and disease in-
festation [25]. Each year, pests infest thousands of hectares of Yunnan pine forests in
Shilin, causing severe damage.
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Ground survey areas
(Sub-Compartment)
Pinus yunnanensis

e
Sub-Compartment (No.) Victimization rate (%)
004 5.30%
005 33.56%
010 19.21%
011 80.32%
012 8.04%
013 22.50%
015 9.74%
016 25.46%
019 6.70%
021 20.17%
077 58.33%

Figure 1. Diagram of the study area. (A) Shilin in China; (B) Pinus yunnanensis forests in Shilin; (C)
Landsat image with the study area; (D-G) Ground survey areas; (H) Yunnan pine forest (partial).
Victimization rate = (The number of infested trees/Total number of trees) x 100%.

2.2. Ground Survey

A ground survey was conducted from 16 to 18 November 2019 to identify infested
Yunnan pine forests in Heilongtan Reservoir and Xijiekou Town. According to the “Stand-
ard of Forest Pests Occurrence and Disaster (Document Number: LY/T 1681-2006)" issued
by the State Forestry Administration, damaged Yunnan pines are identified. A single Yun-
nan pine is considered healthy when the percentage of damaged branch tips is less than
10%, whereas more than 10% indicates that it is damaged. The ground survey area is
shown in Figure 1. A total of three sub-compartments (Number (No.) 012, 019, and 021)
were surveyed in the forest area near Heilongtan Reservoir, and a total of eight sub-com-
partments (No. 004, 005, 010, 011, 013, 015, 016, and 077) were surveyed in the forest area
of Xijiekou Town. During the survey, we found that the Heilongtan Reservoir forest area
was well protected and had reasonable pest control, with fewer damaged trees. In con-
trast, the forest area in Xijiekou Town had almost no protection measures and was heavily
infested with pests.

2.3. Satellite Data Sources and Pre-Processing

According to the official USGS data description, the Landsat satellite sensor is cali-
brated, and Landsat satellite images of all Tier 1 levels are available for time series analysis
[26]. Therefore, Landsat 5 TM, Landsat 7 ETM+, and Landsat 8 OLI data with a spatial
resolution of 30 m and less than 50% cloud cover in the study area (Table 1) are analyzed
in this paper.

Pre-processing of the data, completed on the Google Earth Engine (GEE) platform,
included operations such as demanding, de-clouding, and mask cropping. Then the NDVI
of the Landsat image was calculated, and the maximum NDVI raster image was obtained
by the maximum synthesis method. Moreover, the NDVI raster image of the Yunnan pine
forests was extracted using the forest resources management survey data of Shilin.

Combining ground survey data, monthly changes in image values of the maximum
NDVI raster images from May 2019 to October 2019 represent rainy season changes in
coverage of Yunnan pine forests, while the dry season coverage variation is represented
using the pixel value variation of the maximum NDVI raster image from November 2019
to April 2020. By analyzing the trends between the rainy and dry seasons in pine forests,
we explore the reasons why pest detection is not appropriate during the dry season.
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During the dry season, the needles on the second- and third-year branches of Yunnan
pine fall off due to climatic influences, which impacts detection. In the rainy season, pests
such as Tomicus spp. and Monochamus alternatus continue to damage Yunnan pine treetops
until the end of the rainy season, so images of November (at the start of the dry season)
for each year from 2009 to 2020 were selected for inter-annual variation analysis.

Table 1. Landsat data (Path:129, Row:43) used in this study 2.

Date Image Year Image

May 2019 Landsat 7 and Landsat 8 Landsat 5 and Landsat 7
June 2019 Landsat 7 and Landsat 8 Landsat 5 and Landsat 7
August 2019 Landsat 7 and Landsat 8 2009-2012 Landsat 5 and Landsat 7
September 2019 Landsat 7 and Landsat 8 Landsat 5 and Landsat 7
October 2019  Landsat 7 and Landsat 8 Landsat 7 and Landsat 8
November 2019 Landsat 7 and Landsat 8 Landsat 7 and Landsat 8
December 2019 Landsat 7 and Landsat 8 Landsat 7 and Landsat 8
January 2020  Landsat 7 and Landsat 8 2013-2020  Landsat7 and Landsat 8
February 2020 Landsat 7 and Landsat 8 Landsat 7 and Landsat 8
March 2020 Landsat 7 and Landsat 8 Landsat 7 and Landsat 8
April 2020 Landsat 7 and Landsat 8 Landsat 7 and Landsat 8

2 The Landsat images for July 2019 are not used as they do not meet the Tier 1 level criteria.

2.4. Methods

Numerous studies have shown that NDVI can be used for monitoring changes in
forest coverage [1-5,12,16], and this study also used NDVI to monitor changes in pine
forest coverage during the rainy and dry seasons from 2009 to 2020.

2.4.1. Analysis of NDVI Variation

Unchanged features generally have equal or similar grey values on remote sensing
images in both time phases. In contrast, when features change, the grey values at the cor-
responding locations will differ significantly. Therefore, the analysis of spatial variation
in NDVI is carried out using the direct image comparison method. Variation in NDVI is
analyzed four times:

e The beginning of the rainy season (May 2019);

e  The end of the rainy season (October 2019);

e  The beginning of the dry season (November 2019);
e  The end of the dry season (April 2020).

The ANDVI represents the difference in NDVI at different times in the same area,
and it’s classification thresholds are assigned according to the NDVI coverage classes (Ta-
ble 2) [1,27,28].
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Table 2. ANDVI levels and thresholds.
Coverage Level (C) Threshold (ANDVI?) ANDVI Level
ANDVI > 0.6 Change (+4)
Bare land (C1): NDVI<0.1
are land (C1) <0 ANDVI <-0.6 Change (-4)
0.4<ANDVI<0.6 Change (+3)
L C2): NDVI<0.3
ow coverage (C2) -0.6 < ANDVI < 0.4 Change (-3)
. 0.2<ANDVI<04 Change (+2)
Med :NDVI<O0.
edium coverage (C3): N <0.5 0.4 < ANDVI <02 Change (-2)
. 0<ANDVI<0.2 Change (+1)
Medium-high C4): NDVI<0.7
edium-high coverage (C4) -0.2 < ANDVI<0 Change (-1)
High coverage (C5): NDVI>0.7 ANDVI =0 No Change

2 ANDVI = NDVIi - NDVIj, i and j represent different months (years), respectively.

2.4.2. Unitary Linear Trend Analysis

The slope of the one-dimensional linear regression equation (Equation (1))is used to
characterize the change in NDVI between the rainy and dry seasons in Yunnan pine for-
ests [1,28-31].

XY (iXNDVI;)-Y 1 ix¥ | NDVI;

. N2
HXZ?=1 LZ_(Z‘{l:l I-)

Hslope -

, (1)

where variable i € (1, 2, ...) is the ordinal number of the time-series image by time; n is the
total number of months (years); and NDVI: is the NDVI value for a month (year) i. Ogjope
is the slope of linear change in NDVL

When 6gj5pe >0, it means that NDVIis on the rise during the period, and the canopy
coverage of Yunnan pine forests has improved, and vice versa when the canopy coverage
has degraded. The results of the slope calculations were tested for F significance, and then
the slope was superimposed on the significance test results with the division criteria
shown in Table 3 [32].

Table 3. Slope and significance levels.

Slope p Level Description

p>0.05 D1 Non-significant decrease
Osiope< 0 0.01<p<0.05 D2 Significant decrease

p<0.01 D3 Extremely significant decrease

p=0.05 n Non-significant increase
Osiope> 0 0.01<p<0.05 12 Significant increase

p<0.01 I3 Extremely significant increase

2.4.3. Coefficient of Variation

The stability of NDVI variation in Yunnan pine forests is expressed using the coeffi-
cient of variation (CV) [33,34], where the smaller the CV value, the smoother the vegeta-
tion change (Equation (2)).

1

CV=—
NDVI

n
1 -
XHZWWVWWW )
i=1

The CV is classified into five classes, namely high volatility (CV > 0.20, F1), relatively
high volatility (0.15 < CV < 0.20, F2), medium volatility (0.10 < CV < 0.15, F3), relatively
low volatility (0.05 < CV <0.10, F4), and low volatility (CV < 0.05, F5) [5].
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2.4.4. Influence of Climate on the Change of Pine Forest Coverage

Pearson correlation analysis of annual precipitation, mean annual temperature, and
NDVI (mean) for 2009-2020 was carried out separately to analyze the influence of precip-
itation and temperature on changes in pine forest coverage.

The precipitation and temperature data for the years 2009 to 2020 were obtained from
the China Meteorological Data Network (http://data.cma.cn, accessed on 6 December
2021).

2.4.5. Influence of Pests on Changes in Pine Forest Coverage

The applicability of NDVI to detect changes in pine forest coverage due to pest stress
needs to be verified. Therefore, in this study, a Pearson correlation analysis was conducted
between NDVI and the pine damage rate (the rate of pine trees infested by pests in a sub-
compartment area of pine forests, i.e., the Victimization rate in Figure 1) of the sample
plots to verify the relationship between NDVI and the canopy coverage of pine forests
under pest stress. As the ground survey was conducted in November 2019, NDVI images
from that month were selected to extract the NDVI of the sample plots.

2.4.6. Influence of Anthropogenic Activities on Coverage of Pine Forest

Based on the ground survey results, the influence of anthropogenic activities on the
change of pine forest cover in Heilongtan Reservoir and Xijiekou Town was analyzed,
positive or negative. Moreover, the reasons for the highly fluctuating NDVI of pine forests
in some areas are analyzed in conjunction with the high-precision images.

3. Results
3.1. Inter-Monthly Variation in NDVI during the Rainy and Dry Seasons
3.1.1. Characteristics of NDVI Variation

The NDVI of Yunnan pine forests for the rainy season (May 2019-October 2019) and
dry season (November 2019-April 2020) were categorized by month, and the mean values
of the maximum NDVI raster images were calculated for each month. The results show
an overall slight downward trend in the monthly average NDVI values from November
2019 to April 2020 (Figure 2), with values fluctuating in the range of 0.55-0.78. The
monthly mean NDVI values ranged from 0.57-0.78 in the rainy season with an overall
increasing trend, while they fluctuated in the range of 0.55-0.69 in the dry season with an
overall decreasing trend (p < 0.01). NDVI values increased marginally from May to June
and sharply from June to August, with a growth rate of 32.20%. NDVI values showed a
continuous decline from August 2019 to February 2020, with a slow decline from Septem-
ber to December and a significant decline from January to February 2020. In the rainy
season, Yunnan pine branches (annual shoot) produce many new needles, and vegetation
coverage increases, so NDVI values increase and have a high growth rate from June to
August. In contrast, the needles of the second- and third-year branch tips fall off during
the dry season. The vegetation coverage decreases, hence the rapid decrease in NDVI val-
ues from January to February 2020.



Forests 2022, 13, 412

7 of 18

0.9 04
s Y =-0.0289x + 0.8628
= i R*=00917, p=0.01 "
......................................... -
§06 | ge==s Y - 0.0481x + 0.5376 1028
=) R? = 0.604 £
= - -507%  361% £
% 03 3.33% 32.20% "= [ | [ | - - 2.]3% . 1° Ug
-1.87% 5 -2.61% = Qr0
-5.06% -11.32% -5.86%
0 1 1 1 1 1 1 1 1 L L -0.2
&) (s} & 9 Q N W A\ v ) b
$ & P F S S
ORISR O PO S I e
mmm Growth rate (%) —e— NDVI (Mean)
------ Trend line (rainy season) -=-----Trend line (dry season)
----------- Trend line (NDVI (Mean))

Figure 2. Variation in monthly NDVI averages from May 2019 to April 2020.

3.1.2. Spatial Variation Characteristics of NDVI

Overall, the NDVI of Yunnan pine forests showed a slight downward trend, with a
significant increase in NDVI and increase in vegetation cover class during the rainy season
and a considerable decrease in NDVI and decrease in vegetation cover class during the
dry season (Figure 3, Table 4). From May to October, NDVI increased in 94.80% of the
stands, and the cover of Yunnan pine increased (Figure 3E). Compared to October, the
proportion of areas with decreasing NDVI was 77.83%, and the proportion of areas with
increasing NDVI was 22.17% in Yunnan pine stands in November (Figure 3F). Compared
to the NDVI image at the beginning of the dry season (November 2019), the proportion of
areas where NDVI was decreasing at the end of the dry season (April 2020) in Yunnan
pine forests was 92.52%, and the proportion of areas where it was increasing was 7.48%
(Figure 3G). For the NDVIimage at the start of the rainy season (May 2019) versus the end
of the dry season (April 2020), the proportion of NDVI declining areas at the end of the
dry season was slightly higher than that of rising areas at 66.41% (Figure 3H). Due to the
climate and the growth habits of Yunnan pine, NDVI in pine forests increase during the
rainy season and tend to decrease during the dry season.

LA

7 Vegetation coverage

oy 0 2km - e

2 aba* T e
L '3‘. < R s

] N
. G)2019.11 t0 2020.04 A

E)"zow.os t02019.10 }“\ F) 2019.10t0 2019.11" N H) 2019.05 t0 2020.04 N

% ANDVI
2 B craonge (-4
s B crange -3)
. : [0 Change (-2)
Change (-1)
Change (+1)

- : | Change (+2)

0 2%m 0 .2km : 0 2km 0 2km | BN Change (+3)
Lol L : L L) | I Change (+4)

Figure 3. Variation of Yunnan pine forest coverage and NDVI in May, October, and November 2019
and April 2020. (A-D) are maps of pine forest coverage; (E-H) are ANDVI.
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Table 4. Yunnan Pine forest coverage and ANDVI ratios in May, October, and November 2019 and
in April 2020.

ANDVI
Date Cc1 C2 C3 C4 C5
NDVI - NDVJ; Change (+) Change (-)
May 2019 0.05% 7.01% 24.53% 44.95% 23.46% NDVIoc. 2019 — NDVIMay 2019 94.80% 5.20%
October 2019 0.07% 090% 7.38%  36.97% 54.68% NDVINov.2019 = NDVIoct. 2019 22.17% 77.83%
November 2019 0.11% 6.41% 26.69% 53.24% 13.56% NDVIapr.2020 = NDVINov. 2019 7.48% 92.52%
April 2020 0.03% 0.65% 4.68% 23.97% 70.67% NDVIapr. 2020 — NDVImay 2019 33.59% 66.41%

The images of NDVI during the period of continuous increase were analyzed (May
and August) (Figure 4A). We found that most of the areas where NDVI changes between
Change (+3) and Change (+4) levels are at the edge of forest areas (Figure 4B), which are
primarily at the interface between agricultural and forest areas (Figure 4C) and are sus-
ceptible to anthropogenic activities. The rise or fall in NDVI is most likely due to changes
in crop growth. The areas with NDVI changes at the Change (-1) and Change (-2) levels
were mainly within the forest. Combined with ground surveys, we found that the leading
reason for NDVI decline in Yunnan pine forests during the rainy season was pest damage,
with Tomicus spp. causing the most damage to Yunnan pine (Figure 5B). When using
Landsat images for pest analysis, the focus should be on changes within the forest area.
In contrast, changes at the edges of the forest area should be judged in conjunction with
higher-resolution images to exclude the effects of other factors.

“ A) 2019.05 to 2019.08

e (-1) ld

B change (-3), 0.01%
[ change (-2), 0.77%

Change (-1), 3.10%

Change (+1), 48.32%
[ change (+2), 37.38%
I Change (+3), 9.44%
I Change (+4),057%

Figure 4. NDVI changes from May to August 2019. (A) ANDVI for May versus August 2019. (B)
Location of Change (+3) and Change (-1). (C) The interface between agricultural land and wood-
land.

H W
Q\VCh}\ge( 1)

Change +3)
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Figure 5. Slope and significance test results for rainy+dry season, rainy season, and dry season.

3.1.3. Slope Analysis of Yunnan Pine Forests in the Rainy Season+Dry Season, Rainy Sea-
son and Dry Season

The slope of inter-monthly NDVI variation was calculated for the rainy, dry, and
whole year, respectively.

The slope of NDVI changes in the Yunnan pine forest region from May 2019 to April
2020 ranged from -0.074 to 0.038, with a mean value of —0.010 (Figure 5A), showing a
general decay trend. The proportion of NDVIincrease in area was 7.93%, of which 0.00%,
0.02%, and 7.91% were extremely significant, significant, and non-significant increases,
respectively. The proportion of NDVI decrease was 92.07%, with extremely significant,
significant, and non-significant decreases of 1.91%, 6.96%, and 83.20%, respectively.

(1) Rainy season

The slope of NDVI change in Yunnan pine stands during the rainy season ranged
from -0.101 to 0.205, with a mean value of 0.050 (Figure 5B). A total of 96.18% of the stands
showed an increase in NDVI, of which 2.52%, 27.14%, and 66.52% were extremely signif-
icant, significant, and non-significant increases, respectively. On the other hand, 3.82% of
the stands showed a decrease in NDVI, of which 0.00%, 0.01%, and 3.81% were extremely
significant, significant, and non-significant decreases, respectively.

(2) Dry season

The slope of NDVI change in Yunnan pine stands during the dry season ranged from
—0.157 to 0.111, with a mean value of -0.030 (Figure 5C). The proportion of NDVI increase
was 4.64%, of which 0.04%, 0.10%, and 4.49% were extremely significant, significant, and
non-significant increases, respectively. The decrease in NDVI accounted for 95.36% of the
forest area, of which 39.28%, 22.15%, and 33.93% were extremely significant, significant,
and non-significant decreases, respectively.

3.1.4. The Volatility of the Yunnan Pine Forest Coverage

Figure 6 shows the spatial distribution of inter-monthly CV of NDVI in Yunnan pine
forests during the rainy+dry, rainy, and dry seasons. It could be observed that 70.92% of
Yunnan pine forests had CV values less than 0.2 in the rainy season, 87.73% in the dry
season, and 71.83% in the rainy+dry season. This means that the coverage of Yunnan pine
forests is stable, either during the rainy season, the dry season, or throughout the



Forests 2022, 13, 412

10 of 18

rainy+dry season. Analyzing the NDVI fluctuations in Yunnan pine forests in three situa-
tions, we found that the fluctuations were more dramatic in most forest areas located at
the edges and a few in the central part of the forest.

AN

A) rainy +dry seasonA

C) dry season )N\

Fluctuation

- F1: Low fluctuation

F2: Relatively low fluctuation
F3: Medium fluctuation

F4: Relatively high fluctuation

- F5: High fluctuation

Pinus yunnanensis

A B C

F1
F2
F3

| 0.52%
| 28.53% |

25.58%

| 6.53% | 3.88% |

25.45% | 41.37% |
22.78% | 28.43%

F4

17.20%

16.15% | 14.05%

F5

28.17%

29.08% | 12.27%

Figure 6. Spatial distribution of inter-monthly NDVI coefficients in Yunnan pine forests during the
rainy season, dry season, and rainy+dry season.

3.2. Inter-Annual Variation in NDVI (2009-2020)

3.2.1. Characteristics of NDVI Variation

The maximum NDVI rasters synthesized for November of each year in the study area
from 2009 to 2020 were classified, and their mean values were calculated, as shown in
Figure 7. The NDVI values fluctuated within the range of 0.54-0.79 from 2009 to 2020,
showing two increases and three decreases, with an overall increasing trend (p <0.01).

m Growth rate (%) —e— NDVI (Mean) =-=--=---Trend line (NDVI (Mean))
08 0.20
_____ S ——t == g T
Y- T —— = Y = 0.0112x + 0.5824 4 010
g R2 = 0.6208, p<0.01 £
< I -141% | -0.79% -1.49% k=
=04 - -_— — -, = 1 000 %
z 5.74% 3.97% 7.57% —051%~046% g
2 13.24% 7707 ek &
Zo02 | | { 010
-12.09%
0 L 1 L L i L L L L i L -0.20

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 7. Variation in mean NDVI values in the study area from 2009 to 2020.

3.2.2. Spatial Variation Characteristics of NDVI

On the whole, from 2009 to 2020, the NDVI of Yunnan pine forest showed an increas-
ing trend, and vegetation coverage increased significantly (Figure 8). From 2009 to 2010,
the NDVI and vegetation coverage class of pine forests decreased significantly, with 89%
of Yunnan pine showing a decrease in NDVI and severe damage to pine forests (Figure
9A). From 2012 to 2013, more than 50% of the pine forests showed a decrease in NDVI, a
decrease in coverage class, and some pine forests were damaged (Figure 9B). From 2014
to 2020, pine forests” NDVI and vegetation coverage were high, with no significant de-

crease or increase.
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Figure 8. Pine forest coverage from 2009 to 2020, the darker the color, the higher the coverage level.
(A) Pine forest coverage in 2009; (B) Pine forest coverage in 2010; (C) Pine forest coverage in 2011;
(D) Pine forest coverage in 2012; (E) Pine forest coverage in 2013; (F) Pine forest coverage in 2014;
(G) Pine forest coverage in 2015; (H) Pine forest coverage in 2016; (I) Pine forest coverage in 2017;
(J) Pine forest coverage in 2018; (K) Pine forest coverage in 2019; (L) Pine forest coverage in 2020.
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Figure 9. ANDVI for 2009 vs. 2010 and 2012 vs. 2013. (A) NDVI difference (ANDVI) between 2010
and 2009 in pine forests; (B) NDVI difference (ANDVI) between 2013 and 2012 in pine forests.

3.2.3. Slope Analysis of Yunnan Pine Forests from 2009 to 2020

The slope of NDVI was calculated for the period from 2009 to 2020. The slope of
NDVIin the Yunnan pine forest was —0.058-0.058, with a mean value of 0.012 (Figure 10).
NDVlIincreased in 92.23% of the pine forests, with the proportion of extremely significant,
significant, and non-significantly increasing areas being 38.97%, 20.14%, and 33.11%, re-
spectively. NDVI decreased in 7.77% of the pine forests, of which 0.30%, 0.43%, and 7.04%
were extremely significant, significant, and non-significant decreases, respectively. Anal-
ysis of the areas where the NDVI decreased showed that most of the areas where NDVI
decreased significantly were located at the edge of the forest area. Most of the areas with
significant and non-significant decreases in NDVI are located within the forest area. Ac-
cording to historical information from the local Forestry and Grassland Bureau, the cause
of the decrease in NDVI within the forest area is pest stress.
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Figure 10. Slope and significance tests (2009 to 2020). (A) Slope; (B) Significant test results; (C) Local
significance test results.

3.2.4. The Volatility of the Yunnan Pine Forest Coverage (2009 to 2020)

Figure 11 shows the spatial distribution of CVnovi in Yunnan pine forests from 2009
to 2020, with CVnowi calculated according to Equation (2). It can be found that 92.73% of
Yunnan pine forests had CVnpv values less than 0.2, which means that the vegetation
cover of Yunnan pine forests was overwhelmingly stable during these 12 years. In con-
trast, 7.27% of the pine forests showed high fluctuations in NDVI, and these areas were
mainly located at the boundaries of Yunnan pine forests, while very few of them were
located in the center of the forest area.

VA “ N

A

0 2 km
L1

Wi

&

- Low fluctuation, 0.79%
Relatively low fluctuation, 37.54%
Medium fluctuation, 40.80%
Relatively high fluctuation, 13.60%

- High fluctuation, 7.27%

Pinus yunnanensis

Figure 11. Spatial distribution of CVnpvi in Yunnan pine forests from 2009 to 2020.

3.2.5. Influence of Temperature and Precipitation on Changes in Pine Forest Coverage

The NDVI changes in Yunnan pine forests showed a positive correlation with pre-
cipitation (Pearson's correlation, R = 0.532, p > 0.5) and a negative correlation with tem-
perature (Pearson's correlation, R = -0.151, p > 0.5); thus, the effect of precipitation on
NDVI is more potent than that of temperature. The previous results also showed a signif-
icant increase in the coverage of Yunnan pine forests during the rainy season and a sig-
nificant decrease during the dry season. Meanwhile, the rainfall from 2009 to 2020 showed
(Figure 12b) that the rainfall in 2010 and 2013 both decreased compared to the previous
year, and the NDVI (Figure 9) also decreased to varying degrees in both years compared
to the previous year. The years 2017 and 2019 both showed an increase in rainfall com-
pared to the previous year, but the NDVI of the pine forests slightly decreased, and the
reasons for this decrease need to be further surveyed.
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3.2.6. Influence of Pests and Anthropogenic Activity on Changes in Pine Forest Coverage

The pine damage rate and NDVI of the sample plots are shown in Table 5. There was
a highly significant correlation between them (Pearson’s correlation, R =-0.826, p < 0.01).
This means that the detection of pest stress can be achieved by monitoring changes in the
NDVI of the pine forest canopy.

Combined with ground surveys, the NDVI variation in the forest areas of Heilongtan
Reservoir and Xijiekou Town was analyzed (Figure 13). We found a low level of NDVI
fluctuation in the Heilongtan Reservoir forest area, with an overall upward trend in NDVI
from 2009 to 2020 (Figure 13A). Most of the attenuation areas and sharp fluctuations are
located at the edge of the forest area (Figure 13G). NDVI increased in sub-compartment
019, decreased in sub-compartment 012 by only one pixel cell, and decreased in sub-com-
partment 021 by two pixel cells (Figure 13C). The fluctuation of NDVI in the forest area of
Xijiekou Town was complex and showed high fluctuation levels. The NDVI also showed
an increasing trend (Figure 12b), but the variations were relatively complex (Figure 13H).
In addition to the decreasing NDVI at the forest area’s edge, the NDVI also decreased in
the interior. The NDVI decline in sub-compartment 011 exceeded 50%, while it was nearly
40% in sub-compartments 005 and 077, around 20% in sub-compartments 013 and 016,
and around 10% in sub-compartments 004, 010, and 015. (Figure 13D-F). Combining the
pine damage rate (Table 5), we found that when the damage rate of pine forests due to
pests is higher, the area of decline in NDVI is larger, i.e., there is a greater decline in the
area of pine forest coverage. This is because xylophagous insects such as Tomicus spp.
prefer to feed on the branches in the middle and upper part of the canopy, leading to a
decrease in the NDVI of the canopy. Therefore, NDVI images from Landsat allow for the
detection of pest stress at the stand scale.

The forest area in Xijiekou Town is more complex in terms of variation and more
substantial fluctuations in NDVI than the Heilongtan forest area. During the ground sur-
vey, we found that the forest area of the Heilongtan reservoir is better protected, with
regular patrols and pest checks by relevant personnel and controls on people entering and
leaving the forested area. In contrast, the forest area in Xijiekou Town seriously lacks quar-
antine facilities and personnel protection, and the infested wood moves freely, enabling
the spread of the pests. Moreover, most forest areas are adjacent to agricultural lands, with
complex NDVI variations at the boundary. During our literature review, we found rele-
vant studies showing that timber transport can lead to the spread of Tomicus spp. damage
[35]. In conjunction with ground surveys, Yunnan pine forests in Xijiekou Town mostly
bordered on agricultural land, with traces of the felling of infested pine trees at the bor-
ders. Moreover, there were shacks built from pine trees near some agricultural lands, and
some of the trunks had wormbholes infested with Tomicus spp. Therefore, we speculate
that one of the reasons for the NDVI decline of the Yunnan pine forests in Xijiekou Town
is anthropogenic activity. Artificial transport of infested wood has led to the expansion of
Tomicus spp. infestation. In the future, control and protection of forest areas in Xijiekou
Town should be strengthened to prevent the occurrence of pests.
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Table 5. The pine victimization rates and NDVI of the sample plots.

Survey Area  No.! NDVI2 Pine Damage Rate?  Survey Area No. NDVI Pine Damage Rate
Heilongtan 012 0.6633 + 0.0747 8.04% 011 0.2311 £0.1743 80.32%
Reservoir 019 0.6942 +0.0033 6.70% 013 0.4991 £ 0.0846 22.50%
021 0.6010 + 0.0477 20.17% Xijiekou 015 0.5866 + 0.0599 9.74%
004 0.5210 + 0.0554 5.30% Town 016 0.4666 +0.1220 25.46%
Xijiekou Town 005 0.3956 + 0.1623 33.56% o
010 0.5390 + 0.0779 19.21% 077 04957:x0.1006 58:33%

! No. represents the number of the sub-compartment, which is also the sub-compartment (No.) in
Figure 1. 2 The NDVI data are presented as the mean + standard error. * Pine damage rate is the
victimization rate in Figure 1.

No. 004 005 010 011
Decrease | 11.11% |39.19% | 9.09% |64.21%
Increase | 88.89% [60.81% | 90.91% |35.79%

No. 012 013 015 016
Decrease | 2.38% |18.18% | 2.60% |22.92%
Increase | 97.62% |81.82% | 97.40% |77.08%

No. 019 021 077
Decrease| 0.00% |10.53% | 38.64%
Increase [100.00%89.47% | 61.36%

Figure 13. Slope significance test results for NDVI of pine forests in Heilongtan Reservoir and Xi-
jiekou Town (2009-2020). (A) Forest area of Heilongtan Reservoir; (B) Forest area of Xijiekou Town;
(C) Ground survey area of Heilongtan Reservoir forest; (D-F) Ground survey area of Xijiekou Town
forest; (G) The image of Heilongtan Reservoir forest; (H) The image of Xijiekou Town forest.

4. Discussion

Yunnan pine, an important tree species for reforestation, has crucial economic value
and is one of the primary forest types in Yunnan Province. At the same time, Yunnan pine
is an essential target for forest conservation [36]. For example, since the first outbreak of
the Yunnan pine bollworm in Yunnan, hundreds of square kilometers of Yunnan pine
forests have died, causing substantial economic losses [37-39]. In recent years, Yunnan
Province has strengthened the protection of forest resources and the management and
control of forest pests and diseases. Therefore, it is also essential to monitor the coverage
of Yunnan pine forests to help the health management of pine forests. This study analyzed
the trends in coverage of Yunnan pine forests under pest stress during the rainy and dry
seasons, and the coverage variation from 2009 to 2020. In this study, the inter-monthly
and inter-annual NDVI variability of Yunnan pine forests was analyzed to investigate the
variation of pine forest coverage during the rainy and dry seasons and the trend of cover-
age variation from 2009 to 2020. We also explored the reasons for pine forest coverage
change and analyzed variation in pine forests due to pests and anthropogenic activities.

4.1. Influence of Climate on the Change of Pine Forest Coverage

Precipitation and temperature are the main drivers of variation in vegetation dynam-
ics [1,35,40]. There was a positive correlation between the change in pine forest coverage
and precipitation in our study, consistent with the study by Meng et al. [8]. Meanwhile,
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the effect of precipitation on pine forest coverage was higher than that of temperature in
our study, and temperature showed a negative correlation with pine forest coverage.
However, Zhang et al. found that vegetation coverage change showed a positive correla-
tion with both temperature and precipitation in arid regions, and the effect of temperature
was higher than that of precipitation [1]. The main reason for this is the large variation in
the study area, and secondly, the variation in sample size may also be a contributing fac-
tor. In a further study, the ground survey needs to be expanded to thoroughly verify the
relationship between precipitation and temperature with changes in pine forest coverage.

4.2. Influence of Pests on Changes in Pine Forest Coverage

In some studies of pests in Yunnan pine, a clear link between climate change and pest
outbreaks has also been found. In poor rainfall years (especially early spring droughts),
reduced precipitation is the main external cause of pest outbreaks [41]. According to me-
teorological data, Yunnan was hit by a major drought from 2009 to 2013 and experienced
severe water shortages. An outbreak of Tomicus spp. was recorded in 2013 in the town of
Pupeng, Dali, Yunnan, resulting in a large number of pine trees being damaged. Drought
can lead not only to a direct reduction in pine forest coverage but also to an increase in
pest stress, resulting in a decrease in pine forest coverage [17]. On this basis, we can spec-
ulate that in the study area, the causes of the decline in Yunnan pine forest coverage in
2010 and 2013 were drought and pests. At the same time, the drought has aggravated the
pest situation and increased the level of NDVI decline in some areas. The increased pre-
cipitation resulted in good stand growth and pest resistance. The abundant precipitation
also allows the adult pests such as Tomicus spp. and Monochamus alternatus to be flooded
and less likely to damage the branches or trunks of trees. Their populations are kept to a
tolerable level in the stand, keeping stand damage to an acceptable level.

4.3. Influence of Anthropogenic Activities on Coverage of Pine Forest

In addition to climate and pests, the change of vegetation coverage is related to an-
thropogenic activities [42]. We found that the NDVI of Yunnan pine at the edge of the
forest area fluctuated considerably. Most of the forest edges are bordered by agricultural
land. In the forestry resource survey, some of the forest areas mapped were slightly larger
and included some agricultural land (Figure 14A). Some forest areas are also adjacent to
buildings (Figure 14B) and are similarly subject to anthropogenic impact. The lack of quar-
antine facilities and staff teams in the early days and the random movement of infested
wood also accelerated the pests’ spread, leading to a decrease in NDVI in pine forests.

Figure 14. Diagram of forest areas bordering agricultural land and buildings. (A) Forest areas bor-
dering agricultural land; (B) Forest areas bordering buildings.

5. Conclusions

Landsat time-series data provide a wealth of information that can be used for forest
change monitoring, which enables better detection of forest disturbance. Through this
study, we found that:
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e  The NDVI of Yunnan pine shows a clear upward trend in the rainy season and a clear
downward trend in the dry season. The areas where the NDVI of pine forests de-
clined during the rainy season are mainly located at the edges of the forest area, with
sporadic distribution within the forest area. Combined with ground surveys, the
main cause of NDVI decline within the forest area is pests, while the main causes of
NDVI decline at the edges are anthropogenic activities and pests. During the dry
season, the coverage of pine forests is influenced by the growth habits of the pine
trees, and large decreases in pine forest coverage occur. This disturbing factor cannot
be excluded if the pest stress test is carried out during the dry season.

e  From 2009 to 2020, the spatial and temporal variation in Yunnan pine forests in Shilin
was complex, with an increasing trend in general. Most forest areas show an increas-
ing trend in NDVI, while a small proportion of the forest areas show a decreasing
trend.

e  Variation in NDVI is influenced by climate, pests, and anthropogenic activities. Be-
cause of the influence of anthropogenic activities, the NDVI at the edge of the forest
area changes dramatically. In contrast, most of the changes within the forest area are
caused by pests. Drought caused a significant decrease in the forest area's NDVI in
2010 and 2013.

e In the forest area of Heilongtan Reservoir, the rise of NDVI in the pine forest is pro-
moted by forest protection measures. In contrast, in the forest area of Xijiekou Town,
anthropogenic activities have inhibited the rise of NDVI in the pine forest, and the
pest situation is serious.

These results have important implications for forest protection and forestry produc-
tion, providing a reference for pest outbreak studies and forest protection.
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