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SPECTRAL CHARACTERISTICS OF RECLAIMED VEGETATION IN A RARE EARTH MINE
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Due to special mining technology, ionic rare earth mines easily change the surrounding surface soil
properties and cause damage to the ecosystem, which leads to difficulties in vegetation ecological restora-
tion. In this paper, tung trees, bamboo willow, and slash pine were selected as reclamation vegetation, and
their spectral characteristics under ecological environmental stress were compared. In addition, by analyz-
ing the correlation between their chlorophyll contents and spectral parameters, a theoretical basis for hy-
perspectral remote sensing for monitoring rare earth reclaimed vegetation growth is provided. The results
show that the reflectance of the visible bands in the three vegetation types is less than 0.15, and there are
different degrees of “redshifting” in the green peaks and red valleys, correlation analysis was carried out
between the chlorophyll contents of the three vegetation types and the original spectra and derivative spec-
tra. The optimal band in the original spectra was concentrated near the red valley. The first-order derivative
spectra are more dispersed than the original spectra; the tung tree signal is concentrated in the red edge
region, the slash pine signal is located in the near-infrared band, and the bamboo willow signal is located
near the green peak and the red edge band. The three vegetation types have some of the same but also dif-
ferent chlorophyll-sensitive parameters. Among them, REP is the maximum parameter for the tung tree, D, is
the maximum parameter for slash pine, and SD,— SDw/SDy + SD, is the maximum parameter for bamboo
willow, which can provide a reference for the construction of inversion models of different vegetation chlo-
rophyll contents.

Keywords: reclaimed land of ionic rare earth mining area, chlorophyll content, spectral characteristic
parameter, correlation analysis.
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Bcneocmsue cneyuanvhoii mexunono2uu 000bivu pazpabomKa MecmopoNcOeHUll peoK03eMelbHbIX dile-
MEHMOB UBMEHSIEN CEOUCMEA NOGEPXHOCU OKPYICAIOWEl NOYGbL U HAHOCUM YUepO IKOCUcmeMme, Ymo npu-
6800UM K MPYOHOCHIAM 8 IKONOSUYECKOM BOCCIMAHOGIEHUL pacmumensHocmu. B kauecmee soccmanaenusa-
eMOoll pacmumenbHOCIU 8blOPaHbl MyH2068ble Oepesbsi, bambyKkosasn usa u kapuockas cocna. ConocmasieHvl
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UX CHeKmpanbHbie XapaKmepucmuku 8 YCI08UAX IKOI02UUECKO20 Cmpecca okpycaiowel cpeovl. Ilymem
AHANU3A KOPPETAYUU MENCOY COOEPIHCAHUEM 8 HUX XTOPODUILA U CREeKMPATbHLIMU NAPAMEMPAMU CO30aHA
meopemuieckds 0CHO8A 2UNEPCREeKMPanbHO20 OUCHMAHYUOHHO20 30HOUPOBANUs Ol MOHUMOPUH2A 8OCCMA-
HOBNEHUSl PACIUMENbHOCIU NOCTe 8030€lCmBUsl PeOKO3eMeNbHbIX dnemenmog. Tlonyuennvle pe3ynbmanel
NOKA3bI8AIOM, YMO KOdpuyuenm ompadicenus 8 noiocax UOUMo20 OUANA30HA Olsl Mpex Munog pacmu-
menvnocmu <0.15, a 6 nuxax 6 3enenoli 0bracmu u NPoBaALax 6 KPACHOU HAOIIOOAIOMCS PA3IUYHbIE CHEeNEeHU
“kpacnoeo cmewenus”. Ilpogeden KOppenayuoHHbIL AHATU3 MeHCOy COOEPHCAHUeM XA0popuiia 8 mpex
MUNAx pacmumensHOCmuy U UCXOOHLIMU CHEKMPAaMu U CReKmpamy npouzeoonsix. Onmumanvhas noaoca
8 UCXOOHBIX CNEKMPAx cocpedomodena 601u3u KpacHoeo nposaia. Cnekmpul npou3ooOHbIX Nepeozo nopsio-
Ka 6onee OucnepcHul, 4em UCXOOHble CHeKMpPbl; CUSHAT, COOMBEMCMEYIOWULL MYH2080MY 0epeay, cocpedo-
mouen Ha KpAcHoOM Kpae obaacmu, CUeHal KapubCcKoli cOCHbl PACRONIONCEH 8 OIUNCHEM UHPPAKPACHOM Oua-
nasoue, a cucHan 6amOYKo8oll U8bl HAXOOUMCS GONU3U 3€]IeH020 NUKA U KPACHO20 KpAsi NOAOCHL. Dmu mpu
Mmuna pacmumenbHOCMuU UMEIOMm HEeCKONbKO OOUHAKOBBIX U HECKONbKO PA3TUYHLIX NApaAMempos, 4yecmeu-
menvHbix K xaopoghunry. Cpedu nux REP — maxcumanvhulil napamemp 018 myHe08020 oepesa, Dr —
ons kapubckoii cocnvl, a SDr-SDb/SDb + SDr — 0551 6am6yK06011 ubl, YUMo ModACem CAYIHCUMb OPUEeHMU-
POM 0151 NHOCMPOEHUS UHBEPCUOHHBIX MOOEEl PA3TUYHO20 COOEPIUCANUS XTOPOPUANA 8 PACTNUMENLHOCTIU.

Knrwouesnle cnosa: 6occmanognennas nousa 6 301e 000vi4u peoKo3eMeNbHbIX INeMEHMO8, COOepIHCcanUe
Xnopoghunna, napamemp CneKmpaibHOU XapaKkmepucmuxy, KOppeasyuoHHbLI aHAIU3.

Introduction. Ionic rare earth metals (REs) are mainly distributed in Jiangxi, Guangxi, Fujian and other
regions in southern China, and they contain medium- and heavy-weight REs. The mining methods of REs
include various processes such as pond leaching, heap leaching, and in situ leaching, resulting in environ-
mental impacts during the mining process such as the destruction of surface soil and vegetation. Because the
soil becomes infused with leaching liquid, mining easily causes desertification and pollution of the soil,
making the natural restoration of vegetation difficult. Therefore, the mining area mainly relies on artificial
planting for reclamation. However, soil degradation and potential heavy metal pollution in mining areas
leads to poor vegetation growth. Therefore, it is important to monitor the ecological status of vegetation
growth. As an indicator of vegetation stress and external disturbance, chlorophyll can provide insight into
the nutritional status of vegetation. Therefore, the real-time and accurate estimation of chlorophyll content is
very important for large-scale vegetation growth monitoring. Moreover, by calculating the correlation be-
tween vegetation spectral parameters and chlorophyll content, the highlighted sensitive parameters can lay a
foundation for chlorophyll estimation.

Scholars have carried out many related research studies. For example, Lu Xia [1] found that there was a
significant correlation at the red edge location and vegetation index by analyzing the correlation between
chlorophyll content and canopy reflectance spectra of vegetation such as jing, Shan apricot, and mulberry
trees in a mining area. Hou Huifang et al. [2] found that the spectral correlation of each vegetation type was
different, which was determined between the chlorophyll content and the original spectra and between the
chlorophyll content and the transformation spectra by studying humulus, corn, bitter vegetables, and tung
trees in a gold mining area. Ming et al. [3] found that the logarithmic spectral curve was significantly corre-
lated with chlorophyll by studying the correlation between the canopy spectrum and the chlorophyll content
of soybeans, corn, and poplar in the Gunzhou mining area. By studying the chlorophyll content and spectral
response of maize seedlings under different iron concentrations, Ma et al. [4] found that the spectral parame-
ters with a significant correlation with chlorophyll at different concentrations were different. By studying
many herbaceous plants, Cui et al. [5] found that the vegetation indices TCARI and OSAVI were significant-
ly correlated with chlorophyll content. These studies show that both of the spectral characteristics of vegeta-
tion and ecological parameter responses are closely related to vegetation type, growth environment and de-
gree of stress. The soil in a mining area is polluted by heavy metals due to the penetration of wastewater,
which causes the chlorophyll content in growing vegetation to decrease after absorbing certain heavy metal
ions [6]. Ionic REs adopts the leaching method. The leaching solution from mining also destroys the soil
structure and brings heavy metal pollution, which affects the healthy growth of the vegetation in the mining
area. Thus, studying the spectral characteristics of vegetation and the response of ecological parameters un-
der environmental stress in mining areas can lay a foundation for large-scale vegetation growth monitoring.
This study implemented the typical reclaimed vegetation of rare earth mining as the research focus. First, the
spectral characteristics of vegetation under ecological stress were analyzed, which can provide a basis for
monitoring the restoration of the ecological environment in rare earth mining areas. Then, the correlation of
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spectral characteristic parameters and vegetation indexes with chlorophyll were evaluated, which can provide
a theoretical basis for the construction of a chlorophyll content estimation model for reclaimed vegetation.

Data and methods. Survey of the study area. The Lingbei RE mine is located in northern Dingnan
County, Jiangxi Province, which covers an area of approximately 200 km?. Currently, this mine has been in
operation for nearly 30 years, resulting in a large area of a sandy surface. Under such long-term RE mining,
the pond leaching/heap leaching process accumulated a large number of mullock heaps and tailings. In addi-
tion, the leaching liquid destroyed the original soil structure and nutrient distribution, causing the ecological
environment of the abandoned land to be destroyed, and the vegetation growth was poor. In this paper, the
Aobeitang RE mine was selected as the study area, which is located south of Lingbei. The specific coordi-
nates are 115°04'37"~115°05'41"E and 24°54'10"~24°56'42"N, and the area is approximately 1.5 km?. This
mine has experienced previous pool leaching/heap leaching and, later, in situ mining processes, leaving a
large area of bare tailings. Since 2000, artificial reclamation has been gradually implemented. However, be-
cause of the serious soil desertification and the pollution of water resources, the growth of the vegetation is
severely hindered. In this paper, bamboo willow, tung trees, and slash pine were selected as representative
reclamation vegetation for hyperspectral study.

A field Specd spectrometer acquired from ASD was used to collect vegetation spectra. The spectral
range was 350-2500 nm. The field spectral acquisition was in clear and cloudless weather in July 2017,
while the leaves of the vegetation were in the mature stage. We chose an acquisition time between 12 a.m.
and 2 p.m. and kept the probe vertically downward. Finally, white-board calibration was required before
each measurement, and the measurement was completed within 1 minute of calibration. According to the
principle of average distribution, 60 samples of each plant species were randomly measured in the study ar-
ea. Each sample was measured 10 times, and the average value was selected as the reflection spectrum.
When acquisition of each sample spectrum finished, the chlorophyll content was collected by a SPAD-502
chlorophyll instrument. In addition, the final chlorophyll content of the sample was determined as the aver-
age of 6 measurements distributed evenly on the sample.

Spectral noise processing. In the measured spectrum, there were abnormal signals because of the influ-
ence of the instrument itself and water vapor in the atmosphere. To improve the accuracy of spectral curve
analysis, it was necessary to delete the noise bands in the spectral curve. In this study, the final selection was
350-1350 and 1450-1750 nm after removing the water vapor noise within 1350-1450, 1750-2000, and
2350-2500 nm and the instrument within 2000-2350 nm.

First derivative spectrophotometric method. The first derivative method can be implemented to obtain
the spectral change rate curve from the original spectral transformation and to obtain more spectral charac-
teristic parameters from the spectral analysis. At the same time, the first derivative operation can reduce the
influence of external factors such as illumination and soil on spectral accuracy. The specific formula is as
follows:

d(R()) _ R(hi) = RO) 0
dh 2AN '

where A; is the wavelength of each band, R();) is the original spectral reflectance at A;, R'(\;) is the first de-

rivative reflectance at A;, and AX is the interval between A, and A;.

Continuum removal method. After applying the continuum transform, the spectral curves can be com-
pared on a unified baseline. In addition, this transform operation can further amplify the spectral absorption
characteristics and facilitate feature analysis of the absorption bands [7]. The specific formulas are as fol-
lows:

R'(K[)=

CR; = R/Ri, (2)
Rui =Ry + k(i — Ay), 3)
k= (R. - Ry)/(h — A\y), “4)

where CR; represents the value of continuum removal when the wavelength is A;, and Ry, R:, and R; are the
reflectance at the start, end, and at i absorption, respectively; and Ay, A-, and A; are the wavelength at the start,
end, and at i absorption, respectively.

Selection of spectral parameters and vegetation indexes. The spectral parameters were extracted after
spectral transformation of the original spectra, including three-sided matrix parameters, green peaks, red val-
leys, absorption characteristic parameters, and the ratio calculation of specific parameters. In addition, the
vegetation indexes were always used to reflect physical and chemical properties, such as vegetation coverage
and chlorophyll content, because the vegetation had the characteristics of low reflectance in the red band and
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high reflectance in the near infrared band. There are many studies on the spectral parameters and vegetation
index of non-mining areas. For example, Shi Bingquan et al. [8] constructed a chlorophyll estimation model
of a Pinus tabulaeformis forest based on a “three-sided parameters”; Pan Bei et al. [9] estimated the chloro-
phyll content of apple leaves using hyperspectral indexes. However, there are few parameters for selection to
study the spectral characteristics of vegetation in mining areas. In this paper, hyperspectral analysis of re-
claimed vegetation in RE mining areas was carried out using various spectral characteristics (band location
characteristics, spectral absorption characteristics, etc.). The selected spectral parameters and vegetation in-
dex are listed in Tables 1 and 2.

TABLE 1. Spectral Parameter

Spectral parameter Definition Description Reference

Dy Blue edge amplitude Maximum derivation over 490-530 nm [8]

b Blue edge position The wavelength at D, [8]

SDy, Blue edge area Spectral integration over 490-530 nm [8]

D, Yellow edge amplitude Maximum derivation over 560—640 nm [8]

Ay Yellow edge position The wavelength at D, [8]

SD, Yellow edge area Spectral integration over 560—640 nm [8]

D, Red edge amplitude Maximum derivation over 680—-760 nm [8]

AD, Red edge position The wavelength at D, [8]

SD, Red edge area Spectral integration over 680—760 nm [8]

R, Green Peak reflectance Maximum of original spectrum over 510— [10]

560 nm
g Green Peak position The wavelength at R, [10]
R, Red Valley reflectance Minimum of original spectrum over 640— [10]
680 nm

A Red Valley position The wavelength at R, [10]

\\Y% Absorption width o — A [7]

H Absorption depth 1-R, [7]

A Absorption area H*W/2 [7]

K Absorption slope (R2— R\)/W [7]

SAI Absorption index [S* Ri+(1-8)* R2)/ R, [7]

S Absorption symmetry M2 =)W [7]
SD,/SDy / The ratio of SD, to SD [10]
SD,/SD, / The ratio of SD, to SD, [10]
R./R, / The ratio of R, to R, [10]
SD,— SDy/SD, + SDy, / The ratio of SD,— SD; to SD, + SDj [10]
SD,— SD,/SD, + SD, / The ratio of SD,— SD, to SD, + SD, [10]
R.— R/R,+ R, / The ratio of R,— R, to R+ R, [10]

N o te. A, is the wavelength of the valley; A1 and A, are the wavelengths of the shoulders on both sides of the
valley; Ri and R, are the reflectance of the shoulders on both sides of the valley; and R, is the reflectance at
the wavelength of the valley.

TABLE 2. Vegetation Indexes

Vegetation parameter Formula Reference
RSVI (red edge stress vegetation index) (R714-R752)/2-R733 [11]
RENDVI (red edge-'nor’mahzed difference (R780-R680)/(R780--R680) (1]

vegetation index)

DD (double difference index) (R750-R720)—~(R700-R670) [12]
REP (modified red edge position index) | 700+40*(((R670+R780)/2-R700))/(R740-R700) [13]
SAVI (soil-adjusted vegetation index) (1+0.16)* (R800-R670)/(R800+R670+0.16) [14]
TVI (triangle vegetation index) 0.5*%(120*(R750-R500)-200*(R670-R550)) [15]
mND705 (modified normalized difference (R750-R705)—~(R750+R705-2*R445) [16]
mSR705 (modified ratio index) (R750-R445)(R705-R445) [16]

N o te. R; is the reflectance at wavelength i.




508-5 ABSTRACTS ENGLISH-LANGUAGE ARTICLES

Results and analysis. Analysis of the original spectrum. By comparing the original spectral curves of
three kinds of reclaimed vegetation (Fig. 1), it was found that the spectral trends of the reclaimed vegetation
were basically consistent with those of normal vegetation. In the visible light range (400-760 nm), the pig-
ments in the vegetation spectrum strongly absorbed the incident light, and the reflectance was less than
0.15 overall. In addition, chlorophyll mainly absorbed blue light (450 nm) and red light (670 nm) but absorb
less green light (550 nm) during photosynthesis. Thus, an absorption valley in the blue and red bands formed
a distinct green peak in the green band. The spectral reflectance increased sharply in the 680-760 nm band,
forming a typical “red edge” feature in the spectral curves of the vegetation. In addition, the spectral reflec-
tance in the near-infrared region (760—1350 nm) was significantly higher than that in the visible range. Near
961 and 1200 nm, two absorption valleys were generated due to the effect of cell structures. The spectral
reflectance in the mid-infrared band (1300—-1750 nm) first increased and then decreased after removing the
dominant band of water vapor. However, due to the influence of external stress factors, such as soil desertifi-
cation and soil salinization, the reflectance and wavelength of the characteristic peaks and valleys change, as
shown in Table 3.

Reflectance
0.6 |
0.4 ¢
02t Slash pine (reclaimed)

i s Bamboo willow (reclaimed): .-
----- Tung tree (reclaimed) :
| 4 gl i Bamboo willow (normal)
0 . . . . . . |
350 550 750 950 1150 1350 1550 1750 A, H™m

Fig. 1. The average original spectral curve.

Taking bamboo willow as an example, the spectrum of the mining area is compared with that of a nor-
mal bamboo willow spectrum. As shown in Fig. 1, it is clear that there was an obvious difference in the
spectral curves. The “redshift” phenomenon seen in the vegetation in the mining area is further confirmed by
data outlined in Table 4. The data show that the reflectance of reclaimed bamboo willow was higher than
that of normal bamboo willow in both the green peak and the red valley. In terms of wavelength, the re-
claimed bamboo exhibited spectral shifts to longer wavelengths of 3 nm for the green peak and 4 nm for the
red valley.

TABLE 3. Reclaimed Vegetation Green Peak and Red Valley Reflectivity
and Wavelength Position

T Green peak Red valley
ype reflectance | wavelength | reflectance | wavelength
Slash pine 0.1205 553 0.0338 671
Bamboo willow 0.1091 555 0.0405 675
Tung tree 0.1256 556 0.0389 675

TABLE 4. Bamboo Willow Green Peak and Red Valley Reflectivity and Wavelength Position

T Green peak Red valley
ype reflectance | wavelength | reflectance | wavelength
Normal bamboo willow 0.0759 552 0.0387 671
Reclaimed bamboo willow 0.1091 555 0.0405 675
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First derivative spectral analysis. As shown in Fig. 2, the trend of the three vegetation spectral curves is
generally consistent. At the same time, the derivative spectral curves were sharper, and the spectral charac-
teristics that can be seen were more obvious. There are maximum points near 550, 778, 1050, 1270, and
1660 nm and minimum points near 665, 985, 1175, and 1450 nm. The low reflectance of the three types
of vegetation within 350—450 nm led to little change in reflectance. However, a steep slope appeared from
450-550 nm and reached a maximum at 550 nm, mainly because of the absorption of blue and green light by
chlorophyll. In addition, the typical “red edge” position in the 680-760 nm region caused the first-order
spectral reflectance of the three types of vegetation to rise and fall sharply.

Reflectance
0.012 |
— Slash pine
0009 - & T Bamboo willow

———— Tung tree
0.006

0.003 |

¥50 1550 1750 A, HMm

—0.003

—0.006 L

Fig. 2. The first derivative spectral curves.

To obtain the differences between the first derivative spectra of the three types of vegetation, the pa-
rameters of the “three-sided parameter matrix” were evaluated. The results are shown in Table 5. In terms of
the blue-edge amplitude, the order from large to small is slash pine > tung tree > bamboo willow, while the
position of the blue-edge amplitude is quite different. The values of D, for the three types of vegetation were
positive and negative, and the values for slash pine and tung tree were equal. For slash pine and tung tree,
the A, increment was 1 nm. However, the increment value of D, for bamboo willow differed from that of the
other two vegetation types by 0.0005, and the A, value was much lower than that of the other two types. In
the red-edge band, the D, values of slash pine and tung tree were not much different, but the A, values dif-
fered by 18 nm, and there was a relatively obvious “blueshift.” It should be noted that tung tree was more
sensitive than the other vegetation types to the environmental impact of mining areas. Bamboo willow had a
lower D, value than other vegetation, and A, was close to that of slash pine.

TABLE 5. First-order Derivative Spectral Parameter Statistics

Type Dy A D, Ay D, A
Slash pine 0.0031| 519 |-0.0001| 630 | 0.0118 | 719

Bamboo willow | 0.0025 | 529 | 0.0004 | 592 | 0.0063 | 719
Tung tree 0.0027 | 523 | -0.0001| 629 | 0.0112 | 701

Removal continuum spectral analysis. Comparing the absorption characteristics of different vegetation
removal continuums, the results of the removal continuum are as follows. As shown in Fig. 3, the absorption
and reflection characteristics of each band were more obvious. In this study, the red-edge absorption peak is
compared as an example. The specific absorption spectrum parameters are shown in Table 6.

It is concluded that different vegetation types have distinct adaptations to the ecological environment.
Therefore, their absorption capacities are different. As a parameter of absorption depth, the value of H re-
flects the absorption capacity of different vegetation types. SAI, as another expression of spectrum depth,
had the same changes as H. In terms of absorption capacity, the order was slash pine > tung tree > bamboo
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willow. In addition, the differences in absorption area and absorption slope of the three vegetation types
were quite obvious, which can be used to distinguish the vegetation types. The differences in absorption
symmetry were not obvious, mainly because the red valley position did not change much, and the right
shoulder position of the three vegetation types was similar due to the presence of the red edge position.

Reflectance

10y i o, I Sl
0.8
0.6 |
041 4

0.2

350 550 750 950 1150 1350 1550 1750 A, HMm

Fig. 3. Continuum removal spectral curve.

TABLE 6. Continuum Removal Spectral Parameter Statistics

Type A | Ry w | H A K SAI S
Slash pine 674 | 0.0781 | 208 | 0.9219 | 95.8776 | 0.0023 | 10.2143 | 0.3606
Bamboo willow | 677 | 0.1545 | 203 | 0.8455 | 85.8183 | 0.0018 | 5.5749 | 0.3793
Tung tree 676 | 0.1030 | 201 | 0.8970 | 90.1485 | 0.0045 | 7.8747 | 0.3831

Correlation analysis between chlorophyll content and spectral parameters and vegetation indexes. As
an important physical and chemical parameter of vegetation, chlorophyll is often used for correlation analy-
sis with spectral characteristics to lay a foundation for further establishing an estimation model of chloro-
phyll content. However, there were some differences in the spectral changes of the different vegetation
types, resulting in an inconsistent selection of sensitive characteristic parameters when correlation analysis
was performed. In this paper, the correlation analysis of the original spectrum, first derivative spectrum, and

chlorophyll content of three reclamation vegetation types was carried out. The results are shown in Table 7.
In the selection of sensitive bands, the wavelength of the maximum correlation coefficient is generally used

as the selection parameter.
TABLE 7. Sensitive Band Selection

Spectrum Tung tree Slash pine Bamboo willow
Original 695nm | —0.67** | 684nm | 0.48* | 699 nm | —0.49*
Derivative 666 nm | 0.76** | 921 nm | —0.48* | 554 nm | —0.59**
683 nm | —0.76** | 877nm | 0.44* | 742 nm | 0.64**

* Represent significant correlation (P < 0.05);
" Represent extremely significant correlation (P < 0.01).

It was found that the positions of the sensitive band of the original spectrum were concentrated in the
red edge region. However, the correlation coefficients were quite different, following the trend from large to
small: tung tree > bamboo willow > slash pine. In addition, the tung tree spectral band was extremely signi-
fycantly correlated with chlorophyll content, and bamboo willow and slash pine were significantly correlated
with chlorophyll content. The correlation between the first-order derivative spectrum and the chlorophyll
content is analyzed, and there are positive and negative correlations with the sensitive bands. The tung tree
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and bamboo willow bands exhibited an extremely significant correlation, and the slash pine band exhibited a
significant correlation with the chlorophyll content. In addition, the tung tree band was focused in the red-
edge region, the slash pine band was focused in the shortwave infrared region, and the bamboo willow band
was near the green peak and red-edge regions.

To further understand the correlation between chlorophyll content and spectral characteristics, correla-
tion analysis was performed with the spectral parameters and the vegetation indexes (see Tables 1 and 2) as
independent variables. The extraction results are based on the significant correlation, as shown in Table 8.
The results in Table 8 reflect the similarities and differences in the selection of sensitive parameters for the
different vegetation types.

TABLE 8. Sensitive Spectral Parameters and Vegetation Index Selection

Bamboo willow Slash pine Tung tree
Dy —0.74%* Dy 0.5* Ab 0.81**
SDy —0.7%* SDy 0.4* SDy —0.7%*
b 0.82%* D, —0.5% Ag —0.73%*
D, 0.69** SD, —0.5% Ay —0.72%*
Ay —0.78** D, 0.77** SD,/SDy 0.78%%*
SD, 0.68** Ar —0.55** | SD,— SDy/SD, + SDjy, | 0.82%%*
Three-sided D, —0.64** D, 0.79** | SD,— SD,/SD, + SD, | —0.69**
Matrix Ar 0.56** Rq 0.45* /
Parameters R, —0.74%* / /
Ag 0.61** / /
R, —0.62** / /
Av —0.63** / /
SD,/SDy 0.82%* / /
SD,/SD, —0.77%* / /
SD,— SDy/SD, + SDy | 0.83%%* / /
SD,— SD,/SD, + SD, | —0.76** / /
S 0.84%*%* S 0.44%* S 0.51%*
Absorption H 0.43* / H 0.56**
spectrum A 0.61** / A 0.63%*
K 0.69** / K 0.66**
/ / / SAI 0.45*
DD 0.8*%* | OSAVIVI | 0.63** DD 0.78%%*
MND705 0.82%** TVI 0.73** REP 0.83**
Vegetation MSR705 0.75%%* RVSI —0.76** MND705 0.82**
index RENDVI 0.62%* / MSR705 0.71**
REP 0.82** / /
TVI —0.64** / /

" Represent significant correlation (P < 0.05);
" Represent extremely significant correlation (P < 0.01).

Correlation analysis was performed between the chlorophyll content and the three-sided matrix parame-
ters as independent variables. Regarding tung tree, the correlation coefficients of the sensitive three-sided
matrix parameters were all relatively large. The minimum correlation coefficient was 0.69 at
SD, — SD,/SD, + SD,, the maximum was 0.82 at SD, — SD»/SDy, + SD,, and the correlation coefficients of Ap,
Ag, and A, were all greater than 0.7; the correlation coefficient of 0.81 at A, was close to the maximum ob-
served coefficient. This result indicated that tung tree exhibited the band position as a sensitive parameter
when extracting the three-sided matrix parameters. The correlation coefficients of the sensitive parameters of
slash pine were low, with an average of approximately 0.5. However, the correlation coefficients at D, and
SD, were very large, 0.77 and 0.79, respectively. The result indicated that it was easier to obtain satisfactory
results by focusing on the red edge when the sensitive three-sided matrix parameters were extracted from
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slash pine. For bamboo willow, the correlation was significant between chlorophyll content and almost all
three-sided matrix parameters. In addition, the parameters with correlation coefficients above 0.8 were com-
posed of blue and red bands. By correlating the absorption spectrum parameters and chlorophyll content, it
was found that S was significantly correlated in all three vegetations. For slash pine, only S reached a signifi-
cant correlation. For tung tree and bamboo willow, almost all parameters were significantly correlated.
Among them, bamboo reached 0.84 for S.

The variation trend of the spectral curves of the different vegetation types was generally the same.
However, there were differences in specific bands, reflecting the differences between species. The vegetation
indexes were obtained by mathematical operations on the reflectance at specific bands. Therefore, it is rea-
sonable that there are some differences in the vegetation index among different vegetation types. Comparing
the statistical results, for tung tree, the vegetation indexes satisfying the correlation requirement is, from
large to small, REP > MND705 > DD > MSR705 = 0.71; for slash pine, [RVSI| > |TVI| > |[OSAVI| = 0.63;
and for bamboo willow, MND705 = REP > DD > MSR705 > |TVI| > RENDVI = 0.62.

In this paper, the spectral characteristics of reclaimed vegetation in a RE mining area were analyzed by
hyperspectral techniques. When the original spectrum of vegetation was studied, it was found that the spec-
tral reflectance of the vegetation visible-light band was low. Moreover, the phenomenon of redshifting oc-
curs at the green peak band and the red valley band. In previous studies, Y. Fang et al. [17] studied desert
vegetation. It was found that the vegetation leaves were sparse and that the chlorophyll content was less un-
der the influence of environmental stress than under normal growing conditions. At the same time, the spec-
tral curve produced a “blue region redshift” phenomenon. This paper is consistent with Yang's research.
However, the degree of “redshifting” was different; it is possible that different vegetation types have differ-
ent degrees of response to ecological stress. In addition, many spectral characteristic parameters and vegeta-
tion indices were obtained after the first derivative and removal continuum transformations. Then, the corre-
lation between each parameter and the chlorophyll content was calculated separately. The results showed
that there were differences in the selection of sensitive parameters for the three kinds of reclaimed vegeta-
tion. In a study of chlorophyll content estimation based on red-edge parameters, Y. Fuqi et al. [18] found that
the sensitive parameters of French paulownia and Populus tomentosa were different after a correlation anal-
ysis among the original spectrum, first derivative spectrum, red-edge parameter, and chlorophyll content.
Therefore, the results of this paper are consistent with Yao's research. However, there are differences in the
selection of the specific bands and sensitive parameters because of different vegetation types as the research
focus. On the basis of certain achievements, this study should be further explored: the vegetation canopy is
another important part of the plant, and its spectral variation should be further studied. In addition, spectral
analysis should be carried out for each growth stage of the vegetation to determine the similarities and dif-
ferences.

Conclusions. The spectral curves of the three reclaimed vegetation types had a blue valley near 450 nm,
a red valley near 680 nm, and a green peak near 550 nm. Peak and valley characteristics were obvious. How-
ever, the spectral reflectivity increased rapidly in the 680—760 nm range, forming a red edge phenomenon. In
addition, influenced by the absorption of vegetation pigments, the reflectance in the visible range was less
than 0.15, which is consistent with the spectral characteristics of common vegetation.

Reclaimed vegetation in the mining area exhibited differences in wavelength and reflectance from the
original spectral features of healthy vegetation. At the same time, there was a “redshift” phenomenon in the
positions of the green peak and red valley. The reason for this shift is that the growth environment of re-
claimed vegetation was poor, and the chlorophyll content of the vegetation decreased.

After the spectral curve was processed by first-order derivation and the removal continuum, there were
many spectral characteristic parameters and vegetation indexes. All of them could be correlated with chloro-
phyll content. There were similarities and differences in the sensitive parameters of the three kinds of recla-
mation vegetation. The maximum correlation parameters of tung tree, slash pine and bamboo willow were
REP = 0.83, D, = 0.77, and SD,— SDy/SDy, + SD, = 0.83, respectively. The reason for this finding is that dif-
ferent vegetation types, due to their unique differences, form local differences in certain bands, even when
the trend of the spectral curve is basically the same, and they have different responses to environmental im-
pact factors in mining areas. The difference in the selection of sensitive parameters can provide a reference
to construct inversion models of the chlorophyll contents of different vegetation types.
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