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Chlorophyll content is an important index for monitoring the health status of vegetation growth. Reveal-
ing the variation characteristics of the chlorophyll content in leaves of Populus euphratica plays an important
role in evaluating the health and ecological conservation of Populus euphratica. In this study, leaves of healthy
Populus euphratica and water-stressed Populus euphratica were collected from May to October, and the spec-
tral reflectance was obtained at 390—1100 nm. At the same time, the chlorophyll content of Populus euphratica
leaves was analyzed. The results indicated that from May to October, the chlorophyll content showed a trend
of “two peaks and two valleys,” which decreased first, then increased and then decreased. In general, the
chlorophyll content of healthy Populus euphratica leaves was higher than that of water-stressed Populus eu-
phratica leaves. The ratio of chlorophyll a to chlorophyll b was maintained between 3.0 and 3.4 from May to
August, while there was a significant increase in September and October. The ratio of chlorophyll a to chlo-
rophyll b in healthy Populus euphratica leaves was significantly lower than that in water-stressed Populus
euphratica leaves from June to September. The spectral curves of healthy Populus euphratica leaves were
relatively consistent from May to August, and the curves in the near-infrared band were also concentrated.
For the water-stressed Populus euphratica leaves, the curve in the near-infrared band was more dispersed.
There were two absorption valleys at wavelengths of 500 and 675 nm, and some of the absorption character-
istic parameters of the two absorption valleys had a significant correlation with the chlorophyll content.
A partial least squares regression model constructed by these absorption parameters roughly estimated the
chlorophyll content of the water-stressed Populus euphratica leaves.
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(Illocmynuna 26 oexabps 2019)

Hns monumopunea cocmoanust pocma pacmeHutl Uccie008aHbl XapaKmepucmuKy OCHOBHbIX KOMHOHEH-
moe xaopoguina 6 aucmusax monons Populus euphratica, 300poebix u ucnvimvleaowux 600HbwIl cmpecc, Co-
bpannvlx ¢ mas no okmsabps. Koaghguyuenm ompasicenus noayuen 6 ouanazore 390—1100 um. Ipoananusu-
posaro codepoicanue xiopodunna 8 mucmosix Populus euphratica. C mast no okmsbpe codepacanue Xaopo-
@unna demoncmpupyem meHoeHyuro “06a nuKa u 08e 6NAOUHLL”: YMeHblUeHUe, YeeludeHue I CHO8A YMeHb-
wieHue. B yerom cooepoicanue xnopoghuina é 300poguix IUCHbSX Gblule, YEM 8 TUCTbSIX, UCTILINBIBAIWUX 800-
Holtl cmpecc. Omuoutenue xaopoghuina a xk xnopoguany b (Xna/Xnb) noooepacusanroco om 3.0 0o 3.4 ¢ mas
no aszycm, mozoa Kaxk 6 ceHmsope u okmsope 3HayumenvHo ygeauuusarocy. Omuowenue Xna/Xub 6 300po-
BbIX TUCMbAX SHAYUMETLHO HUNCE, YeM 8 UCTILIMbLBAIOWUX BOOHbLI CIMPECC, C UIOHA NO ceHmsopb. Cnexmpano-
Hble Kpueble OMHOCUMENbHO NOCMOSHHbL 05l 300P0GbIX JIUCMbes ¢ Masi no aszycm, a 6 Oaudicnem HK-
ouanaszoue ewe U CKOHYEeHMpUposarul. /s TUCmbes, NoOBEPIHCEHHBIX BOOHOMY CIMPECCy, Kpusble 8 OAUNCHeM
HUK-0uanaszone bonee paccpeoomouenvl. Habnooaromes 06a Munumyma noanoujenus Ha oauxax 601n 500 u
675 HM, HeKOmopble U3 XAPaAKMePUCHMUYECKUX NAPAMempos8 NO2LOWEHUs. IMUX MUHUMYMOG UMEIOM 3HAYU-
MENbHYI0 KOPPersyuIo ¢ cooepicanuem xaopoguana. Mooens pezpeccuu Memooom 4acmuiHbIX HAUMEHbUUX
K6a0pamos, NOCMpOeHHAs N0 NAPAMEMPAM NO2TOWEHUsl, NO360JIAEM OYeHUMb COOEPIHCAHUE XI0POPUILIA 8
aucmusx Populus euphratica, ucnsimuléaiowux 6001wl cmpecc.

Knioueswie cnosa: sapuayuonnvie xapaxmepucmuxu, Populus euphratica, codepoicanue xnopoguina,
SUNEPCnexkmp.

Introduction. Chlorophyll is a photosynthetic pigment of plants. Understanding the changes in chloro-
phyll content with the changes in season has important theoretical and practical significance for revealing the
photosynthetic physiological response of vegetation. P. euphratica (Populus euphratica) is distributed in more
than 20 countries in Asia, Europe, and Africa and is one of the most widely distributed desert area taxa in
Central Asia [1]. The most widely distributed and abundant areas in the world for this species are the oases of
China, mainly in the Xinjiang Uygur Autonomous Region, Hetao Plain, the Alxa Plateau, the Qaidam Basin,
and the Hexi Corridor [2]. P. euphratica is an ancient and endangered plant, and it is the only arbor that has
established a population in the desert riparian ecosystem of arid areas and is also the dominant tree species
that maintains the ecological balance in the desert-oasis ecotone [3]. Due to the deteriorating living environ-
ment, the protection of P. euphratica is extremely urgent [4]. Chlorophyll content is often associated with
plant health [5]. Therefore, the chlorophyll change characteristics of P. euphratica leaves were studied to
provide a theoretical basis for the ecological conservation of P. euphratica. At present, there is no research on
the seasonal variation characteristics of chlorophyll in leaves of water-stressed P. euphratica. Most studies
focus on the physiological and ecological processes of P. euphratica under stress. Zhao et al. [6] studied the
variation characteristics of the physiological parameters of P. euphratica under salt stress and found that the
net photosynthetic rate, intercellular CO, concentration, stomatal conductance, transpiration rate, and chloro-
phyll fluorescence value decreased with increasing salt concentrations, while proline increased with increasing
salt concentrations. Keyimu et al. [7] estimated the water consumption of desert riparian forest in the lower
reaches of the Tarim River by measuring the runoff of P. euphratica. Presently, there have been some studies
on the spectral characteristics of P. euphratica leaves, mainly on the estimation of the pigment content in
leaves. Studies on the chlorophyll content in leaves of P. euphratica have mainly focused on the estimation of
the chlorophyll content using hyperspectral variables. Xu et al. [8] analyzed the correlation between the spec-
tral reflectance of visible light and near-infrared band and chlorophyll content in leaves of P. euphratica and
found that the reflectance at the two wavelengths of 645 and 769 nm could be used to estimate the chlorophyll
content in leaves of P. euphratica. Wang et al. [9] used the hyperspectral index and vegetation index to esti-
mate the chlorophyll content in the leaves of P. euphratica. In this study, the seasonal variation characteristics
of the chlorophyll content and spectral parameters in healthy and water-stressed P. euphratica leaves were
analyzed to provide a theoretical basis for ecological environment construction in arid areas.

Experimental. The Tarim River is located on the northern edge of the Tarim Basin in Xinjiang, China
and is adjacent to the Taklimakan Desert. It is the longest inland river in China, with a total length of 1321 km.
The Tarim River is formed by the confluence of three rivers, the Aksu River, the Yarkand River, and the Hotan
River, which are fed by glacial meltwater, groundwater, and precipitation [10]. The desert riparian forest on
both sides of the river basin serves as an ecological barrier between desert and oasis, and the forest is mainly
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P. euphratica. 1t is the most important population of forest vegetation in the desert-oasis ecotone. The Tarim
River basin experiences a relatively dry climate, strong evaporation, and low precipitation.

Our study area was located in the Awat County P. euphratica nature reserve (80°20'30"-80°24'00"E,
40°27'00"-40°30'00"N) of the upper reaches of the Tarim River, which is in the lower reaches of the Yarkand
River. The region is one of the driest areas in China and belongs to the warm temperate arid desert climate,
with an average annual rainfall of 50.4 mm, an average annual evaporation capacity of 1880.0 mm, annual
average sunshine hours of 729.0 h, annual solar radiant energy of 604.57 kJ/cm?, an annual average tempera-
ture of 10.4°C, a greater than or equal to 10°C accumulated temperature of 4138°C, an extreme maximum
temperature of 39.4°C, an extreme minimum temperature of 25.0°C, and a frost-free period of approximately
205 days. The temperature is very hot during the day and night.

In the past 50 years, the exploitation and utilization of water and soil resources by humans has caused the
decline of the groundwater level in the upper reaches of the Tarim River, aggravated the drought stress degree
of the desert vegetation living environment, and resulted in the reduction of the area of desert riparian forest
and the gradual disappearance of P. euphratica forest [11].

Two sampling areas were selected: one was the sampling area of healthy P. euphratica, which was ap-
proximately 500 m from the river channel, where the groundwater depth was less than 2 m, and the other was
the sampling area of the water-stressed P. euphratica, which was approximately 4 km from the river channel.
The groundwater depth was approximately 5 m deep. Fifteen sampling points were selected in each sampling
area. In a given sampling period, three adult P. euphratica were selected at each sampling point, and 10 leaves
were selected from each P. euphratica for spectral testing and field sample collection, which were conducted
monthly from May 2016 to October 2016. In other words, 90 trees were selected from 30 sample points every
month to collect 900 healthy leaves. The average spectral reflectance of 10 leaves of each P. euphratica was
taken as the spectral reflectance value of one P. euphratica. At the same time, 10 leaves were mixed together
to test the chlorophyll content, which was taken as the average chlorophyll content of one P. euphratica. Thus,
there were spectral curves and chlorophyll content data for 90 trees per month. The leaves were immediately
transported back to the laboratory in containers below 4°C for chlorophyll content analysis after spectral testing.

The spectral reflectance of P. euphratica leaves was measured by a portable field object spectral radiom-
eter (ASD Fieldspec 4, Longmont, Colorado, USA) equipped with a barium sulfate standard whiteboard. Spec-
tral reflectance data were obtained at an interval of 1.4 from 390 to 1100 nm by spectral testing. Reflectance
was measured in 3 different parts of each leaf and then averaged as the spectral reflectance value of a leaf. The
average spectral reflectance value of 10 leaves was taken as the final reflectance value of P. euphratica leaves
at the sampling point.

Ten leaves of each tree collected were cut into fragments of 2x2 mm and mixed evenly. Approximately
100 mg of the fragments was put into a test tube with stopper containing the extracting solution and extracted
at4°C for 48 h. After the extraction was completed, the extracting solution was placed in a 1 cm quartz cuvette,
and the absorbance of the solution at 537, 647, and 663 nm wavelength was determined by spectrophotometry
(Shimadzu UV-2450, Kyoto, Japan). Using absorbance, the chlorophyll content was calculated by the follow-
ing equations:

C, (umol/mL) = 0.01373 4663 — 0.000897 4537 — 0.003046 4647, ()
Cp (umol/mL) = 0.024054 4647 — 0.00043054537 — 0.005507 4663, 2)
Chla (mg/g) = CaM.V/(1000WF), 3)
Chlb (mg/g) = CoM,V/(1000WF), “
Chla + b (mg/g) = Chla + Chlb, (5)

where C, and C} are concentration of chlorophyll ¢ and b, 4 is absorbance, V' is volume of tissue extract (mL),
N is dilution coefficient, M, and M, are molecular weight of chlorophyll @ and b, W is fresh sample weight,
Chl a and Chl b are chlorophyll a and b content calculated by fresh weight, and Chl a+b is the total chlorophyll
content calculated by fresh weight.

First-order differential was used to process the spectral curve to highlight the differences in the spectral
characteristics of the leaves in each month:

p;»(i) - (px(m) - pk(i—]))/z}\- > (6)

where p'y) is the first derivative value at wavelength i, ps +1) and ps-1) are the reflectance values at wave-
lengths i+1 and i—1, respectively, and A is wavelength intervals.
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Continuum removal and smoothing of the spectral curve were performed to determine the position of the
absorption trough. Spectral absorption characteristics are represented by wavelength at the lowest point of a
trough (Azp), trough reflectance (p), trough depth (H), trough width (W), trough area (4), trough slope (K),
trough symmetry (S), and spectral absorption characteristic index (SAI):

H=1- pCi/|:pSi + M(xa —Ag )} ) (7

.
W=hg g, ®)
K=tan"'[(pg; —ps)/ (s —hsi)], ©
a=fzco. .
AL:j;l;?Cp, t
S=ALIA, (12)
SAI=[Wpg +(1-W)pg |/ p, (>

where pc;, psi, and pg; are the spectral reflectance of the center, starting point, and ending point of the trough,
respectively; Aci, Asi, and Ag; are the wavelengths at the center, starting point, and ending point of the trough,
respectively; A and AL are the area of the trough and the area to the left of the trough, respectively; Cp is the
value after continuum removal was performed; Agp is the wavelength at the lowest point of a trough; p is the
reflectance at the lowest point of a trough.

The model was fitted by partial least squares regression (PLSR), and the accuracy verification indicators
were the root mean square error (RMSE), mean relative error (MRE), and standard deviation to the root mean

square error ratio (RPD):
RMSE =[Sy~ /) /n | (14)
i=1

Sy 1

MRE = 2 ’yl 1’ (15)
Y n

RPD = SD'/RMSE, (16)

where y; is the measured value, y/' is the predicted value, 7 is the number of samples, and SD’ is the standard
deviation of the predicted values.

Results and discussion. The chlorophyll contents of healthy and water-stressed P. euphratica leaves
from May to October were determined. Characteristics of chlorophyll content changes in leaves of P. eu-
phratica were analyzed.

Statistics analyses showed that the range of chlorophyll content in leaves of healthy and water stressed
P. euphratica from May to October. The range of Chl a, Chl b, Chl a+b, and Chl a/Chl b in leaves of healthy
P. euphratica were 0.27+0.09-1.25+0.16 mg/g, 0.09£0.04—0.41+£0.06 mg/g, 0.36+0.12—1.65+0.24 mg/g, and
3.14+0.43-5.17+0.53 mg/g, respectively, but the range of Chl a, Chl b, Chl a+b, and Chl a/Chl b in leaves of
water-stressed P. euphratica were 0.10+£0.04—0.89+£0.12 mg/g, 0.03+0.01-0.27+0.04 mg/g, 0.13+0.05-
1.1540.15 mg/g, and 3.22+0.13-5.11+0.41 mg/g, respectively. Difference significance test indicated that the
chlorophyll content of leaves of healthy P. euphratica was significantly higher than that of water stress
(P <0.01),while the ratio of Chl a to Chl b of healthy P. euphratica leaves from June to August was signifi-
cantly different from that of water stressed P. euphratica leaves (P < 0.05), but there was no significant dif-
ference for Chl ¢/Chl b in May, September and October (P > 0.05).

The efficiency of photosynthesis depends mainly on pigments. The chlorophyll content (Chl a, Chl b,
Chl a+b) and Chl a/Chl b ratio have a direct influence on the photosynthetic rate [12]. Figure 1 indicates that
the Chl a, Chl b, and Chl a+b in the leaves of healthy and water-stressed P. euphratica from May to October
showed a trend of increasing first and then decreasing. Among them, the chlorophyll contents in July and
August were higher than those in other months, and the lowest was in October, which showed that the photo-
synthetic efficiency also showed a trend of increasing first and then decreasing. Overall, the chlorophyll con-
tent of healthy P. euphratica leaves was higher than that of water-stressed P. euphratica leaves, which indi-
cated that the photosynthesis efficiency of healthy P. euphratica in the whole growing season was better than
that in the water-stress leaves. The difference in the Chl ¢/Chl b from May to August was not significant for
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healthy and water-stressed P. euphratica leaves. The Chl a/Chl b in September and October was significantly
higher than that in the previous four months (P < 0.01), with the highest Chl a/Chl b in October. Although the
chlorophyll content and Chl a/Chl b of healthy P. euphratica leaves were higher than those of water-stressed
P. euphratica leaves, the regularity of their changes with seasonal changes was consistent. Changes in the
chlorophyll content and Chl a/Chl b can reflect that the photosynthetic function of plant leaves is strong or
weak and can also represent the aging status of plant tissues or organs [13]. Therefore, the study used Septem-
ber as the inflection point of the photosynthetic efficiency attenuation of P. euphratica. Because P. euphratica
is a C3 plant, the Chl a/Chl b should generally be approximately 3 but increased to 5.10 in October, indicating
that the function of P. euphratica leaves was abnormal in October.

[Chl], mg/g
1.4 0.5 b
0 0 . . .
May July September May July September
2 6T
0 ot 2 —
May July September May July September Data

Fig. 1. Changes in (a) Chla, (b) Chl b, (c) Chla+b, and (d) Chl a/Chl b in leaves of healthy

Populus euphratica (n) and water-stressed Populus euphratica (¢) from May to October,

demonstrating that Chl a, Chl b, and Chl a+b show a trend of increasing first and then decreasing,
but Chl a/Chl b show a continuous increasing trend.

The absorption characteristics of the spectral curves of P. euphratica leaves were analyzed after contin-
uum removal and smoothing. The absorption, reflection, and emission characteristics of spectral curves are
highlighted effectively by continuum removal and unify the spectral curves to a consistent spectral back-
ground. It is helpful to compare the characteristic values with those of other spectral curves. The noise of the
spectral curves was eliminated by smoothing (Fig. 2). Figure 2 shows that there are two main absorption
troughs: one is at ~500 nm, and the other is at ~675 nm.

Continuum removal

1.2 ¢ a 1.2 ¢ b
— May
— June - ?/Iay
0.7 0.7 une
July July
. August August
\/ — September —— September
—— October / —— October
0.2 1 1 L 0.2 \ \ ‘
390 590 790 990 390 590 790 990 A, nm

Fig. 2. Spectral curves of (a) healthy and (b) water-stressed Populus euphratica leaves between 395 and
1100 nm after continuum removal and smoothing from May to October, demonstrating that these two
types of curves have two main absorption troughs near the wavelengths of 500 and 675 nm.
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Spectral absorption characteristics of healthy and water-stressed P. euphratica leaves near the wave-
length of 500 nm. After envelope removal and smoothing, there was an absorption valley in the spectrum curve
of Populus euphratica leaves near the wavelength of 500 nm, and nine parameters related to this absorption
valley were analyzed. After continuum removal and smoothing, the parameter variation characteristics of the
absorption trough near 500 nm from May to October were analyzed, which indicated that Azp, H, S, and SAI
appear to increase first and then decrease, while p, ¥, and K show a trend of decreasing first and then increas-
ing, and 4 and AL show a continuous decreasing trend.

Table 1 shows that for the absorption valley near the wavelength of 500 nm, Azp, H, S, and SAI appeared
to increase first and then decrease, while p, W, and K showed a trend of decreasing first and then increasing.
Because Chl a, Chl b, and Chl a+b showed a trend of increasing first and then decreasing from May to October,
the sizes of these seven absorption characteristic parameters have a certain correlation with the chlorophyll
content in the leaves. However, AL and A show no obvious change characteristics. The difference in Azp was
not significant (P > 0.05); the differences in p, H, K, and SAI were very significant (P < 0.01); the differences
in W, AL, A, and S were significant in May (P < 0.05); the differences in Azp, W, A, and S were not significant
(P > 0.05); the differences in p, H, and SAI were very significant (P < 0.01); the differences in K and AL were
significant (P < 0.05) in June; the differences in all parameters from July to October were not significant
(P > 0.05) between healthy and water-stressed Populus euphratica leaves.

TABLE 1. Absorption Characteristics of Healthy and Water-Stressed Populus euphratica Leaves
near 500 nm Wavelength during Different Months

Plant status Month ABD p w H AL A K S SAI
May 494 | 0.55 | 144.40 | 0.45 | 22.88 | 29.45 | —0.0018 | 0.78 | 78.24
June 498 | 0.56 | 142.19 | 0.44 | 19.18 | 23.43 | -0.0021 | 0.81 | 76.80
July 499 | 0.56 | 141.88 | 0.44 | 18.08 | 21.91 | -0.0023 | 0.81 | 85.42

August | 499 | 0.60 | 142.36 | 0.40 | 17.34 | 20.73 | —0.0021 | 0.83 | 74.93
September | 497 | 0.65 | 142.36 | 0.35 | 14.99 | 18.61 | —0.0017 | 0.79 | 55.24
October | 493 | 0.69 | 146.34 | 0.32 | 15.48 | 20.76 | —0.00094 | 0.74 | 30.88
May 494 | 0.44 | 149.93 | 0.56 | 33.55 | 40.59 | —0.0028 | 0.82 | 155.51
June 499 | 0.62 | 141.26 | 0.38 | 15.29 | 18.77 | —0.0018 | 0.81 | 60.46

Water- July 499 | 0.57 | 141.93 | 0.43 | 16.76 | 20.63 | —-0.0022 | 0.81 | 79.82

stressed August | 499 | 0.60 | 143.34 | 0.40 | 18.23 | 21.91 | —0.0020 | 0.82 | 72.19

September | 495 | 0.63 | 143.25 | 0.37 | 17.08 | 21.29 | -0.0017 | 0.79 | 59.23

October | 492 | 0.69 | 147.93 | 0.31 | 17.41 | 23.15 | —0.0007 | 0.75 | 24.82

Healthy

N o t e. After continuum removal and smoothing, the parameter variation characteristics of the absorption
trough near 675 nm from May to October were analyzed, which indicated that W, H, AL, A, and K appear
to increase first and then decrease, P and SAI tend to decrease first and then increase, while Azp and S
show no obvious change in trend.

Table 2 shows that the Azp, H, S, and SAI had a significant or extremely significant positive correlation
(P <0.05 or P < 0.01) with chlorophyll content (Chl a, Chl b, Chl a+b), while p, W, K, and chlorophyll content
(Chl a, Chl b, Chl a+b) showed a significant negative correlation (P < 0.01) for the absorption valley near the
wavelength of 500 nm. Among them, the correlation coefficient between K and chlorophyll content (Chl a,
Chl b, Chl a+b) was larger than the others, reaching 0.5 and 0.6. There was no significant correlation (P > 0.05)
between AL and 4 and chlorophyll content (Chl a, Chl b, Chl a+b), and there was no significant correlation
500-7 S) between all absorption parameters and Chl @/Chl b. After continuum removal and smoothing, the
spectrum curve of Populus euphratica leaves near the wavelength of 675 nm also had an absorption valley,
and nine parameters related to this absorption valley were analyzed.

Table 3 shows that W, H, AL, A, and K appear to increase first and then decrease, and P and SAI tend to
decrease first and then increase, which should be closely related to the chlorophyll content of P. euphratica
leaves. From May to October, the chlorophyll content showed a trend of increasing first and then decreasing,
while Agp and S showed no obvious change trend. The differences in p, Azp and W were not significant
(P > 0.05); the differences in H, K, AL, and A were very significant (P < 0.01); the differences in A and SAI
were significant in May (P < 0.05); the differences in W and S were not significant (P > 0.05); the differences
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TABLE 2. Correlation between Spectral Absorption Parameters of Absorption Trough
near 500 nm Wavelength and Chl a, Chl b, Chl a+b, and Chl a/Chl b

Plant |Chlorophyll - 0 W % AL 4 K S SAI
status type

Chla |0.316 [-0.409"-0.347""] 0.323" | 0.111 | 0.031 | -0.540™ | 0.385™ | 0.359™
Chld | 0.309" | —0.418" 1 —-0.335"10.333™ | 0.112 | 0.036 | —0.526™ | 0.372™" | 0.347"
Chla+b |0.318" |—0.419""|-0.347""10.332""| 0.116 | 0.035 | —0.545™ | 0.389™ | 0.362""
Chl a/Chl b| 0.098 | 0.054 | —0.054 | 0.152 |-0.058|-0.074| —0.097 | 0.184 | 0.015
Chla ]0.481™-0.363" | —0.313" 1 0.361"" |—0.025|-0.076 | —0.604™ | 0.398™" | 0.361™"
Water—| Chlb  0.495™(-0.393""| —0.284" |0.3917"| 0.011 |—0.044| —0.633"" | 0.431™ | 0.390™
Stressed| Chla+b |0.487"-0.372""| —0.308" | 0.370"" |—0.016|—0.069 | —0.614™ | 0.408"" | 0.370™"
Chla/Chl b|-0.126| 0.245 | 0.212 |-0.244 |-0.079|-0.031| 0.467"" | —0.322 | —-0.325"

" Indicates that the concomitant probability value is less than or equal to 0.05, and the correlation is significant.
** Indicates that the concomitant probability value is less than or equal to 0.01, and the correlation is very
significant.

Healthy

TABLE 3. Absorption Characteristic of Populus euphratica Leaves near 675 nm Wavelength
during Different Months

ii‘; Month | Asp | p w H | AL | 4 K | s SAI
May 672 | 031 | 223.44 | 0.65 | 42.89 | 64.51 | 0.0011 | 0.66 | —182.87

June 673 | 0.29 | 22840 | 0.67 | 44.43 | 67.53 | 0.0013 | 0.66 @ —231.61

Healhy Y 673 | 030 | 229.02 | 0.66 | 42.89 | 66.22 | 0.0014 | 0.65 = -250.26
August | 674 | 034 | 228.82 | 0.61 | 39.84 | 61.00 | 0.0013 | 0.65 | —203.23
September | 672 | 0.40 | 226.95 | 0.56 | 35.81 | 5532 | 0.0011 | 0.65 | —136.05

October | 675 | 0.53 | 22134 | 0.44 | 26.98 | 41.81 | 0.0006 | 0.65 | —58.00

May 672 | 029 | 219.77 | 0.63 | 33.86 | 52.51 | 0.0015 | 0.64 | —252.83

June 674 | 033 | 228.03 | 0.63 | 43.06 | 65.30 | 0.0011 | 0.66 @ —176.94

Water- July 673 | 0.30 | 228.88 | 0.65 | 42.68 | 65.26 | 0.0014 | 0.65 = -232.65
stressed | August | 674 | 034 | 22823 | 0.61 | 39.92 | 61.06 | 0.0013 | 0.66 & —193.55
Sept. 672 | 038 | 22351 | 0.57 | 36.73 | 57.03 | 0.0011 | 0.64 = —144.90

Oct. 675 | 0.57 | 220.72 | 0.41 | 23.06 | 35.58 | 0.0005 | 0.65  —42.53

N o t e. After continuum removal and smoothing, the parameter variation characteristics of the absorption
trough near 675 nm from May to October were analyzed, which indicated that W, H, AL, A, and K appear
to increase first and then decrease, P and SAI tend to decrease first and then increase, while Agp and S show
no obvious change in trend.

in p, H, AL, A, and SAI were very significant (P < 0.01); the differences in Azp and K were significant
(P <0.05) in June; the differences in all parameters from July to October were not significant (P > 0.05)
between healthy and water-stressed Populus euphratica leaves.

Table 4 shows that H, AL, A, and K had a significant or extremely significant positive correlation
(P <0.05 or P<0.01) with chlorophyll content (Chl @, Chl b, Chl a+b), while Azp, p, and SAI chlorophyll
content (Chl a, Chl b, Chl a+b) showed a significant negative correlation (P < 0.01) for the absorption valley
near the wavelength of 675 nm. Among them, the correlation coefficient between H and chlorophyll content
(Chl a, Chl b, Chl a+b) was larger than the others, reaching 0.76 and 0.86, respectively. There was no signif-
icant correlation (P > 0.05) between W of healthy P. euphratica leaves, S of water-stressed P. euphratica
leaves and chlorophyll content (Chl a, Chl b, Chl a+b). The Chl a/Chl b of leaves of healthy P. euphratica
was positively correlated with K and negatively correlated with S. The Chl a/Chl b of leaves of water-stressed
P. euphratica was negatively correlated with H, 4, AL, K, and W and positively correlated with p and SAI.
The correlation between the chlorophyll content of healthy P. euphratica leaves and the absorption parameters
of the absorption valley near the 675 nm wavelength was generally lower than that of water-stressed
P. euphratica leaves.
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Estimation models for the chlorophyll content of Populus euphratica leaves were established by partial
least squares regression (PLSR). PLSR is one of the modeling methods to solve high throughput data, which
introduces a considerable number of variable selection methods. PLSR integrates multiple linear regression,
principal component analysis, and canonical correlation analysis; it can partially eliminate the multicollinearity
between variables and reduce the deviation of factor contributions to the results; at the same time, under the
condition that the number of sample points is less than the number of variables, regression modeling can also
be performed [14]. Thus, PLSR is widely used in various data modeling, such as crop yield estimation, spectral
modeling, remote sensing image processing, etc. [15—17]. In this study, the samples were randomly divided
into two groups. Two-thirds of the samples was used for modeling, and the remaining one-third was used to
validate the model. There was an estimation model between the absorption characteristic parameters and chlo-
rophyll content using PLSR. The latent variables were computed for each model using iterative methods as
linear combinations of the independent variables (absorption characteristic parameters) and dependent varia-
bles (each chlorophyll content measured in the laboratory). Therefore, each PLSR defined a set of latent vari-
ables, maximized the covariance between the two original spaces, and sought to achieve an optimal prediction
for new data. The new variables were identified, representing latent variables or estimates of their rotation [3].

TABLE 4. Correlation between Spectral Absorption Parameters of Absorption Trough
near 675 nm Wavelength and Chl a, Chl b, Chl a+b, and Chl a/Chl b

Chlorophyll

Plant status
type

Asp N w H AL A K S SAI

Chla |-0.392"-0.759"| 0.171 | 0.765™ | 0.709"" | 0.658™" | 0.518™" | 0.303" |-0.563""
Chlb |-0.338"|-0.735™| 0.218 | 0.748" | 0.700™" | 0.647"" | 0.514™ | 0.314" |-0.582""
Chla+b |-0.382"1-0.761""| 0.185 | 0.769™ | 0.715™ | 0.662™" | 0.523"™ | 0.309" |-0.574™"
Chl ¢/Chl b| 0.077 | 0.032 | 0.050 | —0.090 | —0.011 | 0.183 | 0.255" |-0.678""| —0.141
Chla |-0.426"|-0.8300.498"( 0.866"" | 0.842™" | 0.848"" | 0.680™" | —0.076 |-0.697""
Water- Chlb  |-0.392""|-0.814™(0.504™| 0.841™ | 0.792™ | 0.795™ | 0.698™" | —0.059 |-0.722""
stressed | Chla+b |-0.420"|-0.830"0.502"| 0.865™ | 0.835™ | 0.840" | 0.688™" | -0.073 |-0.707""
Chl a/Chl b| 0.250 |0.450"" |-0.271%|-0.450""|-0.424""|-0.412""|-0.397""| —=0.042 | 0.376™"

ok

Healthy

“Indicates that the concomitant probability value is less than or equal to 0.05, and the correlation is significant.
“Indicates that the concomitant probability value is less than or equal to 0.01, and the correlation is very
significant.

Because some absorption characteristics of the absorption trough have a certain correlation with the chlo-
rophyll content, this study attempts to establish some chlorophyll content estimation models using these pa-
rameters. Table 5 shows that at the absorption trough near the wavelength of 500 nm, only the Chl b estimation
model of the water-stressed P. euphratica leaves is robust, and the estimation models of the other chlorophyll
types do not meet the accuracy requirements. Here R* and RPD can reflect the correlation between the pre-
dicted value and the measured value, and RMSE and MRE can reflect the deviation between the predicted
value and the measured value. The larger the values of R? and RPD, the smaller the values of RMSE and MRE,
indicating that the performance of the model is better and the prediction ability is stronger. For RPD, when
RPD > 2, it indicates that the model has good predictive ability. When 1.4 < RPD < 2.0, the model has a rough
estimation ability. When RPD < 1.4, it indicates that the model does not have the ability to predict [18].
In Table 5, the fitting R and predicted R? of the Chl b estimation model of the water-stressed P. euphratica
leaves are higher, the RPD is greater than twice the values of the other models, and the MRE is less than 10%.
The remaining models have either an MRE greater than 10% or an RPD less than 1.4, which do not meet the
accuracy requirements. By modeling the chlorophyll content and the absorption characteristic parameters of
the absorption trough near the wavelength of 675 nm, it was found that the estimation models of Chl a, Chl b,
and Chl a+b of water-stressed P. euphratica leaves met the requirements of accuracy and could roughly esti-
mate the chlorophyll content of water-stressed P. euphratica leaves.

Photosynthesis is a very important physiological process in plant growth and development [19]. Chloro-
phyll is a very important photosynthetic pigment. With the change in seasons, plant chlorophyll content-influ-
encing factors such as temperature, humidity, soil moisture, light and plant physiological, and structural factors
are constantly changing, and these changes will inevitably cause changes in plant photosynthetic characteris-
tics. Chlorophyll content (Chl a, Chl b, Chl a+b) in the leaves of healthy and water-stressed P. euphratica
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TABLE 5. Model Parameters of PLSR between Chlorophyll Content and Absorption Characteristics
of Absorption Trough near 500 and 675 nm Wavelength

Plant status | Chlorophyll type | Fitting R*> | Predicted R | RMSE | RMSEP | MRE | RPD
A =500 nm
Chl a 0.693 0.560 0.191 | 0223 | 331 | 131
Healthy Chl b 0.646 0.482 0.072 | 0482 | 685 | 1.18
Chl a+b 0.694 0.555 0.256 | 0.300 | 3.90 | 1.31
Chl a/Chl b 0.769 0.596 1308 | 1.729 | 593 | 1.45
Chl a 0.691 0.490 0.155 | 0.198 | 186.51 | 1.63
Water- Chl b 0.714 0.558 0.046 | 0.057 | 3.58 | 5.07
stressed Chl a+b 0.703 0.515 0.197 | 0252 | 29.05 | 1.47
Chl a/Chl b 0.107 0.007 1.963 | 2.070 / /
A =675 nm
Chl a 0.706 0.623 0.193 | 0218 | 0.500 | 1.35
Healthy Chl b 0.700 0.614 0.067 | 0.075 | 0.358 | 1.33
Chl a+b 0.719 0.636 0.250 | 0.284 | 0.512 | 1.39
Chl a/Chl b 0.021 —0.082 2371 | 2.491 - -
Chla 0.766 0.743 0.135 | 0.141 | 4.254 | 1.75
Water- Chl b 0.728 0.703 0.044 | 0.046 | 3.238 | 1.6
stressed Chl a+b 0.764 0.741 0.176 | 0.184 | 4.122 | 1.74
Chl a/Chl b 0.144 0.021 1.874 | 2.004 - -

N o te. The closer R? is to 1, the better the fitting effect of the model. When RMSE and MRE are smaller, the
regression model is better. RPD is greater than 1.8, indicating that the model is acceptable. According to these
model parameters, one can judge whether the accuracy of the model is acceptable.

showed a trend of first decreasing, then increasing and then decreasing with seasonal change. From May to
October, the chlorophyll content of healthy P. euphratica leaves was higher than that of water-stressed
P. euphratica, while the ratio of Chl a/Chl b in healthy P. euphratica leaves was lower than that of water-
stressed P. euphratica from June to September. Studies have shown that water stress can reduce the content
of photosynthetic pigments in plants and increase the content of proline, malondialdehyde, lipoxygenase, phe-
nylalanine ammonia lyase, peroxidase, and polyphenol oxidase, and the decrease of Chl b is more than the
decrease of Chl a. Therefore, the Chl a/Chl b value of the leaves of plants under water stress is greater than
that of healthy plants [20—22]. Naghizadeh et al. [23] showed that water stress decreased Chl a, Chl b and Car
by approximately 48.4, 73.15, and 90.2%, respectively, compared to nontreated plants. Thus, studies on chlo-
rophyllase and peroxidase have shown that the reduction of chlorophyll is more likely to accelerate the degra-
dation of chlorophyll rather than slow down its synthesis [24]. Wang et al. [25] found that the chlorophyll
content of P. euphratica leaves decreased with decreasing groundwater levels, while the ratio Chl a/Chl b
increased with decreasing groundwater. The Chl a, Chl b, Chl a+b and Chl a/Chl b of P. euphratica leaves in
areas with high groundwater levels in August were 1.37, 0.44, 1.81, and 3.11 mg/g, respectively, while the
Chl a, Chl b, Chl a+b, and Chl a/Chl b of P. euphratica leaves in areas with low groundwater levels were
0.95, 0.24, 1.19, and 3.92 mg/g, respectively, in Awat County of Xinjiang, China. Yuan et al. [26] showed that
in the Aibi Lake area of Xinjiang, China, Chl ¢ and Chl b decreased gradually, Chl b decreased greatly, and
Chl a/Chl b increased gradually with increasing drought stress. Meanwhile, when drought stress was found,
Chl a and Chl b were 1.2 and 0.4, respectively. When there is no drought stress, Chl a and Chl b were 0.8 and
0.2, respectively. These results are close to the results of this study. To date, there is no research on the seasonal
variation in chlorophyll in the leaves of healthy P. euphratica and water-stressed P. euphratica. At present,
studies on chlorophyll change characteristics in leaves of P. euphratica have mainly focused on chlorophyll
change characteristics under stress [27, 28]. Revealing the seasonal variation in the chlorophyll content in
leaves of P. euphratica can also provide a theoretical basis for the ecological conservation of P. euphratica in
arid areas. Hu et al. [29] studied the change characteristics of chlorophyll in the leaves of jujube trees and
concluded that the chlorophyll showed a continuous increasing trend from May to October. Because of differ-
ent plant species, the results of this study were inconsistent with the results of this study. In recent years,
studies on the spectral characteristics of P. euphratica leaves have focused on the spectral inversion of
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physiological parameters, the spectral curve characteristics of leaves under stress, and the spectral analysis of
desert vegetation [30, 31]. However, there are few studies on the spectral characteristics of P. euphratica
leaves in different seasons. Nyongesah et al. [32] estimated the Chl a/Chl b ratio through PRI, which can
provide important information for the study of the carbon balance and stress response of desert plants. The
present study did not involve the seasonal variation characteristics of chlorophyll and spectrum in healthy P.
euphratica leaves and water-stressed P. euphratica leaves. These two aspects are what we must grasp in the
study of the evolution of desert riparian ecosystems by remote sensing. The seasonal variation in chlorophyll
is the basis for the formulation of P. euphratica protection measures and the key factor for P. euphratica health
evaluation, which is also of significance in this study.

Conclusions. The seasonal variation characteristics of the chlorophyll content and spectral reflectance of
healthy P. euphratica and water-stressed P. euphratica leaves were analyzed. The results showed that from
May to October, the chlorophyll a content, chlorophyll b content, and total chlorophyll content all presented in
the form of “two peaks and two valleys,” and the chlorophyll content of healthy P. euphratica leaves was higher
than that of water-stressed P. euphratica leaves. However, the Chl a/Chl b of water-stressed P. euphratica
leaves was higher than that of healthy P. euphratica leaves in the growing season. In some wavelength range,
the spectral reflectance difference in different months was significantly. The spectral curves of healthy P. eu-
phratica leaves from May to August were relatively consistent, and the curves in the near-infrared band were
more concentrated than that of the water-stressed P. euphratica leaves. Two absorption troughs were observed
near the wavelengths of 500 and 675 nm. The absorption characteristic parameters of the absorption trough had
a certain correlation with the chlorophyll content. The PLSR model established by using the absorption param-
eters near the wavelengths of 500 nm can roughly estimate Chl b of water-stressed P. euphratica leaves, and
the PLSR model constructed by the absorption parameters near the wavelengths of 675 nm can roughly estimate
the chlorophyll content (Chl a, Chl b, and Chl a+b) of water-stressed P. euphratica leaves.
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