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Abstract: This paper reports on monitored Suaeda salsa spectral response to salt conditions in coastal
wetlands, using spectral measurements and remotely sensed algorithms. Suaeda salsa seedlings
were collected from the Dafeng Elk National Nature Reserve (DENNR) in Jiangsu Province, China.
We treated 21 Suaeda salsa seedlings planted in pots with 7 different salt concentrations (n = 3 for each
concentration) to assess their response to varying salt conditions. Various plant growth indicators,
including chlorophyll content, fresh weight, dry weight, and canopy hyperspectral reflectance,
were measured. One-way analysis of variance (ANOVA) and post hoc multiple comparisons of
least-significant difference (LSD) were used to explore the physiological indicators of sensitivity to salt
treatment. Red edge parameters and spectral reflectance indices were used to analyze spectral response
to salt conditions and to investigate the potential for remotely sensing physiological parameters
which are sensitive to salt conditions. The results indicated that among these physiological indicators,
the total chlorophyll content differed significantly with salt conditions, being highest at 50 mmol/L,
whereas the differences observed for the morphological parameters were highest at 200 mmol/L.
In addition, new vegetation indices were significantly more responsive to salt concentrations than
were traditional red edge parameters. The two vegetation indices, D854 /D792 and (D792 − D854 )/(D792
+ D854 ), were the most sensitive to the total chlorophyll content, and these also strongly correlated
with salt concentrations. An analysis of the responses of plant growth indicators to salt treatment
showed that soil having a salt concentration of 50~200 mmol/L is most suitable for the growth of
Suaeda salsa. These results suggest the potential for using remote sensing to effectively interpret
the causes of salt-induced spectral changes in Suaeda salsa. This methodology also provides a new
reference for the inversion model of estimating the total chlorophyll content of Suaeda salsa under
different salt concentrations in similar coastal wetlands, whether in China or elsewhere.
Keywords: coastal wetlands; Suaeda salsa; salt conditions; reflectance spectra; spectral response
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1. Introduction
Coastal wetlands, which are among the most important ecosystems in the world, are important for
the economic and social development of coastal areas, playing a significant role in the development of
offshore fisheries and the protection of endangered species [1]. However, the overexploitation of coastal
biotic resources for the purposes of economic development has degraded the ecological environment
of coastal wetlands, endangering vegetation and wildlife habitats [2,3]. Because soil salinization has
played a notable role in degrading coastal wetlands [4], the planting of halophyte vegetation [2] has
been considered as a way of achieving ecological restoration of coastal wetlands. As an important
salt-tolerant plant in coastal wetlands, Suaeda salsa has great potential for the ecological restoration of
wetlands [5]. Not only can it absorb large amounts of soil salt for storage in its thick leaves, but it can
also accumulate and absorb heavy metals from the soil, improving and restoring damaged coastal
wetland ecosystems [6–8]. Furthermore, it can adapt to different water and salt environments in the
intertidal and upper tidal zones by adjusting its morphological characteristics and biomass allocation,
thus maintaining population stability and improving salinized soil [9].
Soil moisture and salinity are the two most important factors affecting halophyte growth [10–12];
therefore, some researchers have focused on the relationship between the growth and population
distribution of Suaeda salsa and salt stress and chemical elements in the soil [13–18]. Salt-induced
vegetation growth and physiology response, such as changes in biomass and chlorophyll content,
usually lead to corresponding changes in canopy reflectance spectra. To monitor the response of Suaeda
salsa to salt stress using information provided by remote sensors, further exploration of the response
mechanism is needed, using detailed spectral signals [10].
Hyperspectral sensors can detect signals of hundreds of continuous spectral bands with a spectral
interval of <10 nm within the visible and near-infrared spectrum [19,20]. By collecting information on
plant spectra that are affected by biotic and abiotic stress, hyperspectral sensors become a powerful tool
for quantitative vegetation monitoring [18]. Various studies have investigated the use of hyperspectral
remote sensing techniques to classify halophyte plants [21], examine the responses of hyperspectral
indices to soil chemical properties [22], analyze the spectral characteristics of halophyte plants [23],
and estimate the Suaeda salsa biomass [24,25]. The red edge, as one of the most prominent features
in the vegetation spectrum, is often used to detect various physical parameters of vegetation [26–28].
For example, red edge position can be used to estimate the leaf area index (LAI) and chlorophyll content
of vegetation [29]; red edge area can be used to estimate the chlorophyll density of vegetation [30];
red edge amplitude can be used to estimate the biomass and relative water content of vegetation [31];
and red edge skewness and kurtosis are used to estimate chlorophyll content [32]. The high absorption
of vegetation chlorophyll in the red light band, and the multiple reflections of the near-infrared
band inside the vegetation leaves, form a strong reflection and, eventually, a unique “steep slope”
phenomenon in the 680–750 nm region. In addition, vegetation indices are another method that is
often used in the remote sensing of vegetation. This approach mainly uses specific bands for combined
operations to improve correlation with the physiological parameters of vegetation. This method is
widely applied in the dynamic monitoring of vegetation [33,34] and biophysical inversion. However,
comparisons of these methods applied to Suaeda salsa communities have seldom been reported.
Taking a new approach, i.e., combining spectral characteristics with plant growth indicators under
various salt conditions, this study investigates the response of salt stress to the growth indicators
and hyperspectral reflectance spectra of Suaeda salsa. Its objectives are (1) to study changes in growth
indicators of Suaeda salsa which are susceptible to salt treatment, (2) to monitor red edge parameters
and the response of vegetation indices, and (3) to provide a reference for estimating the physiological
parameters of Suaeda salsa under various salt conditions in degraded coastal wetlands.
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2. Materials and Methods
2.1. Materials
Suaeda salsa seedlings were collected in the third core zone of the Dafeng Elk National Nature
Reservation (120◦ 470 –120◦ 530 E, 32◦ 590 –33◦ 030 N) in Jiangsu Province, China (Figure 1), the largest elk
nature reserve in the world. The study area is in the transition zone between the subtropics and a warm
temperate zone, with relatively high humidity. Mean precipitation is 1068 mm/year, and the average
annual temperature is 14.1 ◦ C. The soil is mainly coastal saline soil in meadows and tidal beaches.
The dominant plant species are Spartina alterniflora, Suaeda salsa, Zoysia macrostachya, Phragmites australis,
and Imperata cylindrica. The national reserve’s total area is about 780 km2 , divided into a core zone,
a buffer zone, and an experimental zone. The core zone is subdivided into three further zones: in the
first and second, elk are kept in captivity, but in the third, they live in a “wild pastoral area” [35].

Figure 1. The study area at the Dafeng Elk National Nature Reserve in China.

2.2. Experimental Design
2.2.1. Field Survey
Plant communities of Suaeda salsa and their habitat soil surveys were studied at the coastal saltmash
in Dafeng City, Jiangsu Province, China, which previous studies have identified as having medium and
heavily saline soil. A total of 34 topsoil samples (0–20 cm depth) from each 1000 m by 1000 m quadrant
were taken in April 2016 (see Figure 1). An extract solution (gravimetric soil:water = 1:5) of a soil
sample was used to measure soil EC and pH with a conductivity meter (Horiba, B-173, Tokyo, Japan)
and digital pH meter (HI98121). The total soil salt content (SSC) was calculated based on the linear
relationship between the conductivity and salinity of the standard KCL solution. The Kjeldahl method
was used to determine the total nitrogen content (TN), the soil organic matter (SOM) content was
determined by hydration thermal potassium dichromate oxidation-colorimetry, the nitrate nitrogen
(NN) content was determined by ultraviolet spectrophotometry, the total carbon (TC) content was
determined by the wet burning method, the content of available potassium (AK) was measured by the
turbidimetric method of sodium tetraphenylborate, and the content of available phosphorus (AP) was
measured using an ultraviolet/visible spectrophotometer.
2.2.2. Pot Experiment Design
Suaeda salsa seedlings of similar heights (13–15 cm ± 0.5 cm for plant height, 5–8 cm ± 0.5 cm
for root length) were collected from the same experimental site (100 m × 100 m). Twenty-one pots
were divided into seven groups by salt gradient treatment, with each set containing three replicates
(Figure 2). Before planting, we used deionized water to wash the roots of each specimen, and then
transplanted them into 21 pots (18.5 cm in diameter, 24.5 cm in height), using 20–40 mesh dry sand
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as the medium. Each plastic basin had a 1.5 cm vent hole that we covered with a layer of gauze to
prevent the internal sand from flowing out during irrigation.

Figure 2. Photographs of potted plants of Suaeda salsa under salt stress in seven groups (taken on the
last day of the experiment). Each group of experiments consisted of three pots of samples, in which
photos (A–C) are the Control group, (D–F) are the V-L group, (G–I) are the L group, and (J–L) are the
M group, (M–O) are the H group, (P–R) are the V-H group, and (S–U) are the E-H group.

Before salt treatment, it took a week to restore Suaeda salsa to growth. During this period, 21 pots
were irrigated with pure water every morning and evening. The amount of irrigation was twice
the amount of dry sand in the pot, and it flowed out of the cavity to ensure that the small amount
of salt contained in the dry sand was washed away. We started watering the Suaeda salsa seedlings
with seven different levels of salt in Hogland’s nutrient solution (PH = 6.7~7.0) every morning and
evening. Salt concentrations were 25 mmol/L (the control), 50 mmol/L, 100 mmol/L, 200 mmol/L,
300 mmol/L, 400 mmol/L, and 600 mmol/L, and irrigation amounts were twice the water content
in the pot. Each treatment was conducted under the same conditions of natural light, atmospheric
environment, temperature, and humidity. The control group was irrigated with 25 mmol/L, i.e., an
extremely low salt concentration, close to that of the natural salt environment. By the 15th day of the
experiment, the plants treated with the 600 mmol/L salt solution had begun to wither and were near
death, so we concluded the experiment.
For the sake of simplicity, the treatment names will be simplified for the rest of the manuscript:
control (25 mmol/L extremely low (E-L) salinity), 50 mmol/L very low (V-L) salinity, 100 mmol/L low
(L) salinity, and 200 mmol/L medium (M) salinity, 300 mmol/L high (H) salinity, 400 mmol/L very high
(V-H) salinity, and 600 mmol/L extremely high (E-H) salinity [36].
2.3. Plant Growth Indicators
The day before the end of the experiment, we measured plant height and the number of branches.
After ending the experiment, we removed the harvested plants and washed away the sand and dust
using distilled water, dried the plants using absorbent paper, and determined the fresh weight (FW)
above ground and FW in the roots for each. We oven-dried the plant samples at 105 ◦ C for 10 min,
and then at 80 ◦ C until a constant weight was achieved. Next, we measured the dry weight (DW).
Based on FW and DW, we computed the degree of leaf succulence as FW:DW.
We collected and crushed about 0.5 g of fresh leaf of Suaeda salsa from each plant, and then
extracted the chlorophyll content with 90% acetone for 24 h, using three plants for each salinity level.
We used a spectrophotometer (Hitachi U-2001, Hitachi Ltd., Tokyo, Japan) to measure the absorbency
of the extraction solution at 665 nm, 649 nm, and 470 nm. We then calculated the chlorophyll a content
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(chl-a), chlorophyll b content (chl-b), total chlorophyll content (chlT ), and carotenoid content (Ck ) using
Equations (1)–(4) [37]:
chl − a = 13.95A665 − 6.88A649
(1)
chl − b = 24.96A649 − 7.32A665

(2)

Ck = (1000A470 − 2.05chl − a − 114.8chl − b)/245

(3)

ChlT = chl − a + chl − b = 18.08A649 + 6.63A665

(4)

where chl-a and chl-b are chlorophyll a and b content, respectively; Ck is carotenoid content; ChlT is total
chlorophyll content; and A is the absorbency of the extraction solution.
2.4. Hyperspectral Measurement and Pre-Processing
On the last day of the experiment, we measured the canopy hyperspectral reflectance spectra of
Suaeda salsa. We made all canopy reflectance measurements using an SVC (Spectra Vista Corporation)
HR-1024i field-portable spectroradiometer (SVC Inc., San Jose, CA, USA) that covered ultraviolet,
visible, and near-infrared wavelengths from 350 nm to 2500 nm. Hyperspectral resolution was less than
3.5 nm, 9.5 nm, and 6.5 nm in the ranges 350–1000 nm, 1000–1850 nm, and 1850–2500 nm, respectively.
We measured canopy reflectance spectra from 40 cm above the canopy using 25◦ field-of-view fiber
optics between 10 a.m. and 2 p.m. (Beijing time) on a sunny day. The spectral measurement scan time
for each pot was 5 s, with the average reflectance spectra of 10 measurements being taken as the final
spectrum of each pot.
The hyperspectral reflectance spectra of Suaeda salsa at the canopy level were preprocessed by
the following steps. First, the abnormal high and low hyperspectral reflectance due to light or wind
conditions were identified and deleted. Second, the spectral data were resampled. Finally, the various
sets of spectral data were merged using the SVC HR-1024i software. The 350 to 499 nm noise bands
were removed from the spectral curve of each sample, and the 500–900 nm bands were selected.
A Savitzky-Golay (S-G) smoothing filter was applied to smooth the reflectance data to reduce the
instrument and environment noise for the further quantitative analysis.
2.5. Data Analysis
2.5.1. Calculation of Red Edge Parameters
First derivatives were calculated based on the preprocessed hyperspectral reflectance spectra,
and were employed to obtain five red edge parameters between 680 and 750 nm, i.e., red edge area,
red edge amplitude, red edge skew coefficient, red edge kurtosis coefficient, and red edge position
(see Table 1).
Table 1. Definition and algorithm of red edge parameters.
Red Edge Parameter
Red edge area [38]
Red edge amplitude [31]
Red edge skewness [32]
Red edge kurtosis [32]
Red edge position [39]

Definition
The area of first derivative in the red edge
(680~750nm)
The maximum of first derivative in the red edge
(680~750nm)
The skewness of first derivative in the red edge
(680~750nm)
The kurtosis of first derivative in the red edge
(680~750nm)
The wavelength (680~750nm) corresponding to
the maximum of the first derivative

Algorithm
Sred =

R 750
680

R0(λ)dλ

Dλ = max[R0(λ)λ = 680∼750nm ]
E(X−µ)
σ3

s =
kred =

3

E(X−µ)
σ4

4

λred

Note: R(λ) is the primary reflectance spectra at each λ band. R’ (λ) is the first derivative of the hyperspectral
reflectance spectra in each λ band, µ is the average value of vector X, E(X) is the expected value of vector X, and σ is
the standard deviation of vector X.
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2.5.2. Determination of Optimal Vegetation Indices
We refer to the two most widely used combinations of hyperspectral bands, i.e., the ratio of Ri
to Rj [40] and the normalized ratio of (Ri − Rj ) to (Ri + Rj ) [41], which are extensively applied in
quantitative remote sensing of vegetation. The correlation between the most significant plant growth
indicators of salt-induced Suaeda salsa response and different hyperspectral band combinations was
analyzed. Two new best vegetation indices (D_RVI and D_NDVI) were found. A combination of
bands in the 500–900 nm based on the first derivatives was selected to construct the vegetation indices
using the MATLAB 2019b software [42]. The correlation coefficient and significance level matrices
were obtained based on the correlation analysis. The combination of the bands with the highest
significance p < 0.01 and the highest correlation coefficient was used to establish the D_RVI and
D_NDVI. The calculation formulas are shown in Equations (5) and (6):
D_RVI =

D_NDVI =

Dx
Dy

(5)

Da − Db
Da + Db

(6)

where D is the reflectance of the spectrum after the first derivative, while x, y, a, b are arbitrary bands
between 500–900 nm.
2.5.3. Statistical Analysis
We then used Excel to calculate the mean values and standard deviations of each treatment,
including its three controls (Table 2). We conducted a one-way analysis of variance (ANOVA) in SPSS
26.0 (SPSS Inc., Chicago, IL, USA) to assess the effects of the different salt treatments on plant growth
indicators. We used a least-significant difference (LSD) comparison test to identify differences between
individual treatments as significant (p < 0.01) or not. To better observe the changes in each growth
indicator under different salt concentrations, we set the control group to 100%, counting the other six
groups according to the proportion of the control group. Figures were drawn using Adobe Photoshop
2020 (Figure 2, Adobe Systems Inc., San Jose, CA, USA), and were plotted using Origin 2020 (OriginLab
Corporation, Northampton, MA, USA). An error scatter plot between the vegetation indices and red
edge parameters of plant growth indicators was produced, and the fitting curve was plotted. The F
statistic and significance level p were used to evaluate the response of each vegetation index and red
edge parameter to the growth indicators of Suaeda salsa under various salt conditions.
Table 2. Statistical results of soil physical and chemical parameters.
Nutrition Items

Mean

SD

Max

Min

CV (%)

SSC (g/kg)
pH
TN (g/kg)
SOM (g/kg)
AK (mg/kg)
TC (g/kg)
NN (mg/kg)
AP (mg/kg)

6.646
8.393
0.748
13.203
486.360
13.955
6.279
10.862

4.024
0.230
0.417
8.328
345.597
7.094
3.359
7.284

17.600
8.940
2.080
45.300
1160
34.800
12.800
27.000

0.800
8.020
0.240
7.000
99
4.200
1.340
1.900

60.550
2.740
55.750
63.080
71.060
50.830
54.000
67.060

3. Results
3.1. Habitat Soil Survey
Table 2 shows a statistical analysis of the physical and chemical properties of topsoil samples.
pH values ranged from 8.020 to 8.940, with a mean of 8.393, corresponding to saline soil. Soil salt
content (SSC) values were 0.800–17.600 g/kg, with a mean of 6.646 g/kg. Based on the relationship
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between g/kg and mmol/L (100 mmol/L = 5.844 g/kg), salt concentrations in the pot experiment were
0–35.064 g/kg, further indicating that salt concentrations of 400 mmol/L and 600 mmol/L were out of
range. The aim of this experiment was mainly to determine the possible tolerance threshold for salt
concentrations. Compared with the Chinese classification standard of soil nutrient contents, the soil
fertility level in the study area was relatively low because of its high salt contents.
3.2. Suaeda Salsa Response to Salt Treatemnts
Figure 3 shows morphological indicators such as plant height, root length, number of branches,
leaf succulence, aboveground FW, root FW, aboveground DW, and root DW, as well as physiological
indicators such as chlorophyll a, chlorophyll b, total chlorophyll contents, and carotenoid content of
Suaeda salsa. Compared with the control group, a salt concentration of 50–600 mmol, plant height,
root length, branching number, leaf succulence, root FW, and aboveground FW with M treatment were
highest, whereas plant height, root length, branching number, leaf succulence, root FW, aboveground
FW, aboveground DW, root DW, and carotenoid content with E-H treatment were lowest among the
salt treatments. In addition, aboveground DW, root DW, and chlorophyll content with V-L treatment
were highest.

Figure 3. Effects of different salt concentration stress on various physiological indexes of Suaeda salsa.
The control group was set to 100%, and the remaining six groups were changed relative to the control
group. The values were means ± standard errors (n = 3). The real values are presented in Table 3.
((a) plant height, root length, number of branches; (b) leaf succulence, FW above the ground, DW above
the ground; (c) FW of root, DW of root; (d) chlorophyll a, chlorophyll b, total chlorophyll contents and
carotenoid content of Suaeda salsa).
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Table 3. Physiological indicators for Suaeda salsa (statistics with means ± standard errors).
Indicator

Control

50 mmol/L

100 mmol/L

200 mmol/L

300 mmol/L

400 mmol/L 600 mmol/L

Height (cm)

16.83 ± 0.64

17.97 ± 0.31

18.67 ± 0.21

21.5 ± 1.5

15.33 ± 0.15

13.5 ± 0.5

Root length (cm)
Branch number
Leaf succulence
FW-above
ground (g)
DW-above
ground (g)
FW of roots (g)
DW of roots (g)
Chl-a (mg/L)
Chl-b (mg/L)
Chl-a+b (mg/L)
Car (mg/L)

10.79 ± 0.9
13 ± 1.00
4.54 ± 0.19

13.13 ± 0.4
15 ± 1.00
3.58 ± 0.44

14.4 ± 0.53
16.67 ± 1.53
6.82 ± 0.27

16.9 ± 0.17
22 ± 1.00
13.83 ± 0.77

13.6 ± 1.68
14.33 ± 1.53
4.95 ± 1.00

9 ± 1.00
13 ± 1.00
6.21 ± 0.34

12.43 ±
0.15
8.3 ± 0.20
10 ± 1.00
4.85 ± 1.57

34.48 ± 0.43

40.77 ± 0.64

45.35 ± 0.27

49.82 ± 1.08

27.49 ± 2.49

21.5 ± 0.2

13.8 ± 1.27

7.61 ± 0.32

11.51 ± 1.47

6.66 ± 0.3

3.61 ± 0.15

5.64 ± 0.64

3.47 ± 0.21

2.99 ± 0.68

5.95 ± 0.35
1.28 ± 0.15
2.8 ± 0.86
0.85 ± 0.27
3.65 ± 1.12
0.85 ± 0.28

7.55 ± 0.33
1.34 ± 0.36
3.37 ± 0.47
1.12 ± 0.5
4.49 ± 0.88
0.78 ± 0.11

7.89 ± 0.25
1.28 ± 0.59
2.51 ± 0.75
0.77 ± 0.23
3.28 ± 0.97
0.63 ± 0.17

9.67 ± 0.2
0.74 ± 0.42
2.4 ± 0.43
0.73 ± 0.13
3.13 ± 0.55
0.62 ± 0.15

6.83 ± 0.61
1 ± 0.23
2.2 ± 0.17
0.64 ± 0.08
2.85 ± 0.24
0.57 ± 0.05

4.67 ± 0.51
0.62 ± 0.19
2.52 ± 0.4
0.71 ± 0.1
3.23 ± 0.5
0.64 ± 0.09

3.58 ± 0.65
0.65 ± 0.04
1.73 ± 0.74
0.53 ± 0.22
2.26 ± 0.96
0.48 ± 0.22

Plant height (Figure 3) significantly differed with salt treatments (F6,14 = 66.43, p < 0.0001). The plant
height of Suaeda salsa for the H (p = 0.015), V-H (p < 0.0001), and E-H (p < 0.0001) treatments were
significantly lower, whereas those for the L (p = 0.005) and M (p < 0.0001) treatments were significantly
higher, than for the control. Root length significantly differed with salt treatment (F6,14 = 38.74,
p < 0.0001). Root lengths for the V-H (p = 0.023) and E-H (p = 0.023) treatments were significantly lower,
whereas those for the V-L (p = 0.005), L (p = 0.00014), M (p < 0.0001), and H (p = 0.001) treatments were
significantly higher, than for the control. Branching number significantly differed with salt treatment
(F6,14 = 30.8, p < 0.0001). Branching number for the M (p < 0.0001) treatment was significantly higher,
whereas those for the E-H (p = 0.007) treatments were significantly lower, than for the control. Leaf
succulence differed significantly with salt treatment (F6,14 = 55.84, p < 0.0001); for the V-L salt treatment
(p = 0.056), it was lower than for the control, but for the other salt treatments, it was higher.
Aboveground FW of Suaeda salsa significantly differed with salt treatment (F6,14 = 371.72, p < 0.0001).
Aboveground FW for the V-L, L, and M salt treatments was significantly higher (p < 0.0001), whereas
that for the H, V-H, and E-H treatments was significantly lower (p < 0.0001), than for the control.
Aboveground DW of Suaeda salsa significantly differed with salt treatment (F6,14 = 58.44, p < 0.0001).
Aboveground DW for the M (p < 0.0001), H (p = 0.003), V-H (p < 0.0001), and E-H (p < 0.0001) treatments
was lower than for the control. Root FW of Suaeda salsa significantly differed with salt treatments
(F6,14 = 63.98, p < 0.0001). Root FW for the V-L (p = 0.001), L (p < 0.0001), M (p < 0.0001), and H
(p = 0.03) treatments was higher, whereas that for the V-H (p = 0.003), E-H (p < 0.0001) treatments was
lower, than for the control. However, root DW of Suaeda salsa for all treatments showed no significant
differences (p > 0.05).
Chlorophyll a (F6,56 = 6.648, p < 0.0001) and b (F6,56 = 4.771, p = 0.001), total chlorophyll contents
(F6,56 = 6.689, p < 0.0001), and carotenoid content (F6,56 = 4.887, p = 0.0040) differed with salt treatment.
Chlorophyll a, b, and total chlorophyll contents for the V-L (p = 0.03) treatment were higher, and for
other treatments were lower, than the control. However, the carotenoid content for all treatments was
lower than for the control.
Based on the preceding analysis, the physiological indicator of Suaeda salsa which was most
sensitive to salt treatment was total chlorophyll content.
3.3. Response of Canopy Reflectance Spectra of Suaeda Salsa to Salt Treatment
3.3.1. Spectral Properties of the Suaeda Salsa Canopy
The canopy reflectance (500–900 nm) (F6,2800 =13.17, p < 0.0001) of Suaeda salsa and its first
derivative (500–900 nm) (F6,2800 = 2.32, p = 0.031) showed significant differences among all salt
treatments (Figure 4). For Suaeda salsa, increasing salt treatments did not show a positive or negative
association with reflectance at 550 and 680 nm. However, reflectance at 550 and 680 nm in the control
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showed the largest reflectance, versus the lowest reflectance for the M treatment. The E-H treatment
showed the lowest reflectance at 750 nm, whereas the L treatment showed the largest, followed by the
V-L treatment. The increased level of salt ranging from V-L to H treatment flattened the red edge of
Suaeda salsa and lowered the first derivative of reflectance (Figure 4b), indicating that the red edge
amplitude and area had decreased.

Figure 4. The original spectral curve (a) and the first derivative spectral curve (b) under different
stresses with different salt concentrations.

As a result of experiment error, the growth of Suaeda salsa in the second pot experiment in the
control (Figure 2B) was not the same as the other two pots. We set two types of the control groups, i.e.,
the mean reflectance values of three pots, but the mean values of two pots removed the second pot
(Figure 2B). The results of an ANOVA analysis showed no significant difference between the two sets
of reflectance (F1,800 = 0.182, p = 0.67).
3.3.2. Response of Red Edge Parameters of Suaeda Salsa Canopy Reflectance to Salt Treatment
The red edge skewness (F6,14 = 1.04, p = 0.44), red edge kurtosis (F6,14 = 1.45, p = 0.26), and red
edge position (F6,14 = 1.32, p = 0.31) of Suaeda salsa did not show significant differences among all
salt treatments (Table 4 and Figure 5). However, red edge area (F6,14 = 3.18, p = 0.035) and red edge
amplitude (F6,14 = 3.28, p = 0.031) differed with salt treatments. The red edge areas for the V-L (p = 0.007)
and L treatments (p = 0.042) were higher than that of the control. The red edge amplitude for the V-L
(p = 0.008) and L treatments (p = 0.043) showed the same patterns as the red edge area.
Table 4. Five red edged parameters under different salt treatments with means ± standard errors
(n = 3).
Indicator

Control

50 mmol/L

100 mmol/L

200 mmol/L

300 mmol/L

400 mmol/L

600 mmol/L

Area
Amplitude
Skewness
Kurtosis
Position

0.27 ± 0.07
0.0063 ± 0.0013
−0.32 ± 0.19
1.95 ± 0.04
708 ± 3

0.45 ± 0.06
0.0098 ± 0.0014
−0.44 ± 0.04
1.96 ± 0.06
713 ± 2

0.4 ± 0.1
0.0088 ± 0.0018
−0.35 ± 0.14
1.89 ± 0.16
711 ± 3

0.36 ± 0.03
0.0079 ± 0.0005
−0.43 ± 0.12
1.88 ± 0.15
713 ± 2

0.34 ± 0.07
0.0072 ± 0.0015
−0.53 ± 0.12
2.03 ± 0.15
713 ± 4

0.36 ± 0.01
0.0081 ± 0.0003
−0.34 ± 0.02
1.81 ± 0.03
712 ± 2

0.24 ± 0.1
0.0056 ± 0.002
−0.21 ± 0.37
1.81 ± 0.14
708 ± 6

The red edge amplitude of Suaeda salsa was used to estimate the total chlorophyll content for all
salt treatments by quadratic polynomial model, with R2 = 0.762, p = 0.05 (Figure 8b). We found no
correlation among red edge position, red edge area, red edge skewness, and red edge kurtosis and
total chlorophyll content.
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Figure 5. Trend of red edge area (a), skewness (b), kurtosis (c), amplitude (d) and position (e) of Suaeda
salsa under different NaCl treatments. The control group was set to 100%, and the remaining six groups
were changed relative to the control group. The values were means ± standard errors (n = 3). The real
values are presented in Table 4. Capital and lower-case letters above the bars indicate significant
differences at the levels of 0.05 and 0.01. If no letter is assigned above the band, it means that this item
is not significant to salt stress (p > 0.05). Other descriptions are as in Figure 3.

3.3.3. Response of Sensitive Vegetation Indices to Total Chlorophyll Content
There was strong relationship between total chlorophyll content and canopy reflectance changes
in Suaeda salsa, caused by different salt conditions. Figure 6 shows the correlation coefficient and
significance level matrix between hyperspectral vegetation indices and total chlorophyll content,
indicating that vegetation indices D_RVI and D_NDVI from 500 to 900 nm were significantly related
to total chlorophyll content (as shown in Figure 6b,d, p < 0.001). Sensitive vegetation indices,
such as D_RVI and D_NDVI to total chlorophyll content, were found using the following procedures.
D_RVI, Dx was mainly concentrated in the regions of 542–549 nm, 650–659 nm, 848–856 nm, 873 nm,
and 897 nm, whereas Dy was primarily focused in the regions of 543–547 nm, 648–661 nm, 786–793 nm,
and 845–847 nm (Figure 6a,b). The coefficient a for D_NDVI was mainly concentrated in the regions of
624–626 nm, 639–645 nm, 780–801 nm, 845–857 nm, and 873 nm. The coefficient b was determined
from the regions of 624–626 nm, 780–781 nm, 781–793 nm, 791–801 nm, and 845–848 nm (Figure 6c,d).
Then, six sensitive vegetation indices (VIs) were retrieved as D655 /D546 , D873 /D846, D854 /D792 , (D645 −
D791 )/(D645 + D791 ), (D792 − D854 )/(D792 + D854 ), and (D781 − D625 )/(D781 + D625 ).
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Figure 6. The correlation coefficient matrix (a) and significance level matrix (b) between the ratio
vegetation indices based on derivative reflectance (D_RVI) and total chlorophyll content, and the
correlation coefficient matrix (c) and significance level matrix (d) of normalized difference vegetation
indices (NDVI) based on derivative reflectance (D_NDVI) and total chlorophyll content. The red
regions indicate the significance level p < 0.001.

Figure 7 shows the ANOVA result between the 6-VIs and salt treatments. Three vegetation indices,
i.e., D655 /D546 (F6,14 = 5.083, p = 0.006), D854 /D792 (F6,14 = 10.622, p = 0.00012), and (D792 − D854 )/(D792 +
D854 ) (F6,14 = 6.74, p = 0.002) significantly differed with salt conditions (p < 0.01) (Table 5 and Figure 7).
Two vegetation indices, D655 /D546 and D854 /D792 , for the E-H treatment were lower than for the control,
whereas D655 /D546 for the V-L treatment was higher than for the control (p <0.01).
Table 5. Optimal VIs under different salt treatments with means ± standard errors (n = 3).
Index

Control

50 mmol/L

100 mmol/L

200 mmol/L

300 mmol/L

400 mmol/L

600 mmol/L

D655 /D546
D873 /D846
D854 /D792
(D645 − D791 )/
(D645 + D791 )
(D792 − D854 )/
(D792 + D854 )
(D781 − D625 )/
(D781 + D625 )

−1.12 ± 0.41
0.94 ± 0.21
0.42 ± 0.19

−1.5 ± 0.07
1.18 ± 0.16
0.3 ± 0.08

−1.2 ± 0.28
1.06 ± 0.18
0.38 ± 0.19

−1.17 ± 0.08
0.93 ± 0.11
0.57 ± 0.06

−0.96 ± 0.15
0.86 ± 0.03
0.62 ± 0.12

−1.27 ± 0.08
0.83 ± 0.1
0.42 ± 0.06

−0.62 ± 0.16
0.77 ± 0.22
0.98 ± 0.06

−5.8 ± 7.6

−38.11 ± 75.07

−14.14 ± 17.65

5.17 ± 4

8.5 ± 2.56

6.46 ± 3.65

24.56 ± 31.87

0.43 ± 0.2

0.54 ± 0.09

0.47 ± 0.18

0.28 ± 0.04

0.24 ± 0.1

0.41 ± 0.06

0.01 ± 0.03

6.55 ± 10.39

31.76 ± 38.2

−19.35 ± 0.35

−4.54 ± 1.92

−4.19 ± 2.63

−4.59 ± 2.11

−12.06 ± 26.17
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Figure 7. Changes in the sensitive vegetation indices D655 /D546 (a), D873 /D846 (b), D854 /D792 (c), (D645
− D791 )/(D645 + D791 ) (d), (D792 − D854 )/(D792 + D854 ) (e) and (D781 − D625 )/(D781 + D625 ) (f) of Suaeda
salsa under different NaCl treatments. The control group was set to 100%, and the remaining six groups
were changed relative to the control. The values were means ± standard errors (n = 3). Capital and
lower-case letters above the bars indicate significant differences at the levels of 0.05 and 0.01. If no
letter is assigned above the bars, it means that this item was not significant to salt treatments (p > 0.05).
The real values are presented in Table 5. Other descriptions are as in Figure 3.

Vegetation indices D655 /D546, D854 /D792 , and (D792 − D854 )/(D792 + D854 ) of Suaeda salsa were used
to estimate the total chlorophyll content among all salt treatments using a quadratic polynomial model,
with R2 = 0.97 (p = 0.000876), R2 = 0.966 (p = 0.0011), and R2 = 0.96 (p = 0.0013), respectively (Figure
9a,c,e).
4. Discussion
4.1. Effects on Plant Parameters of Suaeda Salsa
Soil salinity is a major abiotic stressor that negatively affects plant growth and ecosystem
health in coastal wetlands [43]. Leaf succulence allows Suaeda salsa to adapt to saline environments,
with parenchyma cells multiplying so that volume also increases, allowing the plant to absorb and store
large quantities of water. As a result, the water content in the unit volume of tissue increases, diluting
the salt that the plant absorbs from the soil and maintaining its normal physiological activities [44–47].
Our study demonstrated that compared with the control, the FW, root length, branching number,
and height of Suaeda salsa clearly increased with increasing salt treatments ranging from V-L to M,
peaking with the M treatment. However, these parameters decreased slightly with further increased
salt treatments ranging from M to E-H (Figure 3a–c). These results are consistent with those of
many previous studies [48–50]. Our results suggest that a salt concentration of around 200 mmol/L
(11.688 g/kg) is optimal for growth of Suaeda salsa. This finding is consistent with the field survey
situation and very closely resembles salt soil concentrations of 207 mmol/L, which are suitable for
growth of Suaeda salsa [51]. When salt concentrations in the soil exceed 275 mmol/L, the growth of
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Suaeda salsa is inhibited [52]. The leaf succulence of Suaeda salsa reached its peak value with the M salt
treatment, perhaps because Suaeda salsa increased the thickness of thin-walled tissue cells, expanded
in volume, and increased leaf succulence level to absorb additional water with which to dilute salt
concentrations, maintaining its growth; this is potentially the reason why the morphological indicators
of Suaeda salsa peaked at a ~200 mmol/L salt concentration in our study; however, excessively high salt
concentrations will obviously weaken this phenomenon [53–55].
Changes in chlorophyll content are among the most important physiological indicators for
monitoring plant stress. The response of the chlorophyll content to plant stress is closely related [56–58].
In our study, it was found that the chlorophyll and carotenoid contents gradually decreased with
increasing salt concentrations (from V-L to H), and reached the highest values for the V-L treatment
(Figure 3d). This suggests that an appropriate salt concentration in the soil can improve the growth of
Suaeda salsa. Our result is similar to that of Guan [10], who determined that the contents of chlorophyll
a, b, total chlorophyll, and carotenoid decreased significantly with increasing soil salinity and water
table levels.
Figure 3 shows that the response characteristics of physiological indicators were different from
those of the other morphological indicators of Suaeda salsa, such as root length and FW. This could be
explained by the fact that the chloroplast and mitochondria of Suaeda salsa would first be damaged
by sodium ions and then form reactive oxygen species (ROS) with increasing salt concentrations [59].
The antioxidant response system (ARS) in plant cells reached a balance by removing ROS to protect
cells from oxidative damage [60]. However, high salt concentrations (>200 mmol/L) will break this
balance and inhibit the growth of Suaeda salsa. It also indirectly indicates that this salt-tolerant plant
can grow normally with a salt concentration of 50–200mmol/L. Thus, a Suaeda salsa community could
ameliorate soil salinization in degraded coastal wetlands.
4.2. Mechanisms and Potential for Monitoring Plant Stress Using Red Edge and Sensitive Vegetation Indices
An ANOVA of the red edge parameters and salt treatment found that the responses of the former
to the different salt conditions were not ideal (Table 4 and Figure 5). Only red edge area and amplitude
significantly differed with salt treatment. This result was also supported by scatter plots and fitting
trendlines of red edge parameters and chlorophyll content, as shown in Figure 8, with only red edge
amplitude having a relatively good-fitting trend (RMSE = 0.521). Our results differed from those
of many previous studies that used the red edge parameters of vegetation to monitor changes to
vegetation under salt stress [61,62], perhaps reflecting the various responses of the red edge parameters
for different plant types and stressors. It is also possible that red edge parameters are suitable for
detecting plant biophysical and biochemical parameters. Zhu et al., for example, used red edge area
and slope to monitor plant response to phenanthrene [26].
This study also found that the optimal wavelengths (x, y, a, and b in Equations (5) and (6))
to compute D_RVI and D_NDVI were mainly concentrated between 786–793 nm and 848–856 nm
(Figure 6). An analysis of the response of sensitive vegetation indices D854 /D792 and (D792 − D854 )/(D792
+ D854 ) to salt treatment supports this finding (Figure 8, Figure 9, and Figure 10). However, no valid
band combinations were found in the red edge range (i.e., 680–750 nm). This finding differed from
that of some scholars, who used the red edge band to construct vegetation indices to estimate total
chlorophyll content [39,63]. On the other hand, some others have reported that vegetation indices
constructed in the near-infrared band were highly correlated with total chlorophyll content [64,65].
Although the vegetation indices constructed in the near-infrared band were highly accurate for the
inversion of chlorophyll content [66,67] in the salt treatment in our study, this needs to be further
refined in the future study.
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Figure 8. Relationship between total chlorophyll content of Suaeda salsa and measured red edge area
(a), amplitude (b), skewness (c), kurtosis (d), position (e). The error bars represent the standard error
of the mean of the chlorophyll and various red edge parameters (n = 3). The red curve represents a
quadratic polynomial fit.

Figure 9. The relationship between the chlorophyll content of Suaeda salsa and the best vegetation
indices D655 /D546 (a), D873 /D846 (b), D854 /D792 (c), (D645 − D791 )/(D645 + D791 ) (d), (D792 − D854 )/(D792 +
D854 ) (e) and (D781 − D625 )/(D781 + D625 ) (f). The error bars represent the standard error of the mean of
total chlorophyll content and various red edge parameters (n = 3). The red curve represents a quadratic
polynomial fit.
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Figure 10. Relationship between applied salt concentration and red edge amplitude (a) and optimal
vegetation indices D655 /D546 (b), D854 /D792 (c) and (D792 − D854 )/(D792 + D854 ) (d). Error bars represent
the standard error of the red edge amplitude and the average of the best vegetation indices (n = 3).
The red curve represents the best fit line.

In the present study, vegetation indices D_RVI and D_NDVI were more suitable for than the
red edge parameters of Suaeda salsa for estimating the total chlorophyll content under different salt
conditions (Figure 7). In particular, the three vegetation indices, D655 /D546 , D854 /D792 , and (D792 −
D854 )/(D792 + D854 ), effectively simulated total chlorophyll content (Figure 9). Figure 10 shows that
two vegetation indices, D854 /D792 and (D792 − D854 )/(D792 + D854 ), were sensitive to salt treatment,
with indices D_RVI and D_NDVI showing significantly better capacity than the red edge parameters
for estimating salt treatments and total chlorophyll content. In addition, vegetation indices that were
sensitive to total chlorophyll content showed potential for simulating soil salt concentration. Because
changes in soil salt can affect plant growth indicators, influencing vegetation reflectance spectra,
vegetation indices show promise for monitoring vegetation response to salt stress; this is perhaps
the primary reason why many previous studies have used multiple vegetation indices to monitor
vegetation changes [68–70] in coastal wetlands.
5. Conclusions
Applying seven different salt concentrations, we analyzed the response of plant growth indicators
and canopy reflectance to different salt treatments in coastal wetlands. Taking the Dafeng Elk National
Nature Reserve (DENNR) in China as a case study, we collected Suaeda salsa seedlings and divided
them into seven groups to conduct potted experiments, using ANOVA analysis to study the responses
of plant growth indicators such as height, FW, DW, and chlorophyll content. We assessed the responses
of Suaeda salsa canopy reflectance to salt treatment using red edge parameters and sensitive vegetation
indices. We also estimated the total chlorophyll content which was most sensitive to salt conditions
using red edge parameters and vegetation indices. Our conclusions were as follows:
(1)

Among all physiological indicators, the total chlorophyll content of Suaeda salsa showed the best
response to the salt treatment.
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(2)
(3)
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The red edge parameters and vegetation indices that were sensitive to salt treatments were red
edge area, red edge amplitude, D854 /D792 , and (D792 − D854 )/(D792 + D854 ).
Compared with the red edge parameters, the vegetation indices D_RVI and D_NDVI strongly
correlated with total chlorophyll content for the different salt treatments (p <0.01). The vegetation
indices constructed based on the first derivative reflectance of the canopy spectra in the
near-infrared band combination between 786–793 nm and 848–856 nm correlated best with
the chlorophyll content of Suaeda salsa for the different salt treatments, especially for vegetation
indices D854 /D792 ,D655 /D546 ,and (D792 − D854 )/(D792 + D854 ).

Multiple factors, such as groundwater and salinity, may affect the growth and spectral
characteristics of Suaeda salsa. In future studies, Suaeda salsa’s mechanism of hyperspectral response to
water table and salt stress should be further studied in pot experiments or in the field.
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