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and Jiubo Pei3*

1College of Forestry, Shenyang Agricultural University, Shenyang, China, 2Research Station of
Liaohe-River Plain Forest Ecosystem, Chinese Forest Ecosystem Research Network (CFERN),
Shenyang Agricultural University, Changtu, China, 3College of Land and Environment, Shenyang
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As the main component of snowmelt agents, NaCl is widely used in northern

winters and significantly impacts the expected growth of garden plants in north

China. Salix matsudana is also faced with salt stress caused by snowmelt, which

seriously affects its development as the main tree species in the northern

landscape. However, how exogenous calcium alleviates salt stress in Salix

matsudana is not yet clear. In this study, the indicators of growth indices,

photosynthetic characteristics and stress resistance were measured by

hydroponic assays in combination with three NaCl conditions (0, 50 and 200

mmol·L-1) and five calcium concentrations (0, 2.5, 5, 10 and 20 mmol·L-1). The

study’s results indicated that the application of exogenous calcium remarkably

promoted the growth of Salix matsudana seedlings under NaCl stress. When

the exogenous calcium concentration was 10 mmol·L-1, the plant height and

basal diameter of Salix matsudana seedlings increased significantly, and the

biomass of all parts reached the maximum (P< 0.05). Exogenous calcium can

substantially improve the photosynthesis of Salix matsudana seedlings under

salt stress. The photosynthetic parameters, photosynthetic pigment content

and photosynthetic product synthesis of Salix matsudana seedlings were

significantly increased at an exogenous calcium concentration of 10

mmol·L-1, and the photosynthetic level of Salix matsudana seedlings reached

the highest value. The chlorophyll fluorescence parameters (Fv/Fm, Fv/F0) of

Salix matsudana seedlings were significantly decreased under different

concentrations of NaCl stress. The maximum photochemical efficiency (Fv/

Fm) and potential photochemical efficiency (Fv/F0) of Salix matsudana seedlings

peaked when the exogenous calcium concentration was 10 mmol·L-1, which

was significantly higher than that of the other treatments (P< 0.05). The water

use efficiency of Salix matsudanawas affected considerably by NaCl stress. The

WUE and iWUE peak values of Salix matsudana were significantly higher than

those of other calcium concentrations at 10 mmol·L-1 (P< 0.05). Exogenous

calcium can increase the activities of CAT, SOD and POD enzymes in Salix
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Abbreviations: Pn, Photosynthetic rate; Gs, Cond

Transpiration rate; Fv/F0, the potential activity

maximum photochemical efficiency of PSII; WUE, In

efficiency; iWUE, Water use efficiency; SOD, Supero

Catalase; POD, Peroxidase.
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matsudana seedlings under different NaCl concentrations. Under NaCl stress,

adding exogenous calcium promoted the survival rate and growth of Salix

matsudana seedlings. In conclusion, the optimum exogenous calcium

concentration for Salix matsudana seedlings was 10 mmol·L-1. High or low

concentrations of exogenous calcium did not achieve the best results in

alleviating salt stress in Salix matsudana.
KEYWORDS

exogenous calcium, Salix matsudana, NaCl stress, photosynthetic characteristics,
stress resistance
1 Introduction

Snowmelt agents with NaCl as the main component have

caused environmental problems in northern China (Wang et al.,

2017). Each year, approximately 75-90% of China’s melting

snow salt enters green belts along roads, threatening street

trees (Yan et al., 2017), such as willow or poplar. With deicing

salts, the surrounding ecology can be compromised: seed

germination is reduced (Haiyun et al., 2002), and ground and

surface water can be contaminated (Blasius and Merritt, 2002;

Godwin et al., 2003; Rivett et al., 2016). Chlorine salts

accumulate and infiltrate into plant roots, severely affecting the

growth of green tree species and damaging the cell membranes

of roadside plants (Yu and Tang, 1998; Alshammary et al., 2004).

Snowmelt exposes roadside plants to more severe salt damage,

such as leaf browning, physiological drought, specific ion

poisoning and disruption of normal metabolism (Dai et al.,

2012; Fan et al., 2013; Lee et al., 2017), which affects plant growth

and may even lead to plant death. This, in turn, may lead to

long-term environmental problems such as rapid accumulation

of soil salts, soil consolidation and soil salinization (Pedersen

et al., 2000). Research has shown that when the salt content of

the soil surface exceeds 0.6%, most plants, except for some salt-

tolerant species, fail to grow normally or even die, specially

cultivated plants (Tao et al., 2018). Therefore, reducing salt stress

caused by snowmelt agents on plants should be considered.

Calcium, as one of the main elements required by plants, has

an essential role in plant physiological processes (Yang et al.,

2014). Calcium is a signalling molecule that promotes plant

growth under salt stress and is involved in various

developmental processes and water transport, photosynthesis

and mineral nutrition, as well as in plant growth and
uctance to H2O; Tr,

of PSII; Fv/Fm, the

stantaneous water use
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developmental processes and the regulation of stress signals

(Pathak et al., 2020). Ca2+ also maintains plant cell membranes’

relative structural and functional integrity (Tuna et al., 2007). It

plays a crucial role in stabilizing the structure of the cell wall,

controlling ion selection and transport, cell wall enzyme activity

and ion exchange behaviour (Ashraf and Harris, 2004). Ca2+

protects plants from oxidative stress by enhancing the activity of

antioxidant enzymes (Khan et al., 2009; Arshi et al., 2010; Cha-

um et al., 2012) and counteracts osmotic stress imbalance by

increasing transpiration by altering the transpiration rate and

stomatal conductance of plants (Gilliham et al., 2011; Yang and

Guo, 2017). Applying exogenous calcium can alleviate salt stress

and mitigate the damage caused by salt stress (Yang et al., 2022).

The addition of exogenous calcium can help salinity-induced

damage to calcium influx, transport and supply in plants (Ding

et al., 2010; Pathak et al., 2020). The chlorophyll content of salt-

stressed plants increased after applying calcium treatment to

inhibit the accumulation of H2O2, thereby avoiding oxidative

damage in plants (Tahjib-Ul-Arif et al., 2018). In pot culture

experiments with Dioscorea rotundata plants, calcium-mediated

improvement in salt stress was found to increase catalase (CAT)

and superoxide dismutase (SOD) activities (Jaleel et al., 2008).

Salt stress is minimized when maize, tall fescue and reed canary

grass seedlings are exposed to calcium (Maeda and Nakazawa,

2008). The addition of Ca2+ increased the relative water content

of rice seedlings under salt stress without increasing excess

proline, demonstrating the importance of Ca2+ in maintaining

water balance in plants under salt stress (Khan et al., 2009; Arshi

et al., 2010; Cha-um et al., 2012). Yang et al. (2010) observed the

effects of calcium supplementation on tomato (Lycopersicon

esculentum) plants at different times, demonstrating that the

coexistence of salt and calcium in the growth medium is

necessary to alleviate salt stress and that calcium has no

ameliorating effect until salt stress occurs. Studies have shown

that exogenous calcium can relieve salt stress in strawberries,

tomatoes, rice and iris to varying degrees (Kaya et al., 2002; Tuna

et al., 2007; Rahman et al., 2016; Liu et al., 2021). The increased

net photosynthetic rate in rice (Oryza sativa L.) was attributed to
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exogenous calcium and increased synthesis of osmotic

substances in the leaves. Therefore, oxidative damage in plants

treated with simultaneous application of NaCl + Ca2+ was

significantly less than in plants treated with NaCl alone (Roy

et al., 2019).

Salix matsudana, a common tree species in northern urban

landscaping, is usually used as a shade tree or street tree and has

excellent resistance to pollution. Salix matsudana has good

characteristics, such as waterlogging resistance, saline-alkali

resistance and developed root systems. Salix matsudana is

highly adaptable and can produce many high-quality, live

seedlings in a short period through asexual reproduction,

which has high economic and ornamental value. The expected

growth of Salix matsudana has been seriously affected by the use

of large amounts of snowmelt in northern winters. There is a

lack of research on exogenous nutrients to alleviate salt stress in

landscape plants. Therefore, we propose the following

hypothesis: applying exogenous calcium can lessen the harm

caused to Salix matsudana by using snowmelt in winter. The

optimum calcium concentration could promote the growth,

biomass, photosynthesis and stress resistance of Salix

matsudana seedlings under salt stress. This study provides a

theoretical basis for further research on the effect of calcium on

the growth and development characteristics of Salix matsudana

and for scientific application of Ca fertilizer to improve the

quality of Salix matsudana growth in landscape gardening.
2 Materials and methods

2.1 Experimental design

This experiment was conducted in a greenhouse at Shenyang

Agricultural University from April to July 2019. A hydroponic

experiment was conducted to eliminate soil components’

interference with the Salix matsudana seedlings. One-year-old

Salix matsudana seedlings were obtained directly from the field

after they had been rejuvenated and pruned, then selected seedlings

with consistent long momentum were transplanted into a

polypropylene (PP) box with a size of 320 × 180 × 140 mm

(length × width× height). A layer of sponge with three small holes

was placed on the culture box. One Salix matsudana seedling was

fixed in each hole. Seven L solution without Na+ and Ca2+ was

added to each tube to ensure the seedlings’ roots were immersed in

the solution. Those were treated with the combined solution with

three levels of NaCl (0, 50 and 200 mmol·L-1) and five levels of

calcium (0, 2.5, 5, 10 and 20mmol·L-1 CaCl2), according to themost

salt stress and calcium experiments (Paiva et al., 1998; Fuller et al.,

2012). A total of fifteen treatments were included, each with three

replicates. The pH of the solution was controlled at 5~6 by adding

NaOH. Other compounds that provided a large number of
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elements were KNO3, MgSO4·7H2O, KH2PO4, EATA-Na2 and

FeSO4·7H2O. Trace elements were provided by H3BO3,

MnCl2·4H2O, H2MoO4·H2O, ZnSO4·7H2O and CuSO4·5H2O.

Every two days, the solution was checked and supplemented to

maintain the volume at 7 L. During seedling growth, each treatment

was equipped with an air pump, which was continuously ventilated

from 7:00 to 19:00 and ventilated for 1 hour every two hours after

19:00. Other management measures were carried out under the

routine. Every week, all boxes were stochastically allocated to

different positions to reduce the influences of potential

environmental factors.
2.2 Determination of growth indices of
Salix matsudana seedlings

2.2.1 The basal diameter and height of Salix
matsudana seedlings

In July 2019, the basal diameter and height of the Salix

matsudana seedlings were measured before destructive

harvesting. The basal stem was measured with a Vernier

calliper to 0.01 mm, and the height of the plant was measured

with a ruler to 0.10 cm.

2.2.2 Biomass of Salix matsudana seedlings
During seedling harvesting, the non-destructive Salix

matsudana seedlings were removed from the box for each

treatment in July 2019. The roots, stems, leaves and lateral

branches were sampled, washed with distilled and ultrapure

water, and immediately dried with tissue paper. The samples

were placed in marked envelopes and baked at 105°C for 30

minutes. Then the samples were dried to a constant weight of

65°C. The biomass of Salix matsudana seedings was determined

by an analytical balance with an accuracy of 0.001 g (Li et al.,

2022; Weng et al., 2022).
2.3 Determination of calcium
concentration in leaves of Salix
matsudana seedlings

The calcium content of plant leaves was determined using

the method described by Miyazawa et al. (1984). A 0.15 g plant

sample was placed in a decoction tube, and 6 ml of HNO3 and 2

ml of HClO4 were added. The drugs were left to react fully with

the sample. The decoction tube was heated in the oven until the

tissue inside the box turned white, and a large amount of white

smoke appeared. The decoction tube was removed and cooled to

room temperature, and the liquid was transferred to a 50 ml

volumetric flask. 1.5 ml of 30% SrCl2 was added to the

volumetric flask, and the final volume was fixed. The calcium
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content was determined using an atomic absorption

spectrophotometer (AAS, Hitachi Z2000, Japan).
2.4 Determination of the photosynthetic
pigments of Salix matsudana seedlings

Fresh leaves (0.1 g) were removed, shredded and extracted

with 95% alcohol. A modified Arnon (1949) method, in which

the absorption of light at wavelengths of 665 nm, 649 nm, and

479 nm of the cleaning solution was recorded, was used to

determine the carotenoid, chlorophyll a, and chlorophyll b

contents. The pigment contents were calculated according to

the following equations (Li et al., 2022; Weng et al., 2022):

Ca = 13:95 A665ð Þ − 6:88(A649) (Equation 1)

Cb = 24:96 A649ð Þ −  7:32 A665ð Þ (Equation 2)

Cx = 1000 A479ð Þ − 2:05Ca − 114:8Cbð Þ=245 (Equation 3)

Chlorophyll a mg · kg−1
� �

= Ca� Vtð Þ FW� 1000ð Þ � n (Equation 4)

Chlorophyll b mg · kg−1
� �

= Cb� Vtð Þ FW� 1000ð Þ � n (Equation 5)

Content of carotenoids mg · kg−1
� �

= Cx � Vtð Þ FW� 1000ð Þ � n (Equation 6)

where Ca, Cb and Cx are chlorophyll a, chlorophyll b and

carotenoids, respectively. A665, A649, and A479 represent the

absorbance values of the photosynthetic pigment extracts at 665,

649 and 479 nm, respectively. FW is the fresh weight of the

sample, Vt is the total volume of extract, and n is the

dilution factor.
2.5 Determination of photosynthetic
parameters of Salix matsudana seedlings

The leaf net photosynthesis (Pn), transpiration (Tr) and

stomatal conductance (Gs) values of the plants were measured

with an LI-COR 6400 system (LI-COR Inc., Lincoln, NE, USA)

between 10:00 and 12:00 on each sampling day. The effective

light intensity was set to 1000 mmol·m-2·s-1, and the

measurements were repeated 3 times. The most stable group

of all measured data was selected for analysis (Li et al., 2022).
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2.6 Determination of photosynthate of
Salix matsudana seedlings

The soluble sugar and starch contents of Salix matsudana

seedlings were determined using a UV-8000 spectrophotometer

(Yuanxi, Beijing, China) based on spectrophotometry described

in Doan et al. (2019) and Li et al. (2022). A total of 0.5 g of plant

sample was placed in a centrifuge tube, and 10 ml of ethanol at

80% concentration was added. The mixture was placed in a hot

water bath at 95°C for 10 minutes and then centrifuged at 5000

rpm for 10 minutes. The extraction process was repeated three

times to ensure that all sugars were extracted, and all

supernatants were combined and stored. To 0.2 ml of the

soluble sugar extract, 5 ml of anthrone reagent was added, the

mixture was watered in boiling water for 10 minutes and then

cooled to room temperature, and the absorbance at 620 nm was

measured to calculate the concentration of soluble sugars. The

precipitate from the finished extraction was added to 3 ml of

H2O, followed by a water bath in boiling water for 15 mins, and

then after cooling, a total of 2 ml of 9.2 mol·L-1, 4.6 mol·L-1

HClO4 and H2O was added. The supernatant was extracted by

centrifugation at 4000 rpm for 10 minutes. Water was added to

the supernatant to achieve a constant volume of 50 ml, and

absorbance was measured at 620 nm using the anthrone method.

The starch concentration was then calculated from the standard

curve for glucose.
2.7 Determination of the fluorescence
parameters of Salix matsudana seedlings

Measurement of chlorophyll fluorescence of Salix

matsudana seedlings was performed using a portable pulse-

modulated chlorophyll fluorescence meter (OS-5P +, USA)

based on the method described in Li et al. (2022).
2.8 Determination of the water use
efficiency of Salix matsudana seedlings

The oven-dried leaves were ground through a 100-mesh

sieve with a ball mill (Retsch200, Germany), and their d13C
values were measured by a stable isotope mass spectrometer

(Isoprime100, UK) (Song et al., 2015; Li et al., 2022). The iWUE

values were calculated from the following equation:

iWUE = A=Gs = Ca − Cið Þ=1:6 = Ca 1  − Ci=Cað Þ=1:6

= Ca b − d 13C
� �

=1:6 b − að Þ

where A is the net photosynthetic rate; Gs is the stomatal

conductance; Ca and Ci are the CO2 pressure values in the
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atmosphere and leaf cells, respectively; and a and b are the

partial effect of CO2 diffusion into the stomata and partial effect

of stomatal photosynthetic carboxylase RUBP on carbon

isotopes, respectively.
2.9 Determination of the antioxidant
enzymes of Salix matsudana seedlings

For the determination of antioxidant enzymes, 0.4 g samples

were taken from fresh leaves, stored in a frozen pipe, fixed with

liquid nitrogen and stored at -80 °C. At the time of

measurement, samples were taken according to the mark and

put into a mortar. Then, 5 ml precooled phosphate buffer was

added, the sample was ground, and homogenized pulp was

centrifuged at four °C for 15 mins at 13000 rpm. The

supernatant was placed into a centrifuge tube for reserve (3

repeats for each sample). The peroxidase (POD) level was

determined by the guaiacol method. The catalase (CAT) level

was determined by the ultraviolet absorption of hydrogen

peroxide. Superoxide dismutase (SOD) levels were determined

by methionine (Perveen et al., 2020; Ezzat et al., 2021).
2.10 Statistical analysis

Classification, mapping, statistical analysis, and significance

analysis were performed using Excel and SPSS 22.0 software. The

effects of different calcium and NaCl treatments on the growth

and physiological characteristics of Salix matsudana seedlings

were analyzed by Duncan’s new multiple extreme difference

method. All experiments were replicated three times, and the

results are expressed as the mean ± standard error (SE). The

different letters in the chart indicate that the difference in each

index between different treatments reached the significance level

of 5%.
3 Results

3.1 Growth indices of Salix
matsudana seedlings

In general, the indicators of growth and biomass of Salix

matsudana seedlings showed decreasing trends with increasing

NaCl concentrations (Figures 1A, B; Table 1). With the

application of exogenous calcium, Salix matsudana seedlings

were relieved from salt stress. The best alleviation was achieved

when the exogenous calcium was 10 mmol·L-1, and the growth of

Salix matsudana seedlings under different NaCl concentrations
Frontiers in Plant Science 05
reached its maximum and was significantly different from other

treatments (P< 0.05).

When salt stress did not occur, the height, basal diameter

and total biomass of Salix matsudana seedlings reached

maximum values of 30.23 cm, 3.10 mm and 46.75 g,

respectively, at 10 mmol·L-1 exogenous calcium. The increase

was 290.00%, 263.04% and 94.87% compared to that without

calcium application. At a NaCl concentration of 50 mmol·L-1,

the height, basal diameter and total biomass of Salix matsudana

seedlings were inhibited, decreasing by 34.84%, 25.25% and

4.84%, respectively, compared to those without calcium. At an

exogenous calcium concentration of 10 mmol·L-1, the salt stress

of Salix matsudana seedlings was reduced to 13.48 cm, 1.60 mm

and 30.98 g, respectively. The increase was 166.93%, 149.69%

and 35.70% compared to that without calcium application. At a

NaCl concentration of 200 mmol·L-1, the height, basal diameter

and total biomass of Salix matsudana seedlings were more

severely suppressed, decreasing by 62.58%, 95.35% and

16.68%, respectively, compared to those without NaCl stress.

At a concentration of 10 mmol·L-1 exogenous calcium, Salix

matsudana seedlings showed the greatest alleviation from salt

stress at 8.55 cm, 0.80 mm and 29.69 g, respectively. The

increases were 66.08%, 95.00% and 30.61% compared to those

without calcium application (Figures 1A, B; Table 1).

With the increase in exogenous calcium content, the

alleviation effect on the growth of Salix matsudana seedlings

under salt stress showed an overall trend of increasing and then

decreasing. The best alleviation effect was achieved when the

exogenous calcium content was 10 mmol·L-1, and the growth

effect of Salix matsudana reached the maximum.
3.2 Calcium concentration in leaves of
Salix matsudana seedlings

The calcium concentration of Salix matsudana seedlings

decreased significantly with increasing NaCl concentrations

under five different exogenous calcium concentrations. There

were remarkable differences in calcium content among different

treatments (P< 0.05). With the application of exogenous

calcium, Salix matsudana seedlings were relieved from salt

stress. The best alleviation was achieved when the exogenous

calcium was 10 mmol·L-1, and the leaves’ calcium content of

Salix matsudana seedlings under different NaCl concentrations

reached its maximum and was significantly different from other

treatments (P< 0.05).

When salt stress did not occur, the leaves’ calcium content of

Salix matsudana seedlings reached amaximum value of 65.31 g·kg-1,

at 10 mmol·L-1 exogenous calcium. The increase was 81.96%

compared to that without calcium application. At a NaCl
frontiersin.org
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concentration of 50 mmol·L-1, the leaves’ calcium content of Salix

matsudana seedlings was inhibited, decreasing by 10.02%, compared

to those without calcium. At an exogenous calcium concentration of

10 mmol·L-1, the leaves’ calcium content of Salix matsudana

seedlings was increased to 38.88 g·kg-1. The increase was 266.79%

compared to that without calcium application. At a NaCl

concentration of 200 mmol·L-1, the leaves’ calcium content of

Salix matsudana seedlings was more severely suppressed,

decreasing by 75.13%, compared to those without NaCl stress. At

a concentration of 10mmol·L-1 exogenous calcium, Salixmatsudana

seedlings showed the greatest alleviation from salt stress at 24.02

g·kg-1. The increase was 719.80% compared to that without calcium

application (Figure 2).

With the increase in exogenous calcium content, the leaves’

calcium content of Salix matsudana seedlings under salt stress

showed an overall trend of increasing and then decreasing. The

leaves’ calcium content of Salix matsudana achieved the

maximum when the exogenous calcium content was 10 mmol·L-1.
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3.3 The Photosynthetic pigments of Salix
matsudana seedlings

In general, at the same NaCl concentration, photosynthetic

pigment indices (chlorophyll a, chlorophyll b, carotenoid)

increased and then decreased with the increase of calcium

concentrations (Figures 3A–C). With the application of

exogenous calcium, Salix matsudana seedlings were relieved

from salt stress. The best alleviation was achieved when the

exogenous calcium was 10 mmol·L-1, and the photosynthetic

pigment indices (Chlorophyll a, chlorophyll b and carotenoid) of

Salix matsudana seedlings under different NaCl concentrations

reached their maximum and were significantly different from

other treatments (P< 0.05).

When salt stress did not occur, the chlorophyll a, chlorophyll b

and carotenoid of Salix matsudana seedlings reached maximum

values of 1.57, 0.70 and 0.38 mg·g-1, respectively, at 10 mmol·L-1

exogenous calcium. The increase was 53.92%, 59.09% and 46.15%
A

B

FIGURE 1

The growth indices of Salix matsudana seedlings under diverse treatments. Every column shows the mean ± SE, n = 3. Diverse lowercase letters
indicate significant differences in the various calcium conditions for the same NaCl concentration. Diverse capital letters indicate significant
differences in the various NaCl concentrations for the same calcium condition (P< 0.05). (A) Plant height; (B) Basal diameter.
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compared to that without calcium application. At a NaCl

concentration of 50 mmol·L-1, the chlorophyll a, chlorophyll b

and carotenoid of Salix matsudana seedlings were inhibited,

decreasing by 16.50%, 34.09% and 7.69%, respectively, compared

to those without calcium. At an exogenous calcium concentration of

10 mmol·L-1, the chlorophyll a, chlorophyll b and carotenoid of

Salix matsudana seedlings were maximum increased to 1.11, 0.44

and 0.33 mg·g-1, respectively. The increase was 29.07%, 51.72% and

37.50% compared to that without calcium application. At a NaCl
Frontiers in Plant Science 07
concentration of 200 mmol·L-1, the chlorophyll a, chlorophyll b and

carotenoid of Salix matsudana seedlings were more severely

suppressed, decreasing by 26.21%, 38.64% and 11.54%,

respectively, compared to those without NaCl stress. At a

concentration of 10 mmol·L-1 exogenous calcium, Salix

matsudana seedlings showed alleviation from salt stress at 0.94,

0.41 and 0.32 mg·g-1, respectively. The increases were 23.68%,

51.85% and 39.13% compared to those without calcium

application (Figures 3A–C).
TABLE 1 Biomass of Salix matsudana seedlings under diverse treatments.

NaCl treatment
(mmol·L-1)

Ca treatment
(mmol·L-1)

Leaf biomass
(g)

Stem biomass
(g)

Lateral biomass
(g)

Root biomass
(g)

Total biomass
(g)

0 0 6.88 ± 0.432Ad 5.58 ± 0.115Ac 6.67 ± 0.204Ac 4.86 ± 0.212Ac 23.99 ± 0.471Ae

2.5 8.78 ± 0.259Acd 6.70 ± 0.078Abc 6.83 ± 0.191bBc 5.14 ± 0.087Bc 27.44 ± 0.228Ade

5 10.22 ± 0.873Abc 6.89 ± 0.283Abc 7.13 ± 0.206Abc 6.02 ± 0.445Abc 30.26 ± 1.692Ad

10 18.18 ± 0.522Aa 10.94 ± 1.082Aa 9.63 ± 0.503Aa 8.00 ± 0.629Aa 46.75 ± 0.650Aa

20 11.91 ± 0.752Ab 7.74 ± 0.024Ab 8.25 ± 0.751Ab 7.26 ± 0.608Aab 35.15 ± 1.942Ab

50 0 6.80 ± 0.178Ab 5.30 ± 0.200Ac 5.82 ± 0.052Bb 4.91 ± 0.269Ac 22.83 ± 0.676Bbc

2.5 7.62 ± 0.059Bb 6.25 ± 0.017Aab 7.15 ± 0.242Aa 5.61 ± 0.196Abc 26.63 ± 0.284Bb

5 9.48 ± 0.425Ba 6.36 ± 0.463Bab 6.71 ± 0.43Bab 6.17 ± 0.666Aab 28.72 ± 1.945Bab

10 10.16 ± 0.435Ba 7.01 ± 0.247Ba 6.74 ± 0.400Bab 7.07 ± 0.325Ba 30.98 ± 1.325Ba

20 7.54 ± 0.165Bb 6.11 ± 0.166Cbc 7.31 ± 0.289Ba 6.75 ± 0.251Bab 27.71 ± 0.398Bab

200 0 6.42 ± 0.040Bc 5.14 ± 0.027Ab 5.10 ± 0.022Cc 3.90 ± 0.037Bb 20.56 ± 0.052Cd

2.5 6.78 ± 0.042Cc 5.16 ± 0.077Bb 5.71 ± 0.136Cbc 5.69 ± 0.077Aa 23.34 ± 0.281Cc

5 7.64 ± 0.17C4b 6.58 ± 0.079Ba 6.34 ± 0.304Bab 6.00 ± 0.075Aa 26.55 ± 0.370Cb

10 8.50 ± 0.265Ca 7.31 ± 0.275Ba 6.70 ± 0.206Ba 7.18 ± 0.966Ba 29.69 ± 0.937Ba

20 6.83 ± 0.082Bc 6.93 ± 0.483Ba 6.56 ± 0.324Ca 6.21 ± 0.136Ba 26.53 ± 0.936Bb
Every column and table show the mean ± SE, n = 3. Diverse lowercase letters indicate significant differences between treatments of calcium addition under the same NaCl concentration.
Diverse capital letters indicate significant differences in the various NaCl concentrations for the same calcium condition (P< 0.05).
FIGURE 2

Calcium concentration in leaves of Salix matsudana seedlings under diverse treatment. Note: Every column shows the mean ± SE, n = 3.
Diverse lowercase letters indicate significant differences in the various calcium conditions for the same NaCl concentration. Diverse capital
letters indicate significant differences in the various NaCl concentrations for the same calcium condition (P< 0.05).
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FIGURE 3

Photosynthetic pigments of Salix matsudana seedlings under diverse treatments. Every column shows the mean ± SE, n = 3. Diverse lowercase
letters indicate significant differences in the various calcium conditions for the same NaCl concentration. Diverse capital letters indicate significant
differences in the various NaCl concentrations for the same calcium condition (P< 0.05). (A) Chlorophyll a; (B) Chlorophyll b; (C) Carotinoid.
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With the increase in exogenous calcium content, the

alleviation effect on the photosynthetic pigment of Salix

matsudana seedlings under salt stress showed an overall trend

of increasing and then decreasing. The best alleviation effect was

achieved when the exogenous calcium content was 10 mmol·L-1,

and the chlorophyll a, chlorophyll b and carotenoid effect of

Salix matsudana reached the maximum.
3.4 Photosynthetic parameters of Salix
matsudana seedlings

In general, the Photosynthetic parameters (Pn, Tr and Gs)

increased and then decreased with the increase of the exogenous

calcium concentrations at the same NaCl concentration

(Figures 4A–C). With the application of exogenous calcium,

Salix matsudana seedlings were relieved from salt stress. The

best alleviation was achieved when the exogenous calcium was

10 mmol·L-1, and the Photosynthetic parameters of Salix

matsudana seedlings under different NaCl concentrations

reached their maximum and were significantly different from

other treatments (P< 0.05).

When salt stress did not occur, the Pn, Gs and Tr of Salix

matsudana seedlings reachedmaximum values of 9.33 mmol·m-2·s-1,

0.08 mol·m-2·s-1 and 1.63 mmol·m-2·s-1, respectively, at 10 mmol·L-1

exogenous calcium. The increase was 71.51%, 100.00% and 69.79%

compared to that without calcium application. At a NaCl

concentration of 50 mmol·L-1, the Pn, Gs and Tr of Salix

matsudana seedlings were inhibited, decreasing by 42.83%,

50.00% and 28.13%, respectively, compared to those without

calcium. At an exogenous calcium concentration of 10 mmol·L-1,

the Pn, Gs and Tr of Salix matsudana seedlings were increased to

6.24 mmol·m-2·s-1, 0.07 mol·m-2·s-1 and 1.19 mmol·m-2·s-1,

respectively. The increase was 100.64%, 250.00% and 72.46%

compared to that without calcium application. At a NaCl

concentration of 200 mmol·L-1, the Pn, Gs and Tr of Salix

matsudana seedlings were more severely suppressed, decreasing

by 95.96%, 87.23% and 80.73%, respectively, compared to those

without NaCl stress. At a concentration of 10 mmol·L-1 exogenous

calcium, Salix matsudana seedlings showed the greatest alleviation

from salt stress at 1.25 mmol·m-2·s-1, 0.01 mol·m-2·s-1 and 0.50

mmol·m-2·s-1. The increases were 468.18%, 150.00% and 172.43%,

respectively, compared to those without calcium application

(Figures 4A–C).

With the increase in exogenous calcium content, the

alleviation effect on the Photosynthetic parameters of Salix

matsudana seedlings under salt stress showed an overall trend

of increasing and then decreasing. The best alleviation effect was

achieved when the exogenous calcium content was 10 mmol·L-1,

and the Pn, Gs and Tr of Salix matsudana reached

the maximum.
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3.5 Photosynthate of Salix
matsudana seedlings

In general, the indexes of the photosynthates (starch, soluble

sugar and soluble protein) increased first and then decreased with

the increase of the exogenous calcium concentrations at the same

NaCl concentration (Figures 5A–C). With the application of

exogenous calcium, Salix matsudana seedlings were relieved

from salt stress. The best alleviation was achieved when the

exogenous calcium was 10 mmol·L-1, and the photosynthates of

Salix matsudana seedlings under different NaCl concentrations

reached their maximum and were significantly different from

other treatments (P< 0.05).

When salt stress did not occur, the starch, soluble sugar and

soluble protein of Salix matsudana seedlings reached maximum

values of 97.94, 117.42 and 2.59 mg·kg-1, respectively, at 10

mmol·L-1 exogenous calcium. The increase was 22.18%, 23.44%

and 11.64% compared to that without calcium application. At a

NaCl concentration of 50 mmol·L-1, the starch, soluble sugar and

soluble protein of Salix matsudana seedlings were inhibited,

decreasing by 25.46%, 6.32% and 13.79%, respectively,

compared to those without calcium. At an exogenous calcium

concentration of 10 mmol·L-1, the starch, soluble sugar and

soluble protein of Salix matsudana seedlings were increased to

87.40, 110.69 and 2.34 mg·kg-1, respectively. The increase was

46.28%, 24.20% and 17.00%, compared to that without calcium

application. At a NaCl concentration of 200 mmol·L-1, the starch,

soluble sugar and soluble protein of Salix matsudana seedlings

were more severely suppressed, decreasing by 38.60%, 35.42% and

71.12%, respectively, compared to those without NaCl stress. At a

concentration of 10 mmol·L-1 exogenous calcium, Salix

matsudana seedlings showed the greatest alleviation from salt

stress at 80.16, 88.60 and 2.05 mg·kg-1, respectively. The increases

were 62.86%, 44.23% and 205.97% compared to those without

calcium application (Figures 5A–C).

With the increase in exogenous calcium content, the

alleviation effect on the photosynthates of Salix matsudana

seedlings under salt stress showed an overall trend of

increasing and then decreasing. The best alleviation effect was

achieved when the exogenous calcium content was 10 mmol·L-1,

and the starch, soluble sugar and soluble protein of Salix

matsudana reached the maximum.

3.6 The fluorescence parameters of Salix
matsudana seedlings

In general, the fluorescence parameters of chlorophyll

increased and then decreased with the increase of the exogenous

calcium concentrations at the same NaCl concentration

(Figures 6A, B). With the application of exogenous calcium,

Salix matsudana seedlings were relieved from salt stress. The
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FIGURE 4

Photosynthetic parameters of Salix matsudana seedlings under diverse treatments. Note: Every column shows the mean ± SE, n = 3. Diverse
lowercase letters indicate significant differences in the various calcium conditions for the same NaCl concentration. Diverse capital letters
indicate significant differences in the various NaCl concentrations for the same calcium condition (P< 0.05). (A) Pn (Photosynthetic rate); (B) Gs
(Conductance to H2O); (C) Tr (Transpiration rate).
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best alleviation was achieved when the exogenous calcium was 10

mmol·L-1, and the fluorescence parameters of Salix matsudana

seedlings under different NaCl concentrations reached their

maximum and were significantly different from other

treatments (P< 0.05).
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When salt stress did not occur, the Fv/F0 and Fv/Fm of Salix

matsudana seedlings reached maximum values of 0.82 and 4.73,

respectively, at 10 mmol·L-1 exogenous calcium. The increase was

4.71% and 24.15% compared to that without calcium application.

At a NaCl concentration of 50 mmol·L-1, the Fv/F0 and Fv/Fm of
A

B

C

FIGURE 5

Photosynthates of Salix matsudana seedlings under diverse treatments. Note: Every column shows the mean ± SE, n = 3. Diverse lowercase letters
indicate significant differences in the various calcium conditions for the same NaCl concentration. Diverse capital letters indicate significant
differences in the various NaCl concentrations for the same calcium condition (P< 0.05). (A) Starch; (B) Soluble sugar; (C) Soluble protein.
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Salix matsudana seedlings were inhibited, decreasing by 1.28%

and 5.4%, respectively, compared to those without calcium. At an

exogenous calcium concentration of 10 mmol·L-1, the fluorescence

parameters of Salix matsudana seedlings were increased to 0.82

and 4.43. The increase was 5.96% and 20.71% compared to that

without calcium application. At a NaCl concentration of 200

mmol·L-1, the Fv/F0 and Fv/Fm of Salix matsudana seedlings were

more severely suppressed, decreasing by 8.86% and 37.01%,

respectively, compared to those without NaCl stress. At a

concentration of 10 mmol·L-1 exogenous calcium, Salix

matsudana seedlings showed the greatest alleviation from salt

stress at 0.78 and 3.93, respectively. The increases were 9.65% and

63.63%, respectively, compared to those without calcium

application (Figures 6A, B).

With the increase in exogenous calcium content, the

alleviation effect on the fluorescence parameters of Salix

matsudana seedlings under salt stress showed an overall trend
Frontiers in Plant Science 12
of increasing and then decreasing. The best alleviation effect was

achieved when the exogenous calcium content was 10 mmol·L-1,

and the Fv/F0 and Fv/Fm of Salix matsudana reached

the maximum.
3.7 Water use efficiency of Salix
matsudana seedlings

In general, the value of water use efficiency (WUE and

iWUE) increased first and then decreased with the increase of

exogenous calcium concentrations (Figures 7A, B). The

maximum water use efficiency value occurred at 10 mmol·L-1

calcium concentration. The water use efficiency values of Salix

matsudana seedlings under different NaCl concentrations were

remarkably affected by adding diverse exogenous calcium

concentrations. With the increase of exogenous calcium and
A

B

FIGURE 6

Fluorescence parameters of Salix matsudana seedlings under diverse treatments. Note: Fv/F0 indicates the potential activity of PSII, and Fv/Fm
represents the maximum photochemical efficiency of PSII. Note: Diverse lowercase letters indicate significant differences in the various calcium
conditions for the same NaCl concentration. Diverse capital letters indicate significant differences in the various NaCl concentrations for the
same calcium condition (P< 0.05). (A) Fv/F0 (Potential photochemical efficiency). (B) Fv/Fm (Maximal photochemical efficiency).
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NaCl concentrations, there was a significant difference between

WUE and other treatments when the exogenous calcium

concentration was 10 mmol·L-1 (P< 0.05).

When salt stress did not occur, the WUE and iWUE of Salix

matsudana seedlings reached maximum values of 158.84 and

5.72 mmol·mmol-1 at 10 mmol·L-1 exogenous calcium. The

increase was 18.97% and 0.88% compared to that without

calcium application. At a NaCl concentration of 50 mmol·L-1,

the WUE and iWUE of Salix matsudana seedlings were

inhibited, decreasing by 51.30% and 20.46%, respectively,

compared to those without calcium. At an exogenous calcium

concentration of 10 mmol·L-1, the WUE and iWUE of Salix

matsudana seedlings were increased to 150.60 and 5.23

mmol·mmol-1. The increase was 131.62% and 15.96%

compared to that without calcium application. At a NaCl

concentration of 200 mmol·L-1, the WUE and iWUE of Salix

matsudana seedlings were more suppressed, decreasing by

60.74% and 79.54%, respectively, compared to those without
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NaCl stress. At a concentration of 10 mmol·L-1 exogenous

calcium, Salix matsudana seedlings showed alleviation from

salt stress at 70.56 and 2.49 mmol·mmol-1. The increases were

34.63% and 114.66% compared to those without calcium

application (Figures 7A, B).

With the increase in exogenous calcium content, the

alleviation effect on water use efficiency of Salix matsudana

seedlings under salt stress showed an overall trend of increasing

and then decreasing. The best alleviation effect was achieved

when the exogenous calcium content was 10 mmol·L-1, and the

WUE and iWUE of Salix matsudana reached the maximum.
3.8 The antioxidant enzymes of Salix
matsudana seedlings

In general, the activities of the antioxidant enzyme increased

first and then decreased with the increase of exogenous calcium
A

B

FIGURE 7

Water use efficiency of Salix matsudana seedlings under diverse treatments. Note: Every column shows the mean ± SE, n = 3. Diverse lowercase
letters indicate significant differences in the various calcium conditions for the same NaCl concentration. Diverse capital letters indicate
significant differences in the various NaCl concentrations for the same calcium condition (P< 0.05). (A) WUE (Instantaneous water use
efficiency). (B) iWUE (Water use efficiency).
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concentrations (Figures 8A–C). The maximum values of SOD,

CAT and POD occurred under the 10 mmol·L-1 calcium

concentration. The antioxidant enzyme activities of Salix

matsudana seedlings under different NaCl concentrations were

remarkably affected by adding diverse exogenous calcium

concentrations. With the application of exogenous calcium,
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Salix matsudana seedlings were relieved from salt stress. The

best alleviation was achieved when the exogenous calcium was

10 mmol·L-1, and the activity of the antioxidant enzyme of Salix

matsudana seedlings under different NaCl concentrations

reached its maximum and was significantly different from

other treatments (P< 0.05).
A

B

C

FIGURE 8

Antioxidant enzymes of Salix matsudana seedlings under diverse treatments. Note: CAT represents catalase, SOD represents superoxide dismutase
and POD represents peroxidase. Note: Every column shows the mean ± SE, n = 3. Diverse lowercase letters indicate significant differences in the
various calcium conditions for the same NaCl concentration. Diverse capital letters indicate significant differences in the various NaCl
concentrations for the same calcium condition (P< 0.05). (A) SOD (Superoxide dismutase); (B) CAT (Catalase); (C) POD (Peroxidase).
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When salt stress did not occur, the SOD, CAT and POD of

Salix matsudana seedlings reached maximum values of 69.5,

0.256 and 0.058 U·g-1, respectively, at 10 mmol·L-1 exogenous

calcium. The increase was 81.46%, 48.84% and 107.14%

compared to that without calcium application. At a NaCl

concentration of 50 mmol·L-1, the SOD, CAT and POD of

Salix matsudana seedlings were inhibited, decreasing by

21.41%, 30.81% and 10.71%, respectively, compared to those

without calcium. At an exogenous calcium concentration of 10

mmol·L-1, the SOD, CAT and POD of Salix matsudana seedlings

were increased to 62.3, 0.161 and 0.039 U·g-1, respectively. The

increase was 106.98%, 35.29% and 56.00% compared to that

without calcium application. At a NaCl concentration of 200

mmol·L-1, the SOD, CAT and POD of Salix matsudana seedlings

were more severely suppressed, decreasing by 39.16%, 42.44%

and 27.27%, respectively, compared to those without NaCl

stress. At a concentration of 10 mmol·L-1 exogenous calcium,

Salix matsudana seedlings showed the greatest alleviation from

salt stress at 52.4, 0.144 and 0.034 U·g-1, respectively. The

increases were 124.89%, 45.45% and 54.55% compared to

those without calcium application (Figure 8A–C).

With the increase in exogenous calcium content, the

alleviation effect on the SOD, CAT and POD of Salix

matsudana seedlings under salt stress showed an overall trend

of increasing and then decreasing. The best alleviation effect was

achieved when the exogenous calcium content was 10 mmol·L-1,

and the SOD, CAT and POD of Salix matsudana reached

the maximum.
4 Discussion

4.1 Exogenous calcium regulates the
growth of Salix matsudana seedlings
under NaCl stress

As one of the most severe sources of pollution in the world,

salt stress affects plant metabolism and slows plant growth. The

salt tolerance of different plant species has been demonstrated by

studying the growth response of plants under other salt

concentration treatments (Goyal et al., 2018; Safdar et al.,

2019). The accumulation of small amounts of salt in cells

disrupts normal physiological and biochemical processes in

plants, which in turn inhibits plant growth (Parihar et al.,

2014; Yang and Guo, 2017; Goyal et al., 2018). Munns (2005)

found that plant roots are the first to perceive salt stress and

rapidly impair plant growth by reducing water supply-induced

osmotic pressure, leading to a nutrient imbalance in the cell

membrane. Salt stress causes stomata to close, CO2 cannot be

fixed, and the normal electron flow for carbon reduction in the

Calvin cycle is disturbed (Acosta-Motos et al., 2017). Under salt

stress conditions, the growth and biomass of alfalfa crops and

rice are significantly reduced (Mbarki et al., 2018; Roy et al.,
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2019). Elkelish et al. (2019) also confirmed that especially in

calcium-deficient plants under salt stress, plant height and

biomass growth are reduced. In this experiment, the height,

basal diameter and biomass of Salix matsudana seedlings

decreased to different degrees with increasing NaCl

concentrations. Ca2+-induced ion channels distinguish Na+

(Schroeder and Hagiwara, 1989), contribute to the

composition of cell walls and cell membranes and are

balanced and stabilized by contact with different proteins and

lipids on the cell membrane surface (Davis et al., 2003; Roy et al.,

2019). Therefore, Ca2+ can mitigate plant growth under salt

stress conditions (Kurth et al., 1986). Tuna et al. (2007) found

that the application of exogenous calcium improved the

inhibition of plant growth by salt stress. The addition of

calcium has been shown effective in promoting the growth and

yield of tomato, soybean and cucumber under salt stress

(Navarro et al., 2000; Elkelish et al., 2019; Wang et al., 2021).

The leaf area, biomass and roots of salt-tolerant and salt-

sensitive rice have been shown to increase significantly with

increasing exogenous calcium (Cha-um et al., 2012). Lei et al.

(2013) found that Ca supplementation significantly alleviated

the inhibitory effect of NaCl stress on pumpkin rootstock graft

growth. Earlier studies have shown that the application of

exogenous Ca alleviates the development of cowpeas, Rumex,

Jerusalem artichoke, loquat and anger rootstocks, linseed and

bean under salt stress (Murillo-Amador et al., 2006; Chen et al.,

2006; Xue et al., 2008; Garcıá-Legaz et al., 2008; Khan et al., 2009;

Cabot et al., 2009). Exogenous calcium also reduces leaf wilt of

salt-stressed date sour jujube by nearly half (Jin et al., 2016). Our

study showed that the growth and biomass of Salix matsudana

seedlings decreased with increasing NaCl concentration.

Exogenous calcium could improve the growth and biomass of

Salix matsudana seedlings under salt stress, showing a trend

of increasing first and then decreasing. When the concentration

of exogenous calcium was 10 mmol·L-1, the height, basal

diameter and biomass of Salix matsudana seedlings reached

their highest values. In conclusion, the optimal concentration of

exogenous calcium for alleviating salt stress and promoting the

growth of Salix matsudana seedlings was 10 mmol·L-1.
4.2 Exogenous calcium regulates the
photosynthetic characteristics of Salix
matsudana seedlings under NaCl stress

Salt stress causes a reduction in plant stomatal conductance

and chlorophyll content and reduced transpiration or reduced

efficiency of photosystem II, resulting in difficulties in

transporting ions from the soil to the root surface, which in

turn affects plant photosynthesis (Netondo et al., 2004; Guo

et al., 2021). Previous studies have shown that salt stress affects

plant photosynthesis, with chlorophyll and carotenoid contents

decreasing as the salt content in young leaves increases (Parida
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et al., 2002; Stepien and Johnson, 2008; Duarte et al., 2013).

Chlorophyll a, chlorophyll b and total chlorophyll were

significantly reduced in pea leaves and rice seedlings under salt

stress (Ozturk et al., 2012; Zhen-hua et al., 2012; Roy et al.,

2019). Under salt stress conditions, plants reduce the flow of

toxic ions in the transpiration stream by closing stomata

(Kerstiens et al., 2002; Veselov et al., 2008; Vysotskaya et al.,

2010), reducing osmoregulatory solutes and increasing ROS in

chloroplasts, leading to a decrease in plant photosynthesis (Xu

et al., 2017). Earlier studies found that salt stress reduced

stomatal conductance in Euonymus plants, Viburnum tinus

and Metrosideros excelsa (Bañón et al., 2012; Gómez et al.,

2013). Tang et al. (2014) found that plant growth was closely

related to photosynthetic pigments and the photosynthetic rate

and that increased chlorophyll degradation caused by salt stress

resulted in a decrease in plant photosynthetic efficiency (Elkelish

et al., 2019). The reduction in chlorophyll content of wheat

seedlings and Artemisia annua L. exposed to salt stress is due to

the oxidation of chlorophyll and other chloroplast pigments and

the destabilization of pigment-protein complexes (Aftab et al.,

2011; Tian et al., 2015). Rahman et al. (2016) suggested that

under salt stress, Ca2+ addition can increase chlorophyll by

producing limited ROS. When soybean seedlings are exposed

to salt stress, chlorophyllase activity rises, and the synthesis of

chlorophyll intermediates decreases (Elkelish et al., 2019). Our

findings are in agreement with previous work showing that the

photosynthetic pigments, photosynthetic products and

chlorophyll fluorescence of Salix matsudana seedlings

gradually decrease with increasing NaCl concentration. Ca2+

application affects most physiological processes in salt-stressed

plants and regulates photosynthetic pigment content (Roy et al.,

2019; Lu et al., 2021). Xu et al. (2013) found that CaCl2
application increased chlorophyll synthesis and chlorophyll

fluorescence as well as increased photosynthetic rates in Zoysia

japonica. Under salt stress, the addition of Ca2+ increased

chlorophyll content, and the presence of optimal Ca

concentrations significantly improved photosynthetic pigment

accumulation, resulting in enhanced photosynthetic efficiency

and stomatal conductance (Elkelish et al., 2019). Studies have

demonstrated that the application of Ca2+ increases the total

chlorophyll content of salt-affected rice and tartary buckwheat

cultivars (Roy et al., 2019; Lu et al., 2021). Our study showed that

the photosynthetic characteristics of Salix matsudana seedlings

decreased with increasing NaCl concentration. Exogenous

calcium could improve the photosynthetic characteristics of

Salix matsudana seedlings under salt stress, showing a trend of

increasing first and then reducing. When the concentration of

exogenous calcium was 10 mmol·L-1, the chlorophyll pigment

synthesis, chlorophyll fluorescence and photosynthetic rate of

Salix matsudana seedlings reached their highest levels. In

general, the optimal exogenous calcium concentration for
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alleviating salt stress and improving the photosynthetic

characteristics of Salix matsudana seedlings was 10 mmol·L-1.
4.3 Exogenous calcium regulates the
stress tolerance of Salix matsudana
seedlings under NaCl stress

Salt deposition in older leaves of plants can cause premature

ageing and inhibit photosynthesis and enzyme activity, and long-

term reactions can lead to salt poisoning (Munns, 2005; De

Oliveira et al., 2013; Roy et al., 2014). Gunes et al. (2007) found

that plant cells are protected from oxidative damage by a series of

antioxidant enzymes that remove or dispute the formation of

reactive oxygen species. Rahman et al. (2016) also proved that

SOD, POD and CAT are often thought of as crucial elements of

the antioxidant defence of plants. In our experiments, the water

use efficiency and SOD, CAT and POD activities of Salix

matsudana seedlings gradually decreased with increasing NaCl

concentrations. Ca2+ prevents cell membrane damage and leakage

and stabilizes the cell membrane structure under adverse

environmental conditions (Xu et al., 2017). Khan et al. (2012)

found that antioxidative enzymes restore plant activity, leaves

exposed to salt stress significantly increase antioxidative enzyme

activity after SNP and CaCl2 are provided, leaves retain low

electrolyte leakage, and H2O2 and TBARS levels are resistant to

salt damage. Elkelish et al. (2019) also found that applying calcium

could promote the synthesis of antioxidant and nonenzymatic

antioxidant enzymes and increase their activity to repair the

damage caused by salt stress. These results were consistent with

the increase in SOD and POD activities when calcium was applied

under salt stress (Xu et al., 2017). Adding Ca significantly

increased salinity-mediated NR activity, suggesting that Ca

effectively protects enzyme activity. Ca improves growth and

photosynthesis by reducing Na intake (Elkelish et al., 2019).

Jaleel et al. (2008) reported that the application of exogenous

calcium could improve the injury of Dioscorea rotundata plants

under salt stress and increase their resistance. The constant

content of MDA is highly correlated with the high activities of

POD and SOD, and adding calcium enables Calligonum

mongolicum plants to resist oxidative damage under low and

medium salt stress (Xu et al., 2017). Earlier results showed that cell

membranes were affected by salt stress (Tuna et al., 2007). Ca2+

reduced oxidative damage by increasing antioxidant enzyme

activity and regulating antioxidant defence and ROS

detoxification systems (Roy et al., 2019). Our study showed that

the antioxidant enzyme activity of Salix matsudana seedlings

decreased with increasing NaCl concentration. Exogenous

calcium could improve the CAT, SOD and POD activities of

Salix matsudana seedlings under salt stress, showing a trend

of first increasing and then decreasing. When the concentration
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of exogenous calcium was 10 mmol·L-1, the CAT, SOD and POD

activities of Salix matsudana seedlings reached the highest. In

conclusion, the optimal concentration of exogenous calcium for

alleviating salt stress and improving the stress resistance of Salix

matsudana seedlings was 10 mmol·L-1.
5 Conclusions

This study demonstrated that exogenous calcium could

alleviate the physiological growth stress of Salix matsudana

seedlings caused by snowmelt. The best exogenous calcium

concentration was 10 mmol·L-1, which could promote the

growth of Salix matsudana seedlings and increase their stomatal

conductance, transpiration rate and net photosynthetic rate. The

optimal exogenous calcium concentration could improve stress

resistance, promote the accumulation of photosynthetic products

and improve the water use efficiency of Salix matsudana seedlings.

This study provided a feasible way to apply exogenous calcium to

alleviate the harm of excessive snowmelt in northern winter to

urban garden plants and promote plant growth.
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