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A B S T R A C T   

Soil salinization is a significant global issue that leads to land degradation and loss of ecological function. In 
coastal areas, salinization hampers vegetation growth, and forestation efforts can accelerate the recovery of 
ecological functions and enhance resilience to extreme climates. However, the salinity tolerance of tree species 
varies due to complex biological factors, and results between lab/greenhouse and field studies are often 
inconsistent. Moreover, in salinized areas affected by extreme climatic and human impacts, afforestation with 
indigenous species may face adaptability challenges. Therefore, it is crucial to select appropriate cross-species 
salinity tolerance indicators that have been validated in the field to enhance the success of afforestation and 
reforestation efforts. This study focuses on five native coastal tree species in Taiwan, conducting afforestation 
experiments on salt-affected soils mixed with construction and demolition waste. It integrates short-term 
controlled experiments with potted seedlings and long-term field observations to establish growth perfor
mance and physiological and biochemical parameters indicative of salinity tolerance. Results showed that 
Heritiera littoralis Dryand. exhibited the highest salinity tolerance, accumulating significant leaf proline under 
increased salinity. Conversely, Melia azedarach Linn. had the lowest tolerance, evidenced by complete defoliation 
and reduced biomass under salt stress. Generally, the field growth performance of these species aligns with the 
results of short-term pot experiments. Leaf malondialdehyde content from pot experiments proved to be a 
reliable cross-species salinity tolerance indicator, correlating negatively with field relative height growth and 
survival rates. Additionally, parameters related to the photosynthetic system or water status, measured using 
portable devices, also moderately indicated field survival, aiding in identifying potential salt-tolerant tree spe
cies. This study underscores the pivotal role of species selection in afforestation success, demonstrating that 
small-scale, short-term salinity control experiments coupled with appropriate assessment tools can effectively 
identify species suitable for highly saline and degraded environments. This approach not only increases the 
success of afforestation but also conserves resources needed for field replanting and maintenance, supporting 
sustainable development goals.   

1. Introduction 

Soil salinization is a global issue, with approximately 424 million 
hectares of surface soil (0–30 cm) and up to 833 million hectares of 
subsoil (30–100 cm) affected worldwide (FAO, 2021). In coastal areas, 
excessive groundwater extraction can lead to subsidence, resulting in 
seawater backflow or intrusion, and high groundwater levels may also 
elevate soil salinity to the surface, with the additional influence of salt 

spray further limiting plant growth and consequently leading to vege
tation degradation and a loss of ecological function (Du and Hesp, 2020; 
El Shinawi et al., 2022; Li and Zhang, 2021). Afforestation or refores
tation of lands degraded by salinity is increasingly recognized as vital for 
ecological protection, biodiversity conservation, carbon sequestration, 
and climate change mitigation (Gupta et al., 2016; Shan et al., 2018; 
Zhang, 2020). However, a wide range of salt tolerance exists among 
different plant species: most crops, known as glycophytes, are sensitive 
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to salinity; in contrast, halophytes, which include species such as man
groves, are naturally adapted woody plants capable of thriving in saline 
environments. These halophytes possess significant potential for 
research into their robust salt tolerance mechanisms and for sustainable 
applications in agriculture and forestry (Llanes et al., 2021). Choosing 
species with high salt tolerance is crucial for enhancing survival rates in 
degraded coastal areas, which is a critical determinant in the success of 
afforestation/reforestation efforts (Schachtsiek et al., 2014). Addition
ally, previous research has indicated that the selection of species in 
mangrove reforestation impacts both the quantity and quality of 
long-term carbon sequestration and storage in forests, thereby affecting 
the efficacy of carbon sinks (Wu et al., 2020). 

Salt stress primarily affects plants through two pathways: firstly, by 
reducing soil water potential, which hinders water absorption by roots, 
and secondly, through ion toxicity and nutritional disorders (Osman, 
2018). Such stress damages the photosynthetic system, disrupts cell 
membrane stability, and compromises the structure and functionality of 
proteins, ultimately leading to cell death (Shams and Khadivi, 2023). 
Plant salinity tolerance involves the regulation of multiple complex 
biological mechanisms. Researchers have proposed several physiolog
ical indicators that exhibit high correlations with salt tolerance, such as 
plasma membrane permeability (Mansour, 2013), ion accumulation 
(Hussain et al., 2012), osmolyte accumulation (Shahid et al., 2019), 
antioxidant defenses (Al Kharusi et al., 2019), and photosystem re
sponses (Bordenave et al., 2019). To our knowledge, most experiments 
on plant salt tolerance have primarily involved the artificial application 
of sodium chloride (NaCl) in pots or laboratory/greenhouse settings and 
have focused on physiological studies of specific species, including an
alyses of genotypes with varying salt tolerances. These studies encom
pass research on food crops (Quan et al., 2021; Rasel et al., 2021), 
herbaceous plants (Cheng et al., 2020; Javed et al., 2022), and woody 
plants (Huang et al., 2020; Pompelli et al., 2021). However, research 
examining salt tolerance across multiple tree species is relatively rare. 
Furthermore, experimental results often vary due to differing back
ground conditions, and outcomes from greenhouse experiments may not 
align with field performance (Poorter et al., 2016). It is important to 
note that the physiological responses to salt stress are influenced by the 
type of salt, species-specific traits, environmental conditions, and in
teractions with other abiotic stresses. This variability contributes to the 
lack of universally accepted indicators of salt tolerance in plants (Pira
steh-Anosheh et al., 2016; van Zelm et al., 2020). Therefore, developing 
indicators of cross-species salinity tolerance specifically for local plants 
is crucial for effectively screening tree species that exhibit enhanced 
field growth performance on salt-affected lands. 

Taiwan is characterized by its varied climatic zones and ecological 
niches, contributing to its significant botanical diversity. It boasts over 
4200 vascular plant species, including 588 trees and 426 shrubs, with 
approximately 26% endemic to the region (Hsieh, 2002). The diverse 
geomorphological features of Taiwan’s coast, such as algal reefs, rocky 
shores, mudflats, dunes, coral reefs, mangroves, coastal shrublands, and 
forests, contribute significantly to its biological diversity (Li et al., 
2021). Coastal vegetation provides essential ecosystem services, 
including wind prevention, sand fixation, carbon sequestration, and 
biodiversity enhancement, and plays a crucial role in environmental 
protection and disaster mitigation (Arkema et al., 2017; Feagin et al., 
2015; Rudianto et al., 2016). However, anthropogenic activities have 
severely reduced lowland vegetation covers including mangroves, and 
research into their dynamics is limited, especially when compared to the 
more extensively studied vegetation on hillsides (Chen and Shih, 2019; 
Lee, 2005). A 60-year study on tropical coastal afforestation demon
strated that native tree species mixtures offer greater restoration benefits 
than Eucalyptus monoculture, particularly in terms of soil biodiversity 
and functionality (Wu et al., 2021). Traditionally, the selection of tree 
species for afforestation and reforestation in degraded coastal areas has 
been based on traditional practices and the unique characteristics of the 
coastal ecological landscape. However, with the worsening impact of 

human interference and extreme climate conditions, many local plants 
may struggle to survive. Therefore, by conducting environmental 
monitoring at afforestation sites and developing and applying indicators 
of cross-species salt tolerance, we can identify a greater number of 
potentially suitable native plants. This approach will enhance the suc
cess of afforestation/reforestation on salt-affected lands and lead to the 
development of more effective forest restoration strategies. 

This study employed both pot and field experiments, focusing on five 
native coastal woody species in Taiwan, to examine the effects of salt 
stress. The objectives are: (1) To establish the growth, physiological, and 
biochemical responses of these species to salt stress through gradient salt 
experiments on potted seedlings; (2) To clarify the growth performance 
of these native tree species in salt-affected environments; (3) To analyze 
the correlation between the seedlings’ field growth performance and 
responses to short-term salt stress in pot experiments, with the goal of 
identifying indicators for future screening of tree species suited for 
afforestation in salt-affected environments. 

2. Materials and methods 

2.1. Species selection and seedling materials 

Five native tree species that are common in coastal areas of Taiwan, 
namely Heritiera littoralis Dryand., Calophyllum inophyllum L., Pittos
porum pentandrum (Blanco) Merr., Podocarpus costalis Presl, and Melia 
azedarach Linn., were selected as the experimental materials. Among 
them, H. littoralis, a tropical coastal mangrove associate, is a medium- 
sized evergreen tree. It is characterized by coriaceous leaves with 
silvery scales on their undersides and possesses buttress roots. 
C. inophyllum is a slow-growing, evergreen, large tree with thick, cori
aceous leaves. P. pentandrum is an evergreen small tree or shrub with 
coriaceous leaves, rich in epidermal wax on both the upper and lower 
sides. P. costalis is an evergreen small tree or shrub with coriaceous 
leaves, native to the coastal cliffs of Lanyu, an offshore island of Taiwan. 
It is extensively cultivated throughout various regions of Taiwan, pri
marily for its aesthetic benefits. M. azedarach is a deciduous large tree 
with papery leaves, a heliophilous species with rapid growth. These 
species were generally suggested for coastal afforestation/reforestation 
in Taiwan. We used the same batch of one to two-year-old seedlings for 
both pot and field experiments. The seedlings were planted in typical 
sandy loam soil in 1-L containers and cultivated in an open-air nursery in 
a coastal area, with meteorological conditions similar to the field area of 
this study. 

2.2. Field experiments 

In February 2022, a field experiment was conducted using 630 
seedlings, which included 126 individuals from each of five tree species 
with similar appearances. The experiment was carried out in Qigu Dis
trict, Tainan City, Taiwan (23◦09′13″ N, 120◦05′18″ E), covering an area 
of approximately 3 ha (Fig. 1). The study area, encircled by an inter
change exit of an expressway, had soil heavily contaminated with 
various types of construction waste, including steel bars, cement, bricks, 
rubble, and plastic bags, from the expressway’s construction. The study 
area, approximately 2 km from the sea, was characterized by high 
groundwater levels and considerable soil salinization. Before the initi
ation of afforestation, the area was predominantly covered with un
evenly distributed annual herbaceous plants, and woody plants were 
challenging to grow. The western side of the study area, elevated due to 
anthropogenic earthworks and waste accumulation, contrasts with the 
eastern side, which is characterized by its lower terrain. This topo
graphical disparity results in the leaching of salts from the higher ground 
to the lower areas, culminating in the formation of a lowland salinity 
pool on the eastern side. At the boundary between the planting area and 
the salinity pool, an artificially shaped, arcuate slope has been con
structed, featuring a gradient of 15–20◦ and a vertical difference of 
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about 4 m. The pool, accumulating at 0.8 m below sea level, contrasts 
with the planting area, where elevations range from a high of approxi
mately 5.5 m above sea level on the west to northwest side, to a low of 
about 3.3 m on the southeast side. This variation in terrain contributes to 
distinct salinity zones within the afforestation area. In February 2022, 
preliminary trials assessing the soil electrical conductivity of the satu
rated extract (ECe) delineated the study area into three distinct planting 
zones based on soil salinity levels. These zones were identified with 
mean ECe values of 0.75 dS m− 1 for Site L (low salinity), 4.21 dS m− 1 for 
Site M (medium salinity), and 10.49 dS m− 1 for Site H (high salinity). 
Also in February, due to the Northeast monsoon, the daily average wind 
speed in this area was recorded at 8.9 m s− 1, and the daily maximum 
reached 23.9 m s− 1. Consequently, bamboo windbreak fences measuring 
1–2 m in height were employed to segregate the sites into multiple rows 
to protect the seedlings, particularly at Sites L and M, which are char
acterized by their elevated terrain. Each site consisted of three blocks, 
and each block was planted with 70 seedlings, representing the five tree 
species (n = 14). The planting was randomized with a row spacing of 3 m 
and a plant spacing of 2 m. Planting holes measuring approximately 50 
cm in length, width, and depth were excavated and backfilled with a 
mixture of native soil, sandy loam, and organic fertilizer in a 4:1:1 ratio 
(v/v/v). The native soil was sieved through a 1 cm mesh to eliminate 
impurities. The organic fertilizer comprised rice bran, rice husks, and 
sugarcane bagasse. A sprinkler irrigation system was installed between 
the rows, and tap water was used for irrigation on days without rain 
(~3.5 mm d− 1). Each block at the sites had three soil and soil water 
sampling points for ongoing environmental monitoring (n = 9). Soil 
samples from a 0–30 cm depth were collected quarterly to assess the 
soil’s ECe and sodium adsorption ratio (SAR). Soil water samples were 
extracted monthly using lysimeters (Irrometer Company, Inc. Riverside, 
CA, USA) positioned at a 20–30 cm depth for electrical conductivity (EC) 
analysis. Meteorological data was sourced from the Qigu Weather Sta
tion, located approximately 1.3 km from the study area. 

2.2.1. Soil salinity determination 
To evaluate soil ECe and SAR, 50 g of air-dried, 2 mm sieved soil was 

saturated with deionized water, followed by a 24-h shaking extraction at 
140 rpm. Post-extraction, the mixture underwent centrifugation at 6000 
rpm for 5 min, after which the supernatant was collected for ECe anal
ysis using a conductivity meter (Cond 3310; WTW, Weilheim, Ger
many). Additionally, the supernatant was filtered through a 0.45 μm 
filter (GN-6, Pall Corporation, East Hills, NY, USA) for sodium (Na+), 
magnesium (Mg2+), and calcium (Ca2+) concentration analysis using ion 
chromatography (DX-120, Dionex, Sunnyvale, CA, USA). The SAR is 
calculated based on the following formula according to Richards (1954): 

SAR=
Na+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2

(
Mg2+ + Ca2+

)√

Where Na+, Mg2+, and Ca2+ are the ion concentrations in the saturated 
soil paste extract (meq L− 1). Soil salinity is classified into four cate
gories: normal soil (ECe <4 dS m− 1; SAR <13), saline soil (ECe >4 dS 
m− 1; SAR <13), sodic soil (ECe <4 dS m− 1; SAR >13), and saline-sodic 
soil (ECe >4 dS m− 1; SAR >13) (Weil and Brady, 2016). Soil water is 
similarly tested for EC using a conductivity meter to assess the salinity 
conditions of the in-situ soil solution. 

2.2.2. Growth responses and survival rates 
From May 2022 to August 2023, the seedling height, root collar 

diameter (RCD), and survival rate across different sites and tree species 
were monitored quarterly, including assessments at 90, 180, 270, 360, 
450, and 540 days after transplanting (DAT). The relative growth rate 
(RGR) of seedling height and RCD was calculated using the following 
equation (Hunt, 1982): 

RGR=
ln S2 − ln S1

t2 − t1 

Fig. 1. Locations of the study area, soil salinity sites, and sampling points; the sites are denoted as Site L (low salinity), Site M (medium salinity), and Site H (high 
salinity); each site consists of three blocks, with each block comprising three soil and soil water sampling points. 
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where S2 is the measurement of seedling height or RCD at t2 DAT, and S1 
is the measurement at the preceding t1 DAT. The RGR for height is 
expressed in cm cm− 1 day− 1, and for RCD in mm mm− 1 day− 1. The 
sample size for each DAT varied with the number of surviving seedlings. 
Survival rates of different species for each site were calculated as the 
average of the survival rates from its three blocks. 

2.3. Pot experiments 

In June 2022, seedlings of each tree species underwent a process of 
original media removal, root pruning, and repotting to ensure uniform 
underground growth. The new media consisted of a mixture of sandy 
loam soil and peat moss (1:1, v/v) with the ECe estimated to be 1.25 dS 
m− 1, and the seedlings were then planted in 2.5-L polypropylene pots. 
After three months of acclimatization, a salinity gradient experiment 
was initiated. For each of the five tree species, 20 visually similar 
seedlings were selected and randomly assigned to four groups: control 
(CK), low salinity (L), medium salinity (M), and high salinity (H), with 
five seedlings from each species in each treatment group (n = 5). The 
experiment followed a completely randomized design and was con
ducted in a net house environment free from pest interference and with 
approximately 40% shading. The seedlings were irrigated with tap water 
with an EC of approximately 0.35 dS m− 1. Saucers were placed under
neath the pots to prevent salt leaching, maintaining the media’s mois
ture content between 25% and 30%. In September 2022, the salinity 
treatment commenced, with 500 mL of 2%, 3%, and 4% NaCl solutions 
being introduced into the pots of the L, M, and H groups, respectively. 
This 15-week experiment involved the application of saline water during 
the 1st, 5th, 9th, 12th, and 14th weeks, simulating the gradual increase 
in salinity typically encountered in the field environment. The average 
temperature during the experiment was 27.1 ◦C. Upon conclusion of the 
trial, the average ECe of media in the CK, L, M, and H groups was 
measured at 1.03, 13.08, 20.42, and 40.06 dS m− 1, respectively. 

2.3.1. Growth and portable device measurement of physiological responses 
In the final week of the experiment (15th week), portable instrument 

assessments of the photosynthetic system and water physiology were 
performed. The third fully expanded leaf from each plant was selected 
for these measurements, with random sampling conducted across 
different tree species and salinity treatments. Net photosynthetic rate 
(Pn) was measured on sunny days from 9 a.m. to 12 p.m. using the LI- 
6400 portable photosynthetic system (LI-COR Inc., Lincoln, Nebraska, 
USA). The maximum photochemical efficiency of photosystem II (Fv/ 
Fm) was assessed at 9 p.m. using the MINI-PAM photosynthesis yield 
analyzer (Walz Company, Effeltrich, Germany). Midday leaf water po
tential (WP) was determined between 10 a.m. and 1 p.m. using the 
PSYPRO water potential system (Wescor Inc., Logan, Utah, USA). To 
conduct this measurement, a 6 mm diameter leaf disc was excised and 
placed in a C-52 sample chamber, and after a stabilization period of 15 
min, the water potential reading was recorded. At the end of the 
experiment, seedling height and RCD were measured. After harvesting, 
the root media was carefully removed, and root length was measured. A 
portion of fresh mature leaves was weighed and stored at − 80 ◦C for 
further physiological and biochemical analysis. Subsequently, the plants 
were segmented into roots, stems, and leaves and dried at 70 ◦C to a 
constant weight, after which the dry weights of the roots, stems, leaves, 
and the total plant biomass were recorded. 

2.3.2. Leaf biochemical and physiological responses 
Biochemical and physiological parameters in leaf tissue, including 

electrolyte leakage (EL), relative water content (RWC), hydrogen 
peroxide (H2O2), malondialdehyde (MDA), proline, carotenoids (Cars), 
and chlorophyll a and b (Chl a and Chl b) content, were analyzed. EL was 
measured using a conductivity meter (Cond 3310; WTW, Weilheim, 
Germany). Specifically, this involved placing 0.2 g of fresh leaf discs 

(non-frozen) in tubes with 10 mL deionized water, followed by a 24-h 
room temperature incubation with shaking. The conductivity (EC1) of 
the solution was then measured. The same samples were subsequently 
heated at 100 ◦C for 30 min, cooled to room temperature, and the 
conductivity (EC2) was measured again. Leaf EL (%) was calculated as 
EC1/EC2 (Mihailova et al., 2018). RWC was determined using 20 fresh 
leaf discs by measuring the fresh weight (FW), soaking them in 10 mL of 
deionized water at 4 ◦C in the dark for 4 h, measuring the turgid weight 
(TW) after removing the discs from water, and finally drying the samples 
at 70 ◦C to a constant dry weight (DW). RWC (%) was calculated as 
(FW− DW)/(TW− DW) (Bastam et al., 2012). H2O2 (Alexieva et al., 
2001), MDA (Esterbauer and Cheeseman, 1990), proline (Bates et al., 
1973), and Cars, Chl a, and Chl b (Lichtenthaler, 1987) were all quan
tified using fresh leaf with spectrophotometric methods (V730 spectro
photometer, Jasco Co., Tokyo, Japan), as described by previous 
research. 

2.3.3. Nutrient and antioxidant responses 
The soluble sugars in the leaf and root were determined using the 

phenol-sulphuric acid method (DuBois et al., 1956). A 0.1 g sample of 
dried, ground plant material was extracted with 80% ethanol in a 75 ◦C 
water bath. The supernatant from two extractions was then treated with 
phenol and sulphuric acid, and the absorbance was measured at 485 nm. 
Starch content in the leaf and root was determined using the anthrone 
method (Hansen and Møller, 1975). The residue remaining after soluble 
sugar extraction was extracted with 35% perchloric acid, followed by 
the addition of anthrone reagent and a reaction at 100 ◦C for 11 min. The 
absorbance was then measured at 630 nm. Total soluble protein and free 
amino acids (FAA) in the leaves were extracted from 0.1 g of fresh leaf 
tissue ground in liquid nitrogen and mixed with 4 mL of phosphate 
buffer (pH 7.0). The mixture was centrifuged at 4 ◦C for 20 min at 12, 
000 g to obtain the supernatant. Protein concentration was measured 
using the Bradford protein assay (Bradford, 1976) at a wavelength of 
595 nm. FAA content was determined using the ninhydrin method 
(Moore and Stein, 1954), with absorbance measured at 570 nm. The 
antioxidant enzymes, including superoxide dismutase (SOD; EC 
1.15.1.1), peroxidase (POD; EC 1.11.1.7), and catalase (CAT; EC 
1.11.1.6), were extracted from the leaves. This was done by taking 0.1 g 
of fresh leaf tissue, grinding it in liquid nitrogen, and then mixing it with 
5 mL of phosphate buffer (pH 7.8; 1% Triton X-100; 1 mM EDTA-Na2; 
0.8% polyvinylpyrrolidone). The mixture was then centrifuged at 4 ◦C 
for 20 min at 12,000 g to obtain the supernatant. The assays for SOD 
(Giannopolitis and Ries, 1977), POD (Chance and Maehly, 1955), and 
CAT (Aebi, 1984) were conducted in accordance with the spectropho
tometric methods previously described. Absorbance was measured at 
wavelengths of 560 nm for SOD, 470 nm for POD, and 240 nm for CAT. 
The specific activities of these enzymes were expressed in units per 
milligram of protein (U mg− 1 protein). One unit of SOD activity is 
defined as the amount of enzyme required to inhibit the rate of nitro blue 
tetrazolium reduction by 50%. POD activity was quantified based on the 
amount of tetraguaiacol formed, using its extinction coefficient (26.6 
mM− 1 cm− 1); one unit of POD activity is defined as the amount of 
enzyme that forms 1 nmol of tetraguaiacol per minute. CAT activity was 
determined by the consumption of H2O2, using its extinction coefficient 
(43.6 M− 1 cm− 1); one unit of CAT activity is defined as the amount of 
enzyme that consumes 1 μmol of H2O2 per minute. 

2.4. Statistical analysis 

In the pot experiment, the leaf results were adjusted from FW to DW 
using the data from RWC to avoid hydration influence. Growth, physi
ological, and biochemical responses were analyzed using one-way 
analysis of variance (ANOVA) to test for differences among tree spe
cies under different salinity treatments, with post-hoc testing performed 
using the Tukey method (α = 0.05). In the field experiment, the RGR was 
evaluated for differences among salinity sites using one-way ANOVA, 
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and across DATs using repeated measures ANOVA, with post-hoc testing 
employing the Tukey and Šidák method, respectively (α = 0.05). 
Additionally, differences in seedling height and RCD at the initial (90 
DAT) and final (540 DAT) stages were assessed using paired t-test (α =
0.05). We performed Spearman correlation analysis (represented as ρ) 
using data from salinity treatments CK, L, and H in our pot experiments, 
corresponding to observations at field Sites L, M, and H for the same 
species. Parameters from pot experiments were selected for analysis only 
if they exhibited significant differences in salinity treatments across 
more than one species. Notably, M. azedarach was not included in the 
correlation analysis due to the absence of tested parameters for its leaves 
(defoliation). Further, we analyzed the results of field measurements, 
including seedling height, RCD, and survival rate, all recorded 540 DAT. 
All correlation analysis data were standardized separately for each tree 
species using the z-score method, eliminating unit discrepancies and 
reducing the influence of species-specific characteristics. Statistical an
alyses and graphing were performed using R (v. 4.3.2; R Development 
Core Team, 2023) and Sigmaplot 14.0 (Systat Software Inc., San Jose, 
CA, USA). 

3. Results 

3.1. Environmental conditions of the study area 

In the study area, the total annual rainfall for 2022 was only 950 mm, 
characterized by an uneven distribution primarily concentrated in the 
summer months, driven by the southwest monsoon and typhoons. The 
year 2022 also marked a significant drought in Taiwan, exacerbated by 
the absence of typhoons in the region. Data from the Qigu Weather 
Station indicated that the annual precipitation for that year was the 

lowest since the station’s establishment in 2015, amounting to merely 
52% of the historical average. Notably, significant rainfall occurred only 
from May through August. From September 2022 through April 2023, 
an extended dry season persisted for eight months, with monthly rainfall 
below 15 mm. Significant rainfall resumed in June 2023, with July and 
August each recording monthly totals of 300 mm. Temperature extremes 
during the study period peaked in July and were lowest in January. The 
average monthly temperature in July 2022 was 29.5 ◦C, with a daily 
maximum of 32.7 ◦C; in January 2023, the average monthly tempera
ture was 17.0 ◦C, with a daily minimum of 8.8 ◦C (Fig. 2). 

Soil measurements in May 2022 (90 DAT) at Sites L, M, and H 
revealed average ECe values of 0.8, 5.2, and 12.3 dS m− 1, respectively, 
and SAR values of 1.6, 8.0, and 16.4, respectively. Site M met the saline 
soil standard (ECe >4 dS m− 1; SAR <13), while Site H met the saline- 
sodic soil standard (ECe >4 dS m− 1; SAR >13). Initially, soil proper
ties differed significantly between Sites L and M, but post-rainy season 
leaching in 2022 significantly reduced these differences. During the 
study period, soil ECe and SAR showed two declining trends in August 
and February, associated with rainfall leaching and reduced evaporation 
due to cooler temperatures, respectively. However, a prolonged dry 
season and rising temperatures in May 2023 led to the highest soil ECe 
and SAR values at Site H, averaging 17.8 dS m− 1 and 24.1, respectively. 
Additionally, monthly variations in soil water conductivity mirrored 
those in the soil, with differences between Sites L and M diminishing 
during the rainy season and increasing in the dry season. In contrast, the 
soil water at Site H exhibited dramatic fluctuations, peaking at 63.0 dS 
m− 1 in May 2023 (Fig. 2). 

Fig. 2. Meteorological data for the study area and soil conditions at different salinity sites (low salinity [Site L], medium salinity [Site M], and high salinity [Site H]); 
temperature and precipitation data were obtained from Qigu Weather Station located 1.3 km away; soil and soil water samples were collected at depths of 0–30 and 
20–30 cm, respectively (n = 9). Abbreviations: ECe, electrical conductivity (EC) of saturated paste extract; SAR, sodium absorption ratio. 
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3.2. Growth and survival rates in field experiments 

Field RGR results of this study revealed that seedling height and RCD 
trends exhibited a distribution with higher values at the beginning and 
end, aligning with the rainy season (May–August); however, results 
varied among the tree species. In particular, the H. littoralis and 
C. inophyllum demonstrated relatively higher RGR, with tree height at 
Site H exhibiting lower results in the early phase of the experiment (180 
DAT) (Fig. 3a and b). In terms of RCD, no significant difference was 
observed between Sites L and H at 180 DAT, but at the end of the 
experiment (540 DAT), RCD at Site H was significantly higher than the 
other two sites (Fig. 3f and g). The shrub types P. pentandrum and 
P. costalis exhibited slow growth in height across all sites (Fig. 3c and d), 
with RCD at Site H initially suppressed by salinity but significantly 
increased during the second growing season (450 & 540 DAT) (Fig. 3h 
and i). Moreover, the fast-growing species M. azedarach had the highest 
RGR measurements; however, both seedling height and RCD were 
noticeably constrained by salinity (Fig. 3e–j). 

Regarding absolute growth records, at 540 DAT, both H. littoralis and 
C. inophyllum showed no significant differences in seedling height or 
RCD across the three sites (Fig. 3k and l). Additionally, the seedling 
height and RCD of P. pentandrum and P. costalis were significantly lower 
at Site H. Notably, the height of P. costalis exhibited no significant dif
ference from planting initiation (90 DAT) at Sites M and H, indicating 
stagnation in seedling elongation (Fig. 3m and n). M. azedarach 
exhibited a gradient decrease in growth with increasing salinity across 
sites, reflecting its relative sensitivity to salinity, with significant re
ductions in seedling height and RCD at Site H compared to Site L, 
reaching up to 52% (Fig. 3o). 

Survival rate results for the transplanted seedlings of each species 
showed that H. littoralis had the highest survival rate, followed by 
P. pentandrum and C. inophyllum, maintaining over 90% at Sites L and M. 
At Site H, the rates for the three species as mentioned above were 88%, 
76%, and 66%, respectively. In the case of P. costalis, survival rates 
gradually decreased over time, maintaining 79% at Site L but dropping 
to 48% at Site H. From as early as 90 DAT, M. azedarach displayed 
noticeable survival rate gradients across sites, with minimal variation 
over time. By 540 DAT, the survival rates at Sites L, M, and H were 57%, 
43%, and 17%, respectively (Fig. 4). 

3.3. Growth, biochemical, and physiological responses in pot experiments 

The growth results of potted seedlings indicated that, aside from 
M. azedarach, which experienced a significant height reduction under 
high salinity, no notable differences occurred in height, RCD, and root 
length for all tree species across various salinity treatments. Regarding 
biomass, a significant decline in root or leaf biomass was observed in 
most species under high salinity, especially in M. azedarach, which 
exhibited a pronounced reduction in all plant parts and complete leaf 
loss in all salinity treatments (resulting in the exclusion of leaf-related 
physiological and biochemical parameter assessments). In contrast, 
H. littoralis maintained a stable biomass across different treatments, with 
its stem biomass increasing significantly under high salinity. Addition
ally, neither H. littoralis nor C. inophyllum exhibited significant changes 
in the total biomass in response to salinity treatments. In physiological 
measurements conducted using portable devices, a significant decrease 
in Pn and Fv/Fm was observed in all species under salt stress, except for 
H. littoralis, which sustained a level of net photosynthesis and showed no 
significant impact on photosystem II (PSII). Regarding WP, no signifi
cant differences were observed for H. littoralis and C. inophyllum across 
the treatments; in contrast, the other species exhibited their lowest WP 
under medium or high salinity conditions (Table 1). 

For leaf physiological and biochemical responses, EL indicated no 
significant differences among salinity treatments for H. littoralis, in 
contrast to other species, which demonstrated significant increases 
under medium and high salinity. Compared to the control group, RWC 

was notably reduced in H. littoralis and P. pentandrum when exposed to 
high salinity. Within each species, H2O2 content exhibited no significant 
changes across salinity treatments, while both MDA and proline levels 
increased with increasing salinity. Specifically, H. littoralis exhibited a 
minor increase in MDA under elevated salinity, whereas its proline 
levels escalated by 10–30 times. Regarding photosynthetic pigments, 
most species maintained consistent levels under salt stress, except for 
P. costalis, which displayed significant reductions in Cars, Chl a, Chl b, 
and total chlorophyll (Table 2). 

In nutritional and antioxidant response analysis, leaf FAA, proteins, 
and soluble sugars did not vary significantly across different salinity 
levels within each species. However, an exception was observed in 
P. costalis, where FAA significantly increased in the high-salinity group 
compared to the control. In salt-tolerant species such as H. littoralis and 
C. inophyllum, leaf starch content decreased significantly under high 
salinity. In roots, H. littoralis exhibited distinct responses to varying 
salinity levels, with a decrease in soluble sugar content and an increase 
in starch content as salinity increased. Further, diverse trends were 
observed in other species: C. inophyllum and M. azedarach remained 
unchanged, while P. pentandrum and P. costalis showed increased soluble 
sugars and decreased starch in the medium-salinity group, respectively. 
Regarding the activity of antioxidant enzymes,levels of SOD and CAT in 
leaves remained stable across species under different salinity treatments. 
POD levels, however, increased significantly in salt-tolerant species such 
as H. littoralis and C. inophyllum under high salinity, and decreased 
significantly in the salt-sensitive P. costalis when exposed to salt stress 
(Table 3). 

3.4. Relationships between parameters from pot and field experiments 

The correlation analysis revealed a significant strong negative cor
relation between seedling height from the field experiment and proline 
and MDA from the pot experiment (ρ = − 0.64 and − 0.62, respectively; 
p < 0.001), and a moderate positive correlation with WP and leaf DW (ρ 
= 0.55; p < 0.001). In contrast, field seedling RCD did not demonstrate 
significant correlations with most pot experiment measurements, except 
for a weak positive correlation with total DW (ρ = 0.34; p < 0.05). 
Regarding the survival rate of field seedlings, significant moderate to 
strong negative correlations were found with proline, MDA, and EL (ρ =
− 0.63, − 0.77, and − 0.54, respectively; p < 0.001), along with moderate 
positive correlations with Pn, WP, leaf DW, and Fv/Fm, where ρ values 
ranged from 0.51 to 0.60 (p < 0.01/0.001) (Fig. 5). 

4. Discussion 

4.1. Short-term effects of salt stress on seedlings 

In the pot experiment, the H. littoralis exhibited the best salt toler
ance, particularly in maintaining leaf and total biomass under salinity 
treatments, while sustaining stable leaf water potential and photosyn
thetic efficiency. The substantial increase in proline levels in the leaves 
of H. littoralis under salt treatments compared to other species indicates 
its potential for higher tolerance to salinity and drought conditions. 
Proline aids in osmotic regulation, protein stability, and scavenging of 
ROS (Hayat et al., 2012). It has also been confirmed to buffer cyto
plasmic pH, balance cellular redox states, and act as a component in 
signaling pathways regulating stress response genes, thereby enhancing 
salt tolerance (Hossain et al., 2014). High proline content, known to 
maintain membrane stability (Reddy et al., 2015), suggests a potential 
role in the minimal variation of MDA levels in H. littoralis under salt 
treatments. Therefore, the observed salt tolerance of H. littoralis in the 
pot experiment may be attributed to the synthesis of large amounts of 
proline. Notably, root soluble sugar content is generally considered 
related to osmotic regulation during physiological drought and a crucial 
physiological indicator of plant salt tolerance (Liang et al., 2018). 
However, most species did not show significant changes in soluble sugar 
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Fig. 3. Relative growth rates (RGR) of seedling height (a–e) and root collar diameter (f–j) of five tree species, and their measurements recorded at 90 and 540 days 
after transplanting (DAT) (k–o), in field experiments under different soil salinity sites (low salinity [Site L], medium salinity [Site M], and high salinity [Site H]); data 
represent the mean and standard error; in panel a–j, the capital letters indicate significant differences between different salinity sites (one-way analysis of variance 
[ANOVA], Tukey method, α = 0.05), the lowercase letters indicate significant differences between different DATs (repeated measures ANOVA, Šidák method, α =
0.05), and the colors blue, yellow, and red represent Site L, M, and H, respectively; in panel k–o, the lowercase letters indicate significant differences between 
different salinity sites on each transplanting date (one-way ANOVA, Tukey method, α = 0.05), and the asterisk (*) indicates significant difference between 90 and 540 
DAT in each salinity site (paired t-test, α = 0.05); seedlings were transplanted in February 2022. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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content in our experiment. Instead, leaf starch and root soluble sugars 
were decreased under high salinity in the H. littoralis, accompanied by 
significant root starch accumulation. Under abiotic stress, starch is vital 
in enhancing plant stress adaptability (Thalmann and Santelia, 2017). 
The significant accumulation of root starch under salt stress was 
commonly observed, indicating enhanced source-to-sink assimilate 
allocation. Thitisaksakul et al. (2017) suggested that starch accumula
tion in roots could reduce sugar accumulation in source leaves to 
improve photosynthesis and promote root growth by enhancing gravi
tropic response. A study on salt-tolerant common reed indicated that 
higher root starch content facilitates the trapping of Na+ in starch 
granules, mitigating ionic toxicity (Kanai et al., 2007). Nevertheless, 
research on plant salt tolerance has generally focused on herbaceous 
plants, particularly economic crops, with few studies on woody species. 
Llanes et al. (2021) pointed out that carbohydrate accumulation in 
woody plants can enhance salt tolerance, but results may vary with the 
duration of stress. In addition, proline plays multiple essential roles in 

responding to abiotic stress, but research on its role in woody plants 
warrants further exploration. 

In contrast, M. azedarach exhibited a high sensitivity to salinity, 
showing complete defoliation under various salt treatments and a pro
gressive decline in biomass across all parts as salinity increased, clearly 
indicating growth inhibition by salt. Salt stress visibly causes leaf 
chlorosis, necrosis, and bud dehydration, leading to leaf fall under 
prolonged exposure (Vita et al., 2022). Generally, plants experience two 
phases under salt stress: an initial rapid response triggered by osmotic 
pressure inhibiting young leaf growth, and a slower response due to Na+

accumulation causing ionic toxicity, accelerating senescence in mature 
leaves (Munns and Tester, 2008). Necrosis in older leaves is also asso
ciated with plant salt sensitivity (Gil-Muñoz et al., 2020). Our results 
suggest that M. azedarach is highly sensitive to osmotic challenges posed 
by salinity and less tolerant to ionic toxicity. This leads to complete 
defoliation, making it unsuitable for long-term high-salinity environ
ments. Previous studies have indicated that while M. azedarach is 

Fig. 4. Survival rates of five tree species at different days after transplanting in field experiments under different soil salinity sites (low salinity [Site L], medium 
salinity [Site M], and high salinity [Site H]); data represent the mean and standard error; seedlings were transplanted in February 2022. 
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considered one of the tall trees among halophytes, its salt tolerance is 
moderate. Consequently, it is not the preferred species for planting in 
high-salinity environments (Tomar et al., 2003; Zhang et al., 2020). 
Additionally, P. costalis was the only species in the pot experiment 
significantly affected by photosynthetic pigments content. Salt stress 
leads to a decline in pigments such as Chl a and Chl b, mainly due to 
weakened binding in the pigment-protein-lipid complex and increased 
activity of chlorophyllase, thereby impairing plant light absorption and 
photoreaction efficiency (Duarte et al., 2013; Lu et al., 2021). The 
reduction in Cars also impedes the transfer of excited-state chlorophyll 
energy, generating highly oxidative singlet oxygen, causing oxidative 
stress, and further reducing PSII photosynthetic efficiency (Telfer, 
2014). Therefore, the noticeable decrease in Fv/Fm in P. costalis under 
medium to high salt treatments relative to other species indicates poor 
photosynthetic performance under salt stress, which could impact its 
long-term growth. 

Furthermore, C. inophyllum and P. pentandrum exhibited moderate 
salt tolerance in the pot experiment. C. inophyllum’s thick, coriaceous 
leaves and substantial cuticular and/or waxy layers play a crucial pro
tective role by effectively preventing water loss and regulating biosyn
thesis under abiotic stress (Shaheenuzzamn et al., 2021; Shepherd and 
Wynne Griffiths, 2006). Our results also noted the stability of WP and 

RWC under salt treatments in C. inophyllum. As for P. pentandrum, it 
exhibited significant accumulation of soluble sugars and proline under 
moderate to high salinity, indicating an advantage in osmotic adjust
ment. The accumulation of soluble sugars and proline within plant tis
sues is a vital drought resistance strategy in dominant species in 
subtropical forests (Kuang et al., 2017). Moreover, while salt tolerance is 
associated with antioxidative capacity in plants, effective antioxidative 
activity does not necessarily imply an upregulation of all antioxidative 
enzymes, and vice versa (Abogadallah, 2010). Although H2O2 levels 
across different salt treatments did not vary significantly within each 
tree species in our study, the more salt-tolerant H. littoralis and 
C. inophyllum significantly increased POD activity under high salinity. 
This aligns with previous research findings that in salt-stressed condi
tions, POD activity significantly increases in salt-tolerant plants, acting 
as the primary scavenger of H2O2. In contrast, CAT activity is mainly 
upregulated in salt-sensitive plants, while SOD shows less sensitivity to 
salinity variations (Abogadallah et al., 2010; Chakraborty et al., 2016). 
Similarly, a genetic analysis of poplar trees revealed that 41 genes in the 
POD superfamily were regulated under salt stress, while only one 
member of the SOD and CAT families was differentially expressed 
(Zheng et al., 2015). Besides ROS scavenging, the stability and strength 
of plant cell walls become crucial in response to osmotic pressure 

Table 1 
Growth and portable device measurement of physiological responses of seedlings in pot experiments under different soil salinities.  

Species Salinity Height RCD Root 
length 

Root DW Stem DW Leaf DW Total DW Pn Fv/Fm WP 

(cm) (mm) (cm) (g) (g) (g) (g) (μmol m− 2 

s− 1)  
(MPa) 

Heritiera littoralis CK 53.67 ±
1.78 

9.71 ±
0.34 

31.97 ±
3.25 

17.93 ±
1.34 

13.72 ±
0.34b 

6.90 ±
0.27 

38.56 ±
1.68 

6.19 ±
0.86a 

0.71 ±
0.01 

− 1.35 ±
0.02 

L 48.00 ±
0.62 

12.11 ±
0.24 

32.43 ±
0.19 

17.48 ±
0.72 

14.83 ±
0.38b 

7.59 ±
0.67 

39.91 ±
1.71 

3.71 ±
0.03ab 

0.72 ±
0.01 

− 2.05 ±
0.13 

M 49.33 ±
6.06 

12.00 ±
1.42 

32.93 ±
1.20 

16.51 ±
1.47 

10.26 ±
0.94b 

5.78 ±
0.58 

32.56 ±
2.48 

1.55 ±
0.29b 

0.72 ±
0.01 

− 1.93 ±
0.19 

H 51.33 ±
1.19 

11.95 ±
0.48 

27.60 ±
2.77 

21.67 ±
1.58 

21.74 ±
1.94a 

5.03 ±
0.59 

48.43 ±
4.09 

1.46 ±
0.19b 

0.71 ±
0.02 

− 2.22 ±
0.17 

Calophyllum 
inophyllum 

CK 70.17 ±
0.49 

16.73 ±
0.14 

20.00 ±
1.39 

40.92 ±
1.58 

32.76 ±
1.49 

33.03 ±
0.48a 

106.71 ±
3.13 

3.82 ±
0.77a 

0.76 ±
0.01a 

− 1.32 ±
0.01 

L 71.33 ±
2.42 

15.38 ±
0.60 

19.73 ±
0.57 

40.09 ±
4.11 

31.32 ±
1.35 

18.69 ±
1.56b 

90.09 ±
6.55 

0.09 ±
0.05b 

0.62 ±
0.03b 

− 1.88 ±
0.21 

M 70.00 ±
1.70 

14.52 ±
0.43 

22.57 ±
2.52 

34.67 ±
5.35 

30.35 ±
3.16 

15.42 ±
1.46b 

80.44 ±
9.49 

0.11 ±
0.01b 

0.56 ±
0.02b 

− 2.09 ±
0.12 

H 69.00 ±
4.24 

14.87 ±
0.19 

21.97 ±
1.34 

34.50 ±
4.76 

31.99 ±
3.81 

16.34 ±
1.75b 

82.83 ±
10.16 

0.01 ±
0.01b 

0.52 ±
0.02b 

− 2.48 ±
0.38 

Pittosporum 
pentandrum 

CK 66.33 ±
1.44 

16.55 ±
1.28 

30.37 ±
1.51 

46.59 ±
5.21a 

49.20 ±
6.42 

5.37 ±
0.63a 

101.15 ±
12.25a 

6.30 ±
0.69a 

0.74 ±
0.01a 

− 1.63 ±
0.09a 

L 63.00 ±
0.82 

15.20 ±
1.07 

26.33 ±
1.91 

34.59 ±
1.26ab 

41.81 ±
1.95 

4.10 ±
0.29ab 

80.50 ±
1.74ab 

1.30 ±
0.45b 

0.72 ±
0.02a 

− 2.65 ±
0.09b 

M 65.33 ±
1.78 

15.88 ±
1.60 

29.17 ±
0.91 

35.36 ±
1.01ab 

37.70 ±
2.78 

4.30 ±
0.21ab 

77.36 ±
3.64ab 

0.53 ±
0.22b 

0.63 ±
0.04b 

− 3.02 ±
0.2bc 

H 60.00 ±
1.03 

14.67 ±
0.59 

21.33 ±
5.39 

26.91 ±
0.77b 

30.77 ±
1.18 

2.12 ±
0.26b 

59.80 ±
1.81b 

0.18 ±
0.07b 

0.63 ±
0.01b 

− 3.62 ±
0.12c 

Podocarpus costalis CK 101.67 ±
0.54 

11.11 ±
0.29 

22.20 ±
1.39 

26.69 ±
2.26 

41.98 ±
2.02 

42.02 ±
4.19a 

110.69 ±
7.91a 

1.37 ±
0.29a 

0.71 ±
0.01a 

− 1.32 ±
0.02a 

L 98.33 ±
1.36 

11.39 ±
0.33 

20.67 ±
3.31 

26.21 ±
1.03 

42.41 ±
0.16 

28.51 ±
2.15ab 

97.13 ±
2.93ab 

0.20 ±
0.11b 

0.73 ±
0.02a 

− 2.22 ±
0.13b 

M 100.00 ±
1.25 

11.19 ±
0.24 

18.47 ±
1.09 

21.40 ±
1.51 

38.28 ±
2.17 

24.77 ±
1.39ab 

84.45 ±
4.57b 

0.10 ±
0.01b 

0.48 ±
0.04b 

− 3.27 ±
0.18c 

H 96.00 ±
3.09 

11.41 ±
0.06 

22.53 ±
0.53 

23.22 ±
1.48 

39.20 ±
1.72 

22.81 ±
4.49b 

85.23 ±
4.39b 

0.11 ±
0.01b 

0.44 ±
0.02b 

− 2.41 ±
0.21b 

Melia azedarach CK 91.33 ±
1.19a 

9.96 ±
0.19 

29.33 ±
1.58 

40.80 ±
3.80a 

18.18 ±
0.83a 

1.22 ±
0.12 

60.20 ±
3.73a 

NA NA NA 

L 90.87 ±
0.88a 

10.38 ±
0.70 

20.77 ±
1.16 

32.67 ±
5.32ab 

18.90 ±
1.49a 

* 51.57 ±
4.25a 

NA NA NA 

M 82.33 ±
1.52a 

10.61 ±
0.30 

17.93 ±
1.48 

25.44 ±
1.80ab 

17.95 ±
0.30a 

* 43.39 ±
1.85ab 

NA NA NA 

H 68.00 ±
3.56b 

8.80 ±
0.49 

16.30 ±
3.09 

17.12 ±
4.01b 

11.46 ±
1.46b 

* 28.58 ±
5.37b 

NA NA NA 

Data represent the mean and standard error; the lowercase letters indicate significant differences between different soil salinities (control [CK], low [L], medium [M], 
and high [H]) in each species (one-way analysis of variance, Tukey method, α = 0.05, n = 5). Abbreviations: RCD (root collar diameter), DW (dry weight), Pn (net 
photosynthetic rate), Fv/Fm (maximum quantum efficiency of PSII), WP (midday leaf water potential), *(completely defoliated), NA (no analysis due to defoliation). 
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induced by salinity. Class III PODs participate in cell wall synthesis and 
repair through lignin polymerization, forming irreversible covalent 
bonds with phenolic compounds or glycoproteins, thus enhancing the 
mechanical structure of the cell wall (Francoz et al., 2015; Tenhaken, 
2014). In our study, only POD activity among the antioxidative enzymes 
of various tree species was significantly affected by salt treatment, 
suggesting that POD activity in woody plants might be more critical for 
salt tolerance. 

4.2. Growth performance of different species in afforestation 

In the Qigu area of Taiwan, remnants of early salt-making industries 
have left abandoned salt fields, which now coexist with the largest 
seawater fish farms in Taiwan, covering over 4750 ha. The soil at the 
experimental site, characterized by high salinity and alkalinity, also 
contains construction and demolition waste (CDW) from coastal 
expressway developments. Substantial CDW in the soil leads to 
groundwater and soil pollution, adversely affecting soil biology (Balali 
et al., 2023; Hou et al., 2018). The fines in CDW also elevate soil pH and 
EC, exacerbating saline conditions and inhibiting the growth of 
salt-sensitive plant species (Yun et al., 2019). Our experimental area 
experiences a concentrated rainy season of only approximately four 
months, with temperatures exceeding 30 ◦C at the end of this period. 
This leads to strong soil evaporation, causing capillary action that brings 
salts to the surface and results in highly saline and alkaline topsoil 
(Zhang et al., 2022). Under extreme weather conditions and prolonged 

drought, maintaining a low level of water supply for seedlings becomes 
unavoidable. However, leaching the salts under limited irrigation con
ditions is challenging, leading to high dissolved salt content in the soil 
water. In the high salinity site of our study, the soil water EC was higher 
than the regional seawater average (~50 dS m− 1) (Tyler et al., 2017). 
The high salinity of the soil water exacerbates physiological drought and 
ionic toxicity, harming plant growth and development (Tavakkoli et al., 
2010). Due to intense human interference and uneven salt distribution 
in the study area, the soil in the high-salinity site met the highest stan
dards of salinity and alkalinity. For up to nine months, the soil water EC 
exceeded 35 dS m− 1, significantly affecting the growth of potential 
native coastal tree species. The reclamation of salt-affected lands is 
challenging due to high costs and freshwater scarcity in coastal areas. 
Additionally, the effectiveness of natural leaching is limited by rainfall 
distribution and the impact of drainage properties on groundwater 
levels, which factors often lead to poor outcomes in managing 
salt-affected lands (Li et al., 2018; Li and Zhang, 2021). Enhancing 
afforestation success is possible by pre-selecting tree species with high 
salinity tolerance. This approach reduces the need for replanting and 
conserving reclamation resources, accelerating ecological recovery in 
salt-affected areas. Moreover, afforestation timing is crucial in this re
gion; planting at the beginning of the rainy season not only fulfills the 
water requirements but also mitigates soil salinity, reducing the adverse 
effects on the initial growth of plants. 

The RGR results indicate that most tree species experience more 
pronounced inhibition in height growth due to salinity than radial 

Table 2 
Leaf biochemical and physiological responses of seedlings in pot experiments under different soil salinities.  

Species Salinity EL RWC H2O2 MDA Proline Cars Chl a Chl b Chl a+b Chl a/b 

(%) (%) (μmol 
g− 1) 

(nmol g− 1) (μg g− 1 DW) (mg g− 1 

DW) 
(mg g− 1 

DW) 
(mg g− 1 

DW) 
(mg g− 1 

DW)  

Heritiera littoralis CK 23.42 ±
2.52 

82.01 ±
0.24a 

1.46 ±
0.08 

655.26 ±
35.28b 

42.00 ±
11.36b 

0.36 ±
0.01 

0.96 ±
0.08 

0.36 ±
0.09 

1.32 ±
0.17 

3.04 ±
0.44 

L 23.91 ±
1.48 

81.36 ±
0.85a 

1.84 ±
0.22 

748.12 ±
15.16ab 

412.82 ±
83.81b 

0.38 ±
0.02 

1.08 ±
0.10 

0.36 ±
0.06 

1.43 ±
0.16 

3.18 ±
0.29 

M 24.08 ±
3.95 

74.99 ±
2.33ab 

1.54 ±
0.14 

726.91 ±
19.65ab 

1254.64 ±
174.74a 

0.41 ±
0.04 

1.19 ±
0.13 

0.36 ±
0.04 

1.55 ±
0.17 

3.38 ±
0.10 

H 22.84 ±
2.98 

65.82 ±
4.46b 

1.92 ±
0.08 

806.66 ±
17.75a 

1389.89 ±
183.46a 

0.40 ±
0.02 

1.08 ±
0.15 

0.35 ±
0.10 

1.43 ±
0.24 

3.48 ±
0.42 

Calophyllum 
inophyllum 

CK 28.33 ±
1.07b 

76.16 ±
0.52 

2.61 ±
0.29 

640.64 ±
6.98b 

18.61 ± 2.03b 0.37 ±
0.02 

1.00 ±
0.06 

0.29 ±
0.03 

1.29 ±
0.09 

3.48 ±
0.16 

L 30.58 ±
3.66b 

73.02 ±
0.71 

3.34 ±
0.34 

888.32 ±
5.07ab 

31.94 ±
7.28ab 

0.40 ±
0.01 

0.89 ±
0.05 

0.24 ±
0.01 

1.12 ±
0.06 

3.78 ±
0.16 

M 38.41 ±
8.42ab 

73.27 ±
2.00 

2.90 ±
0.07 

1068.92 ±
19.33ab 

36.94 ±
1.25ab 

0.44 ±
0.02 

1.11 ±
0.07 

0.30 ±
0.03 

1.41 ±
0.10 

3.67 ±
0.13 

H 59.95 ±
6.89a 

70.77 ±
2.57 

3.18 ±
0.05 

1272.54 ±
24.64a 

41.80 ± 0.56a 0.38 ±
0.02 

0.92 ±
0.06 

0.30 ±
0.02 

1.21 ±
0.07 

3.11 ±
0.11 

Pittosporum 
pentandrum 

CK 14.67 ±
0.91b 

91.23 ±
0.38a 

29.29 ±
1.57 

66.81 ± 0.02c 19.37 ± 6.93b 0.42 ±
0.01 

0.93 ±
0.05 

0.20 ±
0.02 

1.13 ±
0.07 

4.79 ±
0.25 

L 13.79 ±
0.09b 

89.65 ±
0.22ab 

35.89 ±
1.61 

126.01 ±
1.34b 

28.96 ± 3.94b 0.47 ±
0.04 

1.05 ±
0.14 

0.27 ±
0.07 

1.32 ±
0.21 

4.41 ±
0.69 

M 13.99 ±
0.58b 

86.91 ±
1.98ab 

34.27 ±
1.26 

153.26 ±
5.93ab 

16.21 ± 3.31b 0.47 ±
0.04 

0.92 ±
0.06 

0.18 ±
0.01 

1.09 ±
0.06 

5.23 ±
0.31 

H 21.77 ±
1.27a 

77.69 ±
0.74b 

32.17 ±
0.24 

182.44 ±
8.65a 

128.12 ±
20.23a 

0.52 ±
0.03 

1.00 ±
0.03 

0.19 ±
0.01 

1.19 ±
0.03 

5.26 ±
0.28 

Podocarpus costalis CK 24.57 ±
2.50b 

74.42 ±
3.04 

2.43 ±
0.10 

703.40 ±
5.51c 

17.65 ± 0.45b 0.31 ±
0.01a 

0.90 ±
0.01a 

0.29 ±
0.01a 

1.19 ±
0.02a 

3.17 ±
0.01 

L 39.80 ±
4.81ab 

74.83 ±
0.66 

3.40 ±
0.17 

664.84 ±
14.47c 

24.03 ± 0.32b 0.25 ±
0.01b 

0.65 ±
0.06b 

0.19 ±
0.02b 

0.84 ±
0.09b 

3.35 ±
0.09 

M 48.83 ±
0.83a 

68.03 ±
6.31 

3.95 ±
0.74 

901.15 ±
7.09b 

42.35 ± 2.52a 0.25 ±
0.02b 

0.58 ±
0.05b 

0.16 ±
0.01b 

0.73 ±
0.07b 

3.71 ±
0.31 

H 39.53 ±
5.81ab 

77.68 ±
0.93 

3.54 ±
0.31 

1089.67 ±
5.64a 

41.87 ± 5.48a 0.26 ±
0.01b 

0.62 ±
0.01b 

0.16 ±
0.01b 

0.79 ±
0.02b 

3.82 ±
0.20 

Melia azedarach CK NA NA NA NA NA NA NA NA NA NA 
L NA NA NA NA NA NA NA NA NA NA 
M NA NA NA NA NA NA NA NA NA NA 
H NA NA NA NA NA NA NA NA NA NA 

Data represent the mean and standard error; the lowercase letters indicate significant differences between different soil salinities (control [CK], low [L], medium [M], 
and high [H]) in each species (one-way analysis of variance, Tukey method, α = 0.05, n = 5). Abbreviations: EL (electrolyte leakage), RWC (relative water content), 
MDA (malondialdehyde), DW (dry weight), Cars (carotenoids), Chl (chlorophyll), NA (no analysis due to defoliation). 
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growth. Under saline conditions, cell walls thicken through hemicellu
lose and lignin deposition, forming secondary cell walls (Le Gall et al., 
2015). This increased thickness adds rigidity and maintains appropriate 
turgor pressure (Muszyńska et al., 2014). Lignification of cell walls is 
considered a vital response of plants to environmental stress and me
chanical challenges (Moura et al., 2010), aligning with the increased 
POD activity observed in our pot experiments. Field growth and survival 
performance of various tree species in this study align with salt tolerance 
results from pot experiments. H. littoralis showed the best performance 
and M. azedarach the worst, suggesting that short-term controlled salt 
experiments can reliably predict longer-term field performance. Ac
cording to Yeh et al. (2013), the spatial and temporal distribution of 
evapotranspiration in Taiwan shows approximately 3 mm during the dry 
season (November to April) and 4.4 mm in the rainy season (May to 
August) in the study area. In our field experiment, water supply during 
the winter meets the evapotranspiration demand, while in autumn and 
spring, limited irrigation amidst reduced rainfall and high temperatures 
may lead to drought conditions for the seedlings. Additionally, the study 
area faces various abiotic stresses such as high temperatures, intense 
light, strong winds, and salt spray. Proline, positively correlated with 
tolerance to various abiotic stresses (Ghosh et al., 2022), was synthe
sized in large amounts by H. littoralis under saline conditions in pot 

experiments, aiding in resistance to diverse environmental stresses. 
Beyond physiological responses, the characteristics and adaptability of 
leaves are crucial factors in responding to various abiotic stresses in 
actual environmental conditions (Li et al., 2023). The waxy leaf surfaces 
of H. littoralis leaves effectively prevent water loss and salt spray dam
age, with their silvery scales on the back increasing reflection to mitigate 
damage to the photosynthetic system from intense light (Ye et al., 2011). 
Conversely, the leaves of M. azedarach, lacking a waxy layer or succulent 
features, are not conducive to water retention, with growth and survival 
rates decreasing with increasing salinity. This phenomenon, consistent 
with pot experiment results, indicates a high sensitivity of M. azedarach 
to environmental salinity. Similarly, the survival rates of M. azedarach 
across different sites were notably stable after transplantation. This re
flects that individuals sensitive to high salinity levels quickly succumbed 
within the first three months post-transplantation, indicating an im
mediate maladaptation to the saline conditions. Overall, choosing tree 
species with good tolerance helps ensure stable growth under repeated 
abiotic stresses, enhancing the possibility of successful afforestation. 

4.3. Key indicators in pot experiments linking to field performance 

In afforestation activities on salt-degraded lands, selecting suitable 

Table 3 
Nutrient and antioxidant responses of seedlings in pot experiments under different soil salinities.  

Species Salinity Leaf FAA Leaf 
protein 

Leaf soluble 
sugar 

Leaf starch Root soluble 
sugar 

Root starch SOD POD CAT 

(mg g− 1 

DW) 
(mg g− 1 

DW) 
(mg g− 1 DW) (mg g− 1 DW) (mg g− 1 DW) (mg g− 1 

DW) 
(U mg− 1 

protein) 
(U mg− 1 

protein) 
(U mg− 1 

protein) 

Heritiera littoralis CK 7.74 ±
0.64 

22.75 ±
2.08 

97.83 ± 2.48 182.40 ±
8.61a 

162.35 ±
7.73a 

230.84 ±
13.06b 

55.06 ±
6.60 

967.71 ±
40.41b 

31.41 ±
3.47 

L 6.95 ±
0.16 

21.67 ±
0.52 

77.22 ± 8.30 170.48 ±
3.31 ab 

151.26 ±
16.70a 

200.80 ±
7.12b 

56.58 ±
2.07 

1077.79 ±
2.88ab 

24.60 ±
5.24 

M 6.98 ±
0.62 

19.41 ±
1.67 

76.11 ± 3.54 155.22 ±
10.12ab 

144.61 ±
2.39ab 

224.95 ±
7.79b 

64.65 ±
7.45 

980.76 ±
85.52b 

29.77 ±
2.16 

H 8.43 ±
1.33 

20.92 ±
3.51 

72.75 ± 6.83 139.19 ±
3.36b 

89.80 ±
7.04b 

287.37 ±
1.20a 

65.13 ±
8.39 

1339.12 ±
52.60a 

18.06 ±
1.73 

Calophyllum 
inophyllum 

CK 3.17 ±
0.49 

20.17 ±
1.22 

167.79 ±
9.26 

351.21 ±
22.13a 

221.24 ±
12.62 

178.80 ±
9.61 

67.83 ±
3.89 

2.66 ± 0.41b 21.30 ±
5.24 

L 3.06 ±
0.04 

22.80 ±
2.45 

182.42 ±
14.44 

274.95 ±
1.02ab 

234.01 ±
18.63 

152.47 ±
6.29 

61.53 ±
6.64 

4.46 ± 0.71b 19.17 ±
2.09 

M 3.12 ±
0.14 

21.87 ±
0.24 

172.44 ±
13.19 

251.15 ±
19.33b 

220.76 ±
8.97 

163.01 ±
13.83 

66.73 ±
2.91 

3.53 ± 0.37b 18.61 ±
6.41 

H 2.77 ±
0.57 

21.00 ±
0.53 

189.74 ±
8.39 

267.03 ±
4.43b 

196.03 ±
6.60 

155.39 ±
14.17 

66.60 ±
0.99 

8.97 ± 0.61a 13.52 ±
5.16 

Pittosporum 
pentandrum 

CK 4.98 ±
0.89 

25.14 ±
1.65 

193.22 ±
23.75 

277.79 ±
27.05 

118.65 ±
2.21b 

246.34 ±
7.03 

33.74 ±
0.03 

37.50 ± 1.96 10.61 ±
0.19 

L 2.89 ±
1.17 

28.51 ±
2.85 

182.31 ±
5.00 

245.96 ±
22.21 

126.26 ±
2.72b 

200.24 ±
1.29 

26.63 ±
1.27 

24.52 ± 4.40 13.53 ±
1.49 

M 2.59 ±
0.77 

27.46 ±
1.86 

212.17 ±
26.19 

210.72 ±
14.83 

155.98 ±
1.90a 

239.89 ±
13.93 

26.75 ±
3.53 

21.56 ± 2.38 13.41 ±
3.08 

H 2.51 ±
0.44 

31.35 ±
0.59 

202.04 ±
9.71 

166.20 ±
9.54 

126.96 ±
4.44b 

216.97 ±
17.35 

26.51 ±
3.54 

28.65 ± 5.71 9.38 ± 1.05 

Podocarpus costalis CK 1.73 ±
0.03b 

35.43 ±
0.37 

164.04 ±
5.36 

289.84 ±
9.21 

136.36 ±
2.25 

211.16 ±
4.33a 

41.55 ±
0.23 

6.50 ± 0.62a 8.33 ± 1.87 

L 2.61 ±
0.11ab 

27.28 ±
0.51 

171.81 ±
10.93 

300.99 ±
20.30 

187.34 ±
10.22 

208.38 ±
6.78a 

48.84 ±
2.88 

4.59 ± 0.08b 10.78 ±
2.69 

M 2.28 ±
0.13ab 

35.55 ±
2.30 

215.22 ±
17.05 

298.08 ±
13.99 

162.73 ±
12.95 

161.24 ±
3.32b 

39.49 ±
3.56 

4.46 ± 0.27b 12.21 ±
3.23 

H 2.78 ±
0.31a 

39.01 ±
4.43 

196.73 ±
23.16 

309.29 ±
14.31 

162.33 ±
17.99 

187.12 ±
5.46ab 

37.09 ±
4.66 

3.61 ± 0.21b 9.38 ± 1.05 

Melia azedarach CK NA NA NA NA 208.57 ±
19.57 

385.79 ±
20.10 

NA NA NA 

L NA NA NA NA 220.16 ±
12.07 

353.79 ±
16.41 

NA NA NA 

M NA NA NA NA 253.41 ±
10.46 

349.04 ±
12.17 

NA NA NA 

H NA NA NA NA 220.04 ±
22.53 

366.13 ±
6.60 

NA NA NA 

Data represent the mean and standard error; the lowercase letters indicate significant differences between different soil salinities (control [CK], low [L], medium [M], 
and high [H]) in each species (one-way analysis of variance, Tukey method, α = 0.05, n = 5). Abbreviations: FAA (free amino acids), DW (dry weight), SOD (leaf 
superoxide dismutase), CAT (leaf catalase), POD (leaf peroxidase), NA (no analysis due to defoliation). 
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tree species is crucial for enhancing the success of these efforts. Natural 
selection has driven the evolution of salt-tolerant species and ecotypes 
within species. Typically, better results in salt tolerance tests are ob
tained from species that naturally grow in saline environments and from 
their progeny selected under high-salt conditions. However, the 
screening for salt tolerance of many species is conducted in greenhouses 
with seedlings, and field trial results for validation are lacking (Niknam 
and McComb, 2000). A meta-analysis indicates that the correlation be
tween lab and field phenotypic data is modest (R2 = 0.26), likely 
because lab conditions do not mimic field environments (Poorter et al., 
2016). In our pot experiments, the short-term salt treatment has not yet 
significantly impacted seedling height, RCD, or root length for most 
species. Because the salt treatment was applied at the end of the growing 
season to align with field conditions, these aspects of morphological 
growth are generally not suitable for reflecting the field results. 
Regarding the field RGR of RCD, it showed a low correlation with most 
indicators from pot experiments, primarily attributed to an overall in
crease in RCD during the second growth season post-planting. Except for 
M. azedarach, other species exhibited significant RCD growth under 
prolonged salt stress in high-salinity areas, thereby reducing interspecies 
differences. The individuals enduring long-term salt stress developed 

adaptations, with increased secondary growth observed as a critical 
response to combat salt stress (Shafi and Zahoor, 2019). In contrast, the 
RGR of height more clearly differed among species, correlating with 
several pot-experiment parameters. Plant height growth involves cell 
elongation, but increased cell wall rigidity to withstand salt stress re
duces wall extensibility. Elongation is facilitated by the oxidation of cell 
wall polysaccharides through ROS and the loosening of cell walls by 
expansin, which breaks hydrogen bonds (Julkowska and Testerink, 
2015). Thus, except for the differences in tree growth habits, interspe
cies variations in salt tolerance, particularly regarding cell wall traits 
and ROS regulation, impact long-term seedling height growth. Corre
lation analysis identified a significant negative relationship between 
proline levels and the growth and survival of seedlings in the field. This 
trend is primarily attributed to the substantial accumulation of proline 
observed in most species, including those sensitive to salt, under salt 
stress conditions. Although the highly salt-tolerant species H. littoralis 
demonstrated considerable proline levels in saline environments, this 
phenomenon is likely a manifestation of its inherent stress resistance 
mechanisms. This suggests that proline accumulation may not be a 
suitable indicator of salt tolerance across different species. As a recog
nized compatible solute, proline is crucial for plant salt tolerance. 

Fig. 5. Spearman correlation coefficients (ρ) between parameters from pot and field experiments; the high and low intensity of color represent strong and weak 
relationships (blue for positive and red for negative) between a pair of parameters, respectively; *p < 0.05, **p < 0.01, ***p < 0.001, n = 36. Abbreviations: RCD 
(root collar diameter), DW (dry weight), Pn (net photosynthetic rate), Fv/Fm (Maximum quantum efficiency of PSII), WP (midday leaf water potential), EL (elec
trolyte leakage), RWC (relative water content), MDA (malondialdehyde), POD (leaf peroxidase). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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However, the precise mechanisms connecting proline with salt tolerance 
are still unclear (El Moukhtari et al., 2020). Additionally, multiple ef
fectors regulate free proline biosynthesis, leading to diverse responses to 
salt stress in different studies and among various plant species (Mansour 
and Ali, 2017). 

As the final product of the peroxidation of unsaturated fatty acids in 
cell membranes, MDA is widely used to assess oxidative stress or cell 
damage. Numerous studies have shown that genotypes with higher salt 
tolerance within species often have lower leaf MDA content, suggesting 
MDA as a suitable indicator for assessing salt tolerance (Ashrafi et al., 
2015; Kumar et al., 2018; Singh & Kumar, 2021). In this study, MDA 
levels from pot experiments effectively reflected the field growth pat
terns of various tree species, exhibiting a strong negative correlation 
with field survival rates. This finding underscores the potential of MDA 
measurements from controlled experiments to serve as a reliable tool for 
assessing salt tolerance among different species under real-world con
ditions. Similarly, an elevation in EL indicates increased cell membrane 
damage, which often correlates highly with MDA content (Yan et al., 
2022). In addition, owing to its straightforward measurement process, 
EL is a practical indicator for predicting the field survival rates of various 
tree species. Furthermore, the correlation between leaf biomass from pot 
experiments and in-field height growth and survival rates indicates that 
a short-term decline in photosynthetic efficiency can significantly 
impact long-term growth. However, leaf shedding in response to salt 
stress is a crucial salt exclusion mechanism that reduces salt accumu
lation within the plant (Abdellaoui et al., 2023). Therefore, accurately 
controlling the simulation of salt stress in experimental settings is 
essential for obtaining reliable results. In this study, we replicated 
field-like soil salinization periods and continuously applied saline water, 
mimicking the gradual increase in salt levels typically observed in the 
field. This approach was instrumental in preventing certain species from 
employing leaf shedding as a short-term salt avoidance mechanism, a 
factor that could potentially obscure the correlation between leaf 
biomass and species’ salt tolerance. Finally, physiological parameters 
from pot experiments, such as Pn, WP, and Fv/Fm, showed a moderate 
positive correlation with field survival rates. This suggests that the ef
ficiency of seedlings’ photosystem and water status under short-term 
salt stress can moderately indicate their long-term growth perfor
mance in the field. The rapid measurability of these parameters using 
portable devices offers significant advantages for extensive salt toler
ance testing across a broader range of tree species, thereby expediting 
the identification of species suitable for extremely salt-affected 
environments. 

4.4. Implications and limitations 

The most common cause of afforestation failure is poor site/species 
matching, coupled with a lack of understanding of hydrological, topo
graphical, and soil conditions, which significantly affects planting out
comes (Wodehouse and Rayment, 2019). In Taiwan, the Forestry 
Agency has established specific regulations for prioritizing native tree 
species in ecological forestry, adhering to the principle of “right tree, 
right place.” However, the soil in coastal areas often undergoes 
human-induced degradation, which is exacerbated by disturbances such 
as waste from road development and terrain features that prevent salt 
expulsion, conditions observed in our afforestation projects. In such 
scenarios, selecting tree species for afforestation can be challenging 
when relying solely on the ecological distribution of plants or by refer
encing the composition of nearby forests. Consequently, it is crucial to 
develop methods and indicators for assessing the salt tolerance of native 
plants. This approach, combined with environmental assessments, helps 
identify the best species for sites affected by salinity. Notably, the se
lection process should prioritize native species to support long-term 
adaptation and minimize ecological impacts. For example, the early 
and extensive plantings of the exotic species Casuarina spp. along Tai
wan’s coasts not only grew rapidly but also effectively stabilized 

wind-blown sand. However, these species struggle with natural regen
eration, are susceptible to pests and diseases, and have shorter lifespans, 
all of which contribute to the decline of these coastal forests. Recent 
efforts by Taiwan’s Forestry Agency to rejuvenate these areas with 
native coastal species and create mixed-species forests have shown 
promising results (Cheng and Ho, 2012). Beyond indigenous species, 
tree selection can also focus on those already widely cultivated and 
demonstrating potential salt tolerance. Although P. costalis, featured in 
our study, is originally from the coastal cliffs of Taiwan’s offshore island, 
its significant ornamental value has led to its widespread cultivation 
across mainland Taiwan, making it a viable choice. Planting a diversity 
of species in areas affected by salinity not only enhances biodiversity but 
also prevents the dominance and exclusion effects associated with 
monocultures. 

Our experimental results confirmed that MDA serves as a reliable 
indicator of salt tolerance. However, this study analyzed only five tree 
species, while the local coastal region hosts dozens of native species that 
vary in their proximity to the sea. Thus, further verification through 
additional research is required to establish the applicability of this in
dicator to other species. Moreover, there are numerous limitations to the 
broader application of salt tolerance indicators. On one hand, salt 
tolerance indicators developed from studies on individual species, such 
as leaf SOD activity and soluble sugar content in Siberian elm (Mu and 
Ding, 2022), may not be applicable across multiple species. These two 
indicators did not show significant differences across our analyzed tree 
species. On the other hand, cross-species salt tolerance research has 
developed various indicators, such as leaf count and height growth in 19 
woody species (Sun and Dickinson, 1993), Fv/Fm in 30 woody species 
(Percival, 2005), biomass and Na+/K+ ratios in 15 Acacia species (Jo
seph et al., 2015), and measurements of photosynthesis, stomatal 
conductance, and antioxidant enzymes (SOD, POD, and CAT) in 5 
woody species (Hussain et al., 2021). However, due to budgetary and 
resource constraints, such research often tests only a few physiological 
parameters and may not fully reflect true salt tolerance characteristics. 
Moreover, using varying NaCl concentrations in experiments may not 
accurately reflect natural salt compositions, which could potentially 
cause disparities between experimental and real environmental condi
tions. Additionally, confining experiments solely to pots may limit root 
development and overlook the adaptive strategies of deep-rooted species 
in their natural habitats. Therefore, establishing salt tolerance indicators 
requires further verification from field planting outcomes, especially in 
coastal areas where plants often face multiple stressors such as high 
temperatures, strong winds, intense sunlight, and drought. These con
ditions necessitate a diverse range of adaptive mechanisms for plants to 
survive. As for our field planting sites, Site M, located upwind, may 
experience greater effects from salt spray carried by strong winds, while 
Site L might face biotic stress due to the rapid growth of weeds and vines. 
Despite these complexities, the strong correlation between the pot 
experiment results and field growth confirms that salt stress is the pri
mary limitation to plant growth in this area. This finding establishes 
plant salt tolerance as a key factor in selecting appropriate species for 
afforestation on salt-affected lands. Furthermore, a precise under
standing of the environmental conditions at the planting area helps 
maximize planting outcomes. Although M. azedarach has a lower salt 
tolerance, its rapid growth makes it suitable for planting in low-salinity 
areas to enhance carbon sequestration. 

5. Conclusions 

This study establishes the importance of tree species selection in 
afforestation projects on saline-degraded coastal lands. Short-term salt 
stress simulated in controlled pot experiments effectively reflects the 
growth performance of plants in salt-affected field conditions. The 
content of MDA in leaves shows a strong negative correlation with 
relative height growth and survival rates of various tree species in field 
results, demonstrating its effectiveness in cross-species assessment of 
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salt tolerance. Additionally, parameters such as EL and leaf DW exhibit 
moderate correlation to field performance and can be integrated for a 
more detailed evaluation of salt tolerance. Portable measurements of Pn, 
WP, and Fv/Fm effectively determine the photosynthetic activity and 
water status of seedlings, moderately correlating with their long-term 
survival post-transplantation. These metrics are instrumental in identi
fying tree species potentially suitable for afforestation. The H. littoralis 
exhibits the highest salt tolerance, likely due to the considerable proline 
accumulation under salt stress. In contrast, the M. azedarach shows the 
lowest salt tolerance, with complete defoliation under short-term salt 
stress and a marked decline in growth performance with increasing salt 
levels in field observations. In summary, practical simulation experi
ments and salt tolerance assessment parameters can identify potential 
tree species suitable for planting in degraded salt-affected areas. By 
conducting small-scale, short-term saline experiments at the nursery 
stage to select species suited for transplantation, we can enhance 
afforestation success in saline environments affected by extreme climate 
or anthropogenic disturbances. This approach not only contributes to 
the environmental restoration of degraded lands and the conservation of 
resources, but also supports the objectives of sustainable development. 
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