
Conditions for vegetative propagation of three key halophytes from habitats 
of EU community interest: substrate nature, salinity and PGP-bacterial 
interactions and cost evaluation

Pedro Valle-Romero a,* , M. Rocío Martín-Peláez a , Noris J. Flores-Duarte b ,  
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A B S T R A C T

The ecological transition faces the challenge of expanding wetland restoration areas due to their critical role in 
ecosystem service provision. To improve restoration efforts, particularly in plant material production for 
revegetation, scientific knowledge is essential. This study focuses on establishing optimal vegetative propagation 
protocols for three slow-growing, perennial halophyte species from EU habitats of interest: Atriplex portulacoides, 
Arthrocaulon macrostachyum and Sporobolus maritimus. Cuttings were grown in three substrates (perlite, coconut 
fiber and mulch) with two salinity levels (0 and 171 mM NaCl) and three inoculation treatments (non-inoculated 
and inoculated with two plant growth-promoting (PGP) rhizobacteria consortia). Cuttings survival rate was 
species-specific, with A. portulacoides showing the highest survival range (78.75 ± 18.75) compared to the ranges 
observed for A. macrostachyum and S. maritimus (57.50 ± 12.50 % and 59.60 ± 9.00 %, respectively). Plants 
grown with coconut fiber performed best survival rate, followed by perlite independently of inoculation. 
Moreover, survival rates of S. maritimus were also enhanced by PGP inoculation. Similar patterns were observed 
for cutting development: cuttings grown in perlite, followed by coconut fiber, and exposed to high salinity 
showed higher above- and belowground biomass. By selecting this Substrate and Salinity, Inoculum had a positive 
effect on the development of A. portulacoides and A. macrostachyum. Furthermore, inoculated plants showed 
overall higher values of photosynthetic efficiency and carboxylation. Finally, a cost analysis comparing our 
approach to using direct transplant material indicates significant economic advantages. Our results provide 
compelling evidence to enhance nursery stock for future revegetation projects.

1. Introduction

Coastal wetlands stand out as some of the most abundant, accessible 
and productive ecosystems on Earth (Cadier et al., 2020). Beyond their 
sheer prevalence, these ecosystems offer substantial ecological benefits 
(Hagger et al., 2022; Newton et al., 2020). They sustain high levels of 
production, contribute to atmospheric CO2 sequestration and carbon 
storage, provide protection against extreme weather events, and host a 
diverse array of habitats and species of community interest (Alongi, 
2020; Barbier, 2020). It is estimated that they contribute to 40 % of the 

annual renewable ecosystem services generated globally, making them a 
highly valuable target for investment in restoration efforts 
(Moreno-Mateos et al., 2015). Despite their ecological significance, 
coastal wetlands face formidable conservation challenges primarily 
stemming from human activities such as urbanization, deforestation, 
eutrophication, introduction of exotic species and pollution (Newton 
et al., 2020; Ostad-Ali-Askari, 2022). Consequently, these ecosystems 
have experienced a significant loss of vegetation cover, ranging from 25 
% to 50 % in the last 50–100 years (Hamilton and Casey, 2016). This 
alarming trend renders coastal wetlands among the most endangered 
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ecosystems on the planet (Cadier et al., 2020), prompting the need for 
proactive measures to enhance ecosystem restoration (Assembly, 2019; 
Bullock et al., 2011; European Commission, 2023).

In the realm of wetland ecological restoration, one of the primary 
strategies employed is the revegetation with native species (Henry et al., 
2024; Moreno-Mateos et al., 2015), which boosts native plant cover, 
preserves soil, stores carbon, regulates gases, and supports ecosystem 
restoration and the protection of vulnerable populations 
(Lázaro-González et al., 2023). Revegetation programs can be imple
mented using seeds or plants (Henry et al., 2024). However, within the 
context of wetland ecosystems, several studies have shown that using 
developed plants accelerates ecosystem succession in the early years 
following revegetation (Rodrigo, 2021). This approach significantly 
enhances rooting success and reduces initial plant stress (Carneiro et al., 
2024; Curado et al., 2014). In addition, planting developed individuals 
offers specific advantages: they can be obtained year-round from natural 
or nursery stocks, whereas seeds are available only during limited pe
riods; and for some species, seed supply may be insufficient 
(Andrades-Moreno et al., 2013; Balestri et al., 2012). Notably, many 
revegetation efforts in wetland ecosystems prioritize key perennial 
species, which are often slow-growing, challenging to be propagated 
from seeds, and disadvantaged when facing competition from annuals or 
invasive species (Vélez-Martín et al., 2018). Therefore, it is urgent to 
develop scientific and technical knowledge aimed at improving the ef
ficiency of plant material production in nurseries, particularly for key 
perennial halophyte species with slow growth.

Identifying best management practices in nurseries is crucial for 
enhancing the efficiency of plant material production. Significant efforts 
have been made to determine key factors for propagating forest species 
involved in restoration programs (Pericleous and Eliades, 2020; Riov 
et al., 2020), but knowledge is scarce for coastal ecosystems species. Key 
aspects of nursery management include substrate characteristics, irri
gation water quality, and the use of chemicals to enhance plant nutrition 
and development (Dagar, 2005; Pascual et al., 2018). Substrate, or 
growing media, quality is defined by its suitability for the intended 
purpose and is influenced by the climatic conditions of the production 
site (Pascual et al., 2018). The substrate provides essential physical 
support and supplies air, water and nutrients necessary for healthy root 
function. Factors such as air porosity, water-holding capacity and den
sity are critical for successful plant growth and root development (Abha 
Manohar et al., 2022; Agarwal et al., 2023). Therefore, choosing the 
right substrate is crucial for optimal plant growth and propagation in 
nurseries (Pascual et al., 2018). In the special case of estuarine plants, 
salinity level is also a determinant factor for their nursery propagation, 
since species from estuarine habitats inherently differ in their salinity 
tolerance or even in the need to grow in the presence of salt (Song et al., 
2022; Wungrampha et al., 2021). Hence, successfully propagating these 
plants in nurseries depends on accurately simulating their natural 
salinity preferences, which ultimately supports their survival and 
development.

Additionally, the use of chemical compounds, such as growth- 
promoting hormones, pest control agents and fertilizers in nursery 
production, is considered a standard practice for effective management 
(Bueno and Cordovilla, 2021; Navarro-Torre et al., 2023). Consequently, 
a primary objective in halophyte production within the nursery industry 
is to advance research aimed at optimizing the use of these compounds, 
reducing dependency on synthetic fertilizers, lowering production costs 
and mitigating the risks of leaching into surface and groundwater 
(Llamas et al., 2023; Srivastav, 2020). In recent years, there has been a 
growing emphasis on the importance of plant growth-promoting rhizo
bacteria (PGPR) in research due to their critical role in enhancing plant 
growth, improving nutritional status and increasing resilience to envi
ronmental stressors (Adnan et al., 2022; Tabassum et al., 2017; Voc
ciante et al., 2022). PGPR can colonize the root system, utilizing root 
exudates as a nutrient source to stimulate growth-promoting activities, 
ultimately improving plant development and yield (Azeem et al., 2022). 

Moreover, PGPR interacts synergistically with plants to enhance soil 
properties (Shahid et al., 2020). Consequently, PGPR are now consid
ered as a promising alternative to enhance plant propagation in estua
rine nurseries, reducing the dependence on chemical inputs that 
contribute to soil degradation and pollution.

The aim of this study was to determine the importance of substrate 
nature, salinity concentration of the medium and presence of PGPR in 
the vegetative propagation capacity of estuarine plants. Our analysis 
focused on experimentally testing these effects on three key perennial 
species (Arthrocaulon macrostachyum, Atriplex portulacoides and Spor
obolus maritimus) from two habitats of EU community interest. Finally, 
drawing on our results we also discuss the commercial applicability of 
the tested vegetative propagation protocols and their cost-effectiveness 
in comparison to other revegetation initiatives targeting some of the 
species studied.

2. Material and methods

2.1. Plant material and experimental design

Three key perennial species from two habitats of EU community 
interest were selected: (i) Arthrocaulon macrostachyum (Moric.) Piirainen 
& G. Kadereit and (ii) Atriplex portulacoides (L.) Aellen key species from 
the Mediterranean habitats; and (iii) Sporobolus maritimus (Curtis) P.M. 
Peterson & Saarela, belonging to the Spartina grasslands (Spartinion 
maritimae) European community habitats, respectively (Directive 92/ 
43/EEC). Cuttings were harvested from completely developed plants in 
February 2022 from a well-established population in a high, medium 
and low-marsh sites respectively, located in Piedras River marshes, 
Huelva (37◦12′40 “N 7◦07′19 “W). The cutting procedure was species- 
specific: (i) for A. macrostachyum, vegetative propagation consisted of 
using cuttings of 20 cm from fully developed stems from the apex of the 
donor plant stems, and cuttings were immediately planted with 5 cm of 
the stem buried. (ii) A. portulacoides vegetative propagation followed the 
same procedure as for A. macrostachyum, but A. portulacoides cuttings 
were planted with two internodes buried and three exposed above 
ground. (iii) For S. maritimus, 3 young stems of 10 cm in length, each 
with a portion of root, were planted. We initially attempted to propagate 
S. maritimus from rhizomes, but plants did not survive, forcing us to use a 
different propagation protocol. On the same day the cuttings were 
collected, they were planted in individual multi-perforated pots (9 cm in 
diameter) and placed in shallow trays within the greenhouse facilities of 
the University of Seville. The experiment lasted 90 days under the 
following controlled conditions: maximum temperature between 21/ 
25 ◦C, minimum temperature between 13/11 ◦C, 40–50 % relative hu
midity and natural daylight ranging from 200 to 1000 μmol m− 2 s− 1 

(minimum and maximum light flux, respectively).
The pots were filled with different commercial substrates and sub

jected to various salinity and inoculation treatments. Three commercial 
substrates (coconut fiber, mulch and perlite) were selected because they 
are among the most used in the nursery industry. These substrates also 
offer contrasting properties in terms of porosity, water holding capacity 
and density, key factors influencing root development. The physical and 
chemical properties of the substrates are provided in supplementary 
material (Table S1). Two salinity levels (0 and 171 mM NaCl) were 
chosen based on the concentrations found in the natural distribution of 
the study species (Redondo-Gómez et al., 2006) and the optimal con
centration for growth. A concentration of 171 mM NaCl was found to be 
optimal for both A. macrostachyum (Redondo-Gómez et al., 2010) and 
A. portulacoides (Mateos-Naranjo et al., 2020). For S. maritimus, no sig
nificant differences in growth were observed between 0 and 171 mM 
NaCl (Mateos-Naranjo et al., 2010). The solutions were prepared by 
dissolving the appropriate amount of NaCl in tap water to achieve a total 
volume of 3 L per solution. These solutions were then applied to the trays 
corresponding to each treatment. To maintain consistent NaCl concen
trations, levels in the trays were monitored continuously throughout the 
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experimental period. To prevent nutritional deficiencies, the experi
mental pots were irrigated with 50 mL of a 20 % Hoagland solution 
(Hoagland and Arnon, 1938) at the beginning and midway through the 
experiment.

The inoculation treatment was provided as without or with bacterial 
inoculation with the following consortia: consortium 1 was integrated 
by strains Pantoea agglomerans S3, Bacillus velezensis R5 and Enterobacter 
sp. H17; consortium 2 b y Priestia megaterium MS2, Bacillus subtilis MR4 
and Curtobacterium sp. MH3. The bacterial density of the consortia was 
adjusted to be between 108 and 109 CFU/mL once diluted in water for 
the inoculation of the plants, and the plants were inoculated twice a 
month with 50 mL of each of the corresponding consortia. It was decided 
to inoculate twice a month based on previous works, which demon
strated that this frequency ensures an effective establishment and 
colonization (De Oliveira et al., 2024; Navarro-Torre et al., 2017). The 
bacterial strains were previously isolated from the rhizosphere and tis
sues of the halophytic specie Mesembryanthemum crystallinum 
(Flores-Duarte et al., 2023; Pajuelo et al., 2023). They were selected for 
their beneficial plant growth-promoting (PGP) properties (Table 1), 
including phosphate solubilization, siderophore and IAA production, 
nitrogen fixation and biofilm formation. These traits enhance plant 
growth and stress tolerance by improving nutrient availability, stimu
lating root development and increasing nitrogen input. ACC deaminase 
activity lowers ethylene levels, protects plants from environmental 
stress. Additionally, bacterial capacity to produce lytic enzymes is 
associated with the control of pathogenic fungi proliferation. For tech
nical details of inoculum preparation and application, see Flores-Duarte 
et al. (2023). Therefore, plants of each species were subjected to 18 
experimental treatments, combining three substrates (coconut fiber, 
mulch and perlite), two salinity levels (0 and 171 mM NaCl) and three 
bacterial inoculation conditions (none, consortium 1 or consortium 2) 
(n = 1080; 18 experimental treatments x 20 pots per treatment x 3 
species).

2.2. Evaluation of survival rate, plant growth and photosynthetic 
apparatus performance

At the end of the experiment, we evaluated the survival rate of the 
species under different treatments. In the case of A. portulacoides and 
A. macrostachyum, we considered individuals dead if they had not 
developed roots after 90 days. In contrast, in the case of S. maritimus, 
survival was based on the ratio of live stems to the total number of initial 
stems planted. Subsequently, the dry weight of aboveground and 
belowground biomass was separately obtained by drying samples in the 

oven at 60 ◦C for 72 h. These results were complemented with the 
determination of instantaneous leaf gas exchange and PSII photochem
ical efficiency using an open system infrared gas analyser, equipped with 
a fluorescence measurement chamber (LI-6800-01, LICOR Inc., Lincoln, 
NE, USA) and a portable modulable fluorometer (FMS-2; Hansatech 
Instruments Ltd., King ‘s Lynn, UK), respectively. Gas exchanges and PSII 
photochemical efficiency were measured on random plants. Measured 
gas exchange parameters were: net photosynthetic rate (AN), stomatal 
conductance (gs), apparent carboxylation efficiency (Ce; ratio between 
AN and intercellular CO2 concentration or Ci), and instantaneous water 
use efficiency (iWUE; ration between AN and gs) all determined at 400 
ppm CO2, 25 ± 0.5 ◦C, 50 ± 1 % relative humidity and 1000 μmol 
photon m− 2 s− 1 (n = 7 measurements per treatment). Gas exchange 
measurements were corrected by the actual photosynthetic area in the 
cuvette (Pérez-Romero et al., 2018). Photochemical parameters 
included: actual photochemical efficiency of PSII (ΦPSII), electron 
transport rate (ETR) and maximum quantum efficiency of PSII photo
chemistry (Fv/Fm). The latter was measured in leaves that were 
dark-adapted for 30 min using leaf clips designed for this purpose (n =
12 measurements per treatment). The measurements were made at the 
end of the experiment, between 10:00 and 13:00 h.

2.3. Statistical analysis

R software version 4.3.1 (R Core Team, 2020) was used for statistical 
analysis of the data. First, per each species, we analysed differences in 
survival rate between treatments using Pearson’s Chi-squared test (p- 
value <0.05 was considered statistically significant).

Second, we used a Generalized Linear Mixed Model (GLMM) to test 
the effect of Substrate, Salinity and their interaction on either above- or 
belowground biomass including Species as a random factor. Multiple 
comparisons were performed using the Tukey-test, leveraging the 
functionality of the emmeans package. GLMM was run using the 
“lmerTest” and “lme 4” packages. The model output was used to identify 
the best combination of Substrate and Salinity that resulted in the 
greatest increase in either above- or belowground biomass. Once this 
combination was identified, given the known effect of different inocula 
on plant growth (Basu et al., 2021), we tested the effect of Inoculum on 
the subset of data corresponding to the best Substrate × Salinity combi
nation. However, this latter analysis was performed separately on 
pooled data for A. portulacoides and A. macrostachyum on the one hand, 
and for S. maritimus on the other hand. The reason for this stems on the 
different protocol used for cuttings plantation of S. maritimus, since only 
cuttings of this species included the roots and inocula are known to 
promote rooting processes (Mesa-Marín et al., 2018).

Third, we analysed the main effect of Substrate, Salinity and Inoculum 
(without interaction) on physiological and photochemical traits. To do 
that, we first used Principal Component Analysis (PCA) to reduce the 
dimensionality of the dataset while accounting for the inherent rela
tionship between the considered traits. Then, we extracted the first two 
Principal Components (PCs) and used either PC1 or PC2 as a response 
variable in a GLMM, always including Species as random effect.

3. Results

3.1. Analysis of experimental factors (substrate, salinity and bacterial 
inoculation) impact on species cutting survival

The results of the cuttings survival rate revealed a significant effect of 
the treatments, which was species-specific (Table 2). A. portulacoides 
exhibited the highest survival levels compared to the other two species, 
which showed relatively low survival rates of around 50 %. In addition, 
we found that the percentage of survival for A. portulacoides was 
significantly greater with coconut fiber, reaching 97.5 %, compared to 
the other soil types (Chi-square test: p < 0.01); while in S. maritimus, 
substrate type and inoculation had significant effects, with coconut fiber 

Table 1 
Plant Growth-Promoting (PGP) properties and enzymatic activities of 
inoculants.

PGP properties Inoculum 1 Inoculum 2

S3 R5 H17 MS2 MR4 MH3

Phosphate solubilizing + – + + – +

Siderophores production + – + + – –
IAA production + + + + – +

Fixation of nitrogen + + + + + –
Potassium solubilization – – + – – +

Biofilm formation + – – + + +

Enzymatic activities
DNAse – + – + + –
Amylase – + + – + +

Cellulase + + – + + +

Lipase – – – – – –
Pectinase – + – – + –
Protease – + + – + +

Chitinase – – – – – –

S3: Pantoea agglomerans, R5: Bacillus velezensis, H17: Enterobacter sp., MS2: 
Priestia megaterium, MR4: Bacillus subtilis and MH3: Curtobacterium sp.; +, pres
ence of the property; -, absence of the property.
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and inoculum 2 proving to be the most effective combination (Chi- 
square test: p < 0.01). However, no significant differences were found in 
A. macrostachyum (Chi-square test: p > 0.05).

Finally, no significant differences were found in the survival of either 
species with the salinity treatments. The mean survival rate of 
A. portulacoides, S. maritimus and A. macrostachyum cuttings according to 
salinity level, it varied between 78.3 and 82.6 %, 58.1–58.6 % and 
55.0–57.2 % for 0 and 171 mM NaCl, respectively.

3.2. Analysis of experimental factors impact on survival cuttings 
development

Our results indicate that there was a significant main effect of salinity 
concentration on plants development, in terms of above- and below
ground biomass production, being this effect exacerbated by substrate 
type (GLMM: Salinity x Substrate, p < 0.01; Fig. 1). So, it was observed 
that cuttings exposed to perlite +171 mM NaCl were able to develop a 
higher aboveground biomass compared with the rest of treatment 
(Fig. 1A). A very similar trend was recorded for belowground biomass, 
where the highest values were obtained for cuttings grown under co
conut fiber and perlite +171 mM NaCl (GLMM: Salinity x Substrate, p <
0.01; Fig. 1B).

On the other hand, ours results indicated that bacterial inoculation 

Table 2 
Survival rate (%) of Atriplex portulacoides, Arthrocaulon macrostachyum and 
Sporobolus maritimus according to the type of substrate and inoculum, after 90 
days of treatment. Each value represents the percentage survival of 40 replicates. 
The p-value indicates significant differences between substrates (Pearson’s Chi- 
square test: *p < 0.05; **p < 0.01; not significant (n.s.) p > 0.05).

Survival rate (%) No 
inoculum

Inoculum 
1

Inoculum 
2

Chi-square 
test

A. portulacoides FIB 95.0 92.3 97.5 Substrate 
** 
Inoculum 
n.s.

MUL 80.0 70.0 67.5
PER 60.0 79.5 82.5

A. macrostachyum FIB 55.0 45.0 62.5 Substrate 
n.s. 
Inoculum 
n.s.

MUL 52.5 62.5 55.0
PER 70.0 55.0 47.5

S. maritimus FIB 55.5 68.6 61.5 Substrate 
** 
Inoculum 
**

MUL 56.8 50.6 63.6
PER 52.6 54.7 60.8

FIB: coconut fiber; MUL: mulch; PER: perlite.

Fig. 1. (A) Above- and (B) belowground biomass of Atriplex portulacoides, Arthrocaulon macrostachyum and Sporobolus maritimus cuttings sown in three types of 
substrates (FIB: coconut fiber; MUL: mulch; PER: perlite) in combination with two salinity concentration irrigation (0 and 171 mM NaCl) after 90 days of treatment. 
Each value represents the mean ± standard error of 120 replicates. Salinity, substrate or salinity x substrate above panel indicates significant main or interaction 
effect in treatments (GLMM: *p < 0.05, **p < 0.01). Means that are significantly different from each other are indicated by different letters (GLMM, p < 0.05).
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had a positive significant effect on A. portulacoides and A. macrostachyum 
cutting development in cuttings grown with perlite +171 mM NaCl, 
being this effect inoculum-specific (GLMM: inoculum, p < 0.05). Thus, 
we found that inoculum 1 led to a greater development of aboveground 
biomass compared with the rest of treatments (GLMM: inoculum, p <
0.05; Fig. 2A). And it allowed to the highest belowground biomass, 

although it did not differ from their non-inoculated counterparts 
(GLMM: inoculum, p > 0.05; Fig. 2B). Contrarily, no significant differ
ences were found in S. maritimus according to inoculation treatments 
(GLMM: inoculum, p > 0.05; Fig. S1).

3.3. Analysis of experimental factors impact on survival cuttings 
physiological performance

Physiological performance variations of experimental species during 
the experimental setup were mainly represented in the first two PCA 
axes. PC1 captured 62.1 % of the explained variance through contri
butions from the variables the apparent carboxylation efficiency (Ce), 
photosynthesis quantic apparent efficiency (ϕCO2), electron transport 
rate (ETR), net photosynthetic rate (AN) and stomatal water conduc
tance (gsw); while PC2 captured 28.7 % of the explained variance 
through contributions from variables intrinsic water use efficiency 
(iWUE) and maximum photosynthetic efficiency of photosystem II (Fv/ 
Fm) (Fig. 3A). Hence, the PC1 axis reflected a clear divergence of cut
tings physiological performance due to bacterial inoculation, so that 
inoculated plants generally exhibited higher values of carboxylation and 
energy efficiency of their photosystems regardless of the type of sub
strate, although these differences were certain degree modulate in 
perlite substrate with respect to coconut fiber and mulch (GLMM: 
inoculum, p < 0.01; Fig. 3B). In addition, the PC2 revealed a certain 
divergence between non-inoculated and inoculated plants, with overall 
higher iWUE values of inoculated plants regardless bacterial inoculum 
grown in coconut fiber (Fig. 3C). The variability of the salinity treatment 
is included in the PCA; however, it is not represented in the scatter plots 
as it does not contribute meaningful information due to the lack of 
observed differences.

4. Discussion

Our study underscores effective approaches for developing propa
gation protocols for vital estuarine plants. Coconut fiber proved to be the 
most efficient substrate for improving survival rates, while perlite 
combined with 171 mM NaCl salinity significantly enhanced biomass 
production. PGPR-inoculation benefits were species-specific, boosting 
growth and physiological functions through enhanced enzymatic ac
tivity and nutrient absorption. Selecting suitable species remains crucial 
for revegetation, as some are inherently harder to propagate and sustain. 
These findings provide a foundation for optimizing revegetation stra
tegies in estuarine ecosystems.

4.1. Role of experimental treatments on cuttings survival

Our results showed that A. portulacoides had the highest survival rate 
compared to A. macrostachyum and S. maritimus, likely due to its ca
pacity to develop a well-structured root system under various propa
gation protocols, in agreement with previous evidence showing the 
ability of A. portulacoides to root and survive under abiotic stresses 
(Andrades-Moreno et al., 2013; Mancilla-Leytón et al., 2016). In the case 
of A. macrostachyum its relatively low survival ability agrees with the 
limited success in ex-situ propagation for this species regardless of 
salinity or inoculation (Barcia-Piedras et al., 2023; Paraskevopoulou 
et al., 2015). Regarding S. maritimus, the initial attempt to propagate the 
species via rhizomes was unsuccessful, and while the exact cause re
mains uncertain, a likely explanation is that the collected fragments may 
not have included viable meristematic tissue. It would be of interest to 
test rhizomes with meristematic aerial parts in future studies. As an 
alternative, we adopted a strategy involving the planting of three root
ing cuttings together, a method previously shown to enhance estab
lishment success through self-facilitation mechanisms (Carneiro et al., 
2024; Silliman et al., 2015). Although more than 50 % of the individuals 
survived from cuttings, the overall survival rate remained low, sug
gesting a high sensitivity to artificial propagation. This is consistent with 

Fig. 2. (A) Above- and (B) belowground biomass of Atriplex portulacoides and 
Arthrocaulon macrostachyum cuttings sown in perlite substrate with 171 mM 
NaCl after 90 days of treatment, with three inoculation treatments (without or 
with bacterial inoculation with consortium 1 and 2). Each value represents the 
mean ± standard error of 40 replicates. Salinity, substrate or salinity x substrate 
above panel indicates significant main or interaction effect in treatments 
(GLMM: *p < 0.05, **p < 0.01). Means that are significantly different from 
each other are indicated by different letters (GLMM, p < 0.05).
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the lack of documented success for vegetative propagation of this species 
under controlled, non-natural conditions. The observed differences in 
survival between species may also relate to their contrasting adapta
tions: A. portulacoides, a facultative halophyte, can tolerate both saline 
and non-saline conditions (Redondo-Gómez et al., 2007a). This gives it 
greater ability to survive across a wider range of environmental condi
tions (Nikalje et al., 2018), including those simulated in our experi
mental system. Conversely, A. macrostachyum is an obligate halophyte 
(Barcia-Piedras et al., 2023) adapted to environments with high salt 
concentrations. In the case of S. maritimus, it is adapted to the frequent 
effects of flooding due to tidal influence and in muddy soils with low 
redox potential (Castillo et al., 2008). The ecological requirements of 
A. macrostachyum and S. maritimus, along with the technical difficulty of 
recreating their optimal environmental conditions in our greenhouse 
facility, might have prevented their survival in our experimental setup 
compared to the facultative A. portulacoides (Nikalje et al., 2018).

Salinity concentration did not influence survival success in any of the 
species, but the type of substrate had a notable effect on survival rates 
for A. portulacoides and S. maritimus. Both species showed in fact higher 
overall survival rate in cuttings planted in coconut fiber compared to 
pearlite and mulch substrates. This difference can be attributed to the 
specific physicochemical characteristics of the coconut fiber substrate: it 
combines high water retention, good aeration, a high cation exchange 
capacity, and gradual nutrient release. Additionally, it is structurally 
stable, resistant to compaction, and has a neutral pH. Moreover, its 
biodegradable nature and eco-friendly sourcing make it a sustainable 
choice for horticulture (Boxman et al., 2017; Camposeco-Montejo et al., 
2018). On the contrary, perlite is inert and has a limited water retention 
capability, while mulch can compact over time.

Regarding the inoculation application, it is notable that adding 
Inoculum 2 significantly improved the survival of S. maritimus. Consis
tent with our findings, previous studies have shown no significant 

differences in the rooting of A. macrotachyum cuttings without root 
systems between inoculated and non-inoculated plants under moderate 
salinity conditions (Navarro-Torre et al., 2017), and even in cuttings 
with some root development (Navarro-Torre et al., 2017). This differ
ential effect of inoculation on cutting survival among species can likely 
be explained by differences in cutting material: A. portulacoides and 
A. macrostachyum cuttings were mature, rootless apical stems, while 
S. maritimus cuttings were younger and included roots, which likely 
facilitated bacterial adaptation and infection, enhancing survival 
(Flores-Duarte et al., 2023; Pajuelo et al., 2023).

4.2. Role of experimental treatments on cuttings survival development and 
physiological performance

Regarding the growth of the surviving cuttings, we observed that, 
overall, cuttings from each plant species exposed to 171 mM NaCl 
exhibited increased aboveground and belowground biomass. Previous 
studies have shown that moderate salinity levels, ranging from 100 to 
200 mM, provide an optimal salinity range for the growth of many 
halophytes, including those studied here (Bueno et al., 2020; 
Pérez-Romero et al., 2020). Additionally, it has been reported that a 
moderate salt concentration can influence plant nutrient status by 
activating or deactivating salt-sensitive enzymes involved in growth and 
development (Grigore and Vicente, 2023; Lombardi et al., 2022). Con
cerning the substrate, we note that few studies have determined the 
optimal type of substrate for cultivating estuarine species in greenhouses 
or nurseries, although there is an extensive literature for crops 
(Camposeco-Montejo et al., 2018; Ortega-Martínez et al., 2010) and 
forestry species (Abshahi et al., 2022; Das and Jha, 2018). In line with 
our results, several studies have identified that perlite or coconut fiber 
can significantly improve growth parameters in cuttings of crops spe
cies, such as cotton or grape vine (Doğan et al., 2016; Szczepaniak et al., 

Fig. 3. (A) Principal component analysis (PCA) obtained from sampled individuals of Atriplex portulacoides, Arthrocaulon macrostachyum and Sporobolus maritimus 
plants after 90 days of treatment, using the measured variables of plant physiology and photochemistry. The distribution of the selected variables and the two axes 
with the highest explained inertia are represented: (B) PC1, which groups the variables Ce, ϕCO2, ETR, AN and gsw; (C) PC2, which groups the variables Fv/Fm and 
iWUE. The treatments represented are: 3 inoculation treatments (no inoculum, inoculum 1 and inoculum 2) and 3 types of substrates (FIB: coconut fiber; MUL: mulch; 
PER: perlite). Each value represents the mean ± standard error of 120 replicates of the resulting values of the first two principal components. Inoculum, substrate or 
inoculum x substrate above panel indicates significant differences or interactions in treatments (GLMM: *p < 0.05, **p < 0.01).
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2016). Perlite and coconut fiber-based substrates are in fact widely used 
to maintain and optimize aeration, drainage and moisture. These effects 
improve environmental conditions in the rooting zone with direct con
sequences on water movement within the soil-plant-atmosphere con
tinuum. This results in increased vigor, health and nutritional value of 
the plants (Ilahi and Ahmad, 2017). An additional finding of this study 
was the interactive effect of salinity concentration and substrate type on 
plant growth. Cuttings grown with 171 mM NaCl in perlite or coconut 
fiber exhibited significantly greater aboveground and belowground 
biomass compared to those grown in mulch. This differential effect may 
be attributed to the physicochemical properties of the soil, including ion 
exchange capacity, root mechanical impedance, soil texture and matric 
potential, which can affect the availability of Na+ and Cl− ions. These 
properties, in turn, influence plant uptake capacity (Villagra and Cav
agnaro, 2005) and tolerance to ion excess (García-Sánchez and Syvert
sen, 2009). Furthermore, a positive effect of inoculation on the growth 
of surviving cuttings was observed, though this effect was 
species-specific and dependent on the strain characteristics within the 
inoculants, the substrate type and the medium’s salinity concentration. 
In this context, we found that the application of Inoculum 1, containing 
strains P. agglomerans, B. velezensis and Enterobacter sp., significantly 
promoted the development of surviving cuttings in A. portulacoides and 
A. macrostachyum, resulting in increased aboveground and belowground 
biomass. However, no significant positive effect of inoculation was 
noted in S. maritimus. This absence of inoculation effects on S. maritimus 
was somewhat expected, as this halophyte species displays a clonal 
vegetative growth form with extensive rhizome production, enabling 
lateral expansion. Under natural conditions, these lateral shoots can 
extend several centimeters to over a meter, depending on environmental 
factors (Castellanos et al., 1994, 1998). In greenhouse conditions, 
however, pot size limitations restrict lateral growth, which can impede 
the development of new shoots. In contrast, A. portulacoides and 
A. macrostachyum, as shrubby halophytes, are less affected by space 
limitations. Their growth strategy supports vertical expansion and in
cludes robust root systems that densely colonize the surrounding soil 
(Redondo-Gómez et al., 2007a, 2010), which may account for the 
observed differences in our study.

With regard to the effect of inoculation on the growth of 
A. portulacoides and A. macrostachyum cuttings, numerous studies 
emphasize the potential of plant growth-promoting rhizobacteria 
(PGPR) to enhance plant growth (Basu et al., 2021; Mesa-Marín et al., 
2018). The strains included in Inoculum 1 provide both nutritional 
benefits, through nitrogen fixation and nutrient solubilization, and 
growth promotion, via phytohormone production and enzymatic activ
ity (Navarro-Torre et al., 2017; Zandi and Basu, 2016). Our findings also 
indicate that Inoculum 1 was more effective than Inoculum 2, as all 
three bacterial strains in Inoculum 1 produce indole-3-acetic acid (IAA) 
and fix nitrogen, whereas Inoculum 2 contains only two strains with 
these capabilities (Flores-Duarte et al., 2023; Pajuelo et al., 2023). IAA is 
essential for plant cell division and differentiation, promoting root 
elongation and proliferation, while nitrogen fixation enhances the 
plant’s nutritional status, as nitrogen is a critical yet often limiting factor 
for development, particularly for photosynthesis (Valle-Romero et al., 
2023). As we have seen, the primary effect of inoculation appears to be 
improved rooting and overall plant growth, suggesting that the greater 
presence of these beneficial traits in Inoculum 1 likely strengthened its 
positive effects on rooting and growth in our study. Indeed, several 
studies advocate for combining strains with overlapping beneficial 
properties to ensure the sustained presence of these traits in the soil 
(Etesami and Maheshwari, 2018).

In analyzing the physiological performance of surviving cuttings 
under optimal salinity conditions, we observed that inoculated cuttings 
generally exhibited higher carboxylation capacity, along with increased 
efficiency in energy absorption, transport and transformation within 
their photosystems, regardless of substrate or inoculum type. In addi
tion, our results revealed that PGP application contribute to preserve the 

trade-off between CO2 acquisition for photosynthetic processes and 
water conservation, as reflected in the higher iWUE values of inoculated 
cuttings. This effect was particularly pronounced in cuttings grown in 
coconut fiber substrate. In this regard, the ability of the cuttings to 
maintain optimal tissue water content via gsw regulation, while simul
taneously enhancing net assimilation AN, represents an important 
adaptation for cutting development under greenhouse conditions 
(Mateos-Naranjo et al., 2021). The positive effect of inoculation on the 
physiological performance of the studied species can likely be attributed 
to both direct and indirect effects of to the PGP traits of the inoculated 
strains, influencing key steps in carbon assimilation and photochemical 
processes. Differences in carbon assimilation between inoculation 
treatments appear to result from enhanced RuBisCO carboxylation 
functionality (Cen and Sage, 2005; Mateos-Naranjo et al., 2024; 
Pérez-Romero et al., 2018), as indicated by the higher Ce values in 
inoculated cuttings. Additionally, inoculation positively influenced the 
photochemical apparatus, as reflected in higher ΦCO2 and ETR values in 
inoculated compared to non-inoculated cuttings. This suggests that 
beneficial microorganisms alleviated photochemical limitations, 
potentially minimizing plant photoinhibition (Ali et al., 2022; Werner 
et al., 2002). These enhancements collectively support sustained cutting 
development by increasing the efficiency of carbon assimilation and 
optimizing energy capture and transformation.

4.3. Application of the tested vegetative propagation protocols to improve 
revegetation efforts for wetland restoration: efficiency and analysis of 
economic and environmental costs

The selection of genetic material (i.e., seeds, cuttings or mature 
plants sourced from nurseries or natural populations) is a critical 
determinant of rooting success and species survival in revegetation 
projects (Barcia-Piedras et al., 2023; Custódio et al., 2022). Seeds are 
practical for large-scale efforts due to their ease of handling, but their 
limited availability, unreliable supply and variable germination rates 
(affected by environmental factors like salinity and temperature) pose 
challenges, particularly in estuarine ecosystems, leading to uneven plant 
establishment (Cortinhas et al., 2023; Lombardi and Bedini, 2020; 
Redondo et al., 2004). Given these limitations, the use of cuttings and/or 
developed plants appears to be a more effective approach in revegeta
tion programs (Andrades-Moreno et al., 2013; Ficko and Naeth, 2021). 
Unlike seeds, cuttings and developed plants can be obtained year-round 
from nurseries or natural stocks, making them a critical resource, 
particularly when the goal is to reintroduce or strengthen populations of 
rare, endangered or otherwise vulnerable species (Godefroid et al., 
2011; López-Jurado et al., 2019; Noël et al., 2011). For key halophytic 
species of EU interest, genetic resources in nurseries are scarce, and their 
propagation from seeds is difficult. These species are predominantly 
perennial halophytes, some of which exhibit slow growth and/or chal
lenges in seed propagation (Vélez-Martín et al., 2018). This scarcity has 
resulted in the few revegetation projects conducted to date relying on 
the collection of clumps from natural populations, as observed with 
species like S. maritimus (Carneiro et al., 2024; Castillo and Figueroa, 
2009). However, no information is currently available regarding the use 
of A. macrotachyum and A. portulacoides under field conditions.

Focusing on the quantity of material available for revegetation pro
jects, the use of S. maritimus transplants from natural populations, as 
reported by Castillo and Figueroa (2009), achieved successful estab
lishment but was limited to 80 clumps per m2, resulting in low planting 
densities. In contrast, the propagation protocols in this study demon
strated the ability to produce approximately 115 individuals per m2 

using minimal source material. Despite a 59.60 ± 9.00 % survival rate 
for S. maritimus cuttings and 57.50 ± 12.50 % for A. macrotachyum, the 
methods significantly improve material production. Furthermore, 
A. portulacoides showed even higher survival rates, reaching 78.75 ±
18.75 %, regardless of salinity or bacterial inoculation, highlighting the 
efficiency and scalability of these protocols for halophyte propagation.
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The time and economic investment required to obtain plant material 
and implement revegetation using cuttings or material from natural 
populations is crucial for developing optimal protocols. Despite its 
importance, these aspects have been poorly studied, especially in estu
arine species. Sourcing plants from natural populations is more techni
cally challenging than using propagation methods, due to the labor- 
intensive nature of manual collection in difficult-to-access areas like 
low marsh zones where S. maritimus grows (Mateos-Naranjo et al., 
2021). For A. macrostachyum and A. portulacoides, while the initial 
economic and time investments for collecting, transporting and planting 
may seem comparable, the biological characteristics and growth pat
terns of their natural populations present additional challenges. Both 
species are shrubby plants that typically form monospecific stands with 
highly developed individuals, making it difficult to extract clumps with 
an intact and established root system (Elnaker et al., 2020; Redon
do-Gómez et al., 2007b). As an example of this technical difficulty and 
workload, the revegetation project conducted by Castillo and Figueroa 
(2009) required a workforce of 19 ± 1 workers, working an average of 6 
h per day, to achieve a plantation rate of 2154 ± 185 m2/day. While 
similar data are unavailable for A. macrostachyum and A. portulacoides, 
their success rates are expected to be lower due to the same difficulties. 
In contrast, transplants from cuttings require higher initial investments 
in greenhouse facilities and transportation but involve significantly less 
fieldwork, requiring fewer specialized workers (5 ± 1) and no heavy 
machinery. This reduces labor costs compared to direct transplants, with 
labor being the main cost difference. Greenhouse equipment is also 
inexpensive and reusable. The estimated mean cost per plant is 1.27 € for 
direct transplants from natural populations and 0.84 € for propagation 
from cuttings, considering optimal treatment combinations for cutting 
survival across the three species (Table 3). Therefore, in the case of 
revegetation projects with these species, and from an environmental and 
economic perspective, the use of cuttings can be recommended over 
protocols that rely on seeds or plants directly collected from natural 
populations.

5. Conclusion

Developing optimal protocols for vegetative propagation is essential 
for restoring degraded wetland ecosystems through revegetation. This 
study identifies the best conditions for substrate, salinity and bio
fertilization to support the growth of three halophyte species: Atriplex 
portulacoides, Arthrocaulon macrostachyum and Sporobolus maritimus. 
Substrate choice significantly impacts plant development, with coconut 
fiber enhancing survival rates and perlite or coconut fiber boosting both 
above- and belowground biomass. A salinity level of 171 mM NaCl is 
optimal for these species, as it activates osmotic mechanisms in response 
to salt stress. Biofertilizer PGPR-inoculation further improves growth 
and physiology by promoting enzymatic activity and nutrient uptake. 
Selecting the appropriate species for propagation is critical, particularly 
for revegetation, as some species are more difficult to propagate and 
sustain. Finally, revegetation using cuttings offers notable advantages 
over seeds by eliminating the challenges of seed production, collection 
and germination, while also reducing labor and economic costs 
compared to transplanting plants from natural populations. However, 
further research is needed to develop more efficient propagation and 
revegetation protocols.
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Table 3 
Summary of economic investment for key halophytic species of ecosystems of EU 
community interest transplant sources.

Activity Direct transplants Transplants from cuttings

Costs 
per 
plant 
(€)

Total 
costs 
(€)

Relative 
costs (%)

Costs 
per 
plant 
(€)

Total 
costs 
(€)

Relative 
costs (%)

Collection initial 
material 
(including 
workmen salary 
and transport)

0.32 320 25.20 0.02 20 2.38

Greenhouse 
propagation

– – – 0.62 620 73.81

Transplantation- 
associated 
material 
(including 
workmen salary 
and transport)

0.95 950 74.80 0.20 200 23.81

Total 1.27 1270 100 0.84 840 100

The total costs are referred to 1000 individuals. Castillo and Figueroa (2009)
were used as a reference for labor investment, considering a cost of 8.28 € per 
hour per worker and a one-fourth lower technical difficulty of using cuttings. 
Greenhouse propagation costs refer to a 90-day, reflecting an average value for 
the three species studied, under the combination of treatments that achieved the 
highest survival rates.
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Doğan, A., Uyak, C., Kazankaya, A., 2016. Effects of indole-butyric acid doses, different 
rooting media and cutting thicknesses on rooting ratios and root qualities of 41B, 5 
BB and 420A American grapevine rootstocks. J. Appl. Biol. Sci. 10 (2), 8–15.

Elnaker, N.A., Yousef, A.F., Yousef, L.F., 2020. A review of Arthrocnemum (Arthrocaulon) 
macrostachyum chemical content and bioactivity. Phytochem. Rev. 19 (6), 
1427–1448. https://doi.org/10.1007/s11101-020-09686-5.

Etesami, H., Maheshwari, D., 2018. Use of plant growth promoting rhizobacteria 
(PGPRs) with multiple plant growth promoting traits in stress agriculture: action 
mechanisms and future prospects. Ecotoxicol. Environ. Saf. 156, 225–246. https:// 
doi.org/10.1016/j.ecoenv.2018.03.013.

European Commission, 2023. Nature restoration law. Retrieved January 17, 2023 from. 
https://environment.ec.europa.eu/topics/nature-and-biodiversity/nature-restorati 
on-law_en.

Ficko, S.A., Naeth, M.A., 2021. Root development on cuttings of seven arctic shrub 
species for revegetation. Arctic Antarct. Alpine Res. 53 (1), 237–251. https://doi. 
org/10.1080/15230430.2021.1976711.

Flores-Duarte, N.J., Pajuelo, E., Mateos-Naranjo, E., Navarro-Torre, S., Rodríguez- 
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Lázaro-González, A., Andivia, E., Hampe, A., Hasegawa, S., Marzano, R., Santos, A., 
Leverkus, A., 2023. Revegetation through seeding or planting: a worldwide 

P. Valle-Romero et al.                                                                                                                                                                                                                          Estuarine, Coastal and Shelf Science 320 (2025) 109315 

9 

https://doi.org/10.1186/s43170-021-00072-5
https://doi.org/10.1186/s43170-021-00072-5
https://doi.org/10.3390/f13101705
https://doi.org/10.3390/f13101705
https://doi.org/10.1038/s41598-022-16035-3
https://doi.org/10.1038/s41598-022-16035-3
https://doi.org/10.1007/s13399-021-01998-6
https://doi.org/10.1007/s13399-021-01998-6
https://doi.org/10.3390/plants11030345
https://doi.org/10.3390/jmse8100767
https://doi.org/10.1016/j.marpolbul.2013.08.015
https://undocs.org/en/A/RES/73/284
https://doi.org/10.3390/agriculture12010050
https://doi.org/10.3390/agriculture12010050
https://doi.org/10.1016/j.ecss.2011.12.017
https://doi.org/10.1016/j.ecss.2011.12.017
https://doi.org/10.3389/fclim.2020.594254
https://doi.org/10.3389/fclim.2020.594254
https://doi.org/10.3390/plants12071436
https://doi.org/10.3390/su13031140
https://doi.org/10.3390/su13031140
https://doi.org/10.1111/are.13083
https://doi.org/10.3390/plants10091872
https://doi.org/10.1016/j.flora.2020.151589
https://doi.org/10.1016/j.tree.2011.06.011
https://doi.org/10.3389/fmars.2020.600220
https://doi.org/10.3389/fmars.2020.600220
https://doi.org/10.3390/agronomy8070111
https://doi.org/10.1016/j.scitotenv.2024.171699
https://doi.org/10.1016/j.scitotenv.2024.171699
https://doi.org/10.2307/2261292
https://doi.org/10.1023/a:1009732231830
https://doi.org/10.1111/j.1526-100x.2008.00465.x
https://doi.org/10.1111/j.1526-100x.2008.00465.x
https://doi.org/10.1007/s10750-008-9520-z
https://doi.org/10.1007/s10750-008-9520-z
https://doi.org/10.1104/pp.105.066233
https://doi.org/10.1002/ldr.4827
https://doi.org/10.1007/s11270-014-2108-5
https://doi.org/10.1007/s11270-014-2108-5
https://doi.org/10.3390/plants12010126
https://doi.org/10.3390/plants12010126
http://refhub.elsevier.com/S0272-7714(25)00193-3/sref29
http://refhub.elsevier.com/S0272-7714(25)00193-3/sref29
https://doi.org/10.12944/CARJ.6.1.12
https://doi.org/10.12944/CARJ.6.1.12
https://doi.org/10.1007/s00344-023-11154-1
https://doi.org/10.1007/s00344-023-11154-1
http://refhub.elsevier.com/S0272-7714(25)00193-3/sref32
http://refhub.elsevier.com/S0272-7714(25)00193-3/sref32
http://refhub.elsevier.com/S0272-7714(25)00193-3/sref32
https://doi.org/10.1007/s11101-020-09686-5
https://doi.org/10.1016/j.ecoenv.2018.03.013
https://doi.org/10.1016/j.ecoenv.2018.03.013
https://environment.ec.europa.eu/topics/nature-and-biodiversity/nature-restoration-law_en
https://environment.ec.europa.eu/topics/nature-and-biodiversity/nature-restoration-law_en
https://doi.org/10.1080/15230430.2021.1976711
https://doi.org/10.1080/15230430.2021.1976711
https://doi.org/10.3390/ijms24087003
https://doi.org/10.21273/hortsci.44.5.1432
https://doi.org/10.21273/hortsci.44.5.1432
https://doi.org/10.1016/j.biocon.2010.10.003
https://doi.org/10.3390/plants12020221
https://doi.org/10.1016/j.ecoser.2022.101423
https://doi.org/10.1016/j.ecoser.2022.101423
https://doi.org/10.1111/geb.12449
https://doi.org/10.1111/rec.14167
http://refhub.elsevier.com/S0272-7714(25)00193-3/sref44
http://refhub.elsevier.com/S0272-7714(25)00193-3/sref44
https://doi.org/10.17576/jsm-2017-4606-17
https://doi.org/10.1016/j.jenvman.2023.118903
https://doi.org/10.1007/978-3-030-17854-3_119-1
https://doi.org/10.1007/978-3-030-17854-3_119-1
https://doi.org/10.3390/horticulturae8030195


systematic map. J. Environ. Manag. 337, 117713. https://doi.org/10.1016/j. 
jenvman.2023.117713.
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Redondo-Gómez, S., Mateos-Naranjo, E., Figueroa, M.E., Davy, A.J., 2010. Salt 
stimulation of growth and photosynthesis in an extreme halophyte, Arthrocnemum 
macrostachyum. Plant Biol. 12 (1), 79–87. https://doi.org/10.1111/j.1438- 
8677.2009.00207.x.

Redondo-Gomez, S., Wharmby, C., Castillo, J.M., Mateos-Naranjo, E., Luque, C.J., De 
Cires, A., et al., 2006. Growth and photosynthetic responses to salinity in an extreme 
halophyte, Sarcocornia fruticosa. Physiol. Plantarum 128 (1), 116–124. https://doi. 
org/10.1111/j.1399-3054.2006.00719.x.

Riov, J., Fox, H., Attias, R., Shklar, G., Farkash-Haim, L., Sitbon, R., David-Schwartz, R., 
2020. Improved method for vegetative propagation of mature Pinus halepensis and its 
hybrids by cuttings. Isr. J. Plant Sci. 67 (1–2), 5–15. https://doi.org/10.1163/ 
22238980-20191118.

Rodrigo, M.A., 2021. Wetland restoration with hydrophytes: a review. Plants 10 (6), 
1035. https://doi.org/10.3390/plants10061035.

Shahid, M., Javed, M.T., Tanwir, K., Akram, M.S., Tazeen, S.K., Saleem, M.H., 
Chaudhary, H.J., 2020. Plant growth-promoting Bacillus sp. strain SDA-4 confers Cd 
tolerance by physio-biochemical improvements, better nutrient acquisition and 
diminished Cd uptake in Spinacia oleracea L. Physiol. Mol. Biol. Plants 26 (12), 
2417–2433. https://doi.org/10.1007/s12298-020-00900-4.

Silliman, B.R., Schrack, E., He, Q., Cope, R., Santoni, A., Van Der Heide, T., Van De 
Koppel, J., 2015. Facilitation shifts paradigms and can amplify coastal restoration 
efforts. Proc. Natl. Acad. Sci. 112 (46), 14295–14300. https://doi.org/10.1073/ 
pnas.1515297112.

Song, X., Su, Y., Zheng, J., Zhang, Z., Liang, Z., Tang, Z., 2022. Study on the effects of salt 
tolerance type, soil salinity and soil characteristics on the element composition of 
chenopodiaceae halophytes. Plants 11 (10), 1288. https://doi.org/10.3390/ 
plants11101288.

Srivastav, A.L., 2020. Chemical fertilizers and pesticides: role in groundwater 
contamination. Agrichem. Detection, Treat. Remed. 143–159. https://doi.org/ 
10.1016/B978-0-08-103017-2.00006-4.

Szczepaniak, S., Guzikowski, Z., Henschke, M., 2016. Assessment of the usefulness of 
selected media used in the rooting process of lavender cotton shoot cuttings. Folia 
Hortic. 28 (2), 195–200. https://doi.org/10.1515/fhort-2016-0023.

Tabassum, B., Khan, A., Tariq, M., Ramzan, M., Khan, M.S.I., Shahid, N., Aaliya, K., 
2017. Bottlenecks in commercialisation and future prospects of PGPR. Appl. Soil 
Ecol. 121, 102–117. https://doi.org/10.1016/j.apsoil.2017.09.030.
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