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Background and Objectives: Arid and semi-arid regions across the globe
face significant hurdles during vegetation establishment and growth,
primarily stemming from persistent water scarcity. These ecosystems are
typified by low levels of rainfall that are not only insufficient for sustaining
plant life but are also irregularly distributed throughout the year. This often
results in brief, intense downpours that flood the surface but fail to
adequately penetrate the soil. Consequently, the soil is unable to absorb
these rainfalls effectively, leading to substantial runoff, rapid evaporation,
and increased vulnerability to soil erosion. These conditions collectively
hinder the growth of vegetation and contribute to desertification processes.
To mitigate these challenges, innovative water management strategies,
such as mechanical rainwater harvesting techniques, have become
increasingly vital. These methods, including various runoff storage
systems, are designed to capture and retain water, thereby optimizing its
use for irrigation and plant growth. However, the effectiveness of these
mechanical techniques can diminish over time due to environmental wear
and tear, inadequate maintenance, or improper application, highlighting the
need for regular monitoring and restoration efforts. In tandem with
mechanical interventions, establishing sustainable vegetation cover in these
delicate ecosystems necessitates the integration of biological strategies
aimed at enhancing plant resilience and soil health. This study focuses on
two drought-resistant plant species -**Limonium depressum** and
**Haloxylon ammodendron** - both recognized for their exceptional
adaptability to extreme environmental conditions. These species not only
survive in arid settings but also play a critical role in rehabilitating
degraded rangelands, promoting soil stabilization and biodiversity. The
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primary objective of this research is to rigorously assess and elucidate the
impacts of various rainwater harvesting methods and soil amendment
treatments on the establishment and growth of these plants in the
challenging desert environments of southern North Khorasan Province,
Iran, particularly within the context of Jajarm County.

Materials and Methods: The field study was meticulously conducted in a
specified area within the arid desert zones of southern North Khorasan
Province, particularly focusing on the northern region of Jajarm County,
which is characterized by its stark topography and challenging growth
conditions. This region extends approximately six kilometers downstream
from the Alumina Factory mines, encompassing flat terrains interspersed
with sparse vegetation, thereby posing specific challenges for water
retention and plant growth. To ensure methodological rigor, the research
employed a factorial experimental design based on a randomized complete
block design (RCBD) with 13 replications, providing robust statistical
power for analyzing the treatment effects. The selected plant species,
**Limonium depressum** and **Haloxylon ammodendron**, were
strategically planted at five-meter intervals to minimize competition and
allow for optimal conditions to assess their growth and survival. The study
also investigated the efficacy of three different water harvesting
techniques: crescent-shaped catchments, pitting, and contour furrows.
These techniques were specifically chosen for their potential to improve
moisture retention in the soil. Each harvesting method was complemented
by five distinct soil amendment treatments, designed to enhance soil
quality and improve plant establishment: (1) clay nanoparticles combined
with acrylic resin at two concentrations (1% and 3%) to aid nutrient
retention, (2) a mix of mycorrhizal fungi that included three species
(*Glomus intraradices*, *Glomus mosseae*, and *Glomus fasciculatum®),
known for their beneficial symbiotic relationships with plant roots,
(3) straw mulch for moisture conservation and reduction of soil temperature
fluctuations, (4) zeolite applied at two quantities (300 g and 600 g) to
improve soil structure and nutrient availability, and (5) a control group
receiving no amendment for baseline comparisons. Throughout the
growing season, key growth parameters, including plant survival rates
(i.e., establishment), canopy cover, plant height, and both large and small
diameters, were meticulously monitored and recorded during the first year
post-planting. These measurements provided essential insights into the
effectiveness of each treatment and the adaptive responses of the plant
species. Collected data were subjected to comprehensive statistical
analyses employing analysis of variance (ANOVA), complemented by
mean comparisons through Tukey’s test, using Minitab software version
16. Separate analyses were conducted for each plant species to accurately
measure and interpret the effects of each treatment type.

Results: The evaluation of growth responses revealed that **Limonium
depressum** benefited most from the contour furrow method, achieving an
exceptional establishment rate of 99.14%. This finding underscores the
effectiveness of contour furrows in enhancing moisture retention and
facilitating root development compared to both pitting and crescent-shaped
catchments. Similarly, **Haloxylon ammodendron** also performed best
with the contour furrow technique, achieving a notable establishment rate
of 88.59%, while the pitting method reported a lesser establishment rate
of 79.46%, indicating the variability in growth conditions provided by
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different harvesting strategies. Analysis of the soil amendment treatments
illustrated that the application of amendments had significant effects
on the small diameter of **Limonium depressum**, whereas **Haloxylon
ammodendron** did not show significant responses across any measured
traits. However, the results indicated that rainwater harvesting systems
had a pronounced impact on various vegetative traits of **Limonium
depressum**, positively influencing canopy cover, plant height, and both
large and small diameters. For **Haloxylon ammodendron**, only canopy
cover and the large diameter were significantly affected, reflecting the
differential adaptive responses of these species to the experimental
conditions. Further comparative analysis revealed that **Limonium
depressum** exhibited its tallest plant height in the treatment with 1% clay
nanoparticles, while the second type of mycorrhizal fungus treatment
resulted in the shortest height. Notably, the largest diameters for
**Limonium depressum** were recorded in the 3% nano treatment,
contrasting with the smallest diameters observed in the mycorrhizal fungi
treatment. Among all treatments, the control group demonstrated the
greatest small diameter, while the straw mulch resulted in the smallest
diameter. Collectively, these findings illuminate the intricate interactions
between harvesting methods, soil amendments, and the establishment of
resilient plant species, contributing valuable insights for future ecological
restoration efforts aimed at combating the challenges posed by arid
environments.

Conclusion: The findings demonstrated that soil amendment treatments
affected the two species differently. In L. depressum, a significant effect
was seen only on the small diameter, while no significant changes were
observed in H. ammodendron. These differences likely reflect the distinct
physiological and ecological adaptations of each species. L. depressum may
be more responsive to improved soil conditions, while H. ammodendron
appears to maintain its performance under poor soil conditions due to its
natural resilience. Contour furrows outperformed other rainwater harvesting
systems for both species, likely due to better runoff distribution and
enhanced infiltration. These systems are therefore recommended for
dryland restoration projects. Although short-term effects of soil amendments
were limited, long-term improvements in soil structure and fertility may
lead to greater benefits. Long-term studies are thus essential for accurately
evaluating the effectiveness of soil amendments in supporting vegetation
establishment and growth in arid and semi-arid regions.
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Figure 2. (a), (b) Planting seedlings in the university greenhouse (c) Planting seedlings in the field.
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Figure 3. (a) Establishment of L. depressum in the planting site, (b) Measurement of vegetative characteristics
of species one year after establishment, (c) Establishment of H. ammodendron in the planting site,
(d) Construction of Contour furrows in the study area, () Construction of crescent-shaped catchment
in the study area, (f) Construction of Pitting in the study area.
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Table 1. Establishment percentage of L. Depressum and H. Ammodendron species.
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Table 2. Analysis of variance for the effect of rainwater harvesting methods and corrective treatments
on L. depressum.
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Table 3. Analysis of variance for the effect of rainwater harvesting methods and corrective treatments
on H. ammodendron.
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