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Abstract

Biological methods are widely recognized as highly effective approaches for restoring degraded ecosystems. This study
evaluated the effects of an innovative tree-planting technique on the survival and growth parameters of Prosopis
juliflora (Swartz) DC. in the Dehno—Hendijan region, Iran. The local soil is characterized by a heavy texture, high
salinity, and alkalinity, coupled with low organic matter content. To overcome these edaphic constraints, unsuitable soil
in the planting pits was replaced with amendments—specifically fine sand—and integrated with various management
techniques to enhance seedling establishment. Nine treatments were evaluated: (1) soil replacement with fine sand (FS),
(2) FS combined with planting adjacent to a water source, (3) FS with shoot pruning, (4) FS with NPK fertilizer, (5) FS
with potassium (K, 0) fertilizer, (6) FS with complete fertilizer, (7) a mixture of FS and superabsorbent polymer, (8) a
mixture of FS and organic fertilizer, and (9) native field soil as the control. In autumn 2017, a total of 298 seedlings
were planted using an unbalanced completely randomized design (CRD). Treatment effects on survival were analyzed
using the Chi-square (x?) test, while growth parameters were evaluated via multivariate analysis and the General Linear
Model (GLM). Mean comparisons and treatment groupings were performed using the Waller—Duncan and Gabriel tests.
The results indicated that the treatments significantly influenced both the survival and growth indices of P. juliflora
(P < 0.01). The highest survival rates were recorded in the FS + complete fertilizer (90%) and FS + NPK (87%)
treatments. The maximum and minimum canopy volumes were observed in the FS + planting near a water source (4.35
m?3) and FS + superabsorbent (1.64 m3) treatments, respectively. Based on a comprehensive scoring system, the FS +
planting near a water source (score: 14) and FS + potassium fertilizer (score: 13) treatments achieved the highest
rankings, identifying them as top priorities for eco-engineering and biological
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Extended Abstract

Introduction

Natural deserts, covering approximately 40 million kmz, constitute the largest terrestrial biome on Earth (10).
Iran, with a total surface area of 1.65 million km?, lies within the global arid belt, and nearly 120,000 km? of
its territory is covered by deserts and sand dunes (13). Khuzestan Province, located in southwestern Iran, is
characterized by an arid climate (10) and encompasses approximately 12,700 km? of desert land, making it
one of the primary dust-storm source regions in the country (13). The mean annual evaporation in this region
is approximately 3000 mm, which exceeds the mean annual precipitation by nearly 13-fold (10). Driven by
ongoing desertification and land degradation, these dust-emitting source areas are expanding at an
accelerating rate (3). The compounding effects of climatic, edaphic, and anthropogenic factors—particularly
intensive land use—have led to the recognition of the Dehno area as one of the most critical dust storm
hotspots in Khuzestan Province (22). This region is characterized by heavy-textured, saline, and alkaline
soils. These edaphic constraints, exacerbated by intense livestock grazing pressure, have not only severely
degraded the natural vegetation cover but have also substantially hindered its natural recovery potential (26).
Consequently, interventions aimed at enhancing vegetation cover and restoring degraded lands in this region
are of paramount importance. Biological methods are widely recognized as highly effective, cost-effective,
and sustainable solutions for rehabilitating such ecosystems (19). However, successful implementation
requires overcoming the factors that limit vegetation growth and establishment (18) by applying soil
amendments, such as fine sand, superabsorbent polymers, and organic or chemical fertilizers. Prosopis
juliflora (Swartz) DC., a species of considerable ecological and economic importance in these ecosystems
(5), has been extensively utilized in biological soil conservation and desertification control projects. The
objective of the present study was to investigate the effects of innovative tree-planting techniques on the
survival and growth indices of P. juliflora in the degraded areas of the Dehno—Hendijan region.

Materials and Methods

The study area, encompassing 500 hectares, is located in the Dehno region of Hendijan (southeastern
Khuzestan Province), adjacent to the Persian Gulf coast (Fig 1). To mitigate edaphic constraints, unsuitable
soil within the planting pits was replaced with soil amendments, primarily fine sand. This approach was
integrated with several management techniques, including the application of superabsorbent polymers,
chemical and organic fertilizers, the utilization of surface runoff potential, and the incorporation of
indigenous pruning techniques from local communities. A total of nine treatments were implemented: (1)
replacement of planting pit soil with 0.5-0.6 m?3 of fine sand (FS); (2) FS combined with planting adjacent to
water sources; (3) FS combined with shoot pruning; (4) FS combined with NPK fertilizer (Table 1); (5) FS
combined with liquid potassium (K, 0) fertilizer; (6) FS combined with complete chemical fertilizer (Table
2); (7) a mixture of FS and 18-20 L of saturated superabsorbent hydrogel (Super AB A200); (8) a mixture of
0.4 m3 FS and 0.2 m? organic fertilizer; and (9) planting in the native soil of the site, which served as the
control.

The seedlings were planted in autumn 2017 to establish windbreaks using a specific configuration (Fig 2),
employing an unbalanced completely randomized design (CRD) (Fig 3). The entire plantation was protected
from livestock grazing until the end of the fifth year. All treatments received a total of seven irrigation events
during the first two years of the experiment. At the end of the fifth year, seedling survival rates were
determined, and growth parameters—including height, canopy cover, and shoot volume—were recorded for
the surviving individuals. The effects of treatments on survival rates were assessed using Chi-square (y2)
analysis, whereas their effects on growth parameters were evaluated via multivariate analysis within a
General Linear Model (GLM) framework. Mean comparisons and treatment groupings were performed using
the Waller—Duncan and Gabriel post hoc tests. To prioritize and recommend treatments for eco-engineering,
erosion control, and dust mitigation practices, a comprehensive scoring system was developed based on
survival categories, growth parameters, and overall treatment effectiveness.

Results and Discussion

At the end of the five-year monitoring period, 146 out of the 298 planted seedlings survived across all
treatments (Fig 4). Statistical analyses indicated that the treatments significantly affected both seedling
survival (Table 3) and the growth parameters of Prosopis juliflora (P < 0.01; Table 6). The lowest long-
term survival rate was observed in the control treatment (0%), whereas the highest survival rates were
recorded in the fine sand + complete fertilizer (90%) and fine sand + NPK fertilizer (87%) treatments (Table
4). The maximum growth parameters were achieved in the fine sand + planting adjacent to a water source
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treatment, while the minimum values were associated with the fine sand + superabsorbent polymer mixture
(Table 5). Based on the classification of mean growth parameters across treatments (Table 7), the fine sand +
planting adjacent to a water source and fine sand + potassium (K,0) fertilizer treatments achieved the
highest overall scores (Fig 5). Consequently, these treatments were identified as top priorities for eco-
engineering and biological restoration projects, respectively (Table 8).

In the present study, alleviating establishment constraints by replacing unsuitable root-zone soil with fine
sand, combined with chemical fertilization, substantially improved the survival and growth parameters of P.
juliflora. This approach represents a major improvement over historical planting methods implemented in the
study area. Nevertheless, given the invasive potential of P. juliflora (27), its invasion dynamics and long-
term ecological impacts warrant careful evaluation.

While all seedlings in the control treatment failed to survive, replacing unsuitable native soil with fine sand
exerted a highly significant positive effect on seedling development. Previous studies have similarly reported
that replacing surface soil with fine sand is an effective strategy for enhancing plant growth parameters (29)
and biomass production (20). Fine sand improves soil physicochemical properties (15), mitigates the adverse
effects of solar radiation and wind exposure, decreases evaporation rates (33) and soil salinity, enhances soil
moisture retention, and regulates plant-available water (14).

However, utilizing fine sand as a soil amendment requires an adequate nutrient supply through fertilization.
Integrating fine sand replacement with potassium (K,0) fertilizer effectively alleviated the nutrient
deficiencies of the fine sand substrate and improved the performance of P. juliflora, consistent with findings
reported by previous studies (24). Beyond its diverse physiological roles, potassium plays a critical role in
enhancing plant productivity (4), regulating osmotic pressure, increasing water uptake (24), and bolstering
resistance to environmental stresses (7).

In numerous previous studies, increased plant-available water has been identified as a key determinant of
success in afforestation and restoration projects involving desert species (6, 30). Consistent with this body of
literature, combining fine sand replacement with planting adjacent to water-harvesting canals in the present
study enhanced soil moisture availability, ultimately resulting in the highest canopy cover and shoot volume
for P. juliflora.

Keywords: Biological restoration, Seedling establishment, Soil amendment, Pruning management, Foliar
spraying

Second chan_n}!‘,ﬂ

(:,I
7

, “
0 01503 Y06

Fig 1. Geographic location of the study area in Khuzestan Province, Iran, showing the excavated water-
harvesting channels on a Sentinel satellite image (2021).
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Fig 2. Schematic representation of the planting system, illustrating the spacing and dimensions of planting rows
and pits implemented in the Dehno-Hendijan region.
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Main Hypothesis: Amelioration of soil-limiting factors using soil amendments will increase soil water storage, partially fulfill the plant's water
requirements, and consequently enhance the survival rate and growth indices of Prosopis juliflora.
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Sub-hypothesis: Due to its high porosity, fine sand reduces evaporation and preserves soil moisture, thereby alleviating plant water stress.

< {

8- Pruning 2- Replacing 1- mixture
: soil with fine of fine
~ gl sand and
Clanitiall superabsor
treatment: ~ bent
Planting O
seedlings : soil and
Sl Methods of replacement _3' Using a increases
field soil. soil with fine sand and the mixture of ﬁ.ne. soil
use of chemical fertilizers sand and organic moisture
fertilizer retention
capacity

6- Using liquid
Replication: 25 ]JO'EaS(]:II(f?)rt)ll].zer
2
Replication: 25
Replication: 33

Replication: 34 m Replication: 23

The number of seedlings planted (replications) in this study was 298.

Replication: 35

Replication: 56
Replication: 41

Fig 3. Flowchart illustrating the experimental design and the evaluated treatments.
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Fig 4. Temporal trends in the survival number of Prosopis juliflora seedlings across different treatments during
the five-year study period.
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Fig 5. Prosopis juliflora at the Dehno—Hendijan study site at the end of the fifth year: (A) seedlings under the fine
sand + planting adjacent to a water source treatment, and (B) seedlings under the fine sand + potassium (K, 0)
fertilizer treatment.

Table 1. Physicochemical characteristics and nutrient composition of the NPK fertilizer utilized in the Dehno-—

Hendijan study.
Element Percentage Effect on the plant
Nitrogen (N) 20 Increased vegetative growth and greenness of leaves
Phosphorus (P) 20 Enhance rooting and flowering
Potassium (K) 20 Increased resistance to stresses (drought and cold)
Iron (Fe) High Prevention of leaf chlorosis (iron deficiency) and activation of respiratory enzymes
Micronutrients (TE) Low Improving enzyme function (zinc, manganese, copper ,boron, molybdenum.(
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Table 2. Composition and physicochemical characteristics of the complete fertilizer utilized in the study (*:

EDTA-chelated micronutrients).

Element Amount The main effect on the plant
(g/liter)
Nitrogen (N) 100 Improving vegetative growth and leaf greenness
Phosphorus (P,0s) 40 Root development and enhancement of rooting, flowering, and protein and chlorophyll synthesis
Potassium (K,0) 70 Stress resistance and increased seedling tolerance to salinity and drought
Magnesium* (Mg) 1.8 Chlorophyll activator and activation of respiratory and photosynthetic enzymes
Manganese* (Mn) 13 Improving photosynthesis (maintaining leaf greenness in dry conditions), enzymes (reducing
' oxidative stress caused by heat and salinity), and lignin production (increasing stem strength)
Copper* (Cu) 1 Activation of the respiratory enzyme cytochrome oxidase and the anti-stress enzyme superoxide
dismutase, and the production of chlorophyll and electron transfer in the photosystem.
Synthesis of hormones, especially the production of auxin (root growth hormone), reduces
Zinc* (Zn) 0.7 oxidative stress caused by drought, regulates the absorption of sodium (Na*) and potassium
(K™), and reduces toxicity caused by soil salinity
Boron (B) 0.2 Cell division and helping seedlings survive in saline soils, lateral root growth, and salt tolerance
Iron* Chlorophyll synthesis, prevention of leaf yellowing (iron chlorosis), and activation of
ron* (Fe) 0.07 .
respiratory enzymes
Molybdenum (Mo) 0.03 Fixing nitrogen and facilitating the absorption and transfer of phosphorus, which in turn

promotes better root growth.

Table 3. Chi-square (x?) test results for the comparison of Prosopis juliflora seedling survival among different

treatments.
Tests Chi-Square Value df (sided-v) Asymptotic Significance
Pearson Chi-Square 78.111° 8 1.17232E-13
Likelihood Ratio 92.43204537 8 1.49055E-16
Linear-by-Linear Association 50.44815974 1 1.22354E-12

N of Valid Cases

298

Table 4. Initial establishment and long-term survival rates of Prosopis juliflora seedlings under various

treatments.
treatment * survived Crosstabulation Initial establishment rate - _survwed - Total
surviving  Mortality

Count 0 25 25
Control Treatment'” 9% within treatment 40 0.0% 100% 100%
% of Total 0.0% 8.4% 8.4%

. . Count 10 25 35
gfj';‘;‘;;ggrgégflsa”d' % within treatment 37 286%  714%  100%
% of Total 3.4% 8.4% 11.7%

Count 19 37 56
Replacing soil with Fine Sand®" % within treatment 89 33.9% 66.1% 100%
% of Total 6.4% 12.4% 18.8%

. . . Count 15 26 41
:c\é'r't’ﬁfzrgr?f Fine Sand-Organic % within treatment 68 36.6%  634%  100%
% of Total 5.0% 8.7% 13.8%

Count 19 15 34
Fine sand-Potash fertilizer®™” % within treatment 94 55.9% 44.1% 100%
% of Total 6.4% 5.0% 11.4%

Count 14 8 22
Fine Sand-Plant Pruning® % within treatment 95 63.6% 36.4% 100%
% of Total 4.7% 2.7% 7.4%

. . Count 23 10 33
gﬂf;?“d")'am'”g nearawater o0 \vithin treatment 94 69.7%  303%  100%
% of Total 7.7% 3.4% 11.1%

Count 20 3 23
Fine Sand-NPK fertilizer** 9% within treatment 96 87.0% 13.0%  100%
% of Total 6.7% 1.0% 7.7%

Count 26 3 29
Fine Sand-Complete fertilizer* % within treatment 100 89.7% 10.3% 100%
% of Total 8.7% 1.0% 9.7%

Total Count 79 146 152 298
% within treatment 49% 51% 100%

* Survival classes are rated on a scale of 1 (Poor), 2 (Moderate), 3 (Good), and 4 (Excellent).
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Table 5. Growth parameters of Prosopis juliflora seedlings under different treatments

Treatments Growth Indices “Si%?;is;g' Minimum Maximum Skewness Kurtosis Normality
Mixture of Fine height (m) 1.23+0.14 1.05 1.45 0.36 -1.27 0.52
Sand- canopy (m?) 1.31+0.49 0.63 2.00 0.24 -1.01 0.32
Superabsorbent Shoot volume (m®) 1.65+0.7 0.66 2.80 0.21 -0.95 0.81
Replacing soil with height (m)2 1.35+0.24 0.85 1.70 -0.24 -0.60 0.60
Fine Sand canopy (m°?) 1.73+0.55 0.68 2.75 0.33 -0.36 0.47

Shoot volume (m®) 2.35+0.93 1.16 4.23 0.86 -0.24 0.05

Mixture of Fine height (m) 1.48+0.2 1.20 1.90 0.57 -0.46 0.50
Sand-Organic canopy (m?) 2+0.7 1.17 3.30 0.69 -0.92 0.06
fertilizer Shoot volume (m®) 3+1.2 1.61 5.82 1.05 0.60 0.12
Fine Sand-Plant height (m) 1.5+0.26 1.20 1.95 0.52 -1.17 0.14
Pruning canopy (m?) 240.7 0.81 2.94 -0.14 -1.15 0.63
Shoot volume (m®) 3.1+1.4 1.02 5.52 0.40 -0.97 0.40

. height (m) 1.32+0.25 0.95 1.71 -0.09 -1.24 0.22
bre iszirr‘d'NPK canopy (m?) 2.31+0.77 117 3.46 0.26 -1.16 0.12
Shoot volume (m®) 3.17+15 1.28 591 0.56 -0.86 0.06

Fine sand-Potash height (m)2 1.54+0.3 1.10 2.20 0.62 -0.39 0.19
fertilizer canopy (m°) 2.49+0.51 1.63 3.43 0.28 -0.76 0.77
Shoot volume (m°) 3.8+0.9 2.40 5.43 0.23 -0.94 0.63

Fine Sand- height (m)2 1.5+0.21 1.15 1.90 0.28 -0.74 0.32
Complete fertilizer canopy (m°) 2.58+0.99 0.98 4.32 0.21 -0.86 0.41
Shoot volume (m°) 4.01+1.9 1.13 8.21 0.67 -0.41 0.10

Fine Sand-Planting height (m)2 1.7+0.29 1.25 2.30 0.74 -0.30 0.11
near a water source  S2MOPY (m°) 2.6+1 1.12 4.49 0.36 -0.90 0.18
Shoot volume (m°) 4.3+1.9 1.40 7.21 0.08 -1.46 0.08

Table 6. General Linear Model (GLM) results for the effects of treatments on the growth parameters of Prosopis

juliflora.
Tests of Between-Subjects Effects Type Il Sum of Squares df Mean Square F Sig.
height (m) 2.219° 7 0.32 5.1 0.000
Corrected Model canopy (m?) 22.287° 7 3.2 5.2 0.000
Shoot volume (m®) 88.929° 7 12.7 5.8 0.000
height (m) 283.1 1 283.1 4580.8 0.000
Intercept canopy (m?) 609.95 1 609.95 1003.2 0.000
Shoot volume (m°) 1362.5 1 1362.5 625.5 0.000
height (m) 2.2 7 0.32 5.1 0.000
treatment canopy (m?) 22.3 7 3.2 5.2 0.000
Shoot volume (m®) 88.9 7 12.7 5.8 0.000

Table 7. Mean comparisons and groupings of Prosopis juliflora growth parameters under different treatments
using the Waller-Duncan and Gabriel post hoc tests.

Homogeneous groups extracted from the Waller-Duncan and Gabriel tests

General

Treatments height (m) Canopy Cover (m?) Shoot volume (m°) Sffoct
1 2 3 4 1 2 3 4 1 2 3 4

Mixture of Fine Sand- 1.23 131 1.64 Poor
Superabsorbent
Fine sand-NPK fertilizer  1.32 1.73 2.35 Poor
Replacing with finesand  1.35 2 3.02 Moderate
Mixture of Fine Sand-

- e 1.48 2.03 3.13 Moderate
Organic fertilizer
Fine sand-Complete 15 231 3.17 Moderate
fertilizer
Fine Sand-Plant pruning 1.52 2.49 3.79 Good
Fine Sand-Potash 1.54 2.58 4 Excellent
fertilizer
Fine Sand-Planting near 1.66 2.59 4.35 Excellent
a water source
Meaningfulness
according to Gabriel's 005 029 034 066 012 029 0.06 039 008 013 021 024 -

test

* Growth indices classes are rated on a scale of 1 Poor, 2 Moderate, 3 Good, and 4 Excellent.
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Table 8. Ranking and prioritization of various tree-planting techniques based on the evaluated growth and

survival parameters.

Plant indicators

General Total .
Treatments survival height Canopy Shoot offect scores” Ranking
Cover volume
Mixture of Fine Sand- Poor Poor Poor Poor Poor 0 Not a priority
Superabsorbent
Fine sand-NPK fertilizer Excellent Poor Poor Poor Poor 3 Not a priority
Replacing soil with fine Moderate Poor Moderate  Moderate  Moderate 4 Third priority in biological
sand methods.
M'X‘“Fe of F_|_ne Sand- Moderate Moderate Moderate  Moderate  Moderate 5 Third priority in biological
Organic fertilizer methods
Fm? 'sand-CompIete Excellent Moderate Good Moderate  Moderate 8 Second priority in biological
fertilizer methods
Fine Sand-Plant pruning Good  Moderate Good Good Good 9 rSneeiﬁggsprlorlty in biological
Fine Sand-Potash fertilizer Good Good Excellent  Excellent  Excellent 13 Priority in biological methods
Fine Sand-Planting near a Good  Moderate Excellent Excellent  Excellent 14 Priority in biomechanical

water source

methods

* Scoring was based on a 0-3 scale, where 0 = Poor, 1 = Moderate, 2 = Good, and 3 = Excellent.
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