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Table 1. An example of a table suitable for presentation in the manuscript
Pav Kav Mgex

é fgt‘h T(gv EC oH oc _ 56 el
s 6) (ds.m) (%) (mg.kg™®) Soil texture
0-10 28 16 7.6 0.62 124 290 300 Loam clay / w) o9
10-20 30 22 7.2 0.50 6.3 295 305 Loam clay / ) o8
20-30 33 45 8.5 021 45 332 286 Loam sandy / s 9l

ol 0dd agad 4385 Jadllyguod b gilae Joio cnl Lo 5 <o
* The font and structure of this table have been prepared according to the journalds guidelines.
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Fig. 4. Effects of silicon, zinc, and soil water content on iron (a, b), and zinc (cTe) concentrations in rhizosphere and non-rhizosphere

soils. Treatments include 0Si (no Si), 150MSi and 300MSi (150 and 300 mg Si kg™), 0Zn (no Zn), and 3Zn (3 mg Zn kg™), under two
SWC: 0.4 FC (drought stress) and 0.8 FC (optimal). Different letters indicate significant differences among treatments based on
Duncands multiple range test (p 0 0.05).
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Background and Objectives: Soil integrity is facing serious challenges worldwide due

to multiple pollution sources, including industrial effluents, municipal and
domestic waste, agricultural chemicals, and pathogenic organisms. According to
the Food and Agriculture Organization (FAO), roughly one-third of the global
soil resource is affected by varying degrees of degradation, with annual economic
losses estimated to exceed (50 billion. To safeguard soil functions, continuous
and systematic monitoring of soil properties is essential. Despite growing
awareness of its importance, a consolidated review of global soil monitoring
experiences has been lacking. This study addresses this gap through a structured

literature review.

Methodology: This research used databases such as Science Direct and Scopus. The

review is divided into two main sections: the first discusses the advantages and
necessity of soil monitoring networks, and the second examines the experiences
of several countries, including Europe, China, Canada, Japan, New Zealand, Latin
America, and Iran.

Results: Many countries have established soil monitoring programs; however,

considerable differences exist in the approaches used. These include observation
density, frequency of sampling, sampling depths, measured parameters, and
analytical techniques. Such diversity complicates comparisons across regions and
highlights the need for harmonized protocols. In China, the initial nationwide
agricultural soil survey in 1958 aimed to evaluate soil fertility and guide crop
production using 13 chemical and physical parameters. A subsequent survey in
1979 expanded the analysis to include nutrient status, trace elements, and
chemical composition, resulting in detailed provincial soil maps. Presently, China
operates 107 national and provincial monitoring sites. Canada launched soil
monitoring and the selection of benchmark sites in 1989. Sites were chosen to
represent major soil zones or agro-ecological regions, typical physiographic units,
and dominant agricultural production systems. Soil parameters were classified
based on sensitivity and systematically measured at each site. Japan initiated a
nationwide soil identification and performance monitoring program in 1999
across 5,500 sites. In 2008, a national program for monitoring soil carbon content
and management practices added approximately 3,500 sites to the network. New
Zealand implemented two soil quality monitoring initiatives between 1995 and
2001 to evaluate methodologies and provide data for sustainable land use
reporting. Over 500 sites were assessed using seven core indicators encompassing
physical, chemical, and biological soil properties. Irands soil monitoring program
began in 2011 in three phases, covering 18.5 million hectares across 3,278 sites.
Sampling depths were 0730 and 30760 cm for croplands and 0730, 307160, and
607190 cm for orchards. The second phase focused on approximately 10% of sites
as reference locations for detailed biological, chemical, and physical
measurements. By 2025, the third phase will cover all provinces and monitoring
sites nationwide.


https://orcid.org/0000-0002-0398-619X
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Conclusion: Comparative evaluation of national soil monitoring programs
demonstrates that, despite their widespread implementation, these initiatives
continue to face notable constraints, including technical challenges, incomplete
soil datasets, and limited continuity in financial support. Variability in selected
indicators and monitoring strategies reflects differences in environmental
conditions, land management practices, and institutional capacities among
countries. While such heterogeneity is context-dependent, it restricts data
interoperability and limits the potential for broader regional and global
assessments. The findings emphasize the necessity of developing an integrated
and flexible framework that allows for methodological harmonization while
accommodating local ecological and managerial conditions. Establishing
consistent criteria for indicator selection, sampling design, and analytical
procedures would enhance data comparability and strengthen long-term soil
assessments. Existing monitoring infrastructures provide a valuable foundation
for advancing sustainable land management; however, their effectiveness
depends on systematic coordination and long-term commitment. Overall,
sustained and well-designed soil monitoring systems are critical for tracking
changes in soil condition, supporting adaptive management strategies, and
informing policy decisions. Strengthening collaboration among monitoring
networks and adopting standardized yet adaptable methodologies can
significantly improve the reliability of soil information, thereby contributing to
soil conservation efforts, agricultural sustainability, and broader environmental
objectives.

Cite this article: Saadat, S., Esmaeilnejad, L., Rezaei, H., Madanian, M., 2026. Soil Quality Monitoring: An Undeniable
Necessity. Review Article, Journal of Soil Research, 39 (4), pp 383-399.
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8. Soil Monitoring Network (SMN)
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12. Benzo[a]anthracene (BAH)
13. Polychlorinated biphenyls (PCBs)
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17. Latin America and Caribbean Soil Information System
(SISLAC)
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Background and Objectives: Pre-harvest fruit drop is a major challenge limiting both

yield and market quality in apple orchards, particularly in commercial orchards.
Nutritional imbalances, particularly deficiencies or improper ratios of calcium
and micronutrients, are known to cause fruit abscission and reduce fruit quality.
Zinc plays a key role in auxin metabolism and enzyme activity, while calcium is
crucial for maintaining cell wall structure, membrane stability, and fruit firmness.
Applying these nutrients as foliar sprays during critical stages of fruit
development can therefore help reduce fruit drop and enhance fruit quality. This
study aimed to assess the effects of foliar applications of zinc citrate and different
calcium sources, applied at various phenological stages, on pre-harvest fruit drop
and quality characteristics of 6Red Deliciousd apples over four consecutive
growing seasons.

Materials and Methods: This study was conducted from 2019 to 2023 in a commercial

apple orchard in Balanj village, Urmia, Iran, chosen for its high incidence of fruit
drop. Uniform 20725-year-old 6Red Deliciousd trees were used, with two trees
per experimental plot. The experiment followed a factorial design with three
replications. The first factor included six foliar treatments: control (water), zinc
citrate, calcium citrate, calcium chloride, zinc citrate + calcium citrate, and zinc
citrate + calcium chloride. The second factor involved three spraying schedules
at key fruit development stages, from fruit set to two weeks before harvest.
Sprays were applied at 0.3% zinc citrate, 0.3% calcium citrate, and 0.5% calcium
chloride. Soil samples from 01790 cm depth and irrigation water were analyzed
before treatments, and basal fertilizers were applied uniformly. Standard orchard
management practices, including irrigation, were followed. Leaf and fruit
samples were collected to measure macro- and micronutrient concentrations and
nutrient ratios (N/Ca, K/Ca, Mg/Ca, (K+Mg)/Ca, B/Ca). Pre-harvest dropped
fruits were collected, counted, and weighed. Fruit qualityd®firmness, total
soluble solids, titratable acidity, and juice pHA®was assessed using standard
methods. Data were analyzed over four years using SAS software (version 9.1).

Results: The results indicated that foliar applications had a significant impact on both

fruit drop and fruit quality. Among the treatments, the combined use of zinc
citrate and calcium citrate, especially following the four-stage spraying
schedule, led to the largest reduction in pre-harvest fruit drop, bringing it down
to 17.65%. This combination also improved quality traits of the fruit, including
firmness, total soluble solids, and titratable acidity, while slightly lowering the
juice pH. Furthermore, the combined zinc and calcium treatments reduced
nutrient ratios in the fruit, such as N/Ca, K/Ca, Mg/Ca, and B/Ca. Levels of
calcium, zinc, boron, and manganese in the fruit increased, while nitrogen, iron,
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and potassium concentrations decreased. Analysis of leaf nutrients showed a
clear increase in most macro- and micronutrients under the combined treatments.

Conclusion: The results indicated that combining foliar applications of zinc and
calcium, particularly zinc citrate and calcium citrate, at key stages of fruit
development is an effective method for reducing pre-harvest fruit drop and
improving the quality of 6Red Delicioust apples. This approach helps balance
nutrients in both the leaves and the fruit, making it a practical and efficient

management strategy for apple orchards to reduce fruit drop.

Cite this article: Azizi, H., Majidi, A., Ahmadaali, J., Mazlomi Oskoui, M., 2026. The Effect of Foliar Application of Zinc and
Calcium Sources on Improving Quality Parameters and Reducing Fruit Drop in Apple. Research Article, Journal of Soil
Research, 39 (4), pp 401-419.
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Tablel. Soil Analysis and Well Water Analysis Results
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29 $9s P ol pipe  pewly  wd TNV s 0.C pH EC o  Chw  (w, -
Total . Soil
B Zn Mn Fe Mg K P N Sand Silt Clay depth
(mg/k . . @as/ . .

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) o) Yoo 45 Yoo 43 Vs 43 m) Yoy ey Yoy (cm)
0.6 0.9 10 6.2 180 280 10 18 0.65 14 7.8 0.658 35 40 32 0-30
0.5 0.7 8 5.4 170 250 7 20 0.47 11 7.9 0.493 33 40 27 30-60
0.4 0.6 6 4.7 160 220 5 22 0.23 0.9 8.0 0.542 30 38 32 60-90

Water Analysis
Ec DS pH TH co3 HCO3- cl Ca+Mg SAR Slasie
Characteristics
dsim (mg/l) (mg/l) Meg/it  Megflit  Meg/lit Meg/lit e
Sample
0.9 579 75 497 0 3.49 1.02 9.49 0.31 ol

Water well
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Tablel. Results of composite leaf Analysis in July and September
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Results of Leaf Analysis in July

MQ/Kg 0,5 9kS 43 0,5 o Percent ao >
)9 o &95 P o2 > 5 oS oy P 3
B Cu Zn Mn Fe Mg Ca K P N
24 9.45 7.13 18.09 144 0.35 0.75 1.80 0.2 23
olo yo2 0 y3 S o U1 ol
Results of Leaf Analysis in September
38 11.02 43.56 24.75 145 0.38 1.47 1.83 0.19 1.92
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Table 3. Combined Analysis of Variance Table for Fruit Drop and Fruit Quality Traits
©lapo (w0ke
Mean Square(MS)

. R NHPTSH Oyt 2olio
Jslose ol 2lge JS il pH 290 8L s o 093 ¢ ()df) ’ Source::fuvcz:riation
(TSS) (TA) Fruit Firmness Fruit Drop
28.145 0.130" 5.239 1.544" 2915.26 ** 3 Ju
Year
64.617" 0.297" 10.230™ 32.3.236™ 8239.827" 5 35 &5
Fertilizer Type
6.977" 0.015™ 0.926" 12.409™ 737.27" 2 sl ooy
Foliar Application Time
3.742" 0.76" 0.306 ™ 1,993 89.182" 15 > gy x Jl
Year x Fertilizer Type
Sldgle yloj X368 g5
[Cae- ) ¥
0.696™ 0.008 " 0.204 " 2.238" 43.459° 10 ertilizer Type  Poliar
Application Time
0.502 ™ /0.001 ™ 0.184™ 0.516™ 7.968 ™ 6 llsbes ooy JLo

Year x Foliar Application
oleix 355 g% Juo

0.302"™ 0.006 ™ 0.261" 0.282" 10619 30 Jlox 3lglone
Year x Fertilizer Type x
Foliar Application Tim

0.711"s 0.001 0.293 0.126 24.284 136 wﬁf-:)" sl
rror

7.68 6.30 12,69 9.07 13.62 () Sl
(CV%)

203 ) 9 Mo yd O zohas )3 I3 xe g 5 dxe g iy A s o D

*ns, , and ** denote non-significant, significant at the 5% level, and significant at the 1% level, respectively.
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Table 4. Interaction effect of year and fertilizer type on fruit traits

& daw! e s "wﬂ) .
ol aaly Slye Titr;‘tsabl; Acidit oo 30 Fruit )l’%’
(%) TSS (g 100 mig) ¥ Fruit Firmness(kg cm@?) Drop(Kg) Treatment
15.82d 0.29] 4.95] 56.56 b Y1AL
14.27 gh 0.35i 5.44i 28.44 hi YA,
13.27i 0.56 b 11.83c 18.33 ki Y1A3
14.70 efg 0.46 fg 5.72 hi 29.78 hi YA,
11.73j 0.59b 13.03a 13.00 Y1As
14.33 gh 04h 599 h 20.33 kl Y1A¢
17.61a 0.31] 5.45i 70.56 a YoAL
15.36def 0.37i 591h 33679 YA,
13.211i 0.54b 11.15 def 24.67 YAz
14.67efg 0.42h 579h 38.89 f YA,
11.98j 0.56b 12.62b 18.89 ki YA
14.51 fgh 0.43gh 6.39 33444 Y2As
15.73d 0.43 gh 5.44i 68.67 a Y3A;
15.83d 0.49 def 5.96 h 45.78 d Y3A;
14.33 gh 0.59b 10.33¢e 37.00f Y3A3
16.10 cd 0.5 cde 6.0h 52.56 ¢ Y3As
12.99i 0.65a 11.78 ¢ 27.78 hi Y3As
15.23def 0.53c 6.81f 41.67 e Y3A¢
16.11cd 0.43h 496 57.56 b YA
16.72 bc 047f 597 h 33.22¢g YA
15.22 def 0.57b 10.2e 27.111i YAz
16.99ab 0.49 def 5.72hi 39.00 f YA,
13.72hi 0.63a 11.7¢c 17.111 Y 4As
15.53 de 0.48¢f 6.41g 34.11g YoAs

(0S5 (y903]) comsl gl o 720 dans )3 I ime M) 3g3g e BABY LS gias y2 1 Sl Jilie ;> e By >
Means followed by the same letter within each column are not significantly different at the 5% level according to Duncan’s

multiple range test.

(cedloyy 5l B 59,V e +0p0d (2995 +(pdd dBAb ) S )18

(el 51 B 59,7+ Hogme S5y + )05 dBaid ) waanlS o 57

(el 31 I8 59,7+ Hogee S0 yusd + 0 (299)5 ()b 4548 ) penlS” 5,18 :
: Asay
H Asaz

(coblsy 51 B )V + 00 (299)5 + o 4818 ) wuandS” i + (59 Ol jiw
(cadlyy 51 LB 505V + oge (K5 yuaid + 5 B8 ) nandlS” Ol s + (69 Sl yimw

(cobloyy 51 8 59,V Hogme S5y puusd +y0b (93,5 + 3l BB ) peadlS” Ol ¢
(cedlogs J1 15 jo,¥ e 400 (99,5 + (0 45388 ) g9 Sl :

(cadloys 5 B 59,7+ Hogue S5yl +yb BB ) (59 Sl :

(cobloyy 51 8 595V Hogme S5y posd +050d (99,5 + 0y 4808 ) (g9 Oy ¢

A4a1
A4a2
A

Asaz
Aca
Asa2
Asaz

) el A al

Yaals :

Yaals

(cedlay 5l B8 5, +oAD (29,5 + (b 45388 g9 Sl :

(udloys 5 B 59, + Fogme S5y il +0p05 4848 ) (59, Sl :

(ol J B 59)¥ s Hogee SU) yuil 00D (293, + (0D 4848 ) g9y Oy
(codlsyy 31 B )V + oy (93,8 + )b 4818 ) wuandS” i ¢

(coblyy 51 B 9,V Fogme S5y yputs + b 48N3 ) ol Ol ginnn :

(cadlage 51 I8 59)Y+ Fogme Sy D (2935 + A8 b ) S Sl :

AlaZ
Araz
Azar
AZaZ
Azaz
Azar
Asa2
Asaz



o 30 0940 (030 ) GBS 9 (S (Slo o)y gty ¢ edS Bl g (595 (AL Jglme ST/FY

o laf e ot agaa iy o liee
g

Al

cnel LT
E2et ylea

o9 932y Ol 2§95 ol E95 1 7Y USWS
Figure 1. Effect of fertilizer treatment type on fruit drop
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Means followed by the same letter indicate no significant difference at the 5% level according to Duncan’s multiple range test.
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Figure 2. Interactive effect of fertilizer type and foliar application time on fruit drop
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Means followed by the same letter indicate no significant difference at the 5% level according to Duncan’s multiple range test.
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Means followed by the same letter indicate no significant difference at the 5% level according to Duncan’s multiple range test
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Means followed by the same letter indicate no significant difference at the 5% level according to Duncan’s multiple range test
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Means followed by the same letter indicate no significant difference at the 5% level according to Duncan’s multiple range test
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Background and Obijectives: Infiltration is one of the most important hydraulic

properties of soil, representing the entry of water into the soil, which usually
occurs in a vertical direction. This soil property plays a crucial role in the natural
water cycle and has significant implications for soil management. In semi-arid
regions, this hydraulic property is particularly important not only for meeting the
water requirements of rangeland and rainfed crops but also for reducing runoff
and soil erosion. Several factors influence soil infiltration, and they can be
generally categorized into three groups: (1) surface characteristics, (2) soil
properties, and (3) climatic and environmental conditions. This study focused on
soil physical properties, with the aim of quantifying the influence of a wide range
of these properties on water infiltration and identifying the most important factors
in selected soils in a semi-arid region.

Materials and Methods: To investigate the role of soil physical properties on soil water

infiltration indices, 68 sites in a semi-arid climate of Zanjan province were
selected. To capture sufficient variability for examining the effects of physical
factors on soil water infiltration, the sites were chosen based on criteria such as
land use type, vegetation cover, and soil texture, ensuring that the experiments
were conducted on the predominant soils of the region. At each sampling site,
14 consecutive readings of infiltration depth were recorded at specific time
intervals until the infiltration rate reached a steady state flow, for the calculation
of various soil water infiltration indices. To evaluate soil water infiltration in
detail, six key indices®cumulative infiltration (CI), initial infiltration (I1), initial
infiltration rate (I1IR), final infiltration rate (FIR), mean infiltration rate (MIR),
and effective infiltration depth (EID)O®were determined. In addition to field
infiltration measurements, disturbed and undisturbed soil samples were collected
from the 0T60 cm soil depth as the active hydrological layer, and transferred to
the laboratory. The following soil physical properties were determined: particle
size distribution (PSD), gravel content, bulk density (BD), initial soil moisture,
mean weight diameter of dry aggregates (MWDdry), and mean weight diameter
and geometric mean diameter of water-stable aggregates (MWDwet and
GMDuwvet).

Results: Pearson correlation analysis revealed that the MWDwet and GMDwet of

water-stable aggregates were significantly correlated with all infiltration indices
(p< 0.05). Bulk density also exhibited significant correlations with CI, I, FIR,
and MIR (p < 0.05). Moreover, multiple regression results indicated that
physical properties including BD, initial soil moisture, gravel content, PSD, and
GMDwet are the main factors controlling water infiltration in these soils.
According to one-way ANOVA, the soils were classified into four groups based
on BD, MWDwet, and GMDwet. Significant differences were found among
GMDwet groups in Cl, I, and FIR (p < 0.05). Differences among the groups of
MWDwet in CI and Il were significant. Additionally, significant differences
were found among the BD groups in Cl. This study indicated that, along with
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soil structure, the particle size distribution of soils can affect soil structure and
porosity and, in turn, impact water infiltration in semi-arid soils.

Conclusion: The results showed that MWDwet and GMDwet of water-stable
aggregates, along with BD, have the highest correlations with soil water
infiltration indices. These three soil physical properties can be considered the
most important determining factors in explaining soil water infiltration. It was
also found that PSD indirectly influences MWDwet, GMDwet, and BD and,
consequently, affects soil infiltration behavior. These findings emphasize the
importance of PSD and soil structure in the process of soil water infiltration in
semi-arid regions.
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Infiltration Indices (Case Study: Zanjan Province). Research Article, Journal of Soil Research, 39 (4), pp 421- 436.
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Table 1. Descriptive statistics of physical soil properties

Ccv SD Mean Max Min Variable
35.04 15.12 43.15 82.75 5.90 Sand (%)
28.91 9.21 31.87 51.28 6.44 Silt (%)
33.69 8.42 24.98 45.14 6.43 Clay (%)
40.49 11.47 28.33 61.29 5.09 TRF (%)
39.13 10.56 26.98 61.29 5.09 G (%)
11.08 0.12 1.09 1.52 0.83 BD (g cm?)
10.01 5.60 55.95 66.68 36.65 n (%)
40.75 4.37 10.73 25.15 3.66 O (%)
15.84 0.15 0.94 1.25 0.67 GMDygry (Mm)
26.87 0.48 1.79 2.90 0.67 MWDygry (mm)
18.27 0.13 0.71 1.09 0.41 GMDet (Mm)
46.48 0.38 0.82 1.98 0.09 MWD e(mm)
70.21 25.32 36.06 130.40 7.95 Cl (cm)
88.03 0.73 0.83 4.00 0.10 Il (cm)
88.03 87.46 99.35 480.00 12.00 1IR (cm h)
63.57 11.04 17.36 44.40 3.00 FIR (cm h%)
70.06 16.87 24.08 86.93 5.30 MIR (cm h?)
73.10 138.95 190.07 871.87 26.78 EID (cm)

TRF: Total Rock Fragments, G: Gravel, BD: Bulke Density, n: Total Porosity, ©;: Initial
Moisture, GMDg,: Geometric Mean Diameter Dry, MWDdry: Mean Weight Diameter
Dry, GMD,,: Geometric Mean Diameter Wet, MWD,:: Mean Weight Diameter Wet, CI:
Cumulative Infiltration, 1I: Initial Infiltration, IIR: Initial Infiltration Rate, FIR: Final
Infiltration Rate, MIR:Mean Infiltration Rate, EID: Efective Infiltration Depth.
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Table 2. Correlation between infiltration indices and selected soil physical properties

MWDdry GMDuary

G TRF Sand Clay Silt n BD Variables
1.00 BD
1.00 -0.83" n
100 044" 051" silt
1.00 047" 045" 032" Clay
100  -0.84"  -087" -052" 049" Sand
1.00 024°  -025° 016  -0.12 0.12 TRF
100 093" 031  -029° -024"  -017 0.17 G
100  -002  -004  -0.44™ 045" 031" 031"  -039" GMDary
1.00 073"  -049% 048~  -0527 048~  042% 040~  -0.44" MWDary
045% 063" 007 -006 -036™  031™ 031 034~  -053" oi
0.08 052"  043% 035"  -0.03 0.03 0.03 0.22 -0.39™ GMDuet
025°  058™ 018  0.16 -0.24 0.19 023 041  -057" MWDuet
0.10 0.20 016  0.19 0.03 -0.05 000 025 -0.47" cl
0.16 026° 015 0.8 -0.11 0.08 0.11 0.25" -0.38™ I
0.16 026° 015 0.8 -0.11 0.08 0.11 0.25" -0.38™ IR
0.10 0.10 007 012 -0.01 -0.03 004 026 -0.42™ FIR
0.10 0.20 016  0.19 0.03 -0.05 0.00 025 -0.47™ MIR
0.03 0.03 017 018 032" 022 033" 013 -0.01 EID
EID MIR FIR IR T ci MWDu  GMDuat , )
(cm) ©cmh)  (emh)  (cmih) (cm) (cm) (mm)  (mm) 0i(%) Variables
1.00 o
1.00 0.35" GMDuet
100 086" 0.40" MWDt
1.00 047" 049" 0.11 cl
1.00 079" 039" 039" 0.10 1
1.00 1.00 079" 039" 039" 0.10 IR
100  0.60” 060~ 087" 036~ 037" 0.07 FIR
100 087 079"  079% 100" 047" 049" 0.11 MIR
1.00 074% 067 051" 051 074" 023 031" 0.05 EID

BD: Bulke Density, n: Total Porosity, TRF: Total Rock Fragments, G: Gravel, ©;: Initial Moisture, GMDgy: Geometric Mean Diameter
Dry, MWDyg,: Mean Weight Diameter Dry, GMD,:: Geometric Mean Diameter Wet, MWD,.: Mean Weight Diameter Wet, Cl:
Cumulative Infiltration, I1: Initial Infiltration, IIR: Initial Infiltration Rate, FIR: Final Infiltration Rate, MIR:Mean Infiltration Rate, EID:

Efective Infiltration Depth.
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Figure 2. Variations in cumulative infiltration (CI), initial infiltration (I1), and final infiltration rate (FIR) in
relation to bulk density (BD), geometric mean diameter of soil aggregates under wet conditions (GMDwet), and
mean weight diameter of soil aggregates under wet conditions (MWDwet). One-way analysis of variance (ANOVA)
was performed at the 5% and 1% significance levels. Different letters above the bars indicate significant
differences among means.
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effective hydraulic parameters and interpret shifts in evaporation regime after
inoculation.

Materials and Methods: A column experiment was conducted using PVC cylinders (15

cm height, 4.5 cm internal diameter) packed with a sandy soil (S) and a sandy
clay loam (SCL). Treatments consisted of a distilled-water control (C) and two
inoculum levels, with volumetric suspension-to-water ratios of 1.5 and 1:10,
corresponding to approximately 8x1078 and 4x10"8 CFU mLu?, respectively.
Columns were saturated from the bottom with the assigned solution and then
exposed to laboratory evaporation for 10-11 days, while daily mass loss was
recorded and converted to cumulative evaporation. The cumulative evaporation
time series for each column were used in HYDRUS-1D (Richards equation with
van Genuchten—-Mualem functions) to inversely estimate Or, 0s, o, n, and Ks.
From the fitted parameters, dynamic soil-water indicators such as characteristic
evaporation length (Lc), matric potential at field capacity (Wec), characteristic
time to reach field capacity (tec) and an effective mean unsaturated hydraulic
conductivity (km) were derived to diagnose the mechanisms underlying
evaporation changes.

Results: Bacterial inoculation suppressed cumulative evaporation in both textures,

with markedly larger effects in the sand: after 11 days, S-B1:5 and S-B1:10
reduced evaporation by 40.5% and 54.4% versus S-C (3.12 cm — 1.85 cm and
1.42 cm), while SCL-B1:5 and SCL-B1:10 achieved 6.9% and 12.1% reductions
versus SCL-C (3.62 cm — 3.38 and 3.19 cm). HYDRUS-1D reproduced
dynamics with high fidelity (R2 = 0.996-0.999; low bias/error), enabling robust
parameter inference. In the sand, inoculation transformed evaporation from step-
like capillarity control into smoother diffusion -dominated trends via near-surface
v-PGA biofilm, disrupting capillary continuity. Metrics confirmed this: Lc
decreased (26.5 — 17.6 — 15.4 cm), trc increased (0.32 — 0.40 — 0.52 days),
and Wec declined (36.2 — 21.4 — 19.7 cm). SCL showed modest but evident
effects, with higher inoculum reducing Lc (~18 cm) and extending trc (~4.5 days).
The 1:10 inoculum often outperformed 1:5, indicating self-limitation at higher
densities constraining y-PGA efficacy. y-PGA biofilms reshape hydraulic
networks, shifting coarse sands from capillary-to diffusion-limited evaporation,
wich was captured by VGM parameters and dynamic indicators (Lc|, tFC?).
Coarser textures yielded greater gains, aligning with capillary theory.
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Conclusion: In conclusion, the results support the potential of Bacillus velezensis
inoculation as a “bioengineering” strategy to suppress bare-soil evaporation,
particularly in coarse-textured soils where green-water conservation is most
critical. The observed non-monotonic response to inoculum level highlights the
need to optimise dosage with respect to soil texture and target process. Given the
laboratory column scale of this proof-of-concept, field-scale validation and
explicit quantification of y-PGA/EPS production are recommended to refine the
mechanistic interpretation and to develop practical guidelines for the use of B.
velezensis in water-limited cropping systems.
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Table 1. Some physical and chemical properties of the-studied-soils

vy e Sl lado O ylade S LS STosle pH
Silt Calcium Organic . < ed
Clay (0.05-0.002mm) Sand- carbonate matter Soil texture S <.l
g/kg g/kg g/kg g/kg g/kg (-)
32.8 45.6 921.6 0 0 6.9 Sandy Soil s
272.8 146.5 580.7 16.89 58.5 8.04
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Figure 1. Overview of the evaporation columns used in the experiment, including two soil textures, sand (S) and sandy
clay loam (SCL), with three treatments: distilled water without bacteria (C) and bacterial inoculation with Bacillus

velezensis at volumetric suspension-to-water ratios of 1:5 (B1:5; 8110"8 CFU mLT1) and 1:10 (B1:10; 4110”8 CFU
mLT1), in PVC columns with a height of 15 cm and an internal diameter of 4.5 cm.
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Table 2. Experimental treatments applied to the soil evaporation columns

Treatment name ylos oU

o S Sk Cumor-
Treatment code Bacterial-population(CFU/ml)
S-C 0
S-B1:5 8x10%
S-B1:10 4x108
SCL-C 0-
SCL -B1:5 8x10%-
SCL -B1:10
4x108

oAl Ol b s S

Sandy soil with distilled water

1:0 oSl il b 15 S

Sandy soil with bacterial inoculation 1:5

Vi Ve oSl il b s S

Sandy soil with bacterial inoculation 1:10
oA I i oy g S

Sandy clay loam soil with distilled water

V0 b Sl il (b ) pgd S
Sandy clay loam soil with bacterial inoculation 1:5

Vil b8l gl b () pgd S
Sandy clay loam soil with bacterial inoculation 1:10
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Figure2. Cumulative evaporation (cm) over time (days) for-soils with-two textures, sand (S) and sandy clay loam
(SCL), subjected to distilled water (control) and bacterial inoculation-treatments. Final cumulative evaporation-at the
end of the experimental period-is indicated for each treatment.
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Figure 3. Comparison-of measured and HYDRUS-1DTsimulated cumulative evaporation-for two soil textures, sand
(S) and sandy clay loam-(SCL), under-different treatments: (a) sand with distilled water (control), (b) sand with

inoculation 1:5, (c) sand with-inoculation 1:10, (d) sandy clay loam-with distilled water (control), (e) sandy clay loam
with-inoculation 1:5, and (f) sandy clay loam-with-inoculation 1:10.
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Table 3. Statistical performance indicators of the HYDRUS--1D model-for simulating-cumulative evaporation under
different treatments

Treatment code

MBE% RMSE(cm)  MAE(cm) ME(cm) R? Lo S
o
0.052 0.01 0.007 0.007 0.998 S-C
0.002 0.04 0.032 0.005 0.996 S-B1:5
0.002 0.024 0.197 0.019 0.997 S-B1:10
0.004 0.002 0.001 0.068 0.996 SCL-C
0.002 0.008 0.006 0.002 0.998 SCL-B1:5
0.003 0.051 0.065 0.019 0.999 SCL-B1:10
0.01 0.024 0.051 0.02 0.997 Mean  pw&ibeo
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5 (MAE) s 3llas 138 (:S5ks (ME) s (550ke (RMSE) s laype (550hs s o(R?) (s s V1) + lySh ol (b ooy ) SB :SCL-BLI10 00 551, il

(MBE) 555 oxSils
S-C: Sandy soil with distilled water, S-B1:5: Sandy soil with bacterial inoculation 1:5, S-B1:10: Sandy soil with bacterial inoculation 1:10, SCL-C: Sandy clay

loam soil with distilled water, SCL-B1:5: Sandy clay loam soil with bacterial inoculation 1:5, SCL-B1:10: Sandy clay loam soil with bacterial inoculation 1:10.
R2: coefficient of determination; RMSE: root mean square error; ME: mean error; MAE: mean absolute error; MBE: mean bias error.
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Table 4. Cumulative evaporation data and van GenuchtentMualem hydraulic parameters-estimated by inverse
modeling for-sandy and sandy clay loam soils under different treatments

ol 4 Cond pded Olpundd (g (0T i

o S
- J&S (cm) 395 033 5!
Ks V] ds dr i
cm/day n (cm™) (cm®cm®) (cm3cmd) . . Cumulative
Change in evaporation evaporation Treatment code
relative to control (%) after 11 days
(cm)

63.36 34 0.05 0.38 0.04 0 3.12 S-C
144 2.68 0.1 0.43 0.045 T40.53 1.85 S-B1:5
144 3 0.1 0.42 0.04 154.36 1.42 S-B1:10
144 2.59 0.042 0.46 0.075 0 3.62 SCL-C

2491 149 0.05 0.49 0.01 16.85 3.38 SCL-B1:5

99.36 1.94 0.15 0.43 0.01 112.06 3.19 SCL-B1:10
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S-C: Sandy soil with distilled water, S-B1:5: Sandy soil with bacterial inoculation 1:5, S-B1:10: Sandy soil with bacterial inoculation 1:10, SCL-C: Sandy clay
loam soil with distilled water, SCL-B1:5: Sandy clay loam soil with bacterial inoculation 1:5, SCL-B1:10: Sandy clay loam soil with bacterial inoculation 1:10
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Figure 4. Comparison of-soil water characteristic curves (SWCCs) simulated with HYDRUS--1D to evaluate the effect

of bacterial inoculation (ratios 1:5 and 1:10) relative to the control-(distilled water) for two soil textures: sand and
sandy clay loam.
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Table 5. Summary of van GenuchtenTMualem-hydraulic parameters and dynamic field capacity criteria for two soil
textures under different treatments

trc Q Km Urc Qrc CQrc Lc ks Jlows oS
day cm cm/day day cm cm cm cm/day Treatment code
0.323 51 8.43 0.276 3.98 36.23 26.5 63.36 S-C
0.397 5.775 9.19 0.876 4.28 21.37 17.6 144 S-B1:5
0.524 5.7 10.15 1.087 4.34 19.65 15.35 144 S-B1:10
2.349 5.775 6.01 8.133 4.24 52.33 43.75 144 SCL-C
3.838 7.2 1.59 1.023 3.83 87.67 85.85 2491 SCL-B1:5
4515 6.3 1.84 0.6 413 19.55 18.11 99.36 SCL-B1:10

oy pd SBSCL-BL:5 ([l LT i (o) po) S =SCL-Cod: Ve b ySL il b 3 SB:S-BL:10-0: 0 by il b o3 S :S-BL:5 jalls LTL s S5 :S-C
e 1Qrc s yze byl 3 S plo Juili | Qrc pses dasein Job :LC glusl (Sdgyan colimniKS N Ve b8l il b (b oy pgd S :SCL-BL:10 0: 0 b 8L il b o
o5 2 Q b ales 0ad iSm) O ko Qo gl it (Sgyaen alin (i sl K e )jo )b 4 cpaesy duasio oo TTrC e Cabolo dy ) oloj 9 003 55 ]

as 50 b )b &y sy dasuie loj iFC @gasals

S-C: sandy soil with distilled water (control}, S-B1:5: sandy soil with bacterial inoculation at a 1:5 inoculum ratio, S-B1:10: sandy soil with bacterial inoculation
at a 1:10 inoculum ratio, SCL-C: sandy clay loam soil with distilled water (control}, SCL-B1:5: sandy clay loam soil with bacterial inoculation at a 1:5 inoculum
ratio, SCL-B1:10: sandy clay loam soil with bacterial inoculation at a 1:10 inoculum ratio, ks: saturated hydraulic conductivity, Lc: characteristic evaporation
length, QFC: matric potential at field capacity, Qrc: drained water amount at the time of reaching field capacity, trc: characteristic time to reach field capacity; km:
weighted mean unsaturated hydraulic conductivity; Qe: asymptotic drained water (Q at infinite time).
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contamination and soil salinity on Cd uptake and accumulation in different organs
of quinoa; (2) determine the distribution pattern of Cd within plant tissues (root,
stem, leaf, and grain) under combined stress conditions; (3) assess how increasing
salinity levels influence Cd mobility, bioavailability, and extractability in soil; (4)
investigate the potential of quinoa to reduce soil Cd concentrations and electrical
conductivity (EC) through phytoextraction; and (5) examine the morphological
stability and tolerance of quinoa when exposed to concurrent Cd and salinity
stress.

Materials and Methods: A factorial experiment was conducted under laboratory

conditions using a completely randomized design with two factors: four levels of
soil salinity (0, 4, 8, and 12 dS/m) and three levels of Cd contamination (0, 6, and
12 mg/kg soil), each with three replications. Soil texture was determined by the
hydrometric method. Calcium carbonate equivalent (CCE) was measured using
the titration method. Soil pH was determined in a 1:2.5 soil:distilled water
suspension using a pH meter. Electrical conductivity (EC) was measured in
saturated paste extract. Available Cd concentration in soil was extracted using the
DTPA method. Quinoa plants were grown under controlled conditions and
harvested after the complete growth period. Cd concentrations in different plant
organs (root, stem, leaf, and grain) were measured. Data were analyzed using
MSTATC and SPSS software, and means were compared using Duncan's
multiple range test at the 5% probability level.

Results: Quinoa demonstrated a high capacity for Cd uptake and accumulation across

all plant organs, with accumulation increasing significantly in response to higher
Cd concentrations and elevated soil salinity levels. A significant interaction was
observed between Cd and salinity stresses, leading to enhanced Cd uptake under
combined stress conditions. Cadmium accumulation followed the consistent
order: root > stem > leaf > grain, indicating effective retention of toxic metals in
belowground tissues and limited translocation to reproductive organs. Increasing
soil salinity enhanced Cd mobility and bioavailability, resulting in greater plant
uptake. Post-harvest analysis revealed significant reductions in both soil Cd
content and electrical conductivity, confirming the active role of quinoa in
phytoextraction of Cd and soluble salts. The plant maintained morphological
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stability across all treatment combinations, demonstrating remarkable tolerance
to both stressors.

Conclusion: This study confirms that quinoa possesses exceptional capacity for Cd
phytoextraction in saline soils, with the highest accumulation occurring in roots
followed by stems and leaves, while grains maintained the lowest Cd
concentrationsd a desirable trait for food safety. Elevated salinity enhanced Cd
bioavailability and subsequent plant uptake, demonstrating a synergistic effect
between the two stressors. The significant reduction in soil Cd and EC after
harvest underscores quinoa's potential as an effective phytoremediation agent for
Cd-contaminated saline soils. These findings support the use of quinoa in
sustainable remediation strategies for degraded lands in arid and semi-arid
regions, though field-scale validation is recommended to develop practical
guidelines for optimal phytoremanagement.

Cite this article: Sadeghi, S., 2026. The Effect of Different Salinity Levels on Cadmium Uptake and Phytoremediation Capacity
in Quinoa (Chenopodium quinoa Willd.). Research Article, Journal of Soil Research, 39 (4), pp 455-467.
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Background and Obijectives: Citrus decline, a multifactorial syndrome characterized by

gradual growth reduction, yield loss, and eventual tree death, poses a severe threat
to the sustainability of citrus orchards in arid and semi-arid regions. This
phenomenon results from the complex interaction of biotic pathogens and abiotic
stresses, including water deficit, nutritional imbalances, and particularly heat
stress in warm climates. Southern Kerman province in Iran is a major citrus-
producing area increasingly affected by this decline, linked to calcareous sandy
soils with inherent limitations in organic matter and nutrient availability.
Conventional singular management practices have proven inadequate in
addressing this complex issue. Therefore, this study aimed to design and evaluate
a holistic, integrated management strategy. The primary objective was to assess
the combined effects of optimized nutrition and irrigation, organic mulch
application, and artificial shading on mitigating decline symptoms, improving
tree physiological status, and enhancing yield and fruit quality of VValencia orange
trees (Citrus sinensis cv. Washington Navel) grown in calcareous sandy soils.

Materials and Methods: The research was conducted over two years (2021-2022) in a

commercial Valencia orange orchard with calcareous sandy soil in Anbarabad,
southern Kerman province. Initial soil analysis confirmed a sandy loam to loamy
texture, high pH (7.5-7.7), low organic carbon (0.31-0.53%), and deficient levels
of available phosphorus, potassium, and micronutrients (Zn, Fe, Mn). The
experiment followed a randomized complete block design (RCBD) with three
replications and four distinct treatments: (1) Controll: standard local orchard
practices (conventional nutrition and irrigation). (2) Optimal Nutrition and
Irrigation (ONI): Fertilization based on soil and leaf analysis, using chemical and
organic amendments (including decomposed cow manure) applied via localized
placement (pit method). Irrigation was optimized through a pressurized drip
system with proper emitter placement and spacing to ensure adequate water
supply. (3) ONI + Mulch (ONI+M): Treatment 2 supplemented with a surface
layer of plant-based mulch (shredded palm leaves). (4) ONI + Mulch + Shade
(ONI+M+S): Treatment 3 supplemented with a 50% shading net installed from
late May to mid-September to mitigate summer heat stress. Key growth and
physiological parameters were measured at the end of each growing season. These
included vegetative growth (number of new shoots per tree), yield (kg per tree),
fruit quality attributes (diameter and length), leaf area, and the concentration of
macro- and micronutrients (N, P, K, Zn, Fe, Mn) in leaf tissue. Collected data
were subjected to analysis of variance (ANOVA) using SAS software, and mean
comparisons were performed using Duncan's multiple range test at the 1%
significance level.



470/ The Role of Integrated Management of Suitable Nutrition, Plant Mulch, andé

Results: The integrated management strategy demonstrated highly significant and
progressive improvements across all measured parameters. Treatment 4
(ONI+M+S) produced the most dramatic results, recording 298.57 new shoots per
tree and a yield of 78.29 kg per tree. This represents increases of 198.6% and
196.1%, respectively, compared to the control (100 shoots, 26.44 kg/tree).
Treatments 2 (ONI) and 3 (ONI+M) also showed significant improvements, with
yield increases of 64% and 116.3% over the control, indicating the additive
benefits of each component. Fruit diameter and length were significantly
enhanced under the full integrated treatment (83.67 mm and 86.23 mm,
respectively), corresponding to increases of 27.5% and 33.8% compared to
control fruit (65.63 mm, 64.44 mm). This indicates a substantial improvement in
fruit marketability and grade. Leaf analysis revealed a profound positive impact
on tree nutritional health. Treatment 4 resulted in the highest concentrations of all
measured nutrients. Most notably, micronutrient levels increased dramatically: by
126.7%, Iron (Fe) by 160.6%, and Manganese (Mn) by 98.8% compared to the
control. Macronutrient levels (N, P, K) were also significantly higher in the
integrated treatment compared to the control. Leaf area, an indicator of
photosynthetic capacity, was also largest (39.63 cm?) in Treatment 4. ANOVA
confirmed that the effect of treatments was significant (p < 0.01) for all studied
traits.

Conclusion: This study conclusively demonstrates that citrus decline in calcareous
sandy soils is a multifactorial challenge that cannot be effectively mitigated by
conventional, piecemeal approaches. The integrated management packaged
combining scientifically guided nutrition and irrigation, organic mulching, and
seasonal shadingd proved to be a highly effective and synergistic strategy. The
results provide clear evidence that this approach simultaneously alleviates
multiple key stress factors: it corrects nutritional and water deficits, conserves soil
moisture and moderates root-zone temperature, and reduces radiative and heat
stress on the canopy.

Cite this article: Sarhadi, J., Sharif, M., 2026. The Role of Integrated Management of Suitable Nutrition, Plant Mulch, and
Shading in Reducing Decline in Orange Trees (Case Study: South of Kerman Province). Research Article, Journal of Soil
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Table 3. Analysis of variance of the effects of experimental treatments on the functional and growth traits studied
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Table 3. Analysis of variance of the effects of experimental treatments on elment concentration on leaf
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Figure 1- The effect of treatments on per tree (a) and fruit yield (b). Treatments T1, T2, T3 and T4 represent the control

treatment, optimal nutrition and irrigation treatment, optimal nutrition and mulch treatment and complete combined
treatment, respectively. The presence of similar letters indicates no significant difference at the 5% error level by

Duncan's test.
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Figure 2- The effect of treatments on fruit diameter (a) and fruit length (b). Treatments T1, T2, T3 and T4 represent the

control treatment, optimal nutrition and irrigation treatment, optimal nutrition and mulch treatment and complete
combined treatment, respectively. The presence of similar letters indicates no significant difference at the 5% error level

by Duncan's test.
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Figure 3- The effect of treatments on leaf area (a), the concentration of nitrogen (b), phosphorus (c) and potassium (d) in

the leaf. Treatments T1, T2, T3 and T4 represent the control treatment, optimal nutrition and irrigation treatment,
optimal nutrition and mulch treatment and complete combined treatment, respectively. The presence of similar letters

indicates no significant difference at the 5% error level by Duncan's test.
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Figure 4- The effect of treatments on leaf area (a), the concentration zinc (a), iron (b) and manganese (c) in leaf.

Treatments T1, T2, T3 and T4 represent the control treatment, optimal nutrition and irrigation treatment, optimal
nutrition and mulch treatment and complete combined treatment, respectively. The presence of similar letters indicates

no significant difference at the 5% error level by Duncan’s test.
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for sustainable watershed management.

Materials and Methods: The methodological core of this study was the Sediment

Delivery Ratio (SDR) model implemented in the INVEST software suite. The
process began with estimating soil erosion potential for each pixel using the
RUSLE, which synthesizes data layers for rainfall erosivity (R), soil erodibility
(K), the topographic length-slope factor (LS) derived from a 30m Digital
Elevation Model (DEM), land cover (C), and conservation practices (P).
Subsequently, the SDR for each pixel was calculated based on a hydrological
connectivity index, balancing upslope resistance and downslope flow path
factors. The sediment export from each pixel was then derived as the product of
its USLE erosion potential and its SDR. Finally, the ecosystem services of
"avoided erosion" (soil loss prevented at source by vegetation) and "avoided
sediment export” (sediment prevented from entering streams) were quantified.
All spatial data, including land use/land cover from Landsat 8 imagery, were
standardized within a GIS environment to a consistent coordinate system and
raster resolution for model execution.

Results: The application of the model across Zanjan Province revealed a highly

heterogeneous spatial pattern of erosion and sediment dynamics. The total
annual soil erosion potential and sediment export for the province were
estimated, confirming the severity of the process. More importantly, the existing
vegetative cover was quantified as providing a crucial ecosystem service by
preventing a vastly greater amount of soil loss and sediment delivery to
watercourses annually. Spatial aggregation of pixel-level results to the
watershed scale enabled clear prioritization. Watershed 1 was identified as
"Critical," contributing the dominant share to both total erosion potential and
sediment export. watersheds 7 and 5 were categorized as "High Priority," while
the remaining watersheds (2, 3, 4, 6) were classified as "Moderate to Low
Priority”. This stratification effectively pinpoints areas where management
interventions would yield the highest return in terms of reducing sediment loads
to vital water reservoirs.
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Conclusion: This study successfully moved beyond conventional erosion modeling
by translating complex biophysical assessments into operational, priority-ranked
maps at a management-relevant scale. By integrating the RUSLE and SDR
models within the InVEST framework, it provided a scientifically robust and
spatially explicit basis for optimizing the allocation of limited conservation
resources. The proposed spatial prioritization enables a shift from uniform,
dispersed management approaches to a targeted, evidence-based strategy focused
on critical intervention areas. The methodology and findings not only offer a
direct and practical tool for watershed managers in Zanjan Province but also
establish a replicable framework for adaptive and intelligent decision-making in
other watersheds across Iran. Ultimately, this approach supports the development
of a dynamic, integrated spatial information system for the national-scale
protection of fundamental soil and water resources.
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Table 1. Land cover/land use classification and their corresponding C and P factors
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Land use/ Land Cover Type Iucode usle_e usle_p
Urban and rural areas and installations 1 1 1
Forest with 10-25 percent canopy cover 4 0.04 0.9
Shrub-lands with more than 10 percent canopy cover 5 0.04 0.9
Plantation forests 6 0.1 0.7
Rangelands with more than 50 percent canopy cover 7 0.15 0.9
Rangelands with 25-50 percent canopy cover 8 0.24 0.8
Rangelands with 5-25 percent canopy cover 9 0.45 1
Irrigated farming and orchards 10 05 0.65
Dry farming 11 0.7 0.7
Kavir (low desert lands without canopy cover ) 12 1 1
Different types of sand dune 13 1 1
Smooth sand surfaces 14 0.9 1
Smooth clay surfaces in the margins of Kavir 15 1 1
Salty lands 16 1 1
Marsh lands with high level surfaces water 17 0 1
Rangelands with less than 5 percent canopy cover and out crop 18 0.45 1
Lakes and water reservoirs 19 1 1
Large river beds 20 1 1
Forest with 5-10 percent canopy cover 23 0.01 0.7
Forest with1-5 percent canopy cover 24 0.01 0.7

@b =Y U Billas) wms e (i Jlo 3 JuSe 3 o8
a b ok adli] Ggmy IS e dC Y JS gillas) Lo
=V US8) Jlo > JuSy 3 F s 1 e (55, 038 pl
GBS Gidey (I8 S a4 gey JUil 5l Gl ke 4 (d
oSy 3 5 s g B39y 4 gy 3959 1 6T 5l>

ol o 03l ioles (8 - JSS) Jlo jo

=W
P S 5 cws p SBplled ey
2 a8 Caol )85 LS Ll o duwlee (ably byl s o Jle
Sy g g Gl 039 JuSlo anly 10 Slaole cdlllas )
lae) Conl ord ment (] b JuSy polie asgs o
LS sy G o i) il ol (Y S
G ) SBGalo)d JgpSgl 53 (bpae lelil



P i dlyl g (BOCgwy g S gl y8 udslyd g0 jl olaa! Glime (25,1 /FAY

160000 200000 240000 280000 320000

360000

160000

200000

2000

280000

320000 360000

4120000

4080000

4040000

(o

4120000

4080000

4040000

S 3 sl

()

4120000

4080000

4040000

I L S 13 oS 13 7 L

H 2 =

g g ) g

¥ ¥ -/t [ s

1e-0/e1

2 2 = s

§‘ g‘ 10-1-/' IR 'g

2 4 re-1e/1 R 0

40 Km| 0 1020 40 Km
sv-r Fi-r R

160000 200000 240000 280000 320000 360000 160000 200000 240000 280000 320000 360000
160000 200000 240000 280000 320000 360000 160000 200000 240000 280000 320000 360000 160000 200000 240000 280000 320000 360000
2| «&d (e gl &P 6B
HR 4 i@ iy ® g
) a2 a8 <
= Gl ) T - e -
s s s s s s
g € 8 g g g
g g3 i i
s s s B s

4040000
4040000
4040000

4040000

4040000

Dy JE | (588 gy S JS Jlake
o7 Dy adlil S g3 Juy 13
g 2 iy 37 s 53 R g
g i BB s gudange E <= g
§ = § §| makwew §§ §
r-/ Ly — /- /1 [T
s 2. s s — sz - s
§ ey | § § o H § -0 H
S s 22 aa 170~ 171 R 2
01020 40 Km 0 1020 40 Km 01020 40 Km|
reco-l- -1
160000 200000 240000 280000 320000 360000 160000 200000 240000 280000 320000 360000 IM'DO'(MI 200000 2400'00 280000 320000 360000

0 y3be gy JS (C cound Sl ! Lislw,d (b S il yd Jawiliy (2 =Y JSU5

gy JULII 5 i (8 5 o0 cailsl gy JS (d

Figure 1. a) Soil erosion potential, b) Avoided erosion, ¢) Total sediment exported,
d) Total sediment deposited, and e) Sediment delivery avoidance
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Table 2. Final model results for each watershed within the study area and for Zanjan Province as a whole
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Figure 2. a) Soil erosion potential per watershed, and b) Avoided erosion in the watershed
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Figure 4. Avoided sediment export in the watershed
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agronomic benefits with the associated environmental risks remains a key
challenge for sustainable wastewater reuse. This review aims to systematically
evaluate the effects of wastewater irrigation on the physical and chemical
properties of soils in Iran, as well as the accumulation patterns of heavy metals in
these soils.

Materials and Methods: A total of 335 scientific sources, including peer-reviewed

articles, research reports, and academic theses published up to 2021, were
collected and critically evaluated. The methodological quality of each study was
assessed based on data completeness, sampling design, and analytical reliability.
Studies meeting the inclusion criteria were subjected to quantitative and
qualitative synthesis to identify the magnitude and direction of wastewater
effects on key soil indicators. The analyzed parameters included soil bulk
density, pH, electrical conductivity (EC), cation exchange capacity (CEC),
organic carbon (OC), soil aggregate stability, sodium adsorption ratio (SAR),
and the concentrations of macro- and micronutrients as well as heavy metals.
Data were synthesized to calculate average percentage changes relative to
control soils irrigated with freshwater.

Results: The results demonstrate that wastewater irrigation significantly improves

several soil fertility indicators. On average, soil organic carbon increased by
88%, CEC by 8.4%, and soil aggregate stability improved markedly, indicating
enhanced soil structure and water retention capacity. Conversely, bulk density
decreased by 9.5%, reflecting improved soil porosity. The effect of wastewater
on pH and SAR was variable and highly dependent on the degree of wastewater
treatment and its chemical composition. However, EC increased by 39% on
average, indicating an overall rise in soil ionic load. Nutrient enrichment was
also evident. The total concentrations of essential nutrients, including nitrogen,
iron, zinc, copper, and manganese, increased by 12.8747.3%. The available
(plant-available) forms of potassium, calcium, magnesium, iron, zinc, copper,
and manganese increased by 30.8%, 42.5%, 89%, 57.2%, 223.9%, 167.6%, and
116.3%, respectively, confirming the fertilization potential of wastewater
irrigation. In contrast, a notable increase in total and available heavy metal
concentrations was observed. Average increases in total chromium, nickel,
manganese, iron, zinc, copper, lead, and cadmium concentrations were 40%,
29.1%, 40.2%, 20.3%, 46.6%, 34.5%, 50.0%, and 42.0%, respectively. The
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bioavailable fractions of these metals exhibited even higher increases, posing a
potential risk to food chain safety. Importantly, this review highlights a
significant data gap for arsenic (As) and cobalt (Co), which have not been
systematically monitored in Iranian soils, indicating a critical need for expanded
surveillance.

Conclusion: The findings demonstrate that wastewater irrigation in Iran substantially
enhances soil fertility by improving organic matter content, nutrient availability,
and physical structure. However, it simultaneously increases the accumulation of
heavy metals, particularly in bioavailable forms that can be transferred to crops
and potentially threaten soil and food safety. Sustainable wastewater reuse
therefore requires effective pretreatment, chemical quality control, and
continuous monitoring of soil and plant heavy metal concentrations in accordance
with national and international standards (e.g., WHO, FAQ, and Iranian EPA
guidelines). Establishing long-term monitoring programs and incorporating risk
assessment frameworks into wastewater reuse policies are essential to balance the
benefits of nutrient recycling with the prevention of long-term contamination in
agricultural soils.
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Figure 3. Effect of wastewater irrigation on changes in soil nitrogen and organic matter content.
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Figure 4. Total (a) and available (b) iron concentrations in soils irrigated with wastewater: findings from the reviewed

studies.
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Cd Pb Cr Co Fe Zn Cu Mn As Ni
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ol Japan - 400 - 50 - 250 125 - 15 400
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oy Iran 5 75 110 50 - 500 200 - - 110
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