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Abstract: Increasing soil salinity and degraded irrigation water quality are major challenges for
agriculture. This study investigated the effects of irrigation water quality and incorporating compost
(3% dry mass in soil) on minimizing soil salinization and promoting sustainable cropping systems.
A greenhouse study used brackish water (electrical conductivity of 2010 µS/cm) and agricultural
water (792 µS/cm) to irrigate Dundale pea and clay loam soil. Compost treatment enhanced soil
water retention with soil moisture content above 0.280 m3/m3, increased plant carbon assimilation
by ~30%, improved plant growth by >50%, and reduced NO3

− leaching from the soil by 16% and
23.5% for agricultural and brackish water irrigation, respectively. Compared to no compost treatment,
the compost-incorporated soil irrigated with brackish water showed the highest plant growth by
increasing plant fresh weight by 64%, dry weight by 50%, root length by 121%, and plant height by
16%. Compost treatment reduced soil sodicity during brackish water irrigation by promoting the
leaching of Cl− and Na+ from the soil. Compost treatment provides an environmentally sustainable
approach to managing soil salinity, remediating the impact of brackish water irrigation, improving
soil organic matter, enhancing the availability of water and nutrients to plants, and increasing plant
growth and carbon sequestration potential.

Keywords: agricultural irrigation; salinity management; soil compost treatment; plant biomass;
brackish water; carbon sequestration

1. Introduction

Elevated soil salinity and its detrimental effects on crop yields are major global chal-
lenges for the agricultural industry [1–3]. A lack of good-quality irrigation water has caused
soil salinity to increase in arid and semiarid regions that do not receive sufficient rainfall,
such as the high plains of the United States [4–6]. Farmers using saline irrigation water
have suffered long-term soil degradation [7], leading to economic losses due to decreased
crop yield [8].

Drought and scarcity of good-quality water are global concerns on crop production;
thus, using marginal-quality waters, such as brackish water and reclaimed water, provides
an alternative to meet the demands of farming communities [9]. However, irrigation with
saline water reduces soil infiltration and increases soil bulk density by clogging the pore
spaces and continuity due to high salt content. This will lead to compaction and crust
formation, changing soil structure and reducing water and air space within the soil [10–12].
Continuous irrigation using saline water reduces soil water holding capacity as the salts
displace the soil water space and essential nutrients, altering soil chemistry [13–15]. Crop
yield is affected by the salt composition and concentration of the irrigation water, as well as
the salt tolerance level of the crop due to the osmotic effect of salt in the root zone [16,17].
When irrigation water has a high sodium adsorption ratio (SAR), the Ca2+ and Mg2+ sites

Water 2024, 16, 1391. https://doi.org/10.3390/w16101391 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16101391
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-6795-6435
https://orcid.org/0000-0002-4053-9495
https://doi.org/10.3390/w16101391
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16101391?type=check_update&version=1


Water 2024, 16, 1391 2 of 19

in the soil can be replaced by Na+, resulting in permeability issues due to the soil losing its
granular structure over time. An increase in irrigation water salinity was reported to lead
to significant water consumption [18] in rice fields [19].

Methods for addressing soil salinity problems include desalinating saline water before
irrigation, using salt-tolerant plants, and managing soil conditions to prevent salinization.
Compost buffers against salinity spikes, making it suitable for sustainable agriculture
with saline water. This method offers a cost-effective, environmentally friendly irrigation
alternative, conserves freshwater, and improves soil health.

Tillage and composting notably mitigate soil compaction, improving soil aggregate
stability and water flow [20]. Compost application at a 20 cm depth more effectively
lowers the bulk density than surface application [21]. Compost enriches clay and loam
soils with organic matter, enhances porosity, and reduces bulk density more significantly
than tilling [22]. Although compost does not always correlate with higher plant yields
in clay loam soils [23] compost has improved soil infiltration rates [20–22] and hydraulic
conductivity, thus increasing soil carbon and aggregate formation [24,25].

Incorporating compost into soil is also an effective method to reduce fertilizer input.
The broad use of fertilizers has caused increases in soil salinization and accumulation of
heavy metals in soil and groundwater [26,27]. Compost provides essential nutrients for
plant uptake with enhanced soil macronutrients (N, P, K, Ca, Mg, and S) and trace ele-
ments [28–31]. Nutrient availability, particularly organic nitrogen, requires mineralization
for plant uptake. The high fungal-to-bacterial ratio (F:B) in compost can improve the effi-
ciency of partitioning carbon into soil and plant biomass [32,33], resulting in carbon fixation
into the soil and creating a regenerative and sustainable agricultural system [34,35]. The
high C/N ratio in compost can combat salinity and alkalinity through sodium chelation of
humic acids, reducing soil salinity effects on plant and root development [36–38]. Compost
application reduces runoff, conserving nutrients (P, N) and preventing sediment loss in var-
ious soil types [39–41], thereby improving crop yields over time as compost degrades [42].
Although there are concerns that feedstock used and decomposition of composting may be
sources for compost salinity [43], compost-amended soils have demonstrated a significant
boost in lettuce, tomato, and blueberry growth compared to fertilizer-only controls [44].

Table S1 in Supporting Information summarizes the literature review results on using
various types of compost on different soils and plants to investigate the effects of compost
on soil health and plant growth. However, there are limited studies on the effectiveness
of compost and application rates that maximize benefits while minimizing the risks of
soil salinity increases when saline water is used for irrigation. The impacts of combined
compost application and saline water irrigation on soil health have not been studied and
are poorly understood. There is a lack of comprehensive studies on the environmental
impacts of using compost in saline water-irrigated lands, especially regarding the leaching
of nutrients to groundwater during irrigation using different water qualities.

Despite evidence that compost incorporation can mitigate soil salinity effects on plant
growth and yield, there is a knowledge gap in understanding the underlying mechanisms
through systematic studies. This greenhouse study aims to explore salinity management
via desalinated irrigation water and compost amendment to enhance plant yield and soil
fertility. It employs a mass balance approach and statistical analysis to assess the impact
of irrigation water quality and compost treatment on plant growth, soil characteristics,
and ion leaching. The research hypotheses are (1) compost can restore fertility, mitigate
irrigation water and soil salinity effects on yield, and reduce reliance on synthetic fertilizers;
(2) despite irrigation water quality, compost treatment positively influences soil leaching
and groundwater quality.

The study is part of a project funded by the INFEWS (Innovations at the Nexus of
Food, Energy, and Water Systems) program of the National Science Foundation (NSF)
and the United States Department of Agriculture (USDA). The research conducted by the
University of North Texas (UNT), New Mexico State University (NMSU), and Colorado
State University (CSU), aims to improve crop yield and mitigate soil salinity by effectively
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integrating microbial community, hydrology, desalination, and renewable power. Two
renewable energy-powered, autonomous desalination systems are operated by UNT to
compare the effect of irrigation water quality and compost inoculation during the agro-
nomic field experiments at the Brackish Groundwater National Desalination Research
Facility (BGNDRF), Alamogordo, New Mexico, and the Arkansas Valley Research Center
(AVRC) in Rocky Ford, Colorado.

2. Materials and Methods
2.1. Experimental Design

A greenhouse experiment was conducted for two months with eight treatments de-
rived from three factors and two levels: (a) two types of irrigation water, including brackish
groundwater with electrical conductivity (EC) of 2.010 ± 0.043 mS/cm and agricultural
water with EC of 0.792 ± 0.012 mS/cm; (b) two soil treatments—with and without incor-
poration of compost; and (c) with or without plants. A full factorial combination of these
three factors was studied with three replicate soil columns for each treatment condition,
as depicted in Figure 1. Plants were grown under indoor greenhouse conditions using
AgroMax F54T5HO, GROW SPECTRUM EM-H20, mimicking natural sunlight to ensure
the plants received a consistent, quantifiable amount of the light spectrum for plant growth
(HTG Supply, Callery, PA, USA). Irrigation experiments were monitored and maintained at
a room temperature of at least 18 ◦C to ensure seed germination.

Water 2024, 16, x FOR PEER REVIEW 3 of 20 
 

 

University (CSU), aims to improve crop yield and mitigate soil salinity by effectively in-

tegrating microbial community, hydrology, desalination, and renewable power. Two re-

newable energy-powered, autonomous desalination systems are operated by UNT to 

compare the effect of irrigation water quality and compost inoculation during the agro-

nomic field experiments at the Brackish Groundwater National Desalination Research Fa-

cility (BGNDRF), Alamogordo, New Mexico, and the Arkansas Valley Research Center 

(AVRC) in Rocky Ford, Colorado. 

2. Materials and Methods 

2.1. Experimental Design 

A greenhouse experiment was conducted for two months with eight treatments de-

rived from three factors and two levels: (a) two types of irrigation water, including brack-

ish groundwater with electrical conductivity (EC) of 2.010 ± 0.043 mS/cm and agricultural 

water with EC of 0.792 ± 0.012 mS/cm; (b) two soil treatments—with and without incor-

poration of compost; and (c) with or without plants. A full factorial combination of these 

three factors was studied with three replicate soil columns for each treatment condition, 

as depicted in Figure 1. Plants were grown under indoor greenhouse conditions using 

AgroMax F54T5HO, GROW SPECTRUM EM-H20, mimicking natural sunlight to ensure 

the plants received a consistent, quantifiable amount of the light spectrum for plant 

growth (HTG Supply, Callery, PA, USA). Irrigation experiments were monitored and 

maintained at a room temperature of at least 18 °C to ensure seed germination. 

Water quality parameters of the two types of irrigation water used in this study are 

given in Table 1 and are based on groundwater collected from BGNDRF Well-1 in Ala-

mogordo, New Mexico. Raw water from Well-1 represents brackish water with total dis-

solved solids (TDSs) concentration of ~1100 mg/L and SAR of 9. The agricultural water 

was prepared by mixing the brackish water with desalinated Well-1 water using reverse 

osmosis (RO), simulating freshwater with TDS concentration of 400 mg/L and SAR of 6.4.  

 

Figure 1. Treatment combinations of the greenhouse experiment with triplicate soil columns for 

each condition and the notations for the columns. Note: EC stands for electrical conductivity of wa-

ter. 

  

Water type

Agricultural water
(EC- 792±12.4 µS/cm)

Compost

Plant AW-C-P columns

No Plant AW-C-NP columns 

No compost

Plant AW-NC-P columns

No Plant AW-NC-NP columns

Brackish water
(EC- 2010±43 µS/cm)

Compost

Plant BW-C-P columns

No Plant BW-C-NP columns

No compost

Plant BW-NC-P columns
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Figure 1. Treatment combinations of the greenhouse experiment with triplicate soil columns for each
condition and the notations for the columns. Note: EC stands for electrical conductivity of water.

Water quality parameters of the two types of irrigation water used in this study
are given in Table 1 and are based on groundwater collected from BGNDRF Well-1 in
Alamogordo, New Mexico. Raw water from Well-1 represents brackish water with total
dissolved solids (TDSs) concentration of ~1100 mg/L and SAR of 9. The agricultural water
was prepared by mixing the brackish water with desalinated Well-1 water using reverse
osmosis (RO), simulating freshwater with TDS concentration of 400 mg/L and SAR of 6.4.

Table 1. Water quality parameters of irrigation water.

Irrigation Water pH
EC TDS Alkalinity

SAR
Na+ Ca2+ Mg2+ K+ Cl− NO3− SO42−

(mS/cm) (mg/L) (mg/L as CaCO3) (mg/L)

Brackish water 8.05 2.010 1088 290 9.0 307 61.9 15.7 2.2 29.3 0.5 664
Agricultural water 7.08 0.792 413 160 6.4 130 21.8 5.5 5.3 16.9 0.24 233
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Prior to packing the soil columns, the compost with 70% moisture content was mixed
with soil at a compost-to-soil ratio of 10% by weight (w/w), which is equivalent to ~3%
w/w compost of dry weight. The compost made of plant residues was collected from
a Johnson–Su composting bioreactor [45]. The physicochemical parameters of compost
are summarized in Table S7. The compost bioreactor maintained an aerobic, undisturbed
static composting environment for one year. Worms (Eisenia fetida) were added after the
compost bioreactor temperature decreased to below 28 ◦C. The compost was irrigated daily
to maintain 70% (w/w) moisture content throughout the composting process.

Soil for the columns was collected from the AVRC field testing plots in Rocky Ford,
Colorado. AVRC soil with an initial SAR of 0.41 was collected from 0–15 cm, 15–30 cm,
and 30–45 cm depths. The soil was classified as clay loam across all layers. The soil
was sieved through 3 mm mesh and packed into PVC columns (50 cm height, 10 cm
diameter), with each layer (0–15 cm, 15–30 cm, and 30–45 cm) carefully packed with
1500–1800 g of soil or compost-incorporated soil, following measurements to maintain a
bulk density (BD) within the range of 1.35–1.40 g/cm3, matching field soil density. Gravi-
metric water content (GWC) was determined by drying 10 g of homogenized soil at 105 ◦C
for 24 h, with water weight (W) calculated by subtracting dry soil weight (D) from wet soil
weight (S), and BD calculated by dividing by soil volume (V). The soil columns, prepared
with and without compost treatment, contained bottom holes for water leaching and lat-
eral holes for TEROS-12 probe insertion, enabling soil volumetric water content (VWC)
and EC measurements. Soil VWC (accuracy ± 0.03 m3/m3) and EC (accuracy ± 5% for
0 to 5 dS/m and ± 10% for 5–23 dS/m) of each layer were measured daily using a TEROS-
12 soil moisture, temperature, and EC sensor (Meter Environment, Meter Group, Inc.,
Pullman, WA, USA) to monitor the change in moisture content and EC in each layer for
different types of treatments.

At the start of the experiment, the soil columns (initial raw soil EC = 0.95 mS/cm) were
saturated with water by adding 300 mL of respective irrigation water to the soil columns
every day until water started to leach from the columns. The soil VWC ranged from 0.300 to
0.350 m3/m3 on the 6th day of irrigation. After the initial water saturation of the treatment
column soil profile, ~100–150 mL of water was applied every day to maintain the soil VWC
above 0.200 m3/m3. The soil columns were constructed with perforated holes along the
columns and at the bottom to avoid secondary salinization because the experiments were
conducted in a closed environment.

Flood irrigation was performed twice during the experiments, irrigating each column
with 300 mL of respective irrigation water to the treatment presented in Figure 1, and
the leached water was collected from the columns for mass balance analysis. The first
flood irrigation was performed on the 6th day (six days at 300 mL per day) from the first
irrigation before planting when the columns were saturated, and the second flood irrigation
was conducted before harvesting on the 56th day (two days at 300 mL per day).

Dundale pea was selected for this experiment due to its shorter germination period,
rapid growth under greenhouse conditions, and sensitivity to water stress and irrigation water
salinity. Dundale pea was reported to have an irrigation water salinity tolerance threshold
value of 0.6 mS/cm [46], which is below the EC of brackish water (2.010 ± 0.043 mS/cm) and
agricultural water (0.792 ± 0.012 mS/cm) used in this study. Dundale pea seeds were sown on
day 6 post-initial irrigation, following the first flood irrigation. Soil property characterization
and harvest occurred after 50 days. Each column was sown with six seeds at a depth of
one inch, from which four healthy seedlings were selected to continue the experiment with
controlled seed quality variability.

2.2. Physicochemical Analysis of Irrigation Water, Leached Water, Soil, and Plants

The irrigation water and flood irrigation water samples were filtered using Cole-
Parmer nylon chromatography syringes with 0.45 µm filters. Collected leached water
samples were stored at 4 ◦C in a refrigerator prior to analysis, except for water samples
to be analyzed for pH, EC, and alkalinity that were analyzed immediately. A benchtop
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multi-parameter meter (PCD 650 Oakton Instruments, Vernon Hills, IL, USA) was used for
measuring pH and EC, whereas the alkalinity of the samples was measured using Hach
alkalinity test kits (Hach, Loveland, CO, USA). Major anions were measured using ion
chromatography (IC; Dionex ICS-2100, Thermo Fisher Scientific, Pleasanton, CA, USA; EPA
method 300.0). An inductively coupled plasma optical emission spectroscopy (ICP-OES;
Optima 4300 DV, PerkinElmer, Waltham, MA, USA) was used to measure the total metals
and trace elements after sample acidification using EPA method 200.7.

Dissolved organic carbon (DOC, after filtering through 0.45 µm filters) was measured
using a TOC-V CSH Total Organic Carbon Analyzer (Shimadzu, Kyoto, Japan), following
EPA method 415.3. Full wavelength scans of the UV and visible light absorbance of the
samples were performed using a spectrophotometer (DR6000; Hach Company, Loveland,
CO, USA). Specific UV absorbance (SUVA) was determined by dividing the UV absorbance
at 254 nm by the respective DOC concentration of the sample. The data quality was
confirmed with charge balance calculations by having a percentage error of less than 10%.

All plant, soil, and water sample collection, preservation, shipping, and analyses
followed the guidance of the United States Environmental Protection Agency (EPA) and
standard practices.

The following equations were used for the calculations and comparisons of the results:

SAR =
[Na+] (meq/L){

([Ca2+ ](meq/L)+[Mg2+ ])(meq/L)
2

}1/2

The percentage increase =
a − b

b
× 100%

The percentage reduction =
b − a

b
× 100%.

where a is the new value of the parameter with treatment, and b is the baseline value of the
parameter without treatment.

Defining Xs as the mass of constituent X leached or retained by the soil, Xw as the
mass of X in water added to the column, and Xi as the mass of X in leached water from the
column, the equation for mass balance calculation of the leached water for the treatment is
written as

Xs = Xi − Xw

Samples from each soil layer and each treatment were collected and homogenized
by gently crushing from the outside of the sample bags. The soil samples and compost
were then placed in a shipping box and stored at 4 ◦C in a refrigerator before being sent to
WARD Laboratories, Inc. for analysis. Soil texture, pH, major ions, NO3

−, total-N, organic
matter (OM), and organic carbon (OC) were analyzed before and after the experiments.

The compost had a pH of 7.6, a neutral pH suitable for most applications [47], a low
SAR of 0.64, and a relatively low EC of 1.45 mS/cm comparable to the EC of the brackish
water used in the study. The compost consisted of high OM, OC, NO3

−, and total-N, along
with plant macronutrients and micronutrients, as shown in Table S7.

The fresh weight of the plant biomass was measured using a balance (DYMO, M25,
Tarzana, CA, USA) immediately after harvesting. Plant height and root length of the
plants (after washing) were measured using a meter tape after harvesting. Biomass dry
weight was obtained by oven drying at 80 ◦C for 24–48 h until consistent weight was
achieved, subtracting moisture content for dry biomass determination. Once the plants
reached the constant weight, they were kept in a desiccator and reweighed (METLER
PM480 DeltaRange, Medina, OH, USA). Plant tissue analysis for major cations was prepared
from the replicates dried biomass analyzed for NO3

− and Kjeldahl Nitrogen by the Soil
and Environmental Science Lab at NMSU.

A preliminary logistics and feasibility study was conducted (without replicates)
using brackish water (1.747 ± 0.015 mS/cm) and desalinated water (RO permeate of
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0.333 ± 0.005 mS/cm) for irrigation with 50 mL of daily irrigation volume. The preliminary
study followed the same procedures and methods as described above.

2.3. Data Analysis

The experimental data of plant growth parameters for different treatments were
subject to two-way ANOVA to compare differences in treatment using MINITAB version
17.0 software package after confirming their conformity with normal distribution. The
comparison of soil VWC, soil EC, soil chemical parameters, and leached mass of Na+,
NO3

−, Cl−, DOC, and other ions of different treatments was subject to three-way ANOVA
to compare the effect of three factors of treatments after confirming their conformity
with normal distribution. Tukey’s pairwise comparisons were performed when the null
hypotheses in the ANOVA were rejected. Mean values are indicated by different superscript
letters when the mean values are significantly different (p < 0.05) from each other, and when
the mean values are not significantly different from each other, the mean values decrease,
respectively, with descending alphabetical letters (e.g., a > b > c).

3. Results and Discussion
3.1. Impact of Compost Treatment on Soil Moisture Content and Soil EC

Table 2 presents different treatments on soil moisture (SM) as VWC and soil EC
differences among treatments by layer measured from 6th day to 56th of irrigation between
compost and no-compost treatment of the soil, with and without plant, and irrigated
with brackish water and agricultural water. SM was maintained above 0.200 m3/m3 in
each soil layer during the study (for a detailed trend graph, refer to Figures S1 and S2 in
Supporting Information). Compost treatment was a significant factor on SM for the top
(0–15 cm) and bottom soil layers (30–45 cm) where the lower SM values were obtained for
compost-treated columns for the topsoil layer due to increased infiltration. Plant, irrigation
water type, and interaction of compost with plant impacted the differences in SM in the
middle layer (15–30 cm) of soil where the lower SM values were obtained for brackish
water irrigated columns with plants. Compost-treated columns with both irrigation water
demonstrated a higher SM (>0.280 m3/m3) for the bottom layer of soil (Table 2, Figure
S1b,d and S2b,d) compared to the top and middle layers of the soil from day 4 of irrigation
to 42 days of irrigation. A similar trend was observed for the BW-NC-P (recall notation
in Figure 1) columns (Figure S1c) and during the preliminary study with brackish water
and RO permeate for irrigation (Table S2). Agricultural water did not reduce water flow;
thus, the SM did not fluctuate over time compared to brackish water, where water flow and
infiltration were reduced due to higher water EC (Figure S2).

Table 2. Soil moisture content (SM) in VWC and soil EC (mean ± standard deviation) using three-way
ANOVA.

Irrigation Water Type Soil Treatment Plant
Soil Electrical Conductivity (mS/cm) Soil Moisture Content (m3/m3)

0–15 cm 15–30 cm 30–45 cm 0–15 cm 15–30 cm 30–45 cm

Brackish water No compost No plant 3.000 ± 0.554 ab 2.401 ± 0.235 d 2.557 ± 0.280 d 0.252 ± 0.037 a 0.237 ± 0.012 b 0.245 ± 0.012 c

Brackish water Compost No plant 2.752 ± 0.505 b 2.942 ± 0.287 b 3.541 ± 0.399 ab 0.242 ± 0.019 abc 0.246 ± 0.014 a 0.300 ± 0.014 a

Brackish water No compost Plant 2.930 ± 0.597 ab 2.756 ± 0.296 bc 3.063 ± 0.336 c 0.231 ± 0.015 bc 0.222 ± 0.014 d 0.275 ± 0.021 b

Brackish water Compost Plant 3.058 ± 0.350 a 3.666 ± 0.364 a 3.668 ± 0.498 a 0.230 ± 0.013 c 0.224 ± 0.009 d 0.280 ± 0.016 b

Agricultural water No compost No plant 2.249 ± 0.243 c 2.090 ± 0.388 e 2.245 ± 0.376 e 0.252 ± 0.023 a 0.248 ± 0.011 a 0.257 ± 0.023 c

Agricultural water Compost No plant 2.076 ± 0.267 c 2.430 ± 0.414 d 3.209 ± 0.650 c 0.244 ± 0.024 abc 0.253 ± 0.008 a 0.300 ± 0.016 a

Agricultural water No compost Plant 2.112 ± 0.384 c 1.852 ± 0.123 f 2.167 ± 0.203 e 0.246 ± 0.027 ab 0.234 ± 0.015 bc 0.271 ± 0.024 b

Agricultural water Compost Plant 2.277 ± 0.301 c 2.670 ± 0.298 c 3.320 ± 0.497 bc 0.230 ± 0.015 c 0.228 ± 0.008 cd 0.283 ± 0.028 a

p-value C 0.001 0.094 0.501 0.000 0.000 0.000
P 0.000 0.000 0.115 0.000 0.001 0.452

IW 0.083 0.000 0.000 0.000 0.000 0.200
CxP 0.965 0.001 0.000 0.000 0.312 0.000

CxIW 0.161 0.016 0.552 0.039 0.006 0.457
IWxP 0.212 0.746 0.366 0.000 0.002 0.145

CxIWxP 0.126 0.315 0.847 0.449 0.003 0.048

Note: Mean values indicated by different superscript letters are significantly different from each other (p < 0.05) and
a—higher mean value; b—lower mean value, n = 3 replicates; p-value; C—significance of compost; P—significance of
plants; IW—significance of irrigation water type; and x shows the interaction between the factors.
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Significantly higher SM was recorded in the middle and bottom layers of the soil in
the columns with compost and without plants (p-value (CxP) = 0.000) despite the irrigation
water type. Similar types of soil treatment and the presence of plants demonstrated
insignificant differences in SM for the top and bottom layers of soil irrespective of the
irrigation water type as denoted by the same superscript letters. The lowest values of SM
for the bottom layer were measured for no-compost and no-plant columns for agricultural
water and brackish water irrigation. The soil showed increased SM with 0.300 m3/m3 in
the top layer and reduced SM to less than 0.250 m3/m3 in the bottom and middle layers for
the BW-NC-NP columns (Figure S1a). These results may be due to the reduced water flow
and infiltration caused by a high SAR of 4.4 ± 0.2 for the leached water (Table 3).

Soil aggregate stability could be a factor in the presence of plant roots and enhanced
root penetration, which was indicated by increased root length (Table 6). Plant growth
and compost treatment improved the water infiltration at the two top layers and resulted
in high SM in the bottom layer of soil. Compost treatment improved the water holding
capacity manifested by increased SM (>0.275 m3/m3) in the bottom layer of soil for planted
columns compared to no-compost-treated columns (~0.250 m3/m3) due to higher OM in
the soil (Table 4). Similar results were observed during the study using varying types of
compost by Mazumder et al. [47]. Organic matter is responsible for improving soil structure
conditions by increasing water adsorption and enhancing pore size and connectivity in soil.

Soil EC was recorded below 3.0 mS/cm for agricultural water irrigated columns, whereas
soil EC was above 3.0 mS/cm for brackish water irrigated columns. Compost is a significant
factor in increasing soil EC in the middle and bottom layers of soil regardless of the water
type (p-value (C) = 0.000). Irrigation water type was a significant factor in soil EC for all
three layers of soil, where brackish water irrigated columns measured with higher soil EC
compared to agricultural water irrigated columns (p-value (C) = 0.000). The interaction of
irrigation water type with plant and compost together increased the soil EC in the middle and
bottom layers of the soil regardless of the irrigation water type (p (IWxP and CxIW) < 0.05).
The compost-treated columns with plants measured 3.5 mS/cm in the bottom layer, whereas
composted no-plants columns had 3.0 mS/cm due to the mineralization of compost by root
penetration of plants [48]. The average plant root length in these columns was recorded as
37 ± 1 cm at the end of the experiment. The BW-NC-NP columns increased soil EC from
2.7 to 3.9 mS/cm in the top layer of the soil (Figure S3a). This trend caused reduced water
flow and lowered SM, as shown in Figure S1.

Significantly higher soil EC values were measured in the middle and bottom layers for
the compost-treated columns irrespective of the plant growth and irrigation water (p-value
(C) = 0.000). The soil EC fluctuated until 20 days as the initial soil EC of 3.16 ± 0.07,
3.74 ± 0.30, and 4.38 ± 0.12 mS/cm for brackish water and 2.59 ± 0.08, 3.40 ± 0.04, and
4.31 ± 0.05 mS/cm for agricultural water for top, middle, and bottom layers, respectively. The
soil EC was high for compost-treated columns before irrigation for both types of irrigation water
due to soluble salts (1.45 mS/cm) in compost, which is in the desired range and will not affect
the plants due to salinity (Figures S3 and S4, Table S7) [49,50]. Soil EC had a higher value of
3.06 ± 0.35 mS/cm for brackish water irrigation over agricultural water for compost-treated
columns. Soil EC of all three soil layers showed higher values for brackish water columns
compared to agricultural water columns except for the middle and bottom layers of AW-C-P
columns. A similar trend was observed during the preliminary study using RO permeate and
brackish water for irrigation, which also showed higher soil EC for compost–brackish water
columns (Table S3). Sodicity stress was not observed in the plant growth parameters (Table S8
and Table 6), suggesting that carboxylic groups in the compost could have chelated Na+ and
reduced the Na+ toxicity associated with brackish water irrigation [36–38].
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Table 3. Differences in mean ± standard deviation for the leached ions and DOC and SAR values from columns of different treatments (three-way ANOVA).

Irrigation Water Soil Treatment Plant
Total Mass of Leaching (mg)

SAR in 6 Days (Before Planting) SAR after 56 Days of Irrigation
NO3

− Cl− Na+ Ca2+ Mg2+ K+ DOC

Brackish water No compost No plant 1012 ± 34 ab 604 ± 11 a 991 ± 37 ab 952 ± 24 abc 248 ± 12 bc 37 ± 4 bcd 133 ± 15 b 1.8 ± 0.1 a 4.4 ± 0.2 b

Brackish water No compost Plant 996 ± 110 abc 488 ± 42 ab 694 ± 64 bc 1206 ± 114 a 392 ± 16 a 40 ± 3 bc 80 ± 1 cd 1.9 ± 0.1 a 3.3 ± 0.2 c

Brackish water Compost No plant 570 ± 50 d 562 ± 39 ab 1114 ± 92 a 1293 ± 53 a 309 ± 16 b 65 ± 4 a 248 ± 13 a 1.8 ± 0.1 a 4.2 ± 0.3 b

Brackish water Compost Plant 759 ± 7 cd 426 ± 80 ab 855 ± 133 ab 999 ± 133 ab 152 ± 19 d 20 ± 2 f 72 ± 16 d 2.0 ± 0.0 a 5.6 ± 0.2 a

Agricultural water No compost No plant 1078 ± 155 a 525 ± 31 ab 524 ± 33 cd 717 ± 22 bc 219 ± 13 cd 34 ± 1 cde 121 ± 14 bc 1.7 ± 0.0 a 2.6 ± 0.2 d

Agricultural water No compost Plant 804 ± 124 bcd 494 ± 49 ab 345 ± 23 d 696 ± 53 bc 222 ± 21 cd 24 ± 2 ef 84 ± 5 cd 2.0 ± 0.1 a 2.2 ± 0.1 de

Agricultural water Compost No plant 910 ± 78 abc 553 ± 20 ab 504 ± 15 cd 826 ± 26 bc 229 ± 4 c 47 ± 2 b 245 ± 15 a 2.0 ± 0.1 a 2.1 ± 0.1 e

Agricultural water Compost Plant 593 ± 33 d 448 ± 44 ab 391 ± 61 d 623 ± 29 c 197 ± 10 cd 27 ± 2 def 118 ± 8 bcd 1.7 ± 0.1 a 3.3 ± 0.2 c

p-value

C 0.000 0.207 0.323 0.402 0.000 0.004 0.000 0.768 0.000
P 0.010 0.002 0.000 0.200 0.322 0.000 0.000 0.214 0.003

IW 0.740 0.739 0.000 0.000 0.000 0.001 0.348 0.926 0.000
CxP 0.275 0.309 0.867 0.002 0.000 0.000 0.000 0.156 0.000

CxIW 0.054 0.336 0.482 0.627 0.001 0.249 0.116 0.898 0.000
IWxP 0.000 0.228 0.036 0.365 0.687 0.108 0.034 0.187 0.188

CxIWxP 0.103 0.771 0.368 0.082 0.000 0.000 0.378 0.085 0.012

Note: Mean values indicated by different superscript letters are significantly different from each other (p < 0.05) and mean value a > b > c value, n = 3 replicates. The mean values sharing
common letters are not significantly different from each other. p-value; C—significance of compost; P—significance of plants; IW—significance of irrigation water type; and x shows the
interaction between the factors.
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Table 4. Differences in mean ± standard deviation (three-way ANOVA) and impact of compost
treatment on organic matter and organic carbon percentage of soil (mean value of different soil layers
for different types of irrigation water).

Irrigation Water Soil
Treatment Plant Organic

Matter (%) Increase OM from Raw Soil (%) Organic
Carbon (%) Increase OC from Raw Soil (%)

Brackish water No compost No plant 15.1 ± 0.1 b −7.9 3.9 ± 0.1 b −15.5 *
Brackish water Compost No plant 22.5 ± 0.6 a 29.4 8.2 ± 0.3 a 43.3
Brackish water No compost Plant 15.5 ± 0.6 b −5 4.1 ± 0.1 b −12.1 *
Brackish water Compost Plant 22.9 ± 1.3 a 32.1 8.4 ± 0.6 a 47.3

Agricultural water No compost No plant 15.5 ± 0.8 b −5.0 * 3.9 ± 0.3 b −15.6 *
Agricultural water Compost No plant 22.3 ± 2.1 a 28.5 7.6 ± 1.0 a 32.7
Agricultural water No compost Plant 15.8 ± 1.2 b −3.4 * 4.1 ± 0.5 b −12.1 *
Agricultural water Compost Plant 22.2 ± 1.5 a 27.7 7.4 ± 0.4 a 30.2

p-value C 0.000 0.000
P 0.592 0.682

CxP 0.840 0.814
CxIW 0.405 0.126

CxIWxP 0.840 0.702

Note: * Negative value for percentage indicates the reduction. OM and OC of initial soil were calculated, and the
increases in OM and OC percentage after 56 days of irrigation with different treatments were calculated using
the initial soil content as a basic value separately for compost-treated soil (Soil/Compost (w/w after moisture
correction = 9.7:0.3)) and no-compost-treated soil after moisture correction. Mean values indicated by different
superscript letters are significantly different from each other (p < 0.05) and a—higher mean value and b—lower
mean value, n = 3 replicates. p-value; C—significance of compost; P—significance of plants; IW—significance of
irrigation water type; and x shows the interaction between the factors.

3.2. Impact of Compost Treatment on Leaching of Ions and Organics from Soil

The total ions leached, DOC, and SAR values from the soil columns during both
flood irrigation events for all treatments are summarized in Table 3. Compost treatment
was a significant factor in increasing the NO3

−, DOC, and SAR of the soil after 56 days
of irrigation, irrespective of the irrigation water type. The growth of plants positively
impacted the leaching of Cl− and Na+ for both brackish and agricultural water irrigated
columns (p < 0.05) (Table 3). Interactions of plant presence and compost exhibited a
significant effect on the leaching of DOC, Ca2+, Mg2+, and K+ from the irrigated columns
after 56 days and thus impacted soil SAR. On the other hand, interactions of irrigation
water quality and plant presence significantly affected the leaching of NO3

−, Na+, and
DOC (p < 0.05) (Table 3). Significant amounts of DOC and Na+ leached from the soil in
the columns without compost and plants, as denoted by different superscript letters. The
highest mass of NO3

− and Cl− leached was recorded as 1012 ± 34 mg and 604 ± 11 mg,
respectively, for the BW-NC-NP columns. The BW-C-NP columns exhibited the highest
leaching mass of Na+, Ca2+, K+, and DOC measured at 1114 ± 92 mg, 1293 ± 53 mg,
65 ± 4 mg, and 248 ± 13 mg, respectively. The leaching of Cl− and DOC from the BW-C-P
columns demonstrated the lowest mass of 426 ± 80 mg and 72 ± 16 mg, with a reduction of
41.8% and 84.7% when compared to the columns without compost amendment and plants,
potentially due to the significance of plants (on Cl− leaching) and compost factors.

The AW-C-P columns showed the lowest Mg2+ and Ca2+ mass leached, 197 ± 10 mg
and 623 ± 29 mg, respectively. The lowest mass of NO3

− leached was 570 ± 50 mg from the
BW-C-NP columns. Compost alone did not influence the leaching of ions; rather, compost and
plant treatment simultaneously reduced the leaching of Cl− and NO3

− for agricultural water
irrigation in contrast with brackish water irrigation. This was indicated by the lowest values
of Cl− and NO3

−, respectively, 448 ± 44 mg and 593 ± 33 mg, for the agricultural irrigated
columns. The compost-treated columns demonstrated significantly lower NO3

− leaching than
no-compost treatment (Table 5), The mass of NO3

− leached was significantly lower in BW-C-P
and BW-C-NP columns at 570 ± 50 mg and 759 ± 7 mg when compared to BW-NC-P and
BW-NC-NP columns at 1012 ± 34 mg and 996 ± 110 mg, respectively (p-value (C) = 0.000). Plant
presence increased the leaching of NO3

− (759 ± 7 mg), compared to compost-incorporated
columns without plants (570 ± 50 mg), which may be due to the mobilization of NO3

− in
the root zone. Plant growth reduced the leaching of NO3

− for agricultural water irrigated
columns by more than 25%, in contrast to the brackish water columns (Table 5). According
to a previous study, loss of nutrients (P and N) from sandy and clay loam soil with runoff
was significantly reduced by compost treatment [39–41]. Our study using clay loam soil
with compost incorporation observed a similar trend, which was also observed during our
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preliminary study with different irrigation waters (Figure S17). A higher mass of Na+ was
leached from BW-C-NP columns with compost treatment (1114 ± 92 mg), and Cl− leaching
was high with the presence of plants for both types of irrigation water (Figures S18 and S19).

Table 5. Percentage reduction in NO3
− leaching by compost with different types of irrigation water.

Irrigation Water Soil Treatment Plant Total Mass of NO3
− Irrigated

(mg)
Total Mass of NO3

− Leached Water
(mg)

Total Mass of NO3
− Leached from Soil

(mg)
Leaching Reduction by Compost

(%)

Impact of compost on NO3
− leaching reduction for brackish water irrigation

Brackish water No compost No plant 3.6 975 971.0
Brackish water Compost No plant 3.6 581 577.9 40.5
Brackish water No compost Plant 3.6 994 990.0
Brackish water Compost Plant 3.6 760 756.7 23.6

Impact of compost on NO3
− leaching reduction for agricultural water irrigation

Agricultural water No compost No plant 1.8 1078 1076.5
Agricultural water Compost No plant 1.8 906 903.7 16.1
Agricultural water No compost Plant 1.8 804 802.4
Agricultural water Compost Plant 1.8 598 595.9 25.7

Impact of plant on NO3
− leaching reduction for brackish water irrigation

Brackish water No compost No plant 3.6 975 970.9
Brackish water No compost Plant 3.6 994 990.0 −2.0 *
Brackish water Compost No plant 3.6 581 577.9
Brackish water Compost Plant 3.6 760 756.7 −30.9 *

Impact of plant on NO3
− leaching reduction for agricultural water irrigation

Agricultural water No compost No plant 1.8 1078 1076.6
Agricultural water No compost Plant 1.8 804 802.5 25.5
Agricultural water Compost No plant 1.8 906 903.8
Agricultural water Compost Plant 1.8 598 595.9 34.1

Note: * Negative value for percentage indicates the increased leaching.

A significantly higher mass of Ca2+ was leached from brackish water columns as the
input irrigation water had Ca2+ ~ 62 mg/L (p-value (IW) = 0.000). Calcium is an essential
plant nutrient as it contributes to building cell walls and membranes [51], but excessive
calcium in the root zone can lead to calcium toxicity by affecting other nutrient uptake
and reducing plant growth [52,53]. The lowest leached mass of Ca2+ corresponds to the
AW-C-P columns due to plant uptake (Table S4). Magnesium is vital for the function
of cellular enzymes and amino acid synthesis [54]; a slightly lower mass of Mg2+ was
leached, likely due to plant uptake. K+ is essential for plants to maintain the movement of
water and nutrients in plant tissue and is associated with enzyme activation for adenosine
triphosphate (ATP) production and regulating photosynthesis [55]. Excess K+ in soil,
however, can reduce the availability of Mg2+ and other nutrients [56,57]. The current study
demonstrated that the presence of plants and compost treatment reduced the leaching
of K+ from 65 ± 4 mg to 20 ± 2 mg for brackish water irrigation and from 47 ± 2 mg to
27 ± 2 mg for agricultural water irrigation.

There were no statistical differences among the treatments or the interactions among
treatments for the mass of Cl− leached except for the presence of plants (p-value (P) = 0.002).
An insignificant reduction in the mass of Cl− leached was measured when the plants were
present with compost and irrigation water. A similar insignificant trend was observed for
Na+ ion and DOC; however, the reduction in leaching by plants was significant for both
types of irrigation water (p-value (P)= 0.000). This observation could be due to the plant
uptake of these ions (Table S4).

The plant growth metrics were high for the BW-C-P columns where the SAR value was
5.6 ± 0.2. Soil with SAR greater than 13 is classified as sodic soil [12], which affects plant
growth and yield [58]. Both types of irrigation water demonstrated significantly lower SAR
values at the end of the experiment for the columns with plants than the columns without
plants for no-compost columns, whereas opposite results were obtained for compost-
treated columns (p-value (CxIWxP) = 0.012). The SAR of irrigation water (Table 1) did not
affect plant yield (Table 6). The high leaching of DOC was calculated at 248 ± 13 mg and
245 ± 15 mg for the BW-C-P columns and AW-C-P columns, respectively, potentially due
to the high organic content of compost compared to columns with plants (72 ± 16 mg and
118 ± 8 mg, respectively). The compost analysis of this study indicated that the OM of
compost was 16.6% (Table S7), 6.3% increase in OM in compost-incorporated soil (Table S5).
A reduction in leaching of Na+, K+, and DOC was associated with plant growth, regardless
of the soil treatment, potentially due to plant uptake. There was no significant difference in
SAR at the initial stage of irrigation for the first flood irrigation on the sixth day of irrigation
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due to compost incorporation. The leaching of ions from two flood irrigation events and
the leaching or retaining of ions are shown in mass balance graphs for each ion (Figures
S5–S16).

The UV254 and SUVA analysis of leached water using two qualities of irrigation water
is shown in Figure 2. SUVA is a useful parameter for estimating the dissolved aromatic
carbon content in aquatic systems as an indicator of humic acids [59,60]. The UV254 and
SUVA results were higher during the initial 6 days of irrigation, and the values decreased
during 7th–56th days of irrigation after planting. The values were slightly higher for
compost-treated columns. For no-compost incorporated columns during the 7th–56th days
of irrigation, SUVA values were less than two, indicating a high fraction of non-humic
matter. The SUVA values were higher than 2.0 and less than 4.0 for compost treatment
for both irrigation periods, indicating the leaching of a mixture of aquatic humic and non-
humic matter, and low-to-high-molecular-weight substances even after 56 days of irrigation.
Humic substances favor plant growth by improving nutrient uptake, reducing the need for
nitrate fertilizers, solubilizing minerals, enhancing soil structure, and increasing soil water
holding capacity in addition to chelating Na+ to reduce the Na toxicity to plants [38,61].
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Figure 2. Organic analysis in terms of UV254 (1/cm) and specific UV absorbance (SUVA) (L/mg·m)
in leached water from different treatments during (a) brackish water irrigation and (b) agricultural
water irrigation.

3.3. Impact of Compost Treatment on Soil Compositions

The organic matter (OM) and organic carbon (OC) percentages of the columns with
different treatments and the percentage increase in OM and OC from the initial soil are
summarized in Table 4. The contribution of OM and OC from the compost was subtracted
from the calculation. Compost incorporation enhanced the amount of available OM in soil.
The highest OM and OC percentages were calculated as 22.9% and 8.4%, respectively, for
the BW-C-P columns. The lowest OM and OC percentages were calculated as 15.1% and
3.9%, respectively, for the BW-NC-NP columns and AW-NC-NP columns. The OM and
OC increased significantly by >25% and 30%, respectively, for compost-treated columns,
regardless of the presence of plants, while decreasing in the columns without compost
incorporation. Compost amendment was a significant factor for the observed increase in
OM and OC (p-value = 0.000) regardless of the irrigation water type. The columns with
plants exhibited an increase in the percentage of OC (0.2%) and OM (0.4%), regardless of
compost treatment; however, it is not significant (p-value = 0.682 and 0.592, respectively).
These results indicate the carbon fixation potential of plants and the slow decaying of
compost. Leaching of OC and OM from the soil was observed with irrigation for no-
compost columns. In contrast to BW-NC-P columns, AW-NC-P columns exhibited slight
increases in OM and OC from 15.5 ± 0.8% to 15.8 ± 1.2% and from 3.9 ± 0.1% to 4.1 ± 0.5%,
respectively, for no-compost columns, whereas there was a reduction for compost-treated
columns. This observation may be due to the leaching of DOC from columns (Table 3), as
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indicated by SUVA analysis (Figure 2). Compost incorporation of soil caused an increase of
6.3% and 24.2% in OM and OC, respectively, compared to the bare soil (Table S5).

The mass of NO3
−, total-N, Na+, and Cl− in the three soil layers for different treat-

ments is illustrated in Figure 3. Compost incorporation and the presence of plants were
significant factors in the availability of NO3

− and total-N in the soil in each layer. Com-
post treatments maintained and increased the availability of NO3

− and total-N in the soil
irrespective of the water type (p < 0.05) (Table S6). Compost-treated soil had significantly
higher NO3

− content in soil compared to no-compost columns except for the columns
irrigated with agricultural water without compost and plants. The BW-NC-NP columns
recorded lower NO3

− with the value of 13.0 ± 3.7 mg in the bottom layer (30–45 cm).
Lower soil NO3

− was measured for the columns without plants due to higher leaching
of NO3

− from the columns. A similar trend was obtained for the mass of total-N in the
soil of all the layers, ranging from 2390 to 2824 mg for compost-treated columns and from
1015 to 1507 mg for no-compost columns with brackish water irrigation. Table S5 shows
the compost treatment did not increase NO3

− in soil; however, Figure 3 shows a higher
NO3

− in soil due to compost treatment, resulting in an increase in total-N in soil by 15.9%.
The incorporation of compost increased fungi and bacteria inoculation in soil and resulted
in enhanced microbial growth and activity for NO3

− assimilation [35–37]. Significantly
higher concentrations of total-N and NO3

− were recorded for the compost-treated columns
for both irrigation water types (p < 0.05); in addition, compost treatment mitigated the
difference between the two types of irrigation water (Table S6).
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The columns irrigated with brackish water had significantly higher Na+ (above
442 ± 29 mg) than agricultural water irrigated columns (less than 257 ± 10 mg) where
the irrigation water type manifested as a significant factor (p < 0.05) (Table S6). The mass
of Na+ in the soil was higher in the topsoil layer and reduced with the increasing depth
for all treatments. Significantly higher mass of Na+ was measured in all three soil layers
ranging from 246 ± 55 mg to 764 ± 142 mg for brackish water irrigated columns compared
to agricultural water columns (from 136 ± 2 mg to 347 ± 45 mg) due to high Na+ input
of 307 mg/L (p < 0.05) (Table S6). The presence of plants showed a significant influence
on built-up Na+ in each layer of the soil when agricultural water was used for irrigation
of the plants (p < 0.05) (Table S6). There was a significant difference in the mass of Cl− in
the top layer due to the impact of irrigation water type and plant growth, whereas plant
growth alone impacted the middle and bottom layers of the soil (p < 0.05). There was an
increasing trend in the mass of Cl− with increasing soil depth for the columns with plants.
This trend was statistically significant for both types of irrigation water, as the presence
of plants assisted in reducing the Cl− in lower soil layers (p < 0.05) (Table S6). This can
be explained by leached water as more ions leached from the columns without plants.
The mass of Cl− in the columns with plants increased with increasing depth regardless
of the irrigation water type, where 94.1 ± 31.0 mg and 80.1 ± 24.6 mg were measured in
the bottom layer of compost-incorporated columns and 19.4 ± 1.3 and 26.6 ± 22.3 mg for
no-compost incorporated columns for both types of irrigation water. The results show
that compost significantly boosts NO3

− and total-N in soil, enhancing microbial nutrient
assimilation. The study reveals that brackish water increases soil Na+ levels more than
agricultural water, indicating the importance of compost treatment and water quality in
managing soil nutrient dynamics and salinity.

3.4. Impact of Compost Treatment on Reduction in Nutrient Leaching

The effect of compost incorporation and types of irrigation water on the percentage
reduction in NO3

− leaching are shown in Table 5. The leaching of NO3
− decreased for

compost amended and no-plant columns by 40.5% and 16.1% when irrigated using brackish
and agricultural water, respectively. The BW-C-NP columns showed compost limited the
leaching of NO3

− from the soil over agricultural water. Low-salinity water irrigation
(i.e., agricultural water) might contaminate the groundwater as it leaches out the ions
and NO3

− from the soil over-fertilized for many years. There was a slight change in
NO3

− reduction, regardless of the type of irrigation water when plants were present. This
result was observed in other studies as compost treatment significantly reduced the loss
of nutrients (P & N) due to runoff from sandy and clay loam soil [39,41]. These results
can be corroborated by observing the mass of NO3

− and total-N in the soil at the end of
the experiment (Figure 3). According to the preliminary study, compost treatment also
reduced the leaching of NO3

− by 36.5% and 9.7%, respectively, for the columns without
and with plants during brackish water irrigation. Compost treatments have been observed
to prevent the deterioration of groundwater quality by reducing the leaching of NO3

−, the
use of NO3

− fertilizers, the slow release of NO3
− by mineralization, and the availability of

mobile NO3
− [62]. The highest leaching of NO3

− was recorded when RO permeate was
used for irrigation (Figure S17 and Table S9).

3.5. Impact of Plants on Nutrient Leaching

The percentage reduction in NO3
− leaching due to compost and plant presence using

different types of irrigation water is summarized in Table 5. The percentage leaching of
NO3

− was higher for the planted columns irrigated with brackish water than agricultural
water, potentially because the plant growth increased the mobilization and leaching of
NO3

−. The leaching characteristics in the soils associated with plants resulted in a reduction
in NO3

− leaching for agricultural water irrigated columns. The AW-C-P columns reduced
the leaching of NO3

− by 34.1%. When there was no compost, the columns with plants
resulted in reduced leaching of NO3

− by 25.5%. The highest leaching of NO3
− was also
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measured for the columns with compost and plants in the preliminary study when RO
permeate was used for irrigation (Table S10).

3.6. Impact of Compost on Plant Yield, Soil, and Leaching of Ions from the Soil Profile

The mass, height, and root length of harvested plants for four different treatments
are summarized in Table 6. The BW-C-P columns measured the highest fresh weight of
biomass, plant height, and root length of 18 ± 2.0 g, 132 ± 3 cm, and 42 ± 2 cm, respectively.
The treatments without compost using brackish water irrigation resulted in a lower crop
yield in the BW-NC-P columns with fresh weight, plant height, and root length of 11 ± 2.3 g,
114 ± 11.9 cm, and 19 ± 0.4 cm, respectively. The agricultural water irrigation in this study
demonstrated crop yields lower than the BW-C-P columns with the highest fresh weight
of biomass, dry weight of biomass, root length, and plant height of 15 ± 4.2 g, 3.2 ± 0.9 g,
37 ± 1 cm, and 128 ± 14.6 cm, respectively, for the AW-C-P columns. The lowest values
for fresh weight, weight of dry biomass, plant height, and root length were 10 ± 2.0 g,
1.87 ± 0.2 g, 118 ± 8.6 cm, and 33 ± 5 cm, respectively, for the AW-NC-P columns. Compost
impacted the dry biomass, wet biomass, and root length of biomass, while the irrigation
water type and interaction of irrigation water type and compost affected the root length.
There was no statistical significance for plant biomass growth results on compost-treated
soil with respect to the columns irrigated with agricultural water (as denoted by the shared
common superscript letters).

Compost soil treatment resulted in a statistically significant increase in root length
for brackish and agricultural water irrigated columns (p-values of 0.000). Compost incor-
poration demonstrated >50% increase in fresh weight, dry biomass, and root length over
no-compost soil for both types of irrigation water. Similar results were obtained by Rogha-
nian et al. [63] for dry weight and stem height and by Duong [37] for shoot biomass, root
elongation, and plant growth for compost-treated soil. Compost soil treatment increased
plant biomass yield (Table 3; Figure 2), likely due to reducing the effect of soil salinity
by chelating sodium on the carboxylic sites of humic substances and ensuring nutrient
availability by minimizing nutrient leaching as also observed in other studies [36,62,64].

The BW-C-P columns resulted in a significant 121.1% higher root length than the BW-
NC-P columns. Agricultural water irrigation increased root length for no-compost-treated
columns over brackish water irrigation by 73.7%. This observation may be due to the
direct toxicity of sodium damaging roots when brackish water is used for irrigation [65].
This effect on the root length was indicated by the Na+ in plant tissue of 7959 mg/L
(Table S4). However, compost-treated columns did not show any impact of water type on
root length or other plant growth parameters as compost treatment helped to withstand
the osmotic effect in brackish water irrigated columns, although Na+ was 8190 mg/L
in the plant tissues; a similar tendency was reported by [36,64]. Root length increased
in compost-treated columns over no-compost columns because compost increased soil
aggregate stability [66]. Brackish water irrigation with soil compost treatment improved
plant growth characteristics over agricultural water irrigation.
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Table 6. Differences in mean ± standard deviation for the plant growth analysis of plants of different
treatments (two-way ANOVA).

Irrigation Water Type Soil Treatment Fresh Weight of Biomass (g) Dry Biomass (g) Plant Height Root Length (cm)(cm)

Impact of compost-treated soil on different types of water irrigation and percentage increase in the plant growth measures in harvested plants

Brackish water No compost 11 ± 2.3 ab 2.1 ± 0.3 a 114 ± 11.9 a 19 ± 0.4 c

Brackish water Compost 18 ± 2.0 a 3.1 ± 0.8 a 132 ± 3 a 42 ± 2 a

Compost/No compost 63.60% 50.00% 15.80% 121.10%
Agricultural water No compost 10 ± 2.0 b 1.87 ± 0.2 a 118 ± 8.6 a 33 ± 5 b

Agricultural water Compost 15 ± 4.2 ab 3.2 ± 0.9 a 128 ± 14.6 a 37 ± 1 ab

Compost/No compost 50.00% 50.00% 8.50% 12.10%
p-value C 0.006 0.010 0.058 0.000

IW 0.246 0.890 1.000 0.015
CxIW 0.688 0.680 0.527 0.000

Impact on percentage increase in the plant growth measures in harvested plants with varying irrigation water types
Agricultural water/Brackish water (No-compost columns) −9.10% 0.00% 3.50% 73.70%

Agricultural water/ Brackish water
(Compost-treated columns) −16.70% 0.00% −3.00% −13.50%

Note: Mean values indicated by different superscript letters are significantly different from each other (p < 0.05)
and mean values a < b < c, n = 3 replicates. p-value; C—significance of compost; P—significance of plants;
IW—significance of irrigation water type; and x shows the interaction between the factors.

4. Conclusions

Increasing soil salinity and deteriorating water quality pose major challenges to agriculture
globally. Developing environmentally friendly methods is crucial to manage soil salinity and
boost crop productivity. This study aimed to investigate the impact of compost incorporation
on plant growth and soil health as a non-chemical green treatment. Greenhouse experiments
demonstrated that compost treatment was effective in improving the growth and yield of plants
by greater than 50%, enhancing water retention and infiltration, the release of nutrients for
plant uptake, retention of NO3

− by reducing leaching, reduction in Na+ and Cl− by leaching,
and increasing soil OM (above 30%) and OC (above 25%) by plant carbon fixing and microbial
activity. Compost treatment reduced leaching of NO3

− by over 20% regardless of the type
of irrigation water, which is indicated by high NO3

− and total-N in the soil at the end of the
experiment. Thus, compost can help prevent the deterioration of groundwater by regulating
the percolation of NO3

− from the soil. Compost incorporation assisted in reducing the adverse
impact of soil salinity by percolating Na+ and Cl− during brackish water irrigation. Humic
substances, leached from compost-treated columns even after 56 days of irrigation, reduce
the leaching of nutrients from the soil while also chelating Na+ to reduce the Na toxicity of
plants. Low-salinity water is recommended to remediate soil salinity conditions; however, it
may increase leaching nutrients (NO3

−) from the over-fertilized soil, causing contamination of
groundwater and negatively impacting plant growth.

The research highlighted the need for further investigation into how compost reduces
NO3

− leaching and addresses soil salinity. Future studies will examine the practicality and
effects of mixing compost into the top 0–15 cm of soil under both greenhouse and field
conditions, especially for salt-sensitive and high-value crops.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/w16101391/s1. Table S1: Summary of the literature review
on compost-related studies. Table S2: Soil moisture content analysis of different treatments in
different layers (preliminary study). Table S3: Soil electrical conductivity analysis of different
treatments in different layers (preliminary study). Table S4: Plant tissue analysis. Table S5: Soil
chemical parameters. Table S6: Differences in mean ± standard deviation (SD) for the ions and
nutrients in soil layers of different treatments (three-way ANOVA) for brackish water irrigated
columns. Table S7: Physicochemical parameters of compost. Table S8: Impact of compost and
different irrigation water types on biomass. Table S9: Percentage reduction in NO3

− leaching by
compost with different types of irrigation water (preliminary study). Table S10: Percentage re-
duction in NO3

− leaching by plant with different types of irrigation water (preliminary study).
Figure S1: Soil moisture content trend of different treatments during irrigation using brackish
water. Figure S2: Soil moisture content trend of different treatments during irrigation using agri-
cultural water. Figure S3: Soil EC trend of different treatments during the irrigation using brackish
water. Figure S4: Soil EC trend of different treatments during the irrigation using agricultural

https://www.mdpi.com/article/10.3390/w16101391/s1
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water. Figure S5: Mass balance of NO3
− in greenhouse experimental columns (a) during first

6 days of irrigation, (b) during 7th–56th days of irrigation, and (c) percentage of mass of NO3
−

leached during different irrigation periods. The columns with plant treatment were planted on
the 7th day for brackish water irrigated columns. Figure S6: Mass balance of Cl− in greenhouse
experimental columns (a) during first 6 days of irrigation, (b) during 7th–56th days of irrigation,
and (c) percentage of mass of Cl− leached during different irrigation periods. The columns with
plant treatment were planted on the 7th day for brackish water irrigated columns. Figure S7: Mass
balance of Na+ in greenhouse experimental columns (a) during first 6 days of irrigation, (b) during
7th–56th days of irrigation, and (c) percentage of mass of Na+ leached during different irrigation
periods. The columns with plant treatment were planted on the 7th day for brackish water irrigated
columns. Figure S8: Mass balance of NO3

− in greenhouse experimental columns (a) during first 6
days of irrigation, (b) during 7th–56th days of irrigation, and (c) percentage of mass of NO3

− leached
during different irrigation periods. The columns with plant treatment were planted on the 7th day
for agricultural water irrigated columns. Figure S9: Mass balance of Cl− in greenhouse experimental
columns (a) during first 6 days of irrigation, (b) during 7th–56th days of irrigation, and (c) percentage
of mass of Cl− leached during different irrigation periods. The columns with plant treatment were
planted on the 7th day for agricultural water irrigated columns. Figure S10: Mass balance of Na+ in
greenhouse experimental columns (a) during first 6 days of irrigation, (b) during 7th–56th days of
irrigation, and (c) percentage of mass of Na+ leached during different irrigation periods. The columns
with plant treatment were planted on the 7th day for agricultural water irrigated columns. Figure
S11: Mass balance of NO3

− in greenhouse experimental columns (a) during first 6 days of irrigation,
(b) during 7th–56th days of irrigation, and (c) percentage of mass of NO3

− leached during different
irrigation periods. The columns with plant treatment were planted on the 7th day for compost-treated
columns. Figure S12: Mass balance of Cl− in greenhouse experimental columns (a) during first 6
days of irrigation, (b) during 7th–56th days of irrigation, and (c) percentage of mass of Cl− leached
during different irrigation periods. The columns with plant treatment were planted on the 7th day
for compost-treated columns. Figure S13: Mass balance of Na+ in greenhouse experimental columns
(a) during first 6 days of irrigation, (b) during 7th–56th days of irrigation, and (c) percentage of mass
of Na+ leached during different irrigation periods. The columns with plant treatment were planted
on the 7th day for compost-treated columns. Figure S14: Mass balance of NO3

− in greenhouse
experimental columns (a) during first 6 days of irrigation, (b) during 7th–56th days of irrigation, and
(c) percentage of mass of NO3

− leached during different irrigation periods. The columns with plant
treatment were planted on the 7th day for plant-treated columns. Figure S15: Mass balance of Cl− in
greenhouse experimental columns (a) during first 6 days of irrigation, (b) during 7th–56th days of
irrigation, and (c) percentage of mass of Cl− leached during different irrigation periods. The columns
with plant treatment were planted on the 7th day for plant-treated columns. Figure S16: Mass balance
of Na+ in greenhouse experimental columns (a) during first 6 days of irrigation, (b) during 7th–56th
days of irrigation, and (c) percentage of mass of Na+ leached during different irrigation periods. The
columns with plant treatment were planted on the 7th day for plant-treated columns. Figure S17:
Mass of NO3

− leached from different treatments. The columns with plant treatment were planted
on the 7th day. Figure S18: Mass of Cl− leached from different treatments. The columns with plant
treatment were planted on the 7th day (preliminary study). Figure S19: Mass of Na+ leached from
different treatments. The columns with plant treatment were planted on the 7th day (preliminary
study). References [67–70] are cited in the Supplementary Materials.
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