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Abstract: In this study, a special rice-energy willow/poplar agroforestry system was used to analyze
the effects of reused water irrigation and mulching on soil salinity, earthworm biomass and abundance,
soil organic matter (SOM) content and weed coverage in treerow-dependent habitats. After three-year-
irrigation, we investigated the woody line (WL), the buffer zone (BZ) and the crop line habitats (CL).
Between 2019 and 2021, we collected data on the distribution of soil-specific electrical conductivity
(EC), ammonium-lactate soluble sodium (AL-Na) and exchangeable cations (Na*, K*, Ca2*, Mg?*)
and soil NO, ™ + NO3 ™ -N contents from CL habitats irrigated with effluent water from an intensive
catfish farm. Based on our results, significantly greater earthworm abundance (274 pc m~2) and
earthworm biomass (54.0 g m~2) values were measured in WL than in BZ or CL habitats. There
was no significant difference in weed coverage between the CL (0.61%) and BZ (1.91%), but weeds
were significantly denser on the WL (12.3%). In the third year, the EC, AL-Na and ESP values were
lower, but the SOM was higher in mulched soil (183.1 mS em~1, 2531 mg kgfl, 4.4 ESP% and 4.597%,
respectively) than in un-mulched soil.

Keywords: agro-forestry; irrigation; reused water; mulch; rice; poplar; willow; weed composition; habitat

1. Introduction

Global warming and population growth increase the pressure on renewable natural
resources, and especially on freshwater. The UN World Water and Development Report
2017 reports that 70% of the world’s water demand is for use as irrigation water for crop
production [1]. The predictions showed that agricultural activities will suffer from severe
droughts, mainly in arid and semi-arid regions. Even in temperate regions, where crop
production is significantly dependent on the natural precipitation, a supplemental irrigation
will be important as a climate risk management measure [2].

Reclaimed water can be a sustainable source of irrigation water to support the food
supply of a rapidly growing population [3]. However, the successful reuse of reclaimed
water is not possible without public acceptance [4]. The policies and the international
standards of water reclamation are gradually improving and supporting the reutilization
processes [4].
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Agricultural effluent water, even with higher salinity, can be an important component
of water conservation to alleviate freshwater scarcity [5]. Cavalcante et al. [6] showed that
during drought periods, supplementary irrigation with saline water can reduce plants’
water stress levels and increase the physical productivity of water. However, the higher
salt content in the soil hinders the growth of plants, and among other things inhibits
the uptake of nutrients, and causes an ion imbalance, thereby reducing the crop yield.
Hasamuzzam et al. [7] showed that after irrigation with 0, 30, 60, 90, 120 and 150 mM
NaCl-containing water, in the case of the highest dose, the grain yield of rice decreased
by 36-50%. In addition, irrigation with saline water for several years can increase the
content of exchangeable sodium in the soil, which affects the physicochemical properties of
the soil, such as soil bulk density, conductivity, and soil organic carbon content decrease,
which also has a negative effect on rice production [8,9]. Consequently, the accumulation
of soil salts should be considered when using saline water as an alternative source for
agricultural irrigation.

Mulching is the common practice of placing materials such as plastic material, crop
residues, livestock manure, sands rocks and cement on the soil surface before, during, or
soon after sowing [10]. The covering of the soil surface can limit evaporation and erosion,
improve the available water capacity of soil, regulate soil temperature and suppress weed
development [11]. Clare et al. [11] reported that straw also improved soil fertility and had
a rich mineral element content, especially of macro elements (nitrogen (N), phosphorus (P),
potassium (K)) and organic carbon content. When returned to the soil, all of these elements
promote the growth of the cultivated plant culture. The content of excess nutrients improves
the soil’s microbial activity [12]. In a potato cultivation experiment, Sarangi et al. [13]
reported that the salinity in the soil of the mulched plantation decreased from 5 to 3dSm~!,
and the soil moisture content increased by 4-8%, thereby inducing a higher yield.

Earthworms are important elements of the soil ecosystem because they increase diver-
sity, physicochemical properties and nutrient availability in soils due to their distribution,
diversity and abundance [14]. Land use systems affect earthworm communities signifi-
cantly [15], and earthworm density was mainly influenced by aboveground vegetation [16].
In natural and artificial forests, earthworms’ distribution is mainly influenced by the trees,
as they provide protection from direct sunlight and affect the temperature, moisture content,
pH and organic matter content of soils [17,18]. Earthworms’ overall density and abundance
were found to be positively correlated with the age of the forests because of the longer
period of organic matter accumulation [19].

Agroforestry can be considered a sustainable form of land use that combines different
plant species to fully use natural resources [20]. Due to the spatial distribution of species
and their different growth patterns, the system breaks up monoculture structures, creating
new interactions between different species. In terms of resource use, plant species compete
for resources and complement each other. For this reason, reducing resource competition
between trees and plants is at the heart of efficient agroforestry systems [21].

Weed composition is affected by different tillage and weed control practices of woody
and non-woody lines of agroforestry, similar to orchards and vineyards. According to
Mainardis et al. [22], tillage is the most effective non-chemical control and results in a less
diverse weed composition in vineyards, and a special weed flora can appear on non-tillage
strips under the trees [23]. In the case of cultivation systems, which Schumacher et al. [24]
highlighted, the position can be more varied, at the border of tilled and untilled habitats,
because weeds are affected by both habitats. Schumacher et al. [24] highlighted that the
border line is weedier than arable habitats with different ranges of frequent weeds.

However, organic mulching is most common in vegetable and fruit production; it can
also be effective in agroforestry, because it can also highly affect the extent of weediness and
weed composition. Petrikovszki et al. [25] found that mulching is the third most important
factor for weeds, besides seasonality and margin, and mulch could decrease weed cover on
most species except perennial Convolvulus arvensis.
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Our research includes two main objectives: (1) on the one hand, research into the
possibilities of irrigation water utilization with a high sodium content to preserve the
quality of the soil through mulching, and (2) on the other hand, the examination of the
ecological role of the agroforestry system from the point of view of the biological properties
of the soil (earthworm numbers and biomass) and the weed coverage of the different
ground covers.

2. Materials and Methods
2.1. Site Description and Climatic Conditions

The experiment was set up at the agroforestry research site (0.3 ha) of the Hungarian
University of Agriculture and Life Sciences (MATE), Institute of Environmental Sciences
(IES), Research Center for Irrigation and Water Management (OVKI), in Szarvas, Hungary
(Figure 1)

0 25 50 100 Km
=

Figure 1. Localization map of the experimental site: Szarvas, Hungary.

Hungary has a temperate continental climate; the specific area of the experimental
site is described as a warm and dry climate region. Meteorological data from the three-
year experiment (2019, 2020 and 2021) were collected at an automatic weather station
(Agromet Solar, Boreas Ltd., Erd, Hungary) 1600 m from the experimental site (Figure 2).
The precipitation was 516.4 mm, 611.4 mm and 433.9 mm in the consecutive experimental
years. There was also a significant difference between the years in the annual average mean
temperature values; the warmest year was 2019, with 13.8 °C, and the second (12.1 °C) and
third year (11.6 °C) were cooler.

Before the present experiment, there was an energy plantation (Salix alba L. and
Populus alba) in the research field for five years, for experimental purposes with irrigation.
In 2018, the plantation was transformed into an agroforestry system. Now, there are six
rows of trees in the area (two single rows at the borders, two double rows in the middle) and
3 fields for intercrop cultivation (10 m width) (Figures 1 and 3). The soil type is Vertisols [26],
with a clay texture, 8.3 pH, 5.4% total carbonate and 2.4% total organic carbon.

2.2. Quality of Irrigation Water

Effluent water from an intensive fish farm, producing African catfish (Clarias gariepi-
nus), was used as irrigation water, hereafter referred to as wastewater. The source of
wastewater was the first stabilization pond of a constructed wetland. This wetland was
established in order to pretreat the water before it is released into the oxbow lake of Koros.
The wetland was located 150 m from the experimental site. The effluent is characterized
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by a high concentration of sodium and bicarbonates due to the geothermal origin of the
water, and relatively high nutrient content because of the remaining material after fish
production (Table 1). This wastewater contains large amounts of debris, such as fish feces
and organic materials [27,28]. According to the irrigation water classification of USDA [29],
the wastewater belongs to the C3-52 group, with high salinity and medium sodium hazard.
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Figure 2. Monthly precipitation amount and average monthly temperature of experimental years
(2019, 2020 and 2021).

Figure 3. Drawing of the experimental area in cross-section.

2.3. Mulching

Winter wheat straw (0.25 kg m~2) was applied for mulching (71% soil cover). The
mass of mulch material was calculated according to the following equation:

Fo=1—¢ "mM (1)

where F,: ratio of covered soil (%), Ay,: area: mass of the mulch material (constant, for
winter wheat 5 m? kg’l) and M: mass of the mulch (kg m~2) [30].

2.4. Treatments

The experimental site (80 x 10 m) was divided into two parts; on one we used mulch
(400 m?), and on the other (400 m?2) there was no ground cover. Both were irrigated with
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wastewater. The irrigation method was micro sprinkler irrigation. In each experimental
year (2019, 2020 and 2021) the irrigation water amount was 150 mm/year. Irrigation was
carried out five times each year for 30 mm.

Table 1. Average chemical properties of irrigation water used under experiment (1 = 5).

Wastewater

pH 7.81

EC pScem—! 1215
HCO;~ mg dm~3 853.5
NH,* mg dm—3 27.8
NO3~ mg dm—3 0.557
NO,~ mg dm 3 0.256
Total inorganic N mg dm—3 21.65
Total organic N mg dm3 10.39
Total N mg dm 3 32.05
PO~ mg dm—3 4.99
Total P mg dm—3 3.14

Cl- mg dm—3 36.2
S04~ mg dm~3 51.25
Total suspended solids mg dm 3 54.3
Ca%* mg dm—3 27.15

Mg?* mg dm 3 9.15

K* mg dm—3 5.81

Na* mg dm~3 240.5
SAR 10.57

SAR: sodium adsorption ratio, SAR = Na/((Ca + Mg)/2)1/2 [29].

2.5. Sampling and Analytics

Composite soil samples were taken from 0 to 15 and 15 to 30 cm depths. Regarding the
applied treatments, soil samples were taken from mulched (straw) and un-mulched areas in
four repetitions. The soil carbon content was determined using a CNS analyzer (Elementor,
Vario MAX Cube), and the soil organic matter was calculated by multiplying the result
with 1.74 [31].

Disturbed soil samples were collected before the first irrigation of the three-year
experiment (2019 spring), and then each autumn after the irrigations in four repetitions
from mulched and un-mulched areas. The sampled soil depths were 0-30 cm and 3060 cm;
however, we did not differentiate between soil depths during the statistical analysis.

The soil’s specific electrical conductivity (EC) was measured from saturated soil paste
(according to Hungarian standard MSZ-08-0206-2:1978). The available nitrogen content of
the soil was characterized by the sum of the nitrite and nitrate contents of the soil (KCL-
NO;~ + NO3;™-N). Nitrite and nitrate were extracted with potassium chloride and the con-
centration was measured using FIA spectrophotometer (according to Hungarian standard
MSZ 20135:1999). The sodium (AL-Na) concentration was measured after ammonium-
lactate extraction with AAS flame photometry (according to Hungarian standard MSZ
20135:1999).

Exchangeable cations (K, Na, Ca, and Mg) were extracted with barium-chloride + tri-
ethanolamine and their concentrations were measured using atomic adsorption spectropho-
tometer (AAS) (according to Hungarian standard MSZ-08-0214-2:1978).

ESP(exchangeable sodium percantage, %) = (Na+K f{éa T Mg) * 100 2

where Na*, K and Mg?* concentrations are expressed in milliequivalents per 100 g of
soil [29].

Concerning the earthworm sampling, the habitats that were sampled were the fol-
lowing: (a) crop line (CL): in the middle of the interrow section, where soil disturbance,
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sowing and crop production occurred; (b) buffer zone (BZ): beside the crop line, which did
not receive any soil disturbance, or crop production; and (c) woody line (WL): area under
the tree line, where no soil disturbance or agricultural cropping occurred. The samples
were collected in four repetitions, using the hand-sorting method (ISO 23611-1:2018). Soil
blocks (25 x 25 x 25 cm) were excavated onto a plastic sheet, then searched carefully for
earthworms. The earthworms were killed in 70% ethanol, transported to the laboratory
and fixed in 4% formalin. The number of earthworms (pc m~2) and biomass (g m~2) were
determined. The earthworm sampling was carried out in April 2022.

Weed composition was surveyed by recording weed cover expressed in the percentage
of the total area of 1 m? micro-plots on un-mulched area in April 2022. Data collection
included all non-crop plants with four replications of all habitats.

2.6. Statistical Analyses

Statistical analyses were performed in IBM SPSS statistics 27 software. To model the
change in soil parameters affected by mulching (factorial variable: yes or no) and irrigation
between 2019 and 2021 (survey period; factorial variable: 2019 Spring, 2019 Autumn,
2020 Autumn or 2021 Autumn), variables were tested using Multi-Way Analysis of Variance
(Multi-Way ANOVA). Additionally, the sole effect of irrigation between 2019 and 2021 was
tested with One-Way Analysis of Variance (ANOVA) separated by mulched and unmulched
conditions, too. In significant cases, explanatory variables were tested with a two-samples
T-test for mulching variable and a Tukey comparison for habitat variable.

To model data collection in 2022, both mulching and habitat (factorial variable: WL,
BZ or CL) variables were tested with Multi-Way Analysis of Variance (MANOVA) in the
case of earthworm abundance, earthworm biomass and soil organic matter. Habitat was
tested with Analysis of Variance (ANOVA) in the case of total weed coverage. In significant
cases, explanatory variables were tested with a two-samples T-test for mulching and with a
Tukey comparison for survey period variable.

3. Results
3.1. The Effect of Mulching and Irrigation on Soil Parameters

Due to the high sodium content of the irrigation water, we investigated the salinization
of the soil. Due to the presence of excess organic matter spread with mulch, we also
examined the nitrogen content of the soil. EC values were significantly higher in unmulched
soil (185.9 mS cm™!) than in mulched soil (177.0 mS cm™1) (Table 2). The EC value in the
unmulched soil increased year by year: the lowest values were measured during the spring
sampling before irrigation (2019), and the highest in the last year of the experiment (2021)
(Table 3). The lowest value could also be measured in the soil of the mulched plots in
the first experimental year, but there was no significant difference between the values of
the autumn sampling of the experimental years (Table 4). The nitrogen content of the
soil was significantly higher in the mulched soil (9.0 mg kg!) than in the unmulched
one (7.0 mg kg~!) (Table 2), but irrigation had no significant effect on this parameter
(Tables 3 and 4). The accumulation of sodium in the soil was examined based on three
parameters: ammonium-lactate soluble sodium (AL-Na), exchangeable sodium (Nag,c12))
and exchangeable sodium percentage (ESP); all three were lower in the mulched soil than
in the unmulched soil, but the difference was only significant in the case of the AL-Na
values (Table 2). An increase in sodium due to irrigation could be observed in mulched
and unmulched soil. In both treatments, the highest values for all three parameters were
measured in the second and third year of the experiment (Tables 3 and 4).
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Table 2. Effect of mulching and irrigation between 2019 spring and 2021 autumn based on Multi-Way
Analysis of Variance in an agro-forestry experiment (Szarvas, Hungary, 2022).

Mulching Period *
Soil Parameter MANOVA Mean + SD MANOVA

F Value p Value Unmulched Mulched F Value p Value
EC 1:5[mS ecm™!] 9.595 0.003 185.9 + 16.6 177.0 £ 14.6 26.127 <0.001

Nitrite + Nitrate Nitrogen (KCl) [mg kg '] 4.512 0.038 70+£33 9.0+45 4.013 0.012
Na (AL) [mg kg™!] 6.596 0.013 293.0 £75.0 260.4 + 64.6 18.212 <0.001
Na (BaClp) [mg kg™!] 1.858 ns. 406.3 & 165.5 362.0 + 142.0 9.949 <0.001
Na (BaClp) [mEq 100 g ] 1.864 ns. 177 £0.72 1.57 +0.62 9.954 <0.001
K (BaCl,) [mg kg™] 2.673 ns. 1814 +42.7 169.0 £ 34.1 13.566 <0.001
K (BaCl) [mEq 100 g~!] 2.707 ns. 0.46 £0.11 0.43 +£0.09 13.641 <0.001

Ca (BaClp) [mg kg 1] 0.825 ns. 6269 + 1104 5997 + 1399 1.882 ns.

Ca (BaClp) [mEq 100 g~ 1] 0.831 ns. 31.3£55 299£70 1.885 ns.
Mg (BaCly) [mg kg™!] 0.744 ns. 1220 £ 231 1261 + 208 8.261 <0.001
Mg (BaClp) [mEq 100 g '] 0.706 ns. 10.0 £1.9 104 +1.7 8.349 <0.001
ESP [%] 0.679 ns. 413+ 1.64 3.85 £ 1.63 11.353 <0.001

* See detailed results and post hoc test in Tables 3 and 4. n.s.: non-significant.

Table 3. Effect of irrigation on unmulched conditions between 2019 spring and 2021 autumn in an

agro-forestry experiment (Szarvas, Hungary, 2022).

Soil Parameter ANOVA Survey Period (Mean + SD; Tukey Post Hoc Test)
F Value p Value 2019 Spring 2019 Autumn 2020 Autumn 2021 Autumn
EC 1:5 [mS cm™!] 17.058 <0.001 1689 +10.4 a 177.8 £10.0 ab 189.0 £ 8.8b 2041 +122¢
Nitrite + Nitrate Nitrogen (KCl) [mg kg '] 1.907 ns. 8.1+48 55+1.6 85+31 57422
Na (AL) [mg kg~!] 6.764 0.001 2499 £ 87.7a 2409 £ 65.8a 345.1 +£402Db 336.1 £284b
Na (BaCly) [mg kg~ '] 5.609 0.004 3188 +71.2ab  295.0+ 1059 a 505.4 £ 58.8b 506.1 £ 236.7b
Na (BaCly) [mEq 100 g7 '] 5.612 0.004 1.39 £ 0.31 ab 128 +0.46a 220£0.25b 220+ 1.03b
K (BaClp) [mg kg™!] 5.424 0.005 1472 £36.4a 1741+ 46.1ab  186.1 +38.0 ab 2183 £149b
K (BaCl,) [mEq 100 g~ 1] 5.470 0.004 0.38 £0.09 a 0.45 £ 0.12 ab 0.48 £0.10 ab 0.56 £0.04b
Ca (BaCly) [mg kg™'] 1.659 ns. 6804 + 1516 5671 + 1280 6118 + 658 6485 + 466
Ca (BaClp) [mEq 100 g~] 1.661 ns. 339+£76 283 6.4 30.5 £33 324+23
Mg (BaCl,) [mg kg~'] 5.671 0.004 1331 4 252 be 1385+ 176 ¢ 1059 + 140 a 1107 4 184 ab
Mg (BaCl,) [mEq 100 g~ 1] 5.684 0.004 11.0£21bc 114+ 14c 87+12a 91+15ab
ESP [%] 4.606 0.010 31+12a 33+16a 53+£06Db 48+19ab

a, b, c: means homogenous subset of Tukey post hoc test. n.s. = no significant.

3.2. Earthworm Abundance and Biomass

According to the statistical analysis (MANOVA) we used (Figure 4A; Table 5), the
earthworm samples that were taken from the WL (264 pc m~2) and the BZ (172 pc m~2) habi-
tats showed significantly greater earthworm abundance compared to the CL (84 pc m~2)
under mulched treatments. As for the un-mulched treatments, the tendency was similar,
with WL: 284, BZ: 200 and CL: 60 pc m~2, respectively. Thus, the effect of mulching was
not significant.
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Table 4. Effect of irrigation on mulched conditions between 2019 spring and 2021 autumn in an
agro-forestry experiment (Szarvas, Hungary, 2022).

ANOVA Survey Period (Mean + SD; Tukey Post Hoc Test)
Soil Parameter FValue  p Value 2019 Spring 2019 Autumn 2020 Autumn 2021 Autumn
EC 1:5 [mS cm™] 12.665 <0.001 1589 £82a 1789+ 73b 1873 £7.0b 183.1 £152b
Nitrite + Nitrate Nitrogen (KCI) [mg kg’l] 2.186 n.s. 109 £ 6.6 72+23 109 +4.1 69 +27
Na (AL) [mg kg’ll 18.716 <0.001 2043 +52.1a 2395+351a 3449 +271Db 253.1+£38.2a
Na (BaCl,) [mg kg’l] 4.642 0.009 260.6 = 51.6 a 308.3 £ 73.0 ab 459.4 +50.8b 419.6 £ 221.6 ab
Na (BaCl,) [mEq 100 g_l] 4.643 0.009 1.13+022a 1.34 + 0.32 ab 2.00 £0.32b 1.83 4+ 0.96 ab
K (BaClp) [mg kg’l] 11.382 0.000 1334 £98a 183.3 + 38.4 bc 159.9 £+ 24.6 ab 1994 £122¢
K (BaClp) [mEq 100 g’l] 11.417 0.000 0.34 £0.02a 0.47 +0.10 be 0.41 £+ 0.06 ab 0.51 £0.03 ¢
Ca (BaClp) [mg kg_l] 2.322 ns. 6459 + 1405 6684 + 2104 5135 £ 603 5710 £ 418
Ca (BaCly) [mEq 100 g’l] 2.329 n.s. 322+70 33.4+10.5 25.6 £3.0 285+21
Mg (BaClp) [mg kg™!] 3.096 0.043 1353 + 236 ab 1368 + 107 b 1202 + 178 ab 1125 +212a
Mg (BaClp) [mEq 100 g 1] 3.155 0.040 11.1+19ab 11.3+09b 99 +15ab 92+17a
ESP [%] 7.078 0.001 26+08a 31+13ab 53+04c 44+21bc

a, b, c: means homogenous subset of Tukey post hoc test. n.s. = no significant.
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Figure 4. Effect of mulching and habitat on earthworm abundance (pc m~2) (A), earthworm biomass
(g m~2) (B), soil organic matter (%) (C) and total weed coverage (%) (D) in an agro-forestry experiment
(Szarvas, Hungary, 2022).

Regarding the earthworm biomass (Figure 4B; Table 5), the values were significantly
the greatest under WL (55.4 g m~2) as compared to CL (24.6 g m~2) treatment in mulched
treatments, while a similar tendency was found under unmulched treatments, where WL
(52.6 g m~2) gave significantly greater biomass than CL (14.1 g m~?) treatment.
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Table 5. Effect of mulching and habitat on earthworm abundance (pc m~2), earthworm biomass
(g m~2), soil organic matter (%) and total weed coverage (%) in an agro-forestry experiment

(Szarvas, Hungary, 2022).

Earthworm Abundance

MANOVA Tukey Comparison
Variable df -
F p-Value Group Avg Value (pc m—2) Sign. Class
Mulching 1 0.051 ns -
Habitat 2 10.825 0.001 WL 274.00 b
BZ 186.00 b
CL 72.00 a
Earthworm Biomass
MANOVA Tukey Comparison
Variable df ;
F p-Value Group Avg Value (g m—2) Sign. Class
Mulching 1 1.849 ns -
Habitat 2 3.573 0.049 WL 54.00 b
BZ 40.01 ab
CL 19.39 a
Soil Organic Matter
MANOVA Tukey Comparison/t-Test
Variable df -
F p-Value Group Avg Value (%) Sign. Class
Mulching 1 155.451 <0.001 mulched 4.597 b
un-mulched 3.883 a
Habitat 2 3.879 0.050 WL 4.336 b
BZ 4.244 ab
CL 4.140 a
Total Weed Coverage
—_— i ANOVA Tukey Comparison
ariable F p-Value Group Avg Value (%) Sign. Class
Habitat 2 6.184 0.020 WL 12.303 b
BZ 1.913 a
CL 0.608 a

a, b: means homogenous subset of Tukey post hoc test. ns = no significant.

3.3. Soil Organic Matter Content and Total Weed Coverage

Concerning the soil organic matter (SOM) content, we took soil samples from the
above-mentioned three habitats (CL, BZ, and WL), and the effect of mulching was sta-
tistically significant (Figure 4C; Table 5). Significantly greater values were obtained in
the mulched locations under WL (4.7%) treatment compared to CL (4.5%). As for the
unmulched treatments, lower values were gained with the following decreasing order:
4.0 (WL), 3.9 (BZ) and 3.8% (CL).

As for the total weed coverage (Figure 4D; Table 5), only the mulched plots were
examined. We found the greatest weed coverage values in the case of the WL (12.3%), as
compared to BZ (1.9%) and CL (0.6%) locations. WL was significantly greater than BZ
and CL.

4. Discussion
4.1. Anthropogenic Soil Salinization due to Irrigation Water Quality

The possible mechanisms for restraining salt accumulation via straw-returning un-
der saline water irrigation included (a) inhibiting the upward movement of salts due to
soil water evaporation, and (b) promoting salt leaching by improving the soil proper-
ties [32,33]. According to Zhang et al. [32], within each saline water irrigation treatment
(10: 047 dSm~1,11: 3.25dSm™}, and 12: 6.75 dS m 1), the application of straw-returning
resulted in a lower soil salt content compared with the no-straw control, because straw
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mulching formed a physical barrier on the soil surface, which reduced the energy exchange
between the soil and atmosphere. Straw mulching also reduces the soil bulk density [32],
and it may promote the leaching of soil salts due to an increase in soil pore space [34].
In our experiment, only in the third year were the EC, AL-Na, Nag,cj» and ESP values
lower in mulched soil (183.1 mS cm™?, 253.1 mg kg, 419.6 mg kg~ ! and 4.4 ESP%, re-
spectively) than in un-mulched soil (204.1 mS cm~!, 336.1 mg kg~!, 506.1 mg kg~! and
4.8 ESP%, respectively).

4.2. Relationship between Earthworm Abundance, Biomass and Soil Organic Matter Content and
Total Weed Coverage

Organic mulching materials (straw, compost, plant leaves, etc.) generally increase wa-
ter retention ability, soil health and fertility, provide protection against harsh environmental
effects (e.g., erosion) for soil [34-37] and offer habitat, carbon input and food sources for
soil fauna [38,39]. In our case, however, mulching treatments did not have any significant
effect on earthworm abundance in any of the examined habitats (CL, BZ and WL), even
though several researchers reported [40—42] greater earthworm abundance under mulched
treatments compared to unmulched areas.

Therefore, the earthworm abundance values from the mulched and unmulched habi-
tats were pooled for the analyses. Based on our results, significantly greater earthworm
abundance was gained under the WL (274 pc m~2) and the BZ (186 pc m~2) compared to
the CL (72 pc m~2) (Figure 4A). The reason for this might be the fact that the soil distur-
bance in the BZ and WL habitat was very low or none, and the natural input of raw organic
matter (leaves, twigs, bark, etc.) was already provided in those zones; thus, the soil envi-
ronment was constant, undisturbed and more favorable for earthworms. This resulted in
the growth of the earthworm population. This finding was in line with Norgrove et al. [43],
who also found greater earthworm abundance in tropical agrisilvicultural systems under
undisturbed timber plantations, compared to cropped plots.

The earthworm biomass values (Figure 4B; Table 5), however, gave almost similar
results for BZ (54.9 g mm~2) and WL (55.4 g mm~2) habitats under the mulched treat-
ments, suggesting that these individuals had greater biomass, even if their abundance
(BZ: 172 pc mm~2) was not so high. This suggests that mulching supported their weight
growth as a food source. However, as mulching did not show any significant difference, we
also pooled these values. As a result, WL was only significantly different from CL (Table 5)
in earthworm biomass.

As for soil organic matter (SOM), the mulched habitats gained significantly greater
values (Table 5), suggesting the positive effect of organic mulching on soils. The significantly
greater SOM content under WL habitat could be due to the greater raw organic debris input
compared to CL habitat. In CL, greater disturbance resulted in a lower SOM content.

The differences in weed composition were highly collated to the intensity of tillage
and the coverage of trees. There was no significant difference in weed coverage between
the tilled CL (0.61%) and the non-tilled BZ (1.91%), but weeds were significantly denser in
WL (12.3%) than in either uncovered habitat (CL and BZ).

5. Conclusions

In conclusion, this study demonstrated the beneficial effects of straw mulching in
reducing soil salinity and improving soil health indicators. The woody line (WL) and
buffer zone (BZ) habitats showed a higher earthworm abundance compared to other areas.
Additionally, mulching positively influenced earthworm biomass and soil organic matter
content. Weed coverage was found to be influenced by tillage intensity and tree cover,
with higher weed density observed in the woody line habitat. These findings emphasize
the potential advantages of reused water irrigation, mulching, and agroforestry systems
in promoting soil health and effective weed control. Overall, this research contributes
to our understanding of sustainable soil management practices and provides insights
for the implementation of agroforestry systems with reused water irrigation in similar
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contexts. Further research is warranted to explore the long-term effects and scalability of
these practices. Agroforestry systems have the potential to enhance soil biodiversity and
microbial activity, which play crucial roles in nutrient cycling and soil health. By studying
the effects of agroforestry practices on soil biology, we can provide valuable insights into
the mechanisms underlying soil quality enhancement in these systems.
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