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Abstract: The decentralised wastewater treatment system (DEWATS) is an onsite sanitation technol-
ogy that can be used in areas away from municipal sewerage networks. The discharge of effluent
emanating from DEWATS into water bodies may cause pollution. Agricultural use of the effluent may
improve crop yields and quality thereby contributing to food security in low-income communities.
There are drawbacks to the agricultural use of treated wastewater. Therefore, the study assessed the
crop, environmental and health risks when irrigating with anaerobic filter (AF) effluent using the
Decision Support System (DSS) of the South African Water Quality Guideline model, in four South
African agroecological regions, three soil types, two irrigation systems and three different crops. The
model was parameterised using AF effluent characterisation data and simulated for 45 years. The
model predicted that there are no negative impacts for using AF effluent on soil quality parameters
(root zone salinity, soil permeability and oxidisable carbon loading), leaf scorching and irrigation
equipment. The problems were reported for nutrient loading (N and P) in maize and microbial
contamination in cabbage and lettuce. It was recommended that the effluent should be diluted
when used for maize production and advanced treatment should be explored to allow unrestricted
agricultural use.

Keywords: human excreta materials; nutrient recovery; treated wastewater; wastewater reuse; water
quality guideline

1. Introduction

Global water supply is threatened by population dynamics, characterised by excessive
urbanisation. Currently, in South Africa, about 63% of the people are living in urban
areas and this figure is expected to reach 71% by the year 2030 [1]. This is straining on
municipal service delivery as they are failing to provide adequate housing, sanitation and
clean water. Most of the migrants are residing in informal settlements away from the
municipal sewerage network, and in addition, they are unemployed and food insecure [2].
However, connecting people to centralised sanitation systems is difficult especially in areas
with undulating terrain and where unplanned settlements are continuously emerging.
Therefore, the Decentralised Wastewater Treatment System (DEWATS) can be a potential
sanitation solution in such areas. The DEWATS is a modular system that comprises of
the settler, anaerobic baffled reactor (ABR), anaerobic filter (AF) and planted gravel filters
(PGFs). Solids are settled down in the settler and the suspended scum is removed. The
wastewater moves through the ABR, where anaerobic degradation of organic compounds
occurs, and this is later polished in the anaerobic filter. The resulting effluent (AF effluent)
contains mineral nutrients and some pathogens, hence it is further treated PGFs, which
comprises of the vertical flow constructed wetlands (VFCW) and the horizontal flow
constructed wetlands (HFCW) [3]. The final DEWATS effluent may not meet the stringent
South African discharge quality. Therefore, discharging it into water bodies may cause
pollution, evidenced by algal blooms, death of aquatic life and sometimes expose people
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to waterborne diseases. However, to ensure sustainability the development of sanitation
systems should be linked to agriculture in a way that solves socio-economic challenges in
low-income communities while protecting the environment.

The DEWATS effluent is a potential agricultural resource that can be used for agri-
culture as a source of water and nutrients under different agricultural systems; field and
hydroponic systems [4]. Studies have confirmed its ability to improve soil properties [5]
and crop yields [6]. Just like other domestic wastewater, the DEWATS effluent is low in
concentrations of heavy metals [7]. However, there are other long term potential limitations
to the agricultural use of treated wastewater, which should be assessed with regards to DE-
WATS effluent. These include effects on soil properties, crop response to salinity, microbial
risks and heavy metal accumulation with long term irrigation (>200 years) [8-10].

Irrigation water quality parameters such as the concentration of C1~, B, atrazine,
microorganisms and macronutrients (NPK) can have direct and indirect impacts on soil
quality (environment), crop yields and quality and human health [11]. The amount of
effluent to be applied, its effects on crop, nutrient loading and potential microbial hazards
depend on irrigation management practices, water quality, climate, soil type and crop type
determine [12]. du Plessis et al. [12] developed a risk-based, site-specific irrigation water
quality guideline based on the Department of Water and Sanitation [11] generic guideline,
and the latest local and international guidelines. The tool was developed in the form of a
Decision Support System (DSS) to comply with the latest requirements of the Department
of Water and Sanitation [13] South African National Water Act of 1998. The DSS is a novel
tool to assess the suitability of water of a certain quality for agricultural use and can be
used for any wastewater such as the DEWATS effluent (AF effluent). Therefore, this study
aimed to assess the crop, environmental and health risks associated with irrigation using
AF effluent using the DSS model. The specific objectives were to (i) assess the suitability of
AF effluent irrigation water quality for different crops (maize, cabbage and lettuce), soils
(coarse sand, sandy loam and clay) in four agro-ecological regions of South Africa, with a
special focus on impacts on microbial contamination, crop quality, impacts on irrigation
infrastructure, soil quality and environmental pollution, and (ii) provide recommendations
for optimising soil quality, crop yield, minimise human health and prevent irrigation
equipment damage when AF effluent is used for irrigation across agro-ecological regions
of South Africa.

2. Materials and Methods
2.1. Description of the Decision Support System

The South African Department of Water and Forestry water quality guidelines of
1996 [13] was produced by a panel of experts following national and international guide-
lines. The guideline was developed based on the Food and Agriculture Organization (FAO)
water quality guidelines of agricultural importance [10,14], World Health Organization
(WHO) parameters of health significance [15,16], the United States Environmental Protec-
tion Agency (USEPA) parameters of environmental importance [17] and other international
guidelines. As knowledge was gained and practices changed with time, the South African
Water Quality Guideline (SAWQG) was developed in 2017 to include developments not
addressed in the Department of Water and Sanitation [11] guidelines. The guideline con-
siders risk-based and site-specific approaches in compliance with the Department of Water
and Sanitation [13] revised general authorisation for wastewater use in agriculture.

A schematic diagram of the DSS is shown in Figure 1. It consists of two major
components: the assessment of water quality for agricultural use and the water quality
requirements for a specific use. The DSS follows an integrated approach, using the Lazarus
computer code linking input data, calculation procedures and databases to produce output
on irrigation water quality guidelines [12].
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Figure 1. The structure of the risk-based, site-specific Decision Support System (DSS). Adapted and modified from du

Plessis et al. [12].

According to du Plessis et al. [12], tier number 1 calculates the interaction of water
components, crop and soil water uptake. The soil-water-crop interaction considers a 4-layer
soil with an assumption that 40% of the crop water requirements are extracted from the top
layer followed by the second layer (30%), the third layer (20%) and 10% from the bottom
layer. The model calculates the steady-state concentration of the solution in each layer
from the characteristics of the irrigation water and the leaching profile of the whole profile.
An assumption is made that a leaching fraction of 0.1 prevails in the soil and there are no
allowances made for rain. As a result, the calculated output for evaluating the fitness for
use (FFU) for a specific water type and the water quality requirement (WQR) are always
the same.

The tier 2 calculations are done using the modified SWB model [12]. This is done to
simulate the interaction between water quality, climate, and soil and crop type on water
balance, soil quality, crop yield and quality, the concentration of trace elements, irrigation
equipment and microbial risks.

Water fluxes are simulated following a cascading approach (literally known as the
tipping bucket method); when each layer reaches the soil water saturation point, the water
"tips’ to the next layer [18]. The soil component of the SWB model divides the soil into 11
different layers and the soil physical properties of volumetric permanent wilting point,
field capacity and bulk densities are specified for each layer [18]. The texture of each layer
is predetermined, and the default drainage parameters (drainage fraction and drainage
rate) are available in the soil subcomponent. The effects of salinity on yield are estimated
from electrical conductivity (EC) values calculated for each layer and averaged for the
whole profile. The model allows the user to run simulations over several seasons (up to
45 years) to increase the accuracy of the results.

The crop management component is included, and the user must select irrigation
management options such as irrigation system (surface vs. sprinkler), irrigation timing
(percentage soil moisture depletion, irrigation intervals in days or a fixed amount in
mm) and the refill options (room for rainfall, field capacity, leaching requirement or
fixed amount).
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Wastewater contains elements that are required by plants, but some are toxic and
significantly affect crop yield. Specific ions of concern include B, Na* and C1~ which are
present in some treated wastewaters. These ions are taken up by the crop through the
transpiration stream, accumulate in the leaf tissues of sensitive crops and after exceeding
certain thresholds kill the leaf tissues. Alternatively, the specific ion can be adsorbed
through wetted foliage especially when sprinkler irrigation is used. The DSS is thus able
to estimate yield, considering the impacts of root zone salinity and crop toxicity using
Equation (1) [12]:

Y (yield) = 100 — b (RZC — ) (1)

where: b is the slope of the yield response curve exceeding the threshold concentration.
RZC is the root zone concentration of the constituent of concern and « is the threshold
concentration of the element of concern.

The three important macronutrients which have significant effects on crop yield are
N, P and K [19]. Treated wastewater contains macronutrients required by crops, hence
its use in agriculture helps to minimise fertiliser costs [20]. However, high concentrations
of nutrients have direct and indirect drawbacks. Excessive amounts of N cause delayed
maturity and uneven ripening in flowering plants. Nitrogen and P may cause non-point
source pollution. Nitrate can leach into groundwater resources [21] and runoff losses of
phosphorus into nearby rivers can cause eutrophication [22]. Potassium is a less toxic cation
that does not have any environmental impacts. The DSS calculates the N, P and K loading
and removal by plants. The model assesses the suitability of the water quality component
for use based on the percentage of the elements removed by plant uptake per amount of
nutrients applied. The removal of 10% of the N, P and K from wastewater by plants is
categorised as ideal, 10-30% acceptable, 30-50% tolerable and >50% unacceptable [12].

2.2. Model Parameterisation
2.2.1. Study Sites

Irrigation water of certain quality affects soil and crop quality differently due to
differences in irrigation management practices and soil properties in various agroecolog-
ical regions. Four different study sites belonging to different climatic regions classified
according to Koppen—Geiger classification system [23] were selected and are described
in Table 1.

Table 1. The selected four agroecological regions of South Africa are classified according to the
Koppen-Geiger classification system [23].

Chm.atlc Place Coordinates Altitude Description
Region (masl)
Pretoria —25.7500 S; 28.26670 E 1360 Cwb; Warm
1 Roodeplaat —25.6000 S; 28.35000 E 1240 temperate, Dry winter,
Servontein —29.7500 S; 30.13333 E 1440 Warm summer
Messina —22.2333 5;29.91667 E 500
2 Pieterzburg —23.8667 S; 29.45000 E 1250 Bsh; Steppe, Hot Arid
Zebediela —22.233300 S, 29.916670 E 500
Douglas —29.0500 S; 23.76667 E 1024
3 Taung —27.5500 S; 24.76667 E 1110 Bwh; Desert, Hot Arid
Upington —28.4500 S; 21.25000 E 775
Citrusdale —32.5667 S; 18.98330 E 234 Bsk: S Cold
4 Ladysmith —33.4833 S; 21.03333 E 384 S tzp,if' ©
Riversdale  —34.100000 S; 21.266700 E 104 n

Masl; Metres above sea level.



Water 2021, 13, 2454

50f 20

2.2.2. DEWATS Effluent Characteristics

The AF effluent biological and physicochemical properties to parameterise the DSS
were obtained from characterisation data collected from the Newlands Mashu research site
in Durban.

2.2.3. Soil Types

Soils of different textures have different physical and chemical properties which
influence inter alia soil moisture retention, microbiological processes and water fluxes.
Spatial variations in soil types have impacts on the extent to which irrigation water of
certain quality positively or negatively affects soil and crop quality [5]. Therefore, three
different soil texture types were selected for simulations and their physical properties
obtained from the DSS are given in Table 2.

Table 2. Physical properties of the four contrasting soils used during the study [12].

Sandy Loam Coarse Sand Clay

Initial salt content Low Low Low
Profile available water (mm) 120 40 150
Volumetric water content at field capacity (m m~1) 0.22 0.08 0.33
Volumetric water Cf)ntent atgermanent wilting 01 0.04 0.18
point (mm™")
Bulk density (g cm™2) 1.4 1.7 1.2

2.2.4. Crop Type and Management Practices

The three different summer crops selected were maize (Zea mays L.), lettuce (Lactuca
sativa) and cabbage (Brassica oleracea var capitata). The crops were selected based on low
microbial contamination risks in treated wastewater irrigation as per the WHO specifica-
tions [10]; maize has husks and the cob is produced away from the ground, cabbage is a
commonly grown crop in South Africa and lettuce is the riskiest vegetable to produce.

Different crops have different climatic requirements and South Africa is generally
a subtropical country that experiences seasonal variations across the year, hence a crop
rotation system of a summer and a winter crop was chosen. Two irrigation systems chosen
were surface and overheard irrigation to compare their impacts, especially on microbial
contamination risks. The irrigation timing was based on soil moisture depletion levels.

2.3. DSS Model Simulations

The parameterised DSS tier 2 was simulated for a period of 45 years. The output data
on FFU was recorded for the AF effluent. Its impacts on soil quality (root zone salinity, soil
permeability, oxidisable C loading and trace element accumulation), crop yield and quality
(root zone effects, leaf scorching when wetted, and crop and microbial contamination risks)
and FFU of the irrigation equipment were assessed.

The percentage of time that soil root zone salinity, soil permeability (surface infiltrabil-
ity and soil hydraulic conductivity) and oxidisable C (COD) loading were predicted to fall
within a certain category of FFU was determined. The accumulation of trace elements was
assessed as the number of years in which a certain predicted irrigation amount elevated
them to threshold levels in the topsoil (0.3 m depth).

The microbial risk assessment was done to predict excess infections per 1000 persons
per annum. However, atrazine damage was not assessed since it is absent in the AF effluent.

2.4. Data Analysis

The GenStat 21st Edition [24] was used to analyse all the quantitative and qualitative
data. Qualitative data on the suitability of AF effluent for agricultural use was summarised
using descriptive statistical methods. Quantitative data on nutrient uptake was subjected
to analysis of variance (ANOVA). Where significant differences were reported, Bonferroni’s
test was done to separate differences between means.
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The crop yield and quality for maize, cabbage and lettuce were then assessed using
the criteria shown in Table 3. The percentage of time that root zone effects (salinity, B, Na*
and C17) fell within a certain category was assessed. The degree of leaf scorching due to
Na* and Cl1~ was assessed qualitatively. The contribution of irrigation water to N, P and K
removal, directly or indirectly, was determined as a percentage of the time their removal at
harvest was within FFU categories, taking into consideration the impacts of high nutrient
concentrations. The total mean applied N, P and K through irrigation at harvest was also
calculated and reported quantitatively.

There are four categories for assessing fitness for use and these are ideal, acceptable,
tolerable and unacceptable. Therefore, in this study, it was assumed that the good water
quality for a specific purpose is when at least >50% of the time for fitness for use fall within
at least the tolerable category.

Table 3. Crop yield and quality, soil quality, impacts on irrigation equipment and with a specific
amount of irrigation (predicted by the DSS) [12].

Fitness for Use Range
Crop yield and quality
Ideal 90-100%
Root zone effects Acceptable 80-90%
(Relative crop yield in %) Tolerable 70-80%
Unacceptable <70%
Ideal None
Leaf scorching when wetted Acceptable Slight
(Degree of leaf scorching) Tolerable Moderate
Unacceptable Severe
Ideal 0-10%
- Acceptable 10-30%
Contribution to NPK removal by crop Tolerable 30-50%
Unacceptable >50%
Ideal <1
Microbial contamination Acceptable 1-3
(Excess infections per 1000 persons per year) Tolerable 3-10
Unacceptable >10
Soil quality
Ideal 0-200
. . . Acceptable 200-400
Soil profile salinity (mS/m) Tolerable 400-800
Unacceptable >800
Ideal None
. - Acceptable Slight
Soil permeability Tolerable Moderate
Unacceptable Severe
Ideal 0-400
Lo . Acceptable 400-1000
Oxidizable carbon loading (kg/ha per month) Tolerable 1000-1600
Unacceptable >1600
Ideal >200
Trace element accumulation Acceptable 150-200
(No of years to reach soil accumulation threshold) Tolerable 100-150

Unacceptable <100
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Table 3. Cont.

Fitness for Use Range

Irrigation equipment

Ideal 0to —0.5
. o . . Acceptable —0.5to —1.0
Corrosion of irrigation equipment (Langelier Index) Tolerable “1.0to —2.0
Unacceptable <=2.0
Ideal 0to+0.5
. . Acceptable +0.5 to +1.0
Scaling (Langelier Index) Tolerable +1.0 to +2.0
Unacceptable >+2.0

3. Results
3.1. The AF Effluent Fitness for Use

The output for the DSS showing the generic water quality for irrigation fitness (tier 1)
is shown in Table 4. Based on the AF effluent data entered, the DSS calculated the Sodium
Adsorption Ratio (SAR) and total dissolved solids of the effluent. The model showed a
charge balance error of —5.3%, which was acceptable. The TDS/EC was unacceptable since
the value was 4.46.

Table 4. The DEWATS effluent showing fitness for agricultural use as determined by the Decision

Support System.
Constituent Parameter Unit Value
Calcium mgL~! 25
Magnesium mgL~! 20
Sodium mgL~! 55
pH - 7.5
Electrical conductivity mSm~! 94
Major SAR (mol L—1)05 2
constituents Bicarbonate mgL~! 231
Chloride mgL~! 49
Sulphate mgL~! 39
Total dissolved solids (TDS) mgL~! 419
Suspended solids (SS) mgL~! 59
Charge balance error - —5.30% *
TDS/EC - 4.46%
Biological E. coli counts/100 mL 4.00 x 104
constituents Chemical oxygen demand mgL~! 303
Total inorganic nitrogen (N) mgL~! 60
Nutrients Total inorganic phosphorus (P) mgL~! 9
Total inorganic potassium (K) mg Lt 16
Trace Element (rvr\lfgt/ei) Soil (mg/kg)
Aluminium 0 0
Arsenic 0 0
Beryllium 0 0
Boron 0 0
Cadmium 0 0
Chromium 0 0
Cobalt 0 0
Fluoride 0 0
Iron 0 0
Trace elements Lead 0 0
Lithium 0 0
Manganese 0 0
Mercury 0 0
Molybdenum 0 0
Nickel 0 0
Selenium 0 0
Uranium 0 0
Vanadium 0 0
Zinc 0 0

* Ideal, * Unacceptable.
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3.2. Effects on Soil Quality

The effects of AF effluent on soil quality were simulated and reported in Table 5.
There were no potential effects of AF effluent on soil profile salinity, permeability and
oxidizable carbon. The AF effluent was within at least tolerable category for >50% of the
time. The root zone effects of EC were within the ideal category 100% of the time. The soil
hydraulic conductivity showed some variations, being unacceptable at least 20% of the time
in climatic region 1; clay soil (overhead irrigation; 23% and surface irrigation; 25%), coarse
sand soil (surface irrigation; 21%) and sandy loam soil; 23% for all irrigation systems. The
effects on soil infiltrability and oxidizable C were at least within the acceptable category.
The exception was oxidizable C loading under surface irrigation, sandy loam soil and
within climatic region 3 in which 15% of the time was unacceptable.

Table 5. The fitness for use of AF effluent with respect to soil quality of various soil types (clay; C,
coarse sand; CS and sandy loam; SL), irrigation systems (overhead and surface) in four climatic
regions (climatic region 1; CR1, 2; CR2, 3; CR3 and 4; CR4).

Soil
. . Soil Permeability Oxidizable C
- . N Soil Profile Loading
Irrigation  Soil  Climatic Salinity
System  Type Region (EQ) Soil Hydraulic Soil
Conductivity Infiltrability
a b ¢ d a b ¢ d a b ¢ da b ¢ d
CR1 100 0 0 O 49 15 14 23 8 19 0 0 73 27 0 O
C CR2 00 0 0 O 75 9 7 9 8 12 0 0 5 4 0 O
CR3 00 0 0 0 91 5 3 2 95 5 0 0 34 66 0 0
CR4 00 0 0 O 74 12 8 6 8 17 0 0 65 35 0 O
CR1 000 0 0 O 58 10 13 19 8 15 0 0 8 21 0 O
Overhead cs CR2 00 0 0 0 75 7 8 10 91 9 0 0 68 33 0 O
CR3 100 0 0 O 8 6 5 6 95 6 0 0 53 48 0 0
CR 4 000 0 0 O 69 10 10 12 8 18 0 0 67 33 0 O
CR1 00 0 0 0 51 12 12 25 8 17 0 O 8 20 0 O
SL CR2 00 0 0 0 75 8 7 10 9 10 0 0 61 39 0 O
CR3 00 0 0 O 9 5 3 3 95 5 0 0 42 5 0 0
CR 4 100 0 0O O 68 11 10 12 8 15 0 0 73 27 0 O
CR1 100 0 0 O 49 15 15 25 58 42 0 0 73 27 0 O
C CR2 00 0 0 O 75 9 6 6 58 42 0 0 53 47 0 O
CR3 00 0 0 0 91 5 3 2 67 33 0 0 34 66 0 0
CR4 100 0 0O O 74 12 8 7 52 48 0 0 65 3 0 O
CR1 100 0 0O O 58 10 13 21 59 41 0 0 8 19 0 0
Surface cs CR2 0 0 0 0 75 7 8 8 58 42 0 0 65 35 0 O
CR3 100 0 0 O 8 5 4 3 67 33 0 0 5 51 0 0
CR4 100 0 0 O 69 11 10 12 44 5 0 0 75 25 0 O
CR1 100 0 0 O 51 10 11 23 66 34 0 0 8 15 0 O
SL CR2 00 0 o0 0 75 8 7 8 58 37 0 0 61 39 0 O
CR3 100 0 0 O 9 5 3 3 67 34 0 0 35 49 1 15
CR4 100 0 0 O 68 12 10 9 44 5 0 0 74 26 0 O

CR; Climatic region, category a; Ideal, b; Acceptable, c; Tolerable, d; Unacceptable, EC; electrical conductivity.

3.3. Crop Yield and Quality Fitness for Use

The AF effluent fitness for use was assessed with regards to root zone effects on crop
yield due to root zone salinity, C1~, B and Na*, and leaf scorching when wetted (degree of
leaf scorching under sprinkler irrigation caused by C1~ and Na*). The results are reported
in Table 6A (maize), Table 6B (lettuce) and Table 6C (cabbage).

The AF effluent fitness for use with regards to maize root zone Cl~, B, and leaf
scorching due to C1~ ad Na* was at least within the acceptable category for >50% of the
time. The root zone EC challenges were reported for clay soil in climatic region 3 and
under overhead irrigation, whereby >50% of the time for fitness for use fell within the
unacceptable category. The same applied to Na*, which was within the unacceptable
category for >50% of the time except in clay and sandy loam soils within climatic region 3
regardless of irrigation system.
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Table 6. Assessment of AF effluent for fitness-for-Use; impacts of irrigation system and soil type on

maize (A), lettuce (B) and cabbage crop (C) yield and quality in different climatic regions (1 = 3).

(A) Maize
Crop Root Zone Effects Leaf Scorching When Wetted
Irrigation ~ Soil ~ Climatic _ -
System Type Region a B EC Na* a Na*
a b ¢ d a b ¢ d a b ¢c d a b ¢ d a b ¢ d a b ¢ d
CR1 00 0 0 0 1000 0 O 91 0 0 9 4 1 0 1000 0 0 100 0 0 O
c CR2 00 0 0 0 1000 O O 8 7 4 3 77 8 3 12 100 0 0 O 100 0 O O
CR3 69 11 7 14 100 0 0 O 33 6 7 5 27 4 4 66 1000 0 O 100 0 0 O
CR4 00 0 0 0 1000 O O 997 2 0 75 11 4 11 100 0 0 0 100 0 0 O
CR1 00 0 0 0 1000 0 O 1000 0 0 99 1 0 0 1000 0 0 10 0 0 0
Overhead CR2 000 0 0 1000 0 0 915 2 3 8 2 2 9 1000 0 0 120 0 0 0
CR3 9% 3 2 1 10 0 0 0 8 7 3 9 66 11 9 15 100 0 0 0 100 0 0 0
CR 4 00 0 0 0 1000 0O O 9 1 0 0 94 5 1 0 1000 0 0 100 0 0 0
CR1 100 0 0 0 1000 O O 1000 0O 0O 9 3 1 0 100 0 0 0 100 0 0 O
SL CR2 100 0 0 0 1000 0 O 8 11 4 5 6 7 7 18 100 0 0 0 100 0 0 O
CR3 76 10 5 9 100 0 0 0 34 14 9 43 21 7 9 63 100 0 0 0 100 0 0 O
CR4 100 0 0 0 1000 O O 946 0 0 7512 6 6 1000 0 0 100 0 0 O
CR1 00 0 0 O 1000 O O 8 6 2 3 8 5 2 9 1000 0 0 1000 0 O
c CR2 9 1 0 0 1000 O O 71 15 8 6 58 11 7 24 100 0 0 O 100 0 0 O
CR3 76 11 5 9 100 0 0 O 45 13 6 36 20 11 3 66 100 0 0 O 100 0 0 O
CR4 00 0 0 0 1000 O O 955 0 0 8 8 3 6 100 0 0 100 0 0 0
CR1 00 0 0 0 1000 0 O 9 5 2 3 8 2 1 9 100 0 0 100 0 0 0
Surface cs CR2 00 0 0 0 1000 0 O 91 1 0 9% 1 2 1 100 0 0 100 0 0 0
CR3 9 1 0 0 1000 0 0 928 0 0 73 148 6 10 0 0 0 100 0 0 0
CR 4 00 0 0 0 1000 O O 973 0O 0O 8 6 3 3 100 0 0 100 0 0 0
CR1 00 0 0 0 1000 O O 9 5 2 3 8 4 2 9 1000 0 0 100 0 0 O
SL CR2 100 0 0 0 1000 O O 76 14 5 5 62 10 9 19 100 0 0 0 100 0 0 O
CR3 79 9 4 9 100 0 0 62 12 5 22 2 12 9 52 100 0 0 0 100 0 0 O
CR4 00 0 0 O 1000 O O 95 0 0 799 6 6 1000 0 0 1000 0 O
(B) Lettuce
Plant Root Zone Effects Leaf Scorching When Wetted
Irrigation Soil Climatic — — +
System Type  Region a B EC a Na
a b ¢ d a b ¢ d a b ¢ d a b ¢ d a b ¢ d
CR1 00 0 0 0 100 0 0 0 97 3 0 0 100 0 0 0 100 0 0 O
c CR2 100 0 0 0 100 0 0 0 98 2 0 0 100 0 0 0 100 0 0 O
CR3 100 0 0 0 100 0 0 0 9% 4 0 0 100 0 0 0 100 0 0 O
CR4 100 0 0 0 100 0 0 O 9 8 2 0 100 0 0 0 100 0 0 O
CR1 100 0 0 0 100 0 0 O 98 2 0 0 100 0 0 0 100 0 0 O
Overhead CR2 1000 0 0 1000 0 0 8 9 5 4 10000 0 0 100 0 0 O
CR3 8 4 4 4 100 0 0 0 56 13 2 29 000 0 0 O 100 0 0O O
CR4 97 2 1 0 100 0 0 O 63 14 8 16 000 0 0 0 100 0 0 O
CR1 g7 5 1 7 100 0 0O O 38 14 11 38 00 0 0 0 100 0 0 O
SL CR2 100 0 0 0 100 0 0 0 98 2 0 0 100 0 0 0 100 0 0 O
CR3 1000 0 0 0 100 0 0 0 98 1 1 0 100 0 0 0 100 0 0 O
CR4 00 0 0 0 1000 0 0 927 1 0 100 0 0 0 100 0 0 O
CR1 100 0 0 0 100 0 0 0O 78 13 6 3 100 0 0 0 100 0 0 O
c CR2 100 0 0 0 100 0 0 0 8 10 6 3 100 0 0 0 100 0 0 O
CR3 100 0 0 0 100 0 0 0 79 12 6 3 100 0 0 0 100 0 0 O
CR4 00 0 0 0 1000 0 O 75 15 7 3 100 0 0 0 100 0 0 O
CR1 100 0 0 0 100 0 0 0O 955 1 0 100 0 0 0 100 0 0 O
Surface cs CR2 00 0 0 O 100 0 0 O 8 10 6 3 00 0 0 0O 100 0 0O O
CR3 8 6 1 7 100 0 0O O 41 11 9 39 00 0 0 0 100 0 0O O
CR4 00 0 0 O 100 0 0 0 949 6 0 O 1000 0 0 0O 100 0O 0 O
CR1 8 4 4 4 1000 0 0 63 7 1 29 100 0 0 0 100 0 0 O
S CR2 100 0 0 0 100 0 0 0 9 1 0 0 100 0 0 0 100 0 0 O
CR3 00 0 0 0 1000 0 0 9 1 0 0 100 0 0 0 100 0 0 O
CR 4 000 0 0 0 100 0 0 0 9% 3 1 0 100 0 0 0 100 0 0 O
(C) Cabbage
Plant Root Zone Effects Leaf Scorching When Wetted
Irrigation Soil Climatic —_ + _ +
System Type  Region a B EC Na a Na
a b ¢ d a b ¢ d a b ¢ d a b ¢ d a b ¢ d a b ¢ d
CR1 00 0 0 0 1000 O O 8 12 3 0 1000 O O 100 0 0 O 100 0 0 O
c CR2 00 0 0 0 1000 O O 8 121 0 1000 O O 100 0 0 O 100 0 0 O
CR3 00 0 0 0O 1000 0O O 8 8 4 1 1000 O O 100 0 O 1000 0 O
CR4 00 0 0 0 1000 O O 75 16 12 13 1000 0 O 100 0 0 0 100 0 0 0
CR1 1000 0 0 0 100 0 0O O 42 40 8 11 1000 0 O 100 0 0 0 100 0 0 0
Overhead cs CR2 00 0 0 0 100 0 0O O 54 20 12 14 1000 0 0 100 0 0 0 100 0 0 0
CR3 88 4 4 4 1000 0O O 4 4 7 8 1000 0 0O 100 0 0 0 100 0 0 O
CR 4 97 2 1 0 1000 O O 3 5 7 0 1000 0 O 100 0 0 0 100 0 0 O
CR1 8 5 1 7 100 0 0 O 18 13 16 54 1000 O O 100 0 0 0 100 0 0 O
SL CR2 00 0 0 0 1000 O O 8 11 1 0 1000 O O 100 0 0 0 100 0 0 O
CR3 00 0 0 0 1000 0 O 925 3 0 1000 0 0O 1000 0 0 100 0 0 O
CR4 00 0 0 O 1000 O O 8 133 0 992 1 0 1000 0 0 1000 0 O
CR1 00 0 0 O 1000 O O 8 12 3 0 1000 O O 100 0 0 O 100 0 0 O
c CR2 00 0 0 0 100 0 0 O 8 15 0 O 1000 O O 100 0 O O 100 0 0 O
CR3 00 0 0 0 1000 O O 8 8 4 1 1000 0 0 1000 0 0 10 0 0 0
CR4 100 0 0 0 100 0 0O O 44 24 14 18 1000 O O 100 0 0 O 100 0 0 O
CR1 00 0 0 0 100 0 0O O 44 53 4 0 1000 0 O 100 0 0 0 100 0 0 0
Surface cs CR2 100 0 0 0 100 0 0O O 43 2 13 11 1000 0 0 100 0 0 0 100 0 0 O
CR3 8% 6 1 7 100 0 0 0 18 9 15 58 1000 O O 100 0 0 0 100 0 0 O
CR 4 1000 0 0 0 100 0 0O O 3 58 7 0 1000 0 O 100 0 0 0 100 0 0 O
CR1 88 4 4 4 1000 0 O 18 12 16 54 1000 O O 100 0 0 0 100 0 0 O
S CR2 00 0 0 0 1000 0 O 8 17 1 0 1000 0 0 100 0 0 0 100 0 0 O
CR3 00 0 0 0 1000 O O 993 0 0O 1000 0 O 1000 O O 1000 0 O
CR4 00 0 0 0 1000 O O 999 1 0 1000 0 0 1000 0 0 1000 0 O

CR; Climatic region, category a;

Ideal, b; Acceptable, c; Tolerable, d; Unacceptable, EC; electrical conductivity.
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There are no parameters for plant root zone effects of Na™ in lettuce, however, the plant
root zone C1~ and B, and leaf scorching due to C1~ and Na* were reported. These were at
least acceptable for >50% of the time. The plant root zone EC effects were unacceptable
for >25% of the time in climatic regions 1 and 3 (coarse sand soil and sandy loam soil),
regardless of irrigation system, however, the values were below 50% of the time.

The cabbage root zone effects due to C1~, Na*, B and leaf scorching effects of C1~ and
Na* were within at least acceptable category for >50% of the time. The effects of root zone
EC were unacceptable (>50% of the time) in climatic region 1 (sandy loam soil) and climatic
region 3 (coarse sandy soil), regardless of irrigation system.

3.4. Contribution to N and P Removal

The K loading only significantly differed (p < 0.05) amongst four climatic regions
(Table Al in Appendix A). Higher loading was reported for climatic region 3 followed by 2,
4 and 1 in that chronological order (Figure 2).

2504

it

200 1

il

Hi

Hi

1004

50 -

0 T T T T

2 .3
Climatic region

Figure 2. Mean values (1 = 144) for K loading in two cropping systems of the four different climatic
regions (1; Climatic region 1, 2; Climatic region 2, 3; Climatic region 3 and 4; Climatic region 4) of
South Africa.

There were no parameters for the contribution of AF effluent to N, P and K removal by
lettuce, hence N and P were reported for maize and cabbage in Figures 3 and 4, respectively.

The predicted contribution of AF effluent to maize N and P removal was unacceptable
for >50% of the time regardless of soil type, climatic region and irrigation system.

The predicted cabbage N and P uptake showed different patterns, whereby N uptake
was at least tolerable for >50% of the time in all irrigation systems within climatic region 4
under clay and sandy loam soil types. Phosphorus uptake was at least tolerable for >50%
of the time in climatic region 4 regardless of soil type and irrigation system.
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Figure 3. Assessment of AF effluent for fitness-for-use; impacts of irrigation system and soil type on maize crop yield and
quality in different climatic regions (n = 3). (A) (Maize, N uptake, overhead irrigation), (B) (Maize, P uptake, overhead

irrigation), (C) (Maize, N uptake, surface irrigation), (D) (Maize, N uptake, surface irrigation). 1; Climatic region 1, 2;

Climatic region 2, 3; Climatic region 3 and 4; Climatic region 4.
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Figure 4. Assessment of AF effluent for fitness-for-Use; impacts of irrigation system and soil type on cabbage crop yield and

=3). (A) (Cabbage, N uptake, overhead irrigation), (B) (Cabbage, P uptake, overhead
irrigation), (C) (Cabbage, N uptake, surface irrigation), (D) (Cabbage, N uptake, surface irrigation). 1; Climatic region 1, 2;

quality in different climatic regions (1

Climatic region 2, 3; Climatic region 3 and 4; Climatic region 4.
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The predicted total nutrients applied in two cropping systems (maize vs. cabbage
and maize vs. lettuce rotations) are reported in Figure 5. A significant difference in N
and P applied (p < 0.05) was reported for various climatic regions and cropping systems
(Table Al). The N loading was generally higher in climatic region 3. The least values
were predicted in maize and lettuce rotation from climatic regions 1 and 4. The P loading
followed a different pattern, characterized by low values (maize and lettuce rotation) in
climatic regions 1, 2 and 4, while in climatic region 3 the values were comparable between
the two cropping systems.

1000 160
i 140 4
800 -
120
= 600- =~ 1004
E § 80 4
Z 400+ B~ 60
404
200 4
204
0 0-
1 2 3 + 1 2 3 4
Climatic region Climatic region
=== Maize and cabbage rotation === Maize and cabbage rotation
1 Maize and lettuce rotation —— Maize and lettuce rotation

Figure 5. Simulated nitrogen (N), phosphorus (P) and potassium (K) (mean = standard error of mean
deviation; n = 72) applied through irrigation using DEWATS effluent to three crops on four different
soil types. 1; Climatic region 1, 2; Climatic region 2, 3; Climatic region 3 and 4; Climatic region 4.

3.5. Trace Elements

The AF effluent is very ideal for agricultural use, and it was predicted that no trace
elements are expected to accumulate for >200 years of irrigation (Figure 6).

Fitness for |Average number of years of irrigation with a certain amount of

use category |effluent before trace elements reach accumulation thresholds in

Acceptable  |150 to 200 years to reach soil accumulated thresholds

Tolerable 100 to 150 years to reach soil accumulated thresholds

Unacceptable |[<100 years to reach soil accumulated thresholds
Soil No. of years to Soil No. of years
accumulation [reach soil accumulation |to reach soil
threshold accumulation threshold accumulation

Trace element |(mg/kg) thresholds Trace element |(mg/kg) thresholds

Al 2500 Li 1250

As 50 Mn 100

Be 50 Hg 1

Cd 5 Mo 5

Cr 50 Ni 100

Co 25 Se 10

Cu 100 U 5

F 1000 \ 50

Fe 2500 Zn 100

Pb 100

Figure 6. Effects of AF effluent irrigation on the accumulation of trace elements.
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3.6. Irrigation Equipment

There are no significant effects of AF effluent characteristics (suspended solids, pH,
Mn, Fe and E. coli) on potential clogging of drippers as all these were within at least the
tolerable ranges (Table 7).

Table 7. The fitness for use of AF effluent based on selected characteristics that cause clogging

of drippers.
Fitness for Use Category Range Observed Value
Ideal <50
Suspended solids Acceptable 50-75
(mg L~ Tolerable 75-100 91
Unacceptable >100
Ideal <7.0
H Acceptable 7.0-7.5
P Tolerable 7.5-8.0 7.6
Unacceptable >8
Ideal <0.1 0.0
Manganese Acceptable 0.1-05
(mgL~1) Tolerable 0.5-1.5
Unacceptable >1.5
Ideal <0.2 0.0
Total Iron Acceptable 0.2-0.5
(mg L1 Tolerable 0.5-1.5
Unacceptable >1.5
Ideal <1 0.025
E. coli Acceptable 1-2
(106 per 100 mL) Tolerable 2-5
Unacceptable >5

Determined by the potential of an irrigation water constituent to cause clogging of drippers.

There were no predicted effects of effluent on the corrosion and scaling of irrigation
equipment as determined by the Langelier index (Table 8). The fitness for use was within
the ideal category.

Table 8. Fitness for Use Category determined by the corrosion or scaling potential indicated by the
Langelier Index.

Fitness for Use Corrosion Observed Scaling Observed
Category (Langelier Index) Score (Langelier Index) Score
Ideal 0to —0.5 —0.37 0to +0.5 Not scaling
Acceptable —0.5t0 —0.1 +0.5 to +0.1
Tolerable —0.1to —2.0 +0.1 to +2.0
Unacceptable <=2.0 >+2.0

3.7. Microbial Contamination

The predicted impacts of AF effluent on microbial contamination varied with crop
type and irrigation system (Table 9). There are no pathogen risks for irrigating maize with
AF effluent regardless of the irrigation system used. However, this differs with cabbage and
lettuce, which predicted risks of 82.6 and 101.1 excess infections per 1000 people, especially
when overhead irrigation is used.
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Table 9. The fitness for use of AF effluent with focus on predicted excess infections per 1000 people
per annum depending on crop type and irrigation system.

Predicted Excess Infections
per 1000 People

Ideal 0
Acceptable
Tolerable
Unacceptable

Ideal 0
Acceptable
Surface Tolerable
Unacceptable

Ideal
Acceptable
Tolerable
Unacceptable 82.6

Ideal 0
Acceptable
Surface Tolerable
Unacceptable

Ideal
Acceptable
Tolerable
Unacceptable 101.1

Ideal 0
Acceptable
Tolerable
Unacceptable

Crop Irrigation System Category

Overhead

Maize

Overhead

Cabbage

Overhead

Lettuce

Surface

4. Discussion
4.1. The AF Effluent Fitness for Use

The charge balance error shows the reliability of analytical results from a specific
sample. In principle, the anions should balance out the cations. A charge balance of 5%
is the most ideal, however, the 5.3% reported during the study indicates that the analysis
results were reliable. However, the unacceptable TDS/EC ratio of 4.46, was attributed to the
EC value of 94.4 mS/m instead of 89 ms/m required to at least get the tolerable value. This
discrepancy could have been attributed to the use of collated AF effluent analysis results,
which have been done by different individuals. Although du Plessis et al. [12] suggested
that the DSS should be parameterised using water quality from a single analysis, there were
no comprehensive AF effluent quality results available from a single analysis. Literature
data were thus used to run the simulation, and the difference from the unacceptable to the
tolerable TDS/EC was not large (4.46 instead of 4.71), proving that the literature results
were credible.

4.2. Effects on Soil Quality

The predicted soil root zone salinity was ideal (100% of the time) for FFU in all climatic
regions soil, soil type and irrigation systems (Table 5). This is because the EC of the AF
effluent was within the most ideal range of 0-200 mS m~! for fitness of use which is
expected in domestic wastewater [25,26]. This implies that AF effluent has no negative
impacts on soil salinity.

Hydraulic conductivity is the rate at which water moves through a porous material,
in this case, the bulk soil. This is affected by the interaction of the sodium adsorption ratio
(SAR) and the EC. There are certain levels to which soil water EC should be reduced to
effect a 10-15% reduction in hydraulic conductivity in a soil with a specific exchangeable
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sodium percentage (ESP) [12]. Generally, as the soil EC increases at a certain soil ESP the
risk to the hydraulic conductivity decreases. For irrigation water with a SAR of 2-3 and EC
of >60 mS m~!, the degree of reduced soil permeability is none [12], therefore the expected
degree of reduction in hydraulic conductivity due to irrigation with AF effluent was very
low (Table 5) because the AF effluent has a SAR of 2 and EC of 94 mS m~! (Table 4).

In addition, soil infiltrability can be reduced by raindrops or irrigation water ac-
tion [12]. However, the predicted reduction in soil infiltrability was insignificant regardless
of climatic region, soil type and irrigation system (Table 5), implying that overhead irriga-
tion can be used to apply AF effluent with no potential problems.

The simulated oxidisable C loading in DEWATS irrigated soils was very low (Table 5).
This was expected since the mean AF effluent chemical oxygen demand (COD) was
303 mg/L (Table 4), which was much lower than the maximum limit of 5000 mg L~!
for irrigating with 50 m3 of effluent per day [13]. Implying that oxidisable carbon loading
is not a challenge when irrigating using AF effluent regardless of climatic region and
soil type.

4.3. Crop Yield and Quality Fitness for Use

The impacts of AF effluent on root zone salinity and leaf scorching showed to vary
across crop types. The root zone EC was unacceptable for >50% of the time in climatic
region 3 and clay soil (maize). Variations in the effects of EC across climatic regions
can be attributed to differences in climatic conditions. Large volumes of effluent can be
applied in climatic region 3, a desert and hot arid region (Table 1), characterised by high
evapotranspiration (ET) and low rainfall. du Plessis et al. [12] stated that the effects of
salinity are not generally caused by volumes of effluent applied but by the amount of
water extracted by plants, altering the soil water potential through the salinization process.
Therefore, the root zone EC effects on cabbage reported in climatic region 1 (sandy loam
soil) and climatic region 3 (coarse sandy soil), regardless of irrigation system means that in
such areas the crop is likely to suffer from salinity.

Salinisation decreases cabbage yields as reported in soils irrigated with wastewater
under arid conditions [27,28]. Therefore, soil salinity in maize and cabbages are grown in
climatic region 3 of South Africa can be managed through various methods such as the
application of freshwater based on the leaching fraction to remove excess salts from the
topsoil as recommended by the Food and Agriculture Organisation guidelines [10].

4.4. Contribution to N and P Removal

Most countries in the Sub Saharan region are food insecure [29], hence agricultural
use of treated wastewater from onsite systems such as DEWATS should help alleviate this
problem by increasing crop yield and quality. However, the AF effluent proved to be unfit
for maize production with regards to contribution to N and P uptake. This is contrary
to reports given by some authors [30,31] that treated wastewater can supply nutrients to
increase crop yields, which is not always the case. Overapplication of nutrients such as N
is likely to cause delayed flowering and uneven ripening. Meaning that certain site and
crop-specific management practices such as effluent dilution as suggested by Food and
Agriculture Organisation [10] should be considered in flowering crops such as maize field
irrigated with AF effluent. Therefore, in this case, the AF effluent should be diluted to
reduce the concentrations of N and P before being applied to maize crops regardless of soil
type and climatic region. Alternatively, the effluent can be applied on a larger land area to
meet the crop nutrient requirements as recommended by FAO [32].

The contribution of AF effluent to N and P uptake in cabbage depended on soil type
and climatic region (Figure 3). The N and P uptake was tolerable in climatic region 4; clay
and sandy loam soils because less amount of effluent should be applied in such areas as
they are characterised by high rainfall and low evapotranspiration rates. Therefore, AF
effluent should be diluted if it is used to irrigate cabbage in South African climatic regions
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1-3 regardless of soil type. However, in such circumstances, a freshwater supply should be
available, and more land will be required.

The fitness of AF effluent for agricultural use as defined by the DSS is the ability
to provide nutrients for crop growth, followed by their adequate uptake and minimal
loading into the soil. The nutrients loaded in the soil are potential pollutants, especially
N and P. Nitrogen can be leached down the soil profile leading to groundwater contami-
nation [33] and phosphorus can be washed to nearby surface water where it will lead to
non-point pollution [22]. Based on the assessment, cabbage grown in climatic region 4
may effectively remove nutrients from the soil (Figure 4), thereby minimising potential
environmental pollution.

Apart from providing nutrients for food crop production, the agricultural use of AF
effluent may minimise amounts of nutrients discharged into the environment, thereby
acting as a sustainable waste management option that can be adopted by municipalities.
Therefore, agricultural systems that can effectively remove nutrients while balancing crop
quality and minimal pollution are desirable. The results reported in Figure 5 showed that a
maize and cabbage rotation system is loads more nutrients than maize and lettuce.

The model predicted high K loading in climatic region 3 than climatic regions 1 (warm
temperate areas) and 4 (cold arid) (Figure 2) due to high evapotranspiration rates and
subsequent irrigation requirements. Therefore, low K soils in climatic region 3 are likely to
benefit from AF effluent irrigation.

4.5. Trace Elements

Trace elements are hazardous to the environment, crops and end consumers of the
products irrigated with wastewater. However, the accumulation of trace elements even
when soils are irrigated with AF effluent for over 200 years were negligible (Figure 6).
Therefore, AF effluent can be safely used without significantly loading heavy metals into
the soil. This corroborates findings reported by Levy et al. [34] that domestic treated
wastewater is low in heavy metals unless contaminated with industrial effluent. Further-
more, one advantage of an on-site system such as DEWATS over conventional wastewater
treatment systems is that it minimises the chances of having industrial effluent being
illegally discharged into the treatment system.

4.6. Irrigation Equipment

The AF effluent contained very low concentrations of Mn, Fe and microorganisms and
tolerable levels of suspended solids with a pH that has no significant impacts on clogging of
the irrigation equipment (Table 7), scaling and corrosion of irrigation equipment (Table 8).
However, studies by Dirwai et al. [35] showed that the AF effluent can clog moisture
irrigation technology (MIT) pipes if not filtered or flushed from the system. This implies
that even though the AF effluent is within tolerable ranges for fitness for use with regards
to clogging of drippers, measures such as acidification and installation of filters with
a backwash system may need to be taken into consideration as mitigation strategies.
Therefore, AF effluent can be used for directed irrigation using a drip system, which is
a highly recommended method by the WHO to minimise microbial risks and increase
irrigation efficiency [10] but precautions should be taken to minimise clogging problems.

4.7. Microbial Contamination

Human health safety in the agricultural use of treated wastewater is of concern. The
use of AF effluent should abide by the World Health Organisation [16] guidelines. Maize
crops showed to be at less risk to microbial contamination as reported by Farhadkhani
et al. [36]. This is because the cob is produced inside the husk and the crop cannot be
consumed uncooked. Therefore, any irrigation system (overhead and surface) may be used
for maize production. The cabbage and lettuce showed to be at higher microbial risks
since they can be eaten as salads, hence any irrigation system that can wet their leaves is
undesirable. It is therefore advisable to use surface irrigation for crops such as cabbage



Water 2021, 13, 2454

18 of 20

and lettuce. Furthermore, if overhead irrigation is to be used, the AF effluent should be
further treated to deactivate pathogens to allow unrestricted use as recommended by the
World Health Organisation [16]. However, such post-treatments include ozonation and
UV radiation but studies by De Sanctis et al. [37] reported that C. perfringens may not be
completely removed. Therefore, drip or surface irrigation are still cost-effective methods to
minimise microbial contamination in high-risk crops such as cabbage and lettuce.

5. Conclusions

The AF effluent can be used in any soil type and South African climatic region without
negatively affecting soil quality parameters such as root zone salinity, soil infiltrability,
hydraulic conductivity and oxidisable carbon loading, regardless of climatic region and
irrigation system.

The root zone salinity problems are expected in cabbage and maize crops, especially
in the South African climatic region 3. Implying that salinity management practices such
as salt leaching should be done in such areas. Leaf scorching is not a problem in all test
crops (maize, lettuce and cabbage) even when overhead irrigation is used.

The major challenge for using AF effluent is its contribution to N and P uptake in
maize and cabbage crops. The effluent was unfit for maize production with respect to N
and P concentrations. However, this was different to cabbage, whereby its contribution to
N and P was acceptable in climatic region 4 in all soils except for coarse sandy soil. It was
concluded that the effluent may be diluted to meet the acceptable nutrient concentration
required for maize production.

Municipalities are concerned with meeting effluent discharge quality. However,
alternatively, agricultural systems can act as sinks for nutrient removal via crop uptake.
However, the maize and cabbage rotation showed to be the less effective cropping system
to remove nutrients from AF effluent since more N and P are loaded into the soil, where
they potentially cause pollution.

Clogging, corrosion and scaling of irrigation equipment are not expected when AF
effluent is used. However, although the effluent quality parameters were at least tolerable,
it is recommended to consider management practices such as periodic acidification of the
irrigation water and installation of a filtration system.

The microbial risks for irrigation with AF effluent depends on the irrigation system
and crop type. Microbial contamination risks are not expected in maize irrigated with
AF effluent regardless of the irrigation system used. However, lettuce and cabbage are at
higher microbial contamination risks when overhead irrigation is used. Therefore, it is
recommended to use surface irrigation and further effluent treatment to reduce microbial
loads for unrestricted use is also strongly recommended and should be explored.
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Appendix A

Table A1. Analysis of variance table showing mean squares for nutrient (NPK) uptake in different
cropping systems, soil types, climatic regions and irrigation types.

Source of Variation D.f. N P K
Climatic region 3 217,614 *** 1954.6 *** 36,198
Cropping system 1 145,034 ** 14,062 *** 1778
Irrigation system 1 1695 98.3 42
Soil type 2 13,290 31839 *** 968
Climatic region * Cropping system 3 100,965 ***  1891.1 *** 185
Climatic region * Irrigation system 3 3499 81.2 87
Cropping system * Irrigation system 1 1878 0 210
Climatic region * Soil type 6 6160 443.3 352
Cropping system * Soil type 2 17,984 231.9 125
Irrigation system * Soil type 2 4612 65.7 103
Climatic region * Cropping system * Irrigation 3 929 754 1
system
Climatic region * Cropping system * Soil type 6 9584 241.7 103
Climatic region * Irrigation system * Soil type 6 2570 21.6 94
Cropping system * Irrigation system * Soil type 2 316 22.1 59
Climatic region * Croppmg system * Irrigation 6 707 315 107
system * Soil type
Residual 9% 13,027 317.7 659
Total 143

Significant differences at 5% level *, 1% level ** and 0.1% level ***.
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