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Featured Application: This paper describes a novel electronic Decision Support System that uses
established criteria to assess the fitness for use for the irrigation of water containing several non-
traditional constituents, based on site-specific considerations.

Abstract: Irrigators are increasingly challenged to maintain or even increase production using less
water, sometimes of poorer quality, and often from unconventional sources. This paper describes
the main features of a newly developed software-based Decision Support System (DSS), with which
the fitness for use (FFU) of water for irrigation (IrrigWQ) can be assessed. The assessment considers
site-specific factors, several non-traditional water constituents, and the risk of negative effects. The
water balance components of a cropping system and the redistribution of solutes within a soil
profile are assessed with a simplified soil water balance and chemistry model. User-friendly, colour-
coded output highlights the expected effects of water constituents on soil quality, crop yield and
quality, and irrigation infrastructure. Because IrrigWQ uses mainly internationally accepted cause–
effect relationships to assess the effect of water quality constituents, it is expected to find universal
acceptance and application among users. IrrigWQ also caters for calculating so-called Water Quality
Requirements (WQRs). WQRs indicate the threshold levels of water quality constituents for irrigation
at specified levels of acceptability or risk. WQRs assist water resource managers in setting site-specific
maximum threshold levels of water quality constituents that can be tolerated in a water source before
impacting negatively on successful irrigation.

Keywords: decision support system; irrigation water quality; soil quality; crop yield; crop quality

1. Introduction

This study describes a new approach to assess the fitness for use (FFU) of irrigation
water. An assessment of the FFU of available water sources forms an integral part of
the successful planning and implementation of any irrigation project. Fortunately, the
guidelines for assessing the FFU of traditional sources of water for irrigation are well
established. The first widely accepted irrigation water classification system was devel-
oped by the United States Salinity Laboratory Staff [1]. They correctly identified that
the FFU of irrigation water is largely determined by a combination of its sodicity and
salinity. Their classification system has subsequently been refined and supplemented with
guidance provided by the FAO [2] and learned societies [3]. A recent guide for assessing
irrigation water quality [4] continued to make extensive use of the United States Salinity
Laboratory Staff classification but found it necessary to increase the concentration of the
highest salinity hazard class (C4), from 500 to 3000 mS/m, in order to provide for waters
with extremely high salinity. The Queensland (Australia) Department of Environment
and Resource Management [5] recently developed a steady-state Excel-based calculator,
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called SALF2, as a decision support tool to assist in evaluating the impacts of irrigation
water quality on plants and soil, with an emphasis on its effect on soil permeability and
salinity-affected crop yield. This represents a major improvement over earlier calculating
procedures. A further application of FFU guidelines is to satisfy the need identified by
managers of water resource quality, who wish to establish water quality levels that would
not jeopardise irrigation and other users of a particular water source. By using these levels
as targets for managing the quality of water resources, water quality managers try to
ensure that water resource quality remains fit for its intended use. Several countries have
developed similar water quality guidelines catering for a range of water uses, including
irrigation [6–8]. These guidelines were primarily developed to establish water quality
requirements (WQR) specifying concentrations of water constituents that would not be
detrimental to a specific user. In addition to their primary purpose of providing guidance
to water resource managers with establishing water quality levels that would be acceptable
for irrigation purposes, these guidelines have also found application to assess the FFU
of irrigation water. A common feature of the guidelines that were developed is that they
are generic and conservative in nature and largely ignore site-specific considerations. An
unintended consequence of using such guidelines to assess FFU is that the problems that
may arise from irrigation with particular water are emphasised, while the identification
of irrigation options that would be successful under appropriate site-specific conditions
at an acceptable level of risk of negative effects is largely ignored. This brings to the fore
the need for a system to assess the FFU of water for irrigation that is based on realistic
assumptions of crop and soil responses to different site-specific conditions. This need is
also not addressed by traditional water quality guidelines.

Since irrigation has historically been practiced mainly in arid environments, guidelines
to assess the fitness of water for irrigation were almost, without exception, based on the
assumption that irrigation was the main, if not the only, source of water for plant use. Water
quality guidelines for irrigation, therefore, assume minimal or no dilution of irrigation
water constituents by rain and, furthermore, primarily consider the effects of constituents
that occur naturally in surface and ground waters. Guidelines, therefore, have largely
ignored the variability associated with site-specific conditions that may influence the fitness
of water for irrigation. However, the situation facing irrigation has changed. While it is
expected of irrigated agriculture to increase production, it is generally faced with declining
water quality, while new sources of irrigation water are largely limited to unconventional
sources and effluents that are mostly not generated in traditional irrigation areas. While
the availability of unconventional water sources presents new opportunities to expand
irrigation, they often contain constituents that are uncommon in natural waters and, there-
fore, present challenges in assessing their FFU when using existing guidelines. However,
unconventional water sources often originate in areas that are wetter than traditional irriga-
tion areas. This opens the possibility to use them for supplemental irrigation and benefit
from the dilution of problematic constituents. Guidelines to assess the FFU of waters for
irrigation, which address current and future challenges facing irrigated agriculture, will,
thus, have to consider site-specific conditions like variable weather conditions, a wider
range of conventional and unconventional water constituents, a range of crop species and
soil textures, as well as irrigation management, which may all influence the assessment.
While it may not have been possible to fulfil these needs in the past, the availability of pow-
erful electronic computational tools that facilitate fast execution and linking of simulation
models, as well as the storage and further processing of large amounts of data, has now
made this feasible. This has, at least to some degree, fundamentally changed the question
being asked from “is this water fit for irrigation?” to “are there conditions under which this
water may be fit for irrigation?”.

About a decade ago, based on these insights, the South African Department of Water
and Sanitation (DWS) identified the need for the development of water quality guidelines
that differ in fundamental ways from those developed earlier [9]. Firstly, the envisaged
guidelines had to be risk-based, a fundamental change in philosophy from earlier guide-
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lines. Secondly, they had to provide for much greater site specificity, a widely recognised
limitation of previous generic guidelines. Thirdly, they had to be available primarily as
a software-based Decision Support System (DSS). This study describes the development
and main features of the newly established DSS for irrigation water quality assessment
(IrrigWQ), which emanated from a project initiated by the South African Water Research
Commission through a directed call with published terms of reference and co-funded
by the South African Department of Agriculture, Forestry, and Fisheries [10]. Because
IrrigWQ mainly uses internationally accepted cause-effect relationships to assess the effect
water quality constituents have on soils, crops, and irrigation infrastructure, and considers
site-specific characteristics in producing risk-based FFU assessments of irrigation water
quality, it is envisaged that IrrigWQ will find far wider application than only with South
African users.

The functionality to assess the FFU of irrigation water, which is also used to determine
WQRs, will be presented in more detail.

2. Materials and Methods
2.1. Overview

The topic of this paper is of a nature that is different from most papers published in
scientific journals. Although its layout tries to follow the traditional format, the presentation
of material and methods as well as results may come across as somewhat unconventional.
The project on which this paper is based was designed to achieve the general aim of
developing a software-based DSS that is able to provide both generic and site-specific, risk-
based irrigation water quality guidelines, which is, in essence, a new approach to assessing
irrigation water quality. The two main components of the project were, thus, firstly, to
identify and describe the technical considerations that determine the water quality that is
required for irrigation water use and, secondly, to capture these technical considerations in a
DSS. The DSS (hereafter called IrrigWQ) was designed to provide water resource managers
and irrigation water users with guidance about the risk of negative effects associated with
using water of a specific composition for irrigation under both site-specific and generic
conditions. The DSS that was developed provides, as far as possible, for quantitative FFU
assessments, as well as for determining WQR for irrigation water use [10].

A basic premise of IrrigWQ is that the FFU of water for irrigation is determined by
the extent to which water constituents determine the success of an irrigation development.
The three most important components of an irrigation development that can be affected by
water composition, were identified as soil quality, crop yield and quality, and the irrigation
infrastructure used to convey and distribute water. Problems with any of these three
components can jeopardise the success of an irrigation development. The FFU of irrigation
water is, thus, deemed to be determined by the impact it has on these three components.
For ease of pinpointing the exact problem with a water’s FFU, each of the three components
was subdivided into a number of so-called “suitability indicators”, each of which describes
a different aspect of the three success-determining components. The more a suitability
indicator is negatively affected by a single or combination of irrigation water constituents,
the less fit the water is deemed to be for irrigation. As part of a literature review, the current
state of knowledge on how water constituents affect each of the suitability indicators
was assessed, and approaches were developed to evaluate them. Next, the results of the
literature review were used to decide on the determination of the criteria that define the
boundaries between FFU categories for each suitability indicator, and these have been
made explicit in the IrrigWQ output. More detail is given elsewhere [10] on the selection of
suitability indicators and the definitions of FFU categories, and in the interest of brevity,
this is not covered in much detail in this paper.

The fact that suitability indicators and the criteria used to define FFU categories
are stated explicitly enables IrrigWQ users who may wish to use different indicators or
criteria to attach a modified interpretation to its output. Should a user consider some
suitability indicators as inappropriate or of less concern, the indicator may be ignored



Appl. Sci. 2023, 13, 12625 4 of 24

or less importance attached to its output. A user may likewise modify the importance
attached to the output of a particular suitability indicator when the criteria used in IrrigWQ
are considered inappropriate. However, against the background of the current state of
knowledge, the authors consider the criteria used in IrrigWQ to be appropriate.

The primary tool for evaluating FFU or establishing WQRs is a software-based DSS,
which operates at two different levels or tiers. These levels of assessment vary in their input
requirements, calculating procedures and output.

i. Tier 1 resembles the current South African generic guidelines (Department of Water
Affairs and Forestry, 1996), with some modifications, and is similar to guidelines
developed for other countries. Tier 1 assessments make use of a number of con-
servative simplifying assumptions, like no rain, a sensitive crop, a low leaching
fraction (10%), and a relatively high level of water application and, thus, constituent
load, all factors that largely determine the water quality required for irrigation.
Consequently, only the composition of irrigation water is required as input to
generate FFU assessments, highlighting potential problems that can be expected
under these specified conservative assumptions. Should a Tier 1 evaluation indicate
potential problems, more rigorous, site-specific Tier 2 evaluations are indicated to
determine whether these problems can be overcome when site-specific conditions
are considered.

ii. Tier 2 considers site-specific conditions when assessing WQRs or FFU. IrrigWQ
allows a user to conduct a more in-depth water quality assessment and guideline
generation by making use of a relatively sophisticated crop growth–soil water
balance and chemical equilibrium model that caters for selectable, default site-
specific input parameters to simulate the response of soils, crops, and irrigation
infrastructure to irrigation water of a specific composition under user-defined,
site-specific conditions. This provides a significantly enhanced assessment of how
crop selection, climatic conditions, irrigation management, and soil texture can be
expected to determine the effect of specific water composition on soil quality, crop
yield and quality, or irrigation infrastructure.

IrrigWQ was developed in the following phases:

i. The compilation of a concise literature review documenting the current under-
standing of how water quality constituents, soils, crops, climate, irrigation systems,
irrigation management, and other factors interact to impact the resultant soil qual-
ity, crop yield and quality, and the performance of irrigation infrastructure. The
review provided the theoretical basis or technical framework for the development
of IrrigWQ [10].

ii. The development of a Technology Demonstrator that consisted of the preliminary soft-
ware system that demonstrated the most important features of Tiers 1 and 2 for six
water quality constituents representing different categories of constituents, namely
salinity (electrical conductivity or EC) as a major inorganic constituent, Cr and Zn as
trace elements, pesticides, microbial contamination, and those constituents affecting
the corrosion and scaling of irrigation infrastructure.

iii. A demonstration of the Technology Demonstrator to potential user groups, who made
several suggestions for improvement.

iv. The development of a fully functional draft DSS incorporating all the features and
water quality constituents envisaged for the final IrrigWQ.

v. The testing and evaluation of the draft DSS by individual water quality experts to
evaluate its user friendliness and acceptability, as well as the confidence that can be
placed in its ability to make reliable and realistic evaluations.

vi. The release of IrrigWQ for use and evaluation by the wider irrigation community.
vii. The continued introduction of enhancements to improve utility and user friendliness.
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2.2. The Decision Support System (DSS)

Figure 1 depicts the overall structure of IrrigWQ’s DSS. At the highest level, a user
must decide whether they want to use IrrigWQ to assist with any of the following:

i. Assessing the FFU of water for irrigation;
ii. Setting WQR for a water source to be used for irrigation;
iii. Obtaining additional information.

Fitness-for-Use 
Assessment

Water Quality 
Requirement Setting

Additional 
Information

Select Tier

Enter Water 
Analytical Data

Perform Tier 1 
Assessment 
Calculations

Specify Site-specific Factors 
(Crop/Climate/Soil/ 

Irrigation Management)

Perform Tier 2 
Assessment 
Calculations

Tier 1
(Generic)

Report Assessment of 
Fitness-for-Use Category 

per WQ Suitability 
Indicator for the Four 

Fitness-for-Use Categories

Select Tier

Perform Tier 1 
Assessment 
Calculations

Specify Site-specific Factors 
(Crop/Climate/Soil/ 

Irrigation Management)

Tier 2
(Site-specific)

Tier 1
(Generic)

Tier 2
(Site-specific)

Perform Tier 2 
Assessment 
Calculations

Report WQ Requirement 
Threshold per WQ 

Suitability Indicator for the 
Four Fitness-for-Use 

Categories

1996  WQ Guidelines

Approach used to evaluate
effect of Suitability
Indicators on: 
▪ Soil quality
▪ Crop yield and quality
▪ Irrigation equipment

Individual Constituents

Other Useful Information

How to get Started

Figure 1. Simplified schematic representation of IrrigWQ’s structure.

After selecting the appropriate IrrigWQ functionality to access, the user is guided
through a decision tree to choose between different options and select the appropriate route
to process the user’s need and provide output in a user-friendly format.

2.3. The Development Platform

One of the important design criteria for IrrigWQ was the requirement to use open-
source software. Lazarus [11] was selected for this purpose, as it is an open-source Delphi-
compatible, cross-platform, integrated development environment (IDE) for rapid appli-
cation development. Furthermore, it has a variety of components ready for use and a
graphical form designer to easily create complex graphical user interfaces. Firebird, which
is used as IrrigWQ’s database, is an open-source relational database that furnishes much
of the American National Standards Institute’s Structured Query Language (ANSI SQL)
as standard features [12]. It runs on Linux, Windows, and a variety of Unix platforms.
Firebird also provides excellent concurrency, high performance, and powerful language
support for stored procedures and triggers.

2.4. Calculating Procedures

Both FFU and WQRs are assessed based on the effect water constituents have on
indicators describing their effect on the suitability of soil quality and crop yield and quality,
as well as irrigation infrastructure.

The effect water constituents have on suitability indicators can be either direct (such
as when water with a high chloride concentration causes scorching of wetted leaves) or
indirect (when the suitability indicator is affected by the net effect of processes taking
place within the soil–plant–atmosphere continuum). Direct effects are usually quite easy to
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predict and evaluate from cause–effect relationships. Indirect effects are more difficult to
predict since the cause–effect relationships are more complex.

When irrigation is applied, the soil acts as a temporary store of water from which plant
roots extract water as needed in between irrigation applications. The dissolved water con-
stituents are transported into the soil and interact with soil constituents, thereby changing
its composition. Since most irrigation water constituents are actively excluded from uptake
by plants, they tend to accumulate in soil and further change the soil composition. The net
effect of these processes on soil composition has to be estimated to assess the indirect effects
of water composition on the selected suitability indicators of soil quality and crop yield.
Because of the involved nature of these interactions, they are modelled in IrrigWQ using a
simplified dynamic soil water balance model for Tier 2 applications, while a steady-state
calculating procedure that relies on simplifying assumptions is used for Tier 1 assessments.

Tier 1 calculations of soil–crop–water interactions assume an idealised four-layered soil
profile, from which crops withdraw 40% of their water requirement from the top layer, 30%
from the second, 20% from the third, and 10% from the bottom layer [13]. The steady-state
(or equilibrium) concentration of soluble constituents in each layer is calculated from the
concentration of constituents in the irrigation water, assuming a conservative 10% leaching
fraction for the profile as a whole, with immediate percolation and leaching of salts in
solution when the profile exceeds field capacity. The same approach is used by others for
developing their water quality guidelines [2,6–8].

Tier 2 calculations make use of a simplified version of the dynamic, daily time-step,
soil water balance (SWB) model, using a cascading or “tipping-bucket” soil water balance
approach [14] that is run for a minimum of 10 years, using daily temperature and pre-
cipitation data from an appropriate user-selectable weather station to calculate the water
requirements and uptake of a user-selected crop or crops. Selectable irrigation management
rules specify the timing (irrigation interval in days, amount in mm, or percentage deple-
tion) and amount (refill to field capacity, apply a fixed amount, apply a specified leaching
fraction, or leave a specified amount as room for rain) to be refilled. The ability of the SWB
model to predict interactions in the crop–soil–atmosphere continuum has been verified
extensively, which provides confidence in using it for calculating the parameters that are
used to infer the effect selected water constituents to be refilled have on soil quality and crop
yield and quality [14]. Reference evapotranspiration (ETo) is calculated in SWB according
to the Penman–Monteith grass reference method, as recommended by the FAO [15]. It also
simulates transient salt transport and simplified soil chemical interactions [16,17]. Model
output is used to calculate the value of variables that determine the magnitude of several
soil quality and crop yield indicators. For example, variability in weather conditions gives
rise to differences in the seasonal water balance and the seasonal root-profile-weighted soil
salinity, from which crop yields are derived using the threshold and slope approach [18].
Subsequently, IrrigWQ calculates and reports the likelihood with which specific yield levels
occur over time. All other calculation procedures used in IrrigWQ have been extensively
used by international water quality guidelines [10].

2.5. Water Quality Constituents and Their Effect on Soil Quality, Crop Yield and Quality, and
Irrigation Infrastructure

IrrigWQ assesses the fitness of given water for irrigation from the concentrations
of eight major inorganic indicators of water quality, two biological constituents, three
nutrients, twenty trace elements, and, as an indicator of potential pesticide effects, atrazine.
By considering constituents that do not naturally occur in irrigation water, the utility of
IrrigWQ is expanded to cater also for unconventional water sources. Constituents are
evaluated for the effect they have on soil quality, crop yield and quality, and irrigation
infrastructure. The minimum data set required to conduct an FFU assessment is the levels
of the major inorganic indicators of water quality (sodium, calcium, magnesium, chloride,
sulphate, bicarbonate, pH, and EC). While analyses for other constituents are not mandatory,
their effect on FFU can only be assessed if analyses are provided. The full suite of water
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quality parameters considered by IrrigWQ can be seen in Figure 2. In the discussion of the
effect of water quality constituents that follows, only the calculating procedure for Tier 2
(being the more dynamic approach) will be presented. The criteria to determine the fitness
category are the same for both Tiers 1 and 2.
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for ion concentrations not reported in mg/L and the facility to check for apparent reliability of the
water analysis.

2.5.1. Effect of Water Quality Constituents on Soil Quality

The effect irrigation water quality constituents have on soil quality is modified by
the fact that soil acts as a temporary store of water for plant use and that crops extract
almost pure water, leaving most constituents within the soil. The degree to which these
constituents accumulate and interact with soil components determines how they affect soil
quality. IrrigWQ considers the following suitability indicators to assess the effects irrigation
water constituents have on soil quality:

i. Soil profile salinity

Soil salinity serves as a qualitative indicator of the suitability (fitness) of soil to support
plant growth and of the range of crops that can be expected to be successfully cultivated
under specific conditions. IrrigWQ uses the United States Salinity Laboratory Staff criteria
to assess the FFU of soil profile salinity for crop production [1]. The effects on crop
production of soil saturation extract levels below 200 mS/m are considered to be negligible,
while only tolerant crops yield satisfactorily at levels above 800 mS/m. Soil profile salinity
is evaluated on the annual mean value as calculated with the modified SWB model.

ii. Soil permeability

The maintenance of sufficient permeability is a prerequisite to ensure that it is possible
to supply crop water requirements through irrigation and to facilitate salinity control and
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the reclamation of salt-affected soils. Two processes are at play to determine the permeabil-
ity of soil. Hydraulic conductivity operates below the surface within the bulk of the soil,
unaffected by the mechanical disturbance of surface soil structure, to determine permeabil-
ity within the root zone. Infiltrability, on the other hand, is a surface phenomenon largely
affected by any mechanical disturbance of surface soil structure [19]. Both phenomena are
largely affected by soil sodicity and the EC of either the percolating soil water or infiltrating
rain and irrigation water. Soils differ too much in their response to different sodicity/EC
combinations to develop a universal response curve that separates favourable from un-
favourable conditions for use in IrrigWQ. Following a literature review [10], sodicity/EC
combinations were defined to qualitatively describe the degree to which both hydraulic
conductivity and infiltrability of sensitive soils are affected by these variables. IrrigWQ
reports the degree to which hydraulic conductivity is reduced for the soil layer that is most
affected and how infiltrability is affected by surface crust formation.

iii. Oxidisable carbon loading.

Although organic matter is a minor soil constituent, it plays a major role in determining
soil physical conditions, soil chemistry, and soil biology. Adding organic material to soil
through irrigation would, thus, mostly be considered beneficial. The diversity of the soil
microorganism population enables microbes to decompose organic materials from many
different sources. Oxygen is consumed during this decomposition process. Should the
organic loading become so high that microorganisms consume oxygen at a rate higher than
the gaseous exchange capacity of soil, oxygen becomes depleted and anoxic conditions are
established. Since plant roots require oxygen for their metabolic functions, most plants
display reduced growth, or die, when their roots are exposed to oxygen stress. Anoxic
conditions can also give rise to unpleasant odours. From a literature review [10], it appears
important to restrict both the short- and longer-term organic load that is applied to soil.
While it is important to ensure that long-term application loads remain within the capacity
of soil to decompose organic matter, it is even more important to ensure that short-term
overload does not occur since short-term anoxic conditions may result in plant death.
Chemical oxygen demand (COD) was selected as a measure of the organic load in irrigation
water. IrrigWQ reports the COD load on a kg/ha per-month basis. A monthly loading
below 400 kg/ha is considered ideal whereas four times this rate is deemed unacceptable.

iv. Trace element accumulation

Trace elements are mostly strongly sorbed by soil and, when applied through irrigation
water, tend to accumulate in the soil profile. While some trace elements are essential plant
nutrients at low concentrations, at high concentrations, most become either toxic to crop
growth or to humans or animals consuming the produce. The current approach followed
by most countries to derive irrigation water quality guidelines for trace elements is to back
calculate an acceptable irrigation water concentration from conservative and protective
accumulation levels that have been set for soils [2,6,8]. This approach was first used by
the US EPA [20] to derive water quality criteria in terms of US legislation to manage water
quality in inter- and intra-state streams. This approach was also adopted by IrrigWQ,
using the same or similar accumulation levels as used internationally. The mean annual
irrigation application calculated using the SWB model is used to calculate the number of
years it would take to reach the accumulation level in the top 150 mm of soil. It is deemed
unacceptable to reach the accumulation threshold in less than 100 years, while taking longer
than 200 years to reach the threshold is deemed to be ideal.

2.5.2. Effect of Water Quality Constituents on Crop Yield and Quality

The effect irrigation water quality constituents have on crop yield and quality are both
direct and indirect. The direct contact of irrigation water with a crop mostly affects crop
quality, while indirect impacts mostly affect crop yield. Indirect impacts are a consequence
of the accumulation and redistribution of irrigation water constituents within the root zone.
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IrrigWQ considers the following suitability indicators to assess the effect irrigation water
constituents have on crop yield and quality:

i. Root zone effects of irrigation water salinity, B, Cl and Na on crop yield

The accumulation of salt, B, Cl, and Na in the root zone of crops has an indirect
effect on crop yield, in that when these constituents are absorbed by plant roots, they are
translocated to the above-ground parts where they influence several plant physiological
processes that affect crop growth and yield. Salinity (salt content) within the root zone
inhibits crop growth by reducing the ability of plant roots to absorb water from soil. The
osmotic effect exerted by soluble ions reduces the availability of water to crops. In addition
to EC, crop growth is also affected by the accumulation of B, Cl, and Na in the root zone.
The effects of the latter three constituents are deemed to be of a toxic nature since their effect
on yield reduction is more pronounced than would be expected from their contribution to
soil osmotic potential alone. A large body of data that links the yield response of different
crops to EC levels and the concentrations of B, Cl, and Na in the root zone of soil within
which the crop is growing is available. This body of data is available as crop-specific
parameters for use in IrrigWQ. The crop tolerance parameters (the threshold concentration
of the constituent of concern and the slope of the yield reduction curve) are used to calculate
relative crop yield, according to the procedure of Maas and Hoffman [18] from the SWB-
model-calculated seasonal root zone salinity, B, Cl, and Na concentrations, as also used by
the FAO [2]. Relative crop yields between 90 and 100% are considered to be ideal, while
yields of less than 70% are considered unacceptable.

ii. Scorching of leaves when wetted

Crops susceptible to foliar damage caused by salts directly absorbed through their
leaves display greater yield reductions than when only exposed to root zone salinity.
However, practically no quantitative data are available to quantify the effect on yield, and
only limited qualitative data (and then only for Cl and Na) are available to assess the
relative susceptibility of crops to foliar injury [21]. Crop species for which information is
available, and their qualitative susceptibility rating, form part of the IrrigWQ database. For
the purposes of IrrigWQ, the degree of leaf scorching is evaluated only in qualitative terms.

iii. Contribution to the NPK uptake of the crop

N, P, and K are essential macro plant nutrients that are normally present in low
concentrations in irrigation water. However, their concentrations can be relatively high
in effluents and greywater that may be considered for irrigation. The presence of plant
nutrients in irrigation water is mostly viewed as beneficial by irrigators since its availability
represents a saving in fertiliser costs. High concentrations can, however, have undesirable
side effects. High N concentrations may stimulate excessive vegetative growth and cause
lodging, delayed crop maturity, and poor quality. High nutrient concentrations may further
complicate fertiliser management, the timing of fertiliser applications, and the control of
nitrate and phosphate leaching and runoff losses. When present in significant quantities in
irrigation water, fertiliser applications need to be reduced proportionally, and it becomes
increasingly difficult to manage fertiliser applications optimally. The presence of plant
nutrients in irrigation water, thus, presents both advantages and disadvantages. The
approach adopted in IrrigWQ for evaluating the effect of plant nutrients on irrigation
water is to estimate both the quantity of NPK that will be added through irrigation and
the contribution their addition will make to NPK removal by a specific crop (indirectly,
the crop nutrient requirement). The situation wherein inadvertent nutrient additions
through irrigation are relatively low compared to crop requirements is considered to be
“Ideal” because, under these conditions, it is easier to accommodate the additional nutrients
as part of normal nutrient management practices, and the additional nutrients may be
viewed as only beneficial. However, as inadvertent nutrient additions increase, it becomes
more difficult to manage the negative effects associated with higher fertiliser applications.
Nutrient additions of less than 10% of crop removal are considered to be ideal, while
additions in excess of 50% are considered to be unacceptable.
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iv. Risk of microbial contamination from consuming crops

The main concern about the presence of human pathogens in irrigation water is the
risk this poses to food safety (crop quality) when crops destined for human consumption
are contaminated during irrigation. This also has implications for compliance with food
safety regulations. The deposition of pathogens during irrigation is of particular concern for
fruits and vegetables that are consumed raw or with minimal processing. E. coli is used in
IrrigWQ as an indicator of microbial pathogens, recognizing that levels of E. coli are much
higher than those of microbial pathogens and are, thus, more easily determined. Norovirus
is recognized as the most common agent of viral diarrhoea transmitted by irrigation water
and by irrigated fresh produce consumed raw and is, thus, used as a proxy to estimate
the risk of human infections caused by the microbial contamination of irrigation water.
The risk of norovirus infection per person per year is estimated from E. coli counts per 100
mL, using a dose–response look-up table [22], which gives the risk of norovirus infection
per person per year when consuming lettuce irrigated with water containing different E
coli concentrations. The calculated risk of exposure is, thus, based on total annual E. coli
intake. For crops consumed raw other than lettuce, the annual intake is calculated from the
volume of irrigation water retained by the crop (in comparison to that retained by lettuce)
and how much of the crop is consumed on an annual basis. Whether a crop is wetted by
irrigation and the volume of water retained is determined by the irrigation system and
anatomy of the crop. IrrigWQ output reports the risk of infection by human pathogens in
irrigation water, as the number of excess infections per thousand persons p.a. The threshold
value of 3 excess infections per 1000 people p.a. separating the Acceptable and Tolerable
fitness-for-use categories represents the geometric mean of the risks 10−3 and 10−2. The
geometric mean is used, as the distribution of risk is usually log-normal or similar (rather
than normal, in which case the arithmetic mean would best describe the central tendency)

v. Qualitative crop damage by atrazine

Herbicides are the most widely applied class of pesticides and, in view of the phyto-
toxic risk they pose to non-target/sensitive crops, are more likely to be of concern to
irrigation farmers than the possibility of irrigation water being the source of unacceptable
pesticide residues in or on produce. However, they need to be present in concentrations that
are toxicologically relevant to pose a risk of phyto-toxicity. Although this risk also appears
to be low based on the available evidence, for the sake of completeness, it was decided
to consider herbicides as one of the suitability indicators for inclusion in IrrigWQ. After
glyphosate, atrazine is the most widely used herbicide in South Africa [10]. Since atrazine
is highly mobile compared to glyphosates, with a significantly longer half-life, atrazine
was selected as the herbicide to consider in IrrigWQ. Atrazine is used to control pre- and
post-emergence broadleaf and grassy weeds in maize, sugarcane, and sorghum. It exhibits
residual activity in soil for several months and may, thus, damage follow-on crops. This
is because the recommended application rate for maize and sugarcane is about an order
of magnitude higher than for sensitive crops. To circumvent damage to follow-on crops,
waiting periods of between 12 and 24 months are prescribed before the next sensitive crop
is planted. However, no waiting period is required if maize or sugarcane are the follow-on
crops. In view of its faster degradation at higher clay and organic matter contents, higher
atrazine dosages are recommended for soils with a higher clay and organic matter content.
The recommended application rate of atrazine is, thus, determined by both the target crop
and soil texture. Irrigation water containing half the recommended atrazine application
rate or less is considered to be ideal, while additions in excess of the recommended atrazine
application rate are considered to be unacceptable.

2.5.3. Effect of Water Quality Constituents on Irrigation Infrastructure

Irrigation water is normally supplied untreated. It is, thus, not chemically stabilised to
control the potential for the corrosion or encrustation of irrigation equipment or filtered
so that it can be used directly for drip irrigation. The corrosion and scaling of irrigation
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equipment and infrastructure are arguably the primary water quality problems associated
with on-farm irrigation infrastructure. Either can necessitate the early replacement of
expensive irrigation equipment. Both corrosion and scaling are the result of water having
chemical imbalances. A secondary problem associated with water constituents is the
clogging of drippers, which can be of chemical, biological, or physical origin.

i. Corrosion or scaling of irrigation equipment

Although minor scaling, which forms a protective layer against corrosion inside
pipes, is normally considered beneficial, excessive scaling reduces flow rates and damages
water systems, necessitating repair or replacement. The most common cause of scaling is
the precipitation of calcium carbonate when saturation is exceeded. Calcium carbonate
precipitation increases with increasing temperature, with the result that calcium carbonate
frequently precipitates in slow-flowing dripper lines. Although less frequent, gypsum
precipitation also occurs in irrigation equipment when water high in calcium and sulphate
is used. Gypsum precipitation is a common problem when gypsiferous-neutralised acid
mine drainage is used for irrigation. There are several indices with which corrosion and
scaling can be predicted. The most commonly used index is the Langelier Saturation
Index (LI), which was developed by Wilfred Langelier in 1936. The LI is an approximate
measure of the degree of saturation of calcium carbonate in water. It is widely used as
an index of the likelihood of corrosion and scaling and is calculated as the difference
between the actual measured pH of water (pHa) and the hypothetical saturation pH of
the water (pHs), i.e., the pH at which water with a given bicarbonate and calcium ion
concentration and temperature would be in equilibrium with solid CaCO3 [8]. A positive LI
indicates that water is over-saturated and scaling is likely. However, a negative LI indicates
water that is under-saturated with respect to calcium carbonate and potentially corrosive.
LI values between −0.5 and 0.5 should not lead to corrosion or encrustation problems.
Serious corrosion is likely if LI is in the range of −0.5 to −2, and similarly, scaling will be
problematic between values of 0.5 and 2.

ii. Clogging of drippers

The low flow rates of drip emitters are conducive to clogging problems. While it
is relatively easy to spot blocked emitters of surface drip systems, it is very difficult to
distinguish one that is partially blocked from one that is not. Both blocked and partially
blocked emitters alter the hydraulics of the entire system, result in a decrease in the
uniformity of application, and give rise to reduced crop yields. The topic of clogging in
drip irrigation systems, the role of water constituents in emitter clogging, and available
treatment options are reviewed elsewhere [2,23]. Suspended solids, such as sand, silt, and
clay, as well as organic matter, can easily block emitters. The problem with suspended
solids can usually be addressed through prior sedimentation and filtration. No problems
are expected if suspended solids are below 50 mg/L, while severe impacts can arise if this
increases to 100 mg/L or more. The chemical precipitation of substances such as lime, iron,
manganese, and phosphates can also cause clogging. The Langelier Index is often used
to predict clogging by lime precipitation. As a general rule of thumb, problems can be
expected when pH exceeds 8. Iron in the soluble ferrous form can be oxidised into the
insoluble ferric Fe3+ form and cause clogging. Iron may also contribute to biologically
mediated clogging, as it is often found in iron bacterial slime. The FAO guidelines [2] point
out that many cases of clogging are caused by biological growth inside irrigation lines.
This could be small quantities of micro-organisms such as algae, slimes, bacteria, fungi,
and even snails and larvae. Such problems are common in waters rich in organics and
iron or hydrogen sulphide. Excessive plant nutrient levels, as are often found in treated
wastewater, can increase biological clogging problems. Chlorination is probably the most
effective treatment for these problems and may require filtration after treatment. Nakayama
and Bucks [23] compiled a table listing the major factors responsible for the clogging of
drippers and a rating of the hazard posed at different concentrations, based on findings
on emitter clogging and experience gained in controlling it. This table (with some minor
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modifications) is used in IrrigWQ to establish criteria for assessing the potential for the
clogging of drippers. The classification scheme does not provide for nutrients that are
applied through irrigation water. It is recommended that their effect and the effect of
constituents not listed be determined experimentally, on a site-specific basis.

2.6. Presentation of Risk Associated with Water Composition

In the case of Tier 1 assessments, the output of IrrigWQ is ranked as belonging to one
of four colour-coded FFU categories, reflecting the increasing risk of negative effects that
water with a given composition poses to a suitability indicator. For Tier 2 assessments,
the percentage of time the risk is calculated to belong to one of the FFU categories is
indicated. The criteria that define the boundaries of FFU categories are also indicated. The
classification is based on a Department of Water and Sanitation (DWS) system that provides
a generic description of four suitability categories, which can be applied to any water use,
not just to irrigation (Table 1). A similarly colour-coded summary of the criteria used by
IrrigWQ to determine the FFU category of suitability indicators is presented in Table 2

Table 1. A qualitative description reflecting the increasing risk of negative effects and associated
colour coding of DWS FFU water categories, as used in IrrigWQ.

Fitness-for-Use Category Description
Ideal A water quality that would not normally impair the fitness of the water for its intended use

Acceptable A water quality that would exhibit some impairment to the fitness of the water for its intended use
Tolerable A water quality that would exhibit increasingly unacceptable impairment to the fitness of the water for its intended use

Unacceptable A water quality that would exhibit unacceptable impairment to the fitness of the water for its intended use

Table 2. Criteria used by IrrigWQ to determine the FFU category of suitability indicators.

Ideal Acceptable Tolerable Unacceptable
Suitability Indicator Measure of Suitability Indicator Criteria for Indicators of Soil Quality
Soil profile salinity EC of saturation extract (mSm) 0–200 200–400 400–800 >800
Soil permeability Degree of reduced permeability None Slight Moderate Severe

Oxidisable carbon loading COD load (kg/ha per month) 0–400 400–1000 1000–1600 >1600

Trace element accumulation Number of years to reach soil accumulation
threshold >200 years 150–200

years
100–150

years <100 years

Criteria for Indicators of Crop Yield and Quality

Root zone effects Relative crop yield as affected by EC, B, Cl,
and Na 90–100% 80–90% 70–80% <70%

Leaf scorching when wetted Degree of leaf scorching caused by Cl and Na None Slight Moderate Severe
Nutrient supply Contribution to estimated NPK removal by crop 0–10% 10–30% 30–50% >50%

Microbial contamination Excess infections per 1000 persons p.a. <1 1–3 3–10 >10

Qualitative atrazine damage Atrazine load (g/ha) Differentiated levels depending on crop sensitivity and
soil texture

Criteria for Indicators of Irrigation Equipment
Corrosion Langelier Index 0 to −0.5 −0.5 to −1.0 −1.0 to −2.0 <−2.0

Scaling Langelier Index 0 to +0.5 +0.5 to +1.0 +1.0 to +2.0 >+2.0

Clogging of drippers

Suspended solids (mg/L) <50 50–75 75–100 >100
Manganese (mg/L) <0.1 0.1–0.5 0.5–1.5 >1.5

Total iron (mgL) <0.2 0.2–0.5 0.5–1.5 >1.5
pH <7.0 7.0–7.5 7.5–8.0 >8.0

E. coli (106 per 100 mL) <1.0 1.0–2.0 2.0–5.0 >5.0

2.7. Generating and Displaying IrrigWQ Output

For Tier 1 assessments of FFU, only the composition of the irrigation water (Figure 2)
is required to generate IrrigWQ output. To conduct a Tier 2 FFU assessment, the user
must, in addition to the composition of the irrigation water, also specify the site-specific
characteristics that need to be considered during the evaluation. Site-specific characteristics
are selectable from pre-populated defaults, as indicated in Figure 3.
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IrrigWQ currently has a built-in database of more than 50 South African weather
stations, each with 50 years of quality checked, daily rainfall and maximum and minimum
temperature data. Weather data from many more South African stations can be downloaded
from the IrrigWQ website (https://nbsystems.co.za, accessed on 21 November 2023). The
weather data were obtained from a database developed by a team from the School of
Bioresources Engineering and Environmental Hydrology at the University of KwaZulu-
Natal, using the South African Atlas of Climatology and Agro Hydrology [24]. The IrrigWQ
database also contains crop yield model parameters for 158 agricultural crops for their
yield response to salinity, 60 for their yield response to boron, 54 for their yield response
to chloride, and 74 crops for their yield response to sodium [2,18,20]. In addition, four
generic crops have been defined representing crops that are sensitive, moderately sensitive,
moderately tolerant, or tolerant to crop yield and quality determining factors. Generic
crops are used when it is necessary to obtain an indication of the effects of irrigation water
constituents on crops for which no quantitative response data are available, but which are
known to have the characteristics of a particular sensitivity category.

While a steady-state Tier 1 assessment is executed instantaneously, Tier 2 assessments
take longer, depending on the number of years selected for simulation. A minimum of
10 years is required but results more demonstrative of the variability associated with
longer-term weather conditions can be obtained by running simulations for up to 45 years
(although 50 years of weather data are captured for each weather station in the climate
database, the first three years are used for a “warm up” simulation to establish a quasi-
equilibrium between the various soil profile variables). The results of an FFU assessment
are displayed on electronic output pages that summarise how the different suitability
indicators are affected. The output can be printed or stored electronically.

i. The cover output page presents information on the user’s description of the assessment
that was conducted and the water analysis. For Tier 2 assessments, it also displays the

https://nbsystems.co.za
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site-specific characteristics on which the evaluation is based and a summary of the
seasonal water balance components, as calculated during the simulation.

ii. The second output page presents an overview of the FFU assessment of the four
suitability indicators that characterise soil quality.

iii. The third output page presents an overview of the FFU assessment of the five
suitability indicators that characterise crop yield and quality. If a crop rotation was
selected for the Tier 2 assessment, the overview of the five suitability indicators for
the second crop is printed on a fourth page.

iv. The fourth page (or the fifth page in the case where a two-crop rotation was selected)
presents an overview of the FFU assessment of the two suitability indicators that char-
acterise the effect of water constituents on the performance of irrigation infrastructure.

The results for a WQR determination are similarly displayed on four or five pages.
Tier 1 WQRs resemble current local and international guidelines. The Tier 2 threshold
WQR values of irrigation water suitability indicators are back-calculated by interpolation
as follows:

i. Successive FFU assessments are conducted for specified periods of between 10
and 45 years using a number of pre-defined, hard-coded, model waters, having
increasing constituent concentrations.

ii. The 95th percentile highest or lowest (as the case may be) annual or seasonal value
of the suitability indicator is identified for each of the model water concentrations.

iii. The threshold WQR concentrations corresponding to the criteria boundaries used
for FFU categories are determined by interpolation from the 95th percentile highest
or lowest annual or seasonal values of the suitability indicator.

2.8. Statistical Analysis

The description of the need for and characteristics of the electronic DSS that is the focus
of this paper does not require statistical analysis. However, a virtual experiment to provide
some validation of the IrrigWQ output makes use of some basic statistical tools. Statistical
analysis was carried out using the data analysis tools embedded within Microsoft Excel
(Version 2310 Build 16.0.16924.20054) 32-bit). Specifically, use was made of the coefficient
of determination (R-squared) calculations to determine how well IrrigWQ-calculated crop
yields correlated with those published earlier [2]. An R-squared of 1 indicates a perfect
correlation, while an R-squared of 0 indicates no correlation. The crop yields reported
earlier and those calculated with IrrigWQ for different crops irrigated with waters of
different salinities further provided data pairs that could be tested to ascertain whether or
not they belong to the same population using the “Paired Samples t-Test”.

3. Results and Discussion
3.1. Validation of IrrigWQ Output

The Tier 1 output is based on the same or similar relationships to those used in estab-
lished guidelines and, thus, produces similar results [6–8]. IrrigWQ uses established criteria
for both Tier 1 and Tier 2 assessments to interpret the effect of irrigation water constituents
on FFU and for establishing WQRs. However, its treatment of the soil–plant–atmosphere
continuum at the Tier 2 level is substantially more mechanistic and dynamic than traditional
approaches for the assessment of irrigation water quality. For most conditions, the outcome
of Tier 2 assessments can, thus, only be accepted or rejected on the basis that the results
make intuitive sense, or not. However, to increase confidence in the output produced by
IrrigWQ, a virtual experiment was run to compare the crop yields predicted by IrrigWQ
with those of the authoritative FAO water quality guidelines [2].

To establish site-specific conditions for IrrigWQ that would be comparable to the as-
sumptions made by the FAO water quality guidelines, IrrigWQ simulations were conducted
with the following settings:
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i. Precipitation was artificially set to zero in the weather station database (the Douglas,
South Africa, weather station was used. Latitude (S) -29.05. Longitude (E) 23.77);

ii. Irrigation management was adjusted to achieve leaching fractions of approximately
15% and 20%, which is in line with the leaching fraction range assumed by the FAO
guidelines for their calculations;

iii. IrrigWQ was run for a period of 40 years using the irrigation water ECs, which
were calculated by the FAO guidelines to produce relative yields of 75%, 90%, and
100% for five crops with widely varying salinity tolerance (namely, barley, wheat,
soybeans, maize, and carrots).

While the FAO guidelines [2] report a single crop-specific yield for a specific irrigation
water EC using their calculation procedure, IrrigWQ calculates 40 different annual crop
yields and leaching fractions (as determined by varying weather conditions) over the
40-year simulation period. Table 3 reports the irrigation water ECs calculated with the
FAO guidelines procedure to produce the relative crop yields of 75%, 90%, and 100%. Also
reported are IrrigWQ calculated ranges of crop yields, and their means, using the same
irrigation water ECs as the FAO guidelines and the extremes (15% and 20%) of the leaching
fraction range that apply to the FAO guideline calculations. It is postulated that agreement
between yields published by the FAO guidelines as an authoritative publication and those
calculated using IrrigWQ for the same irrigation water ECs would create confidence in the
ability of IrrigWQ to correctly simulate complex conditions in the soil–climate–atmosphere
continuum.

Table 3. Comparison of IrrigWQ-calculated relative crop yields to those reported by the FAO water
quality guidelines [2] under comparable conditions.

Irrigation
Water EC mS/m

FAO Guidelines [2] IrrigWQ

LF Range Yield % LF
Yield % 1

LF
Yield % 2

Range Mean Range Mean

Barley

530 15–20 100 15.4 94–97 95.8 19.2 100 100
670 15–20 90 15.4 83–87 85.4 19.2 90–93 91.7
870 15–20 75 15.4 68–73 70.9 19.2 77–81 79.0

Wheat

400 15–20 100 15.2 93–96 94.4 19.1 99–100 99.9
490 15–20 90 15.2 83–87 85.2 19.1 90–93 91.8
630 15–20 75 15.2 68–73 70.6 19.1 77–81 78.9

Soybean

330 15–20 100 15.6 82–90 86.2 19.5 96–100 98.9
370 15–20 90 15.6 69–78 73.5 19.5 85–91 88.0
420 15–20 75 15.6 54–65 58.8 19.5 71–78 74.8

Maize

110 15–20 100 15.7 95–97 96.4 19.6 98–100 99.1
170 15–20 90 15.7 82–85 83.7 19.6 87–89 88.2
250 15–20 75 15.7 67–70 68.7 19.6 73–76 74.8

Carrots

70 15–20 100 15.0 93–95 94.3 19.9 97–98 97.4
110 15–20 90 15.0 83–86 84.3 19.9 88–90 89.0
190 15–20 75 15.0 62–67 65.1 19.9 71–74 72.5

1 Yield correlated with those of the FAO water quality guidelines [2] with an R-squared of 0.87. 2 Yield correlated
with those of the FAO water quality guidelines [2] with an R-squared of 0.96.

When the relative crop yields calculated with the two approaches are compared,
IrrigWQ yields using a leaching fraction approaching 20% appear to be very similar to



Appl. Sci. 2023, 13, 12625 16 of 24

those of the FAO guidelines, while those for leaching fractions approaching 15% tend to be
somewhat lower. In both cases, however, IrrigWQ calculated yields for the different crops
irrigated with wide-ranging EC waters are well correlated with those of the FAO guidelines.
An R-squared of 0.87 is obtained for the correlation between the reported FAO guidelines
yield and IrrigWQ yield calculated for a 15% leaching fraction and an R-squared of 0.96 for
IrrigWQ yield calculated for a 20% leaching fraction. Paired t-test calculations indicated
that the FAO guidelines and IrrigWQ calculated yields, assuming a 20% leaching fraction,
belong to the same population with no statistical differences between their means at a 1%
level of significance. However, a similar statistical evaluation for the IrrigWQ calculations
using a 15% leaching fraction, indicated that they do not belong to the same population as
those of the FAO guidelines and have different (lower) means. It would, thus, appear as
if the FAO guidelines leaching range is in practice closer to 20% or that IrrigWQ slightly
underpredicted leaching. However, the overall agreement between the yields predicted
with the two approaches is sufficient to give confidence that, when IrrigWQ is used to
simulate conditions similar to those of the FAO guidelines [2], comparable results will
be produced.

3.2. Differences in Output and Use of Tiers 1 and 2 to Assess FFU and Determine WQRs

For both FFU assessments and WQR determinations, IrrigWQ displays a separate out-
put page to report on how soil quality, crop yield and quality, and irrigation infrastructure
are affected, as indicated by their respective suitability indicators.

Soil profile salinity, one of the suitability indicators of soil quality, is used here to
illustrate the differences between the output of Tiers 1 and 2 for FFU assessments and to
illustrate how FFU output differs from that of WQR determinations. For Tier 2 output to be
compared with that of Tier 1, the site-specific conditions used for Tier 2 simulations were
adapted to reflect those used for Tier 1. The main adaptations involved the removal of
the rainfall component from the weather data and employing an irrigation management
regime that produced a mean leaching fraction of about 10% over a 40-year simulation
period. The same irrigation water composition, having an EC of 100 mS/m, was used for
both Tier 1 and 2 assessments of FFU.

IrrigWQ output for the soil profile salinity suitability indicator is presented in
Tables 4 and 5 for Tiers 1 and 2, respectively. The same display format, as produced by
IrrigWQ, is used in these tables. IrrigWQ uses a similar format to display results for all
individual suitability indicators for both tiers. The label used to identify the reported
suitability indicator (i.e., soil profile salinity in this case), the colour-coded FFU categories,
and ECe (saturation extract EC) criteria defining the FFU categories are identical for both
Tiers 1 and 2. The differences in the way that Tier 1 and 2 results are reported arise from
the fact that Tier 1 reports a single steady-state estimate, whereas, for Tier 2, the range
and frequency of reported values are calculated from annual or seasonal results over a
simulation period of 10 to 45 years.

For Tier 2 assessments, IrrigWQ runs the SWB model for at least 10 years and calculates
values for the different suitability indicators for each year, or, in the case of crops, for each
growing season. Normal weather variability causes simulated values to differ from year
to year. Table 5 reports the variability in simulated profile salinity values over a 40-year
period for a case where the site-specific variables mimic those of Tier 1. As would be
expected, the results, thus, bear some similarity to those of Tier 1. However, the soil profile
salinities predicted for Tier 2 are slightly higher than those predicted for Tier 1. This can
be explained by the fact that Tier 2 simulations provide for some lag in drainage above
field capacity depending on soil texture, resulting in a lower leaching efficiency compared
to Tier 1 simulations, which assume instantaneous drainage. In addition, with Tier 1, an
“ideal” volumetric soil saturation percentage of 50% is assumed, whilst for Tier 2, a soil
texture-dependent saturation percentage is used. The Tier 2 results indicate that for 60% of
the time (24 years of the 40-year simulation), the SWB model calculated a profile salinity
of between 0 and 200 mS/m, and for 40% of the time, it predicted a value of between 200
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and 400 mS/m (in fact, the values are all clustered around 200 mS/m). Although the Tier 1
and 2 outputs would, in this case, be interpreted to have similar implications, Tier 2 results,
and the way they are reported, provide the user with more information about the range
(as opposed to a mean value) of profile salinities that can be expected over time. It also
provides the user with an indication of the risk or frequency with which higher or lower
values can be expected to occur over an extended time period. The main advantage of Tier 2
simulations is, however, that its output is not limited by a predetermined set of assumptions
but that the user can select the values of several variables to portray actual site-specific
conditions. The above assumptions can, for example, be amended to investigate the effect
of a lower leaching fraction. Reducing the leaching fraction to 5%, in this case, produces a
predicted profile salinity of 200 to 400 mS/m for 100% of the time.

Table 4. Tier 1 output displaying how irrigating with 100 mS/m water will affect the soil profile
salinity suitability indicator.

Soil Profile Salinity

Fitness for Use ECe Interval
(mS/m)

Predicted Equilibrium
Soil Profile Salinity

(mS/m)
Ideal 0–200 188

Acceptable 200–400
Tolerable 400–800

Unacceptable >800

Table 5. Tier 2 output displaying the effect of irrigating with 100 mS/m water on the soil profile
salinity suitability indicator, when using assumptions similar to those of Tier 1 to define Tier 2
site-specific conditions.

Soil Profile
Salinity

Fitness for Use ECe Interval
(mS/m)

% of Time Soil Profile Salinity Is
Predicted to Fall within a Particular

Fitness-for-Use Category
Ideal 0 – 200 60

Acceptable 200 – 400 40
Tolerable 400 – 800

Unacceptable >800

3.2.1. FFU Evaluations for Tiers 1 and 2

For the Tier 1 FFU evaluation (Table 4), IrrigWQ reports a single calculated profile
salinity value. This value is displayed in the results column of the corresponding FFU
category (in this case, the Ideal category, coloured blue). Because the calculated profile
salinity value is reported (and not only the FFU category), information is also conveyed
to the user about how close the predicted profile salinity is to the boundary of the FFU
category, thereby providing some indication of how close the predicted value is from falling
into the next FFU category.

3.2.2. WQR Determinations for Tiers 1 and 2

The range of irrigation water salinities presented in Table 6 indicates that when
irrigating according to Tier 1 assumptions, an irrigation water EC of up to 106 mS/m will
produce a soil profile salinity within the ideal FFU category (i.e., having a soil saturation
extract salinity of less than 200 mS/m). This implies that if water quality managers wish to
provide irrigation water that would not lead to soil profile salinities exceeding 200 mS/m,
they should aim to supply irrigators with water not exceeding 106 mS/m. This corresponds
with the FFU calculation, wherein irrigation with water having an EC of 100 mS/m was
estimated to produce a soil profile salinity of 188 mS/m (Table 4). Conversely, irrigation
water salinities exceeding 426 mS/m will produce an unacceptably high soil profile salinity,
which exceeds 800 mS/m. Theoretically, it is possible to establish similar soil profile
salinities while irrigating with waters of widely different ECs, provided the leaching regime
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is altered by adopting different irrigation management practices. Similarly, a range of soil
profile salinities can be obtained by irrigating differently with the same EC water. While it
is possible to specify these conditions for Tier 2 simulations, this is not possible for Tier 1
simulations since Tier 1 model parameters are fixed.

Table 6. Tier 1-calculated irrigation water EC range (i.e., WQRs) that would give rise to the soil profile
salinity in the corresponding FFU category.

Soil Profile
Salinity

Fitness for Use ECe Interval
(mS/m)

EC Range That Will Give Rise to the
Corresponding ECe

(mS/m)
Ideal 0–200 <106

Acceptable 200–400 106–213
Tolerable 400–800 213–426

Unacceptable >800 >426

Several interacting variables, including weather variability, form part of the Tier 2
simulations, ensuring a range of potential outcomes for SWB-model simulations. It is, thus,
important to specify realistic site-specific conditions when employing Tier 2 assessments.
Even when using the same site-specific conditions, the variability in weather conditions
from year to year ensures that each year has a unique irrigation water EC that will produce
a specific target soil profile salinity. It was deemed undesirable to establish WQRs that
accommodate the most extreme irrigation water EC that would still produce a specific
target soil profile salinity. To be pragmatic, it was decided to define WQRs in IrrigWQ as
those irrigation water EC values that would achieve the desired aim for 95% of the time.
The WQR values reported in Table 7, thus, represent threshold irrigation water ECs that
will, for 95% of the simulation period, produce the target soil profile salinity, i.e., in this
case, for 95% of the time, an irrigation water salinity of 85 mS/m will produce a soil profile
salinity of 200 mS/m or less. If we wished to achieve a soil profile salinity not exceeding
200 mS/m for 100% of the time (as is assumed for Tier 1), a threshold irrigation water EC
lower than 85 mS/m would be required.

Table 7. Tier 2-calculated EC range of irrigation water (i.e., WQRs) that would give rise to the soil
profile salinity in the corresponding FFU category.

Soil Profile
Salinity

Fitness for Use ECe Interval
(mS/m)

Irrigation Water EC That Will Give
Rise to the Corresponding ECe

for 95% of the Time
(mS/m)

Ideal 0–200 <85
Acceptable 200–400 85–179
Tolerable 400–800 179–376

Unacceptable >800 >376

The same site-specific variables used for the Tier 2 FFU calculation were used for the
Tier 2 WQR assessment. The soil profile salinities predicted for Tier 2 FFU evaluations are
slightly higher than those predicted for Tier 1 (Tables 4 and 5). Consequently, Tier 2 WQR
calculations (Table 7) indicate that a lower irrigation water EC than for Tier 1 (Table 6) is
required to establish comparable soil profile salinities.

3.3. Demonstration of Effect of Climate on Expected Crop Yield

Estimated crop yield is one of the suitability indicators used in IrrigWQ to assess the
effect water constituents have on crop yield and quality. IrrigWQ estimates how crop yield
is affected by irrigation water salinity, chloride, sodium, and boron contents. In line with
the approach to provide a conservative FFU assessment for Tier 1, the yield response of
a generic crop sensitive to water constituents is derived from mean concentrations in the
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root zone calculated using the Tier 1 steady-state procedure, assuming a 10% leaching
fraction and no rain. Tier 2 estimates of crop yield are calculated with the SWB model,
which has been customized to make use of user-selected values of site-specific variables. In
line with the approach to establishing irrigation quality guidelines [2], IrrigWQ estimates
crop yield from mean root zone salinity, boron, chloride, or sodium contents during the
crop growing season.

Catering primarily for irrigation in arid regions, traditional water quality guidelines
disregard the effect of climate when establishing criteria quantifying the effect of irrigation
water salinity, boron, chloride, and sodium contents on crop yield. However, a qualitative
discussion of the role climate plays in modifying the effect of salinity will often form part of
explanatory narratives accompanying these guidelines. The Tier 2 assessments of IrrigWQ,
on the other hand, incorporate climate as an integral factor that modifies the effect irrigation
water constituents have on crop yield. The modifying effect of climate is quite complex
since it is described by several variables affecting irrigation management. To illustrate how
IrrigWQ succeeds in incorporating the effect of climate and, more specifically, precipitation
amount and seasonality on crop yield, simulations were run for four summer rainfall sites
with increasing mean annual precipitation and at a winter rainfall site in South Africa.

IrrigWQ simulated a period of 40 years, assuming irrigation of a maize crop, planted
in early spring (1 September) on a 1 m deep sandy loam soil and irrigated with 200 mS/m
water. The crop reached maturity after 120 days. A fallow period with no irrigation but
with a continuation of rainfall, evaporation, and drainage followed each cropping period.
The crop was irrigated to field capacity to replenish the accumulated water deficit whenever
this exceeded 30% of plant available water and should, thus, not have experienced any
water stress. No provision was made for water applications to facilitate leaching. The
leaching predicted to occur, therefore, is a consequence of precipitation not utilised for
evapotranspiration. A distinction is made in Table 8 between the water balance compo-
nents during the crop growing season (identified as seasonal components) and annual
components, which are calculated as the sums of the components over the crop growth and
fallow periods over a year. There is a clear increase in the annual and seasonal precipitation,
the amount of drainage, and the leaching fraction, from the driest (Upington) to the wettest
(Pretoria) summer rainfall sites. The opposite is the case for irrigation, evaporation, and
transpiration. The increase in the yield of maize (see Table 9) that is calculated by IrrigWQ
to occur between the driest and wettest sites is, thus, to be expected and readily explained
by lower root zone salinities caused by higher leaching fractions and increased dilution of
irrigation water by higher precipitation levels. The calculated yields illustrate how IrrigWQ
is able to predict and quantify how climate is expected to affect the FFU of particular water
and highlight the potential benefit of using water that would be unfit for use in traditional
arid irrigation areas for supplemental irrigation in areas with higher rainfall.

Further insight that IrrigWQ output can give the user into processes operating in the
soil–plant–atmosphere continuum is highlighted by the obvious differences in yield be-
tween the Bloemfontein and Riebeek Wes sites, which receive the same annual precipitation
(see Tables 8 and 9). An obvious difference is that Riebeek Wes receives winter rainfall,
while Bloemfontein falls in a summer rainfall area. Note that the seasonal precipitation (i.e.,
precipitation during the summer, crop growing season) for Riebeek Wes is only 165 mm
compared to 485 mm for Bloemfontein. Precipitation during the fallow period would,
thus, be 390 mm for Riebeek Wes and 80 mm for Bloemfontein, resulting in much better
leaching of the Riebeek Wes soil profile during the fallow period, as also evidenced by the
differences in seasonal and annual leaching fractions and the amount of drainage simulated
to occur over the 40-year period (Figures 4 and 5).
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Table 8. Mean water balance components for a maize crop grown at four Summer rainfall sites with
increasing mean annual rainfall and a winter rainfall site over a period of 40 years.

Mean Water Balance Components Weather Station

Upington Vaalharts Bloem-Fontein Pretoria Riebeek Wes

Rainfall season Summer Summer Summer Summer Winter
Annual precipitation (mm) 163 454 565 700 555

Seasonal precipitation (mm) 134 393 485 633 165
Seasonal irrigation (mm) 827 558 484 340 567

Seasonal evaporation (mm) 347 335 331 301 241
Seasonal transpiration 599 539 513 468 478

Seasonal evapotranspiration (mm) 945 874 844 769 719
Seasonal drainage (mm) 16 80 129 207 32

Seasonal leaching fraction (%) 1.7 8.4 13.3 21.2 4.3
Annual leaching fraction (%) 2.2 9.5 14.0 21.9 17.0

Lowest seasonal root zone salinity
(mS/m in saturation extract) 275 110 72 47 91

Highest seasonal root zone salinity
(mS/m in saturation extract) 2557 540 376 189 249

Table 9. Percentage of time the relative yield of a maize crop is calculated to fall within four relative
yield categories at four summer rainfall sites with increasing mean annual rainfall and a winter
rainfall site (Riebeek Wes) over a period of 40 years when irrigated with 200 mS/m water.

Relative
Yield (%)

% of Time Yield Is Predicted to Fall within a Corresponding Yield Range

Upington Vaalharts Bloemfontein Pretoria Riebeek Wes
90–100 0 32 78 100 100
80–90 2 35 18 0 0
70–80 5 22 5 0 0
<70 92 10 0 0 0

E
E

Figure 4. IrrigWQ simulated drainage during the maize cropping (red bars) and fallow periods
(white bars) over a 40-year period in Bloemfontein.
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4. Discussion

IrrigWQ described herein is considered to be a first to integrate the various components
in the soil–plant–atmosphere continuum into an electronic tool that can predict the effect
of irrigation water constituents on a range of indicators that define their effect on soil
quality, crop yield and quality, and irrigation infrastructure. While the Queensland SALF2
decision support tool [5] already presents a major improvement over more traditional
approaches, it still relies on steady-state calculations and is currently limited in the range
of suitability indicators that are considered. Without access to electronic computational
tools, traditional water quality guidelines had to use simpler computational approaches
to predict these effects and could not consider the site-specific factors incorporated in
IrrigWQ. However, IrrigWQ uses established criteria similar to those used by traditional
water quality guidelines to quantify the effect of irrigation water constituents on its FFU.
Differences in FFU evaluations between traditional guidelines and IrrigWQ, thus, derive
from the more sophisticated, dynamic, and site-specific approach of IrrigWQ. Each effect on
FFU is categorised as being either ideal, acceptable, tolerable, or unacceptable and reported
on in a user-friendly, colour-coded format. IrrigWQ thereby provides the user with an
improved assessment of how a given water will affect a range of suitability indicators,
each describing different components of soil quality, crop yield and quality, or irrigation
infrastructure. Because of this functionality, IrrigWQ allows us to fundamentally change
the question normally asked, “is this water fit for irrigation?” to “are there conditions under
which this water is fit for irrigation?”.

IrrigWQ further provides the user with the ability to conduct either a rapid conserva-
tive (Tier 1) or more rigorous site-specific (Tier 2) evaluation of the suitability of specific
water for irrigation. IrrigWQ also provides for the determination of WQRs, which are
required for the management of water resources. Should the Tier 1 FFU assessment (that
makes use of several conservative assumptions) not indicate potential problems with any of
the suitability indicators, the water is deemed fit for use on all crops under all but the most
exceptional circumstancesHowever, should a Tier 1 assessment identify potential problems
with one or more of the suitability indicators, a more detailed, site-specific Tier 2 assessment
is indicated. Tier 2 assessments allow users to select more appropriate site-specific variables
(such as crop species, irrigation system and management, soil texture and weather data)
to produce a much more rigorous assessment of soil–crop–water interactions. Running
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the SWB model over several years, enables some expression of the level of risk of negative
effects, by calculating the likelihood of yield and other parameters falling into different
suitability categories.

This paper provides some validation of Tier 2 IrrigWQ results. Crop yields that are
statistically similar were obtained when the crop yields reported by the FAO guidelines [2]
using a widely accepted traditional approach were compared with those calculated for
Tier 2 in a virtual experiment using assumptions that approximated those of the FAO
guidelines [2].

It is believed that the possibility to assess the suitability of irrigation water at different
levels or Tiers is unique to IrrigWQ described herein. The ability to determine WQR is
also considered novel in the field of water quality assessment. Soil profile salinity, one of
the suitability indicators of soil quality, was used to illustrate the differences between the
output of Tiers 1 and 2 for FFU assessments and to illustrate how FFU output differs from
that of WQR determinations. For Tier 2 output to be meaningfully compared with that of
Tier 1, the site-specific conditions used for Tier 2 simulations were adapted to emulate those
of Tier 1. This mainly required the removal of the rainfall component from the weather
data and, since Tier 1 operates using a 10% leaching fraction, employing an irrigation
management regime that produced a mean leaching fraction of about 10% over a 40-year
simulation period. The same irrigation water composition, having an electrical conductivity
of 100 mS/m, was used for both Tiers 1 and 2 assessments of FFU.

Estimated crop yield is one of the suitability indicators used in IrrigWQ to assess the
effect water constituents have on crop yield and quality. IrrigWQ estimates how crop yield
is affected by irrigation water salinity, chloride, sodium, and boron contents. In line with
the approach to provide a conservative FFU assessment for Tier 1, the yield response of a
generic crop sensitive to water constituents is derived from mean concentrations in the root
zone calculated using the Tier 1 steady-state procedure assuming a 10% leaching fraction
and no rain. Tier 2 estimates of crop yield are calculated with the SWB model, which has
been customized to make use of user-selected default site-specific variables. In line with the
approach to establishing irrigation quality guidelines [2], crop yield is estimated from mean
root zone salinity, boron, chloride, and sodium contents during the crop growing season.

Catering primarily for irrigation in arid regions, traditional water quality guidelines
disregard the effect of climate when establishing criteria for the effect of irrigation water
salinity on crop yield [1–3]. However, a qualitative discussion of the role climate plays in
modifying the effect of salinity may often form part of an explanatory narrative. Neverthe-
less, the desirable leaching fraction calculated with the FAO procedure for a target crop
yield/irrigation water EC combination would be the same, irrespective of climate. Unless
somehow modified by the irrigation practitioner, this would, thus, lead to applying too
much water, resulting in more deep drainage below the root zone than is actually required
in higher rainfall areas. The Tier 2 assessments of IrrigWQ, however, incorporate climate as
an integral factor that modifies the effect irrigation water constituents have on crop yield
and other suitability indicators. The amount of water applied would be determined by
site-specific irrigation management rules, which may, e.g., be aimed at minimising leaching.
The contribution of climate in modifying the role that irrigation water salinity plays in
determining crop yield was selected to illustrate the usefulness of IrrigWQ to consider and
combine contributions of the various components of the soil–plant–atmosphere continuum,
when assessing the FFU of irrigation water. Crop yield was calculated at four summer
rainfall sites with increasing mean annual precipitation, and at one winter rainfall site, to
illustrate how IrrigWQ can predict and explain the effect of climate and, more specifically,
the amount and seasonality of precipitation on crop yield. Since the SALF2 decision support
tool also considers the diluting effect of precipitation, its use in the last two examples would
be expected to lead to generally similar conclusions as for Tier 2 assessments of IrrigWQ.
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5. Conclusions

IrrigWQ for the assessment of FFU and the determination of WQR for irrigation
water described in this paper is a valuable addition to the existing guidelines available
for the evaluation of irrigation water quality. IrrigWQ is distinguished from currently
available guidelines by the fact that it provides for much greater site specificity during the
evaluation process, considers several other constituents not found in traditional guidelines,
provides an indication of the risk associated with an intended use, and is available primarily
as a software-based DSS operating at two levels of complexity (https://nbsystems.co.za,
accessed on 21 November 2023). IrrigWQ uses criteria similar to those of existing guidelines
to interpret the severity of the effect irrigation water constituents bring about on soil
quality, crop yield and quality, and irrigation infrastructure and, therefore, produces similar
assessments when comparable situations are evaluated. Because of this use by IrrigWQ
of internationally accepted cause–effect relationships to assess the effect of water quality
constituents, it is believed that IrrigWQ will find universal acceptance and application
among irrigation users. However, its strengths are best utilised during the evaluation of site-
specific situations not considered by traditional guidelines. It is, for example, foreseen that
IrrigWQ will play an important role in assessing the feasibility of irrigation developments
that form part of a growing trend towards applying supplemental irrigation in areas not
requiring full irrigation and of using unconventional sources of water for irrigation.
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