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Abstract: The management structures put in place for the protection of drinking water sources are
multifaceted and include a range of government agencies, landholders and regulatory agencies.
While source protection is widely practiced in the water industry, there is limited research on
underlying constructs that support successful outcomes in drinking water source protection (DWSP)
programs. This study builds on current research by further investigating the following proposed
critical success factors (CSFs) for source protection: CSF1: policy and government agency support of
source protection; CSF2: catchment condition information and risk monitoring; CSF3: support of
operational field activities; and CSF4: response to water quality threats. This study uses structural
equation modeling (SEM) to confirm the associations amongst the four CSFs. The results show that
policy and government agency support for DWSP has a significant influence over how water service
providers (WSPs) plan operational activities for risk management. This emphasizes the importance
of the role policy and government agencies have in supporting DWSP. The relationships between the
CSFs, which typically fall under the responsibility of WSPs, show that information on catchment
condition influences operational activities for risk management, and these mediate the influence over
response to water quality threats. The response to threats also showed a strong relationship with the
function of monitoring catchment risk. The resulting SEM framework provides new insights into the
underlying structures that influence outcomes in catchment management and source protection.

Keywords: drinking water source protection; SEM; drinking water safety; catchment
management; CFA

1. Introduction

Ensuring safe drinking water requires a holistic catchment-to-tap approach to risk management [1].
The multiple barrier approach is considered internationally the best practice for risk management in
the drinking water supply. Drinking water quality barriers include treatment technologies, distribution
management and security and source protection. The under-performance of any barrier in the system
must be treated as a call to action by operators [2]. Source protection has long been recognized as the
first barrier in the supply of safe drinking water. Through protection of drinking water sources, the
level of contamination of water that needs to be managed by downstream barriers can be maintained
within acceptable levels [3].

The safe management of drinking water supplies requires a sound understanding of applicable
science, appropriate policy and a well-defined understanding of system risks [4]. While source
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protection is widely practiced in the water industry and seen as the best practice for the protection
of public health, there is limited research on critical success factors (CSFs) for successful outcomes
in catchment management and drinking water source protection (DWSP) programs. CSFs are the
key items in a larger system that must work well to ensure the ongoing effectiveness of a process [5].
Identifying CSFs for complex management structures involving multiple parties to guide and measure
positive outcomes has been used in research areas including project management [6], education [7] and
construction safety. This study investigates the latent relationships between CSFs shown to influence
the effectiveness of programs for protecting surface water catchments using a structural equation
model (SEM).

The SEM method supports the examination of the hypothetical relationships between variables
and verifies the relationship statistically [8]. This approach has been used in a variety of safety-related
research, including safety culture and construction safety, where there is a complex mix of policy,
operations and multiple agencies [9,10]. A deeper understanding of CSFs which influence DWSP
program success using SEM can help guide better practice for multi-agency management of water
catchments for control of water quality and public health risks in drinking water supplies. This study
focuses on source protection practices in Taiwan, supported with information from the Australian and
Greek water industries.

Active protection of surface water catchments for drinking water systems is effective in protecting
public health through reducing illness associated with drinking water contamination [3]. The
long-standing practice of drinking water source protection has proven effective in reducing the
pathogen and organic matter loads on downstream treatment processes, in turn reducing public health
risks associated with gastric illness, as well as lowering the potential for the formation of potentially
harmful disinfection by products [4]. In addition to public health outcomes, the protection of drinking
water sources has significant financial and economic benefits for consumers and the wider community.
Many examples exist where catchment protection for drinking water quality has resulted in significant
savings through avoided spending on treatment infrastructure. In the case of the Catskills watershed,
which is the major water source for New York City, an investment of $1.5 billion USD over 10 years for
watershed protection prevented at least $6 billion in capital costs for water filtration [11].

Catchment areas are a unique asset in the water supply chain, in that the water service provider
(WSP) often has little direct control over the catchment management structures. Control is often limited
due to an absence of direct ownership of catchment land and a multitude of land managers, as well
as the combination of management agency involvement and multiple land management objectives.
As a result, the WSP has limited influence over the land uses and activities that pose a risk to water
quality within the catchment area. Furthermore, the drinking water catchment areas and the water
contained within hold multiple environmental, social, cultural and economic values to the wider
community [12]. The wide range of community values results in a broad range of stakeholder groups
involved in catchment management. Therefore, the responsibility of source protection in Taiwan
extends beyond water agencies [13] and requires a wider consideration of all the stakeholders involved
in catchment management.

The complex arrangement of stakeholder groups calls for robust management programs to assess
public health risks and implement risk control strategies, as well as identify and respond to emerging
threats to drinking water quality outcomes. Although source protection is seen as the best practice
for the protection of public health, there is limited research on underlying structures which support
successful outcomes for the implementation of drinking water source protection (DWSP) programs. To
date, much of the information provided comes from the viewpoints of a select group of recognized
subject matter experts. This study builds on the current body of literature on source protection, based
on the perceptions of a broader sample of source protection professionals.

The work of Merrett et al. [14] first examined CSFs for DWSP programs based on 20 process
hazard controls (PHCs) for safety in DWSP programs. The criteria represent groups of common
controls at a program level to address process hazards that have the potential to influence the success of
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DWSP programs. The PHCs were derived from a comprehensive process hazard analysis of the safety
control structure for the management of typical surface water catchment used for the public drinking
water supply. The initial hazard analysis process identified 222 countermeasures to control system
level hazards based on common functions of drinking source protection. The 222 countermeasures
were then grouped based on common functions and themes. The resulting 20 PHC groups were then
validated by industry professionals and experts using a web-based questionnaire. The questionnaire
results were then further subjected to principle components analysis (PCA) to create a simplified set of
latent variables for representing the CSFs. The study established the following four CSFs: policy and
government agency support of source protection (CSF1); catchment condition information and risk
monitoring (CSF2); support of operational field activities (CSF3); and response to water quality threats
(CSF4).

Policy and government agency support (CSF1) plays a major role in setting the fundamental
safeguards for protecting drinking water quality in catchment areas [4]. Government mandated
policy and regulations both explicitly specify and indirectly influence the acceptable land uses and
activities that occur within drinking water catchment areas. Therefore, support from government
policy and the agencies that implement them has a significant influence over the outcomes of DWSP
programs. As catchment areas contain a mix of private and public land uses there are often a mix of
natural resource management agencies involved in implementing regulations and policies, which can
influence water quality outcomes. The role of government policy and regulation sets the scene for
the controls over activities and land uses which impact on water quality outcomes. The policies in
place for protection of drinking water sources are often at odds with the desires of major community
groups. When investigating the public desire for expansion of recreation in West Australian drinking
water catchments, Syme and Nancarrow [15] found that a significant portion of the community wanted
to see a relaxation of policy so as to enable more recreational access in controlled catchments. Such
relaxations in policy positions have the potential to result in a decline in catchment condition and on
drinking water quality.

The process of policy review, development and implementation phases’ change can take years to
complete. Policy development and revision is usually triggered in one of two ways. The first and most
common way is through incremental change in response to various advocacy efforts from different
stakeholders. The second trigger is the crisis arising from major events that are often disastrous, such as
the severe contamination and associated widespread public illness experienced in Walkerton, Ontario,
Canada in 2000 [16]. The outcomes of the Walkerton tragedy have influenced the policy and practice
of the international water industry. Typically, a WSP has limited direct influence over the policies in
place and the activities of agencies involved in policy implementation. Therefore, to influence policy
outcomes a WSP must actively engage with the government on the development of policy and the
agencies involved in policy implementation.

From an operational perspective, the actions of government agencies involved in natural resource
management activities within drinking water catchments have a significant influence over water
quality outcomes. Effective protection of drinking water sources requires agencies involved in policy
development to understand the influences their respective roles have on overall drinking water quality
outcomes and associated public health implications. For successful outcomes there needs to be a
collaborative relationship between policy makers, WSPs and the natural resource management agencies
operating in drinking water catchments.

Catchment condition information and risk monitoring (CSF2) captures the information the WSP
uses to assess catchment risk levels and plan commensurate risk control activities. The risk assessment
process is dependent upon having ready access to reliable data relating to both water quality and
activities that pose risks to drinking water quality. The process of evaluating and understanding
catchment risk is critical to the design and implementation of preventative measures for assuring
water safety [17]. For drinking water sources, the widely accepted best practice approach consists
of a combination of both water quality monitoring and surveillance [18]. Operational monitoring of
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water supplies plays a crucial role in providing information to guide the WSP’s management measures
required to protect public health (e.g., source protection and treatment technologies). While the need
for such monitoring is well understood, there is limited published literature on the effectiveness of such
monitoring in practice [19], and the factors that influence the effectiveness of real-world practice. In
the water industry, water quality sampling is a long-standing practice for informing risk management;
however, sampling can be inherently problematic in providing accurate and timely information due to
the lag between sampling, analysis and receiving the results. In the case of pathogens, consumers can
potentially be exposed to harmful pathogens prior to completing any testing or receiving laboratory
results. Therefore, frequent sampling of the final product water alone is not a reliable sole strategy
for verifying the safety of the water supplied [18]. The observational information captured during
catchment surveillance provides valuable information on potential threats to drinking water quality
and the effectiveness of controls implemented [20]. Observational information can also be obtained
from the various agencies and agents operating in a drinking water catchment area. The use of
water quality results and observational information in combination provides a more detailed picture
of catchment risk. Such an approach is recognized as good practice internationally and has been
included in national drinking water guidelines such as the Australian Drinking Water Guidelines
(ADWG) [21]. The ADWG provides a single framework for both water quality monitoring and
observational monitoring, which covers planning of monitoring activities based on risk, setting targets
and responding to targets violations.

Support of operational field activities (CSF3) is centered around the operators’ use of available
catchment information for planning field operations that are required to monitor and protect the
drinking water source. Risk factors within catchment areas by nature are typically spatially and
temporally transient [3]. The complex nature of surface water catchments and the activities that occur
within them makes monitoring catchment condition a very labor-intensive activity. Maximizing the
outcomes for DWSP requires planning operational activities using the most up-to-date and accurate
catchment information available. Another important aspect is the role of training for field staff. With
the need to execute a diverse range of tasks on a daily basis and advances in source protection practices,
continual training provides an important role in supporting the required field activities to protect
drinking water quality.

Response to water quality threats (CSF4) relates to the response actions taken when threats to
drinking water quality are identified. The actions cover the investigation, remediation and verification
of the effectiveness of the response. For the protection of public health, a WSP must be able to effectively
identify and respond to a range of threats to drinking water quality in the catchment area. Often
enforcement of regulatory controls is used for the control of human access, land use, polluting activities
etc., which need to be actively enforced to be successful. The effective enforcement of regulatory
controls for the protection of drinking water sources is dependent upon multiple agencies working
together for a common goal [3]. The other type of threat considered is emerging threats associated
with the discovery of potential health impacts from certain compounds or pathogens of concern.

The Present Study

This study builds on the current body of literature on source protection in Taiwan and
internationally, by investigating the underlying relationships between CSFs for DWSP programs
based on the opinions of industry practitioners. The approach of using SEM for investigating
underlying structures is frequently used for understanding latent structures and relationships that
cannot be easily measured directly [10].

The CSFs proposed in Merrett et al. [14] provided a novel perspective on factors that influence
DWSP outcomes for the safety of public drinking water sources. Following from the establishment of
CSFs for DWSP programs, the objective of this study is to examine the underlying relationships between
the four CSFs identified using SEM. Understanding the relationships between CSFs can provide greater
awareness of the relationships between factors which influence the success in implementing DWSP
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programs. Establishing a detailed understanding of the underlying constructs between the four CSFs
can help support organizations involved in drinking water source protection effectively plan catchment
management activities.

2. Materials and Methods

2.1. Participants

This study uses the same survey dataset collected for the CSFs of DWSP programs study by
Merrett et al. [14]. The initial collection of data was done using targeted surveys based on the 20 PHCs
derived from system level countermeasures for the process hazards in managing DWSP programs.
The respondents of the survey mostly included industry specialists and professionals in Taiwan with
relevant experience in working with DWSP programs. To provide for international perspective, copies
of the questionnaires were also sent to industry specialists and professionals in Australia and Greece.
Obtaining the point of view from different countries provides a point of comparison with a cross-section
of international industry practices. The structure of the questionnaire used a 5-point Likert-type scale
for respondents to rank statements based on their personal perceptions, using a scale ranging from 1,
for strongly disagree, to 5, for strongly agree, and 3 for neutral. The web-based questionnaire was
distributed using an email link to selected professionals working in drinking water source protection.
The questionnaire information and questions were provided in both traditional Mandarin and English.
The translation was completed by a bilingual translator and further verified by a second bilingual
translator familiar with the terminology of the industry. A total of 61 survey responses were received,
which included 40 responses from Taiwan, 13 responses from Australia and eight responses from
Greece. The limited number of responses received was attributed to the specific nature of the field and
the limited number of available professionals.

The background of the respondents plays an import role in ensuring data is suitable for further
analysis. The summarized background data for the 61 respondents is shown in Table 1. Some 56% of
respondents had 5 years or more experience in drinking water source protection, with 28% reporting
experience gained over 10 or more years. The “operations support” role type was the most represented
role, accounting for 41% of all respondents, with the next most represented role being technical/scientific
support, accounting for 30% of all responses. The remaining roles included strategy and planning as
well as other roles, which accounted for the remaining 29% of responses. Also shown in Table 1, the
most frequent organization type reported was government agency, accounting for 41% of all responses.
With Taiwan being the most represented country, the large number of respondents from government
agencies is likely due to the of role catchment protection management falling to government agencies.
As expected, WSP was also a well-represented organization type, accounting for 31% of all responses.
The remaining organizations include research/university, consulting and other, accounting for 9%, 4%
and 4%, respectively. Given the diversity of backgrounds among the respondents, the survey was
considered to provide a suitable representation of drinking water source protection practice within
Taiwan, further supported by responses from Australia and Greece.
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Table 1. Summary of respondents’ background information, including: years of experience in catchment
management and source protection; respondents’ reported role type in their respective organizations;
and organizational affiliation reported by respondents.

Characteristic Items Number of Responses Percent of All
Responses

Reported Years of
Relevant Experience

<5 27 44%
5–10 17 28%
10–20 14 23%
>20 3 5%

Total 61 100%

Reported Role Type

Operations support 25 41%
Strategy and policy 10 16%

Technical/Scientific support 18 30%
Water quality planning 3 5%

Other 5 8%
Total 61 100%

Reported Organization
Type

Government Agency 25 41%
Water Service Provider 19 31%

Research/University 9 14%
Consulting 4 7%

Other 4 7%
Total 61 100%

2.2. Meaures

Prior to commencing analysis of the questionnaire responses using CFA and SEM, the reliability
of the responses was assessed. For all the responses received combined, the Cronbach’s α is 0.92, which
indicates an acceptable result [22,23]. The diversity of the respondent’s backgrounds in experience,
countries, organizations and roles presents an opportunity for the responses to differ and influence the
results of further analysis. An assessment of the potential differences in responses to the 20 PHC factors
due to the respondents’ background was completed using ANOVA (Table 2). For all the responses
to be used in combination there should be a limited significant difference based on the background
characteristics of the questionnaire responses. The ANOVA results showed at the p ≤ 0.05 significance
level that there are five significant results found for respondents’ background characteristics of country,
role type and years of experience in source protection. At the p ≤ 0.01 significance level, there is a
significant result for PHC item eight, based on the respondents’ role types. Some difference in responses
is not unexpected, given the diverse backgrounds, and in this study the results were considered
acceptable for further analysis.

As shown in Table 3, the mean scores of the survey responses for each PHC factor range from 3.34
to 4.54’ the higher values indicate that respondents agree the factor is important in contributing to
successful outcomes in DWSP programs. In this case the consistently high mean scores indicate that
based on the opinions of the 61 responses from source protection specialists and experts, the 20 PHC
factors are strongly related to successful outcomes in DWSP programs.
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Table 2. ANOVA results for comparison of all groups.

PHC
Country
(df = 2)

Role
(df = 4)

Experience
(df = 3)

Organization
(df = 4)

F-Test Sig. F-Test Sig. F-Test Sig. F-Test Sig.

1 2.898 0.063 1.458 0.210 2.618 0.060 0.767 0.551
2 1.004 0.373 1.289 0.278 1.629 0.193 2.948 0.028
3 0.940 0.397 1.156 0.343 1.456 0.236 1.195 0.323
4 1.590 0.213 2.140 0.063 1.226 0.309 3.287 0.017 *
5 0.702 0.500 2.573 0.029 1.071 0.369 1.514 0.211
6 2.174 0.123 1.559 0.177 2.047 0.118 3.047 0.024
7 0.328 0.722 1.518 0.190 4.145 0.011 * 3.647 0.011 *
8 1.934 0.154 3.521 0.005 ** 1.513 0.221 2.143 0.087
9 3.565 0.035 * 2.006 0.081 2.099 0.110 2.301 0.070

10 0.443 0.645 0.321 0.923 0.195 0.899 1.561 0.197
11 1.721 0.188 0.714 0.640 0.868 0.463 2.003 0.106
12 0.394 0.676 0.831 0.552 1.024 0.389 0.528 0.715
13 0.437 0.648 1.678 0.144 0.443 0.723 0.486 0.746
14 2.326 0.107 0.473 0.825 0.912 0.441 0.639 0.637
15 1.455 0.242 0.686 0.661 1.576 0.205 2.246 0.076
16 0.453 0.638 0.160 0.986 0.247 0.863 1.265 0.295
17 4.723 0.013 * 1.453 0.212 1.511 0.222 0.771 0.549
18 1.445 0.244 1.064 0.396 0.776 0.512 0.623 0.648
19 3.891 0.026 2.592 0.028 1.222 0.310 0.845 0.503
20 2.736 0.073 0.931 0.480 0.497 0.686 2.648 0.043

* significant at the p ≤ 0.050 level ** significant at the p ≤ 0.010 level; df = degrees of freedom within the group;
PHC = process hazard control.

Table 3. The mean value for responses to the 20 PHC factors and corresponding rank.

Process Hazard Control Factor Mean Score Standard
Deviation Rank

(1) Current government policies provide robust protection of drinking
water catchments 3.61 0.96 14

(2) Government agencies are active in implementing policy for the protection of
drinking water quality catchments 3.61 1.04 13

(3) Government provides timely policy responses to emerging threats to drinking
water catchments 3.34 1.03 19

(4) The Government engages with relevant stakeholders when developing or
reviewing policy for the protection of drinking water catchments 3.69 0.94 12

(5) Natural Resource Management agencies have a good understanding of
drinking water catchment management principles 3.54 0.87 15

(6) Natural Resource Management agencies actively support the protection of
drinking water catchments 3.34 0.96 19

(7) Natural Resource Management agencies use their authority effectively to
manage activities within in drinking water catchments 3.39 1.01 18
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Table 3. Cont.

Process Hazard Control Factor Mean Score Standard
Deviation Rank

(8) Natural Resource Management agencies effectively manage risk of natural
disasters (i.e., Fire, flood, erosion/landslides) 3.41 1.04 17

(9) Natural Resource Management agencies see drinking water management
agencies as key stakeholders 3.48 1.15 16

(10) Effective catchment management planning requires current land
use information 4.54 0.76 1

(11) Observational information on catchment condition is critical to
catchment management 4.48 0.85 2

(12) Water quality data is critical to catchment management 4.46 0.76 3

(13) Typical catchment management practices can identify and managing threats to
drinking water quality 3.77 0.88 11

(14) Regular monitoring of activities in catchment areas is essential to managing
risk to drinking water quality 4.41 0.69 4

(15) Real time information on catchment activities is required for effective control of
risk to drinking water quality 4.23 0.88 6

(16) Enforcement of legal controls over activities in drinking water catchments are
effective in reducing drinking water quality risk 4.02 0.85 10

(17) Data collected through inspections/surveillance is valuable in planning field
operations to reduce risk to drinking water quality 4.20 0.83 7

(18) Water quality data is essential in planning field operations to reduce risk to
drinking water quality 4.18 0.72 8

(19) Engagement with public in catchment areas is essential in reducing risk in
drinking water catchments 4.07 0.96 9

(20) Continuous training of field staff is critical to effective catchment operations for
the protection of drinking water 4.28 0.73 5

The final CSFs in the study by Merrett et al. [14] were established by using PCA to analyze
the responses provided to the questionnaires. PCA is a useful technique for building a more
easily understood construct for management frameworks [24]. The PCA methodology supports the
identification of groups of related variables through a process of reducing a multitude of variables
into a smaller set of relatively independent variables [25]. In the initial PCA results, PHC factor 18
“Water quality data is essential in planning field operations to reduce risk to drinking water quality”
was removed after not making the cutoff factor loading of 0.55. The resulting CSFs and the associated
PHC factors are shown in Table 4.
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Table 4. Critical success factors (CSFs) and associated process hazard control (PHC) factors representing
the base model for success in drinking water source protection programs.

Critical Success Factor (CSF) Process Hazard Control (PHC) Factor

CSF 1: Policy and Government Agency Support of
Source Protection

6: Natural Resource Management agencies support the protection of
drinking water catchments

2: Government agencies actively implement policy for the protection of
drinking water quality catchments

5: Natural Resource Management agencies have a good understanding
of drinking water catchment management principles

7: Natural Resource Management agencies use their authority to
manage activities within in drinking water catchments

3: Government provides timely policy responses to emerging threats to
drinking water catchments

1: Current government policies provide robust protection of drinking
water catchments

9: Natural Resource Management agencies see drinking water
management agencies as key stakeholders

4: Government engaging with relevant stakeholders when developing
or reviewing policy for the protection of drinking water catchments

8: Natural Resource Management agencies effectiveness in managing
risk of natural disasters (i.e., Fire, flood, erosion/landslides)

CSF 2: Catchment Condition Information and Risk
monitoring

10: Effective catchment management planning requires current land use
information

11: Observational information on catchment condition is critical to the
catchment management planning process

12: Effective catchment management planning requires water quality
monitoring data

14: Regular surveillance of human activities in catchment areas is
essential to manage risk to drinking water quality

15: Real time information on catchment activities is required for
effective control of risk to drinking water quality

CSF 3: Support of Operational Field Activities

19: Engagement with private landholders is essential in reducing risk in
drinking water catchments.

20: Continuous training of field staff is critical to effective catchment
operations for the protection of drinking water

17: Data collected through inspections/surveillance is valuable in
planning operations to reduce risk to drinking water quality

CSF 4: Response to Water Quality Threats

13: Best practice catchment management planning practices can identify
and manage emerging threats to drinking water quality

16: Enforcement of legal controls over activities in drinking water
catchments are effective in reducing drinking water quality risk

2.3. SEM Framework for Drinking Water Source Protection

The approach to SEM in this study uses a two-step method, which involves the combination of
two related methodologies: a measurement model followed by a proposed structural model. The
purpose of the measurement model is to examine the validity of the factorial structure. The following
structural model serves to model relationships amongst the latent variables by examining explained
and unexplained variance [26]. The SEM process is analogous to creating a system of simultaneous
linear regression models to confirm the relationships between the model variables [27,28]. In this study,
in order to test the proposed hypothetical model, two statistical analyses were performed. The first is a
measurement model constructed using confirmatory factor analysis (CFA), followed by a structural
model. Typically, CFA is used to test if the specified construct influences responses as expected [29].
This step was required as the proposed CSFs were established using PCA rather than factor analysis.
For this study, CFA was conducted to confirm the data structure for the four CSFs and finalize the
criteria prior to undertaking an SEM of the hypothetical structural model. The following structural
model is interested in both the variable loadings and the path analysis of the selected framework.
The workflow of the analysis process for this study is shown in Figure 1. All statistical analysis was
completed using the IBM AMOS (version 18) software package.
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2.4. Measurement and Structural Model Development

The CFA process is a statistical method used to test the reduction of multiple observed variables
into a smaller number of latent variables through investigating the covariance between the observed
variables [30]. The CFA structure is set a priori, based on hypotheses made about the relationship
between the factors [31]. As this study follows from the work presented in Merrett et al. [14], the
structure for the CFA followed the structure of the four proposed CSFs based on PCA. Therefore, the
latent variables used are the four CSFs “Policy and government agency support of source protection”,
“Catchment risk monitoring and information”, “Support of operational field activities” and “Response
to water quality threats”. The corresponding observed endogenous variables are the 19 PHCs identified
from a process hazard analysis of DWSP.

Once a reliable measurement model was established, the next step was to create a structural
model. In SEM, a structural model is a valuable tool for the development of theories and construct
validation [28]. The SEM process involves examining the ability of the four latent variables to fit the
data sample. The statistical techniques used in SEM enables an assessment of both the direct and
indirect effects of the individual variables on the other variables in the model [32].

3. Results

3.1. Measurement Model

For any SEM to be considered meaningful, a reliable measurement model needs to be established.
In this study, CFA was used to assess the reliability of the measurement model. For the CFA the
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latent variables selected are the four CSFs proposed by Merrett et al. [14], being: CSF1: Policy and
government agency support of source protection; CSF2: Catchment condition information and risk
monitoring; CSF3: Support of operational field activities; and CSF4: Response to water quality threats.
The reliability of the CFA and SEM is based on a selection of relevant goodness of fit (GOF) indices.
The GOF indices recommended by Jackson et al. [31] for this type of application include the root mean
square error of approximation (RMSEA), the ratio of Chi squared and degrees of freedom (χ2/df ratio)
with the p-value, comparative fit index (CFI) and incremental fit index (IFI). Another consideration
is the sample size required for a reliable result. Many authors have suggested various recommend
sample sizes, however there is no agreement on a rule of thumb for an adequate sample size due to a
multiplicity of factors which influence model reliability. With the modest sample size of 61 respondents,
the RMSEA value is useful in assessing the validity of the model and maintaining low type I error rates,
as the RMSEA test is largely unaffected by the sample size [33]. For RMSEA a value of >0.1 indicates
the model is a poor fit [25] and ideally should be <0.6–0.8 [30]. The recommend value for the ratio of
Chi squared and degrees of freedom (χ2/df ratio) is <2. The value for the CFI and IFI should be above
0.90 [34] and ideally be equal to or above 0.95 [30].

As shown in Table 5, the CFA GOF results for the model based on the four CSFs and the associated
factors showed the model did not provide a very good fit when first assessed based on the original data
structure. All indices apart from the Chi squared and degrees of freedom (χ2/df) ratio failed to meet
the minimum requirements for a reliable model. To achieve an acceptable model fit, the model had to
re-specified. Re-specification is frequently required to ensure a reliable model; however, the process
must be based on both statistical and model logic considerations [28]. The re-specification of the model
in the CFA was based on removing the paths with lower factor loadings and a consideration of the
overall model logic. To maintain the validity of the model, the miminum requirement of two indicators
per factor [34] was maintained so as to ensure construct validity. Two of the factors removed include
“Regular surveillance of human activities in catchment areas is essential to manage risk to drinking
water quality” and “Real time information on catchment activities is required for effective control of
risk to drinking water quality” from CSF2: “Catchment risk monitoring and information”.“Continuous
training of field staff is critical to effective catchment operations for the protection of drinking water”
from CSF3: “Support of operational field activities” was also removed as part of the re-specification of
the final model.

Table 5. Goodness of fit (GOF) indices for the baseline and fitted CFA measurement model.

Model Fit Indices Minimum Acceptable
Limit Baseline Model Final Measurement

Model

χ2/df <2 1.72 1.31 (p = 0.021)
RMSEA <0.10 0.11 0.07

CFI ≥0.95 0.85 0.95
IFI ≥0.95 0.86 0.95

The information for the CFA standardized factor loadings and squared multiple correlation (R2)
for the final measurement model is provided in Table 6. The path coefficients in this case are all
significant at p ≤ 0.05 and are positive values supporting their contribution to the overall construct.
The convergent validity of the model was supported by the squared multiple regression (R2) values in
the model. In the final measurement model, except for three paths, the R2 values are all above 0.5 with
many at 0.7 or above. The covariance values shown in Table 7 show that the relationships between the
four latent variables are all significant at p ≤ 0.05, with positive relationships shown between all factors.
The final measurement model was found to be of sufficient reliability to continue with constructing a
structural model.
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Table 6. Regression paths, standardized coefficients and squared multiple correlations for the best
fit model.

Regression Path Standardized Coefficient Squared Multiple Correlation

CSF1: Policy and Government Agency Support of
Source Protection

6: Natural Resource Management agencies support the
protection of drinking water catchments 0.86 0.74

2: Government agencies actively implement policy for
the protection of drinking water quality catchments 0.78 0.60

5: Natural Resource Management agencies have a good
understanding of drinking water catchment
management principles.

0.70 0.49

7: Natural Resource Management agencies use their
authority to manage activities within in drinking water
catchments

0.76 0.57

3: Government provides timely policy responses to
emerging threats to drinking water catchments. 0.72 0.52

1: Current government policies provide robust
protection of drinking water catchments 0.75 0.56

9: Natural Resource Management agencies see drinking
water management agencies as key stakeholders 0.77 0.60

4: Government engaging with relevant stakeholders
when developing or reviewing policy for the protection
of drinking water catchments

0.67 0.45

8: Natural Resource Management agencies effectiveness
in managing risk of natural disasters (i.e., Fire, flood,
erosion/landslides)

0.65 0.43

CSF2: Catchment Condition Information and
Risk Monitoring

10: Effective catchment management planning requires
current land use information 0.91 0.83

11: Observational information on catchment condition is
critical to the catchment management planning process 0.96 0.92

12: Effective catchment management planning requires
water quality monitoring data 0.89 0.78

CSF3: Support of Operational Field Activities

19: Engagement with private landholders is essential in
reducing risk in drinking water catchments. 0.98 0.37

17: Data collected through inspections/surveillance is
valuable in planning operations to reduce risk to
drinking water quality

0.61 0.97

CSF4: Response to Water Quality Threats

13: Best practice catchment management planning
practices can identify and manage emerging threats to
drinking water quality

0.76 0.59

16: Enforcement of legal controls over activities in
drinking water catchments are effective in reducing
drinking water quality risk

0.77 0.58
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Table 7. The values for covariance between latent variables in the measurement model.

Latent Variable Pairs Estimate p Value

CSF1: Policy and Government Agency
Support of Source Protection <–>

CSF2: Catchment Condition Information and
Risk Monitoring 0.19 0.028 *

CSF2: Catchment Condition Information
and Risk Monitoring <–> CSF3: Support of Operational Field Activities 0.26 0.006 *

CSF4: Response to Water Quality Threats <–> CSF3: Support of Operational Field Activities 0.23 0.013 *

CSF4: Response to Water Quality Threats <–>
CSF1: Policy and Government Agency

Support of Source Protection 0.19 0.039 *

CSF1: Policy and Government Agency
Support of Source Protection <–> CSF3: Support of Operational Field Activities 0.17 0.037 *

CSF4: Response to Water Quality Threats <–>
CSF2: Catchment Condition Information and

Risk Monitoring 0.28 0.002 *

* p-value significant at p ≤ 0.05.

3.2. Structural Model

Following the establishment of a reliable measurement model by means of CFA, the next step
was to test the construct of the relationship between the variables in delivering drinking water source
protection outcomes. To test the model structure, the starting point involved developing a model
represented with bidirectional arrows among the four latent factors (CSF1: Policy and government
agency support of source protection, CSF2: Catchment condition information and risk monitoring,
CSF3: Support of operational field activities and CSF4: Response to water quality threats). This reflects
the potential for each of the latent variables to correlate with each other. Iteratively, in each run the
arrows showing links with low correlation values were re-adjusted or removed from the model. In
interpreting the results, the model with the best fit should demonstrate the directional influences of the
underlying structure [35]. Several model runs were made until a good fit was found that also logically
fit the conceptual model.

The structural model was developed based on a series of logical assumptions made about the
actions and responsibilities of the relevant government authorities, natural resource management
agencies and water service providers involved in managing drinking water catchments. The structure
proposed and tested focuses on the policy role of government and the environmental protection
roles of natural resource management agencies in establishing the foundations for the framework
for monitoring risk and provision of risk information between government agencies and the WSP,
through setting policy and supporting drinking water quality objectives from catchment management
activities. Following from the role of the government are the WSP’s functions of monitoring risk factors,
reviewing risk related data and planning appropriate responses to protect drinking water quality. Also
included in the development of the structural model are the relationships related to the function of
supporting operational field activities in relation to the response to water quality threats. The next
factor in the process is the execution and support of operational activities to collect catchment data so
as to measure the levels of risk in the catchment area. The final step in the conceptual model is the
relationship between response actions taken when threats to drinking water are identified.

The selected best fit structural model with path coefficients and multiple regression values is
shown in Figure 2. The key elements of understanding a SEM are the directional arrows, which denote
the direction of the assumed relationship. In the fitted structural model, the path coefficients were all
significant at the p < 0.05 level. The associated GOF indices of the final measurement model are all
within the critical limits for GOF, indicating the acceptability of the final model fit (Table 8). In the
construction of the structural model, the correlation between the policy and three previous latent factors
is representative of how information is collected, processed and acted on in source protection programs.
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Table 8. Results for the goodness of fit (GOF) indices for the fitted structural model.

Goodness of Fit Indices Acceptable Limit Fitted Structural Model

χ2/df <2 1.40(p = 0.009)
RMSEA <0.10 0.08

CFI ≥0.95 0.95
IFI ≥0.95 0.95

When establishing the relationship between CSF1: Policy and government agency support of
source protection and the other CSFs, several different structures were tested based on a series of
logical assumptions. Initially it was proposed that CSF1: Policy and government agency support of
source protection would directly correlate with CSF4: Response to water quality threats due to the
relationship with catchment outcomes. That is, planned operational activities are influenced by what
is permissible within the drinking water catchment, which relates back to the regulatory and policy
arrangements of public drinking water source catchments. However, the direct correlation of CSF1:
Policy and government agency support of source protection with CSF4: Response to water quality
threats was not found to be significant at the 0.05 probability level. Instead, the model shows that that
CSF1: Policy and government agency support of source protection is correlated with CSF2: Catchment
condition information and risk monitoring. This relationship illustrates the important role that policy
and the actions of natural resource management agencies have for understanding the drinking water
quality risks in catchment areas and the provision of information to WSP. Interestingly, the relationship
between CSF1: Policy and government support and CSF2: Catchment condition information and risk
monitoring had the lowest path coefficient value (0.31) of the structural model, as well as the lowest R2
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value (0.26). This may be due in part to the challenge of directly matching the policy and the actions
of government agencies with the practices of WSP and drinking water catchments managers. There
appears to be the potential for a number of factors not included in the model, which influences the
relationships between government agencies and the WSPs in managing drinking water catchments.

For WSPs to respond to water quality threats effectively, it is fundamental to effectively source
protection. The structural model shows that CSF2: Catchment condition information and risk
monitoring has a significant relationship with both CSF3: Support of operational field activities and
CSF4: Response to water quality threats (with path coefficients of 0.65 and 0.35, respectively). This
relationship illustrates the risk-based approach to the management of drinking water risk, as well
as the importance of supporting field-based operations for responding to water quality threats. The
model also tested the influence of CSF3: Support of operational field activities on CSF4: Response
to water quality threats. The theory was that the WSP support of field activities would influence the
response to water quality threats. The structural model shows the path coefficient as 0.39 with an R2

value of 0.44. The results show that while there is a significant correlation between CSF2: Catchment
condition information and risk monitoring and CSF4: Response to water quality threats, there is a
mediation effect from CSF3: Support of operational field activities.

4. Conclusions

The practice of drinking water source protection involves a complex mix of factors for successful
outcomes. With such a mix of factors involved in successful outcomes, agencies involved in the
supply must be able to identify which factors are key and how they relate to each other. This study
confirmed the underlying relationships between four proposed DWSP program CSFs (CSF1: Policy
and government agency support of source protection, CSF2: Catchment condition information and
risk monitoring, CSF3: Support of operational field activities and CSF4: Response to water quality
threats). To better understand the underlying relationships between the four CSFs, CFA was used to
develop a reliable measurement model followed by a structural model. This approach allowed the
establishment of a meaningful SEM through the testing of all assumptions simultaneously based on
theory. The resulting SEM framework provides information on the underlying structures that support
successful outcomes in drinking water source protection, based on the perceptions of a limited sample
of professionals in Taiwan, Australia and Greece. Such insight has not been offered in previous studies
on the topic of drinking water source protection. Moreover, the results also show the structure of the
relationships between individual CSFs.

The results of the final structural model show that the relationships between the three CSFs for
functions which are typically under the control of the WSP (CSF2: Catchment condition information
and risk monitoring, CSF3: Support of operational field activities and CSF4: Response to water
quality threats) are positively correlated. The SEM results indicate that CSF2: Catchment condition
information and risk monitoring is the leading CSF in relationship with CSF3: Support of operational
field activities and CSF 4: Response to water quality threats. Leading the model, CSF2: Catchment
condition information and risk monitoring has a positive relationship with the operational and risk
response functions in catchment management. The results of the measurement model support the
widely endorsed industry approach of risk-based management of drinking water catchments. In
the common industry approach to risk-based management, government policy and natural resource
management practices set the baseline protection framework, and the WSP is focused on collecting
information on catchment condition and assessing risk, which triggers the need for intervention when
the risk is too high. Furthermore, the structural model supports using risk information from a variety
of sources, specifically natural resource management agencies.

The final SEM shows that the relationship of CSF1: Policy and government agency support of
source protection with the other CSFs was not as strong as was originally hypothesized. Given the
importance of the government’s role for setting the base requirements for catchment protection and
the role of natural resource management agencies in controlling potentially polluting activities, the
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influence was expected to be more pronounced in the structural model. Such a relationship suggests
a disconnect between the efforts of policy and regulation with operational management of drinking
water sources. Further research on the relationship between government policy, the functions of natural
resource management agencies and WSPs for the protection of drinking water sources could guide
initiatives to further strengthen DWSP outcomes.

While this study provides a novel approach to investigating the relationships between CSFs for
DWSP programs, there are key limitations that need to be considered in future research. The limited
sample sizes of questionnaire respondents from each country limit the generalizability of the findings
presented. Furthermore, a possible bias in the final results exists as most data was collected from
Taiwan, with limited representation from Australia and Greece. Further research needs to consider the
role each country has in the magnitude of responses. Nonetheless, this study highlights the value of
SEM in investigating conceptual models for DWSP programs.
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