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ABSTRACT 15 

People are paramount in the operations of water infrastructure systems. While such processes are 16 

similar throughout most communities in the United States, including treatment and distribution, 17 

each community encounters localized challenges. In the Yukon-Kuskokwim (YK) Delta of Alaska, 18 

specifically, water sector professionals (e.g., water plant operators, water haulers) encounter 19 

unique and extreme challenges. The harsh Arctic weather makes road navigation dangerous for 20 

water haulers, and water plant operators must contend with a precarious supply chain when 21 

ordering supplies for maintenance. Such challenges can disrupt water provision for communities. 22 

In this study, we analyze semi-structured interviews with 24 Alaska water sector professionals, 23 
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using qualitative content analysis and semi-cognitive mapping. We build a conceptual integration 24 

of systems and stakeholder theory to identify barriers to water provision and leverage points for 25 

improvement. We examine three components of the water provision process in rural Alaska 26 

communities: water treatment, hauled water distribution, and piped water distribution. We show 27 

that to increase workforce retention, limit worker burnout, and ensure reliable water provision, 28 

practices including training and certification need to become more localized. Moreover, working 29 

conditions and operating environment around the worker need to be more central in water system 30 

considerations, especially for water hauling where workers play a critical role in water distribution. 31 

This analysis reveals a key conclusion that underlies all our propositions: people are a leverage 32 

point for water provision improvement. In so doing, we contribute to the literatures in public 33 

administration and bureaucracy, sociotechnical systems, and stakeholder theory as applied to 34 

infrastructure systems, more generally, and water systems, more specifically. 35 

Keywords: operations; infrastructure; stakeholders; systems; rural; Alaska; training  36 

Synopsis: Training for water sector professionals in rural Alaska needs to become more localized 37 

to ensure reliable water provision for communities.  38 
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INTRODUCTION  42 

Rural Alaska communities rely on a range of stakeholders to ensure water service provision, 43 

including water plant operators, water haulers, administrative workers, and end-users. While the 44 

design and physical integrity of infrastructure is essential, people are paramount for ensuring 45 

reliable water provision. For instance, water plant operators must understand how seasonal 46 

changes influence source water quality, ensuring they adjust chemical treatment accordingly. 47 

Workers in administrative roles create workforce schedules and process payments for end-users, 48 

ensuring reliable revenue for the utility. Community leaders develop long-term utility expansion 49 

plans to accommodate changing populations and system funding. End-users (i.e., the community 50 

residents) also hold an important role in water services, whereby they create a demand for water, 51 

monitor the aesthetics of water that reaches their homes, and contribute to revenue that supports 52 

the utility. In the Yukon-Kuskokwim (YK) Delta of Alaska, where many communities rely on 53 

hauled water distribution, water haulers deliver treated water to community residents via truck or 54 

all-terrain vehicles (ATVs), filling the essential role of distribution otherwise provided by piped 55 

infrastructure elsewhere. 56 

The importance of stakeholders, especially the workforce operating the utility, is 57 

recognized by industry experts. In the 2023 State of the Water Industry Report, workforce concerns 58 

were prominent in the list of the top 20 issues facing the sector. For instance, “aging 59 

workforce/anticipated retirements” ranked at number 6 and “talent attraction and retention” at 60 

number 12 [1]. To contextualize the starkness of these challenges, a 2018 study noted that 30-50% 61 

of employees in the water sector are expected to retire in 5-10 years [2], [3]. To swiftly prioritize 62 

these concerns, the American Water Works Association (AWWA) is collaborating with several 63 

organizations and government agencies, such as the Water Environment Foundation (WEF), the 64 
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U.S. Environmental Protection Agency (EPA), and the U.S. Department of Agriculture (USDA) 65 

[4]. Such initiatives include the AWWA-WEF Work for Water program [5], the EPA Water Sector 66 

Workforce Initiative development grant scheme [6], and the EPA-USDA Memorandum of 67 

Agreement around rural water and wastewater services [7]; all of which prioritize water sector 68 

workforce development. The interagency cooperation demonstrated by these initiatives provides 69 

assurance that the industry and the government recognize the role of water sector professionals in 70 

water service provision, and seek to improve it. 71 

While workforce challenges are acute in more “typical” operating conditions, they can be 72 

existential in more extreme operating conditions. The unique operating environment of rural 73 

Alaska presents significant constraints for water provision. Water sector professionals must 74 

contend with extreme weather conditions, precarious supply chains, and skill misalignments to 75 

ensure continuity of services [8]. Workers must prepare for the low temperatures and high winds 76 

that typify the Arctic. In many communities throughout the YK Delta—the region of focus in this 77 

study—water pipes are placed above the ground surface to avoid interference with permafrost [9]. 78 

These pipes can be damaged by vehicles, especially when covered by snowdrifts, requiring a great 79 

deal of knowledge, skills, and time from the water utility workforce to make repairs. Pipes can 80 

also be damaged by ground subsidence during freeze/thaw periods, an issue that is only further 81 

exacerbated by climate change [10]–[12]. Utility maintenance workers must regularly check and 82 

resecure pipes that have moved. Extreme temperatures necessitate the procurement of special 83 

materials and operations to prevent water within the distribution pipes and water treatment plant 84 

from freezing. These include but are not limited to the use of heat tape, glycol, as well as protocols 85 

to ensure water is continuously circulating to prevent blockages due to freezing [13], [14].  86 
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Other communities in the Delta employ water haulers to deliver water, rather than 87 

distributing the water through pipes. These specialized water sector workers must contend with 88 

icy roads, low visibility, and extreme cold while delivering water to homes [15]. The arctic weather 89 

requires those individuals who operate water utilities to have specialized knowledge and skills to 90 

properly maintain such systems. The lack of such knowledge and skills often results in 91 

infrastructure damage and service disruptions [16], [17].  92 

Adding to these challenges, there are several communities in the YK Delta that are 93 

considered unserved, as defined by the Alaska Department of Environmental Conservation, where 94 

less than 55% of homes receive treated water through pipes, well, or a covered hauled service [18]. 95 

These households often must collect their own water, usually from a central community water 96 

point. 97 

Adding to the environmental challenges, material and equipment needed for repairs and 98 

regular maintenance are not readily available or transportable in the rural Arctic [10], [17], [19]. 99 

When a replacement part is needed for a water pump, for instance, the likelihood that such a piece 100 

can be sourced from within the region, let alone in a timely manner, is low [20]. Because 101 

communities in the YK Delta are not connected via a highway system, materials are often shipped 102 

via air from Anchorage, if the parts are small enough. For larger equipment, water plant operators 103 

must place orders months in advance, and often wait for warm weather when a barge can access 104 

the area [21]. Amidst these habitual supply shortages, gaps, and delays, water sector workers in 105 

the region must develop the logistical skills to plan as much as a full year ahead for when materials 106 

and equipment is needed. Alternatively, when repairs must be made promptly to ensure water 107 

provision, and supplies cannot be procured, workers must innovate workarounds with readily 108 

available materials, such as utilizing coffee cans and other makeshift tools for repairs, which the 109 
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researchers learned during tours of water treatment facilities in the region. This practice of 110 

recombining what is commonly available to innovate is known as bricolage, and in resource-111 

constrained environments, this is not only common but often essential [22]–[24]. 112 

With water systems facing such extreme supply, social, and environmental conditions, one 113 

could argue more rather than less workforce is needed. Yet precisely due to these unwelcoming 114 

conditions, Alaska has some of the worst workforce shortages. In Alaska, job opening rates were 115 

as high as 11.2% in May 2022, almost twice that of the overall United States [25]. Strict 116 

certification testing, scheduling, and administrative requirements present additional barriers in 117 

communities with minimal internet access and a fairly informal local economy [26]. Moreover, in 118 

the YK Delta, where 85% of the population identifies as Alaska Native (AN) [27], many water 119 

sector workers take subsistence leave seasonally for hunting, fishing, and gathering. These 120 

subsistence practices are not only essential for preserving the local Indigenous culture, but are 121 

necessary for survival in these remote tundra communities [28]. With already existing shortages, 122 

most rural utilities cannot employ enough workers to fill important roles while others take 123 

subsistence leave, which only further stresses the system. Many workers are forced then to choose 124 

between their cultural and professional priorities [29], [30]. 125 

To explore the complexity of water delivery due to the extreme conditions that we have 126 

documented, we first highlight where such complexity critically intervenes in water distribution. 127 

Figure 1 details the components that centrally capture the diverse water delivery modes observed 128 

in rural Alaska water provision. Total household water supply is comprised of both treated and 129 

untreated water, the former of which can be provided by either piped or hauled distribution [18]. 130 

For piped water distribution, pipes transport treated water from a centralized water treatment plant 131 

to homes, with pipes typically placed above the ground surface to avoid disruption from shifting 132 
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permafrost. For hauled water distribution, treated water is transported by the end-user or municipal 133 

worker via truck or ATV, and then stored in tanks inside homes. We posit that there are notable 134 

differences between these two service types, which impacts water provision as each mode requires 135 

different skills to maintain and operate, and are impacted differently by extreme Arctic weather. 136 

Although we focus on treated water in this study, we must acknowledge that traditional water 137 

collection practices, such as packing ice and collecting rainwater, contribute to a household’s total 138 

water supply, although not managed or regulated by a professional workforce. 139 

 140 

Figure 1. Components of water provision that lead to the total household water supply in rural 141 

Alaska communities. There are two supply types: treated and untreated water. Treated water can 142 

be distributed through either pipes or hauled service. All of these components contribute to the 143 

total household water supply.  144 

Amidst such relentless complexity in water delivery, our study explores how water sector 145 

professionals work within and around water services in rural Alaska communities. Workers hold 146 

myriad essential roles in these water treatment and distribution processes, including management, 147 

operations, and administration of the utility. Prior work often does not holistically explore the 148 

worker and their impact on water provision, but rather focuses on issues such as sanitation [31] or 149 

infrastructure design [14]. In other words, the focus has been more on the water “hardware” and 150 

less so on the water “software”. More specifically, workers are often the key means by which water 151 
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systems are linked to key stakeholders (i.e., end users, government agencies, and community 152 

organizations). We have yet to fully characterize these interactions, especially amidst such extreme 153 

operating conditions. To these ends, we conduct an inductive study to identify such relationships. 154 

This study aims to identify salient relationships and synthesize them into testable propositions that 155 

can subsequently guide larger scale stakeholder-system analyses. 156 

Enabling this study is the qualitative content analysis [32] of semi-structured interviews 157 

with 24 regional water sector experts who work in rural Alaska communities. These interview 158 

participants provide insight into the regular challenges and rewards of operating a rural Alaska 159 

water distribution network that could not be collected via other means. For example, the 160 

participants discuss the dynamics of workforce-community interactions, explaining the challenges 161 

of accessing private properties to deliver water. Other participants discuss workers’ safety 162 

considerations of driving on icy roads in low visibility to deliver water. Building on this insight, 163 

we develop a semi-cognitive map [33], identifying relationships between factors that enable or 164 

inhibit water provision. Semi-cognitive maps provide a structure for knowledge that would 165 

otherwise “be loosely-linked, highly complex, or unavailable” [33]. These maps are especially 166 

useful in this analysis because they allow for a visual understanding of interactions among systems 167 

[17]. Using this information, we build a novel framework to understand the stakeholder-systems 168 

involved in water provision. We further utilize this information to provide recommendations for 169 

improvement to the water sector workforce to ensure reliable water provision, including training 170 

improvements and greater attention to workers’ wellbeing.  171 

POINTS OF DEPARTURE  172 

Many studies have examined water infrastructure from various perspectives [14], [34], [35]. Such 173 

studies have evaluated planning [36], design [37], and resilience of water utilities [38]. Many 174 
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studies focus on urban infrastructure, assessing deteriorating water networks and health impacts 175 

on communities [39]–[41]. This study departs from existing literature by focusing on the 176 

professionals supporting water provision in rural Alaska communities. Understanding water 177 

infrastructure here is especially important due to the populations’ vulnerability, and the subsequent 178 

impact of water services [11], [26], [42]. 179 

There is a range of literature that explores water access in rural Alaska communities. Such 180 

studies provide insight into the barriers to water provision, highlighting environmental [43], 181 

economic [13], and cultural [44] factors that can hinder access to safe potable water. Brown et al. 182 

explore drivers of declining water access, identifying socioeconomic status as a significant barrier 183 

to water access in Alaska communities [10]. Other studies identify climate change and the resulting 184 

environmental impacts as barriers to reliable water provision [28], [45]. One challenge is how to 185 

understand the preferences of untreated water. There are two competing findings. The first is that 186 

some argue residents prefer untreated water, which can result in deleterious health impacts [43], 187 

[44], [46]. However, these studies are often conducted in settings where residents have and can 188 

afford a choice between treated and untreated water. The second is residents who use untreated 189 

water because they have no alternatives and so such practices are argued to be driven more from 190 

conservation than preference for such water delivery means [30], [42], [47]. For the purposes of 191 

our work, we are largely exploring a setting where both treated and untreated water are available. 192 

We begin this study with a focus on water sector professionals, aiming to understand their 193 

impacts on the water provision in rural Alaska communities. Some researchers have analyzed 194 

stakeholders and infrastructure projects broadly, identifying who is a stakeholder [48], [49], the 195 

roles of key stakeholders [36], and even if stakeholders oppose projects [50], [51]. From these 196 

studies, we learn that stakeholder cooperation is pivotal in the successful implementation of a 197 
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project. Such studies cover a range of infrastructure types, including transportation [52], real estate 198 

[53], and energy projects [50], demonstrating that commonalities exist across sectors. Some studies 199 

focus on rural areas [34], and others on urban areas [54], demonstrating that studies focused on 200 

specific regions and contexts yield different results. We build upon such research to evaluate the 201 

unique context of rural Alaska, where water sector stakeholders encounter significant challenges. 202 

A select group of studies have explored stakeholders and water infrastructure [17], [36], 203 

[40], [48], arguing that stakeholders’ roles must be understood for successful implementation of a 204 

water sector project. We learn from such studies that stakeholders with different backgrounds, 205 

careers, and motivations can impact infrastructure projects differently. For instance, Lienert et al. 206 

argue that stakeholders are disconnected from one another in water infrastructure planning, and 207 

that they need more coordination to ensure successful projects [48]. While most of these studies 208 

focus on the development and design of infrastructure [55], we depart from such studies to evaluate 209 

the stakeholders involved in water provision. To reiterate, while most focus on the water system 210 

“hardware” (i.e., infrastructure design and delivery), we also include the “software” (i.e., workers 211 

and stakeholders). Focusing on the provision of service allows us to understand this final step in 212 

the distribution process, and to identify possible intervention points, providing practical 213 

recommendations for water sector improvement. 214 

We employ stakeholder theory in this study as a means to more systematically identify and 215 

better understand the stakeholders who are associated with water provision. Stakeholder theory, 216 

often used in business ethics and organizational studies, aids in identifying stakeholders for a 217 

project or organization [56]. The framework guides us in determining to whom the entity is 218 

responsible, considering factors such as safety, happiness, productivity, and finances. In 219 

identifying such stakeholders, the entity can better develop their strategy framework, determining 220 
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which priorities drive success. Stakeholder theory further emphasizes the value of relationships 221 

between organizations and society [57]. As such organizations can create jobs, build infrastructure, 222 

and impact community wellbeing through these stakeholder relationships. Although not as 223 

commonly used in infrastructure studies, stakeholder theory is a useful tool here in the evaluation 224 

of water utility operations as it allows us to understand the system beyond just the technical 225 

perspective. When dealing with extreme operating conditions, a social perspective is arguably also 226 

consequential. Stakeholder theory enables us to identify relationships between utility owners, 227 

water sector workers, and community end-users. The literature that uses stakeholder theory to 228 

evaluate infrastructure projects primarily does so to identify stakeholders in the development of a 229 

new project, including transportation [49], [58], energy [50], and construction projects broadly 230 

[51], whereas we are focused on the roles of professionals throughout the daily operation and 231 

maintenance of a utility. More specifically, we see that stakeholder influences on service provision, 232 

and in our case water service provision, are missing from this scholarly dialogue. We use 233 

stakeholder theory to better understand the roles of water professionals in operations and 234 

management to fill this operational-focused gap in the literature.  235 

This study’s analysis of water infrastructure integrates system and stakeholder approaches. 236 

Defined by Meadows, a system is “an interconnected set of elements that is coherently organized 237 

in a way that achieves something” [59]. Systems thinking requires an understanding that systems 238 

are connected and do not function independently [59], [60]. Several studies have integrated this 239 

approach into their stakeholder analyses, recognizing that stakeholders will impact and be 240 

impacted by many interdependent systems [17], [58], [61], [62]. Much of the previous literature 241 

has evaluated water infrastructure from just one or two system types and underlying stakeholders. 242 

Here we build on a foundation of existing work that finds interdependencies among a wider set of 243 



 

12 

 

financial, social, technical, and natural systems [60]. By integrating systems and stakeholder 244 

approaches, we can further understand the roles of water professionals and how they impact water 245 

provision. Ultimately, this more holistic approach will allow us to better identify solutions to the 246 

more extreme water challenges that typify rural Alaska communities. 247 

This study provides contributions to literature in three key areas. The first contribution is 248 

in the literature on public administration around bureaucracies and the ways in which they 249 

administer public services such as water. The originating premise of this group of literature is that 250 

the processes for infrastructure service delivery are heavily influenced by those government 251 

agencies and bureaucrats nearest to the locus of access [63]–[65]. From that a plethora of literature 252 

has explored how such bureaucratic decisions affect delivery of services ranging from those 253 

pertaining to environmental protection [66], educational [67], water [68], hydroelectric facilities 254 

[69], all the way to even the approval of GMOs and wood pellets [70]. However, in this rich and 255 

growing literature, the focus is on detailed ethnographic studies and even when studied at larger 256 

scale, the focus is on the bureaucratic agency of interest. These studies are missing an 257 

understanding of the ways in which different stakeholder groups interact with such agencies. This 258 

is important as these stakeholders rarely act independently and often operate and deliver services 259 

as a coalition. In adopting a systems-based approach, we can take greater stock of the 260 

sociotechnical landscape around infrastructure services to better understand how multiple 261 

stakeholder groups interact to better gauge where there are barriers to service provision. 262 

The second contribution is around the literature regarding sociotechnical analyses of water. 263 

This work tends to focus on individual preferences [43], [71], [72], how to build social acceptance 264 

[73], [74], and legitimacy [75]–[77]. While seemingly intuitive, few incorporate stakeholder theory 265 

into this arena [34], and when they do, they do not do so in a way that is actionable and can inform 266 
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engineering decision-making. Our study advances not just a more structured incorporation of 267 

stakeholders into water systems but a methodology through which to chronicle where they are 268 

particularly important in the information flows of the system. Our study uses approaches in 269 

systems thinking to map where stakeholders interact with each other and other factors to identify 270 

where stakeholders have critical challenges and bottlenecks that if addressed, could improve 271 

system performance. 272 

The third contribution is around stakeholder theory [56]. While much of this literature has 273 

focused on non-market strategy, namely the interactions between businesses and civic 274 

organizations such as non-profits and communities [78]–[80], this does not cover how these play 275 

out in infrastructure systems. This is surprising because there is a set of ethnographic work and 276 

more recent large-scale quantitative work that argues stakeholder contentions and interactions 277 

around infrastructure systems are especially important. Because infrastructure is often so taken-278 

for-granted, they can have strong yet often obscured influence on how these systems operate, to 279 

the point they may skew resource access from these systems [81]–[83]. Here again, our approach 280 

to formalizing where precisely such stakeholder interactions play out and how they influence 281 

infrastructure systems helps expand the scope and applicability of stakeholder theory to these 282 

understudied infrastructure systems. 283 

Overall, while many have recognized the value and influence of stakeholders, they do so 284 

generally and without a structured methodological approach. Our study helps formalize and 285 

structure an approach to more precisely understand where and how stakeholders influence 286 

infrastructure systems so as to better recognize and act upon such value and influence in ways that 287 

improve infrastructure system performance, better tailor to different stakeholder needs, and more 288 

equitably distribute the benefits. 289 
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METHODS  290 

Data Collection  291 

To better understand water provision in rural Alaska communities, we conducted semi-structured 292 

interviews with regional water sector experts from the YK Delta. These 24 experts held various 293 

roles within their communities, including administrative leadership, healthcare workers, water 294 

services operators, and others, as shown in Table 1. In line with Freeman’s seminal work, we 295 

define a stakeholder as an entity that directly interacts with the water utility [56]. Participants 296 

included both members and non-members of Native Alaskan tribes. These interviews were 297 

conducted both remotely and in-person between November 2021 and August 2022. Before data 298 

collection, the project was reviewed by the Institutional Review Boards at the University of Texas 299 

at Austin, Carnegie Mellon University, and the Alaska Area IRB, as well as the YK Health 300 

Corporation Human Subject Review Board. Participants were compensated for their time. 301 

Interviews ranged in length from 11 to 123 minutes. The interviews were recorded (with 302 

permission), transcribed, and checked for quality through reviewing for transcription errors. One 303 

interview participant requested not to be recorded, but did agree to participate, and as such a debrief 304 

was recorded by the interviewer afterward to capture the discussion. 305 

Table 1. List of interview participants, their community roles, and interview details. 306 

Participant 
Region of 
Experience Organization Role 

Interview 
Mode 

Interview 
Length 

# 01 Rural Hub Municipal Public Works Water Hauler In-Person 27 min 
# 02 Rural Hub Tribal Organization Administrator In-Person 38 min 
# 03 Rural Hub Municipal Public Works Water Hauler Remote 61 min 
# 04 Rural Hub Tribal Organization Administrator In-Person 68 min 
# 05 Rural Village Tribal Organization Administrator In-Person 123 min 
# 06 Rural Village Municipal Public Works Water Plant Operator In-Person 30 min 
# 07 Rural Village Municipal Administration Administrator In-Person 123 min 



 

15 

 

# 08 Rural Village Municipal Public Works Water Plant Operator In-Person 31 min 
# 09 Rural Village Regional Health Organization Healthcare Worker In-Person 28 min 
# 10 Rural Village Regional Health Organization Healthcare Worker In-Person 28 min 
# 11 YK Delta Municipal Public Works Water Hauler In-Person 11 min 
# 12 Rural Village Municipal Administration Administrator In-Person 37 min 
# 13 Alaska Private Firm Professional Engineer Remote 59 min 
# 14 Alaska Municipal Public Works Water Plant Operator In-Person 90 min 
# 15 YK Delta Regional Health Organization Public Health Worker Remote 76 min 
# 16 Rural Hub Municipal Administration Administrator In-Person 79 min 
# 17 YK Delta Regional Health Organization Administrator Remote 80 min 
# 18 YK Delta Regional Health Organization Public Health Worker Remote 61 min 
# 19 Rural Hub Municipal Public Works Water Hauler Remote 62 min 
# 20 YK Delta Regional Health Organization Public Health Worker Remote 82 min 
# 21 Rural Hub Municipal Administration Administrator In-Person 60 min 
# 22 YK Delta Municipal Administration Administrator In-Person 108 min 
# 23 YK Delta Regional Health Organization Water Plant Operator Remote 73 min 
# 24 Rural Hub Municipal Administration Administrator In-Person 79 min 

 307 

Interview questions were directed towards understanding the provision of water services 308 

broadly, the stakeholders involved in this process, as well as the unique barriers and impetuses to 309 

water provision in the YK Delta. As per prior exemplars in qualitative research, the core interview 310 

questions of interest were focused more on recounting facts and avoided leading questions [84]. 311 

Opinion or perception-based questions were asked to provide additional contextual information 312 

for which to situate the answers to the more core fact-based questions. Moreover, most interviews 313 

were conducted with at least two researchers present to enhance the internal validity and richness 314 

of the data collection as both the interview and additional observational data could be 315 

simultaneously collected [85]. When possible, additional data sources were used to triangulate our 316 

findings such as aforementioned observational data and archival data (e.g., media communications 317 

and policy documents). Our sampling strategy included two steps, as is typical in such work [85], 318 

[88]. We first identified professionals whose work is closely tied to water provision or decision-319 

making in rural Alaska, and requested their participation. Next, we used snowball and convenience 320 
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sampling to gather more participants with broad perspectives and experiences [32], [89]. Finally, 321 

we followed the principle of saturation, whereby we stopped conducting additional interviews as 322 

the focal participant’s answer began to increasingly mirror the responses of past participants [90], 323 

informing our total of 24 participants. Given a sample as small as 10 can produce 95% of the 324 

salient information, our sample mirrors (and even arguably surpasses) that of prior practice [91]. 325 

Interview questions began with background information about the participant, both to build 326 

rapport and to understand their scope of expertise, asking about their community, their family, and 327 

their professional background. Next, participants were asked event and fact-based questions about 328 

their specific experience working in the water sector in the YK Delta, including daily tasks, 329 

challenges, and interactions with others. Finally, participants were asked about what they 330 

perceived to be the strengths and weaknesses of the water utility, and how they believed it could 331 

be improved. Several questions that are pertinent to the analysis here include: 332 

• Can you walk us through a typical workday in your role? 333 

• Who do you interact with most often in your role?  334 

• What are some of the challenges you face in your role? 335 

336 

Figure 2. The qualitative coding process used in this study, including examples from interviews. 337 

We identified excerpts that included discussion of water provision and assigned each excerpt to a 338 
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component as applicable. Then we identified factors, relationships, and stakeholders relevant to 339 

water provision.  340 

Qualitative Content Analysis  341 

We employed qualitative content analysis using NVivo Software to evaluate interviews, as 342 

described in Figure 2 [32], [92], [93]. We identified excerpts that included discussion of water 343 

provision, then assigned distribution types and stakeholders as applicable. Employing inductive 344 

coding, we identified factors that drive or impede water provision and connected these via 345 

relationships, following similar work [17], [94]. The unit of analysis was the section of text 346 

pertaining to water provision, ranging from a phrase to a paragraph, and could be assigned multiple 347 

codes (i.e., simultaneous coding) [32]. Representative examples of interview excerpts with their 348 

coded stakeholders, factors, and relationships are included in Table 1. The coding was completed 349 

by one researcher who prepared a coding dictionary, then validated by a second researcher, 350 

resolving any discrepancies together. 351 

Table 2. Examples of interview excerpts and the associated codes identified in the qualitative 352 

content analysis. Stakeholders, factors, and relationships are identified for each excerpt. Each 353 

relationship includes an associated polarity, indicating if the subsequent factor increases or 354 

decreases. 355 

Excerpt Stakeholders Factors Relationships  
“They had problems where the 
boilers kept turning off. Our 
[Remote Maintenance Worker] 
came up, […] and they found the 
problem and fixed it.” 

• Water Plant 
Operators 

• Remote 
Maintenance 
Workers (RMW) 

• RMW Assistance 
• Equipment Repairs 
• Water Treatment 

• RMW Assistance 
increases 
Equipment Repairs 

• Equipment Repairs 
increase 
Water Treatment 

“The average driver works 
between 8 and 10 hours a day on 
good times, and 14 to 15 for 
wintertime, […] so we just 
basically run our drivers to the 

• Water Haulers • Working Overtime 
• Worker Burnout 
• Hauler Attrition  

• Working Overtime 
increases 
Worker Burnout 
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point where they don't want to 
work anymore, and then we try 
to find more.” 

• Worker Burnout 
increases 
Hauler Attrition  

“We have operators that will 
take subsistence leave, so 
sometimes summer times can be 
hard to find someone around to 
run the water plant.”  

• Water Plant 
Operators 

• Subsistence 
Practices 

• Operator 
Absenteeism 

• Number of 
Operators 

• Subsistence Practices 
increase 
Operator Absenteeism 

• Operator Absenteeism  
decreases 
Number of Operators  

 356 

Semi-Cognitive Mapping 357 

Finally, we use the relationships identified in the previous step to develop a semi-cognitive map, 358 

shown in Figure 3. Cognitive mapping is a useful tool to study relationships between factors, and 359 

allows researchers to draw “conclusions about the belief systems of individuals and groups” [33]. 360 

In using this method, we aggregate understanding and experience from participants, piecing 361 

together otherwise loosely-linked information. We call the model developed in this study a “semi-362 

cognitive map” due to the aggregation of knowledge from 24 participants, as well as the informed 363 

interpretation of the researchers. The development of this model allows us to identify shared 364 

knowledge. As shown in Figure 3, we begin with total household water supply at the center of the 365 

map (red diamond). We then add factors connected by arrows representing relationships. The map 366 

arrangement allows for a visual representation of the participants’ understanding of each 367 

component, stakeholder roles, and barriers to water provision. (See Figure 1 for a simplified 368 

version of this map.)  369 

RESULTS 370 

The semi-cognitive map shown in Figure 3 shows each component of water provision in rural 371 

Alaska, revealing distinct challenges as well as professionals impacting such challenges. Water 372 

plant operators, the key professional in water treatment, confront standardized regulations while 373 
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working in localized contexts. Water haulers, the key professional in hauled water distribution, 374 

experience challenges from both working and operating contexts, ultimately leading to worker 375 

burnout. Discussion of the piped water distribution component largely omitted conversation 376 

around the people involved—an issue that needs to be explored further. All of the challenges 377 

identified in the semi-cognitive map can lead to or exacerbate service disruptions, decreasing water 378 

provision in communities. Here we discuss such challenges and propose solutions.  379 
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Figure 3. Semi-cognitive map showing the water provision process. The arrowheads on each 381 

relationship indicate directionality (i.e., A leads to B), and the line colors and type (solid blue: 382 

positive, dashed red: negative) indicate polarity (i.e., A increases B or A decreases B). Factors 383 

are arranged in the map according to the component of the water provision process (blue 384 

rectangles: water treatment, orange rounded rectangles: hauled water distribution, yellow 385 

hexagons: piped water distribution, green ovals: natural and traditional collection). 386 

Water Treatment  387 

One group of water professionals, water plant operators, are critical to the water treatment 388 

component of the overall water provision process. Before water can be distributed to residents, 389 

water plant operators use their extensive training and skills to treat water according to drinking 390 

water standards [95]. While the role of water plant operator is generally not unique to rural Alaska, 391 

rural operators are responsible for daily operations while often contending with extremely low 392 

temperatures, aging infrastructure, and limited supply chains [8], [19], [20]. Such challenges 393 

require skills, innovation, and perseverance to avoid service disruptions and ensure service 394 

provision for the community. The semi-cognitive map in Figure 3 reveals that the retention of 395 

water plant operators is an essential component of treated water provision. When operator retention 396 

is low, not only are there few individuals to perform essential duties, but experiential knowledge 397 

is lost. This continuity of knowledge is critical for reliable operations of water plants, ensuring 398 

water provision. Retention of water plant operators is a growing concern in the water sector [96], 399 

[97] and is even more acute in rural Alaska [98]. The semi-cognitive map shows that training and 400 

certification can impact operator retention, revealing two pathways. These pathways reveal a 401 

dichotomy in the water treatment component: standardization (“one size fits all”) vs. situatedness 402 

(“tailoring for every circumstance”), as shown in Figures 4 and 5.  403 
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The first pathway, shown in Figure 4, focuses on the standardization of credentialing for 404 

water plant operators. A study participant who is very familiar with the certification requirements 405 

for operators explained that the State of Alaska previously certified operators through their own 406 

state-specific program. However, this process was changed to require operators to pass a 407 

nationally-recognized exam. Operators who pass this exam and meet the experience requirements 408 

can then obtain their operating license in the State of Alaska. The nationally-recognized exam 409 

covers a broad range of topics, familiarizing operators with water treatment processes used across 410 

the country. The exam is standardized to ensure that there is consistency and reliability amongst 411 

water plant operator licenses—those who are licensed have taken the same exam and conceivably 412 

possess the same knowledge. By making the exam nationally-recognized, operators can apply for 413 

reciprocity in some other states—where operators can transfer to work in another state once they 414 

are licensed in Alaska, and vice versa. As a participant explained, “That was done so that operators 415 

can enjoy reciprocity. That was supposed to be a good thing to standardize testing. […] but we lost 416 

uniqueness that would apply directly to us.” While there are benefits to standardization and 417 

reciprocity for many operators in the contiguous United States, standardization mostly presents 418 

barriers for operators in rural Alaska. Interview participants emphasized that most rural water 419 

operators are unlikely to pursue reciprocity, as this would require living outside of their home 420 

communities. 421 
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 422 

Figure 4. Semi-cognitive map focused on the water treatment component of the water provision 423 

process. The area inside the double lines includes the standardization pathways, focused on the 424 

nationally standardized operator exam and certification.  425 

Many participants discussed the strict testing and certification requirements, and the low 426 

exam pass rates for rural Alaska operators. They explained, as shown in Figure 4, that test-taking 427 

skills and English proficiency were significant barriers to certification. Many operators living in 428 

rural Alaska communities struggle to align their traditional backgrounds with the regulatory 429 

requirements imposed by state and federal guidelines. The standardized exam created a greater 430 

barrier to certification for Alaska water plant operators, as the exam is more difficult and less 431 

applicable to rural Alaska infrastructure. Further, standardization of operator certification ignores 432 

the specific local context of rural Alaska communities, where utilities are generally smaller than 433 
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others (usually serving just 100-1,000 people). These communities often use hauled water 434 

distribution, which is extremely uncommon in other areas of the United States. Perhaps most 435 

significantly, standardized certification requirements can impact funding. Having a licensed water 436 

plant operator on staff is a regulatory requirement for both state and federal agencies, and so many 437 

communities are refused funding when they cannot comply. There is a clear gap in understanding 438 

of Alaska water utilities, where state and federal agencies direct training and certification 439 

requirements without the local context informing such decisions. 440 

Alternatively, the second pathway for water treatment focuses on building tacit knowledge 441 

and situating such skill-building in the local operational context. The semi-cognitive map in Figure 442 

5 reveals that hands-on training is essential to skill-building for water plant operators. Such training 443 

often occurs in an operator’s home water plant, with assistance from a Remote Maintenance 444 

Worker (RMW) [99]. RMWs are highly skilled and certified operators who travel to communities 445 

throughout the YK Delta, assisting local operators when significant challenges arise. Interview 446 

participants explained that this hands-on, in-person training is often the most useful form of 447 

training, as it enables operators to learn using the specific equipment that they operate every day. 448 

Figure 5 also reveals that community support and the operator’s sense of responsibility positively 449 

impact service provision. As a participant explained, “I think most of the operators that are good 450 

at their job, they care about the position and they care about the job. […] They see it as a service 451 

to the community.” 452 

  453 
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 454 

Figure 5. Semi-cognitive map focused on the water treatment component of the water provision 455 

process. The area inside the double lines includes the situatedness pathway, focused on the 456 

localized context of water plant operators’ responsibilities. 457 

The analysis here suggests that in the treatment and provision of potable water to residents 458 

in rural Alaska, there is a tension between standardization and situatedness [100]. Standardization, 459 

a “one size fits all” approach, ensures water operators are evaluated to a common set of guidelines. 460 

Such standardization can be valuable for many “typical” operating contexts to ensure uniformity 461 

of regulations and water quality, and can be especially helpful if operators move between water 462 

treatment plants. However, such standardization may not suffice when applied to extreme 463 

operating contexts which are fundamentally different from “typical” operating contexts. Rather, 464 

situatedness, a “tailoring for every circumstance” approach, can ensure local needs are better 465 
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considered and served [100]. This suggests that operator training and certification requirements 466 

may need to be reassessed amidst this tension of approaches. Fortunately, the need for more 467 

localized training has been recognized by organizations in the state, like the Alaska Native Tribal 468 

Health Consortium [101]. A virtual training program has allowed rural operators to participate in 469 

training, without travel or time away from work. The importance of reciprocity for water plant 470 

operators may also need to be balanced with prioritization of local needs and preferences. 471 

Participants suggested modifications to the certification requirements, recommending that 472 

operators pass a site-specific certification test rather than a test determined by water treatment 473 

plant type. A participant explained, “Instead of them getting this huge general test that's for the 474 

whole nation, they would get tested on specific components that they have, and they would get 475 

certified to work in their plant.” While this may make deployment of tests more costly, such a 476 

change would empower local operators to build their skillset to operate their utility at a high level, 477 

ensuring water provision for local residents. This would also encourage retention in the water 478 

sector, as operators would not be pushed out of their roles for failure to pass a standardized exam. 479 

This all suggests the site-specific certification testing benefits (expanding cadre of operators 480 

available) may outweigh their costs (more localized site testing) in such extreme contexts. 481 

Hauled Water Distribution 482 

The analysis revealed that water haulers are the key water professionals associated with hauled 483 

water distribution in rural Alaska communities. In larger communities (e.g., the hub community in 484 

the YK Delta), water haulers transport water from the water treatment plant to homes via a water 485 

truck, often holding over 3,000 gallons of potable water. In smaller communities, water haulers 486 

transport potable water via small tanks and ATVs from the central water treatment plant to 487 

residents’ homes. Without water haulers, residents of rural Alaska communities would likely need 488 
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to haul their own water, creating a labor burden, as well as a significant barrier to access for many 489 

residents [13], [102]. Indeed, water haulers directly impact service provision in communities that 490 

utilize the hauled water distribution process. As shown in Figure 6, a major finding emerges—491 

worker retention impacts water provision via hauled distribution. Workers are affected by pathway 492 

A (working context) and pathway B (operating context) leading to overtime, burnout, and 493 

ultimately attrition. Following these two pathways, we can identify leverage points for improving 494 

working conditions and increasing retention. Ultimately, worker retention can improve service 495 

provision via hauled distribution.  496 

  497 

 498 

Figure 6. Semi-cognitive map focused on the hauled water distribution component of the water 499 

provision process. Pathway A inside the double lines shows the working context. Pathway B 500 

inside the double lines shows the operating context.  501 
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The working context primarily includes training and licensing requirements for water 502 

haulers. Water haulers in rural Alaska communities must develop specific skills for their work due 503 

to the unique context. Participants explained that water haulers must be able to navigate icy roads, 504 

manage deliveries to 40 to 60 homes in one shift, and monitor the water levels in both home tanks 505 

and the delivery tank. Without such skills, haulers are more likely to make mistakes, fall behind 506 

schedule, or miss houses on their delivery schedule, hindering service provision. To avoid these 507 

errors, water haulers participate in training, both formally and informally. In communities that use 508 

large water trucks, water haulers are required to obtain a commercial driver’s license (CDL) before 509 

beginning work [15], [103]. Once hired, haulers participate in hands-on training, where they 510 

shadow and work with an experienced driver. A participant explained that this is the most effective 511 

training method for drivers to learn: “They ride in the right seat and learn the job. They can see 512 

how it's done; we put them with an experienced driver. […] As far as the pumps go, 40 to 60 513 

houses a day, you see it turned on and turned off that many times every single day; you'll pick it 514 

up.” This one-on-one hands-on training is an essential component of building skills for water 515 

haulers. As they develop those skills, and practice them both while supervised and independently, 516 

haulers can ensure more reliable service provision for their community. 517 

In the operating context, the natural environment emerges as a significant contributor to 518 

water provision barriers. While most studies utilizing stakeholder theory solely consider people as 519 

stakeholders [104], we follow some researchers who take a broader approach to stakeholder 520 

definitions [105], [106]. We define the natural environment as a key stakeholder in hauled water 521 

distribution due to its impact on workers, end-users, and infrastructure. This interpretation aligns 522 

with the understanding in many indigenous communities that the natural environment is 523 

interdependent with other systems [107]. We learn from the Alaska Native communities in the 524 
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region who hold similar traditions and practices that foster a familial relationship with the natural 525 

environment. 526 

The semi-cognitive map relates Arctic climate conditions to worker burnout, which then 527 

results in water provision gaps that place more stress on the infrastructure and operations. More 528 

specifically, Arctic weather and icy roads can lead to difficult working environments and 529 

ultimately worker burnout. In turn, worker burnout can increase missed water deliveries, which 530 

can further decrease service provision. Burnout, categorized by the World Health Organization as 531 

an occupational phenomenon, results “from chronic workplace stress that has not been successfully 532 

managed” [108]. Burnout can include symptoms such as fatigue, semi-cognitive impairments, and 533 

emotional dysregulation [109]. When experiencing burnout, workers are more likely to make 534 

mistakes and are often less effective in their job tasks. Workers might work more slowly than 535 

usual, which would require them to work longer days to complete all of their deliveries, or skip 536 

deliveries when they run out of time on their shift. Mistakes or accidents can further increase the 537 

number of missed deliveries, as water haulers will not be able to complete deliveries if they are 538 

injured or their vehicle is damaged. Before reaching burnout, water haulers are likely to experience 539 

long work hours due to low staffing and difficult working conditions due to the extreme Arctic 540 

weather. For instance, the Arctic environment creates extreme low temperatures, strong winds, and 541 

icy conditions, requiring extra precautions to avoid accidents or injuries. The additional time and 542 

energy required in such situations contributes to the overload of workplace stress. In addition to 543 

safety hazards, extreme weather can cause water haulers to take more time for each delivery, 544 

navigating icy driveways and frozen pipes, leading to longer workdays. These long workdays 545 

contribute to worker stress and burnout. 546 

Piped Water Distribution  547 
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The analysis of piped water distribution reveals that there are two major contributors to water 548 

provision via pipes—pipe damage (negative) and pipe expansion (positive), as shown in Figure 7. 549 

While these technical factors emerged from the interviews, we intuitively understand that there are 550 

factors missing in this map. Specifically, actions by water professionals must be largely inferred, 551 

as they were not explicitly discussed amongst most participants. This is interesting as we can infer 552 

that there are water professionals who specialize in the piped infrastructure, including maintenance 553 

workers, as described in studies of different system types [110], [111]. Such maintenance workers 554 

would require specialized knowledge to build, maintain, and repair water distribution pipes in the 555 

Arctic conditions of rural Alaska. Due to the extreme weather, maintenance workers are likely 556 

essential to monitoring the Arctic pipes for leaks, which are a key disruption to piped water 557 

provision [112]. We can assume that these essential workers were overlooked in discussions 558 

because of a larger focus on challenges and barriers to hauled water provision. The water treatment 559 

and hauled distribution processes currently present significant challenges for those working in the 560 

water sector, and so participants who were familiar with the distribution process likely biased their 561 

responses toward more pressing issues. In the semi-cognitive map shown in Figure 7B, we add 562 

two factors, in bright yellow and dotted-line outlines, that include actions by pipe maintenance 563 

workers. To mitigate pipe damage, and subsequent service disruptions, maintenance workers must 564 

make repairs to pipes. Additionally, when funding becomes available for new pipe construction, 565 

construction workers are heavily involved in that process. Future work can explore piped water 566 

distribution further, and the specific challenges faced by workers within these system components.  567 
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 568 

 569 

Figure 7. Piped water distribution process. Part A shows the factors that emerged from the 570 

interviews in this study. In Part B, we add two factors that we can infer, but are missing from the 571 

interviews. This gap indicates a need for future discussion.  572 

The work required of piped distribution maintenance workers is likely more arduous in 573 

rural Alaska than in other communities due to the extreme Arctic weather. As discussed in the 574 

previous section, the natural environment has emerged as a significant stakeholder in rural water 575 

provision. For the piped distribution process, the natural environment intervenes at many points to 576 

create barriers to provision. For instance, freezing temperatures can lead to frozen pipes if not 577 

maintained properly (i.e., constantly circulating water, utilizing heat tape). To maintain water 578 

utilities properly, energy costs can be exorbitant [113], [114]. The structural supports for water 579 

pipes can sustain damage from intermittent permafrost, further damaging pipes and hindering 580 

distribution [11], [43], [115]. Such challenges result in decreased water provision via piped service 581 
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for communities. An intervention point here may be greater attention to the tasks of maintenance 582 

workers. While the interviews conducted in this study do not shed adequate light into the working 583 

conditions and responsibilities of these workers, their omission in of themselves are insightful.  584 

DISCUSSION 585 

We now synthesize our results into propositions which can guide future work. This study revealed 586 

that while many stakeholders likely impact water provision as a whole, there are select 587 

stakeholders who are more associated with specific components of water provision. For instance, 588 

water plant operators are essential for water treatment and water haulers are essential for hauled 589 

water distribution. Maintenance workers are likely essential for piped water distribution. As such: 590 

Proposition 1: In extreme environments, stakeholders differ between components of water 591 

provision (i.e., water treatment, piped water distribution, hauled water distribution).  592 

We further identified factors that contribute to water provision, as perceived by regional water 593 

sector experts. Such experts provided useful insight, as they interact with water operations daily, 594 

confronting challenges in water provision. The analysis revealed that the factors impacting water 595 

provision are different based on the specific component, including water treatment, piped water 596 

distribution, and hauled water distribution. For instance, the national operator certification is an 597 

important factor impacting water provision in the water treatment component. As such: 598 

Proposition 2: In extreme environments, stakeholders perceive different factors that impact 599 

water provision, depending on the specific component (i.e., water treatment, piped water 600 

distribution, hauled water distribution). 601 

We explored the differences in the architecture of water provision contributing to total household 602 

water supply in rural Alaska. We define the architecture of such systems as the interfaces among 603 
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components of the interdependent systems, including social, natural, technical, and financial 604 

systems. Factors that lead to or prevent water provision are often related to one another and interact 605 

across systems [13], [17], [26]. For instance, extreme Arctic weather (natural system) leads to 606 

frozen overflow pipes (technical system) which can lead to water haulers working overtime (social 607 

system). The analysis revealed that components of water provision differ in terms of 608 

(inter)dependencies among factors. We investigated the interactions among factors that contribute 609 

to water service provision for end-users, as viewed by regional water sector experts. As such:  610 

Proposition 3: In extreme environments, the architecture of (inter)dependent systems 611 

differs for components of water provision (i.e., water treatment, piped water distribution, 612 

hauled water distribution). 613 

Our study identified pathways that differentiated stakeholders as well as components of water 614 

provision. Regarding water treatment and water plant operators, there is tension between 615 

standardization and situatedness in water provision. In the standardization pathway, state and 616 

federal agencies tend to dictate decisions, while in the situated pathway, local leaders drive 617 

decisions [100]. Regarding hauled water distribution and water haulers, the localized pathways 618 

further split into a tension between working and operating contexts. In the working context, local 619 

workers and leaders acting within the utility dominate. In the operating context, the natural 620 

environment as a stakeholder, acting outside the utility, tends to dominate. The piped distribution 621 

pathways are still fairly unclear as these were not discussed as extensively in interviews. This 622 

piped section of the semi-cognitive map requires more detail focused on the water professionals.  623 

Proposition 4: In extreme environments, pathways can be identified and differentiated 624 

amongst various contexts and components of water provision (i.e., water treatment, piped 625 

water distribution, hauled water distribution). 626 
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PRACTICAL APPLICATIONS 627 

This study demonstrates that specific water professionals are essential to water provision in the 628 

YK Delta in three key components: water treatment, hauled water distribution, and piped water 629 

distribution. As such, changes can be made in each of these categories to enable professionals to 630 

perform their work more effectively, contributing to reliable water provision. Water plant 631 

operators, who are responsible for the treatment of potable water in rural Alaska communities, are 632 

limited by state and national standards for testing and certification. Such requirements hold them 633 

to standards that are designed for communities in the contiguous United States as these 634 

certification exams include significant content that is not necessarily aligned to their work in 635 

Alaska. Rather than requiring such certification that prioritizes standardization and reciprocity, 636 

Alaska policymakers may consider implementing local component-specific requirements for 637 

operators. Situated changes to the certification requirements would include more tailored standards 638 

regarding the equipment, chemicals, and processes used in rural Alaska water treatment plants. 639 

Operators would spend more time studying their treatment process and practicing inside their own 640 

water treatment plant, enabling the workforce to be more qualified to provide water to their rural 641 

community. Long-term, operators may participate in continuing education programs that cover 642 

broader water treatment concepts over time, after learning their utility-specific requirements. 643 

Water haulers, who are responsible for delivering water in hauled water distribution, are 644 

largely overlooked in the literature regarding water infrastructure in rural Alaska. Because these 645 

workers are critical to water provision, conditions can be improved to aid in retention of this 646 

workforce. Greater attention to hands-on training practices can help improve haulers’ safety and 647 

well-being, as well as mitigate missed water delivery. Improved training would be best in one-on-648 

one settings, without formalized testing or certifications. Rather, haulers would benefit from 649 
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hands-on, on-the-job mentoring and training. In response to this finding, the research team plans 650 

to develop an innovative training guide in the next phase of this study. The guide will hopefully 651 

serve as a reference for water haulers in the YK Delta and will be developed in collaboration with 652 

the local workforce to capture key aspects of their work. Maintenance workers, who are likely 653 

essential to piped water distribution in rural Alaska communities, are largely overlooked. Due to 654 

the extreme weather conditions of rural Alaska, water distribution pipes should be monitored for 655 

damage and resulting leaks, which can help mitigate service disruptions. Future studies can 656 

examine in greater depth the roles of these professionals. 657 

Beyond the YK Delta, these results provide valuable insight for utility operations in 658 

extreme conditions more broadly. The analysis here revealed that extreme weather can lead to 659 

worker burnout, which has negative impacts on the system performance. The analysis approach 660 

used here better identifies and incorporates extreme factors and connects them to system 661 

components. In identifying relationships and developing semi-cognitive maps, we were able to 662 

uncover linkages not just between human stakeholders, but between human and non-human 663 

stakeholders. This approach may be adapted to other studies seeking to find links between 664 

infrastructure system factors and the extreme conditions in which they are placed. 665 

CONCLUSION 666 

This study analyzed semi-structured interviews with 24 regional water sector experts in the Yukon-667 

Kuskokwim Delta of Alaska, using qualitative content analysis and semi-cognitive mapping. We 668 

built a unique conceptual integration of systems and stakeholder theory to identify bottlenecks to 669 

water provision and leverage points for improvement. In this framework, we expanded our 670 

understanding of both stakeholders and infrastructure systems. Here we examined three 671 

components of treated water provision in rural Alaska communities: water treatment, hauled water 672 
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distribution, and piped water distribution. We identified that within the water treatment process, 673 

water plant operators confront a tension between standardization and situatedness in the 674 

examination and certification process. While state and federal regulators have increasingly pushed 675 

for standardizing exams, rural operators would benefit from situated, localized material. Such 676 

changes would allow for greater autonomy and ownership over each component of their water 677 

provision process.  678 

Further, water haulers, the key professionals in hauled water distribution, confront 679 

challenges that lead to high rates of attrition, divided between the working context and the 680 

operating context. Within the working context, water haulers are subject to CDL testing and hands-681 

on training for their job tasks. Within the operating context, haulers are subject to the harsh Arctic 682 

environment. The weather conditions in the YK Delta lead to more dangerous working conditions 683 

and longer workdays, as the ice and snow take more time to navigate safely. Finally, piped water 684 

distribution was largely overlooked by interview participants, likely due to other pressing issues. 685 

We can, however, infer that water maintenance workers play a key role, and require greater 686 

attention.  687 

This analysis reveals a key conclusion that underlines each of our propositions: people are 688 

often the critical leverage point for water provision improvement. To improve water provision in 689 

rural Alaska communities, consideration must center significantly more on people (i.e., workers). 690 

Localized and context-specific training will improve the performance of both water treatment and 691 

hauled water distribution. Future work must examine workforce retention in the rural Alaska water 692 

sector, as retention directly impacts water provision.  693 
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