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Abstract: Groundwater is increasingly important for meeting water demand across the United States
(U.S.). Forward thinking governance and effective management are necessary for its sustainable use.
In the U.S,, state governments are primarily responsible for groundwater governance (i.e., making
laws, policies, and regulations) and management (i.e., implementation of laws, policies, and
regulations). This decentralized system results in diverse strategies and practices. We surveyed
a water quality professional from each state to better understand commonalities and differences
across states. These professionals identify a wide assortment of groundwater issues and concerns,
including quality and quantity impairment, staffing and budget issues, private well vulnerability,
and overdraft. Respondents indicate contamination problems from natural and anthropogenic
sources. Most respondents report that their states have significantly changed groundwater quality
policy during the past 30 years. While most states have multiple funding sources for water
quality programs, program budgets have decreased in the last decade, thereby hindering effective
implementation of new policies. Over half of respondents indicate that water-quality /water-level
monitoring and increased groundwater pumping will require more attention over the next decade.
Several respondents anticipate groundwater regulation changes in the next five years. We discuss
how our findings align with current groundwater uses in the U.S.

Keywords: groundwater governance; groundwater management; water policy; United States

1. Introduction

Groundwater quality issues have been rising to great prominence within the United States
(U.S.), as the contamination of groundwater is becoming a widespread problem [1]. These problems
include reports of groundwater contamination by coal ash [2], industrial storage tanks [3], seawater
intrusion [4], arsenic [5], and agriculture [6]. In a previous survey of state water officials, groundwater
quality was cited as a number-one challenge for groundwater management in U.S. states [7].

Groundwater is an essential resource in the U.S. Approximately 20% of total freshwater
withdrawals within the U.S. come from groundwater sources, totaling more than 105 MCM of water
per year [8]. Though overall groundwater use was estimated by states to decrease from the year
2000 to the year 2010, largely due to reductions in agricultural usage [8], current practices in many
regions of the country allow for use of groundwater that exceed recharge rates, leading to sustained
and long-term depletion [9]. Further, the number of people dependent on groundwater for drinking
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water is increasing. Approximately 130 million U.S. residents rely on groundwater as a partial or
exclusive source of drinking water supply [10], though the dependency on groundwater varies based
on geographic location. Approximately 87% of 150,000 public water systems in the U.S. rely on
groundwater resources [9]. An almost uniform increase in the pumping rates [11] is a symptom of
increasing dependence on groundwater as a drinking water supply [12].

Experts agree that study of groundwater governance institutions and policies is needed to
identify models for good groundwater governance [13]. In recent years, groundwater governance
has received growing attention in scholarly work [13-20]. Notable efforts involving government
officials, academics, and other expert practitioners include the Global Environmental Facility-funded
project “Groundwater Governance: A Global Framework for Action” [21], and the Organisation for
Economic Co-operation and Development’s Water Governance Initiative, which focuses on governance
on all types of water [22]. Varady et al. [18] reviewed 10 case studies of groundwater governance
representing diverse global regions and local contexts. Though there is an international-level interest
in groundwater practices and there are some transboundary aquifers, groundwater is inherently a
local resource for most extraction and management practices.

In the U.S,, research related to groundwater governance and management in the 50 U.S. states is
limited. Other analyses have focused on the watershed scale e.g., [23-27], the regional scale [19,28,29],
or internationally-shared watersheds e.g., [18,20,30-32]. Though some research has been conducted
on state-level groundwater governance and management in the U.S. [33-36], few researchers have
examined water governance and management at the state level, despite the fact that most governance
strategies and management actions are focused at this level.

Studies of priorities and approaches related to addressing groundwater quality remain limited,
even though water quality is recognized as a problem worldwide. The United Nations Millennium
Development Goals include Target 7c, which called for halving the number of people without
sustainable access to safe drinking water between 1990 and 2015 [37]. Problems involving groundwater
quality are not limited to the developing world. To better understand and identify commonalities and
differences in groundwater governance strategies and practices concerning water quality, we conducted
a national survey of water quality professionals in U.S. states. We begin with an exploration of the
nature of groundwater as a common-pool resource and its difficulties in governance and management,
particularly relating to water quality. We then introduce our survey methods and findings. We discuss
how these findings reflect current uses of groundwater in the U.S. We conclude by discussing future
research directions designed with the aims of identifying best practices in groundwater management
and governance.

2. Groundwater Governance and Water Quality

This section discusses how the nature of groundwater makes it difficult to govern and manage,
along with principles for effective groundwater governance and management. Though there are
several examples that are drawn from the U.S., many observations made in this section are universal.

2.1. The Nature of Groundwater and Difficulties of Governance

The literature related to common-pool resources suggest that common access may lead to
over-exploiting these resources without effective institutions. People do not restrain their use of
a common-pool resource without the presence of an external enforcer [38]. If effective rules and
institutions are present that limit access and define user rights, overuse and other negative effects can
be prevented [39-42].

Groundwater can be classified as a common-pool resource due to: its subtractability, meaning
that each user is able to subtract from the welfare of other users; and low excludability, meaning
control of access [43]. Groundwater may be particularly susceptible to the problems associated with
the commons, as aquifers are relatively inexpensive and reliable to develop, once technology and
energy are accessible to potential users [44].
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Problems associated with groundwater quality are particularly difficult to mitigate due to the
common-pool nature of groundwater. Once contamination occurs in groundwater, it is difficult to
characterize [19] and to remediate [16,45]. Theesfeld [14] identified a set of characteristics that make
groundwater difficult to manage. We provide some insights on these characteristics as follows:

e Irreversibility. The pumping of groundwater may lead to irreversible physical damage to the
aquifer or the ground above through processes such as land subsidence [46]. In addition, the
damage caused by contamination may be expensive, difficult, or even impossible to remediate,
even with methods, such as pump and treats and surfactant-enhanced aquifer remediation [47].

e Time lag. The effects of withdrawal or contamination may take time to manifest. Time lags
between withdrawal and subsequent impacts are challenging for water management [48].
Groundwater flow and transport processes are slow. Contamination is often detected well
after sources have become active or may have even ceased to exist [49].

e Indivisibility. An aquifer cannot be fenced off or physically protected. It should be noted, however,
that an aquifer’s vulnerability is dependent on type of contamination, degree of pollution, and its
hydrogeology [50].

e Fuzzy boundaries. Due to the great variability in hydrogeologic settings, defining the exact
boundaries of an aquifer is quite challenging. There is no broadly accepted agreement that defines
aquifer boundaries in the international community [51].

e  Hydrogeological uncertainty. The great variation in hydrogeology and the diversity of groundwater
uses make governance and management very difficult. This is evident in places such as
California, where uncertainties of aquifer boundaries and overlaps in Groundwater Sustainability
Agency borders compound difficulties in groundwater governance [36]. The complexities of
groundwater—surface water interactions complicate water management due to inadequate
coordination among state agencies. Uncertainty in hydrogeology also makes it difficult to know
how much water is within each territory of transboundary aquifers. Data needs. Like surface
water data, groundwater data are often of uncertain quality. Groundwater data are often much
less available compared to surface water data. Sugg et al. [35] suggest that more technical support
and groundwater data are needed for groundwater conservation districts in Texas to be effective.

e  Structure of abstraction. How many wells are extracting groundwater and how much these
wells are abstracting groundwater are not always properly monitored. Arizona was mandated to
control groundwater depletion in order for the Central Arizona Project to be constructed [35].

e Information asymmetry. Information regarding groundwater is usually limited and
asymmetrically held, creating difficulties for management. This can occur when water users have
better knowledge of their historic water use practices than regulatory officials [52].

In addition to the above, scale can also create difficulties in managing and governing groundwater.
Certain aquifers, such as the Ogallala Aquifer in the central U.S., may underlie thousands of square
kilometers. However, management and impacts of groundwater use are specific to their context (and
sometimes their location), given the variation in geology and water use characteristics in different
parts of the aquifer [9].

2.2. Effective Groundwater Governance and Management

Many problems associated with groundwater, including those with quality, may be due to
poor governance [13]. Groundwater governance can be defined as the “overarching framework of
groundwater use laws, regulations, and customs, including the processes of engaging the public
sector, the private sector, and civil society” (Reference [7], p. 678). While governance refers to laws,
policies, and regulations, management refers to the actions to implement these laws, policies, and
regulations [7].

Most of the impediments to sustainable groundwater management observed across the world can
be linked to failures in groundwater governance structures [17,20,21]. Many of these impediments
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are due to challenges related to: fragmented and overlapping jurisdictions and responsibilities,
competing priorities, water rights and water pricing structures, and diverging opinions on how
it should be governed and managed [53]. Additionally, the lack of sufficient knowledge and physical
data concerning aquifer characteristics and behaviors, including discharge, recharge, base flow, and
aquifer-dependent ecosystems, as well as linkages between human well-being and groundwater
ecosystem services, render water resource planning and management more challenging and difficult
to predict [15].

Another problem with governing groundwater sustainably is that groundwater policy horizons
are often inconsistent with natural groundwater time scales. Groundwater policy horizons are typically
from 5 to 20 years [54], while mean residence time of groundwater can vary from less than 6 years
to over 1,000,000 years [55]. This demonstrates how groundwater policies addressing quality and
quantity issues may not be in place long enough to effectively manage them. The use of and the
dependence on groundwater also varies with time—often, when droughts occur, large water users turn
to groundwater to make up for deficits in surface water supplies. In California, groundwater supplies
60% of water used during a drought, as opposed to a normal year, when groundwater supplies 40% of
supplies [9].

Effective governance of shared common-pool resources, such as groundwater, may be possible
under certain conditions, including subtractability and excludability [40]. Effective groundwater
governance is also easier when the user population, the uses, and economic and social conditions are
relatively stable or change only moderately, and when communities that use the resource frequently
interact [40].

2.3. Groundwater Quality Governance and Management in the United States

Good governance of groundwater needs to consider both quantity and quality, but most legal
frameworks treat them separately [15]. Within the U.S., water management has been decentralized
historically [56-58], more than the similarly federalized government of Australia and even more than
the European Union [59]. The federal government sets water quality goals, particularly through
measures such as the Clean Water Act that requires states to set standards to protect water quality so
that all waters of the U.S. attain “fishable” and “swimmable” status [60]. However, it has delegated to
state implementation of those standards rules, and practices for water use [56-58]. States also have
discretion to interpret the standards for different waterways [60].

Water management in the U.S. has also become increasingly complex and fragmented. At the
federal level alone, more than 25 federal agencies have water as part of their mission statement [61].
These agencies implement over 100 federal water programs for water quality and quantity, navigation,
recreation, climate change, hydropower, natural hazards management, and integrated water resources
management [62]. In addition, more than 100,000 local water-related organizations and more than
300 agencies departments in 50 states have responsibilities related to water [63].

Combined with the decentralized nature of water management in the U.S., the fact that
groundwater is a common-pool resource that is difficult to manage, the separation of quality and
quantity in legal frameworks, and the wide variety of agencies involved, makes it very difficult to
understand the state of groundwater quality governance in this country. The purpose of this paper is
to integrate groundwater quality issues and challenges in the U.S. states to increase our understanding
of groundwater governance.

3. Methods

Our survey questionnaire (see the Supplementary File) was developed to achieve a better
understanding of the current status of groundwater use, laws, regulations and management in the
50 U.S. states related to water quality. We aligned our approach with some of the recommendations for
comparative water analyses recommended by Blomquist et al. [64], including being mindful of the
intergovernmental relation context and being attuned to water policy reforms.
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We designed our survey to investigate institutions at the same level of governance (state) and to
inquire about intergovernmental relations related to groundwater quality, such as relations between
agencies and relations between states. Although we inquired about potential water policy reforms,
we did not select cases based on the adoption of water policy reforms. Seeking deeper insights into
the groundwater quality strategies and practices of all 50 states that were recently attempted or are
being attempted was beyond the scope of the survey. The survey focused on six substantive elements:
(1) groundwater concerns and use; (2) groundwater quality management and monitoring; (3) scopes
of groundwater quality regulatory programs; (4) groundwater quality—quantity connections; (5) the
scope of resources available and needed, and research and collaboration between local, state, and
federal agencies; and (6) exploring future trends in groundwater management. The questions either
were multiple choice, binary (yes/no questions), open-ended, or provided a Likert scale (4-7 points).
The survey was administered through Qualtrics software. This study was approved by the Institutional
Review Board (IRB) of our academic institution. The survey was deemed exempt from a comprehensive
IRB review due to the lack of risk to the respondents, among other criteria.

Our survey built on work by Gerlak et al. [65], which surveyed state agency officials about the
extent and scope of groundwater use, governance strategies (laws and regulations) and management
tools. Similarly, we identified participants working in state water agencies to complete the survey.
Participants were identified through online searches of agencies with authority for water quality in
each state. In states where the agency failed or declined to respond, state-level employees at the
federally authorized state Water Resource Research Institutes or an official at the state-level U.S.
Geological Survey (USGS) Water Science Center were asked to complete the survey. The availability
of resources for conducting the study limited the survey to one respondent from each state, much
like the first survey on groundwater governance. The limitations of this approach should be noted.
Surveying one respondent from each state and prioritizing responses from agencies in charge of water
quality obviously weight water quality issues with greater importance. Additionally, relying on one
respondent per state will give incomplete responses regarding state priorities, as opinions are bound
to differ across various state agencies. In addition, we gathered data from the USGS on groundwater
use across the U.S. to complement our survey results. We compared our survey responses with USGS
groundwater use data. We also categorized certain survey responses based on similar responses.
We used descriptive statistics for reporting the results.

4. Findings

In reporting on our findings, we show the number of state respondents as N. Twenty-two state
respondents cited preventing and/or mitigating impairment of water quality as the number—one
concern in their states (Figure 1). Forty-five respondents selected groundwater quality as one of the
top-three water management concerns for their state.

Our findings also suggest that while the total amount of groundwater used has decreased slightly
in the U.S., groundwater quantity remains a top concern (see Figure 2 and below for further discussions)
despite an estimated decrease of 6% in groundwater use from the year 2000 to the year 2010 [8,66].
Figure 2 shows how many respondents listed each concern as a top-three state groundwater concern.
Respondents also reported multiple sources of groundwater contamination. We also found that
the jurisdictional complexity in water management, which is common across the nation, is also
common in groundwater governance. Our results indicate that financial constraints are a significant
concern to many U.S. state agencies (Figure 2; “budget” and “staffing issues” are selected as areas
of concern by 29 and 27 states, respectively). Finally, we found that monitoring and regulation are
conducted by multiple organizations at the federal and state levels, and that regulations are changing
to adapt to emerging issues related to land use changes and economic activities. However, many
issues, particularly those of budget, staffing, and changes in regulations, will require more continuing
attention in the years to come.
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Figure 1. Number one ranked groundwater concerns, by state (N = 48).
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Figure 2. The most selected groundwater concerns identified by state water officials (N = 48).

4.1. Sources of Groundwater Contamination

State water professionals reported multiple sources of water quality contamination, including
agricultural activities, naturally occurring contaminants, industrial activities, and underground
storage tanks (Figure 3). The respondent from Tennessee selected 15 of the 17 contaminant sources
on the survey list, while respondents from Indiana, Kentucky, Michigan, Minnesota, Missouri,
New Mexico, and West Virginia each selected 10 or more of the listed contaminant sources. In contrast,
the respondents from Arkansas, Iowa, Vermont, and Wisconsin each selected only two of the
listed contaminants.
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Figure 3. Contamination sources: (a) agricultural and natural; (b) industrial; and (c¢) municipal and

other (N = 49).

Respondents were asked to rank the top three contaminants of concern that their states are
managing. Their number-one responses are shown in Table 1. Agricultural sites are the most selected
contaminant source, followed by naturally occurring contaminants. More than half of respondents
surveyed also identified underground storage tanks, Superfund/Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA) sites, industrial sites, and septic tanks as major

sources of contamination.

Table 1. Number one ranked groundwater contaminant sources by sector in each state (N = 47).

Groundwater Contaminant Source by Sector Number of States
Agricultural 16
Industrial/Mining 9
Naturally Occurring Contaminants 7
Wastewater Related 5

Other 10




Water 2018, 10, 735 8 of 17

From these sources of contamination listed in Figure 3 and Table 1, state water professionals
reported a variety of specific contaminants that their state works to mitigate. Most (81%) respondents
identified “nitrate/nutrients” as a contaminant of concern within their states, making it the most
selected contaminant of concern, followed by chlorinated solvents and metals (Figure 4).

Nitrate/nutrients | NN EEEEEE, /o
chlorinated solvents | NN 2

Metals  [NEEG— 27
other INININEGN >

chloride [NNININIGgGgGgEEE °

Contaminants associated with oil and gas || N NN N 15
Pesticides [N 11
0 10 20 30 40 50
Number of States

Figure 4. Most selected contaminants of concern (N = 49).

4.2. Contamination Source and Water Use

Examining data from the 2000 and 2010 USGS water-use circulars, we observed a shift in
groundwater use by sector across the states, where some states decreased their use for agriculture
and increased their use in industry or mining. Overall, agriculture had an estimated decrease in
groundwater use of around 13%, while industry and mining had an estimated increase of around 18%,
and public and domestic use had an estimated decrease of 1.5% (Figure 5).

250

200

150
W 2000

MCM

100 m 2010

50

. I

Agriculture Public & Domestic Industrial & Mining

Figure 5. Groundwater use in 2000 and 2010 by sector (data from USGS circular reports). This graph
does not consider livestock, aquaculture and thermoelectric power uses, because these are lower than
1100 mgd and this smaller scale is not clear in the graph.

Of the 16 states that rank “agriculture” as the top groundwater contaminant source, 10 of them
reported irrigation as the highest use in either or both the 2000 or 2010 USGS water use circulars.
Only one of the nine states that list “industrial/mining” as the top groundwater contaminant source
reported that either the industrial or mining sector as the highest use. Four of the seven states that list
“naturally occurring contaminants” as the top source of contamination estimated that public supply
was the highest water use.
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4.3. Overlapping Jurisdictions

Just as aquifer boundaries do not often align with state boundaries, groundwater quality
governance and management frequently occur at multiple scales. For example, while federal
regulations mandate drinking water quality standards (e.g., Safe Drinking Water Act), groundwater
is managed at the state or sub-state level. In many cases, federal agencies such as the USGS or
the U.S. Environmental Protection Agency (EPA) conduct groundwater quality monitoring, yet the
responsibility to comply with regulations lies at the state level. Most state respondents (92%) indicated
that they rely on local agencies to implement regulations on groundwater quality, and 60% rarely
rely on federal agencies. There are also issues of jurisdiction at the state agency level; 57% of state
respondents reported that state quantity and quality agencies have separate jurisdictions.

Not all states administer groundwater in the same way, yet certain regulations apply to all
states. Trans-jurisdictional aquifers (aquifers that extend across several state boundaries) further
aggravate this complex jurisdictional situation. Some states using groundwater for economic
activities (e.g., agriculture, mining, and oil/gas development) may be responsible for groundwater
contamination in neighboring states. Likewise, land use changes in a state (e.g., urbanization) may
affect surface water systems (increased runoff and sedimentation) and groundwater quantity and
quality in basins that permeate to other states. Remediation actions, therefore, become problematic
and difficult to implement in a holistic approach.

Nevertheless, there are regulations in place that deal with this jurisdictional complexity. Fifteen
respondents indicated that they have regulations for interstate conflicts in place. Ten respondents
indicated that their states have regulations related to litigation, while 28 responded that their states
have regulations related to water rights. In addition, tribal water right settlements exist in eight states,
and three states have regulations related to international conflicts. State respondents from Idaho,
Montana, New Mexico, Oklahoma, South Dakota, Texas, and Washington indicated that the issue of
water rights is the number one future concern for their state.

4.4. Financial Constraints

Many states face significant financial constraints for groundwater governance. Our survey
indicates that “budget” is the fifth-most selected groundwater concern as identified by state water
officials. More than half of the respondents (N = 29) selected financial capacity as a concern for
groundwater governance in their state. Furthermore, 13 state respondents selected budget as one of
the top three groundwater concerns, and 8 respondents selected personnel. Alaska and Wyoming
selected budget constrains as their number one groundwater concern, while Maryland, Oregon and
Vermont selected personnel as their number-one concern.

States obtain their funding from several sources, but respondents reported that state budgets
are not enough and seem to be decreasing. Our results show that most states receive the funding for
water quality programs from the federal government (N = 40), followed by the state general fund
(N = 34). Other sources of funding include economic instruments such as taxes and fees (permit, user,
and mitigation). Despite the diversity of funding sources, approximately 59% of our respondents
indicate that their budget is less than it was a decade ago, while approximately 20% said their budget
had increased during that time period. Approximately 12% of respondents said that their budget had
stayed about the same (N = 45).

Staff numbers working on groundwater-related programs vary widely across the states. Louisiana
is the state that reported the fewest employees (20), while Texas employs the largest number of people
(3000). The average number of full-time staff across the state agencies surveyed is 792, but the average
number of full-time staff working on groundwater-related programs is only 46.
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4.5. Monitoring and Regulation

Monitoring groundwater quantity and quality is essential for governance [18]. In the U.S,,
there are multiple organizations that conduct groundwater quantity and quality monitoring other
than the state water agencies, including non-water state agencies, federal agencies, academic
institutions and non-governmental organizations (NGOs) (Table 2). Our findings show that the USGS
conducts monitoring in 67% of the states (N = 34), followed by state departments of environmental
protection/quality that conducts monitoring in 55% of the states (N = 27).

Table 2. Organizations that conduct groundwater quality monitoring (N = 49).

Organization Number of States
USGS 34
State Dept. of Environmental Protection/Quality 27
Colleges/universities 26
State Geologic Survey 20
Local agencies 19
Other state agency 15
State Department of Agriculture 15
EPA 11
Conservation/Natural Resource Districts 9
Other 6
Dept. of Natural Resources 5
NGOs 5
Tribes 3

It is not surprising to find that so many states monitor groundwater quality because it is indirectly
mandated by federal regulations. However, 15% of the survey respondents indicated that their states
do not include groundwater monitoring in their overall water resources monitoring strategy, and 17%
of the respondents stated that their states do not have a water quality monitoring strategy. In addition,
over half (29) of state respondents stated that budgets for monitoring and use verification are less than
10 years ago.

In many states, groundwater regulations have adapted to emerging issues. While 44% of the
respondents indicated that they have not seen significant changes in groundwater policy in the last
decade, the rest of the states have experienced important changes. For example, changes to Clean
Water Act Total Maximum Daily Loads requirements were mentioned by 22% of the respondents, and
33% of the respondents indicated that their state has initiated limits on groundwater withdrawals in
the last decade. Other significant changes reported in the survey include changes in well construction
standards (N = 10), changes in groundwater quality standards (N = 8), new laws related to groundwater
quality standards (N = 7), non-degradation (N = 1), and aquifer exemptions (N = 1).

Land use change and growing economic activities that utilize groundwater have also affected
groundwater policy in some states. Twenty percent of respondents reported that storm water has
become an important groundwater quality issue that drives policy changes as cities have grown.
Nine respondents indicated that their state created regulations related to concentrated animal feeding
operations. Eight respondents indicated the emergence of new water quality regulations related to
oil and gas development. In addition, two respondents indicated that their state now requires the
establishment or the declaration of intended uses.

4.6. Future Trends

State water professionals were also asked to identify future trends in groundwater management.
The respondents indicated that some issues will require increased attention in the next decade,
including water quality monitoring, increased groundwater pumping, and water level monitoring
(Table 3).



Water 2018, 10, 735 11 of 17

Table 3. Likely issues requiring attention in the next 10 years (N = 49).

Category Issue Number of States
Oil and gas exploration and production 18
Resource development 15
Industry-Related Management of industrial waste 13
Mine drainage 10
Water quality monitoring 34
Water level monitoring 32
Water rights 28
Interstate conflicts 15
Policy/Regulations-Related Stakeholder disagreements 15

Primacy program

requirements/responsibilities 12

Litigation 10

Tribal water rights settlements 8

International conflicts 3

Increased groundwater pumping 34

. Climate change 27
Physical Change/Other-Related Saltwater intrusion 1
Other 6

Most respondents (55%) indicated that changes in groundwater quality regulation are likely to
be considered in the next five years (N = 47). State water professionals were also asked about which
groundwater regulations and/or policies are likely to be amended or proposed in their states in the
next five years (Table 4).

Table 4. Likely groundwater regulations/policies in the next five years (N = 47).

Likely Groundwater Regulations/Policies Number of States
New water quality standards for unregulated contaminants 20
Regulations of surface activities that affect groundwater 18
To help assure sustainable use of groundwater 17
Recharge regulations 11
None 11
Groundwater quality standards 8

Pumping regulations
Injection regulations
Oil and gas exploration and production
Concerning groundwater dependent ecosystems
Other

W = U1 O

5. Discussion

The results of this survey indicate how states also face a variety of similar complications
in groundwater quality and governance, including budgetary limitations and fragmented and
overlapping jurisdictions, while groundwater quality is an important concern for almost all U.S.
states and many states have similar problems in this regard. In contrast, state respondents
identified differences between their states, including a variety of sources of contamination and which
organizations conduct groundwater quality and quantity monitoring. The results particularly illustrate
a diversity of regulatory policies and management strategies among states.

Groundwater governance is most effective when users support monitoring and managing its
use, the monitoring and verification can be done at a low cost, and when the use of the aquifer is
highly excludable [40], many states face some obstacles in achieving these characteristics for effective
groundwater governance. Adequate monitoring is more difficult when constrained by budgetary and
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staff concerns, both of which were cited as top concerns by many state respondents. Decreases in
budgets for monitoring and use verification in the last 10 years make consistent and robust monitoring
efforts become more difficult. Over half of respondents selected financial capacity as a concern,
with many states reporting that they receive funding from multiple sources. This creates greater
difficulty in maintaining relatively stable economic conditions within agencies charged with managing
groundwater. Lack of financial, regulatory, and personnel consistency, with agency needs for staff,
funding, and changes in regulations, can also make the groundwater quality problems of irreversibility
and time lag (as noted in Reference [14]) more difficult to mitigate.

Other problems associated with groundwater governance and management include fragmentation
and overlapping jurisdictions, as noted in References [14,54]. Many of the state respondents
allude to complex jurisdictional regimes within their states for groundwater. Multiple agencies,
including federal, state and local agencies, monitor groundwater quantity and quality within the
states. Several state respondents reported that monitoring groundwater is not included within states’
overall water resources monitoring strategies. Many state respondents reported that regulation and
management of groundwater quantity is administered by a different state agency than groundwater
quality, despite that groundwater governance would be improved if quantity and quality were
considered in the same legal framework, as was suggested by Kntippe [15]. Despite these complex
governing policies and regulations, decreases in groundwater use in several states (based on the
USGS survey data) suggests improved management of the resource within those states. An estimated
increase in groundwater use for industrial and mining purposes may play a larger role in future
groundwater governance and management.

A complicating factor of water governance is that political and watershed boundaries often do
not align, leading to inherent conflicts between user groups. Incorporating multiple management
and governance frameworks within transboundary aquifers, both with Mexico and Canada, and
with neighboring states, makes management and governance of these shared resources more difficult.
Despite the wide extent of some aquifers, such as the Ogallala Aquifer in the central U.S., groundwater
is essentially a local resource [67], implying that management and pollution protection should be
carried out close to groundwater users and possible polluters. Of course, every aquifer has its own
unique characteristics, and differences in economics, political resources, culture, and other social
characteristics can impede basin-wide management [36]. In contrast, choosing a more manageable
scale, such as in many basins in California with the implementation of its Sustainable Groundwater
Management Act, may affect funding opportunities, and transparency could impact independence
and general efficacy [36]. There is no one-size-fits-all solution for scale, but states should consider
the benefits and drawbacks of both local and basin-wide approaches for optimal management
and governance.

The survey results capture the complexity between scale and jurisdiction, along with the
decentralized nature of groundwater governance in the U.S. With over half of state respondents
reporting that quantity and quality agencies have separate jurisdictions, addressing quality concerns
that are strongly related to quality would seemingly become more complex. Despite this, interagency
coordination is still the norm, aside from four states that reported little coordination between quantity
and quality agencies.

Though there are certainly limitations to this decentralized approach of groundwater management
and governance, such as governing and managing groundwater bodies shared between states and
agencies, advantages also exist. For instance, states can tailor their regulations to local (sub-state
or state-level) conditions. It also appears that many states prefer this decentralized nature of water
governance. In April 2018, the Western Governors’ Association, a non-partisan organization of
22 governors in the Western U.S., produced a policy resolution advocating for state-level primacy in
water management, and specifically advocated for the federal policy, the Clean Water Act, not to be
applied to groundwater, or for the federal government to develop a groundwater quality strategy [68].
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6. Conclusions

This article reports on an investigation in groundwater quality governance and management at
the state level in the United States. The results of the survey show the complications (and sometimes
advantages) of governing and managing a common-pool resource such as groundwater caused by the
extreme degree of decentralization in state-level groundwater governance and management.

Our analysis reveals that there is a jurisdictional complexity that makes groundwater governance
challenging, particularly within states with overlapping jurisdictions between state and sub-state
agencies, and between states that share major aquifers. The results further show that states have
a wide spectrum of regulatory regimes and management practices related to groundwater quality.
The fact that monitoring is conducted by multiple agencies, and that regulation is adapting while state
budgets are being constrained, implies that implementation of groundwater governance policies and
management strategies is becoming more difficult to accomplish.

In this study, we captured the most pressing concerns for groundwater quality management
as identified by state water professionals. Almost all of the surveyed state respondents selected
groundwater quality as one of the top-three water management concerns for their state, and over
half of state respondents selected quality, quantity, health/vulnerability of private well uses, aquifer
overdraft, budget, and staffing issues as top concerns. Over half of state respondents also identified
water quality monitoring, water level monitoring, water rights, increased groundwater pumping,
and climate change as future issues within their states. Most states also face the complications of
overlapping jurisdictions. In addition, we found that the issue of water rights is one that many states
regard as problematic in the future.

With these results in mind, we call for an agenda for new research on state groundwater
governance and management. This survey represents an early step in uncovering the current nature of
groundwater governance and management in the U.S. Future research directions include conducting
focused surveys to a larger number of participants per state combined with in-depth interviews that
capture the complexity of groundwater quality governance and management practices. In addition,
investigating the effectiveness of current governance and management, including identifying what
metrics are appropriate for measuring effectiveness, should be considered. Surveying multiple parties
representing various sectors in groundwater governance and management could also yield additional
insights into best practices.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4441/10/6/735/s1,
Survey Questionnaire.
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