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Abstract

A core public administration literature seeks to understand whether decentralized collective ac-
tion institutions will emerge to provide public goods, such as management of environmental re-
sources. Few studies examine how they perform relative to the state at providing public goods,
and they fail to account for the possibility that the state might self-select into providing public
goods in the most challenging contexts. If it does, finding that the state performs worse than
collective action institutions could reflect its more challenging context rather than differences
in knowledge, skill, or motivation. We examine several quantitative measures of performance
in remediating polluted water discharges from abandoned coal mines in Pennsylvania, a task
sometimes done by the state and sometimes by nonprofit watershed associations. We find that
the two types of institutions address discharges with generally similar water quality problems
and build systems that yield similar initial improvements in water quality. However, watershed
association systems better maintain effectiveness at reducing acidity and removing heavy met-
als over time. The findings suggest a role for sustained public investment in collective action
institutions to address complex and enduring environmental problems.
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1 Introduction

Private community members have sometimes voluntarily organized into “collective action institu-

tions” to deliver public goods and services, such as the management of common-pool resources

like pastures or surface water (North, 1990; Ostrom, 1990). Many scholars and practitioners have

argued that collective action institutions provide public goods more efficiently and effectively than

“the state,” a term we use to refer to public institutions such as federal, state, and local governments.

For example, proponents of watershed associations, one type of collective action institution, argue

that they are more cost-effective and able to address problems outside the scope of centralized

environmental regulation, such as non-point source pollution or habitat destruction (Lubell et al.,

2002, p.149). On the other hand, collective action institutions may fail to achieve the success pre-

dicted by economic theory (Marshall, 2015; McCord et al., 2017), especially when they attempt to

address inherently complex and dynamic policy problems like environmental remediation (North,

1994; Marshall, 2010; Dietz et al., 1212).

A body of empirical literature concludes that collective action institutions perform better than

the state, but it has two notable limitations. The first is that many studies rely on case studies

(e.g., D’Souza and Nagendra (2011); Mathenge et al. (2014); Wade (1988); Cleaver and Toner

(2006); Klassen and Evans (2020); Frantzeskaki (2019); Foster and Iaione (2016)), some of which

are chosen because the observed performance of the collective action institutions aligns with their

theoretical advantages. Though valuable for their details, such case studies may have limited

generalizability even to other collective action institutions in the same field and region. While the

literature presents a well-developed theory on why community members organize to provide public

goods (Ostrom, 1990, 1999), the second limitation is that it does not consider the contextual factors

that might lead the state to provide them. This leaves open the possibility that the state might self-

select into providing public goods in the most severe and challenging settings, in which case a

finding that it performs worse than collective action institutions could reflect its more challenging

context rather than differences in knowledge, skill, or motivation.

We overcome both limitations in our study of the treatment of abandoned mine drainage in
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Pennsylvania, a problem that degrades tens of thousands of miles of streams in Appalachian states

(Kruse Daniels et al., 2021). The scale of the problem and the two distinct funding sources that

address it have produced many treatment systems built by different institutions. The institutional

variation stems in large part from a Pennsylvania law that authorizes state grants to nonprofit

watershed associations that propose systems, and a federal law that provides funds to the state

Department of Environmental Protection to implement and oversee treatment. As a result, we have

a large sample of treatment systems—61 of which were built by the state and 203 by a diversity of

watershed associations (Figure 1).

Our rich data also permit testing for institutional selection, which motivates our first empiri-

cal question: do watershed associations (the collective action institutions) and the Department of

Environmental Protection (the state) specialize in treating discharges of different sizes or severity?

Our second empirical question considers cases where the watershed associations and the state ad-

dress similar discharges and asks: do association systems outperform state systems as measured

by monitoring activities, cost-effectiveness, and their initial, average, and long-term effectiveness

at cleaning discharged water?

We find that state systems address slightly more acidic discharges. However, many discharges

are similar across the two groups of systems, so we match each state system with one or more

comparable association system. In the matched sample, the systems treat discharges with simi-

lar water quality problems, flow rates, and number of discharge points. Comparisons across the

two groups reveal that watershed association systems perform as well as, if not better than, state

systems across a variety of outcomes. The two groups of systems perform similarly at cleaning

discharge water on average over their observed lifespans, but state systems decline in their ability

to treat the discharge over time. Conversely, association systems appear to maintain their effective-

ness, suggesting that local individuals better recognize a system’s deterioration and act to maintain

and upgrade it. State systems are formally monitored more frequently, as measured by the number

of laboratory water quality tests taken at the discharge. But informal, on-the-ground monitoring

may explain associations’ superior maintenance. In our data, the typical association manages only
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three geographically concentrated systems, relative to over 60 dispersed systems managed by the

state.

Our findings have contemporary policy relevance. The 2021 Infrastructure Investment and Jobs

Act allocates a historic $11.3 billion for states and tribes to address abandoned mine problems over

15 years, and reauthorizes a federal tax on coal that funds abandoned mine reclamation (Legere,

2021). The increase in funding implies a need for substantial scaling up of reclamation efforts, as

it represents a roughly three-fold increase in annual federal funding for abandoned mine problems

(U.S. Department of the Interior, 2022). Our findings suggest that the state Department of Envi-

ronmental Protection can continue to devolve treatment responsibilities to watershed associations.

Because Pennsylvania’s mine drainage problems are not known to be less complex than elsewhere,

other state governments should not categorically rule out partnering with associations in their state.

Given the complexity of treating mine drainage, the finding also suggests that the more than 2,600

watershed groups (U.S. Environmental Protection Agency, 2017) across the U.S. could be useful

partners for addressing similar or simpler pollution problems.

Academically, the findings expand two related bodies of public administration literature. First,

by considering a large sample of projects and by accounting for the state self-selecting into pro-

viding public goods in more complex settings, we add rigorous evidence to the literature on the

relative performance of state and collective action institutions. This literature is exemplified by

Ostrom (1965), who studied ground water management in the West Coastal Basin of Southern

California in the 1960s. Using a comparative case study approach, Ostrom found that watershed

associations were more effective than state-mandated efforts in other basins at enforcing rules to

conserve water. Other studies find superior performance of collective action institutions using the

cases of agriculture and irrigation systems (Shivakoti et al., 2005; Lam et al., 1998; Wade, 1988),

surface water resources (D’Souza and Nagendra, 2011), public water supplies (Cleaver and Toner,

2006; Pahl-Wostl et al., 2012; Mathenge et al., 2014), forests (Hayes, 2006; Ghate and Nagendra,

2005), and urban public goods (Foster and Iaione, 2016; Frantzeskaki, 2019).

Second, we expand the empirical literature comparing the performance of public and private
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organizations in diverse settings. Public choice theorists have argued that profit-seeking can lead

private firms to deliver the quantity and quality of public goods that best meet citizens’ demand

(Chubb and Moe, 1988). On the other hand, contract failure theorists have argued that public

organizations may perform better and be perceived as more trustworthy in providing public goods

for which citizens cannot easily assess quantity and quality (Hansmann, 1996). A vast empirical

literature explores public versus private performance in the contexts of nursing homes (Broms

et al., 2023), hospitals (Rushing, 1974), emergency services (Sobel and Leeson, 2006), and schools

(Ballou and Podgursky, 1998; Chubb and Moe, 1988). The studies compare the quality of services

before and after they are privatized, or compare public and private organizations that deliver similar

goods and services. The approaches have produced mixed findings (Rainey and Chun, 2007).

A smaller literature finds differences in organizational and managerial characteristics across

three sectors: public, private, and nonprofit (Lee and Wilkins, 2011; Koliba et al., 2011; Co-

hen, 2001; Rainey and Bozeman, 2000; Lan and Rainey, 1992). But Amirkhanyan et al. (2008,

p.330) note that most studies of cross-sector performance group public and nonprofit organiza-

tions together. We know of only two studies that break out nonprofit and public organizations.

Amirkhanyan et al. (2008) find similar performance across public and nonprofit nursing homes

in terms of quality of care and accessibility for low-income individuals, and Johansen and Zhu

(2013) find that public and nonprofit hospitals have similar responsiveness to legislative mandates.

We expand upon this literature by being the first to compare nonprofit and public performance in

an environmental context that includes very small nonprofit institutions. Most of the watershed

associations in our sample are run by one or two staff members and a handful of volunteers, as

opposed to large professionalized hospitals and nursing homes.
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2 Abandoned Mine Drainage and Funding Mechanisms

2.1 Abandoned Mine Drainage

Since passage of the Federal Surface Mining Control and Reclamation Act of 1977, mining com-

panies have had to provide financial commitments known as bonds to be allowed to mine. When

abandoning a mine, they must comply with reclamation requirements or forfeit their bonds. Prior

to the Act, companies could usually abandoned their mines with little to no repercussions. As

a result, about half a million abandoned mines with no responsible owner are spread throughout

32 of 50 states in the U.S. (Glatzel and Gordon, 2018), and are unlikely to be addressed apart

from public funding. Because abandoned mine drainage flows into streams and rivers, they af-

fect common-pool resources widely enjoyed by outdoor enthusiasts including fishers and boaters.1

In addition, discolored streams and rivers are a visual disamenity, and the acidity and metals can

increase water treatment costs for downstream industrial or municipal users (Hansen et al., 2010).

The problem of abandoned mine hazards is severe in Pennsylvania, which has the largest in-

ventory of unremediated abandoned mines (CRS, 2020), and where the state’s Department of

Environmental Protection reports that abandoned mine drainage impairs 5,524 miles of stream

(Pennsylvania DEP, 2022). The degradation stems from water moving through a mined area and

interacting with rock exposed to oxygen through mining. The interaction results in the water often

having the same acidity as tomato juice, and containing high concentrations of metals such as iron

and aluminum. When it flows into nearby streams, the drainage can kill fish and turn water orange

as dissolved iron precipitates. Efforts to address abandoned mine drainage involve a diversity of

treatment systems that all aim to reduce the acidity of the drainage, capture metals, and discharge

cleaner water into the nearest stream. Most systems are “passive” treatment systems, which typi-

cally involve one or more retention ponds or wetlands lined with limestone to reduce acidity and

metal contents before the water flows into nearby rivers and streams (U.S. Department of the In-

1In Ostrom’s typology of goods, streams and rivers polluted by abandoned mine drainage are “common-pool
resources” (Ostrom, 2005, p.24). This is because 1) clean water is fully subtractable because pollution by one user
creates less clean water by other users, and 2) there is high difficulty of excluding users because there were no policies
prior to 1977 to ensure remediation.

6



terior, 2003). While less expensive than active systems (water treatment plants), they still require

large upfront costs to design, construct, and maintain, including costs to replenish limestone or to

dredge wetlands that have filled with metals.

2.2 Funding Treatment in Pennsylvania

One major source of funding for treating abandoned mine drainage is set-aside money authorized

by the 1990 and 2006 amendments to the federal Surface Mining Reclamation and Control Act.

The set-aside provisions allocate money from the federal Abandoned Mine Land Fund, funded

by a federal tax on coal, to state or tribal accounts to treat abandoned mine drainage. In the

case of Pennsylvania, the Department of Environmental Protection assumes responsibility for the

set-aside money (Pennsylvania DEP, 2023a).2 This involves overseeing all phases of a treatment

system’s life: design, construction, operation, monitoring, and maintenance. The federal Office

of Surface Mining Reclamation and Enforcement annually evaluates the Department’s abandoned

mine land program. The Department only expends the set-aside funds in qualified watersheds with

a hydrologic plan documenting the health of the watershed, and its topography, human activities,

and ecology (Pennsylvania DEP, 2016).

Another major source of funding comes from state watershed protection grants authorized by

the Pennsylvania Environmental Stewardship and Watershed Protection Act. The Act directs the

Department to provide grants to local governments and watershed associations for abandoned mine

drainage treatment, among other activities.3 The grants have funded work by a variety of water-

shed associations, which we describe in detail below. Although watershed grants may address

restoration of the same streams as the set-aside program, the Department does not assume legal

or maintenance responsibilities for systems built with watershed grants. The Department states

that it prioritizes use of set-aside funds for operating and maintaining treatment plants or systems

2See also Chapter 4-130 of the Federal Assistance Manual of the Office of Surface Mining Reclamation and
Enforcement (Office of Surface Mining Reclamation and Enforcement, 2023). The entity within the Pennsylvania
Department of Environmental Protection that oversees the set-aside program is the Bureau of Abandoned Mine Recla-
mation.

3See section 6105(b)1(iii) of Pennsylvania General Assembly (1999).
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“constructed by DEP, or operated by or on behalf of DEP” (Pennsylvania DEP, 2016).

To put a finer point on the implications of the funding streams, with federal set-aside funds the

Department acts as a funding intermediary and a general contractor. It is accountable to its funder,

the federal Office of Surface Mining. With the watershed grants, the Department is the funder,

using only state money. It selects which proposals to fund and ensures that recipients comply with

its reporting requirements, but it does not act as a general contractor by soliciting subcontractors

or putting staff in the field to directly construct or monitor systems. Nor does it report activities

and results to a higher authority.

State and association systems are likely built to similar standards because the subcontractors

that design and construct systems serve both the state and associations. The Department has es-

tablished guidelines that apply only to its own treatment systems, but they recommend them as a

resource for organizations applying for grants (Pennsylvania DEP, 2016). Despite potentially sim-

ilar design and construction quality, performance could vary greatly over time based on whether

the associations or the state monitor the systems and address problems as they arise.

2.3 Watershed Associations

Various authors identify a movement in the late 20th century towards managing natural resources

at the watershed level (Kenney, 1999; Born and Genskow, 2001). Tarlock (2000) notes that the

focus on watershed-level planning came alongside the “emergence of grassroots organizations in-

terested in conserving and restoring specific places” (p.188). The federal government supported

the movement through the 1987 amendments to the Clean Water Act that authorized the Envi-

ronmental Protection Agency to fund community-based efforts to fight non-point source pollution

(Hardy and Koontz, 2008).

Watershed associations in Pennsylvania reflect this historical development. Westmoreland

County, for example, reports seven main watershed associations, all of which were created be-

tween 1970 and 2000 (Westmoreland Conservation District, 2023). Most organizations, like the

Babb Creek Watershed Association are staffed by volunteers with little to no compensation. Oth-
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ers are more professional. The Mountain Watershed Association, for example, has a full-time staff

of 12 professionals. The associations support diverse activities that promote surface water quality

and aquatic life in the watershed such as streambank restoration, fencing, and tree planting. Since

abandoned mine drainage affects many of their watersheds, they have also supported treatment

efforts, sometimes by pursuing large grants and taking full responsibility for design, construction,

and maintenance of treatment systems. A repository of information on treatment systems in Penn-

sylvania lists roughly 30 different watershed associations or coalitions in its database (Datashed,

2023b). The associations are helped by the Eastern and Western Pennsylvania Coalitions for Aban-

doned Mine Reclamation, which have full-time, experienced staff that provide technical assistance

and serve as a liaison with the Department of Environmental Protection.

3 Theory, Literature, and Hypotheses

3.1 Institutional Selection

A core literature in the field of public administration and management explores why decentral-

ized collective action institutions voluntarily organize to provide public goods that improve local

well-being. While the early literature explored community action to improve urban public goods

including policing and domestic water supplies (Ostrom, 1965; Ostrom and Whitaker, 1973; Os-

trom et al., 1973), its primary focus has been on the emergence of collective action institutions

to manage common-pool environmental resources. The literature is exemplified by Lubell et al.

(2002), who study the emergence of watershed associations in the U.S. as a dependent variable.

With Ostrom (1990, 1999), they define a watershed as an action arena where the action situation

and characteristics of actors interact to determine institutional rules that govern a natural resource

system.4 They find that watershed associations emerge when their benefits to actors are high be-

cause the environmental problem is severe and enforcement of government rules to protect the

4The action situation includes the initial states of natural resources, institutional arrangements, and usage patterns
and their associated costs and benefits to resource users. Characteristics of actors include initial resource endowments
across individuals and interest groups, along with their preferences and knowledge of the action arena.
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watershed is weak, and when local incomes and public support for partnerships are high enough to

overcome transaction costs.

There is comparatively little literature on why the state would provide public goods without

an explicit legislative mandate. Just as collective action is more likely when state enforcement of

environmental rules is weak, the state may choose to intervene when collective action institutions

have failed to emerge. This perspective of the state filling a policy void aligns with Salamon (1987),

who envisions state action as a response to a failure of collective action, rather than the traditional

explanation of state action as a response to market failure (as noted by Amirkhanyan et al. (2008,

p.329)).

Two empirical challenges make it difficult to hypothesize about whether collective action in-

stitutions or the state will provide a public good. First, researchers must measure and analyze the

many variables that interact within an action arena to determine institutional selection—as many

as 44 unique variables in the framework presented by Ostrom (2009, p.421). Second, institutional

selection is a temporally ambiguous two-stage process in which the state may crowd out collec-

tive action institutions, or vice versa. While these challenges complicate our ability to precisely

understand why the Department constructs systems at some discharges and watershed associations

construct them at others, our empirical approach accounts for a form of institutional selection that

may bias previous studies of the effect of institutional choice on performance: the severity and

complexity of the environmental problem.

Considered alone, severity has an ambiguous relationship with institutional selection. On one

hand, severe environmental problems raise the benefits to collective action. On the other, the

state may choose to intervene where the benefits of its involvement are highest. For instance, the

geologists, hydrologists, and construction experts within an environmental regulator may choose

to remediate pollution when it is most pervasive or where technical details make cleanup most

complex. This latter explanation sets our first hypothesis:
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Hypothesis 1: The state will build systems in more complex and severe settings compared

to association systems, as measured by the number of contaminated inflows and the volume and

contamination of water running into them.

3.2 Institutional Performance

As noted in the introduction, a large literature compares collective action institution and state

performance, and a closely related literature compares private, public, and nonprofit performance.

We contribute to it with rigorous evidence based on a relatively large sample of state and collective

action projects and by accounting for institutional self-selection that may have biased past studies.

We also contribute by operationalizing the broad construct of environmental performance with four

quantifiable measures: effectiveness, cost-effectiveness, monitoring, and maintenance.

Prior studies have considered the effectiveness of state and collective performance in diverse

ways. Some have quantitatively operationalized effectiveness by coding case study evidence of

environmental quality into ordinal scales (Lam et al., 1998; Shivakoti et al., 2005; Pahl-Wostl

et al., 2012; Hayes, 2006). Others have qualitatively operationalized perceptions of effectiveness

with surveys and interviews (D’Souza and Nagendra, 2011; Mathenge et al., 2014; Ghate and

Nagendra, 2005), and still others have relied on secondary case study data (Foster and Iaione,

2016; Frantzeskaki, 2019; Cleaver and Toner, 2006; Klassen and Evans, 2020). In contrast, we use

a continuous, quantitative measures of water quality observed at the project level over time. The

mixed results from the private versus public performance literature discussed in the introduction,

and the institutional details in Section 2.2 suggest that the two types of systems are likely built to

similar standards. This prompts our second hypothesis:

Hypothesis 2: The two types of systems will achieve similar initial and average lifetime

effectiveness in terms of reducing acidity and removing heavy metals from discharge water.
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To our knowledge, few studies have compared cost-effectiveness in quantifiable, monetary

terms across state and collective action institutions. State rules that require contractors to be

registered with the state and force the selection of a “lowest responsible bid” may be capable of

weeding out overly costly and unprofessional bidders. But they may also unintentionally weed

out the most capable or cost-competitive contractors that sort towards privater buyers to avoid

registering with the state and filling out time-consuming regulatory paperwork. While contracting

requirements may elicit low and very cost-competitive bids, with our third hypothesis we expect

this will be outweighed by greater in-kind contributions of labor by local watershed members:

Hypothesis 3: Association systems will be more cost-effective than state systems, as measured

by the cost of each gallon of water treated.

After community members overcome first-order collective action problems to organize into

functional institutions, Bates (1988) and Heckathorn (1989) note that they face the second-order

collective action problems of monitoring and maintaining their performance. In the case of

abandoned mine drainage, formal monitoring can involve costly field or laboratory tests of air,

water, and soil. Maintenance can mean reconstructing existing treatment technologies. The

Department states that its top priority for the use of federal abandoned mine drainage funding

is to operate and maintain its own systems, even above developing new watershed plans and

constructing new systems (Pennsylvania DEP, 2016, p.8). Therefore, with its annual stream of

federal funds we expect it to outperform the monitoring and maintenance of associations that may

run out of money, face challenges in securing grants, or experience deteriorating organization as

members move away or age. These facts motivate our fourth and fifth hypotheses:

Hypothesis 4: State systems will be monitored more frequently, as measured by the number of

water quality readings taken at the systems over their observed lifespans;
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Hypothesis 5: State systems will be better maintained, as measured by the change in their

effectiveness at improving water quality from their first post-construction reading to their last

reading.

The number of water quality readings is only one operational definition of monitoring. We

do not observe informal monitoring, such as passing by a system to see if effluent appears acidic,

which may be carried out more often by local watershed associations. Several studies of forests

have found that supplementing formal state monitoring regimes with monitoring by local user

groups is necessary for successful resource management (Gibson et al., 2005; Coleman, 2009;

Banana et al., 2007; Ghate and Nagendra, 2005; Ostrom and Nagendra, 2006). Therefore, if our

findings contradict our fifth hypothesis that state systems will be better maintained, it could be

explained by superior informal monitoring of the watershed associations that we do not directly

observe.

4 Data and Sample

4.1 System Characteristics and Water Quality Problems

To test our five hypotheses, we use data on abandoned mine drainage treatment systems from

Datashed (2023b). Datashed is an online repository that is funded, operated, and maintained by

multiple nonprofit and governmental entities (Datashed, 2023a). It contains data on systems in

Pennsylvania, including their funding sources, the parties involved in their construction, and a

series of water quality variables from samples collected by state employees and association vol-

unteers over time. Datashed provides a system-level report for each system. The report includes

measures of influent and effluent water quality averaged across the entire lifetime of the system.

Influent measures are from laboratory tests of water sampled at a system’s inflow, and effluent

measures are from laboratory tests of water sampled at a system’s outflow into the nearest river or

stream. The system-level averages do not permit tracking water quality over time. We therefore
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download data on the first and most recent reading from raw laboratory reports for a subset of

systems with more than one influent and effluent reading.

Datashed contains system-level reports on 292 passive systems with both inflow and outflow

measures. We drop systems without a pH reading at an inflow or outflow, those lacking a measure-

ment of flow, four systems that inexplicably show a large drop in pH between inflow and outflow,

and one system that is an extreme high outlier for flow volume (10,955 gallons per minute, with

the next highest value being only half this amount). The resulting sample has 264 systems that we

classify as either being state or association constructed and maintained (Appendix A.1).

Appendix Table B1 presents descriptive statistics for the systems. The typical system was built

between 2003 and 2004 and was funded with 1.4 unique funding sources (e.g. private foundation,

federal set-aside, state grants, in-kind contributions). Larger and more complex discharges may be

more challenging to treat. To measure complexity, we utilize the number of inflows treated by the

system. The typical system has one inflow, and few systems collect and treat multiple inflows. To

measure size, we use the flow of water in gallons per minute entering the system from all inflows.

The average and median systems in our sample take in 283 and 56 gallons of water per minute.

To measure the severity of water quality problems, we use the influent readings. For each

system in our sample, we have at least one influent reading that allows us to define severity with a

continuous and a threshold-based measure. The continuous measure is the actual value of influent

pH, which is a log scale, and concentrations of manganese (Mn), aluminum (Al), total iron (Fe),

and total suspended solids (TSS), which are measured in miligrams per liter (mg/L). For pH, which

measures acidity, 7 indicates neutral water and lower values indicate greater acidity. Average pH

and concentrations of the four metals over all readings taken at the systems are shown in Appendix

Table B1. For instance, the average influent pH is 4.34, which is calculated by allowing each of

the 264 systems in our sample to contribute one pH measure that is its average influent pH taken

over all its tests in Datashed. We also calculate an average initial influent pH of 4.47, by taking the

average pH from the first reading at each system across the 223 systems that have more than one

reading. For these systems, the average number of years between the first and the last reading is
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12 years.

Our threshold-based measures are based on regulatory thresholds for pH and the four metal

concentrations. The Pennsylvania DEP (2016, p.4) sets water quality targets in streams that receive

abandoned mine drainage for pH (greater than 6.0), iron (less than 1.5 mg/l), and aluminum (less

than 0.5 mg/l). It lacks targets for the other two measures, so we use targets from the U.S. EPA’s

coal mining effluent limitation regulations—manganese (less than 2.0 mg/l) and TSS (less than

35 mg/l) (Code of Federal Regulations, 2023). Appendix Table B1 shows that 99 percent of the

systems treat inflows that fail at least one of the five standards on average over their observed

life, with pH (77 percent), iron (78 percent) and aluminum (76 percent) being the most commonly

failed standards.

4.2 Effectiveness, Cost-Effectiveness, Monitoring, and Maintenance

Appendix Table B2 presents descriptive statistics for the performance outcome variables, which

include measures of initial and average effectiveness, cost-effectiveness, monitoring, and long-

term maintenance of effectiveness at improving water quality.

As with measures of influent water quality, we use both continuous and threshold approaches

to measure system effectiveness. With the continuous measures, we account for initial pollution

in influent water by calculating the change in water quality from influent to effluent. For in-

stance, to calculate the change in manganese (Mn) at each system i we calculate ∆Ln(Mni) =

Ln(Mne f f luent,i)− Ln(Mnin f luent,i). Over the observed life of the average system, effluent had

around 61 percent less manganese than influent. The pH scale is logarithmic, so we simply take

the change in pH from inflow to outflow and find an average improvement in pH of 1.59 points. To

put the change in perspective, it is the difference between the acidity of tomato juice (4.3) and the

acidity of water where aquatic life can flourish.

For the threshold approach to measuring effectiveness, we examine whether the effluent water

meets the targets set by the Pennsylvania DEP (2016) for pH, iron, and aluminum, and by the U.S.

EPA for manganese and TSS. While 82 percent of systems release effluent that fails at least one of
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the five standards, the particular standard that they fail varies. Of the 264 systems in our sample,

40 percent fail the pH standard, between 40 and 50 percent fail the manganese, aluminum, and iron

standards, and very few fail the TSS standard.

To measure cost effectiveness, we use the system’s initial cost per 100,000 gallons treated. We

estimate it by dividing the initial cost of the system by the estimated number of gallons that would

run through the system over an assumed 15 year lifespan. We calculate the estimated number of

gallons by multiplying the flow rate in gallons per minute by the number of minutes in a 15 year

period. On average, systems in our sample cost $206 for each 100,000 gallons of water treated. To

measure monitoring, we use the combined number of water quality readings of both influent and

effluent taken over the observed life of the system. The average system has 53 readings taken over

its observed lifespan.

To measure maintenance, we calculate the most recent measure of effectiveness (effluent less

influent at the last reading, t = T ) and compare it to the initial effectiveness (effluent less influent

at the initial reading, t = 1). For instance, to calculate the change in manganese at each system i

we calculate:

Change ∆Ln(Mnit) = (Ln(Mne f f ,i,t=T )−Ln(Mnin f ,i,t=T ))

− (Ln(Mne f f ,i,t=1)−Ln(Mnin f ,i,t=1)).
(1)

The average system’s most recently observed effect on manganese is 0.12 log points better

than its earliest observed effect (Appendix Table B2). Thus, if the system initially reduced man-

ganese by 50 percent, it is most recently reducing it by around 60 percent, indicating increasing

average effectiveness over time. In contrast, the typical system experiences a 28 percent increase

in aluminum from inflow to outflow relative to the first reading, indicating decreasing average

effectiveness over time. Mine discharge water quality should generally improve over time as sev-

eral studies have documented (Burrows et al., 2015; Merritt and Power, 2022). If the state targets
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discharges from mines abandoned long ago, it should result in its systems treating less acidic or

polluted water. This underscores the value of looking at initial inflow water quality across system

types and accounting for any differences when estimating treatment effectiveness.

5 Empirical Approach

5.1 Institutional Selection

Our first empirical question is whether the state selects into addressing the most polluted and

challenging discharges. To answer it, we compare the characteristics of its systems to those built

by associations. Specifically, we compare means of the variables in Appendix Table B1—those that

define system characteristics, complexity, size, and influent severity—using our complete sample

of 203 association systems and 61 state systems. We present the actual difference in means and

the associated t-statistics for the hypothesis that the two samples come from the same population.

We also present the normalized mean difference, which takes a difference in means and divides

it by the square root of the average variance of the two groups (Imbens and Wooldridge, 2009).

As Imbens and Wooldridge (2009) note, the normalized difference in means is a better measure

of covariate differences across two groups when doing causal inference. The traditional t-statistic

necessarily increases as the sample size grows, but the normalized difference does not, which

is desirable because the challenge of estimating an average treatment effect does not inherently

become more difficult as the sample size grows. They note that with a normalized difference in

means greater than 0.25 standard deviations, adjusting for the difference through least squares

regressions is likely sensitive to model specification.

5.2 Matching and System Performance

Our second empirical question is whether state system’s outperform association systems in terms

of effectiveness, cost-effectiveness, monitoring, and maintenance. Results that follow show that
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state systems treat slightly more acidic discharges. If we used the full sample for performance

comparisons, a finding that state systems perform worse could reflect more acidic water being

more challenging to treat. Therefore, when testing our second through fifth hypotheses, we address

the selection by defining our continuous outcomes as the change in water quality from influent to

effluent, which accounts for initial pollution in influent water. We also limit our performance

comparison to state and matched association systems that address similar water quality problems.

To match systems, we use a combination of exact matching and Mahalanobis Distance Match-

ing (MDM). Exact matching matches units across groups, in our case state and association sys-

tems, that have the same value for a given variable. MDM matches units across groups that are

nearest in covariate space, with nearness defined by a Mahalanobis distance. The Mahalanobis

distance is calculated after standardizing each matching variable (which accounts for matching

variables being in different units of measurement) and after accounting for correlations between

the multiple matching variables (which accounts for redundancy). We use MDM, rather than other

popular matching algorithms like Propensity Score Matching (PSM), for two reasons. First, King

and Nielsen (2019) show that MDM produces better balance on observed covariates for a given

number of observations drawn from the full sample. Achieving better balance for a given sample

size improves our statistical power to identify differences between state and association systems.

Second, Ripollone et al. (2018) find that MDM outperforms PSM when there is a high degree of

initial covariate balance by matching observations that are closer in a multidimensional covariate

space. Because we have a large sample of association systems that closely overlap our smaller

sample of state systems, MDM will yield better matches.

Starting with the 61 state systems, we find exact matches on a binary variable indicating

whether the water entering the system failed the state standard of 6 pH. This reflects the gener-

ally different types of systems needed to treat net acid versus net alkaline mine water (Hedin et al.,

2013). The exact match should result in samples of state and association systems with an identical

proportion of acidic discharges. We also exact match on a binary variable equal to one if the system

is one of the 223 that have more than one water quality reading, which allows us to compare long-
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term maintenance outcomes across the two types of systems. For MDM matching, we calculate

the Mahalanobis distance for each system based on the eight MDM variables in Table B3. They

include system characteristics (year built, the number of inflows, and the inflow volume) and the

four continuous measures of influent water quality. Matching on these variables helps balance the

size and complexity of the treated discharges and the severity of the influent water quality problem.

Tables B4 and B5 present descriptive statistics for all of our covariates and outcome variables for

the one-to-two matching without replacement sample.

Our preferred matching approach is to match each of the 61 state systems to two association

systems “without replacement,” meaning that the association sample will include 122 unique sys-

tems. For our sample, one-to-one matching does not yield a clear improvement in covariate balance

as measure by the normalized difference in means. Thus, one-to-two matching allows for a larger

sample size while not increasing bias. We nonetheless test the sensitivity of our results to alterna-

tive matching approaches. In the appendices, we present descriptive statistics and results using a

one-to-one without replacement approach (Appendix C), a one-to-two with replacement approach

(Appendix D), and a one-to-one with replacement approach that matches exclusively on being the

association system that is the nearest geographic neighbor to the state system (Appendix E). We

discuss the results of the three alternative matching methods in Section 6.4.

5.3 Matching and Regression-Based Bias Correction

Although we exact match on two variables, the MDM will yield inexact covariate matches for the

eight MDM variables. For the matched sample, we control for remaining covariate differences

using the following model estimated with ordinary least squares:

Outcomei = β1StateSystemi +β2ln(FlowVolumei)+β3ln(In f lowsi)+λt(i)+ εi, (2)

where i indexes the system, StateSystemi is a binary variable equal to one if the system is a state
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system, and ln(FlowVolumei) and ln(In f lowsi) provide the natural logarithms of two of the MDM

variables, influent flow volume in gallons per minute and the number of inflow points. We also

control for construction year fixed effects, λt(i). With the year fixed effects, our coefficient of

interest β1 estimates the average difference in Outcomei across state and association systems built

in the same year.5 We estimate the equation with Huber-White heteroscedasticity robust standard

errors. For the monitoring and cost-effectiveness outcomes, we estimate equation 2 as written.

For the effectiveness and binary effectiveness threshold outcomes, we estimate parameters in the

equation by weighting each observations using analytical weights of the number of readings that

contribute to its average pH and pollutant concentrations.6 This gives greater weight to what

should be more accurate measures of water quality. For the maintenance outcomes, we additionally

control for ln(MeasurmentDurationi), which is the numbers of years between the first and the last

reading taken at system i.

Note that we control for the first three of our eight MDM variables in equation 2. For the

other five, we directly account for differences in influent water quality by defining our continuous

outcomes as the change in water quality from influent to effluent. For the non-continuous, binary

outcomes, we condition each regression on failure of the influent water quality standard. For in-

stance, for the binary indicator of effluent manganese being greater than 2 mg/l, we only include

observations in the regression if the influent water is greater than 2 mg/l. This avoids the inclusion

of observations in regressions for a given outcome where the system cannot improve water qual-

ity because the inflow already meets the standard. We do not estimate the equation for the TSS

outcome because too few systems have influent that fails the standard to provide a sample large

enough for the estimation of the model parameters.

5We use the “reghdfe” command in Stata to estimate equation 2. It does not report a constant, β0. We therefore
do not report a constant in the proceeding tables, which would simply be the mean outcome of the omitted build year.

6The exception is with the one-to-two matching with replacement sample in Appendix D. With this sample, we
use frequency weights to weight each state system by one, and the 65 association systems by the number of times they
are matched to a state system.
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6 Results

6.1 Institutional Selection and Matching

In the full sample of 203 association systems and 61 state systems, we find limited evidence in

support of the first hypothesis that the state will build systems in more complex and severe settings

(Table 1). On average, the two types of systems address a similar number of inflows with a similar

total flow, but the state systems appear to treat more acidic inflows. Average influent pH of state

systems is 4.09 compared to 4.41 for association systems, a normalized mean difference of nearly

one quarter. Moreover, 85 percent of state systems have an average influent pH less than the state

standard of 6 compared to 74 percent of association systems.

Association systems are also newer on average, but one-to-two matching without replacement

creates a far more comparable sample of 122 association systems (60 percent of all the association

systems in our full sample). Matched association systems are still newer on average, but the nor-

malized difference is 0.26 in the matched sample compared to 0.50 in the full sample (Table 2).

Most notably, exact matching on a binary for failing the influent pH standard along with MDM on

influent pH yields samples with similar influent acidity. For example, the normalized difference in

average influent acidity is now only 0.01.

6.2 System Performance

To examine the performance of state and association systems, we compare means across the state

and matched association systems for each of our operational definitions of effectiveness, cost-

effectiveness, monitoring, and maintenance. State and association systems have similar average

effectiveness over their observed lifespans and on both the continuous and threshold-based mea-

sures of water quality (Table 3).

To treat the same quantity of water, state systems cost 39 percent more than association systems,

although the difference is imprecise (p-value of 0.14). For monitoring activity, the state takes

many more water quality readings, which is better quantified by the proceeding biased-corrected
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regressions that account for differences in the amount of time for readings to occur by conditioning

on the construction year fixed effects.

State and association systems also differ in their long-term effectiveness at reducing pH. The

means for the state systems indicate declining effectiveness over time. The negative sign on the

change in pH effectiveness indicates declining ability to improve pH over time, and the positive

signs on the change in the natural logarithm of manganese, aluminum, and iron indicate increasing

concentrations of metals over time.7 Association systems, on the other hand, appear to maintain

their performance at increasing pH and removing manganese over time.

6.3 Regression-Based Bias Correction

While our matched samples are similar on most observed covariates, an exception is with the

year built variable (Table 2). To address the concern that we are comparing newer association

systems to older state systems, we estimate regressions including construction year fixed effects,

effectively comparing state and association systems built in the same year. We also control for

inexact covariate matches on the complexity and size controls, and condition the effectiveness

threshold regressions on failing the influent water quality standard for a given effluent outcome.

For the effectiveness outcomes, the two types of systems show similar performance at meeting

state standards, raising pH, and removing metals from influent (Table 4). Taken together, the

results for effectiveness in Tables 3 and 4 support our second hypothesis, which states that the two

types of systems will achieve similar initial and average effectiveness in terms of increasing pH

and removing heavy metals.

State systems are more costly than association systems on average, but the difference remains

imprecise (Table 5). The 36 percent coefficient is a logarithmic approximation of percentage

change, with the actual percentage change given by 100× [exp(.36)−1] = 43% (Halvorsen et al.,

1980). Because the magnitude is large, we cannot rule out our third hypothesis that the asso-

7Of the five maintenance outcome means for state systems, two are statistically different from zero at the 95
percent level using a two-tailed t-test: the means for the change in pH and the change in aluminum. The means for
association systems are not statistically different from zero using a two-tailed test.
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ciation systems will be more cost-effective than state systems. This may indicate that for some

systems there are inefficiencies from state contracting requirements (or efficiencies from in-kind

contributions of labor by local watershed members), but that the differences are not ubiquitous.

State systems receive 77 percent (100× [exp(.57)−1] = 77%) more water quality readings than

association systems, which supports our fourth hypothesis that state systems would be monitored

more frequently due to their explicit preference for using of set-aside funds to monitor systems.

For the maintenance outcomes, association systems continue to show stronger performance

relative to state systems when accounting for the bias correction (Table 6). The negative coeffi-

cient on the “state” binary in the pH regression indicates that association systems are superior to

state systems at maintaining acidity reductions by nearly 1 pH scale point. The positive signs on

the “state” binary in the other four regressions present imprecise evidence that, compared to as-

sociation systems, state systems decline in effectiveness at removing metals and suspended solids

from effluent. Appendix Figures B1 through B3 display overlapping histograms across state and

association systems for the three maintenance outcomes with the strongest effects in Table 6. The

figures show clear differences in the distributions of state and association systems.

Together, the mean comparisons (Table 3) and the bias-corrected regressions (Table 6) con-

tradict our fifth hypothesis that the state will better maintain its systems. This is despite the

Department of Environmental Protection’s prioritizing its federal funds to operate and maintain

its existing systems (Pennsylvania DEP, 2016, p.8). Our findings provide indirect evidence for the

primary advantage of decentralized institutions described in the collective action literature, namely

the immediate presence of local individuals to informally monitor the quality of environmental re-

sources and intervene when necessary. This in turn ensures system effectiveness and protects water

quality downstream.

6.4 Robustness

In Appendices C and D we present descriptive statistics and results using a one-to-one without

replacement approach and a one-to-two with replacement matching approach. These approaches
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are less preferred because they achieve very modest improvements in covariate balance, but with

smaller sample sizes of 61 and 84 unique association systems, which reduces statistical precision.

While the three MDM approaches achieve the best balance on observed covariates across state and

association systems, they leave open the possibility of differences in unobserved covariates related

to geographic and community characteristics. In Appendix E, we present results using a one-to-

one with replacement approach that matches exclusively on being the association system that is the

nearest geographic neighbor to the state system. The approach achieves relatively strong balance

on the observed covariates, but it fails to create samples of state and association systems with a

similar share of inflows that fail the state standard for influent pH (Table E3). Like the full sample,

the nearest neighbor matched sample suggests that there is some localized selection, with the state

opting to treat slightly more acidic discharges, and provides more support for our first hypothesis

that the state will build systems in more complex and severe settings.

The results in Appendices C through E are substantively similar to the one-to-two without re-

placement approach. Where there are differences, the biased-corrected regressions provide more

precise evidence that state systems are more effective at bringing effluent above federal manganese

standards (Table E5), and association systems outperform state systems at maintaining their effec-

tiveness at removing manganese and iron (Tables D7 and E7).

7 Discussion and Policy Implications

Our main finding is that associations better maintain their systems’ effectiveness over time. For

insight into why, we examine associations that best maintained effectiveness. The Babb Creek

Watershed Association in Tioga County is responsible for four of the best fifteen systems with

above 95th percentile improvements in pH, as well as aluminum and manganese concentrations.

Babb Creek built its twelve systems in our dataset in the late 1990s and early 2000s. They treat

highly acidic discharges, with eleven out of twelve below the state standard of 6 pH at the first

influent reading. As of the most recent effluent readings, ten of twelve are bringing pH above
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the state standard. Clearfield Creek Watershed Association has also successfully maintained its

systems. Its two systems in our dataset that treat discharges into Little Laurel Run in Cambria

County had an average initial influent pH of 3.5, and the most recent effluent readings are well

above the state standard of 6 pH. Similarly, Blacklick Creek Watershed Association manages seven

systems in Cambria and Indiana counties, with an average initial influent pH of 4. As of the most

recent readings, all seven were bringing effluent pH above the state standard.

Although the three associations are primarily run by volunteers, they bring in between $100,000

and $600,000 in revenues in the typical year through private and state contributions (ProPublica,

2022b,c,a). While some of the contributions are small, like the sale of raffle tickets and the pro-

ceeds from festivals, fishing tournaments, and community events, others can be quite large. The

three associations’ financial reports show occasional sharp increases in revenues and expenditures

in years where they receive large private donations or grants to build or maintain systems. For

instance, Babb Creek Watershed Association received a grant of $186,000 in 2019 through the

state’s Environmental Stewardship and Watershed Protection Act to maintain one of its systems

built in 2004 (Pennsylvania DEP, 2023b). Successful fundraising and maintenance activities of

the three associations point to the advantages of local institutions identified in the collective action

literature (e.g., (Ostrom, 2005)), with local individuals volunteering their time to manage natural

resources, build social capital and community around the natural resource, and informally monitor

environmental quality and intervene when necessary.

Another advantage lies in the ability to fund-raise quickly or apply for emergency funds, which

may be quicker for repairing failing systems relative to rigid state procurement rules. For example,

through the Quick Response Emergency Repair Funding program (funded by the Department of

Environmental Protection and a private energy company) the Western Pennsylvania Coalition for

Abandoned Mine Reclamation provides associations with money to restore failing systems. The

Coalition states that in the most urgent cases, the money can arrive in a few days (Western Pennsyl-

vania Coalitions for Abandoned Mine Reclamation, 2023). All three of the associations discussed

in this section have received Quick Response funds, which helps explain their resiliency.
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Despite having many well-maintained systems, the state is responsible for some systems that

significantly declined in effectiveness over time. Its four systems with the worst performance at

maintaining pH were built between 1998 and 2000. Two of the four have no record of ongoing

maintenance in Datashed, and one has not been significantly modified since 2010. The fourth,

which was built and initially effective at raising pH in 1999, was only recently maintained and

updated in 2022, well after the most recent water quality reading. The state’s seemingly slow

response may be because of red tape surrounding procurement, or because they have over 60 sys-

tems statewide compared to the smaller number of geographically concentrated systems managed

by each association. It may also be due to declining money (over our study period) in the federal

Abandoned Mine Land Fund, which comes from the federal excise tax on coal production. The

U.S. Department of the Interior (2023) reports that coal excise tax revenue has fallen nearly every

year since the start of the shale oil and gas boom that precipitated a decline in domestic coal pro-

duction. Between 2008 and 2022, the decline in coal production reduced excise tax revenues by 73

percent (U.S. Energy Information Administration, 2023; U.S. Department of the Interior, 2023).

More generally, relying on collective action institutions to address environmental problems in

the U.S. may be important in light of stagnant funding for state environmental protection agencies,

which are increasingly tasked with doing more with less (Cusick, 2017). The agencies are asked to

implement and enforce federal and state programs to protect air, water, and land that are constantly

in flux due to changing political administrations. But available funds to run programs and pay

staff, like administrators, inspectors, and technical experts, appear to be decreasing. For example,

the Pennsylvania Department of Environmental Protection had a total allocation of $786 million

from all funding sources in 2019 (Commonwealth of Pennsylvania, 2021, p.E18-6), which is about

30 percent less in real terms than the Department’s historically high allocations at the turn of the

century (Commonwealth of Pennsylvania, 2002, p.E16.7).

As states and tribes prepare to spend the historic $11.3 billion earmarked in the 2021 Infrastruc-

ture Investment and Jobs Act for abandoned mine reclamation, our results suggest that the state

should continue to rely on and invest in its collective action institutions to scale up reclamation

26



efforts. While in the past, states have assumed full responsibility for spending federal funds to

address abandoned mine issues (Pennsylvania DEP, 2023a), we find that watershed associations

are at least as effective at treating mine discharges. The many systems that will be built with In-

frastructure Act money must be maintained over their lifespans, which may be 25 years or more.

The state can leverage watershed associations by investing in their organizational capacity and de-

volving more responsibility to construct and maintain systems. Doing so could help the money go

further. We present suggestive evidence that associations are more cost-effective than the state, and

the actual difference might be larger than we estimate. While state costs include direct labor, such

as time spent by contractors building the systems, they exclude overhead labor costs associated

with administration. By comparison, watershed associations rely in part on local volunteers. To

the extent that people enjoy volunteering to improve water quality in their community, some of

their labor represents a local benefit rather than a cost.

8 Conclusion

Our findings illustrate that sustained state cooperation with collective action institutions can help

address complex and enduring environmental problems left by legacy hazards. State systems to

treat mine drainage address slightly more polluted water than do systems managed by watershed

associations. Discharge water quality, however, is similar across the two types of systems. Com-

paring systems that treat similar discharges, we find association systems perform at least as well as

state systems. They have similar performance at cleaning discharge water initially and on average

over their observed lifespans. Over time, state systems decline on average in their ability to treat

the discharge, while association systems maintain their effectiveness. Suggestive evidence also

indicates that association systems are more cost-effective. As such, current federal appropriations

for addressing abandoned mine drainage and other hazards might go further—and maybe material-

ize more quickly—through increased partnerships with watershed associations or similar nonprofit

partners.
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Appendices For Online Publication

A Data Notes

A.1 Classifying State Systems
We begin with water quality readings at 264 passive systems in Datashed. To classify each system
as constructed and maintained by the state or an association, we utilize three variable categories
in Datashed. First, each system has a “Project Name” field. We compare the project names to a
list of state-constructed passive systems published by Pennsylvania DEP (2019), and classify each
system on the list as a state system. Second, each system has fields for its “Responsible Organiza-
tion” and “Contact Organization.” We classify any system where the Department is the responsible
organization or contact organization as a state system. Third, each system contains data on the
funding sources used to construct the system. We classify any system constructed with federal
set-aside money as a state system. We use all three approaches, rather than just one, because some
state systems are missing from the Pennsylvania DEP (2019) list, and because there is missingness
in the responsible organization, contact organization, and funding fields. We manually checked
the individual system web-pages on Datashed, which contain project documents, to verify that
each system is properly classified. Altogether, we classify 61 systems as state constructed and
maintained and the other 203 as association systems.
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B Additional Tables and Figures
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Table B3: Matching Variables

Variable Description

Exact Matching
Influent pH ≤ 6 Mean influent pH is less than state standard

of 6
Missingness of time varying variables Binary variable indicating one of the 223 sys-

tems with more than one sample
Mahalanobis Distance Matching (MDM)
Year Built Year the system was built
Number of Inflows Number of inflows into the system
Inflow Volume Total inflow into the system in gallons per

minute
Influent pH Mean influent pH on the pH scale
Influent Manganese (mg/l) Mean influent Manganese in mg/l
Influent Aluminum (mg/l) Mean influent Aluminum in mg/l
Influent Iron (mg/l) Mean influent Iron in mg/l
Influent TSS (mg/l) Mean influent Suspended Solids in mg/l
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C Additional Tables: One-to-One Matching
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E Additional Tables: One-to-One Matching with Nearest Geo-
graphic Neighbor
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