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Firms will comply with a regulation when the expected costs of noncompliance 

exceed the expected benefits. If the regulator has incomplete enforcement information and 

firms are aware of this, it will enter into their calculation of expected benefits and costs. 

The literature on regulatory enforcement typically assumes that the regulator is able to 

identify the universe of regulated firms. In my dissertation, I relax this assumption by 

allowing for the existence of regulatory information gaps and examine the implications for 

compliance and ambient environmental quality. 

The first chapter reviews the literature on the enforcement of environmental 

regulations. The second chapter examines the effect of regulatory information gaps on a 

firm’s compliance strategy. The theoretical results indicate that a firm with a sufficiently 

low probability of being subject to enforcement action will delay compliance. This 

prediction is tested empirically in the context of nutrient management regulations in 

Maryland. The econometric results indicate that the probability of being included in the 

MDA farm registry is associated with a statistically significant increase in the probability 

of being in compliance with nutrient management regulations.  



If information gaps have an effect on a firm’s compliance decision, then they may 

potentially have consequent effects on ambient environmental quality. In the third chapter, 

I develop a theoretical model of the firm’s optimal level of emissions under information 

gaps. The theoretical results indicate that the optimal level of emissions is decreasing in 

the likelihood of being known to the regulator. If decreases in a firm’s emissions result in 

decreases in ambient pollution levels, then ambient pollution levels are also decreasing in 

the probability of being known. I test this prediction empirically within the context of Clean 

Water Act (CWA) permit regulations. The empirical results indicate that a one percentage 

point increase in the share of firms known to the regulator results in a 0.43% - 0.49% 

percent decrease in ambient pollutant concentration for three out of the four pollutants. 

Increasing the share of known firms by 5 percentage points could lead to benefits, in terms 

of improved water quality, of $165.9 million per year.  
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1 Introduction

The primary goal of environmental regulations is to improve environmental qual-

ity. The extent to which this goal is achieved depends on several factors, one of which

is the effectiveness of regulatory enforcement. Effective enforcement strategies must

provide strong enough incentives to induce firms to comply with the regulation. Eco-

nomic theory suggests that firms will comply with a regulation only if the expected

net benefits of compliance exceed the expected net benefits of noncompliance (Becker

1968). Regulators may alter firms’ compliance incentives through the use of enforce-

ment instruments such as self-reporting, inspections, warnings, fines, and criminal

sanctions.

The literature on the enforcement of environmental regulations examines the op-

timal enforcement policy in various enforcement settings including instances where

information is incomplete. These include scenarios in which the monitoring probabil-

ity is less than one so that the regulator observes the compliance status of a subset

of firms, when monitoring technologies are imperfect and detect compliance status

with error, and when there exist information asymmetries about compliance costs.

One aspect that the literature does not consider is incomplete information about the

universe of firms subject to regulation. Obtaining a complete census of the universe

may be difficult for two reasons: (1) it may be difficult to initially obtain information

on the identities of the relevant agents, particularly if the regulated universe is vast

and (2) it may be difficult to maintain up-to-date information over time, particularly

if turnover is high. As a result, the regulator may partially rely on self-identification

to obtain information on the universe of regulated firms; when firms apply for any

required permits to pollute, they are essentially identifying themselves as belonging

to the regulated universe. However, firms have an incentive to remain unknown to

the regulator because if they are unknown, then they will not be subject to monitor-

ing and enforcement and incur the associated costs. In my dissertation, I relax this
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assumption by allowing for the existence of regulatory information gaps and examine

the implications for compliance and ambient environmental quality.

Chapter 2 reviews the economics literature on the enforcement of environmental

regulations. Chapter 3 examines the effect of incomplete enforcement information

on farm compliance with nutrient management regulations in Maryland. The re-

sults indicate that an increase the share of farms known to the regulator results in a

significant decrease in the likelihood of compliance. If incomplete enforcement infor-

mation has a negative effect on compliance, then it may also have consequent effects

on ambient environmental conditions. Chapter 4 examines the effect of incomplete

enforcement information on ambient water quality within the context of Clean Wa-

ter Act permit regulations in the Mississippi River Basin. The results indicate that

an increase in the share of facilities known to the regulator results in a significant

decrease in ambient pollutant concentration for three of the four pollutants modeled.

Thus, incomplete enforcement information has implications for both compliance and

ambient environmental quality.
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2 A Review of the Literature on the Economics of

the Enforcement of Environmental Regulations

2.1 Introduction

Prior to the 1960s, environmental law in the United States was largely decentral-

ized with the federal government having little authority. In the late 1960s, growing

public concern over environmental quality led to a push for federal environmental

legislation and regulation. Around this time, the Environmental Protection Agency

was established to research pollutants, monitor ambient environmental conditions, es-

tablish environmental baselines, set standards for both individual pollutants as well

as air and water quality, and monitor and enforce those standards. Additionally, over

the next two decades, several federal environmental laws were passed such as the

Clean Air Act (CAA), the Clean Water Act (CWA), and the Resource Conservation

and Recovery Act (RCRA), to name a few.

The goal of these laws is to improve or preserve environmental quality and protect

human health. The extent to which environmental laws and regulations achieve their

goals depends, at least in part, on the extent to which firms within the regulatory

purview comply with the laws and regulations. Standard economic theory finds that

a rational, risk-neutral firm will violate a law or regulation if the expected benefits

of noncompliance exceed the expected costs (Becker 1968). The expected benefits of

noncompliance include avoiding compliance costs. Compliance costs include any costs

associated with adopting required technology, hiring consultants, administrative fees,

etc. Firms may also incur costs that arise from changes in the production process as

a result of compliance.

A rational, risk-neutral firm will compare these expected benefits of noncompliance

with the expected costs. The costs of noncompliance include any legal penalties

that may be imposed, costs arising from more stringent enforcement in the future,
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operational strains from having poor relationships with regulatory agencies, and costs

arising from tarnished public reputation. However, a firm will incur these costs only

if a violation is detected and punishment is pursued through either public or private

monitoring and enforcement of the law. Therefore, a firm will base its compliance

decision on its expectations of the costs.

A regulator may alter a firm’s compliance incentives through enforcement. Ef-

fective enforcement strategies provide strong enough incentives in order to induce

compliance. Instruments such as inspections, self-reporting, audits, warnings, fines,

and criminal sanctions may provide incentives for compliance. The effect of these

instruments on compliance or environmental performance has been studied exten-

sively in the literature. Given its expectations of firms’ responses to monitoring and

enforcement, the regulator devises an optimal enforcement strategy for its objective.

There are several theoretical papers that examine the optimal enforcement strategy

under different sets of assumptions and empirical papers that estimate the effect of en-

forcement on compliance and environmental performance and the gains from various

enforcement schemes.

2.2 Standard Enforcement Model

In order to incentivize compliance, the regulator may monitor firms for violations

and punish noncompliers. Firms are typically monitored through inspections and

self-reporting which can detect violations perfectly or imperfectly. If inspections can

detect violations perfectly, then the probability of an inspection is equal to the proba-

bility of detection. If a violation is detected, the regulator may choose to impose a fine.

Suppose the firm is risk-neutral and profit-maximizing. The firm will comply with

a regulation if the expected costs of noncompliance exceed the benefits. The firm’s

expected cost of noncompliance is the product of the probability of detection and the

punishment for violating. The punishment may include monetary and non-monetary
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penalties. Suppose that inspections perfectly detect violations so that the probability

of inspection equals the probability of detection. Standard economic theory predicts

that increasing the probability of inspection or the magnitude of the fine increases

the expected costs of noncompliance. Therefore, an increase in the probability of

detection or the magnitude of the fine should increase compliance. At the optimum,

the expected penalty is equal to the expected harm that arises from the undesirable

action. The regulator can reduce enforcement costs by setting the penalty equal to

the maximum and lowering the inspection probability such that the expected penalty

is equal to the expected harm at the optimum (Becker 1968).

2.3 Inspections

The standard economic model predicts that increasing the probability of an in-

spection increases the expected costs of noncompliance and therefore, increases the

compliance rate. Consistent with this finding, the empirical literature generally finds

that inspections increase compliance or improve environmental performance in several

contexts. For example, Magat and Viscusi (1990), examine the effect of inspections

on compliance with CWA permit regulations for the pulp and paper industry in the

early 1980s. Using data from the EPA’s permit compliance system (PCS), they find

that a past inspection decreases discharge levels and increases the self-reporting of

violations. Furthermore, in subsequent periods, they find no evidence of a rebound in

discharge levels suggesting that the deterrent effect of inspections may persist. Similar

findings are reported for the enforcement of air quality regulations; lagged inspections

increase the compliance of steel plants with CAA regulations (Gray and Deily 1996)

and with Occupational Safety and Health Administration (OSHA) regulations (Deily

and Gray 2007).

Inspections may also have an effect on the severity of a violation. One way in

which the severity of a violation is measured is by the size of a violation. For ex-
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ample, a firm is considered to be out of compliance if it is discharge is above the

permitted level. The extent to which a firm’s discharge surpasses the permitted level

may capture the severity of a violation. Environmental performance may be used to

measure the severity of a violation (or overcompliance). In the literature, environ-

mental performance is calculated in relative or absolute terms; it may be measured as

the ratio of actual emissions or discharge to permitted levels or as the absolute level

of emissions or discharge.

Several papers explore the effect of inspections on environmental performance;

Magat and Viscusi (1990) find that a past inspection reduces a plant’s mean bio-

chemical oxygen demand (BOD) discharges by 20% in the United States. A similar

result is observed in the enforcement of water and air regulations in China. Using

data on water and air discharges by firms (mostly in the manufacturing sector) in

China, Dasgupta et al. (2001) find that inspections decrease the discharge of total

suspended solids (TSS) and chemical oxygen demand (COD) in water by 1.18% and

0.40%, respectively and by 0.34% in air. Several other studies arrive at similar con-

clusions within the context of OSHA regulations (Gray and Jones 1991) and water

regulations in Quebec (Laplante and Rilstone 1996).

In addition to increasing the likelihood of compliance and improving environ-

mental performance, inspections may also shorten the duration of a violation. The

duration of a violation is of importance to the regulator because lengthier violations

may result in greater environmental damages to the public and greater reputational

losses to the regulator. Using quarterly data on the compliance of pulp and paper

plants with air quality regulations, Nadeau (1997) estimates survival models to exam-

ine the effect on inspections on the duration of a violation. The findings indicate that

an increase in monitoring, comprised of inspections and tests, significantly shortens

the duration of a violation.

Two field experiments examine the effect of changes in the frequency of inspec-
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tions on compliance. Between 2007 and 2010, the Norwegian Environmental Protec-

tion Agency (NEPA) conducted an experiment in which randomly selected groups

of firms received a letter informing them of an increase in the frequency of inspec-

tions.1 Contrary to the prediction of economic theory, the experimental results indi-

cate that announcing an increase in the frequency of inspections had no significant

effect on compliance (Telle 2013). Similarly, using data from a field experiment in

India in which the inspection rate was doubled with the additional inspections be-

ing randomly assigned, Duflo et al. (2018) find that an increase in the frequency of

inspections does not significantly reduce emissions. However, they do observe an in-

crease in compliance, though the magnitude is small given that inspection frequencies

were doubled.2 A similar conclusion is reached in Eckert (2004) within the context

of petroleum storage regulations in Manitoba, Canada; inspections have a significant

but small deterrent effect.

A firm’s response to inspections may be contingent upon firm characteristics such

as its perception of enforcement. Using a survey of chemical manufacturing firms’

perceptions of enforcement and CWA permit data, Earnhart and Friesen (2017) find

that state inspections have a deterrent effect on firms that perceive enforcement as

ineffective but have no effect on the relative discharges of firms that perceive enforce-

ment as effective. This is result is potentially explained by updating; in response to

an inspection, firms that perceive enforcement as ineffective my revise their beliefs

more than firms that perceive enforcement as effective. Thus, experiencing an inspec-

tion may induce a greater change in behavior in firms that perceive enforcement as

ineffective.
1Randomization was stratified by firm type, size, and potential harm.
2Note, inspections may have no significant effect on emissions but a significant, albeit small, effect

on compliance if firms near the standard are most responsive to the treatment. However, the effect of
inspections is small relative to the increase in the frequency of inspections. One possible explanation
for the small effect is that inspections were randomly assigned. If inspections were targeted, it is
possible that there would have been larger increases in compliance.
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2.4 Fines

The standard enforcement model predicts that an increase in the magnitude of a

fine induces greater compliance because it increases the expected cost of noncompli-

ance. Consistent with this prediction, the empirical evidence generally finds that the

imposition of a fine and increases in the magnitude of a fine lead to greater levels of

compliance. For example, formal enforcement actions, which include fines, consent

orders, corrective actions, and remediation requirements reduce the relative BOD dis-

charges of municipal wastewater treatment plants in Kansas (Earnhart 2004b, 2004a).

Fines may also reduce the length of time a firm remains in noncompliance; Nadeau

(1997) finds that enforcement actions, which include administrative, civil, and judi-

cial actions as well as penalties, reduce duration of time pulp and paper plants spend

in violation of EPA air quality regulations.

While these studies provide empirical evidence of the effectiveness of enforcement,

they do not distinguish the effect of fines from the effects non-monetary enforcement

actions such as court orders, remediation requirements, and information enforcement.

Shimshack and Ward (2005), within the context of CWA permit regulations for the

pulp and paper industry, separate the differential effects of fines from other enforce-

ment actions; they find that the imposition of a fine significantly reduces future

violations. Moreover, they find that fines have spillover effects in that a fine imposed

on one plant induces the compliance of other plants. Specifically, an additional fine

reduces the average probability of a violation within a regulatory jurisdiction in the

subsequent period. While this spillover effect continues to be observed in succeed-

ing years, its effect diminishes over time. Regardless, when considering the spillover

effect of fines, fines are more effective at deterring violations than inspections and

non-monetary sanctions.

In addition to inducing compliance, fines have been demonstrated to have an effect

on the degree of compliance. Shimshack and Ward (2008) find that fines significantly
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reduce the relative BOD and TSS emissions of pulp and paper plants. Moreover, the

quantile regression results indicate that fines cause those already in compliance to

over-comply by further reducing their emissions. Furthermore, similar to Shimshack

and Ward (2005), the imposition of an additional fine increases the degree of com-

pliance and overcompliance by plants within the state. They find that the driving

factors of overcompliance are randomness and jointness of TSS and BOD discharges.

The spillover effect of fines may arise from an increase in the credibility of the

enforcement agency’s threats. By imposing a fine on a firm, the enforcement agency

signals its ability to follow through with its threats and thus may change firms’

perceptions about the credibility of its threats. An interesting line of research would

be to explore whether similar spillover effects are observed with other regulatory

instruments. One would expect that criminal sanctions, due to their severity and

saliency, might have spillover effects on the compliance decisions of non-sanctioned

firms.

Finally, the standard enforcement model predicts that an increase in the mag-

nitude of a fine increases the compliance rate. Exploiting a revision in the penalty

policy for violations of hazardous waste regulations under the Resource Conservation

and Recovery Act (RCRA), Stafford (2002) finds that an increase in the fine resulted

in an increase in compliance. However, the increase in compliance is small relative to

the increase in the fine. One potential explanation for this is that firms did not change

their expectations of the penalty by much in response to the revision. This may occur

if, for instance, they believe regulators will exercise discretion in their favor.

2.5 Self-reporting

In the United States, several environmental laws require firms to submit self-

reports. For example, under CWA permit regulations, firms are required to period-

ically submit discharge monitoring reports (DMRs) as part of their permit require-
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ments. These reports include the results of samples of the facility’s effluent and if

there is a violation, an explanation for the cause of the violation and details on the

facility’s plan to correct the violation. Failure to submit DMRs is considered to be

a violation of the permit and the law. Such self-reports are not unique to CWA;

they are also required under other major environmental laws such as CAA, the Re-

source Conservation and Recovery Act (RCRA), and the Environmental Planning

and Community Right-to-know Act (EPCRA), to name a few.

Harford (1987) incorporates self-reporting into a standard model of enforcement

for emissions standards. A firm will choose a level of emissions such that the marginal

cost of abatement equals a weighted mean of the marginal fine rates for violating the

reporting requirement and violating the actual standard. The weights on these two

components is the probability of detecting a untruthful reports and the probability

of detecting a violation of the standard. If the penalty function is convex in the size

of the violation, then stronger enforcement of the reporting requirement will result in

lower levels of pollution. Furthermore, while increasing fines for violations leads to a

reduction in pollution, it may also lead to an increase in misreporting.

Self-reporting may offer several advantages while minimally affecting deterrence if

the fine for those who self-report is set equal to the certainty equivalent of the penalty

when they do not self-report a violation. Under such conditions, self-reporting reduces

enforcement costs by having firms report violations themselves rather than waiting

to be detected. Additionally, if firms are risk-averse, then self-reporting may also

eliminate risk-bearing costs. Therefore, if the penalty is set to the certainty equivalent

of the penalty incurred when firms do not self-report, then welfare is higher in optimal

enforcement schemes with self-reporting than those without (Kaplow and Shavell

1994). In a principal-agent framework in which monitoring is imperfect and pollution

is stochastic, Malik (1993) finds that in enforcement schemes with self-reporting, firms

may be inspected less frequently but must be punished more frequently if found to be
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out of compliance. In contrast to the findings of Kaplow and Shavell (1994), the effect

of self-reporting on the social cost of enforcement is ambiguous.3 If the monitoring

accuracy or the maximum allowable penalty is low, then self-reporting is more likely

to reduce enforcement costs. This is because the value of self-reporting is higher when

monitoring costs large relative to sanction costs.

The inclusion of self-reporting may have implications for the effects of other en-

forcement instruments on compliance and other responses to enforcement. When

allowing for repeated interaction between the regulator and the firm, Livernois and

McKenna (1999) find that under certain conditions, the compliance rate is decreasing

in the size of the fine, contrary to the predictions of standard enforcement theory.

While lowering the fine may increase the proportion of firms that violate, it may

also increase the proportion of violators that are truthful in their self-reporting. If

the latter effect outweighs the former, then with self-reporting, lowering the fine may

increase compliance.

When there are benefits to remediation, self-reporting may increase efficiency.

Recall that the standard enforcement model suggests that the optimal penalty is

maximal. However, if there exist remediations benefits that can only be obtained

post-detection, the regulator may set the penalty to be below the maximal penalty

and increase monitoring so that it can detect more violators and mandate them to

clean up. In such a setting, self-reporting offers two advantages: (1) remediation

benefits may be obtained absent detection and (2) by setting the penalty for non-

reporters to be maximal, a given level of deterrence can be achieved at a lower cost

(Innes 1999a).

Self-policing, or taking remediation actions prior to detection, can also increase

welfare. A regulator may favorably treat violators that engage in remediation ac-

tivities to reduce the harm they caused prior to detection. This can be achieved by
3This is likely due to sanctions being costless in Kaplow and Shavell (1994) but costly in Malik

(1993).
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reducing the fine for those who remediate pre-detection just enough to cover the reme-

diation costs. In such an enforcement setting, self-policing allows remediation benefits

to be obtained earlier and without costly government mandates (Innes 1999b). This is

particularly beneficial if detection is difficult. In response to enforcement, firms may

undertake costly avoidance activities, making detection difficult. Self-reporting, in

this case, may lower both avoidance costs and the level of enforcement effort required

to achieve a given level of compliance (Innes 2001).

Self-reporting of emissions is also a tool used by regulators in transferable emis-

sions permit systems. Similar to the effects of self-reporting in the enforcement of

command-and-control regulations, self-reporting may reduce monitoring costs in the

enforcement of market-based regulations. The mechanism in which the reduction in

monitoring costs is achieved however, is different. With the enforcement of command-

and-control regulations, the reduction in monitoring costs is achieved by having to no

longer monitor firms that self-report. However, with the enforcement of market-based

regulations, the reduction in monitoring costs is achieved by imposing an additional

fine on firms who misreport their violations (Stranlund and Chavez 2002).

The empirical literature on self-reporting is scant compared to the theoretical

literature. A firm may use self-reporting to signal its cooperation when enforcement

is targeted towards past violators. In such an enforcement setting, self-reporting may

provide a signal of a firm’s cooperation to the regulator and allow it to face a less

stringent enforcement regime in the future. Empirical evidence supports this idea;

Helland (1998) finds that firms that were detected to have a violation in the recent

past are more likely to report a violation in future periods. More recently, using

data from natural field experiment in Norway, Telle (2013) find that violations are

underreported in self-audits relative to on-site audits, suggesting that while self-audits

may reduce enforcement costs, they may also reduce compliance.
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2.6 Targeting Enforcement

Given a limited budget, the regulator may induce greater compliance if monitor-

ing and enforcement is targeted to firms that are more likely to violate. Targeted

enforcement has been studied extensively in the literature. Targeting may provide an

explanation for what is now known as the ‘Harrington paradox’—the paradox is that

in the enforcement of environmental regulations, high rates of compliance are observed

even though expected penalties are typically low relative to compliance costs. While

such a result is inconsistent with static models of compliance, it may be consistent

with dynamic state-dependent models in which enforcement is targeted towards past

violators.

Harrington (1988) develops a dynamic state-dependent model of enforcement in

which current violators are placed in a group that faces a more stringent enforcement

regime in the future while current compliers are placed (or remain) in the group with

a lenient enforcement regime. In this framework, the expected costs of noncompliance

include any penalties incurred if found to be out of compliance and the costs associated

with being in a stricter enforcement regime in the future. For each group, the regulator

chooses the inspection probabilities, fines, and transition probabilities to minimize

costs subject to a given compliance level. He finds that the optimal fine is zero in the

lenient enforcement regime and maximal in the stringent enforcement regime. Such

an enforcement scheme can achieve the same level of compliance that randomized

monitoring achieves, but at a lower cost.

The standard state-dependent model of enforcement results in otherwise identical

firms abating emissions at different levels. This implies that marginal abatement costs

are not equalized indicating that the abatement costs are not minimized. Harford

and Harrington (1991) develop a state-independent static model of enforcement that

considers abatement costs. They find that for a sufficiently large fine, the static model

of enforcement actually achieves a given level of pollution reduction at a lower social
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cost than the dynamic state-dependent model.

The introduction of asymmetric information into a state-dependent enforcement

model leads to different conclusions. The regulator typically does not observe firms’

compliance costs; compliance cost is private information held by the firm leading to

information asymmetry. Recall that in the standard dynamic state-dependent en-

forcement model, the fine in the lenient enforcement group is equal to zero while

the fine in the stringent enforcement group is set to the maximum allowable penalty.

Under the presence of information asymmetries, the optimal fine in the lenient en-

forcement group depends on the distribution of compliance costs (Raymond 1999). If

there is a high proportion of high-cost firms, then it is zero. If, on the other hand,

there is a high proportion of low-cost firms, the optimal fine in the lenient enforcement

group is the maximum allowable fine.

Most state-dependent enforcement models assume that enforcement is targeted

based on a firm’s compliance history. While such targeting requires less enforcement

resources to achieve a given level of compliance, it is not clear that it is the optimal

manner in which to target. In Harrington’s framework, violating firms are moved into

a group facing more stringent enforcement and can only escape from that group by

demonstrating compliance. A targeting scheme in which firms are randomly placed

into the group with stringent enforcement and escape when they have demonstrated

compliance may provide additional cost savings (Friesen 2003). This is because tar-

geting on the basis of historical compliance status requires that inspections are carried

out in the group facing lenient enforcement. With the random movement into the

group facing stringent enforcement, inspections are no longer required in the group

facing lenient enforcement. Additionally, fewer inspections are required in the group

facing stringent enforcement. However, such an enforcement policy is only optimal if

the regulator’s compliance goal is modest. If the regulator aims to achieve sufficiently

high levels of compliance, then the standard state-dependent enforcement model can
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achieve it at a lower cost.

Another explanation for the Harrington paradox is that regulators sometimes allow

for negotiated noncompliance. For example, a regulator may forgive a violation in

one domain in exchange for compliance in another. The pursuit of such a strategy by

a regulator may be strategic. For some firms, the cost of compliance in each domain

is less than the penalty in each domain. Such a firm would violate in both domains

if the regulator pursues a policy of full pursuit. However, if the regulator forgives

noncompliance in one domain in exchange for compliance in the other, this type of

firm may be induced into complying in the domain with a lower compliance cost. If

the proportion of firms with compliance costs that are less than the penalty in each

domain is low, then offering this regulatory deal can decrease environmental damages

(Heyes and Rickman 1999).

The literature on targeted enforcement is largely theoretical.4 Yet, it is important

to know what the gains to a state-dependent enforcement are. A recent empirical pa-

per estimates these gains within the context of the CAA (Blundell, Gowrisankaran,

and Langer 2018). In enforcing the CAA, the regulator designates repeat violators as

high priority violators (HPV) and threatens them with increased regulatory scrutiny

and fines. This is akin to placing violators in the group with a more stringent enforce-

ment regime within Harrington (1988)’s framework. The cost a firm faces by violating

include the abatement costs and the increased regulatory scrutiny from being desig-

nated as a HPV. Blundell et al. (2018) first estimate the regulatory (from being a

HPV) and abatement investment costs that a firm would incur. Then, they use those

estimates to construct counterfactual estimates of a firm’s investment and compliance

decisions if fines for HPVs are no different than those for regular violators under two

scenarios: (1) holding the total number of equilibrium fines constant and (2) holding
4Eckert (2004) and Nadeau (1997) provide empirical evidence that enforcement is targeted to-

wards past violators and Alberini et al. (2008) find that inspections are targeted toward risky
products. However, they do not estimate the value of this targeting.
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pollution damages constant. In the first scenario, they find that the number of HPVs,

inspections, and pollution damages increase while in the second scenario, they find

that fines would have to increase by a substantial amount. Thus, consistent with the

theoretical findings, state-dependent enforcement can achieve lower pollution levels

at a lower cost.

Recall that the optimal fine in the group facing a stringent enforcement regime

is maximal. Thus, an increase in the fine for that group should improve the overall

compliance rate by giving firms a greater incentive to comply and avoid being placed

in the group with a more stringent enforcement regime. There is empirical evidence

consistent with this finding. In 2012, the EPA found the Florida Department of

Environmental Protection (DEP) to be inadequately assessing penalties for HPVs of

CAA regulations. The EPA’s involvement led DEP to impose higher fines for HPVs.

Exploiting this natural experiment, Blundell et al. (2020) find that an increase in

the penalty for HPVs leads to an increase in the overall compliance rate, including

for those who are not designated as HPVs, consistent with the findings of Harrington

(1988).

It is worth nothing that much of this discussion has been predicated on the styl-

ized fact that compliance with environmental regulations is high even though the

expected penalty is low. It may be the case that inadequate compliance data may

lead to overestimated compliance rates. With the aim of obtaining better estimates

of noncompliance, the EPA, in the early 2000s, created a representative sample of

facilities by randomly inspecting firms for compliance with certain regulations. They

found that noncompliance was in fact common; for the three sector-regulation pairs

they carried out this exercise for, the noncompliance rates ranged from 34.3% to

61.4% (Giles 2020). Examination of the compliance costs of firms in these sectors

would be useful to determine if there is paradox.

Nyborg and Telle (2006) argue that the empirical evidence of the “Harrington para-
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dox” should be treated with skepticism. First, Harrington did not directly observe

compliance costs. If marginal abatement costs are sufficiently small, then the compli-

ance rates are not paradoxical. Nyborg and Telle (2006) also do not observe compli-

ance costs. Therefore, using Norwegian enforcement data for the years 1992 through

2001, they focus on classes of violations that have lenient enforcement schemes and

classes of violations for which the costs of noncompliance exceed the benefits. In the

first scheme, low compliance rates would be consistent with rational crime theory

while high compliance rates would be consistent with Harrington’s model. In the sec-

ond scheme, high compliance rates may be consistent with both models. They find

that minor violations, for which enforcement schemes are lenient, are widespread,

consistent with rational crime theory. Major violations, particularly repeated ones,

are rare. This would be consistent with the state dependent enforcement model if

compliance costs are high relative to the expected penalty and consistent with ratio-

nal crime theory if compliance costs are low relative to the expected penalty. Further

research that incorporates better compliance data and compliance costs would be

useful in determining the true compliance rate and whether the relative sizes of the

expected penalty and compliance cost justifies the compliance decision.

2.7 Regulatory Errors

Inspection technology may only be able to imperfectly detect violations. For

example, a regulator may fail to detect a violation where one exists or incorrectly

detect a violation where one does not exist. This could happen due to uncertainty

around measuring emissions; emissions may be incorrectly measured due to laboratory

errors, improper sampling, or equipment failure. Thus, firms have imperfect control

over their emissions. This type of uncertainty may lead to both under-deterrence

and over-deterrence. Under-deterrence occurs since there is a positive probability

that a violation will go undetected and in response, firms may increase their level
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of emissions. Over-deterrence, on the other hand, occurs because there is a positive

probability that a violation will be detected where one does not exist and in response,

firms may over-comply (Rousseau 2009). Several theoretical papers consider optimal

enforcement policies when one or both types of regulatory errors are present.

Suppose inspections give a noisy signal of a firm’s emissions and violations are

penalized according their severity. If the inspection gives a signal of a firm’s emis-

sions beyond some critical value, then an audit, which perfectly detects violations,

is triggered. Violators are classified according to the distance between their actual

emissions and the critical value that triggers an audit; non-serious violators emit

above the standard but below the critical value while serious violator emit above the

critical value. If the penalty function is not too steep, tightening the trigger, which

corresponds to lowering the threshold that triggers an audit, has two opposing effects

on aggregate emissions: (1) induces non-serious violators to reduce their emissions

and (2) induces serious violators to increase their emissions. Serious violators increase

their emissions because they are at a high enough level of emission where the marginal

benefit of abatement, in terms of the fine, is lower. If the penalty function is not too

steep, then the increase in emissions will not be offset by the increase in the penalty.

Thus, the net effect on aggregate emissions depends on the proportion of non-serious

violators and serious violators.

Suppose the regulator is able to improve its inspection technology so that inspec-

tions yield a less noisy signal of compliance. In Heyes (2002), a first-stage inspection

triggers an audit if it yields a signal of emissions that is greater than some threshold.

In such a setting, an improvement inspection technology has an ambiguous effect on

aggregate emissions. Firms whose actual emissions is close to the signal the inspec-

tion provides have an incentive to reduce their emissions while those whose emissions

are farther away do not. Therefore, firms whose actual emissions is far away from the

signal may emit more. Additionally, violators who emit above the standard but below
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the threshold that triggers an inspection will increase emissions. This is because for

such firms, an improvement in the inspection technology reduces the probability of

a second stage audit being triggered, and thus lowers their expected penalty. Thus,

the net effect on aggregate emissions depends on the distribution of firm types. In

contrast, Alberini et al. (2008), within the context of Hazard Analysis and Critical

Control Points (HACCP) programs in seafood processing, find that firms that expect

to face more precise inspections are more likely to comply. The difference in results

likely arises from differences in the enforcement settings of the two papers. Enforce-

ment has one stage in Alberini et al. (2008) but two stages in Heyes (2002) and an

improvement in the inspection technology affects the probability of a second stage

audit differently for different firms.

When regulatory errors are present, the cost savings from targeted enforcement

may be diminished. Consider a state-dependent enforcement model in which the

regulator chooses the standard, fine, and inspection frequency to minimize the sum

of monitoring and enforcement costs, abatement costs, and environmental damages.

Even with measurement error in measuring pollution, the dynamic state-dependent

model outperforms the static state-independent model. However, in contrast to the

state-dependent model without measurement error, the optimal fine in the group

facing the lenient enforcement regime is greater than zero when regulatory errors are

present (Harford 1991).

2.8 Warnings

A majority of the EPA’s enforcement activities result in a warning (Esworthy

2014; Harrington 1988). If a firm moves to comply upon receiving a warning, no fur-

ther actions are typically taken. Yet, even with most enforcement actions resulting

in a warning, high levels of compliance are observed. There are only a few theoret-

ical papers that examine the role of warnings in the enforcement of environmental
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regulations and one empirical paper. While warnings are not explicitly modeled in

Harrington (1988), the act of being moved into the group with a stringent enforce-

ment regime can be interpreted as a warning. Since the optimal fine in the group

facing a lenient enforcement regime is zero, firms are not fined until they are moved

into and violate in the group with a stringent enforcement regime. Thus, in moving

violators to the group with a stringent enforcement regime, the regulator is essen-

tially warning them that they will face a higher inspection probability and a fine in

the next period. There is empirical evidence that warnings serve as such a signal to

the firm; Eckert (2004) finds that a warning in the current period is associated with

a significant increase in the probability of an inspection in the next period.

It is important for the regulator to have control over the regulatory environment.

As the number of violators increases, the regulator’s budget constraints increasingly

limit its ability to pursue sanctions against violators. Consequently, the credibility of

the threat of punishment may decrease as the number of violators increases. Beyond

a critical number of violators, Nyborg and Telle (2004), in a setting the regulator’s

budget is exogenous, find that sanctions are no longer sufficient at deterring violations

because the threat of harsher future sanctioning is no longer credible. The critical

value is higher when the regulator uses warnings because then, it does not have to

sanction all violators, only those who violate after receiving a warning. There are

two Nash equilibria: (1) a full-compliance equilibrium in which all firm comply and

the expected fine exceeds compliance costs and (2) a no-compliance equilibrium in

which no firm complies and the expected fine is lower than the cost of compliance. If

firms might violate by mistake, warnings can reduce the probability of the number of

violators exceeding the critical value at which future enforcement becomes incredible

and thus reduce the probability of switching from a full-compliance equilibrium to a

no-compliance equilibrium.5

5This result relies on the assumption that it is costly to switch between compliance and noncom-
pliance, delaying compliance is not beneficial, and detection probabilities are sufficiently large.
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In Nyborg and Telle (2004)’s theoretical model, it is never optimal for a firm to

delay compliance until receipt of a warning. In fact, that strategy is strictly dominated

by one in which the firm plans to comply but if there is an error, does not attempt

to correct it. This is because in their model, a firm that receives a warning must pay

a verification cost, in addition to the compliance cost, to demonstrate compliance.

Therefore, strategy of delaying compliance until a warning comes with a probability

of having to pay these verification costs. Thus, the warning is a costly signal to the

firm that it will face a future audit. This result is consistent with the findings of

Blundell et al. (2018) that being designated as a HPV is costly to the firm.

However, there may exist scenarios in which warnings are a costless signal to a

firm that it will be subject to regulation. Consider a setting in which there are infor-

mation gaps in the regulator’s knowledge of the universe of regulated firms (USEPA

2005). In such a setting, the regulator has to choose to target enforcement towards

newly discovered firms and/or known firms that have violated. For newly discovered

firms, whether or not there are gains to targeting depends on their reason for being

unknown to the regulator. If they are unknown to the regulator because they are

concealing themselves, then there may exist gains to targeting enforcement towards

them. However, if they are unknown to the regulator because they themselves are un-

aware they are subject to regulation, then it is unclear whether any gains exist. This

is because they may be firms that would comply had they known they are subject to

regulation. This is a line of research that merits further investigation.

Nyborg and Telle (2004) consider an error in which the firm mistakenly violates.

However, warnings may also be useful when the regulator imperfectly detects viola-

tions; for example, a regulator may falsely detect a violation where one does not exist

or fail to detect a violation where it does exist because of the uncertainty around

measuring emissions. Recall that this uncertainty can lead to both over-deterrence

and under-deterrence. In such settings, the use of warnings has two effects: (1) it
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reduces overcompliance and the number of unjust prosecutions and (2) it increases

underdetterence. If the correction of over-deterrence outweighs the increase in under-

deterrence, then warnings can reduce the impact of regulatory errors and improve

welfare (Rousseau 2009).

2.9 Endogenous Inspections, Fines, and Maximum Penalty

Sizes

The standard enforcement model assumes that firms are not able to influence

the ability of an inspection to detect a violation. Absent the ability to engage in

activities that reduce the ability of an inspection to detect a violation, an increase in

the frequency of inspections results in an increase in environmental efforts, consistent

with the predictions of standard enforcement models. However, when firms are able

to engage in concealment activities making the probability of detection endogenous,

an increase in the frequency of inspections has two opposing effects on environmental

effort: (1) a positive effect by making noncompliance more likely to be detected

and (2) a negative effect by making investment in concealment technologies more

attractive. Therefore, in such a setting, policies should favor making inspections

more thorough rather than frequent (Heyes 1994).

Making inspections more thorough may improve the detection capability of an

inspection. Given a number of inspectors, the regulator may choose to increase the

frequency or intensity of inspections. For example, the regulator may choose to send

more inspectors to a facility or fewer inspectors to more facilities. An enforcement

agency may send a team of inspectors to a facility with the hopes of reducing cor-

ruption and improving detection capabilities. Muehlenbachs et al. (2016) examine

the impact of team inspections on compliance with operational guidelines for offshore

production sites in the Gulf of Mexico. Exploiting exogenous variation in team size

driven by weather-related impediments to travel, they find that increasing the inten-
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sity of inspections by adding additional inspectors to the team significantly increases

the number of sanctions, consistent with the theoretical findings of Heyes (1994).

The maximum penalty that can be imposed may also be endogenous. Firms may

challenge the penalty in court which makes the fine costly to impose. In such a

setting, an increase in the fine may not necessarily result in greater compliance. This

is because an increase in the penalty leads to two competing effects: (1) an increase in

the expected cost of noncompliance increases a firm’s incentive to comply and (2) the

increase in the severity of the fine gives firms a greater incentive to challenge the fine

(Kambhu 1989). Thus, the net effect on compliance depends on the magnitudes of

these effects. When firms are able to challenge the fine, a policy that lowers the cost of

compliance may be more favorable (Nowell and Shogren 1994). This is because such

a policy would incentivize compliance while leaving a firm’s incentive to challenge

enforcement unaffected.

Limits on a firm’s liability may dampen its response to monitoring and enforce-

ment. It may be infeasible to set the penalty at a sufficiently high level so that the

expected penalty equals the expected harm at the optimal. The maximum penalty

may be restricted by the wealth of the violator, political considerations, legal consid-

erations, and firm behavior. For example, a firm may not be held liable for an amount

that exceeds its assets. This may provide firms with an incentive to shift activities

that cause environmental harm to smaller subsidiaries that have fewer assets and thus

can be held liable for less. Ringleb and Wiggins (1990) examine this within the con-

text of liability applications to latent hazards. They proxy for expected liability using

worker exposure to occupational hazards and find that an increase in worker exposure

results in a significant increase in the number of small firms entering the hazardous

sectors of the economy. Similarly, Alberini and Austin (1999), within the context of

the Federal Superfund law, find that small firms are positively associated with more

spills. This is potentially explained by larger firms shifting environmentally risky
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activities to smaller, “judgement proof” firms to lower liability costs thereby making

the maximum penalty endogenous.

A firm’s financial status, which determines its ability to pay the penalties associ-

ated with noncompliance, may influence its response to monitoring and enforcement.

Using panel data and instrumental variable techniques, Earnhart and Segerson (2012),

examine the effect of the interaction between financial status—solvency, illiquidity,

and profitability—and sanctions. They find that an increase in profitability and sol-

vency make sanctions more effective at reducing relative discharges. Since solvency

and profitability determine a firm’s ability to pay the penalty, it affects their calcula-

tion of the expected costs of noncompliance. The sting of the penalty is felt more by

firms that are better able to pay it.

2.10 Publicized Violations

Several environmental laws allow a regulator or a private citizen(s) to pursue a

civil or criminal lawsuit against a firm that violates an environmental regulation. The

threat of these types of lawsuits, in theory, increase the expected cost of noncompli-

ance and thereby make compliance more likely. The empirical literature provides

evidence that lawsuits deter violations. Within the context of CAA regulations, Keo-

hane et al. (2009), within the context of CAA lawsuits between 1996 and 2000, find

that electric power plants that perceive a high likelihood of future lawsuits reduced

their emissions. Similarly, Almer and Goeschl (2010), using data on German envi-

ronmental crime and resulting sanctions between 1995 and 2005, find that criminal

sanctions have substantial deterrent effects. Moreover, the publicity of the sanction-

ing has a deterrent effect that is greater than the probability of conviction or the

magnitude of the sanction.

One potential reason is that the publicizing of these types of enforcement actions

can result in de facto penalties in terms of loss of market value (Muoghalu, Robison,
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and Glascock 1990). This finding is similar in spirit with the effects of information

disclosure regulations on compliance. For example, utilities that were required to mail

consumer confidence reports (CCRs) directly to consumers as part of their compli-

ance with the Safe Drinking Water Act (SDWA) significantly reduced total violations

(Bennear and Olmstead 2008). Similar to the findings of Almer and Goeschl (2010)

for criminal sanctions, Foulton et al. (2002) find that public disclosure programs in

British Columbia have a greater effect on compliance and environmental performance

than orders, fines, and penalties.

Several environmental laws also permit citizens to pursue civil or criminal law-

suits. Since the regulator has a limited enforcement budget, private enforcement

by harmed and interested parties may provide deterrent effects. Empirical evidence

finds that private citizen suits indeed have deterrent effects (Langpap and Shimshack

2010). However, allowing private enforcement may have unintended consequences.

For example, if the regulator gives regulatory deals in which it forgives noncompli-

ance in one domain in exchange for compliance in another domain, private suits in

the domain where noncompliance is forgiven may undermine the incentives of the

regulatory deal (Heyes and Rickman 1999). In this instance, allowing private suits

may increase the costs of monitoring for a given level of pollution.

Another potential unintended consequence of allowing private enforcement is that

it may crowd out public enforcement. Given a limited budget, a regulator may choose

to withhold resources where private enforcement activities are pursued. Empirical

evidence indicates that private enforcement crowds in public monitoring but crowds

out public enforcement actions such as warnings, formal consent degrees, and fines

(Langpap and Shimshack 2010). This study examines the relationship between public

and private enforcement. An interesting line of research would be to examine the

general deterrence effects of private enforcement suits. If general deterrence effects

exist and are sufficiently high, it may justify allowing private citizen suits.
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2.11 Conclusion

The literature on the enforcement of environmental regulations examines the op-

timal enforcement policy in various enforcement settings including instances where

information is incomplete. These include scenarios in which the monitoring probabil-

ity is less than one so that the regulator observes the compliance status of a subset

of firms, when monitoring technologies are imperfect and detect compliance status

with error, and when there exist information asymmetries about compliance costs.

One aspect that the literature does not consider is incomplete information about the

universe of firms subject to regulation. Obtaining a complete census of the universe

may be difficult for two reasons: (1) it may be difficult to initially obtain information

on the identities of the relevant agents, particularly if the regulated universe is vast

and (2) it may be difficult to maintain up-to-date information over time, particularly

if turnover is high. As a result, the regulator may partially rely on self-identification

to obtain information on the universe of regulated firms; when firms apply for any

required permits to pollute, they are essentially identifying themselves as belonging

to the regulated universe. However, firms have an incentive to remain unknown to the

regulator because if they are unknown, then they will not be subject to monitoring

and enforcement and incur the associated costs.

The next two chapters examine the effect of incomplete information about the

identities of the relevant agents on a firm’s compliance decision and on ambient envi-

ronmental quality. The third chapter examines the effect of incomplete enforcement

information on farm compliance with nutrient management regulations in Maryland.

The results indicate that an increase the share of farms known to the regulator results

in a significant decrease in the likelihood of compliance. If incomplete enforcement

information has a negative effect on compliance, then it may also have consequent

effects on ambient environmental conditions. The fourth chapter examines the effect

of incomplete enforcement information on ambient water quality within the context
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of CWA permit regulations in the Mississippi River Basin. The results indicate that

an increase in the share of facilities known to the regulator results in a significant

decrease in ambient pollutant concentration for three of the four pollutants modeled.

Thus, incomplete enforcement information has implications for both compliance and

ambient environmental quality. It would be worthwhile for future work to examine

the optimal policy in settings where the regulator may be unaware of the existence

of some firms.
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3 Regulatory Compliance under Enforcement Gaps

3.1 Introduction

The effectiveness of regulation depends on the extent to which regulated firms

comply, which depends in turn on how firms perceive the benefits and costs of com-

pliance. Some of those benefits and costs are transmitted through markets, e.g.,

via changes in stock prices or reputational influences on demand for a firm’s prod-

ucts. Most of those benefits and costs, though, come from enforcement actions by

regulatory agencies. Regulators typically have limited resources for enforcement but

the literature to date has shown that even with those limitations a wide variety of

instruments—including inspections, warnings, penalties, and sanctions—can be effec-

tive in inducing compliance (for reviews see Cohen 1999; Heyes 2000; Polinsky and

Shavell 2007; Gray and Shimshack 2011; and Shimshack 2014).

One aspect of enforcement that has been largely overlooked in the literature to

date is the fact that regulators may not know of all of the firms in an industry that are

subject to regulation. A recent study by the United States Environmental Protection

Agency’s (EPA’s) Office of Inspector General, for example, found significant gaps in

the Agency’s enforcement arm’s knowledge of entities regulated under most major

environmental legislation (USEPA 2005). The existence of such enforcement gaps

should not be a surprise. Exit of old firms and entry of new ones is a standard

feature of competitive economies. Turnover of firms is widely understood to be a key

mechanism of the process of “creative destruction” driving innovation and growth.

Keeping up to date on industry composition requires devoting regulatory resources

to monitoring entry and exit. Updating registries of regulated firms may not be a

priority in light of budgetary and personnel constraints.

These enforcement gaps may be quite large, as changes in the composition of

firms in an industry are quite common. Exit and entry rates in manufacturing, for
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instance, are 7-8 percent annually and the 5-year survival rate of new startups is only

55 percent. Exit and entry rates of mining firms are higher, around 11-12 percent

annually, with a 5-year survival rate of startups correspondingly lower at only around

45 percent. Exit and entry are substantial even in agriculture, where the image of

the family farm passed down through generations is a staple of public imagination:

Exit and entry rates of farming, fishing, and forestry businesses run around 9 percent

annually, with a 5-year survival rate of new startups around 65 percent (Bureau of

Labor Statistics 2019; Deutsch 2017).

Industry turnover tends to create gaps in regulators’ knowledge of the universe

of firms subject to regulation. For example, in 2005, when the US EPA’s Office of

Inspector General (OIG) compared current data with the official registry of regu-

lated entities used by the Agency’s Office of Enforcement and Compliance Assurance

(OECA), it found that the number of entities that ought to have been regulated

under six major regulatory programs was 35 percent greater than the number in

OECA’s database containing the universe of regulated entities under those programs

(USEPA 2005). A subsequent analysis of the Lead-Based Paint Renovation, Repair,

and Painting Rule came to a similar conclusion (USEPA 2019).

This paper conducts a theoretical and empirical analysis of a firm’s compliance

strategy when such enforcement gaps are present. We develop a theoretical model of a

firm’s compliance decision in a setting typical of regulations in a variety of health and

safety contexts, including HACCP regulations governing food safety, quality of care

in nursing facilities, workplace occupational safety, Affordable Care Act regulations

governing health data security, and conservation compliance in agricultural subsidy

programs (wetlands and highly erodible land protection requirements). These regu-

lations depend heavily on record keeping. The compliance decision consists of two

components: (1) developing a formal compliance protocol and (2) implementing and

adhering to that compliance protocol. Determining whether a firm has developed a
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compliance protocol involves checking whether the firm has developed a set of writ-

ten procedures that meet regulatory standards. Periodic inspections of firms’ records

and facilities are then used to determine whether the firm has followed those pro-

tocols. Failure to comply with either component initially results in a warning, with

subsequent violations resulting in fines. We show that in the absence of enforcement

gaps (i.e., if the regulator has a complete census of the regulated industry), the firm’s

optimal strategy will be to develop a compliance protocol but not implement it until

inspected and warned. However, the optimal strategy for a firm believing it has a

sufficiently low probability of being subject to enforcement will be to delay develop-

ing a protocol until warned and then delay implementation until being inspected and

warned.

We analyze the effect of enforcement gaps on the compliance protocol development

component of regulations empirically in the context of the Maryland Water Quality

Improvement Act of 1998 (WQIA). The WQIA requires farms meeting certain criteria

to develop, file, and implement a nutrient management plan (NMP). The registry of

farms used by the Maryland Department of Agriculture (MDA), which enforces this

regulation, includes only a subset of the farm operations in Maryland that are required

to comply with this regulation. Our econometric model indicates that the probability

of being included in the MDA farm registry is associated with a statistically significant

and economically meaningful increase in the probability of filing a NMP for farms

required to have a NMP. This result is robust to a variety of specifications of the

probability of inclusion in the MDA farm registry and the inclusion of covariates.

Additionally, we present suggestive evidence that farms delay compliance with the

implementation requirement of the WQIA until inspected and warned.

The rest of the paper is organized as follows. Section 3.2 reviews the relevant

literature. Section 3.3 presents a theoretical analysis of the impact of enforcement

gaps on firm compliance strategy. Section 3.4 discusses the institutional background
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of the WQIA. Sections 3.5 and 3.6 present the data and econometric model used in

the empirical analysis. Section 3.7 discusses the results of our econometric analysis.

Section 3.8 concludes.

3.2 Literature Review

When compliance is not privately optimal for firm, regulators may incentivize

compliance by monitoring and penalizing firms for noncompliance (see for example

Shimshack 2014). Monitoring and enforcement actions are typically rationed because

they are costly and regulatory agencies have limited resources. Thus, firms’ compli-

ance strategies are shaped by their beliefs about the likelihood of being detected in a

state of noncompliance and about the sanctions they will incur upon detection. Specif-

ically, economic theory suggests firms will comply with an environmental regulation

so long as the expected costs of noncompliance exceed the expected benefits (Becker

1968). The expected benefits of noncompliance include avoiding the direct and indi-

rect costs associated with compliance. The direct costs of compliance are comprised

of internal and external costs associated with developing a compliance protocol, ex-

penditures on equipment required by the protocol, operation and maintenance costs

involved in keeping that equipment running and in good working order, etc. Indirect

costs include higher expenses due to the redesign of production processes, reductions

in productivity, and lost output when the compliance protocol is implemented. The

expected costs of noncompliance include fines, penalties, expenses associated with

more intensive regulatory scrutiny, financial impacts arising from a tarnished public

image, and negative spillovers onto other aspects of a firm’s operations due to a poor

relationship with various levels of government.

Standard economic theory on firms’ responses to regulatory enforcement estab-

lishes that inspections and penalties are close substitutes, as the expected cost of

noncompliance is simply the product of the probability of detection and the penalties

31



incurred upon detection. When penalties are limited, compliance can be influenced

by altering the frequency with which firms are inspected (Becker 1968, Polinsky and

Shavell 2000). Firms may respond by undertaking avoidance activities that make

detection more difficult (Malik 1990, Bebchuk and Kaplow 1993, Heyes 1994). When

firms invest in technologies that serve to reduce the probability a violation is detected

during an inspection, regulators may need to respond by making inspections more

thorough (Heyes 1994). Conversely, firms may choose to heighten compliance effort

when inspections are subject to measurement error (McClelland and Horowitz 1999,

Alberini et al. 2008, Rousseau 2009; Malik 2014). Inspections may also serve as a

signal of the firm’s true emissions level and trigger an audit if the signal is greater

than some threshold (Heyes 2002). However, in such a setting, both a change in

the threshold and a change in the inspection technology have an ambiguous effect

on emissions. Since inspections are costly, regulators can reduce enforcement costs

by creating incentives for regulated firms to self-report rather than waiting to be in-

spected (Malik 1993, Kaplow and Shavell 1994, Livernois and McKenna 1999). The

desirability of incentives for self-reporting are especially great when firms engage in

avoidance behaviors (Innes 1999a, 1999b, 2001).

In the enforcement of environmental regulations, high levels of compliance are

observed even though the expected penalty of most regulations is low relative to

the compliance costs (Harrington 1988). While such a result is inconsistent with

rational crime theory (Becker 1968), it is consistent with a dynamic game in which

more stringent enforcement is targeted towards past violators (Harrington 1988) or

settings in which the regulator forgives a firm’s violation in one domain in exchange

for compliance in another domain (Heyes and Rickman 1999).6

The empirical literature provides evidence that, as expected, fines are effective
6The regulator may interact with a firm along multiple dimensions. For example, a regulator

may enforce different regulations on the same firm. In this case, each regulation would be a different
dimension along which the regulator interacts with the firm.
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in inducing compliance (Earnhart 2004b; Glicksman and Earnhart 2007). There is

also evidence that the threat of a penalty induces compliance; within the context of

the US pulp and paper industry, for example, Shimshack and Ward (2005) find that

while fines imposed on a single plant have minimal impact, the “regulator reputation”

spillover effect from a regulator imposing a fine on plants within a regulatory juris-

diction has a positive, statistically significant, and economically meaningful effect on

the likelihood of compliance by other plants within the same regulatory jurisdiction.

As previously discussed, standard economic theory suggests that an increase in the

magnitude of a fine increases the expected cost of noncompliance. Consistent with

this finding, Stafford (2002) finds that a federally mandated increase in the allowable

financial penalties for noncompliance significantly reduced firms’ violation probabil-

ities, though the increase in compliance was small relative to the increase in the

allowable penalties. However, if firms are able to challenge a fine, then an increase

in the fine may not necessarily induce greater compliance (Kambhu 1990; Nowell and

Shogren 1994).

Other potential consequences of being found out of compliance have also been

shown to increase the likelihood of compliance. In some cases, the prospect of stand-

ing trial by itself has been found to be more of a deterrent than the probability of

conviction or the magnitude of the fine (Almer and Goeschl 2010). Being sued for

mismanagement of hazardous waste under the Resource Conservation and Recovery

Act (RCRA) or the Comprehensive Environmental Response Compensation and Li-

ability Act (Superfund) has similarly been shown to result in de facto penalties in

terms of loss of market value (Muoghalu et al. 1990).

While fines and sanctions seem to be effective at deterring violations, they are

costly and are imposed relatively rarely (Esworthy 2014). As noted above, inspec-

tions have been shown to be close substitutes for financial and non-financial penalties.

There is extensive evidence that the threat of inspection reduces the likelihood of a
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violation. This result has been observed in a variety of contexts, including water

pollutant emissions from the pulp and paper industry (Magat and Viscusi 1990, La-

plante and Rilstone 1996, Helland 1998) and municipal wastewater treatment plants

(Earnhart 2004b); air pollutant emissions (Telle 2009, Lim 2016); compliance with

food safety regulations in seafood processing plants (Alberini et al. 2008); hazardous

substance regulations in Norwegian manufacturing plants (Telle 2013); and petroleum

storage regulations at storage sites in Canada (Eckert 2004).

After detecting a violation, regulators may issue a warning rather than a fine.

Warnings are used extensively in the enforcement of environmental regulations; most

of the EPA’s audits result in a notice of violation rather than an immediate penalty

(Harrington 1988) and several states impose a penalty only when firms refuse to cor-

rect violations or prove to be uncooperative (Russell 1990). Theoretical arguments

suggest that warnings can deter future violations through the threat of stronger en-

forcement (Eckert 2004). Empirical evidence provides confirmation. Using data on

the enforcement of environmental regulations of petroleum storage in the Canadian

province of Manitoba, Eckert (2004) finds that a warning at last inspection increases

the probability of a subsequent inspection. This result suggests that firms who re-

ceived a warning in the previous period are more likely to be inspected in the current

period, consistent with the idea that a firm may face a more stringent enforcement

regime in the current period if it was found to be out of compliance in the previous

period. Therefore, assuming that firms are not myopic, warnings may deter future

violations through the associated threat of a more stringent enforcement regime.

Theoretical and empirical studies to date all treat the threat of inspection as

determined with complete knowledge about the number and identities of the firms

subject to regulation. But, as noted above, constant exit and entry of firms makes it

costly to maintain complete registries of regulated firms and regulatory agencies may

choose to allocate their limited resources elsewhere. The effects of the resulting en-
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forcement gaps on regulatory compliance have not been investigated in the literature

to date. In what follows, we examine theoretically a firm’s compliance strategy in

a setting where the enforcement agency does not know the number and identities of

the regulated agents. We then test the predictions of that theoretical analysis using

data on the enforcement of Maryland’s regulations governing nutrient management

in agriculture.

3.3 Theoretical Framework

This section develops a theoretical model of the optimal response of the firm in

the presence of enforcement gaps. We use a standard model with costly enforcement

and limited liability. We present a model of a firm’s compliance decision in a setting

typical of environmental and health and safety regulations, where the compliance de-

cision consists of two components: (1) developing an initial compliance protocol and

(2) implementing and adhering to that compliance protocol.7 Failure to develop a

compliance protocol initially results in a warning, with subsequent violations resulting

in a penalty, PF . Once a protocol has been developed, inspections are used to de-

termine whether implementation of the compliance protocol is adequate. Firms that

complied with the protocol development component of the regulation are inspected

with probability q1 while firms that did not are inspected with probability q2. Given

a limited budget, a regulator is likely to find it optimal to target inspections towards
7This form of regulation is common in the health and safety context, among others. Food safety

regulations based on the Hazard Analysis of Critical Control Points (HACCP) concept, of instance,
require firms to develop detailed plans for (a) ensuring that food does not become contaminated
during processing and (b) for handling any incidents of contamination that may occur. Periodic
inspections are used to determine whether acceptable plans are in place and whether observed
equipment and operating procedures are consistent with that plan. Regulations governing occupa-
tional safety, protection of patient medical data, and quality of care in skilled nursing facilities have
the same general structure. Recipients of farm subsidies are required to have in place a conservation
plan approved by local Natural Resource Conservation Service or soil conservation district techni-
cians; failure to comply can result in loss of access to new subsidies and, in some cases, demands to
repay subsidies already received. The equivalent two-stage process in some industries consists of (1)
installing pollution control equipment (e.g., smokestack scrubbers) and (2) keeping that equipment
in operation at all times it is needed.
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firms that have not complied with the requirement to develop a plan, as such firms

can be presumed to be more likely to fail to implement their plan after developing

it. Therefore, we assume q2 > q1. Again, noncompliance initially results in a warn-

ing with subsequent violations resulting in a fine, PC . Compliance is costly to the

firm; firms incur a cost F in developing and a cost C in implementing the compliance

protocol. Assume 0 < PF < PC , PF > F , and PC > C.8

When enforcement gaps are present, there is a probability k ≤ 1 that the firm

is known to the regulator, with k < 1 for some firms. The firm’s decision tree is

presented in Figure 3.1. At the first decision node, the firm faces three options:

develop a protocol and implement it, develop a protocol and do not implement it, or

do not develop a protocol and do not implement it. If a firm chooses to develop a

protocol and implement it, it will incur a cost of F +C. If a firm chooses to devise a

compliance protocol but then not implement that protocol, it will be inspected with

probability q1. If inspected, the firm will be warned and must then decide to comply

or disregard the warning. If it complies, it will incur a cost of F +C. If it disregards

the warning and is inspected, it will incur a cost of F +PC . If an inspection does not

occur, it will only incur F . If warned, it is easy to see that a firm will comply rather

than disregard the warning because F + C < F + PC .

Next, consider a firm that initially does not develop a compliance protocol and

therefore does not implement it. Then with probability k, such a firm will receive a

warning from the regulator to develop a compliance protocol. After the warning, the

firm is faced with the same choices as in the first decision node. Again, if it develops

a compliance protocol and implements that protocol, it will incur a cost of F + C.

If it does not develop a compliance protocol and thereby does not implement one, it
8We make this assumption so that the firm’s strategic considerations conform to the observed

fact that compliance rates are typically high even though nominal penalties are often low relative to
compliance costs (Harrington 1988, Heyes and Rickman 1999). Additionally, fines for noncompliance
are typically cumulative and thus exceed compliance costs when a firm has remained noncompliant
for a long enough period of time.
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will have to pay both penalties, PF + PC .9 If the firm does not receive a warning for

failing to develop a compliance protocol, then it will incur no costs. Suppose the firm

develops a protocol after receiving a warning but does not implement it. Such a firm

will be inspected with probability q2, and if inspected, will receive a warning. The

firm must then decide to either comply or disregard the warning. As before, it will

comply rather than disregard the warning because F + C < F + PC .

It is clear from Figure 3.1 that it is never optimal for a firm to “develop and

implement” at the first decision node because both “develop and do not implement”

and “do not develop and do not implement” strictly dominate “develop and implement”

(F + q1C < F + C and k(F +2 C) < F + C, respectively). Whether or not “develop

and do not implement” dominates “do not develop and do not implement” depends

on the value of k. Established firms and firms that have been subject to enforcement

action in the past will expect to be included in the regulatory agency’s registry and

thus act as if k = 1. Newer firms and firms that have not experienced enforcement

actions in the past may act as if k < 1. Firms with sufficiently high perceived values

of k, specifically F+q1C
F+q2C

< k ≤ 1, will also behave as if they are known to regulators,

choosing to develop a protocol, but only implementing it if inspected and warned.

This choice is identical to the strategy a firm would choose when k = 1, i.e., when

the firm knows with certainty that it falls under regulatory purview. Firms with a

sufficiently low perceived probability of being known to the regulator, specifically,

k ≤ F+q1C
F+q2C

< 1, will choose to not develop a compliance protocol and then, if warned,

develop one but not implement it until inspected and warned. Thus, the lower the

perceived likelihood of being subject to enforcement (represented by a lower value of

k), the greater the likelihood a firm will fail to comply with the protocol development

component of the regulation. This analysis suggests that: (1) firms that are subject to

regulation and believe they are less likely to be subject to enforcement gaps are more
9We are ruling out the case where a firm does not file but complies with a protocol as that option

is strictly dominated.
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likely to develop an initial protocol and (2) firms will tend to delay implementation

until inspected and warned.

With respect to the first result, a decrease in likelihood of being known to the

regulator essentially reduces the expected cost of noncompliance. The firm’s expected

cost of noncompliance when it chooses to not develop a protocol is k(F + q2C). It is

clear that a decrease in the likelihood of being known to the regulator, i.e., a decrease

in k, serves to reduce the expected cost of noncompliance. The lower the probability

of being known, the greater the incentive for firms to delay the development of a

compliance protocol until discovered. In the case where k = 1, i.e., when firms are

included in the regulator’s registry with certainty, firms do not have the incentive

to delay the development of an initial protocol because, with certainty, they will

face higher implementation inspection probabilities and therefore, higher expected

costs. For the firm’s compliance decision, the relevant inspection probability is the

conditional probability of inspection given that the regulator is aware that the firm is

subject to regulation. Since a regulator must know that a firm falls under the purview

of the regulation in order to inspect it, it must be the case that, if the probability of

being known is strictly less than 1, then the firm’s conditional probability of inspection

given that it is known to the regulator is strictly greater than the unconditional

probability of inspection. Additionally, this probability of inspection conditional on

being known approaches the unconditional probability of inspection as enforcement

gaps shrink (i.e., as k approaches 1).

With respect to the second result, even if a firm knows the regulator is aware

that it is subject to regulation, it will have an incentive to delay compliance until

warned. The firm knows that, before the regulator determines whom to inspect, there

is a possibility that it can choose to not comply and face no penalty. Additionally,

if inspected, the firm knows it will initially only receive a warning. If receiving a

warning is costless to the firm, then the firm has an incentive to delay compliance
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until inspected and warned. At that point, the firm knows for certain that a continuing

violation will result in a penalty. Therefore, if the detection of a violation results in

a warning that is costless to the firm, then the firm is better off waiting to come

into compliance until inspected. Because this second result only depends on warnings

being costless to the firm, it will hold for all values of k.10

The preceding analysis assumes that penalties for non-compliance are set exoge-

nously. It may, however, be possible for firms to take actions that influence penalties,

for example, by engaging in protracted negotiations with regulators, mounting legal

challenges to the regulation, and similar means. It is worth noting that the firm’s

optimal choices of whether to file a protocol and whether to implement that protocol

remain unchanged as long as the sum of the penalty and the cost of resource expended

influencing that penalty remain greater than the respective costs of compliance.

3.4 Institutional Background

We examine the consequences of enforcement gaps empirically in the context of

nutrient management regulations imposed under the Maryland Water Quality Im-

provement Act of 1998 (WQIA). The WQIA was passed to protect the Chesapeake

Bay from agricultural nutrient loadings that could contaminate both surface water

and groundwater. About 40 percent of the nitrogen and 50 percent of the phosphorus

polluting the Bay comes from agricultural runoff (Chesapeake Bay Foundation 2017).

Nutrient runoff from agriculture may result in eutrophication, decreased biodiversity,

and altered species composition/dominance (Chislock et al. 2013). The Chesapeake

Bay is an important part of the economy of several states. In 2009 alone, the Bay

region generated benefits valued at $107.2 billion (Phillips and McGee 2016). The

State of Maryland has a longstanding commitment to improving water quality in the

Bay and its tributaries. The WQIA is intended to help the State achieve this goal by
10If a firm is able to reduce the penalty (plus the cost of effort expended on reducing the penalty)

below the cost of compliance, it will be optimal for the firm to remain out of compliance indefinitely.
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reducing nutrient runoff from farms through improved management of fertilizers and

manure, the principal sources of agricultural nutrient emissions.

Under the WQIA, agricultural operations that use commercial fertilizer and have

annual farm sales of $2,500 or more or eight or more animal units are required to

develop and implement a nitrogen- or phosphorus-based NMP.11 The goal of nutrient

management planning is to balance soil nutrient inputs with crop nutrient uptake

requirements in order to reduce nutrient runoff into water bodies. Components of

nutrient management plans include chemical analysis of soil and manure, assessment

of the nutrients contributed by leguminous crops, evaluation of past management

practices, determination of fertilizer application and timing, and establishment of

yield goals. Additionally, agricultural operators must submit Annual Implementation

Reports (AIRs) every year that include information about the amounts of fertilizers

applied to each crop as well as other relevant information about the farm operation.

The MDA uses the AIRs to evaluate each operator’s implementation of his or her

plan. The environmental benefits gained from nutrient management planning are a

function of the extent of compliance with NMPs, which in turn is determined by the

incentives for compliance faced by firms.

The WQIA specifies measures MDA must take in enforcing nutrient management

plan regulations. An operator that fails to file a NMP by the deadline is subject to a

written warning for a first violation and an administrative penalty of no more than

$250 for any subsequent violations (WQIA §15.20.07.07A). An operator who fails to

implement a plan by the implementation deadline is subject to a written warning

for a first violation. If an operator fails to comply with the plan implementation

requirements after a reasonable period of time following the warning (90 days), an

operator is subject to an administrative penalty for any subsequent violations of no
11Animal units are defined as follows: 1 beef cow = 1 animal unit, 1 bird = 0.008 animal units,

1 dairy cow = 1.25 animal units, 1 pig = 0.4 animal units, 1 sheep/goat/lamb = 0.1 animal units,
and 1 horse = 2 animal units.
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more than $100 per violation per day up to a yearly maximum of $2,000 per operation

per NMP. Daily penalties do not continue to accrue as long as the operator takes

reasonable steps to correct the violation (WQIA §15.20.07.07D).

Failure to comply with nutrient management regulations can also impose indirect

costs on violators in addition to any incurred fines. The Maryland Agricultural Water

Quality Cost-Share Program (MACS) provides farmers with grants that cover up to

87.5 percent of the installation costs of certain conservation practices. Farms that

have (a) not submitted an AIR, (b) not paid a fine for failing to implement an AIR,

or (c) have not corrected deficiencies in their NMPs within 90 days are ineligible for

MACS payments. MACS maintains a list of these farms and checks all applications

for funding against that list. The Act also allows MDA to demand that farms on

that list repay MACS funds already disbursed (WQIA §15.20.07.07F), although that

option is not currently exercised.12

Given its limited budget, the MDA cannot inspect every farm to determine the

adequacy of its implementation of a NMP. Therefore, it sends nutrient management

specialists to perform a comprehensive on-site inspection of about 10-15 percent of

farms every year (MDA 2014). While MDA estimates that roughly 95 percent of

farmers are in compliance with the nutrient management planning regulations, an in-

dependent estimate based on farmers’ self-reports indicates a compliance rate of only

63 percent (Lichtenberg, Parker, and Lane 2010). A likely reason for the discrepancy

is MDA’s lack of full information about which farms are required to comply with the

regulation. MDA’s registry of farms consists of operations that have filed for agricul-

tural use assessments for property tax purposes. Since having land that is assessed
12Our theoretical analysis assumes that (a) the fine for failure to file a protocol is less than the

fine for failure to comply and (b) fines for noncompliance exceed compliance costs. The cumulative
nature of the fine for noncompliance with a NMP means that it can easily exceed the fine for failure
to file a NMP. The cost of a typical NMP in Maryland is about $1200 or roughly $400 a year since
a plan is valid for 3 years. Following a plan’s recommendations for fertilizer and manure use rarely
increases annual nutrient management expenditures and may well reduce them (see for example
Lawley, Parker, and Lichtenberg 2009). The combination of formal and informal penalties can thus
easily exceed the costs of filing and implementing a NMP.
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for agricultural use generates substantial tax savings, farmers have an incentive to ob-

tain agricultural use assessments. But figures from the Census of Agriculture indicate

that less than half of the operations classified by the US Department of Agriculture

as farms apply for agricultural use assessments. In 2007, for instance, MDA had a

total of 6,567 farms in its database of farm operations while the USDA Census of

Agriculture listed 12,834.

Farmers who have not applied for agricultural use assessments and know that

MDA only inspects farms that have such assessments may still have incentives to

comply. Environmental groups with an interest in improving water quality in the

Chesapeake Bay have taken farmers to court for supposed violations of nutrient man-

agement regulations (Farenthold 2010). People living in residential areas near poultry

farms or fields to which manure has been applied may also seek to use violations of

nutrient management regulations as a reason for bringing nuisance suits that would

be otherwise ruled out by Maryland’s right to farm law (Goeringer 2013). Defending

lawsuits of these kinds can be quite costly. Being in compliance with an approved

nutrient management plan on public record can deter filings of such lawsuits and thus

protect farms against incurring legal expenses, giving them an incentive to comply

even if they believe that they are not included in MDA’s registry of farms. Addition-

ally, for some farms, adoption of NMPs may be optimal even when it is not required

by law.

3.5 Data

We examine the implications of enforcement gaps in enforcing Maryland’s nutrient

management plan regulations using a combination of survey data about individual

farm operations, county-level enforcement data from the MDA, and data from the

2007 United States Census of Agriculture. In 2010, the University of Maryland con-

ducted a survey of Maryland farmers’ use of best management practices (BMPs),
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including NMPs, during the year 2009. The survey was administered by the National

Agricultural Statistical Service (NASS) of the US Department of Agriculture. A strat-

ified sampling design was used in order to ensure a sufficient number of observations

of the high-revenue farm operations that account for the majority of farming activity

in Maryland. For computing population estimates, NASS provided a revenue-based

expansion factor. The survey was sent to 1,000 farms in the NASS database, which is

based on the Census of Agriculture. Of those receiving the survey, 523 responded.13

The survey gathered data on the use of 13 different classes of best management

practices (BMPs) and on the adoption of NMPs. If the operator used a given BMP,

the survey asked whether cost-sharing was received for that BMP. If the operator

adopted a NMP, details on the preparation of the plan were collected. NMP prepa-

ration details include: (1) if it is primarily phosphorus- or nitrogen-based, (2) the

percentage of land it covers, and (3) the type of specialist who prepared the plan.

The survey also collected information on several aspects of the farmer’s operation in-

cluding questions on land ownership, farm income and finance, crop operations, and

livestock operations. Information about land ownership includes the number of acres

the farm operator owned, rented from others, rented to others, and used for free.

Information about farm income and finance includes annual sales (measured categor-

ically) and the share of household income obtained from farming. Information about

crops includes acreage of land harvested for corn, soybeans, small grains, vegetables,

hay, pasture, and other crops. Information about livestock includes the total number

of cattle/calves, milk cows, hogs/pigs, poultry, sheep/lamb/goats, and horses present

on the operated acres.
13There is no reason to believe that the response rate was affected by a desire to avoid revealing

information to MDA. The survey is administered by NASS, which has no regulatory role in the
implementation of the WQIA, conducts numerous surveys about farming activities every year, and
does not share individual-specific data with MDA. Farmers would thus have no reason to believe that
their responses would have any regulatory implications. The fact that 23.2 percent of respondents
with characteristics indicating that they were required to adopt a nutrient management plan reported
not having one provides additional evidence that respondents did not believe that their responses
would be used for regulatory purposes.
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We use the survey data to construct an indicator variable for being required to

have a NMP under the WQIA. The “required” variable is equal to 1 if the farm has

cropland and has either eight or more animal units or annual sales of $2,500 or more.

The “required” variable is equal to 0 if the farm as no cropland or has cropland but

earns less than $2,500 and has fewer than eight animal units. Some respondents with

fewer than eight animal units did not report annual sales; we are not able to determine

whether those farms are required to have NMPs and therefore exclude them from the

analysis. The resulting sample size is 486.

Enforcement data was provided by the MDA for years 2006 through 2010. Due to

privacy concerns, the MDA was only able to provide county-level data on enforcement

as opposed to farm-level. The enforcement data include the number of farms subject

to regulation in each county (by MDA’s count), the number of acres required to have

a NMP, the number of inspections conducted, the number of warnings issued, and the

number and amount of administrative fines levied. We use these data to construct

county-level estimates of the probability that a farm is inspected, given that it is

known to the MDA. We use enforcement data from 2008, the first year MDA issued

fines rather than warnings, i.e., the first year that enforcement was fully in effect.

We use the 2007 Census of Agriculture to determine the total number of farms

in a county. The Census of Agriculture provides the total number of farms and the

total number of farms with cropland in each county. Since a farm must have cropland

in order to use fertilizer, the number of farms with cropland is an upper bound on

the number of farms within the purview of the WQIA, as farms may have cropland

and use fertilizer but earn less than $2,500 and have fewer than eight animal units,

and therefore, be outside of the purview of the WQIA. Table 3.1 presents descriptive

statistics weighted to give population estimates. On average, there is a 70.4 percent

chance that a farm is included in the MDA registry, suggesting that the enforcement

gap is substantial. The probability that MDA inspects a farm included in its registry
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is about 10 percent.

3.6 Specification and Estimation of the Econometric Model

This section develops an econometric model of a farmer’s decision to file a NMP

under the presence of enforcement gaps. We assume that the expected net benefit of

filing a NMP for farm i in county c, File∗ic, is a function of the probability of being

included in MDA’s registry of farms, k̃ic

File∗ic = β0 + β1k̃ic × 1[Requiredic] + Xiβ2 + εic (3.1)

where 1[Requiredic] is an indicator for whether farm i in county c is required to have a

NMP under the WQIA, Xi is a vector of controls, and εic is the error term. However,

the expected net benefit of filing a NMP for farm i in county c is unobserved; we only

observe whether or not a NMP has been filed. Thus, the mapping is as follows:

1[Fileic]


1, File∗ic ≥ 0

0, File∗ic < 0

(3.2)

where File∗ic is an indicator for whether or not a farm has filed a NMP. We assume

that εic ∼ N(0, 1) and thus estimate the coefficients in equation (3.1) using probit.

Our theoretical model indicates that a farm with a high probability of being

included in the MDA farm registry faces a higher expected cost of noncompliance,

and hence, we expect the probability of being included in MDA’s registry of farms to

have a positive effect on the probability of filing a NMP. We proxy for the probability

of being included in MDA’s registry of farms by dividing the number of farms in

county c in MDA’s database by the number of farms in county c with cropland in

the census. Additionally, farms that have received cost share funds for adoption

of conservation practices are assumed to be included in MDA’s registry since the
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overwhelming majority of such spending comes from MDA’s Maryland Agricultural

Cost Share Program. We therefore adjust the probability of being included in the

MDA farm registry to 1 for farms that report having received cost sharing. We use

alternate calculations of the probability of being known in our robustness checks,

discussed below.

The vector of covariates Xi includes the total operated acres and indicator vari-

ables for various farm operation characteristics including: (1) grain crops (corn, soy-

bean, small grains), (2) hay or pasture, (3) cattle and calves, (4) sheep, lamb, and

goats, (5) horses, and (6) annual sales, which are reported categorically. The co-

efficient on total operated acres captures the economies of scale associated in the

adoption of NMPs (McCann 2009). It may also reflect a farmer’s perception of being

regulated since larger farms interact more with MDA and are also more prominent

in the public eye. Accordingly, we expect the coefficient on total operated acres to

be positive. Similar considerations suggest that farms with greater annual sales are

more likely to believe that NMP regulations apply to them.

There may be benefits to adopting a NMP that are unrelated to the benefits

derived from complying with the WQIA. Nutrient management planning is often

thought to be win-win, since (in principle at least) it allows farmers to economize

on fertilizer purchases while meeting yield goals and reducing runoff simultaneously

through such measures as crediting manure nutrients and adjusting fertilizer recom-

mendations for soil fertility status. Farms growing grain crops (corn, soybeans, and/or

small grains) and farms raising livestock are most likely to find nutrient management

planning profitable and were more likely to have NMPs prior to 1998, when nutri-

ent management planning was voluntary (Lawley, Lichtenberg, and Parker 2009).

Since one would expect that the determinants of adoption when NMPs were volun-

tary would also be determinants of adoption when NMPs are mandatory, we include

crop and livestock indicators in our regressions. We expect the coefficients on these
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variables to be positive.

3.7 Results and Discussion

Table 3.2 reports the marginal effect of the probability of being known to MDA

estimated under a variety of specifications. That marginal effect is positive and sig-

nificantly different from zero in all specifications. Our preferred specification includes

the full set of covariates and is reported in column 5 of Table 3.2.

3.7.1 Main Results

Consistent with our theoretical analysis, the marginal effect of the probability of

being included in MDA’s farm registry is positive and significantly different from zero

for farm operations required to have a NMP. It is also economically meaningful: in

our preferred specification, a one percentage point increase in the probability of being

included in MDA’s farm registry is associated, on average, with about a quarter

of a percentage point increase in the likelihood of filing a NMP. Since the average

probability of having a NMP is 70 percent, this estimate implies that a one percent

change in the perceived probability of being regulated is associated with a 17.5 percent

increase in the likelihood of having an NMP.

One would expect that commercial scale farms are more likely to file for agri-

cultural use property tax assessments, making them more likely to believe they are

included in MDA’s enforcement database and thus more likely to file a NMP. One

would similarly expect that farm operations that are smaller than commercial scale

are less likely to file for agricultural property use tax assessments, suggesting that they

are less likely to believe they are subject to nutrient management regulation under

the WQIA. Our farm-size specific estimates of the probability of having a NMP and

of the marginal effect of being included in the MDA registry, reported in Table 3.3,

are consistent with these predictions. The probability of being in compliance with
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nutrient management regulations (by having a NMP) is increasing in farm size (as

measured by revenue category). Compliance rates for very small operations with less

than $5,000 in farm sales annually are only on the order of 40-50 percent. Compliance

rates are increasing in farm size and noncompliance is virtually non-existent among

commercial scale farms: 98-99 percent of farms with annual sales of $40,000 or more

report having a NMP.

Our theoretical analysis suggests that the marginal effect of being included in the

MDA farm registry decreases with farm size, as large farms are far more likely to

have filed for agricultural use assessments, to have ongoing relationships with MDA,

and to be more prominent in the public eye. Consistent with this prediction, the

marginal effect of being included in the MDA registry is decreasing in farm size.

Moreover, for commercial scale farms the marginal effect of a 1 percent increase in

the probability of being included in the MDA registry is extremely small (less than

a tenth of a percentage point) and not significantly different from zero. Recall that

our theoretical analysis indicates that developing a compliance protocol (but not

implementing it) is the optimal strategy for a firm whose probability of being known

to the regulator is close to 1. In our case, that strategy corresponds to filing a NMP.

Our empirical finding is thus consistent with that theoretical prediction.

Maryland has three types of major commercial farm operations: crop farms pro-

ducing grain crops (corn, soybeans, wheat) primarily for sale to poultry producers;

poultry farms, many of which also grow grain; and dairy farms, many of which also

grow corn for grain and silage as feed for their animals. One would thus expect MDA

enforcement efforts to concentrate on these types of farms. Grain producers use both

chemical fertilizers and manure. Poultry and dairy operations produce manure; those

with crop operations typically apply that manure to their fields. Consistent with the

expectation that these kinds of operations are more likely to be targets of MDA en-

forcement efforts, we find that estimated compliance is quite high for all three kinds:

48



between 80 and 90 percent of these types of farms have NMPs (Table 3.3).

Lastly, our theoretical model indicates that warnings provide firms with an incen-

tive to delay the implementation of a compliance protocol, which in our case is the

implementation of a NMP, until inspected and warned. Recall that under the WQIA,

if a farm fails to implement a NMP by the implementation deadline, then the farm

is initially issued a warning with subsequent violations resulting in a fine. We do not

have farm-level information about receipt of warnings. However, MDA’s county-level

data suggest that warnings are effective: warnings were issued in about 38 percent of

inspections conducted in 2008 but only 2 percent of subsequent inspections resulted

in fines.

3.7.2 Robustness Checks

In order to assess the robustness of our preferred calculation of the probability

of being known, we employ two alternative calculations of the probability of being

included in the MDA farm registry. The first one is similar to the definition in

our preferred specification but does not make the cost-share adjustment; it simply

is the number of farms in county c in MDA’s database divided by the number of

farms in county c with cropland in the census. The second calculation divides the

number of farms in county c in MDA’s database by the number of farms in county c

earning $2,500 or more as reported by the 2007 Census of Agriculture, since nutrient

management regulations under the WQIA exempt all farms with less than $2,500 in

annual sales.

Table 3.4 presents the marginal effects averaged across all observations under these

alternative definitions of the probability of being included in the MDA farm registry.

The estimated marginal effects of being included in the MDA farm registry are quite

similar to the estimates in Table 3.2.
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3.7.3 Implications for Environmental Quality

Our econometric estimates indicate that noncompliance is widespread only among

very small farm operations, notably those grossing less than $10,000 in annual sales.

As noted earlier, farms of this size are less likely to file for agricultural use property

tax assessments and are thus more likely to be overlooked in MDA’s regulatory en-

forcement efforts. These considerations suggest further that enforcement gaps may

not have a substantial effect on environmental quality. Such a conclusion would be

premature. Some of these operations are likely small horse farms that can generate

significant quantities of manure per acre of land, with a correspondingly significant

potential for nutrient runoff. Others may engage in small scale vegetable production

with substantial intensity of fertilizer use. Even though each farm may be small, the

number of farms in the state of these sizes is quite large: the 2007 Census of Agricul-

ture lists 7,242 or 56 percent of all farms in Maryland. Nutrient emissions from all of

these small operations combined could thus be substantial.

3.8 Conclusion

A common assumption in the literature on regulatory compliance is that firms

are aware of their regulatory status. This assumption does not always hold; in fact,

regulatory agencies frequently lack information about the identities of firms to which

regulations apply. If firms believe they are unlikely to be known to the regulator

and therefore, unlikely to be subject to enforcement, they are likely to alter their

compliance strategies.

We examine theoretically how the optimal compliance strategy of a firm compares

to the standard case where regulatory agencies have a complete, up-to-date census of

entities subject to regulation. We examine the firm’s compliance decision in a setting

common to a wide variety of regulations where compliance has two components: the

development of an initial compliance structure and the implementation of that com-
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pliance structure. In the standard case where firms operate under the assumption of

no enforcement gaps, their optimal strategy is to develop an initial compliance pro-

tocol but then delay the implementation of that compliance protocol until inspected

and warned. However, when the assumption of no enforcement gaps is relaxed, we

show that, for sufficiently low values of the probability of being known to the regula-

tor, it is optimal for firms to delay the development of an initial compliance protocol

until warned in addition to delaying the implementation of that compliance protocol

until inspected and warned.

We then conduct an empirical analysis of the effect of enforcement gaps within

the context of the Maryland Water Quality Improvement Act, which requires most

farms to file and implement a nutrient management plan. The database used by the

Maryland Department of Agriculture in enforcing the NMP requirement consists only

of farms that have filed for agricultural use assessments for property tax purposes;

that set of farms comprises only about half of the farms in the state. We estimate

a probit model of the farmer’s decision to file a NMP using farm-level data from a

2010 survey of Maryland farms, county-level enforcement data from the MDA, and

county-level data from the 2007 Census of Agriculture. Our estimates indicate that

the probability of being included in the MDA’s registry of farms subject to regulation

has a positive and statistically significant effect on the farm’s decision of whether to

file a nutrient management plan. The probability of being in compliance with the

regulation increases with farm size while the marginal effect of being included in the

MDA farm registry declines with respect to farm size; both results are consistent with

the predictions of the theoretical analysis.

More broadly, our results suggest that enforcement gaps arising from regulators’

lack of current information about the size and composition of a regulated industry

can have a significant effect on firms’ regulatory compliance strategies and thus on the

extent to which regulations achieve their aims. It would thus be useful to know how
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enforcement gaps affect outcomes such as ambient environmental quality, outbreaks

of foodborne illness, protection of patients’ health data, quality of care in nursing

facilities, and other goals of regulations with structures like that considered here.

That information would help regulatory agencies determine whether the return to

maintaining up-to-date registries of firms subject to regulation is high enough to

justify shifting resources from other enforcement activities to updating registries of

regulated entities, i.e., whether the benefits of narrowing enforcement gaps outweigh

the costs.
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Table 3.1: Descriptive Statistics
Variable Mean Standard Deviation
Indicator for NMP 0.579 0.0275
Total Operated Acres 255.4 19.39
Number of Animal Units 128.6 27.38
Required under WQIA 0.698 0.0272
1(Corn, Soybean, or Small Grains) 0.433 0.0252
1(Hay or Pasture) 0.616 0.0259
1(Cattle and calves) 0.340 0.0236
1(Sheep, lamb, goats) 0.112 0.0173
1(Horses) 0.246 0.0241
1(Revenue Class 1: $1,000 - 2,499) 0.222 0.0253
1(Revenue Class 2: $2,500 - 4,999) 0.0892 0.0160
1(Revenue Class 3: $5,000 - 9,999) 0.0984 0.0160
1(Revenue Class 4: $10,000 - 19,999) 0.0904 0.0141
1(Revenue Class 5: $20,000 - 39,000) 0.0670 0.0124
1(Revenue Class 6: $40,000 - 99,999) 0.0580 0.0101
1(Revenue Classes 7 & 8: $100,000 - 499,999) 0.153 0.0147
1(Revenue Classes 9 & 10: $500,000 or more) 0.0529 0.00767
Share of County Farms in MDA’s Registry) 0.704 0.250
Share of Farms in MDA’s Registry Inspected 0.0956 0.0450

Number of Observations 486
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Table 3.2: Marginal Effects from a Probit Model of the Decision to File a NMP
Dependent Variable: (1) (2) (3) (4) (5)1(File a NMP)

Share of County Farms in 0.578*** 0.474*** 0.351*** 0.348*** 0.249***
MDA’s Registry x 1[Required] (0.0263) (0.0519) (0.0467) (0.0474) (0.0524)

Observations 486 486 486 486 486
Crop Indicators No No Yes Yes Yes

Livestock Indicators No No No Yes Yes
Revenue Indicators No No No No Yes

Standard errors in parentheses
*** p < 0.01, ** p < 0.05, * p < 0.1
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Table 3.3: Average Marginal Effect and Predicted Probability by Revenue Category
and Type of Operation

Dep. Var.: Average Average
N1(File a NMP) Marginal Effect Predicted Probability

Panel A: By Revenue Category

$1,000 - 2,499 0.413*** 0.296 62
(0.092) (0.025)

$2,500 - 4,999 0.501*** 0.561 32
(0.112) (0.031)

$5,000 - 9,999 0.456*** 0.623 37
(0.102) (0.034)

$10,000 - 19,999 0.387*** 0.742 41
(0.102) (0.029)

$20,000 - 39,000 0.308*** 0.816 32
(0.092) (0.030)

$40,000 - 99,999 0.075 0.971 36
(0.062) (0.010)

$100,000 - 499,999 0.031 0.99 125
(0.026) (0.002)

$500,000 or more 0.059 0.978 59
(0.047) (0.007)

Panel B: By Type of Operation

Grain Crop 0.194*** 0.878 294
(0.049) (0.013)

Cattle 0.274*** 0.778 202
(0.067) (0.022)

Poultry 0.165*** 0.82 21
(0.051) (0.068)

Standard errors in parentheses.
*** p<0.01, ** p<0.05, * p<0.1
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Table 3.4: Marginal Effects using Alternative Definitions of the Probability of Being
Known

Dep. Var.: (1) (2) (3) (4) (5)1(File a NMP)

Panel A: Pr(Known) defined as the number of farms in county c divided by the number
of farms in county c with cropland:

Pr(Known) x 0.780*** 0.593*** 0.412*** 0.412*** 0.263***
Required (0.0422) (0.0790) (0.0681) (0.0683) (0.0746)

Panel B: Pr(Known) defined as the number of farms in county c divided by the number
of farms in county c grossing $2,500+:

Pr(Known) x 0.608*** 0.469*** 0.340*** 0.340*** 0.240***
Required (0.0310) (0.0582) (0.0489) (0.0489) (0.0551)

Observations 486 486 486 486 486

Total Operated Acres No Yes Yes Yes Yes
Crop Indicators No No Yes Yes Yes

Livestock Indicators No No No Yes Yes
Revenue Indicators No No No No Yes

Robust standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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4 The Effect of Incomplete Enforcement Information

on Ambient Pollution Levels: Evidence from the

Clean Water Act

4.1 Introduction

The goal of most environmental regulations is to improve environmental quality.

The extent to which this goal is achieved depends on several factors, one of which

is the effectiveness of regulatory enforcement. Effective enforcement strategies must

provide strong enough incentives to induce firms to comply with the regulation. Eco-

nomic theory suggests that firms will comply with a regulation only if the expected

net benefits of compliance exceed the expected net benefits of noncompliance (Becker

1968). Regulators may alter firms’ compliance incentives through the use of enforce-

ment instruments such as self-reporting, inspections, warnings, fines, and criminal

sanctions.

Environmental economists typically assume that the regulator and the regulated

agents behave under the assumption that the regulator has complete information of

the identities of the regulated agents. However, over time, as new firms enter and

existing firms exit, the regulator may fail to maintain up-to-date information on the

population of active firms. If such information gaps grow over time, firms unknown

to the regulator will likely respond by reducing compliance effort. If the regulator’s

information gaps have a negative effect on a firm’s compliance decision, this could lead

to aggregate degradation of environmental quality. For a sufficiently large aggregate

effect, the benefits to the regulator of acquiring a more complete registry of firms may

outweigh the costs of closing these information-induced enforcement gaps.

This paper theoretically and empirically examines how the regulator’s incomplete

enforcement information of the universe of regulated agents impacts ambient pollution
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levels. First, I develop a theoretical model of the firm’s optimal level of emissions

when the probability of being known to the regulator is less than one. I find that

a firm’s optimal level of emissions is unambiguously decreasing in the probability of

being known to the regulator. If decreases in the firm’s optimal level of emissions

are associated with reductions in ambient pollution levels, then one would expect

that ambient pollution levels are also decreasing in the probability of being known

to the regulator. This suggests that information gaps may have an effect on a firm’s

compliance decision and consequently, on ambient pollution levels.

I empirically estimate the effect of information gaps on ambient pollution levels,

within the context of Clean Water Act (CWA) permit regulations for various pollu-

tants in the Mississippi River Basin. The CWA requires firms to obtain a permit under

the National Pollution Discharge Elimination System (NPDES) prior to discharging

into waters of the United States. However, there exist substantial information gaps

between the regulator’s registry and the universe of firms regulated under the CWA;

one study estimated that the universe of regulated firms increased by 45% during a

four-year period (USEPA 2005). Using data on the regulator’s knowledge of regu-

lated agents from the EPA’s Enforcement and Compliance History Online (ECHO)

database and data on the universe of regulated agents from the County Business

Patterns, I measure the size of this information gap for the 2014-2016 time period. I

restrict analysis to firms belonging to the mining and manufacturing sectors as such

firms are likely to engage in activities that involve the discharge of pollutants and

therefore, likely to belong to the universe of regulated agents.

Then, I construct a catchment/monitoring station-level panel dataset using geospa-

tial data from the National Hydrography Dataset Plus V2 (NHDPlusV2) and pollu-

tion data from the Water Quality Portal (WQP). I match the measurement of the

size of the information gap to each catchment and estimate a spatial lag model of

nitrogen, sulfate, chromium, and phosphorus concentration controlling for upstream
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delivery of the pollutant, point-source loading of the pollutant, temperature, precip-

itation, population, inspections as well as catchment, quarter, and year fixed effects.

The identifying assumption is that the size of the information gap is not correlated

with unobservable, time-variant characteristics that affect ambient pollution levels.

In my robustness checks, I conduct placebo tests with other industrial sectors and

test the sensitivity to functional form assumptions.

Consistent with my theoretical predictions, I find that an increase in the share

of firms included in EPA’s registry is associated with a significant and economi-

cally meaningful decrease in ambient nitrogen, sulfate, and chromium concentration.

Specifically, a one percentage point increase in the share of firms included in the EPA’s

registry is associated with a 0.49% decrease in nitrogen concentration (p < 0.01),

a 0.455% decrease in sulfate concentration (p < 0.10), and a 0.425% decrease in

chromium concentration (p < 0.10). For comparison, the mean concentration in my

sample for nitrogen, sulfate, and chromium, is 1.463, 150.1, and 0.0378 mg/L, re-

spectively. This implies that increasing the share of firms known to the EPA by just

5 percentage points could lead to measurable reductions in ambient pollution levels.

Thus, acquiring information on unknown firms subject to regulation may result in

improvements in environmental quality.

This paper primarily contributes to the literature on the enforcement of environ-

mental regulation but also makes contributions to the literature on the economics

of water quality. First, regulatory information gaps are not a feature unique to the

enforcement setting of the CWA; it is a phenomenon observed in the regulatory set-

tings of the Clean Air Act (CAA), Federal Insecticide, Fungicide, and Rodenticide

Act (FIFRA), Resource Conservation and Recovery Act (RCRA), Toxic Substances

Control Act (TSCA), Safe Drinking Water Act (SDWA) (USEPA 2005), as well as

the Lead-Based Paint Renovation, Repair, and Painting (RRP) Rule (USEPA 2019).

Thus, the findings of this paper apply to the broader literature on the enforcement
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of environmental regulations.

Second, the enforcement literature generally focuses on the effect of various en-

forcement instruments on compliance and environmental performance. Consistent

with economic theory, warnings, inspections, fines, and sanctions have been shown to

increase compliance or improve environmental performance (for reviews see; Polinsky

and Shavell 2007 and Shimshack 2014). However, these studies implicitly assume

complete regulatory information; relaxing this assumption may have implications for

both environmental quality and the effectiveness of enforcement instruments. For

example, if the regulator fails to update its information on regulated agents, the set

of firms that may be chosen for inspection will not reflect the universe of regulated

agents. If unknown firms are also more likely to be out of compliance, then regula-

tory information gaps may have implications for the cost-effectiveness of inspections.

There is evidence that these types of enforcement gaps have an effect on compliance;

Andarge and Lichtenberg (2019), within the context of nutrient management regula-

tions in Maryland, find that an increase in the probability of being unknown to the

regulator has a significant and negative effect on compliance. This paper estimates

the effect on ambient pollution levels rather than compliance.

Lastly, this paper contributes to the economics literature on water quality. Most

of the studies on water quality come from the literature on nonmarket valuation in

which recreational and ecosystem benefits are measured and the literature on drinking

water safety, particularly within the context of developing countries (for reviews see

Olmstead 2010). There is one study that looks at the effect of regulation on water

pollutant concentration; Keiser and Shapiro (2019) find that grants to municipal

wastewater treatment plants, which are regulated under CWA permit regulations,

reduce water pollutant concentration. This paper is different in that it examines the

effect of regulatory information gaps on water pollutant concentration for the mining

and manufacturing sectors.
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The rest of the paper is organized as follows: section 4.2 reviews the literature,

section 4.3 develops a theoretical model, section 4.4 provides background information

on the CWA, section 4.5 describes the data and their construction, section 4.6 develops

an econometric model of ambient pollutant concentration, section 4.7 presents and

discusses the results, and section 4.8 concludes.

4.2 Literature Review

Regulators generally use a variety of enforcement tools to incentivize compliance.

However, since regulators have a limited budget and monitoring is costly, they will not

monitor every relevant firm every period. Therefore, a firm’s compliance decision is a

function of its expectations of the regulator’s enforcement scheme. A firm will comply

with a regulation when the expected benefits of compliance exceed the expected

costs. The expected costs of compliance are comprised of direct costs such as the

costs associated with the adoption of abatement technology and indirect costs such

as reductions in productivity and lost output. The expected benefits include, but

are not limited to, the avoidance of fines, future scrutiny from the regulator, and

financial impacts from a negative public perception. The regulator may alter some

of these costs and benefits; an increase in the probability of an inspection or the

magnitude of a fine would, for example, increase the expected benefits of compliance

while subsidizing the adoption of abatement technology would decrease the expected

costs of compliance.

There is extensive literature on the impact of various enforcement actions and in-

struments such as inspections, warnings, fines, sanctions, and self-reporting, on both

compliance and environmental performance. Generally, one of the first steps in en-

forcement is an inspection and its estimated effect in the literature is quite mixed.

Some studies find that inspections have no effect on compliance (Stafford 2002) or

environmental performance (Earnhart 2004b) while others find that inspections in-
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crease compliance or improve environmental performance (Telle 2013; 2009; Alberini

et al. 2008; Eckert 2004; Dasgupta et al. 2001; Laplante and Rilstone 1996; Gray

and Jones 1991; Magat and Viscusi 1990). One study finds that the effect of in-

spections is contingent on the firm’s perception of the effectiveness of enforcement;

inspections have no effect on the environmental performance of firms that perceive

enforcement as effective but increase the environmental performance of firms that

perceive enforcement as ineffective (Earnhart and Friesen 2017).

Following an inspection, the regulator may issue a warning or a fine. Warnings

are ubiquitous in the enforcement of environmental regulations; regulators usually

issue a warning upon discovering a violation. Theoretical investigations of the role

of warnings find that warnings can reduce the probability of switching from a full-

compliance equilibrium to a no-compliance equilibrium (Nyborg and Telle 2004) and

reduce overcompliance when regulatory errors are present (Rousseau 2009). In some

instances, a regulator may issue a fine; several studies find that, consistent with

economic theory, an increase in the magnitude of a fine is associated with greater

compliance (Earnhart 2004b; Stafford 2002). In fact, the aggregate effect of a fine

on compliance rates may be even greater when considering the spillovers it may have

on other firms (Shimshack and Ward 2005). This spillover effect may even induce

firms already in compliance to over-comply in response to fines levied on other firms

(Shimshack and Ward 2008).

Sometimes, when violations are severe or repeated, a regulator may pursue crimi-

nal sanctions. Empirical evidence suggests that the possibility of standing trial alone

is more of a deterrent than the probability of conviction or the amount of the fine

(Almer and Goeschl 2010). Additionally, firms may incur indirect costs in the form

of loss of market value as a result of lawsuits (Muoghalu, Robison, and Glascock

1990). Regulators may also require that firms disclose violations or discharge levels

to relevant parties; there is evidence that such disclosures have a deterrent effect (Ben-
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near and Olmstead 2008) and improve on-site14 environmental performance (Khanna,

Quimio, and Bojilova 1998).

Most of the literature to date assumes that the regulator and the regulated agents

behave under the assumption that the regulator has complete information with re-

spect to the identities of the regulated agents. However, it is not uncommon for the

regulator to have incomplete information on the identities of the regulated agents;

a study by the United States Environmental Protection Agency’s (EPA’s) Office of

Inspector General (OIG) found substantial gaps in the Office of Enforcement and

Compliance Assistance’s (OECA) information on entities subject to regulation under

several environmental laws, including the Clean Water Act (CWA). Specifically, the

study found that, between 2001 and 2005, the size of the regulated universe for the

CWA stormwater permits had increased by about 45%. More recently, similar finding

was observed for the Lead-Based Paint Renovation, Repair, and Painting (RRP) Rule

(USEPA 2019b).

The universe of regulated agents is subject to change over time generating gaps

in the regulator’s information on the regulated agents. These gaps may potentially

have implications for a firm’s compliance decision. There is evidence of such an

effect; within the context of nutrient management regulations in Maryland, Andarge

and Lichtenberg (2019) find that an increase in the probability of being unknown to

the regulator has a significant and negative effect on compliance. If the regulator’s

incomplete enforcement information has an effect on a firm’s compliance decision, then

it likely also has consequent effects on ambient pollution levels. In the subsequent

section, I present a theoretical model of a firm’s optimal level of emissions in a setting

where the regulator has incomplete information on the universe of regulated agents

and discuss its implications for environmental quality. I then test the predictions of

the model within the context of the enforcement of CWA permit regulations in the
14While on-site toxic releases were reduced in response to loss in market value following disclosure,

an increase in off-site transfer of wastes makes the net effect negligible but net risks lower.
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Mississippi River Basin.

4.3 Theoretical Framework

This section develops a theoretical model of the firm’s optimal level of emissions in

a setting where the regulator has incomplete enforcement information on the universe

of regulated agents. For simplicity, I assume that there are only two inputs in the

production function, G(x, e): emissions, e, and another input denoted by x. The

production function is strictly increasing and concave in the level of emissions and

the other input with Gxe(x, e) = Gex(x, e). Let p denote the output price and w the

input price. The firm’s optimization problem is

maxx,e (1− k) {pG(x, e)− wx− a(e0 − e)}+

k
{
q
[
pG(x, e)− wx− a(e0 − e)− F (e− L̄)

]
+ (1− q) [pG(x, e)− wx− a(e0 − e)]

}

subject to y ≤ G(x, e); e0 − e ≥ 0; e− L̄ ≥ 0

(4.1)

where e0 is the profit-maximizing level of emissions absent regulation, a(e0− e) is the

abatement cost function which is strictly decreasing and convex in e with a(e0) = 0,

k is the firm’s perceived probability that it is known to the regulator, q is the firm’s

perceived probability of inspection, L̄ is the permitted level of emissions, F (e− L̄) is

the fine incurred by the firm if found to be out of compliance and is strictly increasing

and convex in e, and y is the output quantity. Equation (4.1) can be simplified to:

maxx,e pG(x, e)− wx− a(e0 − e)− kqF (e− L̄)

subject to y ≤ G(x, e); e0 − e ≥ 0; e− L̄ ≥ 0

(4.2)
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Assuming an interior solution, the first-order conditions are:

pGe + a′(e0 − e)− kqF ′(e− L̄) = 0
(4.3)

pGx − w = 0 (4.4)

By the implicit function theorem,

∂e∗

∂k
=

qF ′(e− L̄) · pGxx

pGxx [pGee − a′′(e0 − e)− kqF ′′]− p2GxeGex

< 0 (4.5)

Under the assumptions of the model, the denominator on the right-hand side of

equation (4.5) is positive while the numerator is negative. Thus, the firm’s optimal

level of emissions is unambiguously decreasing in the probability of being known

to the regulator.15 A lower probability of being known decreases the incentive for

compliance; when the probability of being known is less than one, the effects of

inspections and fines are attenuated and firms have a greater incentive to increase

emissions compared to the case when this probability is equal to one. Assuming that

decreases in emissions from firms result in decreases in ambient pollution levels, I

hypothesize that ambient pollution levels are also decreasing in the probability of

being known to the regulator.

4.4 Background

I examine the consequences of the regulator’s incomplete information on the uni-

verse of regulated agents within the context of Clean Water Act (CWA) permit regu-

lations and their enforcement in the Mississippi River Basin (2-digit HUCs 05, 06, 07,

08, 10, and 11). The CWA was initially passed in 1972 in lieu of the Federal Water
15This result would still hold under the assumption that the fine is linearly increasing in the

magnitude of the violation (F ” = 0).
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Pollution Control Act in response to growing concerns about water quality (USEPA

2017). Its aim is to “improve or maintain the chemical, physical, and biological in-

tegrity of surface waters.” Bodies of water considered to be “waters of the United

States” fall under the jurisdiction of the CWA (USEPA 2019a).

Under the CWA, any point source discharge into waters of the United States

is regarded as unlawful unless a permit, either individual or general, is obtained

under the National Pollution Discharge Elimination System (NPDES). Individual

permits are issued to specific facilities or persons while several facilities can be covered

under a general permit for certain categories of similar discharges (e.g., stormwater

discharges). Firms may file a “notice of intent” to discharge under an existing general

permit instead of applying for an individual permit. Firms discharging into publicly

owned treatment works (POTWs) are not required to obtain a NPDES permit but

must meet certain pretreatment criteria. The POTWs themselves, however, must

obtain a permit that specifies limits equivalent to or more stringent than the secondary

standards for various pollutants (USEPA 2017).

A NPDES permit specifies the effluent limitations that a discharger is required to

meet; a firm is considered to be in compliance if its pollutant discharge is at or below

the threshold specified in the permit (Copeland 2016). Permits may be issued by the

EPA or states with EPA-approved permitting programs, but the EPA ultimately has

veto-power. Firms must submit their applications for a permit at least 180 days in

advance of discharge (or the expiration of an existing permit). Once an application

for a permit is submitted, the permitting agency must notify the public of the draft

permit, wait at least 30 days for feedback from the public, and if necessary, grant

hearings. Permits are valid for at most five years. Permit holders must test chemi-

cal/biological samples and submit discharge monitoring reports (DMRs) containing

that information to the state environmental agencies or the EPA.

The primary enforcement agency, the EPA, with the help of state environmental
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agencies and the Army Corps of Engineers, carries out various enforcement activities.

Regulators use enforcements instruments including, but not limited to, reviews of

discharge monitoring reports (DMRs), on-site inspections, warnings, assistance to

help ensure compliance with permit limits, revocation of permits, penalties, and in

severe cases, criminal sanctions. Penalties for negligent violations range from $2,500 -

$25,000 per day and/or up to one year in prison with subsequent convictions resulting

in fines up to $50,000 per day and/or two years in prison (USEPA 2013). Penalties

for knowing violations penalties for knowing violations range from $5,000 - $50,000

per day and/or up to three years in prison with subsequent convictions resulting in

fines up to $100,000 per day and/or up to six years in prison. The CWA also allows

citizens to sue violating firms directly if: (1) the citizen is harmed by the violation

in some way and (2) has given 60 days prior written notice to the violating firm, the

state, and the EPA.

If there exist information gaps in the regulator’s knowledge of the identities of

the regulated firms, the effectiveness of these enforcement instruments may be damp-

ened. Specifically for CWA stormwater permits, the EPA’s Office of Inspector Gen-

eral (OIG) found that the size of the regulated universe increased by 45% within a

four-year period (USEPA 2005). Yet, the enforcement arm of the EPA relied on an

outdated registry of firms to carry out enforcement activities during that same time

frame. This type of regulatory information gap may diminish the sting of enforce-

ment which may have consequent implications for ambient pollution levels. In what

follows, I first describe the data used to estimate the effect of incomplete enforcement

information on ambient pollution levels and their construction. Then, I develop an

econometric model of ambient pollution levels under the presence regulatory infor-

mation gaps.

68



4.5 Data

I examine the effect of the regulatory information gaps on ambient pollution levels

using water quality data from the Water Quality Portal (WQP), EPA facility regis-

tration and enforcement data from the Enforcement and Compliance History Online

(ECHO) database, data on the universe of regulated agents from the County Busi-

ness Patterns (CBP), population estimates from the U.S. Census Bureau, temperature

and precipitation data from the Global Historical Climatology Network (GHCN), and

geospatial data on stream reaches and their associated catchments from the National

Hydrography Dataset Plus V2 (NHDPlusV2). I combine these data to construct a

stream-reach/catchment-level three year panel dataset. I will first describe each of

the data sources and then explain the construction of the final data set.

4.5.1 Description of the Data

Water Quality Data I obtain water quality data for the Mississippi River Basin

from the Water Quality Portal (WQP). The Water Quality Portal is a joint ser-

vice provided by the United States Geological Service (USGS), the EPA, and the

National Water Quality Monitoring Council (NWQMC). It includes water quality

data from the three main databases—the USGS National Water Information Sys-

tem (NWIS), the EPA STOrage and RETrieval (STORET) Data Warehouse, and

the United States Department of Agriculture Agricultural Research Service’s (USDA

ARS’s) Sustaining The Earth’s Watersheds – Agricultural Research Database Sys-

tem (STEWARDS). The WQP data contain information on the geographic location

of the monitoring station, the date and time of each concentration measurement, the

method of measurement, and the value of the measurement.

I obtain data on the concentrations of nitrogen, sulfate, chromium, and phos-

phorus at various locations in the Mississippi River Basin for years 2014 through

2016. Nitrogen and phosphorus concentration measurements are available for vari-
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ous forms of each pollutant. For example, nitrogen measurements are available for

several nitrogen compounds including, but not limited to, inorganic nitrogen (nitrate

and nitrite), organic nitrogen, ammonia, ammonium, and Kjeldahl nitrogen.16 In or-

der to construct a single measure of concentration, the concentration of each chemical

compound containing the pollutant of interest was converted to be in terms of the

pollutant as follows:

conc. =
atomic mass of pollutant
atomic mass of compound

× conc. of compound (4.6)

This calculation is not required for the chromium and sulfate concentration data

because both pollutants are already reported in units consistent across the entire

sample.

A small number of observations have missing values for the geographic coordinates

of the station, the measurement date, or both the measurement detection limit and

the measurement. Such observations are dropped. Concentration measurements were

taken on various days over the course of the study period, January 2014 to December

2016. It appears that there is no regular time interval with which the measurements

are taken for the data set as a whole.17 Figures 4.1, 4.2, 4.3, and 4.4 present a

map of the locations of the monitoring stations for nitrogen, sulfate, chromium, and

phosphorus, respectively.

EPA Facility and Enforcement Data I obtain data on the facilities known to the

EPA from the EPA’s Enforcement and Compliance History Online (ECHO) database.

ECHO provides facility-level data on location, facility type, industrial classification,

enforcement actions, compliance status, pollutant discharge, a publicly owned treat-

ment works (POTW) indicator, and details on the NPDES permit—issue date, effec-
16Kjeldahl nitrogen concentration is the total concentration of organic nitrogen and ammonia.
17There may be site-specific regularity.
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tive date, termination date, and expiration date. Since the study period is January

2014 to December 2016, observations with an issue or effective date past 2016 or

a termination date prior to 2014 are dropped.18 Additionally, since the sectors of

interest are mining and manufacturing, for reasons discussed in the succeeding sec-

tion, I restrict the data to include only observations belonging to Standard Industrial

Classification (SIC) codes 10-14 and 20-39. Firms engaging in mining activities that

involve the extraction of naturally occurring minerals would fall under SIC codes

10-14. Quarries, well operations, and millers are also included in this category. Man-

ufacturing firms fall under SIC codes 20-39.

County Business Patterns and Census Data I obtain data on the universe

of regulated agents from the County Business Patterns (CBP). The CBP data con-

tain county-level figures for the number of facilities classified according to the North

American Industrial Classification System (NAICS) for the years 2014 through 2016.

Since the sectors of interest are mining and manufacturing, I restrict the data to only

include observations belonging to NAICS codes 31-33, which corresponds to the man-

ufacturing sector (SIC 20-39), and NAICS code 21, which corresponds to the mining

sector (SIC 10-14). One advantage of restricting the sample to the mining and man-

ufacturing sectors is that there is a one-to-one mapping from the 2-digit SIC code

to the 2-digit NAICS code for these sectors. This facilitates comparison between the

EPA and CBP data; facilities in the EPA data are mostly classified according to the

SIC while facilities in the CBP data are classified according to the NAICS. Lastly,

from the U.S. Census Bureau, I obtain county-level estimates of population and the

number of housing units.
18From conversations with an EPA representative, it appears to be the case that firms are allowed

to continue discharging even after a permit has expired, but not after a permit has been terminated.
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Global Historical Climatology Network I obtain daily average temperature

and total precipitation data for from the Global Historical Climatology Network

(GHCN-Daily). The GHCN-Daily database contains daily records from land surface

stations for various variables such as minimum temperature, maximum temperature,

total precipitation, snowfall, and snow depth along with the geographic coordinates

of each station in the network. Since both the GHCN-Daily data and the water qual-

ity data are georeferenced, I am able to match each water quality monitoring station

with nearby temperature and precipitation stations.

National Hydrography Dataset Plus v2 I acquire geospatial data on water-

bodies and their associated catchments from the National Hydrography Dataset

Plus v.2 (NHDPlusV2). NHDPlus is a 1:100,000 resolution dataset that incorpo-

rates features from the National Hydrography Dataset (NHD), the National Ele-

vation Dataset (NED), and the National Watershed Boundary Dataset (NWBD).

The dataset contains information on the characteristics of each NHDFlowline feature

(stream reaches). For each NHDFlowline feature, there is a variable that establishes

the upstream-downstream relationships in the stream network. Additionally, there is

information on the reach length and time of travel of each NHDFlowline feature. The

dataset also contains a shapefile of the catchment polygons for each NHDFlowline

feature along with the catchment area.

4.5.2 Construction of the Dataset

Redefining NHDFlowline Features The number of NHDFlowline features greatly

exceeds the number of monitoring stations; most NHDFlowline features do not have

a monitoring station. Therefore, I redefine the stream reach to include every reach

between two monitoring stations. The catchment area for this newly defined stream

reach then becomes the union of all of the catchments between the two monitoring
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stations:

Ci =
⋃

j∈{i,i−1}

Cj (4.7)

where Cj denotes the catchment of NHDFlowline feature j that is located between the

catchments of monitoring station i and monitoring station i−1 that is just upstream

of i. The corresponding stream reach and catchment characteristics (reach length,

time of travel, and catchment area) are calculated as follows:

Xi =
∑

j∈[i,i−1}

Xj (4.8)

where Xj denotes the reach or catchment characteristic of NHDFlowline feature j

that is located between monitoring station i and monitoring station i− 1 that is just

upstream of i. Then, I create a new shapefile of catchment polygons with this new

definition of reaches and their associated catchments. This newly defined catchment is

the unit of observation in my econometric model. Descriptive statistics are presented

in Table 4.1. There are four defined catchments; one for each pollutant.

4.6 Econometric Model and Specification

4.6.1 Econometric Model

This section develops an econometric model of ambient pollutant concentration

levels under the presence of incomplete enforcement information. The mean of the

log of pollutant concentration in stream reach/catchment i in time t, lnConci,t, is

modeled as follows:

lnConci,t = αi + β1 · share knowni,y + β2 · lnConci−1,t +Xi,tβ3+

γt + δy + εi,t

(4.9)
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where lnConci−1,t is the mean of the log of pollutant concentration at the nearest

monitoring location upstream of i at time t, Xi,t is a vector of controls, γt are time

fixed effects, δy are year fixed effects, εi,t is the error term which is assumed to be

distributed N(0, σ2), and share knowni,y is the share of firms known to the EPA

in year y. Since concentration data are measured at frequencies that are monitoring

station-specific, it may be the case that while concentration is recorded for monitoring

station i on a given day, it is not recorded for its nearest upstream monitoring station,

i − 1. If it is the case that the upstream neighbor does not have an observation on

the same day as the downstream neighbor or vice versa, then that observation would

be dropped when estimating equation (4.9) using daily data. To increase the odds

that both the upstream and downstream stations in upstream-downstream pairs have

concentration measurements available for the given time period, I aggregate the data

by taking quarterly means and estimate the following model:

lnConci,qy = αi + β1 · share knowni,y + β2 · lnConci−1,qy +Xi,qyβ3+

γq + δy + εi,qy

(4.10)

where lnConci,qy is the mean of the log of pollutant concentration in monitoring

station i in quarter q in year y, lnConci−1,qy is the mean of the log of pollutant

concentration at the nearest monitoring location upstream of i in quarter q in year

y, Xi,qy is a vector of controls, γq are quarter fixed effects, and εi,qy is the error term

which is assumed to be distributed N(0, σ2).

In choosing the level of aggregation, there is a tradeoff between the total number

of unique monitoring stations and the total number of observations. As the level of

aggregation increases from monthly to quarterly to yearly, the total number of unique

monitoring stations increases. This is because the odds that an observation is dropped

due to its upstream neighbor not having an observation during that time period
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decreases with higher levels of aggregation. However, the total number of observations

typically decreases due to the aggregation. As a robustness check, models in which

the data are aggregated by taking monthly and yearly means are also estimated.

The share of firms in the EPA’s registry serves as a proxy for the size of the

information gap. It is calculated as follows:

share knowni,y =
Ei,y

Ni,y

(4.11)

where Ei,y is the number of firms in the EPA’s database in year y and Ni,y is the

number of firms in the CBP data in year y. The number of firms in the CBP

data is measured at the county-level while analysis is conducted at the monitoring-

station/catchment-level. Each catchment polygon may not necessarily coincide with

or contain a single county polygon; a single catchment polygon generally intersects

multiple county polygons. Therefore, I scale this county-level variable to be propor-

tional to the area of the catchment contained within the county and then take the

sum across all of the counties intersecting that catchment:

Ni,y =

Ci∑
c=1

Area of i’s catchment in county c
Area of county c

·Nc,y (4.12)

c = 1, ..., Ci where Ci is the number of counties intersecting the catchment i. This

implicitly assumes that firms are uniformly distributed within a county. Since the

EPA data include the geographic coordinates of each facility, I am able to calculate

the exact number of facilities in a catchment. However, as this may lead to a share

that is greater than 1 in equation (4.11), I aggregate the number of firms in the

EPA’s database at the county-level and then calculate the corresponding value for

the catchment as in equation (4.12).

One potential issue is that not all of the firms in the CBP data are required to

obtain a NPDES permit. CBP data include firms that do not discharge pollutants.
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Such firms are not required to obtain a NPDES permit and thus would not be included

in the EPA’s registry. In order to improve the accuracy of my estimate of the share

of regulated firms known to the EPA, I restrict the EPA and CBP data to include

only firms belonging to the mining and manufacturing sectors. The nature of the

activities of firms in these sectors would likely involve the discharge of pollutants and

therefore, restricting my analysis to such firms will reduce the measurement error

in equation (4.11). Furthermore, recall that firms discharging into publicly owned

treatment works (POTWs) are not required to obtain a NPDES permit. Therefore,

while the POTW itself would be included in the EPA’s registry, the individual firms

discharging into the POTW may not be. However, such firms would be included in

the CBP data and thus, the share of firms known to the EPA is likely underestimated

in equation (4.11).

The share of firms in the EPA’s registry serves as a proxy for the size of the

information gap with higher shares indicating smaller gaps. The theoretical results

suggest that as the probability of being known to the regulator increases, the firm’s

optimal level of emissions decreases. If increases in the firm emissions lead to increases

in ambient pollution levels, then, all else constant, as the share of firms known to EPA

increases, the firm’s optimal level of emissions and ambient pollution levels decrease.

Therefore, I expect the sign of the coefficient on this variable to be negative.

Including pollutant concentration at the nearest monitoring station upstream of

i, monitoring station i− 1, controls for in-stream delivery of pollutants to the down-

stream station i. One would expect that higher upstream concentrations are associ-

ated with higher downstream concentrations due the nature in which water flows and

transports pollutants.19 This suggests that the coefficient on this variable should be

positive. The hydrologic literature suggests that the relationship between upstream

concentration and downstream concentration may be nonlinear (Yoon, Rhodes, and
19If contaminant decay is sufficiently large, then upstream concentration may have no effect on

downstream concentration.
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Shah 2015). Therefore, I estimate equation (4.10) as log-log model of downstream

and upstream pollutant concentration. As a robustness check, I also estimate a linear

model of downstream and upstream pollutant concentration.

The vector Xi,qy includes point source pollutant loadings, the distance to the

upstream monitoring station, the share of facilities inspected within a catchment,

temperature, the mean distance from the temperature stations to the water quality

monitoring station, precipitation, the mean distance from the precipitation stations

to the water quality monitoring station, and the population of the catchment. The

weather variables are aggregated by taking quarterly means of measurements taken on

days in which concentration is also measured. The kilograms of a pollutant discharged

by facilities with a NPDES permit and located within catchment i’s is included in

the model and serve as a proxy for point-source contributions to pollution. This

includes the contributions of POTWs and the firms discharging into POTWs to the

pollutant load. While the data do not distinguish between the amounts of each specific

pollutant a given facility discharges, it does provide the total discharge from a facility

and the pollutants included in that discharge. Thus, this variables is only a proxy

for point-source contributions to pollution. Since an increase in the pollutant load

into a waterbody increases the pollutant concentration in that waterbody, I expect

the coefficient on this variable to be positive. I also include the share of facilities

inspected within each catchment. Inspections are thought to deter violations, and

therefore, I expect the coefficient on this variable to be negative.

Data on population size are available at the county-level which, as previously

discussed, does not necessarily coincide with or is contained within a catchment—a

single catchment may contain people from more than one county. Therefore, I scale

population size in a manner similar to equation (4.12). Again, this implicitly assumes

that people are uniformly distributed within a county. Including population estimates

accounts for pollutant contributions from households. As the number of people in-
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creases, the amount of human waste also increases. Therefore, all else constant, I

expect the coefficient on this variable to be positive for the nitrogen, sulfate, and

phosphorus models. I have no a priori expectations for the sign of this coefficient in

the chromium model.

Weather patterns may affect pollutant concentrations in several ways. For ex-

ample, a storm event may result in increased stormwater runoff from urban areas

into streams. If the stormwater runoff contains pollutants, then the pollutant con-

centration in the stream may increase. I include mean of precipitation (in mm) on

days in which concentration measurements are taken as a control in equation (4.10)

to account for precipitation-related changes in pollutant concentration. Additionally,

I include mean of temperature (in tenths of ˚C) to account for any temperature-

dependent processes that may affect pollutant concentration. Then, I estimate the

equation (4.10) demeaned via OLS and cluster standard errors at the catchment-level.

One potential issue is that the upstream concentration, is endogenous in equation

(4.10). When lagged dependent variables are included as a regressor, the within

estimator is biased because the error term from the lagged dependent variable is

correlated with the mean of the error term in the demeaned version of equation (4.10).

Thus, OLS estimates of the coefficient on β2 will be biased. However, the coefficient

on upstream concentration, β2, is not the parameter of interest. The endogeneity of

upstream concentration should not bias OLS estimates of the coefficient on the size

of the information gap, β1, assuming that upstream concentration and the size of the

information gap are uncorrelated, conditional on the other regressors (Nickell 1981).

This could be violated if the trend in the level of monitoring and enforcement activity

is different for different catchments. The inclusion of the share of facilities inspected

within a catchment should partly capture such differences. Additionally, the unit of

observation is the catchment, not the regulatory jurisdiction. Therefore, changes in

monitoring and enforcement activity are likely not occurring at the catchment level
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as catchments may intersect multiple regulatory jurisdictions.

4.6.2 Industrial Sectors and Pollutants

I investigate the effect of incomplete enforcement information on the mining and

manufacturing sectors on the pollutant concentrations of nitrogen, chromium, sulfate,

and phosphorus. Recall, that I restrict analysis to the mining and manufacturing

sectors. The selection of these two industries is to facilitate comparison across data

sources and reduce measurement error in the share of firms known to EPA. Data from

the ECHO database largely report the SIC codes of facilities while data from the CBP

report the NAICS codes. There is a one-to-one correspondence between the two-digit

SIC and the two-digit NAICS codes for the mining and manufacturing sectors which

facilitates comparison between the two data sources. Additionally, firms in these two

sectors are likely to engage in activities that involve the discharge of pollutants and

therefore, more likely to belong to the universe of regulated agents under the CWA.

Nitrogen comes from various point and nonpoint sources. The major nonpoint

source contributor is agriculture, which is not regulated under CWA permit regula-

tions. The manufacturing sector, however, also emits nitrogen as part of the produc-

tion process. For example, wastewater discharged from pulp and paper mills may

contain nitrogen and may contribute to eutrophication. This is particularly impor-

tant for the Gulf of Mexico, where the Mississippi River Basin drains into, since

nitrogen is the limiting nutrient and has led to a large hypoxic zone (NOAA 2019).

Phosphorus also plays a role in the formation of the hypoxic zone in the Gulf of

Mexico. Similar to nitrogen, nonpoint source pollution from agriculture is one of the

primary sources of phosphorus pollution. However, industrial processes such as steel

production, metal finishing, food and beverage processing, and industrial cleaning

also contribute to phosphorus pollution. It is also the limiting nutrient in freshwater

ecosystems; my sample consists of freshwater streams. For these reasons, I estimate
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models of nitrogen and phosphorus concentration.

Both the mining and manufacturing sectors discharge chromium; metal ore min-

ing, electroplating, leather tanning, and textile manufacturing are a few examples

of activities within these two sectors that likely involve the discharge of chromium.

Chromium pollution mostly comes from point sources, unlike nitrogen and phospho-

rus. Thus, the estimation of the chromium serves as a robustness check since it is

a model that is unlikely to be confounded by time-varying nonpoint source contri-

butions. Lastly, I estimate a model of sulfate concentration. Sulfate, in water, is

relatively harmless both for human and environmental health. Industrial sources of

sulfate include, but are not limited to, mines, smelters from pulp and paper mills,

and textile mills and tanneries (WHO 2004). Atmospheric deposition is the major

nonpoint source of sulfate in surface water. This is partially controlled for by the

inclusion of weather variables.

4.7 Results and Discussion

The universe of regulated agents may evolve over time; new firms may enter

and existing firms may exit the industry. If the regulator’s registry is not updated

frequently enough to reflect this evolution, then regulatory information gaps will be

generated. Additionally, existing firms already unknown to the regulator will remain

unknown. Such information gaps may dampen the effects of enforcement instruments

and have implications for a firm’s compliance decision which in turn may have an

effect on ambient pollution levels. In this section, I present and discuss the effect of

regulatory information gaps on ambient pollutant concentration within the context of

CWA permit regulations. Table 4.2 presents estimates of the coefficients of interest

from equation (4.10). Most of the estimated coefficients for the control variables have

the expected sign.
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4.7.1 The Effect of Incomplete Enforcement Information on Ambient Pol-

lution Levels

The theoretical model predicts that an increase in the share of firms known to

the regulator results in a decrease in ambient pollution levels. Consistent with this

prediction, the results indicate that increases in the share of firms known to the

EPA result in decreases in nitrogen, sulfate, and chromium concentration but not

phosphorus concentration. The results indicate that a one percentage point increase in

the share of firms included in the EPA’s registry results in a 0.49% decrease in nitrogen

concentration (p < 0.001), a 0.46% decrease in sulfate concentration (p < 0.10), and

a 0.43% decrease in chromium concentration (p < 0.10). For comparison the mean

concentration in my sample for nitrogen, sulfate, and chromium, is 1.46, 150.0, and

0.0378 mg/L, respectively. Increasing the share of firms known to the EPA by just

5 percentage points could lead to measurable reductions in ambient pollution levels.

Thus, acquiring information on unknown firms subject to regulation may result in

improvements in environmental quality.

The EPA’s ambient water quality criteria specify the maximum concentration of

a toxic pollutant in water that will not pose a significant risk to most aquatic species.

There are two ambient water quality measures: Criterion Maximum Concentration

(CMC) and Criterion Continuous Concentration (CCC). The CMC is 0.57 mg/L for

chromium III and 0.016 mg/L for chromium IV. The mean concentration for total

chromium (chromium III and chromium IV) in my sample is 0.0378 mg/L. Unfortu-

nately, the data do not distinguish between the two forms of chromium. Regardless,

the mean concentration is below the CMC for chromium III and above the CMC for

chromium IV. I estimate that a 5 percentage point increase in the share of facilities

known to EPA results in a 2.15% decrease in chromium concentration. A 2.15% de-

crease in the mean concentration amounts to approximately 0.000813 mg/L, which is

small relative to the CMC. However, the sample is restricted to the mining and man-
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ufacturing sectors. An improvement in information across all chromium discharging

industries may yield larger effects. A similar exercise is not able to be carried out for

sulfate because, to my knowledge, there are no ambient water quality standards for

sulfate in streams and rivers.

The EPA does have recommendations for ambient nutrient levels. However, these

are region-specific parameters. For the Mississippi River Basin, the mean recom-

mended ambient nitrogen concentration is 0.52 mg/L. A five percentage point in-

crease in the share of facilities known to EPA results in a 2.45% decrease in ambient

nitrogen concentration. A 2.45% reduction in nitrogen concentration from the mean

concentration in my sample is about 0.03577 mg/L. This appears to be a relatively

small effect in absolute terms. However, relative to the overall contribution of mining

and manufacturing point sources to nitrogen pollution, this effect is not as small as

it appears. Additionally, the average nitrogen concentration in my sample is 1.463

mg/L which is three times the recommended level. Thus, reducing the size of the

information gap could bring ambient levels closer to the recommended levels. Given

that the nutrient runoff from the Mississippi River Basin substantially contributes to

hypoxia in the Gulf of Mexico, reducing these information gaps may lead to benefits

in terms of improved water quality in the Gulf of Mexico. 4.7.2 discusses this in

greater detail.

If enforcement gaps have a large enough effect on ambient pollution levels, then

it is more likely that the benefits of acquiring information to update the registry of

regulated agents outweigh the costs. An exercise comparing the returns to various

enforcement instruments to the returns of acquiring information on the regulated uni-

verse would allow for the determination of the optimal resource allocation between

enforcement strategies. However, the literature largely measures the effect of enforce-

ment instruments on the binary decision to comply or the environmental performance

of a firm, not ambient pollution levels, making comparison difficult. Future research
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on the effect of conventional enforcement instruments on ambient pollution levels

would allow for the determination of the optimal allocation of resources.

4.7.2 The Benefits of Acquiring Information

The benefits of closing regulatory information gaps, in terms of improved water

quality, depend on the value of improved water quality. As the Mississippi River

discharges into the Gulf of Mexico, water quality improvements in the Mississippi

River Basin are valued by impacted households within the watershed and households

that value the health of the Gulf. A representative nationwide survey of U.S. house-

holds was conducted by Stefanski and Shimshack (2016) to estimate the willingness

to pay for improved water quality in the Gulf of Mexico through an expansion in the

Flower Garden Banks National Marine Sanctuary; households are willing to pay be-

tween $35 and $107 per year for this expansion. Hayes, Kling, and Lawrence (2016)

argue that even though Stefanksi and Shimshack (2016) consider a specific water

quality improvement, it may still provide a general measure of the value of improved

environmental quality in the Gulf of Mexico.

Assume that (1) a 41% reduction in nitrogen load and a 29% reduction in phos-

phorus load achieves 59% of the water quality improvement in the Gulf of Mexico

as the marine sanctuary expansion would20, (2) a 41% reduction in nitrogen load is

equivalent to a 41% reduction in nitrogen concentration, and (3) households only care

about the improvement in water quality, not the manner in which it was achieved.

The estimates from column (1) in Table 4.2 suggest that a 5 percentage point increase

in the share of firms known to the regulator results in a 2.45 percent decrease in nitro-

gen concentration. Using the smallest WTP estimate from Stefanski and Shimshack
20Hayes, Kling, and Lawrence (2016) argue that such a reduction in Iowa would result in 15%

of the improvement achieved by the marine sanctuary expansion. However, since 80% to 90% of
freshwater discharge into the Gulf of Mexico is from the Mississippi River system and 74% of the
pollution comes from land, I argue that such a reduction in the Mississippi River Basin would achieve,
at least, 59% of the water quality improvement achieved by the marine sanctuary expansion. This
is likely an extremely conservative estimate.
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(2016), this suggests that the benefits of the improvement in water quality from a 5

percentage point increase in the share of firms known to the regulator is about $165.9

million per year in 2020 dollars.21 Note, this is a conservative estimate because it does

not include the benefits of improved water quality in streams within the Mississippi

River Basin.

4.7.3 Robustness Checks

To assess the robustness of the estimates of the effect of incomplete enforcement

on ambient pollution levels, I conduct placebo tests and estimate the model in equa-

tion (4.9) at monthly and yearly aggregations. Since chromium is a specific pollu-

tant, I can identify industrial sectors whose activities do not involve the discharge

of chromium. The size of the information gap for such an industry should have no

effect on chromium concentration. The activities of facilities in the Water Utilities

sector, corresponding to NAICS 2213, should not involve the discharge of chromium.

Similarly, activities within the Agriculture, Forestry, Fishing, and Hunting sector,

corresponding to NAICS 11, likely do not involve the discharge of chromium. Using

the size of the information gap for these two sectors, I estimate the model in equation

(4.10) for chromium. The results are presented in Table 4.3. It is reassuring that the

size of the information gap in these two sectors has no significant effect on chromium

concentration.

As a second robustness check, I aggregate the data by taking monthly and yearly

means rather than quarterly. Recall that in moving to higher levels of aggregation

(i.e., from monthly to quarterly to yearly), there is a tradeoff between total number of

observations and total number of monitoring stations. With monthly aggregations,

the total number of observations is higher while the total number of monitoring

stations is lower relative to yearly aggregations. To assess whether the results are
21Assuming that there are about 125.82 million households in the United States.
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sensitive to the level of aggregation, I estimate equation (4.9) after taking monthly

and yearly means of the relevant variables. The results are reported in Tables A.1

and A.2 and are largely consistent with the results from the quarterly aggregation of

the data.

Lastly, I estimate models in which the relationship between upstream and down-

stream concentration is linear. The results of these regressions are presented in col-

umn (2) of Table 4.4. The point estimates have the same sign as the estimates from

the preferred specification. However, the hydrologic literature suggests that the re-

lationship between upstream and downstream concentration is logarithmic. Thus,

there is a theoretical basis for a log-log specification. Plots of upstream concentration

vs. downstream concentration and the log of upstream concentration vs. the log of

downstream concentration confirm a logarithmic relationship.

4.7.4 The Effect of Inspections on Ambient Pollution Levels

Economic theory suggests that increases in the magnitude of the probability of

being inspected increase a firm’s expected cost of noncompliance and thereby, de-

creases the likelihood that a firm will choose to comply with the regulation. If more

firms comply with the regulation, then, all else constant, ambient pollution levels will

decrease. The point estimate on the share of facilities inspected is negative in all

of the specifications, implying that increases in the magnitude of the probability of

inspection are associated with improvements in water quality. However, this result is

not significantly different from zero at any conventional significance level.

In the literature, the effect of inspections on compliance or environmental perfor-

mance is mixed. Similar to this study, Earnhart (2004) and Stafford (2002) both find

that inspections have no effect on compliance or environmental performance. Within

the context of wastewater discharges by municipal wastewater treatment plants in

Kansas, Earnhart (2004) finds that while federal inspections have a deterrent effect,
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state inspections do not. The data used in this study do not distinguish between state

and federal inspections and therefore, I cannot disentangle the two effects. However,

since the EPA delegates inspection responsibilities to the states, it is likely that a

substantial number of the inspections are conducted by the states. Similarly, Stafford

(2002) finds that past inspections do not deter future violations for hazardous waste

regulations.

Other studies, however, find that inspections indeed have a deterrent effect. In-

spections are found to reduce TSS and BOD discharges (Dasgupta et al. 2001) and

increase compliance with air pollution regulations (Gray and Deily 1996). One study

finds that while inspections do significantly deter future violations, the magnitude of

their effect is quite small (Eckert 2004). These mixed results could be due to industry-

or regulation-specific differences in the effectiveness of inspections or the manner in

which the inspection variable is estimated in my model.

4.8 Conclusion

A common assumption in the literature is that the regulator has complete infor-

mation on the universe of regulated agents. However, this assumption rarely holds

in regulatory environments; substantial informational gaps are observed in the reg-

ulatory environments of several major environmental regulations. Such information

gaps may affect a firm’s compliance decision and therefore have consequent effects

on ambient pollution levels. I examine theoretically how a firm’s optimal level of

emissions changes with respect to the likelihood of being included in the regulator’s

registry of regulated agents. I find that the optimal level of emissions is unambigu-

ously decreasing in the probability of being known to the regulator.

Then, I empirically investigate the effect of the regulator’s information gaps on

ambient nitrogen, sulfate, chromium, and phosphorus concentration within the con-

text of the enforcement of Clean Water Act (CWA) permit regulations on the man-
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ufacturing and mining industries in the Mississippi River Basin. Consistent with the

theoretical prediction, the results indicate that an increase in the share of facilities

included in the EPA’s registry has a negative and statistically significant effect on

ambient nitrogen, sulfate, and chromium concentrations. Thus, it is possible that

improvements in the EPA’s information on the identities of the regulated agents may

improve water quality. Back of the envelope calculations of the benefits of acquiring

information suggest that a 5 percentage point increase in the share of known nitrogen-

polluting firms leads to benefits, in terms of improved water quality in the Gulf of

Mexico, of $165.9 million per year.
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Table 4.1: Descriptive Statistics
(1) (2) (3) (4)

Variables Nitrogen Sulfate Chromium Phosphorus

Water Quality:
Pollutant conc. (mg/L) 1.463 150.0 0.0378 0.8616

Enforcement:
Share of facilities known to EPA 0.166 0.180 0.131 0.148

Share known to EPA (NAICS 2213) - - 0.816 -
Share known to EPA (NAICS 11) - - 0.254 -

Share of facilities inspected 0.0287 0.0308 0.0310 0.0269

Weather:
Daily avg. temp. (tenths of ˚C) 158.0 157.7 164.8 164.2
Distance to temp. station (km) 180.6 182.6 188.3 179.8

Daily precip. (mm) 29.56 29.84 36.58 36.58
Distance to precip. station (km) 24.76 25.39 21.61 25.91

Reach/Catchment:
Point source loading (kg) 494,588 591,183 563,070 452,331

Population 8,266 10,184 18,155 6,194
Length (km) 292.1 326.8 487.4 201.2
Area (sq km) 444.6 490.4 723.8 300.0

N 11,217 11,021 1,567 21,906
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Table 4.2: Estimates of the effect of incomplete enforcement information on ambient
pollution levels

Dependent variable:
(1) (2) (3) (4)

Ln(Nitrogen Ln(Sulfate Ln(Chrom- Ln(Phosph-
conc.) conc.) ium conc.) orus conc.)

Share of facilities known -0.490*** -0.455* -0.425* -0.0637
(0.123) (0.251) (0.251) (0.184)

Ln(Upstream conc. (mg/L)) 0.0731*** 0.241*** 0.388*** 0.102***
(0.0142) (0.0606) (0.104) (0.0173)

Share of facilities inspected -0.0260 -0.0748 -0.313 -0.0130
(0.280) (0.119) (0.398) (0.127)

Point source loading (kg) -5.75e-09 2.74e-09 -1.99e-08 0
(4.90e-09) (4.03e-09) (1.52e-08) (1.57e-10)

Temperature (tenths ˚C) 0.000237 -0.000166 0.000288 0.000495***
(0.000148) (0.000114) (0.000462) (0.000160)

Precipitation (mm) 0.000474*** -0.000543*** 0.00242*** 0.00140***
(0.000126) (0.000105) (0.000419) (9.83e-05)

Population -8.82e-05* -1.81e-05 -9.23e-05 -9.76e-05
(4.79e-05) (5.26e-05) (0.000141) (7.24e-05)

N 11,217 11,021 1,567 21,906
Number of catchments 4,742 3,997 792 8,606

Controls Yes Yes Yes Yes
Catchment FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes

Mean of Conc. 1.463 150.0 0.0378 0.616
Standard errors clustered at the catchment level in parentheses

*** p<0.01, ** p<0.05, * p<0.1
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Table 4.3: Placebo tests using NAICS 2213 and NAICS 11
(1) (2)

Ln(Chromium conc. (mg/L))
Water Agriculture, Forestry
Utilities Fishing, and

(NAICS 2213) Hunting (NAICS 11)

Share of facilities known to EPA -0.242 -0.133
(0.323) (0.419)

Ln(Upstream chromium conc.) 0.388*** 0.387***
(0.105) (0.105)

Observations 1,567 1,567
Number of catchments 792 792

Catchment FE Yes Yes
Quarter FE Yes Yes
Year FE Yes Yes

Standard errors clustered at the catchment level in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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Table 4.4: Estimates of the effect of incomplete enforcement information with a linear
relationship between upstream and downstream concentration

(1) (2)
Dependent var.: Preferred Linear
Concentration (mg/L) Specification Model

Nitrogen:
Share of facilities known to EPA -0.490*** -0.600*

(0.123) (0.315)
Upstream nitrogen conc. (mg/L) 0.0731*** -0.619

(0.0142) (0.616)
Share of facilities inspected -0.0260 -1.35e-08

(0.280) (9.38e-09)

Sulfate:
Share of facilities known to EPA -0.455* -69.37***

(0.251) (26.32)
Upstream sulfate conc. (mg/L) 0.241*** -43.04

(0.0606) (28.75)
Share of facilities inspected -0.0748 -7.99e-08***

(0.119) (2.87e-08)

Chromium:
Share of facilities known to EPA -0.425* -0.0343***

(0.251) (0.0117)
Upstream chromium conc. (mg/L) 0.388*** -0.0443

(0.104) (0.0288)
Share of facilities inspected -0.313 -1.68e-10

(0.398) (6.07e-10)

Phosphorus:
Share of facilities known to EPA -0.0637 -1.030

(0.184) (1.443)
Upstream phosphorus conc. (mg/L) 0.102*** -1.055

(0.0173) (0.704)
Share of facilities inspected -0.0130 4.13e-10

(0.127) (3.03e-10)

Controls Yes Yes
Catchment FE Yes Yes
Quarter FE Yes Yes
Year FE Yes Yes
Standard errors clustered at the catchment level in parentheses

*** p<0.01, ** p<0.05, * p<0.1
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A Appendix

A.1 Robustness Check: Aggregating data to the monthly level

Table A.1: Estimates of the effect of incomplete enforcement information on ambient
pollution levels using data aggregated to the monthly level

Dependent variable:
(1) (2) (3) (4)

Ln(Nitrogen Ln(Sulfate Ln(Chrom- Ln(Phosph-
conc.) conc.) ium conc.) orus conc.)

Share of facilities known -0.453*** -0.688 -0.208 -0.0635
(0.127) (0.451) (0.224) (0.255)

Ln(Upstream conc. (mg/L)) 0.119*** 0.281*** 0.341*** 0.103***
(0.0173) (0.0748) (0.0929) (0.0114)

Share of facilities inspected -0.114 0.0315 -0.0391 -0.0220
(0.239) (0.115) (0.356) (0.120)

Point source loading (kg) -5.42e-10 3.33e-09 2.27e-07** 1.15e-10
(5.44e-09) (5.30e-09) (1.09e-07) (9.07e-11)

Temperature (tenths ˚C) -4.70e-05 -5.06e-05 -0.000471 0.000316**
(0.000161) (0.000126) (0.000484) (0.000135)

Precipitation (mm) 0.000206* -0.000624*** 0.00189*** 0.00130***
(0.000105) (8.44e-05) (0.000382) (7.00e-05)

Population -0.000127** 1.28e-05 3.23e-05 -0.000191**
(6.16e-05) (3.76e-05) (0.000206) (8.03e-05)

N 12,163 12,872 1,412 30,667
Number of catchments 3,902 3,287 586 7,678

Controls Yes Yes Yes Yes
Catchment FE Yes Yes Yes Yes
Month FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes

Mean of Conc. 1.467 129.3 0.0527 0.682
Standard errors clustered at the catchment level in parentheses

*** p<0.01, ** p<0.05, * p<0.1

96



A.2 Robustness Check: Aggregating data to the yearly level

Table A.2: Estimates of the effect of incomplete enforcement information on ambient
pollution levels using data aggregated to the yearly level

Dependent variable:
(1) (2) (3) (4)

Ln(Nitrogen Ln(Sulfate Ln(Chrom- Ln(Phosph-
conc.) conc.) ium conc.) orus conc.)

Share of facilities known -0.362*** -0.435** -0.461* 0.0515
(0.128) (0.211) (0.249) (0.157)

Ln(Upstream conc. (mg/L)) 0.0656*** 0.193*** 0.456*** 0.105**
(0.0187) (0.0729) (0.150) (0.0446)

Share of facilities inspected 0.0528 -0.123 -0.671 -0.0659
(0.277) (0.113) (0.470) (0.115)

Point source loading (kg) -9.71e-09 7.71e-10 -4.97e-09 8.26e-11
(6.11e-09) (4.00e-09) (1.84e-08) (1.25e-10)

Temperature (tenths ˚C) -0.000143 -0.000747** -0.000399 0.000394
(0.000238) (0.000377) (0.00165) (0.000284)

Precipitation (mm) 0.000352 -0.000331* 0.00172** 0.000849***
(0.000220) (0.000187) (0.000748) (0.000225)

Population -0.000110*** -7.63e-06 -0.000181 -7.40e-05
(4.16e-05) (5.00e-05) (0.000112) (5.24e-05)

N 7,794 6,400 1,281 13,141
Number of catchments 5,727 4,652 1,002 9,555

Controls Yes Yes Yes Yes
Catchment FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes
Mean of Conc. 1.549 168.2 0.146 0.602

Standard errors clustered at the catchment level in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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