CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources 2007 2, No. 084

Review

Approaches to TMDL planning and implementation and policy tools
for implementation to achieve water quality standards

Julie B. Jesiek', Brian L. Benham', Darrell J. Bosch?* and Kurt Stephenson?

Address: ' Virginia Tech, Biological Systems Engineering and the Center for TMDL and Watershed Studies (0303), Blacksburg,
VA 24061, USA.? Virginia Tech, Department of Agricultural and Applied Economics (0401), Blacksburg, VA 24061, USA.

*Correspondence: Darrell J. Bosch. Email: bosch@vt.edu

Received: 5 September 2007
Accepted: 9 November 2007

doi: 10.1079/PAVSNNR20072084
The electronic version of this article is the definitive one. It is located here: http://www.cababstractsplus.org/cabreviews

© CAB International 2007 (Online ISSN 1749-8848)

Abstract

This review is based primarily on information gathered in the TMDL Knowledgebase Clearinghouse
developed by the Center for Total Maximum Daily Load (TMDL) and Watershed Studies at Virginia
Tech. The TMDL programme has received renewed attention since the US Environmental Pro-
tection Agency (EPA) published revised guidelines in 1991. Under the TMDL programme, pollutant-
specific TMDLs are developed for impaired waters. A TMDL specifies the pollutant load reductions
needed to achieve water quality standards. The magnitude and distribution of the load reductions
among pollution sources can have implications for watershed stakeholders. Implementing the
TMDL load reductions is the responsibility of the individual US states. Adaptive implementation
occurs when limited corrective actions designed to improve water quality are implemented using
available information and data; and as information and data availability improve implementation
adjustments are made, i.e. ‘learn while doing’. While several policy tools are available to ensure that
corrective actions are implemented, economic incentives are most often used, particularly for non-
point source pollution sources. Typically, successful TMDL implementation depends on careful
planning and stakeholder engagement. However, meaningful stakeholder engagement requires that
stakeholders be empowered to make decisions about outcomes relevant to their goals, which may
be problematic given the narrow way the TMDL process is currently enacted. Planning using
watershed-scale models to assess plausible load reduction scenarios is most likely to produce
credible TMDL pollutant load estimates. Models should be coupled with adaptive implementation
so that pollutant load estimates can be revised as better information becomes available. TMDL
implementation plans should consider both barriers to and opportunities for implementation.
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Review Methodology: This review relied heavily on the contents of the TMDL Knowledgebase Clearinghouse [1] developed by the
Center for Total Maximum Daily Load (TMDL) and Watershed Studies at Virginia Tech in cooperation with US Environmental Protection
Agency (EPA). The searchable Clearinghouse contains summaries of the 50 US states’ TMDL programmes, available TMDL
development and TMDL implementation planning guidance documents, and topical synopses of TMDL-related scientific and trade
literature. The Clearinghouse can be searched in a variety of ways (e.g. by cause of impairment, TMDL development method or
approach, or waterbody type). In developing the Clearinghouse, TMDL-related literature was gathered using AGRICOLA, CAB Direct
and Cambridge Scientific Abstracts (CSA) lllumina databases current through 1 May 2007. Additional information was collected via
state TMDL Web sites, individual TMDL reports and from email and personal interviews with state agency personnel responsible for the
TMDL programme and other TMDL experts. TMDL development is still in its infancy and TMDL implementation has an even shorter
history. As a result, the review presented here relies heavily on non-peer reviewed citations.

Introduction Clean Water Act (CWA) of 1972, Environmental Pro-

tection Agency (EPA) first published guidelines for Section
Although the US Congress mandated the Total Maximum 303(d) in 1991 [2]. A portion of the TMDL development
Daily Load (TMDL) programme in Section 303(d) of the and implementation that has occurred to date has been
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Table 1 Frequency that selected TMDL development methods are used for common stream/river impairments [1]
Impairment
Oxygen
Method Pathogens Nutrients Metals Sediment demand (DO)

Single value targeting
(mass balance)

Statistical method (load
duration curves)

Spreadsheet model

Water quality modelling
software

27% (10/37)?
54% (20/37)

n/a n/a
19% (7/37)

28% (5/18)

11% (2/18)

61% (11/18)

63% (12/19) 40% (8/20) 10% (2/21)

21% (4/19) 10% (2/20) 5% (1/21)
5% (1/19)

16% (3/19)

10% (2/20)
45% (9/20)

43% (9/21)
57% (12/21)

®Numerator is equal to the states reporting method for the impairment in the Clearinghouse Database, denominator is equal to the total
number of states reporting TMDLs for that impairment in the Clearinghouse Database.

Note: Some states use two methods for setting TMDLs for a given impairment. Approach methods categorized based on each state’s
dominant approaches used in their most recent approved TMDL reports.

Table 2 Frequency that selected TMDL development methods are used for common lake and estuary impairments [1]

Impairment
Oxygen
Method Pathogens Nutrients Metals Sediment demand (DO)
Single value targeting (mass balance) 33% (2/6) 18% (5/28) 67% (4/6) 17% (1/6) n/a
Statistical method (load duration curves) n/a n/a n/a n/a n/a
Spreadsheet model n/a 18% (5/28) n/a 33% (2/6) n/a

Water quality modelling software 67% (4/6)

68% (19/28)

33% (2/6)  50% (3/6)  100% (7/7)

brought about by litigation intended to motivate EPA to
execute Section 303(d). This paper reviews the current
approaches used for developing TMDLs and briefly dis-
cusses TMDL implementation for the purpose of attaining
ambient water quality standards.

Sections 303(d) and 305(b) of the CWA require that
waterbodies in the USA be evaluated in the context of
applicable water quality standards developed by the states
and assigned to specific waterbodies. Under the CWA,
pollutant-specific TMDLs are established for waterbodies
that are not meeting water quality standards (impaired
waters). Of the waters assessed to date, 40% have been
found to be impaired: representing approximately 60 000
impairments [3]. Pathogens, heavy metals, nutrients,
sediment, dissolved oxygen (excessive oxygen depletion)
and loss of in-stream aquatic life amount and diversity
(resulting from habitat alteration, temperature, pH and
other undetermined causes) are the most common
impairments. Approximately 24000 TMDLs have been
completed to date [3].

TMDLs have been developed using various approaches
including mass balance/conservation of mass (e.g. deter-
mining pollutant loads to achieve a numeric water quality
criteria), statistical methods (e.g. load duration, regression
models) and computer-based water quality modelling (e.g.
using simulation models to establish pollutant load allo-
cations). Although each of these methods has been used,
some are more common than others, especially for cer-
tain types of impairments. Acknowledging that there may

be others, the following section focuses on these three
broad TMDL development approaches. Data available in
the TMDL Clearinghouse [1] was used to determine the
number of reporting states that used the TMDL devel-
opment approaches mentioned above. The frequency of
US states reporting that these approaches have been used
to address pathogen, nutrient, metal, sediment and dis-
solved oxygen impairments is presented in Table 1 for
streams and rivers and in Table 2 for lakes, reservoirs and
estuaries.

Establishing Causes of Impairments and
Identifying Maximum Loads

Mass Balance Approach

The mass-balance approach for TMDL development
utilizes observed water-quality data and an average flow
condition or volume to determine pollutant loads. Jarrell
[4] suggests developing TMDLs using a ‘conservative’
mass balance approach that focuses on targeting a single
value of the offending pollutant. This ‘single-value’ is a
function of the applicable water quality criteria and some
physical condition of the impaired waterbody (e.g. a par-
ticular design flow).

The mass balance approach is used most often for
heavy metal impairments (Table 1). According to an EPA
case study [5], mass balance is an acceptable method to be
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used for heavy metal impairments from acid mine drain-
age, since ambient monitoring indicates that the most
critical point for the metals contamination from the sites
occurs close to the point of discharge and the metal
concentrations tend to attenuate downstream from the
source. Developers of a pathogen impairment TMDL in
Mississippi used this approach and concluded that the
approach was best suited to situations where data limi-
tations preclude the use of more complex methods [6].
Bonta and Cleland [7] criticize the use of the mass balance
approach because information on how frequently or how
long a single ‘conservative’ value actually occurs is typically
not available. Thus a TMDL developed using this approach
is often either not restrictive enough to be protective of
water quality standards or so strict so as to be unattain-
able. Stiles [8] concludes that a single-value mass balance
approach has limited utility when dealing with impair-
ments caused by non-point source (NPS) pollution
because this kind of approach may not take into account
water quality violations associated with larger storm
events, where NPS pollution becomes the dominant fac-
tor influencing water quality.

Statistical Approach

The load-duration curve method is one form of a statis-
tical approach that is commonly used to develop TMDLs.
Flow-duration curves illustrate the percent of time that
a particular flow rate is exceeded. A load-duration
curve extends this concept by combining flow data with
observed pollutant concentration data and comparing the
resulting observed loads with allowable loads based on
the combination of the flow data and the applicable water
quality criteria. The load-duration curve compares the
applicable water quality criteria (typically concentration
based) with observed water quality and the range of
flows seen at a specific monitoring location to determine
needed pollutant reductions [8]. The flow conditions
under which observed loads exceed the allowable loads
indicate the potential pollutant sources and are used to
develop pollutant load allocations.

The load duration curve approach was developed by
the Kansas Department of Health and the Environment
(KDHE) to meet its 1998 TMDL consent decree ob-
ligations [9]. Twenty-two states report using the load-
duration curve approach to develop TMDLs for one or
more impairments [1]. Three states have developed load-
duration curve TMDL development guidance documents
[10-12]. While the load-duration method has been pri-
marily used to address pathogen impairments for flowing
waterbodies (Table 1), it has also been used to develop
TMDLs for metals, nutrients, sediments and chlorides.
The load-duration curve method provides a representa-
tion of overall water quality and accounts for watershed
processes. However, intra-watershed pollutant contribu-
tions must be determined through supplemental sampling

or through subsequent modelling that relates land use and
hydrologic response to pollutant loads [13].

The Nevada load-duration curve guidance document
[12] outlines benefits of this approach including the ability
to identify flow conditions under which most violations
occur. Bonta and Cleland further discuss how load-
duration curves can be used to quantify changes in flow,
pollutant loading rates and concentrations over time due
to implementation of best management practices (BMPs)
by looking at how frequently allowable loads are ex-
ceeded [7, 14, 15]. Both Bonta and Cleland [7] and the
Nevada guidance document [12] discuss how load-
duration curves maximize the use of limited data, can
potentially overcome problems of communicating com-
plex watershed phenomena to lay persons, and can assist
in quantifying the variability and uncertainty associated
with the TMDL.

Computer-based Modelling Approach

Use of computer-based models to develop TMDLs can be
further divided into the use of spreadsheet-based models
(i.e. situations where spreadsheet software is used rather
than a pre-existing, dedicated modelling software pack-
age) and more sophisticated water quality simulation
software (e.g. Hydrological Simulation Program Fortran
HSPF; Generalized Watershed Loading Function model,
GWLF). TMDLs addressing lake or reservoir impairments
are sometimes developed using spreadsheet-based mod-
elling. Havens and Walter [16] discuss using spreadsheet-
based modelling in conjunction with empirical lake loading
relationships in their case study of phosphorus load
reduction goals for Lake Okeechobee, Florida. Based on
data collected for the TMDL Clearinghouse, the use of
water quality simulation software to develop TMDLs is
the most common method across all impairments and
waterbody types (Tables 1 and 2).

Water quality simulation software can be used to
estimate watershed loads for existing conditions and
evaluate the effectiveness of proposed control alter-
natives in reducing pollutant loads to meet ambient water
quality standards [17]. The particular water quality simu-
lation software (model) used for TMDL development
varies with the impairment, the offending pollutant and
complexity of the system. Comparisons of the approach,
assumptions and capabilities of existing water-quality
simulation models have been published [18-20] including
a special series published in Transactions of the ASABE
(Volume 49, Number 4). This series of papers represents
the efforts of a multidisciplinary panel of experts who
assessed the current status of modelling as it relates to
TMDL development for various types of impairments [13,
21-24].

A 1991 EPA TMDL guidance document [2] identified
three guidelines for model selection for TMDL develop-
ment. The model should: (1) be applicable to the specific
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situation, (2) provide appropriate level of analysis and
(3) incorporate practical constraints into the selection
criteria. DePinto et al. [17] further discussed the princi-
ples of model selection and good modelling practice for
use in TMDLs. The steps they outline for good modelling
practice include: problem definition and setting manage-
ment objectives; data synthesis for use in model selection;
model calibration and, if possible, validation; model
application; iterative modelling and a modelling post audit.
Muioz-Carpena et al. [23] also concluded that although
model selection should be objective-dependent, it should
also be part of an adaptive management process and
subject to revision.

Several case studies discussing the application of water
quality simulation models for TMDL development
for various impairments have been published including
bacteria for both fresh water [25-27] and saltwater [28,
29], nutrients [25, 30-35], dissolved oxygen [36-38],
metals [39, 40], sediment [25, 41] and pesticides [42].
Many of these case studies outline the methods used to
characterize the watershed and the pollutant sources,
model calibration and validation, and the methodology
used to develop the pollutant reduction/allocation
scenarios.

Mufoz-Carpena et al. [23] express concerns that the
role and power of models are often overstated by users
and developers. The water quality simulation modelling
that occurs as part of TMDL development is only one
component in a complex process. Model developers need
to better clarify the proper use and limitations of their
models to prevent misuse or abuse of available modelling
tools. Munoz-Carpena et al. [23] also state that models
may be better suited for assessing relative, rather than
absolute changes in pollutant loads. The pitfalls and rela-
ted opportunities of water quality modelling and the
TMDL decision process are further discussed by Chapra
[19] who focuses on six particular areas: (1) model
complexity, (2) data and monitoring, (3) reliability, (4)
uncertainty, (5) decision support and (6) future invest-
ment. Whittemore and Beebe [43] are critical of EPA’s
BASINS for use in TMDL development because the
packaged software includes NPS models and data sets,
which gives rise to technical and philosophical concerns
related to default data usage. They further note that more
rigorous peer-review is needed to address glitches in the
programme.

Mufoz-Carpena et al. [23] suggest that when selecting a
TMDL development method several factors must be
considered: the type of impairment, the source of the
offending pollutant (point source or NPS), data availability
and resource constraints (e.g. time, money and expertise)
among others. No matter which method is used, Benham
et al. [44] suggest that the more detailed the watershed
characterization that is performed during the TMDL
study, the more likely it is that TMDL implementation will
result in water quality improvement. A detailed watershed
characterization is also essential for defining watershed

management needs as addressed in the EPA watershed
handbook [45].

Developing Pollutant Load Allocation Scenarios

There is little literature describing how load reduction
allocations among pollutant sources are actually made.
Conceptually, approaches include (1) making allocations
among NPSs after deciding how much load reduction can
be obtained from permitted sources; (2) making alloca-
tions based on uniform percentage reductions among all
sources and (3) making allocations to source(s) with
lowest costs of control (L. Shabman, personal commu-
nication, 2007). The statutory and regulatory structure of
the CWA would tend to create a bias for the first
approach. The CWA authorizes EPA or a designated state
the authority to impose effluent limitations on a specific
subset of dischargers called point sources. Technology-
based effluent limits for these sources are established
within a permit system. Other sources, often called NPSs,
face no federal statutory requirement to limit discharge.
Agency permit staff are instructed to issue permits that
are consistent with water quality standards. In the load
allocation process, the goal is often to assign the lowest
possible load (wasteload allocation) to the sources where
regulatory agencies have permitting authority (e.g. point
sources). The remaining load reductions that cannot be
achieved through the application of stringent point source
controls are then allocated to NPSs (load allocation) (for
example, see Christina River, Delaware [46]). The per-
ceived imperative to maximize point source reductions
may be one possible reason watershed managers generally
regard stakeholder involvement in developing load allo-
cations as unhelpful [47].

Other approaches, however, are sometimes used to
allocate loads. The second approach of assigning a pro-
portional load reduction has been used to set pollutant
load reduction goals for point source and NPS in the
Neuse River Basin in North Carolina and Toms Brook
watershed in Virginia [48, 49]. The third approach could
be accomplished by using cost minimization models [50],
however, it is perhaps the least often practiced (L. Shab-
man, personal communication, 2007).

Uncertainty in TMDLs

All TMDLs account for uncertainties associated with
TMDL development. This is often accomplished by
including an either explicit or implicit margin of safety
(MOS). An implicit MOS is most often associated with the
use of conservative assumptions during modelling and
establishing pollutant load calculations [2]. An explicit
MOS is expressed as an unallocated assimilative capacity,
i.e. some, typically arbitrarily determined, fraction of the
allowable pollutant load that is not allocated to point
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source or NPSs within the watershed [2]. Uncertainty
associated with TMDL development can include both
knowledge uncertainty that results from an incomplete
understanding of the system(s) being studied and sto-
chastic uncertainty that comes from the inherent vari-
ability in the system(s) (e.g. climate variability, variability in
soils).

Typically, uncertainty analysis in TMDL calculations is
not addressed in a rigorous manner, and the approaches
currently used vary widely [51, 52]. Reckow [53] dis-
cusses the issue of uncertainty as it relates to using
water quality simulation models to develop TMDLs and
the need to assess uncertainty in a context of adaptive
management to improve the chances of achieving com-
pliance with water quality standards. Shirmohammadi et al.
[54] reviewed several methods for determining uncer-
tainty when using water quality simulation models to
develop TMDLs, and conclude that the best method to
account for uncertainty in modelling would be to develop
uncertainty probability distribution functions and incor-
porate uncertainties into TMDL load allocation through
the MOS, the magnitude of which, at the present time, is
arbitrarily set. Bonta [7] and Cleland [13] discuss using
load-duration curves to aid in identifying and quantifying
uncertainty. Shabman et al. [55] also identify sources of
uncertainty in TMDLs and the need to address them to
allow for cost-effective attainment of water quality stand-
ards. They also outline steps to identify sources of
uncertainty.

TMDL Implementation

The ultimate measure of success of the TMDL pro-
gramme is the attainment of ambient water quality stand-
ards through the control of both point source and NPS
pollution [51]. While the CWA has no specific provisions
for TMDL implementation planning or execution, there is
recognition of the need for both to achieve TMDL pro-
gramme goals. Support for implementation planning is
evident in federal guidance [2, 56, 57]. The ‘Guidance for
Water Quality-Based Decisions: The TMDL Process’ [2]
published in 1999 recommends the following minimum
elements for a TMDL Implementation Plan (IP):

e a description of the implementation actions and man-
agement measures;

a time line for implementing these measures;

a description of available legal or regulatory controls;
the time required to attain water quality standards; and
a monitoring plan and milestones for attaining water
quality standards.

While most state recommendations and requirements for
TMDL implementation closely track these minimum ele-
ments, states exercise flexibility in how they approach
their TMDL implementation responsibilities [58]. More

than a dozen states have passed laws and/or established
regulatory guidance related to TMDL implementation
planning, and TMDL IPs are being implemented across
the country using a variety of approaches, with varying
levels of detail, stakeholder participation and success
[44]. An examination of TMDL implementation case
studies conducted by Benham et al. [44] indicates that
there is no one-size-fits-all approach to TMDL imple-
mentation. Every watershed is unique: not just in terms
of environmental features, but also in its regulatory
landscape, socio-economic factors, and many other
location-specific characteristics, problems, risks and
resources.

The minimum IP elements listed above describe stand-
ard implementation whereby a plan is developed initially
and followed until standards are achieved [55]. In contrast
to standard implementation, adaptive implementation is
frequently presented as a flexible means of responding
to the dynamic complexities of most watersheds [44, 55,
59-61]. Adaptive implementation can facilitate effective
planning and execution efforts if watershed managers have
the ability and willingness to adjust the implementation
plan based on what is learned from monitoring. An
adaptive approach to TMDL implementation allows for
adjustments to what the Maryland Department of Envir-
onment refers to as, ‘the realities on the ground, such as
the willingness of particular property owners to partici-
pate, the availability of particular funding, or physical
constraints’ [58]. In an adaptive implementation process,
interim implementation goals and milestones help to
reduce uncertainty by utilizing information obtained as
the plan is implemented. Shabman et al. [55] advocate
using an adaptive implementation process which takes
into account uncertainty in the TMDL process through
waterbody-specific and carefully-targeted monitoring,
ongoing research and experimentation. They further
describe approaches for utilizing adaptive implementation
within and outside the TMDL programme as part of a
watershed management effort.

Freedman et al. [61] noted that with adaptive imple-
mentation, initial successes can be achieved, while addi-
tional information is collected and incorporated into the
IP. The results of such an approach, over time, can include
improved monitoring and modelling, and reassessed water
quality targets and control actions: all contributing to
increased TMDL implementation effectiveness [61].
Shabman et al. [55] also conclude: ‘adaptive implementa-
tion will succeed only if there is a commitment of
resources to the learning process’.

Monitoring is a key element in adaptively managing a
watershed. Davenport and Kirschner [62] conclude that
the most defensible measure of the management effort’s
performance ‘is a well-designed and implemented moni-
toring effort that statistically examines the relationship
between the project’s activities and changes in water
quality’. They recommend adaptive implementation with
an evaluation framework that consists of a mixture of

http://www.cababstractsplus.org/cabreviews



6 Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources

administrative, social and environmental measures.
A comprehensive approach is also outlined in California
guidance [59] where multiple types and levels of tracking
and monitoring are recommended.

Various state guidance documents also suggest an
adaptive approach to TMDL implementation [58-60, 63].
However, other elements may conflict with adaptive
implementation. For example, the emphasis on ‘reason-
able assurances’ may lead to emphasis on a MOS to insure
that TMDL load reductions are met. While commitment
of time and money to upgrading implementation plans
over time within the framework of adaptive imple-
mentation could also be viewed as a reasonable assurance,
it is less likely to be viewed as such by EPA compared
with a MOS. Some states require specific elements in IPs,
while others simply offer suggestions for what information
an [P should contain.

Often CWA Section 319 grants are used to support
TMDL implementation activities [64]. The Supplemental
Guidelines for the Award of Section 319 Nonpoint Source
Grants to States and Territories in FY 2002 and Subsequent
Years [56] contains specific information related to
potential funding of TMDL implementation projects. The
following nine elements must be included in a project to
receive 319 monies:

1. Identify the causes and sources or groups of similar
sources that will need to be controlled to achieve
the load reductions estimated in the watershed-based
plan.

2. Estimate the load reductions expected from NPS
management measures.

3. Describe the NPS management measures that will
need to be implemented to achieve the identified load
reductions.

4. Estimate the amounts of technical and financial assis-
tance needed, associated costs, and/or the sources and
authorities that will be relied upon to implement the
watershed-based plan.

5. Provide an information/education component that will
be used to enhance public understanding of the project
and encourage the public’s participation in selecting,
designing and implementing NPS management mea-
sures.

6. Provide a schedule for implementing the NPS man-
agement measures identified in the watershed-based
plan.

7. Describe interim, measurable milestones for deter-
mining whether NPS management measures or other
control actions are being implemented.

8. Identify a set of criteria for determining if loading
reductions are being achieved and progress is being
made towards attaining water quality standards, and if
not, the criteria for determining if the watershed-based
plan needs to be revised.

9. Establish a monitoring component to evaluate the
effectiveness of the implementation efforts.

The nine elements required for CWA Section 319 grants
[56] are also frequently referenced in state TMDL IP
development guidance documents [58].

The fifth mandatory element for Section 319 funding,
‘encourage the public’s participation’, highlights a concept
that is also reflected in state guidance documents and
relevant literature. In an assessment of TMDL imple-
mentation, active involvement of stakeholders was found
to have facilitated TMDL implementation actions and
water quality improvement [44]. Developing a TMDL IP is
usually a resource-intensive undertaking, requiring sig-
nificant investments of time, money and technology.
Without stakeholder engagement, the return on such
investments can be disappointing. Muench and Streeter
[65] identified stakeholder involvement as an essential
element in successful TMDL implementation.

Stakeholders more readily accept the problem with the
waterway, and are more willing to spend resources on
cleanup, if TMDL details have been explained well.
Establishing stakeholder support is often easier when
interested parties are engaged early in the TMDL process.
Benham et al. [44] suggest that stakeholder engagement is
crucial, for example, in NPS dominated watersheds
comprised primarily of privately owned lands [44]. Simi-
larly, Fowler and Duvall [66] observed how stakeholder
involvement can be vital for TMDL implementation in
rural areas where, ‘locally-lead involvement and partici-
pation in the process is the only way to ensure success’.
Even when there are similarities among watersheds,
underlying variables may justify greater attention to stake-
holder needs and interests, and how they might effect
implementation planning. McClellan et al. [67], for exam-
ple, noticed that cultural differences among stakeholders
can play an important role in defining the approach taken
during implementation.

While stakeholders from all levels can play a role in
TMDL implementation, interest and involvement from
government agencies can be especially important. Boman
and Thomas [68] highlighted successes in Florida, for
example, where the Florida Department of Environmental
Protection allocated more than $1.6 million of CWA
Section 319 grant funding to a large educational outreach
and BMP demonstration effort. Citrus growers and their
employees were the target audience of this stakeholder
involvement effort. Thousands were trained to prevent
pollution and use BMPs in their operations. The result was
more than 95% compliance with the BMP programme.

Others have noted that the TMDL regulatory process
may be too narrowly defined to meaningfully address
stakeholder concerns with equity, cost effectiveness and
tradeoffs between costs and benefits of water quality
regulation to be adequately addressed [69]. These bar-
riers may arise before actual TMDL implementation. For
example, Maguire notes that technical models may be
inaccessible or unresponsive to stakeholder input. Other
issues may arise with lack of stakeholder input in evalu-
ating the validity or specific measurement of the water
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quality standard (designated use and/or water quality
criteria). As a result, the opportunities for effective stake-
holder involvement are limited [47], which may undercut
political support for TMDL implementation. Adaptive
implementation of TMDLs with flexible load allocations
would allow stakeholder concerns to be addressed and
increase stakeholder support for TMDL implementation
[55].

Government involvement can also be important during
TMDL implementation, such as in tracking information
that is essential to gauging water quality improvement. In
addition, land use planning can help anticipate the effects
of land use changes on pollutant loads [58]. Chen and
Herr [70] suggested the use of a decision-support system
(DSS) to facilitate stakeholder involvement in TMDL
implementation, ‘one that can calculate various combina-
tions of point and nonpoint loads that can meet the water
quality criteria, and ultimately support a decision making
process that requires negotiation and compromise among
stakeholders’. They describe a DSS that features TMDL
and consensus modules, the latter of which allows stake-
holders to formulate, evaluate, modify and vote for
alternatives.

Policy Tools for TMDL Implementation

Policy tools to induce adoption of corrective actions as
part of TMDL implementation can be broadly categorized
as (1) effluent standards (technology or water-quality-
based effluent limitations), (2) subsidy programmes, (3)
education, (4) research and development and (5) effluent
trading [71, 72]. Policies may be implemented in combi-
nations. For example, regulations on point sources may be
combined with cost-share subsidies to assist in adopting
the required technologies to meet the effluent limits.

As described above, effluent standards for municipal
and industrial point source dischargers are the historical
focus of the CWA. However, traditional point source
dischargers are not the primary cause of impairment in
the majority of cases [3]. Because there are no provisions
in the CWA for imposing regulations on NPSs, the scope
for using regulations to implement TMDLs is limited to
point sources. Over time, broadening the definition of
point sources to include former NPSs also increases the
scope for regulations. For example, the municipal separate
storm sewer systems (MS4) programme grew out of
the 1987 amendments to the CWA which essentially
reclassified urban stormwater from a NPS to a point
source [73]. Furthermore, state and local governments
have can impose their own regulatory authorities on NPSs
outside the scope of federal law [74].

Perhaps the most commonly used policy instruments
for TMDL implementation fall in the category of incen-
tives, specifically subsidies to encourage adoption of
specific pollution control practices or technologies.
Dedicated cost-share programmes such as the USEPA 319

programme and CWA Cooperative Agreements as well
as other state and federal programmes are frequently
used for TMDL implementation. State grant and low-
interest loan programmes subsidize the installation of
capital upgrades at municipal wastewater treatment plants
[75]. These programmes are frequently used to encour-
age adoption of BMPs to reduce point source and NPS
pollution from agriculture, residential development and
other sources. Traditional USDA cost-share programmes
(such as the Environmental Quality Incentives Program
(EQIP)) could be used to encourage adoption of Best
Management Practices. However, these programmes are
not targeted for TMDL implementation and are used to a
lesser extent [47]. State and federal agencies also provide
individuals with in-kind assistance, such as free technical
advice to assist with adoption of conservation practices.
States may target selected subwatersheds for priority
assistance to insure that limited funds are allocated where
the greatest pollution reduction is achieved per dollar of
expenditure [64].

Public education is an important part of TMDL imple-
mentation. Education falls under two broad categories:
(1) education to make stakeholders aware of the im-
portance and value of watershed protection and (2)
education about ways that stakeholders can reduce
pollution such as adoption of BMPs [64]. Education may
be provided through printed materials, demonstration
projects and oral presentations.

Because TMDL implementation plans are watershed
specific and have relatively short timelines, research and
development play a limited role in implementation.
Research and development projects often have high costs,
long time lags and uncertain success rates. However, in
some cases applied research projects may be used to
further TMDL implementation plans. For example, applied
research may be conducted to validate TMDL goals with
respect to pollution reduction and thus enhance con-
tinued cooperation of stakeholders [64].

Trading is increasingly being encouraged as a way to
enhance TMDL implementation [76, 77]. Trading can be
implemented in a variety of forms, but there are of two
major types [78]. One type of trading programme is a
response to the regulatory issue encountered in the load
allocation process. As described above, regulators may
require permitted point sources to maximize effluent
control technologies in order to meet necessary TMDL
load reductions. Growth in wastewater flows or imposi-
tion of zero discharge limits may make compliance difficult
or impossible. In such cases regulatory agencies can allow
or require the regulated point source to sponsor effluent
load reductions from unregulated effluent sources. Such
trading programmes might be described as another regu-
latory compliance mechanism because more expensive
point source controls cannot be avoided through a ‘trade’.
Such programmes are not motivated by cost-effectiveness
issues. A second type of trading programme establishes
transferable discharge allowances based on the aggregate
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allowable load identified under a TMDL. Regulated sour-
ces have the discretion to decide how to meet wasteload
allocations, including trading allowances with other sour-
ces [79]. Unlike regulator-directed compliance pro-
grammes described above, these trading programmes are
designed on market-like principles and are mechanisms to
reallocate loads based on lowering costs. While less
common than regulator directed trades, market-like
trading programmes have been implemented in some
locations [79].

Conclusions/Summary

The TMDL programme, which was mandated in Section
303(d) of the 1972 CWA, has received renewed attention
since EPA guidelines for Section 303(d) were published in
1991. The most common methods used to develop
TMDLs are mass balance, statistical or modelling
approaches. The approach used depends on the type of
impairment, the source of the offending pollutant (point
source or NPS), data availability and resource constraints.
The allocation of reductions in loads to stakeholders
has important implications for stakeholder costs and for
stakeholder support in implementation. Numerous pro-
cedures (approaches) are available to assist in making load
allocations to pollution sources in order to achieve de-
fined objectives, but there is less published evidence on
what approach is followed. Developing a TMDL allocation
scenario includes inherent uncertainty. To date this
uncertainty has been typically addressed by including an
arbitrary MOS in every TMDL. While several techniques
are available to quantify TMDL-related uncertainties,
additional research in this area is needed.

The EPA has set general guidelines for implementing
TMDLs and more detailed guidelines for states to receive
319 funding for implementation. Perhaps the most
important principle is adaptive implementation whereby
limited actions are taken based on available data while
continuous improvements are made as better information
becomes available [51]. Shabman et al. [55] state, ‘The
central theory of adaptive implementation is that uncer-
tainty can be reduced over time only by studying and/or
modelling watershed and water quality responses to load
reductions, implementing controls, and then carefully and
methodically assessing the results in order to learn while
doing’. Several policy tools are available to insure imple-
mentation of measures. Regulations are important but
only apply to point sources. Financial or in-kind economic
incentives are the most often used policy tool particularly
for NPS pollution sources.

TMDLs must be comprehensive and well thought out,
so that they are credible enough to convince stakeholders
to spend time and money implementing them. Each
approach for developing pollutant-specific TMDLs has its
own strengths and weaknesses. Modelling approaches are
most likely to produce credible plans, particularly if they

take uncertainty into account. However, regardless of the
approach used, the process of developing TMDLs should
emphasize educating stakeholders about their watershed
through detailed watershed characterization. Education is
best accomplished if stakeholders are able to actively
learn and participate in the TMDL process. Engaging
stakeholders will enhance implementation. However,
meaningful stakeholder engagement requires that they be
empowered to make decisions about outcomes relevant
to their goals. As some observers have noted, this
empowerment is a challenge given the narrow way in
which the TMDL process is currently implemented. The
approach used for developing TMDLs should be used with
adaptive implementation so that estimated loadings can be
revised, if necessary, as more and better data and
knowledge about pollution processes become available.

Currently, federal and state programmes such the
USEPA 319 programme are major sources of funds for
implementation projects. As more TMDL programmes
are implemented, availability of public funds for imple-
mentation likely will decline relative to needs. As a result,
TMDL implementation will increasingly depend on other
means such as regulation, education and trading. These
policy instruments will be more effective in areas with
strong stakeholder support for TMDL plans. Stakeholder
support for implementation can be enhanced by involving
stakeholders early in the planning process and keeping
them involved. For example, the allocation of loads and
load reductions among sources can have large effect on
stakeholders’ incomes and economic opportunities. Yet
little information is available on how allocations are
actually determined. More research is needed on how
load allocations are made and how stakeholders are
engaged. Such research might show additional opportu-
nities for increasing stakeholder support for TMDL pro-
cesses by more active consultation in decisions about load
allocations. Research is also needed on other ways of
educating and engaging stakeholders in TMDL develop-
ment and implementation.
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