Downloaded from ascelibrary.org by VPI & SU on 09/09/19. Copyright ASCE. For personal use only; al rights reserved.

Case Study

Comparison of Two Alternative Methods for Developing
TMDLs to Address Sediment Impairments

Carlington W. Wallace, Ph.D."; Brian L. Benham, Ph.D.2; Eugene R. Yagow, Ph.D.3;
and Daniel L. Gallagher, Ph.D., P.E., M.ASCE*

Abstract: While excessive sediment is a leading cause of aquatic life use impairments in free-flowing rivers in Virginia, there is no numeric
sediment-water quality criterion. As a result, total maximum daily load (TMDL) sediment loads are often established using a comparable,
nonimpaired reference watershed. Selecting a suitable reference watershed can be problematic. This case study compared the reference
watershed approach (RWA) which uses the Generalized Watershed Loading Function and the disaggregate method (DM) which uses output
from Phase 5.3 of the Chesapeake Bay Watershed Model. In this case study, the two methods were used to develop sediment TMDLs for three
impaired watersheds in Virginia (Taylor Creek, Turley Creek, and Long Meadow Run). In this case study comparison, the RWA required
between 12.8 and 14.7 times greater sediment load reductions (t/year) to reach the TMDL load (Taylor Creek > Long Meadow Run > Turley
Creek) when compared to the reductions called for using the DM. While each TMDL development method has inherent limitations,
the DM uses output from the Chesapeake Bay Watershed Model to establish TMDL target loads. This means that the application of
the DM is restricted to the Chesapeake Bay Watershed. DOI: 10.1061/(ASCE)HE.1943-5584.0001728. This work is made available under
the terms of the Creative Commons Attribution 4.0 International license, http://creativecommons.org/licenses/by/4.0/.
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Generalized watershed loading function (GWLF).

Introduction

The Clean Water Act (Section 303d) requires that total maximum
daily loads (TMDLs) be developed for impaired waters (USEPA
2002). ATMDL defines the “allowable” load of a specific pollutant
that the waterbody can assimilate and still meet water quality
standards:

TMDL = WLA + LA + MOS (1)

where TMDL = allowable load (mass/time); WLA = waste load
allocation from point sources; LA = load allocation from nonpoint
sources and naturally occurring background sources; and MOS =
margin of safety (which accounts for uncertainty).

Virginia’s narrative general water quality standard (Section
9-VAC-25-260-20; SWCB 2007) specifies the need to maintain
the biological integrity of a waterbody. Compliance with this stan-
dard is based on assessment of benthic macroinvertebrate invento-
ries and habitat evaluation. Benthic macroinvertebrates are small,
bottom-dwelling organisms which are large enough to see with the
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naked eye. The quantity and diversity of these benthic organisms
are affected by changes in water quality. Benthic macroinverte-
brates are relatively immobile (compared to fish) and are therefore
more vulnerable to the effects of sediment and other pollutants in-
troduced into a water body (Lenat et al. 1981; Wood and Armitage
1997; Zweig and Rabeni 2001). The diversity of the benthic com-
munity and their relative sensitivity to pollution make them respon-
sive to changes in water quality. Benthic organisms are also
typically long-lived, making them an important indicator of past
and present water quality conditions despite being a major inter-
mediate constituent of the aquatic food chain (Benham et al. 2009).

In 2006, the Virginia Department of Environmental Quality
(VDEQ) adopted a standardized, multimetric, bioassessment mac-
roinvertebrate index to assess the aquatic life use status of wadeable
freshwater streams and rivers in noncoastal areas of Virginia. The
Virginia stream condition index (VSCI) (Burton and Gerritsen
2003) includes a series of biological metrics that are regionally cali-
brated to an appropriate reference condition and combines them
into a single value that is sensitive to a wide range of stressors. Free
flowing streams and rivers with a VSCI score of less than 60 are
deemed impaired. If an impairment is identified, a stressor analysis
is performed that further assesses the status of the benthic commu-
nity (e.g., assemblage heterogeneity, quantity) in light of potential
stressors (e.g., chemical pollution, excess organic matter, flow/
hydrologic modifications, excess sediment) (Yagow et al. 2006).
This analysis attempts to establish linkages between potential of-
fending pollutant(s) and the status of a benthic community. Once
the offending pollutant(s) is (are) identified, pollutant fate and
transport computer simulation watershed models are often used
to determine the level of pollutant source reductions required to
address the impairment.

In even-numbered years (e.g., 2010, 2012, ...), VDEQ devel-
ops a water quality assessment integrated report (hereafter inte-
grated report) summarizing water quality conditions in Virginia.
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Per the 2010 integrated report, approximately 28,571 km, or 34%,
of Virginia’s rivers and streams were assessed for compliance with
the appropriate designated uses. Of the assessed rivers and stream
reaches, 19,473 km (68 %) were impaired for at least one designated
use. Aquatic life use impairments constituted approximately
3,640 km (19%) of the total length of impaired rivers and stream
reaches (VDEQ 2011a).

The US Environmental Protection Agency identifies excessive
sedimentation as a leading cause of aquatic life use impairments in
the United States (USEPA 1999, 2002). For example, excess sedi-
ment can fill the interstitial spaces in gravel and cobble stream sub-
strate, eliminating benthic macroinvertebrate habitat. Sources of
sediment include residential runoff, forestry and mining operations,
agricultural practices, construction sites, stream bank erosion, and
in-stream disturbances (USEPA 2002). A review of TMDLs com-
pleted in Virginia between 1999 and 2007 found that sediment was
the primary stressor in 46 of the 76 TMDLs developed to address
aquatic life use impairments (VDEQ 2011Db).

When developing a TMDL for a case in which sediment has
been identified as the primary pollutant, the target TMDL sediment
load is often determined using a nonimpaired reference watershed,
i.e., the reference watershed approach (Younos et al. 2007). The
reference watershed approach (RWA) has historically been used
in Virginia to establish TMDL target sediment loads because there
is no numeric ambient water quality criterion for sediment (VT-BSE
2003, 2004, 2007, 2015, 2016). With the RWA, a nonimpaired
watershed having similar characteristics (e.g., similar physiographic
region and land use distribution) to the impaired watershed is mod-
eled and the simulated load is used as the target TMDL sediment
load. The difference between the impaired and RWA-modeled
sediment loads determines the sediment load reduction required
to achieve the TMDL target load. The assumption is that if the
sediment load in the impaired watershed is reduced to that of the
RWA load (i.e., the TMDL target load), the impaired benthic
community will (eventually) recover and the stream will be delisted.
When applying the RWA, selecting a suitable reference watershed
can be challenging because of the limited availability of nonim-
paired watersheds with physiographic features similar to impaired
watersheds.

In areview of models used for simulating sediment and nutrients
in watersheds and receiving waters, Borah et al. (2006) categorized
models having the potential for use in TMDLs. Watershed models
like Hydrological Simulation Program—FORTRAN (HSPF,
Bicknell et al. 2001) are capable of estimating loads (water, sedi-
ment, and chemical) from different parts of a watershed as well as
simulating water quality and quantity of a receiving waterbody.
Loading models such as the Generalized Watershed Loading Func-
tion (GWLF) are used to estimate the amount of water, sediment,
and nutrients being delivered at a watershed outlet (Haith 1985;
Haith and Shoemaker 1987). GWLF has typically been used when
applying the RWA in Virginia (VIT-BSE 2003, 2004, 2007). The
quantification of the Chesapeake Bay TMDL in 2010 addressed
both nutrients (nitrogen and phosphorus) and sediment using Phase
5.3 of the Chesapeake Bay Watershed Model (CBWM), which sim-
ulates sediment fate and transport using HSPF. Using the output
from the CBWM offers a potentially simpler and potentially more
consistent method of calculating TMDL target loads for sediment-
impaired watersheds within the Chesapeake Bay watershed.
Termed the “disaggregate method” (Yagow et al. 2012, p. 49), this
alternative to the RWA relies on land-use-specific unit-area loads
derived from the CBWM coupled with a detailed land-use assess-
ment of an impaired watershed to determine a target TMDL sedi-
ment load. The disaggregate method (DM) eliminates the need to
select and model a reference watershed. This case study used three
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watersheds in two different physiographic regions in central and
western Virginia to compare the TMDL target loads established
when using two different procedures—the RWA and the DM.

Methods

Impaired Watersheds

Three Virginia watersheds that lie within the Chesapeake Bay
watershed were selected for this study (Fig. 1). Details about each
impaired watershed are listed in Table 1. Based on the VSCI
impairment threshold value of 60, Taylor and Turley Creeks are
slightly impaired, while the impairment on Long Meadow Run is
more severe.

Reference Watershed Approach

A list of similar, nonimpaired, candidate reference watersheds and
data considered most relevant for comparison with the impaired
watersheds was assembled. Watershed characteristics evaluated
in selecting the reference watershed included mean elevation,
land-use distribution, physiographic region, slope, soil erodibility,
and VSCI score (Table 2). The 2000 Mid-Atlantic Regional Earth
Science Applications Center (RESAC) land-use data (Goetz et al.
2000) were used when comparing impaired and candidate reference
watershed land-use distributions. Soils data used for selecting the
candidate reference watersheds came from the USDA Natural
Resources Conservation Service Soil Survey Geographic Database
(USDA-NRCS SSURGO) (USDA 2011a).

While no two watersheds are identical, a candidate reference
watershed that was in the same eco-region and most closely
matched the slope and land-use distribution of each impaired water-
shed was selected as the corresponding reference watershed.
Robinson River was selected as the reference watershed for Taylor
Creek, and Upper Opequon Creek and Toms Creek were selected
as reference watersheds for Long Meadow Run and Turley Creek,
respectively (Table 2 and Fig. 2).

The GWLF model was used to simulate sediment loads for
the impaired and reference watersheds for a 15-year period
(1986-2000). The meteorological data used for these simulations
were obtained from the Chesapeake Bay TMDL program (USEPA
2010a) and were consistent with the data used in the CBWM in
order to limit the variability between the RWA and the DM.

GWLF is a lumped parameter model developed to simulate
monthly sediment and nutrient loadings in nongauged watersheds
(Haith and Shoemaker 1987). GWLF simulates surface and subsur-
face flows, sediment yield and sediment delivery, and dissolved and
attached nitrogen and phosphorous loads from rural, urban, and
mixed-land-use watersheds. It can also simulate septic system loads
and accommodate point source discharge data (Evans et al. 2003).
GWLF assumes that all the sediment generated within a given year
exits the watershed during the same year (no net annual sediment
deposition). The GWLF model-year runs from April 1st to March
31st (Borah et al. 2006). GWLF requires that land uses be divided
into rural (predominantly pervious areas) and urban (predominantly
impervious areas) categories. The sediment available for transport
from pervious areas is multiplied by a sediment delivery ratio based
on watershed size and a transport capacity based on average daily
runoff (Yagow et al. 2004). Sediment loads from impervious areas
are calculated using the Sartor and Boyd (1972) equation, an
exponential function that describes the buildup and wash-off of
sediment from impervious surfaces. GWLF estimates sediment
loading for a given watershed by aggregating loads from all land-
use areas into a single watershed sediment yield. Flow routing and
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Fig. 1. Location of impaired watersheds.

Table 1. Description of the impaired watersheds

Study watersheds

Characteristics Taylor Creek

Turley Creek Long Meadow Run

Stream segment identifier VAV-H15R_TLRO1A08

County Albemarle/Nelson
Ecoregion Northern Piedmont
Watershed area (ha) 2,490
Impaired segment (km) 9.3
Monitoring station ID 2-TLR000.52
Listing date 2008

VSCI score 55

VAV-B45R_TRLO1A00 VAV-B45R_LOMO1A00

Rockingham Rockingham
Ridge and valley Ridge and valley
2,440 4,001
6.5 13.7
1BTRL000.02 1BLOM000.24
2002 2002
53 38

Note: VSCI scores are based on an average of the last 3 years of VSCI scores (prior to their respective 303d listings).

streambank and channel erosion were not considered in the original
GWLF model (Haith 1985). However, to improve the model’s
efficiency, researchers at Penn State University developed a regres-
sion equation that can be used to calculate streambank and channel
erosion (Evans et al. 2003). This equation was added to the Arc-
View version of GWLF (AVGWLF, Evans et al. 2003). AVGWLF
was further modified to consider monthly sediment yield by land
use and to allow sediment loads from impervious areas to be

© ASCE

05018023-3

included in the total sediment load generated by the watershed.
The AVGWLF model uses a daily time step to estimate sediment
yield, which is then aggregated into a monthly yield. Because
GWLF was originally developed for use in ungauged watersheds
and is typically not calibrated, the default values suggested by
Haith et al. (1992) were used for this application. However, param-
eters related to sediment and nutrient transport may be adjusted if
necessary (Qi et al. 2017).
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Table 2. Comparison of impaired and candidate reference watersheds; candidate watersheds closest to the impaired watershed in terms of physiographical

features were selected as reference watersheds

Land-use distribution

Nonforested

Stream name

Area (ha) Urban (%) Forest (%) Agriculture (%) SSURGO K-factor Slope (%) Elevation (m) VSCI score Ecoregion

Impaired watershed

Taylor Creek 2,467 2.2 93.7 4.1
Candidate reference watersheds

Goose Creek 3,781 2.3 61.5 36.2

Robinson River 9,980 2.0 90.0 8.0

Hazel River 2,157 1.0 97.5 1.4
Impaired watersheds

Turley Creek 2,440 3.1 65.8 31.0

Long Meadow 4,001 2.8 24.6 72.6
Candidate reference watersheds

Upper Opequon 15,107 15.0 46.0 39.0

Hays Creek 20,559 2.8 53.6 43.6

Toms Creek 2,070 8.9 72.1 19.0

Mill Creek (upper) 6,159 2.2 84.1 13.6

Mill Creek (lower) 4,779 1.7 91.5 6.9

0.2 13.3 266.7 55 64
0.3 10.9 295.6 63 64
0.2 19.4 599.8 71 64
0.2 6.9 347.0 83 64
0.3 10.0 484.1 53 67
0.3 9.3 365.3 38 67
0.3 52 224.1 64 67
0.3 12.5 526.2 60 67
0.3 10.5 688.8 70 67
0.3 10.8 435.2 70 67
0.3 11.6 453.0 58 67

Note: SSURGO = soil data from the Soil Survey Geographic Database; and K-factor = soil erodibility factor. VSCI scores are based on an average of the last
3 years of VSCI scores (prior to the 303d listings for the impaired watersheds and prior to this study for the candidate reference watersheds). A VSCI score less

than 60 signifies impairment.
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Fig. 2. Location of impaired and reference watersheds relative to their respective ecoregions.

For the RWA modeling, watershed boundaries for the impaired
and reference watersheds were delineated using the 30-m National
Elevation Dataset (NED) obtained from the NRCS-USDA Geospa-
tial Data Gateway (USDA 2011b). Soil data were also obtained
from the NRCS-USDA Geospatial Data Gateway. The outlet of
each impaired watershed was coincident with the downstream limit
of the impaired stream segment as defined by VDEQ. Outlets for
each referenced watershed were designated as the closest tributary
confluence downstream from the corresponding biological moni-
toring station. The watershed areas, land-use polygons, and flow
lengths were determined using ArcGIS 9.3. Soil erodibility factors
(SSURGO K-factor), percent slope, and mean elevations were
calculated for each land-use category using the zonal statistics
function in ArcGIS. Land-use information for the impaired and
reference watersheds was derived from the 2000 RESAC land-use
dataset (Goetz et al. 2000). The RESAC land-use classes and their
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distributions within the impaired and reference watersheds are
shown in Table 3.

The Biological Systems Engineering (BSE) department at
Virginia Tech uses 12 standardized land-use categories when mod-
eling with GWLF (G. Yagow, personal communication, 2011).
The RESAC land-use data categories were aggregated into the
land-use categories used by BSE (Table 4). Several of the BSE
land-use categories included two or more of the RESAC land uses,
while others split some of the RESAC data into two or more BSE
land-use categories (e.g., the RESAC land-use category cropland
was split between high-till and low-till). The grouping or splitting
of land-use data is based, in part, on data from the 2011 National
Land Cover Database (NLCD) (Homer et al. 2015), the Conserva-
tion Technology Information Center (CTIC 2016), the agricultural
census (USDA 2014), and the best professional judgment of the
modeler.
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Table 3. Distribution of RESAC land uses within the impaired and area-adjusted reference watersheds

Area (ha)

RESAC classification Taylor Creek Robinson River® Turley Creek Toms Creek® Long Meadow Upper Opequon®
Open water 0.2 0.3 0.4 0.2 0.3 4.7
Low intensity developed 0.5 1.6 10.6 25.6 20.8 479
Medium intensity developed 0.6 2.1 10.3 10.3 29.8 39.7
High intensity developed 0.0 0.5 10.5 4.9 12.9 65.8
Transportation 8.9 20.2 433 45.6 48.0 137.9
Urban/residential deciduous 29.1 24.6 8.4 100.0 16.3 183.0
Urban/residential evergreen 33 1.3 2.0 29 1.5 15.0
Urban/residential mixed trees 1.0 1.1 0.3 4.7 0.2 6.5
Urban/residential/recreational grass 7.4 6.4 4.5 22.0 51.6 112.1
Extractive 0.0 0.0 9.2 0.0 0.3 4.2
Barren 0.0 1.6 6.2 1.9 0.0 5.8
Deciduous forests 2,156.0 2,057.3 1,270.1 1,655.9 768.2 1,492.0
Evergreen forests 151.0 138.0 189.4 78.7 132.8 280.1
Mixed (deciduous-evergreen) forests 7.3 12.4 10.1 22.8 13.6 46.0
Pasture/hay 62.7 166.2 190.6 399.9 852.8 976.2
Croplands 39.0 30.5 568.4 57.3 2,051.4 566.9
Natural grass 0.0 0.8 105.4 6.4 0.2 13.0
Deciduous wooded wetlands 0.0 0.1 0.1 0.0 0.1 2.1
Evergreen wooded wetlands 0.0 0.8 0.0 0.0 0.0 1.1
Emergent herbaceous wetlands 0.3 1.2 0.1 0.6 0.2 1.4
Mixed wetlands 0.1 0.2 0.0 0.1 0.0 0.2
Total 2,467.2 2,467.2 2,439.9 2,439.9 4,001.0 4,001.3
Adjustment factor 4.01 0.85 3.78

“Areas of these reference watersheds are adjusted to those of their companion impaired watersheds.

Table 4. Grouping of RESAC land uses into broader land-use categories

BSE GWLF
RESAC land uses land uses
Percentage of cropland® High-till
Percentage of cropland® Low-till
Percentage of pasture/hay® Hay
Natural grass
Percentage of pasture/hay” Pasture

Percentage of pasture®
Percentage of pasture®

Trampled pasture
Animal feeding
operation (AFO)
88% of low intensity developed Urban pervious
70% of medium intensity developed
35% of high intensity developed

21% of transportation

Urban/residential deciduous trees/forests
Urban/residential evergreen trees/forests
Urban/residential mixed trees/
Urban/residential/recreational grass
12% of low intensity developed

30% of medium intensity developed
65% of high intensity developed

79% of transportation

Barren Barren
Deciduous forests Forest
Evergreen forests

Mixed (deciduous-evergreen) forests
Deciduous wooded wetlands
Evergreen wooded wetlands
Emergent herbaceous wetlands
Mixed wetlands

1% of forest

Extractive

Urban impervious

Harvested forest
Extractive

Percentage of cropland is based on Conservation Technology Information
Center data; and percentage of hay/pasture is from agricultural census
data.
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Yagow et al. (2002) created two Microsoft Excel spreadsheets
(“WATERSHED” and “LANDUSE”) to facilitate GWLF parame-
terization. The spreadsheets contain lookup tables with parameter
values based on characteristics such as watershed location, soil
type, and land-use categories. Use of these spreadsheets provided
consistency when parameterizing GWLF.

Often, reference and impaired watersheds are not the same size.
The size of a reference watershed is typically adjusted to match the
impaired watershed. This area adjustment maintains the land-use
distribution in the reference watershed. The area adjustment for
the reference watershed is calculated as

A= (/Xm") x A, (2)

ref

where A,4; = area-adjusted reference watershed (ha); Ay, = area of
the impaired watershed (ha); A,.; = area of the reference watershed
(ha); and A; = area of each land use within the reference water-
shed (ha).

Because the sediment delivery ratio (SDR) and the mean
channel depths are both functions of the watershed area, the area
adjustment ensures that the SDR and the mean channel depth for
the impaired watershed and its companion area-adjusted reference
watershed are the same. The TMDL target sediment load for the
RWA procedure is the simulated load from the area-adjusted refer-
ence watershed. The required sediment reduction is calculated as

Sted = Simp — St (3)

where S,.4 = required sediment reduction (t/year); S,; = area-
adjusted reference watershed sediment load (t/year); and Siy, =
impaired watershed sediment load (t/year).
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Disaggregate Method

The disaggregate method used land-use-specific unit-area loads
(UALs) from two CBWM model runs (an existing-condition run
and the 2010 Chesapeake Bay TMDL target load run) and finer-
scale, locally assessed land-use inventories of the impaired water-
sheds of interest in order to calculate TMDL target sediment
loads for the impaired watersheds. The CBWM simulated annual
sediment loads for the period 1986-2000 for land-based source
categories (i.e., nonpoint source loads) for the 2009 progress and
2010 watershed implementation plan (WIP) simulations for the
Chesapeake Bay land-river segments that encompassed the im-
paired and reference watersheds used in this study (USEPA 2010b).
The 2009 progress scenario (USEPA 2010b) included pollution
controlling best management practices (BMPs) in place in 2009
based on data reported by Virginia to the Chesapeake Bay Program
(CBP). The 2010 WIP scenario included those BMPs that were
proposed to be implemented by the state to meet the Chesapeake
Bay TMDL. Table 5 shows land-use-specific unit-area loads for
Albemarle County land-river segment (A51003_to_JL1_6770_
6850). The UALs were calculated by dividing the annual sediment
load for a given land use by the corresponding area:

UAL, = 2L (4)

where UAL,; = unit-area load for a given land use/source category
(t/ha/year); S; = simulated annual sediment load for the land

use/source category (t/year); and A; = area of the land use/source
category within a given land-river segment (ha).

For consistency between the RWA and the DM, the same
RESAC Iand uses used in the DM were used to parameterize the
GWLF model. To accomplish this, it was necessary to associate
locally assessed RESAC land-use classes with the 24 sediment-
generating land-use categories used in the CBWM. The CBWM
land-use categories were created from a combination of data, such
as NLCD imagery and statistical data from the USDA’s agricultural
census (USDA 2014). The 24 sediment-generating land-use catego-
ries from the Phase 5.3 CBWM were associated with the appropri-
ate corresponding land-use categories from the GWLF modeling in
the RWA. Using the percentage of each CBWM land-use category
associated with each CBWM model run, the areas of the 12 broader
GLWEF land uses in the impaired and reference watersheds were
redistributed, as shown in Table 6. The land-use distribution for the
2010 WIP run may be different from the 2009 progress run because
some pollution control measures simulated in the 2010 WIP run
required a land-use change in the CBWM.

Taylor Creek watershed spanned two CBWM land-river seg-
ments (A51125_JL1_6770_6850 and A51003_to_JL.1_6770_6850;
Turley Creek and Long Meadow Run both lay within one land-river
segment (A51165_PS2_5560_5100). Existing sediment loads were
calculated by multiplying the 2009 progress run UALs with corre-
sponding locally assessed land-use areas, and the TMDL target
loads were calculated by multiplying the 2010 WIP UALSs with cor-
responding locally assessed land-use areas. For example, if the

Table 5. Land-use-specific unit-area loads for Albemarle County, Virginia

Year afo  alf bar for hom hvf hyo hyw iml imh nal nhi nho nhy nlo npa pas puh pul trp urs
2009 progress run UALs for Albemarle county (A51003_to_JL1_6770_6850) (t/ha/year)
1986 6.57 0.01 3.72 0.01 0.08 0.04 0.02 0.02 088 088 — 006 — 0.02 0.03 0.11 0.11 005 0.05 355 227
1987 6.52 0.18 2298 0.15 062 1.15 0.18 0.18 147 147 — 053 — 0.18 032 207 205 037 037 16.89 14.69
1988 6.26 0.00 248 0.00 0.01 0.00 0.00 0.00 060 060 — 0.00 — 0.00 0.00 0.00 0.00 0.00 0.00 227 1.17
1989 6.11 0.05 10.89 0.04 030 025 0.03 003 122 122 — 026 — 0.03 0.17 037 037 008 0.08 7.10 6.11
1990 6.01 0.04 1587 0.07 032 0.19 007 007 142 142 — 024 — 007 0.10 049 049 021 021 11.16 9.40
1991 6.01 0.01 11.15 0.02 0.13 0.07 0.03 0.03 1.15 115 — 009 — 0.03 0.03 0.15 0.15 0.10 0.10 854 6.09
1992 598 0.11 23.61 0.09 051 044 0.14 0.14 215 215 — 038 — 0.14 021 1.03 1.01 034 034 1721 15.04
1993 642 049 31.62 026 123 207 047 048 151 151 — 080 — 048 062 4.13 4.08 0.78 0.78 25.53 20.44
1994 6.35 0.05 10.75 0.06 0.19 029 002 002 109 1.09 — 014 — 002 005 072 071 0.08 008 794 6.48
1995 6.77 0.06 16.63 0.06 031 020 0.11 0.11 164 165 — 025 — 0.11 0.15 0.57 056 0.19 0.19 13.60 10.27
1996 6.67 0.07 19.13 0.08 0.33 039 0.09 009 205 205 — 026 — 009 0.15 1.00 099 020 020 17.26 12.55
1997 6.92 0.02 11.63 0.03 0.15 0.12 003 003 130 130 — 011 — 003 004 030 030 0.11 0.11 936 7.16
1998 5.64 0.10 13.09 0.07 044 044 0.09 009 142 142 — 032 — 0.09 022 0.84 083 0.19 0.19 11.77 9.07
1999 6.15 0.14 1438 0.09 028 0.69 0.10 0.10 122 122 — 022 — 0.10 0.17 1.13 1.11 0.19 0.19 11.14 8.75
2000 5.85 0.05 7.53 0.05 020 030 0.04 004 097 097 — 020 — 004 0.12 068 0.67 009 009 587 473
Average 6.28 0.09 1436 0.07 034 044 0.09 0.10 134 134 — 026 — 0.10 0.16 091 090 0.20 0.20 11.28 8.95
2010 WIP run UALs for Albemarle County (A51003_to_JL.1_6770_6850) (t/ha/year)

1986 4.05 0.01 223 001 007 004 002 002 071 — 001 005 007 002 003 0.17 0.18 005 005 725 1.82
1987 391 0.17 13.79 0.15 053 1.01 0.18 0.13 1.17 — 0.16 043 053 0.16 024 326 356 036 0.36 3496 11.77
1988 3,76 0.00 149 0.00 0.00 0.00 0.00 0.00 048 — 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.61 0093
1989 3.67 005 6.53 004 026 022 0.03 0.03 098 — 0.05 021 026 0.03 0.13 0.59 064 0.08 0.08 14.65 490
1990 3.61 0.04 952 007 027 0.16 0.07 0.05 1.13 — 0.04 020 028 0.07 0.08 0.77 0.84 021 0.20 23.02 7.53
1991 3.60 0.01 6.69 0.02 0.11 007 003 002 092 — 001 007 0.11 002 002 024 026 0.09 009 17.66 4.83
1992 3,59 0.10 14.17 0.09 043 039 0.14 0.10 1.72 — 0.10 0.30 043 0.13 0.16 1.60 1.75 034 0.33 3558 12.05
1993 3.85 046 1897 026 1.04 182 047 035 121 — 045 0.65 105 044 049 645 7.04 077 0.75 5255 16.38
1994 3.81 005 645 0.06 0.17 026 002 002 087 — 005 0.12 0.17 002 004 1.15 1.26 0.08 0.08 16.50 5.19
1995 406 0.06 998 0.06 026 0.17 0.11 008 131 — 006 020 026 0.10 0.11 0.89 097 0.19 0.18 28.04 8.23
1996 4.00 0.07 11.48 0.08 028 035 009 0.06 1.63 — 006 021 028 008 0.12 156 1.71 020 020 3571 10.05
1997 415 0.02 698 0.03 0.13 0.11 003 002 1.04 — 002 009 0.13 003 003 047 051 0.11 0.11 1933 5.74
1998 338 0.09 7.86 0.07 037 039 009 007 113 — 009 026 037 008 0.17 131 143 0.19 0.18 2430 7.27
1999 3.69 0.13 8.63 0.09 024 060 0.10 0.07 097 — 0.13 0.18 024 0.09 0.13 1.77 193 0.18 0.18 23.00 7.01
2000 3,51 005 452 005 0.17 026 0.04 0.03 077 — 0.05 0.16 0.17 0.03 0.09 1.08 1.18 0.08 0.08 12.13 3.79
Average 3.78 0.09 862 0.07 029 039 0.09 007 1.07 — 0.09 021 029 0.09 0.12 142 155 020 0.19 2329 7.17
Note: Descriptions of the land-use classes are presented in Table 6.
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Table 6. CBWM land-use area distribution and assigned broader GWLF land-use categories in the impaired watersheds

Taylor Creek (ha) Turley Creek (ha)  Long Meadow Run (ha)

GWLF land-use CBWM land-use  CBWM Phase 5.3 sediment-generating 2009 2010 2009 2010 2009 2010
categories abbreviation land-use categories progress WIP progress WIP progress WIP
High-till hom High-till w/o manure 9.3 1.2 8 8 122.4 32.6
hwm High-till w/ manure 0 0 27.8 27.8 317 114
nhi High-till w/ manure management 13 0.2 59.4 59.4 194.5 243.5
nho High-till w/o manure management 0 9.2 59.8 59.8 1.1 244.9
Low-till urs Nursery 0.3 0.2 0.2 0.2 1.2 0.7
Iwm Low-till w/ manure 0 0 0 0 290.7 0
nlo Low-till w/ manure management 28.1 28.2 413.2 413.2 1,124.5 1,415.7
Hay alf Alfalfa 1.4 0.1 1.8 1.8 69.2 3.4
nal Alfalfa nutrient management 0 1.1 27.5 27.5 0 52
hyo Hay w/o nutrients 53 8.7 54.5 54.5 40 103
hyw Hay w/ nutrients 17.7 0.9 5.4 5.4 169.7 10.1
nhy Hay w/ nutrient management 1.8 15.5 96.3 96.3 71.6 182.1
Pasture npa Pasture nutrient management 0.2 339 104.7 104.7 63.5 476.7
pas Pasture 355 1.7 5.2 5.2 436.7 23.5
Trampled pasture trp Pasture corridor 0.8 0.8 0.6 0.6 1.5 1.5
AFO afo Animal feeding operations 0 0 0.2 0.2 0.7 0.7
Urban pervious nid High-intensity impervious urban 5 0 2.1 2.1 47.2 5.9
iml Low-intensity impervious urban 38.4 43.5 423 423 76.2 117.5
Urban Impervious npd High-intensity pervious urban 0.2 3 1.2 1.2 4 1.5
pul Low-intensity pervious urban 7.1 4.3 44.2 442 53.7 56.2
Barren rcn Bare-construction 0 0 6.2 6.2 0 0
Forest for Forest 2,291.6  2,291.6 14552 14552 906.6 906.6
Harvested forest hvf Harvested forest 23.1 23.1 14.7 14.7 9.2 9.2
Extractive ext Extractive 0 0 9.2 9.2 0.3 0.3
Total 2,467.1 2467.1 24396 2439.6 4,001.5 4,001.5

UAL for high-till w/o manure land use was 2.4 t/ha/year based on
the 2009 progress run, and the total area of high-till w/o manure
land use within the watershed was 30 ha, the total existing load
generated from that land use is (2.4 times 30) 72 t/year.

Sediment Load Comparison

Long-term average annual loads are typically used to define the
TMDL load endpoints in sediment TMDLs. This averaging period
is used to account for both wet and dry periods in the hydrologic
cycle and to account for variations and other important factors
(such as snowmelt) that may affect sediment loading. The annual
sediment load reductions (t/year and percent) calculated using the
RWA and the GWLF model were compared to the annual sediment
load reductions calculated using the DM and the CBWM model for
each of the study watersheds. The sediment load reductions esti-
mated by the two methods were considered independent of each
other, and a Wilcoxon nonparametric test (Bauer 1972) was used
to evaluate the pairwise differences in the annual sediment reduc-
tions called for by the two methods (cv = 0.05). A significance level
of 0.05 indicated that there was only a 5% risk of concluding that a
difference existed when there was no difference. For each impaired
watershed, target TMDL sediment loads were subtracted from the
corresponding existing sediment load to determine the required
load reductions both in terms of t/year [Eq. (5)] and percent reduc-
tion [Eq. (6)]:

Required Reduction(tons) = Seyising — Stareet (5)
Susising — S

Percent Reduction = (M) * 100 (6)
Sexisting

where Scyiging = impaired watershed existing sediment load
(t/year); and S,,ec = TMDL target sediment load (t/year).
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Results

This study compared two different approaches for developing sedi-
ment TMDLs to address localized benthic impairments—the RWA
and the DM, which use land-use-specific, unit-area loads derived
from CBWM output (Phase 5.3) and locally derived land-use areas
to calculate existing and TMDL target loads. Existing and TMDL
target sediment loads for three impaired and three reference water-
sheds were calculated for a 15-year simulation period (1986-2000)
using the two the different procedures. When compared to the DM,
the RWA consistently required greater sediment load reductions in
order to achieve target sediment loads (Table 7). For Taylor Creek,
the RWA predicted greater existing sediment loads than the DM in
all but two years (1993 and 1995). The RWA also predicted greater
target sediment loads than the DM for Robinson River (the Taylor
Creek reference watershed) in all but three years (1992, 1993,
and 1995). These inconsistencies were due to a combination of
higher UALs obtained from the CBWM for land-river segment
A51003_to_JLI_6770_6850 forest land use and lower UALs gen-
erated by GWLF simulations for 1992, 1993, and 1995.

The average existing sediment load predicted using the RWA for
Taylor Creek was 813.2 t/year (1,267.1-453.9) greater than that
predicted using the DM, while the average target load predicted
using the RWA was 408.7 t/year (841.8-433.1) greater than that
predicted using the DM. For Turley Creek, the RWA predicted
greater existing sediment loads than the DM in all but one year
(1993); the RWA also predicted greater target sediment loads than
the DM in eight of the 15 years (1986-1991, 1996, and 1999). The
average existing load predicted using the RWA was 1,391.4 t/year
(2,672.9-1,281.5) greater than that predicted using the DM, but the
average target load predicted using the RWA (i.e., for Toms Creek)
was 420.2 t/year (1,060.1-639.9) less than that predicted for
Turley Creek using the DM. For Long Meadow Run, the RWA pre-
dicted greater existing sediment loads than the DM in all but one
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Table 7. Existing and TMDL target sediment loads estimated by GWLF for the reference watershed approach and unit-area loads based on CBWM (Phase

5.3) for the disaggregate method

Taylor Creek

Turley Creek

Long Meadow Run

RWA DM RWA DM RWA DM
Existing Target Existing Target Existing Target  Existing Target Existing Target Existing Target
load load load load load load load load load load load load
Taylor Robinson 2009 2010 Turley Toms 2009 2010 Long Upper 2009 2010
Creek River progress WIP Creek Creek progress WIP meadow  Opequon  progress WIP

Year (t/year) (t/year) (t/year) (t/year) (t/year) (t/year)

1986 420.9 276.7 122.1 120.0 236.4 65.2 46.6 30.6 740.8 320.7 87.0 50.8
1987 4,081.4 2,715.8 404.6 383.9 5,047.1 12113 1,061.9 859.8  16,698.6 3,299.2 3,342.8 2,714.0
1988 73.5 70.2 9.5 14.1 974.4 212.4 342 24.4 3,198.5 910.1 59.8 42.4
1989 1,774.2 1,182.6 678.4 651.5 2,762.6 661.9 165.3 114.7 9,463.4 1,932.5 379.0 253.6
1990 1,472.2 960.0 222.2 217.0 2,558.2 631.3 214.2 133.3 8,322.7 1,637.2 4512 239.6
1991 1,024.1 676.2 251.9 244.2 1,199.9 299.4 215.7 149.4 3,869.6 889.1 534.2 354.5
1992 1,152.4 768.5 991.8 938.6 1,594.1 380.6  1,161.0 965.6 5,192.4 1,172.0 3,582.2 2,993.0
1993 762.8 5159 1,518.0 14135 1,770.6 440.7  2,5783  2,188.1 6,189.0 1,387.9 8,298.6 7,055.6
1994 880.9 579.6 141.7 140.9 1,135.9 269.2 661.4 526.2 3,666.0 875.3 1,919.8 1,525.6
1995 4449 317.5 459.9 446.3 2,169.1 5135 2,131.7 1,762.7 7,799.6 1,806.0 6,675.0 5,516.2
1996 2,442.7 1,593.0 848.8 801.7 12,1542 28665 75653  6,389.3 40,397.4 7,531.3 24,226.1  20,443.5
1997 659.2 450.5 56.3 61.4 1,200.6 293.1 550.5 420.9 4,223.6 1,057.9 1,503.6 1,142.7
1998 1,360.8 903.9 404.8 393.5 1,902.5 453.5 1,726.3 1,459.6 6,455.8 1,423.7 5,485.8 4,649.7
1999 1,704.4 1,124.7 651.8 617.6 3,428.0 846.9 387.5 286.7 11,501.4 2,197.8 1,096.7 806.5
2000 752.5 491.6 47.2 52.2 1,959.8 452.6 723.3 590.9 6,511.9 1,439.8 2,176.4 1,777.6
Average 1,267.1 841.8 453.9 433.1 2,672.9 639.9 1,281.5 1,060.1 8,948.7 1,858.7 3,987.9 3,304.3

year (1993), while the RWA predicted lesser target sediment loads
than the DM in eight of the 15 years (1992—-1998 and 2000). These
inconsistencies were due to higher UALs obtained from CBWM
land-river segment A51165_PS2_5560_5100 for the years in
question. The average existing load predicted using the RWA was
4960.8 t/year (8,948.7-3,987.9) greater than that predicted using
the DM, but the target load predicted using the RWA (i.e., for Upper
Opequon Creek) was 1,445.6 t/year (3,304.3-1,858.7) less than
the average target load for Long Meadow Run predicted using
the DM. The RWA simulated larger sediment loads for the impaired
watersheds than for their respective reference watersheds. For the
DM, the sediment loads simulated using the 2009 progress run
UALs were greater than those simulated using the 2010 WIP
run UALs.

Table 8 contains the annual and average sediment load reduc-
tions predicted by each method, expressed in magnitude (t) and on
a percentage basis. The pairwise and average differences (RWA—
DM) for each year of the 15-year simulation period are also pre-
sented. For Taylor Creek, the RWA required a greater sediment load
reduction (t) and a larger percent reduction than the DM in all
15 years. The average sediment load reduction called for by the
RWA was 425.4 t/year, but the reduction called for by the DM
was 20.8 t/year—a difference of 404.5 t/year. The average per-
cent reduction required by the RWA was 33.6%, which is approx-
imately seven times greater than the 4.6% reduction required by the
DM. For Turley Creek, the RWA required a greater sediment load
reduction and a larger percent reduction than the DM in all years.
The average sediment load reduction called for by the RWA was
2,033.0 t/year, but the average reduction called for by the DM
was 221.4 t/year—a difference of 1,811.6 t/year. The average per-
cent reduction was 76.1% for the RWA and 17.3% for the DM.
Again, the average percent reduction called for by the RWA was
approximately four times greater than that called for by the DM.
For Long Meadow, the RWA required a greater sediment load
reduction and a larger percent reduction than the DM in all years.
The average sediment load reduction called for by the RWA was
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7,090.0 t/year, but the average reduction called for using the DM
was 683.5 t/year—a difference of 6,400.5 t/year. The average
percent reduction was 79.2% for the RWA and 17.1% for the DM.
The average percent reduction called for by the RWA was approx-
imately five times greater than that called for by the DM.

Uncertainty analysis is recommended as the base for margin
of safety determination in TMDLs (NRC 2001; Reckhow 2003;
Hantush and Chaudhary 2014). However, TMDLs developed for
benthic impairments in Virginia using the RWA typically include
a 10% explicit margin of safety due to modeling-related uncertain-
ties. The DM, on the other hand, assumes an implicit margin of
safety, because conservative parameter values and estimates of
BMP efficiencies were used as inputs into the CBWM and the
Chesapeake Bay TMDL. Consequently, if the RWA TMDL target
loads were reduced by 10%, the RWA would still require greater
reductions in sediment loads than the DM. A statistical analysis
using the Wilcoxon nonparametric test confirmed that at the o =
0.05 level, the load reductions called for by the RWA were all sig-
nificantly greater than those called for by the DM.

Discussion

The two alternative TMDL development methods compared in this
study resulted in significant differences in estimated sediment
loads, which led to significant differences in required sediment load
reductions for the three impaired watersheds. The differences in
sediment load reductions required by the two TMDL development
methods occurred for several reasons. First, when the RWA was
used, differences in watershed characteristics such as land-use dis-
tribution and slope and soil erodibility between the impaired and
reference watersheds were manifested in the load reductions called
for in the impaired watersheds. The greater the differences between
the impaired and reference watershed characteristics, the greater the
required sediment load reduction. However, with the DM, sediment
load reductions were based on the simulated implementation of
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Table 8. Required sediment reduction for the impaired watersheds (magnitude and percentages) predicted by the reference watershed approach and the
disaggregate method and the pairwise differences between the two methods

Sediment reduction required in impaired watersheds

Taylor Creek

Turley Creek

Long Meadow Run

RWA DM (RWA—DM) RWA DM (RWA—DM) RWA DM (RWA—DM)

Year t % t % t % t % t % t % t % t % t %

1986 1443 343 2.1 1.7 142.1 32.5 171.1 72.4 16.1 34.5 155.1 37.9 420.1 56.7 36.3 41.7 383.8 15.0
1987 1,365.6 33.5 20.7 5.1 1,344.9 28.3 3,835.8 76.0 202.1 19.0 3,633.7 57.0 13,399.4 80.2 628.8 18.8 12,770.6 61.4
1988 33 45 —4.6° —48° 79 529 762.0 782 9.8 287 7522 49.5 2,288.4 715 17.4 292 2271.0 424
1989 591.6 333 269 4.0 564.7 29.4 2,100.7 76.0 50.6 30.6 2,050.1 454 7,530.8 79.6 1254 33.1 7,405.4 46.5
1990 5123 348 53 2.4 507.0 32.5 19269 753 809 37.8 1,846.0 37.5 6,6855 803 211.6 469 6,473.9 334
1991 3479 340 7.7 3.0 340.2 309 900.5 75.0 66.3 30.7 8342 443 2980.5 77.0 179.7 33.6 2,800.8 43.4
1992 384.0 333 532 5.4 330.7 27.9 1,213.5 76.1 1954 16.8 1,018.2 59.3 4,0204 774 5892 164 34312 61.0
1993 2469 324 104.5 6.9 1424 25.5 1,330.0 75.1 390.2 15.1 939.8 60.0 4,801.0 77.6 1,243.0 15.0 3,558.0 62.6
1994 3013 342 0.7 0.5 300.5 33.6 866.7 76.3 1352 204 7314 559 2,790.6 76.1 3943 205 23964 55.6
1995 127.4 28.6 13.6 3.0 113.8 257 1,655.6 763 369.1 173 1,286.5 59.0 5,993.6 76.8 1,1589 17.4 4,83477 59.5
1996 849.8 34.8 47.1 5.6 802.6 29.2 9,287.7 76.4 1,176.0 155 8,111.7 60.9 32,866.1 81.4 3,782.6 15.6 29,083.5 65.7
1997 208.7 31.7 —-5.1* -—9.1* 2138 40.7 907.5 756 129.6 235 7779 52.0 3,1656 750 360.9 24.0 2,804.7 50.9
1998 4569 336 113 2.8 4456 30.8 1,449.0 762 266.8 155 1,182.2 60.7 5,0322 779 836.0 152 4,196.1 62.7
1999  579.6 34.0 342 5.2 5455 28.8 2,581.1 753 100.8 26.0 2,480.3 49.3 9,303.6 80.9 290.2 265 9,0134 544
2000 261.0 347 —5.08 —10* 2659 453 1,507.2 769 1323 183 1,3749 58.6 5,072.1 77.9 398.8 183 4,673.3 59.6

Note: Ratio of RWA to DM (t:t) for Taylor Creek is 20.4 (425.4:20.8); for Turley Creek is 9.2 (2,033.0:221.4); and for Long Meadow Run is 10.4
(7,090.0:683.5). Ratio of RWA to DM (%:%) for Taylor Creek is 7.3 (33.6:4.6); for Turley Creek is 4.4 (76.1:17.3); and for Long Meadow Run is

4.6 (79.2:4.4).

“Negative values indicate that no actual reduction is need in the impaired watershed.

BMPs within the impaired watersheds alone. Second, the GWLF
model used with the RWA predicted greater unit-area sediment
loads for cropland and forested land uses compared to the DM,
but the DM unit-area loads for the pasture/hay land-use categories
were greater than in the GWLF. Since the impaired watersheds used
in this study were primarily comprised of cropland and forest land
uses, the RWA produced larger total watershed sediment loads than
the DM.

Differences between the RWA and DM sediment loads can also
be attributed to differences between the two sediment simulation
models and the degree to which each simulates BMPs. In the
RWA, the GWLF model does not explicitly account for any BMPs
that may be in place except those that are comprised of a land-use
change. In the DM, however, the CBWM incorporates a time series
of best management practices based on available data for the differ-
ent model segments. Both of the CBWM scenarios used in the DM
method included BMPs that are designed to reduce sediment load-
ing. The 2009 progress scenario included BMPs in place in 2009
based on data reported by Virginia to the Chesapeake Bay Program.
The 2010 WIP scenario included the BMPs that were proposed by
the state to meet the Bay TMDL. The simulation of BMPs in the
DM reduced the amount of sediment delivered to the stream.

Despite the explainable differences between the two ap-
proaches, the consistently high sediment load reductions called
for when using the RWA in watersheds with only minor benthic
impairments raises concerns about the use of the RWA in establish-
ing TMDLs for these watersheds. VSCI scores indicated that Taylor
Creek and Turley Creek were only slightly impaired and that the
Long Meadow Run impairment was more severe. However, when
the RWA was used, the average annual sediment load reduction re-
quired for Turley Creek (76%) was similar to that of Long Meadow
Run (79%). A reference watershed is selected on the basis of hav-
ing a VSCI score of 60 or above and having characteristics similar
to the impaired watersheds. Finding suitable reference watersheds
with characteristics similar to the impaired watersheds can some-
times be difficult to achieve. Differences in watershed characteris-
tics provide a major source of uncertainty in the RWA by affecting
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the TMDL target load and, ultimately, the relative required reduc-
tion. This challenge facing the RWA is greater in urban areas where
most watersheds are impaired.

A major limitation of this study was the application of the
GWLF with the RWA. Applying another sediment fate and trans-
port model like Soil and Water Assessment Tool (SWAT) or
Hydrologic Simulation Program-FORTRAN may have resulted
in significantly different results. As has been discussed in the liter-
ature, choice of model, which is often a matter of user preference,
can have a significant impact on the TMDL outcome (Borah et al.
2006; Shoemaker et al. 2005). Another limitation of this study was
the application of the DM using output from Phase 5.3 of the
CBWM. This model was designed to simulate drainages and river
reaches with discharges of 2.83 cubic meters per second (cms) or
greater. Exceptions were made to the 2.83-cms cutoff rule for some
river reaches that had sufficient monitoring data but had discharges
less than 2.83 cms. Scaling the CBWM output to develop local
TMDLs for, in some cases, smaller watersheds did introduce
a potential source of error. However, both the RWA and the DM
rely on relative comparisons for TMDL development. As such, ab-
solute errors in simulated sediment loads are less consequential.
This case study was intended to illustrate possible alternative meth-
ods for developing local sediment TMDLSs in the Chesapeake Bay
watershed.

Summary and Conclusions

This case study compared two alternative methods for establishing
target TMDL loads to address aquatic life use impairments caused
by excess sediment. The case study assessed three impaired/
reference watershed pairs, Taylor Creek/Robinson River, Turley
Creek/Toms Creek, and Long Meadow Run/Upper Opequon
Creek. The results indicated that sediment load reductions called
for by using the reference watershed approach, both on a t/year
and percentage basis, were greater than those called for by using
the disaggregate method. The RWA required between 12.8 and
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14.7 times greater sediment load reductions (t/year) to reach the
TMDL load (Taylor Creek > Long Meadow Run > Turley Creek)
compared to the reductions called for using the DM. These differ-
ences mean that, compared to the DM, the RWA would require the
implementation of more pollution control measures (best manage-
ment practices) in order to achieve the sediment load reduction
required to meet the TMDL.

The differences in sediment load reductions required by the
two methods occurred for several reasons. When the RWA 1is used,
selected differences in characteristics between the impaired and
reference (e.g., land-use distributions, slope and soil erodibility)
can lead to large differences in the simulated loads that can produce
large required load reductions for the impaired watershed. The DM,
however, predicts reductions based on the simulated implementa-
tion of BMPs within a given watershed. The GWLF model used
with the RWA predicts greater sediment loads per unit area in crop-
land and forested areas compared to the DM, which predicts greater
sediment loads in pasture/hay land-use categories. Because the im-
paired watersheds used in this study were comprised primarily of
cropland and forest land uses, the RWA yielded greater sediment
loads than the DM.

There was little or no evidence to support claims that either
method will result in attainment of the water quality standards;
therefore, additional research is needed to evaluate how effective
TMDLs developed using both approaches are at addressing under-
lying impairment. Additional research is also needed to evaluate
whether the DM is appropriate for developing local sediment
TMDLs elsewhere in the Chesapeake Bay Watershed.
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