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The U.S. Geological Survey (USGS), in cooperation with
the U.S. Environmental Protection Agency (USEPA) and the
New Englaf,d lntentata Water Pollution Control Commission
(NEWIPCC), has developed a water-quality model, called
SPARROW (Spatially Referenced Regressions on Watershed
Attributes), to assist in regional total maximum daily load
(TMDL) ard nutrient-cdteria activities in New England.
SPARROW is a spatially detailed, statistical model that uses
regression equations to relate total nitrogen and phosphorus
(nutrient) stream loads to nutrielt sources and watershed char-
acteristics. The stalistical relalions in these equations are then
used to predict nutrient loads in unmonitored streams.

The New England SPARROW models are built using a
hydrologic network of42,000 sheam reaches ald associated
watersheds. Watershed boundaries are defined for each stream
reach in the network through the use ofadigital elevation model
and existing digitized watershed divides. Nutrient source data
is fiom permitted wastewater discharge data from USEPA's
Permit Compliance System (PCS), various land-use sources,
and atmospheric deposition. Physical watershed characteristics
ilrclude drainage area, la[d use, streamflow, time-of-travel,
stream density, percent wetlands, slope ofthe land surface, and
soil permeability.

The New England SPARROW rnodels for total nihogen
and total pbosphorus have R-squared values of0.95 and 0.94,
with mean square erors of 0.16 and 0.23, respectiveiy. Vari-
ables that werc statistically significant in the total nitrogen
model include permitted nunicipal-wastewater discharges,
atmospheric deposition, agricultural area, and developed land
area- Total nitrogen stream-loss rates were significant only in
streams with average annual flows less than or equal to
2.83 aubic msters per second- ln streams laryer than this, tbere
is nondetectable in-stream loss ofannual total nitrogen in New
England. Variab]es that were statistically significant in the total
phosphorus mod€l ilclude discharges for municipal wastewa-
ter-treatment facilities and pulp and paper facilities, developed
land area, agricultural area, aod forested area. For total phos-
phorus, loss rates were significaDt for reservoirs with surface
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areas of 10 square kilometers or less, and in streams with flows
less than or equal to 2.83 cubic meters per second,

Applications ofSPARROW for evaluating nutrient load-
ing in New England waters include €stimates of the spatial dis-
tributioos oftotal nitrogen andphosphorus yields, sources ofthe
nutrients, and the potcntial for delivary ofthose yields to receiv-
ing watels, This information can be used to ( I ) predict ranges
in nutrient levels in surface wate6, (2) identiry the environmen-
tal variables that are statistically significant predictors ofnutri-
ent levels in streams, (3) evaluate monitoring efforts for better
determination ofnutrient loads, and (4) evaluate management
options for reducing nutrient loads to achieve water-qualrty
goals.

lntroduc{ion

Excessive nutrieot (nitrogen and phosphorxs) concsntra-
tions arc common ir riven and lakes throughout the United
States andNew England and frequently result in water-resowce
impairments (U.S. Environmental Protection Agency, 20004
and 2000b). Although nitroger and phosphorus are essential for
healthy plant and animal life, elevated concentrations ofthese
nutdents can cause eutrophication of waterbodies. Elevated
amou4ts ofphosphorus are the common cause ofeutrophic
freshwater rivers and lakes that oflen exhibit dense growths of
algae or other nuisance aquatic plants, depressed dissolved oxy-
gen levels,loss ofhsh and submerged aquatia vegetation, and
foul odors, More than 30 percent ofthe lakes in New England
were classified by State and Federal agencies as eutrophic in
2000 (U.S. Environmental Protaction Agcncy, 2000b).
Eutrophicatiol of coastal waters fiom excessive nitrogen load-
ings is also common io the United States and locally in New
England (National Research Council, 2000; U.S. Environmen-
tal Protection Agency, 2000b).

Sources ofphosphorus and niftogen to rivers, lakes, and
coastal waters include permitted and uopermitted wastewater
discharges (termed point sources), artd runoff from the land sur-
face, ground waters, and the atmosphere (a source primadly for
nitrogen only) that collectively are called no[point sources.
Agricultural and urban laod uses are major sources of nutdents
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(Carpenter and others, 1998) ard are typically a greater sourco
ofnutrients than wastewater discharges (Howarth and others,
1996).

Numercus studies have assessed nutrient discharges to
coastal waterc ofthe eastem Ulited States because of coastal
eutrophication concems. Many ofthese studies are summarized
by the National Research Council (2000), Howarth and others
(1996) repod that riverine discharges ofnitiogen to coastal
watgrs have increased 5 to 20 times since pre-ildustrial times
and that the increased human population, use ofnitrogen fertil-
izers, increased imports ofhuman food and animal feed, and
atmospheric deposition are the principal sources ofthe increas-
ing levels ofnitrogen tocoastal waters. Nitrogen levels during
the later years ofthe 20u century ilr forested watersheds of the
Dodheastem United States continued to increase in contnst to .

urbanized rivers that have experienced stable nitrogen levels
(Roman and others, 2000). Roman ard others (2000), Robinson
and others (2003), and Litke (1999) show that phosphorus con-
centrations in streams have declined since the 1960s as a result
ofphosphate detergent bans and improved wasGwater treat-
ment at municipal sewage facilities, Nutrient loads to coastal
wateB ofNew Elgland were characterized by tle National
Oceanic and Atmosphe c Administation 0.{OAA) (1987).
Boyer and others (2002) and Mullaney and others (2002) esti-
mated the loads ofnitrogen to coastal waters ofthe eastem
United States ard to Long Island Sound from Connecticut,
respectively, and the relative impofiance ofpoint and nonpoint
sources to the total loads.

Managiflg and reduciDg nutdent loads to rivers has been a
major water-pollution-control activity of individual states ard
U-S. Environmental Protection Agency (USEPA) under the
Clean Water Act since the 1970s. ln the 1990s, the USEPA
implemonted two programs to facilitate the management of
utrients in the Nation's waters. The Nutrient Criteria program

was designed to create waterbody-speaifi c nutrient-concantra-
tion criteria for rivers. lakes. and estuaries- Tbe Total Maxi-
mum Daily Load (TMDL) program was designed to assess and
nanage contaminant loads to waterbqdies with designated-use
impaiment. Numeric criteria for concenffations of nitrogen
and phosphorus to protect the designated uses ofwaterbodies
are being genemted by ecoregions and USEPA regions by dre
individual states and the USEPA (1998a). Available nutrient
data for waterbodies also are being analyzed and new data are
being collected during the process ofcreating the nutrient crite-
ria.

USEPA inrplements dre TMDL program for waterbodies
not meeting designed uses because ofsome form ofcoDtamina-
tion. TMDLs define the amount of contaminant allowable in
the waterbody so tlrat designated uses are met, and allocate
allowable pollutant loadings ftom poilt and nonpoint sources
that contribute the contaminants (U,S. Environmental Protec-
tion Agency, 2003). States and tbe USEPA are charged with
identifing streams, rivers, and other waterbodies that have
lutrient levels causing designated-use impaiment and may
require manageme[t action. In New England, nearly 2,000
waterbodies do not meet desisnated uses due to nutrient and

organic enrichment, noxious aquatia plants, and low dissolved
oxygen (U.S. Environmental Protection Ageflcy, 2003).

Because water-quality data for New England waterbodies
are limited for generating nutrient criteria and TMDLS, genor-
ating new data through freld sampling or modeling to charact€r-
ize nutriont levsls is needed. Statistical modeling that relates
nut eflt conditions in waterbodies to watershed characteristics
is an approach recommended by the National Research Council
(2001) for the TMDL program. Such models can include mea-
sures ofmodel prediction uncertainty, which can be useful
when developing and implemenring TMDLs (National
Research Council, 2001 ; Shabmair, 2002). The National
Research Council study also recommended that approaches to
TMDL developmont incorporate physical (deterministic) char-
acteristics along with stochastic models that provide estimates
ofthe errors involved iII the predictions,

The spatially referenced regression model SPARROW
(Spatially Referenced Regressions on Watershed attributes), by
Smith and others (1997), provides a modeling approach recom-
mended by the National Research Council for water-quality
assessments, including assessments needed for the TMDL pro-
gram. The SPARROW model is designsd to characterize nuffi-
ent loads in rivers based on a regression equation that includes
terms for nutdelt sources, land-to-water delivery ofnuti€nts,
ard verine transport and loss. Th€ model also relies on geo-
graphic information system (GIS) technology to link river seg-
ments (termed reaches) and contributing drainage areas
together. The SPARROW modeling technique has been suc-
cessfully applied for predicting total nitrog€n and phosphorus
Ioads for saeams in the continental United States (Smith and
others, 1997) and New Zealand (Alexander and others, 2002),
and for estimating total nitrogen loads for the Chesapeake Bay
watershed in the eastem Urited States (Preston and Brakebill,
1999) atld in the Albemarle-Pamlico watersheds in North Caro-
lina (McMahon and others. 2003)-

Purpose and Scope

This report describes results of two New England SPAR-
ROW models-one each for total litrogen andtotal phosphonls
-that have been developed for assisting water-resources man-
agers with TMDL and nutrient-criteria development in New
England. The models wore devcloped by the U.S. Geological
Survey (USGS), in cooperation with the New England Inter-
state WaterPollution Control Commission NEIWPCC) and the
USEPA. The New England modols for total nitrogen and total
phosphorus are calibrated for the early to mid-1990s and
designed to refioe national SPARROW results (Smith and oth-
ers, 1997) by providirg enharced spatial detail and calibrated
models on the basis ofregional data. These enhancements are
desirable because of national-model limitatiors that include
(l ) coarse stream resolution for parts ofNew England; (2) an
inability to accurately predict outrient loads in watersheds less
tban 65 km2 (Focazio ard others, 199 8); (3) the use of only agrj-
cultural and non agricultural land-use categorizations; and
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loss ofnutrients within watersheds, and to show pr€diction or
confidence intervals associated witb these assessments. Prcvi-
ously, these forms ofdata have not beer available for most New
England stream reaches.

Weaknesses ofthe model and results can be linked to the
modeling process and the data used to oalibrate and provide pre-
dictions of nutrient conditions. Smith and others ( 1997) note
that the SPARROW model structwe inherently oversimplifies
nutrient transport processes. Many factors locally and region-
ally affect the ffansport and loss ofnutrients in streams, many
ofwhich cannot be accounted for in the SPARROW model.
However, model results do indicate that certain transport pro-
cesses are regiolally impotatrt. Also, there are limitations with
tbe data used in the modeling process. These limitations
include the following:

I . The model requires long-term water-quality datasets that
include multiple samples per year- Because ofthis
rcquircmentJ tlle models only incorporate data from lim-
ited number of sites throughout thc entire New England
regioD- Load datasets, with a greater number of load sites
thar were used in the existing SPARROW models, may
increase the ability to identiry statistically significant
explanatory variables,

2- Predictor variables may be coarse (such as land uses) or
ofrelatively poor quality (such as point source loads).
These data sets may introduce error in tbe ability ofthe
rnodel to explain and predict the effoct ofthese data on
stream water quality- Because ofthe regional nature of
the model, only data that were available for the entirc
study area could be used. This restriction prevents the
use of many locally more precise data or data that
characterize other nutrient source or tra[sport processes-

3. Model results also have more uncedainty in snaller
watersheds that tend to be further away from monitoring
sites. This reflects a lack ofmonitoring data in New
England for watersheds under 25-40 km/. (There are
only 2 sites in tbe nitrogen and phosphorus datasets with
watersheds less than 25 km2 and onlv 4 sites with
watersheds less than 40 km2,)

4. Finally, the models only predict mean-annual conditions,
not ngcessa ly critical colditions such as low-flow
conditions that may be ofmor€ concem to water'quality
managcrs and sciontists.

Model Es{imates of Nuhient Loads

The calibrated SPARROW modsls allow for tbe Frediction
ofnutrient loads for nearly 42,000 unmonitored stream reaches
thrcughout New England. The spatial variability ofnutrielt
loads is arl impofiant consideration for water-rcsources manag-
ers and planners in pdoritizing areas for management aclions.
Nutrient loads are predicted by applying the SPARROW
regressioo equation to eacb reach catchment. Starting at the

headwater catchments, the regression equation is applied ard
predicted ouirient loads from that catchment are used as sources
in the calculation ofthe load prediction for the next reach down-
stream. This process continues downsteam until tbe terminal
reach at the mouth of the river is e[countered. Reach-level
catchmert predictions ofnutrient loads obtained ftom SPAR-
ROW-model runs are shown in figures 8 and 9. Considerable
spatial detail ftom the use ofthe NHD can be observed in the
prodictod results. These predictions represent source-load con-
ditions from | 992- 1993 -

Several other deterministic and stochastic nutrient models
have been used to estimate nutrient balances in New England
watersheds. Although these studies have different time ftames
and use different techniques, they are available for comparison
with the New England SPARROW model predictions.

Nitogen

The predicted dtrogen load generated by each ofthe
42,000 reach-catchment areas is expressed as a nitrogen yield
(delivered to the catchment outlet) by dividing the predicted
load generated from within each catchment (including only
sources from within the catchment) by the area ofthe catch-
ment. (Thus, yields are loads normalized by area.) Median
catchment yield ofnitrogen for the entire study area is
336 kg/kmz/yr with the l0- and 90-percent quantiles at 134 and
782 kg/kmr/yq respectively. The relative contributions ftom
the various source inputs are also predicted by the SPARROW
model. The contributions from these sources that go into the
catchment yield (hg, 8) are apparent by compfiing predicted
catchment yield with predicted yield from atmospheric deposi-
tion ofnitrogen (fig. 9a); predicted developedJand nitrogen
yield (frg. 9b); and predicted agricultural-land nitrogen yield
(fig. 9c). Because discharge is localized and not a distributed
yie1d, the permitted wastewater discharge is rot showr in
figure 9.

The primary, or largest, contributing nitrogen source for
each catchment is identified in figule 9d. Catchments having
pemitted municipal wastewater discharge as the primary nitro-
gen source are also typically in the highest yield category of
nitrogen shown in figure 8 (over 1,000 kglkm'/yr), These
yields are especially high because the wastewater from a given
sewer system is discharged to a single stream reach.

For the entire model area, SPARROW estimates that
86,100 metric tons (86.1 rnillion kilograms) ofnitogen enter
New England rivers and streams per year, Ofthis total,50pet-
cent (42,700 metric tons/year) is estimated to be from atmo-
spheric deposition; 2l petceot ( I 8,000 metric tons/year) is esti-
mated to be discharyed from pemitted municipal wastewater
discharges; l5 percent (13,000 metric tons/year) is estimated to
be from other developed land sources; and 14 percent
(12,400 metric tons/year) is estimated to be from agricultural
Iands. The large contributions ofatmospheric deposition to
nitrogen loads in New England is a major finding ofthe New
Eogland SPARROW model for nitrogen. Model estimates of
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the llitrogen loads and the percentages related to the various
sources by State are summadzed in table 5. The SPARROW
model estimates of nitrogen loads for 13 major basins in New
Englard are summarized in table 6, along with the relative con-
tributions by each State within each basin, and the percsntages
related to the various sources for each State.

There are several other deterministic and stochastic mod-
els that have been used to estimate nitrogen loads in New
England basins. Although five of these models have different
time frames and use different techniques, they can be compared
with the New England SPARROW model predictions (table ?)-
These models include the (1) national SPARROW (Smith and
others, 1997); (2) National Coastal Pollutant Discharge Inver-
tory conductcd by the National Ocaanic and Atmospheric
Administration (.IOAA) (Percy A. Pacheco, NOAA, written
commur., 1994); (3) Long Island SoundTMDL Study, an anal-
ysis to achieve water-quality standards for dissolved oxygen in
Long Island Sound Q'lew York Deparlmeot ofEnvironmental
Conservation/Connecticut Deparft[ent of Environmental Pro-
tection, 2000; Paul Stacey, Connecticut Bureau of Water Mall-
agement, written commun,, 2003); (4) HSPF deterministic
model for the State ofConnecticut (Paul Stacey, wdtten com-
mun., 2003); and (5) a regrsssio[ model usod to relate water-
shed chamcteristics to nutdent loads by Mullaney and others
(2002). All ofthese compare nitrogen estimates atthemouth of
selected rivem

Predictions are also available for comparison with a study
ofthe anthropogenic nitrogen sources and relations to riverine
nitrogen export in the Northeast (Boyer and others, 2002)
(table 8). These predictions, however, are for the farthcst down-
stream USGS water-quality stations, and not atthe mouth ofthe
nver,

The New England SPARROW model predictions selected
for major river basins (table 7) generally have an average of
:l 30 percent difforelrce frorn those ofother models preseoted in
table 7, wilh a maximum difference ol127 percenl for the
Charles River in Massachusetts- The Charles River Basin is
considered an outlier and was excluded from the average of
t 30 percent. The national SPARROW model predicted more

than twice (127 perce[t more) the nitlogen load that the New
England SPARROW model predicted for the Charles River
Basin. This is largely because the offshore municipal-wastewa-
ter discharge for metropolitan Boston is not considered part of
the basin litrogen load in the New England model. However,
the national model includes this point source as parl ofthe
Charles River model prediction. When compared to the predic-
tions from the model by Boyer and others (2002), the New
England SPARROW model predictions have an average of
t 35 parcent ofth€ other predictions, witb a maximum differ-
ence (l I I percent) at the Penobscot River water-quality station
(table 8). The cause for this large difference is not known.

Phosphorus

Reach-level predictions ofthe phosphorus loadings by
stream catchment are shown in figures l0 and I l. Median
catchment yield ofphosphorus for the entire study area is
17,6 kg,&m?yr with the 10- and go-percent quantiles at I 1-5
and 41.0 kg/km2/yr, respectively.

The relative contributions from the varjous source inputs
are apparent by a compa son offigure l0 with its source com-
polelts-predicted yield from forested ateas (fig. 1l a), pre-
dicted yield from developed areas (fig. I I b), and predicted yield
from agricultural areas (fig. I lc)- The permitted wastewater
discharges are not showl because these ale localized and not a
distributed yield. The primary, or largest, contributing source
for each catchment is shown in figure I ld. Catchments where
discharges from permittcd municipal and pulp and paperwaste-
water discharges are the primary source are identified in black
in figure l ld. These are also catchments withio the_ highest
yield category shown in figure 10 (over 118 kg/kmr ofphos-
phorus per year).

For tbe ertire model area, SPARROW estimates that
7,380 metric tons (7.38 million kilograms) ofphosphorous
enter New Eng)andriv€rs and streamsperyear. Ofthis amount,
52 percent (3,860 met c tons/year) is estimated tobe from per-
mitted municipal ard pulp and paper wastewater discharges;

Table5. Summa ry of p redicted nitr0q en loads by state from the New England S PABH0W model for total nitrogen.

lkm2, square kilometers; values not adjusted for the stream loss downstr€am of the reach ol nurrient originl

Predicted percent of nitrogen load from
Drainage a rBa

1km2)
Total nitrogen
(metric tons) Atmospheric

deposition
Developed l \4unicipal

AOnCUtturat tanos
lands wastewater

M6ine

Massachusctts

New Hampshire

Connecticut

Rhode Island

79,071
19,402
24,009
12,644
23,565
2,561

20,476
20,481
12,862
11,660
tt,420
3,729

68
32
59
39
55

1 6
6

T2
t 2
30
3

1
25
l 2
28
6

1 9

9
3',7
1 6
2 l
1 0
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Table 6. Predicted nitrogen loads by maior basin and state from the New England SPARR0W modelfor total nitrogen.

[km2, square kilometeff; values not adjusted for ihe stream loss downstream ofthe reach ofnutri€nt origin]

Predicted percent of nitrogen l0a d from
Totalnitrogen
(metric tonsl Atmospheric Agricultural Doveloped Municipal

deposition tanos lands wastewater

23

Fiver or lake basin
State/Proviflce

Dra inage area
(km2)

Connecticut: 29.172 18.489 49 14 14 23

Vemont

New Hampshire

Massachusetts

Connecticut

Quebec
Maine

Merrimack:

New Hampshire

Massachusetts

Lake Champlain:

New York

Quebec

Providence:

Rhode lsland

Massachusetts

Penobscotl

Maine

Kennebec (excluding Androscoggin):

Maine

Housatonic:

Connecticut

Massachusetts

New York

Androscoggin:

Maine

New Hampshire

Thames:

Connecticut

Massachusetts

Rhode Island

6 5 2 t 4 9

66 t6 ' ,7 t2

r0,162
7,941
7,048

3,726
294

I

t2,944

9,840
3,105

19,2t2
t0,166

7,102

,  r {  l

1,258

993

2t,866

| 5,320

|,294
s57

9,135
7,284

1,851

3,807

3,006
644
156

4,361

3,568
6,4'70

96

0

t0,196
6,250

0  t < l

5,726
3,518

607

4,913
)  9 F 7

1,9r3

4 ?qa

4  5 { )

3,880

2,162
8 1 6

302

2,960
585

2,591

2,038
490
63

t0 15 38

1,9?8 35 12 28 25

a

o

100

39

22

5 l

60
43

l 5
1 6

1 8

78

65

45

4 t

60

66

87

50

82

30
0

9
t 2

5

36
22

50

3
2

4

8

1 8

1 6

14

1 7

l 6

1 S

3

l 9

2 l
l 0

1 2

4
0

1 9
I J

6
6
4

1

l )

l 4

4

5

t 8
20
l 8
,7

6

1
2

l 6
l 6

t'7
5

0
0

20

50

l l

l t

t 4

0

68

l 0

t 2

2 l

I I

t 2

8

l )

l 0
14

0
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Tahle 6- Predicted nitrogen loads by major basin and state from the New England SPARRoW modeltor total nitrogen,-Continued

lkm2, square kilometers; rolues not adjusted for tbe strean loss do*nstream ofthe reach ofnutrient origirl

Biver or lake basin
State/Pfovince

Drainage area Total nitrogen
{km21 lmetric tons)

Predicted percent of nitrogen load from

Atmospheric Agricultural oeveloped Municipal
deposition lands lands wastewater

Saco:

Maine

New Hampshire

Piscataqua (Port$nouth Harbor):

New Hahpshire

Maine

Tauntonl

Massachusetts

Charles:

Massachusetts

4,39'7
2,148
2,249

2,608

1,9'7'7

630

1,392

767

1,981

1,088
892

1,802

t,4r4
388

|,646

844

73

85

31

44

52

l t

l 3
l 8
7

l 3

t2
I 5

4

5

6
9
3

20

t 6

30

44

I
I I
5

2 1

22
1 6

36

2 l


