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ABSTRACT: A 1990 nitrogen and phosphorus mass balance calcu-
lated for eight National Stream Quality Accounting Network
(NASQAN) basina in the Albemarle-Pamlico Drainage Basin indi-
cated the importance of agricultural nonpoint sources of nitrogen
and phosphorus and watershed nitrogen retention and processing
capabilities. Basin total nitrogen and phosphorus input estimates
were calculated for atmospheric deposition (which averaged 27 per-
cent of total nitrogen inputs and 22 percent of total phosphorus
inputs); crop fertilizer (27 and 25 percent); animal-waste (22 and 50
percent, respectively); point sources (3 percent each of total nitro-
gen and total phosphorus inputs); and biological nitrogen fixation
(21 percent of total nitrogen inputs). Highest in-stream nitrogen
and phosphorus loads were measured in predominantly agricultur-
al drainage areas. Intermediate loads were observed in mixed agri-
cultural/urban drainage areas; the lowest loads were measured in
mixed agricultural/forested drainage areas. The difference between
the sum of the nutrient input categories and the sum of the in-
siream nutrient loads and crop-harvest nutrient removal was
assigned to a residual category for the basin. The residual category
averaged 51 percent of total nitrogen inputs and 54 percent of total
phosphorus inputs.

(KEY TERMS: mass balance; nutrients outputs; nutrient inputs;
nutrient flux; nonpoint source pollution; water quality.)

INTRODUCTION

Despite hundreds of billions of dollars spent during
the past two decades on addressing the nation’s
water-quality concerns, much remains to be learned
about how much the nation’s water quality has
improved. Knopman and Smith (1993) suggested that
among the most important remaining scientific chal-
lenges are understanding the relative importance
of point and nonpoint sources of pollutants for the

nation’s water quality, and developing well document-
ed and consistent methods for collecting and analyz-
ing data to support such an understanding.

The sources and transport of nutrients into the
Albemarle-Pamlico estuary are important regional
water-quality concerns. During the past decade,
efforts have been made at the national and state lev-
els to identify nitrogen and phosphorus sources and to
estimate the amounts of these constituents entering
coastal waters (Stanley, 1989, 1993; Dodd et al., 1992;
North Carolina Department of Environment, Health,
and Natural Resources, 1992, 1993a, b; Smith et al.,
1993; Research Triangle Institute, 1994; Puckett,
1995). This article reports on the first systematic esti-
mation of nutrient input and output fluxes for major
river basins of the Albemarle-Pamlico drainage sys-
tem.

The study, which was conducted as part of the U.S.
Geological Survey’s National Water-Quality Assess-
ment Program (Leahy et al., 1990), estimates the
1990 total nutrient inputs for eight Albemarle-Pamli-
co National Stream-Quality Accounting Network
(NASQAN) basins (Figure 1). Estimates also are pre-
sented of annual in-stream loads of nitrogen and
phosphorus, nutrient removal through crop harvest,
and residual nutrients that cannot otherwise be
accounted for. Data for 1990 were the most recent
available for all compartments of the mass balance.

1Paper No. 96055 of the Journal of the American Water Resources Association (formerly Water Resources Bulletin). Discussions are open

until December 1, 1997.

2Respectively, Geographer, U.S. Geological Survey, 3916 Sunset Ridge Road, Raleigh, North Carolina 27607; and Hydrologist, U.S. Geologi-

cal Survey, 3600 West Broad Street, Richmond, Virginia 23230.
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Figure 1. Locations of NASQAN and NADP Stations in and Near the Albemarle-Pamlico Drainage Study Area.

METHODS
Basin Characteristics

The eight basins represent three basin types-agri-
cultural, agricultural/urban, and agricultural/forested
(Table 1). This classification, derived from a system
presented in Smith et al. (1993), can be used for com-
paring study-area load estimates with national esti-
mates and for understanding differences among the
stations, The agricultural class is directly derived
from the Smith classification system, whereas the
other two categories combine several Smith cate-
gories. The Contentnea Creek, Tar River, and
Roanoke River Basins had a mix of agricultural and
urban characteristics that did not fit neatly into the
classification and the final classification of these
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basins was based on local knowledge. Generally, gag-
ing stations are situated at a location within each
basin such that they have a high stream order and
can be characterized as low gradient, meandering
streams. The exceptions, in the Roanoke and
Meherrin basins, are located immediately below
reservoirs.

Nutrient Inputs: Atmospheric Deposition

Atmospheric loads of nitrogen were calculated by
using water year 1990 (October 1989-September
1990) data from four National Atmospheric Deposi-
tion Program/National Trends Network (NADP/
NTN) sites located in or adjoining the Albemarle-
Pamlico study area (Figure 1; National Atmospheric

JOURNAL OF THE AMERICAN WATER RESOURGES ASSOCIATION
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TABLE 1. Summary of Agriculture, Agriculture/Urban, and Agriculture/Forest Land-Use Information for the
National Stream Quality Accounting Network Stations in the Albemarle-Pamlico Drainage Study Area.

[Land-Use Types: Agriculture: greater than 40 percent agricultural land use, less than 40 percent forested, less than 10 percent
developed; Agriculture/Urban: greater than 25 percent agricultural, population density greater than 100 people per square
mile; Agriculture/Forest: greater than 50 percent forested, less than 40 percent agricultural, less than 10 percent
developed; USGS, U.S. Geological Survey; mi2, square mile; people/mi2, people per square mile.]

1990
USGS Estimated
Downstream Population
Map Order Drainage Major Land-Use Types as a Density
Location Identification Area Percent of Basin Drainage Area (people/
Station Name (Figure 1) Number (mi2) Developed Agricultural Forested Wetlands mi2)
Agriculture
Contentnea Creek at 6 02091500 737 4.9 50.6 37.4 7.1 129
Hookerton, NC
Agriculture/Urban
Dan River at Paces, VA 8 02075500 2,687 4.9 28.0 65.0 1.0 119
Neusc River at 7 02089500 2,712 8.9 37.7 50.5 1.8 275
Kinston, NC
Tar River at Tarboro, NC 5 02083500 2,222 4.5 39.1 51.1 6.4 91
Agriculture/Forested
Blackwater River near 1 02049500 610 2.8 29.8 59.3 5.3 44
Franklin, VA
Meherrin River at 3 02052000 745 2.3 30.2 67.1 1 37
Emporia, VA
Nottoway River near 2 02047000 1,441 2.5 28.3 66.2 3.5 30
Sebrell, VA
Roanoke River at 4 02080500 8,474 4.7 33.3 60.2 2 97

Roanoke Rapids, NC

Deposition Program (NRSP-3)/National Trends Net-
work, 1991). The total nitrogen contribution from
atmospheric deposition was calculated as the sum of
nitrate nitrogen (NO3-N) and ammonium nitrogen
(NH4-N) wet deposition, NO3-N dry deposition,
NO3-N droplet deposition, NO3-N urban area wet
deposition, and NO3-N urban dry deposition. Deposi-
tion in each of these categories was calculated by mul-
tiplying the associated deposition rate by the
corresponding area of the drainage basin and a con-
version factor changing the nitrogen units from ionic
to elemental nitrogen (Table 2; Sisterson, 1990),
Deposition estimates are conservative since data were
not available for dry ammonia and organic nitrogen
deposition.

Nitrate (2.8 tons of nitrate nitrogen per square
mile [ton/mi2] of drainage area) and ammonium nitro-
gen (0.80 ton/mi2) wet deposition rates were calculat-
ed as the average of wet nitrate and ammonium
deposition rates during water year 1990 at four
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NADP/NTN sites in or near the study area (Figure 1;
Harned et al., 1995; McMahon and Lloyd, 1995). Aver-
age wet deposition values for the entire study area
were used because there was little variability in NOg-
N and NH4-N deposition rates among the four sta-
tions, and interpolation of these data using contours
to indicate spatial variability would not have provided
substantially different information.

Other deposition rates were calculated by using a
methodology described in Sisterson (1990). The dry
NOg3-N deposition rate was estimated by multiplying
the wet NO3-N deposition rate by a ratio of dry to wet
deposition in North Carolina and Virginia reported in
Sisterson (1990). This dry deposition rate was multi-
plied by the entire area of the Albemarle-Pamlico
drainage basin to estimate dry NO3-N deposition.

The nitrate droplet deposition rate associated with
elevations greater than 2,000 feet [ft] was calculated
by multiplying the sum of the wet and dry nitrate
rates by a factor of 3, reflecting increased exposure of
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land surfaces to clouds and fog (Sisterson, 1990). The
droplet deposition rate was then multiplied by the
land area in these higher elevation zones — less than 1
percent of the study area — to estimate droplet deposi-
tion. Urban wet and dry NO3-N deposition rates were
estimated by multiplying wet and dry nitrate deposi-
tion rates by factors — 1.75 and 5, respectively, as
reported in Sisterson (1990). Urban deposition rates
were multiplied by urban land areas to estimate
urban deposition.

TABLE 2. Summary of Deposition Rates Used to
Calculate Atmospheric Nutrient Deposition.

[Sources: Nitrogen — Sisterson (1990); Phosphorus —
Dodd et al. (1992); T/mi2/yr, tons per squarc mile per year.]

Rate

Item Deposition Source (T/mi%/yr)

1 Nitrate nitrogen, wet deposition 2.8

2 Ammonia nitrogen, wet deposition .80

3 Nitrate nitrogen, dry deposition 0.82%[1)2

4 Nitrate nitrogen, droplet deposition 3% ([1]+[3])P

5 Nitrate nitrogen, urban dry deposition 5% 3]

6 Nitrate nitrogen, urban wet deposition 1.75% [1]

7 Ammonia nitrogen, dry deposition Not done

8 Organic nitrogen deposition Not done

9 Total phosphorus deposition 0.19

aDry nitrate nitrogen is calculated by multiplying wet nitrate
nitroagen deposition by an estimate of the rates of dry to wet
deposition for North Carolina (from Sisterson, 1990). In North
Carolina this ratio, in units of kilotonnes, is 23/28 or 0.82.

bFor areas with elevations greater than 2,000 feet.

The total phosphorus component of atmospheric
nutrient loads was based on a literature-derived value
of 0.19 ton of total phosphorus deposited per square
mile of drainage basin; no indication of phosphorus
deposition rates was available for wet and dry deposi-
tion categories (Dodd et al., 1992). This rate is similar
to that used in the estimation of a nutrient mass bal-
ance for the Chowan River Basin (Kuenzler and
Craig, 1986), and somewhat larger than the 0.14
ton/miZ2 used by Stanley (1993) in estimating atmo-
spheric phosphorus deposition for the Pamlico Estu-
ary.

Nutrient Inputs: Crop-Related

Estimates of the 1990 total nitrogen and total phos-
phorus inputs to the eight basins from major agricul-
tural crops were made by using (1) crop acreages for
major crops within a basin; (2) recommended fertilizer
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application rates for various major crops, including
corn, cotton, tobacco, barley, oats, wheat, Irish pota-
toes, and sweet potatoes; and (3) estimates of biologi-
cally mediated nitrogen fixation associated with
soybeans and peanuts (College of Agriculture and Life
Sciences, 1991; McMahon and Lloyd, 1995). Crop
acreages were based on 1990 crop statistics for har-
vested acreage reported by county in North Carolina
and Virginia. County harvested acreage data were
apportioned among the major drainage basins accord-
ing to the proportion of agricultural land in each
county within the associated drainage basin (Table 3).
Estimates of fertilizer use were made by multiplying
recommended application rates (Table 4) by harvested
acres per crop, and then summing all crop types. Esti-
mates of biologically fixed nitrogen inputs were made
by multiplying harvested acres of soybeans and
peanuts by nitrogen fixation constants of 105 and 112
pounds per acre, respectively.

Crop-related nutrient estimates are likely to be
conservative for several reasons. The use of harvested
rather than planted acres produces a conservative
estimate of fertilizer use, because generally there are
fewer harvested acres than planted acres on which
fertilizer was applied in a basin. Recommended fertil-
izer application rates were used in this study because
of the uncertainty associated with apportioning
county-level fertilizer sales data to fertilizer use in a
particular county. Using recommended application
rates also results in lower fertilizer-use estimates
than those obtained by basing estimates on county
fertilizer sales data. When 1990 county fertilizer sales
data are allocated to the eight basins, nitrogen and
phosphorus fertilizer-use estimates result that may
be as much as 220 and 990 percent higher, respective-
ly, than estimates based on recommended application
rates (Table 5). Puckett (1995) reported on studies
indicating that farmers may apply 24 to 38 percent
more fertilizer than suggested because of uncertain-
ties regarding weather and soil-nutrient status.
Finally, crop-related nutrient input estimates do not
include nutrients introduced by nitrogen-fixing forage
crops because of data unavailability. Urban fertilizer
sources were not considered because of the lack of
information for these basins.

Nutrient Inputs: Animal Waste

County livestock inventories for chickens, cattle,
hogs, and turkeys were obtained from the U.S.
Department of Agriculture’s 1987 Census of Agricul-
ture, the most recent year relative to 1990 for which
data are available for all study-area counties (U.S.
Bureau of Census, 1990). County livestock inventories
were allocated to the basins by using a method

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



Nutrient Mass Balance for the Albemarle-Pamlico Drainage Basin, North Carolina and Virginia, 1990

TABLE 3. Percentages of Acres Harvested, by Individual Crop, and Major Livestock Categories for the

National Stream Quality Accounting Network Stations in the Albemarle-Pamlico Drainage Study Area, 1990.

[Harned et al., 1995; Numbers in parentheses are site numbers in Figure 2; <, less than; NA, not available.]

Roanoke
Blackwater Nottoway Meherrin River Dan Tar Neuse Contentnea
River River River at River River River Creek
Near Near at Roanoke at at at at
Franklin, Sebrell, Emporia, Rapids, Paces, Tarboro, Kinston, Hookerton,
VA VA VA NC VA NC NC NC
Corn and Soybeans 59 58 59 42 35 46 61 64
Grains® <1 13 14 27 30 15 19 17
Cotton <1 2 1 1 0 12 3 5
Peanuts 29 22 1 0 12 <1 1.0
Tobacco <1 4 23 28 35 12 13 12
Potatoes 0 0 0 <1 <1 3 3 2
Livestockb NA NA Cattle, Cattle Cattle NA Cattle, Hogs,
Hogs Hogs Chickens

8Grains include wheat, sorghum, barley, and oats.

bDominant livestock types are reported where livestock-related waste nutrients compose more than 20 percent of total station nutrient inputs

(see Tahle 6).
TABLE 4. North Carolina Cooperative Extension Service Recommended Fertilizer Application
Rates Applied to Major Agricultural Crops (from McMahon and Lloyd, 1995).
Nitrogen (pounds per acre) Phosphorus (pounds per acre)
Applied Application Applied Application
Applied as Range Rate Used Applied as Range Rate Used

at Side- of in Mass at Side- of in Mass

Crop Planting® Dressing® Application® Balance Planting® Dressing® Application® Balance
Barley 20 80-100 100-120 110 0-20 0 0-20 10
Corn (as grain) 20-25 100-140 120-160 140 30-50 0 30-50 40
Cotton 20 50-70 70-90 80 0-20 0 0-20 10
Irish Potatoes 120-160 0 120-160 140 60-80 0 60-80 70
Qats 20 80-100 100-120 110 0-20 0 0-20 10
Peanuts 0 0 0 112b 0 0 0 0
Sorghum 20 60-80 80-100 90 0-20 0 0-20 10
Soybeans 0 0 0 105b 0-20 0 0-20 10
Sweet Potatoes 30 60 90 90 60 0 60 60
Tobacco® 35-40 0-40 35-80 50 0 (4} 0 0
Wheat 20 80-100 100-120 110 0-20 0 0-20 10

aUnless otherwise noted, amounts reported for application at planting, at sidedressing, and range arc from North Carolina State University,

College of Agriculture and Life Sciences (1991).
bBiological fixation (Craig and Kuenzler, 1983).
¢Flue-cured; does not include plant bed fertilizer.

similar to that described for crop allocation. Livestock
inventories were multiplied by estimates of annual
per-animal waste nutrient content from Barker (1991;
Table 6), and waste nutrient loads were summed for
all livestock types in a drainage basin to estimate
total livestock-related nutrient generation. The
assumption was made that all animal feed is import-
ed into the basin (J. Barker, North Carolina State
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University, oral communication, 1996), and that all
waste 1s land applied.

Nutrient Inputs: Point Sources

Because of limits in available data, different meth-
ods were used to estimate the 1990 total nitrogen and

JAWRA
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TABLE 5. Two Methods of Estimating Fertilizer Nutrient Inputs at National Stream Quality Accounting
Network Stations in the Albemarle-Pamlico Drainage Study Area (from Harned et al., 1995).

[Comparison of estimates are from recommended fertilizer application rates and county-based fertilizer sales information
(College of Agriculture and Life Sciences, 1991). Estimates are presented in tons of elemental nitregen (N) or Phosphorus (P).]

Difference in

Fertilizer Estimated
Application Fertilizer Nutrient
Rate Sales Inputs
Map Method Method (in percent)
Location [A] [B] [(B-A)/A]
Station Name (Figure 1) N P N P N P
Blackwater River near Franklin, VA 1 2,010 255 2,705 778 34.6 205.2
Contentnea Creek at Hookerton, NC 6 5,770 655 9,075 1,836 57.3 180.3
Meherrin River at Emporia, VA 3 465 50 1,435 413 208.6 725.6
Neuse River at Kinston, NC 7 9,730 1,095 19,075 3,857 96.0 252.2
Nottoway River near Sebrell, VA 2 2,320 290 3,885 1,118 67.5 285.5
Roancke River at Roanoke Rapids, NC 4 6,920 525 22,170 5,708 220.4 987.3
Tar River at Tarboro, NC 5 6,535 670 13,274 2,684 103.1 300.7
TABLE 6. Nutrients Produced in Animal Wastes.
{McMahon and Lloyd, 1995; Units of measure are in pounds per animal per year.]
Cattle Chickens
All All
Nutrient Cattle Dairy Beef Chickens Layers Broilers Hogs Turkeys
Fisher et al. (1988)
Nitrogen 75.8 122.7 60.9 - 0.95 0.77 31.9 3
Phosphorus - - - - - - - -
North Carolina Department of Natural Resources and Community Development (1985)
Nitrogen 142.7 237.2 113.1 — 1.46 0.73 21.9 7.3
Phosphorus 33.5 47.5 29.2 - .37 .18 7.3 1.8
Barker (1991)
Nitrogen 106.5 156 90.8 0.9 0.95 0.89 20.3 2
Phosphorus 26.7 32.8 24.8 .26 34 25 6.6 .79

total phosphorus loads generated by point-source dis-
chargers in Virginia and North Carolina. Permitted
dischargers in both states were primarily municipal
wastewater-treatment plants. The Virginia Water
Control Board supplied daily discharge data for 106
permitted point-source dischargers in the Virginia
portion of the Albemarle-Pamlico drainage basin,
along with Standard Industrial Codes (SIC) describ-
ing the type of activity, such as a municipal wastewa-
ter-treatment plant, associated with each permit
(Robert McEarren, Virginia Water Control Board,
written and oral communication, April 1993). These
facilities discharge approximately 170 million gallons
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per day (Mgal/d) of waste effluent. The number of dis-
charge measurements reported by each discharger
ranged from 2 to 48 during 1990. Annual nutrient
load estimates were obtained by (1) calculating the
median value of the daily discharge values, (2) multi-
plying the median value by a total nitrogen and total
phosphorus concentration value based on the SIC to
estimate daily nutrient loads (National Oceanic and
Atmospheric Administration, 1993), and then (3) mul-
tiplying the product obtained in step 2 by 365 (days).
The North Carolina Department of Environment,
Health, and Natural Resources, Division of Environ-
mental Management, supplied 1990 monthly average

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



Nutrient Mass Balance for the Albemarle-Pamlico Drainage Basin, North Carolina and Virginia, 1990

discharge and nutrient concentration data for 172
point-source dischargers in the North Carolina
drainage basins that reported discharges in 1990.
These facilities’ combined discharge was approximate-
ly 280 Mgal/d. Most dischargers had monthly average
flow and concentration data for all 12 months of 1990,
and there was a small, but statistically significant,
negative correlation between flow and concentration
for these dischargers. For these dischargers, monthly
load estimates were calculated by multiplying the
average daily discharge for a given month by the
average total nitrogen and total phosphorus concen-
tration values for the same month. Monthly load esti-
mates for each discharger having a 12-month data set
were summed over the entire year. For dischargers
having less than 12 months of 1990 data, annual
nutrient loads were calculated in the same manner as
those for Virginia dischargers. The median of all
reported daily discharge data for a discharger was
multiplied by the median total nitrogen and phospho-
rus concentrations for the same discharger in order to
estimate daily loads, and these loads were summed to
produce an annual estimate.

Nutrient Outputs: In-Stream Loads

In-stream loads for 1990 were estimated for the
annual mass of total nitrogen and total phosphorus
transported past each station. Estimates also were
made for nutrients removed from each basin by crop
harvest. Finally, a nutrient residual estimate was
made by subtracting nutrients removed from the
basin (by stream transport or by crop harvest) from
the total 1990 estimated nutrient inputs.

The total mass of a constituent transported by a
stream is correlated with the quantity of streamflow
(Belval et al., 1994)). When calculating loads, it is
desirable {o have water-quality samples representing
all parts of the flow regime of a stream, especially the
less frequently occurring high-flow periods when a
high proportion of annual sediment and nutrient load
are transported by the stream.

Annual loads of total nitrogen and total phospho-
rus were calculated for water years 1980-92. A log-lin-
ear regression model was used to produce
minimum-variance unbiased estimates (MVUE) of
seven parameters that were used, in turn, to estimate
loads (Cohn et al., 1989, 1992). The dependent vari-
able, constituent load, is based on concentrations of
total nitrogen and total phosphorus and, thus, reflects
contributions of sediment-related nutrients. Explana-
tory variables include a constant, and two flow-depen-
dent parameters, two parameters for time trends, and

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

two parameters for seasonal effects (Harned et al.,
1995). The 1980-92 time period included a wide range
of annual-mean discharges. The lowest annual-mean
discharges at all eight stations for the period of record
occurred during water years 1980-92. At least one of
the highest ten annual-mean discharges was recorded
at each of the eight stations during 1980-92. Although
low and high annual-mean discharges were recorded
during the load estimation period, the flow duration
curve for 1980-92 is similar to the flow duration curve
for the period of record at each of the eight stations.

While the discharge record during the time period
for a load analysis adequately represents extreme
flow regimes, the accuracy of load calculations
depends on the availability of constituent samples
that are distributed throughout low, medium, and
high streamflows. The percentage of nutrient samples
collected during high streamflows (flows of less than
10-percent duration of the daily mean discharge)
ranged from 4 to 14 percent of the total number of
samples collected at each of the eight stations during
water years 1980-92 (Figure 2). The percentage of
nutrient samples collected during low streamflows
(flows of greater than 89-percent duration of the daily
mean discharge) ranged from 2 to 14 percent of the
total number of samples collected.

Nutrient Outputs: Crop Harvest and Residual

Estimates of nitrogen and phosphorus removal
were made by allocating 1990 county-level crop har-
vest data to the eight basins using the same tech-
nique described for allocating crop acreage data. Data
for average nutrient content of harvested crop materi-
als were used in conjunction with harvest estimates
to calculate harvest nutrient removal (Zublena, 1991).

A residual term is calculated as the difference
between total nutrient inputs and the sum of in-
stream load and crop harvest categories. This catego-
ry represents nutrients that otherwise cannot be
accounted for in the mass balance because of a lack of
knowledge about terrestrial and aquatic nutrient
cycling associated with processes such as denitrifica-
tion, retention in forest ecosystems, uptake by stream
biota, soil and streambed storage, and losses to
ground water. This category also arises due to uncer-
tainty in estimates of the input and output categories
used in this study
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Figure 2. Number of Total Nitrogen and Phosphorus Samples Corresponding to the Duration of Daily
Main Discharge for National Stream Quality Accounting Network Stations in the
Albemarle-Pamlico Drainage Study Area (Harned et al. 1995).

RESULTS
Nutrient Inputs: Atmospheric Deposition

Examined in terms of total nutrient input percent-
ages (Table 7), atmospheric sources of nitrogen
ranged from nearly 11 to 44 percent and, on average,
made up 27 percent of total nitrogen inputs in the
eight basins in 1990, Atmospheric phosphorus inputs,
as a percent of total phosphorus inputs, ranged from
about 8 to 31 percent and averaged 22 percent of
phosphorus inputs for the eight basins. Measured as a
percent, of all inputs, atmospheric nitrogen inputs, on
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average, were the largest input category, while atmo-
spheric phosphorus inputs, on average, are less
important than commercial fertilizer and animal
waste.

The areal nitrogen deposition rate was relatively
constant; higher rates reflected increased deposition
associated with urban areas or higher elevations
(Table 8; Figure 3). Atmospheric nitrogen inputs aver-
aged 1.93 ton/mi2 and total phosphorus inputs aver-
aged 0.19 ton/miZ across the eight basins. On average,
areal atmospheric nitrogen deposition rates were
greater than animal waste rates, and less than the
rates for fertilizer and nitrogen fixation. Because of
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Nutrient Mass Balance for the Albemarle-Pamlico Drainage Basin, North Carclina and Virginia, 1990

TABLE 7. Summary of Total Nitrogen and Total Phosphorus I

nputs and Outputs, as a Percent of Total Station Nutrient

Inputs, for National Stream Quality Accounting Network Stations in the Albemarle-Pamlico Drainage Study Area, 1990.

[Harned et al., 1995; N, total nitrogen; P,

total phosphorus; —, not applicable.]

HRoanoke
Blackwater Nottoway Meherrin River Dan Tar Neuse  Contentnea
River River River at River River River Creek
Near Near at Roeanoke at at at at
Franklin, Sebrell, Emporia, Rapids, Paces, Tarboro, Kinston, Hookerton,
VA VA VA NC VA NC NC NC
Category N P N P N P N P N P N P N P N P
Inputs
Atmospheric Deposition 17.9 21.0 255 26.1 398 305 38.1 255 440 309 206 169 209 149 109 79
Commercial Fertilizer 31.9 46.6 22.9 28.7 13.8 11.0 16.2 8.6 17.8 9.1 316 279 349 326 438 378
Nitrogen Fixation 40.3 — 35.2 - 15.8 — 6.2 — 5.1 — 249 - 20.6 — 22.1 -
Animal Waste 9.7 32.0 16.1 436 299 574 34.8 619 254 483 215 529 19.1 481 221 534
Point Sources 2 4 3 1.6 a7 1.1 4.7 4.0 77 117 14 23 4.5 4.4 1.1 .9
Outputs
Crop Harvest 63.8 82.3 47.8 51.0 23.5 18.8 146 132 148 143 359 358 325 344 410 40.1
In-Stream Load 10.1 4.6 8.8 7.4 14.0 8.8 14 .4 48 304 254 144 121 157 99 10.2 9.0
Residual 26.1 13.1 43.4 416 625 724 71.0 820 b54.8 603 49.7 52,1 51.8 557 48.8 50.9

TABLE 8. Summary of Total Nitrogen and Total Phosphorus Inputs and Outputs, in Tons Per Square Mile of Basin Drainage Area,

for National Stream Quality Accounting Network Stations

in the Albemarle-Pamlico Drainage Study Area, 1990.

{Harned et al., 1995; N, total nitrogen; P, total phosphorus.]

Roanoke
Blackwater Nottoway  Meherrin Hiver Dan Tar Neuse Contentnea
River River River at River River River Creek
Near Near at Roanocke at at at at
Franklin, Sebrell, Empeoria, Rapids, Paces, Tarboro, Kinston, Hookerton,
VA VA VA NC VA NC NC NC
Category N P N P N P N P N P N P N P N P
Inputs
Atmospheric Deposition 1.831 0.186 1.816 0.186 1.799 0.186 1941 0.186 1980 0.186 1.949 0.186 2.160 0.186 1.958 0.186
Commercial Fertilizer 3.258 413 1633 204 624 067 825 .063 802 .055 2.994 .307 3.614 407 7.872 .894
Nitrogen Fixation 4.125 .000 2.502 000 0.711 .000 0.317 .000 0.231 .000 2.364 .000 2.129 .000 3.977 .000
Animal Waste 989 284 1144 310 1.349 .349 1.774 450 1,145 .290 2.045 .582 1978 .600 3.977 1.262
Point Sources .023  .003 023 .011 034 .007 243 .029 347 071  .133 .025 0464 .054 205 .020
Total Inputs 10226 .886 7.118 11 4517 609 5.100 .728 4.505 0.602 9.485 1.100 10.345 1.247 17.989 2.362
Outputs
Crop Harvest 6.524 0.729 3.403 0.362 1.060 0.114 0.745 0.096 0668 0.086 3.406 0.392 3.358 0.427 7.374 0.948
In-Stream Load 1.037 .041 627 054 631 .064 734 036 1368 .154 1.368 .133 1.620 .121 1.828 .211
Residual 2.665 .116 3.088 295 2.826 441 3.621 596 2469 .362 4.711 .575 5.367 .699 8.787 1.203

the estimation

methodology, atmospheric total phos-

phorus inputs on a ton-per-square-mile basis were
constant.

Atmospheric input rates, measured in tons of nitro-
gen or phosphorus per square mile of drainage basin
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area, have been estimated for the Neuse, Tar-Pamlico,
and Chowan River Basins (Dodd et al., 1992);
the entire Albemarle-Pamlico drainage basin (Stan-
ley, 1989); the Chowan River Basin (Kuenzler and
Craig, 1986); the upper Potomac River Basin above
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Figure 3. Nonpoint Source (A) Total Nitrogen and (B) Total Phosphorus Inputs, Measured in Tons Per Square
Mile of Basin Drainage Area, for National Stream Quality Accounting Network Stations in the
Albemarle-Pamlico Drainage Study Area, 1990 (Harned et al., 1995).

TABLE 9. Comparison of Nitrogen and Phosphorus Input Loading Rates.

[~, no data.]
Atmospheric
Deposition Crop Fertilizer Animal Waste Point Sources
Total Total Total Total Total Total Total Total
Study Nitrogen Phosphorus Nitrogen Phosphorus Nitrogen Phosphorus Nitrogen Phosphorus

ALBE NASQAN Stations 1.93 0.19 2.7 0.3 1.8 0.52 0.18 0.03
(average for eight basins)
Neuse, Tar-Pamlico, and 3.5 - 2.8 .28 - - - -
Chowan Basins
(Dodd et al., 1992)
Chowan Basin 2.5 .19 4.1 1.3 - - - -
(Kuenzler and Craig, 1986)
Albemarle-Pamlico Drainage - 11 3.7 .88 2.91 .82 12 .04
(Stanley, 1989)
Upper Potomac Basin 3.8 22 2.2 .81 5.8 1.7 29 .09
(Jaworski et al,, 1992)
Chesapeake Bay Drainage 4.08 - 2.7 - - - 71 -
(Fisher and Oppenheimer, 1991)
Natjonal Study of 114 Basins
(Puckett, 1995)

Western U.S. 49 - 20.83 2.40 7.51 1.80 .00 .00

Central U.S. 1.11 - 9.77 1.09 4.03 1.06 .46 .09

Southeastern U.S. 1.83 - 11.54 1.31 5.46 2.06 14 .03

Northeastern U.S. 2.83 - 6.57 1.94 10.37 2.40 .29 .03

Washington, D.C. (Jaworski ef al., 1992); the entire
Chesapeake Bay drainage area (Fisher and Oppen-
heimer, 1991); and for 114 drainage basins across the
continental United States (Puckett, 1995) (Table 9).
Nitrogen deposition rates for the eight basins were
generally similar or lower than the deposition rates in
these studies. Deposition rates in basins located in
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the western and central regions of the United States
were lower than those calculated for the Albemarle-
Pamlico NASQAN stations (Puckett, 1995), Atmo-
spheric total phosphorus input rates in the other
studies that measured or calculated these rates were
similar to those used for the stations.
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Nutrient Inputs: Crop-Related

Estimates of crop fertilizer nutrients ranged from
about 14 to 44 percent of total basin nitrogen inputs
and represented, on average, 27 percent of total nitro-
gen inputs. Nitrogen fixation inputs ranged from
about 5 to 40 percent of total basin nitrogen inputs,
and averaged 21 percent for the eight basins (Table
7). Phosphorus from commercial fertilizer ranged
from about 9 to 47 percent of total phosphorus inputs,
and averaged about 25 percent of total inputs.

On a tons-per-square-mile-per-year basis, combined
crop-related nitrogen fertilizer and nitrogen fix were
the largest sources of nitrogen in six of the eight
basins (Table 8; Figure 3). The highest areal nitrogen
fertilizer input rates were in the Contentnea (7.9
ton/mi2), Neuse (3.6 ton/mi2), and Blackwater (3.3
ton/mi2) Basins. The highest areal input rates of bio-
logical nitrogen fixation are in the Contentnea (3.9
ton/mi2), Blackwater (4.1 ton/mi2), and Nottoway (2.5
ton/mi2) Basins. Almost 90 percent of the Blackwater
Basin crop acreage was devoted to corn, soybeans and
peanuts, with high percentages of these high nitrogen
using or fixing crops among the total crop acreages of
the Nottoway (80 percent), Contentnea (almost 70
percent), and the Neuse (more than 60 percent)
Basins (Table 3). Across the eight basins, the average
1990 input rates for nitrogen and phosphorus were
2.7 and 0.30 ton/mi2, respectively, while the average
rate for nitrogen fixation was 2.0 ton/mi2,

Crop fertilization input rates, measured in tons per
square mile of drainage basin area, also have been
estimated in a number of other studies (Table 9).
Although these rates were generally comparable to
the average nitrogen fertilization rate for the eight
basins, agricultural nitrogen-input rates for the
Chowan (Kuenzler and Craig, 1986) and for the entire
Albemarle-Pamlico drainage areas, including the land
area adjoining the estuaries (Stanley, 1989), were
higher than the input rate used at the stations. The
high level of agricultural activity in these areas near
the estuaries may have exerted a greater influence on
estuary water-quality than nitrogen originating in
areas upstream from the stations. Nitrogen and phos-
phorus fertilizer rates for the national study (Puckett,
1995) were estimated using fertilizer sales informa-
tion, rather than using recommended application
rates, and differed by as much as an order of magni-
tude from estimates for the basins.

Nutrient Inputs: Animal Waste

Animal-related nitrogen inputs ranged from
about 10 to 35 percent of total nitrogen inputs, and
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averaged 22 percent for the eight drainage areas
(Table 7). Phosphorus loads from animal waste
ranged from 32 to 62 percent of total phosphorus
inputs, and averaged 50 percent for the eight basins
(Table 7). These data indicate that phosphorus
derived from animal waste was the largest source of
phosphorus inputs, as is also evident for phosphorus
inputs on a tons-per-square-mile basis (Table 8; Fig-
ure 3). Animal-waste phosphorus inputs averaged
0.52 ton/mi2 in 1990, while nitrogen inputs averaged
1.8 ton/mi2.

Nutrient Inputs: Point Sources

In 1990 point-source contributions of total nitrogen
ranged from 0.2 percent of total nitrogen inputs in the
Blackwater River Basin to 7.7 percent in the Dan
River Basin, and averaged 3 percent; whereas, point-
source phosphorus contributions at the same stations
ranged from 0.4 percent of total phosphorus inputs to
11.7 percent, and averaged 3 percent (Table 7). The
Neuse River Basin had the highest point-source areal
loading rate for nitrogen inputs (0.46 ton/mi2), while
the Dan River Basin had the highest areal input rate
for phosphorus (0.07 ton/mi2). Point-source contribu-
tions averaged 0.18 and 0.03 ton/mi2 for nitrogen and
phosphorus, respectively.

In four of the eight basins, point sources contribut-
ed relatively small amounts of nutrients, when point-
source inputs were considered as a percent of
in-stream load (Figure 4). Point sources of nitrogen
accounted for less than 10 percent of in-stream nitro-
gen load in four of the eight basins and less than 50
percent of the in-stream load in all eight basins. Point
sources of phosphorus contributed less than 10 per-
cent of in-stream phosphorus loads in two of the eight
basins, and less than 50 percent of in-stream load in
seven of eight basins. In the Roanoke Basin, samples
were taken immediately downstream from a series of
impoundments, so that in-stream phosphorus loads
were dominated by dissolved phosphorus species
rather than sediment-attached phosphorus. In seven
of the eight basins, point sources of phosphorus con-
tributed more to in-stream nutrient loads than point
sources of nitrogen. The point-source proportion of
total basin inputs were comparable to the proportions
reported in Puckett (1995) and suggest that nonpoint
sources were the dominant sources of in-stream nutri-
ent loads in the eight basins.

Point-source nutrient input rates, measured in tons
per square mile of drainage basin area, also have
been estimated in several other studies (Table 8). The
nitrogen and phosphorus input rates estimated for
the Albemarle-Pamlico Basin (Stanley, 1989) and the
basins in the southeastern United States (Puckett,
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1995) were comparable to the point-source input rates
for the eight stations. The higher rate in Fisher and
Oppenheimer (1991) reflected the inclusion of the
Washington, D.C., point-source discharges.

Nutrient Outputs: In-Stream Nitrogen Loads

During the period for which the load estimation
model was calculated, total nitrogen concentrations
were generally less than 3 milligrams per liter [mg/L]
(Harned et al., 1995). Streams in this region that are
relatively unaffected by human activity might be
expected to have total nitrogen concentrations no
higher than 0.7 to 1.2 mg/L (Simmons and Heath,
1979; Caldwell, 1992).

In-stream loads of total nitrogen and total phospho-
rus, representing the mass of a constituent moving
past a station during a year, are reported for 1990 as
an areal rate (Tables 8, 10). In-stream annual nitro-
gen loads for 1990 ranged from 0.62 ton/mi2 in the
Nottoway Basin, to 1.8 ton/mi2 in the Contentnea
Basin, and averaged 1.1 ton/mi2 in water year 1990.

The mean annual in-stream nitrogen loads for
1980-1992 and the loads for water year 1990 varied

according to the intensity of agricultural and popula-
tion density (Table 10). The highest loads were report-
ed at Contentnea Creek, a predominantly agricultural
basin. Next in magnitude were the Neuse, Dan, and
Tar River Basins, which were agricultural basins hav-
ing relatively high population densities as well as
similar basin sizes and flow regimes.

In-stream nitrogen loads in the Neuse, Tar, and
Dan River Basins were comparable, even though the
Neuse and Tar River Basins had higher overall nitro-
gen input rates than the Dan River Basin (Table 8).
The higher than expected in-stream loads in the Dan
River Basin could be related to the relative impor-
tance of point-source nutrients in this basin, mea-
sured as a percent of all nutrient inputs (Table 7) and
as a percent of in-stream nutrient loads (Figure 4).
Because point-source inputs are introduced directly
into the water body, their impact may be dispropor-
tionately larger than more diffuse nonpoint nutrient
sources.

The Blackwater River Basin data indicated evi-
dence of relatively low in-stream nitrogen loads,
despite having the third highest nitrogen input rate
among the basins. The Blackwater River is a low-
gradient Coastal Plain stream, and the relatively

TABLE 10. Annual In-Stream Loads of Total Nitrogen and Total Phosphorus at National Stream
Quality Accounting Network Stations in the Albemarle-Pamlico Drainage Study Area.

(Harned et al., 1995; Basin Types: Agriculture: greater than 40 percent agricultural land use, less than 40 percent
forested, less than 10 percent developed; Agriculture/Urban: greater than 25 percent agricultural, population
density greater than 100 people per square mile; Agriculture/Forest: greater than 50 percent forested, less
than 40 percent agricultural, less than 10 percent developed; ton/mi2, tons per square mile.]

Nitrogen Loads Phosphorus Loads
(ton/mi2) (ton/mi?2)
1980-1992 1980-1992
Map Mean Mean
Location Annual 1990 Annual 1990
Station Name (Figure 1) Load Load Load Load
Agriculture

Contentnea Creek at Hookerton, NC 6 1.6 1.8 0.21 0.21
Agriculture/Urban

Dan River at Paces, VA 8 1.02 1.37 .14 .15

Neuse River at Kinston, NC 1.26 1.62 .13 12

Tar River at Tarboro, NC 1.00 1.37 12 .13
Agriculture/Forest

Blackwater River near Franklin, VA 1 .86 1.04 .03 .04

Meherrin River at Emporia, VA 3 .57 63 .05 .05

Nottoway River near Sebrell, VA 2 .58 .62 .04 .05

Roanoke River at Roanoke Rapids, NC 4 .53 .73 .03 .04
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large area of riparian wetlands could enhance nitro-
gen processing by denitrification and by providing
opportunities for uptake by riparian vegetation
(Kuenzler and Craig, 1986).
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Figure 4. Point Source Nitrogen and Phosphorus as a
Percent of Instream Nutrient Loads for Stations in
the Albemarle-Pamlico Drainage Study Area.

In-stream nitrogen loads, as a percent of total
nitrogen inputs, ranged from about 9 percent in the
Nottoway Basin to about 30 percent in the Dan River
Basin, and averaged 15 percent of total nitrogen
inputs (Table 7). This average is close to the 17 per-
cent river export proportion reported by Jaworski et
al. (1992) for the upper Potomac River Basin.

Nutrient Outputs: In-Stream Phosphorus Loads

During the period for which the load estimation
model was calculated, total phosphorus concentra-
tions were generally less than 0.10 mg/L at half the
stations and generally less than 0.40 mg/L at the
remaining stations (Harned et al., 1995). Streams in
this region that are relatively unaffected by human
activity might be expected to have total nitrogen con-
centrations no higher than 0.03 to 0.04 mg/L (Sim-
mons and Heath, 1979; Caldwell, 1992).

Estimated annual total phosphorus leads in the
eight basins during water years 1980-1992 ranged
from 0.03 to 0.21 ton/mi2 (Tables 8, 10). In-stream
total phosphorus loads in 1990 ranged from 0.04
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ton/mi? in the Roanoke and Blackwater Basins to 0.21
ton/mi2 in the Contentnea Basin, and averaged 0.1
ton/mi2 in 1990.

When examined by land-use category, these loads
followed a pattern similar to that of nitrogen loads.
In-stream total phosphorus loads, as a percent of total
phosphorus inputs, ranged from 4.6 percent in the
Blackwater Basin to more than 25 percent in the Dan
River Basin, which has higher gradient streams and
the steepest slopes of the eight basins (Table 7). The
high in-stream total phosphorus loads at the Dan
River station may be related to simultaneously high
suspended-sediment loads at this station and to the
relative importance of point sources of phosphorus
(Tables 7, 8; Figure 4; Harned et al., 1995). In-stream
fluxes in the basins averaged 10 percent of the total
estimated 1990 phosphorus inputs, a proportion com-
parable to the 8 percent reported by Jaworski et al.
(1992).

The Contentnea Basin, which had the highest
phosphorus input rate, also had the highest in-stream
phosphorus loading rate (Tables 8, 10). Intermediate-
level in-stream phosphorus loads occurred in the Dan,
Neuse, and Tar River Basins, although there was a
relatively low phosphorus input rate in the Dan River
Basin. Lowest total phosphorus loads occurred in the
Blackwater, Meherrin, Nottoway, and Roanoke River
Basins. Low in-stream loads in the Roanoke and
Meherrin Basins could be a function of reservoirs
immediately upstream from the sampling sites for
these basins, because the reservoirs would lower sedi-
ment-attached phosphorus loads at downstream sam-
pling sites.

In-stream phosphorus loads for the four basins
with the highest loads (Tables 8, 10) were comparable
to annual loads measured for the upper Potomac
River Basin above Washington, D.C. (0.23 ton/mi?;
Jaworski et al., 1992), for the Tar River Basin (0.11
ton/miZ; Research Triangle Institute, 1994), and for
the central United States (0.14 ton/mi2; Puckett,
1995), respectively. Phosphorus load estimates in
these same four basins were higher than southeast-
ern regional in-stream total phosphorus load esti-
mates calculated by Smith et al. (1993) and Puckett
(1995). Smith et al. (1993) divided the continental
United States into 14 regions and calculated in-
stream phosphorus loads for each region during a
similar time period using the same load estimation
technique as this study. Puckett (1995) allocated data
collected at 114 basins to one of four regions in the
United States and calculated a median value for each
region. For the South Atlantic Region, Smith and oth-
ers (1993) reported a mean total phosphorus load of
0.092 ton/mi2, whereas Puckett (1995) reported a
median annual in-stream total phosphorus load of
0.06 ton/mi2, These rates were less than the in-stream
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phosphorus loads estimated for agricultural and agri-
cultural/urban basins in the Albemarle-Pamlico
drainage area but were greater than the loads report-
ed in the agricultural/forested basins. At the national
level, the highest annual in-stream total phosphorus
load reported by Smith and others (1993) was for the
Upper Mississippi region (0.157 ton/mi2), while the
highest rate reported by Puckett (1995) was for the
central region of the United States (0.14 ton/mi2).
Both of these rates are lower than the 0.211 ton/mi2
estimated for the Contentnea Creek Basin.

Smith ef al. (1993) also reported loads for basins
having different predominant land uses and different
predominant crop types. In this national study, agri-
cultural basins having a predominance of corn and
soybeans (over 50 percent of row crop area per basin)
had the highest total phosphorus loads (0.163
ton/mi2) followed by urban basins (0.119 ton/mi2). The
Albemarle-Pamlico basins located where corn and
soybeans comprise more than 50 percent of total crop
acreage (Contentnea, 64 percent; Neuse, 61 percent;
Meherrin, 59 percent; and Nottoway, 58 percent) had
in-stream phosphorus loads less than the national
load estimate, except for Contentnea Creek where
more than half of the drainage area was devoted to
agriculture. The relatively low phosphorus loads in
the agriculture/forested basins (Table 9) could be
explained by the influence of reservoirs (Meherrin
and Roanoke Basins), the high proportion of forested
land in each basin, and the intermixed pattern of
agricultural fields and forested land, which may miti-
gate phosphorus movement associated with sediment
transport (Hunsaker and Levine, 1995).

Nutrient Outputs: Crop Harvest and Residual

Crop harvest removed, on average, slightly more
than one-third of agricultural nitrogen and phospho-
rus inputs (crop fertilizer, nitrogen fixation, and ani-
mal waste). This was a larger proportion of total
nutrient inputs removed by crop harvest than was
reported for the upper Potomac Basin (Tables 7, 8).
The magnitude of the residual category, averaging
approximately 50 percent of total inputs for nitrogen
and phosphorus for the basins, was lower than the
approximately two-thirds proportion reported for the
residual category in the Potomac Basin (Jaworski et
al., 1992) and for four small basins in the Coastal
Plain of Georgia (Lowrance and Leonard, 1988).

JAWRA

CONCLUSIONS

Several conclusions can be drawn from this analy-
sis related to (1) the relative importance of nonpoint
sources of nutrients, (2) the equal importance of atmo-
spheric nutrient inputs relative to other nonpoint
source nutrients, (3) the general need for better nutri-
ent management in agriculture, (4) the large amounts
of nitrogen and phosphorus that cannot be directly
accounted for and which may represent a large accu-
mulation of these nutrients in the basin, and (5) spe-
cific mass balance components where better
information could make a mass balance approach
more useful in understanding the relative importance
of point- and nonpoint-sources of nutrients (Figure 5).
First, point-source nutrient inputs consistently com-
posed a very small proportion of total nutrient inputs
in the eight basins. Measured as a percent of total
nutrient inputs, nitrogen from point sources ranged
from 0.2 to 7.7 percent of total nitrogen inputs, and
averaged 2.6 percent. Point sources of phosphorus
ranged from 0.4 to 11.7 percent of total phosphorus
inputs, and averaged 3.3 percent. With the exception
of one basin, peint source nutrients also composed
less than 50 percent of in-stream nutrient loads.

These small percentages may be misleading, how-
ever, in indicating the relative importance of point
sources of nutrients for water quality. The Dan River
Basin, which had substantially higher point-source
nutrient inputs than the other basins (measured as a
percent of total nutrient inputs), also had the highest
in-stream loads of these nutrients, measured as a per-
cent of total nutrient inputs (Table 7). As a percent of
total nutrient inputs, the point-source inputs and in-
stream loads in the Dan River were almost twice as
high as those in the Roanoke and Neuse River Basins,
which had the next highest point-source inputs and
in-stream nutrient loads. This suggests that even
though point sources may constitute a small propor-
tion of overall nutrient inputs, because they are dis-
charged directly into water bodies, they may have a
disproportionate impact on nutrient loads. The impor-
tance of point-source loadings in the Dan, Roanoke,
and Neuse Basins also is reflected in the relative pro-
portion of in-stream nutrient loads associated with
point sources (Figure 4). At the Roanoke stream gage,
located immediately downstream from a large series
of reservoirs, point sources of phosphorus compose
over 80 percent of total in-stream phosphorus load. It
is likely that the in-stream load is associated primari-
ly with dissolved phosphorus, which is not trapped
with the same efficiency in the reservoirs as sedi-
ment-attached phosphorus species. This dissolved
fraction is more likely to be associated with effluent
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Figure 5. Average Nutrient Inputs and Outputs for the Eight Basins, as a Percent of Total
Nutrient Inputs. (N — total nitrogen; P — total phosphorus; numbers in
input and output categories may not add to 100 due to rounding.)

discharges than nonpoint sources. These results sup-
port the merit, from a water-quality standpoint, of
historical management efforts to reduce point sources
of nutrients.

Several characteristics of the allocation of nutrient
inputs among the nonpoint-source categories are
noteworthy. First, atmospheric sources of nitrogen
and phosphorus, as a percent of total nutrient inputs,
are comparable to nutrient inputs from crop fertilizer.
Despite the general importance accorded to crop
nutrients in many water-quality management efforts,
the success of efforts to manage agricultural nutrients
has been limited historically for political reasons and
because of the practical difficulties of managing the
myriad of individual decisions that underlie the gen-
eration of nonpoint sources of any constituent (Knop-
man and Smith, 1993). Atmospheric nutrient sources
are even more dispersed in space and time than agri-
cultural sources of these constituents; consequently,
the relative importance of atmospheric inputs creates
an especially difficult challenge for developing
nonpoint-source nutrient management plans.

Another notable characteristic of nonpoint nutrient
inputs is the magnitude of animal waste-related
inputs, especially phosphorus, which average 50 per-
cent of all phosphorus inputs across the eight basins.
The significance of this finding is heightened by the
rapid growth in the livestock industry that has
occurred in the Albemarle-Pamlico drainage since
1987, the fact that a large portion of the feed stock is
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imported into the basin (J. Barker, North Carolina
State University, oral communication, 1996), the rela-
tively small amount of phosphorus fertilizers required
for the mineral soils present in many agricultural
areas of these drainage basins (J. Zublena, North
Carolina State University, oral communication, 1993),
and the fact that, at least on a seasonal basis, phos-
phorus is the limiting nutrient for phytoplankton pro-
ductivity in many waters of the drainage basin (Paerl,
1987).

Achieving optimum crop yields without applying
excessive nutrients is a goal of farmers for both eco-
nomic and environmental reasons (Baird, 1990;
Zublena, 1991). The excess of available agricultural
nutrients in the eight basins, relative to nutrients
removed by crop harvest, confirms the general impor-
tance of efforts undertaken to promote nutrient man-
agement (Zublena and Barker, 1991).

Finally, the residual category is larger than any of
the other categories. The size of this category indi-
cates the potential of a large mass of accumulated
nitrogen and phosphorus in the estuary drainage sys-
tem, but it is impossible to know with any certainty
the extent to which this accumulation actually exists,
The measurement or calculation of many of the mass
balance variables is an inexact process, and to some
extent, the residual category is an indication of the
uncertainty and error associated with estimating the
other mass balance compartments. For example, val-
ues for important agricultural input and output terms
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were calculated assuming that county-level data
about crops and livestock could be allocated to
drainage basins according to the proportion of agricul-
tural land estimated to lie within the drainage bound-
ary. If this assumption is unwarranted, or the mapped
land-use data used to make this allocation is incor-
rect, error is introduced that can influence the size of
the residual term. The county agricultural statistical
summaries themselves contain measurement-related
uncertainty, although estimates of this uncertainty
are not available for county-level data (C. Hayes,
North Carolina Department of Agriculture, oral com-
munication, 1996). Uncertainty exists in the rate for
nitrogen fixation, fertilizer use, animal-waste nutri-
ent content and, indeed, for most other factors used in
the study.

The fact that, on average, half of the input nutri-
ents cannot be accounted for by either in-stream loads
or crop harvest indicates the need for improved esti-
mates of the input and output components of a mass
balance and, perhaps, the need for estimating addi-
tional mass balance compartments to account for den-
itrification and storage in soils, ground water, and bed
sediments. The need for better estimates is especially
acute for the animal-waste input category. Some dou-
ble counting probably exists for nutrient inputs asso-
ciated with fertilizer used to grow crops consumed by
animals within the basin, but it is not possible to esti-
mate the extent of this double counting with the
available data. Delivery of animal-waste nutrients is
dependent on factors such as the extent to which live-
stock operations are concentrated, use of locally pro-
duced or imported food stocks, locations of livestock
relative to stream networks, timing of application of
stored animal wastes, availability of land on which
animal waste can be applied, and capabilities of the
soil and vegetative cover to utilize or store the nutri-
ents contained in waste (Frissel, 1978; Robbins et al,,
1972). Relatively few studies have been conducted
concerning the transport and fate of nutrients related
to animal waste in watersheds. Robbins et al. (1972)
suggest that between 5 and 10 percent of the total
nutrients associated with animal waste actually reach
nearby streams. Removing the remaining 90 percent
of nutrients from the mass balance-type nutrient
accounting system would substantially decrease the
size of the residual category. The results reported by
Robbins ef al. (1972) also reinforce the importance of
point-source nutrient inputs because all point-source
nutrients are delivered directly to the stream net-
work.

Uncertainty also exists in understanding how
nitrogen is processed in the watershed. For example,
the large amount of nitrogen in the residual category
could be indicative of the high rates (70 to 90 percent)
of nitrogen retention reported for forested ecosystems
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(Jaworski et al., 1992). This process could be especial-
ly important, given the significance of atmospheric
nitrogen inputs and the large areas of the basins in
forested land cover. The size of the residual term also
reflects the fact that denitrification is not explicitly
calculated in the mass balance. Kuenzler and Craig
(1986) indicate that denitrification rates as high as 17
ton/mi2 have been reported on some poorly drained
Coastal Plain soils. Uncertainty also exists in under-
standing the importance of wetlands in nitrogen pro-
cessing, especially the response of wetland plants to
long-term nitrogen inputs (Waddell, 1989). Better
data on the amount of nutrients entering the basin
and improved understanding of the long-term capabil-
ities of watershed features to process nutrients will
allow more informed evaluations to be made of the
consequences of nutrient management efforts.
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