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ABSTRACT

Although the watershed approach has long been
used to study whole-ecosystem function, it has sel-
dom been applied to study human-dominated sys-
tems, especially those dominated by urban and sub-
urban land uses. Here we present 3 years of data on
nitrogen (N) losses from one completely forested,
one agricultural, and six urban/suburban water-
sheds, and input-output N budgets for suburban,
forested, and agricultural watersheds. The work is a
product of the Baltimore Ecosystem Study, a long-
term study of urban and suburban ecosystems, and
a component of the US National Science Founda-
tion’s long-term ecological research (LTER) net-
work. As expected, urban and suburban watersheds
had much higher N losses than did the completely
forested watershed, with N yields ranging from 2.9
to 7.9 kg N ha ! y! in the urban and suburban

watersheds compared with less than 1 kg N ha™'
y~ ! in the completely forested watershed. Yields
from urban and suburban watersheds were lower
than those from an agricultural watershed (13-19.8
kg N ha~' y~'). Retention of N in the suburban
watershed was surprisingly high, 75% of inputs,
which were dominated by home lawn fertilizer
(14.4 kg N ha—' y~') and atmospheric deposition
(11.2 kg N ha™' y™!). Detailed analysis of mecha-
nisms of N retention, which must occur in the
significant amounts of pervious surface present in
urban and suburban watersheds, and which include
storage in soils and vegetation and gaseous loss, is
clearly warranted.

Key words: nitrogen; nitrate; watershed; urban;
mass balance; long-term ecological research.

INTRODUCTION

The watershed approach has long been fundamen-
tal in ecosystem ecology (Likens 1992; Golley
1993). This approach allows for evaluation of
whole-ecosystem nutrient-cycling function
through quantification of inputs and outputs, is
ideal for comparison of different ecosystems, and
has been extensively used for assesment of the ef-
fects of disturbance on ecosystem function (Likens
and Bormann 1995). The watershed approach is
useful for bridging the gap between basic and ap-
plied science, providing data at a scale relevant to
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management of land for protection of receiving wa-
ters (Howarth and others 1996; Smith 1998).
Interest in the ecology of human-dominated eco-
systems has increased in recent years. In the 1970s,
ecologists began to study agricultural ecosystems
(Loucks 1977; Robertson and Paul 1998) and, in the
1980s they began to focus on human settlements or
urban ecosystems (McDonnell and Pickett 1990).
Interest in urban ecosystems was driven by recog-
nition that (a) they occupy large areas of the Earth’s
surface and are increasing in size (Frey 1984; World
Resources Institute 1996); (b) they have dynamic
fluxes of water, energy, and nutrients, with impor-
tant implications for water and air quality (Bowen
and Valiela 2001; Paul and Meyer 2001; Rose and
Peters 2001; Howarth and others 2002); and (c)
human-environment interactions, a relatively un-
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explored but important topic, are dynamic in cities
and central to the environmental performance of
these areas (Pickett and others 2001). Two urban
ecosystem research sites (Baltimore and Central Ar-
izona—Phoenix) were added to the US National Sci-
ence Foundation’s long-term ecological research
(LTER) network in 1997 (Jensen 1998; Grimm and
others 2000).

Despite the increased interest in urban systems,
there are relatively few data on the basic functional
properties of these ecosystems. The heterogeneity
of urban ecosystems, with a mix of roads, buildings,
grass, water infrastructure, agriculture, and natural
and seminatural ecosystems, has made it difficult to
evaluate basic ecosystem functions relevant to pro-
duction, consumption, decomposition, and nutrient
flux (Sukopp 1990; Pickett and others 1997, 2001).
The interaction of physical, ecological, and social
drivers of urban ecosystem structure and function
has been a particular challenge to analysis of these
ecosystems (Grove and Burch 1997).

Water quality in urban ecosystems has been rel-
atively well studied, with a strong focus on the
effect of storm runoff on receiving water quality
(Heaney and others 1980; Makepeace and others
1995). However, the vast majority of these studies
have been driven by the need for information for
regulatory agencies, and much of the work has
focused on short-term monitoring and storm events
(Field and others 1998). Very few attempts have
been made to evaluate long-term nutrient fluxes
and budgets in urban watersheds with an approach
similar to that taken in LTER [for example, see
Likens and Bormann (1995) and Heaney (2001)].
Long-term flux and budget studies are necessary if
we hope to be able to compare urban ecosystems
with the less intensively managed ecosystems that
dominate the LTER network. Such studies also pro-
vide a useful and unique addition to the database
on pollutant delivery to receiving waters in urban
watersheds. Most importantly, long-term studies
provide opportunities to understand the dominant
factors and processes that affect ecosystem behav-
ior. The ability to differentiate and identify the
dominant drivers of ecosystem change (for exam-
ple, physical, ecological, and social) would advance
our understanding of urban ecosystems.

In mixed land-use watersheds, there is great in-
terest in characterizing the water-quality signal
from different land-use classes, for example, forest,
agriculture, urban/residential (US EPA 1994; Niko-
laidis and others 1998; Valiela and others 2000;
Jones and others 2001; Wickham and others 2002;
Wayland and others 2003). Signals from agricul-
tural and forest land uses tend to be better charac-

terized than from urban uses (Jordan and Weller
1996; Miller and others 1997). There is a great need
to quantify pollutant delivery better from urban
ecosystems to receiving waters and to understand
the factors (for example, altered hydraulics, popu-
lation density, physical setting, and social factors)
that influence this delivery.

In the Baltimore urban LTER (http://beslter.org,
verified 20 March 2004), we are using the water-
shed approach to evaluate integrated ecosystem
function. The LTER research is centered on the
Gwynns Falls, a 17,150-ha watershed that traverses
a land-use gradient from the urban core of Balti-
more City, through older (1900-50) urban residen-
tial areas, through older (1950-80) suburban zones
in the middle reaches, and finally through rapidly
suburbanizing areas and a rural/suburban fringe in
the headwaters in Baltimore County (Doheny
1999). Our long-term sampling network includes
four main channel-sampling sites along the Gw-
ynns Falls stream as well as several smaller (5-1000
ha) watersheds located within or near the Gwynns
Falls. The longitudinal, main channel sites provide
data on water and nutrient fluxes in the different
land-use zones of the watershed (suburban, rapidly
suburbanizing, old residential, and urban core) and
the smaller, more homogeneous, watersheds pro-
vide more focused data on specific land-use types
(forest, agriculture, suburban, and urban).

In this article, we present data from the first 3
years of watershed sampling for the Baltimore LTER
and nitrogen (N) budgets for small forested, agri-
cultural, and suburban watersheds in our study
area. Our objectives were (a) to quantify variation
in N yields among the urban and suburban water-
sheds in the Baltimore area, (b) to evaluate inputs,
outputs, and retention of N in suburban, forested,
and agricultural watersheds, and (c) to compare
these urban and suburban watersheds with the less
intensively human-modified ecosystems studied at
other LTER sites. More detailed analysis of the hy-
drology of our watersheds and relationships be-
tween land use and N dynamics are presented else-
where (Law and others 2004b).

METHODS

Site Description

The Gwynns Falls watershed (76°30', 39°15") lies
predominantly within the Piedmont physiographic
province, and drains 17,150 ha within the Patapsco
River drainage basin (Figure 1). It flows through
Baltimore County and Baltimore City, Maryland, to
the Northwest Branch of the Patapsco River, which
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Figure 1. Baltimore urban LTER (Baltimore Ecosystem
Study) study area in the mid-Atlantic region of the
United States. From Groffman and others (in press).

flows into the Chesapeake Bay. The main channel
of the Gwynns Falls extends from the older, more
densely populated portions of Baltimore City to the
northwest, into progressively less densely popu-
lated suburban and rural portions of Baltimore
County (Figure 2). Watershed population in the
year 2000 was approximately 356,000 people, with
subwatershed densities [estimated from 2000 cen-
sus data (Law and others 2004b) ranging from 2.2
to 19.4 persons/ha. There was a large loss in popu-
lation over the past two decades in the lower (Bal-
timore City) portion of the watershed, with a com-
mensurate increase in the middle to upper areas in
Baltimore County. The rapid conversion of agricul-
tural, forest, and open land to suburban residential
and commercial land use in the middle and upper
portions of the watershed increased impervious
surface areas, which resulted in substitution of nat-
ural hydrologic pathways and processes with engi-
neered drainage and transport systems (Brun and
Band 2001).

A small downstream portion of the Gwynns Falls
watershed lies within the Atlantic Coastal Plain
physiographic province, but our analysis and sam-
pling are restricted to the Piedmont areas to avoid
tidal influences. The topography of the watershed

Gwynn's Fall
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McDonogh

A

Gwynn's Falls at

Villan

Figure 2. Location of Baltimore Ecosystem Study long
term sampling sites in and near the Gwynns Falls water-
shed, which begins in the rural/suburban fringe and ends
in the urban core of Baltimore.

varies from “gently sloping” to “hilly” with locally
steep slopes and bedrock outcroppings within
drainage corridors (Froelich and others 1980). The
Piedmont areas are underlain by igneous and meta-
morphic rocks and are dominated by Legore (fine-
loamy, mixed, active, mesic Ultic Hapludalfs),
Joppa (loamy-skeletal, siliceous, semiactive, mesic
Typic Hapludults), and Sassafrass (fine-loamy, sili-
ceous, semiactive, mesic Typic Hapludults) soils.

The natural forest vegetation of the area (cur-
rently approximately 20% of the watershed) con-
sists mostly of tulip poplar (Liriodendron tulipifera)
and oaks, primarily chestnut (Quercus prinus), scar-
let (Q. coccinea) and white (Q. alba) in the uplands
and red maple (Acer rubrum), ash (Fraxinus pennsyl-
vanica), elm (Ulmus americana), birch (Betula nigra),
and sycamore (Platanus occidentalis) in the lowlands
(Brush and others 1977).

Average annual precipitation is approximately
1060 mm y~ !, and stream discharge is approxi-
mately 380 mm y~ ! (Froelich and others 1980).
The greatest rainfall intensities occur in the summer
and early fall during convective events and occa-
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Figure 3. Monthly runoff at the Gwynns Falls at Villa
Nova (mid-point of the watershed) monitoring station
from October 1998-December 2002.

sional tropical depressions. Precipitation during this
period is about 10% higher than during the remain-
ing three seasons of the year.

Precipitation is exceeded by runoff and evapo-
transpiration losses from April through September,
with a water deficit generally depleting soil and
groundwater levels during this time (O’Bryan and
McAvoy 1966). Maximum evapotranspiration oc-
curs in July, and groundwater reservoirs are re-
charged primarily between mid-September and
March (Froelich and others 1980). In the Gwynns
Falls watershed, the gauge at Villa Nova (midwa-
tershed) has a long-term discharge of 412 mm
(Doheny 1999), about 38% of the total precipita-
tion, with the difference largely attributable to
evapotranspiration (James 1986). Total monthly
runoff (mm d™') at the Villa Nova gauge for the
past 3 years (1 October 1998 to 31 December 2002)
illustrates the flashy runoff pattern typical of urban
watersheds (Figure 3), with peak daily average
storm flows of 43, 88, and 137 m> s~ ! at recurrence
intervals of 2, 5, and 10 years, respectively (Dillow
1996). Seasonal dynamics in annual runoff patterns
are still apparent, however, with lower runoff con-
ditions during the summer and winter months and
higher runoff during the spring and winter months.

Our long-term sampling network includes four
longitudinal sampling sites along the main channel
of the Gwynns Falls, two medium-sized (1414, 381
ha) mixed land-use watersheds, and two small
(7-32 ha) watersheds with relatively homogeneous
land uses (Table 1 and Figure 2). All are located
within the Gwynns Falls watershed, except Pond
Branch, the completely forested small watershed,
and Baisman Run (a suburban watershed), which
are both in the adjacent Gunpowder River water-
shed (less than 20 km from the Gwynns Falls). The
longitudinal, main channel sites provide data on

water and nutrient fluxes in the different land-use
zones along the Gwynns Falls (suburban, rapidly
suburbanizing, old residential, and urban core), and
the smaller, more homogeneous, watersheds pro-
vide more focused data on specific land-use types
(forest, agriculture, suburban, and urban).

Land-use information for study watersheds was
based on year 2000 land-use/land-cover data pro-
vided by Maryland Property View from the Mary-
land Office of Planning. Land-use classification was
based on aerial photography, satellite imagery, and
ancillary parcel data. Geographic Information Sys-
tem (GIS) software (ARCView, ESRI, Redlands, CA,
USA) and GRASS 5.0 was used to derive watershed
boundaries from 5- to 30-m digital elevation mod-
els and estimate the percent of the main channel
stations, segmented, or reach drainage areas were
derived by subtracting the upstream contributing
drainage area (and water volume and loads). These
reach drainages therefore represent local watershed
areas, since the drainage area, flows, and yields of
the next upstream sampling station have been re-
moved.

Discharge Records

Stream gauging stations were built and maintained
by the US Geological Survey (http://water.usgs.
gov/osw/pubs/twri.html verified 20, May 2003) us-
ing methods described in the Techniques of Water-
Resources Investigations of the US Geological
Survey (http://water.usgs.gov/osw/pubs/twri.html,
verified 20 May 2003). All small watersheds were
outfitted with a weir and stilling well to facilitate
accurate stage and discharge measurements. Water-
level stages were recorded at a 3 mm (or better)
resolution, at 5- to 15-min intervals, by using either
a float gauge or pressure transducer. Flows were
derived using stage—discharge rating curves devel-
oped for each site. Low flow ratings were main-
tained with base-flow discharge measurements
conducted at 6-week intervals. High flow discharge
measurements were obtained from nearby bridges
until an acceptable high flow rating was established
or when it was suspected that high flow runoff
events might have altered an existing rating.

Sampling for Stream Chemistry

Sampling locations were usually at or within a few
meters of the gauging stations, ensuring that no
additional tributary flow or seepage was contribut-
ing to the sample. The sampling location at Carroll
Park was an exception in that the sampling point
had to be located about 50 m away from the gauge,
due to safety concerns related to access. The sam-
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Table 1. Characteristics of Gwynns Falls Main Channel Watershed Reaches and Completely Forested,
Agricultural, Suburban and Urban Small and Medium Size Watersheds
Total Reach
Drainage Drainage Population Land Use (%)
Land Use/ Area Area Density
Station Context (ha) (ha) (per ha) Forested Residential Agriculture Impervious
Main channel reaches
Glyndon Suburban 81 81 9.4 4 47 0 22
Gwynnbrook Suburban 1066 985 16.4 11 68 6 17
Villa Nova Suburban/ 8348 7282 12.2 22 50 8 19
urban
Carroll Park Urban 16,278 7930 19.7 17 52 5 27
Small and medium watersheds
Pond Branch Forested NA 323 0 100 0 0
McDonogh Agriculture  NA 7.8 0 0 0 100
Baisman Run  Suburban/ NA 381 1 66 34 1
forest
Dead Run Suburban/ NA 1414 12.6 7 43 41 41
urban

NA = not applicable
From Law and others (submitted).

pling location in each gauge reach was chosen to
ensure adequate mixing of stream flow and an ad-
equate sampling depth. Where taking the sample
might cause suspension of benthic sediments, sam-
pling was done at a weir notch. This was necessary
at the small watershed sites, where water residence
times behind the weirs was short.

During low flow conditions, sampling was done
by wading into the stream or by using an extension
pole from the shore to obtain a sample just below
the surface, in the center of the cross section. Dur-
ing elevated stages, sampling was done just short of
the center or, rarely, when access presented serious
safety problems, from a nearby bridge with a con-
tainer at the end of a rope.

Weekly water-chemistry samples were collected
and stored in 150-mL Nalgene low-density polyeth-
ylene bottles. The day of the week varied, but the
date of sampling was decided the previous week or
earlier, and no attempt was made to avoid wet
weather, so as to retain a random component to the
sampling scheme. Both filtered [nitrate (NO5 )]
and unfiltered (total N) samples were analyzed.
Filtering was done in the field by using a syringe
and 47-pm Whatman (Whatman, Maidstone, Kent,
UK) GF/A glass fiber and 47-pm nylon filters.
Blanks and spikes were processed along with sam-
ples in our laboratory at the University of Maryland
at Baltimore County each week before they were
shipped to the Institute of Ecosystem Studies for
chemical analysis.

Chemical Analyses

Concentrations of NO;~ were measured using a
Dionex LC20 series (Dionex, Sunnyvale, CA,
USA) ion chromatograph (Tabatabai and Dick
1983). Total N was analyzed by persulfate diges-
tion followed by analysis of NO;~ (Ameel and
others 1993). Nitrate in these digests was ana-
lyzed on a Perstorp Flow Solutions 3000 flow-
injection analyzer.

Yield Calculations

Daily loads of N and NO;~ exported from water-
sheds were estimated based on runoff (mm d™')
versus concentration relationships derived from the
weekly chemistry data by using the flow-interval
method as described in Law and others (2004b ).
These relationships were generated from weekly
NO; -concentration data and daily runoff values
for water years 1999-2001. Daily mass loading (g
d™') was then estimated from average concentra-
tion values for a given interval of runoff data. Re-
sidual analyses of the daily load for estimated and
measured weekly values confirmed that a nonbi-
ased estimate of annual loads was achieved. Fur-
ther, the frequency distribution of runoff conditions
for the weekly sample collection was similar to the
annual distribution of runoff conditions. Data from
water years (October—September) 1999, 2000, and
2001 are presented in this article.
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N Budgets

Input-output budgets and estimates of N retention
for forested reference, agricultural, and suburban
watersheds were produced by comparing stream
outputs with inputs from atmospheric deposition
and fertilizer. Inputs of N associated with lawn fer-
tilizer in the suburban watershed were computed
from results from a residential lawn care survey
completed in the fall of 2001 (Law and others
2004a). Fertilizer and N fixation inputs for the ag-
ricultural watershed were estimated from Maryland
Cooperative Extension Service recommended ap-
plication rates for corn (maize) production (water
year 2000) and estimates of N fixation by soybeans
(water years 1999 and 2001) (Maryland Depart-
ment of Agriculture Nutrient Recommendations
by Crop, http://www.mda.state.md.us/nutrient/
nmcrprec.htm, 20 verified May 2003). Inputs of N
from atmospheric deposition were taken from the
US Environmental Protection Agency’s Clean Air
Status and Trends Network (CASTNET) site at
Beltsville, Maryland, approximately 50 km south of
the Gwynns Falls watershed. Both wet and dry N
deposition are measured at this site. At all CAST-
NET sites, atmospheric concentration data to calcu-
late dry deposition are collected with open-faced,
three-stage filter packs with a Teflon filter for col-
lection of particulate species, a nylon filter for nitric
acid, and a base-impregnated cellulose filter for sul-
fur dioxide (Baumgardner and others 2002). Fluxes
associated with food consumption were not in-
cluded in these budgets because there are no inten-
tional discharges of sewage from municipal treat-
ment plants or septic systems into monitored
streams (except for Baisman Run, which has septic
systems). However, unintentional leakage from
sewers is an important source of N in certain
streams (see the Discussion).

RESULTS

Total precipitation was 753 mm (71% of average)
in water year 1999 (October 1998-September
1999), 1274 mm (120% of average) in water year
2000, and 960 mm (90% of average) in water year
2001. Fall precipitation was most variable (34%,
143%, and 66% of normal in 1999, 2000, and
2001, respectively) and winter precipitation was
least variable (87%, 87%, and 75% of normal in
1999, 2000, and 2001, respectively).

As expected, NO5;~ concentrations (Figure 4) and
yields (Table 2) from the completely forested small
watershed were very low relative to the urban and
suburban watersheds. The mean N yield of all the
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Figure 4. Nitrate concentrations in streams draining
completely forested (Pond Branch), suburban (Glyndon)
and agricultural (McDonogh) watersheds in Baltimore
County, MD from October 1998-October 2001.

urban and suburban watersheds (6.7 kg N ha™')
was more than 10 times that of the completely
forested watershed (0.52 kg N ha™'). Fluxes from
the forested and agricultural watersheds were very
similar to fluxes from similar watersheds reported
in the literature (Table 2). The majority of N ex-
ported from the urban and suburban watersheds
was as NO5; The percentage of N exported as NO;
was lowest in the most urban (Carroll Park) and
completely forested watersheds. Ammonium con-
centrations were measured at one sample date and
were less than 0.05 mg N L™! at all sites except
Carroll Park, where they were 0.28 mg N L™'. An-
nual variation in yields was surprisingly low given
marked variation in the amount and distribution of
rainfall during the study.

We computed mean input-output N budgets for
the Glyndon watershed, the 81-ha suburban head-
water subwatershed of the Gwynns Falls water-
shed; McDonogh, the 8-ha agricultural small wa-
tershed; and Pond Branch, the 32-ha forested
referenced watershed for the years 1999-2001 (Ta-
ble 3). Atmospheric deposition (wet plus dry)
ranged from 10.4 to 12.0 kg N ha™ ' y~! from 1998
to 2000, with a mean of 11.2 kg N ha~! y~'.. This
mean value was applied to all three watersheds.
Fertilizer input to lawns in the Glyndon watershed
(14.4 kg N ha™' y~! over the whole watershed
area) was calculated from measurements of lawn
area and a detailed survey of residential lawn-care
practices in the Glyndon watershed (Law and oth-
ers 2004a). Fertilizer inputs to the agricultural wa-
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Table 2. Yields of NO;~ and Total N for Gwynns Falls Watershed Segments and Completely Forested,
Agriculture, Suburban and Urban Watersheds for Water Years 1999, 2000, and 2001. Literature Values for
Similar Forest and Agricultural Watersheds are also Included

Nitrate (kg N ha™'y™!) Total N (kg Nha 'y

Station Land Use/Context 1999 2000 2001 1999 2000 2001
Longitudinal segments

Glyndon Suburban 4.8 5.7 6.1 5.5 6.8 7.3

Gwynnbrook Suburban 6.6 6.8 6.2 7.9 7.4 6.8

Villa Nova Suburban/Urban 5.6 5.6 4.4 6.7 6.3 4.9

Carroll Park Urban 6.3 5.1 3.5 11.4 8.2 6.3
Smaller watersheds

Pond Branch Forested 0.12 0.14 0.11 51 .58 48

McDonogh Agriculture NA 19.8 13.0 NA NA NA

Baisman Suburban 5.2 7.0 4.4 NA 7.2 4.5

Dead Run Urban 3.1 3.0 2.9 5.9 5.5 5.0
Other watersheds

Hubbard Brook' Forested 3.6

Coweeta? Forested < 0.25

Maryland® Forested 4.8

Agriculture® Agriculture 7-30

!Mean export from forested reference watershed from 1963—1974 as reported in Likens and Bormann (1995).

2Mean export from forested reference watersheds from 1972—1994 as reported in Swank and Vose (1997).

’Export from a greater than 97% forested watershed in the Piedmont of Maryland, 1991 as reported in Jordan and others (1997a).

“Export from eight watersheds with percent cropland ranging from 22—60% in the Piedmont of Maryland, 1991 as reported in Jordan and others (1997a).

NA - data not available.
Literature values for similar forest and agricultural watersheds are also included.

Table 3. Inputs, Outputs and Retention of N for
Suburban (Glyndon), Forested (Pond Branch) and
Agricultural (McDonogh) watersheds

Suburban Forested Agriculture

(kg N ha-1 v Y

Inputs
Atmosphere’  11.2 11.2 11.2
Fertilizer? 14.4 0 60
Total 25.6 11.2 71.2
Outputs
Streamflow®> 6.5 0.52 16.4
Retention
Mass 19.1 10.7 54.8
Percent 75 95 77

'Mean deposition (wet plus dry) for 1998 and 1999, the latest data available for
the CASTNET site at Beltsville.

2For the suburban watershed, values are based on a home lawn survey (Law and
others 2004a). For the agricultural watershed, values are estimated from Mary-
land Department of Agricultural recommended fertilizer rates for corn (120 kg N
ha~' y~! in water year 2000) and estimated N fixation rates for soybeans (30 kg
N ha™ 'y~ in water years 1999 and 2001).

Mean total N loads from 1999, 2000, and 2001 from Table 2.

tershed were computed from Maryland Coopera-

tive Extension Service recommended application

rates for maize production (120 kg N ha™ ! y™' in

water year 2000) and estimates of N fixation by
soybeans (30 kg N ha™' y~! in water years 1999
and 2001), for a mean annual input of 60 kg N ha™*
y~'. Watershed retention of N was estimated as
95% in the forested watershed, 77% in the agricul-
tural watershed, and 75% in the suburban water-
shed. The retention estimate encompasses N stored
in soils and vegetation, gaseous losses, and harvest
and export of crops and residential grass clippings
and leaves.

DiscussioNn

As expected, the urban and suburban watersheds
had high N fluxes relative to the completely for-
ested watershed and to other forested sites. Yields of
N in stream water in the completely forested wa-
tershed were similar to yields from forested water-
sheds at other LTER sites—for example, Hubbard
Brook, New Hampshire (Likens and Bormann
1995); Coweeta, North Carolina (Swank and Vose
1997); and H. J. Andrews, Oregon (Henderson and
others 1978). Our completely forested watershed
NO; ™~ vields were lower than those observed in
another forested watershed in the Piedmont of
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Maryland (4.0 kg N ha™' y~!) reported by Jordan
and colleagues (1997b).

The NO5 ™~ concentrations that we observed in our
urban, suburban, and agricultural watersheds were
similar to those observed in other urban watersheds
(Miller and others 1997; Rhodes and others 2001).
Miller and colleagues (1997) compared concentra-
tions in agriculture, forest, cropland, pasture, and
urban watersheds in the Potomac River basin (ap-
proximately 100 km to the southwest). Our urban
and suburban concentrations and yields are lower
than those commonly observed in agricultural wa-
tersheds in our region (Jordan and others 1997a,
1997b; Miller and others 1997).

Detailed hydrologic analysis of these watersheds
showed that runoff patterns were strongly influ-
enced by the presence of impervious surface, as
expected. Storm-flow runoff ratios ranged from
0.17 to 0.34 in most of the urban and suburban
catchments compared with less than 0.05 in the
forested reference catchment (Law and others
2004b). However, the majority of N export oc-
curred during high-frequency, low-flow events
rather than during less frequent but large magni-
tude flows; for example, greater than 50% of total
N export from the Baisman Run and Gwynnbrook
catchments occurred at flows less than 1 mm d™*
(Law and others 2004b). The low annual variability
and the importance of low flow yields suggest that
the urban and suburban watersheds are not totally
dominated by storm-water flows conveyed by hu-
man infrastructure, but rather that natural hydro-
logic pathways and processes are important regula-
tors of water and N yield in these ecosystems. Storm
flows are particularly important for particulate
transport, which does not appear to be important
for N export in our watersheds. Exports were dom-
inated (greater than 90%) by NO5  at all of our
sites except the completely forested (Pond Branch)
and most urban sites (Carroll Park and Dead Run).
Ongoing research will determine why this is so, but
we suspect that Pond Branch is behaving like many
forested watersheds, where inorganic N outputs are
often low relative to organic outputs (Perakis and
Hedin 2002; Kaushal and Lewis 2003; Vanderbilt
and others 2003) and that sewage contamination is
the source of organic N at the urban sites.

Our estimate of N retention for the suburban
Glyndon watershed (75%) was surprisingly high,
approaching values found in forested watersheds
(Johnson 1992; Foster and others 1997; Fenn and
others 1998). Valigura and coworkers (1996) and
Whitall and Paerl (2001) estimated that N retention
in urban watersheds ranges from 25% to 95%, with
a “best estimate” of 40%. Baker and colleagues

(2001) also suggested that N retention in urban
ecosystems could be high. Our retention estimates
for our forested and agricultural watersheds are
similar to those reported in other studies in our
region and elsewhere (Likens and Bormann 1995;
Jordan and others 1997b; Fox and others 2001).

Although there is uncertainty and variability as-
sociated with our estimates of N retention, the main
parameters of the input-output balance are well
constrained. Estimates of fertilizer input in our sub-
urban watershed were based on field surveys in the
watershed, and our estimates of deposition are
likely conservative because our values do not ac-
count for “hotspots” of deposition that are common
in urban areas (Weathers and others 2001; Lovett
and others 2002) and because CASTNET values do
not include organic N deposition and dry deposition
of ammonia (Whitall and Paerl 2001; Neff and oth-
ers 2002). CASTNET values are based on weekly
sampling, which also leads to underestimation of
deposition (Veseley 1990). The dominant output of
N (stream flow) varied by less than 25% over 3
years. Even if we have underestimated hydrologic
outputs by 50% (for example, by ignoring deep
seepage or underestimating storm flow), retention
would still be approximately 50%. This does not
seem likely, however, because N yields from the
Glyndon watershed were similar to those from our
other suburban watersheds, suggesting that the
budget for this watershed is typical/representative
of suburban watersheds in our study area.

The N budget for the suburban watershed does
not include inputs in food and outputs in sewage
because there are no intentional sewage discharges
by municipal treatment plants or septic systems in
this watershed. Food input and sewage export of N
should roughly balance because nearly all food is
imported and sewage is pumped outside the water-
shed for disposal. Using an assumed human N con-
sumption (and excretion) rate of 12 g of N per
capita per day (Bleken and Bakken 1998) and pop-
ulation estimates for our watershed, we estimate
the food-in-sewage-out flux to be approximately
35 kg N ha™! y~'. Small leaks (for example, less
than 10%) from the sanitary infrastructure, which
are common in urban ecosystems, could easily af-
fect the N yields we have measured. Sewage leaks
increase the apparent yield and decrease the appar-
ent retention of N from the watershed. At the same
time, infiltration of stream flow into sanitary sewers
is a well-documented problem in urban areas and
may remove a significant amount of both stream
flow and N from our output computations. Al-
though there is likely little variation in the density
or age of sewage systems within the Glyndon wa-
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tershed, there is likely great variation in sewage
infrastructure among residential areas of different
age and density within the metropolitan area.

Our N budget for the suburban watershed also
does not include N input from pet waste, which
Baker and coworkers (2001) suggest could be sig-
nificant. Per capita pet waste production numbers
from Baker and colleagues (2001) suggest that ap-
proximately 17 kg N ha™' y~! could be added to the
Glyndon watershed in pet waste. Including this flux
would increase our estimate of watershed N reten-
tion.

It is important to note that watersheds with dom-
inantly residential land use may have significant
amounts of pervious surface in the form of lawns,
woodlots, and riparian areas, with soils and vege-
tation capable of processing and storing N. Further,
urban storm-water practices that promote infiltra-
tion and biological uptake of water are increasingly
being used for new developments in municipalities
across North America (Brown and Schueler 1997).
If we consider the presence of these areas of “nat-
ural” soils and vegetation, the N retention rates
(mass per area per year) that we measured are not
any higher than those measured in forest fertiliza-
tion experiments (Magill and others 2000). More-
over, surprisingly high retention is frequently ob-
served in highly altered watersheds. For example,
Jordan and colleagues (1997b) found greater than
50% retention in ten agricultural watersheds in the
Piedmont of Maryland. Baker and colleagues
(2001) observed high N retention in the Central
Arizona-Phoenix urban ecosystem.

Given that there is great interest in reducing N
and P (especially N) loading to Chesapeake Bay,
further study of the mechanisms behind the high N
retention in these watersheds is clearly needed. Jor-
dan and coworkers (1997a) suggested that Pied-
mont watersheds in Maryland have an inherently
lower capacity for N retention than Coastal Plain
watersheds in Maryland, due to the greater capacity
for riparian zones to function as “sinks” for N in the
coastal plain. Other Baltimore LTER research is ad-
dressing the effects of urbanization on riparian
zones (Groffman and others 2002), as well as the
possible importance of uniquely urban sinks (for
example, storm-water retention basins). There are
also active efforts to determine whether the N re-
tention that we measured is gaseous loss (some of
which can be recycled back to the watershed) ver-
sus storage in soils and vegetation. The complexity
of urban watersheds is underscored by the fact that
there were not straightforward relationships be-
tween percent residential land use and/or impervi-
ous surface and N yields among our watersheds

(Table 2) (Law and others 2004b). Variation in the
nature, intensity, and juxtaposition of specific land
uses within the residential class must be important
regulators of N in these watersheds.
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