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Abstract.  Urbanization replaces the extant natural resource base fe.g., forests, wet-
landsy with an infrastructure that is capable of supporting humans. One ecological con-
sequence of urbanization is higher concentrations of nitrogen (N) and phosphorous (F) in
streams, fakes, and estuaries. When received in excess, N and P are considered pollutants.
Continuing urbanization will change the relative distribution of extant natural resources,
Characteristics of the landscape can shape its response to disturbances such as urbanization.
Changes in landscape characteristics across a region create a geographic pattern of vul-
nerabifity to increased Noand P oas a result of arbanization. We linked nutrient-export risk
and urbanization models in order 1o identify areas most valnerable 10 increases in natrient-
export risk due 1o projected urbanization.

A nsk-based model of N and P export exceeding specified thresholds was developed
based on the extant distribution of forest, agriculture, and urban land cover An empirical
model of nrbanization was used to increase urban Jand cover at the expense of forest and
agricufture. The medeled (future) land cover was input into the N and P export risk model,
and the “before™ and “after” estimares of N and P export were compared to ideatify the
areas most vulnerable to change. Increase in N apd P export had to be equal to or greater
than the accumulated sncertainties in the aulrient-export risk and urbanization models for
an aréa to be considered vulperable.

The areas most vulnerable to increased N apd P export were not spatially coincident
with the areas of greatest urbanization. Vulnerability also depended on the geographic
distribution of forest and agriculture. In general, the areas most vulnerable to increased N
exports were where the modeled urbasization rale was at least 20% and the amount of
forest was about 6 times greater than the amount of agricuiture. For P, the most vulnerabie
areas were where the modeled urbanization rate was at least 20% and the amount of forest
was about 2 times greater than the amount of agriculture. Vulnerability to increased N and
P export was the result of two interacting spatial patterss, urbanization and the extant
distribution of iand cover. It could not be predicted from erther alone.

Key words:  export of N and P, vulnerabiliry vo; geographic modeling, GIS. iand-cover change:
land cover: forest of agriculture of wrban; landscape character affects poilution vulnerability; mid-
Atlantic states {USA); modei weg, empirical and risk based; nitrogen; phosphorus, regiondl-seale anai-
ysisy risk assessment; urbanizasion, existing and predicted.

INTRODUCTION ricultural land—are replaced by an infrastruciure ca.
pable of supporting humans, reducing the overall
amount of these resources for any given aren.

One ecological consequence of urbanization is in-
creased concentrations of nitrogen (N} and phosphorus
(P) 1 streamns, lakes, and estuaries (Omernik 1977,
Beaulac and Reckhow 1982, Frink 1991). N and P are
significant contributors to cutrophication of water bod-
ies {Carpenter et al. 1998). Entrophicaiion can result
m decreased oxygen levels because the excess levels
2000: accepted 29 December 2000: final version received 7 Feb.  ©F N and P lead to overproduction of autotrophs, which
fuary 2001 can threaten other aquatic life (Correll 1998y, N is the

CEomail: wickham james @epamail epa gov principal agent of eutrophication in the ocean, s the

Urbanization is the process of changing the resource
base of a locality so that is suitable for higher density
oczupancy by humans. When an area is urbanized, it
is typicaily the natural resource base that is replaced
by roads, homes, and institutional and commerciil
structures, hence the term ‘“development.” Forests,
wetlands, and other natural resources——as well as ag-
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principal agent in freshwater, and both are contributors
in estearies (Correll 19983, However, the role of N in
contributing o eutrophication in coastal waters has
been questioned {Hecky and Kitham 988

Siudies of the relationship between tand cover and
the amount of M and P in water bodies show that high
proportions of forest are needed to maintain fow
amounts of N and P (Beaulac and Reckhow 1982, Frink
1991 Hunsaker et al. 1992, Hunsaker and Levine 1995,
jones ot al. 2601y, The amount of N and P from wa-
tersheds dominated by either urban or agriculiural use
are more similar to cach other than they are lo water
sheds dominated by forest (Reckhow et al. 1980, Beau-
lac and Reckhow 1982, Frink 1991). As urbamzation
proceeds into the future, the magnitude of increases in
N and P depends not only on the amount of urbani-
zation, bul on what is replaced by the newly urbanized
focalities.

Saveral studies either show or model urhanization as
contagious (Bockstael 1906, Turner et al. 1996, Clarke
ot al. 1997, Wear ¢t al. 1998). New urban areas are
more likely to occur close to existing ones. These find-
ings support longer-standing theories in economic ge-
ography, such as population distance decay (Clark
105 1) and retail gravity (see Shi et al. 19973, None of
these studies show, especially at a regional scale, that
urbanization preferentiaily replaces one land-cover
type over another.

Studies covering larger spatial scales are useful be-
cause they often reveal spatial pattern and the factors
that are likely to account for that pattern (O Neill et
al. 1991}, Spartial patterns revealed by regional-scale
studies ean be used to inform potential management
eptions (Wickham et af. [999). Qur main objective %
to show that the regional spatial pattern of increases
in N and P is dependent on the two interacting spatial
patterns of urbanization overlain on the existing dis-
wibution of land cover. The greatest increases in N and
P are more likely to occur where urbanization replaces
forest rather than agriculture. By undertaking the study
al a regional scale, it is possible o identify localities
that are more vulnerable to N and P increases. Such
information may be useful for management.

METHODS

Our examination of the geography of increases in N
and P due to the interacting spatial patierns of urban-
ization and extant land cover was undertaken as a four
step precess. First, a nutrient-export risk model was
implemented 1o estimate the probability of N and P
loads exceeding a specified threshold. Second, an ug-
banization model was implemented (o estimate a future
distribution of land cover across a region. Third. the
nutrient-export risk model from step 1 was applied 1o
the modeled (futurey land cover to estimate the change
in the nutrient-export Tisk as a result of urbanization.
Fourth, the “hefore’” and “after” nuleient-gxport risk
maps were compared 1o determined where the greatest
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changes eccurred. Areas of greatest change in nisk were
considersd most vainerable.

The steps were implemented by overlaying a latuce
of 25-km? cells (3 km per side} on the mid-Atlantic
states of Pennsylvania, Maryland, Delaware, Virgimia,
and West Virginia. Each of the methodolegical steps
was performed on each cell individuaily. All cells on
the edge of the study area (<25 km?) were excinded
from the analysis.

Our land-cover data weare {rom the MultiResolution
Land Characteristics (MRLC) consortium (Loveland
and Shaw 19963 for the five mid- Atlantic states (Vo
gelmann et al. 1998y Land cover was mapped using
Landsat 5 Thematic Mapper (TM) satellite data col-
lected on a wrget year of 1992, The original TM res-
olution of 30-m pixels (0.09 haj was retained in the
land-cover maps. The thematic detail of the Jand-cover
datn was reduced from Anderson Level 1 o Levelb |
(Anderson et al. 1976) because nutrient-export data are
most widely reported for urban, agriculture, angd forest
lands. There are insufficient data on nutrient export for
subcategories wilhin these general land-cover classes.
All pixels classified as Jow-density residential, high-
density residential, and commercial/industrial/trans-
portation were treated as urban. Likewise, row-crop and
pasture classes were turmped into a single agricyitural
class, and all upland and lowland forest classes were
converted to a single forest class. Emergent wetland
was also included in the forest class in this case because
emergent wetlands, like forests, function as filters, low-
ering nutrient loads in surrounding streams (Preston
and Bedford 1988).

Nutrient-export risk model

N and P were expressed as export coefficients in this
study. Export coefficients estimale the mass of nutrients
carried off a watershed by its streams per unit area per
pnit time. Export coeffictents are the product of con-
centration times discharge using appropriate adjust-
ment factors. An export coefficient represents the in-
fiuence of a given Jand-cover class when the watershed
is exclusively (or mearly so) that class Estimates are
often expressed as kilograms per hectare per year
{(kg'ha t-ye~T), and arc widely used in the lterature
(Omernik 1977, Benalac and Reckhow 1982, Rast and
Lee 1983, Frink 1991, Jordan et al. 1997}

The amount of N and P exported from a watershed
<hows distinct differences as a function of a water-
shed’s dominant land cover {Torest, agricujture. urban)
(Omernik 1977, Beaulac and Reckhow 1982, Frink
1991y, The conceptual basis for using autrient-export
cosfficients stratified by land-cover class as a basis for
rick was demoastraied by Hartigan et al. {1983} The
authors compared nutrient-export coelficients frem
several watersheds that were either 100% forest, ag-
riculture, or urban uses under dry and wet years. For
forest, the dry to wet year incrense for Powas 0.04
kg ha byrt (0.07 to G.11 kg'ha fyrm1y. For cropland
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Tapre 1. Comparison of nutrient-export data for three land-cover classes nsed in this shrdy
with that from other studies.
Nutrient Forest Agriculture - Urhan : . o -
(kg-ha ! T ) . e
yrTY Min. Mix in. Max. Min. Muax. Study '
N 137 210 53.20 1.50 3850 Reckhow et al, 1980+
0.20 560 TR 5.60 ZRO6 Frink 1991
Chesapeake Bay
only
010 12.00 0.80 42,60 160 25600 Frink 19971z
P .01 083 0.68 5.40 09 6.23  Reckhow et al. 1986¢
.06 (134 .28 5.60 (.56 336 Frink 1991
Chesapeake Bav !
010 JF00TT only

Frink 1007

T Data used in this study and reported in Reckhow ef al, {1950y
: Al data reported by Frink (10915, excluding the data from RBeckhow el al. 1980 and the

Chesapeake Bay.

that restricted tilling of the soil, the dry to wel increase
for P was 0.77 kgha bvrt (087 1o 171 kg-ha=byrh,
but for cropland that did not resirict tilling of the soil,
the dry to wet increase was 12.62 kgha byr {502 to
12,62 kg-ha tyr 1y

Many physical and anthropegenic factors that can
tead to elevated nutrient export tend to become mnore
inportant as forest is replaced by urban and agriculiure
uses. Yet, the magnitude of the impact of these factors
and interactions among them are largely unknown, es-
peciaily at larger spatial scales. Thus, it is appropriate
o estimate their impact as probability {risk) {Bartell
el al 1992, Examples of some of these factors include:
(1) year-to-vear changes in precipiation (Lucey and
Goolsby 1993), (2 soil type, (D) slope and slope mor-
phology (convex, concave), (43 geology (Dillon and
Kirchner 1975). (5) crepping practices {e.g., factors C
and P in USLE [Renard et al. 199713, (6) timing of
fertilizer application relative 1o precipitation events
{Beauiac and Reckhow 1982}, (7) density in tmpervi-
ous surface {Arnold and Gibbons 1996), {8) residential
tot sizes, and (9) ratio of sewered v, septic househoids.

Our nutrient export risk model (Wickham et al.
20008y was developed from a body of literature that
relates N oand P oexport (in kilograms per hectare per

TapLe 2.

year) (o fand cover (Reckhow et al. [9803%, The data
from Reckhow et all (1980) were used beeause they
were sereened for consistency and represent watersheds
with homogenecus (or nearly so) land cover. The range
of values we used from Reckhow et al. £1986) are sim-
Har to values {rom other studies {Table 1),

and P data (Table 2) (Reckhow et al. 1980) to a the-
oretical distribution (lognormal) (Tabie 3), and used
repeated trial simulation 1o develop an estimate of risk
based on the land cover in each cell of the lattice (Wick-
ham and Wade 2000, Wickham et al. 20086) An equa-
tion from Reckhow et al. (1980: Eaq. 3) was used to
estimnate the risk of exceeding a specified threshold.
NoP o= D oA, (0
581
Eq. I estimates N or P export as the product of the
area (A} of land-cover type / times its export coefficient
(¢) summed across all land-cover types in the cell. At
cach iteration, a numrient-export coefficient {c;} was
drawn for each land-cover ¢lass in each cel] using the
mean and variance estimates in Table 3. N and P were
then calculated as an area-weighted average using the
proportion of each fand-cover class in the cell. By using

Characteristics of nutrient-loading data used 1o develop nutment-export risk model.

Data are from Reckhow et al. {1988}, Bokdface numbers were used as thresholds (o develop

risk estimates.

Chserved nutrient export data
(kg-ha byt

Watershed No. ol
Land cover size {ha) Nurient  obs. Min, [ [o 3 {48 Max.
Mixed agriculture  40-8000 N 30 2010 060 L0 20300 53120
P 27 .08 049 0.91 i34 5.40
Lirban 4-4800 N 19 153G 4.00 6.3 1280 3830
| 24 G819 069 110 3.39 023
Forest T-47 000 N 21 137 197 246 332 7.32
P 62 001 o4 0.08 0.22 0.83

* The column headings range

frem manimum through maximum: Qs e s, are lower

quartile, median, and upper guartile, respectively
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Nz 6.5 kyha 'yt

B 00<P<O3

H 015 <P 2030
B 030 <P <043
& 0.45< P <60
T oGP 037

Frs. b

Wesi Virginia. Border cells <025 km? in arez are black.

fand-cover percentages, the units of the equation are
the same as the export coefficient itself (i.e., kilograms
per hectare per year). Randomly drawn export coeffi-
cients (¢} were discarded if they were oulside the range
of the observed data {see Table 2) so that the risk os-
timates would be conservative.

The rapdomization was repeated 10000 times for
cach cell. The number of times (out of 10000) that the
estimated N- or P-export coelficient equaled or ox-
ceeded Lhe median coefficient value for urban land cov-
er (6.5 for N, 1.10 for P; sce Table 23 was used as 2
measure of risk.

There are no unequivecal choices for selecting a
threshold as a basis for estimating risk. Rast and Lee
{1983} proposed 3 kgha Lyro? for N and a range af
$.05 to 0.1 kg-ha byeo for P oas natonally (United
States) represeatative values for forests. Howarth et ab.
(1994) proposed 2.3 kg-ha™lyr ! as an upper limit for

Map of risk of N export exveeding median value for urban land cover (O
km® cells (5 km per side) has been overlaid on the mid-Atlapiic states of Peansyivania, Ma

Frological Applicabons
Vol 09 Ne

= 6.5 kgha hyriy A latice of 25-
ryland, Delaware, Virginia, and

N export for forests under pro-European seftlement
conditions for the northeastera United Stades, but did
rot propose a threshold for phosphorus, Qur maximum
value for P is near the nupper end propused by Rast and
Lee (1983, but the proposed values tor N (Rast and
Lee 1983, Howarth et al. 1996} are low compared to
our values. Our observed median values for urban wa-
tersheds approximate the upper limit of N and P export
fram forested watersheds for the data we used, and
refiect the reality that 100% forest cannot be achieved
sniformly across a large region.
Land-cover transition model

A model for land-cover change was established
through an empincal relationship beiween the amount
of urben and road abundance in each cell. The pro-

portion of urban pixeis per cell from the land-cover
data was piotted against each cell’s road density (R, in

ecap 12_117 Mp_226
File # 177Q
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Pz 11 kghalyr!
®p-0

Hooo<p<pa
B olda< paozs
028<P<042
T odz<pP<oss

- Fia 2.

meters per square kilometery, and fit with 2 modified
atlometric function (Parton and Innis 197 } using seg-
mented nonlinear regression:

P(Y | UY = 0

flor R = o)
POFLELDY = 0.003(R = 600°%%  (for R > 60y (2

Eqg. 2 estimates the proportion of pixels that were
identified as urban (P(Y ] U as a function of the cell’s
road density (Ry. The proportion of urban pixels per
cell was estimated as the actual count divided by the
maximum possible number for 30-m {0.09-ha) pixels
i a 25-km? cell (27778 pixelsy. Total road length per
cell was estimated using U.S. Geological Survey
(USGSY 11160 000-scale digital line graphs (DLGH Tor
transportation {USGS 1989y, Although several ancil-
lary geographic data sets were used 10 develop the fand-
cover maps (Vogelmann et al. 1998), roads were not

Map of risk of P export exceeding median value for nrban land cover (o =

FORECASTING N AND P EXPORT-RISK CHANGE

L1 kgha™hyi Y. Furmat as in Fig:

used in the classification (J. E. Vogelmann, personal
COMPIRICation).

Eq. 2 was segmented into two cases (o account for
the existence of roads when the proportion of urban
pixels in a cell was 0. Allemetric equations, perhaps
most commonly used in popuelation medeling, assume
the dependent variable is © when the mdependent fac-
tors are 0. This assumption was not valid for describing
the relationship between road density and proportion
of urban pixels becavse roads often connect populaied
places by passing through relatively unseitled areas.

The predicted values from Eg. 2 for each ceil were
used to drive land-cover change. For exampie, if the
predicted value for g cell was 0.2, then 209 of the
pixels not classified as urban were changed to urban.
Urban increased at the expense forest and agricaiture.
Urban could not increase at the expense of water, Other
land-cover categories (e.g., bare rock/sand, mining,
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Fi. 3. Proportion of urban pixels vs. road density. Pre-
dicted values are shown in white until road density equals
100 m/km? in order to distinguish from observed values.

transitional} were ignored. These categories tended to
occupy enly a small proportion of any cell (<001}
Eq. 2 was restricted so that it could only change a
maxirpum 10 000 pixels per cell, about 35% of the cell's
totzl number of pixels. The estimated change from Eq.
2 served as the proportion. The amount of pixels that
could he changed (10000) served as a length of time.
Combined, they provided a rate of change per cetl

The potential 35% change appears {o be consistent
with other land-cover change studies in the region that
spanned about a 20-yr period. Land-cover change es-
timated from temporal change in normatized-difference
vegetation index (NDVD) for USGS hydrologic ac-
counting units (watersheds) was as high as 30% based
on imagery acquired for the target years of 1972 and
1990 (Jopes et al. 1997). Estimated change {from
NDV D averaged across the entire region was 20% for
the same peried ( Wickham et al. 20004). The difference
in the two rates for the same region is a function of
the reporting unit used. Smatler units will have greater
variance and greaier iikelihood of high rates of change
in some cells. Our 25-km? cells are much smailer thao
USGS nydrologic accounting units used by Jones et al.
(1997). There are about 125 USGS hydrologic ac-
counting units but over 11800 25-km? cells in the re-
gion.

The total increase in urban pixels in a cell resulted
in a proportional decrease in forest and agricuiture. 1f
the proportion of forest pixelsina celi was 60% of the
sum of forest and agriculture, then 60% of the Ingrcase

TasLe 3.

Ecological Applications
Vol (60, No.

Mean and varmance estimates for lognormal dis-
ributions of N- amd P-export coefficients, by Tand-cover
clags.

Land cover MNutrient Mu Sigma
Mixed agriculture N 2.400 0914
b -(3.221 1.036

Urban N 1.9060 0913
P 03.233 0.98%

Forest N 1.G24 3.506
P —-2.351 {105

in urban was taken from forest and 40% was taken
from agnculture.

Eq. 2 was used as a model of the predominant paitern
of urbanization in the eastern United States. Through-
out the 20th cenptury. urbanization has fotowed a spa-
tial pattern of decentralization—urban conversion
spreading from an existing urban core (Ciiuliano 19993
Road density s used here as a surrogate for this pro-
cess. The total length of roads tends to be higher af
focations more proximal to urban centers. The access
provided by an existing, more well-developed road net-
work fosters a higher probability of future urbanization.
Tlis trend in the spatial pattern of urbanization has
been incorporated in existing, more local-scale uthan-
ization models (Clarke et al. 1997).

Estimation of vulnerability to N and P increases

Output from the transition model yielded land-cover
distributions with higher amounts of urban and fower
amounte of forest and agricultare in cells where the
modeled rate of land-cover change was >{. The mod-
ated land-cover distributions were then used as inpat
into the nutrient-export risk model. As in the first ap-
plication, the nuirienl-gxport risk model was run
through 10600 ilerations per cell, and the number of
simmes the estimated N- or P-export coefficient cquaied
or exceeded the median value for urban was used as a
measure of risk. Vulnerability 1o increases in N and P
was measured as the difference in risk estimates be-
tween Sbefore’” and *rafter’” maps.

“Refors” and “after’” nutrient-export risk estimates
were calibrated for random effects in the nutrient-ex-
port risk medel and error in the proportion urban vs.
road density regression equation. The maximum dif-
ference in nutrient-export risk for cells whose predicted

srhanization was 0 were 0,026 for N and 0.019 for P,

TapLe 4 Goodness-of it estimate for proportion of urban
pixels vs. road density.

Sum of Mean
Source df squares square
Regression 2 96.75 48.38
Residual 11 858 15.17 0.00127
Tolal 11 860 111.92
Corrected totalt 11 859 99.19

S—
1 Correction based on the mean of the dependent variable.

ecap 12_117 Mp_228
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Proportion Urban

a prop. = 0.00
2 0.00 < prop. < 0.05
& 005 <prop.soiy
oo prop, < 8,25
2 025 <prop.< 020
a prop. > 0.3

Fig. 4.

The standard zrror for the individual predictad values
i the urban vs. road density regression equation was
0.0358. Added together, these uncertainties toial 0.062
for N and 0055 for P Differences in “before™ apd
“after’” risk estimates had to be equal Lo or greater than
these values to be considered valerable.
ResuLTs
Extant paitern of N and P nutrient-export risk

The risk of Neexport coefficients equaling or ex-
ceeding the median value for urban ranged from zero
{0} to abowt 0.77 (774%) {Fig. 1). The areas of highest
risk are the Central and Shenandoah Vallevs of Penn-
sybvania and Virginia (respectively). the Piedmont of
southeastern Pennsylvania and central Marviand, and
the Detmarva Peninsula. The high values of risk in
these areas reflect the widespread conversion of land
to agricuitural use. Urban areas tend to have lower risk

Map of predicted propertion (prop.} urban based on Eqg. 2.

values than areas dominated by agricultural use be-
cause the observed data suggest that N-export coeffi-
ciznts tend o be higher when areas are dominated by
agriculture than when they are dominated by urban
{Beaulac and Reckhow 1982, Frink 1991; see Tables 1
and 2} The lowest estimates of risk are where forests
dominate. including north-central Pennsylvania and
scuthern West Virginia.

‘The spatial pattern of Prisk (Fiz. 2y differs somewhat
from that for N The estimated risk is higher for urban
areas than for agriculiural areas, because the ohserved
data suggest that P-export coeflicients are slightly high-
er overall for urban areas. Also. the risk estimates are
lower than the risk estimates for N because P-export
coefficients for forest show less overlap with cither
arban or agriculiure than N-export coefficients. Esti-
mated P-export coefficients are much more sensitive (o
the amount of forest {and amount of forest removed)
than N-export coefficients.
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Proportion Urbanized

| prop., = 000

21 0.60 < prop. < 8.05

B 005 <prop. <010

% 8.10 < prop. £ 628

B p25 < prop. <058

: | prop. > .58

i} N risk increase > 6.2%

Fies. S, N vulperahility overlaid on wbanization map tFig.
least 0.062 as a result of urbanization.

Land-cover transition

The relationship between the proportion of pixels
classified as urban and road demsity was significant
(Fig. 3, Table 4). The proportion of urban pixels ina
cell reached 509 at a road densily of about 320 m/
km?. The spatial pattern of ihe proportion of urban
pixels appeared to accurately map the major cities in
the region (Fig. 4). In addition to showing the larger
popuiation centers (Philadelphia, Baltimore, Washing-
ton, Nerfolk. Richmond, Pittsburghy, several smaljer
urban centers were also evident (e.g, Reuncke und
Charlottesvilie, Virginia; Altoona, Harrisburg, and
York, Pennsylvania: Beckley and Morgantows, Wesi
Virginia). Cells with proportion of urban pixels <<0.5
but 0.1 tended o surround urban centers. The con-
centration of cells with the proportion of urban pixels
=010 in scuthcastern Pennsylvania reflects the high
number of Metropolitan Statistical Areas (MS5A) there.
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4y, Outlined cells identify areas where N risk increased by at

A MSA is an area defined by the 11.S. Census Bureau
as having at least 100000 people. Nearly one-fourth
of the region’s 23 MSAs are concentrated in south-
eastern Pennsylvania, which is only about 5% of the
tosal land ares of the five states.

Change in N and P export risk due 1o land-cover
change

For N, 43 cells had an increase in risk equal to or
greater than the sccumulated uncertainty in the models
{0.062). These cells are not spauially coincident with
the areas of greatest proportion of urban pixels {Fig.
5y Most of the areas where the proportion of urban
pixels was »0.50 had changes sn N risk less thap the
0.062 threshold. Many of the areas where N risk in-
creased by at least 0,062 were where the proportion of
arban pixels was lower. The main exception to this
spatial pattern was in the vicinity of Piusburgh. Much
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D P risk increase > 5.5%

Fig. 6.
least 0,055 as

of the area still has a high proportion of forest cover
tVogelmann et al. 1998). As urbanization continues in
this area it is likely to occur at the expense of forest,

For P. 385 celis had an increase in risk eqgual to or
greater than the accumulated uncertainty in the models
{0.055). These cells show greater spatial overlap with
those where the proportion of urhan pixels was greatest
{=10.5) (Fig. 6. Nevertheless, many of the cells where
Foeisk increased by at least 0.055 were in areas where
the Jikelihood of urbanization was less. Thers were a
greater number of cells vulnerable o a change in P
than N because the numerical separation of export co-
efficients between forest and either agriculiure or urban
was more distinet for P than N.

The spatial interaction of urbanization and relative
abundance of different tvpes of land cover created a
geographic patiern of N and ¢ vulnerabiiity that could
not be predicted from either modeled urbanization or

P vulnerability overlaid on urbanization map {Fig.
a result of urbanization.

4). Outlined tiles identify areas where P rigk mcreased by at

extant fand cover alone. The landscape was more val-
nerable to increased P oexport when the modeled dig-
turbance {urbanizationd was abont 0.20 or higher and
the landscape had about 2 times more forest than ag-
riculture (Fig. 73 For N, the landscape was more vul-
nerable when the modeled disturbance was ahout 0.20
or higher and the landscape had about 6 times more
forest than agriculture (Fig. 8). For N, decreases in risk
cqual 1 or greater than the accumulsted uncertaintios
m the model (~0.062) were also found when the ratio
of forest 1 agricultlure was very low and modeled ur-
banization was high {see Fig. 8). The available liter-
ature suggests that agriculture presents higher overall
risks of excessive N exports than urban areas {Beaulac
and Reckhow 1942, Frink 19613, The response 10 ur-
banization by landscapes characterized by mmuch greater
amounts of agriculiure might be lower overall N export.
Many agricultural areas are susceptible to urbanization
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ionship between change in Prexporl risk and ratio of forest 1o agriculnre Vi proportion urbanized. Solid

Fis. 7. Reb
1y P export (change in risk imcreased at least §.033). Phus signs identify celis

circles identily
whose change

1
cells most vulnerable to chenge in
n risk was <0033

(Healy and Short 1981). This direction in ie§PONSE was {(‘Furner 2t al. 10933, Figs. 7 and 8 show that the land-

not apparent for P scape response was a Fanction of the size of the dis-

lurhance (increased urban land) relative to the amoant

Discussion of forest. As increases in urban tand replaced greater

Expressing the landscape as an n-dimensional set of  amounts of agricehure, the landscape was less vuiner-
characteristics (e.g., Figs. 7 and 8) has been wseful for  able o increased N and P export.

examining distutbance response (O Neill et al. 1985, The geographic pallerns of increased N and P export

1994, Turner et al. 1993). The landscape is likely to  risk show a dichotomy when overimd on a map of the

respond differenily as a function of the exient of the watersheds of the major rivers in the region {Fig. 9.

disturbance relative to the extent of the landscape  About 70% of the cells wdentified as vulnerable 1o in-
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circles dentily cells most vulnerable o change in N export {change in risk increased at feast 0.0623. Solig traangles identify
cells whose change in risk decreased al least 0.062. Plus sipns identify cells whose change in risk was between —6.067 and
(0.0632.

creased Poexport gecurred in watersheds that drain 1o (Behrendt 1996, Smith o al 1997y, The mass of nu-
the Atlantic. The predominant pattern of increased risk  trients removed from streams through denitrification,
of P export follows the crban corridor from Philadel- sedimentation, and other processes is inversely related
phiato Richmond. For N, the majority of cells showing (o stream size {Behrendt 1996, Smith et al. 1997). The
vulnerability to incrensed export drain into the Ohio  processes that remeove autrients from streams tend to
River and uliimately south to the Gulf of Mexico. be more effective in smaller streams. Alexander et al.

The actual amount of increased N and P load that (2000} estimated that 20 to 40% of the N exported from
would reach the Atdantic or Gulf Coasts is dependent  watersheds jn the mid-Atlantic deaining to the Ohio
on the size of the sireams where nuirient exportoccurs  RKiver reached the Gulf of Mexico.
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o Prisk inerease > 5.5%
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Fr. 9. Map of cells vulperable to inereased N oand Poespoert overlaid on watersheds of the major rivers in the remon.

Watershed houndaries are solid lnes; state houndaries are dashed hines and selacted cities are shown in italies Note shat
when the symbols for N and P overprint, they appear as 2 solid diamond (a printing artifact).

Our results, like all modeling studies. are dependent  have increased the number of cels identified as vul-
on the assumptions built into the models. Changing one  nerable. A threshold of 0.05 instead of 0.062 for N
or more of the assumptions would likely change the would have tripled the number of cells identified as
results. The thresholds used o define valnerability for  vulnerable. Likewise, changing the thresholds that
N and P were conservalive, ie.. selected to reduce the were used to estimate risk (bold numbers in Table 2}
likelihood of a false positive. For exampie, ihe accu- would change the results. In addition, changing the
mulated uncertainty used the maximam difference from  rules used to convert forest and agriculture to urban
the nutrient-export risk model when the change in the  vould have changed the relative proportons of forest
arount of urban was 0 (0.026, N3 0.619, Py. Using 2 and agriculture converted to urban, and hence changed
lese conservative value (€.2., GSth percentite} would  the cells identificd as vulnerable,
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One eccological vonsequence of urbanization is in-
creased export of N and Pto receiving waters {Omernik
1977, Beauwlac and Reckhow 1982, Frink 1991, We
developed a modet to estimate the risk of N and P
export cqualing or exceeding specified thresholds based
0n the extant distribution of land cover. The extant land
cover was changed using a model o convert forest and
agniculture (o urban, and the resultant band cover was
used derive new estimates of N and P risk as a result
of converting non-urban land to urban use. FThe dif-
ference in the risk estimates was used 1o identify the
areas most vulnerable 1o increased N and P export as
a result of a fature urbanization patiern. Areas were
comsidered most valnerable (o increased N and P export
when the risk estimates changed by 6.2% and 5.5%,
respectively. These thresholds were defined by the ac-
cumulated uncertainties in the nutrient-export and ur-
banization models.

The geographic pattern of areas most veinerable to
increased N- and P-export risk was the result of the
Interacting spatial patterns of urbanization and extant
tand cover The most valnersble areas occurred where
the projected urbanization rate was at least 20% apd
the amount of forest was about 6 times greater than
the amount of agriculiure for N, and forest was 7 times
greater than agriculture for P

Urbanization will fikely continue to spread, most
predominantly in a core-lo-periphery spatial pattern
(Giglizno 19903 The regional pattern of land-cover
change is kelv o be strongly influenced by the core-
to-periphery pattern of urbanization (Wickham et af,
2000a). Within this potential pattern of urbanization
and land-cover change. those areas most vulnerable to
increases in Nand P export depesd on the extant pattern
of {and cover.
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