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

A risk-based model of N and P export exceeding specified thresholds was developed
bused on the extent distribution of forest, agriculture, and urban land cover. An empirical
model of urbanization was used to increase urban land cover at the expense of forest and
agricujtare. The modeled (future} Jand cover was input into the N and P export risk model,
and the “before”™ and “ufter” estimates of N and P export were compared 1o identify the
areas most vulaerable 10 change. Increase in N and P export had to be equal to or greater
than the accumulated uncertainties in the nutrient-export risk and urbarization models for
an area (0 be considered vulnerable.

The areas most vulnerable to increased N and P export were not spatially coincident
with the areas of greatest urbanization. Vulperabitity alse depended on the geographic
distribution of forest and agriculture. In general, the areas most vulnerable to increased N
exports were where the modeled urbanization rate was at least 20% and the amount of
forest was about 6 times greater than the amount of agricultere, For P, the most vulnerable
areas were where the modeled urbamization rate was at least 20% and the amount of forest
wis about 2 times greater than the amount of agricuiture. Vulnerability to increased N and
P export was the result of two interacting spaual patierns, urbanization and the extant
distribution of land cover. It could not be predicted from either alone.
export of N and P, vulnerainlity vo; geographic modeling, GIiS, land-cover change,
land cover: forest of agricwliure of. urban; landscape character affects poilution veednerabiliry, niid-
Atlanric simtes (IISAL modefing empirical and risk based; nitrogen; phosphorus; regional-seale anal-
ySis; risk assessmeni; urbanization, existing and predicted.
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INTRODUCTION

3

Urbanization is the process of changing the resource
base of a lecality so that is suitable for higher density
occupancy by humans. When an area is urbanized, i
15 typically the natural resource base that is replaced
by roads, homes, and institutionsl and commercial
struciures, hence the term “development.” Forests,
wetlands, and other natural resources——as well as ag-

Manuseript received 22 May 20000 revised 20 November
2000: accepted 29 December 20000 final version received 7 Feb-
ruary 2001,

*E-manl: wickham james @epamait epa.gov

amount of these resources for any given aren.

One ecological consequence of urbamization is in-
creased concentrations of nitrogen (N) and phosphorus
(P} i streamns, lakes, and estuaries (Omernik 1977,
Beaulac and Reckhow (982, Frink 1991y N and P are
significant contributors to eutrophication of water bod-
ies {Carpenter gt al. 1998). Euwtrophication can result
in decreased oxygen levels because the excess levels
of N and P lead to overproduction of autotrophs, which
can threaten other aguatic life (Correll 19983, N is the
principal agent of cutrephication in the ocean, P is the
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principal ageot in freshwater, and both are contribators
in estuaries (Correll 19983, However, the role of N in
conptribpting o eutrophication in coastal waters has
been questioned (Hecky and Kitham 1988

Siudies of the refationship between land cover and
the amount of N and P in water bodies show that high
proportions of forest are needed to maintain low
amounts of N and P {Beaulac and Reckhow 1982, Frink
1991, Hunsaker et al. 1992, Hunsaker and Levine 1995,
Jones et al. 26013, The amount of N and P from wa-
tersheds dominated by either urban or agricultural use
are more simifar to cach other than they are lo water-
sheds dominated by forest {Reckhow et al. 1980, Beau-
fac and Reckhow 1982, Frink 1991). As urbanization
proceeds into the future, the magnitude of increases i
N and P depends not only on the amount of urbani-
zation, but on what is replaced by the noewly urbanized
localities.

Several studies either show or model urbanization as
contagious (Bockstae] 1996, Tarner et al. 1996, Clarke
et al. 1997, Wear et al. 1998). New urban arcas are
more likely to oceur close to existing ones. These find-
ings support longer-standing theories in econcmic ge-
ographv, such as population distance decay (Clark
1951y and retail gravity {see Shi et al. 19973, None of
these studies show, especially at a regional scale, that
urbanpization preferentially replaces one land-cover
type over ancther.

Studies covesing larger spatial scales are useful be-
cause they often reveal spuatial pattern and the factors
that are likely to account for that pattern (' Neill et
al. 19911, Spaual patterns revealed by regional-scale
stadies can be used o inform potential management
eptions (Wickham et al. 1999). Qur main objective is
to show that the regional spatial pattern of increases
m N and F s dependent on the two interacting spatial
patterns of urbanization overlain on the existing dis-
tribution of land cover. The greatest increases in N and
P are more likely t¢ occur where urbanization replaces
forest rather than agriculture. By undertaking the study
at a regional scale, 1t is possible w identify localities
that are more vulnerable to N apd P increases. Such
information may be useful for management.

METHODS

Qur examination of the geography of increases in N
and P due to the interacting spatial patieras of urban-
ization and extant fand cover was undertaken as a four-
step process. First, a nutrient-export risk model was
impiemented (o estimate the probability of N and P
loads exceeding a specified threshold. Second, an ur-
banization model was implemented to estimate a futare
distribution of land cover across a region. Third. the
nutrient-export risk model from step 1 was applied 0
the modeled (future) land cover 1o estimale the change
in the nutrient-export risk 2s a result of urbanization.
Fourth, the “before’ and “after” autrient-export risk
maps were compared to determined where the grentest
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changes eccurred. Areas of greatest change in risk were
considered maost vulnerable.

The steps were implemented by overlaying a lattice
of 25-km’ cells (5 km per side} on the mid-Atlantic
states of Pennsylvania, Marviand, Delaware, Virginia,
and West Virginta, Bach of the methodological steps
was performed on each cell individuaslly. Al cells on
the edge of the study area (<023 km?)y were excloded
from the analysis.

Owr land-cover dota were from the MuluResolution
fand Characteristics (MRLCY consertium (Loveland
and Shaw 19963 for the five mid-Adantic states {Vo-
gelmann ef all 19983 Land cover was mapped using
Landsat 3 Thematic Mapper (TM) satellite data col-
lected on a target year of 1992, The original TM res-
olution of 30-m pixels (0.09 hay was retained in the
land-cover maps. FThe thematic detat) of the fand-cover
data was reduced from Anderson Level I to Level 1
{Anderson et al. 1976} because nuinent-export data are
most widely reported for urban, agriculture, and forest
lands. There are insufficient data on nuirient export for
subcategories within these general land-cover classes.
All pixels classified as low-density residential, high-
density residentinl, and commercial/industrialtrans-
portation were treated as arban. Likewise, row-crop and
pasture classes were lumped into a single agricultural
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, Hke forests, fonction as Gilters, low-
ering nutrient loads in surrounding streams (Preston
and Bedford J98R).

Nutrient-export risk model

N and P were expressed as export cogfficients in this
study. Export coefficients estimate the mass of nutrients
carried off a watershed by s streams per umit area per
aumit tme. Export coefficients are the product of con-
centration times discharge using appropriale adjust-
ment factors. An export coefficient represents the in-
fluence of a given land-cover class when the watershed
is exclusively {or nearly so) that class. Estimates are
often expressed as kilograms per hectare per vear
(kg-ha Twe Dy, and are widely wsed in the llerature
(Omermk 1977, Beualac and Reckhow 1982, Rast and
Lee 1983, Frink 1991, jordan et al. 1997

The amoeunt of N and P exported from a watershed
shows distinet differences as a function of a water-
shed’s dominant land cover (forest, agriculture, urban}
(Omernik 1977, Beaulac and Reckhow 1982, Frink
1991} The conceptnal basis for using nutrient-¢xport
coefficients stratified by land-cover class as a basis Jor
risk was demonstraied by Hartigan et al. (1983). The
authors compared nutrient-export coefficients from
several watersheds that were either 160% forest, ag-
riculture, or urban uses under dry and wet years. For
forest, the dry to wet year mcrease for Powas 0.04
kKg-ha -y ! (007 to 011 kgha fyr 'y For cropland

ecap 12_117 Mp_224
File # 177TQ




Ecological Applications

Wednesday
Alen Pross

Sep 05 2001 03:05 PM 2000
DiPro

Menth 0006

Tapre 1.
with that from other studies.

GALLEY A-225

FORECASTING N AND P EXPORT-RISK CHANGE

Comparison of nutrient-export data for three land-caver classes used in this study

Nutrient Foreyt Agnicalture Urhan ;
(hgha !t —m—— P —— R Ea
Syr Y Min. Mix Min. Max.  Min Max. Study ;
N 1.37 732 210 53.20 1.50 3850 Reckhow et al 19807
G.20 3.60 3.60 TH.AG 5.60 ZEO0 Frink 1991
Chesapeake Bay
only
016 030 47,60 .60 2504 Frink 1991z
P .01 0.08 5.40 0.1 $.23  Reckhow et al. 1980+
3,06 .34 028 360 (.56 336 Frink 1991
e Chesapeake Bay
5.0077 only

Frink 19912

3
2 A
Chesapeake Bay.

v

that restricted tilling of the sotl, the drv o wel increase
for P was .77 kg-ha by (087 o 171 kgha byr Y,
but for cropland that did not restrict tilling of the seil,
the dry to wet increase was 12,62 kgha yr P (502 to
12,62 kg-ha-tyr- 1),

Many physical and anthropogenic factors that can
iead 1o elevated nuirient export tend to become more
important as forest is replaced by urban and agriculture
uses. Yet, the magnitude of the impact of these factors
and interactions among them are largely anknown, es-
pecially at larger spatial scales. Thus, 1t is appropriate
to estimate their impact as probability {risk) (Bartell
etal. 19923 Examples of some of these factors include:
(1) vear-to-year changes in precipitation (Lucey and
Goolshy 1993). (27 soil type, (3) slope and slope mor-
pholegy fconvex, concavel, (4) geology (Dillon and
Kirchner 1975}, (5) cropping pracuces (e.g., factors C
and P USLE [Renard et al. 1997]), (63 timing of
fertilizer application relative to precipitation events
{Beaulac and Reckhow [982), {7} density in impervi-
ous surface (Arnold and Gibbons 1996), (8) residential
fot sizes, and (9} ratio of sewered vs. septic households.

Our nutrient export risk model (Wickham et al.
20008y was developed from a bedy of lierature that
refates N and P export (In kilograms per hectars per

TABLE 2.

T Dtz used 1n this stady and reponed in Reckhow et al. {1980
H data reported by Frink (19913, excluding the data from Reckhow e1 al. 1980 and the

veary o land cover (Reckhow et al. 19883, The data
from Reckhow et al (1980) were used because they
were screened for consistency and represent watersheds
with homogenzous (or nearly sob fand cover. The range
of vafues we used from Reckhow et al. (1980) are sim-
ilar to values {rom other studies (Table 1)

The nutnent-export risk model Bt the observed N
and P data (Table 2) (Reckhow et al. 19530) 1o a the-
cretical distribution {dognormal) (Table 3), and used
repeated trial simulation 1o develop an estimate of risk
based on the Iznd cover in each cell of the lattice {Wick-
ham and Wade 2000, Wickham et al. 20008). An equa-
tion from Reckbow et al, (1980 Eg. 3) was used to
estimate the risk of exceeding a specified threshold

(1}

Eq. I estimates N or P export as the product of the
area {A) of land-cover type { times its export coefficient
(¢ surnmed across all land-cover types in the cell. At
cach iteration, a nutrient-export coefficient (¢) was
drawn for each land-cover class in each celt using the
mean and variance estimates in Table 3.0 N and P were
then calculated as an area-weighted average using the
proportion of each land-cover class inthe cell. By using

Characteristics of nutrient-Toading data used 10 develop nutrient-export risk model.

Data are from Reckhow ot al. (1980, Boeldface numbers were used as thresholds to develop

risk estimates.

Ghserved nutrient export daia
(kg-batyr it

Watershed No. ol

Land cover size {ha} Nutrient  obs. Min s O 45 Max.
Mixed agriculture  40-3000 N 34 ZH 06D 11100 20300 5320
14 27 .08 .49 091 1.34 3.40

Lirban 44800 N 19 156 400 650 1280 3850
I 4 419 069 110 3.39 523

Forest F-47 00D N 21 1.37 1.92 2.46 3.32 7.32
P 62 .01 0.04 .08 .22 .83

¥ The column headings range froem mimimum through maximum, Q. Cu O

are lower

quartite, median, and upper guartile, respectively
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Map of risk of N export exceeding median value for urban land cover ({5

i Applicaiinns
Vol i Mo ©

A lmtice of 25-

= 6.5 kgha yrt)

km* cells (5 km per side) has been overlaid on the mid-Atlantic states of Peonsylvania, Maryland, Delaware, Virginia, and

West Virginia. Border cells <125 km® in area are Black.

land-cover percentages, the units of the equation are
the same as the export coefficient itsetf (i.e., kilograms
per hectare per year). Randomly drawn export coelfi-
clents {¢) were discarded if they were outside the range
of the observed data {see Tabie 23 so that the risk es-
umates would be conservative.

The randomization was repeated 10000 mes for
each cell. The number of times (out of 10000) that the
estimated N- or P-export coeffictent equaled or ex-
ceeded the median ceefficient value for urban land cov-
er (6.5 for N, 110 for P; see Table 23 was used as a
measure of sk,

There are no unequivocal cheices for selecting a
threshold as a basis for estimating risk. Rast and lLee
(1983 proposed 3 kg-ba '-yr-! {for N and a range of
0.0G5 to 0.1 kg-habyr™' for P as pationally {United
States) representative values for forests. Howarth et al,
(1996) proposed 2.3 kg-ha -yroi as an upper limal for

N export for forests under pre-European settlement
conditions for the northeastern United States, but did
not propose a threshokd for phosphorus, Our maximum
value for P is near the upper end proposed by Rast and
iee {1983y but the proposed values for N (Rast and
Lee 1983, Howarth et al, 1996) are low compared to
our vatues. Our observed median values for urban wa-
tersheds approximate the upper limit of N and P expornt
from forested watersheds for the data we used, and
refiect the reality that 100% forest cannot be achieved
uniformly across a large region.

Land-cover transition model!

A model for land-cover change was established
through an empirical relationship between the amount
of urbun and road abundance in each cell. The pro-
portion of urban pixels per cell from the land-cover
datn was plotted against each cell’s road density (R, in

ecap 12_117 Mp_226
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Pz 1.1 kghafoyr?

=0

B o00<P<ild
#01d< P<Ols
028<P<=042
T 042 < P<O56

J & Leie

meters per square kilometer), and fit with a modified
atiometric function (Parton and Innis 1972 using seg-
mented nonlinear regression:

Py Uy = {for R = 60)

P LU = 0.003(R ~ 600°%2  (for R = 600 (2)

Eqg. 2 estimates the proportion of pixels that were
identified as urban (P(Y,, ] £73) as a function of the celf’s
road density (R). 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 (27 778 pinels). Total road length per
cell was estimated using .S, Geological Survey
{USGS) 1:100 000-scale digital line graphs (DLG) for
rransportation {USGS {989y Although several ancil-
lary geographic data sets were used to develop the land-
cover maps {Vogelmann et all 1998), roads were ot

Map of risk of P export exceeding median value Tor urban land cover {0y = 1.1 kg-ha=Fyr~9. Format as in Figr

used in the classification (F E. Vogelmans, personal
COMPRICAion).

Eq. 2 was segmented iate two cases to account for
the existence of reads when the proportion of urban
pixels in a cell was 0. Allometric equations, perhaps
most commonly used in population modeling, assume
the dependent variable is O when the independent fac-
tors are . This assurnption was not valid for describing
the relationship between road densily and proportion
of urban pixels because roads often connect populated
places by passing through relatively unsettled areas.

The predicted values from Eq. 2 for each cell were
used to drive land-cover change. For exanple, il the
predicted value for o cell was 0.2, then 20% of the
pixels not classified as urban were changed to vrban.
Urban increased at the expense forest and agricubure.
Lirban could not increase at the expense of water. Other
fand-cover categories {e.g., pbare rock/sand, mining,
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Fic;. 3. Proportion of urban pixels vs. road density. Pre-
dicted values sre shown in white untl read density equals
100 m/km? in order to distinguish from observed values.

transitional} were ignored. These categorics tended to
occupy only a smail proportion of any cell {<0.01}
Fq. 2 was restricted so that B could only change a
maximum 10 000 pixels per cell, about 35% of the cell's
total number of pixels. The estimated change from Eq.
2 served as the proportion. The amount of pixels that
couid be changed (10000} served as a length of time.
Combined, they provided a rate of change per cell

The potential 35% change appears (0 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 nermalized-difference
vegetation index (NDVID) for USGS hydrologic ac-
counting units (watersheds) was as high as 30% based
on imagery acquired for the target years of 1972 and
1990 (Jones et al. 1997). Istimated change {from
NDVI) averaged zcross the entire region was 20% for
the same period { Wickham et al. 2000a). The difference
in the two rates for the same region is a funcuon of
the reporting unit used. Smalier umts will have greater
variance and greater likelihood of high rates of change
in some cells. Qur 25-kim?® cells are much smaller than
USGS hydrofogic accounting units used by Jones ef al.
{1997). There are about 123 USGS hydiologic ac-
counting units but over 11800 25-km? cells in the re-
giomn.

The total increase in urhan pixels in a cell resulted
in a proportionat decrease in forest and agriculture. If
the proportion of forest pixels in a celi was 60% of the
sum of forest and agriculture, then 60% of the increase

Ecotogical Appli

Tapre 3. Mean and variance estimates {or lognormal dis-
wributions of N- and P-export ceefficients, by land-cover
class.

Land cover MNutrient Mu Sigma
Mixed agriculiure N 2.400 0.914
P -0.221 1.0%4G

Urhuan N 1.900 913
p 0.233 1.6589

Forest 3,506
P 165

in urban was taken {rom forest and 30% was taken
frem agnculture.

Eq. 2 was wsed ag a model of the predominant pattern
of urbanization in the eastern United States. Through-
out the 20th century, arbanization has followed a ¢pa-
tial paitern of decentralization—aurban  conversion
spreading from an existing urban core (Giuliano 19993,
Road density is used here as a surrogate for this pro-
cess. The total length of roads tends to be higher at
locations more proximal to urban centers. The access
provided by an existing, more well-developed road net-
waork fosters a higher probability of future urbanization.
This trend in the spatial pattern of urbanization has
been incorporated in existing, more local-scate urban-
ization models {Clarke et al. 1997).

Estimation of vulnerability to N and P increases

Output frem the transition moedel yielded land-cover
distributions with higher amounts of urban and lower
amounts of forest and agriculture in cells where the
modeled rate of land-cover change was =>0. The mod-
eled land-cover distributions were then used as input
into the nutrient-export risk model. As in the first ap-
plication. the putrient-export risk model was run
through 10000 iterations per cell, and the number of
times the estimated N- or P-export coefficient equaled
or exceeded the median value for urban was used as a
ineasure of risk. Vulnerability to increases in N and ¥
was measured as the difference in risk cstimates be-
tween “before” and “after” maps.

“Refore” and “‘after” nutrient-expori risk estimates
were calibrated for random effects In the nutrient-ex-
port risk mode! and error in the proportion urban v&
road density regression equation. The maximum dif-
ference in nutrient-export risk for cells whose predicted
wrbanization was 0 were 8.026 for N and 0.019 for P,

Tasle 4. CGoeodness-of-At estimate for proportion of urban
pixels vs. road density.
Sum of Mean

Source df squares square
Regression 2 66.75 48 3¢
Residual 11858 1517 43.00127
Total 11 860 111.92
Corrected totalt 11 §5% 99.19

+ {"orrection based on the mean of the dependent variable.
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Proportion Urban

- | prop. = 0.00
3 8.00 < prop, < 8.05
# oos< prop. 5 B.10
f% 0.1% < prop, < 8.23
H bzs« prop. 5 8.58
§ prop. > .30

FiG. 4.

The standard error {or the individual predicied valtues
in the urban vs. road density regression equation was
0.0358. Added together, these uncertaintics total §.062
for N and 0.035 for P Differences in “before” and
“after’” risk estimates had to be equal w or grearer than
these values 10 be considered vulnerable.

RESULTS
Extant partern of N and P nuirient-export risk

The risk of N-cxport coefficients egualing or ex-
ceeding the median value for urban ranged from zero
(U} 1o about 0.77 (77%) (Fig. 1) The areas of highest
risk are the Central and Shernandoah Valleys of Penn-
sylvania and Virginia (respectively). the Pledmont of
southeastern Pennsvlvania and central Maryland, and
the Deimarva Peninsula. The high values of risk in
these areas reflect the widespread conversion of land
w agncuiturat use. Urbap areas tend 10 have lower rigk

Map of predicted proportion {prop.} urhan based on Eq 2.

vaiues than areas dominated by agricultural use be-
cause the ohserved data suggest that N-export coeffi-
cignts tend to be higher when areas are domwinated by
agricufture than when they are domunated by urban
{Beaulac and Reckhow 1982, Frink 1991 see Tables |
and 2). The lowest estimates of risk are where {orests
dominate, including north-central Pennsylvania and
southern West Virginia

The spatial pattern of Frisk (Fig. 2 differs somewhat
from that for N. The estimated risk is higher for urban
areas than for agricultural areas, becagse the observed
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-expert
coefficients for Torest show less overlap with either
arban or agriculture than MN-expont coefficients. Esti-
mated P-export coeffictents are much more sensitive (0
the amount of forest (and amoeunt of forest removed)
than N-export coeflicients.
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Propartion Urbanized

|- prop. = 0,68

21 0.0D < prop. < 0.05

¥ oos< prop. < 0,19

% 00« prop. < 028

B prs« prop. £ 03D

a prop. > 0.5¢

[] Nrisk increase > 62%

Fie;. 5. N vulnerabitity overlaid on urbanization map (Fig. 43 Outlined cells identify aress where N risk increased by at

least 0.062 as a result of urbanization,

Land-cover transition

The relationship between the proportion of pixels
classified as urban and road deunsity was significant
{Fig. 3, Table 4} The proporiion of urban pixels ia a
cell reached 50% at a road density of about 320 m/
km? The spatial pattern of the proportion of urban
pixels appeared 1o accurately map the major cities in
the region (Fig. 4). In addition to showing the larger
population centers (Philadelphia, Baltimore, Washing-
ton, Norfolk, Richmoend, Piusbarghl. several smalfer
urban centers were also evident (e.g., Roancke and
Charlottesvillie, Virginia, Altoona, Harrisburg, and
York, Pennsvlvania: Beckley and Morgantown, West
Virginia)y. Cells with proportion of urban pixefs <<0.3
but =01 tended to surround vrban centers. The con-
centration of cells with the propartion of urban pixels
=010 in scutheastern Pennsylvania reflects the hagh
number of Metropolitan Statistical Areas {(MSA} there

A MSA is an area defined by the U.S. Census Bureau
as having at least 100000 people. Nearly one-fourth
of the region’s 23 MSAs are concentrated in south-
eastern Pennsyivania, which is only about 3% of the
wotal land arca of the five states.

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

For N, 43 cells had an increase in risk egual to or
greater than the accumulated uncentainty in the models
{0.062). These cells are not spatially coincident with
the areas of greatest proportion of urban pixels (Fig.
5). Most of the areas where the proportion of urban
pixels was >0.50 had changes in N risk less than the
0.062 threshold. Many of the areas where N risk in-
creased by at least 0.062 were where the propertion of
urban pixels was lewer. The main exception lo this
spatial pattern was in the vicinity of Piusburgh. Much
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Proportion Urbanized

| prop. = (.04
L.80 < prop. < 0.05
B 0.05 <prop. <010
& 030 < prop. < 033
B 825 <prop. <550
g prop. > 0.50

P vulnerabiinty overlaid on wrbanizstion map (Fig.
teast £.033 as a result of urbanization.

P 6.

ef the area still has a high proportion of forest cover
{(Vogelmann et al. 1998 As urbanization continues in
this arca it is hikely to occur at the expense of forest,

For P, 385 cells had an increase in risk equal to or
grzuter than the accumulated uncertainty in the models
(0.055). These cells show greater spatial overlap with
those where the proportion of urban pixels was greatest
(=035 (Fig. 6). Nevertheless, many of the cells where
P risk increased by at least 0055 were in areas where
the hkeithood of urbanization was less. There were 2
greater number of cells vulnerable to a change in P
than N because the numerical separation of export co-
efficients between forest end either agriculture or urban
was rnore distinet for P than N

The spatial interaction of urbamization and relative
abundance of different types of fand cover created a
geographic pattern of N and P vulnerability that could
not be predicied from etther modeled urbanization or

FORECASTING N AND P EXPORT-RISK CHANGE

41, Outhined tiles ideniify areas where P risk increased by at

extant land cover alone. The landscape was more vul-
nerable o increased P export when the modeled dis-
wurbance {urbanization}y was about (.20 or higher and
the landscape had abowt 2 times more forest than ag-
ricufture (Fig. 73 For N, the landscape was more vul-
nerable when the modeled disturbance was abeut 0.20
or higher and the landscape had aboul 6 Umes more
forest than sgricalture (Fig. & For N, decreases in risk
equal e or greater than the accumulated uncertainties
in the model (- 0.062) were also found when the ratio
of forest to agriculture was very low and modelfed ur-
banization was hizh {see Fig. 8). The avalable Hter-
ature suggests that agriculture presents higher overall
risks of excessive N exports than urban areas (Beaulac
and Reckhow 1982, Frink 1991} The regponse Lo ur-
banization by landscapes charactenized by much greater
ameunts of agriculture might be lower overall N export.
Manpy agricultural areas are susceptible o urbanization
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whose change in risk was <0.055

(Healy and Short 1981, This direction in response was
not apparent for P
Dniscussion

FExpressing the landscape as an n-dimensional set of
characteristics {(g.g., Figs. 7 and 83 has been useful for
examining disturbance response (O Neil) et al. 1989,
1994, Turner et al. 1993). The landscape is hkely to
respond differently as a function of the exient of the
disturbance relative 1o the extent of the landscape

{Turaer et ab. 1993). Figs, 7 and 8§ show that the land-
scape response was a fanction of the size of the dis-
turbance (increased urban land) relative 1o the amount
of forest. As increases in urban land replaced greater
amounis of agriculture, the landscape was less vainer
abie to increased N and P export.

The geographic patterns of increased N and P export
risk show a dicholemy when overiaid on a map of the
watersheds of the major rivers in the region {(Fig. 9).
About 70% of the cells identified as valperable o in-
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Proportion Urbanized

FIG. 8. Relationship hetween change in Neexport risk and ratio of forest 1o agricufture vs. proportaon urbanized. Solid
circles identify cells mast vulnerable to change in N export {change in risk increased at least 0.062). Solid rriangles identify
cells whose change in risk decreased at feast 0.062. Plus signs wdentify celis whose change 0 risk was between —0.062 and

.062.

creased P export occorred in watersheds that drain to (Behrendt 1996, Smh et al. 19972 The mass of nu-
the Atlaptic. The predominani pattern ol increased risk  trienis removed from streams through denitrification,
of P export follows the urban corridor from Philadel-  sedimentation, and other processes 15 inversely related
phiato Richmond. For N, the majority of cells showing  to stream size (Behrendt 1996, Smith et al. 1997). The
valnerability to iacressed export drain into the Ghio  processes \hal remove autrients from streams iend to
River and ultimately 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 1o 40% of the N exported from
would reach the Adantic or Gulf Coasis is dependent  watersheds in the mid-Atlantic draining to the Ohio
on the size of the streams where nutrient export occurs  River reached the Gulf of Mexico.
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Map of cells vulnerable to increased N and P export overlaid on watersheds of the major rivers in the region.

fines, and selected cities are shown in italics. Note thot

when the symbols for N and P overprint, they appear as a sotid diamond (a printing artifact).

Our results, like all modeling studies, are dependent
on the assumptions built into the models. Changing one
or more of the assumptions would likely change the
results. The thresholds used to define vulnerability for
N and P were conservative, i.e., selected to reduce the
tikelihood of a false positive. For exampie, the accu-
mulated uncertainty used the maximum difference from
the nutrient-cxport risk model when the change in the
amount of urban was 0 (0.026, N: 0.019, Py Using a

less congervative valee (e.g. 95th percentitey would

have increased the number of cells dentified as vul-
nerable. A threshold of 0.05 instead of G.062 for N
would have tripled the number of cells tdentified as
vuinerable. Likewise, changing the thresholds that
were used to estimate risk (bold numbers in Table 2}
would change the results, In additon, changing the
rules used to convert forest and agriculre to urban
could have changed the refative proportions of forest
and agriculiure converted to urban. and hence changed
the cells wdentified as vulnerable.
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ISumMpmary

One ccological vonsequence of urbanization is in-
creased export of N and P (o receiving waters {Qmernik
1977, Beaulae and Reckhow 1982, Frink 1991 We
developed a model 10 estimate the risk of N and P
export equaling or exceeding specified thresholds based
on the extant distribution of land cover, The extant land
cover was changed using a model o convert forest and
agniculture to urban, and the resultant land cover was
used derive new estimates of N oand P orisk as a result
of converting non-urban land to urban use. The dif-
ference in the risk estimates was used to identify the
areas most vulnerable w mereased N oand P export as
a result of a future wrbanization pattern. Areas were
considered most valnerable 1o 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 uncertzinties in the sulrient-export and ar-
bamization models,

The geographic pattern of areas most vulnerable to
increased N- and P-export risk was the result of the
interacting spatial patterns of urbanization and extant
tand cover. The most valserzble areas occurred where
the projecied urbanization rate was at least 20% and
the amount of forest was about 6 times greater than
the amount of agriculture for N, and forest was 2 times
greater than agriculiure for P

Urbanization will Lkely continue to spread, most
predominantly in a core-to-periphery spatial pattern
(Gigliano 1999y The regional pattern of land-cover
change is bkely 1o be strongly influenced by the core-
to-periphery pattern of arbanization {Wickham et al,
20004y Within this potentral pattern of urbanization
and lund-cover change, those areas mest vulperable to
increases in N oand P export depend on the extant pattern
of land cover
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