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bstract

Urbanization was associated with loss and transformation of the oak forest in the Twin Cities (Minneapolis and St. Paul) metropolitan area
TCMA) over a recent 7-year interval. Between 1991 and 1998, urbanization increased based on several indicators: population density, area of
eveloped land, and area of impervious surface—total impervious area and area within three classes of increasing degree of imperviousness
protected, affected, and degraded). We quantified relationships between changes in urbanization and changes in several parameters describing the
ak forest at the scale of ecological subsection. Increased total and affected impervious area were strongly correlated with decreased area of oak
orest when changes of the urbanization indicators and oak were expressed as percentages of the subsection area. Relationships were reversed when
hanges were expressed as percentages of the 1991 values. Increased population density was strongly correlated with increased loss in numbers

nd increased isolation of oak patches, but weakly correlated with loss of oak forest area. This is the first study to quantify relationships between
hanges in urbanization and changes in a specific forest cover type. Our results demonstrate complexities of urbanization impacts on a metropolitan
orest resource, and highlight the importance of selected variables, spatial and temporal scales, and expressions of change when quantifying these
elationships.
ublished by Elsevier B.V.
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. Introduction

Forests in metropolitan areas account for almost one-fourth
f the total tree canopy cover in the 48 conterminous states of
he USA (Dwyer et al., 2000). These forests perform a vari-
ty of ecological services and offer numerous social amenities.
hey provide food and habitat for animals, conserve energy, pro-

ect watersheds, improve air quality, abate noise pollution, and
erhaps even reduce the effects of global warming by seques-
ering carbon (McPherson et al., 1997; Nowak and Crane, 1998;
merican Forests, 2000). In addition, forests in metropolitan

reas provide recreational and educational opportunities for

rban and suburban dwellers.

Ironically, even though forests in metropolitan areas are
ncreasingly acknowledged for their role in improving the
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uality of the urban environment, rapid urbanization in
ildland–urban interface areas and redevelopment in existing
rban areas are impacting their existence, structure and health.
his general perception is based on anecdotal observations as
ell as on a number of studies on urbanization impacts on for-

st vegetation. In the late 1800s, forests covered an estimated
0% of the Minnesota cities of St. Paul and Minneapolis and the
urrounding area (Minnesota Department of Natural Resources,
994). By 1990, only 8.5% of this area was covered by forest,
bout half of which was oak (Ward and Juzwik, 2005; Minnesota
epartment of Natural Resources, 1996). The two cities and

he surrounding area, collectively referred to as the Twin Cities
etropolitan area (TCMA), are in the throes of rapid urban

xpansion as well as restoration and redevelopment in older
arts of the cities and first ring suburbs. From 1990 to 2000,

he TCMA had the greatest population increase in its history.
here were 353,000 (15.4%) more people and almost 146,000

16.7%) more households in 2000 than in 1990 (Metropolitan
ouncil, 2006).
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Gradient studies are one of the most common designs for
ssessments of urban impacts on forests. An urban-to-rural gra-
ient can be created by establishing plots along a transect at
ncreasing distances from an urban core (Medley et al., 1995)
r by establishing plots in different land use/land cover classes
hat range from non-developed to a high intensity of develop-

ent. Differences in land use/land cover are assessed at one
oint in time (Guntenspergen and Levenson, 1997; Iverson and
ook, 2000; Porter et al., 2001) or at two or more points in time

Sharpe et al., 1986; Zipperer, 1993; MacLean and Bolsinger,
997; Lo and Yang, 2002). While land use/land cover is itself
n indicator of both urbanization and forest land, more specific
easures of urbanization are often included, such as area cov-

red with pavement or buildings (Porter et al., 2001), level of
uman activity (Guntenspergen and Levenson, 1997), proximity
o roads (Gunter et al., 2000; Lo and Yang, 2002), popula-
ion density (Zipperer, 1993; Lo and Yang, 2002), household
ensity and income (Iverson and Cook, 2000). In the major-
ty of these studies, increased urbanization was associated with
oss of total forest area and, where measured, increased forest
ragmentation.

Clearing or altering the landscape to accommodate urban
tructures and processes is usually selective, based on urban
eeds (Saunders et al., 1991), and generally occurs after a pro-
ess of planning that may engage people from a variety of
ublic and private domains. Quantitative relationships between

hanges in specific measures of urbanization over time and
hanges in the forest over that same time offer powerful tools
n planning for and implementing protection of the urban for-
st resource in future development. However, there are very few

o
d
s
f

able 1
hange in oak forest parameters between 1991 and 1998 for seven ecological subse
ard et al., 2006)

ubsection Total area (ha) Percent change

Based ona Total area of oak cover Mean

noka 147,539 1991 −9.08 10.83
SSa −0.83

ig Woods 334,650 1991 −3.44 −8.10
SSa −0.07

lufflands 3,819 1991 5.25 20.07
SSa 0.34

ille Lacs 2,884 1991 −3.01 −3.87
SSa −0.42

lains 186,199 1991 −3.32 −2.57
SSa −0.20

ochester 24,491 1991 −3.42 0.41
SSa −0.11

avannah 70,655 1991 −6.27 −23.03
SSa −0.07

otal 770,237 1991 −5.65 −1.19
SSa −0.25

a For all metrics, change was calculated as a percent of the 1991 value; for area of o
b Number patches/100 ha.
c Perimeter to area ratio.
d Euclidean nearest neighbor distance.
an Planning 80 (2007) 375–385

tudies from which these kinds of quantitative relationships have
een produced. In one example of such a study, negative but not
ignificant correlations were found between changes in popula-
ion density and changes in several forest metrics from 1975 to
988 in an urban fringe area near Toronto (Puric-Mladenovic
t al., 2000). In another study, change in population density
etween 1973 and 1999 at the level of census tract in the Atlanta,
eorgia metropolitan area was the indicator most negatively cor-

elated with change in forest area for this period (Lo and Yang,
002). The direction and strength of other correlations in this
tudy varied with the spatial scale and parameter or indicator
easured.
This is one of a series of studies that was initiated in 2001 to

ssess changes in the oak forest resource in the TCMA during
he 1990’s, and to investigate the relationships between these
hanges and increased urbanization in the TCMA. In the first
tudy, changes in the oak resource of the TCMA for 1991 and
998 were determined from Landsat TM imagery using ecologi-
al subsection (Cleland et al., 1997) as the spatial unit (Ward and
uzwik, 2005; Ward et al., 2006) (Table 1). Overall classification
ccuracies varied for the different subsections, ranging from 52
o 75% in 1991 and from 56 to 71% in 1998 (Ward and Juzwik,
005). The authors found that losses of oak area occurred in six
f the seven subsections, ranging from 12 ha to over 1200 ha; the
rea of oak increased by 14 ha in one of the smallest subsections.
n a second study, changes in the amount and condition of the

ak forest between 1991 and 2000 at the scale of an individual
evelopment (from 1 to 70 ha in size) were investigated across
everal land use classes that varied in degree of urbanization,
rom undeveloped to industrial (Loeffelholz, 2003).

ctions of the Minneapolis/St. Paul metropolitan area (Ward and Juzwik, 2005;

patch densityb Mean patch size (ha) Mean PARc Mean ENN (m)d

−17.97 −7.89 −6.76

5.07 −6.46 8.83

−12.35 −17.76 −9.72

0.90 −12.75 5.96

−0.77 −9.03 0.86

−3.82 −11.84 3.94

23.03 −7.33 16.83

−4.52 −7.84 1.34

ak cover, change was also calculated as a percent of the subsection area (SSa).
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In the study described here, we quantified urbanization indi-
ators for the TCMA for 1991 and 1998 at the scale of ecological
ubsection, and then quantified relationships between changes
n these urbanization indicators and changes in the oak forest
esource, based on the classification and quantification results
f Ward and Juzwik (2005) and Ward et al. (2006). Our hypothe-
is was that increased urbanization would correlate with reduced
rea and increased fragmentation of the oak forest. Our study
dds to the few in which change over time is calculated from
easures of both urbanization indicators and forest resource

arameters at the same two points in time for the same location.
n addition, this is the first study we know of to quantitatively
elate urbanization to change in a specific forest type.

. Methods

.1. Study area

The “twin” cities of St. Paul and Minneapolis occur at the
unction of the Mississippi and Minnesota Rivers in eastern Min-
esota. The area we now call the TCMA includes seven counties
Anoka, Carver, Dakota, Hennepin, Ramsey, Scott, and Wash-
ngton) covering a total of 770,000 ha (44◦53′N, 93◦13′W). The
rea contains thousands of acres of wetlands and over 900 lakes,
s well as a third major river, the St. Croix (Yuan, 2004). Based
n a nationwide ecological classification system (Cleland et al.,
997), most of the TCMA lies within the eastern broadleaf forest
rovince which is a transition zone between eastern forest and
estern prairie (Minnesota Department of Natural Resources,

006a). A small corner of the northeast TCMA lies within the
aurentian mixed forest province. Within these two provinces,

he TCMA includes parts of three sections, the next level of clas-
ification, and seven subsections. Subsections are differentiated

f
w
l
P

Fig. 1. Location and ecological subsections of the study
an Planning 80 (2007) 375–385 377

y soil, geologic, climatic, and natural vegetation characteristics
Keys et al., 1995; Minnesota Department of Natural Resources,
006a), all of which may have impacted the occurrence of oak
orest. Subsection is the unit used for the classification and quan-
ification of the TCMA oak resource on which this study is
ased (Ward et al., 2006) so subsection is also the spatial unit
e used for analysis in this study. The seven subsections are

Fig. 1): Big Woods, St. Paul Plains and Moraines, Anoka Sand
lain, Oak Savannah, Rochester Plateau, Blufflands, and Mille
acs Uplands (Minnesota Department of Natural Resources,
006a).

The areas of each subsection within the TCMA boundary
ange in size from 2800 ha to over 334,500 ha (Ward et al., 2006).
he Big Woods, St. Paul Plains and Moraines (Plains; also called

he St. Croix Moraines and Outwash Plains), and Anoka Sand
lains (Anoka) cover 87% of the total land area (Fig. 1) and
ontain 93% of the oak forest area in the TCMA. The ecolog-
cal subsections are described by the Minnesota Department
f Natural Resources (2006a). The Anoka subsection in the
orth central TCMA is a broad sandy plain with level to gen-
ly rolling topography. The western part of the TCMA is in the
ig Woods subsection, having level-topped hills and numer-
us rivers and lakes. The northeast side of the study area is
n the Plains subsection, which is characterized by steep, short
lopes and many lakes. The remainder of the TCMA contains
arts of four other subsections. The Oak Savannah (Savan-
ah) in the southeast has gently rolling topography and few
akes. A small portion of the northeast part of the study area
xtends into the Mille Lacs subsection where dominant land-

orms are gently rolling plains with large areas of lakes and
etlands. Much of the southeast part of study area, with its

evel to gently rolling plains and few lakes, is in the Rochester
lateau subsection (Rochester). Finally, there are two small

area of Minneapolis/St. Paul metropolitan area.



3 d Urb

a
s
v

2

2

p
a
t
(
c
e
u
f

a
a
3
F
t
2
t
t
a
a
1
p
p
m

2

w
c
T
i
p

p
f
i
e
a
v
(
w
c
v
r
u
t
i
i
t
(

d
(
w

t
M
t
i
i
t
m
r
i
r
A
f

o
b
p
i
d
w
(
2

c
T
m
o
5
1
p
t
w
t
l
f
t
d
e
R
w
m
a
c

2

s
l
a

78 K. Kromroy et al. / Landscape an

reas of the southeast TCMA that are in the Blufflands sub-
ection, which is characterized by many bluffs and deep stream
alleys.

.2. Data

.2.1. Oak resource
Oak openings along with some mesic hardwood forest and

rairie were the major presettlement vegetation types of upland
reas in what is now the TCMA (Marschner, 1974). In addition
o oak, aspen, red and white pine are major forest types today
Yuan, 2004). White oak (Quercus alba), bur oak (Q. macro-
arpa), northern red oak (Q. rubra), and northern pin oak (Q.
llipsoidalis) occur throughout the TCMA and are highly val-
ed for landscape and aesthetics and provide important wildlife
ood and habitat.

Oak forest cover was classified for the TCMA for 1991
nd 1998 as described by Ward and Juzwik (2005). The total
mount of oak forest in the TCMA decreased by 5.6% (from
3,844 to 31,932 ha) during this period (Ward and Juzwik, 2005).
RAGSTATS (McGarigal and Marks, 1995) was applied to

he classification to determine oak patch statistics (Ward et al.,
006). An oak patch refers to a single contiguous stand of oak
rees; the subsection average patch size ranged from about 0.3 ha
o 1.7 ha (Ward et al., 2006). Estimates of change between 1991
nd 1998 used by the authors for each subsection were: total
rea of oak cover, mean patch density (number of patches per
00 ha), mean patch size, mean distance to the nearest similar
atch (Euclidean nearest neighbor distance), and mean patch
erimeter to interior area ratio. These were the oak resource
etrics used in the analyses for this study.

.2.2. Urbanization indicators
Indicators used to quantify change in urbanization over time

ere: area of impervious surface (four different classes), area
lassified as developed land, and density of human population.
wo additional measures, proximity to the nearest road and prox-

mity to the nearest lake or river, were used to characterize spatial
atterns of oak stands lost.

Impervious surface refers to areas covered by materials that
revent water infiltration into soil, e.g. pavement covered sur-
aces and roof-tops of buildings. A positive correlation between
ncreased development and increased percentage of land cov-
red by impervious surfaces has been demonstrated (Arnold
nd Gibbons, 1996). Classifications of 1991 and 1998 imper-
ious surface area in the TCMA were obtained from Doyle
2004) and Yuan (2004). Relative amounts of imperviousness
ere classified from 0 to 100% in the original data. The average

lassification accuracy was 92% (Doyle, 2004). For our study,
alues were grouped into four classes, the first three of which
epresent a gradient of imperviousness that has been related to
rban stream quality. The quality of a stream is considered “pro-
ected” if the watershed is less than 11% impervious, “affected”

f imperviousness is 11–25%, and “degraded” if imperviousness
s greater than 25% (Schueler, 1994). The fourth class was the
otal impervious area. Total impervious area (ha) and the area
ha) within the protected, affected, and degraded classes were

w
1
s
o

an Planning 80 (2007) 375–385

etermined for each subsection for 1991 and 1998 using ArcGIS
ESRI Inc., Redlands, CA), and changes between the two dates
ere calculated.
Developed land for 1990 and 2000 was determined from

he Historical Generalized Land Use data set developed by the
etropolitan Council (2002), the regional planning agency for

he TCMA. We defined developed land as areas in the follow-
ng land use classes: airport, extractive, farmstead, golf course,
ndustrial and utility, institutional, major highway, manufac-
ured housing park, mixed use commercial, mixed use industrial,

ixed use residential, multi-family residential, office, railway,
etail and other commercial, seasonal/vacation, and single fam-
ly residential. Undeveloped land was defined as parks and
ecreation, vacant/agricultural, and public land not developed.
rea (ha) of developed land in each subsection was quantified

or the two dates using ArcGIS and the changes were calculated.
Population data for the 1990 and 2000 U.S. Census were

btained from Geolytics Inc. (East Brunswick, NJ). Census
lock group data were imported into ArcGIS and the area and
opulation densities of each block group were calculated. After
ntersecting ecological subsection boundaries with block group
ensity data, the percent subsection area of each block group
as determined. Area-weighted average population densities

people/km2) were determined for each subsection for 1990 and
000, and the changes between the two dates were calculated.

Layers to represent all roads in the TCMA and adjacent
ounties were acquired from the Minnesota Department of
ransportation (2005) and J.J. DuChateau (Wisconsin Depart-
ent of Transportation, personal communication). The numbers

f oak patches within three distance-to-road classes (0–500,
00–1000, and 1000–1500 m) were determined for 1991 and
998 for each subsection and the oak patches lost over the time
eriod were calculated. A similar procedure was used to charac-
erize the proximity of lakes or rivers to oak patches lost. While
e do not know of a similar analysis, based on development

rends in other areas of the state (Jakes et al., 2003) we expected
osses of oak near lakes and rivers to be greater than losses distant
rom water. Minnesota lakes and rivers data were obtained from
he Minnesota Department of Natural Resources (2000). Spatial
ata for Wisconsin lakes and rivers bordering the TCMA to the
ast were obtained from the Wisconsin Department of Natural
esources (2003). For lakes and rivers, numbers of oak patches
ithin six distance classes (from 0 to >2500 m in 500 m incre-
ents) were determined for 1991 and 1998 for each subsection,

nd the numbers of oak patches lost over the time period were
alculated.

.3. Statistical analyses

Change in area of oak cover, change in area of impervious
urface (all four measures) and change in area of developed
and were calculated in two ways (“expression of change”): as
percent of the total subsection area, and as a percent of what

as present at the earlier date (1990 for developed land and
991 for oak cover and impervious surface). For the other mea-
ures, we only have values for the two dates, so changes in the
ak patch metrics and population density were calculated as the
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Table 2
Percent subsection area (ha) in three impervious surface classes (protected,
affected, and degraded) in 1991 and 1998, and the percent change for seven
ecological subsections of the Minneapolis/St. Paul metropolitan area

Subsection Year Class

Protected Affected Degraded Total

Anoka 1991 2.9 6.5 27.9 37.3
1998 2.0 11.4 32.1 45.5
Changea −32.3 74.3 15.0 21.6
Change SSab −1.0 4.8 4.2 8.1

Big Woods 1991 3.7 4.8 12.7 21.2
1998 2.3 7.5 16.0 25.8
Change −38.2 57.8 26.0 22.0
Change SSa −1.4 2.8 3.3 4.6

Blufflands 1991 0.4 0.6 1.3 2.4
1998 0.5 1.9 3.1 5.5
Change 17.6 231.8 140.0 139.3
Change SSa 0.08 1.3 1.8 3.2

Mille Lacs 1991 2.9 4.6 5.3 12.8
1998 2.3 7.6 7.0 16.9
Change −20.2 62.7 31.4 31.0
Change SSa −0.6 2.9 1.6 4.0

Plains 1991 3.8 6.7 24.9 35.4
1998 2.6 10.0 29.0 41.6
Change −32.4 49.9 16.4 17.5
Change SSa −1.2 3.3 4.1 6.2

Rochester 1991 0.3 0.7 1.7 2.7
1998 1.0 1.7 2.8 5.5
Change 269.2 133.2 62.0 101.2
Change SSa 0.7 1.0 1.1 2.8

Savannah 1991 0.7 2.0 7.4 10.1
1998 1.4 4.0 9.8 15.2
Change 94.2 99.9 32.9 50.5
Change SSa 0.7 2.0 2.4 5.1

Total 1991 3.2 5.2 17.6 26.0
1998 2.2 8.3 21.2 31.7
Change −31.7 61.2 19.8 21.8
Change SSa −1.1 3.1 3.5 5.7

Comparisons were based on data from Doyle (2004) and Yuan (2004).
a Change calculated as a percent of the 1991 area.
b Change calculated as a percent of total subsection area (SSa).

Table 3
Percent subsection area classified as developed in 1990 and 2000, and the change
between 1990 and 2000 for seven ecological subsections of the Minneapolis/St.
Paul metropolitan area

Subsection 1990 2000 Changea

1990 SSa

Anoka 32.0 38.2 19.4 6.2
Big Woods 17.9 23.1 29.0 5.2
Blufflands 2.5 4.6 84.0 2.1
Mille Lacs 11.4 14.9 30.7 3.5
Plains 30.5 38.3 25.6 7.8
Rochester 3.5 5.1 45.7 1.6
Savannah 8.6 13.9 61.6 5.3
K. Kromroy et al. / Landscape an

ercent of 1991 and 1990 values, respectively. Pearson’s corre-
ation procedures were applied to the change values to identify
ssociations between the oak parameters and the urbanization
ndicators. Where appropriate, regression was applied to fur-
her characterize the relationships. All statistics were calculated
sing the computer program ARC version 1.04, as described by
ook and Weisberg (2002).

. Results

.1. Oak resource

For both expressions of change, the Anoka subsection ranked
s having the largest decrease in area of oak; rankings of the
ther five subsections were different for the two expressions
f change. Among the patch metrics, inverse relationships and
trong correlations were found between changes in mean patch
ensity and mean patch size (r = −0.944), and between changes
n mean patch density and mean distance to the nearest patch
r = −0.978). Change in mean patch perimeter to area ratio was
eakly correlated with change in the other oak metrics (|r|

anged from 0.441 to 0.664).

.2. Urbanization measures

.2.1. Impervious surface
Between 1991 and 1998, the total area of impervious surface

n the TCMA as a whole increased from 26% to almost 32%
Table 2). Expressed as a percent of the subsection area, the
reatest increases in total impervious surface area occurred in the
argest subsections. Anoka had the greatest change, with 8.1%

ore of the subsection classified as impervious surface in 1998
han in 1991. Expressed as a percent of the amount of impervi-
us area present in 1991, the greatest increases occurred in the
maller subsections; the Blufflands had the greatest change, with
n increase of almost 140%. For 1991, total impervious area in
he TCMA was quantified as follows: protected 12% (subsec-
ions ranged from 7 to 22%), affected 20% (subsections ranged
rom 18 to 36%) and degraded 68% (subsections ranged from 41
o 75%) (Fig. 2). By 1998, protected areas decreased in five of
he seven subsections and affected and degraded areas increased
n all seven subsections.

.2.2. Developed land
Area of land classified as developed increased in all sub-

ections between 1990 and 2000 (Table 3). As a percent of the
ubsection area, increases ranged from 1.6 to 7.8, with the great-
st increases in the larger subsections. Similar to impervious
rea, when change was expressed as a percent of the area of
eveloped land present in 1990, the greatest changes occurred
n the smaller subsections, and increases ranged from 19.4 to
4.0%.
.2.3. Population
Average population density increased in every subsection.

ncreases ranged from 11.6 to 46.7%, with the greatest changes
ccurring in two of the smaller subsections (Mille Lacs and

Total 27.5 34.8 26.6 7.3

Based on data from the Metropolitan Council (2002).
a Change was calculated as a percent of 1990 and as a percent of the subsection

area (SSa).
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ig. 2. Percent of total area within three imperviousness classes (protected,
inneapolis/St. Paul metropolitan area. Original data were from Doyle (2004)

avannah) (Table 4). Rankings of the subsections based on pop-
lation density were the same in 2000 as they were in 1990, with
ensities ranging from less than 20 people/km2 in both 1990 and
000 in the Rochester subsection to almost 500 people/km2 in
000 in the Plains and Anoka subsections

.2.4. Relationships among urbanization indicators
Within each of the two expressions of change, change in

otal impervious area was highly correlated with change in area
lassified as affected or degraded (r > 0.900). Change in area
f developed land was strongly correlated with change in total
mpervious surface area when expressed as a percent of sub-
ection area (r = 0.847), and when change was expressed as a
ercent of 1990 or 1991 (r = 0.863). However, the data for the
atter were less varied, resulting in a clumping of four subsec-

ions when plotted. Change in population density was poorly to
eakly correlated with the other measures of urban change (|r|

anged from 0.036 to 0.360).

able 4
verage population density (people/km2) in 1990 and 2000 and the change
etween 1990 and 2000 for seven ecological subsections of the Minneapolis/St.
aul metropolitan area

ubsection 1990 2000 Changea

noka 447 498 11.4
ig Woods 225 263 16.9
lufflands 30 33 11.6
ille Lacs 74 98 32.0

lains 430 495 15.1
ochester 14 16 12.1
avanna 82 120 46.7

otal area 297 343 15.4

ased on U.S. Census data obtained from Geolytics, Inc. (East Brunswick, NJ).
a Change was calculated as percent of 1990 density.
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ed, and degraded) in 1991 and 1998 for seven ecological subsections of the
uan (2004).

.3. Relationships between changes in oak and changes in
rbanization

.3.1. Area of oak cover
When change was expressed as a percent of the total sub-

ection area, greater losses in area of oak cover were associated
ith greater increases in three measures of impervious surface

total impervious area, r = −0.733; affected area, r = −0.836;
egraded area, r = −0.472) (Table 5). Correlations were in the
ame direction but were generally weaker (r ranged from −0.484
o −0.638) when changes were expressed as simply area (ha)
data not shown). The relationship between change in the area
f oak cover and change in affected area can be described by the
inear regression equation (Fig. 3a):

= 0.403 − 0.230(X) + error

here Y is the percent of the subsection area that changed in
ak cover and X is the percent subsection area that changed to
he impervious category of affected (p = 0.020). This regression
ndicates that each percent increase in affected impervious area
reater than 2% was associated with a 0.2% loss in area of oak
over. The relationship between change in area of oak cover
nd change in total impervious area is described by the linear
egression equation (Fig. 3b):

= 0.507 − 0.144(X) + error

here Y is the percent of the subsection area that changed in
ak cover and X is the percent of subsection that changed from
rea with no impervious surface to an area with any amount of
mpervious surface (p = 0.06). Change in oak area and change

n area of developed land and change in impervious area classed
s degraded were similarly correlated (r = −0.491 and −0.472,
espectively) when changes were expressed as percentages of
he subsection area (Table 5).
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Table 5
Pearson’s correlation coefficients between changes in urbanization indicators and changes in oak parameters (Ward et al., 2006) in seven ecological subsections of
the Minneapolis/St. Paul metropolitan area between 1991 and 1998 (except where noted)

Urbanization indicator Change based ona Correlation coefficients

Area of oak cover Oak parameters

Based on 1991 Based on SSa Patch density Mean patch size Mean PAR Mean ENN

Populationb 1990 −0.271 0.020 −0.799 0.849 0.268 0.788

Developed landb 1990 0.704 0.167 0.144 −0.646 −0.088
SSa −0.491 −0.320 0.163 0.715 0.134

Total area with impervious surface 1991 0.741 0.482 −0.236 −0.805 −0.367
SSa −0.733 −0.020 −0.184 0.616 −0.159

Protected area 1991 0.027 −0.149 0.172 −0.166 0.240
SSa 0.397 −0.145 0.288 −0.371 0.221

Affected area 1991 0.748 0.559 −0.294 −0.802 −0.469
SSa −0.836 0.074 −0.306 0.520 −0.214

Degraded area 1991 0.874 0.586 −0.302 −0.871 −0.479
SSa −0.472 −0.003 −0.155 0.628 −0.168

a For area measurements (area of oak cover, developed land, classes based on impervious surface), change was expressed both as a percent of the area present at
the earlier date (1990 or 1991), and as a percent of the subsection area (SSa). For other variables (population, patch metrics), change was expressed only as a percent
of the value on the earlier date.

b Change calculated for 1990–2000.

Fig. 3. Relationships between change in area of oak forest and change in area of impervious surface (affected and total impervious surface) between 1991 and 1998
for seven ecological subsections of the Minneapolis/St. Paul metropolitan area. In (a) and (b) change is expressed as a percent of the subsection area; in (c) and (d)
change is expressed as a percent of the amount present in 1991. Subsection abbreviations are: B, Big Woods; P, Plains; A, Anoka; S, Savannah; R, Rochester; F,
Blufflands; M, Mille Lacs.
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When changes in area of oak cover, area of developed land,
nd areas of levels of imperviousness were expressed as percent-
ges of the amount of each of those areas present at the beginning
f the study interval, the quantitative relationships were very dif-
erent. The direction of the correlations reversed, except for the
mpervious area classified as protected, for which the correlation
oefficient dropped to almost zero (Table 5). Regression equa-
ions for two of these relationships are plotted in Fig. 3c and d to
llow comparison between the two expressions of change. Pop-
lation density change was not correlated with change in total
rea of oak cover expressed as a percent of 1991 (r = −0.271)
r with change expressed as a percent of the subsection area
r = 0.020) (Table 5).

.3.2. Oak patch characteristics and urbanization
ndicators

Change in population density was the urban indicator
ost strongly correlated with three of the four patch met-

ics (Table 5). Those subsections with the greatest increases
n population density had the greatest decreases in density of
ak patches (r = −0.799), the greatest increases in mean patch
ize (r = 0.849) and the greatest increases in mean distance to
he nearest patch (r = 0.788). Results suggest that smaller oak
atches were completely lost (i.e. attrition) in subsections with
he largest population increases, and that the remaining patches
ad a larger mean size than those that were lost. Mean patch
erimeter to area ratio was strongly negatively correlated with
otal impervious area, affected and degraded areas, and area of
eveloped land (|r| ranged from 0.520 to 0.871) (Table 5) when
hanges were expressed as percentages of what was present

t the beginning of the study. Relationships between change
n patch perimeter to area ratio and these same urbanization
ndicators reversed direction when changes in the urbanization
ndicators were expressed as percentages of the subsection area.

1
i

ig. 4. Percent of total oak area lost between 1991 and 1998 in the Minneapolis/St.
nd (b) distance to the nearest lake or river. The Savannah and Rochester subsections
he area). Subsection abbreviations are: B, Big Woods; P, Plains; A, Anoka; S, Savan
an Planning 80 (2007) 375–385

iven that the change in perimeter to area ratio can only be
xpressed relative to 1991, we suggest that this same expression
f change is most appropriate for the urbanization indicators in
hese relationships.

.3.3. Oak forest loss and distances to roads, and lakes or
ivers

For the subsections in which area of oak cover was lost
etween 1991 and 1998 (all except the Blufflands), a distance
ecay function describes the relationship between the amount
f oak area lost and distance to the nearest road (Fig. 4a):

Y + 1)0.15 = 2.363 − 0.444(X) + error

here Y is the percent of the total area of oak lost and X is the
istance to the nearest road, assigned to one of three classes
r2 = 0.885, p < 0.001). For most of the subsections, approxi-
ately 90% of the total oak area loss occurred within 500 m of
road.

A similar function describes the relationship between the
mount of oak area lost and distance to the nearest lake or river
or the four subsections (Plains, Mille Lacs, Big Woods, Anoka)
hat have more than one percent by area occupied by lakes or
ivers (Fig. 4b):

Y + 1)0.30 = 3.390 − 0.370(X) + error

here Y is the percent of the total area of oak lost and X is
he distance to the nearest lake or river, assigned to one of six
istance classes (r2 = 0.734, p < 0.001).

. Discussion
Major changes occurred in the TCMA between 1991 and
998. Urbanization increased and the oak forest was reduced
n extent and was transformed in structure. We assume that

Paul metropolitan area and the relationship to (a) distance to the nearest road,
(�) were excluded from the analyses because they contain few lakes (<1% of

nah; R, Rochester; M, Mille Lacs.
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iseases and insects contributed to changes in the oak forest,
s their damage is often exacerbated by environmental condi-
ions associated with developed woodland sites (Ware, 1982;
ouston, 1985; Appel, 1989; Manion, 1991; Kanaskie et al.,
996). With the exception of oak wilt, however, in which infec-
ion centers of dead and dying oaks can enlarge year after year if
ntreated (Juzwik et al., 2004; Minnesota Department of Natural
esources, 2006b), most urban insect and disease disturbances
re intermittent in both time and space. Thus, we did not directly
ddress the relationships of insects and diseases to changes in
he oak forest, and we made the assumption that tree removal
rom urbanization was the driving force of oak forest changes
cross the TCMA.

The most interesting result of this study was the variability
mong the relationships between urbanization changes and
hanges in the oak forest. They varied with both the oak
arameters and the urbanization indicators. In our study,
opulation density was the urbanization indicator of change
ost strongly correlated with changes in means of three patch
etrics—density, size, and distance to the nearest patch, yet this

ndicator was only weakly correlated with changes in area of oak
orest and mean patch perimeter to area ratio. Increased popula-
ion density and decreased forest area, and increased population
ensity and increased forest fragmentation were not correlated
ithin the Regional Municipality of York, Toronto, Canada
etween 1975 and 1988 (Puric-Mladenovic et al., 2000). Corre-
ations reported by Lo and Yang (2002) were −0.480 between
ncreased population density and decreased area of forest land,
nd 0.320 between increased population density and increased
andscape fragmentation at the spatial scale of census tract from
973 to 1987 in the Atlanta, GA, USA, metropolitan area.

Different parameters capture different elements of the oak
esource; area of oak forest, expressed in hectares, is a bot-
om line measure of amount, while patch metrics, expressed
n several different units, provide information about how the
orest is configured and distributed across the landscape. At the
ame time, different urbanization indicators capture different
lements of the urbanization processes; areas of imperviousness
nd developed land, expressed in hectares, provide very differ-
nt information than population density, expressed in people per
nit area. As an example, the number of people who live in a
.0 ha area with a defined amount of impervious surface can vary
idely. The relationship between change in area of developed

and and change in area of oak forest may have been stronger
f we had used more classes of developed land in the analyses.

ithin the single class we called developed land there was a
ide range of land uses, some having very different impacts on

orests than others.
Relationships between urbanization changes and changes in

he oak forest also varied with the expressions of change. The
egative correlations between change in area of oak forest and
hanges in areas of imperviousness and developed land were
xpected. The direction switch that occurred in these relation-

hips when we expressed changes as percentages of what was
resent at the beginning of the study interval, rather than as
ercentages of the subsection area, were unexpected. This rela-
ionship reversal is related to several factors. To begin with,

m
t
a
s

an Planning 80 (2007) 375–385 383

hanges expressed as percentages of what was present in 1990 or
991 were many times greater than those expressed per unit area
or both the oak and urbanization indicators. Second, subsec-
ion rankings based on amount of change were different for the
wo expressions of change. For example, urbanization changes
xpressed as percentages of the unit area were greater in the
arger subsections than in the smaller ones. Changes expressed
elative to the amounts in 1990 or 1991 were greater in the
maller subsections than in the larger ones. Third, the re-ranking
f subsections for each expression of change in oak area was not
he same as the re-ranking of subsections for the each expression
f change for a given urbanization indicator.

Another factor contributing to the variability among the rela-
ionships of change is spatial scale, which can have a major effect
n the quantitative component of urbanization impacts on natural
esources (Zandbergen, 1998; Lo and Yang, 2002; Saunders et
l., 2002). We would expect that with a finer spatial scale and the
esultant increase in data points, the variation among the various
rbanization measures of change would decrease. We selected
he ecological subsection as our spatial unit because our study
egan with a focus on the oak resource. We accounted for differ-
nces among the subsections in the amount and spatial pattern
f the oak forest at the start and end of the study period (Ward
nd Juzwik, 2005; Ward et al., 2006), but there were also differ-
nces within the subsections, particularly the larger ones, that
e may not have adequately captured. Similarly, we accounted

or differences among the subsections in urbanization at the start
nd end of the study period, but we may not have captured the
ariation within the subsections. This was likely to be particu-
arly true for the larger subsections because they encompass both
ore and first-rings suburbs, where urbanization rates tend to be
ower, as well as outer-ring and fringe areas, where rates tend to
e higher (MacLean and Bolsinger, 1997; Cifaldi et al., 2004).
he smaller subsections (Blufflands, Rochester, Savannah, and
ille Lacs) were largely or entirely located in outer-ring and

ringe areas of the TCMA.
To focus on a smaller spatial scale, we divided the TCMA into

and type associations which are largely defined by topographic
nd hydrologic features, as are the subsections, but at a finer
evel (Minnesota Department of Natural Resources, 2006a). Our
ample size increased—the TCMA included all or parts of 25
and type associations, but there was also a much greater range
n unit sizes, and the correlations between change in area of
ak and changes in the impervious indicators were weaker (|r|
0.30) than at the subsection scale.

Temporal scale is another factor that impacts relationships
f change. Forest transformation at a given location occurs in
hases (Forman, 1995), the rate and outcome of which are related
oth to spatial scale and to the length of time over which it
s measured (Sharpe et al., 1986). Urbanization also occurs in
hases, with the measured rate dependent on many factors (see
bove), including the interval of measurement. The changes that
ere measured in the area of oak cover and in the oak patch

etrics in this study were most similar to the little or no change

hat Loeffelholz (2003) found in oak stand size, mean stand
rea and total oak area in the undeveloped land use class. We
uggest that this is reasonable, given that we used the same
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ime interval as Loeffelholz, and that our spatial scale was much
arger—in averaging over all land use classes in a subsection,
he proportion of undeveloped land may have been sufficient
o drive the subsection averages. A lag-time analysis approach

ay be appropriate for a study such as ours, especially for those
cenarios where loss of oak is a result of delayed mortality due
o urban related activity.

Two relationships were straightforward—the amount of oak
orest area lost and distance to the nearest road, and the amount
f oak forest area lost and distance to the nearest lake or river.
s we suspected, in the subsections where lakes and/or rivers

re common, the majority of oak forest loss (ranged from 51 to
7%) occurred relatively near (within 1000 m) water. Develop-
ent along lakeshores in outstate parts of Minnesota continues

o increase (Jakes et al., 2003), but it appears that lands along
akes and rivers in the TCMA have also attracted development
n recent years. Our finding that the majority of oak forest loss
ccurred near a road (within 500 m) is generally consistent with
rends reported by others. Yuan (2004) found that almost half
f the new development in the TCMA between 1986 and 2002
ccurred within 2 km of highways. Gunter and colleagues (2000)
ound that distance to a state or federal highway was one of
our factors that were significant in estimating the likelihood
hat a forested tract would be developed; as distance to roads
ncreased by 1 km, the likelihood of development decreased
y 42%. Lo and Yang (2002) reported that the proportions of
and that were forested were negatively correlated with proxim-
ty to roads in 1973, 1987 and 1999 (r ranged from −0.57 to

0.64) and that the change in area of forest land between 1973
nd 1999 was weakly positively correlated with road proximity
r = 0.35).

. Conclusions

This is the first published study to quantitatively relate
hanges in urbanization indicators to changes in a specific for-
st type within a metropolitan area. Our results suggest that
or similar temporal and spatial scales, urban planners can use
easures of increased impervious area as a quantitative indica-

or of the amount of decreased forest area when these changes
re expressed as percentages of the total unit area. Increase in
he affected class would be the preferred measure, but increase
n total impervious area would also be useful. We suggest that
hange in population density across the landscape may be a use-
ul indicator of how the remaining forest is configured. Change in
otal area of developed land was not a good indicator of changes
n oak forest in our study. Dividing developed land into more
pecific land use classes in future studies may result in stronger
elationships. For the future we also suggest that using a spa-
ial unit smaller than a subsection or one that is based on other
oundaries, e.g., administrative may yield quantitative results
hat are more useful for urban planners and natural resource

anagers because the units could match their jurisdictions. As

rban expansion into rural areas and redevelopment in exist-
ng urban areas continue, so will the impacts on oak and other
orests; their protection will depend upon an understanding of
he complexities of these relationships.

K

an Planning 80 (2007) 375–385

cknowledgements

We thank Marvin Bauer, Fei Yuan, and Jean Doyle, Uni-
ersity of Minnesota, for sharing their data and remote sensing
xpertise. We are grateful to Rachel Hudson, USDA Forest Ser-
ice, for assisting with manipulation of the census data. We thank
ob Venette, USDA Forest Service, for his advice and insights
nd we are grateful to Mark Nelson, Stephanie Snyder and Eric
ustafson, USDA Forest Service, for their constructive reviews
f the manuscript.

eferences

merican Forests, 2000. Urban Forests: Urban Ecosystem Analyses.
American Forests. http://www.americanforests.org/resources/urbanforests/
analysis.php. August 2004.

ppel, D.N., 1989. Tree disease in the urban environment; spatial effects and
consequences of human disturbance. In: Jeger, M.J. (Ed.), Spatial Compo-
nents of Plant Disease Epidemics. Prentice Hall, Englewood Cliffs, NJ, pp.
223–235.

rnold Jr., C.L., Gibbons, C.J., 1996. Impervious surface coverage: the emer-
gence of a key environmental indicator. J. Am. Plann. Assoc. 62, 243–258.

ifaldi, R.L., Allan, J.D., Duh, J.D., Brown, D.G., 2004. Spatial patterns in
land cover of exurbanizing watersheds in southeastern Michigan. Landscape
Urban Plann. 66, 107–123.

leland, D.T., Avers, P.E., McNab, W.H., Jensen, M.E., Bailey, R.G., King, T.,
Russell, W.E., 1997. National hierarchical framework of ecological units.
In: Boyce, M.S., Haney, A. (Eds.), Ecosystem Management Applications
for Sustainable Forest and Wildlife Resources. Yale University Press, New
Haven, CT, pp. 181–200.

ook, R.D., Weisberg, S., 2002. Arc 1.04, rev. Jan. 2002. Software for statistical
analysis. Download at URL http://www.stat.umn.edu/arc/exceltoarc.html.
June, 2005.

oyle, J.K., 2004. Impervious surface area classification of the Twin Cities
using tasseled cap transformation and regression estimation. M.S. Thesis.
University of Minnesota, St. Paul, MN.

wyer, J.F., Nowak, D.J., Noble, M.H., Sisini, S.M., 2000. Connecting peo-
ple with ecosystems in the 21st century: an assessment of our nation’s
urban forests. Gen. Tech. Rep. PNW-GTR-490. United States Department of
Agriculture, Forest Service, Pacific Northwest Research Station, Portland,
OR.

orman, R.T.T., 1995. Land Mosaic: The Ecology of Landscapes and Regions.
University Press, Cambridge.

untenspergen, G.R., Levenson, J.B., 1997. Understory plant species compo-
sition in remnant stands along an urban-to-rural land-use gradient. Urban
Ecosyst. 1, 155–169.

unter, J.T., Hodges, D.G., Swalm, C.M., Regens, J.L., 2000. Predicting the
urbanization of pine and mixed forest in Saint Tammany Parish, Louisiana.
Photogramm. Remote Sens. 66, 1469–1476.

ouston, D.R., 1985. Diebacks and declines of urban trees. In: Karnosky, D.F.,
Karnosky, S.L. (Eds.), Improving the Quality of Urban Life With Plants:
Proceedings. International Symposium on Urban Horticulture, June 21–23,
1983. New York Botanical Garden Institute of Urban Horticulture, New
York.

verson, L.R., Cook, E.A., 2000. Urban forest cover of the Chicago region and
its relation to household density and income. Urban Ecosyst. 4, 105–124.

akes, P.J., Schlichting, C., Anderson, D.H., 2003. A framework for profiling a
lake’s riparian area development potential. J. Environ. Manage. 69, 391–400.

uzwik, J., Cook, S., Haugen, L., Elwell, J., 2004. Oak wilt: people and trees,
a community approach to management. Gen. Tech. Rep. NC-240. United
States Department of Agriculture, Forest Service, North Central Research

Station. St. Paul, MN.

anaskie, A., Milbrath, G., Ries, P., 1996. Disturbance and urban forest health.
In: Brookes, M.H. (Eds.), Disturbance and Forest Health in Oregon and
Washington. Gen. Tech. Rep. 381. United States Department of Agriculture,
Forest Service, Pacific Northwest Research Station, Portland, OR, pp. 60–65.

http://www.americanforests.org/resources/urbanforests/analysis.php
http://www.americanforests.org/resources/urbanforests/analysis.php
http://www.stat.umn.edu/arc/exceltoarc.html


d Urb

K

L

L

M

M

M

M

M

M

M

M

M

M

M

M

M

M

N

P

P

S

S

S

S

W

W

W

W

Y

Z

K. Kromroy et al. / Landscape an

eys Jr., J., Carpenter, C., Hooks, S., Koenig, F., McNab, W.H., Russell, W.,
Smith, M.L., 1995. Ecological units of the eastern United States—first
approximation. USDA Forest Service Tech. Pub., R8–R21.

o, C.P., Yang, X., 2002. Drivers of land-use/land-cover changes and dynamic
modeling for the Atlanta, Georgia metropolitan area. Photogramm. Remote
Sens., 1073–1082.

oeffelholz, B., 2003. Quantifying the effects of urbanization on oak forests.
M.S. Thesis. University of Minnesota, St. Paul, MN.

acLean, C.D., Bolsinger, C.L., 1997. Urban expansion in the forests of the
Puget Sound region. Res. Bull. PNW-RB-225. United States Department of
Agriculture, Forest Service, Pacific Northwest Research Station, Portland,
OR.

anion, P.D., 1991. Tree Disease Concepts. Prentice-Hall, Inc., Englewood
Cliffs, NJ.

arschner, F., 1974. The original vegetation of Minnesota (map). Technical
Report. U.S.D.A. Forest Service, North Central Forest Experiment Station,
St. Paul, MN.

cGarigal, K., Marks, B.J., 1995. FRAGSTATS spatial pattern analysis pro-
gram for quantifying landscape structure. Gen. Tech. Rep., PNW-351. United
States Department of Agriculture, Forest Service.

cPherson, E.G., Nowak, D., Heisler, G., Grimmond, S., Souch, C., Grant, R.,
Rowntree, R., 1997. Quantifying urban forest structure, function and value:
the Chicago urban forest climate project. Urban Ecosyst. 1, 49–61.

edley, K.E., Pickett, S.T.A., McDonnell, M.J., 1995. Forest-landscape struc-
ture along an urban-to-rural gradient. For. Landscape Struct. 47, 159–
168.

etropolitan Council, 2002. Generalized land use—historical 1984, 1990, 1997
and 2000, for the Twin Cities metropolitan area. http://www.datafinder.org/
metadata/landuse hist.xml. June, 2005.

etropolitan Council, 2006. 2000 census. http://www.metrocouncil.org/
Census/census2000.htm. March, 2006.

innesota Department of Natural Resources, 1994. The DNR data
deli. Presettlement vegetation. http://deli.dnr.state.mn.us/metadata.html?id=
L250000140201. July, 2006.

innesota Department of Natural Resources, 1996. The DNR data deli.
GAP land cover—image. http://deli.dnr.state.mn.us/metadata.html?id=
L390002440906. July, 2006.

innesota Department of Natural Resources, 2000. DLG derived
lakes—polygons. http://jmaps.dnr.state.mn.us/mdreporter/cl list.jsp?tier=1.

innesota Department of Natural Resources, 2006a. Ecological classification
system. http://www.dnr.state.mn.us/ecs/index.html. July, 2006.

innesota Department of Natural Resources, 2006b. Oak wilt alert.

http://www.dnr.state.mn.us/treecare/forest health/oakwilt/index.html. July,
2006.

innesota Department of Transportation, 2005. Office of Transportation and
Data Analysis: Basemap. http://www.dot.state.mn.us/tda/basemap/. July,
2006.

Z

an Planning 80 (2007) 375–385 385

owak, D., Crane, D.E., 1998. The urban forest effects (UFORE) model: quan-
tifying urban forest structure and functions. In: Hansen, M., Burk, T. (Eds.),
Integrated Tools for Natural Resources Inventories in the 21st Century, Pro-
ceedings of the IUFRO Conference, Boise, Idaho, August 16–20, 1988.
Gen. Tech. Rep. NC-212. United States Department of Agriculture, Forest
Service, North Central Research Station, pp. 714–720.

orter, E.E., Forschner, B.R., Blair, R.B., 2001. Woody vegetation and canopy
fragmentation along a forest-to-urban gradient. Urban Ecosyst. 5, 131–151.

uric-Mladenovic, D., Kenny, W.A., Csillag, F., 2000. Land development pres-
sure on peri-urban forests: a case study in the regional municipality of York.
For. Chron. 76, 247–250.

aunders, D.A., Hobbs, R.J., Margules, C.R., 1991. Biological consequences of
ecosystem fragmentation: a review. Conserv. Biol. 5, 18–32.

aunders, S.C., Mislivets, M.R., Chen, J., Cleland, D.T., 2002. Effects of roads
on landscape structure within nested ecological units of the Northern Great
Lakes Region, USA. Biol. Conserv. 103, 209–225.

chueler, T.R., 1994. The importance of imperviousness. Watershed Prot. Tech.
1, 100–111.

harpe, D.M., Stearns, F., Leitner, L.A., Dorney, J.R., 1986. Fate of natural
vegetation during urban development of rural landscape in southeastern
Wisconsin. Urban Ecol. 9, 267–287.

ard, K., Juzwik, J., 2005. Change in the Minneapolis/St. Paul metropolitan
area oak forest resource from 1991 to 1998. Research Note NC-389. United
States Department of Agriculture, Forest Service, North Central Research
Station, St. Paul, MN.

ard, K., Kromroy, K., Juzwik, J., 2006. Transformation of the oak forest
spatial structure in the Minneapolis/St. Paul metropolitan area, Min-
nesota, USA over 7 years, Landscape Urban Plann., doi:10.1016/j.
landurbplan.2006.10.001.

are, G.H., 1982. Decline in oaks associated with urbanization. In: Parks, B.O.,
Fear, F.A., Lambur, M.T., Simmons, G. (Eds.), Urban and Suburban Trees:
Proceedings of a Conference, April 18–20, 1982. Michigan State University
& United States Department of Agriculture, Forest Service, North Central
Research Station, East Lansing, MI, pp. 61–64.

isconsin Department of Natural Resources, 2003. Lake and river spatial data
available through, URL http://www.dnr.state.wi.us/maps/gis/. July 2004.

uan, F., 2004. Remote sensing and GIS-based regional land-cover mapping
and change analysis in the Twin Cities metropolitan area. Ph.D. Thesis.
University of Minnesota, St. Paul, MN.

andbergen, P.A., 1998. Urban watershed ecological risk assessment using GIS:
a case study of the Brunette River watershed in British Columbia, Canada.
J. Hazard. Mater. 61, 163–173.
ipperer, W.C., 1993. Analysis of population growth and forest loss. In: Nelville,
L.R., Zipperer, W.C. (Tech. Coords.), New York–New Jersey Highlands
Regional Study: Analysis of Selected Resources. United States Depart-
ment of Agriculture, Forest Service, Northeastern Area State and Private,
NA-TP-04-93, pp. 71–78.

http://www.datafinder.org/metadata/landuse_hist.xml
http://www.datafinder.org/metadata/landuse_hist.xml
http://www.metrocouncil.org/Census/census2000.htm
http://www.metrocouncil.org/Census/census2000.htm
http://deli.dnr.state.mn.us/metadata.html?id=L250000140201
http://deli.dnr.state.mn.us/metadata.html?id=L250000140201
http://deli.dnr.state.mn.us/metadata.html?id=L390002440906
http://deli.dnr.state.mn.us/metadata.html?id=L390002440906
http://jmaps.dnr.state.mn.us/mdreporter/cl_list.jsp?tier=1
http://www.dnr.state.mn.us/ecs/index.html
http://www.dnr.state.mn.us/treecare/forest_health/oakwilt/index.html
http://www.dot.state.mn.us/tda/basemap/
http://dx.doi.org/10.1016/j.landurbplan.2006.10.001
http://www.dnr.state.wi.us/maps/gis/

	Relationships between urbanization and the oak resource of the Minneapolis/St. Paul Metropolitan area from 1991 to 1998
	Introduction
	Methods
	Study area
	Data
	Oak resource
	Urbanization indicators

	Statistical analyses

	Results
	Oak resource
	Urbanization measures
	Impervious surface
	Developed land
	Population
	Relationships among urbanization indicators

	Relationships between changes in oak and changes in urbanization
	Area of oak cover
	Oak patch characteristics and urbanization indicators
	Oak forest loss and distances to roads, and lakes or rivers


	Discussion
	Conclusions
	Acknowledgements
	References


