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Abstract

In this paper, the native and nonnative floras of
Boston, New Y ork, Philadelphia, Washington,
D.C., Detroit, Chicago, Minneapolis, and St.
Louis urban areas are compared, and overall
native diversity and nonnative diversity are
correlated with avariety of factors. A total of
4,159 species has been reported in the eight
urban areas. Of these, 2,708 (65.1%) are native
to one or more of the urban areas and 1,451
(34.9%) are nonnative. Only 316 (11.6%) of the
native species and only 109 (7.5%) of the
nonnative species are common to al of the urban
areas. When the similarity of native speciesis
compared, Boston, New Y ork, Philadelphia, and
Washington, D.C., form a cluster, as do Detroit,
Chicago, and Minneapalis; St. Louisisleast
similar to the other seven urban areas.
Correlating climatic variables (growing season,
temperature) and geographical variables (area,
latitude, longitude) with species richness showed
that nonnative species richness was most
strongly correlated with longitude (probably as a

function of age of settlement). Thisisin contrast
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with past research on native species showing a
strong correlation of native species richness with
latitude and elevations due to climatic
differences present at different latitudes and
elevations. Further studies that incorporate data
from additional urban areas are needed to
determine if nonnative species richness
continues to be strongly correlated with time of a

city’s settlement.

Introduction

Patterns of species richness have long interested
biologists (Wallace, 1878). The persistent and
predictable patterns, even though actual numbers
of speciesin the studies may vary, suggest that
there are underlying, controlling factors. What
those factors are and how they affect species
richness has been the subject of numerous papers
(Barthlott & Mutke, 2001; Currie, 1991; Currie
& Paquin, 1987; O'Brien, 1998).

The best-known and most studied patternis
the latitudinal gradient. It has been demonstrated
that there is a strong negative correlation
between latitude and speciesrichness for a
number of species (i.e., as one samplesin higher

and higher latitudes, species richness diminishes
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[Fischer, 1960]). Other patterns that have been
recognized are strong correlations between
species richness and longitude, precipitation,
temperature, potential evapotranspiration (PET),
and insolation (sunlight) (Currie, 1991; Currie &
Paquin, 1987; Palmer, 1995; Barthlott & Mutke,
2001). In North America, distinct latitudinal and
longitudinal patterns have been recognized for
several groups of organisms, including trees
(Currie & Paquin, 1987), mammals and
amphibians (Currie, 1991), and vascular plants
(Palmer, 1995). These patterns can be modeled
using climate data (O’ Brien, 1998).

Urban areas are known to have different
climates, soils, hydrology, etc., than nonurban
areas (Pickett et al., 2001). One would therefore
expect the patterns of species diversity to be
different in these areas. Pysek (1998) compared
54 central European cities and concluded that the
“occurrence of native and alien species in urban
floras follows rather different pattern(s).”

One aspect of speciesrichness that is
particularly relevant in urban areasisthe
occurrence of nonnative species. In nonurban
areas, Lonsdale (1999) found that 70% of
nonnative species richness could be accounted
for by three factors: native species richness,
whether or not a site was a preserve, and whether
asitewason anisland or mainland. Similarly
Stadler et al. (2000) found a correlation between
nonnative species richness and native species
richness. In urban areas, Pysek (1998) found that
city size (area and population) was the best
predictor of nonnative species richness.

This study was conducted to examine
patterns of speciesrichnessin eight large
northeastern United States cities and to
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determine what relationship there is between
these floras and various factors that might be
influencing native and nonnative species

diversity.

Methods

Urban Areas

The urban areas in this study are defined as all
the contiguous counties in and around the city
with more than 86% of their populationsliving
in urban areas, as measured by the United States
Geological Survey (2000). The only exceptionis
the New Y ork urban area: We excluded Hartford
and New Haven Countiesin Connecticut and
Hampden County in Massachusetts because
including them would have greatly expanded the
size of this urban area (already the largest) and
because these counties are outside the study area
covered by the New Y ork Metropolitan Flora
Project (Moore, 2002).

A database containing al speciesin the eight
urban areas and their native/nonnative status can
be found in Database 1 accessible at
http://www.urbanhabitats.org/vO1n0Ll/speciesdiv
ersity_full.html#database.. Table 1 provides
information on the boundaries and data sources

for each of the eight areas studied.

Predictors

Data for various predictors were calculated or
compiled from avariety of sources (Table 2).
Latitude, longitude, and elevation information
was derived from airports within each urban area
(Santos, 2002). The land areawas calculated by
totaling areas of counties taken from the United
States Census Bureau (2001). Climate data

(growing season, temperature, precipitation)
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were gathered from three sources on the Internet:
WorldClimate (2002), the National
Oceanographic and Atmospheric Administration
(NOAA, 2000), and Koss et al. (1988). For most
data, airports were used as the standard location
within the urban area; however, we used the
nearest available reporting station to gather
growing-season data (see Table 1). Settlement
dates are from Encyclopaedia Brittanica (1997).
Current population data came from the U.S.
Census Bureau (2001). Historical population
data came from the University of Virginia
Geospacia and Statistical Data Center (1998),
except for that of the District of Columbia,
which was obtained from Gilmore (1996).

Potential evapotranspiration (PET) was
calculated using the Thornthwaite equation, E =
16C(10T,/1)? where E is monthly potential
evapotranspiration in mm, C isthe daylight
coefficient, Ty, is the average monthly
temperature in Celsius, and a is an exponent
derived from the heat index (1). | = = (T./5)***
and a = (67.5 x 10%®) = (77.1 x 10°?) + (.01791)
+ (.492). Temperature data came from NOAA
(2000). Daylight coefficient was derived by
adding the median day length for each month
and dividing by 12.

Statistics

To compare the similarity of the native and
nonnative floras of the eight urban areas, we
calculated a Jaccard index of similarity (Ludwig
& Reynolds, 1988) for the native and nonnative
floras of each urban area. Thisindex was then
used to generate a cluster analysis of community
similarity using the UPGMA (Unweighted Pair
Group Method With Arithmetic Mean) program
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of the NTSY Spc (Numerical Taxonomy System,
version 2.01) statistical package (Rohlf, 1997).
Because it has been suggested that factors
influencing nonnative species richness and
native species richness are different (Pysek,
1998), separate analyses were conducted on
native and nonnative species.

To determine which factors were most
correlated with native or nonnative species
richness, a Pearson correlation matrix was
calculated using the natural logarithm of the
native/nonnative plant speciesratio, area,
latitude, longitude, growing season, mean
January temperature, and mean annual rainfall.
Principal component analysis was also cal cul ated
using the same set of variables. These statistical
tests were performed in Systat 10.2 statistical
software (Systat, 2000).

This set of variables was chosen from a
larger set of variables (i.e., those reported in
Table 2). From thislarger set of variables, only
one was chosen from variable pairs that were
significantly correlated. For example, date of
settlement was strongly correlated with longitude.
Therefore, only longitude was used on the

correlation analysis reported in Table 3.

Results

Floristic Similarity

A total of 4,159 species have been reported as
occurring in the eight urban areas. Of thistotal,
1,451 (34.9%) species are not native to any of
the urban areas, and 2,708 (65.1%) species are
considered to be native to one or more of the
urban areas. The highest percentage of nonnative
speciesisin Boston (45.71%), the lowest in
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Minneapolis (19.27%). See Table 2 for further
details for each urban area.

Although al urban areas are part of the
Eastern Deciduous Forest Formation (Braun,
1950), they have relatively few speciesin
common. A total of 316 (11.6%) native species
are found in all eight urban areas, and 109 (7.5%)
nonnative species are found in all eight urban
areas, overall, 425 species (10%) are found in
common.

The cluster analysis of the nonnative species
for each urban area (Figure 1) shows
Minneapolis to have the most dissimilar flora,
followed by St. Louis. The other two main
clusters are Chicago-Detroit and Boston-New
Y ork-Philadel phia-Washington. In this second
main cluster, Boston is the most dissimilar,
followed by Washington (Figure 1).

The cluster of the native species for each
urban area (Figure 2) has St. Louis as the most
dissimilar, followed by a Minneapolis-Chicago-
Detroit cluster, with Detroit and Chicago again
clustered together. The clustering of Boston,
New Y ork, Philadel phia, and Washington is the

same as that in the analysis for nonnative species.

Factor s Affecting the Native and Nonnative
Flora Diversity

From the correlation matrix (Table 3) the natural
logarithm of the native/nonnative species ratio
was significantly correlated with longitude.
Another significant correlation was between
latitude and mean January temperature. In the
factor analysis (Table 4, Figure 3), 96% of the
variation is explained in the first three

components (factors).
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Discussion

Floristic Similarity

The similarity patterns of the native floras of the
eight areas studied basically follow the current
understanding of the vegetation of eastern North
America. Thefirst cluster (Figure 3), Boston,
New Y ork, Philadelphia, and Washington, are all
part of the Oak-Chestnut Forest Region (Braun,
1950) and the Eastern Broadleaf Forest (Oceanic)
Province (Bailey, 1995). These areas also have
coastal-plain and shore floras not found in the
inland cities. Detroit, Chicago, and Minneapolis
are part of the Maple-Basswood Forest Region
(Braun, 1950), whereas St. Louis, and to some
extent Chicago, are part of the Oak-Hickory
Forest Region (Braun, 1950). All four of these
cities are part of the Eastern Broadleaf Forest
(Continental) Province (Bailey, 1995).

While the cluster analyses based on native
and nonnative species richness show some
similar trends, there is one point in which they
differ. Minneapolisisvery similar to Chicago
and Detroit in native species, but it has the least
similarity of any of the urban areas when
nonnative species are considered. This probably
reflects the fact that Minneapolisis the farthest
from a major seaport, where most nonnative

species have been introduced.

Factor s Affecting the Native and Nonnative
Flora Diversity

The most striking correlation found in this study
was between nonnative species richness and
longitude. Currie and Paquin (1987) found a
correlation between native tree diversity and
longitude in North America, but no other study
has found such a correlation. Though they don’t
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present correlation statistics, Withers et al. (2000)
show a defined longitudinal gradient for native
and nonnative plant speciesin eastern North
America. We believe that the nonnative species
richness-ongitude correlation found in our study
ismost likely the result of the history of plant
introduction into North America. Longitudeis
strongly correlated with date of settlement.
Furthermore, the cities that were settled earliest
also are the cities with active seaports (all of
them are on the East Coast). Most species were
probably introduced via ocean ports along the
East Coast and then spread inland. As aresult, it
is reasonable to conclude that seaports have the
greatest number of nonnative species (as shown
here) and that the number gradually declines as
one moves inland.

Therefore, while we concur with the finding
that factors influencing native and nonnative
plant diversity are not the same, we have found
different factors influencing nonnative diversity
in North America than those found by Pysek in
Europe. However, comparing our results with
Pysek’s (1998) is somewhat problematic because
in his study—as in most Old World studies—
species diversity was divided into native species
(those that evolved in the region or arrived there
before the Neolithic) and nonnative species
(those that have been introduced to the region
since the Neolithic); the nonnative species were
further subdivided into archaeophytes (species
introduced before 1500) and neophytes (species
introduced after 1500). North American cities
cited in this study have no archaeophytes
because none were settled before 1500.

In Table 5, the results of this study are

compared with Pysek’ s figures for 54 urban
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areasin central Europe (Pysek, 1998). It is
evident that in our study the data samples for
both population and area are much larger: Pysek
included settlements of as few as 5,000
individual s, whereas our study included only
settlements of more than 1 million individuals.
The numbers of nonnative and native speciesin
our study are much larger as well (although the
percentage of nonnative speciesisin the same
range as that for the European cities). From this
we surmise that the floras of European cities are
either depauperate compared with those of U.S.
cities, or that areais a major factor in accounting
for the more diverse floras. Pysek found a strong
correlation between species diversity and area,
which supports this latter supposition.

This history of plant introduction would also
support the other strong correlations we found
between nonnative species richness and the date
acity wasfirst settled (by way of the correlation
with longitude). The longer a city hasbeenin
existence, the longer nonnative plants have had a
chance to become established. In addition, the
greater the shipping activity, the greater the
numbers of plants coming into a port.

For neophyte diversity, Pysek (1998) found
significant regressions with population, area, and
population density (all multiplicative
regressions), as well as with temperature
(multiplicative regression) and altitude
(exponential regression). In this study we found
significant correlations between nonnative
species diversity and longitude. Furthermore,
elevation and settlement date were strongly
correlated with longitude. We did not find
significant correlations between nonnative

species diversity and area, latitude, temperature,
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or growing season. In addition, potential
evapotranspiration and population for the year
2000 were strongly correlated with latitude and
area, respectively.

One possible explanation for these very
different resultsis that we selected eight cities
with populations of over 1 million, while Pysek
selected 54 cities with populations ranging from
5,000 to 1.9 million. If there were a stronger
popul ation gradient among the U.S. cities, we
might see the same correlations. But it could
equally reflect amuch longer time line for
European urban development.

In summary, the results of this study lead to
one significant conclusion: The factors
influencing native and nonnative plant diversity
in urban areas are not the same. Thus, the well-
established correlations between climatic factors
and native species diversity do not apply for
nonnative species richness. Nonnative species
diversity is more complicated and appears to be
significantly influenced by factors regarding the
settlement of the city (e.g., date of settlement,
presence of a seaport).

The results of this study are preliminary and
cannot be used to establish any general patterns
regarding nonnative species diversity in North
America. Future studies should include
additional urban areasin North Americato
determine whether factors such as settlement
date are causing the strong correlation noted in
this study between nonnative species diversity

and longitude.
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Table 1. General information About the Eight Urban Areas Studied

COUNTIESIN PLANT DATA AIRPORT GROWING

URBAN AREA AREA SOURCE SEASON

Boston M assachusetts: Essex, Sorrie & Somers Boston: Logan Framingham,
Middlesex, Norfolk, (1999) International Airport | Massachusetts
Suffolk

Chicago Illinois: Cook, DuPage, | Swink & Wilhem | Chicago: Midway Chicago: Midway
Lake; Indiana: Lake (1994) Airport Airport

Detroit Michigan: Macomb, Voss (1972, 1985, | Detroit: Metropolitan | Y psilanti, Michigan
Oakland, Wayne 1996) Airport

Minneapolis Minnesota: Anoka, Ownbey & Morley | Minneapolis Maple Plain,
Dakota, Hennepin, (1991); Cholewa International Airport | Minnesota
Ramsey (2000)

New York Connecticut: Fairfield; | Mooreet al. New York: Central Park, New

New Jersey: Bergen, (2002)
Essex, Hudson,
Middlesex, Monmouith,
Passaic, Union; New

Y ork: Bronx, Kings,
Nassau, New Y ork,
Queens, Richmond,
Rockland, Suffolk,

LaGuardia Airport

York, New York

Westchester
Philadelphia Delaware: New Castle; | Rhoads & Klein Philadelphia Wilmington,
New Jersey: Camden; (1993); Hough International Airport | Delaware
Pennsylvania: (1983); Tatnall
Delaware, (1946)
Montgomery,
Philadelphia
St. Louis Illinois: St. Clair Steyermark St Louis Lambert St. Charles, Missouri
Missouri: St. Louis, (2963); Airport
City of St. Louis Y atskievych
(1999);
Mohlenbrock &
Ladd (1978)
Washington District of Columbig; Harvill (1986); Baltimore- Baltimore, Maryland
Maryland: Anne Shetler & Orli Washington
Arundel, Baltimore, (2000) International Airport

City of Baltimore,
Montgomery, Prince
Georges, Virginia: City
of Alexandria,
Arlington; Fairfax, City
of Fairfax, City of Fals
Church
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Table 2. Species Diversity, Geographic, Climatic, Historical Data for Eight Study
Areas

Cities Y, Y, Y, Y, Ye X, X,
Boston 1252 1054 2306 45.71 17215 42.36 71.01
New York 1649 881 2530 34.82 .62687 40.78 73.87
Philadelphia 1612 922 2534 36.39 .55869 39.87 75.24
District of Columbia 1561 813 2374 34.25 .65235 39.18 76.67
Detroit 1121 495 1616 30.63 .81742 42.21 83.35
Chicago 1176 577 1753 32.92 71203 41.79 87.75
Minneapolis 1131 270 1401 19.27 1.4324 44.88 93.22
St. Louis 1352 404 1756 23.01 1.2079 38.75 90.36
Boston 71.01 1783 -1.80 149 5.8 1091 666 1630 35
New Y ork 73.87 4212 -0.30 203 6.7 1083 723 1614 175
Philadelphia 75.24 2582 -0.80 181 11.6 1044 727 1638 3.8
District of 76.67 1450 -0.10 207 445 1050 805 1690 4.6
Columbia

Detroit 83.35 1967 -5.00 148 196.9 822 635 1701 4.0
Chicago 87.75 2225 -5.30 165 189.0 924 653 1803 7.4
Minneapolis 93.22 1707 -11.2 126 256.3 702 628 1823 2.3
St. Louis 90.36 1234 -1.50 168 184.1 941 782 1764 1.6

Key: Yi: Native species; Y,: Alien species; Y3: Total species; Y4: Percent alien; Ys: In natives/aliens; X;:
Latitude; X,: Longitude; X3: Area (square miles); X,: Mean January temperature (°C); Xs: Growing season
(days); Xs: Elevation (m); X7: Mean annual rainfall (mm); Xs: Potential evapotranspiration (see text for
discussion); Xq: Settlement date; X;0: Population in 2000 (millions)

-12 -
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Table 3. Pearson Correlation Matrix

Ys X1 X5 X3 X4 Xs
Ys 1.000

X1 0.229 1.000

X, 0.901 0.307 1.000

X5 -0.309 0.002 -0.445 1.000

X4 -0.640 -0.858 -0.732 0.262 1.000

Xs -0.387 -0.788 -0.542 0.435 0.819 1.000

Key: Ys: In natives/aliens; X;: Latitude; X;: Longitude; Xs3: Area (square miles); X4: Mean January
temperature (°C); Xs: Growing season (days)

Table 4. Results of Factor Analysis

%7) Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
= Eigenvalues 3.674 1.282 0.830 0.126 0.080 0.008
% Ye 0.754 0.469 0.418

o Xy 0.722 -0.678 -0.011

- Xz 0.849 0.429 0.231

o) X3 -0.461 -0.530 -0.701

c X4 -0.953 0.234 0.098

S [x 0.861 0.290 0318

= % total variance 61.237 21.371 13.830

O explained

@]

Key: Ys: In natives/aliens; X;: Latitude; X;: Longitude; Xs3: Area (square miles); X4: Mean January
temperature (°C); Xs: Growing season (days)

Table 5. Comparison of Data for Eastern United States and Central European Studies

Eastern U.S. (this study) Central Europe (Pysek, 1998)
Native species 1,121-1,649 98-947
Alien species’ 270-1,054 97-748
Percent alien 1945 20-56
Population (x 1000) 1,620-17,520 11,079
Area (km?) 1,234-4,212 8-480

*Includes both archaeophytes and neophytes.
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Figure 1. Cluster Diagram of Nonnative Species Similarity Using Jaccard Index
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Figure 2. Cluster Diagram of Native Species Similarity Using Jaccard Index
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Figure 3. Factor Loading Plot of Factor Analysis

Factor Loadings Plot
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