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Abstract Ailanthus altissima is an invasive, dioecious deciduous tree common at the
interface between urban and rural areas in the mid-Atlantic region, U.S.A. To examine
spatial patterns of abundance and associations with land use type, we mapped all mature
female trees in nine 89.5 ha plots (805.5 ha total area) across a typical urban-to-rural land
use gradient using aerial images obtained via remote sensing supplemented by detailed
ground referencing. Rural plots were dominated by forest and had the lowest density of
mature females (0.007 females ha−1); urban and suburban plots did not differ significantly
in mean density (0.37 females ha−1 vs. 0.34 females ha−1, respectively). Individuals in
urban plots were more evenly distributed, but were not associated with a wider variety of
land uses and were closer to roads or openings than those in suburban plots. Given less
available habitat per unit area in urban than in suburban environments, these patterns
suggest that Ailanthus fits the profile of an invasive species that may be proliferating
outward from urban centers. With continued disturbances associated with development in
the suburban areas, and timber harvesting in the rural areas, further spread of Ailanthus
seems likely.
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Introduction

Invasive species impose high socioeconomic, cultural, and environmental costs on society
(Pimental et al. 2000, 2005). There is growing recognition of the problem by scientists,
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policymakers, and land managers, yet the impacts will continue unless sufficient resources
are committed to combat invasive species. The problem is worldwide, and is likely to
intensify with increasing human travel and global trade.

Ecologists recognize invasives as one of the most serious and challenging global
environmental threats (Millennium EcosystemAssessment 2005) and have devoted significant
energy to improving the understanding of the causes and consequences of successful
invasions of exotic species. Using both theoretical models and experimental studies, research
has addressed demographic and ecological attributes of species that confer invasiveness
(Daehler 2003; Hastings et al. 2005), ecosystem attributes that enhance the success of
invaders (Davis et al. 2000, Shea and Chesson 2002, Hansen and Clevenger 2005), and the
role of chance and timing in invasion dynamics (Crawley 1989).

The most efficient, cost effective approach to managing an invasion event is to understand
species-habitat relationships and contain the population before it proliferates beyond control
(Moody and Mack 1988). Once the species reaches a high density or occupies a large area, it
is very difficult and costly to eliminate. Geographic analysis consisting of detailed description
of the spatial distribution of reproductive individuals is the first step toward describing the
species’ habitat relationships. The second component needed is an accurate description of
land cover—habitat types where the species is both present and absent. Such descriptive data
can be acquired using GPS-supported field surveys, supplemented by current and historical
aerial photographs (Herben et al. 2006). By understanding the spatial patterns of distribution
and abundance of reproductive members of the invasive population, insight into the
ecological processes that drive the demographic patterns of invasion become possible (Guisan
and Zimmerman 2000; Pysek and Hulme 2005).

The urban-rural land use gradient (McDonnell et al. 1997; Lockaby et al. 2005) provides a
broad array of habitats that potentially can be exploited by invasive species (Burton et al.
2005). Characterized by a highly urbanized core of industrial development and commercial
services surrounded by intermediate density industry, services, and residential areas, this
gradient terminates at the suburban—rural interface where land use patterns can be
characterized as a heterogeneous mix of low-density residential, light industrial-commercial,
agricultural, and natural land cover types. Because of its characteristic spatial pattern of land
cover types, the urban-rural gradient offers a useful domain for describing and assessing
spatial patterns of invasive plants and their associations with land use (Porter et al. 2001;
Burton et al. 2005). This pattern of development might also offer a useful setting for “natural
experiments” for studying ongoing land use change impacts and as it may represent a “space-
for-time substitution experiment” whereby urban, suburban, and rural forest fragments serve
as analogs of future conditions over broader areas (Carreiro and Tripler 2005).

Ailanthus altissima (Mill.) Swingle was introduced into the eastern U.S. in the late 18th
century and was quickly adopted throughout the U.S. as a desirable urban tree because of
its rapid growth, showy appearance, and tolerance of stressful environmental conditions
(Hu 1979). Confined primarily to urban and other highly localized disturbed areas in the
19th and early 20th centuries, it is rapidly becoming a noxious pest in a variety of relatively
productive, natural ecosystem types throughout the mid-Atlantic region of the U.S. and
elsewhere. Because it is a rapidly maturing dioecious species, and because mature females
are easily identifiable and capable of producing as many as 300,000 wind-dispersed seeds
annually (Bory and Clair-Maczulajtys 1980), a description of the distribution of
reproductive females across a representative urban-to-rural land use gradient will provide
information on habitat associations (Kota et al. 2007; Landenberger et al. 2007), potential
environmental limitations, and possible future abundance and distribution, information that
is critically important in the early stages of an effective management strategy.

438 Urban Ecosyst (2009) 12:437–448



Ailanthus appears to be spreading from metropolitan areas into surrounding suburban
and rural landscapes. While Ailanthus is frequently observed along roadsides, we wanted to
determine actual distributions across this gradient in order to characterize the habitat
associations of core populations and ‘nascent focus’ populations (Moody and Mack 1988)
across the landscape. Specifically, we examined the spatial association between female
(seed-bearing) trees and land use type, slope, aspect, distance to road edges and other
openings to determine 1) whether female Ailanthus density differed between urban,
suburban, and rural land use classes; 2) whether females were more aggregated in urban vs.
suburban and rural areas; 3) whether females were closer to road edges and other openings
in urban vs. suburban and rural areas; 4) whether females were associated with a higher
diversity of land use types in urban than in suburban and rural areas and to what degree the
amount of habitat varied between land use classes; and 5) whether there were significant
relationships between female Ailanthus and slope or aspect.

Methods

Study area and sampling

The study was conducted within Monongalia County, West Virginia, extending from
Morgantown east to Chestnut Ridge (Nellis et al. 2000). Morgantown is a rapidly growing
area that gained metropolitan status in 2002 and has a current population of approximately
28,000 (U.S. Census 2004). It continues to grow in population and along the margins growth
can be characterized as ‘urban sprawl’ development, providing a strong gradient of land use
development for ecological study of invasive species. Farmlands and forested areas are being
converted to housing and commercial space both within city limits and in the suburbs.

Nine plots, each encompassing 89.5 ha (450m×1,990m)were sampled; three in urban, three
in suburban, and three in rural habitats (Fig. 1). To obtain high resolution imagery of these plots
(Dean et al. 2000), three transects were flown in mid-May and early September, 2004. Each
plot was imaged with a Sigma D9 SLR digital camera outfitted with a 50 mm lens, requiring
eight images per plot to cover the area at a spatial resolution of 25 cm per pixel.

In January and February 2005 all reproductive female Ailanthus on each of the nine plots
were mapped using GPS during complete ground surveys. Ground surveys involved searching
the entire extent of each plot when all deciduous trees had shed their leaves, allowing
identification of reproductive female Ailanthus by their characteristic, easily identifiable seed
clusters. Land cover types were adapted from the U S Geological Survey’s National Land
Cover Data classification system (Vogelmann et al. 1998) (Table 1), with a minimum mapping
unit of 5 m2. The land cover map was generated using a supervised classification of a 2000
2.8 m resolution 3-band color-infrared QuickBird image (Space Imaging Corporation) acquired
in September 2002, assessed for accuracy against our high resolution aerial photos and ground
referenced at Ailanthus sampling locations during the field survey (Myeong et al. 2001).
Ancillary digital environmental data included a roads vector layer and a digital elevation model
(10 m postings). These were used to determine distance from female Ailanthus to roads and
other openings, as well as slope, aspect, and elevation positions of the trees.

Analysis

The difference in mean density between urban and suburban land use classes was tested using a
t-test on the mean number of female Ailanthus per plot (n=3 plots). The spatial dispersion
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pattern of females within urban and suburban land use classes was estimated using Diggle’s
(1983) Index of Dispersion, ‘I’, the variance to mean ratio. ‘I’ was computed from counts of
female trees within 1 ha (100 m×100 m) grid cells created within each plot. The test statistic,
(n=1)*I [where n is the number of cells per plot; n=89 in our case], is distributed as Chi-
square with n-1 degrees of freedom. Statistical significance (p<0.05) of the test statistic
indicates significant deviation from a random distribution (Kathirgamatamby 1953; Diggle
1983); if I>1, then the distribution is clumped and if I<1, the distribution is spaced.

Ailanthus is thought to be a ‘shade-intolerant’ species, so another index of the stage of
invasion is the degree to which individual trees are found in close proximity to existing

Fig. 1 Grey-scale satellite image of Morgantown, WV (39 o39′ N, 79 o57′ W) and surrounding area acquired
September, 2002 showing the three transects, nine plots, and three land use classes. Urban plots are western-
most and occur over the Morgantown metropolitan area, suburban plots are central, and rural plots are
eastern-most. Each 89.5 ha plot was thoroughly searched for female Ailanthus altissima in December–
February, 2004–05

Table 1 Percent of land cover type by land use class in each 89.5 ha plot

Land cover type

Developed High
density

Inter.
density

Low
density

Shrubland Forest Agriculturea

Residential Residential Residential

Land use class

Urban (plot 1, 2, 3) 20, 26, 6 23, 22, 8 41, 14, 21 2, 4, 23 6, 9, 9 5, 7, 27 3, 18, 6

Suburban (plot 1, 2, 3) 4, 7, 5 3, 5, 4 7, 15, 13 47, 31, 18 18, 9, 14 10, 10, 36 11, 13, 10

Rural (plot 1, 2, 3) 2, 1, 3 0, 0, 0 2, 0, 4 3, 0, 7 9, 4, 3 79, 95, 83 6, 0, 0

Land Use Classes were developed using the U S Geological Survey’s National Land Cover Data. We
excluded those classes that were represented by less than 2% cover on our plots (wetlands, barren) and
created three residential classes from the NLCD ‘Developed’ class
a Includes maintained grassland (parks, golf courses)
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canopy openings or open areas. Therefore, we determined the distance of female trees to roads
and other large openings by plotting the point locations on our high resolution aerial imagery
and measuring the distance between trees and roads, and trees and openings, using a GIS.

Mean distances between individual Ailanthus trees and nearest roads as well as nearest
openings were determined for each plot. Then using plot as the replicate within land use
classes, we performed a one-way nested ANOVA to compare land use classes in terms of
mean tree positions with respect to road and openings.

We were also interested in determining whether female Ailanthus showed different
affinities for land cover types in urban versus suburban environments. By determining the
proportion of land area occupied by each cover class within the two environments, and
knowing the total Ailanthus count in each land use class, we calculated an ‘expected’
number of Ailanthus to be found in each cover class (assuming no affinity, the null
hypothesis). Then, for each land cover class, we analyzed the difference in the number of
expected Ailanthus in each cover class using a mixed model two-way ANOVA allowing
examination of the land use (environment) by land cover class interaction. This model also
permitted pair-wise comparisons of individual land cover classes between the two land use
classes (Sokal and Rohlf 1995).

To estimate the amount of potential habitat in urban, suburban, and rural plots, we
calculated Ailanthus “Habitable Area” (HA) by discriminating between pervious and
impervious surfaces in the 2002 QuickBird image (Arnold and Gibbons 1996). HA was
defined as all pixels that contained a pervious surface, defined as all forest, agriculture,
parkland, lawn, and undeveloped classes including old-fields and timber harvest areas. All
remaining pixels, including those that contained roads, highways, structures, exposed
bedrock, and water were considered ‘impervious’, non-habitable land use classes. Because
distributions of slope and aspect were unique for each plot, association of female trees with
these two variables was determined by comparing the actual distribution against a spatially
random distribution of 32 points per plot using a G-test (Sokal and Rohlf 1995).

Results

Within the nine plots, 195 reproductive female trees were found. All three suburban plots
contained reproductive trees whereas only two of the urban plots and one rural plot had
such trees. There was no difference in mean density of Ailanthus between the urban and
suburban land use classes (p=0.93) (Fig. 2, Table 2).

In the urban environment, the comparison of actual Ailanthus positions on the landscape
with random points showed that Ailanthus was significantly more likely to be found on steeper
slopes than the random positions in the landscape (G=30.14, p<0.0001). In the suburban
environment, there was no such bias in the slopes of sites where Ailanthus was found (G=
3.82, p>0.05). In terms of aspect, in the urban environment Ailanthus was found with equal
probability on all aspects (G=3.12, p>0.05). In suburban environments, there was a statistical
trend toward lower probabilities of encountering Ailanthus on east and south aspects and
greater probabilities than expected on north and west aspects (G=7.32, .05 < p<0.10). With
respect to elevation, a t-test showed that in urban areas Ailanthus tended to be found on higher
elevation sites (t=4.60, p<0.0001) but the opposite tendency occurred in suburban sites (t=
2.00, p=0.047). The elevation differences between Ailanthus trees and random points were
small (14 m and 11 m, respectively), and probably not biologically meaningful.

Within urban and suburban plots that contained female trees, individuals were clumped
at the 1 ha scale (p<0.001), with suburban trees tending to be more clumped than urban
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trees (Fig. 3). Suburban trees were no closer in proximity to openings (F=5.25; p=0.16;
Fig. 4) or roads (F=2.04; p=0.25, Fig. 5) than urban trees. Within cover classes in urban
and suburban areas, tree density varied dramatically by plot. As a result, there was no
difference in the expected number of trees in each environment (F=0.55, p=0.46) or in
each land cover class (F=1.19, p=0.35), and trees showed no difference in affinity for
certain land cover types in the two environments (F=0.34, p=0.91). The only two trees
found in the rural plots were located within a power line right-of-way, thus no analysis of
affinity by plot or between the three environments was possible (Fig. 6).

There is less Habitable Area available for Ailanthus on urban plots compared to
suburban and rural plots, increasing the effective density of reproductive trees relative to
suburban and rural areas where abundant, unoccupied habitat is available (Table 3).

Discussion

To spread across the landscape, a species must not only colonize new habitat, but must
survive, reproduce, and successfully disperse. Because reproductive individuals drive
population spread, identifying their location in the landscape is a first step in understanding

Table 2 Total number and mean density of reproductive females Ailanthus altissima ha−1 found in Urban,
Suburban, and Rural plots following complete searches

Urban Suburban Rural

Plot-1 Plot-2 Plot-3 Plot-1 Plot-2 Plot-3 Plot-1 Plot-2 Plot-3

Total 0 14 87 10 43 39 2 0 0

Density 0 0.15 0.97 0.11 0.48 0.44 0.02 0 0

Mean density 0.38 0.34 0.007

Each plot measured 89.5 ha (450 m×1,990 m)
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Fig. 2 Mean density of female Ailanthus altissima in 89.5 ha sample plots in urban, suburban, and rural land
use classes in north central West Virginia. Error bars are plus one standard error of the mean
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Fig. 3 Diggle’s Index of Dispersion, ‘I’, for each urban and rural plot where reproductive female Ailanthus
altissima were found. The higher the index value, the more clumped individual trees are. An ‘I’ greater than 1.26
is significant at p=0.05. All values are significant at p<0.001, demonstrating a highly clumped spatial pattern
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Fig. 4 Distance of reproductive female Ailanthus altissima to the nearest opening. Openings were defined as
areas of completely open sky greater than 25 m×25 m, and included roads, fields, lawns, undeveloped lots,
and similar environments where the overhead sky was not occluded above 5 m. Partially harvested forest,
mid-successional old-fields, and similar areas with residual trees > 5 m were not considered openings. Error
bars are plus one standard error of the mean
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the potential for further spread. Based on our census plots, we estimated that the
Morgantown urban area had 987 reproductive females, or an average of 34.2 females per
km2, compared to 1,694 females in the suburban area, or 33.8 females per km2. Presence of
reproductive populations, however small, signifies both environmental tolerance and
potential expansion. These populations may represent nascent foci that have high potential
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Fig. 5 Distance of reproductive female Ailanthus altissima trees to the nearest road. Roads included
highways, state and county roads, and local roads of all surface types. Error bars are plus one standard error
of the mean
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contributions to future population growth through both local and long distance dispersal
(Moody and Mack 1988; Clark 1998).

Our findings, given the limitation imposed by a single study area, indicate that
reproductive females are found in a wide range of habitat types ranging from highly
developed urban environments which are typically characterized by poor soils and extremes
of both light and temperature (Gilbert 1989; Hamerlynck 2001) to highly disturbed,
successional forest and mature forest edges. The species’ ability to successfully colonize
and survive in intermediate light conditions in old-growth forest gaps (Knapp and Canham
2000) is a recent finding, although earlier evidence exists of a similar population in late
successional forest in West Virginia (Kowarik 1995). However we found no reproductive
females in either forest edges or interior second-growth forest in rural areas around
Morgantown, despite their low-level presence in the rural landscape. Given that the species
is capable of dispersing from edges into interior forest (Landenberger et al. 2007), it is
somewhat surprising that individuals were not found in interior forest gaps. This could be
due to environmental limitations of intact mid-successional forest. Although Ailanthus is
capable of germinating in eastern deciduous forest leaf litter (Kota 2004; Kota et al. 2007),
seedling performance decreases with increasing litter depth (Kostel-Hughs et al. 2005).
Seeds may arrive and germinate but don’t survive to reproductive age in interior mixed-
mesophytic and mixed-oak forest types characteristic of the study landscape. Alternatively,
viable seed may not have reached many of these areas.

Reproductive trees were clumped at the 1-ha scale in both urban and suburban
environments, and have similar density at larger ~100 ha scales. Adjusting for habitable
area, Ailanthus had a higher reproductive population density in urban areas compared to
suburban areas where abundant habitat exists, perhaps because of their historical presence
in the city, or due to higher habitat quality. Given the broad observed niche of Ailanthus,
there is evidently unoccupied habitat available for colonization in both urban and suburban
areas throughout the study landscape. However the urban environment is not changing from
one land use category to another as rapidly as suburban areas. Suburban forest patches and
agricultural land are being converted to commercial and residential land around which
Ailanthus seems to thrive. In addition, intact forest stands in both suburban and rural areas
are being logged at fairly high rates. Although some of these areas are not converted to
alternative land uses and remain in forest, the residual stands are often highly disturbed and
susceptible to Ailanthus invasion (Kota et al. 2007).

Ailanthus is a serious competitor with native trees and shrubs in many habitat types
throughout the eastern deciduous forest region, and appears to be increasing in both local

Table 3 Habitable area by land use class

“Habitable Area” (HA) by land use class

Urban Suburban Rural

plot-1 plot-2 plot-3 plot-1 plot-2 plot-3 plot-1 plot-2 plot-3

HA Plot−1 (ha) 43.7 47.4 61.5 82.1 58.9 79.3 83.1 83.6 82.8

Mean HA plot−1 50.9 73.4 83.2

Mean trees HA−1 0.66 (0.37a) 0.42 (0.34a) 0.008 (0.007a)

Habitable Area (HA) was determined by classifying lands using a binary rule that distinguished between
permeable land use types and impermeable land use types
a mean tree density ha−1 without correcting for HA
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abundance and geographic extent as it disperses along highway corridors and other rights-
of-way (Rentch et al. 2005). With the increase in timber harvest expected in the second-
growth eastern deciduous forest over the next few decades, large-scale openings will be
created for colonization by invasive species, including Ailanthus. If satellite populations of
Ailanthus are allowed to persist and continue spreading from suburban into rural areas, a
drastic expansion of this species can be expected in the coming century with dire effects on
the forest resource. Some mid-Atlantic states (Maryland, Pennsylvania) have initiated
control programs that focus on eliminating trees along interstate highways and rights-
of-way. The present study, limited as such to a single study area, suggests that effective control
aimed at destroying nascent focus populations will need to extend beyond roadways since
Ailanthus is found in both urban and suburban zones well beyond the edges of roads. A rapid
survey and response program that includes other likely areas, such as old-fields, edges of
agricultural fields, and in highly disturbed forests near roadways, may be more effective.

Conclusions

Despite a wealth of research over the past 30 years, a set of common principles of
nonindigenous species ecology remain elusive. However for those nonindigenous species
that become invasive, one pattern seems to have has emerged—a small population is
established, transitions over time to a phase of rapid expansion, and reaches dynamic
equilibrium between density and habitat availability. This indicates that control of the
species at points of nascent foci, at the leading edge(s) of the invasive front where control is
most efficient and effective, can be successful in slowing further spread.

Invasive species management has benefited from this finding, and does not have to focus on
idiosyncratic, species-specific approaches to limiting the spread of invasives across the
landscape, but rather should focus on managing small outlying populations at the leading edge
of the front. Such an approach requires that the species be easily identifiable, an attribute
characteristic of reproductive female Ailanthus in winter when their large clusters of seeds are
easily seen at a distance. Once identified, a map indicating representative density and
distribution patterns of the populations, including outliers that may be in very low densities
that are difficult to detect, can be generated. Early detection is one of the most challenging
issues in invasive species management. Mapping and assessing density and abundance
patterns is one step managers can use to prioritize their specific management strategies.

References

Arnold CL, Gibbons CJ (1996) Impervious surface coverage: the emergence of a key environmental
indicator. J Am Plann Assoc 62:243–258. doi:10.1080/01944369608975688

Bory G, Clair-Maczulajtys D (1980) Production, dissemination and polymorphism of seeds in Ailanthus
altissima. Reuve Gen Botanique 88:297–311

Burton M, Samuelson LS, Pan S (2005) Riparian woody plant diversity and forest structure along an urban-
rural gradient. Urban Ecosyst 8:93–106. doi:10.1007/s11252-005-1421-6

Carreiro MM, Tripler CE (2005) Forest remnants along urban-rural gradients: examining their potential for
global change research. Ecosystems (N Y, Print) 8:568–582. doi:10.1007/s10021-003-0172-6

Clark JS (1998) Why trees migrate so fast: confronting theory with dispersal biology and the paleorecord.
Am Nat 152:204–224. doi:10.1086/286162

Crawley MJ (1989) Chance and timing in biological invasions. In: Drake JA, Mooney HA, di Castri F,
Groves RH, Kruger FJ, Rejmánek M, Williamson M (eds) Biological invasions: a global perspective.
Wiley and Sons, Chichester, pp 407–424

446 Urban Ecosyst (2009) 12:437–448

http://dx.doi.org/10.1080/01944369608975688
http://dx.doi.org/10.1007/s11252-005-1421-6
http://dx.doi.org/10.1007/s10021-003-0172-6
http://dx.doi.org/10.1086/286162


Daehler CC (2003) Performance comparisons of co-occurring native and alien plants; implications for conservation
and restoration. Annu Rev Ecol Syst 34:183–211. doi:10.1146/annurev.ecolsys.34.011802.132403

Davis MA, Grime JP, Thompson K (2000) Fluctuating resources in plant communities: a general theory of
invisibility. J Ecol 88:528–534. doi:10.1046/j.1365-2745.2000.00473.x

Dean C, Warner TA, McGraw JB (2000) Suitability of aerial imagery from a DCS460c colour digital camera
for scientific analysis of vegetation cover and texturally similar targets. ISPRS J Photogramm Remote
Sens 55:105–118. doi:10.1016/S0924-2716(00) 00011-3

Diggle PJ (1983) Statistical analysis of spatial point patterns. Academic, New York
Gilbert OL (1989) The ecology of urban habitats. Chapman and Hall, New York
Guisan A, Zimmerman NE (2000) Predictive habitat distribution models in ecology. Ecol Modell 135:147–

186. doi:10.1016/S0304-3800(00) 00354-9
Hamerlynck EP (2001) Chlorophyll florescence and photosynthetic gas exchange responses to irradiance of

Tree of Heaven (Ailanthus altissima) in contrasting environments. Photosynthetica 39:79–86.
doi:10.1023/A:1012448019931

Hansen MJ, Clevenger AP (2005) The influence of disturbance and habitat on the presence of non-native
plant species along transport corridors. Biol Conserv 125:249–259. doi:10.1016/j.biocon.2005.03.024

Hastings A, Cuddington K, Davies KF, Dugaw CJ, Elmendorf S, Freestone A, Harrison S, Holland M,
Lambrinos J, Malvadkar U, Melbourne BA, Moore K, Taylor C, Thomson D (2005) The spatial spread
of invasions: new developments in theory and evidence. Ecol Lett 8:91–101. doi:10.1111/j.1461-0248.
2004.00687.x

Herben T, Munzbergova Z, Milden M, Ehrlen J, Cousins S, Eriksson O (2006) Long-term spatial dynamics
of Succisa pratensis in a changing rural landscape: linking dynamical modeling with historical maps. J
Ecol 94:131–143. doi:10.1111/j.1365-2745.2005.01063.x

Hu SY (1979) Ailanthus. Arnoldia 39:29–50
Kathirgamatamby N (1953) Note on the Poisson index of dispersion. Biometrika 40:225–228
Knapp LB, Canham CD (2000) Invasion of an old-growth forest in New York by Ailanthus altissima: sapling

growth and recruitment in canopy gaps. J Torrey Bot Soc 127:307–315. doi:10.2307/3088649
Kostel-Hughes F, Young TP, Wehr JD (2005) Effects of leaf litter depth on the emergence and seedling

growth of deciduous forest tree species in relation to seed size. J Torrey Bot Soc 132:50–61.
doi:10.3159/1095-5674(2005) 132[50:EOLLDO]2.0.CO;2

Kota NL (2004) Comparative seed dispersal, seedling establishment and growth of exotic, invasive Ailanthus
altissima (Mill.) Swingle and native Liriodendron tulipifera (L.), MS Thesis. Department of Biology,
West Virginia University, Morgantown

Kota NL, Landenberger RE, McGraw JA (2007) Germination and early growth of Ailanthus and tulip poplar
in three levels of forest disturbance. Biol Invasions 9:197–211. doi:10.1007/s10530-006-9026-4

Kowarik I (1995) Clonal growth in Ailanthus altissima on a natural site in West Virginia. J Veg Sci 6:853–
856. doi:10.2307/3236399

Landenberger RE, Kota NL, McGraw JB (2007) Seed dispersal of the non-native invasive tree Ailanthus
altissima into contrasting environments. Plant Ecol 192:55–70. doi:10.1007/s11258-006-9226-0

Lockaby BG, Zhang D, Mcdaniel J, Tian H, Pan S (2005) Interdisciplinary research at the urban-rural
interface: the WestGa project. Urban Ecosyst 8:7–21. doi:10.1007/s11252-005-1416-3

McDonnell MJ, Pickett STA, Groffman P, Bohlen P, Pouyat RV, Zipperer WC, Parmelee RW, Carreiro MM,
Medley K (1997) Ecosystem processes along an urban-rural gradient. Urban Ecosyst 1:21–36.
doi:10.1023/A:1014359024275

Millenium Ecosystem Assessment (2005) Ecosystems and human well-being—synthesis. Island, Wash-
ington, DC

Moody ME, Mack RN (1988) Controlling the spread of plant invasions: the importance of nascent foci. J
Appl Ecol 25:1009–1021. doi:10.2307/2403762

Myeong S, Nowak DJ, Hopkins PF, Brock RH (2001) Urban cover mapping using digital, high-spatial
resolution aerial imagery. Urban Ecosyst 5:243–256. doi:10.1023/A:1025687711588

Nellis MD, Warner TA, Kite JS, Wang F, Landenberger RE, McGraw JB (2000) The chestnut ridge anticline:
the first major ridge of the Appalachian mountains. Geocarto Int 15:1–5

Pimentel D, Lach L, ZunigaR,MorrisonD (2000) Environmental and economic costs of nonindigenous species in
the United States. Bioscience 50:53–56. doi:10.1641/0006-3568(2000) 050[0053:EAECON]2.3.CO;2

Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and economic costs associated with
alien-invasive species in the United States. Ecol Econ 52:256–288. doi:10.1016/j.ecolecon.2004.07.013

Porter EE, Forschner BR, Blair RB (2001) Woody vegetation and canopy fragmentation along a forest-to-
urban gradient. Urban Ecosyst 5:131–151. doi:10.1023/A:1022391721622

Pysek P, Hulme PE (2005) Spatio-temporal dynamics of plant invasions: linking pattern to process.
Ecoscience 12:302–315. doi:10.2980/i1195-6860-12-3-302.1

Urban Ecosyst (2009) 12:437–448 447

http://dx.doi.org/10.1146/annurev.ecolsys.34.011802.132403
http://dx.doi.org/10.1046/j.1365-2745.2000.00473.x
http://dx.doi.org/10.1016/S0924-2716(00) 00011-3
http://dx.doi.org/10.1016/S0304-3800(00) 00354-9
http://dx.doi.org/10.1023/A:1012448019931
http://dx.doi.org/10.1016/j.biocon.2005.03.024
http://dx.doi.org/10.1111/j.1461-0248.2004.00687.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00687.x
http://dx.doi.org/10.1111/j.1365-2745.2005.01063.x
http://dx.doi.org/10.2307/3088649
http://dx.doi.org/10.3159/1095-5674(2005) 132<50:EOLLDO>2.0.CO;2
http://dx.doi.org/10.1007/s10530-006-9026-4
http://dx.doi.org/10.2307/3236399
http://dx.doi.org/10.1007/s11258-006-9226-0
http://dx.doi.org/10.1007/s11252-005-1416-3
http://dx.doi.org/10.1023/A:1014359024275
http://dx.doi.org/10.2307/2403762
http://dx.doi.org/10.1023/A:1025687711588
http://dx.doi.org/10.1641/0006-3568(2000) 050<0053:EAECON>2.3.CO;2
http://dx.doi.org/10.1016/j.ecolecon.2004.07.013
http://dx.doi.org/10.1023/A:1022391721622
http://dx.doi.org/10.2980/i1195-6860-12-3-302.1


Rentch JS, Fortney RH, Stephenson SL, Adams HS, Grafton WN, Anderson JT (2005) Vegetation–site
relationships of roadside plant communities in West Virginia, USA. J Appl Ecol 42:129–138.
doi:10.1111/j.1365-2664.2004.00993.x

Shea K, Chesson P (2002) Community ecology theory as a framework for biological invasions. Trends Ecol
Evol 17:170–176. doi:10.1016/S0169-5347(02) 02495-3

Sokal RR, Rohlf FJ (1995) Biometry: the principles and practice of statistics in biological research, 3rd edn.
Freeman and Co, New York

U.S. Census Bureau Census (2004) 2000 Census. Web: www.census.gov (date of last access March 2008).
Vogelmann JE, Sohl T, Howard SM (1998) Regional characterization of land cover using multiple sources of

data. Photogramm Eng Remote Sensing 64:45–57

448 Urban Ecosyst (2009) 12:437–448

http://dx.doi.org/10.1111/j.1365-2664.2004.00993.x
http://dx.doi.org/10.1016/S0169-5347(02) 02495-3
http://www.census.gov

	Spatial patterns of female Ailanthus altissima across an urban-to-rural land use gradient
	Abstract
	Introduction
	Methods
	Study area and sampling
	Analysis

	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


