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Landscape Position Influences the Distribution of Garlic
Mustard, an Invasive Species
Kevin Burls'" ' and Charles McClaugherty'
Abstract - We investigated the distribulion and abundance of Alliaria peiiolata, an
invasive biennial, with respect lo historical land use, and examined environmental
conditions to look for correlations with distribution patterns. Sixty currently forested
plots in Cuyahoga Valley National Park. OH were chosen based on 1959 land use; agricultural (open) versus forested. Plots were analyzed for Garlic Mustard distribution,
abundance, invasion area, and incursion distance. Garlic Mustard distribution did not
vary with historical land use, but did vary significantly with distance from rivers and
with elevation. Polygon area: peri meter values were also correlated with invasion.
These results differ from studies done with Garlic Mustard in New England where
historical land use appeared to be a larger factor in distribution. These results suggest the importance of landscape corridors in biological invasions and can be used to
identify areas with greater potential for invasive species in this region.

Introduction
Invasive species are considered the second greatest threat to biodiversity today (Wilson 2002). These species have the ability to displace native
species through competition or disease, and can often cause changes in the
community structure and degrade the environmental health of the landscape
(Mack and D'Antonio 1998, McCarthy 1997, Williamson 1996). Currently,
5-25% of the vascular species in the United States today are considered invasive (Vitousek et al. 1996). Over $130 billion per year is spetit to control
the spread and impacts of these species (Evans 2003). Research regarding
invasive species wilt not only increase general knowledge regarding these
plants' biology and ecology, but can also allow land managers to increase the
efficiency of their control programs and may ultimately mitigate the extent
of the damage done by aggressive nonnative invading plants. The managettient applications of this research are extremely useful and are of great
importance to the discipline of conservation biology (Coblentz 1990).
While all communities are more or less able to be invaded by exotic plants
(Williamson 1996), landscape disturbances often play a major role in biological invasions ( Inderjit 2005, Nuzzo 1999). The extent of human presence
has been proven to be a major contributor to biological invasions, possibly
due to humans artificially increasing propagule abundance (Williamson
1996). Some recent work has explored the influence of long-term historical
land use on the spread and distribution of invasive plants (Lundgren et al.
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2004; Kristina Stinson, Harvard Forest, Petersham, MA, pers. comm.),
building on substantial research supporting the influence of historical land
uses on stand-scale and large-scale (e.g., landscape) species composition as
well as abiotic conditions (Foster 1992. Guggenberger et al. 1994, Hall et al.
2002, Motzkin et al. 2002, Verheyen et al. 1999). Most ofthis work has been
done in the New England area, a region with soils developed on bouldery
till, though some research on historical land use has been done in Wisconsin
and in Europe (Guggenberger et al. 1994, White and Mladenoff 1994).
Alliaria petiolata (Bieb.) Cavera and Grande (Garlic Mustard) is an
invasive Eurasian herbaceous plant, first recorded in Long Island, NY
in 1868 (Nuzzo 1993). It can limit the biodiversity of a forest understory
through competition and also demonstrates allelopathy, disrupting mycorrhizal associations (Roberts and Anderson 2001, Stinson et al. 2006.
Wolfe and Klironomos 2005). Byers and Quinn (1998) demonstrated
that Garlic Mustard populations display phenotypic plasticity in biomass
allocation and flowering phenology between habitats, which allows for
successful establishment in a variety of light, moisture, and soil conditions.
Habitat variation also influenced the survivorship and seed germination
of populations. Sites in their study were strongly distinguished by differences in pH, calcium content, nitrogen content, and percent organic matter,
among other factors. Historical human activity has also been shown to influence similar soil nutrients; at least some of the differences may be due
to fertilization of agricultural fields (Koerner et al. 1997. Verheyen et al.
1999). These results lead to the hypothesis that lasting abiotic differences
resulting from historical agriculture will cause the differential distribution
and survival of Garlic Mustard.
This study investigates the distribution of Garlic Mustard in the Cuyahoga
Valley National Park with relation to 1959 land use. The objectives ofthis
investigation were to determine I) if historical land use has influenced the
current distribution or abundance of Garlic Mustard in the Cuyahoga Valley National Park and 2) if selected environmental variables can be used to
explain any trends discovered.
Materials and Methods
Species description
Garlic Mustard behaves strictly as a biennial in the United States with
a first-year rosette and a second-year flowering and fruiting plant (Nuzzo
2000). Seeds are produced in siliques on the tops of the stems and average
350 seeds per plant, though extremely stout plants can produce up to 7000
seeds (Nuzzo 1999). Seeds usually germinate into rosettes in mid-spring;
second-year plants usually bolt in mid-spring and are fully grown within
approximately one month (Anderson et al. 1996). In northeastern Ohio,
mature seeds dehisce from the siliques around late July. Seed dehiscence
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is quickly followed by senescence, and seed rain is normally limited to
within 1-2 meters of the mother plant. (Anderson et al. 1996, Nuzzo
2000). Garlic Mustard has been present in Ohio since at least 1927, and
specimens were recorded in proximity to Cuyahoga Valley National Park
in 1959 (# 13724 and 63474, The Ohio State University Herbarium).
Site description
The Cuyahoga Valley National Park is located in northeastern Ohio
(41°17'N, 8I°34'W) in Cuyahoga and Summit counties and is approximately 135.95 kml The dominant soil series are Ellsworth silt and loam
(3.20 km-), rough broken land (1.55 km'), and Glenford silt and loam (0.77
km-). The Park stretches from Bedford, OH to Akron, OH. The majority of
the area is deciduous hardwoods, with dominant communities being Quercus spp. {oa.k)/Carya spp. (hickory), Acer spp. (maple)/oak, and maple/
Plantanus occidentalis L. (Sycamore) (based on National Park Service
GIS data). The river valley was the site of the Ohio and Erie Canal, created in 1827 and abandoned in 1913. Previous to 1974, the area consisted
of a matrix of privately owned farms and forest patches, some owned by
the Cleveland Metropolitan Park District. In 1974, the area was designated
by the national governmetit as a national recreation area (Cockrell 1992,
ODNR 2006). The area was established as a National Park in 2000 (Cross
2002) and includes several metropolitan parks and two ski resorts. Sections
of private land are also embedded within the Park. The Cuyahoga River
valley itself consists mainly of alfisols on glacial till with shale and sandstone bedrock between 480-205 million years old (Cockrell 1992, NRCS
2007). The average annual temperature is 9.78 °C, and the area receives
an average of 98.30 cm of rain each year (for comparison, Worcester, MA,
near the region studied by Lundgren et al. [2004], has an average temperature of 8.4 °C and has an annual precipitation of 124.59 cm; NOAA 2005).
This area presents an opportunity to examine the influences of historical
land use on the distribution of an invasive plant in a culturally heterogeneous landscape with more fertile soils and different climatic conditions
than most other areas previously studied.
For this study, we chose the year 1959 as a reference point for historical land use in the Cuyahoga River valley region. The National Park GIS
staff had already created detailed 1959 land-use maps of the Park, allowing for accurate delineation of currently forested areas into areas that
were either open or forested fifty years ago. This date corresponds well
to post-peak agriculture use and the subsequent abandonment of familand
and reestablishment of forest cover in Ohio as described by Simpson et al.
(1994). These trends are seen in the Cuyahoga River valley; in 1959, the
area currently designated as national park had 38.84 knr of agricultural
land and 77.88 km^ of forested land; today the area has only 8.44 km^ of
agriculture and maintained open areas and 95.70 km- of forest (Figs, la.
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Ib). During this time, there was a net increase in urban and other land
uses of 12.58 km". As most remaining agriculture was abandoned when
the Park was commissioned in 1974. there has been adequate time for
forest regrowth (other than in select patches used for educational and recreational purposes). This reversal of land-use trends is roughly equivalent
to that which occurred in 1830 as described in studies conducted in the
Massachusetts area (Foster 1992, Hall et al. 2002).
Experimental methods
Historical and present land use in the Cuyahoga Valley National Park
was determined using files provided by the National Park staff. Using
1959 LandCovar
^ ^ ^ 1 Forail Land
Agriculture
m

Figtire la. Land cover ofCuyahoga Valley National Park in 1959.
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ArcMap 9.1, polygons were created and divided into two categories based
on their 1959 status: agricultural (open) or wooded. All polygons are currently forested. Each polygon extended at least 150 m along a trail edge
and at least 50 m into the forest interior to establish a buffer from other
land-use categories or mapping inaccuracies. Study polygons, thirty in
each category, were then randomly selected, each at least I km from its
nearest neighbor. Study plots inside the polygons, each 2500 m- in area,
were selected along the trails present through the polygon using the centroid function on ArcMap and satellite photographs ofthe area. Plots were
rectangular in shape, extending 100 m long along the trail edge and 25 m
into the forest. Trails, which are ix-r\asi\c ihroughout the Park, were used

Figure lb. Land ct)ver of (_'Liy;tlioga Valley National Park in 2002.
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as plot boundaries in order to eliminate them as a variable during analysis.
Roads and pathways are well-known corridors for invasion (Lundgren et
al. 2004, Parendes and Jones 2000), so all sites are at a high risk of modern
invasion. Thus, there is no way to test for the effects of agriculture on historical Garlic Mustard invasion. The current study examines only whether
abiotic or biotic changes in areas that were historically agricultural have
created conditions that facilitate invasion and establishment.
Plots were surveyed on foot, and any Garlic Mustard found was divided into edge populations, located between the trail edge and the outer
treeline, or forest populations, extending into the forest past the
outer treeline. Population boundaries inside study plots were delineated
as zones without individual plants for 15 m, which is appropriate given
the normally short dispersal distance of Garlic Mustard (Anderson et al.
1996, Nuzzo 2000). Maximum incursion of the population into the forest
and maximum length along the plot were recorded. Visual measurements
of the abundance of the population were made as the percent of the population's maximum area covered by Garlic Mustard in the following
classes: <1.0%, 1.0-3.0%, 3.1-5.0%, 5.1-15.0%, 15.1-25.0%, 2 5 . 1 50.0%, 50.1-75.0%, or >75.0%. Percent canopy cover was measured at
the center of each plot at 5-m intervals from the trail edge using a convex
spherical densiometer, and qualitative assessments of canopy composition, stand structure, topography, soil moisture, and cotnmon understory
vegetation were recorded. Major disturbances such as power lines, roads,
etc., were avoided by requiring a minimum of a 25-m forested buffer to
the rear of each plot. Slope and aspect were determined from a digital elevation map using ArcMap. and plot distances from rivers and roads were
determined using GIS layers created by the National Park.
Chi-square analyses were performed on population presence or absence with respect to land use. Edge and forest environments were very
similar and were therefore merged prior to the analysis of environmental
and plot data. ANOVA tests were run on population invasion class, incursion distance, and invasion area with respect to land use and with respect
to the study polygon area:perimeter ratio, aspect, slope, canopy cover,
distance from roads, distance from rivers, and elevation. All analyses
were done using SYSTAT 9.
Results
The results of all y^ analyses and ANOVAs are listed below in Table 1.
Land use was not correlated to Garlic Mustard presence, invasion class,
invasion area, or incursion distance. Mean polygon arcaiperimeter ratio
differed between agricultural and forest land uses ( 30.35 and 59.91, respectively). The average slope in degrees also differed between agricultural and
forested land use (10.73 and 27.80, respectively). Garlic Mustard presence
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varied significantly with both distance from rivers and elevation. The mean
distance to rivers of plots lacking Garlic Mustard was 825.0 m (± 423.7 m
SD) and to plots occupied by Garlic Mustard was 483.6 m (± 365.4 m)
(Fig. 2). Similarly, plots lacking Garlic Mustard had a significantly higher
average elevation (274.4 ± 120.63 m) than did plots occupied by Garlic Mustard (246.3 ± 38.0 m) (Fig. 3). River distance and elevation were strongly
correlated {P = 0.001, F = 12.39, H = 0.176). Analysis of covariance showed
that both elevation and river distance were still significant after removing the
effects of the covariant. Area:perimeter ratio was significantly correlated to
incursion distance and remained correlated (P ^ 0.027, F - 9.61, n - 7) after
removing sites invaded 25 m into the forest interior; this adjustment was
done to avoid bias in regression analysis caused by plot size limits. Slope
was not significantly correlated to invasion area when historical land use was
used as a covariate.
Discussion
This study investigated the hypothesis that lasting abiotic differences
in forest stands that were used in historical agriculture would cause a differential distribution and survival of Garlic Mustard. As land-use history
was not found to influence any properties of Garlic Mustard populations,
this differential distribution does not seem to have occurred in the
Cuyahoga valley. This finding is contrary to contemporary research in
the New England region (DeGasperis and Motzkin, in press; Lundgren
et al. 2004), as well as much of the research associated with long-term
Table 1. Results of plot analysis for land use and environmenial influence. Asterisks indicate
significant results {P < 0.05).

Site or
environmental factor
Area:Perimeter ratio
Aspect
Slope
Canopy cover
Road distance
River distance
Elevation
Land use

P=
F=
P^
F=
P=
F=
P
F
P
F
P

=
=
—
=
=

F
P
F
P
F

=
=
=
=
=

Land use
{n = 60)

Alliaria
petiolata
presence
{n = 60)

Invasion
elass
{n = 28)

Incursion
distance
(/I - 28)

Invaded
area
(« = 28)

0.000*
26.62
0.912
0.01
0.000*
30.30
0.618
0.25
0.212
1.59
0.057
3.76
0.218
1.55
N/A
N/A

0.124
2.44
0.680
0.17
0.695
O.!6
0.582
0.31
0.052
3.92
0.002*
11.01
0.001*
13.03
0.301
1.06

0.679
0.66
0.549
0.85
0.180
1.66
0.955
0.24
0.137
1.86
0.923
0.31
0.393
1.10
0.113
2.69

0.004*
10.02
0.597
0.29
0.150
2.20
0.628
0.24
0.780
0.08
0.103
2.85
0.283
1.20
0.869
0.03

0.100
2.90
0.287
1.18
0.049*
4.26
0.932
0.01
0.345
0.93
0.159
2.10
0.073
3.48
0.813
0.06
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vegetation composition done by various researchers (e.g., Foster 1992).
There are three main possibilities for this finding: phenotypic variability,
edaphic factors, and scale of disturbance.
First., phenotypic plasticity in plants, and plants' ability to spread
over wide geographic ranges, are topics of much ongoing research (Sultan 2000). Donohue (2005) reviewed seed dispersal, flowering, and
germination time in Arabidopsis thaliana (L.) Heynh. (Mouseear Crest)
and showed how the timing of each characteristic can influence itself or
interact with other life-history traits to manipulate the environment the
Plot
Forvtt PopulMlon
O Absent
• Present
t^M Streams and

canals
Stream Distance (m
High; 2700

Figure 2. Garlic Mustard population distribution in relation to distance trom rivers.
Coloration extends to one standard deviation past the mean distance from rivers for
plots occupied by Garlic Mustard.
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organism experiences in future generations. This plasticity in phenology,
which then determines the environment of the organism, has been termed
niche construction and influences the phenotypic expression and natural
selection pressures on a given life-history trait (Donohue 2005). Byers
and Quinn (1998) examined the demographic variation in Garlic Mustard in four contrasting habitats in New Jersey and found flowering time
and biomass allocation to vary significantly among habitats, concluding
through common garden experiments that the plants responded to the
range of habitats mainly through phenotypic plasticity. Thus, plasticity in
Plot
Foresr Population
O Absent
•

Present

Elevation (m)
High: 900
^ 1

Low: 571

/ (

J
1
l

N

Figure 3, Uarlic Mtislard population disiribuilon in relation to elevation. Coloration
extends to one standard deviation past the mean elevation of plots occupied with
Garlic Mustard.

550

Northeastern Naturalist

Vol, 15. No, 4

phenology by Garlic Mustard in this region may allow it to overeóme any
environmental pressures from varying historical land uses. In addition to
niche construction, invasive plants are known to alter the nutrient dynamics of soils through allelopathy, changing primary productivity rates, or
changing ecosystem processes (Ehrenfeid 2003, Lundgren et al. 2004, Rice
1984. Vanderhoeven et al. 2005). If a small invasive population has been
established for a long enough period of time, it is possible it may alter the
soil characteristics and promote its own spread.
Second, the "soil signature" of soils in Ohio, mainly alfisols, is
very different compared to the rockier soils in New England, which are
inceptisols or entisols). Alfisols, which generally have a higher percent
base saturation and total cation exchange and have a finer texture than
entisols and inceptisols {Gardiner and Miller 2003), can lead to different
plant communities in relatively similar climates, and this difference may
hold some important implications for invasive species distributions.
Third, some studies (Anderson et al. 1996, Nuzzo 1999) cite Garlic
Mustard's ability to capitalize on one-time microdlsturbances through
phenotypic plasticity and self-fertilization. Therefore, disturbances that
create distinct microhabitats, such as treefalls or steep shaded slopes, may
be enough for Garlic Mustard to establish a population and spread. Future
studies may find that different limiting factors may control distribution at
different spatial scales (e.g., the factors at play in a treefall versus those on
an entire landscape), obscuring their effects.
As mentioned above, the presence of paths along study plots should
encourage the establishment of Garlic Mustard at all locations, limiting
inferences to long-term abiotic or biotic differences in historically farmed
or forested sites. Surveys of areas that lack paths may show different
conclusions, though this result is unlikely due to the factors mentioned
above. In addition, it would be difficult to locate plots without trails, as
most historically agricultural areas within the Park are in close proximity
to roads and pathways.
Garlic Mustard incursion distance was negatively correlated with polygon area:perimeter ratio (/^ = 0.527; Table 1). This correlation remained
significant even after removing sites with a 25-m incursion distance. This
measurement is limited due to the plot size, but may hold some importance
when relating Garlic Mustard's "approach and retreat" advance from disturbances (Nuzzo 1999), as the edges created by historical agriculture can
change many environmental conditions and may facilitate modern invasions
(Alston and Richardson 2006, Brothers and Springarn 1992, Foster 1992,
Saunders et al. 1991).
Garlic Mustard population distribution was found to increase with
decreasing elevation. This result would suggest that the relatively minor changes in elevation, approximately 100 m, play some role in the
distribution of Garlic Mustard. This influence has been documented for
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individual species and community composition in other areas, including
floodplains (discussed below), and can be due to competition with other
plants or differing abiotic variables which may constrain a species' vertical distribution and realized niche (Funk et al. 2004, Lenssen and de
Kroon 2005, Leyer 2005. Welch et al. 2006). It is also possible that forest
populations of Garlic Mustard, despite any phenotypic plasticity, require a
long-term seed dispersal agent to exist in forest interiors. Data by Stinson
et al. (unpubi. data) suggest that forest populations of Garlie Mustard in
New England may be serving as sink populations, and Nuzzo (1999) found
the rate of spread to be partially dependent on the establishment of satellite populations. While the mechanism for the spatial pattern observed in
this study is not elucidated, it is possible that seed transport by gravity
or surface water runoff may be responsible as a seed source for populations at lower elevations and that populations may have a source-sink
dynamic. This dynamic may be especially important for populations in historically wooded areas, which are often on steeper slopes than previously
farmed landscapes (see above). While not conclusive, this finding holds
implications for land managers and for future studies.
Garlic Mustard population distribution was also negatively correlated to river distance. This finding seems intuitive when coupled with
the elevation data, as Cuyahoga Valley National Park is innately related
to the river valley and its topography, and elevation and river distance are
strongly correlated (see above). Still, past research suggests this fmding
may imply some additional spatial patterning based on location or habitat
variation. The role of water in biological invasions is multifaceted. Observed rates of spread by Garlic Mustard are well above values predicted
using simple expulsion from the mother plant, indicating a long-term dispersal agent. Water transport has been identified as a long-distance seed
vector for riparian flora (Andersson et al. 2000, van Eck et al. 2005,Vogt
et al. 2004) as well as for Garlic Mustard (Nuzzo 1993). Rivers may also
serve as corridors for shorter term, distance-dependent seed transport,
and can serve to connect otherwise fragmented communities (Kudoh and
Whigham 1997, Thomas et al. 2006, Vogt et al. 2004). Campbell et al.
(2002) found a strong correlation between predicted dispersal rates and an
analytical model for river-aided seed dispersal and offers this relationship
as an opportunity to predict the invasion of alien species and to compare
with actual invasion rates. Garlic Mustard has a short-lived seed bank
(Baskin and Baskin 1992, Nuzzo 1999), and yearly floods may be important to both long-distance spread and forest interior incursion. In addition,
the Cuyahoga River valley and its tributaries likely serve as preferred
routes for wildlife and human movement, combining the topography, river
presence, and human presence in the area to create a passive corridor for
seed dispersal. Thus, it may be useful to consider elevation as a proxy for
distance from major dispersal corridors in this geographical context.
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However, rivers may also serve to change the abiotic conditions, mainly
risk of drought, and thereby limit species' distribution; some studies on
the elevation-related phenomena discussed above are found in conjunction
with floodplain environments (Lenssen and de Kroon 2005, Leyer 2005).
Also, Byers and Quinn (1998) found higher survivorship, earlier flowering
phenology, and higher germination rates of Garlic Mustard in floodplain environments compared to drier environments. While the present study did not
examine the roles of rivers in Garlic Mustard spread, the Cuyahoga River's
importance in this study area cannot be ignored and should be a point of
study in this and other areas.
This study examined the influence of historical land use on the distribution
and abundance of Garlic Mustard in a river valley environment in northeast
Ohio. While historical land use did not appear to have any influence, other
environmental factors in the region may be limiting the distribution of Garlic
Mustard populations. These trends warrant further studies and may prove
useful to land managers targeting the floodplains to limit the spread of Garlic
Mustard into forest interiors.
In addition to this functional but proximate finding, a more broad-scale
conclusion can be drawn. Studies on invasive plant distributions, and species distributions in general, like those discussed above, are often somewhat
contradictory. Some studies favor abiotic site conditions (Byers and Quinn
1998, Lenssen and de Kroon 2005. Leyer 2005) or interspecies competition
(Lenssen and de Kroon 2005. Vila and Weiner 2004 ) as the range-limiting
factor. Other studies attribute geographic limits to seed dispersal limitations
(Andersson et al. 2000, van Eck et al. 2005. Vogt et al. 2004). In addition,
disturbance levels are often believed to favor invasive species dispersal (Inderjit 2005, Nuzzo 1999, Williamson 1996). Historical land use, explored
in the present study, has proven to be a very strong variable in determining
New England plant species composition with both native and invasive species (Degasperis and Motzkin in press. Donohue et al. 2000, Foster 1992),
but does not appear to play a major role in the Cuyahoga River valley
region. While each of the above variables, in addition to others not mentioned, certainly plays a role in any given case, it tnay be prudent to advise
land managers and scientists to take a cautionary stance before assigning a
specific variable as a limiting factor in an invasive species' niche or as the
main factor in its competitive abilities. In fact, the limiting variables appear
to change depending on the species (Davis 2006), ecoregion (K. Stinson et
al., unpubl. data), and habitat (Byers and Quinn 1998). In the future, a comprehensive understanding of the invasive species of interest, and specifically
its behavior in the region of interest, should be obtained by land managers
before expending limited resources for its control or extermination. This precaution will allow their efforts to be more effective and lasting, conserving
our ecosystems' functionality and biodiversity.
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