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Executive Summary 

Invasive exotic plants pose a serious threat to the natural resources of many national parks.  
Invasive species can displace native plant species, inhibit the regeneration of native forest trees, 
degrade habitats for rare species, and alter vegetation community structure and composition.  
Due to these potentially serious impacts; the status, trends, and early detection of invasive 
species is currently considered a Tier 1 vital sign for terrestrial ecosystems in the Eastern Rivers 
and Mountains Inventory and Monitoring Network. 

Data regarding invasive species were collected for the Delaware Water Gap National Recreation 
Area (DEWA) and Upper Delaware Scenic and Recreational River (UPDE) during vegetation 
mapping efforts from 2003 through 2006.  National Park Service natural resource managers and 
biologists provided a list of 61 target invasive species to be included in the surveys.  Prior to the 
surveys, National Park Service natural resource managers and biologists classified the status of 
the target species as present (confirmed locations), encroaching (believed to be non-existent), or 
unconfirmed within UPDE.  During the vegetation mapping field work, the presence and 
abundance of the 61 targeted invasive species were recorded at each vegetation classification 
plot and accuracy assessment point.  If a species did not occur at a sampling point, its absence at 
that point was recorded.  Percent cover for the target species was collected within a 50-m (164-
ft) radius of the sampling point.  Data were collected at 1,355 sampling points throughout 
DEWA, including 251 vegetation classification plots and 1,104 accuracy assessment points.  In 
UPDE, data was collected at 771 sampling points including 232 vegetation classification plots 
and 539 accuracy assessment points.  Data on all 61 invasive exotic species were summarized in 
terms of abundance, frequency, and the number of communities that species had infested. 

A subset of the 61 identified invasive species were selected for modeling purposes based on four 
factors: 1) the species’ current distribution and abundance; 2) the severity of species’ potential 
ecological impact; 3) the species’ life history traits and its ability to spread; and 4) the difficulty 
in managing or eradicating the species.  The observed species abundance and distribution and 
park-specific management objectives and priorities were considered in the selection of species.  
Natural resource managers from the park and other regional National Park Service scientists 
were consulted during the selection process.  From this process, 11 species and one vegetation 
community type were selected for parkwide predictive modeling. 

Data was pooled for both DEWA and UPDE to increase sample sizes for species.  Only sample 
points that had an abundance of occasional or abundant percent cover were used for this analysis 
in order to offset spatial errors.  Due to the ability of maximum entropy modeling in handling 
low sample sizes, maximum entropy models using the Maxent software program were built for 
tree-of-heaven (Ailanthus altissima), Japanese barberry (Berberis thunbergii), spotted knapweed 
(Centaurea biebersteinii), winged euonymus (Euonymus alatus), Japanese hops (Humulus 
japonicus), common reed (Phragmites australis), mile-a-minute (Polygonum perfoliatum), and 
common mullein (Verbascum thapsus).  Environmental variables related to vegetation 
community, soil moisture, and light availability were extracted to species occurrence locations 
using GIS software.  A correlation matrix was used to test for co-linearity between 
environmental variables for each species.  If variables were correlated (p<0.05) and had a 
Pearson’s correlation value greater then 0.700, variables were reduced to avoid multi-collinearity 
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and over-fitting of the model.  The remaining environmental variables were included in the 
maximum entropy models and 25% of the occurrence data was randomly withheld for each 
species as an evaluation dataset to test model validity.  The models were used to build 
distribution maps for invasive species within the park. 

Heuristic models were built for Norway maple (Acer platanoides), narrowleaf bittercress 
(Cardamine impatiens), and fig buttercup (Ranunculus ficaria) due to excessively small sample 
sizes.  The models were built based upon the species’ habitat preferences derived from scientific 
literature.  All data layers were overlaid in GIS and suitable habitat was delineated where all the 
parameters overlapped.  In order to fully evaluate the model’s performance for each species, any 
known presence points and 1,000 randomly sampled points containing absence data from the 
vegetation mapping efforts were used. 

Model accuracy was calculated for both the model (training) and evaluation (testing) datasets 
based on the overall accuracy (percentage of correctly predicted known presence and absence 
points), error of commission (percentage of false positives), error of omissions (percentage of 
false negatives), and the True Skill Statistic (TSS).  TSS is an index that compares the observed 
agreement against what is expected by chance.  This measure measures from 1.0 (perfect 
agreement) to -1.0 (complete disagreement).  Maximum entropy uses only presence data and 
pseudo-absences, randomly sampled background data treated as an absence dataset.  Therefore 
error of commission for the modeling dataset cannot be calculated.  Heuristic models lack a 
modeling dataset and were only evaluated on the evaluation data. 

Eastern hemlock (Tsuga canadensis) communities were ranked using a landscape metric 
designed to predict the susceptibility of the stand to being invaded by exotic plant species.  This 
metric incorporates canopy gaps and area of edge influence as well as the number and abundance 
of invasive plant species within hemlock stands and their adjacent forest stands.  Community 
scores were developed in order to quantify the amount of degradation within that community 
polygon.  All community polygons within the park boundaries were given a categorical score for 
percent canopy cover, percent edge, invasive species abundance, and number of invasive species 
so that each category score ranged from zero to four.  If the community did not have a sampling 
point recorded for invasive species, only the percent canopy cover and percent edge were 
averaged to formulate the community score. 

To further understand current invasive species’ distributions, all vegetation communities were 
ranked based on an infestation index to derive areas of high and low invasive activity.  
Vegetation community polygons (n=472) were given an infestation value based on the 
abundance per sampling point and species per sampling point rank values derived in the eastern 
hemlock community analysis.  The abundance and species ranks were averaged to give an 
infestation index.  The resulting index is indicative of the community’s current invasion status.  
Rare communities were addressed in this analysis to identify areas where park managers may 
wish to concentrate invasive species management efforts 

Overall, the accuracy assessment and modeling data suggests invasive exotic plant species are 
not completely ubiquitous but present within the Upper Delaware Scenic and Recreational River.  
Based on the accuracy assessment points, it appears a large portion of the park is devoid of 
invasive species.  None of the individual models predicted greater than 20% of the park as 
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potential suitable habitat for each given species.  Collectively, the distribution models predicted 
38% of the park as potential habitat.  Results suggest invasive species management may be 
needed at UPDE. 

Invasive species tended to exhibit certain patterns within the park.  Areas of high invasive 
activity appear to be associated with riparian, mesic terrestrial, and successional areas, such as 
floodplain forests, regenerating forests, and agricultural fields.  These habitats provide light 
availability, disturbance, and mesic conditions that appear to be preferred by the invasive 
species.  It is important to note that most native species would proliferate from these conditions 
as well; however, such species are typically outcompeted by invasive species.  Areas of low 
invasive activity appear to be dry terrestrial communities.  Such communities are well-drained to 
drought-prone and may not satisfy the soil moisture preference that invasive species seem to 
exhibit.  Rare communities that tended to have a higher mean invasive index were mesic 
floodplain habitats subject to disturbances, such as River Birch Low Floodplain Forests, 
Bitternut Hickory Lowland Forests, and Northern Riverside Rock Outcrops, but also Little 
Bluestem - Poverty Grass Low to Mid Elevation Outcrop Openings which offer high light 
availability.  Given the rarity of these communities, efforts should be concentrated on invasive 
species management at these sites and the surrounding communities. 

The maximum entropy models tend to best represent potential distributions within the park, 
based on model evaluation results.  Japanese barberry (Berberis thunbergii) and winged 
euonymus (Euonymus alatus) were the most widely predicted of the target species.  This is 
probably due to broader habitat preferences of these species when compared to the other species 
modeled with maximum entropy.  For example, Japanese barberry and winged euonymus can 
grow in a variety of soil and light conditions while common reed (Phragmites australis) is 
typically restricted to wet communities.  All species in this modeling method appear to have 
moderate accuracy based on the measures of model performance with a few exceptions.  
Japanese barberry and winged euonymus had higher rates of test commission and omission 
which resulted in lower true skill statistics (TSS).  This may be a result of these two species 
having a broad range of habitat tolerances which the model was unable to compensate for or an 
important variable was overlooked in the modeling process.  In general, sample size appears to 
increase accuracy with these models.  For example, the A. altissima model had a considerably 
lower percent test omission error, lower test commission error, and higher TSS compared to C. 
biebersteinii and E. alatus. 

The heuristic models, in general, represent plausible distributions of invasive species within the 
park.  For species within this modeling approach, the results suggest that the modeled 
distributions are accurately predicted with the exception of Acer platanoides.  A. platanoides had 
a considerably high test omission error and low TSS value, most likely due to the small test 
sample size for occurrences (n=3).  However, for this modeling approach, the overall accuracy 
score is more biased towards the absence data used to test the model due to low sample sizes or 
lack of presence data to test the models.  Ideally, these models should be evaluated using more 
presence data but could be used to guide future surveys for these species. 

Although the models appear to be fairly accurate in prediction, several caveats need to be taken 
into consideration when interpreting the results.  Maximum entropy distribution maps are data 
dependent and are subjected to biases contained in the data (such as sampling data not addressing 
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the full range of habitat preferences for the species).  The environmental drivers for the species 
may be an artifact of the data and may not reflect actual ecological significance.  Such a variable 
may fit the data very well and not be representative of a habitat preference or requirement.  It is 
possible that vegetation community, which was consistently the most important driver for all 
maximum entropy models, could be an artifact variable but it is more likely the communities are 
a combination of environmental and biotic variables such as seral stage, soil moisture, 
mycorrhizal associations, and the inability of the associated vegetation to outcompete invasive 
species.  While the vegetation layer certainly refines the models in terms of the predicted 
outcome, it is still possible to predict coarser invasive species’ distributions without a vegetation 
community data layer.  The heuristic models are based on expert knowledge and therefore may 
not fully address the habitat variables that restrict a species’ distribution.  This would account for 
the large amount of predicted area for these species, given certain limiting variables are currently 
not incorporated.  Additionally, these models are completely data independent in the statistical 
sense and may be subject to biases made on expert’s assumptions. 

Several management recommendations can be provided based on this study.  We suggest efforts 
should be concentrated at species modeled using maximum entropy, given they are more 
frequent within the park and considered an immediate threat.  Based upon the model and 
accuracy assessment results, Japanese barberry (Berberis thunbergii) appears to be the most 
widespread species throughout the park and may pose considerable threats to natural resources.  
However, given the breadth of the B. thunbergii’s distribution within the park, it may be more 
beneficial to concentrate efforts where other species overlap with B. thunbergii.  Additionally, 
while tree-of-heaven (Ailanthus altissima) appears to be one of the most widespread of these 
species and should therefore be considered a priority, it can often be difficult to manage, given 
the ability to reproduce via clonal growth.  More restricted species such as Verbascum thapsus, 
Centaurea biebersteinii, and Phragmites australis had lower predicted distributions, given their 
habitat preferences, so it may be more beneficial to target areas where these species are 
concentrated versus a species that occurs in multiple conditions across the park.  Species 
modeled via heuristic models are currently not frequent in the park but appear to have a 
potentially large distribution.  Therefore, it may be beneficial to establish monitoring plots and/or 
survey routes in areas where these species were predicted to occur.  Rare communities and areas 
of high resource value should also be given priority.  However, it is important to utilize 
appropriate measures of control to limit the disturbances of the native communities where 
invasive species occur.  Overall, several of these species may be managed at one time by 
targeting areas of high infestation such as successional, riparian, and mesic terrestrial forests.  
Areas with a large number of overlapping distributions include lands near Hancock, Stockport, 
Equinunk, Lordville, Long Eddy, Hankins, Calicoon, Cocheton, Smith Switch, Narrowsburg, 
No. 9 Railroad Bridge Rapids, Masthope Creek, Lackawaxen, Handsome Eddy, and Cherry 
Island. 

The model for susceptibility of eastern hemlock (Tsuga canadensis) communities to invasion 
suggests that T. canadensis communities in UPDE are currently at a low risk to invasion.  
Overall, the T. canadensis communities are currently minimally invaded with a few sites 
degraded by invasive species.  The spatial distribution of these communities shows that the 
majority of them are situated in fairly intact forest complexes.  It appears that T. canadensis 
communities adjacent to successional, riparian, and mesic terrestrial communities had a higher 
index value, indicating a higher susceptibility to invasion.  Such results are most likely related to 
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higher light availability and mesic conditions.  However, these results are static and do not 
predict future changes in canopy cover that would provide the light availability required for 
invasive plant species. 

According to the eastern hemlock analysis, several areas of hemlock stands may be targeted for 
monitoring and management of invasive species following hemlock woolly adelgid infestations.  
Areas in most danger include stand complexes near I-97 and French Woods Road (Hancock), PA 
side south of Frisbie Island, Calicoon Creek, Cocheton, Skinner’s Falls, Smith Switch, Kunkeli 
rapids, Lackawaxen and Minisink Battleground Park, Shohola/Barryville, Handsome Eddy, and 
Hawk’s Nest/Cherry Island, as well as many isolated or smaller stands, especially along the 
Delaware River and developed areas near Hancock, Equinunk Creek, I-97 across from Little 
Equinunk Creek, Camp Colang, Pond Eddy, and Knight’s Eddy.  Moderate to highly susceptible 
areas include Long Eddy, Hankins, stands north of Hollister Creek, land adjacent to Big Island, 
Daubstown, and Ten Mile Run.  Eastern Hemlock - Northern Hardwood Forests have greater 
susceptibility to invasive plants than the Hemlock - Hardwood Swamp and Eastern Hemlock - 
Beech - Oak Forest communities.  Of the 160 Eastern Hemlock - Northern Hardwood Forest 
polygons, 73 polygons have a Susceptibility Index >1.5 (greater than average), so these areas 
might be targeted for monitoring or management. 

 



 

 

 



 

Introduction 

Invasive exotic plants pose a serious threat to the natural resources of many national parks.  
Invasive species can displace native plant species, inhibit the regeneration of native forest trees, 
degrade habitats for rare species, and alter vegetation community structure and composition 
(Vitousek et al. 1996).  Due to these potentially serious impacts, the status, trends, and early 
detection of invasive species is currently considered a Tier 1 vital sign for terrestrial ecosystems 
in the Eastern Rivers and Mountains Inventory and Monitoring Network (Marshall and Piekielek 
2007). 

In order to effectively protect the parks’ natural resources, invasive plant species must be 
managed.  However, management of these species typically requires more time and financial 
resources than is available to the parks.  Prioritization of resources for invasive species 
management is therefore essential to protect a park’s natural resources. 

The first step in effectively managing a park’s invasive plant species is an assessment of the 
status of the invasive plants within the park.  In parks that cover tens of thousands of hectares, 
such as Upper Delaware Scenic and Recreational River, assessing the presence, abundance, and 
distribution of invasive plants is an enormous task.  One efficient way to estimate the distribution 
of invasive species in these large parks is through predictive modeling.  Predictive models 
correlate species presence and absence data with environmental variables to produce the 
probability of a species occurring under a set of environmental conditions.  A threshold 
probability is usually chosen based on several assessment methods then applied to the model so 
that any probability above the threshold is considered a predicted occurrence or suitable habitat 
(Guisan and Zimmerman 2000). 

Several methods for predicting species distributions exist in the scientific literature and include, 
but are not limited to, logistic regression (Pereira and Itami 1991; Mladenoff et al. 1995; Orrock 
et al. 1999; Zimmerman and Kienast 1999; Collingham et al. 2000; Carmel et al. 2001; Chamblin 
et al. 2004), classification and regression trees (CART) (Lees and Ritman 1991; Moore et al. 
1997; Franklin 1998; Iverson and Prasad 1998; Taverna et al. 2004), maximum entropy (Elith et 
al. 2006; Hernandez et al. 2006; Pearson et al. 2007; Phillips et al. 2006), and heuristic models 
(Wu and Smeins 2000).  Each modeling method has associated weaknesses and strengths.  A 
common problem with modeling species has been low sample sizes, which tend to skew data 
distributions in modeling methods such as classification and regression trees (CART) and 
logistic regression (Hernandez et al. 2006).  Maximum entropy, a modeling method that uses 
maximum likelihood measures, has been used to successfully model species with low sample 
sizes (Elith et al. 2006; Hernandez et al. 2006; Pearson et al. 2007; Phillips et al. 2006).  
Heuristic modeling, modeling based on expert knowledge of a species, is also useful when 
accurate field data does not exist; however, this method may be more subject to biases (Wu and 
Smeins 2000). 

Several factors may influence the distribution of invasive exotic species.  Species’ preferences 
for soil properties, such as drainage and pH, are important environmental drivers for their 
occurrence on the landscape (Riefner and Windler 1979; Searcy et al. 2006).  Light availability 
plays an important role in invasive species colonization and forest edges, canopy gaps (Brothers 
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and Spingarn 1990; Matlack 1994; Goldblum and Beatty 1999; Parendes and Jones 1999) and 
successional stages (Matlack 1993, 1994) provide high light penetration needed for invasive 
species survival.  Stream and road edges act as corridors for dispersal of invasive species and 
provide suitable habitat for plants and propagules (Parendes and Jones 1999). Additionally, 
aspect may play an important role in forest edge microclimate in terms of solar radiation and soil 
moisture (Brothers and Spingarn 1990; Matlack 1994).  For example, invasive species were more 
dominant on north-facing, cooler edges than south-facing, warmer edges in Indiana (Brothers 
and Spingarn 1990).  Modeling invasive exotic species occurrences using environmental 
variables known to influence distributions will provide insight into the species’ potential extent 
and threats to natural resources. 

This project synthesizes a large set of invasive plant abundance and distribution data and uses 
such data to predict the potential distribution of several high-priority invasive species throughout 
Upper Delaware Scenic and Recreational River.  This information can then be used to allocate 
resources earmarked for invasive species management. 

 



 

Objectives 

Objectives of this project were to assess the status of established and encroaching invasive plant 
species in the park, model potential trends in parkwide distribution of selected high-priority 
invasive plant species, and provide recommendations for setting management priorities.  
Emphasis was placed on modeling selected invasive species, the susceptibility of hemlock 
communities to potential invasions by exotic plant species, and the overall infestation condition 
of vegetation communities within the park.  Areas of high predictive invasions and rare 
communities were addressed to identify areas where park managers may wish to concentrate 
invasive species management efforts 
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Methodology 

Data Collection and Species Selection for Predictive Distribution Modeling 

Data regarding invasive species were collected for the Delaware Water Gap National Recreation 
Area (DEWA) and Upper Delaware Scenic and Recreational River (UPDE) during vegetation 
mapping efforts from 2003 through 2006 (Perles et al. 2007; Perles et al. 2008).  National Park 
Service natural resource managers and biologists provided a list of 61 target invasive species to 
be included in the surveys.  Prior to the surveys, National Park Service natural resource 
managers and biologists classified the status of the target species as either present (confirmed 
locations), encroaching (no known locations), or unconfirmed within UPDE (Table 1).  During 
the vegetation mapping field work, the presence and abundance of the 61 targeted invasive 
species were recorded at each vegetation classification plot and accuracy assessment point.  If a 
species did not occur at a sampling point, its absence at that point was recorded.  Percent cover 
for the target species was collected within a 50-m (164-ft) radius of the sampling point.  Percent 
cover was classified as either absent (0% cover in 50-m radius area), rare (one plant or very few 
widely scattered plants in 50-m radius area), occasional (scattered, approximately 1–20% cover 
in 50-m radius area), or abundant (very common, approximately >20% cover in 50-m radius 
area) for each species.  Abundance values were assigned for each species using the mean value 
of the cover class.  For example, a species with an abundance of occasional (approximately 1–
20% cover) was given a cover percentage/abundance value of 10%.  Data were collected at 1,355 
sampling points throughout DEWA, including 251 vegetation classification plots and 1,104 
accuracy assessment points.  In UPDE, data was collected at 771 sampling points including 232 
vegetation classification plots and 539 accuracy assessment points.  Data on all 61 invasive 
exotic species were summarized in terms of abundance, frequency, and the number of 
communities that species had infested. 

A subset of the 61 identified invasive species were selected for modeling purposes based on four 
factors: 1) the species’ current distribution and abundance; 2) the severity of species’ potential 
ecological impact; 3) the species’ life history traits and its ability to spread; and 4) the difficulty 
in managing or eradicating the species.  NatureServe’s Invasive Species Assessment Protocol 
and I-Ranks (Morse et al. 2004) and the National Park Service’s Alien Plant Ranking System 
(Hiebert and Stubbendieck 1993; Hiebert 1997) were used as guides in this effort.  The observed 
species abundance and distribution and park-specific management objectives and priorities were 
considered in the selection of species.  Natural resource managers from the park and other 
regional National Park Service scientists were consulted during the selection process. 

Based on the number of observed occurrences, species were placed into three modeling scenarios 
within UPDE (Table 1).  Scenario A represents species that are widely distributed throughout the 
park (occurred at greater than 10% of accuracy assessment points).  Species in scenario A may 
produce accurate distribution models due to robust occurrence data; however, these results may 
seem intuitive, given the species are already widely distributed. 

Scenario B represents species not yet established widely, but for which there are known locations 
in our data set or from National Park Service data (current locations or previous occurrences that 
were removed).  The models would create potential distribution maps that would provide  
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Table 1.  Modeling scenarios, known status, number of sampling points, and percent of total 
sampling points at which species was present for target invasive species in Upper Delaware 
Scenic and Recreational River. 

Modeling Scenario Scientific Name Status 

Number of  
Sampling Points  
at which Species  

was Present 

Percent of  
Sampling Points 
at which Species 

was Present 
Berberis thunbergii Present 140 
Polygonum cuspidatum Present 93 

> 10 % 

Rosa multiflora Present 71 
Alliaria petiolata Present 60 
Lythrum salicaria Present 60 
Microstegium vimineum Present 58 

5 – 10% 

Verbascum thapsus Present 24 
Elaeagnus umbellata Present 17 

Scenario A 

Lonicera morrowii Present 15 
1 – 5 % 

Ampelopsis brevipedunculata Encroach 5 
Frangula alnus Present 4 
Tussilago farfara Present 4 
Centaurea biebersteinii Encroach 4 
Humulus japonicus Encroach 4 
Hesperis matronalis Present 3 
Coronilla varia Present 2 
Celastrus orbiculatus Encroach 2 
Vinca minor Encroach 2 
Phragmites australis Present 1 
Potamogeton crispus Present 1 
Acer platanoides Encroach 1 
Anthriscus sylvestris Encroach 1 

< 1 % 

Elaeagnus angustifolia Present 0 
Lonicera maackii Present 0 
Myriophyllum spicatum Present 0 
Polygonum perfoliatum Present 0 
Polygonum sachalinense Present 0 

Scenario B 

Trapa natans Present 0 

Absent 
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Table 1.  Modeling scenarios, known status, number of sampling points and percent of total 
sampling points at which species was present for target invasive species in Upper Delaware 
Scenic and Recreational River (continued). 

Modeling Scenario Scientific Name Status 

Number of  
Sampling Points  
at which Species  

was Present 

Percent of  
Sampling Points 
at which Species 

was Present 
Acer palmatum Encroach 0 
Ailanthus altissima Encroach 0 
Akebia quinata Encroach 0 
Albizia julibrissin Encroach 0 
Cabomba caroliniana Encroach 0 
Cardamine impatiens Encroach 0 
Carduus nutans Encroach 0 
Cirsium arvense Encroach 0 
Cynanchum louiseae Encroach 0 
Cynanchum rossicum Encroach 0 
Egeria densa Encroach 0 
Euonymus alatus Encroach 0 
Eupatorium serotinum Encroach 0 
Hedera helix Encroach 0 
Heracleum mantegazzianum Encroach 0 
Hydrilla verticillata Encroach 0 
Lespedeza cuneata Encroach 0 
Ligustrum obtusifolium, L.vulgare Encroach 0 
Lonicera japonica Encroach 0 
Lonicera tatarica Encroach 0 
Lychnis flos-cuculi Encroach 0 
Paulownia tomentosa Encroach 0 
Phellodendron japonicum Encroach 0 
Pueraria montana Encroach 0 
Pyrus calleryana Encroach 0 
Ranunculus ficaria Encroach 0 
Rhamnus cathartica Encroach 0 
Rubus phoenicolasius Encroach 0 
Sorghum halepense Encroach 0 
Viburnum dilatatum Encroach 0 
Wisteria floribunda Encroach 0 
Wisteria sinensis Encroach 0 

Scenario C 

Myriophyllum heterophyllum Unconfirmed 0 

Absent 
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probable locations of these species and could be used to guide targeted search efforts for new or 
previously unknown infestations.  However, the species in this scenario have minimal 
occurrences and the data may not reflect the full range of environmental settings in which the 
species could thrive.  Therefore, the model results could be strongly influenced by the 
environmental factors at the small number of known locations. 

Scenario C represents species that were not found during sampling efforts but are serious threats 
to high priority resources in the park.  The models would create potential distribution maps that 
would provide probable locations of these species and could be used to guide targeted search 
efforts for new or previously unknown infestations.  The results may also provide information on 
the extent of the threat posed by this species.  However, the major caveat is that there are no 
known locations for these species within the park.  Therefore, models will be based on 
professional expertise of species habitat constraints and preferences instead of statistical 
correlations between known locations and environmental factors. 

From this process, 11 species and one community type were selected for parkwide predictive 
modeling and are described in detail in the Study Species section. 

Environmental Variables 

Environmental variables were chosen based on the potential contribution to invasive exotic 
species distributions (Table 2).  All environmental data was converted into 10 meter resolution 
ASCII and GRID files using geographic information systems (GIS) software (ArcGIS 9.2, ESRI) 
and clipped to the extent of the park boundary 

Topographic surface variables were derived to characterize habitat.  Slope, aspect, and terrain 
shape index (TSI) were derived from the 10-m digital elevation models (DEM) (USGS) in 
ArcGIS using the Slope, Aspect, and Math Algebra tools under the Spatial Analyst extension.  
Aspect was transformed into a solar radiation index using a modified version of Beers et al. 
(1966) aspect transformation (TransAsp = ((- cos (45 – aspect)) +1) x 100) using the Math 
Algebra tool.  The modified version produces an index ranging from 0–200 with northeast facing 
aspects equaling 0 and southwestern facing aspects equaling 200.  Terrain shape index is a 
measure of the surface shape of a pixel (concave or convex), correlating to landscape features 
such as ridges or valleys (McNab 1989) (TSI = DEM – focalmean (DEM, circle, radius (10))).  
The index ranges from a negative number (convex/valley) to a positive number (concave/ridge).  

Community vegetation data was used to address specific habitat associations that species may 
prefer.  Community vegetation mapping had been completed for the park in 2006 by the 
Pennsylvania Natural Heritage Program (Perles et al. 2007; Perles et al. 2008).  The vegetation 
dataset consisted of spatially delineated boundaries for natural communities so that specific 
vegetation communities were assigned to specific polygons.  DEWA contained a total of 4,987 
polygons representing 69 vegetation community types and UPDE contained a total of 3,527 
polygons representing 48 vegetation community types. 
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Table 2.  Environmental variables used to model invasive plant species distributions in Upper 
Delaware Scenic and Recreational River.  This table provides a brief description of the variable, 
its data source and the variable’s abbreviation when used in analyses. 

 
Predictor 
Category 

 
Environmental 

Variable 

 
 

Description 

 
 

Data Source 

 
Abbreviation 
for Analyses 

Slope 

Percent slope.  Slope is 
indirectly related to 
soil moisture and 
soil erosion. 

Slope tool in ArcGIS slope 

Transformed 
aspect 

A solaration index 
based on aspect.  
This variable is 
indirectly related to 
soil moisture. 

((- cos (45 – aspect)) +1) x 100) trans_asp 
Topographic 

Terrain Shape 
Index (TSI) 

A topographic position 
index. 

DEM – focalmean (DEM, 
circle, radius (10))   tsi 

Soil drainage 

Drainage class of a soil 
in terms of its 
capability to retain 
water. 

USDA Soil Survey drainage 

Soil properties 

Soil pH 
Soil pH is related to 

nutrient uptake and 
solubility. 

USDA Soil Survey soil_ph 

Vegetation Vegetation Delineated vegetation 
community types. 

National Park Service 
vegetation map of the parks veg_com 

Canopy cover 

Percent canopy cover 
for vegetation 
communities within 
the park. 

National Park Service 
vegetation map of the parks can_cov 

Light 
availability 

Edge effects 

Area of edge influence 
resulting from 
fragmenting 
features.  Variable 
identifies areas of 
light penetration in 
intact communities. 

National Park Service 
vegetation map of the parks edge_eff 
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Soil property variables were derived from digital soil survey data (Soil Conservation Service, 
USDA).  Soil drainage capacity was classified into seven classes: excessively drained, somewhat 
excessively drained, well-drained, moderately well-drained, somewhat poorly drained, poorly 
drained, and very poorly drained.  A soil pH layer was also derived from the soil data and kept in 
continuous format. 

Variables contributing to light availability, such as canopy cover and area of edge influence, 
were derived.  Canopy cover was derived from aerial interpretation in the vegetation mapping 
process for each community type.  Canopy cover was classified into four classes: 0–25%, 25–
50%, 50–75%, and 75–100%.  Area of edge influence was derived using vegetation community, 
transportation (Pennsylvania Department of Transportation and digitized from aerial imagery) 
and hydrologic layers (derived from vegetation mapping layer).  A buffer distance of 30 m (98.4 
ft) was applied to features that create habitat edges such as roads, streams, rivers, and open 
canopy vegetation communities.  The 30-m (98.4 ft) distance was the distance where 
environmental variables varied significantly from forest edges in a New Jersey deciduous forest 
(Meiners and Pickett 1998) and approximately the mean distance of edge influence reported for 
regenerating and maintained eastern North American forests (Harper et al. 2005).  Road widths 
were taken into account during the buffering process.  Additionally, any community polygons 
that had canopy cover classes lower then 50% were treated as fragmenting features, given their 
open canopies.  Such polygons were buffered and included in this layer.  Ponds and streams were 
then removed from the layer, although any area of edge effects resulting from them was left 
intact. 

Study Species 

Scenario A 

Japanese barberry (Berberis thunbergii DC.) is an exotic ornamental shrub that escaped 
cultivation and can invade open areas as well as relatively undisturbed closed canopy forests 
(Ehrenfeld 1997; Silander and Klepeis 1999).  B. thunbergii can tolerate a wide range of light 
conditions and can produce fruit at light levels less than 4% (Silander and Klepeis 1999).  
Studies suggest that the species may be nitrogen limited (Cassidy et al. 2004; Harrington et al. 
2004).  Increased pH, nitrogen availability, and exotic earthworm abundance have been 
documented under B. thunbergii plants compared to soil conditions under native shrubs (Kourtev 
et al. 1999).  Such alterations to the soil conditions may displace native plant species and 
promote future invasions of exotic plants (Kourtev et al. 1999). 

Tree-of-heaven (Ailanthus altissima [Mill.] Swingle [photographs of all study species are in 
Appendix A]) is an exotic tree species that is native to Asia and is typically found in open 
disturbed areas (Rhoads and Block 2007) and forest canopy gaps.  In open disturbed areas, A. 
altissima may benefit from increased mycorrhizal colonization when compared to plants in 
forested areas, possibly allowing the plant to utilize resources more efficiently in a stressful 
environment (Huebner et al. 2007).  In forested areas, the species has been shown to exhibit high 
seedling mortality and therefore relies on vegetative reproduction, forming dense clonal patches 
(Kowarik 1995) until forest gaps provide the light resources needed for canopy growth (Kowarik 
1995; Knapp and Canham 2000).  Additionally, the species produces allelopathic compounds 
that suppress surrounding plant species (Lawerence et al. 1991). 
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Spotted knapweed (Centaurea biebersteinii DC.) is an exotic species native to Europe that 
invades open disturbed habitats (Watson and Renny 1974) such as dry woods, fields, roadsides, 
and shale barrens (Rhoads and Block 2007).  Seed germination can occur in closed canopies 
(Spears et al. 1980), however, mature plants are uncommon in lower light conditions (Watson 
and Renny 1974).  Seeds may last several years within the seed bank, resulting in long persistent 
populations (Davis et al. 1993).  C. biebersteinii produces allelopathic compounds which, in 
combination with resource competition, may displace native vegetation (Locken and Kelsey 
1987). 

Winged euonymus (Euonymus alatus [Thunb.] Siebold) is an exotic shrub native to Asia.  E. 
alatus tends to occur in mesic forests as well as disturbed habitats (Searcy et al. 2006; Rhoads 
and Block 2007) but persists in a range of soil types and light conditions (Mehrhoff et al. 2003).  
The species can form dense thickets that often outshade native vegetation. 

Common mullein (Verbascum thapsus L.) is a exotic species that is native to Eurasia and grows 
in open disturbed areas (Reinartz 1984).  The species tends to prefer dry, sandy, rocky or highly 
calcareous soils (Reinartz 1984).  Full sunlight is required for seed germination (Semenza et al. 
1978) and seeds germinate only on bare soil (Gross and Werner 1982).  Populations are long 
persistent due to a large seed source, as seeds are viable in seed banks for up to 100 years 
(Kivillian and Bandurski 1933; Gross and Werner 1982). 

Common reed (Phragmites australis [Cav.] Trin ex Steud.) is a gramanoid species believed to 
consist of many native and nonnative genetic strains.  In general, the rapidly expanding 
populations are believed to be of exotic origin, and slower spreading populations are native 
(Hauber et al. 1991).  A major concern is the species’ ability to utilize lower marshes originally 
thought to be unsuitable habitat as well as its expansion into wetlands (Amsberry et al. 2000).  
As a result, the species alters important habitat for fauna.  P. australis tends to prefer marshes 
and disturbed mesic habitats including roadsides (Rhoads and Block 2007). 

Scenario B 

Norway maple (Acer platanoides L.) is a native to Europe and frequents roadsides, disturbed 
areas, and closed canopied forests in its nonnative range (Kloeppel and Abrams 1995).  A. 
platanoides is shade tolerant and forms dense crown cover as well as shallow root systems 
(Wyckoff and Webb 1996).  The species undergoes early leaf expansion and experiences a 
longer growing season in comparison to surrounding native tree species (Kloeppel and Abrams 
1995).  Such traits may give the species a competitive advantage over native species.  For 
example, studies indicate A. platanoides may suppress native understory vegetation (Wyckoff 
and Webb 1996) and sugar maple (Acer saccharum L.) regeneration (Kloeppel and Abrams 
1995; Webb et al. 2001). 

Mile-a-minute (Polygonum perfoliatum L.) is an exotic vine native to Asia (Rhoads and Block 
2007).  P. perfoliatum grows predominantly in disturbed sites, such as roadsides, forest edges, 
and agricultural fields, but can also be found in open mesic natural areas (Oliver 1996).  The 
species appears to have a preference for mesic soil conditions (Riefner and Windler 1979) and 
medium to high light availability (Mountain 1989; Kumar and DiTommaso 2005); however, the 
species has been documented to occur in shade and in dry or wet conditions (Kumar and 
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DiTommaso 2005).  P. perfoliatum forms dense canopy-like mats that outshade and limit growth 
of native species underneath (Oliver 1996). 

Scenario C 

Narrowleaf bittercress (Cardamine impatiens L.) is an herbaceous plant that is native to Europe.  
The species is found in moist woods and disturbed areas (USDA 2002; Rhoads and Block 2007) 
and prefers shaded mesic habitats (Cusick 1993).  C. impatiens has the potential to form dense 
carpets of vegetation and outcompete native vegetation (USDA 2002). 

Japanese hops (Humulus japonicus Sieb. & Zucc.) is an exotic vine native to Asia.  This species 
tends to inhabit mesic open fields and disturbed areas as well as floodplain areas (Mehrhoff et al. 
2003; Rhoads and Block 2007).  H. japonicus outcompetes native species by forming dense mats 
and preventing sunlight penetration to species underneath (Mehrhoff et al. 2003). 

Fig buttercup (Ranunculus ficaria L.) is an herbaceous plant that is native to Europe.  R. ficaria 
tends to prefer high light conditions and mesic habitat such as open woods, floodplains, 
meadows, and disturbed areas (Mehrhoff et al. 2003; Rhoads and Block 2007).  The species 
emerges before native spring ephemerals and outcompetes native vegetation by forming dense 
mats (Mehrhoff et al. 2003). 

Communities 

Eastern hemlock (Tsuga canadensis L.) communities are subject to invasion by exotic invasive 
plant species through hemlock woolly adelgid (Adelgis tsugae) infestations.  Native to Japan, A. 
tsugae feeds on the twigs of the eastern hemlocks causing defoliation, bud mortality, and 
eventually tree mortality, typically within as little as four years (Young et al. 1995).  As tree 
mortality occurs, light availability increases due to the widening of canopy gaps.  As a result, 
invasive species are typically able to colonize the understory and invade the susceptible stands 
(Orwig and Foster 1998).  Park biologists are interested in identifying eastern hemlock 
communities that are susceptible to invasion by exotic species as defoliation and eastern hemlock 
mortality occurs. 

Modeling Approaches – Invasive Species Distributions 

Data was pooled for both DEWA and UPDE to increase sample sizes for species.  Only sample 
points that had an abundance of occasional or abundant percent cover were used for this analysis 
in order to preserve data accuracy.  For example, the rare category only represents a small 
percent cover in a relatively large plot size, and the probability of the species occurring at the 
center point of the plot (the spatial sample unit) would be low compared to the occasional and 
abundant categories.  CART and logistic regression models were initially built for Ailanthus 
altissima and Berberis thunbergii; however, such models contained minimal splits and, as a 
result, were found to be extremely generalized for the project’s goals.  Due to the ability of 
maximum entropy modeling in handling low sample sizes, maximum entropy models using the 
Maxent software program (Maxent 3.2.1, Princeton University) were built for species within 
Scenario A as well as for Polygonum perfoliatum and Humulus japonicus.  Environmental 
variables were extracted to species occurrence locations using GIS software (ArcGIS 9.2, ESRI 
[GIS deliverables are in Appendix B]).  A correlation matrix was used to test for co-linearity 
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between environmental variables for each species using Minitab v. 15, Minitab Inc.  If variables 
were correlated (p<0.05) and had a Pearson’s correlation value greater then 0.700, variables were 
reduced to avoid multi-collinearity and over-fitting of the model.  However, none of the variables 
were correlated and all variables were included for modeling purposes.  Twenty-five percent of 
the occurrence data was randomly withheld for each species as an evaluation dataset to test 
model validity.  Additionally, Maxent runs a jackknife test of variable importance measure to test 
for information gain of environmental variables.  This approach builds models solely on each 
environmental variable as well as models without the target variable in order to quantify the 
amount of information contained in such variable.  Variables are weighted based on their 
importance values during the construction of the final model. 

Predicted suitable habitat was discriminated from unsuitable habitat based on threshold values.  
A threshold value serves as a cut off point to distinguish between predicted presence and 
absence.  Selecting maximum entropy threshold values for assessing a model’s predictions are a 
topic that is of current debate.  A general rule is that commission errors (false positives) decrease 
and omission errors (false negatives) increase when larger threshold values are applied to the 
model (Fielding and Bell 1997; Hernandez et al. 2006).  In modeling approaches, sensitivity is 
defined as the percentage of true positives correctly predicted (100% - commission error) and 
specificity is defined as the percentage of true negatives correctly predicted (100% - omission 
error).  If there is no preference for minimizing either commission or omission rates in the 
model, threshold values which incorporate the maximum sensitivity and specificity value of the 
data can be used (Manel et al. 2001).  Considering the nature of the study, this approach was 
taken and the maximum sensitivity and specificity value for either the modeling or evaluation 
data was used to produce binary predicted presence/absence maps (Hernandez et al. 2006).  
Therefore, pixels with predicted probabilities greater than the threshold value were considered 
suitable habitat and pixels with lower probabilities were considered unsuitable habitat.  To fully 
evaluate each model’s performance, 1,000 randomly sampled points containing absence data 
from the vegetation mapping efforts were compared to the distribution maps to identify false 
negatives. 

Heuristic models were built for Acer platanoides, Cardamine impatiens, and Ranunculus ficaria 
due to excessively small sample sizes.  The models were built based upon the species’ habitat 
preferences derived from scientific literature (see Study Species section).  All data layers were 
overlaid in GIS and suitable habitat was delineated where all the parameters overlapped.  In 
order to fully evaluate the model’s performance for each species, any known presence points and 
1,000 randomly sampled points containing absence data from the vegetation mapping efforts 
were used.  Table 3 lists samples sizes and environmental variable parameters used to model 
species distributions.  

Model accuracy was calculated for both the model (training) and evaluation (testing) datasets 
based on the overall accuracy (percentage of correctly predicted known presence and absence 
points), error of commission (percentage of false positives), error of omissions (percentage of 
false negatives), and the True Skill Statistic (TSS).  TSS is an index that compares the observed 
agreement against what is expected by chance.  This measure measures from 1.0 (perfect 
agreement) to -1.0 (complete disagreement).  Maximum entropy uses only presence data and 
pseudo-absences, randomly sampled background data treated as an absence dataset.  Therefore,  
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Table 3.  Species sample sizes for both the modeling and evaluation dataset, and predictors used 
to model species distributions.  Samples sizes indicate the number of presence (excluding the 
rare category points) and absence points used for the respective species. 

Modeling 
Method 

 
Species 

Modeling 
Dataset 

Evaluation 
Dataset 

 
Predictors 

Ailanthus 
altissima 111 present 36 present 

1,000 absent All variables. 

Berberis 
thunbergii 111 present 36 present 

1,000 absent All variables. 

Centaurea 
biebersteinii 22 present 7 present 

1,000 absent All variables. 

Euonymus 
alatus 18 present 5 present 

1,000 absent All variables. 

Humulus 
japonicus 10 present 3 present 

1,000 absent All variables 

Phragmites 
australis 16 present 5 present 

1,000 absent All variables. 

Polygonum 
perfoliatum 4 present 1 present 

1,000 absent All  variables 

Maximum 
Entropy 

Verbascum 
thapsus 15 present 4 present 

1,000 absent All variables. 

Acer 
platanoides - 3 present  

1,000 absent 

Drainage (well drained, moderately well 
drained and somewhat poorly drained), 
edge effects, vegetation (successional, 
riparian and mesic terrestrial 
communities) 

Cardamine 
impatiens - 0 present 

1,000 absent 

Cover (25–100%), drainage (well drained, 
moderately well drained and somewhat 
poorly drained), edge effects, vegetation 
(successional, riparian, mesic terrestrial 
and palustrine communities) 

Heuristic 

Ranunculus 
ficaria - 0 present 

1,000 absent 

Cover (0–50%), drainage (well drained, 
moderately well drained and somewhat 
poorly drained), edge effects, vegetation 
(successional, riparian, mesic terrestrial 
and palustrine communities) 
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error of commission for the modeling dataset cannot be calculated.  Heuristic models lack a 
modeling dataset and were only evaluated on the evaluation data. 

Modeling Approaches – Plant Community Invasibility 

Eastern hemlock (Tsuga canadensis) communities were ranked using a landscape metric 
designed to predict the susceptibility of the stand to being invaded by exotic plant species.  This 
metric incorporates canopy gaps and area of edge influence, as well as the number and 
abundance of invasive plant species within hemlock stands and their adjacent forest stands.  
Polygons identified in the park’s vegetation association map as Eastern Hemlock - Beech - Oak 
Forest, Eastern Hemlock - Hardwood Swamp, and Eastern Hemlock - Northern Hardwood Forest 
were considered “eastern hemlock communities” for this analysis.  Community scores were 
developed in order to quantify the amount of degradation within that community polygon.  All 
community polygons within the park boundaries were given a categorical score for percent 
canopy cover, percent edge, invasive species abundance, and number of invasive species so that 
each category score ranged from zero to four (Table 4).  If the community did not have a 
sampling point recorded for invasive species, only the percent canopy cover and percent edge 
were averaged to formulate the community score below.  Based on these criteria, an overall 
community score was derived from the following formula: 

Community Score = ((Cover Score + Edge Score + Abundance Score + Species Score) / 4). 

The resulting score ranged in value from 0.0–4.0 with a value of 0.0 representing conditions that 
are least likely to be invaded and a value of 4.0 indicating areas of high susceptibility to 
invasion. 

With communities scores developed, we felt it was important to emphasize the influence of 
surrounding communities on the dispersal and flux of invasive species into the hemlock 
communities.  To account for this, scores for community polygons directly adjacent to hemlock 
communities were weighted based upon the proportion of shared perimeter to the hemlock 
polygon and then averaged.  This score was then averaged with the hemlock community 
polygon’s score to produce an index of susceptibility to invasion: 

Index hemlock = ((Avg. Community Score adjacent comm.) + Community Score eastern hemlock comm.) / 2) 

Averaging the mean scores for adjacent communities with the hemlock community scores placed 
an emphasis on inter- and intra-community dynamics.  The final index of susceptibility to 
invasion for hemlock communities ranges from 0.0–4.0 with 0.0 being least likely to be invaded. 

To further understand current invasive species’ distributions, all vegetation communities were 
ranked based on an infestation index to derive areas of high and low invasive activity.  
Vegetation community polygons (n=472) were given an infestation value based on the 
abundance per sampling point and species per sampling point rank values derived in the eastern 
hemlock community analysis.  The abundance and species ranks were averaged to give an 
infestation index using the following formula: 

Infestation Index = ((Abundance Score + Species Score) / 2). 
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Table 4.  Community score criteria and subsequent ranking of category scores.  
 

Community 
Score Criteria 

 
Criteria Source 

Criteria 
Value 

Category 
Score 

% canopy cover 
Canopy cover class derived from vegetation mapping 

efforts performed by Pennsylvania Natural 
Heritage Program 

100–75% 
75–50% 
50–25% 
0–25% 

1 
2 
3 
4 

% edge Amount of edge effects layer that intersects 
community 

0% 
0–25% 
25–50% 
50–75% 

75–100% 

0 
1 
2 
3 
4 

Invasive species 
abundance 

Total abundance (cover) of invasive species per 
sampling point based upon accuracy assessment 
points within community polygon 

0 
0–25 

25–50 
50–75 
75+ 

0 
1 
2 
3 
4 

Number of invasive 
species 

Number of invasive species per sampling point based 
upon accuracy assessment points within 
community polygon 

0 
1–2 
2–5 
5–8 
8+ 

0 
1 
2 
3 
4 

 

 

Only community polygons containing sampled accuracy assessment points were included in this 
analysis to maintain data accuracy.  The index ranges from 0.0–4.0 with a value of 0.0 
representing areas of no invasion and a value of 4.0 representing highly infested communities.  
The resulting index is indicative of the community’s current invasion status.  Rare communities 
were addressed in this analysis to identify areas where park managers may wish to concentrate 
invasive species management efforts 
 



 

Results 

Current Status and Distribution of Invasive Plant Species 

Based on the results of the accuracy assessment survey, several changes to the status of the target 
invasive species occurrence within the park are proposed.  Of the 21 species labeled as Present, 
15 were observed and six were not observed in this study.  Seven of the 39 species labeled 
Encroaching were observed in this study.  These species include Amur peppervine (Ampelopsis 
brevipedunculata [Maxim.] Trautv.), spotted knapweed (Centaurea biebersteinii DC.), Japanese 
hops (Humulus japonicus Sieb. & Zucc.), Oriental bittersweet (Celastrus orbiculatus Thunb.), 
common periwinkle (Vinca minor L.), Norway maple (Acer platanoides L.), and wild chervil 
(Anthriscus sylvestris [L.] Hoffm.).  The one species, labeled Unconfirmed, was not observed in 
this study. 

Although invasive plant species are abundant in some areas of the park, invasive plants are not 
currently ubiquitous.  Approximately 56% of the sampling points were free of invasive species 
and 24.1% of the sampling points contained only one invasive species (Table 5).  Additionally, 
only 19.7% of the sampling points contained two or more invasive species.  Two sampling 
points, one in a Bitternut Hickory Lowland Forest and another in a Sycamore - Mixed Hardwood 
Floodplain Forest, contained five invasive species. 

The observed distributions and abundances varied widely among species (Table 6).  Some 
species were widespread, while others had limited distribution.  The top seven most abundant 
species (labeled Top 7 Worst Offenders in Table 6) are clearly more widespread than the other 
target species.  Without biological control, it is unlikely that these species can be contained or 
controlled.  However, at specific high-priority sites that are not already heavily invaded by these 
species, it may be possible to prevent the colonization of invasive species by using persistent 
management. 

 

 

Table 5.  Number of invasive species observed at each sampling point in the Upper Delaware 
Scenic and Recreational River. 
 

Number of  
Invasive Species  
Observed at Point 

Number of  
Data Points 

Percent of  
Data Points 

0 434 56.2% 
1 186 24.1% 
2 91 11.8% 
3 42 5.4% 
4 17 2.2% 
5 2 0.3% 

Total 772 100.0% 
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Table 6.  Abundance, frequency, and number of vegetation associations that contained target 
invasive species in the Upper Delaware Scenic and Recreational River.  Total abundance is the 
sum of the abundances for all sampling points the species was observed.  Total frequency is the 
sum of all sampling points the species was observed. 

Scientific Name Status 
Total 

Abundance 

Number of 
Sampling 

Points Which 
Species Was 

Present 

Number of  
Vegetation 

Associations 

Top 7 
Worst 

Offenders 
Polygonum cuspidatum Present 3540 93 11 X 
Berberis thunbergii Present 3103 140 20 X 
Alliaria petiolata Present 1387 60 14 X 
Microstegium vimineum Present 1258 58 18 X 
Rosa multiflora Present 1184 71 20 X 
Lythrum salicaria Present 756 60 11 X 
Elaeagnus umbellata Present 543 17 9 X 
Lonicera morrowii Present 255 15 5 
Frangula alnus Present 240 4 1 
Humulus japonicus Encroach 140 4 3 
Celastrus orbiculatus Encroach 120 2 2 
Vinca minor Encroach 120 2 2 
Verbascum thapsus Present 105 24 12 
Coronilla varia Present 70 2 1 
Tussilago farfara Present 31 4 3 
Centaurea biebersteinii Encroach 31 4 3 
Ampelopsis brevipedunculata Encroach 14 5 3 
Hesperis matronalis Present 12 3 1 
Phragmites australis Present 10 1 1 
Anthriscus sylvestris Encroach 10 1 1 
Potamogeton crispus Present 1 1 1 
Acer platanoides Encroach 1 1 1 
Elaeagnus angustifolia Present 0 0 0 
Lonicera maackii Present 0 0 0 
Myriophyllum spicatum Present 0 0 0 
Polygonum perfoliatum Present 0 0 0 
Polygonum sachalinense Present 0 0 0 
Trapa natans Present 0 0 0 
Acer palmatum Encroach 0 0 0 
Ailanthus altissima Encroach 0 0 0 
Akebia quinata Encroach 0 0 0 
Albizia julibrissin Encroach 0 0 0 
Cabomba caroliniana Encroach 0 0 0 
Cardamine impatiens Encroach 0 0 0 
Carduus nutans Encroach 0 0 0 
Cirsium arvense Encroach 0 0 0 
Cynanchum louiseae Encroach 0 0 0 
Cynanchum rossicum Encroach 0 0 0 
Egeria densa Encroach 0 0 0 
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Table 6.  Abundance, frequency and number of vegetation associations that contained target 
invasive species in the Upper Delaware Scenic and Recreational River (continued).  Total 
abundance is the sum of the abundances for all sampling points the species was observed.  Total 
frequency is the sum of all sampling points the species was observed. 

Scientific Name Status 
Total 

Abundance 

Number of 
Sampling 

Points Which 
Species Was 

Present 

Number of  
Vegetation 

Associations 

Top 7 
Worst 

Offenders 
Euonymus alatus Encroach 0 0 0 
Eupatorium serotinum Encroach 0 0 0 
Hedera helix Encroach 0 0 0 
Heracleum mantegazzianum Encroach 0 0 0 
Hydrilla verticillata Encroach 0 0 0 
Lespedeza cuneata Encroach 0 0 0 
Ligustrum obtusifolium, L.vulgare Encroach 0 0 0 
Lonicera japonica Encroach 0 0 0 
Lonicera tatarica Encroach 0 0 0 
Lychnis flos-cuculi Encroach 0 0 0 
Paulownia tomentosa Encroach 0 0 0 
Phellodendron japonicum Encroach 0 0 0 
Pueraria montana Encroach 0 0 0 
Pyrus calleryana Encroach 0 0 0 
Ranunculus ficaria Encroach 0 0 0 
Rhamnus cathartica Encroach 0 0 0 
Rubus phoenicolasius Encroach 0 0 0 
Sorghum halepense Encroach 0 0 0 
Viburnum dilatatum Encroach 0 0 0 
Wisteria floribunda Encroach 0 0 0 
Wisteria sinensis Encroach 0 0 0 
Myriophyllum heterophyllum Unconfirmed 0 0 0 
 
 
 
Most invasive species thrive in a wide variety of environmental settings.  However, our data 
confirmed that even obnoxious invasive species have habitat preferences and constraints.  The 
Top 7 Worst Offender species showed affinities to certain vegetation associations.  Thus, the 
vegetation associations listed below are likely particularly susceptible to the following invasive 
species: 

Polygonum cuspidatum:  

Japanese Knotweed Gravelbar, Reed Canarygrass Eastern Marsh, Sycamore - Mixed Hardwood 
Floodplain Forest, Bitternut Hickory Lowland Forest, Silver Maple Floodplain Forest, and River 
Birch Low Floodplain Forest. 
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Berberis thunbergii:  

Riparian and mesic terrestrial associations such as: Semi-rich Northern Hardwood Forest, Sugar 
Maple - Ash - Basswood Northern Rich Mesic Forest, Northeastern Modified Successional 
Forest, Bitternut Hickory Lowland Forest, Red Maple - Sweet Birch Hardwood Forest, 
Northeastern Dry Oak - Hickory Forest, Central Appalachian Northern Hardwood Forest, 
Eastern Hemlock - Northern Hardwood Forest, and Sycamore - Mixed Hardwood Floodplain 
Forest. 

Alliaria petiolata: 

Semi-rich Northern Hardwood Forest, Sycamore - Mixed Hardwood Floodplain Forest, Sugar 
Maple - Ash - Basswood Northern Rich Mesic Forest, and Bitternut Hickory Lowland Forest. 

Microstegium vimineum: 

Sycamore - Mixed Hardwood Floodplain Forest, Red Maple – Sweet Birch Hardwood Forest, 
and White Pine - Oak Forest. 

Rosa multiflora: 

Sycamore - Mixed Hardwood Floodplain Forest, Northeastern Modified Successional Forest, and 
Bitternut Hickory Lowland Forest. 

Lythrum salicaria: 

Riverside Prairie Grassland, Reed Canarygrass Eastern Marsh, and Birch - Willow Riverbank 
Shrubland.  High abundance with low frequency at the Northern Riverside Rock Outcrop 
association. 

Elaeagnus umbellata: 

Northeastern Modified Successional Forest and Sycamore - Mixed Hardwood Floodplain Forest. 

Model Accuracy 

Table 7 provides a summary of measures of model accuracy for invasive species distribution 
models.  There are several considerations that need to be addressed when interpreting the model 
accuracy results.  High testing omission and commission rates are indicative of a model that 
overfit the modeling dataset and therefore does not perform well when cross validated with the 
evaluation dataset.  In turn, an overfit model usually results in a low TSS value.  Overall 
accuracy only considers the amount of correctly predicted presences and absences and may not 
be the best measure of model accuracy, since it does not consider the proportional contribution of 
the evaluation dataset when the sample sizes are not equal for known presences and absences.  
TSS provides a more robust measurement by offsetting the bias from overall accuracy by taking 
into account the sample sizes for known presences (prevalence) (Alouche et al. 2006). 
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Table 7.  Measures of model accuracy for invasive species distribution models. 

 
 

Species 
Threshold 
Value (%) 

Area 
Predicted 
(hectares) 

Training 
Omission 
Error (%) 

Test 
Omission 
Error (%) 

Test 
Commission 

Error (%) 

Overall 
Accuracy 

(%) TSS 
A. platanoides - 4449.8 - 66.7 14.8 85.1 0.185 
A. altissima 24.2 953.9 6.3 13.9 13.3 86.4 0.728 
B. thunbergii 32.4 2875.1 7.2 25.0 27.8 74.0 0.438 
C. impatiens - 2551.8 - - 10.2 89.8 - 
C. biebersteinii 22.0 273.3 0.0 28.6 9.0 91.1 0.624 
E. alatus 14.2 2671.4 0.0 40.0 28.4 72.0 0.316 
H. japonicus 19.5 1060.7 0.0 0.0 11.1 89.0 0.889 
P. australis 25.3 67.5 0.0 0.0 7.9 92.3 0.921 
P. perfoliatum 28.4 260.2 0.0 0.0 7.3 92.7 0.927 
R. ficaria - 2341.9 - - 10.3 89.7 - 
V. thapsus 22.1 1407.8 0.0 0.0 16.0 84.0 0.840 
 
 
 
Maximum Entropy Models 

Jackknife tests of training gain are used to evaluate the amount of information each 
environmental variable contributes to the predictive distribution model.  Maximum entropy 
modeling builds several hundred iterations of models using every combination of environmental 
variables.  The models are then compared to see which environmental variable contains the most 
information when added or subtracted from the models. 

The predicted distribution of tree-of-heaven (Ailanthus altissima) was 953.9 ha (2,357.1 ac) or 
4.3% of the total park area.  The model had a training omission of 6.3%, test omission of 13.9%, 
test commission of 13.3%, overall accuracy of 86.4%, and TSS of 0.728.  Vegetation 
community, edge effects, soil pH, and canopy cover have the highest variable importance on the 
species’ predicted distribution (Figure 1 [due to physical {page} size, Table 9 and Figures 1–22 
are grouped together at the end of the Results section).  The species was predicted to occur most 
frequently in Cropland and Pastures, Northeastern Dry Oak - Hickory Forests, Red Maple - 
Sweet Birch Hardwood Forests, Northeastern Modified Successional Forests, Sycamore - Mixed 
Hardwood Floodplain Forests, and Northeastern Old Fields.  Probability of occurrence for A. 
altissima also tended to peak between soil pH values of 5.2 and 6.5.  The model predicts the 
species to occur most frequently in 0–25% canopy cover and within the area of edge influence of 
75%–100% canopy cover.  Figure 2 depicts the predicted suitable habitat for this species. 

The predicted distribution of Japanese barberry (Berberis thunbergii) was 2,875.1 ha (7,104.5 ac) 
or 12.9% of the total park area.  The model had a training omission of 7.2%, test omission of 
25.0%, test commission of 27.8%, overall accuracy of 74.0%, and TSS of 0.438.  Vegetation 
community, soil pH, and canopy cover have the highest variable importance on the species’ 
predicted distribution (Figure 3).  The species was predicted to occur most frequently in Semi-
Rich Northern Hardwood Forest, Red Maple - Sweet Birch Hardwood Forests, Central 
Appalachian Northern Hardwood Forests, High Allegheny Rich Red Oak - Sugar Maple Forests, 
Transportation Corridors, Sugar Maple - Ash - Basswood Northern Rich Mesic Forest, Sycamore 
- Mixed Hardwood Floodplain Forest, and Northeastern Modified Successional Forests.  
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Probability of occurrence tends to be highest near soil pH values of 4.8 to 5.3 and under canopy 
covers of 75–100%.  Figure 4 depicts the predicted suitable habitat for this species. 

The predicted distribution of spotted knapweed (Centaurea biebersteinii) was 273.3 ha (675.3 
ac) or 1.2% of the total park area.  The model had a training omission of 0.0%, test omission of 
28.6%, test commission of 9.0%, overall accuracy of 91.1%, and TSS of 0.624.  Vegetation 
community, canopy cover, and edge effects have the highest variable importance on the species’ 
predicted distribution (Figure 5).  The species was predicted to occur most frequently under 0–
25% canopy cover in Northeastern Old Fields, Northeastern Successional Shrublands, White 
Pine - Oak Forests, and Birch - Willow Riverbank Shrublands.  It was also predicted to occur 
under 25–100% canopy cover; however, almost all of the predicted areas were under the area of 
edge influence.  Figure 6 depicts the predicted suitable habitat for this species. 

The predicted distribution of winged euonymus (Euonymus alatus) was 2,671.4 ha (6,601.1 ac) 
or 12.0% of the total park area.  The model had a training omission of 0.0%, test omission of 
40.0%, test commission of 28.4%, overall accuracy of 72.0%, and TSS of 0.316.  Vegetation 
community, canopy cover, and edge effects have the highest variable importance on the species’ 
predicted distribution (Figure 7).  The species was predicted to occur most frequently in Eastern 
Hemlock - Northern Hardwood Forests, Eastern Hemlock - Beech - Oak Forests, Red Maple - 
Sweet Birch Hardwood Forests, Residential Areas, White Pine - Oak Forests, and Cropland and 
Pastures.  The species is predominately predicted to occur either in or out of the area of edge 
influence for 75–100% canopy class as well as in the 0–25% canopy cover class.  Figure 8 
depicts the predicted suitable habitat for this species. 

The predicted distribution of Japanese hops (Humulus japonicus) was 1,060.7 ha (2,621.0 ac) or 
4.8% of the total park area.  The model had a training omission of 0.0%, test omission of 0.0%, 
test commission of 11.1%, overall accuracy of 89.0%, and TSS of 0.889.  Vegetation 
community, canopy cover, and edge effects have the highest variable importance on the species’ 
predicted distribution (Figure 9).  The species was predicted to occur most frequently in Reed 
Canarygrass Eastern Marshes, Cropland and Pastures, Sycamore - Mixed Hardwood Floodplain 
Forests, Residential Areas, Transportation, Communication and Utility Corridors, Japanese 
Knotweed Gravelbar, and Silver Maple Floodplain Forests.  The species was predominately 
predicted to occur in 0–25% and 50–75% canopy classes within the area of edge influence.  
Figure 10 depicts the predicted suitable habitat for this species. 

The predicted distribution of common reed (Phragmites australis) was 67.5 ha (166.8 ac) or 
0.3% of the total park area.  The model had a training omission of 0.0%, test omission of 0.0%, 
test commission of 7.9%, overall accuracy of 92.3%, and TSS of 0.921.  Vegetation community 
type, canopy cover, edge effects, and soil drainage class have the highest variable importance on 
the species’ predicted distribution (Figure 11).  The species was predicted to occur most 
frequently in Northeastern Successional Shrublands, Ponds, Transportation, Communication and 
Utility Corridors, and Steeplebush/Reed Canarygrass Successional Wet Meadows.  The species 
was predominately predicted to occur on well-drained, moderately well-drained, and poorly 
drained soil drainage classes within the 0–25% canopy class.  Figure 12 depicts the predicted 
suitable habitat for this species. 
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The predicted distribution of mile-a-minute weed (Polygonum perfoliatum) was 260.2 ha (643.0 
ac) or 1.2% of the total park area.  The model had a training omission of 0.0%, test omission of 
0.0%, test commission of 7.3%, overall accuracy of 92.7%, and TSS of 0.927.  Vegetation 
community, slope, soil drainage class, and canopy cover have the highest variable importance on 
the species’ predicted distribution (Figure 13).  The species was predicted to occur most 
frequently in Residential Areas, Ponds, Bitternut Hickory Lowland Forests, Sycamore - Mixed 
Hardwood Successional Forests, Red Maple - Sweet Birch Hardwood Forests, Northeastern 
Modified Successional Forests, Commercial and Services, and Silver Maple Floodplain Forests.  
The species was predominately predicted to occur on well-drained, poorly drained, and 
somewhat poorly drained soil drainage classes within the 50–75% and 0–25% canopy classes 
and on little or no slope.  Figure 14 depicts the predicted suitable habitat for this species 

The predicted distribution of common mullein (Verbascum thapsus) was 1,407.8 ha (3,478.7 ac) 
or 6.3% of the total park area.  The model had a training omission of 0.0%, test omission of 
0.0%, test commission of 16.0%, overall accuracy of 84.0%, and TSS of 0.84.  Vegetation 
community, canopy cover, and edge effects have the highest variable importance on the species’ 
predicted distribution (Figure 15).  The species was predicted to occur most frequently in 
Cropland and Pastures, Transportation, Communication and Utility Corridors, Residential Areas, 
and High Allegheny Rich Red Oak - Sugar Maple Forests.  The species was predominately 
predicted to occur within 0–25% canopy classes and within the area of edge influence.  Figure 16 
depicts the predicted suitable habitat for this species. 

Heuristic Models 

The potential distribution of Norway maple (Acer platanoides) was 4,449.8 ha (10,995.7 ac), or 
20.0% of the total park area.  The model had a test omission of 66.7%, test commission of 
13.3%, and overall accuracy of 85.1%.  The model predicted A. platanoides to occur most 
frequently in Residential Areas, Cropland and Pastures, Eastern Hemlock - Beech - Oak Forests, 
and Transportation, Communication and Utility Corridors.  Figure 17 depicts the predicted 
suitable habitat for this species. 

The potential distribution of narrowleaf bittercress (Cardamine impatiens) was 2,551.8 ha 
(6,305.6 ac) or 11.5% of the total park area.  The model had a test commission of 10.2% and 
overall accuracy of 89.8%.  The model predicted C. impatiens to occur most frequently under 
50–100% canopy cover in Residential Areas, Hemlock - Beech - Oak Forests, Eastern Hemlock - 
Northern Hardwood Forests, Red Maple - Sweet Birch Hardwood Forests, Central Appalachian 
Northern Hardwood Forests, Semi-Rich Northern Hardwood Forests, and Northern Oak - Red 
Maple Successional Forests.  Figure 18 depicts the predicted suitable habitat for this species. 

The potential distribution of fig buttercup (Ranunculus ficaria) was predicted to occur in 2,341.9 
ha (5,786.9 ac) or 10.5% of the total park area.  The model had a test omission of 25.0%, test 
commission of 10.3%, and overall accuracy of 89.7%.  The model predicted R. ficaria to occur 
most frequently under 0–25% canopy cover in Residential Areas, Cropland and Pastures, 
Commercial and Services, and Transportation, Communication and Utility Corridors.  Figure 19 
depicts the predicted suitable habitat for this species. 
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All predictive models were combined to show areas which could be deemed hotspots for 
invasions by exotic plant species (Figure 20).  Collectively, the models predicted 13,794.3 ha 
(34,086.3 ac) (62.0% of the total park area) to contain no overlap among invasive species 
distributions and 0.6 ha (1.5 ac [0.0% of the total park area]) for overlap between nine of the 
modeled species (Table 8).  Additionally, the models predicted only 14.7% of the park to contain 
three or more of the species modeled. 

Community Models 

Eastern hemlock (Tsuga canadensis) communities ranged in values in terms of susceptibility to 
invasion.  The analysis identified three minimally susceptible (rounded index value of 0), 365 
slightly susceptible (rounded index value of 1), 185 moderately susceptible (rounded index value 
of 2), 53 moderate to highly susceptible (rounded index value of 3), and one highly susceptible 
polygon of T. canadensis communities (rounded index value of 4).  Minimally susceptible 
communities had a total area of 11.3 ha (27.9 ac [0.2% of total eastern hemlock community 
area]). 

Slightly susceptible communities had a total area of 4,610.9 ha (11,393.7 ac [69.7% of total 
eastern hemlock community area]).  Moderately susceptible communities had a total area of 
1,795.6 ha (4,437.0 ac [27.2% of total hemlock community area]).  Moderate to highly 
susceptible areas had a total of 190.0 ha (469.5 ac [2.9% of total hemlock community area]).  
The one highly susceptible area had a total of 4.7 ha (11.6 ac [0.1% of total hemlock community 
area]).  Figure 21 depicts T. canadensis communities stands ranked according to susceptibility to 
invasion.  

 

 

Table 8.  Area predicted for combined invasive species distribution models.  Number of species 
is the number of invasive species whose predicted distribution overlap within the area. 
 

Number of Species 

Area 
Predicted 
(hectares) 

Area Predicted /  
Area of Park 

(%) 
0 13,794.3 62.0% 
1 3,006.8 13.5% 
2 2,166.4 9.7% 
3 1,562.0 7.0% 
4 1,075.7 4.8% 
5 461.2 2.1% 
6 136.6 0.6% 
7 35.7 0.2% 
8 6.9 0.0% 
9 0.6 0.0% 
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Levels of infestation were assessed at a total of 773 assessment points representing 472 plant 
community polygons.  There is a large percentage of accuracy assessment points that contained 
either no invasive species (56.0%) or only one species (24.1%).  In general; riparian, mesic 
terrestrial and successional communities had the greatest invasive species abundance and 
frequency per sampling point (Table 9).  Dry terrestrial communities had lower invasive species 
abundance and frequency per sampling point.  Figure 22 depicts the distribution of communities 
with high and low invasive species activity. 

Rare communities with a high mean invasive index included Bitternut Hickory Lowland Forest, 
Little Bluestem - Poverty Grass Low to Mid-Elevation Outcrop Opening, and Northern Riverside 
Rock Outcrop (Table 10).  The invasive species that showed high abundance or frequency in 
these rare communities are listed below: 

Bitternut Hickory Lowland Forest: Polygonum cuspidatum, Alliaria petiolata, Berberis 
thunbergii, and Rosa multiflora can be abundant. 

Central Appalachian Blueberry Shrubland: Frangula alnus can be abundant. 

Hairy-fruit Sedge Wetland: No invasives were abundant; however, Polygonum cuspidatum, 
Berberis thunbergii, Alliaria petiolata, Lythrum salicaria, and Microstegium vimineum can 
be present. 

Little Bluestem - Poverty Grass Low- to Mid-Elev. Outcrop Opening: No invasives were 
abundant; however, Verbascum thapsus can be frequent. 

Northern Riverside Rock Outcrop: Lythrum salicaria and Berberis thunbergii can be 
abundant.  Microstegium vimineum and Polygonum cuspidatum can be present. 

Riverside Prairie Grassland: Lythrum salicaria, Polygonum perfoliatum, Polygonum 
cuspidatum, Berberis thunbergii, and can be abundant. 

Sugar Maple - Ash - Basswood Northern Rich Mesic Forest:  Berberis thunbergii and 
Alliaria petiolata can be abundant. 

Water-willow Rocky Bar and Shore:  Lythrum salicaria can be abundant. 

No invasive species were observed in the following associations of special concern: Hickory - 
Eastern Red Cedar Rocky Woodland, Highbush Blueberry Bog Thicket, Pitch Pine Rocky 
Summit, and Ridgetop Scrub Oak Barrens.  However, it is important to note that several of these 
associations only contained less than two sampling points and therefore are under-represented: 
Hickory - Eastern Red Cedar Rocky Woodland, Highbush Blueberry Bog Thicket, and Ridgetop 
Scrub Oak Barrens. 
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Table 10.  Mean infestation score and number of polygons for rare communities containing 
sampling points. 
 

Community Type 
Number of 
Polygons 

Mean 
Infestation 

Score 
River Birch Low Floodplain Forest 5 2.10 
Bitternut Hickory Lowland Forest 11 2.05 
Little Bluestem - Poverty Grass Low- to Mid-Elev. Outcrop Opening 4 1.88 
Northern Riverside Rock Outcrop 4 1.38 
Sugar Maple - Ash - Basswood Northern Rich Mesic Forest 10 1.30 
Riverside Prairie Grassland 12 1.13 
Hairy-fruit Sedge Wetland 7 1.00 
Ridgetop Scrub Oak Barrens 1 1.00 
Water-willow Rocky Bar and Shore 1 1.00 
High Allegheny Rich Red Oak - Sugar Maple Forest 13 0.88 
Central Appalachian Blueberry Shrubland 8 0.64 
Eastern Hemlock - Hardwood Swamp 4 0.50 
Pitch Pine Rocky Summit 4 0.00 
Hickory - Eastern Red Cedar Rocky Woodland 1 0.00 
Highbush Blueberry Bog Thicket 1 0.00 
 
 



 

Table 9. Total and average abundance, frequency, and number of invasive species observed in vegetation associations in the Upper Delaware Scenic and Recreational River.  Total abundance is the sum of all species’ cover 
classes and total frequency is the sum of all species occurrences. 

Association 
Number of  

Sample Points 

Number of  
Invasive Species 

Observed 

Number of  
Invasive Species 

Observed /  
Number of  

Sampled Points 
Total  

Abundance 

Total  
Abundance / 

Number  
Sampled Points 

Total  
Frequency 

Total Frequency / 
Number of 

Sampled Points 

Mean  
Infestation  

Score 
RIPARIAN 137   5703 41.63 234 1.71 1.60 

Birch - Willow Riverbank Shrubland 8 4 0.50 182 22.75 10 1.25 1.07 
Bitternut Hickory Lowland Forest 15 9 0.60 754 50.27 34 2.27 2.05 
Japanese Knotweed Gravelbar 13 4 0.31 872 67.08 19 1.46 2.04 
Northeastern Temperate Cobble Scour Rivershore 6 3 0.50 44 7.33 8 1.33 1.00 
Northern Riverside Rock Outcrop 6 4 0.67 174 29.00 11 1.83 1.38 
Reed Canarygrass Eastern Marsh 28 7 0.25 844 30.14 38 1.36 1.33 
River Birch Low Floodplain Forest 6 7 1.17 303 50.50 13 2.17 2.10 
Riverside Prairie Grassland 16 8 0.50 306 19.13 16 1.00 1.13 
Silver Maple Floodplain Forest 8 7 0.88 373 46.63 20 2.50 1.88 
Sugar Maple Floodplain Forest 4 2 0.50 11 2.75 2 0.50 1.00 
Sycamore - Mixed Hardwood Floodplain Forest 22 11 0.50 1746 79.36 55 2.50 2.15 
Water-willow Rocky Bar and Shore 5 4 0.80 94 18.80 8 1.60 1.00 

MESIC TERRESTRIAL 195   2766 14.18 125 0.64 0.81 
Central Appalachian Northern Hardwood Forest 27 7 0.26 344 12.74 18 0.67 0.53 
Eastern Hemlock - Northern Hardwood Forest 48 6 0.13 267 5.56 18 0.38 0.45 
High Allegheny Rich Red Oak - Sugar Maple Forest 21 7 0.33 207 9.86 17 0.81 0.88 
Northeastern Oak - Red Maple Successional Forest 2 1 0.50 1 0.50 1 0.50 1.00 
Red Maple - Sweet Birch Hardwood Forest 31 5 0.16 393 12.68 17 0.55 0.71 
Semi-rich Northern Hardwood Forest 49 6 0.12 1033 21.08 36 0.73 1.18 
Sugar Maple - Ash - Basswood Northern Rich Mesic Forest 17 4 0.24 521 30.65 18 1.06 1.30 

SUCCESSIONAL 63   2421 38.43 92 1.46 0.97 
Commercial and Services 1 0 0.00 0 0.00 0 0.00 0.00 
Cropland and Pasture 1 2 2.00 20 20.00 2 2.00 1.00 
Larch Plantation 1 0 0.00 0 0.00 0 0.00 0.00 
Little Bluestem Old Field 3 2 0.67 11 3.67 2 0.67 1.00 
Mixed Pine Conifer Plantation 9 5 0.56 171 19.00 8 0.89 1.00 
Northeastern Modified Successional Forest 11 8 0.73 902 82.00 27 2.45 2.25 
Northeastern Old Field 7 4 0.57 190 27.14 9 1.29 1.30 
Northeastern Successional Shrubland 11 9 0.82 251 22.82 16 1.45 1.28 
Streams and Canals 14 6 0.43 616 44.00 22 1.57 0.00 
Transportation, Communications, and Utilities 5 4 0.80 260 52.00 6 1.20 0.00 
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Table 9. Total and average abundance, frequency, and number of invasive species observed in vegetation associations in the Upper Delaware Scenic and Recreational River (continued).  Total abundance is the sum of all 
species’ cover classes and total frequency is the sum of all species occurrences. 

Association 
Number of  

Sample Points 

Number of  
Invasive Species 

Observed 

Number of  
Invasive Species 

Observed /  
Number of  

Sampled Points 
Total  

Abundance 

Total  
Abundance / 

Number  
Sampled Points 

Total  
Frequency 

Total Frequency / 
Number of 

Sampled Points 

Mean  
Infestation  

Score 
DRY TERRESTRIAL 335   1405 4.19 92 0.27 0.41 

Central Appalachian Blueberry Shrubland 9 3 0.33 131 14.56 4 0.44 0.63 
Dry, Rich Oak - Hickory Forest 19 3 0.16 184 9.68 12 0.63 0.71 
Eastern Hemlock - Beech - Oak Forest 69 4 0.06 186 2.70 14 0.20 0.23 
Inland Pitch Pine - Oak Forest 2 0 0.00 0 0.00 0 0.00 0.00 
Lower New England Slope Chestnut Oak Forest 79 6 0.08 265 3.35 11 0.14 0.29 
Northeastern Dry Oak - Hickory Forest 112 10 0.09 463 4.13 33 0.29 0.51 
Pitch Pine Rocky Summit 5 0 0.00 0 0.00 0 0.00 0.00 
Ridgetop Scrub Oak Barrens 2 1 0.50 1 0.50 1 0.50 1.00 
White Pine - Oak Forest 38 4 0.11 175 4.61 17 0.45 0.50 

PALUSTRINE 34   494 14.53 23 0.68 0.57 
Eastern Cattail Marsh 1 0 0.00 0 0.00 0 0.00 0.00 
Eastern Hemlock - Hardwood Swamp 4 2 0.50 70 17.50 2 0.50 0.50 
Eastern Reed Marsh 1 0 0.00 0 0.00 0 0.00 0.00 
Hairy-fruit Sedge Wetland 7 6 0.86 122 17.43 9 1.29 1.00 
Highbush Blueberry Bog Thicket 1 0 0.00 0 0.00 0 0.00 0.00 
Southern New England Red Maple Seepage Swamp 9 5 0.56 101 11.22 6 0.67 0.56 
Speckled Alder Swamp 3 4 1.33 190 63.33 4 1.33 1.00 
Steeplebush / Reed Canarygrass Successional Wet Meadow 7 2 0.29 11 1.57 2 0.29 0.33 
Swamp Forest - Bog Complex (spruce Type) 1 0 0.00 0 0.00 0 0.00 0.00 

CLIFF COMPLEXES 7   212 30.29 8 1.14 1.34 
Hickory - Eastern Red Cedar Rocky Woodland 2 0 0.00 0 0.00 0 0.00 0.00 
Little Bluestem - Poverty Grass Low- to Mid-Elevation Outcrop Opening 5 6 1.20 212 42.40 8 1.60 1.88 

 
 



 

 
Figure 1.  Results of the jackknife test of variable importance for tree-of-heaven (Ailanthus altissima).  The environmental variable 
with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 2.  Potential distribution of tree-of-heaven (Ailanthus altissima) in the Upper Delaware Scenic and Recreational River. 
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Figure 3.  Results of the jackknife test of variable importance for Japanese barberry (Berberis thunbergii).  The environmental variable 
with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 4.  Potential distribution of Japanese barberry (Berberis thunbergii) in the Upper Delaware Scenic and Recreational River. 
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Figure 5.  Results of the jackknife test of variable importance for spotted knapweed (Centaurea biebersteinii).  The environmental 
variable with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 6.  Potential distribution of spotted knapweed (Centaurea biebersteinii) in the Upper Delaware Scenic and Recreational River. 
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Figure 7.  Results of the jackknife test of variable importance for winged euonymus (Euonymus alatus).  The environmental variable 
with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 8.  Potential distribution of winged euonymus (Euonymus alatus) in the Upper Delaware Scenic and Recreational River. 
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Figure 9.  Results of the jackknife test of variable importance for Japanese hops (Humulus japonicus).  The environmental variable 
with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 10.  Potential distribution of Japanese hops (Humulus japonicus) in the Upper Delaware Scenic and Recreational River. 
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Figure 11.  Results of the jackknife test of variable importance for common reed (Phragmites australis).  The environmental variable 
with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 12.  Potential distribution of common reed (Phragmites australis) in the Upper Delaware Scenic and Recreational River. 
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Figure 13.  Results of the jackknife test of variable importance for mile-a-minute (Polygonum perfoliatum).  The environmental 
variable with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 14.  Potential distribution of mile-a-minute weed (Polygonum perfoliatum) in the Upper Delaware Scenic and Recreational 
River. 
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Figure 15.  Results of the jackknife test of variable importance for common mullein  (Verbascum thapsus).  The environmental 
variable with highest gain when used in isolation is vegetation community (veg_com), which therefore appears to have the most useful 
information by itself.  The environmental variable that decreases the gain the most when it is omitted is vegetation community 
(veg_com), which therefore appears to have the most information that isn't present in the other variables. 
 
 
 

 
Figure 16.  Potential distribution of common mullein (Verbascum thapsus) in the Upper Delaware Scenic and Recreational River.  
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Figure 17.  Potential distribution of Norway maple (Acer platanoides) in the Upper Delaware Scenic and Recreational River.   
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Figure 18.  Potential distribution of narrowleaf bittercress (Cardamine impatiens) in the Upper Delaware Scenic and Recreational 
River.   
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Figure 19.  Potential distribution of fig buttercup (Ranunculus ficaria) in the Upper Delaware Scenic and Recreational River.   
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Figure 20.  Potential distribution of all modeled species in the Upper Delaware Scenic and Recreational River.   
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Figure 21.  Susceptibility of eastern hemlock (Tsuga canadensis) communities to invasion in the Upper Delaware Scenic and 
Recreational River. 
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Figure 22.  Infestation index of vegetation communities in the Upper Delaware Scenic and Recreational River.   
 
 



 

Discussion 

Overall, the accuracy assessment and modeling data suggests invasive exotic plant species are 
not completely ubiquitous but present within the Upper Delaware Scenic and Recreational River.  
Based on the accuracy assessment points, it appears a large portion of the park is devoid of 
invasive species (Table 5).  None of the individual models predicted greater than 20% of the park 
as potential suitable habitat for each given species.  Collectively, the distribution models 
predicted 38% of the park as potential habitat.  Results suggest invasive species management 
may be needed at UPDE. 

Invasive species tended to exhibit certain patterns within the park.  Areas of high invasive 
activity appear to be associated with riparian, mesic terrestrial, and successional areas, such as 
floodplain forests, regenerating forests, and agricultural fields.  These habits provide light 
availability, disturbance, and mesic conditions that appear to be preferred by the invasive 
species.  It is important to note that most native species would proliferate from these conditions 
as well; however, such species are typically outcompeted by invasive species.  Areas of low 
invasive activity appear to be dry terrestrial communities.  Such communities are well-drained to 
drought-prone and may not satisfy the soil moisture preference that invasive species seem to 
exhibit.  Rare communities that tended to have a higher mean invasive index were mesic 
floodplain habitats subject to disturbances such as River Birch Low Floodplain Forests, Bitternut 
Hickory Lowland Forests, and Northern Riverside Rock Outcrops but also Little Bluestem - 
Poverty Grass Low to Mid Elevation Outcrop Openings which offer high light availability.  
Given the rarity of these communities, efforts should be concentrated on invasive species 
management at these sites and the surrounding communities. 

The maximum entropy models tend to best represent potential distributions within the park, 
based on model evaluation results.  Japanese barberry (Berberis thunbergii) and winged 
euonymus (Euonymus alatus) were the most widely predicted of the target species.  This is 
probably due to broader habitat preferences of these species when compared to the other species 
modeled with maximum entropy.  For example, Japanese barberry and winged euonymus can 
grow in a variety of soil and light conditions while common reed (Phragmites australis) is 
typically restricted to wet communities.  All species in this modeling method appear to have 
moderate accuracy, based on the measures of model performance, with a few exceptions.  
Japanese barberry and winged euonymus had higher rates of test commission and omission 
which resulted in lower true skill statistics (TSS).  This may be a result of these two species 
having a broad range of habitat tolerances which the model was unable to compensate for or an 
important variable was overlooked in the modeling process.  In general, sample size appears to 
increase accuracy with these models.  For example, the A. altissima model had a considerably 
lower percent test omission error, lower test commission error, and higher TSS compared to C. 
biebersteinii and E. alatus. 

The heuristic models, in general, represent plausible distributions of invasive species within the 
park.  For species within this modeling approach, the results suggest that the modeled 
distributions are accurately predicted, with the exception of Acer platanoides.  A. platanoides 
had a considerably high test omission error and low TSS value, most likely due to the small test 
sample size for occurrences (n=3).  However, for this modeling approach, the overall accuracy 
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score is more biased towards the absence data used to test the model due to low sample sizes or 
lack of presence data to test the models.  Ideally, these models should be evaluated using more 
presence data but could be used to guide future surveys for these species. 

Although the models appear to be fairly accurate in prediction, several caveats need to be taken 
into consideration when interpreting the results.  Maximum entropy distribution maps are data 
dependent and are subjected to biases contained in the data (such as sampling data not addressing 
the full range of habitat preferences for the species).  The environmental drivers for the species 
may be an artifact of the data and may not reflect actual ecological significance.  Such a variable 
may fit the data very well and not be representative of a habitat preference or requirement.  It is 
possible that vegetation community, which was consistently the most important driver for all 
maximum entropy models, could be an artifact variable, but it is more likely the communities are 
a combination of environmental and biotic variables such as seral stage, soil moisture, 
mycorrhizal associations, and the inability of the associated vegetation to outcompete invasive 
species.  While the vegetation layer certainly refines the models in terms of the predicted 
outcome, it is still possible to predict coarser invasive species’ distributions without a vegetation 
community data layer.  The heuristic models are based on expert knowledge and therefore may 
not fully address the habitat variables that restrict a species’ distribution.  This would account for 
the large amount of predicted area for these species, given certain limiting variables are currently 
not incorporated.  Additionally, these models are completely data independent in the statistical 
sense and may be subject to biases made on expert’s assumptions. 

Several management recommendations can be provided based on this study.  We suggest efforts 
should be concentrated at species modeled using maximum entropy, given they are more 
frequent within the park and considered an immediate threat.  Based upon the model and 
accuracy assessment results, Japanese barberry (Berberis thunbergii) appears to be the most 
widespread species throughout the park and may pose considerable threats to natural resources.  
However, given the breadth of the B. thunbergii’s distribution within the park, it may be more 
beneficial to concentrate efforts where other species overlap with B. thunbergii.  Additionally, 
while tree-of-heaven (Ailanthus altissima) appears to be one of the most widespread of these 
species and should be therefore considered a priority, it can often be difficult to manage, given 
the ability to reproduce via clonal growth.  More restricted species, such as Verbascum thapsus, 
Centaurea biebersteinii, and Phragmites australis, had lower predicted distributions, given their 
habitat preferences, so it may be more beneficial to target areas where these species are 
concentrated versus a species that occurs in multiple conditions across the park.  Species 
modeled via heuristic models are currently not frequent in the park but appear to have a 
potentially large distribution.  Therefore, it may be beneficial to establish monitoring plots and/or 
survey routes in areas where these species were predicted to occur.  Rare communities and areas 
of high resource value should also be given priority.  However, it is important to utilize 
appropriate measures of control to limit the disturbances of the native communities where 
invasive species occur.  Overall, several of these species may be managed at one time by 
targeting areas of high infestation, such as successional, riparian, and mesic terrestrial forests.  
Areas with a large number of overlapping distributions include lands near Hancock, Stockport, 
Equinunk, Lordville, Long Eddy, Hankins, Calicoon, Cocheton, Smith Switch, Narrowsburg, 
No. 9 Railroad Bridge Rapids, Masthope Creek, Lackawaxen, Handsome Eddy, and Cherry 
Island. 
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The model for susceptibility of eastern hemlock (Tsuga canadensis) communities to invasion 
suggests that T. canadensis communities in UPDE are currently at a low risk to invasion.  
Overall, the T. canadensis communities are currently minimally invaded, with a few sites 
degraded by invasive species.  The spatial distribution of these communities shows that the 
majority of them are situated in fairly intact forest complexes.  It appears that T. canadensis 
communities adjacent to successional, riparian, and mesic terrestrial communities had a higher 
index value indicating a higher susceptibility to invasion.  Such results are most likely related to 
higher light availability and mesic conditions.  However, these results are static and do not 
predict future changes in canopy cover that would provide the light availability required for 
invasive plant species. 

According to the eastern hemlock analysis, several areas of hemlock stands may be targeted for 
monitoring and management of invasive species following hemlock woolly adelgid infestations.  
Areas in most danger include stand complexes near I-97 and French Woods Road (Hancock), PA 
side south of Frisbie Island, Calicoon Creek, Cocheton, Skinner’s Falls, Smith Switch, Kunkeli 
rapids, Lackawaxen and Minisink Battleground Park, Shohola/Barryville, Handsome Eddy, and 
Hawk’s Nest/Cherry Island, as well as many isolated or smaller stands, especially along the 
Delaware River and developed areas near Hancock, Equinunk Creek, I-97 across from Little 
Equinunk Creek, Camp Colang, Pond Eddy, and Knight’s Eddy..  Moderate to highly susceptible 
areas include Long Eddy, Hankins, stands north of Hollister Creek, land adjacent to Big Island, 
Daubstown, and Ten Mile Run.  Eastern Hemlock - Northern Hardwood Forests have greater 
susceptibility to invasive plants than the Hemlock - Hardwood Swamp and Eastern Hemlock - 
Beech - Oak Forest communities.  Of the 160 Eastern Hemlock - Northern Hardwood Forest 
polygons, 73 polygons have a Susceptibility Index > 1.5 (greater than average), so these areas 
might be targeted for monitoring or management. 
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Appendix A.  Photographs of study species. 

 



 

 



 

 
Figure A1.  Tree-of-heaven (Ailanthus altissima).  Photograph taken by Shana Stewart, 
Pennsylvania Natural Heritage Program. 
 
 
 

 
Figure A2.  Winged euonymus (Euonymus alatus).  Photograph taken by Rocky Gleason, 
Pennsylvania Natural Heritage Program. 
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Figure A3.  Common reed (Phragmites australis).  Photograph taken by Andrew Strassman, 
Pennsylvania Natural Heritage Program. 
 
 
 

 
Figure A4.  Mile-a-minute (Polygonum perfoliatum).  Photograph taken by Rocky Gleason, 
Pennsylvania Natural Heritage Program. 
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Figure A5.  Mile-a-minute (Polygonum perfoliatum) infestation.  Photograph taken by Andrew 
Strassman, Pennsylvania Natural Heritage Program. 
 
 
 

 
Figure A6.  Japanese hops (Humulus japonicus).  Photograph taken by Rocky Gleason, 
Pennsylvania Natural Heritage Program. 
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Figure A7.  Hemlock woolly adelgid (Adelgis tsugae).  Photograph taken by Division of Forest 
Pest Management, Pennsylvania Department of Conservation and Natural Resources. 
 
 

 
Figure A8.  Eastern hemlock (Tsuga canadensis) tree mortality following hemlock woolly 
adelgid (Adelgis tsugae) infestation.  Photograph taken by Division of Forest Pest Management, 
Pennsylvania Department of Conservation and Natural Resources. 
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Appendix B.  List of GIS deliverables 

Folder Subfolder Name Description 
upde_final.sid Aerial imagery of UPDE. 

UPDE_boundry.shp Boundary of upde. Base_data - 
white_out.shp Mask for boundary. 

Hemlock Hemlock.shp Hemlock communities in UPDE with 
susceptibility index. 

Rare_communities.shp Rare vegetation communities. Communities 
Vegetation_comm Vegetation_comm.shp Vegetation communities with infestation 

index. 
Acer_plat Acer_platanoides_.shp Predicted distribution for Acer platanoides. 
Aila_alti Ailanthus_altissima_.shp Predicted distribution for Ailanthus altissima. 

All_species.shp Overlapping areas for sprecies’ predicted 
distributions. All_Species 

All_species_points.shp Accuracy assessment points with abundance 
values for invasive species within UPDE. 

Berberis_thunbergii.shp Presence points for Berberis thunbergii. Berb_thun Berberis_thunbergii_.shp Predicted distribution for Berberis thunbergii 

Card_impa Cardamine_impatiens_.shp Predicted distribution for Cardamine 
impatiens. 

Centaurea_biebersteinii.shp Presence points for Centaurea biebersteinii. 
Cent_bieb Centaurea_biebersteinii_.shp Predicted distribution for Centaurea 

biebersteinii. 
Euon_alat Euonymus_alatus_.shp Predicted distribution for Euonymus alatus. 

Humulus_japonicus.shp Presence points for Humulus japonicus. Humu_japo Humulus_japonicus_.shp Predicted distribution for Humulus japonicus. 
Phragmites_australis.shp Presence points for Phragmites australis. 

Phra_aust Phragmites_australis_.shp Predicted distribution for Phragmites 
australis. 

Poly_perf Polygonum_perfoliatum_.shp Predicted distribution for Polygonum 
perfoliatum. 

Ranu_fica Ranunculus_ficaria_.shp Predicted distribution for Ranunculus ficaria. 
Verbascum_thapsus.shp Presence points for Verbascum thapsus. 

Species 

Verb_thap Verbascum_thapsus_.shp Predicted distribution for Verbascum thapsus. 
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