Biol Invasions (2019) 21:3121-3134
https://doi.org/10.1007/s10530-019-02036-3

)

Check for
updates

ORIGINAL PAPER

Do roads or streams explain plant invasions in forested

protected areas?

Melissa K. Daniels - Gwenllian D. Iacona - Paul R. Armsworth -

Eric R. Larson

Received: 14 December 2018/ Accepted: 8 June 2019/ Published online: 12 June 2019

© Springer Nature Switzerland AG 2019

Abstract Giving land managers the ability to predict
invasion patterns can provide planning tools for
acquisition and management of protected areas. We
compared the effects of roads and streams, two
substantial pathways for delivery of invasive plant
propagules and sources of disturbance that may
facilitate invasions, on the abundance of non-native
invasive plants in 27 protected areas in the Appala-
chian Mountains of the eastern United States. As an
extension of our road analysis, we also evaluated
specific road type as a predictor of protected area
invadedness. We found that road and stream predictors
did not improve on a model that included only other
covariates (e.g., distance to an urban area, average
canopy cover, average slope, edge-to-interior ratio,
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percent agricultural land, and percent developed land).
In this model, only percent agricultural land was
marginally significant in predicting parcel invaded-
ness. However, we found that four-wheel drive (4WD)
roads did predict protected area invadedness well
relative to other road types (primary, secondary, and
local) and better than a covariates-only model. The
role of 4WD road density in predicting protected area
invadedness may be explained by their relation to
recreation, the unmaintained nature of 4WD roads, or
the accumulation of mud and plant materials on 4WD
vehicles. Although we found overall streams and roads
in general to be poor predictors of invadedness of
protected areas by invasive plants, we do propose that
our finding of a relationship between plant invasions
and density of 4WD roads merits further investigation
in the future.

Keywords Exotic plants - Appalachian mountains -
The Nature Conservancy - Microstegium vimineum -
Rosa multifiora

Introduction

Protected areas are one of the most important tools for
conservation of biodiversity (Rodrigues et al. 2004). In
addition, protected areas also provide a variety of
ecosystem services, including natural disaster risk
reduction and climate regulation (Castro et al. 2015;
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Soares-Filho et al. 2010). The many negative ecosys-
tem impacts of invasive plants, such as harm to native
plants and animals (Greene and Blossey 2012; Mack
et al. 2000) and alterations to the intensity and
frequency of disturbances such as fires and floods
(Pejchar and Mooney 2009; Brooks et al. 2004),
jeopardize benefits provided by protected areas. In
order to support the biodiversity conservation and
ecosystem services roles of protected areas, a need
exists to predict the introduction, establishment,
spread, and impacts of invasive plants in protected
areas and adequately plan for their management
(Lodge et al. 2016).

Invasive species populations are increasing world-
wide (Seebens et al. 2017), and many land managers
report invasive species management as their highest
priority (Kuebbing and Simberloff 2015). Since inva-
sive plant management is costly on protected areas
(Tacona et al. 2014) and invasive plants negatively
impact their ecosystem services (Castro et al. 2015),
organizations that acquire and manage protected areas
may be interested in anticipating the current invaded-
ness (proportion invasive cover, lacona et al. 2014) of
parcels being considered for protection. These pre-
dictions can help organizations with limited resources
avoid acquiring properties susceptible to invasion
when all else is equal, or budget to survey or manage
invasive plants on acquired properties (Keller et al.
2007).

Transport and introduction of plant propagules is
necessary for invasion, and increasing propagule
pressure is an important factor in invasion success
(Lockwood et al. 2005; Simberloff 2009; Eschtruth
and Battles 2009). Roads and streams or rivers
(hereafter just streams) are two major sources of
transport and introduction for invasive plant propag-
ules in protected areas (DeFerrari and Naiman 1994;
Richardson et al. 2007; Mortensen et al. 2009;
Christen and Matlack 2009). Streams are corridors
for invasive plant propagules, and propagule pressure
often increases with increased stream or river dis-
charge (Brown and Peet 2003; Aronson et al. 2017;
Nilsson et al. 2010). Stream flooding also causes
conditions, such as exposed soil and increased nutrient
availability, that may favor the establishment of
invasive plants (Hood and Naiman 2000; Richardson
et al. 2007). Streams experience many types of
recreational activities, including fishing and boat
launching, that impact adjacent ecosystems via
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shoreline disturbance (Cole and Marion 1988) and
introduce invasive plant propagules (Eiswerth et al.
2000; Rothlisberger et al. 2010).

Roads also increase invasive plant propagule pres-
sure through vehicle traffic (Barlow et al. 2017; Taylor
et al. 2012; von der Lippe and Kowarik 2007) and
human activities along roads such as home building
and maintenance (Gavier-Pizarro et al. 2010). Road
construction, such as grading and mowing, moves
invasive plant propagules and causes disturbance that
favors the establishment of invasive plants (Parendes
and Jones 2000; Rauschert et al. 2017). Roadside soils
experience changes in soil chemistry that favor some
invasive plants due to gasoline (Trombulak and
Frissell 2000), deicing salts (Skultety and Matthews
2017), vehicle exhaust (Forman and Alexander 1998),
and road construction materials (Greenberg et al.
1997).

Road type may also be an important factor in
predicting invadedness of a protected area. Typically,
areas surrounding paved roads are more invaded than
areas surrounding unpaved roads (Gelbard and Belnap
2003; Joly et al. 2011). This relationship has been
attributed to factors including changes to soil compo-
sition and chemistry by road construction materials
(Greenberg et al. 1997) and increased traffic and
disturbance (Mortensen et al. 2009; Parendes and
Jones 2000). High-use roads (e.g., primary and
secondary roads) experience more disturbance than
low-use roads [e.g., local and four-wheel drive (4WD)
roads] due to vehicle traffic and road maintenance
activities and are therefore commonly more invaded
(Parendes and Jones 2000). Despite that low-use
roads, such as 4WD roads, are frequently found to be
less invaded than high-use roads, occurrence of off-
road vehicles has been positively associated with
invasive plants in some studies (Assaeed et al. 2018;
Miller and Matlack 2010). Vehicles driving over
plants on unpaved 4WD roads may pick up propagules
and disperse them (Veldman and Putz 2010). Vehicles
can also disperse plant propagules via mud attached to
vehicles, and the unpaved and unmaintained nature of
4WD roads provides substantial opportunities for off-
road vehicles to pick up mud and propagules
(Zwaenepoel et al. 2006; Rew et al. 2018).

We compare roads and streams as predictors of
invadedness of eastern United States (U.S.) forested
protected areas using a survey of invasive plants in
parcels acquired by The Nature Conservancy (TNC),
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the world’s largest biodiversity conservation non-
profit organization (Armsworth et al. 2012). Since
road type may have an effect on invadedness (Gelbard
and Belnap 2003; Joly et al. 2011), we also compared
road types as predictors of invadedness using density
of each road type. We provide, to our knowledge, the
first study that has specifically contrasted the role of
roads or streams to each other in explaining protected
area invadedness. There are various stages of invasion
that we could have focused on (e.g., initial establish-
ment or rate of spread), and drivers can differ in
importance at different stages. However, here we
focused on invadedness (proportion cover), one rele-
vant indicator that has implications for the costs of
managing protected areas and ecological benefits
protected areas may offer. Determining factors that
influence plant invasions will help organizations
identify priority areas to focus monitoring and
prevention (e.g., roadsides if roads are a significant
predictor of invadedness). The ability to predict
invadedness may also guide acquisition decisions by
allowing conservation organizations to avoid or prop-
erly budget for parcels that are likely to be heavily
invaded. We test here whether roads or streams can
serve as simple landscape-scale predictors of likeli-
hood of plant invasions in protected areas to guide
such acquisition, budgeting, and management
decisions.

Methods
Study sites

Our study focuses on 27 protected area parcels in the
Appalachian Mountains, U.S. (Fig. 1; see Appendices
S1 and S2 for site characteristics). The parcels were
acquired by TNC between 2000 and 2009 with the
goal of protecting forested ecosystems (Armsworth
etal. 2018). Some parcels remain under ownership and
management of TNC, and others have been transferred
to state or federal agencies as wildlife management
areas, state parks, or national forest land. Parcel size
ranged from a minimum of 10 ha to a maximum of
900 ha with a mean parcel size of 189.2 ha. Minimum
and maximum parcel size have been rounded to the
nearest ten for confidentiality. Average elevation of
the parcels ranged between 181.2 and 1454.4 m. The
parcels occur within three TNC-designated ecoregions

(Southern Blue Ridge, Cumberlands and Southern
Ridge and Valley, and Central Appalachian Forest)
and 10 U.S. states (Fig. 1). TNC acquired all study
parcels individually. However, some of these parcels
are adjacent to each other, and are managed as a single
protected area since TNC acquisition (Armsworth
et al. 2018). TNC provides a valuable case study for
anticipating invadedness of protected areas because
land trusts, including TNC, are highly active in
expanding the network of protected areas in the U.S.
(Fishburn et al. 2013). We chose to conduct our
analyses at the parcel rather than plot scale because
these are the units of acquisition by TNC or similar
organizations (i.e., land trusts), and our overall goal is
to predict invadedness to guide planning and budget-
ing for both acquisition and management with respect
to invasive plants.

Invasive species data

We collected invasive species between May 30, 2013
and September 24, 2013. We recorded only species
listed as highest concern by exotic pest plant councils
of the states in which we sampled (Table 1). We
established 20 random plots in each parcel: 10 in the
parcel edge (within 100 m of property boundary) and
10 in the parcel core. Random points were at least
30 m away from each other. The percent cover within
bins (0-5%, 5-25%, 25-50%, 50-75%, 75-95%,
95-100%) was recorded for each non-native invasive
plant within a 5 m radius of each plot center. To
determine invasive cover of the entire parcel, we
calculated the midpoint of cover range for each species
at each plot, added the midpoints of all species in each
plot, and then averaged the plot sums for all plots in a
parcel. For example, in a plot containing species A
(0-5%) and species B (50-75%), that plot would be
given a percent cover of 65% (2.5% species
A + 62.5% species B). This plot would then be
averaged with the other 19 plots within its parcel for a
total average percent cover for the entire parcel.

Predictors of invadedness

We calculated road and stream variables and five
natural and anthropogenic covariates to use in models
to predict protected area invadedness (Table 2; see
Appendix S1 for summary statistics of model vari-
ables). We used upstream length from the most
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downstream point within a parcel as the stream
variable for our model since longer upstream networks
are likely to encounter and transport more invasive
plant propagules (Nilsson et al. 2010). We used road
density within a buffer of the parcel as the road
variable since road density accounts for roads stan-
dardized by parcel size and is a commonly used metric
in invasive plant studies (Barlow et al. 2017; Gavier-
Pizarro et al. 2010; Dark 2004).

We acquired stream data from the National
Hydrography Dataset (U.S. Geological Survey
2005). We used ArcGIS Utility Network Analyst (Esri
2017) tool to determine upstream length from the
downstream-most intersection of streams and parcel
boundaries. If a parcel had no streams intersecting the
parcel but a stream was on the same elevation as part
of the parcel, the downstream-most point was placed
on that stream because we assume flood events will
carry propagules to the floodplain surrounding the
stream. This occurred for one parcel. If no streams
intersected a parcel and nearby streams were at a lower
elevation, the parcel was given an upstream length of
0.

We used U.S. Census Bureau TIGER roads data for
roads analyses (U.S. Census Bureau 2016a). Haw-
baker and Radeloff (2004) demonstrated that TIGER
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roads data is frequently incomplete. However, TIGER
data have the benefit of consistency across the U.S.,
whereas data from local states, counties, and munic-
ipalities are likely to vary in terms of resolution and
availability. For each parcel, we calculated road
density within multiple buffer distances of the parcel
boundary, including roads that lie within the parcel.
Road density was calculated as meters of road per
buffer area. Forman and Alexander (1998) estimate
that the road-effect zone for invasive species is
anywhere from 200 to 1000 m when the road is
surrounded by less suitable habitat than the roadside
itself (e.g. closed canopy forest), so buffer distances
were spread around that range at 100 m, 500 m,
1000 m, 1500 m, and 2000 m (but see Riitters et al.
2017 for additional discussion on road buffer dis-
tances). We evaluated sensitivity of our model to each
buffer distance using information theoretic model
competition with AICc (Burnham and Anderson
2002). We selected a 100 m buffer since it had the
lowest AICc (all other buffer distance models
AAICc > 0.228).

For our analysis of road type and parcel invaded-
ness, we used four road categories from TIGER: local,
4WD, secondary, and primary. TIGER generally
defines a local road as a paved, non-arterial road with
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Table 1 List of all

Species Plots Parcels
invasive plant species
detecteddat 27 Appalachian Ailanthus altissima 9 6
Eg‘l’ltt:;i | azrga;iolfscgviarcel Albizia julibrissin 1 1
sampled only invasive Alliaria petiolata 5 3
species listed as high Berberis thunbergii 16 4
concern by state L Carduus nutans 1 1
management agencies in . .
our study region Commelina communis 8 2
Coronilla varia 3 3
Euonymus alata 6 4
Euonymus fortunei 1 1
Polygonum cuspidatum 3 3
Hypericum perforatum 1 1
Ligustrum sinense 17 3
Lonicera japonica 36 7
Lonicera maackii 15 3
Microstegium vimineum 61 14
Paulownia tomentosa 4 3
Polygonum cespitosum Blume var. longisetum 4 1
Polygonum cespitosum 6 4
Polygonum perfoliatum 10 4
Poncirus trifoliata 11 1
Duchesnea indica 8 6
Robinia pseudoacacia 11 1
Rosa multiflora 54 13
Rubus phoenicolasius 4 2
Securigera varia 1 1
Sorghum halepense 4 1
Trifolium pratense 1 1
Dioscorea oppositifolia 1 1

one lane of traffic in each direction (U.S. Census
Bureau 2016¢). A 4WD road is an unpaved road that is
unpassable by typical cars and trucks and requires a
4WD vehicle (U.S. Census Bureau 2016c). Primary
and secondary roads are both highways. However,
primary roads are divided highways that are typically
in the Interstate Highway system, distinguished by
having interchanges and no intersections (U.S. Census
Bureau 2016c). Secondary roads, on the other hand,
are in a U.S. Highway, State Highway, or County
Highway system. They may be divided, must have one
or more lane in each direction, and usually have
intersections with other roads (U.S. Census Bureau
2016¢). For each road type, we calculated density
within a 100 m buffer, the same buffer distance used
for general road models.

We selected model covariates that have a demon-
strated relationship with forest plant invasions: dis-
tance to an urban area, average canopy cover, average
slope, edge-to-interior ratio, percent agricultural land
in a buffer, and percent developed land in a buffer.
Invadedness frequently increases with proximity to
urban areas due to human activities that increase
nutrient availability and act as propagule vectors
(Skultety and Matthews 2017; Le6n Cordero et al.
2016). Distance to nearest urban area was calculated
between parcel centroids and the nearest urban area
edge (U.S. Census Bureau 2016b). Decreasing canopy
cover increases light availability, which increases
resources for plants (Hutchinson and Vankat 1997;
Kuhman et al. 2010). We calculated average canopy
cover with National Land Cover Database (NLCD)
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Table 2 Variables and covariates used in multiple linear regression model and their relationships with parcel invadedness

Variable Unit Prediction Source
Upstream length m Positive relationship; longer upstream networks encounter more  Nilsson et al. (2010)
invasive plant propagule sources
Road density in a m/ha Positive relationship; roads are corridors for invasive plant Barlow et al. (2017), Gavier-
100 m buffer propagules, road density standardizes the metric by parcel Pizarro et al. (2010), Dark
size (2004)
Distance to census- m Positive relationship; anthropogenic activities increase resource  Skultety and Matthews (2017),
defined urban area availability and transport vectors Ledn Cordero et al. (2016)
Canopy cover Percent Negative relationship; greater canopy cover decreases light Hutchinson and Vankat
(0-100) availability for plants (1997), Kuhman et al. (2010)
Slope Degrees  Negative relationship; microclimatic changes occur with Lemke et al. (2011)
increasing slope
Edge-to-interior m:ha Positive relationship; higher edge to interior ratio provides Yates et al. (2004)
ratio ratio increased points of entry for plant propagules and smaller
distance to interior
Percent agricultural ~ Percent Positive relationship; agriculture increases propagule pressure ~ Moustakas et al. (2018)
land in a 500 m (0-100) and disturbances
buffer
Percent developed Percent Positive relationship; human development increases propagule Riitters et al. (2017)
land in a 500 m (0-100) pressure and disturbances

buffer

2011 data (Homer et al. 2015). The NLCD 2011 Tree
Canopy raster contains 30 m cells, where each cell has
a value from 0 to 100, which represents percent tree
canopy cover of that cell. For each parcel, we averaged
all raster cells within the parcel boundary to calculate
average canopy cover of the parcel. Invasive plants
occur less frequently on steeper slopes due to micro-
climatic changes as slope increases, such as decreasing
soil moisture (Lemke et al. 2011). We calculated
average parcel slope with USGS 1/3 arc second digital
elevation models (U.S. Geological Survey 2017). We
calculated edge-to-interior ratio for each of our
protected areas because invadedness may increase as
the ratio increases because a larger edge to interior
ratio provides more points of entry for invasive plants
and a smaller distance to penetrate the interior of a
parcel (Yates et al. 2004). Increased developed or
agricultural land within a buffer of a protected area
may increase parcel invadedness due to increased
propagule sources and disturbance (Riitters et al.
2017; Moustakas et al. 2018). Similar to the road
density calculation, we calculated percent developed
and agricultural land within 100 m, 500 m, 1000 m,
1500 m, and 2000 m of a parcel edge and selected
500 m, the buffer with the lowest AICc, for both land

@ Springer

cover types (all other buffer distance models
AAICc > 3.023). We did not consider interactions
between covariates because with a relatively small
sample size, we felt that adding more variables would
risk overfitting our model. We are instead seeking to
prioritize parsimony consistent with the information
theoretic framework of Burnham and Anderson
(2002).

Statistical analyses

We transformed the following variables with plus one
natural log in order to accommodate zero values: our
response variable (invasive cover), our predictor
variables (road density and upstream length), and
one covariate (percent agriculture). We used multiple
linear regression in R 3.3.3 (R Core Team 2017) to
compare the effects of road density and upstream
length on invasive plant abundance. We built five
models: (1) all covariates and roads, (2) all covariates
and streams, (3) all covariates with roads and streams
(roads + streams), (4) all covariates with an interac-
tion of roads and streams (roads x streams), and (5)
just covariates. We included the model with an
interaction term between roads and streams because
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we anticipated parcels with large upstream networks
and small adjacent road densities or large adjacent
road densities and small upstream networks could
differ in their exposure to invasive plant propagules or
disturbances that facilitate establishment and spread.
We evaluated which was the best performing model
using AICc (Barton 2018; Burnham and Anderson
2002). We calculated variance inflation factor (VIF) in
R for our most supported model to assess model
variables for multicollinearity (Dormann et al. 2012).
We used Moran’s I to evaluate if our results were
affected by spatial autocorrelation between sites
(Paradis et al. 2004). This step is especially pertinent
because there are some parcels that are adjacent to
each other but are considered separate parcels because
they were acquired separately by TNC (Fig. 1;
Armsworth et al. 2018).

For our road type analyses, we repeated the same
statistical analyses with four road type models (local,
4WD, primary, and secondary), along with a covari-
ates only model. We used the same covariates in these
models and again transformed the following variables
with plus one natural log: the response variable
(invasive cover), the predictor variables (road density
of all road types), and one covariate (percent
agriculture).

Results
Invasive species data

Invasive species were present at 158 of the 540 plots
and 20 of the 27 parcels we sampled (Table 1). We
recorded a total of 28 invasive species across all
parcels visited. The five most common invasive
species were Microstegium vimineum (61 plots at 14
parcels), Rosa multiflora (54 plots at 13 parcels),
Lonicera japonica (36 plots at 7 parcels), Ligustrum
sinense (17 plots at 3 parcels), and Berberis thunbergii
(16 plots at 4 parcels). Half of the species were found
in less than five plots.

Road and stream models

Out of the five candidate models, model competition
with AICc identified the covariates-only model
(R? = 0.271) as the most supported model (Table 3).
This result was insensitive to road buffer distance

used. Percent agriculture within a 500 m buffer was
the only predictor among the covariates that was
marginally significant (p = 0.073; Table 4). Percent
agriculture was positively related to parcel invaded-
ness (Fig. 2). We determined that no covariates were
too highly correlated for inclusion in this multiple
regression analysis (VIF < 2.249). The next best
performing models were the streams and covariates
model (AAICc = 2.141, R? = 0.299) and roads and
covariates model (AAICc = 2.572, R? = 0.288:;
Table 3). We found no evidence of spatial autocorre-
lation per Moran’s I on model residuals from our most
supported model (p = 0.630).

Road type models

We found that the 4WD roads model had the lowest
AICc (Table 5), the covariates-only model had
AAICc > 2, and the other three road type models
had AAICc > 6. The 4WD roads model also had the
highest Rz, at 0.405, of the models in our AICc model
competition, with the next highest R? of all models
being 0.271 (Table 5). In the 4WD model, significant
predictors were 4WD road density (p = 0.030) and
edge-to-interior ratio (p = 0.017; Table 6). Our model
showed a positive relationship between parcel inva-
sive cover and both 4WD road density and edge-to-
interior ratio (Fig. 3). We determined that no covari-
ates were too highly correlated for inclusion in this
most-supported model (VIF < 2.281). Using Moran’s
I with model residuals, we found no evidence of
spatial autocorrelation in the 4WD model (p = 0.711).

Discussion

We did not find general streams or roads to be good
predictors of invadedness of forest protected areas by
invasive plants. Although many other studies have
demonstrated a strong positive relationship between
both roads and streams and invadedness (Parendes and
Jones 2000; Gelbard and Belnap 2003; Richardson
et al. 2007), there are many possible explanations for
why our overall road and stream variables were poorly
supported. Alternatively, we did find a relatively
strong positive relationship between density of 4WD
roads in and adjacent to our protected areas and plant
invasion. This relationship between 4WD roads and
parcel invadedness is somewhat surprising because
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Table 3 Comparison of candidate models for predicting invadedness of Appalachian protected areas using AAICc, AICc weights,

R?, and variance inflation factor (VIF)

Model AAICc AIC Weight R? Max VIF
Covariates 0 0.604 0.271 2.249
Streams and covariates 2.141 0.207 0.299 2.562
Roads and covariates 2.572 0.167 0.288 2.422
Roads, streams, and covariates 6.747 0.021 0.275 2.440
Interaction of roads and streams, and covariates 11.628 0.002 0.259 8.698"

The Max VIF value in the table is the highest VIF of all variables in a model. Road variable is road density within a 100 m buffer.
Stream variable is upstream length from most downstream point in a parcel. Covariates include distance to an urban area, average
parcel slope, edge-to-interior ratio, average canopy cover, percent agricultural land within a 500 m buffer, and percent developed

land within a 500 m buffer (Table 4)

“This high VIF is due to correlation between the interaction term (roads x streams) and its parts (roads and streams). In the

interaction model, the next highest VIF outside of this interaction is 2.510

Table 4 Regression table for best model identified by AAICc
(Table 3)

Variable Coefficient p

Distance to urban area < 0.001 (< 0.001) 0.388

Average slope 0.001 (0.049) 0.979
Edge-to-interior ratio 0.011 (0.007) 0.119
Average canopy cover 0.005 (0.025) 0.839
% agricultural land in buffer 0.414 (0.218) 0.073
% developed land in buffer 0.094 (0.083) 0.268

This model includes only covariates. Numbers in parenthesis
indicate standard error

other studies have found unpaved roads to be a less
reliable predictor of invadedness than more major
paved roads (Ledén Cordero et al. 2016; Gelbard and
Belnap 2003), but we believe that this relationship
may be due to factors including recreation in and
around parcels and the unmaintained nature of 4WD
roads.

Streams increase invadedness by increasing
propagule pressure to, and disturbance of, natural
areas (Hood and Naiman 2000; Parendes and Jones
2000). Streams may have failed to predict protected
area invadedness in our study for a variety of reasons.
Other studies have noted that although many invasive
plants are dispersed along streams, these plants often
fail to invade areas surrounding streams and often are
constrained to the riparian corridor (Thébaud and
Debussche 1991; DeFerrari and Naiman 1994). Von
Holle and Simberloff (2005) found that the physical
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In Percent Invasive Cover +1
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In Percent Agriculture +1

Fig. 2 Model-predicted relationship with 95% confidence
interval between percent agricultural land and percent invasive
cover in covariates model (Tables 3, 4). Percent agriculture and
percent invasive cover are plus one natural log transformed to
accommodate zero values. The covariates-only model has a
relatively low R? of 0.271, meaning that percent agriculture may
be a weak predictor of percent invasive cover

disturbance of stream flooding had little effect on
invasive plant establishment success within our study
region, particularly in comparison to propagule pres-
sure. Additionally, the upstream watershed that a
stream has flowed through affects the amount of
propagules it may carry. A stream that flows through a
developed area or highly invaded forest has more
opportunity for downstream introduction of invasive
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Table 5 Comparison of all candidate road type regression
models using AAICc, AICc weights, R?, and variance inflation
factor (VIF)

Model A AICc  AIC Weight R? Max VIF
4WD 0 0.699 0.405 2.281
Covariates only  2.263 0.226 0.271 2.249
Primary 6.547 0.026 0.241 2.300
Local 6.684 0.025 0235 2314
Secondary 6.759 0.024 0237 2.627

The Max VIF value in the table is the highest VIF of all
variables in a model. Road density was calculated within a
100 m buffer. Covariates include distance to an urban area,
average parcel slope, edge-to-interior ratio, average canopy
cover, percent agricultural land within a 500 m buffer, and
percent developed land within a 500 m buffer

Table 6 Regression table for most supported road type model
identified by AIC

Variable Coefficient )4

4WD road density

Distance to urban area

0.570 (0.243) 0.030*
< 0.001 (<0.001) 0.555
— 0.014 (0.044) 0.762

0.008 (0.023) 0.717

0.017 (0.006) 0.017*

0.268 (0.207) 0.211

0.082 (0.075) 0.287

Average slope

Average canopy cover
Edge-to-interior ratio

% agricultural land in buffer

% developed land in buffer

Numbers in parenthesis indicate standard error

*Indicates significance of predictors or covariates at p < 0.05

plant propagules than a stream flowing through a
relatively uninvaded forest (Richardson et al. 2007).
Although our study areas and their upstream water-
sheds are relatively undeveloped and mostly forested,
it is unknown how invaded forests upstream of our
protected areas are. This type of information is
difficult to integrate into an analysis of our scope
because much of the necessary data (e.g., private land
invasive plant data) is not readily available, although
future work might consider the role of upstream
watershed land cover in stream effects on protected
area invadedness.

Many of the studies on roads and invadedness focus
on the relationship between invadedness and distance
from a road (Flory and Clay 2009; Christen and
Matlack 2009) since invasive species typically have a
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Fig. 3 Model-predicted relationships with 95% confidence
intervals between 4WD road density and percent invasive cover
(a), and edge-to-interior ratio and percent invasive cover (b), in
4WD roads model (Table 6). 4WD road density and percent
invasive cover are plus one natural log transformed to
accommodate zero values

higher abundance closer to roads (Watkins et al. 2003;
Cadenasso and Pickett 2001). Road density within a
buffer of parcels, our road variable choice, should
capture this relationship, but it’s possible that it did
not. Additionally, Riitters et al. (2017) found that road
effects are confounded with anthropogenic activity
and suggests that road effect zones in eastern U.S.
forests can extend more than 5000 m from a road edge,
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farther than our largest tested road buffer of 2000 m.
These results of Riitters et al. (2017) provide addi-
tional possible cause for the weakness of our roads
variable as a predictor of invadedness. Although
overall road density was a poor predictor of parcel
invadedness, we did find a relatively strong relation-
ship between density of 4WD roads and invadedness
of our study sites.

We propose three potential reasons for the signif-
icance of 4WD roads as a predictor of parcel
invadedness. In these protected areas, density of
4WD roads may serve as a proxy for recreation. Many
of the protected areas with high 4WD road density in a
100 m buffer have a high prevalence of recreation at or
around the parcel (personal observation). Recreation
and tourism are associated with invasive plant propag-
ule spread via visitors’ vehicles, clothing, and pack
animals (Lonsdale and Lane 1994; Pickering et al.
2010) and with disturbance that favors invasive plant
establishment (Assaeed et al. 2018). Second, vehicles
accumulate plant materials and mud containing plant
propagules while traveling on 4WD roads, which may
have vegetation growing in the road in addition to in
the road verges (Veldman and Putz 2010; Zwaenepoel
et al. 2006). Taylor et al. (2012) found that seeds on
vehicles were retained for longer distances on unpaved
roads than paved roads, indicating that off-road
vehicles traveling on unpaved roads may be able to
disperse invasive plants relatively large distances.
Lastly, the unmaintained nature of 4WD roads could
increase invadedness by preventing treatment of
existing invasive plant communities (e.g., roadside
herbicide spraying by municipalities or departments of
transportation; Kohlhepp et al. 1995; Williams and
Henderson 2002). 4WD road density as a predictive
indicator of parcel invadedness merits further study, as
it may guide better parcel acquisition decisions or
budgeting to manage for invasive plants.

Several of the covariates we included while com-
paring the role of roads and streams on parcel
invadedness were related to invadedness in our
models. We found a marginally significant positive
relationship between percent agriculture and invaded-
ness in the covariates-only model in comparison to our
general roads and streams models, but the relatively
low R? (0.271) signifies a low predictive power for this
model. Presence of agriculture near a protected area
can increase invadedness due to increased propagule
pressure and disturbance (Riitters et al. 2017;

@ Springer

Moustakas et al. 2018). The well-supported positive
relationship that we found between edge-to-interior
ratio and parcel invadedness in the 4WD roads model
has been demonstrated in other studies (Yates et al.
2004; Cadenasso and Pickett 2001). As edge length
increases relative to the interior area of a parcel,
invasive plant propagules have increased points of
entry and a shorter distance to travel to the interior of a
parcel (Yates et al. 2004). Although these factors were
not the primary focus of our study, they may provide
additional guidance for conservation organizations
looking to predict protected area invadedness.

Our analyses were designed around the question:
can conservation organizations, such as TNC, predict
and financially plan for the invadedness of a parcel
before acquisition based on roads and streams? We
specifically chose to contrast roads and streams as
landscape-scale predictors of plant invasions because
both deliver plant propagules to protected areas that
can lead to invasions, and can disturb sites in ways that
may influence establishment success and spread. This
question could have been addressed at the individual
sample plot rather than the overall parcel scale, but we
anticipated that parcel scale is likely more relevant for
management decisions when choosing to acquire or
budgeting to manage land. Another alternative to our
analyses would have been to consider individual
invasive species as responses, rather than combined as
a metric of overall invadedness. We considered
species-specific analyses similar to our other regres-
sion analyses, but the concept is more narrow than our
overall goal of predicting protected area invadedness
for land acquisition and management, and preliminary
analyses suggested that a species-specific focus would
not overturn our results. Similarly, species traits can be
an important factor in predictive invasion patterns
(Tannone et al. 2016), and future studies might include
species traits that account for dispersal mechanism or
growth form. We also performed a sensitivity test to
evaluate the effect on our model of treating adjacent
parcels as single protected areas, but this did not
significantly change the results of our analysis.

Past land management practices also play an
important role in predicting the invadedness of
forested areas (Von Holle and Motzkin 2007). Prior
to acquisition by TNC, land use of these parcels
ranged from unmanaged forest to managed recreation
areas, but unfortunately fine resolution management
data, specifically on invasive plant management, prior
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to TNC acquisition was unavailable for most of the
protected areas in our study. Differences in past or
current management could be responsible for some of
our unexplained variance around invadedness of these
protected areas. It is also important to note that social
variables, such as human population size, are impor-
tant predictors of exotic species richness (Guo et al.
2012). We had only one social variable, distance to an
urban area, in our models, and our models could be
improved with the inclusion of more social variables.
It is possible that parcels are at different stages in the
invasion process, but we assume similar exposure to
invasion risk given the history of management of and
high rate of invasion of eastern U.S. forests, especially
in Appalachia (Oswalt and Smith 2014; Oswalt et al.
2015). We did, however, attempt to control for this by
including model variables distance to an urban area
and percent agricultural land.

Because overall roads and streams were poor
predictors of protected area invadedness, neither can
be recommended as a predictive rule of thumb for
conservation organizations looking to anticipate the
invadedness of a protected area for acquisition and
management planning. However, 4WD road density
and edge-to-interior ratio were relatively good pre-
dictors of invasion in our models. Organizations
wanting to avoid acquisition of parcels with a high
invasion potential or seeking to accurately plan for
management costs of newly acquired parcels should
consider these factors in the decision-making process
(Keller et al. 2007; Iacona et al. 2016). We hypoth-
esize that the relationship between 4WD road density
and protected area invadedness may be due to
recreation access or lack of roadside management,
but this could benefit from further study. Although our
findings would benefit from future investigation, they
may serve as immediate guidance to organizations that
are concerned about invasive plants during the acqui-
sition and management of protected areas, particularly
in eastern U.S. deciduous forests. To conserve the
abundant benefits of protected areas, it is necessary to
address the presence of invasive plants, a major threat
to these benefits (Castro et al. 2015; Soares-Filho et al.
2010; Pejchar and Mooney 2009). Invasive species are
a costly part of protected area management (Iacona
et al. 2014), so to make well-informed and effective
management and acquisition decisions, conservation
organizations must identify these invasive plant

populations quickly and efficiently (Simberloff et al.
2013; Lodge et al. 2016).
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