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Abstract: Invasive plants are a concern in many forest ecosystems because they can impact tree
regeneration and recruitment, alter hydrology, and degrade wildlife habitats. Management efforts are
generally planned locally, based on the severity of the infestation, species involved, and characteristics
of the forest stand. A broad, landscape-level context can provide additional information and help
with planning efforts but is often lacking. In this study, we estimated landscape-level priorities
for the management of five invasive forest plants in Minnesota. We used a multi-criteria decision
analysis approach to integrate plant distribution models and data with geographic information
about areas of conservation concern, recreational areas, and the economic benefits of treatment.
The results varied across Ecological Classification System provinces and Minnesota native plant
community classes. Four of the five invasive plants considered demonstrated an abundance of
Medium- and High-priority areas for management in the Eastern Broadleaf Forest province of
Minnesota. The average priority was generally lower in the Prairie Parklands and Tallgrass Aspen
Parklands provinces, with Rhamnus cathartica as the only species demonstrating Medium or higher
priorities in the latter. The mean priorities were Medium or higher for R. cathartica and Frangula alnus
in mesic hardwood community types across the state, in addition to several fire-dependent systems.
The priority distribution was most limited for Rosa multiflora, where the only Medium or higher
priority results were found in a mesic hardwood system in the southeastern corner of the state.
The results presented here highlight broad-scale patterns that can provide a synoptic overview of
invasive plant priorities at the landscape scale.

Keywords: invasive plants; buckthorn; garlic mustard; knotweed; multiflora rose; prioritization;
native plant communities

1. Introduction

Early estimates for the damage and control efforts for invasive species across the globe were
USD 120 billion [1]. Non-native invasive plants are a primary concern in forest ecosystems because
they inhibit tree regeneration and recruitment, alter hydrology, and degrade wildlife habitats [2,3].
The impacts of specific invasive plant species on a site are not homogeneous and result in differences
in ecosystem productivity and processes [4], providing a requirement for diverse data sources to
understand the effectiveness of treatments along with economic outcomes. Given this, there is an
urgent need to integrate distribution modeling efforts with analytical methods to prioritize invasive
plant management that will guide the development of strategic forest planning.

Decisions to conduct invasive plant management treatments are made locally depending on forest
stand characteristics and the severity of an infestation, among other factors. Forest management actions
may encourage the spread and establishment of invasive plants; however, best management practices

Forests 2020, 11, 1213; d0i:10.3390/f11111213 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-7044-9650
http://www.mdpi.com/1999-4907/11/11/1213?type=check_update&version=1
http://dx.doi.org/10.3390/f11111213
http://www.mdpi.com/journal/forests

Forests 2020, 11, 1213 2of 14

can be implemented in an attempt to maintain the health of a forest, e.g., through sustaining tree growth
and maintaining diverse native trees and plants [5]. What is overlooked in local forest management
decisions is how the spatial distribution, e.g., the presence and abundance of forest invasive plants across
vast areas, may influence a manager’s decision to implement invasive plant treatments. Fortunately,
analytical techniques such as multi-criteria decision analyses [6] can incorporate different weighting
schemes depending on factors such as invasive plant presence and abundance, the proximity to forests
of conservation concern, and the economic benefits of invasive plant treatment. Such techniques allow
for the strategic prioritization of forest invasive plants across large geographic regions.

Invasive plants present economic and ecological challenges in forests of the northern United
States (US [7]). In particular, the US state of Minnesota is susceptible to a variety of invasive plants due
to its location at the confluence of several major biomes including vast forested regions and prairie.
Minnesota also has a strong outdoor recreation and nature-based tourism heritage, which has economic
benefits but also risks the introduction and spread of invasive species [7,8]. The state also has a large
forest product industry, and managers are increasingly concerned about the impacts of invasive plants
on tree regeneration and developing new silvicultural strategies to manage healthy forests with diverse
species and ages [9]. While future climate change is anticipated to alter the distribution of invasive
plants [10], little information exists on how to prioritize the management of current invasive plant
populations across diverse forests. Analyses that integrate a variety of individual perspectives along
with current data on distributions can help to limit the distribution and spread of invasive plants
across forests.

Here, our goal was to create landscape-level prioritizations for the management of five invasive
forest plants in Minnesota: common buckthorn (Rhamnus cathartica), glossy buckthorn (Frangula alnus),
garlic mustard (Alliaria petiolata), multiflora rose (Rosa multiflora), and knotweeds (Polygonum spp. or
Reynoutria spp.) in the context of the estimated distribution, known report density, economic benefit of
treatment, and proximity to areas of conservation interest and trails. We pursued this goal by obtaining
and processing a variety of plant location and distribution data and leveraging a multi-criteria decision
analysis (MCDA).

2. Materials and Methods

2.1. Study Area and Species

This study considered the distribution of priority areas for invasive forest plant management
across the U.S. state of Minnesota. Land cover across the state varies from the Laurentian mixed forests
in the northeast to mixed hardwoods in the central and southeast and to a landscape dominated by
agriculture in the west and southwest regions (Figure 1). Northeastern Minnesota forests are dominated
by pine (Pinus spp.), with significant amounts of spruce (Picea spp.), quaking aspen (Populus tremuloides),
balsam fir (Abies balsamea), and paper birch (Betula papyrifera). Central and southeastern forests are
dominated by oak (Quercus spp.) and maple (Acer spp.), though quaking aspen and basswood
(Tilia americana) are also common [11].

The invasive plants considered in this study include R. cathartica, F. alnus, A. petiolata, R. multiflora,
and Polygonum spp. (Table 1). Each of these species is known to invade forest understories, gaps,
or forest edges. Four of these species (R. cathartica, F. alnus, A. petiolata, and R. multiflora) are classified
as Restricted by the Minnesota Department of Agriculture, while Polygonum spp. are listed as Control
species. Restricted species have prohibitions on importation, sale, and transportation, whereas Control
species are mandated to be actively controlled by preventing spread and dispersal [12]. Natural resource
and conservation professionals have expressed concern regarding these species in previous work,
including economic, recreational, and conservation considerations [13].

2.2. Data and Processing

Plant distribution estimates were obtained for all the species by leveraging the current-day
distribution models created by Reinhardt et al. [11]. These distribution estimates were created using
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plant location data sourced from the Early Detection & Distribution Mapping System (EDDMapS) [14]
and the USDA Forest Service’s Forest Inventory and Analysis (FIA) database [15]. These location data
were used alongside environmental data spanning a 30-year climate normal (WorldClim 1.4) [16],
soil data (STATSGO) [17], and elevation [18]. A random forest [19] approach was used to create the
distribution models.
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Figure 1. Minnesota’s location within the United States (left), and Ecological Classification System
(ECS) provinces of Minnesota (right).

The reported plant density was estimated by computing the kernel density of verified reports
from EDDMapS and the FIA database using the Kernel Density tool in ArcGIS Pro, using the
search radius defined by Silverman’s [20] rule of thumb. The proximity to areas of conservation
interest was computed by obtaining lists and maps of Minnesota Scientific and Natural Areas (SNAs),
Sites of Biodiversity Significance as defined by the Minnesota Biological Survey, and Minnesota Rail
Prairies. Similarly, the proximity to recreational trails was computed by obtaining statewide maps
of trails from the Minnesota Department of Natural Resources’ (DNR) Division of Parks and Trails,
National Park trails, National Forest trails, and the Superior Hiking Trail. The proximities to areas of
conservation interest and trails were each computed using the Distance tool in ArcGIS Pro to create a
distance-to-feature raster.

The economic benefit of treatment for each species was computed based on cost-benefit data and
land cover. The land cover data used were a combination of the National Land Cover Dataset (“NLCD”;
2016 data) and CropScape [21], wherein areas defined by the NLCD as cropland (NLCD code 82:
“Cultivated Crops” and 81: “Pasture/Hay”) were given further detail via CropScape data (i.e., soybeans,
corn, alfalfa, etc.). The economic benefit of treatment was assessed based on estimates of the damage
or lost value associated with each invasive plant from available literature compared with the cost of
control. The costs for chemical control were based on retail prices and recommended application rates.
The application costs for the chemicals, and the costs for other types of control such as mechanical
removal, were based on reports of actual treatments. The estimates of damage or lost value were
obtained by reviewing the literature. Where multiple controls were available for a given species, the
control with the greatest net benefit was selected and included in the benefit calculations. Likewise,
where multiple species were present, the two species with the greatest net benefit were included in the
benefit calculations. A full description of the economic analysis can be found in Lazarus [22].

The distribution estimates, known report density, proximity to areas of conservation interest and
trails, and estimated economic benefit of treatment were all normalized on a 0-100 scale and processed
into 900 m2-resolution statewide rasters prior to analysis.
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Table 1. Information on invasive plant species included in this study.

Common Name Scientific Name MN Status ! Estimated Current Distribution (km?) 2 Attributes
Common buckthorn Rhamnus cathartica Restricted 111,098 Tall shrub commqn ly found on uplan@ sites; ther.eS mn
forest understories and excludes native vegetation.
Glossy buckthorn Frangula alnus Restricted 107,152 Multi-stemmed shrub that commonly invades
forested wetlands.
Multiflora rose Rosa multiflora Restricted 10,274 Shrub that commonly mva.des disturbed forests
and roadsides.
Garlic mustard Alliaria petiolata Restricted 34,988 Herbaceous biennial comm only found in shaded areas
of moist forests.
Knotweeds Polygonium spp. Control 34545 Large perennial plants with non-woody stems;

typically grows in moist soils along rivers and streams.

! Status within Minnesota. Restricted status indicates a plant may not be sold, transported illegally, or intentionally planted; Control status indicates a plant must be controlled, preventing
the maturation and spread of propagating parts. 2 Estimated current distribution in Minnesota, obtained from Reinhardt et al. [11].
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2.3. Analysis

Prioritizations were computed using a multi-criteria decision analysis (MCDA), leveraging the
analytic hierarchy process (AHP) [6]. Each criterion included in the analysis (the invasive plant
distribution estimates, proximity to areas of conservation interest and trails, economic benefit of
treatment, and known report density) was compared in a pairwise fashion, with a group of nine natural
resource professionals, scientists, or experts ranking the relative importance of each criterion in each
pairwise comparison, as per Saaty [6]. These individuals represented the University of Minnesota
(n = 3), Minnesota Department of Agriculture (n = 3), Local Government (1 = 1), Minnesota Department
of Natural Resources (n = 1), and Minnesota Department of Transportation (n = 1). We transformed
these separate pairwise comparisons into a matrix and computed the right eigenvector of the matrix
using the pairwiseComparisonMatrix() and calculateWeights() functions of the FuzzyAHP package in
R (version 4.6-14; R version 3.6.1) [23].

The AHP weights were used to combine all the criteria datasets into a single priority map for
each species. When compiling the priority maps, the normalized datasets that included the distance
to areas of conservation interest and distance to trails were inverted to reflect the desired criteria of
proximity, rather than distance. The output priority maps were continuous in scale (0-100). For data
summarization, the outputs were also categorized into four classes (named “Very Low”, “Low”,
“Medium”, and “High”) using Jenks’ [24] optimization method as implemented in ArcGIS Pro.

For each species, the distribution of the priority classes was compared across USDA Forest Service
Ecological Classification System (ECS) provinces and sections, as well as Minnesota DNR Native
Plant Communities (NPCs). These NPCs are widely used in the state to inform forest management
decisions regarding timber harvesting and ecosystem services [25]. These NPCs are units of vegetation
that have uniform soil texture, soil moisture, soil nutrients, topography, and disturbance regimes.
Further subdivision into NPC Types is based on the canopy composition, substrates, moisture,
and nutrient availability. Each NPC class and type is given a unique code to aid in native plant
community data management and map labeling. The NPC codes and community names are outlined
in Table S1.

We also compared the results across ownership categories as described by the USGS Protected
Areas Database. The overall (non-spatial) distribution of priorities between species was compared
using a Kolmogorov-Smirnov test and density plot. The differences between species for each class
of ECS province, subsection, Protected Areas Database class, and MN NPC were assessed using
Kruskal-Wallis ranked sum tests. Bonferroni-corrected Dunn multiple comparison tests were used to
examine specific differences between species. Statistical analyses were performed using R 4.0.2 [23].
For some considerations of priority within categories (e.g., ECS provinces and NPCs), we converted the
four priority classes (“Very Low”, “Low”, “Medium”, and “High”) into a numeric scale and considered
mean values.

3. Results

Criterion weights computed from the pairwise comparison process of AHP, with input from
natural resource professionals, scientists, and expert rankings (Table 2), were used to create statewide
priority maps for each forest invader (Figure 2). These estimates illustrate the distribution of priorities
as defined by the criteria and weights used in the MCDA. There were significant differences between
species in the distribution of priority areas for each ECS province type (Table 3), but there were
also some consistent results: the priorities were generally higher for all the species in the Eastern
Broadleaf Forest and Laurentian Mixed Forest provinces, which contain the majority of Minnesota
forestland (Figure 3). The priority was the lowest for all the species in Tallgrass Aspen Parklands,
with F. alnus, A. petiolata, and R. multiflora demonstrating priority values near the very bottom of the
scale (Table 3). Of all the species, R. multiflora demonstrated the lowest priority across all provinces
(Table 3). We also found significant differences between species in the distribution of priority classes
among the more granular ECS subsection classes (Table S2). The priorities were generally the highest
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among the Big Woods, Border Lakes, Glacial Lake Superior Plain, Mille Lacs Uplands, North Shore
Highlands, Oak Savanna, St. Paul-Baldwin Plains, and The Blufflands subsections. Both buckthorn
species, R. cathartica and F. alnus, exhibited broad similarities in priority distribution across the
ECS subsections, though F. alnus demonstrated higher priorities in several northeastern subsections,
including the Border Lakes (Z = —180.96, p < 0.001), Laurentian Uplands (Z = —92.45, p < 0.001), and the
North Shore Highlands (Z = —68.45, p < 0.001) (Table S2).

Table 2. Criterion weighting as determined via the analytic hierarchy process (AHP).

Criteria Weight
Distribution estimates 0.401
Proximity to areas of conservation interest 0.237
Economic benefit of treatment 0.196
Known report density 0.086
Proximity to trails 0.081
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Figure 2. Prioritization maps for (A) R. cathartica, (B) A. petiolata, (C) Polygonum spp., (D) F. alnus,
and (E) R. multiflora. Prioritization classes created from continuous multi-criteria decision analysis
(MCDA) output using Jenks’ natural breaks optimization.



Forests 2020, 11, 1213 7 of 14

1.00 1
0.751
0.50 1
0.251

0.00 1

1.00 1
0.751
0.50 1
0.251

| I 1$9104 paXi|\ uenuaine | | 1s9104 Jes|peolg uisjse] |

Priority
.S . Very Low
‘g 0.00 1 .
S 1.001 v
< . Medium
o
0.751 R High
o
g.
0.50 1 hY
=
o
0.251 3
0.00 1 L |
1.00 1 -
L
Q
0.751 2
1%
&
0.50 1 3
=}
S
0.251 =
[
3
&
0.00 1
Polygonum  R.cathartica F.alnus A.petiolata R.multiflora
Species

Figure 3. Distribution of priority classes across ECS Provinces by species. Warmer colors represent
higher priority classes.

Among several classes of protected areas in the Protected Areas Database (PAD), relatively low
priorities were found on U.S. Fish and Wildlife Service land, despite it making up approximately
2119 km?, and Minnesota DNR land, which made up the largest single PAD class at 22,578 km? (Table 4).
F. alnus demonstrated a higher priority than its R. cathartica counterpart on federal lands managed by
the USDA Forest Service (Z = —125.96, p < 0.001) and National Park Service (Z = —46.01, p < 0.001)
(Table 4).

When the distribution of priority areas was summarized across the Minnesota Native Plant
Community classes, we found that R. cathartica demonstrated medium or higher priorities in several
fire-dependent (designated with “FD”) communities, particularly FDc25, FDs36, FDs37, and FDs38,
which are generally found in the southern and central portions of the state (Table 5). Similarly,
F. alnus demonstrated medium or higher priorities in more northern fire-dependent communities,
particularly FDn22 and FDn43 in addition to FDc25, FDs37, and FDs38 (Table 5). As expected given
the distribution of R. multiflora, the species demonstrated medium or higher priorities in several
NPCs often found in the southeast corner of the state, particularly MHs37, MHn45, MHs39, MRn93,
FFs59, FFs68, and FFn62 (Table 5). All the species demonstrated at least low-to-medium priorities in
FDn43 systems—the most abundant fire-dependent system currently in the Minnesota Native Plant
Community database.



Forests 2020, 11, 1213

8 of 14

Table 3. Distribution of priority classes across Minnesota Ecological Classification System (ECS) Provinces for each species. Priority classes correspond to very low =1,
low =2, medium = 3, and high = 4. Values + 1 standard deviation.

ECS Province Area (km?)  R. Cathartica F. Alnus A. Petiolata  Polygonum spp. R. Multiflora K-W x2 p
Eastern Broadleaf Forest 47,932 2.88 +0.78 2.59 +0.80 2.86 +0.92 2.46 +1.05 1.65 +0.81 116,214.5 <0.001
Laurentian Mixed Forest 93,804 2.38 +1.03 2.63 + 1.06 2.04 +0.92 1.84 +0.90 1.76 +0.43 115,294.8 <0.001
Prairie Parkland Province 65,095 2.3 +091 1.57 + 0.68 1.85+0.93 1.36 + 0.63 1.02 +£0.13 214,296.6 <0.001

Tallgrass Aspen Parklands 11,751 1.81 +0.99 1.03 £0.16 1.03 £0.16 1.16 £ 0.38 1.02 +0.14 33,777.42 <0.001

Table 4. Distribution of priority classes across Protected Areas Database (PAD) classes for each species. Priority classes correspond to very low =1, low = 2, medium = 3,
and high = 4. Values =+ 1 standard deviation. Only PAD classes with >30 km? area are shown.

PAD Class Area (km?)  R. Cathartica  A. Petiolata E Alnus Polygonum spp.  R. Multiflora K-W x2 p
Designation 215 273 +0.51 3.57 £ 0.5 1.79+ 0.7 3.81 +0.39 1.82 £ 0.38 1893.11 <0.001
Forest Service 11,495 241 +0.81 2.75+0.76 3.38 £ 0.75 247 £0.98 1.97 £ 0.17 39,508.32 <0.001
National Park Service 552 2.09 £ 0.6 3.02+0.6 3.69 + 0.55 1.97 £ 0.54 1.99 £+ 0.07 4300.25 <0.001
Non-Governmental Organization 221 226 +1.15 1.57 £ 0.87 1.77 £ 1.02 1.49 +0.83 1.33 £ 0.51 225.39 <0.001
State Department of Natural Resources 22,578 2.02 + 1.08 1.74 £ 0.97 213 +1.15 1.65 + 0.89 1.56 + 0.55 8444.32 <0.001
U.S. Fish and Wildlife Service 2119 2.48 +0.93 1.66 £ 0.95 1.89 £ 0.95 1.5+0.84 1.29 + 0.58 472431 <0.001
Unknown/Other 30 1.87 £1.16 1.75+1 1.8 +£1.04 1.99 £ 0.85 1.31 £ 0.46 22.27 <0.001
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Table 5. Distribution of priority classes for each species across the 30 Minnesota Native Plant Communities (NPCs) with the largest areas. Priority classes correspond

to very low =1, low = 2, medium = 3, and high = 4. Values + 1 standard deviation.

NPC Area (km?)  R. Cathartica F. Alnus A. Petiolata  Polygonum spp. R. Multiflora K-W x2 p
WMn§82 1113 251 +1.15 1.89 £ 0.93 242 +1.08 1.83 +£0.85 157 +0.5 96.63 <0.001
CMX 1095 2.02 +1.07 1.71+£0.9 2+1.17 1.63 +0.92 1.38 +0.49 42.21 <0.001
FDn43 955 2.61 £1.05 3.1+0.81 3.65 £ 0.56 3.17 £ 0.88 1.99 +0.11 851.86 <0.001
MHn44 700 1.94 +1.12 1.69 £ 1.03 2.02+1.18 1.75 £ 0.96 1.5+ 0.57 116.98 <0.001
MHc26 695 3.59 + 0.56 294 +£0.54 3.6 +0.53 1.53 +£0.87 1.99 +0.09 3613.41 <0.001
MHnN35 692 3.33 £ 0.65 2.55 + 0.64 3.42 £ 0.64 1.68 +0.76 2+0.17 3752.43 <0.001
FPn82 518 1.63 +0.82 1.32 £ 0.55 2.03 +0.99 1.41 £ 0.61 1.52+0.5 354.31 <0.001
APn81 487 214 +1.07 1.75+£0.77 2.65 + 1.05 1.91 £ 0.92 1.74 + 0.44 361.86 <0.001
MHc36 389 3.8 +0.47 2,69 +0.71 3.45+0.58 2.22 +£0.62 1.98 +£0.15 1041.82 <0.001
FPn73 360 214 +1.11 1.76 + 0.87 238 +1.14 1.78 £ 0.81 1.58 +0.49 91.21 <0.001
APn80 348 1.53 £0.76 1.38+0.6 218 +1.02 1.54 +0.74 1.61 +0.49 204.46 <0.001
FPn63 311 1.7 +£0.89 1.61 +£0.84 2.05+1.11 178 +1 1.5+05 40.19 <0.001
MHc37 299 3.33+0.7 2.46 + 0.54 3.17 £ 0.6 1.07 £0.25 1.95+0.22 347.93 <0.001
WEn55 289 27+12 212 +1.01 2.65+1.2 1.94 + 0.86 1.69 +0.48 145.16 <0.001
MHn45 284 3.05 +0.95 342 +0.63 3.88 £0.34 3.62£0.79 2+0 106.63 <0.001
FDc34 283 3.3+0.72 2.61 +0.59 3.45 + 0.64 1.4 +0.51 1.98 +0.13 1284.90 <0.001
APn91 277 21+1.13 1.57 £0.78 2.35+1.08 1.63 +0.84 1.63 +0.48 222.17 <0.001
UPs13 261 2.61 +1.03 2.24 +1.07 1.85+1.01 1.64 +1.06 1.44 +0.85 218.62 <0.001
MHs38 253 3.61 +0.62 3.32 £ 0.94 3.06 £ 0.8 231+1.1 1.77 £ 0.78 122.16 <0.001
OPn92 243 2.5+1.03 1.75 +0.71 2.7+£091 1.44 +0.59 1.68 + 0.47 504.06 <0.001
MHs37 242 3.59 + 0.62 3.91+0.29 3.64 +0.61 3.48 £ 0.68 3.07 £ 0.86 149.47 <0.001
OPp91 231 1.5+0.88 1.06 + 0.33 1.06 + 0.34 1.43 +0.54 1.02 +0.13 373.79 <0.001
WEn64 209 2.71 +£0.99 213 +£0.94 3.05+091 2.04 +£0.94 1.87 +0.34 404.97 <0.001
FDn32 208 24 +1.16 2.55+1.09 3.05+1.33 2.79 £0.98 1.71 £ 0.45 103.31 0.000
WEn53 194 214 +1.03 2.1+1.08 2.69 +1.21 22+1.14 1.7 £ 0.46 87.82 <0.001
FDs37 193 3.4+0.72 3.16 £ 0.76 342+ 0.6 2.14 £ 0.95 1.74 + 0.44 364.96 <0.001
MHn46 169 2.95+1.02 221+1 296 +1.03 2+0.97 1.88 £ 0.45 310.16 <0.001
FDc24 166 2.78 +0.84 2.19 +0.62 3.12+0.7 1.4 +0.49 1.92 +£0.27 754.32 <0.001
WFwb54 166 146 £0.73 1.07 £ 0.27 1.13 £ 0.4 1.37 +£ 0.58 1.01 £ 0.07 227.78 <0.001
OPn91 157 1.03 +£0.21 1.02 £0.14 1.05 +0.34 1.72 £ 0.87 1.03 +£0.16 162.36 <0.001
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4. Discussion

One of the major challenges in invasive plant management across the diverse forests in Minnesota
and the Great Lakes region is prioritizing management efforts, as resources are often limited.
Here, we performed a series of prioritization analyses for five invasive forest plants, which incorporated
a range of professional and expert perspectives alongside relevant distributional data (Figure 2).
Prioritization analyses such as these can help to inform management efforts by providing a spatially
explicit context for land managers and decision makers.

In analyzing the results of our prioritization analysis, we found some differences between species
in terms of the distribution of priorities within ECS provinces (Table 3, Figure 3). In the Prairie
Parkland, for example, we find most species to have a majority of Very Low or Low priorities,
with the exception of R. cathartica and, to a lesser extent, A. petiolata (Figure 3). This reflects the
widespread distribution estimates for A. petiolata along the Minnesota River Valley, and the abundance
of agricultural land—including many fields that include soybean rotation—which may have increased
the economic benefit of treating R. cathartica in the province, given its ability to act as a host for the
soybean aphid (Aphis glycines [26]). In the Tallgrass Aspen Parklands—the smallest ECS province by
land area—we found only R. cathartica to have any meaningful priority areas beyond Very Low or Low
(Figure 3). This likely highlights a combination of the distribution estimates for the species [11] as well
as the relative abundance of agricultural land in the province, similar to the Prairie Parklands.

Contrasting with the Tallgrass Aspen and Prairie Parkland provinces, we find more similarities
among species within the two more heavily forested ECS provinces—the Eastern Broadleaf Forest
and Laurentian Mixed Forest. In the Eastern Broadleaf Forest, the only species with a majority of the
area being classified as Very Low priority was R. multiflora (Figure 3). Indeed, there is an abundance
of Medium and High priority areas for R. cathartica, F. alnus, A. petiolata, and Polygonum spp. in the
province (Figures 1 and 2), which likely highlights the distribution of these species, in addition to
a fairly high density of trails (particularly around the populated areas and rivers) and conservation
features. The overall priority level was generally lower across species within the Laurentian Mixed
Forest province, with the exception of F. alnus, which demonstrated a high amount of High priority area
(Figure 3). The Laurentian Mixed Forest province is heavily forested, and the relatively large amount
of High and Medium priority area for F. alnus and, to a lesser extent, R. cathartica likely reflects the
potential economic benefit of managing these two species, as they are known to impact the growth and
survival of native tree species [27-29] and have been associated with lower overall forest biomass [30]
and regenerating seedling density [31-33].

Analyzing the results of the prioritization across ECS provinces provides a synoptic overview
of the priorities across the study area. However, considering the prioritization results across more
detailed and specific spatial categories (i.e., ECS subsections, NPCs, and PAD classifications) provides
more granularity. Among the mapped NPCs, our forest invaders demonstrated the highest mean
priorities for fire-dependent (“FD” prefix) and mesic hardwood (“MH" prefix) systems (Table 5).
Indeed, Medium or higher (>3) priorities were common for four of our species of interest (R. cathartica,
F alnus, A. petiolata, and Polygonum spp.) across the most abundant fire-dependent and mesic hardwood
systems (Table 5). The most abundant forested NPC type on our list, FDn43, demonstrated at least a
Medium priority for F. alnus, A. petiolata, and Polygonum spp.

Across the most abundant fire-dependent systems (FDn43, FDc34, FDn32, and FDc24), A. petiolata
demonstrated at least a Medium priority (Table 5). Similar results were found for A. petiolata across
several mesic hardwood systems (MHc36, MHn35, MHc36, MHc37, MHn45, MHs38, and MHs37).
These NPCs represent the highest priority values for A. petiolata, suggesting that they might be
beneficial targets for A. petiolata management. While our assessment here is based on an integration
of distributional, economic, and spatial data as weighted by professionals and experts, the reported
ability of A. petiolata to alter tree seedling abundance and composition [34] and compete with native
understory vegetation [35-37] in these systems further highlights the potential benefits of management
in the highlighted systems.
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R. cathartica demonstrated particularly high mean priorities across mesic hardwood systems
(MHc26, MHN35, MHc36, MHc37, MHn45, MHs38, and MHs37). While F. alnus exhibited relatively
high priorities in several mesic hardwood systems (MHn45, MHs38, and MHs37), it was generally
lower in others relative to R. cathartica (Table 5). This may reflect the broader niche and distribution of
R. cathartica relative to F. alnus [28,38,39]. Despite these apparent differences, the relatively high mean
priority exhibited by these species in mesic hardwood systems in addition to several fire-dependent
systems (FDn43, FDc34, and FDs37) may indicate a series of valuable targets for buckthorn management.
Indeed, in some NPCs, the priorities for these species is High (e.g., MHs37), suggesting a worthwhile
target for control. The impact of these species on these forest types includes changes in nutrient
cycling [29,40] and a loss of biodiversity and ecosystem function [28,29,41,42], further highlighting the
potential value of management in these systems.

With the majority of priority areas located in the eastern part of the state and around rivers,
Polygonum spp. had Medium or higher priorities in relatively fewer NPCs than A. petiolata or either
buckthorn species (Table 5). The three most abundant NPCs with relatively high Polygonum priorities
included MHn45, MHs37, and FDn43. The relative restriction of priority areas for Polygonum spp. to
the eastern side of the state in general, and river watersheds in particular, is likely a result of the species’
estimated distribution as well as the abundance of streams and streambanks. Streams and streambanks
factor into the economic value of treating the species because Polygonum spp. has been reported to
increase streambank erosion and impact native tree growth and regeneration [43-45], both of which
can have economic impacts.

R. multiflora is the species with the most limited distribution of Medium or higher priority areas in
the study area (Figure 2), and this is reflected in the ECS subsection results (Supplemental Table S1),
which shows a single ECS subsection with a mean priority of Medium or higher (The Blufflands).
Similarly, the only NPC with a Medium or higher priority for R. multiflora is MHs37, a mesic hardwood
system found in the southeastern corner of the study area. While there is a widespread distribution of
Low priority areas for R. multiflora, particularly in the Eastern Broadleaf and Laurentian Mixed Forest
ECS provinces, the southeast corner dominated by the MHs37 NPC is the only area with consistently
high priorities (Figure 2). This restricted prioritization is likely a result of the species’ distribution
being largely limited to the southeastern part of the state [11], with the much broader distribution of
Low (as opposed to Very Low) across much of central and eastern Minnesota being the result of other
factors, particularly the economic benefits of managing R. multiflora in forested ecosystems—which is
largely related to its ability to inhibit the growth and regeneration of native tree seedlings [46].

In assessing the distribution of priorities by species across different classes of protected areas
in our study area, we found that the priorities were generally Low or Very Low for protected areas
managed by the Minnesota Department of Natural Resources and the U.S. Fish and Wildlife Service
(Table 4), though the variability was high. Protected areas managed by the USDA Forest Service and
National Park Service showed some species with higher priorities; F. alnus and A. petiolata demonstrated
Medium or higher priorities in protected areas managed by these two agencies (Table 4). This pattern is
likely the result of the geographical distribution of protected areas; much of the land managed by the
USDA Forest Service and the National Park Service is located in northern and northeastern Minnesota,
where the priorities are particularly high for several of our species of interest (Figure 2).

The prioritization analyses conducted here integrated a variety of data, ranging from distribution
estimates to economic benefits, and were evaluated and weighted by a panel of professionals and
experts. While we were careful to include perspectives from both researchers and land managers,
and to include a variety of relevant data, it must also be stated that the prioritizations produced
here reflect the data and weightings used in the analysis and therefore are likely not generalizable
for some scales or locations. While these analyses do not include an assessment of the probability of
management or treatment success, the economic component does assume that the most cost-effective
common management approaches are used. The distribution estimates used in our analyses relied
on a random forest modeling approach, which was found to perform well for our species in our
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study region [10], but other approaches may be more suited for species or analyses with different data
structures. The analyses presented here reflect the invasive plant management priorities within the
study area and are defined by broad-scale spatial factors.

5. Conclusions

The spatially explicit prioritization of areas for invasive plant management and control presented
here represents one possible method of addressing a major challenge in invasive plant management:
allocating limited resources to have the largest impact. The prioritizations produced using this approach
can act as another tool in the management toolbox, ultimately providing a broader context that is often
lacking. The results of this prioritization highlight broad-scale patterns at the level of ECS provinces,
which can provide synoptic contexts for invasive plant priorities across the state, and finer-scale
priority targets at the level of the NPC, which provides granular ecosystem-level targets for several
species. While data are often lacking, future prioritizations could be improved by incorporating the
additional economic benefits of invasive plant management as well as additional factors relating to
outdoor recreation and the potential spread of invasive plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/11/1213/s1.
Table S1: Minnesota Native Plant Community acronyms and names, Table S2: Distribution of priority classes
across Minnesota Ecological Classification System (ECS) Subsections for each species. Priority classes correspond
to very low =1, low = 2, medium = 3, and high = 4. Values + 1 standard deviation.
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