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A B S T R A C T   

Invasive plants can significantly impact the diversity of understory ground flora and forest regeneration in 
eastern North America. However, managing invasive plants has resulted in positive, negative, or neutral effects 
on key ecosystem components depending on treatment type, duration, and intensity. Management may also 
result in short-term control, but legacy effects from prior land use or secondary invasions may hamper desired 
long-term outcomes. We conducted a systematic review of the invasive plant management literature for eastern 
North American forests to examine treatment outcomes for invasive and native plants, tree regeneration, and 
secondary invasions. Our review included 165 articles with few papers published in the 1980s but the number of 
papers increasing through time thereafter. A variety of control methods were used, including herbicide appli-
cations, prescribed burning, torching, girdling, clipping, mastication, soil amendments, flooding, enrichment 
plantings, and biocontrol, as well as combinations of these treatments. Species included some of the most 
common forest invaders, such as the privets (Ligustrum spp.), honeysuckles (Lonicera spp.), autumn olive 
(Elaeagnus umbellata), buckthorns (Rhamnus cathartica and Frangula alnus), garlic mustard (Alliaria petiolata), 
Japanese stiltgrass (Microstegium vimineum), cogongrass (Imperata cylindrica), tree-of-heaven (Ailanthus altissima), 
and Chinese tallow (Triadica sebifera). The literature also included recent invaders in eastern North America, such 
as Callery pear (Pyrus calleryana) and fig buttercup (Ficaria verna). Findings suggest that invasive plant control 
efficacy is highly variable and context dependent. Information on long-term effects is limited because most 
studies reported on findings occurring within a few years of treatment. However, long-term success may be 
limited without additional management (e.g., enrichment plantings, artificial tree regeneration, re-establishing 
historic fire regimes, reducing herbivore densities) that ameliorates impacts from past land-use, disturbance 
history, or other factors. We suggest that future studies and the development of control tactics consider 
comprehensive approaches to building resilience in forest communities where invasive plants are only one aspect 
of the forest management continuum.   

1. Introduction 

Pathogen, plant, and insect invasions change essential resources, 
stand structure, and trophic interactions within forest ecosystems. 
Reducing the impacts of species invasions is a major priority for many 
public agencies across the eastern North America (Environment Canada 

2004, Northeastern Area Association of State Foresters 2011, USDA 
Forest Service 2013). At a national level, science priorities have been 
proposed to inform forest management of best practices to reduce the 
impact of invasive species. These priorities include compiling accessible 
invasive species databases, building decision models, and advancing 
technology in forest operations to detect and reduce invasive species 
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spread (Chornesky et al. 2005, Zhang et al. 2023). Bridging science and 
management to combat invasive species is critical. Invasive species 
management is complicated by forests that are degraded by cumulative 
effects of settlement, fragmentation, fire suppression, natural resource 
exploitation, and the unintended consequences of past management 
practices (Webster et al. 2018). Unfortunately, as forest communities 
have continued to deviate from their historical structure, composition, 
and function, greater effort will be required to maintain key ecological 
processes that provide resilience to emerging stressors (Johnstone et al. 
2016), and one of the first steps in that process is managing nonnative, 
invasive plants (‘invasive plants’ hereafter). 

Forests in eastern North America are among the most heavily 
affected by invasive plants on the continent (Oswalt et al. 2015), rep-
resenting a significant threat to the future of these ecologically, cultur-
ally, and economically important resources (Shifley et al. 2014, Dey 
et al. 2019). Negative impacts of invasive plants include not only the loss 
of biodiversity, forest products, and other goods and services, but also 
the associated management costs. For example, the Wisconsin Depart-
ment of Natural Resources estimates that woody invasive plants such as 
buckthorns (Rhamnus cathartica L. and Frangula alnus Mill.) and bush 
honeysuckles (Lonicera spp.) dampen the growth and survival of native 
trees, threatening the viability of the $28 billion a year forest industry 
that supports 66,000 jobs (Wisconsin Department of Natural Resources 
2019). In 2015, the state of Wisconsin spent $8.4 million on invasive 
species management (Olden and Tamayo 2014). As a result, the Wis-
consin Council on Forestry (2009) determined that “invasive exotic 
[non-native] species may present the greatest threat” to forest sustain-
ability and therefore developed a practical guide for forestry pro-
fessionals to stop or slow the expansion of invasive species. 

Invasion ecology research has grown over the past several decades, 
but science-based management recommendations often fall short of 
practitioner’s needs (Esler et al. 2010, Funk et al. 2020). Applied science 
for the management of invasive plants has generally lagged behind basic 
biological and ecological research and mathematical models to predict 
invasion and spread (Funk et al. 2020, Zhang et al. 2023). Further, most 
studies report only short-term effects on the invader (Kettenring and 
Adams 2011). This results in poorly understood and often compounding 
effects of invasive plants and invasive plant management on other 
ecosystem properties, including direct and indirect effects on native 
plant species. 

Invasive species and climate change are two of the most pressing 
anthropogenic forces threatening biodiversity today (US Global Change 
Research Program 2017). Climate change will further challenge the 
effective management of invasive species (Beaury et al. 2020), as it is 
generally expected that climate change will favor invasive plants over 
native plants (Catford and Jones 2019, Turbelin and Catford 2021). 
Several invasive plants in eastern North America are predicted to expand 
in range with climate warming (Dukes et al. 2009, Bradley et al. 2010, 
Wang et al. 2011, Beans et al. 2012, Allen and Bradley 2016), having the 
potential to impact climate mitigation strategies if not included in sce-
nario planning. Furthermore, compounding threats from climate 
change, pests, and disease create novel ecosystems where there is no 
management analog. 

Although many invasive plants in eastern North America are beyond 
eradication due to their abundance and large geographic distribution, 
managing their impact on ecosystem function is important. In addition 
to losses in biodiversity, invasive plants can compete with native trees 
for water, nutrients, and light, leading to reduced growth and vigor 
(Hartman and McCarthy 2007). Stressed trees are more susceptible to 
both primary and secondary insects and pathogens. For example, garlic 
mustard [Alliaria petiolata (M. Bieb.) Cavara & Grande] has been shown 
to compete more effectively for soil nutrients and water than oak 
(Quercus spp.) seedlings, suggesting it could reduce oak reproduction 
and regeneration success (Meekins and McCarthy 1999). Cogongrass 
[Imperata cylindrica (L.) P. Beauv.] reduces fine root biomass of loblolly 
pine (Pinus taeda L.), leading to increased bark beetle susceptibility 

(Trautwig et al. 2016). Further, invasive trees, like fast growing native 
trees, use more water per unit leaf area than slow growing native spe-
cies, resulting in greater competition for water in invaded forest stands 
(Cavaleri et al. 2014). With increases in the abundance, distribution, and 
diversity of nonnative pests and diseases, trees stressed from invasive 
plant colonization could lead to novel cycles of native forest 
replacement. 

The restoration of native plant communities and the promotion of 
tree regeneration is often a desired outcome of invasive plant control, 
yet there is conflicting evidence regarding effects of invasive plant 
control treatments on native plant response (Kettenring and Adams 
2011). Due to its roots in agricultural pest management, early invasive 
plant management often failed to report on or explicitly monitor out-
comes for resident plants (Pearson and Ortega 2009). Secondary in-
vasions (i.e., an increase in the abundance of non-target invasive plants) 
and reinvasions can further challenge management efforts and may 
require extensive resources to achieve control. 

As the diversity and abundance of invasive plants increases across 
the landscape, managers are increasingly seeking effective management 
methods to reduce their dominance and impacts. Our objectives for this 
review were to 1) evaluate invasive plants management strategies in 
eastern North American forests, and 2) evaluate outcomes on native 
plants and trees from invasive plant management tactics. To meet our 
objectives, we performed a systematic review of the scientific literature 
for studies that experimentally evaluated invasive plant management 
strategies in eastern North American forests. 

Specifically, our systematic review addressed the following 
questions:  

1. What are common treatment types and emerging control tactics for 
managing invasive plants?  

2. What are the responses of invasive plant functional groups and native 
plants to invasive plant control?  

3. What are the complexities that challenge invasive plant research and 
management? 

2. Methods 

We defined an invasive plant as a species that is nonnative to its 
region, has overcome biogeographical dispersal barriers through human 
assistance, has sustaining self-replacing populations (often at large 
numbers), and can spread over long distances (Hui and Richardson 
2017). For the systematic review, we used a search term string in Google 
Scholar and Web of Science including the words exotic* OR alien* OR 
invas* AND plant OR tree AND manage* AND forest* AND North 
America AND east*. Using Web of Science, we were further able to refine 
the search to only peer-reviewed articles, proceedings, and reviews with 
listings under the disciplines of ecology, plant sciences, environmental 
sciences, and forestry. This resulted in 9,384 records on August 12, 
2019, for Web of Science. In Google Scholar, because the search string 
resulted in 129,000 results on July 25, 2019, we limited the search to the 
first 100 pages of 10 records. Theses and dissertations were included in 
the systematic review when peer-reviewed publications of the same 
research could not be located. Papers were selected that explicitly tested 
invasive plant management, restricted to forested conditions in eastern 
North America. For example, studies testing management under 
controlled environments (e.g., greenhouse) were not included as they do 
not represent conditions encountered by land managers. In some cases, 
studies were included even if the treatments were not explicitly used for 
invasive control; for example, prescribed fire studies were included if 
they reported effects on invasive species even if the objectives for 
burning were not solely for that purpose. We also identified papers 
through a backwards approach by assessing references in the papers 
identified from the above method. Sometimes this led to the inclusion of 
papers that occurred outside of our geographic range but that tested 
management approaches on invasive plants common to eastern North 
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America (e.g., DiTomaso and Kyser 2007). Additionally, authors shared 
relevant papers from their geographies or specialty area that may have 
not been identified through other means. New paper alerts were also 
established using the above criteria in Web of Science and Google 
Scholar. Papers were screened initially by abstract and then compre-
hensively to meet the study objectives. 

The papers selected through systematic review were then summa-
rized by length of study duration, invasive plant control technique, 
invasive plant functional group, and geographic region (eastern Canada, 
Northeast US, Mid-Atlantic US, Midwest US, or Southeast US) of the 
study area. We tabulated information on the type of control tactics used 
and the invasive plant species by functional group (functional group 
defined by USDA Plants Database, https://plants.usda.gov). We also 
recorded site information including forest type and soil texture, as well 
as disturbance history for each study. When multiple invasive plants or 
other metrics including forest or disturbance type were provided, each 
was tabulated individually, resulting some papers being counted more 
than once. Secondary invasions were tallied for controlled, experimental 
studies that had pre- and post-treatment plot data that examined plant 
community response for management that was targeted to invasive 
plants (e.g., effects foliar herbicide on invasive shrubs). Positive sec-
ondary invasion response was considered an increase from pre- to post- 
treatment from a known invasive plant (e.g., garlic mustard) or when 
responses were categorized as ‘exotic’ or ‘non-native’, but specific spe-
cies were not provided. As overabundant white-tailed deer (Odocoileus 
virginianus) are a substantial driver of plant community structure and 
composition and forest regeneration potential in many regions of 
eastern North America (Nuttle et al. 2014, Royo and Carson 2022, Miller 
et al. 2023), we tallied the number of papers that reported an influence 
of white-tailed deer on site characteristics or study results and the 
number of papers that experimentally controlled for white-tailed deer 
herbivory. Then, the experimental findings were synthesized to address 

our specific research questions. Finally, knowledge gaps and areas for 
future research were identified. We estimated the geographic range of 
species using spatial records of occurrence for the eastern United States 
from the EDDMapS database (Wallace and Bargeron 2014) and the 
USDA Forest Service Forest Inventory and Analysis (FIA) database 
(Burrill et al. 2021). 

3. Results 

3.1. Summary of the systematic review papers 

The systematic review resulted in 165 papers identified for inclusion 
in our study, including invasive ferns, forbs, grasses, subshrubs, shrubs, 
trees, and vines that are highly abundant, pervasive, transformative, and 
well-distributed across the eastern North American landscape (Figs. 1a 
and 1b; Supplemental Interactive Maps; Supplemental Spread-
sheet). We report outcomes by invasive functional groups because the 
methods for their control and impact on the plant community were 
likely to be similar within a functional group. Invasive shrubs had a high 
number of detections across eastern North America and were also the 
most common functional group experimentally managed in the sys-
tematic review (Fig. 2). Bush honeysuckle was the most common species 
across all studies (Fig. 3). The invasive grass, Japanese stiltgrass 
(Microstegium vimineum [Trin.] A. Camus), and the invasive forb, garlic 
mustard, were also common for control studies. The earliest paper was 
published in 1985 with few papers published annually until the early 
2000 s (Fig. 4). Beginning around 2005, invasive shrubs was the most 
frequently reported functional group per year. Herbicide was the most 
common control method evaluated, and clipping and manual removal 
treatments were also often used. Regionally, most studies occurred in 
the Midwest and Southeast US (Fig. 5). Mixed hardwood forests were the 
most common forest type followed by oak-hickory forests, planted pine 

Fig. 1a. Map of study invasive ferns (n = 44,689), forbs (n = 68,553), grasses (n = 106,552), and shrubs (n = 162,147) based on recorded FIA and EDDMaps 
locations in eastern North America. 
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forests, bottomland hardwood forests, floodplain/riparian forests, and 
dry-mesic upland oak forests. Silt loams and sandy loams were 
commonly reported as the soil texture associated with a study site. 

Historic logging or secondary forests were the most reported distur-
bances characterizing the site condition. Studies also attributed past 
agricultural land-use, anthropogenic habitats (roadsides, urban, etc.), 
prescribed burning, grazing, fire suppression, flooding, and recent har-
vest as drivers of site invasibility. Most studies (57 %) reported treat-
ment outcomes within the first 3 years of monitoring (Fig. 6). 

3.2. Overview of common treatment types 

To be effective over the long-term, reductions in the abundance of 
invasive plants must exceed new colonization and recruitment. When 
compared to a ‘do nothing’ approach, most management options for the 
control of invasive plants resulted in a reduction of the invader, at least 
in the short-term. The general exceptions were that only topkill of 
invasive plants, including mechanical clipping or cutting, single pre-
scribed fire, or mulching of woody invasive species without follow up 
treatments, often resulted in greater densities following treatment than 
pre-treatment (Pavlovic et al. 2016, Warrix and Marshall 2018). 

Chemical Control – Of the papers evaluated in our systematic review, 
106 (64 %) evaluated the use of herbicides. The use of herbicides was 
often the most successful approach to initial reductions in invader 
abundance. However, chemical formulation, application method, rate, 
season, applicator experience and motivation, chemical adjuvants, and 
other factors all influenced treatment outcomes (Miller 1985, Enloe 
et al. 2015, Mervosh and Gumbart 2015, Enloe and Lauer 2016, Enloe 
et al. 2016, Enloe et al. 2018b, Young et al. 2020, Rivera et al. 2022). In 
our review, common herbicides used for invasive plant control included 
glyphosate, triclopyr, imazapyr, metsulfuron, 2,4-D, picloram, and di-
camba (Fig. 7). Common herbicide applications included directed foliar 
(applied to leaves), basal bark (applied to the lower portion of young 
woody stems), cut stem injections (applied to downward incision cuts of 
woody stems), tree injection [primarily using EZ-Ject® (ArborSystems, 

Fig. 1b. Map of study invasive subshrubs (n = 45,839), trees (n = 90,719), and vines (n = 121,587) based on recorded FIA and EDDMaps locations in eastern 
North America. 

Fig. 2. The number of FIA and EDDMaps detections in eastern North America 
by the number of invasive plant management publications found through sys-
tematic review group by invasive functional group. 
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Fig. 3. Number of invasive plant species tabulated across publications (n = 165) by functional group that were identified through systematic review.  
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Omaha, NE) whereby shells of herbicide are jammed through the bark 
into the interior bark] and cut stump (applied directly to the surface or 
outer circumference of fresh cut stems) treatments [for detailed infor-
mation on herbicide applications, see Miller et al. (2010)] (Fig. 7). Many 
papers evaluated the efficacy of herbicide application at different 
phenological stages or seasons as an important consideration for control 
and non-target impacts, and these are detailed below by invasive plant 
functional group. For example, Judge et al. (2005) compared the 
phenological timing of different post-emergent herbicides for the 
growing-season control of Japanese stiltgrass and found no difference in 
effectiveness among application timings. Broadcast herbicide treat-
ments evaluated in our systematic review included those that used 

aircrafts and gasoline-powered backpack mist blowers. Broadcast ap-
plications are typically non-selective, depending on the herbicide, and 
are often used when infestations of woody invasives are dense and have 
unique phenology that results in them being photosynthetically active 
when native plants species are dormant. For example, Leahy et al. 
(2018) documented the effects of aerial glyphosate applications for the 
late-growing season control of bush honeysuckle. However, some her-
bicides are highly selectively for certain species (e.g., imazamox for 
Chinese tallow) or functional groups (e.g., grass-specific herbicides) 
reducing the risk to non-target species. Broadcast applications are also 
traditionally used in planted forest management for site preparation, 
often to control aggressive native and invasive plants. 

Fig. 4. Number of publications (n = 165) by year that report on outcomes for an invasive species categorized by functional habit group (top panel) and the number of 
publications per year by the common invasive plant management tactics (bottom panel) indentified through systematic review. 
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Fig. 5. Characteristics of the study sites evaluated through systematic review. Study region (A), habitat types (B), soil textures (C), and study site disturbance (D) 
reported in the papers identified (n = 165). 
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Manual and Mechanical Non-Chemical Control – Of the papers 
evaluated in our systematic review, 97 (59 %) evaluated manual or 
mechanical means for the control of invasive plants. Manual methods 
are often time-consuming, laborious, and expensive when contracted; 
however, they are often utilized when the use of herbicides is not 
appropriate or allowed. Manual methods included stem girdling, clip-
ping, and full removal including below-ground roots and tissues (i.e., 
uprooting). Mechanical treatments often include mowing or mulching 
(mastication). In our systematic review, push mowers or string trimmers 
were evaluated to reductions in invasive grasses and forestry mowers, 
brush chippers, and mulching machines were common for invasive 
shrubs and trees. Mechanical treatments can also be designed to target 
susceptible stages in plant phenology, such as prior to seed set or when 
total nonstructural carbohydrate (TNC) concentrations in roots are at 
their lowest. For example, Shelton (2012) found that mowing any time 
after midsummer can reduce the abundance and seed production of 
Japanese stiltgrass but that mowing even later into the growing season 
may have an additive effect. Mechanical treatments can also be used in 
combination with other treatment methods, such as following me-
chanical treatments with herbicide to target regrowth. For both manual 
and mechanical treatments, the lack of complete removal of below- 
ground tissues and resulting aggressive regrowth and resprouting can 
complicate control objectives when not followed with additional con-
trol. For example, Anfang et al. (2020) found that the increased light 
provided by the removal of common buckthorn in a simulated mowing 

experiment benefited its own regeneration. However, Frank et al. (2018) 
found that deeper, more aggressive application (1.5 cm below soil sur-
face) of a mulching (mastication) head (Bull Hog®; Fecon Inc., Lebanon, 
OH, US) resulted in lower rates of resprouting than shallower applica-
tions that resulted in less damage to meristematic tissue in the root 
collar. 

Control with Fire – Of the papers evaluated in our systematic review, 
34 (21 %) evaluated the influence of prescribed fire, while 13 (8 %) 
evaluated the direct effects of torching on invasive plants. As fire both 
influences and is influenced by plant structure and composition, its 
relationship with invasive plants is complex (Mandle et al. 2011). As the 
prevailing fire regime can drive structure and composition, communities 
with more frequent fire return intervals have surface fuels that can 
promote fire spread, reducing the probability of invasion and estab-
lishment (Fan et al. 2021). For example, longleaf pine (Pinus palustris 
Mill.) ecosystems maintained with frequent fire are some of the least 
invaded habitats in the eastern US. The maintenance of the historic 
disturbance regime likely impedes invasive plant establishment when 
fire frequency is sufficient to increase mortality or disrupt reproduction 
and spread (Simberloff 2001, Just et al. 2017). However, when present, 
fire may drive the spread of cogongrass in longleaf pine forests and 
intensify grass invasion-fire cycles (Yager et al. 2010, Tomat-Kelly et al. 
2021). The re-establishment of pre-invasion fire regimes may be an 
effective control strategy for invasive woody plants by promoting past 
ecological processes (Brooks et al. 2004). The manipulation of fine fuels 

Fig. 6. Study duration reported for the papers (n = 165) selected through systematic review. Of the papers evaluated, 57 % of studies occurred within the first 3 years 
and 69 % occurred within the first 4 years. 

L.S. Pile Knapp et al.                                                                                                                                                                                                                           



Forest Ecology and Management 550 (2023) 121517

9

Fig. 7. Evaluation of herbicide control for the papers selected through systematic review including the count of tank mix active ingredients (bar chart) and common 
application methods (pie chart). 
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to increase fuel loading and continuity to promote the management of 
prescribed surface fires and increase available burn days may be 
necessary for sites with dense invasive plant infestations, especially tall 
shrubs or coarse woody debris, that limits the production of vegetation 
at the ground level (Mandle et al. 2011). For example, because Chinese 
tallow leaves rapidly decompose, ultimately reducing fuel continuity, 
Pile et al. (2017b) tested mastication of Chinese tallow to increase sur-
face fuels prior to prescribed fire. Conversely, reducing invasive grass 
abundance before burning may increase the survival of native trees by 
reducing fire intensity (Flory et al. 2015). Further, prescribed fire sea-
sonality and frequency can be manipulated based on invasive plant 
phenology, size, and age to reproduction. Burning during the growing 
season, when stems are physiologically active, is often recommended for 
controlling invasive woody plants because of its negative impact on 
belowground TNC stores (Grace 1998, Richburg et al. 2004). Prescribed 
burning also disproportionally affects juveniles or seedlings of invasive 
shrubs and trees (Muscha et al. 2023) more than mature plants due to 
the bark accumulation and height with age. Short fire return intervals 
may increase flushes of new seedlings and small saplings whereas longer 
return intervals can promote the growth of saplings into larger trees (Fan 
et al. 2021) thereby reducing the probability of topkill and increasing 
the number of individuals that are reproductive. When used in combi-
nation with other management actions (e.g., hand-felling, mastication, 
herbicide) to reduce mature, fruit-bearing invasive trees and shrubs, 
prescribed fire may be helpful in limiting populations at juvenile stages 
and subsequently, reducing seed bank potential through time (Pile et al. 
2017b, Rebbeck et al. 2019). In contrast to prescribed burning, direct 
torching (or flaming) is used to control individual stems or small pop-
ulations of invasive plants, especially when the use of chemical herbi-
cides is not feasible or desired. Species responses that were evaluated 
with direct torching included Japanese stiltgrass, Japanese barberry, 
and glossy buckthorn (Flory and Lewis 2009, Ward and Williams 2011, 
Lee et al. 2017, Ward et al. 2017, Link et al. 2019). 

Enrichment Seeding or Planting – Of the papers evaluated in our 
systematic review, 23 (14 %) reported the response of native species that 
were seeded or planted to enhance restoration outcomes or to compet-
itively displace invasive plants. Following invasive plant removal or 
control, enrichment planting of native species may be necessary to 
reestablish a diverse native plant community, including ground flora 
and woody shrubs and trees. Planting native vegetation may decrease 
the invasibility of sites by occupying growing space and resources that 
would otherwise be available for invasive species, though most studies 
of this type have occurred in grassland systems (Schuster et al. 2018). 
Establishing functionally diverse native plant communities that include 
species with traits similar to invasive plants may further increase inva-
sion resistance [a strategy termed “limiting similarity” (Shea and 
Chesson 2002, Funk et al. 2008)]. The early establishment of fast 
growing native species may also limit plant invasion by outcompeting 
invasive plants (Byun et al. 2018). Most studies evaluating the ability of 
seeding and planting to reduce invasive reestablishment in forests have 
used herbaceous plants. Herbaceous species may be effective at reducing 
invasion due to their ability to establish and spread more quickly than 
woody plants (Schuster et al. 2018). The use of planted native woody 
species to reduce reinvasion by invasive woody plants has been under-
studied in forests (Schuster et al. 2018) but may be an opportunity to 
limit functional similarity or infill niche space the invasive plant would 
occupy without direct competition for growing space. Further, incor-
porating the reintroduction of functionally extinct or marginalized, 
sometimes called “iconic” foundational tree species, such as American 
elm (Ulmus americana L.) and American chestnut (Castanea dentata 
[Marshall] Borkh.) into ecosystem restoration strategies may improve 
ecosystem function and functional redundancy (Ellison et al. 2005, Ja-
cobs et al. 2013, Looney et al. 2015, Flower et al. 2017, Knight et al. 
2017). Both American elm and American chestnut are highly competi-
tive and fast-growing (Wang et al. 2013, Marks 2017). 

3.3. Emerging control tactics 

Biological Control – Of the papers evaluated in our systematic re-
view, 11 (7 %) reported the efficacy of field-tested biological control 
agents for invasive plants. The release of biocontrol agents may be 
controversial for introducing novelty to an ecosystem, but they may also 
reduce or prevent an undesirable shift in forest species composition 
(Dudney et al. 2018). Although biological control has been around for 
quite some time, few species are available for general management. 
Several field-assessed biological controls report successful outcomes for 
invasive plant control, with other biological controls in development. 
For example, two biological control agents, a flea beetle (Bikasha collaris 
[Baly]) and a defoliating moth (Gadirtha fusca Pogue), have been 
developed for Chinese tallow (Wang et al. 2012, Wheeler et al. 2017, 
Wheeler et al. 2018) but have not been released outside of experimen-
tation. Several released biological control agents have been evaluated 
for old world climbing fern (Lake et al. 2014b, Smith et al. 2014). Bio-
logical controls released in melaleuca-dominated stands in Florida 
resulted in declines in invader density and basal area (Rayamajhi et al. 
2007) with concomitant increases in native plant diversity (Rayamajhi 
et al. 2009). The air potato leaf beetle (Lilioceris cheni Gressitt and 
Kimoto) has been found to have high host-specificity for the air potato 
vine (Dioscorea bulbifera L.) representing one of the best cost-effective 
control strategies for this highly aggressive vine in Florida’s natural 
areas (Gakpetor 2019, Kraus et al. 2022). Additionally, experimental 
field tests for the native mycoherbicide, Verticillium nonalfalfae Inter-
bitzin et al. have demonstrated promising control of tree-of-heaven with 
no negative effects observed to native species (Harris et al. 2013, Brooks 
et al. 2020, Pile Knapp et al. 2022). Similarly, rose rosette disease, native 
to North America, has been studied for the control of multiflora rose 
(Rosa multiflora Thunb.) (Epstein et al. 1997). Chondrostereum purpureum 
(Pers. ex Fr.) Pousar, is a naturally occurring fungal plant pathogen that 
resulted in over 90 % mortality when applied to girdled European 
buckthorn in the early-summer (Au and Tuchscherer 2014). Further, 
field and greenhouse studies have successfully documented reductions 
in fecundity and growth for mile-a-minute weed by Rhinoncomimus lat-
ipes Korotvaev, a host-specific Asian weevil (Hough-Goldstein et al. 
2008), and the greatest benefit occurred when restoration efforts 
included the weevil, native plantings or seeding (Cutting and Hough- 
Goldstein 2013), and herbicide (Lake et al. 2014a). Integrated ap-
proaches to invasive plant management that include biological controls 
along with other treatments are promising and for some invasive plants, 
these combinations may offer the greatest opportunity for suppressing 
large-scale invasions. 

Soil Amendments & Flooding – Several studies were novel in testing 
the use of soil amendments or flooding to control invasive plants. It has 
been hypothesized that amending the soil may increase the competi-
tiveness of desirable species over invasive plants. For example, high 
levels of phosphorous additions for short periods reduce the competi-
tiveness of cogongrass in longleaf pine savannas by favoring native le-
gumes (Brewer and Cralle 2003). Organic carbon has been shown to 
increase microbial uptake and N immobilization, causing direct chemi-
cal inhibition through the sorption of allelopathic compounds that 
consequently affects the growth and competitive relationship of native 
and invasive plants (Adams et al. 2013). Only a few studies have 
investigated carbon applications to manipulate plant community 
response for the control of invasive plants. To limit the negative effects 
of allelochemicals associated with garlic mustard, Cipollini et al. (2008) 
tested the response of transplanted jewelweed (Impatiens capensis 
Meerb.) to activated carbon additions with garlic mustard removal. 
Although the mechanisms were not well-understood, activated carbon 
was beneficial to jewelweed when in the presence of garlic mustard but 
not when it was removed. This reduced inhibitory effect has been re-
ported as an example of the ‘novel weapons hypothesis’ for garlic 
mustard as well as other invasive plants (Callaway and Ridenour 2004). 
Similarly, a study from prairie communities found that the addition of 
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biochar increased the growth of blue bluestem (Andropogon gerardii 
Vitman) but did not affect invasive sericea lespedeza (Lespedeza cuneata 
[Dum. Cours.] G. Don) or their competitive interactions (Adams et al. 
2013). Increasing soil carbon with mulch created from European 
buckthorn, either through tilling or surface application, did not reduce 
reinvasion or soil N availability (Iannone et al. 2013). Further, flooding 
has been suggested to reduce the abundance of some invasive plants, but 
short-term flooding was not an effective strategy for controlling Chinese 
privet (Conner 1994, Brown and Pezeshki 2000). 

Targeted Herbivory – Increasingly, there has been interest in using 
domesticated browsers or grazers to meet land management objectives, 
including for the control of invasive plants (Hart 2001, Marchetto et al. 
2021). Targeted herbivory (also referred to as prescribed herbivory or 
managed browsing) can be defined as a land management technique 
that incorporates the seasonality, frequency, and intensity of an her-
bivory event to meet land management objectives (Beebe 2021). It is an 
interdisciplinary approach that combines plant ecology, livestock 
nutrition, and foraging behavior (Bailey et al. 2019). Targeted herbivory 
further differs from natural or uncontrolled herbivory in that its dura-
tion, frequency, and intensity are controlled while its effects are closely 
monitored. Goats (Capra hircus L.) are the most commonly used herbi-
vore for invasive plant control in eastern North America because they 
are considered intermediate feeders (Hackmann and Spain 2010), 
consuming a wide variety of food sources but constituting a large pro-
portion of their diet from woody species (Papachristou et al. 2005, 
Manousidis et al. 2016). For example, targeted browsing by goats may 
be an effective option for reducing multiflora rose (Luginbuhl et al. 
1998, Luginbuhl et al. 2000, Bowden et al. 2022), English ivy (Hedera 

helix L.) (Ingham and Borman 2010), and invasive shrubs (Rathfon et al. 
2021, Mundahl and Walsh 2022). However, similar to mastication or 
prescribed fire, effectiveness of control is improved by follow-up treat-
ments of herbicides or mechanical removal (Rathfon et al. 2021). 
Further, repeated targeted browsing treatments are more effective at 
reducing invader abundance than single browse events (Ingham and 
Borman 2010, Rathfon et al. 2021, Mundahl and Walsh 2022). Utilizing 
targeted herbivory for invasive plant control may increase concerns for 
invasive seed dispersal through endozoochory. Although seeds greater 
than > 4 mm in length have limited survival following digestion (Mar-
chetto et al. 2020), however, fleshy fruited invasive plants such the 
honeysuckles have seeds that are smaller than 4 mm (Munger 2005). 

3.4. Outcomes for invasive plant functional groups 

There are several biological and ecological commonalities among the 
invasive plants in our systematic review (Tables 1-5). For example, 
many are bird or wind dispersed. The forbs and shrubs are characterized 
by a high number of species that are intermediate to shade tolerant, 
while the invasive trees are more commonly intolerant to intermediate 
shade tolerance. Several of the invasive shrubs are evergreen or have 
traits that extend their leaf phenology in the growing season by leafing 
out early, senescing late, or both. Additionally, several invasive shrubs 
and vines have variable leaf persistence depending on climate and site 
conditions. Many species have reproductive traits beyond seeds or 
spores, such as rhizomes, tubers, and tillers or sprouting from stumps, 
roots, or nodes. However, information on seed banking, an important 
consideration for long-term control, lacks across the invasive plant 

Table 1 
Life history characteristics of invasive forbs.  

Species Life Cycle Pollination Germination Vegetative 
reproduction 

Flowers Seed Set Dispersal Seed Bank Habitat affinity 

garlic 
mustard 

Biennial, 
occasional 
winter 
annual 

Open and self- 
pollinating 

Early spring, 
requires cold 
stratification 

None April-June 
(second 
season) 

June- 
November 

Ballistics, 
humans, 
deer 

Minimal, but 
a small 
percentage 
< 6 years 

Establish prior to 
canopy leaf out 

Alliaria 
petiolata (M. 
Bieb.) 
Cavara & 
Grande 

celandine Biennial or 
perennial 

self- 
fertilization   

May-August    Intermediate to 
shade tolerant Chelidonium 

majus L. 
European 

swallow- 
wort 

Perennial Open and self- 
pollinating 

Early 
September 

Early literature 
suggests 
rhizomatous, can 
regenerate from 
root crowns 

May-July September- 
November 

Wind  Shade intolerant 
to tolerant 

Cynanchum 
rossicum 
(Kleopow) 
Borhidi 

dames rocket Biennial or 
perennial   

None Spring Summer   Intermediate 
shade tolerance Hesperis 

matronalis 
L. 

creeping 
liriope 

Perennial         

Liriope spicata 
(Thunb.) 
Lour. 

Asiatic 
tearthumb 

Annual, but 
may be 
considered a 
perennial 

Self- 
fertilization, 
occasional 
outcrossing 

Early April, 
requires 
moisture and 
cold 
stratification 

None June-July September- 
November 

Water, birds, 
mammals, 
ants, logging 
equipment 

<4 years Shade intolerant, 
moist 

Polygonum 
perfoliatum 
L. 

fig buttercup Perennial   Tubers, bulbils March-May  Water  Shade intolerant 
to intermediate, 
moist 

Ranunculus 
ficaria L. 

Mexican 
petunia 

Perennial Open and self- 
pollinating  

rhizomes June- 
October, or 
throughout 
the year  

Ballistics, 
animals  

Intermediate 
shade tolerance, 
moist sites but 
can withstand 
drought 

Ruellia 
caerulea 
Morong  
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functional groups. For invasive shrubs, trees and vines, age to repro-
ductive maturity is also vague or lacking, which is an important factor in 
establishing treatment regimens to maintain populations at immature 
life stages. Improvements in our basic understanding of plant invasive 
biology could significantly aid management as well as models for pre-
dicting invasive plant distribution, spread, and response to 
management. 

Ferns – Management outcomes were reported for two species of 
invasive climbing ferns (5 publications, 3 % of the total publications) 
that are highly problematic in the southeastern US, including small-leaf 
climbing fern (Lygodium microphyllum [Cav.] R. Br.) and Japanese 
climbing fern (Lygodium japonicum [Thunb] Sw.) (Fig. 1a). Both Lygo-
dium species have a climbing habit with small-leaf climbing fern 
expanding in Florida and Japanese climbing fern expanding across the 
southeastern US. Both species smother and displace native vegetation, 
with small-leaf climbing fern capable of forming rachis mats up to a 
meter thick (Lott et al. 2003). Climbing ferns are rhizomatous and 
reproduce sexually by wind dispersed spores (Clewell 1985, Pemberton 
and Ferriter 1998, Ferriter 2001). The invasive vine, narrow swordfern 
(Nephrolepis cordifolia [L.] C Presl), is an aggressive invader in south-
eastern forests but was not in our original search as limited research is 
available for this species. Of the five papers that tested control tactics, 
four evaluated chemical control, one evaluated mechanical removal, 
and two evaluated prescribed fire in combination with herbicide. Her-
bicide can control invasive ferns, but the active ingredient used 
may be important and long-term management is necessary as fern 
regrowth can trellis up dead vines. Dietz et al. (2020) reported the 
reduction in invasive fern coverage to increase with treatment intensity, 
with significant reductions only following four or more foliar treatments 
of glyphosate in a 6-year period. Two papers tested the effects of 
chemical formulation on control, with both papers reporting the greatest 
control from glyphosate when compared to imazapyr or metsulfuron- 
methyl alone or in combination (Minogue et al. 2010, Bohn et al. 
2011). Further, considerable invasive fern regrowth was observed in the 
second year, particularly when using imazapyr or metsulfuron-methyl 
(Bohn et al. 2011). No treatment of herbicide or burning and herbi-
cide resulted in complete elimination (Stocker et al. 2008, Hutchinson 
and Langeland 2010). 

Forbs – The invasive forb literature (25 publications, 15 % of the 
total publications) was dominated by publications investigating control 
tactics for garlic mustard (Fig. 3), along with seven other less common 
invasive forb species (Table 1). Most of the invasive forbs occur in areas 
outside of the southeastern US (Fig. 1a), although Mexican petunia is 
present in limited distribution and abundance in that region. Several 
invasive forbs have characteristics that complicate management plan-
ning, including capacity for vegetative reproduction and uncertainty in 
seedbank longevity (Table 1). Management of invasive forbs will 
require treatments that reduce seed production, persistent seed 
banks, and underground stems through consideration of the spe-
cies phenology and the life stage of the population. Of the studies 
identified through systematic review, herbicide, mowing, or clipping 
were the most common control tactics, followed by prescribed fire and 
native revegetation. Some of the earliest invasive plant management 
research was led by Victoria Nuzzo, who investigated the effects of 
herbicide and fire on garlic mustard in the 1990s (Nuzzo 1991, Nuzzo 
1994, Nuzzo 1996, Nuzzo et al. 1996). Nuzzo (1991) noted that a 
reduction in abundance following treatment in one year can have a 
cascading effect on subsequent populations in following years. However, 
this is not universally true in the literature. Even with complete removal 
of flowering garlic mustard individuals, complete eradication of even 
small populations is difficult due to a persistent seedbank (Drayton and 
Primack 1999). One-time control treatments may not only fail to reduce 
invasive populations but also stimulate increases in invader abundance 
(Murphy et al. 2007), especially with stage-structured and density- 
dependent invasive forbs (Pardini et al. 2008). Incipient populations 
are more susceptible to local eradication, but exhausting the seedbank Ta
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Table 3 
Life history characteristics of invasive shrubs.  

Species Leaf persistence Breeding and 
pollination 

Germination Reproductive 
maturity 

Vegetative 
reproduction 

Flowers Seed Set Dispersal Seed Bank Habitat affinity 

coral ardisia Evergreen         Shade tolerant 
Ardisia crenata 

Sims 
Japanese 

barberry 
Deciduous, 
extended leaf 
phenology 

Open-pollinated, 
bees 

Spring; 
morphophysiological 
dormancy, requires cold 
stratification  

Sprouts from root 
crown, rhizomes and 
layering 

Late winter 
(March)-spring 

Summer-fall Gravity, birds 
(low priority 
fruit) 

Minimal < 1 
year 

Shade intolerant to 
shade tolerant 

Berberis thunbergii 
DC. 

autumn olive Deciduous, 
extended leaf 
phenology 

Open-pollinated, 
insects 

Cold stratification enhances 
germination but is not 
required 

3–5 years Sprouts from root 
crown 

April-May August- 
September 

Birds, 
mammals  

Intermediate shade 
tolerant, nitrogen 
fixer 

Elaeagnus 
umbellata 
Thunb. 

burningbush Deciduous    Sprouts from root 
crown 

April-July September- 
October 

Birds  Shade intolerant to 
shade tolerant Euonymus alatus 

[Thunb.] 
Siebold 

winter creeper Evergreen Perfect flowers May require cold 
stratification  

Produces long 
shoots and roots at 
nodes that can form 
independent plants 

June-July Fall Birds and 
other animals  

Shade intolerant to 
shade tolerant, may 
vary by cultivar 

Euonymus 
fortunei 
[Turcz.] Hand.- 
Maz 

Surinam cherry Evergreen     Spring     
Eugenia uniflora 

L. 
glossy 

buckthorn 
Deciduous Perfect flowers Fresh seeds germinate 

readily 
“Early” Sprouts from root 

crown 
Throughout the 
growing season 

Throughout 
the growing 
season 

Birds, 
mammals, 
gravity, water 

2 + years Shade intolerant, 
moist sites 

Frangula alnus 
Mill. 

crapemyrtle Deciduous  Fresh seeds germinate 
readily   

May-fall     
Lagerstroemia 

indica L. 
privets L. sinense: evergreen 

but variable; 
L. obtusifolium: 
deciduous  

Germination may be 
enhanced through 
digestion  

Sprouts from root 
crown and root 
suckers 

March-May September- 
November 

Birds and 
other animals 

Minimal < 1 
year 

Intermediate to 
shade tolerant, 
L. sinense: tolerant 
of short-term 
flooding 

Ligustrum sinense 
Lour. 

Ligustrum 
obtusifolium 
Siebold & Zucc 

bush 
honeysuckles 

Deciduous, 
extended leaf 
phenology 

Perfect flowers; 
bees 

Variable depending on 
species 

3–8 years Sprouts from root 
crown but may also 
produce root suckers 
and layer 

Spring Late summer- 
early fall 

Gravity, birds Minimal < 1 
year but 
requires 
additional 
research 

Intermediate to 
shade tolerant 

Lonicera spp. 

melaleuca Evergreen Perfect flowers, 
honeybees and 
other insects 

Enhanced when soils are 
moist  

Sprouts from root 
crown, root 
sprouting is unclear 

2–5 times per 
year 

Continuous 
and 
episodically 

Gravity, wind, 
water 

Seed stored in 
canopy; 
minimal soil 
seed banking 

Shade intolerant; 
tolerates flooding 
and drought 

Melaleuca 
quinquenervia 
[Cav.] S.F. 
Blake 

sacred bamboo Evergreen  Occurs the fall following 
seed set 

<1 year to 
several years 

May have rhizomes; 
sprouts from roots 

May-June Late winter Birds, 
mammals, 
water 

>1 year Shade intolerant to 
shade tolerant Nandina 

domestica 
Thunb. 

common 
buckthorn 

Deciduous, 
extended leaf 
phenology 

Dioecious Does not require 
scarification or 
stratification; must be 
extracted from fruit 

5–20 years Sprouts from root 
crown; seedlings 
will not sprout 

Appear with 
leaves, early 
spring 

Fall Gravity, birds, 
animals, 
water 

2–6 years Shade tolerant 

Rhamnus 
cathartica L. 

Brazilian 
peppertree 

Evergreen Synchronous; 
dioecious; insects 

Exocarp inhibits 
germination 

2–3 years Sprouts from root 
crown and root 
suckers 

October, 10 % 
flowering again 
in April-May 

December- 
March 

Humans, 
birds, 
mammals, 
reptiles, water 

<1 year Shade intolerant; 
tolerates flooding 

Schinus 
terebinthifolius 
Raddi  

L.S. Pile Knapp et al.                                                                                                                                                                                                                           



Forest Ecology and Management 550 (2023) 121517

14

requires extensive effort by annual removal of flowering individuals 
(Drayton and Primack 1999, Pardini et al. 2009), especially prior to fruit 
initiation (Chapman et al. 2012). However, prior to fruit development, 
targeting stages of flowering phenology (e.g., prior to flowering vs. some 
percentage of the population in flower) does not appear to increase 
invasive forb control (Frey and Schmit 2017). Invasive forbs that remain 
green during the dormant-season provide treatment opportunities with 
minimal impact on native species; however, for species that are stage- 
structured, limiting treatments to the dormant season may only target 
a single life stage. Further, low soil temperatures may limit herbicide 
effectiveness. Minimum thresholds to maximize treatment effectiveness 
of glyphosate applications include soil temperatures above 4.6̊C with air 
temperatures at or slightly below freezing (Frey et al. 2007). 

Effectiveness of prescribed burning for the control of invasive 
forbs can vary with characteristics of the fire regime, fire behavior, 
and the abundance of the invasive forb population. Established and 
abundant invasive forbs may limit prescribed burning as a management 
option due to low flammability and discontinuous surface fuels. Nuzzo 
(1991) described difficulty in implementing prescribed fire in both the 
spring and fall due to the abundance of green garlic mustard plants. 
However, in fire-maintained natural communities where garlic mustard 
establishment is limited, on-going prescribed burning may reduce in-
vasion (Nuzzo 1991). Garlic mustard response to fire may vary by the 
amount of litter present and consumed, the season in which the pre-
scribed fire is applied, the length of the fire return interval, and climatic 
conditions (Nuzzo et al. 1996, Schwartz and Heim 1996). Within the 
first growing season, a single fire may decrease invasive forb abundance, 
but without subsequent fire or other control, invasive forb populations 
may increase in abundance. In contrast, repeated fire may reduce op-
portunities for establishment and reproduction. Incomplete burns that 
do not consume the leaf litter surrounding established invasive plants 
may not damage belowground vegetative structures. However, the 
germination of seeds might be enhanced on bare mineral soil created 
following prescribed fire. Even with repeated fire, a fire free interval 
may allow for propagules of surviving individuals to germinate and 
rapidly expand without other interventions (Nuzzo et al. 1996). 

Grasses – The invasive grass management literature (28 publications, 
17 % of the total publications) is limited to two aggressive species in 
forested communities, Japanese stiltgrass and cogongrass. Although 
both invasive grasses thrive with high light and disturbance, they differ 
in their life history traits and environmental tolerances (Table 2). 
Consideration for the life histories of invasive grasses will help 
determine their response to control tactics. Drought may limit the 
reproductive capacity of Japanese stiltgrass whereas cogongrass is more 
widely adaptable to a range in soil moisture availability. For example, 
late season drought may greatly diminish or eliminate the seed pro-
duction of Japanese stiltgrass (Gibson et al. 2002) and at low levels of 
full sunlight, it will allocate more biomass to leaves than flower pro-
duction. Japanese stiltgrass is an annual C4 grass that spreads vegeta-
tively through tillering (Cheplick 2010) and stolons (Hunt and Zaremba 
1992); it has limited spread without a dispersal agent, and the vegetative 
shoots do not survive through the next growing season. Although 
tolerant to shade, vegetative production of Japanese stiltgrass is favored 
by increased available sunlight, which results in greater reproductive 
success through carbon gain (Gibson et al. 2002). Cogongrass is less 
tolerant of shade than Japanese stiltgrass, perennial, easily wind 
dispersed, and primarily expands from asexual reproduction by rhi-
zomes with regeneration capacity linked to developmental characteris-
tics including stem age. Only older rhizomes can sprout and produce 
roots, and sprouting readily follows disturbance (Ayeni and Duke 1985). 

Research has confirmed that post-emergent herbicides, hand 
removal, and clipping or mowing are effective for reducing invasive 
grass abundance when applied prior to seed set in the mid to late- 
growing season (Judge et al. 2005, Judge et al. 2008, Flory and Clay 
2009, Shelton 2012, Hall et al. 2014, Brooke et al. 2015). Herbicides are 
generally more effective than hand pulling or clipping, but direct Ta
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Table 5 
Life history characteristics of invasive vines.  

Species Leaf persistence Breeding and 
pollination 

Germination Reproductive 
maturity 

Vegetative 
reproduction 

Flowers Seed Set Dispersal Seed Bank Habitat affinity 

Amur peppervine Deciduous; slow 
to leaf out 

Perfect, cross and 
may be insect 
pollinated 

High germination 
rate, readily 
germinates 
following 
disturbance  

May produce ’sucker 
shoots’ or sprout 
from root crown 

Midsummer Fall Birds, deer, 
small animals, 
maybe water  

Intolerant to 
tolerant of partial 
shade 

Ampelopsis 
brevipedunculata 
[Maxim.] Trautv. 

Asian bittersweet Deciduous     Spring Winter Animals and 
humans for 
decorative 
purposes  

Shade tolerant 
with high 
germination 
under an intact 
canopy 

Celastrus orbiculatus 
Thunb. 

sweet autumn 
virginsbower 

Deciduous to 
evergreen 
depending on 
conditions     

Summer to 
fall  

Wind  Intolerant to 
tolerant of partial 
shade Clematis terniflora DC. 

English ivy Evergreen, leaves 
are long-lived 
(3–4 years) 

Bisexual and cross 
pollinated by a 
variety of insects 

Cold weather may 
prevent seed 
viability; rapidly 
germinates 

Two distinctive 
vegetative phases: 
juvenile (ground 
cover) and adult 
(climbing) 

Sprouts from stem 
fragments and cut 
stumps and 
adventitious roots 

Variable: 
summer to 
fall 

Variable: fall to 
winter 

Birds Limited and 
short-lived 

Tolerant of a 
wide range of 
light conditions; 
stress tolerant 

Hedera helix L. 

Japanese 
honeysuckle 

Deciduous or 
evergreen 
depending on 
conditions 

pollinated by 
insects and 
hummingbirds 

Requires cold 
stratification 

Open-grown plants: 3 
years; shade-grown 5 
years; peaks at 4–6 
years then rapidly 
declines 

Sprouts from root 
crown and layers; 
adventitious roots 
form at the nodes of 
trailing stems 

March- 
October 

Late summer to 
late fall 

Birds and 
small 
mammals 

Anecdotal 
evidence 
suggests low 
seed bank 
potential 

Intolerant to 
somewhat shade 
tolerant Lonicera japonica 

Thunb. 

kudzu Deciduous. Semi- 
woody perennial. 
Diurnal pattern in 
leaflet orientation  

Will not germinate 
until seedcoats are 
water permeable 

3 years Large and deep 
taproot. Roots along 
nodes where new 
root crowns can form 

July- 
September 

Fall; Infrequent, 
may be more 
reliant on asexual 
reproduction  

Potential to 
seed bank 

Intolerant 
Pueraria montana var. 

lobata [Willd.] 
Maesen & S.M. 
Almeida ex Sanjappa 
& Predeep  
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torching, clipping and torching, or repeated vinegar (acetic acid) 
treatments may also reduce abundance (Ward and Mervosh 2012). 
Control and herbicide type may be important for native plant response 
to invasive grass management. For example, although pre-emergent 
herbicides may reduce Japanese stiltgrass abundance, they may also 
limit the potential for restoring the native plant community (Flory and 
Clay 2009, Flory 2010). Grass-selective herbicides, such as Fenoxaprop- 
p-ethyl, may be more effective at reducing invasive grass abundance and 
increasing native species than non-selective chemical herbicides, such as 
glyphosate (Pomp et al. 2010). Both glyphosate and imazapic were 
found to be effective at reducing Japanese stiltgrass coverage one year 
following treatment, but neither herbicide treatment increased the 
coverage of other species (Brooke et al. 2015). However, because 
glyphosate lacks soil activity it may be a better option for control when 
coupled with native enrichment seeding, as reported by Enloe et al. 
(2013) in longleaf pine communities invaded by cogongrass. Further, 
although managers have reported concerns regarding glyphosate resis-
tance in cogongrass populations, Enloe et al. (2018a) confirmed glyph-
osate’s efficacy across populations, but environmental conditions (i.e., 
drought, shade) or faulty application may impact control efficacy. 

Invasive grasses will alter fuel conditions, and cogongrass can in-
crease fire intensity, subsequently altering fire regimes and community 
response (Lippincott 2000, Emery et al. 2011, Flory et al. 2015). 
Conversely, research also suggests that invasion by Japanese stiltgrass 
will reduce fire intensity, with lower flame lengths, shorter residence 
times, and smaller burned areas (Salemme and Fraterrigo 2021). The 
contrasting life history characteristics between Japanese stiltgrass 
and cogongrass indicate the response of the species’ to prescribed 
fire will vary based on their adaptions to the prevailing fire re-
gimes. For example, cogongrass is highly adapted to frequent fire re-
gimes (Howard 2005). The timing and sequence of prescribed fires in 
relation to invasive grass presence and abundance are important. When 
invasive grasses are not present, but propagules are available, prescribed 
fire may facilitate establishment through the exposure of bare ground 
(Glasgow and Matlack 2007). However, when Japanese stiltgrass is 
present, fall prescribed fires are effective in reducing population abun-
dance (Flory and Lewis 2009, Emery et al. 2013). When compared to 
prescribed burning, post-emergent herbicides may have longer-lasting 
reductions in invasive grass abundance (Emery et al. 2013). Pre-
scribed fire followed by an application of glyphosate can result in short- 
term reductions in cogongrass, but burning alone is not effective at 
reducing cogongrass abundance or increasing native species richness 
(Enloe et al. 2013). 

Several other factors can have interactive effects with prescribed 
burning on invasive grasses. For example, sites with agricultural land 
use legacies (and thus depauperate seedbanks) may experience greater 
increases in Japanese stiltgrass abundance in response to forest thinning 
and burning due to a lack of native competition (Brewer et al. 2015). Soil 
moisture may also influence the response of invasive grasses to pre-
scribed fire. For example, burning facilitated the invasion of Japanese 
stiltgrass more on wet sites than dry sites (Wagner and Fraterrigo 2015). 
Studies have also found the abundance of invasive grass to affect native 
tree response to prescribed burning. In communities highly invaded by 
Japanese stiltgrass, Flory et al. (2015) and Salemme and Fraterrigo 
(2021) reported increased mortality of tree seedlings due to the com-
pounding effects of invasion and prescribed fire. Successional dynamics 
may also play an important role in the abundance of Japanese stiltgrass. 
For example, in experimentally seeded field plots (5.25 m2 plots), Jap-
anese stiltgrass comprised 60 % of the herbaceous plant biomass in 4 
years, but by 8 years was nearly absent, even with prescribed burning 
occurring in year 7 (Flory et al. 2017). The reduction in Japanese stilt-
grass facilitated the dominance of native trees in plots that did not 
receive fire and by herbaceous species where fire did occur, thereby 
suggesting that invader dominance may decline through time with 
natural successional dynamics (Flory et al. 2017). 

Shrubs – Invasive shrubs of different species occupy a wide 

distribution in eastern North America (Fig. 1a). Invasive shrubs are the 
invasive functional group most problematic to the sustainability of 
forests in eastern North America, because they are often shade 
tolerant and bird dispersed. Our literature search resulted in 79 
publications (48 % of the total publications) of invasive shrub control 
and included 14 shrub species (Fig. 3; Table 3). Many of the invasive 
shrubs are evergreen or have extended leaf phenology, whereby they 
assimilate carbon prior to overstory canopy leaf expansion and after 
canopy senescence (Fridley 2012). Most have some degree of shade 
tolerance, or their leaf phenology may allow them to invade intact de-
ciduous forests, and many can persist by sprouting from their root 
crowns. Some invasive shrubs have viable seed in the soil seed bank for 
longer than 1 year, but generally, information on seed banking is sparse 
or requires additional investigation. Similarly, age to reproduction is 
documented for several species but missing for others and would 
improve management planning for invasive shrub populations. 

Full mechanical removal, which includes removing below-ground 
structures, is highly effective but one of the most labor intensive op-
tions for shrub control (Love and Anderson 2009). Mechanical topkill is 
only effective for reducing stem densities in the short-term, as invasive 
shrubs are aggressive resprouters (Schweitzer and Dey 2020). However, 
mulching can aid in the transformation of large and dense invasive shrub 
layers into populations that are more easily targeted with foliar herbi-
cide following regrowth. Mulching of stems and subsequent mulch ad-
ditions to the forest floor have not been found to be effective in reducing 
shrub reinvasion (Anfang et al. 2020). However, tilling or mulching of 
the root collar may reduce sprouting and prolong the time before rein-
vasion (Iannone et al. 2013, Frank et al. 2018). The response following 
topkill depends on site conditions and the intensity or frequency of the 
treatments (Loeb et al. 2010). Repeated clipping of invasive woody 
plants under a native overstory may offer an additional strategy for 
control when herbicide is limited or not permitted. The seasonality 
of control will also impact residual growth; for example, initial clipping 
of bush honeysuckle had no significant effect in the first year but after 
repeated clipping, shaded, forest interior populations were reduced to 
30 % of their original densities when compared to open-grown pop-
ulations that retained 91 % of their original density (Luken and Matti-
miro 1991). Total nonstructural carbohydrates (TNC), which support 
regrowth following topkill, are replenished within the first growing 
season following dormant-season clipping (Richburg 2005). For growing 
season treated invasive shrubs, however, TNC concentrations remain 
depleted for longer, which reduced subsequent biomass and height of 
regrowth compared to dormant-season applications (Richburg 2005, 
Love and Anderson 2009). 

Herbicides are highly effective at reducing shrub densities within the 
first growing season (Hartman and McCarthy 2004, Miller 2005, Rath-
fon and Ruble 2007, Hutchinson et al. 2011, Byrd et al. 2012, Sullivan 
2013). However, the efficacy of herbicides is dependent on other envi-
ronmental factors, including soil moisture, where drier soils result in 
greater control (Dornbos and Pruim 2012). Mechanical removal in 
combination with herbicides (e.g., cut stump) are more effective at 
reducing sprouting and regrowth than mechanical or chemical treat-
ments alone (McDonnell et al. 2005, Pergams and Norton 2006, Schulz 
et al. 2012, Sullivan 2013, Enloe et al. 2018b). For example, a single 
treatment of winter girdling or cutting did not affect glossy buckthorn, 
but stump cutting followed immediately with glyphosate application 
resulted in over 90 % mortality after the first growing season (Reinartz 
1997). Further, cutting near ground level in the early growing season 
when TNC concentrations are at their lowest and following up with a 
diluted concentration of foliar herbicide might be just as effective as cut- 
stump herbicide applications (Schultz et al. 2009). Low volume foliar 
herbicide applications are reported to have a wide range of control on 
different shrub sizes but the efficacy of herbicide application is 
improved when it is dictated by plant size (Rathfon and Ruble 2007, 
Ward and Williams 2013). For example, it is ineffective to treat large 
shrubs with foliar backpack applications when cut stump or basal bark 
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treatments are more practical. Similarly, cut stump applications are 
impractical for small individuals (Rathfon and Ruble 2007, Schweitzer 
and Dey 2020). However, backpack mistblowers or aerial applications 
might be effective for applying foliar herbicide when the height of 
invasive shrubs is too tall for traditional backpack options and invasive 
shrubs have extended leaf phenology (e.g., bush honeysuckles) or 
evergreenness (e.g., Chinese privet) allowing for treatment when most 
native species are dormant (Vaughn 2013, Caplan et al. 2018, Leahy 
et al. 2018). Of the chemicals studied to control invasive shrubs, 
glyphosate is often reported as the most effective for inducing mortality 
and reducing resprouting, especially when considering impacts from 
chemicals that have residual soil activity (Miller 2005, Pergams and 
Norton 2006, Vaughn 2013, Ward and Williams 2013, Mervosh and 
Gumbart 2015, Enloe et al. 2018b). Basal bark applications with tri-
clopyr in both dormant and growing seasons are also highly effective 
(Enloe et al. 2016, Kleiman et al. 2018, Baker 2019). Repeated herbicide 
treatments may be necessary to prevent regrowth from aggressive 
sprouting. For example, Japanese barberry (Berberis thunbergii DC.) 
recovered to 81 % of its pre-treatment levels 5-years following a single 
treatment (Ward et al. 2013). Nagel et al. (2008) reported significant 
reductions in glossy buckthorn seedling and stump sprout density two 
years post-treatment with a 5 % glyphosate application, but only 
following an initial 20 % glyphosate stump treatment the year prior. The 
season of herbicide application may affect the efficacy of control. For 
example, spring and fall foliar applications of glyphosate and triclopyr 
were more effective at controlling Chinese privet than summer appli-
cations (Harrington and Miller 2005) but fall treatments may be more 
effective than spring treatments (Enloe et al. 2018b). Additionally, low 
herbicide application rates might be just as effective as higher dosages. 
For example, a rate of 1.7 kg ae/ha of glyphosate was no different than 
application rates up to 6.7 kg ae/ha for controlling Chinese privet and 
rates less than 1.7 kg ae/ha may also be as effective (Harrington and 
Miller 2005). 

The effectiveness of prescribed fire to control invasive shrubs is 
likely limited and may require treatment prior to burning. In 
addition to invasive shrubs changing the flammability and continuity of 
surface fuels, using fire to control invasive shrubs in bottomlands may 
further be impacted by difficulties to ignite surface fires and short fire 
windows (Cash and Anderson 2020). Single prescribed fires reduce the 
density of invasive shrubs in the short-term, but due to their capacity to 
resprout, repeated fire or other follow-up treatments are necessary 
(Schweitzer and Dey 2020). In an observational study, repeated pre-
scribed fire and invasive shrub mechanical removal reduced the abun-
dance of buckthorns in a woodland undergoing restoration in 
northeastern Illinois, US (Laatsch and Anderson 2000). Research has 
suggested that autumn-olive seeds are capable of surviving fire tem-
peratures as high as 500̊C (Emery et al. 2011), but the heat-tolerance of 
other invasive shrub seeds has not been studied [but see Muscha et al. 
(2023) for information on Russian olive (Elaeagnus angustifolia L.)]. 
Further, the flammability and ignitability of some invasive plants have 
been studied, but generally, information is still lacking. Dependent on 
the ecosystem, in the dormant season Chinese privet leaves are just as 
flammable as yaupon holly (Ilex vomitoria Sol. ex Aiton) (Tiller et al. 
2020), a native species with high ignitability that is often regarded as a 
live surface fuel in southern pine ecosystems. Directed flame or torching 
may provide control when chemical options or prescribed fire is limited. 
Direct torching reduces shrub clump size initially, but retreatment may 
be necessary for long-term control (Ward et al. 2009, Ward and Williams 
2011). Although herbicide is more effective than direct torching 
following an initial reduction in clump size by prescribed fire or 
mowing, torching was nearly three times more effective than no addi-
tional treatment (Ward et al. 2009). The effectiveness of follow up 
treatments also depends on the size for the shrub. Smaller shrubs 
(average crown height and crown diameter > 120 cm) had greater 
mortality with any follow up treatment, but larger shrubs responded 
more to herbicide than direct torching (Ward et al. 2010). 

Subshrubs – Multiflora rose and wine raspberry (Rubus phoenicolasius 
Maxim.) were the only subshrubs (10 publications, 6 % of the total 
publications), plants with a perennial base with annual, herbaceous 
shoots, included in our review (Fig. 3). Management for invasive 
subshrubs was often combined with other invasive shrubs and 
vines, so specific outcomes for this group and species were difficult 
to discern. Direct control tactics are also limited to outcomes for mul-
tiflora rose. Management practices utilizing periodic prescribed fire and 
vegetation management, including invasive plant treatments for species 
excluding multiflora rose, may increase the abundance of multiflora rose 
through time (Laatsch and Anderson 2000, Gharehaghaji et al. 2019). 
Topkill during the growing season will reduce TNC reserves but without 
repeated treatment, multiflora rose will replenish reserves by the end of 
the next growing season (Richburg 2005). Further, spring applications 
of herbicide may be more effective than fall treatments (Derr 1989). The 
susceptibility of multiflora rose to spring herbicide treatments may be 
attributed to its nonstructural carbohydrate trends during early leaf 
stages prior to flowering (Fick et al. 1983). 

Trees – Our literature search resulted in 26 publications (16 % of the 
total publications) documenting invasive tree control, including seven 
tree species (Table 4). Unlike the invasive shrubs, invasive trees 
were more commonly early-successional species that are shade 
intolerant to moderately shade tolerant and deciduous, and most 
are capable of root sprouting in addition to stump sprouting. When 
noted, most become reproductively mature within a few years of life and 
have persistent seed banks. Several are also wind dispersed. 

Mechanical removal or topkill, including mastication or mulching 
without follow up treatments, often results in higher stem densities than 
prior to treatment (Burch and Zedaker 2003). For example, tree-of- 
heaven is able to capitalize following topkill by producing prolific root 
suckers and stump sprouts (Meloche and Murphy 2006). Removal of 
mature, overstory invasive trees is important for reducing the 
invasive seed and seedling bank; however, the removal of seedlings 
may provide opportunities for the recruitment of more invasive 
seedlings. For instance, the removal of Norway maple (Acer platanoides 
L.) trees reduced future Norway maple seedling density while increasing 
the abundance of native sugar maple (A. saccharum) seedlings (Webb 
et al. (2001). However, when Norway maple seedlings where removed, 
Norway maple seedlings increased following treatment but not those of 
sugar maple. Mulching of invasive trees and subsequent mulch residuals 
have been tested as a method to reduce invasive tree densities and 
reinvasion. For example, mulch depths of 15 cm may reduce Chinese 
tallow seedling survival, but to achieve those depths, mulching a dense, 
closed canopy Chinese tallow forest would be required and would 
impact the establishment and growth of native plants (Donahue et al. 
2006). A study designed on the phenological TNC trends of Chinese 
tallow found reductions in abundance when spring applications of 
mastication were followed by foliar herbicide targeting new growth 
(Pile et al. 2017b), leading to increased cover and diversity of native 
ground flora (Pile et al. 2018). 

Herbicides are effective for reducing invasive tree stem densities and 
resprouting, although some chemical formulations and application types 
are more effective than others (Burch and Zedaker 2003, Vogt et al. 
2020). Control of tree-of-heaven was greatest when triclopyr and 
picloram were combined, but of the seven herbicide treatment combi-
nations evaluated, all achieved greater than 79 % mortality 1-year 
following treatment (Burch and Zedaker 2003). Cut stump and basal 
bark treatments can be highly effective for controlling invasive trees and 
reducing resprouting (Enloe et al. 2015). However, these methods might 
be challenged by dense thorny thickets (e.g., Callery pear, Pyrus call-
eryana Decne.) (Vogt et al. 2020), similar to the constraints imposed by 
managing invasive shrubs. Cut stump applications of glyphosate are 
effective for controlling treated tree-of-heaven stems (Meloche and 
Murphy 2006), but applications of triclopyr or imazapyr may be more 
effective at reducing residual sprouting (DiTomaso and Kyser 2007). 
Foliar applications were more consistent at controlling Callery pear 
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when compared to other application types (Vogt et al. 2020). However, 
EZ-Ject® applications of glyphosate were less effective than other her-
bicide/control methods for reducing resprouting (Bowker and Stringer 
2011). Imazapyr was documented as the most effective for controlling 
Chinese tallow when compared to triclopyr and glyphosate when 
applied as a ‘hack and squirt’ treatment (Gresham 2010). Imazapyr and 
triclopyr are also generally effective for basal bark treatments, but in-
jection treatments with triclopyr (Eck and McGill 2007) and other as-
sessments of triclopyr suggest that it has inconsistent control (Enloe 
et al. 2015). Basal bark treatments of aminocyclopyrachlor or fluroxypyr 
and foliar treatments of aminocyclopyrachlor are demonstrated as being 
highly effective for controlling Chinese tallow, including reducing 
resprouting (Enloe et al. 2015). Imazapyr has been shown to kill off- 
target tree-of-heaven and native species through root grafting, which 
may be an important consideration when managing mixed-species 
patches (Lewis and McCarthy 2008). 

A single prescribed fire is not effective for controlling invasive trees 
(Warrix and Marshall 2018), but prescribed fire combined with other 
treatments has been found to be effective (Pile et al. 2017b, Rebbeck 
et al. 2019). The response of invasive trees to prescribed fire is 
dependent on the species and the size of the individual. As trees 
grow from seedlings to saplings to mature trees, their tolerance to fire 
increases with size through the protection of the meristem with thicker 
bark, regardless of any evolutionary adaptation to fire-frequent eco-
systems (Shearman et al. 2018, Rosell 2019). Limited research exists on 
the role of frequent fire in managing invasive trees. Shorter fire return 
intervals may reduce invasive tree abundance through topkill and 
mortality, however, intervals that are too long may facilitate coloniza-
tion as larger trees are able to persist and provide additional seeds or 
sprouts (Pile et al. 2017a, Yang et al. 2019). This is especially concerning 
as topkill often results in greater stem densities, and the age to fruit- 
bearing can be as short as 3-years for some species. For example, 
exposed Callery pear seeds, fruits, and 1-year-old seedlings may be killed 
by prescribed fires, but older individuals resprout and become multi- 
stemmed following topkill from fire (Warrix and Marshall 2018). 
Limited research exists on the flammability and ignitability of invasive 
tree wood and litter. However, during the growing season, the wood of 
Chinese tallow has high ignitability and combustibility, which may 
allow for masticated Chinese tallow mulch to serve as an adequate 
surface fuel for growing season prescribed fire (Pile et al. 2017b, Tiller 
et al. 2020). 

Vines – Our literature search resulted in 16 publications (10 % of the 
total publications) documenting invasive vine control, including six 
species (Table 5; Fig. 3). There was a high number of detections of 
invasive vines across eastern North America but markedly fewer studies 
than invasive shrubs (Fig. 2). Invasive vines are notoriously difficult 
to control because they can become very dense and are often 
difficult to treat with herbicides. Additionally, invasive vines often 
resprout from stumps and roots following topkill (Mervosh and Gumbart 
2015, Pavlovic et al. 2016). Further, some vines can sprout from aerial 
stems (Melzer et al. 2011, Pavlovic et al. 2016). Targeting a particular 
season of application for clipping or mechanical removal may result in 
greater control than others. For example, summer clipping of Asian 
bittersweet produces fewer sprouts than either spring or fall clipping 
(Mervosh and Gumbart 2015). Chemical herbicides are generally 
effective for treating invasive vines (Mervosh and Gumbart 2015, 
Farmer et al. 2016, Pavlovic et al. 2016, Weese and Barnes 2017). 
However, glyphosate was not as effective as other chemicals for the 
control of kudzu (Miller 1985) but was effective for other invasive vines 
(Thomas 1993, McCormick and Hartwig 1995, Farmer et al. 2016, 
Weese and Barnes 2017). Preemergent herbicides were found to be more 
effective than post-emergent herbicides for the treatment of mile-a- 
minute (McCormick and Hartwig 1995). Herbicide and herbicide plus 
mechanical removal were more effective than mechanical treatments 
alone for Japanese honeysuckle, but Asian bittersweet required a com-
bination of chemical and mechanical control (Farmer et al. 2016). One 

paper suggests that for the control of invasive vines, cut stump herbicide 
applications may be more effective than basal bark treatments, and 
spring treatments may be more effective than fall treatments (Mervosh 
and Gumbart 2015). Treatment of Japanese honeysuckle during the 
dormant season with chemical herbicides is effective for control while 
minimizing impacts on other flora (Weese and Barnes 2017). Also, 
regrowth following treatments is site dependent. For example, although 
herbicide and summer clipping treatments were effective for reducing 
Asian bittersweet coverage, second-year regrowth was greater on 
moraine soils than sandy soils (Pavlovic et al. 2016). Limited research 
exists on the direct control of invasive vines with fire. However, single 
prescribed burns and burning and cutting are not an effective control 
treatment for Asian bittersweet as resprouting can sustainably increase 
stem densities (Pavlovic et al. 2016). 

3.5. Native plant response to invasive plant management 

Of the papers evaluated in our systematic review, 94 (57 %) reported 
some outcome for native plants from invasive plant management. The 
implications of treatment effects on native species will depend on 
management objectives and desired outcomes. For example, no decline 
in native species richness and abundance may be acceptable when 
treatments are expected to minimize non-target impacts, such as tar-
geted applications of herbicide or when non-targeted impacts are being 
mitigated through dormant season broadcast applications. In multiple 
studies, glyphosate application during the dormant season effectively 
reduced the abundance of adult-stage garlic mustard with minimal im-
pacts on native flora (Nuzzo 1994, Nuzzo 1996, Frey et al. 2007, 
Hochstedler et al. 2007). However, in restoration frameworks, where 
invasive plant control is anticipated to increase native species abun-
dance and coverage, many studies have documented no change in the 
coverage, abundance, or richness of native ground cover with invasive 
plant control (Frappier et al. 2004, Vidra et al. 2007, Karlovitz 2008, 
Stocker et al. 2008, Swab et al. 2008, Hanula et al. 2009, Minogue et al. 
2010, Chess 2011, Vaughn 2013, Christopher et al. 2014, Cutway 2017, 
Gharehaghaji et al. 2019). This lack of a positive response by native 
species may occur even with repeated invasive plant treatment, which 
may be attributed to a variety of factors including effects of site history, 
depauperate seed bank, or lack of favorable conditions for germination 
and growth. In a study by Cutway (2017), although mechanical removal 
reduced nonnative cover, subsequent increases in native richness and 
abundance did not follow even after eight years of continued manage-
ment. These results are similar to Hochstedler et al. (2007), who 
observed no differences in community richness or diversity between 
treated and control conditions after five years of consecutive dormant- 
season herbicide treatments. Further, even with annual growing- 
season removal of dames rocket (Hesperis matronalis L.) over a three 
year period, significant increases in neither native richness nor diversity 
occurred (Pavlovic et al. 2009). However, one study reported no change 
in species richness but positive changes in other diversity metrics 
(Shannon’s or evenness) following invasive plant treatment (Hanula 
et al. 2009). 

Some studies have identified increases in species richness following 
treatment (Bohn et al. 2011, Thompson and Poindexter 2011, Shields 
et al. 2015, Maynard-Bean and Kaye 2019), but often these trends were 
short-lived with reinvasion impacting initial gains (McDonnell et al. 
2005, Frey et al. 2007, Hochstedler et al. 2007, Slaughter et al. 2007, 
Herold et al. 2011, Mattingly et al. 2016, Hopfensperger et al. 2019). For 
example, annual hand removal increased native species richness after 
three years but rapid reinvasion of Japanese stiltgrass erased gains in the 
fourth year following no management (DeMeester and Richter 2010). 
Although chemical control is easier, manual removal of invasive plants 
may have additional, unforeseen benefits for restoration. In several 
cases, hand-pulling or other soil disturbances expose bare mineral 
thereby creating favorable conditions for germination (Biggerstaff and 
Beck 2007, Flory and Clay 2009, Flory 2010). Manual removal plus 
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native seeding was found to be more successful at controlling English ivy 
while promoting native species than herbicide (glyphosate) plus native 
seeding, which was successful at control but diminished any seeding 
effect (Biggerstaff and Beck 2007). Mulching and hand felling followed 
by herbicide of Chinese privet had positive outcomes for native plants, 
especially ruderals, but these communities were compositionally 
different than reference plots representing desired future conditions 
(Hudson et al. 2014). Increases in ground flora richness and coverage 
were reported 8 years following herbicide control on bush honeysuckle, 
but these increases were likely confounded by mortality in overstory ash 
(Fraxinus spp.) from the invasive emerald ash borer (Agrilus planipennis 
Fairmaire) (Boyce 2015). Runkle et al. (2007) reported no differences 
after the first growing season following invasive shrub removal but 
higher ground flora richness and cover and greater tree seedling den-
sities by eight years after treatment. This result was attributed to lower 
densities and shorter heights of bush honeysuckle following treatment 
under a closed canopy, thus allowing for native plants and tree seedlings 
to benefit from the competitive release from bush honeysuckle (Runkle 
et al. 2007). 

Invasive plant control can result in undesirable reductions in native 
plant richness and abundance, especially when treatments are not highly 
selective. For example, mowing of Japanese stiltgrass at ground-level 
prior to seed set can decrease Japanese stiltgrass abundance but can 
also negatively impact the resident native ground flora (Nestory 2016). 
The control of invasive shrubs may also result in reductions of native 
shrubs, especially when treatments are not highly selective (Love and 
Anderson 2009). Even with efforts to mitigate non-target impacts, 
dormant-season broadcast applications of foliar herbicide can adversely 
affect forbs and graminoids or shift community composition to non- 
herbicide sensitive species (Vaughn 2013, Leahy et al. 2018). More 
targeted approaches may also reduce native plants, for example, re-
ductions in native plant richness and diversity have been reported one 
year following herbicide or hand removal with herbicide of garlic 
mustard (Shartell et al. 2012). 

4. Discussion 

4.1. Complexities of invasive plant management 

Invasive plant management in eastern North America is highly var-
iable, both in its application and outcome. As expected, invasive plant 
control can reduce invader abundance, at least in the short-term but 
treatment efficacy and subsequent impact on native plants is inconsis-
tent and is impacted by many biotic and abiotic factors. Common 
invasive plant management strategies 1) highlighted the efficacy of 
herbicides for controlling individuals and populations, 2) demonstrated 
the need for strategic timing and application for mechanical control to 
reduce vigor or reproduction, 3) highlighted the need for more research 
on the re-establishment of fire in fire-dependent ecosystems and fire’s 
role in controlling invasive plants and reducing community invasibility, 
and 4) demonstrated the benefit of using enrichment plantings to 
improve restoration outcomes for native plants. Control tactics such as 
biological control agents (when they become widely available for use) 
and targeted herbivory show promise for reducing invader impacts. This 
is especially true when biological control or targeted herbivory are 
combined with other treatments, while soil amendments and flooding as 
control strategies were less successful at demonstrating reductions in the 
competitiveness of invasive plants but they are also not well-tested. 
Regardless of the invasive plant functional group, many studies 
stressed the need for repeated treatment over the long-term and to 
strategize treatment type and frequency based on age structure, 
phenological susceptibility, and community characteristics. The 
response of native plants following invasive plant management was 
highly variable and inconsistent, confounded by past land use, changes 
to disturbance regimes, and a multitude of other factors that are still not 
well understood. 

Inconsistencies in methodology and design challenge the ability to 
generalize results across studies. The use of different response variables 
(e.g., change in plant coverage or richness) can limit direct comparison 
or complicate interpretation. For example, a reduction in invasive shrub 
coverage may occur across different treatment strategies, but the effect 
on shrub density may be very different (Love and Anderson 2009). An 
accurate assessment of invasive shrubs is complicated by their growth 
strategy and how their abundance is measured. Ward et al. (2009 and 
2010) used the average of an individual shrub (clump) crown height and 
crown diameter to assign a clump size. Control was then assessed by a 
reduction in clump size. Further, many studies of efficacy report out-
comes only for treated stems, not accounting for reinvasion, secondary 
invasions, or community-level response, and reports were often only 
months to 1–2 years following treatment. For example, most herbicides 
are highly effective in killing woody stems of targeted invasive plants, 
but subsequent monitoring of reestablishment and regrowth is needed. 
Studies that only report increases in richness without species lists or 
other descriptive information do not provide enough evidence to know if 
increases were due to colonization by non-native plants or weedy native 
plants, further limiting the ability to make inferences about treatment 
effects on native plants. Additionally, several studies reported different 
outcomes for some native plant groups (e.g., evergreen forbs or sedges 
and native shrubs), depending on the control tactic used (e.g., broadcast 
applications of herbicide or mulching). Without studies that investigate 
the effects on species-specific or species group response to invasive plant 
control, managers will not be able to accurately evaluate tradeoffs when 
considering different management strategies. 

Although important to the literature, many published studies were 
observational case or retrospectives studies with either inadequate or a 
complete lack of controls. These studies often do not collect pre- 
treatment data, instead using nearby areas as references to evaluate or 
compare desired future conditions of community composition and 
structure. Although not always explicitly mentioned, experimental units 
were often established in areas of high invasive plant density and 
anthropogenic disturbance, resulting in relatively high variability across 
sites. This was typified by non-significant results when controls were 
statistically compared to Ailanthus wilt inoculation treatments (Pile 
Knapp et al. 2022) or a lack of response by herbaceous cover and species 
richness to garlic mustard control (Frappier et al. 2004) which was 
attributed to low statistical power from high variability in response 
variables. While this may not diminish the efficacy of the treatments, it 
highlights the complexities of applied plant invasion science. 

Most studies with short-term results reported reductions in invasive 
plant abundance following management, but these short-term results 
can be contradicted with longer-term monitoring. For example, re-
ductions in garlic mustard were reported in all treatment types after one 
month but increases in juveniles occurred one-year following several 
treatment types (Shartell et al. 2012). However, some long-term studies 
or chronosequences, using space-for-time substitution, have reported 
effective reduction in invasive plants and increases in native plant 
metrics, especially when management is prescribed over long time 
frames, guided by managers on the ground, and varied to include 
treatments such as invasive plant control, revegetation, and prescribed 
fire (Larkin et al. 2014, Wragg et al. 2021). 

Based on our survey of the literature, we offer some key consider-
ations for invasive plant management:  

• Effective invasive plant control requires repeated treatments, 
representing an investment of resources to maintain control. 
Our review highlights that different techniques and approaches can 
have varying levels of success and that reductions in invasive plant 
abundance and diversity are greatest when treatments are 1) applied 
repeatedly (Aulakh et al. 2014, Dietz et al. 2020, Young et al. 2020) 
and 2) incorporated within larger restoration or resilience objectives 
(Murphy et al. 2007). Long-term planning strategies should include 
prescriptions for repeated treatment and monitoring using adaptive 

L.S. Pile Knapp et al.                                                                                                                                                                                                                           



Forest Ecology and Management 550 (2023) 121517

20

management approaches that allocate resources based on treatment 
intensity and invasion severity. Often, initial treatments are the most 
resource consumptive, with follow up treatments requiring fewer 
resources as invasive plant populations are reduced. However, 
without long-term approaches to invasive plant control, initial gains 
are quickly lost to reinvasion and secondary invasions. In addition to 
a need for long-term investment in the management of invasive 
plants, funding and prioritization of long-term invasive plant man-
agement research is greatly needed.  

• Site and environmental conditions can influence treatment 
outcomes. Site conditions, such as environmental factors including 
soil type and moisture content, or legacy effects of past land use or 
disturbance, can influence invasive plant responses to herbicide or 
prescribed fire (Dornbos and Pruim 2012, Pavlovic et al. 2016). For 
example, Swab et al. (2008) reported that both bush honeysuckle 
abundance and native species metrics increased with increasing 
elevation within a floodplain, and subsequently, the removal of bush 
honeysuckle was not important for driving native plant richness and 
abundance. Contrary to expectations, Fuselier et al. (2017) reported 
lower diversity and richness of native ferns in bush honeysuckle 
managed plots, when compared to unmanaged plots, likely due to 
differences in site conditions or legacy effects. Better understanding 
of how these background factors affect invasive and native plants 
response to specific treatments is critical for explaining contradictory 
results across studies and refining management prescriptions. Un-
fortunately, most studies did not evaluate the influence of site or 
environmental factors on treatment outcomes, and this should be a 
consideration for research moving forward.  

• Secondary invasions are likely to occur. Literature reviews and 
data syntheses suggest that secondary invasions are pervasive when 
community responses to management are documented (Reid et al. 
2009, Kettenring and Adams 2011, Abella 2014, Pearson et al. 2016). 
In our study, 42 % of the articles that monitored community out-
comes (24 of 57 studies) reported secondary invasions by nontarget 
invaders following treatment. For example, the removal of bush 
honeysuckle resulted in invasion by tree-of-heaven (Love and 
Anderson 2009) and garlic mustard (Boyce 2015). However, Boyce 
(2015) reported that the increases in garlic mustard were short-lived, 
reflecting that some secondary invasions may be transitory. Mulch-
ing of bush honeysuckle and subsequent mulch deposition was 
associated with secondary invasions by garlic mustard (Frank et al. 
2018) and Japanese stiltgrass was commonly reported to invade or 
increase in abundance following the removal of other invasive plants 
(Osland et al. 2009, Chess 2011, Vaughn 2013, Lake et al. 2014a, 
Frey and Schmit 2017). Disturbance from invasive plant control may 
drive the establishment and growth of other invasive plants by 
freeing up resources and reducing competition for other invaders. 
For example, secondary invasions from Brazilian peppertree (Schinus 
terebinthifolia G. Raddi) and Japanese climbing fern were recorded 
with declines in melaleuca (Melaleuca spp.) due to biological control 
(Rayamajhi et al. 2009). Unfortunately, invasive plant treatments 
applied at short intervals may favor secondary invasions rather than 
development of native plants. For example, in a Japanese stiltgrass 
removal experiment, season-long hand removal increased the rela-
tive cover of other invasive plants by 51 % when compared to 
treatments that occurred once (Judge et al. 2008). Following re-
ductions in the coverage of dame’s rocket from annual removal, 
significant increases in multiflora rose and burning bush were 
recorded with no increases in native diversity or richness (Pavlovic 
et al. 2009). Control techniques that created gaps in bush honey-
suckle thickets were found to increase the density of native, pri-
marily ruderal, species but also led to increases in garlic mustard 
(Luken et al. 1997). Tradeoffs between aggressively managing 
invasive plants and allowing native plants to respond and recover 
without facilitating secondary invasions will need to be considered.  

• Scale of treatment application has important implications for 
invasive plant and native plant community outcomes. The effi-
cacy of a treatment is directly related to its impact and the intent of 
the treatment will depend on management objectives. For example, 
chemical herbicides are typically applied to an individual with the 
intent to kill all vegetative tissue, likely increasing the probability of 
mortality and reducing abundance. Prescribed fire is applied at stand 
or landscape scales, resulting in inherent variability in severity that 
may affect invasive plants positively or negatively depending on fire 
intensity and behavior, and population size and life stage. Mechan-
ical removal, often achieved through cutting or mastication, results 
in top-kill but leaves below-ground reproductive structures, reducing 
invader abundance in the short-term but leading to long-term in-
creases without additional management. Treatment combinations 
may be one of the most effective tools for managing invasive plants. 
Approaches that integrate applications based on seasonality or scale 
of impact may have greater success than those that are not thoughtful 
in their treatment approach. For example, broadcast applications of 
prescribed burning or mastication that reduce woody invasive stem 
densities to a more manageable size may allow for easier, targeted 
follow up applications of foliar herbicide or direct torching (Ward 
et al. 2009, Ward et al. 2010, Byrd et al. 2012, Pile et al. 2017b). 
Stem cutting with follow up applications of herbicide to target 
regrowth may also be more practical for volunteer groups, but the 
results may not be as efficacious as cut-stump treatments (Schulz 
et al. 2012).  

• Removing invasive plants does not always equal success for the 
native plant community. Unfortunately, across invasive plant 
functional groups, management of the plant invader does not always 
lead to an increase in the abundance and diversity of native flora. 
Similar to control efficacy, native plant response depends on site and 
environmental conditions including legacy effects from historic land 
use, seed and reproductive organ availability, and favorable condi-
tions for germination and growth. Further, improvement in data 
collection and experimental design could greatly improve our un-
derstanding in the variability of native plant response across condi-
tions and treatments.  

• Enrichment planting of the native community may be required. 
Many studies failed to achieve restoration outcomes without addi-
tional efforts to seed, establish, or promote native species. Sites with 
a long history of invasion may have a diminished or inhibited native 
seed bank (Collier et al. 2002, Bauer and Reynolds 2016). Further, 
the removal of the invasive plant may facilitate competition from the 
same or other invasive plants (D’Antonio and Meyerson 2002). In-
vestment in enrichment planting strategies will require consider-
ation of the species’ ability to germinate (if required), establish, 
grow, and compete on a given site, within the prevailing disturbance 
regime and with the resident invasive plants. Further, successful 
establishment will be influenced by the type of cultural practices 
employed (e.g., planting plugs vs broadcast seeding). Finally, 
although native plants may become well-established after treatment, 
reinvasion may still occur without additional management. For 
example, failed germination of seeded native plants impeded resto-
ration success in floodplain forests invaded by Mexican petunia 
(Ruellia simplex C. Wright), and although native plugs had adequate 
survival, they did not prevent reinvasion (Smith et al. 2016). Three 
initial applications of glyphosate within a calendar year (April, 
October, November) can reduce the abundance of cogongrass and 
increase native species richness in three years, but the greatest gains 
in native species richness occurred when a native seed mix con-
taining 15 species were seeded upon initial glyphosate treatment 
with reseeding in the following dormant season (Enloe et al. 2013). 
Further, seeding was ineffective without herbicide to control the 
cogongrass population (Enloe et al. 2013). Transplanting live plants 
into Japanese stiltgrass populations can increase native richness and 
manual removal of Japanese stiltgrass can improve native plant 
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performance, but suppression of the invader by natives is not likely 
to occur within two years (Moyer and Brewer 2018). One study 
documented increases in native species richness through time when 
invasive shrub control was combined with native seeding (Hop-
fensperger et al. 2019). However, results like these can be highly 
variable and dependent on site characteristics (Wragg et al. 2021). 
For example, Murphy (2005) reported suppressed populations of 
garlic mustard with transplanted bloodroot (Sanguinaria canadensis 
L.). However, even with chemical control and native enrichment 
plantings, reductions in the invasive Mexican petunia did not occur 
in the floodplain forests of Florida (Smith et al. 2016). Invasive shrub 
control or removal can increase the survival and fecundity of planted 
or seeded ground flora (Gould and Gorchov 2000, Cipollini et al. 
2009), the growth and expansion of native giant cane (Osland et al. 
2009), and the growth of native tree reproduction (Lanzer et al. 
2017). Complex interactions with drought, microenvironmental 
conditions, handling, and native species identity may limit the suc-
cess of native tree enrichment plantings even after invasive shrub 
control (Hartman and McCarthy 2004). For example, Link et al. 
(2019), found no differences in first-year survival or growth of native 
tree species planted in densely infested Japanese barberry forest 
understories compared to control plots, this outcome was attributed 
to nurse effects of the barberry by increasing soil moisture through 
shading.  

• Identifying and documenting the extent and severity of invasive 
plants is a common problem for most land managers and nat-
ural resource agencies. Although not explicitly reviewed, limited 
resources and multiple priorities can make allocating resources to 
invasive plant surveys challenging ultimately impacting invasive 
plant control. Effective invasive plant control requires efficient 
detection and strategic consideration of the spatial distribution and 
abundance of current populations, dispersal mechanisms, and other 
species-specific traits. Further, considerations include the degree of 
management effort to constrain populations for the long-term and 
the overall management objectives for the area. In the past decade, 
significant advances have been made in the remote detection of 
invasive plants. Many invasive plants are distinct in their cover, 
morphology, and/or seasonality making detection based on spectral 
signatures, or textural or phenological differences possible (Bradley 
2014). These advancements in detection allow for spatially explicit 
guidance for effective control of invasive plant populations across 
large landownerships by prioritizing management action (Shaw 
2005). However, remote surveys are still a highly underutilized tool 
for identifying invasion and modeling risk (Bradley 2014). Further, 
invasive species that have the potential to alter disturbance regimes 
and fundamentally change the structure and function of ecosystems 
(i.e., ‘transformative invasive species’) should be prioritized over 
other nonnative species (Gaertner et al. 2014). Functional eradica-
tion has been suggested for managing invasions by suppressing 
invader populations in priority locations below levels that cause 
unacceptable ecological effects (Green and Grosholz 2020). For large 
and abundant invasive plant populations, prioritizing life-stage and 
remote, satellite populations may be the most effective way to reduce 
or suppress invasive plant impact across landscapes. For example, 
mother trees or shrubs of dioecious woody invasive plants should be 
a priority to reduce spread. Female, seed-bearing tree-of-heaven 
have seed displays in the dormant season that are unique in color, 
quantity and arrangement when compared to native trees, allowing 
for aerial detection from helicopters (Rebbeck et al. 2015). Further, 
the size of an individual may also complicate control. Smaller in-
dividuals are more likely to survive treatments because they are 
often inconspicuous in other vegetation and missed when growing 
among larger invasive plants (Rathfon and Ruble 2007) or dense, 
large and extensive populations (Love and Anderson 2009). Once 
identified and prioritized, landscape planning and stand-level 

silvicultural prescriptions should include resident and emerging 
invasive plants as a holistic component of natural resource 
management.  

• The influence of white-tailed deer should not be overlooked. 
Across the studies we examined, 28 reported that white-tailed deer 
had a substantial ecological role shaping the study site’s plant 
community or influenced invasive plant treatment outcomes. Of 
those 28 papers, 7 papers experimentally controlled for herbivory 
from white-tailed deer. Deer herbivory can impede natural forest 
regeneration following invasive plant treatment (Maynard-Bean and 
Kaye 2019) and may have a greater negative effect on the survival 
and growth of underplanted tree seedlings than invasive plants 
(Owings et al. 2017). Interactive effects have been documented with 
invasive plant control and white-tailed deer exclusions (Gorchov 
et al. 2021). For example, Haffey and Gorchov (2019) found that the 
exclusion of deer and removal of bush honeysuckle resulted in 
greater cover of tree seedlings, vines, and spring perennials, and a 
tendency for greater native species richness. Further, Ward et al. 
(2017) reported that neither fencing nor invasive shrub control alone 
restored plant communities; however, when present in the seedbank, 
recovery of native shrubs and forbs occurred with increasing control 
intensity with deer exclusion. Further, native tree seedling survival 
and biomass was greatest when Japanese stiltgrass was controlled 
and deer were removed (Johnson et al. 2015). However, invasive 
vines might also benefit from the competitive release from invasive 
shrub removal and deer exclusion (Ward et al. 2013, Ward et al. 
2017). White-tailed deer may also keep the abundance of ground 
flora low even when invasive shrubs are removed, but removal may 
still result in increases in native plant coverage (Christopher et al. 
2014). Research has also shown that the selective browsing of native 
plants by deer reinforces the dominance of herbaceous invasive 
species (Knight et al. 2009). In fact, based on population modeling 
with long-term exclosure data, Kalisz et al. (2014) predicted that 
garlic mustard was declining towards local extinction with the 
exclusion of deer herbivory in a Pennsylvania hardwood forest. In a 
long-term exclosure study in the Great Smoky Mountain National 
Park, Webster et al. (2008) found that native woody vegetation 
overtopped and shaded out Japanese stiltgrass after 10 years. Peri-
odic drought knocked back the stiltgrass, but consumption by deer 
prevented any seedlings from taking advantage outside the deer 
exclosure. A long-term observational study by Gharehaghaji et al. 
(2019) noted the benefit of invasive plant management when 
coupled with active deer herd reductions. Treatment method may 
also be important to managing native species response in areas with 
abundant deer herds. Basal bark treatments, which leave standing 
dead stems, may protect the establishment and growth of native flora 
from herbivory better than cut stump methods (Cipollini et al. 2009). 
In addition to white-tailed deer, populations of invasive hogs may 
also hamper invasive plant control, restoration efforts, and influence 
the outcomes of experimental treatments (Vaughn 2013). 

5. Management considerations 

Through silviculture, forest managers manipulate stand structure, 
composition, and growing conditions to address a wide range of objec-
tives. Considering forest stand dynamics is a fundamental part of silvi-
cultural prescriptions, although the explicit inclusion of invasive species 
in silvicultural concepts is less common. Research on manipulating 
competitive relationships, and the role of initial plant community 
composition in facilitating native plants and reducing competition by 
suppressing invasive plants is critically needed (Lang et al. 2017, Young 
et al. 2017, Weidlich et al. 2020). By incorporating knowledge of life 
history traits, life cycles, and ecophysiology along with other general 
characteristics of the targeted invasive plants and the environmental 
conditions that facilitate their establishment and growth into silvicul-
tural frameworks, better ecological and economic outcomes are 
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achieved at both the stand and landscape scale. This approach reframes 
the management of invasive plants as part of the silvicultural system 
rather than something separate, and it seeks to reduce the dominance of 
invasive plants by facilitating the growth of native species. Including 
invasive plant management in silvicultural prescriptions requires plan-
ning throughout a stand’s rotation, incorporating a long-term perspec-
tive that is needed to address reinvasion and secondary invasions. It is 
time to reframe silvicultural systems to explicitly consider invasive 
plants, as eradication of many invaders is no longer feasible at large 
scales but can occur within management units. Successional trajectories 
and stand dynamics that include invasive plants are understudied, but 
several studies have suggested that invasive plants may decline in 
dominance through stand development (Flory et al. 2017, Link et al. 
2019, Pile et al. 2019). Research is needed to further our understanding 
on how to manage forest structure or density to affect light availability 
for invasive plant control. Research on manipulating stand structures 
and maintaining low levels of invader abundance should also be con-
ducted in combination with prescribed burning to achieve management 
goals such as restoring open and diverse woodlands. Unfortunately, 
heavily invaded communities can reach an alternative stable state where 
factors that typically drive forest successional processes no longer 
function (Miller-Adamany et al. 2019). More studies are needed to un-
derstand the comparative growth dynamics of invasive and native spe-
cies and the successional trajectories of invaded forests. 

Sitzia (2014) made a call to silviculturists of the European Union to 
help share and improve the scientific knowledge on invasive plant 
management. This information-gathering through applied invasive 
plant research is also required in eastern North America. Basic silvi-
cultural tenets, including managing competing vegetation by modifying 
the light environment, native artificial regeneration, and tending and 
release treatments, will need to consider novel species compositions. 
Unfortunately, as indicated by the disturbance characteristics identified 
by studies in our systematic reviews, silvicultural practices commonly 
facilitate invasive plants’ presence and abundance. Skid trails and haul 
roads used in harvesting are often conduits for invasive plant dispersal 
(Buckley et al. 2003). Harvest-created canopy gaps release advanced 
regeneration of the invasive shrubs that may have otherwise been out-
competed by native flora (Burnham and Lee 2010). However, timber 
management activities coupled with invasive plant management can 
lead to positive outcomes for native tree reproduction and native ground 
flora. For example, timber harvest and Japanese stiltgrass control 
increased the survival of northern red oak (Quercus rubra L.) seedlings in 
southern Indiana, US (Johnson et al. 2015). When invasive plants are 
present, taking a slower approach to opening the canopy and manipu-
lating the light environment may be required. A study in oak forests in 
West Virginia, US suggested that silvicultural activities that limit canopy 
openings to < 15 % of the management unit can deter invasive plant 
establishment and encourage the maintenance of native plant commu-
nities (Huebner et al. 2018). Treating invasive populations through 
chemical, mechanical, or with prescribed burning before overstory 
thinning or harvesting operations may help reduce invader abundance 
and improve native tree and flora outcomes. Lee et al. (2017) found that 
treating glossy buckthorn (Rhamnus frangula L.) two years prior to har-
vest activity reduced buckthorn height and density while resulting in 
positive increases in eastern white pine (Pinus strobus L.) seedling den-
sity and height. Increasing herbaceous fuels may also help to promote 
frequent surface fire regimes and increase competition with invasive 
plants. Additionally, post-harvest release treatments may allow native 
woody species an opportunity to grow above invasive species. For 
example, by removing competing vegetation, including invasive shrubs, 
eastern white pine saplings increased in height and diameter growth 
(Lanzer et al. 2017). Although these treatments will not eliminate 
invasive plants, they may accelerate native forest stand dynamic pro-
cesses by reducing invasive plant impacts on tree recruitment and 
growth. 

Forest management into the future will need to include strategies for 

invasive plant control, for species already on the landscape and those 
that may come through increased globalization and climate warming. 
Climate-smart forestry practices, such as focusing on forest densities and 
compositions that are resistant or resilient to climate change should also 
include invasive plants in their management approach. Unfortunately, 
there is a lack of information on climate resilient strategies that 
encompass invasive plant control, greatly diminishing proactive man-
agement that is already challenged by limited funding and resources 
(Beaury et al. 2020). Further, impacts from invasive insects and diseases 
in association with climate change will further impact forest succes-
sional processes and provide opportunities for the establishment of 
invasive plants. 

6. Conclusion 

Research on invasive plant management in forested ecosystems of 
eastern North American has been growing for several decades. While 
there are commonalities and recommendations that can be made based 
on the available literature, the science of invasive plant management 
could be improved by standardizing methodology, improving data 
reporting, and providing resources for long-term monitoring. Our re-
view may have missed some species or papers on the topic of invasive 
plant management, and we recognize the need for focused reviews on 
topics such as native plant response, species or functional group man-
agement and ecology, biological control, or other control techniques. 
We hope this review initiates that conversion. This review also high-
lights that information on basic biology is missing for many species and 
that understanding a species’ biology is important for determining its 
management. We found that management with herbicide typically re-
sults in some level of short-term control. However, research is needed to 
develop herbicide prescriptions and to provide alternatives when her-
bicides are not available. Some plant invasions may be a short-term 
response to disturbance and that their presence might decline with 
forest succession. Long-term monitoring or space-for-time studies are 
needed to shed light on this question. Native herbivores (i.e., white- 
tailed deer) and domesticated livestock may hamper control efforts or 
provide a method of control when combined with other treatments, and 
further evaluation of both is warranted. Enrichment seeding and 
planting may be helpful in reducing the impact of reinvasion and sec-
ondary invasions, but enrichment is not always successful at securing 
desired species. Research is needed to develop protocols for enrichment 
seeding or planting to establish native species while reducing invader 
abundance. Plant invasions will continue to challenge natural area 
management and actively managed forest lands; however, scientists and 
managers working together may offer the best approach to reducing the 
impact and spread of invasive plants in the forests of eastern North 
America. 
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