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Abstract

Invasion ecology has grown to include scientists with diverse skill sets 

who focus on a range of taxa and biomes.  These researchers have the 

capacity to contribute to practical management solutions while also 

answering fundamental biological questions; however, scientific endeavors 

often fail to meet the perceived needs of practitioners involved in on-the-

ground invasive plant management.  One way that researchers have sought 

to bridge the gap between research and practice is by surveying managers 

to identify areas of study that are under-represented in invasion ecology.  In 

this paper, we build on these efforts by reviewing the current state of 

knowledge and suggesting new directions for research in seven areas of 

plant invasion ecology that are highly relevant to management: seedbanks, 

dispersal and spread, life history, impacts, climate change, distribution, and 

succession.  These topics were previously identified as urgent research 

priorities by land managers and are underrepresented in the invasion 

ecology literature.  In addition to highlighting key knowledge gaps for these 

seven areas of basic research, we propose steps that academics can take to 

cultivate academic-practitioner relationships and remove barriers to 

conducting management-focused research, such as co-producing research 

questions with managers, addressing issues of working at management-

appropriate spatial and temporal scales, and considering non-traditional 

funding and labor sources for long-term monitoring.  Greater communication 

3

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53



and collaborative selection of basic research questions will ensure that the 

goals of management and invasive species research remain aligned.

Keywords: climate change, functional traits, impacts, knowing-doing gap, 

life history, restoration, seedbank, succession
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Introduction

Invasive plants contribute to biodiversity loss and changes in 

ecosystem processes (Pyšek et al. 2012), and management of these species 

is crucial for conservation.  In recent decades, academics have increasingly 

placed invasion research into fundamental ecological or evolutionary 

frameworks to better connect patterns to theory, draw generalizations across

species and systems, and bring together researchers from different 

disciplines (Cadotte et al. 2006; Sax et al. 2005).  However, this effort often 

comes at the expense of tackling applied problems to bring about practical 

management solutions.  While some academics have sought to work with 

land managers to identify research priorities for improving invasive plant 

control (D'Antonio et al. 2004; Matzek et al. 2014), or to address the 

technical and cultural challenges of effective policy-making (Keller et al. 

2015), the ecology of plant invasions still suffers from a “knowing-doing gap”

(Knight et al. 2008).

The knowing-doing gap (also known as the research-implementation 

gap, or knowledge-practice gap), is the phenomenon of scientific research 

failing to inform or improve on-the-ground conservation practice.  Many 

explanations for this gap have been forwarded, including a perceived 

resistance of researchers to solve applied problems (Renz et al. 2009), in 

part because the incentives and timeline for cooperative work do not align 

with outcome-centered academic research culture (Hallett et al. 2017).  

Although extension agents are charged with tackling applied research 
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problems and communicating findings to managers, many researchers 

primarily seek to understand the basic mechanisms underlying invasions

(Bayliss et al. 2013; Esler et al. 2010).  Furthermore, publications on such 

topics, grounded in ecological and evolutionary theory, are more highly cited

than papers concerning applied research topics (Pyšek et al. 2006).  

However, surveys consistently show that managers urgently need 

fundamental ecology and life history information about many invaders and 

conclude that scientists pursuing basic research into plant invasions could 

align their questions to better meet this need (e.g., Beaury et al. 2020; Esler 

et al. 2010; Matzek et al. 2015).  

We build on this work by reviewing seven underexplored areas of basic

invasion research.  These knowledge gaps were previously identified by 

surveying over 200 land managers working in a diverse array of ecosystem 

types and for a variety of governmental and non-governmental organizations

throughout the state of California (Matzek et al. 2014) and broadly 

correspond to knowledge gaps identified by surveys in California and other 

regions of the world (Bayliss et al. 2013; Beaury et al. 2020; Renz et al. 

2009; Robison et al. 2010).  The management priorities of survey 

respondents from Matzek et al. (2014) were then compared to published 

research on invasive plants through a systematic literature review, which 

showed a severe mismatch between the scientific needs of practitioners and 

the work conducted by researchers (Matzek et al. 2015).  In an effort to 

improve the relevance of ecological research to on-the-ground invasive plant
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management, we review these topics in order of decreasing mismatch (Fig. 

1), with the most under-represented areas discussed first.  For each area, we

briefly summarize what is known, identify knowledge gaps that urgently 

need to be filled, and describe how advances in these areas of basic 

research can inform management.  We then discuss ways that academics 

can cultivate academic-practitioner relationships and remove barriers to 

conducting management-focused research.  Our goal is to suggest a path 

forward for invasion ecology that yields the greatest benefits for theoretical 

advancement and management (Fig. 2).

1. Seedbanks

Soil seedbanks, as reservoirs of germination potential for native and 

non-native species, can be major drivers of plant population and community 

dynamics, as well as potential indicators of habitat degradation or resilience

(Frieswyk and Zedler 2006; Gaertner et al. 2014).  Understanding seed 

behavior and the longevity of seedbanks is critical to management of 

invasive species that reproduce by seed (Gioria and Pyšek 2015).  Invasive 

plants with persistent seedbanks exert strong legacy effects that exacerbate 

the difficulty of aboveground control (Richardson and Kluge 2008).  

Seedbanks can also cache secondary invaders that emerge after a more 

competitive primary invader is eradicated (Valliere et al. 2019).  

The composition of the aboveground vegetation is not a reliable guide 

to the composition of the seedbank (Vilà and Gimeno 2007), nor is stand age
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or invasion intensity a reliable predictor of seedbank density (Alexander and 

D'Antonio 2003).  These mismatches between what managers can see 

aboveground, and what they cannot see belowground, have major 

implications for control and restoration.  They may cause managers to 

underestimate the time and resources needed to control invasions fully, or to

abandon management efforts due to an unwarranted belief that control is 

infeasible.  Uncertainty about seedbanks can also result in inadequate 

planning for invasive plant control after natural disturbances such as drought

or fires (Keeley et al. 2005; LaForgia et al. 2018).  Before removing a 

dominant invader, it may also be useful to know what native species are 

present in the seedbank, if restoration will require reseeding, and if 

secondary invaders are poised to emerge.  Studies aimed at understanding 

the high spatiotemporal variability of seedbank composition, and how it is 

affected by variation in seed rain, seed dormancy/longevity, and 

biotic/abiotic constraints on germination potential (see Online Resource 1), 

would have immediate relevance to predicting the long-term impact of a 

plant invasion and planning an appropriate management response, such as 

topsoil removal or summer irrigation to flush the invasive seedbank (Funk et 

al. 2015).  Researchers could also usefully contribute to the growing body of 

work on the responses of seedbanks to management intervention (Ma et al. 

2015; Maclean et al. 2018).  

Understanding differences in seed traits among invasive and native 

plants might also suggest successful management interventions.  The seeds 
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of co-occurring invasive and native species may vary with respect to 

phenology (Wainwright et al. 2012), response to disturbance (Emery et al. 

2011), susceptibility to pathogens (Orrock et al. 2012), germination plasticity

(Zimmermann et al. 2016), longevity in the seedbank (Saatkamp et al. 

2019), or other traits (Fig. S1 in Online Resource 1).  A better understanding 

of seed trait variability would allow managers to identify and exploit specific 

vulnerabilities.  For example, Wainwright et al. (2012) used an artificial 

rainfall event to simulate an early start to the growing season in a scrubland 

invaded by non-native annual grasses (“grow-kill” cycle).  Non-native grasses

with more flexible germination cues germinated early and then died, 

depleting the seedbank in favor of native species, which did not respond to 

the early-season watering.  Alternatively, detailed studies of seed traits may 

lead to a conclusion that the non-native seedbank is resistant to feasible 

intervention and that management should focus on diminishing seed rain

(Richardson and Kluge 2008) or topsoil removal (Buisson et al. 2008). 

2. Dispersal mechanisms and potential for spread

Managers need basic information about where invaders come from, 

their mechanisms of spread, how fast they are likely to spread, and what 

management actions are most likely to slow spread.  Yet, for many high-

priority invasive plants, specific data on dispersal mechanisms and distances

remain limited.  Global reviews and meta-analyses on plant invasiveness 

report little information on dispersal for many species beyond general 
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characterizations of modality such as wind vs. animal (Flores-Moreno et al. 

2013; Pysek and Richardson 2007).  Similarly, management-focused online 

resources provide detailed references on dispersal for some widespread 

invasive plants (e.g. Bromus tectorum), but considerably less for others (e.g. 

Bromus madritensis, CABI Invasive Species Compendium, University of 

California Weed Research and Information Center). 

There is a rich theoretical literature on dispersal and spatial spread of 

invaders going back nearly 70 years (Skellam 1951); for review, see Hastings

et al. (2005) and Lewis et al. (2016).  This field continues to be highly 

productive in the academic sphere, exploring questions such as how 

adaptation (Andrade-Restrepo et al. 2019), density-dependence (Sullivan et 

al. 2017), or environmental variation (Kawasaki et al. 2017) may influence 

rates of spread.  However, many such studies are designed with a primary 

goal of advancing theory, and not necessarily to provide information directly 

useful to managers.

Still, academic research on spread can provide valuable management 

guidance for some invasive species (Shea et al. 2010; Taylor and Hastings 

2004).  For example, models have been used to predict the effect of a 

biological control agent on decelerating rates of plant spread (Jongejans et 

al. 2008), which can be an important benefit of biological control even in 

cases where eradication is not possible.  Nevertheless, to date much of this 

species-specific modeling concentrates on well-studied taxa such as 

Carduus, Cirsium, Cytisus, or Spartina.  Use of model species can facilitate 
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progress in theoretical understanding of dispersal and invasion, but may also

limit the diversity of data available to test for generalizable patterns (Bullock 

et al. 2017; Tamme et al. 2014).  A broader taxonomic focus would fill data 

gaps critical to managers while facilitating studies that relate species traits, 

such as seed and rhizome/stolon morphology, to dispersal and spread.

Beyond species-specific insights, research on spread can identify 

intervention strategies and provide broad rules of thumb for management.  

An example is Moody and Mack’s classic 1988 paper, which used a simple 

mathematical model to show that eradicating small outlying patches 

(nascent foci) of invasive plants is more effective at slowing invasion than 

chipping away at one large patch (Moody and Mack 1988).  Studies using 

more complex models have explored similar themes, demonstrating that 

controlling the “tail of the distribution” (far-dispersing outlier individuals or 

populations) is key to slowing invasion across a landscape (Lewis et al. 

2016).  Greater study of the role of extreme climate events, such as 

hurricanes, in promoting rapid spread is also needed and could be combined 

with modeling to help managers anticipate post-disturbance challenges in 

their region (Diez et al. 2012).

Research on spread has two other practical applications.  First, 

researchers can identify processes or characteristics of invaders or sites that 

influence spread, informing prioritization of resources, such as to early 

detection and rapid response, and management efforts among species and 

locations (Jongejans et al. 2008).  Similarly, researchers can evaluate how 
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particular vectors of introduction (e.g. trade, construction, recreation) 

influence spread at the landscape scale (Chapman et al. 2016).  For 

example, Meunier and Lavoie (2012) identified conversion of gravel roads to 

pavement as the key driver of Gallium mollago spread inside a national park.

Successful site restoration may depend more on local seed rain than 

patterns of landscape spread; for example, Berleman et al. (2016) found that

effective post-fire control of medusahead (Elymus caput-medusae) depended

on controlling seed rain from adjacent areas.  Understanding the role of seed

rain falls under the conceptual framework of propagule pressure (D'Antonio 

et al. 2001), an active area of ecological research (Arruda et al. 2018).  

Determining landscape characteristics that correlate with propagule pressure

can improve our ability to model risk (Table S1 in Online Resource 1).  With 

their valuable on-the-ground perspective and access to landscape data, 

managers will be key partners for academics working to enhance models of 

spread and dispersal.

3. General life history of invaders

Basic life history information allows researchers to identify 

generalizations about invaders and suggest potential management 

strategies.  While there are large amounts of accessible data for many well-

known invasive species, bias towards researching well-known species

(Matzek et al. 2015) also means that some newly-emerging invasive plants 

may be overlooked.  This bias is unfortunate, because removal of species 
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with limited distribution is far more cost-effective than waiting until such 

species become widespread and abundant (Leung et al. 2002).  That said, 

the large scientific literature on key well-studied invaders has been used to 

develop life-history generalities that can be applied to nascent invaders (e.g.,

Pysek and Richardson 2007).

Since Baker (1974) devised the list of characteristics that define an 

‘ideal weed’, ecologists have considered various aspects of species’ life 

histories to determine their success as invaders.  The most promising 

generality is that, compared to non-invasive plant species, invaders often 

grow faster (Dawson et al. 2011), reproduce earlier, produce smaller and 

more numerous seeds (Rejmanek and Richardson 1996), are able to 

capitalize on higher resource availability in disturbed habitats (Dawson et al. 

2012), and spread through vegetative (clonal) propagation.  While these 

general guidelines can be used as a starting point, life history traits of native 

and invasive species are context dependent, and land managers often lack 

knowledge of basic ecology and life-history of problematic and nascent 

invasive plants (Matzek et al. 2014).  Ecologists are assembling trait 

databases (e.g., TraitNet, TRY), and an increasing focus on capturing 

intraspecific trait variation (e.g., Des Roches et al. 2018) may help managers

understand differential responses and impacts of specific invaders across 

sites.  Making these databases freely accessible, expanding coverage of 

invasive species and traits, and updating them frequently to include nascent 

invaders will enhance their utility for management.
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Information about the life cycle, reproductive ecology, phenology, and 

breeding strategy of an invasive plant can be used to plan the timing and 

method of management (Funk et al. 2008).  For instance, many managers 

mow (or graze by livestock) fields of annual invaders before flowering to 

reduce seed output.  Similarly, understanding functional differences between

native and invasive plant species can suggest management actions at the 

community level (Fig. S2 in Online Resource 1).  For example, modifying 

disturbance regimes could be beneficial when existing disturbance facilitates

the success of resource-acquisitive invasive species, such as where canopy 

gaps increase light availability (Funk and McDaniel 2010).  By extending the 

large body of research about functional differences between natives and 

invaders and among invaders within individual habitat types, ecologists 

could identify management interventions that are suitable for specific 

communities (D'Antonio et al. 2017).

Many barriers exist to collecting basic life history information, 

particularly for nascent invaders.  Notably, it can be difficult to secure 

funding for species-specific, applied, or long-term monitoring projects.  We 

see many ways for academics to overcome these barriers, including seeking 

smaller pools of funding (such as grants for undergraduate and masters 

theses), incorporating basic life history data collection into undergraduate 

lab curricula, contributing data to online databases or open-source 

publication archives, and strengthening communication with managers by 

attending or hosting workshops focused on local/regional invasive species 
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management (see Closing the knowing-doing gap below).  Academics can 

source valuable life history information from managers who regularly record 

abundance data and treatment information on the properties they manage.

4. Impacts of invaders

Invasive plants can have significant impacts on native species, 

including influencing their abundance, distribution, trophic interactions, and 

community composition.  They may also alter ecosystem properties, such as 

nutrient cycling, primary production, and fire regimes (reviewed by Pyšek et 

al. 2012).  One of the major problems with current studies of invader impact 

is that researchers often choose the impact they know something about 

(e.g., an entomologist would look at the effects of an invader on the insect 

community); yet many invaders have multiple impacts, some of which may 

be more persistent or difficult to reverse than others (Drenovsky et al. 2012).

Given the variety of possible impacts, researchers should initiate 

interdisciplinary studies with a broad range of collaborators to devise a 

systematic approach to study the magnitude and persistence of impacts.  

Researchers must then work closely with managers to enhance the value of 

the research for management by encouraging management mitigation for 

significant impacts, or prioritizing removal of the most impactful invaders in 

a management area.  

Studies on impacts are also biased towards particular species, 

functional groups, and biogeographic areas, greatly limiting their relevance 
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for management (Hulme et al. 2013).  Many species that are considered 

highly problematic by managers have been the subject of surprisingly few 

studies on impacts (Hulme et al. 2013).  For example, kudzu (Pueraria 

montana) and Brazilian pepper (Schinus terebinthefolius) together have over

40,000 positive occurrence records online (eddmaps.org), and are the 

subject of large-scale management efforts, but very little quantitative 

information is available on their impacts (Hulme et al. 2013).  Plant invaders 

can occupy wide geographic ranges but, in most cases, the context 

dependency of invader impacts is unknown (Hulme et al. 2013).  

Finally, most studies on invaders monitor short-term impacts, and less 

is known about how invasive species alter communities and ecosystems on 

longer time scales, including whether impacts persist after removal.  A 

review of over 400 plant invasion impact studies found that more than half of

all studies lasted less than one year, and less than 8% of studies were 

conducted over four or more years (Stricker et al. 2015).  Invader impacts 

may decline over time for several reasons.  For example, invaders may 

accumulate enemies (e.g., herbivores, pathogens) from their home ranges or

new enemies may emerge via evolution or ‘ecological jumps’ in the 

introduced range, leading to reductions in invader abundance and their 

impacts on ecosystems (Flory and Clay 2013).  A better understanding of 

when, where, and what species or combination of species have the greatest 

impacts, and if impacts are expected to persist or decline over time, can 
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improve decision-making when prioritizing species for management (see 

Online Resource 1). 

5. Response of invaders to climate change

Climate change may alter the introduction, establishment, spread, and 

impacts of invasive plants (Dukes and Mooney 1999; Hellmann et al. 2008), 

with significant implications for management.  The majority of studies to 

date have focused on how rising temperatures and alteration of precipitation

patterns affect the survival, performance, and populations dynamics of 

invaders (Sorte et al. 2013).  Because invasive species can 

disproportionately capitalize on greater resource availability following 

disturbance, nutrient addition, or reduced competition, climate change may 

increase their establishment (Sorte et al. 2013).  Furthermore, higher inter- 

and intra-annual variation in temperature and precipitation (Pendergrass et 

al. 2017) may favor the establishment of invasive species, because many 

invaders have broader climatic tolerances and higher phenotypic plasticity 

than co-occurring natives (Davidson et al. 2011).  Species distribution 

modeling at the continental scale has predicted that many invaders will have

greatly expanded ranges under future climate conditions, but ranges also 

may contract (see Range and distribution of invasive species).  While these 

model results are informative for management planning at the broadest 

scales (i.e., statewide or nationally), there is an urgent need for downscaled 
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models that address the individual management unit (e.g., watershed, 

region). 

While the field of invasion ecology has seen great advances in our 

understanding of how altered environmental factors influence establishment 

and spread, many knowledge gaps remain.  Invasive species may evolve in 

response to environmental change on fast (~ five years) time scales (e.g., 

Nguyen et al. 2016), but our understanding of this phenomenon and its 

effect on community-level processes over the long-term is limited.  Research 

has focused on how species will respond to changes in average climate (e.g.,

two degree increase in temperature, 50% reduction in precipitation) rather 

than climate extremes.  However, extreme climatic events (e.g., hurricanes, 

floods, droughts) can enhance the transport, establishment, and impacts of 

invasive species through various understudied mechanisms (Diez et al. 

2012).  There is also a need to understand how the resident community 

responds to climate change, and whether it becomes more or less resistant 

to invasion (Beaury et al. 2020; Haeuser et al. 2017).

While filling these knowledge gaps, researchers need to strengthen the

relevance of their research for management.  Managers need information 

that bears on prioritization (Beaury et al. 2020), particularly in areas where 

climate change will have large impacts (e.g., island, estuary, and polar 

ecosystems).  Understanding how invasive species will shift range or change 

in abundance with climate change will inform early detection and rapid 

response efforts in new ranges, and allow managers to reduce focus on 
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invaders that may go locally extinct under new climate scenarios.  Research 

may also inform the choice and effectiveness of management techniques 

(e.g., herbicides, biological control, altered disturbance regimes) under 

future climate scenarios.  For example, changes in several abiotic factors can

alter the fitness of biocontrol organisms and the phenological synchrony 

between them and their target invaders (Seastedt 2015).  Fire is used to 

control invaders in some ecosystems (Pyke et al. 2010), but drier and hotter 

conditions may create larger logistical challenges to prescribed fire.  Finally, 

restoration of native plant communities following invader removal has long 

focused on re-establishing historical native communities, but other species 

or genotypes may be needed for successful restoration under future climate 

scenarios (Bucharova et al. 2019; Butterfield et al. 2017).  

6. Range and distribution of invasive species

Prevention and early detection of invasive species are the most 

effective forms of management (Westbrooks 2004).  However, predicting 

which species are likely to arrive, establish, and spread is a complex task

(Peterson and Vieglais 2001).  Habitat suitability models leverage the known 

distributions of species in their native and non-native ranges to characterize 

essential niche dimensions and predict new areas of potential invasion

(Peterson and Vieglais 2001).  These models largely rely on environmental 

variables, such as climate, topography, land cover, and geology (Hirzel et al. 

2006) and assume that local factors, biotic interactions, and demographic 

19

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401



processes are captured inherently by working at large scales (Gallien et al. 

2010).  The underlying assumption of this approach is that all species require

some level of environmental matching to shift ranges.  Including the role of 

human activities in introductions (i.e., socio-economic components; Bellard 

et al. 2016) and species-specific demographic processes (Gallien et al. 2010)

can increase the accuracy of habitat suitability model predictions (Hirzel et 

al. 2006).

Models that predict establishment risk are not good predictors of the 

abundance of an introduced species or its ecological impact (Bradley 2013, 

2016), which is essential information for land managers.  Relying on climate 

variables to define habitat suitability also increases uncertainty about 

predicted future distributions because invasive species will likely respond to 

climate change in complex ways that could either expand or contract ranges

(e.g., Bradley et al. 2009).  Finally, realized niches in the native range may 

differ from those in the introduced range, due to biotic constraints in the 

former (Colautti et al. 2017) and evolutionary change of the invader in the 

latter (e.g., Nguyen et al. 2016).

Despite recent developments in modeling and a focus on predicting 

invasions, a knowing-doing gap exists between research and management in

this area (Sofaer et al. 2019).  First, spatially explicit predictive models are 

complex and increasingly focused on model validation and improvements 

rather than species-specific recommendations for managers (although see 

Bradley et al. 2009).  Second, there is a mismatch in scale where models are 
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often focused on establishment risk at regional or continental scales (e.g., 

Bellard et al. 2016), which is important for making regulatory decisions, but 

ineffective to prioritize action for individual management units.  Closing the 

knowing-doing gap will require a major shift in the way researchers build and

communicate predictive models of invasion risk.  Researchers must build 

models that include invasive species abundance, not just occurrence, in 

order to provide accurate and relevant predictions on the potential impacts 

of invaders (Bradley 2013; Uden et al. 2015).  To this end, managers will 

need to be willing participants in data collection to ensure that model 

outputs are useful at the scale at which they wish to prioritize management 

actions.  Adaptive models that include incremental improvements based on a

feedback loop between model predictions and management data are labor 

intensive, but provide a framework for how academics and land managers 

can interact to develop management plans for invasive species across a 

broad range of spatial scales (Sofaer et al. 2019; Uden et al. 2015). 

7. Succession

Plant invasions can strongly influence the successional trajectories of 

native plant communities through multiple mechanisms, including direct 

suppression of native species (Flory and Clay 2010), indirect facilitation of 

herbivores or seed predators (Orrock and Witter 2010), alteration of soil 

nutrient cycling (Vitousek et al. 1987), shifts in soil biota (Mangla et al. 

2008), or changes to disturbance regimes (Mack and D'Antonio 1998).  These
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mechanisms are not mutually exclusive; invaders may suppress natives 

though multiple pathways simultaneously.  However, in some cases native 

species may reestablish in invaded communities (DeSimone 2011) or even 

be facilitated by invaders (Rodriguez 2006). Improved understanding of 

succession will help determine appropriate management and restoration 

strategies for invaded communities (Sheley et al. 2006).  For example, if 

natives are able to reestablish in the presence of invaders, or if the 

abundance of or negative impacts of invaders decline over time (Dostál et al.

2013), it may be possible to succeed with lower levels of intervention (and 

less cost).  On the other hand, if invaders exert a strong negative effect on 

ecosystem processes or lead to a new stable state of the community, or if 

native species are not available to colonize (Yelenik and D'Antonio 2013), 

more active intervention would be required (Suding et al. 2004).  Therefore, 

researchers and managers should aim to understand whether and how 

invaders limit recruitment of native species, whether they create strong self-

reinforcing feedbacks, and how effects might change over time

Invasive plant removal may yield positive results for native species but

invaders may have long-term legacy effects that hamper native community 

succession (Corbin and D'antonio 2012).  For example, some invasive 

species increase soil N availability, and this effect can persist following 

removal (Von Holle et al. 2013).  This elevated N availability may reduce the 

ability of mid- and late-seral species to establish, necessitating management 

of soil N for successful restoration (Vasquez et al. 2008).  To date, a limited 
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number of studies have examined legacy effects of plant invasions (Corbin 

and D'antonio 2012; Grove et al. 2015).  Future research should explore 

potential legacies on biological, soil chemical, and physical properties of 

ecosystems and how long these impacts persist.  

The recovery of native plant communities following invader removal 

may be limited by a depauperate native seedbank (see Seedbanks) 

necessitating seed addition or transplanting nursery grown plants.  

Conversely, native species recruitment may occur without intervention, and 

in such cases passive restoration methods to further facilitate a desired 

successional trajectory may be more cost-effective (DeSimone 2011).  Other 

important considerations are the mix of native species and the timing of 

their addition.  By planting diverse mixes of native species or native species 

with similar functional traits to invasive species, practitioners may be able to 

increase the biotic resistance of restored communities and limit reinvasion

(Byun et al. 2018; Funk et al. 2008).  For example, in cheatgrass dominated 

rangelands of Utah, planting native grasses along with native shrub species 

increased restoration success compared to areas where only shrubs were 

planted (Cox and Anderson 2004).  However, such an approach should not 

be assumed to always yield positive outcomes, and practitioners should test 

the efficacy of different species mixes on the establishment of natives that 

are the ultimate targets for restoration.  For example, in coastal sage scrub 

of southern California, Bell et al. (2019) found that seeding native annuals 

along with native perennials did not limit the growth of invasive Brassica 
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nigra and negatively impacted the survival of perennial species.  Identifying 

general guidelines for the use of various restoration methods will require a 

better understanding of seedbanks, dispersal potential, and which mixes of 

native species will enhance resistance to reinvasion.  

Managers should be mindful of unexpected consequences of invasive 

species management (Zavaleta et al. 2001).  For example, removal of one 

invader may result in secondary invasion of potentially more problematic 

species (D'Antonio et al. 2017; Pearson et al. 2016).  Thus, managers need to

anticipate and control secondary invaders and include plans for the 

reestablishment of native vegetation that will increase resistance to future 

invasion (Funk et al. 2008).  Studies that include long-term monitoring 

following control efforts, consistency in study design and data collection, and

greater reporting of management outcomes by practitioners and invasion 

ecologists (e.g., through peer-reviewed publications, technical reports, and 

presentations to both scientific and management communities) will be useful

for developing guidelines to mitigate secondary invasion.

Closing the knowing-doing gap

So far in this paper, we have principally discussed research approaches

in invasion ecology that could provide information of relevance to 

management.  However, we have not addressed how ecologists practice 

science.  Indeed, throughout this paper we have tacitly supported the notion 

that scientists decide what is important to study, produce information, and 
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then disseminate it for use by others, and that managers will adopt it if it is 

sufficiently useful and relevant.  

There are two problems with this notion.  First, failure to select a 

management-relevant topic of study, or a thematic gap, is but one way in 

which the knowing-doing gap comes about (Habel et al. 2013).  Focusing 

here on what research topics are relevant to managers is unlikely to solve 

the whole problem, as surveys of managers frequently show that their 

biggest conservation challenges are fundamentally about social values, 

funding, stakeholder conflicts, and commitment to the process (Braunisch et 

al. 2012; Matzek et al. 2014; Moore et al. 2011).  Researchers must also 

address issues of working at management-appropriate spatial and temporal 

scales (Bennett et al. 2012; Kettenring and Adams 2011), which may entail 

sacrificing some control over experimental conditions.  They must also 

confront the challenge of translating research findings for managers and 

finding settings in which to disseminate them (Enquist et al. 2017; Lavoie 

and Brisson 2015).  A large percentage of managers rely on their own 

experiences and information rather than results from scientific research.  For

example, one-third of 500 managers surveyed in California did not consult 

the peer-reviewed literature (Matzek et al. 2014).  However, when presented 

with summarized scientific evidence, managers are more likely to adopt 

effective management strategies (Walsh et al. 2015).  Open-access papers in

journals focused on management or translational science (e.g., Conservation 

Science and Practice, Ecology and Society) may be more accessible and 
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useful to practitioners.  Research results presented at symposia and 

workshops attended by managers, shared through conversations with 

extension agents, or contributed to non-peer reviewed sources such as 

websites (e.g., plants.usda.gov, calflora.net) and newsletters (e.g., statewide

invasive plant councils in the United States), are also more likely to reach a 

management audience.  

The second problem is more fundamental.  Promoting a one-way flow 

of knowledge from academics to managers endorses a world view that is 

likely to hold back progress in invasive species control.  In reality, academics

and managers are equal partners in this endeavor.  Respectfully 

acknowledging how the goals of academics and managers differ, and how 

they can help each other meet their respective goals, is a step in the right 

direction (Fig. 2).  The paradigm in which knowledge only flows in one 

direction, from academics to managers, is predominant in studies of the 

knowing-doing gap (Bertuol-Garcia et al. 2018).  To truly close the gap, 

academics and managers should embrace a two-way flow of knowledge, with

both groups cooperating to jointly source research questions, devise 

management-scale experiments, and co-produce knowledge (Fig. 3; Enquist 

et al. 2017; Gonzalo-Turpin et al. 2008).  Co-production of research questions

can increase the likelihood that results are implemented into practice and 

solidify stakeholder engagement (Shackleton et al. 2019)

There are several concrete steps that academics can take to cultivate 

academic-practitioner relationships and remove barriers to conducting 
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management-focused research.  Reaching out to managers or “information 

brokers” familiar with both researchers and managers (e.g., government 

scientist with an academic background) is the first step (Hallett et al. 2017).  

In addition to participating in management-focused workshops, conducting 

surveys of local managers is an effective method to identify urgent research 

needs and may lead to fruitful collaborations (Beaury et al. 2020; Dickens 

and Suding 2013; Rohal et al. 2018).  Research questions will benefit from 

the real-world knowledge that managers gain from many hours of observing 

their landscapes (Fig. 2).  For example, managers might notice that 

particular soil types are more invasion resistant, or that a particular native 

species serves as a nurse plant to other species.  Both parties may need to 

invest in relationships without always seeing an immediate payoff (Fig. 3, 

Littell et al. 2017).  Once partnerships are formed, academics must be 

mindful that managers need clear, timely answers rather than nuanced, 

complicated stories with limited practical applications.  Researchers may also

have to compromise on issues that are at odds with management goals, 

such as establishing control plots where invaders are not managed.  

Additionally, researchers should consider how they incorporate applied

questions into their research programs.  While this review has focused on 

basic ecological research, there are many applied research areas that 

urgently need to be addressed, such as the timing of treatment, negative 

unintended consequences of management, herbicide effectiveness, and the 

development of early detection tools (Matzek et al. 2015).  It is beyond the 
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scope of this paper to review the need for research in these areas, but we 

can close with the observation that improving this situation will require some

culture change within academia, particularly with respect to how 

management-driven research is valued within the community.  In addition to 

encouraging academic institutions to provide recognition and career 

advancement for early-career faculty who conduct translational science

(Hallett et al. 2017), researchers should emphasize the value of applied work

to editorial boards of journals and grant program officers.  

In the absence of widespread funding for applied work, researchers can

pursue non-traditional approaches for conducting this type of research and 

outreach.  Partnerships between academics and managers could pave the 

way for linking invasive species management to non-traditional funding 

mechanisms, such as federal funding for outreach and extension activities

(Hallett et al. 2017), payment for ecosystem services (Funk et al. 2014), and 

cooperative grants to conduct research at management sites (Fig. 2, Renz et 

al. 2009).  Undergraduate and graduate students often have access to small 

pools of money that could support studies of single invasive species.  Long-

term monitoring, which is difficult to achieve because of time and resources

(Dickens and Suding 2013), could be incorporated into undergraduate lab 

courses which, over time, could yield decades worth of valuable data on the 

impacts and legacy effects of invasive species (e.g., http://erenweb.org) and 

management efficacy.   
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Conclusion

Our review highlights several areas where the goals of management 

and basic research align more now than in the past.  An increased focus on 

trait-based approaches in the fields of ecology and evolutionary biology has 

enhanced databases of basic life-history data, which will provide urgently 

needed information about specific invaders to managers.  In addition, the 

move towards enhancing taxonomic and spatial diversity in ecological 

research will benefit managers. Interactions between researchers and 

managers that are more intentional and collaborative will ensure that goals 

remain aligned, with positive benefits to research agendas and on-the-

ground decision making.

References

Alexander JM, D'Antonio CM (2003) Seed bank dynamics of french broom in 

coastal California grasslands: Effects of stand age and prescribed 

burning on control and restoration. Restoration Ecology 11:185-197

Andrade-Restrepo M, Champagnat N, Ferrière R (2019) Local adaptation, 

dispersal evolution, and the spatial eco-evolutionary dynamics of 

invasion. Ecology Letters 22:767-777

Arruda AJ, Buisson E, Poschlod P, et al. (2018) How have we studied seed rain

in grasslands and what do we need to improve for better restoration? 

Restoration Ecology 26:S84-S91

29

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630



Bayliss HR, Stewart G, Wilcox A, et al. (2013) A perceived gap between 

invasive species research and stakeholder priorities. NeoBiota 19:67-

82

Beaury EM, Fusco EJ, Jackson MR, et al. (2020) Incorporating climate change 

into invasive species management: insights from managers. Biological 

Invasions 22:233-252

Bell MD, Lulow ME, Balazs KR, et al. (2019) Restoring a Mediterranean-

climate shrub community with perennial species reduces future 

invasion. Restoration Ecology 27:298-307

Bellard C, Leroy B, Thuiller W, et al. (2016) Major drivers of invasion risks 

throughout the world. Ecosphere 7 (3):e01241

Bennett JR, Dunwiddie PW, Giblin DE, et al. (2012) Native versus exotic 

community patterns across three scales: Roles of competition, 

environment and incomplete invasion. Perspectives in Plant Ecology, 

Evolution and Systematics 14:381-392

Berleman SA, Suding KN, Fry DL, et al. (2016) Prescribed fire effects on 

population dynamics of an annual grassland. Rangeland Ecology & 

Management 69:423-429

Bertuol-Garcia D, Morsello C, N. El-Hani C, et al. (2018) A conceptual 

framework for understanding the perspectives on the causes of the 

science–practice gap in ecology and conservation. Biological Reviews 

93:1032-1055

30

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652



Bradley BA (2013) Distribution models of invasive plants over-estimate 

potential impact. Biological Invasions 15:1417-1429

Bradley BA (2016) Predicting abundance with presence-only models. 

Landscape Ecology 31:19-30

Bradley BA, Oppenheimer M, Wilcove DS (2009) Climate change and plant 

invasions: restoration opportunities ahead? Global Change Biology 

15:1511-1521

Braunisch V, Home R, Pellet J, et al. (2012) Conservation science relevant to 

action: A research agenda identified and prioritized by practitioners. 

Biological Conservation 153:201-210

Bucharova A, Bossdorf O, Hölzel N, et al. (2019) Mix and match: regional 

admixture provenancing strikes a balance among different seed-

sourcing strategies for ecological restoration. Conservation Genetics 

20:7-17

Buisson E, Anderson S, Holl KD, et al. (2008) Reintroduction of Nassella 

pulchra to California coastal grasslands: Effects of topsoil removal, 

plant neighbour removal and grazing. Applied Vegetation Science 

11:195-204

Bullock JM, Mallada González L, Tamme R, et al. (2017) A synthesis of 

empirical plant dispersal kernels. Journal of Ecology 105:6-19

Butterfield BJ, Copeland SM, Munson SM, et al. (2017) Prestoration: using 

species in restoration that will persist now and into the future. 

Restoration Ecology 25:S155-S163

31

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675



Byun C, de Blois S, Brisson J (2018) Management of invasive plants through 

ecological resistance. Biological Invasions 20:13-27

Cadotte MW, McMahon SM, Fukami T (2006) Conceptual Ecology and 

Invasion Biology: Reciprocal Approaches to Nature.  Springer, pp. 487

Chapman DS, Makra L, Albertini R, et al. (2016) Modelling the introduction 

and spread of non-native species: international trade and climate 

change drive ragweed invasion. Global Change Biology 22:3067-3079

Colautti RI, Alexander JM, Dlugosch KM, et al. (2017) Invasions and 

extinctions through the looking glass of evolutionary ecology. 

Philosophical Transactions of the Royal Society B: Biological Sciences 

372:20160031

Corbin JD, D'antonio CM (2012) Gone but not forgotten? Invasive plants' 

legacies on community and ecosystem properties. Invasive Plant 

Science and Management 5:117-124

Cox RD, Anderson VJ (2004) Increasing native diversity of cheatgrass-

dominated rangeland through assisted succession. Journal of Range 

Management 57:203-210

D'Antonio C, Levine J, Thomsen M (2001) Ecosystem resistance to invasion 

and the role of propagule supply: A California perspective. Journal of 

Mediterranean Ecology 2

D'Antonio CM, Jackson NE, Horvitz CC, et al. (2004) Invasive plants in 

wildland ecosystems: merging the study of invasion processes with 

32

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697



management needs. Frontiers in Ecology and the Environment 2:513-

521

D'Antonio CM, Ostertag R, Cordell S, et al. (2017) Interactions among 

invasive plants: Lessons from Hawai‘i. Annual Review of Ecology, 

Evolution, and Systematics 48:521-541

Davidson AM, Jennions M, Nicotra AB (2011) Do invasive species show higher

phenotypic plasticity than native species and, if so, is it adaptive? A 

meta-analysis. Ecology Letters 14:419–431

Dawson W, Fischer M, van Kleunen M (2011) The maximum relative growth 

rate of common UK plant species is positively associated with their 

global invasiveness. Global Ecology and Biogeography 20:299-306

Dawson W, Rohr RP, van Kleunen M, et al. (2012) Alien plant species with a 

wider global distribution are better able to capitalize on increased 

resource availability. New Phytologist 194:859-867

Des Roches S, Post DM, Turley NE, et al. (2018) The ecological importance of 

intraspecific variation. Nature Ecology & Evolution 2:57-64

DeSimone SA (2011) Balancing active and passive restoration in a 

nonchemical, research-based approach to coastal sage scrub 

restoration in southern California. Ecological Restoration 29:45-51

Dickens SJ, Suding K (2013) Spanning the science-practice divide: Why 

restoration scientists need to be more involved with practice. 

Ecological Restoration 31:134-140

33

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719



Diez JM, D'Antonio CM, Dukes JS, et al. (2012) Will extreme climatic events 

facilitate biological invasions? Frontiers in Ecology and the 

Environment 10:249-257

Dostál P, Müllerová J, Pyšek P, et al. (2013) The impact of an invasive plant 

changes over time. Ecology letters 16:1277-1284

Drenovsky RE, Grewell BJ, D'Antonio CM, et al. (2012) A functional trait 

perspective on plant invasion. Annals of Botany 110:141-153

Dukes JS, Mooney HA (1999) Does global change increase the success of 

biological invaders? Trends in Ecology and Evolution 14:135-139

Emery SM, Uwimbabazi J, Flory SL (2011) Fire intensity effects on seed 

germination of native and invasive Eastern deciduous forest 

understory plants. Forest Ecology and Management 261:1401-1408

Enquist CA, Jackson ST, Garfin GM, et al. (2017) Foundations of translational 

ecology. Frontiers in Ecology and the Environment 15:541-550

Esler KJ, Prozesky H, Sharma GP, et al. (2010) How wide is the “knowing-

doing” gap in invasion biology? Biological Invasions 12:4065-4075

Flores-Moreno H, Thomson FJ, Warton DI, et al. (2013) Are introduced species

better dispersers than native species? A global comparative study of 

seed dispersal distance. PLOS ONE 8:e68541

Flory SL, Clay K (2010) Non-native grass invasion alters native plant 

composition in experimental communities. Biological Invasions 

12:1285-1294

34

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741



Flory SL, Clay K (2013) Pathogen accumulation and long-term dynamics of 

plant invasions. Journal of Ecology 101:607-613

Frieswyk CB, Zedler JB (2006) Do seed banks confer resilience to coastal 

wetlands invaded by Typha × glauca? Canadian Journal of Botany 

84:1882-1893

Funk JL, Cleland EE, Suding KN, et al. (2008) Restoration through reassembly:

plant traits and invasion resistance. Trends in Ecology and Evolution 

23:695-703

Funk JL, Hoffacker MK, Matzek V (2015) Summer irrigation, grazing and seed 

addition differentially influence community composition in an invaded 

serpentine grassland. Restoration Ecology 23:122-130

Funk JL, Matzek V, Bernhardt M, et al. (2014) Broadening the case for 

invasive species management to include impacts on ecosystem 

services. Bioscience 64:58-63

Funk JL, McDaniel S (2010) Altering light availability to restore invaded 

forest: the predictive role of plant traits. Restoration Ecology 18:865-

872

Gaertner M, Biggs R, Te Beest M, et al. (2014) Invasive plants as drivers of 

regime shifts: identifying high-priority invaders that alter feedback 

relationships. Diversity and Distributions 20:733-744

Gallien L, Münkemüller T, Albert CH, et al. (2010) Predicting potential 

distributions of invasive species: where to go from here? Diversity and 

Distributions 16:331-342

35

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764



Gioria M, Pyšek P (2015) The legacy of plant invasions: Changes in the soil 

seed bank of invaded plant communities. BioScience 66:40-53

Gonzalo-Turpin H, Couix N, Hazard L (2008) Rethinking partnerships with the 

aim of producing knowledge with practical relevance: a case study in 

the field of ecological restoration. Ecology and Society 13:53

Grove S, Parker IM, Haubensak KA (2015) Persistence of a soil legacy 

following removal of a nitrogen-fixing invader. Biological Invasions 

17:2621-2631

Grove S, Saarman NP, Gilbert GS, et al. (2019) Ectomycorrhizas and tree 

seedling establishment are strongly influenced by forest edge 

proximity but not soil inoculum. Ecological Applications 29:e01867

Habel JC, Gossner MM, Meyer ST, et al. (2013) Mind the gaps when using 

science to address conservation concerns. Biodiversity and 

Conservation 22:2413-2427

Haeuser E, Dawson W, van Kleunen M (2017) The effects of climate warming 

and disturbance on the colonization potential of ornamental alien plant

species. Journal of Ecology 105:1698-1708

Hallett LM, Morelli TL, Gerber LR, et al. (2017) Navigating translational 

ecology: creating opportunities for scientist participation. Frontiers in 

Ecology and the Environment 15:578-586

Hastings A, Cuddington K, Davies KF, et al. (2005) The spatial spread of 

invasions: new developments in theory and evidence. Ecology Letters 

8:91-101

36

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787



Hellmann JJ, Byers JE, Bierwagen BG, et al. (2008) Five potential 

consequences of climate change for invasive species. Conservation 

Biology 22:534-543

Hirzel AH, Le Lay G, Helfer V, et al. (2006) Evaluating the ability of habitat 

suitability models to predict species presences. Ecological Modelling 

199:142-152

Hulme PE, Pyšek P, Jarošík V, et al. (2013) Bias and error in understanding 

plant invasion impacts. Trends in Ecology & Evolution 28:212-218

Jongejans E, Skarpaas O, Shea K (2008) Dispersal, demography and spatial 

population models for conservation and control management. 

Perspectives in Plant Ecology, Evolution and Systematics 9:153-170

Kawasaki K, Shigesada N, Iinuma M (2017) Effects of long-range taxis and 

population pressure on the range expansion of invasive species in 

heterogeneous environments. Theoretical Ecology 10:269-286

Keeley JE, Fotheringham CJ, Baer-Keeley M (2005) Determinants of postfire 

recovery and succession in Mediterranean-climate shrublands of 

California. Ecological Applications 15:1515-1534

Keller RP, Cadotte MW, Sandiford G (2015) Invasive Species in a Globalized 

World: Ecological, social and legal perspectives on policy. The 

University of Chicago Press, Chicago, IL

Kettenring KM, Adams CR (2011) Lessons learned from invasive plant control

experiments: a systematic review and meta-analysis. Journal of Applied

Ecology 48:970-979

37

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810



Knight AT, Cowling RM, Rouget M, et al. (2008) Knowing but not doing: 

selecting priority conservation areas and the research–implementation 

gap. Conservation Biology 22:610-617

LaForgia ML, Spasojevic MJ, Case EJ, et al. (2018) Seed banks of native forbs, 

but not exotic grasses, increase during extreme drought. Ecology 

99:896-903

Lavoie C, Brisson J (2015) Training environmental managers to control 

invasive plants: Acting to close the knowing–doing gap. Invasive Plant 

Science and Management 8:430-435

Leung B, Lodge DM, Finnoff D, et al. (2002) An ounce of prevention or a 

pound of cure: bioeconomic risk analysis of invasive species. 

Proceedings of the Royal Society B 269:2407-2413

Lewis MA, Petrovskii SV, Potts JR (2016) The Mathematics Behind Biological 

Invasions. Springer, Switzerland

Littell JS, Terando AJ, Morelli TL (2017) Balancing research and service to 

decision makers. Frontiers in Ecology and the Environment 15:598-598

Ma H, Yang H, Liang Z, et al. (2015) Effects of 10-year management regimes 

on the soil seed bank in saline-alkaline grassland. PLOS ONE 

10:e0122319

Mack MC, D'Antonio CM (1998) Impacts of biological invasions on disturbance

regimes. Trends Ecol Evol 13:195-198

38

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831



Maclean JE, Mitchell RJ, Burslem DFRP, et al. (2018) Invasion by 

Rhododendron ponticum depletes the native seed bank with long-term 

impacts after its removal. Biological Invasions 20:375-384

Mangla S, Inderjit, Callaway RM (2008) Exotic invasive plant accumulates 

native soil pathogens which inhibit native plants. J Ecol 96:58-67

Matzek V, Covino J, Funk JL, et al. (2014) Closing the knowing–doing gap in 

invasive plant management: accessibility and interdisciplinarity of 

scientific research. Conservation Letters 7:208–215

Matzek V, Pujalet M, Cresci S (2015) What managers want from invasive 

species research versus what they get. Conservation Letters 8:33-40

Meunier G, Lavoie C (2012) Roads as corridors for invasive plant species: 

new evidence from smooth bedstraw (Galium mollugo). Invasive Plant 

Science and Management 5:92-100

Moody ME, Mack RN (1988) Controlling the spread of plant invasions: the 

importance of nascent foci. Journal of Applied Ecology 25:1009-1021

Moore CT, Lonsdorf EV, Knutson MG, et al. (2011) Adaptive management in 

the U.S. National Wildlife Refuge System: Science-management 

partnerships for conservation delivery. Journal of Environmental 

Management 92:1395-1402

Nguyen MA, Ortega AE, Nguyen QL, et al. (2016) Evolutionary responses of 

invasive grass species to variation in precipitation and soil nitrogen. 

Journal of Ecology 104:979-986

39

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853



Orrock JL, Christopher CC, Dutra HP (2012) Seed bank survival of an invasive 

species, but not of two native species, declines with invasion. 

Oecologia 168:1103-1110

Orrock JL, Witter MS (2010) Multiple drivers of apparent competition reduce 

re‐establishment of a native plant in invaded habitats. Oikos 119:101-

108

Parker IM (1997) Pollinator limitation of Cytisus scoparius (Scotch broom), an 

invasive exotic shrub. Ecology 78:1457-1470

Pearson DE, Ortega YK, Runyon JB, et al. (2016) Secondary invasion: the 

bane of weed management. Biological Conservation 197:8-17

Pendergrass AG, Knutti R, Lehner F, et al. (2017) Precipitation variability 

increases in a warmer climate. Scientific Reports 7:17966

Peterson AT, Vieglais DA (2001) Predicting species invasions using ecological

niche modeling: New approaches from bioinformatics attack a pressing

problem: A new approach to ecological niche modeling, based on new 

tools drawn from biodiversity informatics, is applied to the challenge of

predicting potential species' invasions. BioScience 51:363-371

Pyke DA, Brooks ML, D'Antonio C (2010) Fire as a restoration tool: A decision 

framework for predicting the control or enhancement of plants using 

fire. Restoration Ecology 18:274-284

Pyšek P, Jarosik V, Hulme PE, et al. (2012) A global assessment of invasive 

plant impacts on resident species, communities and ecosystems: the 

40

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875



interaction of impact measures, invading species' traits and 

environment. Global Change Biology 18:1725-1737

Pysek P, Richardson DM (2007) Traits associated with invasiveness in alien 

plants: where do we stand? In: Nentwig W (ed) Biological Invasions.  

Springer-Verlag, Berlin Heidelberg, pp. 97-125

Pyšek P, Richardson DM, Jarošik V (2006) Who cites who in the invasion zoo: 

insights from an analysis of the most highly cited articles in invasion 

ecology. Preslia 78:437-468

Rejmanek M, Richardson DM (1996) What attributes make some plant 

species more invasive? Ecology 77:1655-1661

Renz M, Gibson KD, Hillmer J, et al. (2009) Land manager and researcher 

perspectives on invasive plant research needs in the midwestern 

United States. Invasive Plant Science and Management 2:83-91

Richardson DM, Kluge RL (2008) Seed banks of invasive Australian Acacia 

species in South Africa: Role in invasiveness and options for 

management. Perspectives in Plant Ecology, Evolution and Systematics

10:161-177

Robison R, Schoenig S, Johnson DW, et al. (2010) California invasive plant 

research needs assessment. Invasive Plant Science and Management 

3:470-481

Rodriguez LF (2006) Can invasive species facilitate native species? Evidence 

of how, when, and why these impacts occur. Biological Invasions 

8:927-939

41

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898



Rohal CB, Kettenring KM, Sims K, et al. (2018) Surveying managers to inform 

a regionally relevant invasive Phragmites australis control research 

program. Journal of Environmental Management 206:807-816

Saatkamp A, Cochrane A, Commander L, et al. (2019) A research agenda for 

seed-trait functional ecology. New Phytologist 221:1764-1775

Sax DF, Stachowicz JJ, Gaines SD (2005) Species Invasions: Insights into 

Ecology, Evolution, and Biogeography. Sinauer, Sunderland, MA

Seastedt TR (2015) Biological control of invasive plant species: a 

reassessment for the Anthropocene. New Phytologist 205:490-502

Shackleton RT, Adriaens T, Brundu G, et al. (2019) Stakeholder engagement 

in the study and management of invasive alien species. Journal of 

Environmental Management 229:88-101

Shea K, Jongejans E, Skarpaas O, et al. (2010) Optimal management 

strategies to control local population growth or population spread may 

not be the same. Ecological Applications 20:1148-1161

Sheley RL, Mangold JM, Anderson JL (2006) Potential for successional theory 

to guide restoration of invasive-plant-dominated rangeland. Ecological 

Monographs 76:365-379

Skellam JG (1951) Random dispersal in theoretical populations. Biometrika 

38:196-218

Sofaer H, Jarnevich C, Pearse I, et al. (2019) Development and delivery of 

species distribution models to inform decision-making. BioScience 

69:544-557

42

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921



Sorte CJB, Ibáñez I, Blumenthal DM, et al. (2013) Poised to prosper? A cross-

system comparison of climate change effects on native and non-native 

species performance. Ecology Letters 16:261-270

Stricker KB, Hagan D, Flory SL (2015) Improving methods to evaluate the 

impacts of plant invasions: lessons from 40 years of research. AoB 

PLANTS 7:plv028

Suding KN, Gross KL, Houseman GR (2004) Alternative states and positive 

feedbacks in restoration ecology. Trends Ecol Evol 19:46-53

Sullivan LL, Li B, Miller TEX, et al. (2017) Density dependence in demography

and dispersal generates fluctuating invasion speeds. Proceedings of 

the National Academy of Sciences 114:5053-5058

Tamme R, Götzenberger L, Zobel M, et al. (2014) Predicting species' 

maximum dispersal distances from simple plant traits. Ecology 95:505-

513

Taylor CM, Hastings A (2004) Finding optimal control strategies for invasive 

species: a density-structured model for Spartina alterniflora. Journal of 

Applied Ecology 41:1049-1057

Uden DR, Allen CR, Angeler DG, et al. (2015) Adaptive invasive species 

distribution models: a framework for modeling incipient invasions. 

Biological Invasions 17:2831-2850

Valliere JM, Balch S, Bell C, et al. (2019) Repeated mowing to restore 

remnant native grasslands invaded by nonnative annual grasses: 

43

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943



upsides and downsides above and below ground. Restoration Ecology 

27:261-268

Vasquez E, Sheley R, Svejcar T (2008) Creating invasion resistant soils via 

nitrogen management. Invasive Plant Science and Management 1:304-

314

Vilà M, Gimeno I (2007) Does invasion by an alien plant species affect the 

soil seed bank? Journal of Vegetation Science 18:423-430

Vitousek PM, Walker LR, Whiteaker LD, et al. (1987) Biological invasion by 

Myrica faya alters ecosystem development in Hawaii. Science 238:802-

804

Von Holle B, Neill C, Largay EF, et al. (2013) Ecosystem legacy of the 

introduced N2-fixing tree Robinia pseudoacacia in a coastal forest. 

Oecologia 172:915-924

Wainwright CE, Wolkovich EM, Cleland EE (2012) Seasonal priority effects: 

implications for invasion and restoration in a semi-arid system. Journal 

of Applied Ecology 49:234-241

Walsh JC, Dicks LV, Sutherland WJ (2015) The effect of scientific evidence on 

conservation practitioners’ management decisions. Conservation 

Biology 29:88-98

Westbrooks RG (2004) New approaches for early detection and rapid 

response to invasive plants in the United States. Weed Technology 

18:1468-1471

44

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965



Yelenik SG, D'Antonio CM (2013) Self-reinforcing impacts of plant invasions 

change over time. Nature 503:517-520

Zavaleta ES, Hobbs RJ, Mooney HA (2001) Viewing invasive species removal 

in a whole-ecosystem context. Trends Ecol Evol 16:454-459

Zimmermann TG, Andrade ACS, Richardson DM (2016) Experimental 

assessment of factors mediating the naturalization of a globally 

invasive tree on sandy coastal plains: a case study from Brazil. AoB 

PLANTS 8:plw042

45

966

967

968

969

970

971

972

973

974



Figure legend

Fig. 1.  A comparison of management priorities and published research 

shows a mismatch for

specific topics in basic research.  Negative values reflect 

underrepresentation of topics in the literature compared to what managers 

want.  Sample sizes are N = 122 for manager-identified priorities and N = 

243 for basic research papers.  The survey was administered to managers in 

California, which is ecologically diverse and presents a variety of 

management challenges.  Figure adapted from Matzek et al. (2015).

Fig. 2.  The academic and management realms experience different 

potential benefits from interacting with each other.  Recognizing and valuing 

the contrasting perspectives and goals helps to identify what academics and 

managers respectively could gain from collaboration.  

Fig. 3.  Academic-manager partnerships can begin at any time in an 

academic’s career and can catalyze the exchange of information and 

funding.  In this case study, resource managers at Fort Lewis (Tacoma, WA, 

now Joint Base Lewis-McChord) provided generous logistical support for a 

graduate student conducting basic research on the invasive plant, Scotch 

broom (Cytisus scoparius) (Parker 1997).  When managers at Fort Lewis 

needed help with a broom control problem ten years later, they called on the
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student, who was now a professor at a research university.  The researcher, 

with collaborators and students, designed experiments together with 

managers, sharing results through regular in-person meetings and reports.  

Eventually they received National Science Foundation (NSF) funding to 

conduct additional basic research, using their collaborative work as 

preliminary data (e.g., Grove et al. 2019).  As part of the Broader Impacts of 

their NSF grant, they helped plan and sponsor a networking workshop on 

broom control for nearly 300 resource managers from across Washington 

State.  There are many potential variations of this partnership: graduate 

students may not continue in academia – many will cross over in career path 

to do applied invasion science – and several types of partnerships exist (e.g.,

industry, non-profit organizations). 
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