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Abstract – In March 2014, the first Cool-Season Invasive Grasses of the Northern Great Plains Work-
shop occurred in Fargo, ND. Presenters from North Dakota, South Dakota, Wyoming, and Saskatche-
wan mainly focused on topics related to Kentucky Bluegrass and Smooth Brome, such as distribution, 
ecology, physiology, genetics, herbicide control, and fire and grazing management effects. There were 
approximately 180 people at the Workshop where many collaborations were solidified and/or estab-
lished, and a number of relevant research projects and publications resulted from the participants on 
the subjects presented (e.g., DeKeyser et al. 2015, Dennhardt et al. 2016, Ereth et al. 2017, Halvorson 
et al. 2022, Hendrickson et al. 2019 and 2021, Kobiela et al. 2017, Palit and DeKeyser 2022, Palit et 
al. 2021, Preister et al. 2019 and 2021, Printz and Hendrickson 2015, Sanderson et al. 2017, Toledo et 
al. 2014). These now long-standing collaborations have maintained relevant research for understand-
ing these species’ ecology and management. However, as is typical with research, new questions arose 
which need to be addressed. By the fall of 2022, collaborators from the first Workshop desired an 
update on current findings for the Northern Great Plains community and an outline for the direction 
of future research on these species.
	 The Second Perennial Cool-Season Invasive Grasses of the Northern Great Plains Workshop took 
place in Fargo, North Dakota in March 2023. Approximately 200 people from throughout the North-
ern Great Plains participated in the Workshop, which consisted of 16 oral and 7 poster presentations. 
Participants included federal, state, and provincial government land managers, academics, federal 
researchers, non-profit land managers, private land managers, and industry representatives interested 
in management of the grasslands of the Northern Great Plains. The Workshop ended with a roundtable 
discussion with all participants on the last day deliberating major needs and gaps of understanding in 
the management of native prairie areas with consideration for these invasive species. Several topics 
were listed as important for future research including: invasion thresholds, restoration prioritization, 
alternative stable states/novel ecosystem existence, maintenance of native diversity, future invasive 
species, climate change factors, impacts on cattle production, axillary bud production, remote sens-
ing applications, economic impacts, fire/grazing/herbicide management, and social/policy change 
potential. The topic that had great interest during the roundtable discussion was the role of plant-soil 
feedbacks in the proliferation of these invasive species, and the importance of plant-soil feedbacks for 
maintaining healthy native prairie. We are in consensus with the Workshop participants, and believe 
plant-soil feedbacks are most likely playing important roles in maintaining native prairie and the in-
vasion ecology of cool-season grass species. We also believe this is an area needing further research 
for our understanding. This opening article of this special issue will be an exploration of what we 
know about plant-soil feedbacks for three of the Northern Great Plains’ most troublesome cool-season 
invasive grasses: Kentucky Bluegrass (Poa pratensis), Smooth Brome (Bromus inermis), and Crested 
Wheatgrass (Agropyron cristatum). Furthermore, this review article will briefly discuss the impacts 
of these invaders on native ecosystems and shed some light on the role of plant-soil feedback for 
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understanding their invasion mechanisms. This information will be helpful in formulating research 
direction and management strategies for these invasive rangeland species. 

Introduction

	 Native prairie rangelands are considered some of the most endangered yet least pro-
tected ecosystems globally (DeKeyser et al. 2015; Grant et al. 2020a,b; Hendrickson et al. 
2019; Hoekstra et al. 2005). The Great Plains, one of North America’s largest ecosystems, 
has been significantly altered through European and American settlement primarily for 
agricultural purposes. Factors, including crop production, urbanization, energy production, 
fire suppression, overgrazing, and climate change have also negatively impacted the biodi-
versity of the remaining prairies (Askins et al. 2007, Duell et al. 2016, Samson and Knopf 
1994). The invasion of non-native species is considered the second most crucial factor in 
endangering native species, right after land clearing and habitat fragmentation (Levine et 
al. 2003). In certain regions of the Northern Great Plains grasslands, the invasive species 
Poa pratensis L. (Kentucky Bluegrass) and Bromus inermis Leyss (Smooth Brome) can 
comprise approximately 62% of the total exotic species cover (Cully et al. 2003), and 
Agropyron cristatum (L.) Gaertn. (Crested Wheatgrass) has been shown to decrease native 
species by 35% where it invades (Heidinga and Wilson 2002, Vaness and Wilson 2007). 
Despite recognizing the rapid spread of invasive species as a critical factor leading to the 
significant loss of biodiversity in the native grasslands, our understanding of the underly-
ing mechanisms of plant invasions and how invaders interact with the surrounding ecosys-
tems, including both biotic and abiotic factors is limited (Grant et al. 2009, 2020a,b, 2006; 
Palit and DeKeyser 2022).
	 The displacement of native species by invasive species often leads to transformation 
of highly diverse ecosystems into more uniform novel ecosystems, resulting in reduced 
biodiversity at various trophic levels (Fuhlendorf and Engle 2001, Fuhlendorf et al. 2006 
and 2009). This transformation can negatively impact ecosystem services (Estes et al. 
2011, Nouwakpo et al. 2019) and incur costs for landowners (Pyšek and Richardson 2010). 
Additionally, invasive species that share morphological and phenological traits with na-
tive species (e.g., Kentucky Bluegrass, Smooth Brome, and Crested Wheatgrass) can be 
challenging to manage using conventional methods, including prescribed fire, grazing, and 
herbicides, as these approaches may also hinder the growth of native species (Simmons et 
al. 2007, Toledo et al. 2014). The current management practices designed to combat the 
spread of invasive species unintentionally hinder the abundance and growth of surround-
ing native species and, thus, may not be optimal (Gasch et al. 2020, Palit et al. 2021). As 
stated, our understanding of the mechanisms underlying plant invasion and their impact 
on ecosystems remains limited, hindering the development of effective and cost-efficient 
management strategies that enhance native biodiversity. Preservation and restoration of 
remaining prairies play a vital role in safeguarding biodiversity, ecosystem functions, 
services, and economic purposes. Therefore, it is essential to investigate the factors that 
facilitate plant invasion in order to strengthen conservation efforts.
	 One of the primary objectives of invasion biology is to assess the impacts of invasive 
species on the ecosystem as a whole (Crooks 2002, Parker et al. 1999, Ruiz et al. 1999, 
Williamson 1996). The most common consequence of invasion is negative interactions 
between invasive species and their native neighbors. Invasive species potentially compete 
with native species for available resources, such as light, moisture, nutrients, water, and 
habitat. The concept of ecosystem engineering, when applied to biological invasions, 
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provides valuable insights into the effects of invasive species, and enables a deeper explo-
ration of the broader role of invasive species in modifying habitats. The term ecosystem 
engineering was first coined by Jones et al. (1994) to describe the indirect or direct control 
of an organism on resource availability by causing physical changes to abiotic or biotic 
factors in the ecosystem (Crooks 2002; Jones et al. 1997a,b). Numerous invasive species 
can effectively regulate the availability and distribution of nutrients by directly getting 
involved in the biogeochemical cycles and modifying them. Moreover, apart from the 
differences in the process of nutrient uptake and consumption between invasive species 
and the natives, invaders can simply alter the nutrient availability by their large propagule 
pressure in the ecosystem (Crooks 2002, Williamson 1996).
	 Beyond altering biogeochemical cycles, invasive species have been shown to alter soil 
microbiota, and these can create plant-soil feedbacks further favoring invasion (Callaway 
et al. 2004, Klironomos 2002, Levin et al. 2006, Suding et al. 2013, van der Putten et al. 
2013, van der Putten et al. 2016; Fig. 1). For clarification, feedback refers to the processes 
in an ecosystem that either enhance or impair its resilience and functioning (Printz and 
Hendrickson 2015). Negative feedback contributes to the ecosystem stability, while posi-
tive feedback transforms the ecosystem into a different state. Plant-soil feedback refers to 
the process in which different plant species alter soil communities by cultivating specific 
microbiota for each species (Piper et al. 2015a, van der Putten et al. 2013). Soil microbial 
communities, including mycorrhizae and soil pathogens play a significant role in influenc-
ing plant performance, abundance, and community structure. This is particularly important 
in the context of invasive plants, as native pathogens in the rhizosphere can provide a 
competitive advantage to exotic species over native competitors (Batten et al. 2006, Suding 
et al. 2013, Trognitz et al. 2016, van der Putten et al. 2013). Exotic species may perform 
better in new locations because they have escaped pathogens from their original range. 
Generally, exotic invasive species benefit more from the release of soil-borne pathogens 
than from their exposure to symbionts like mycorrhizae (Blumenthal 2005, Kardol et al. 
2006, van der Putten et al. 2013). For example, in North America, introduced species have 
shown a greater dependency on mycorrhizal fungi compared to native species (Pringle et 
al. 2009). 
	 Researchers and land managers recognize the importance of reconstructing habitats that 
can withstand the abiotic stresses associated with changing climate conditions (Bork et al. 
2019, Larson et al. 2022, Sanderson et al. 2017). One potential approach is relocating plant 
materials from a native habitat to a restoration site, where they may be better adapted to 
climate change. Previous studies have found that plant-soil interactions of nitrogen-fixing 
bacteria, arbuscular mycorrhiza, and root herbivores, have a significant impact on floral 
traits. This, in turn, enhances pollinator visits and pollinator potential (Casper and Castelli 
2007, Heinen et al. 2018, Larson et al. 2022, Wolfe et al. 2005). Therefore, including soil 
microbiota in prairie restoration efforts can help establish and promote the growth of na-
tive plant communities. However, our understanding of the soil microorganisms that drive 
these processes in the prairie ecosystem is limited. Expanding our knowledge of how in-
vaded microbial communities affect ecosystem function and native plant fitness would be 
extremely important in combating plant invasions and restoring native prairies.
	 The following sections are an exploration of current knowledge of plant-soil feedbacks 
for the most troublesome perennial cool-season invasive grasses of the Northern Great 
Plains: Kentucky Bluegrass, Smooth Brome, and Created Wheatgrass. We will also high-
light potential management scenarios which may impact plant-soil feedbacks in a way that 
favors native plants and the overall plant diversity of the remaining prairies of the region. 
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Kentucky Bluegrass
	 Kentucky Bluegrass is a highly rhizomatous grass known for its “mat-forming” abilities 
(Uchytil 1993), and the grass is believed to have been introduced to North America as early 
as the 1600s (DeKeyser et al. 2015). As part of its mat-forming properties, Kentucky Blue-
grass serves as an ecosystem engineer by also developing a thatch layer to enhance its ability 
to invade (Ellis-Felege et al. 2013, Hilfer and Limb 2020). Thatch refers to a combination 
of partially dead, decomposed, and living plant parts such as roots, rhizomes, leaves, stems, 
and aboveground green plant parts near the soil surface (Dornbusch et al. 2020, Printz and 
Hendrickson 2015). Over time, Kentucky Bluegrass forms a dense layer of thatch on the 
ground, which diminishes light availability and temperature fluctuations (Hilfer and Limb 
2020, Nouwakpo et al. 2019, Palit et al. 2021). Kentucky Bluegrass leaves are uniquely well 
adapted to pushing through this thatch layer (Letts. et al. 2015). Additionally, the water-
holding capacity of thatch is lower than that of soil, resulting in faster drying and reduced 
contact between seeds and soil. These mechanisms greatly impede the successful germina-
tion, growth, and survival of native grasses and forbs in the surrounding area (Facelli and 
Pickett 1991, Gasch et al. 2019, Hilfer and Limb 2020, Palit et al. 2021). The thatch layer sig-
nificantly impacts the hydrology and nutrient cycling of the soil surface (Chuan et al. 2020, 
Liang et al. 2017, Sanderson et al. 2017). Moreover, the abundance of roots in the soil gives 
Kentucky Bluegrass a competitive advantage in accessing soil moisture compared to the 
neighboring native plants (Palit et al. 2021, Printz and Hendrickson 2015). These interactive 
processes collectively create positive feedback that supports the growth and abundance of 
Kentucky Bluegrass while suppressing its native counterparts (Hilfer and Limb 2020, Palit et 
al. 2021). These plant-soil interactions in Kentucky Bluegrass play crucial roles in regulating 
plant invasions and maintaining ecosystem diversity (Elgersma et al. 2012, van der Putten 
et al. 2007). Plants modify the soil through both physical and chemical mechanisms, such as 
above and below-ground litter accumulations (e.g. Kentucky Bluegrass thatch and root mat) 
and utilization of soil pathogens and symbionts (Bell et al. 2020, van der Putten et al. 2013). 
	 The interaction between plants and soil microbial communities plays a crucial role in 
determining the outcomes of competition between invaders and the native plant commu-
nity (Hilbig and Allen 2015, Levine et al. 2006, Palit et al. 2021). In reference to Kentucky 
Bluegrass, studies have found that grass species with coarse root morphology and fewer root 
hairs, as well as those that thrive in nutrient-limited habitats, benefit more from arbuscular 
mycorrhizae than species with fine roots (Dhillion and Friese 1992, Printz and Hendrickson 
2015, Toledo et al. 2014). In a survey of approximately 96% mycorrhizal species, Kentucky 
Bluegrass had an infection rate of less than 15%, suggesting that it is a facultative species 
(Dhillion and Friese 1992). Although, another study showed that Kentucky Bluegrass had no 
significant response to mycorrhizal association and was non-mycorrhizal (Eom et al. 2000, 
Printz and Hendrickson 2015). 
	 There are many potential explanations for the invasiveness of certain exotic species when 
it comes to plant-soil feedback. Although some exotic species exhibit negative plant-soil 
feedbacks in the area they have invaded, they still manage to be invasive. This phenomenon 
could be attributed to the accumulation of local pathogens that are more harmful to native 
species than to exotic species (Eppinga et al. 2006, Mangla and Callaway 2008, van der Put-
ten 2013). When the invaded microbial community has pathogens harmful to native plants or 
deficient in beneficial organisms required for their establishment and survival, this process 
can facilitate increased invasion (Batten et al. 2006). The newly invaded soil community may 
not be conducive to the re-establishment and growth of native plants, resulting in a negative 
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interaction that promotes further invasion.
	 Nitrogen is an essential and often limited nutrient for plants. It is projected that by 
2030 there will be an increase in atmospheric nitrogen deposition globally, which could 
lead to a significant loss of plant biodiversity worldwide (Palit et al. 2021, Phoenix et al. 
2006). Nitrogen deposition directly contributes to increased nitrogen availability in many 
plant communities (Shivega and Aldrich-Wolfe 2017). Studies suggest that this increase in 
nitrogen availability can result in decreased diversity and significant changes in the species 
composition (Palit et al. 2021, Printz and Hendrickson 2015). Furthermore, it can lead to 
lower carbon-to-nitrogen ratios in both above- and below-ground tissues (Yang et al. 2019).
	 Another possible feedback mechanism involves exotic plants altering physico-chem-
ical properties of the soil in the invaded area. This alteration can have a direct positive 
plant-soil feedback for the exotic species, while simultaneously providing negative feed-
back for the surrounding native species (Simberloff and Gibbons 2004, van der Putten et 
al. 2013). For instance, changes in litter-soil-nutrient dynamics can give a species like 
Kentucky Bluegrass a competitive advantage, displacing other native species in the com-
munity (DeAngelis 2012). Typically, invasive C3 grasses (such as Kentucky Bluegrass and 
Smooth Brome) have higher nitrogen concentrations and lower recalcitrant carbon than 
certain native C4 grasses (Mahaney et al. 2008), which can lead to increased decomposi-
tion rates and faster nutrient cycling (Sanderson et al. 2017). Additionally, the higher plant 
and litter production of invasive C3 grasses may stimulate soil microbial activity and soil 
nitrogen mineralization processes. 
	 In native mixed-grass prairies, nitrogen remains stored in soil organic matter, and 
prairie fires reduce the total nitrogen through volatilization and slow the conversion of 
organic nitrogen from a labile to a recalcitrant form. Additionally, fire negatively impacts 
soil microbial activities, thereby slowing down nitrogen cycling (Georgen and Chambers 
2009). Changes in nitrogen availability resulting from altered community structure and 
atmospheric nitrogen deposition may promote the rapid spread and dominance of cool-
season invasive grasses, such as Kentucky Bluegrass, in prairie ecosystems. A previous 
study found no clear evidence that Kentucky Bluegrass dominance or the associated 
land management techniques significantly impacted soil carbon and nitrogen levels, nor 
the structure and abundance of microbial communities (Gerhard et al. 2019). Moreover, 
they indicated soil abiotic characteristics, such as moisture and temperature, may have a 
greater influence on soil nutrient levels and microbial populations than litter chemistry. 
Conversely, a different study found increases in Kentucky Bluegrass abundance were as-
sociated with increases in both total soil N and soil organic C (Hendrickson et al. 2021). 
The shift in the prairie plant communities from native grass and forb dominated systems 
to Kentucky Bluegrass dominated grasslands reduces soil surface fire intensity by altering 
the fuel properties, including the distribution and moisture of the fuel, which in turn results 
in decreased nitrogen volatilization (Printz and Hendrickson 2015). Warmer soil tempera-
tures can further accelerate the soil mineralization rates, enhancing the plant-available ni-
trogen. The enhanced soil nitrogen levels can also alter the soil microbiota, which in turn 
can facilitate the growth and establishment of exotic species. Elevated nitrogen levels in 
the ecosystem promote invasions also by inhibiting soil mycorrhizal colonies (Bradley et 
al. 2006, Printz and Hendrickson 2015). For example, where the fungicide Benomyl was 
applied to suppress soil mycorrhizal populations to less than 25%, the result was an in-
crease in cool-season grasses, including Kentucky Bluegrass (Harnett and Wilson 1999). 
Although the added nitrogen may increase the overall production, many native species 
may lose their natural ability to compete, which they have under lower nitrogen conditions 
(Wedin and Tilman 1990).
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Smooth Brome
	 Smooth Brome is a rhizomatous perennial grass of Eurasian origin and a widespread 
invader of native grasslands across the Great Plains of North America (Grant et al. 2020a, 
Otfinowski et al. 2007, Palit and DeKeyser 2022). Smooth Brome was introduced to North 
America in the 1880s as a forage grass for livestock (Newell and Keim 1943). Numerous 
cultivars are available that have been widely seeded for pasture, land reclamation, and 
on roadsides. Smooth Brome is a prolific seed producer that readily establishes on small 
disturbances such as gopher mounds in intact grasslands and, once established, spreads 
via rhizomes to create near-monoculture patches (Otfinowski and Kenkel 2008, Stotz et 
al. 2019). Smooth Brome is highly productive, often producing a continuous canopy and a 
thick litter layer (Otfinowski et al. 2007, Piper et al. 2015a). The combination of high shoot 
biomass, heavy litter accumulation, and fierce belowground and aboveground competition 
reduces native plant community diversity and impacts ecosystem services ranging from nu-
trient cycling to water purification (Bell et al. 2020 and 2023, Bennett et al. 2014, Fink and 
Wilson 2011, Lamb et al. 2016, Li et al. 2018, Piper et al. 2015b, Stotz et al. 2019, Stotz et 
al. 2017, Vinton and Goergen 2006). 
	 Smooth Brome invasions originating from both historical and current plantings are very 
problematic for native grassland managers, given the challenge of controlling this prolific 
and productive species (Palit and DeKeyser 2022, Salesman and Thomsen 2011). Small 
patches can be eliminated using broad spectrum herbicides, but the recovering patches can 
be vulnerable to follow-on invasions by other species including Kentucky Bluegrass (Slo-
pek and Lamb 2017). The aggressive growth and robust rhizome systems of Smooth Brome 
mean more extensive invasions can, at best, be partially controlled but not eliminated 
through management actions such as prescribed fire and grazing (Otfinowski et al. 2007, 
Palit and DeKeyser 2022, Salesman and Thomsen 2011). Please see the concurrent article 
by Gannon et al. (2024) in this issue for additional information of fire effects on Smooth 
Brome. Developing effective mitigation measures requires an enhanced understanding of 
the ecological mechanisms underlying Smooth Brome invasion.
	 There has been a series of detailed investigations into the ecological mechanisms underly-
ing Smooth Brome invasion in two fescue grasslands in Saskatchewan, Canada (Bell et al. 
2023; Piper et al. 2015a,b). These studies demonstrate that Smooth Brome invasion has had a 
profound impact on soil communities that ultimately are plant-soil feedbacks which enhance 
the invasion (Bell et al. 2023). Smooth Brome invasion first alters soil community assembly 
processes by selectively suppressing dominant soil bacteria, driving an increased abundance 
and diversity of rarer taxa (Piper et al. 2015b). These impacts on soil bacterial diversity are 
correlated with increases in litter or soil organic matter, but the causal mechanism appears to 
be the loss of plant root diversity in brome-invaded soils (Li et al. 2018, Mamet et al. 2017, 
Piper et al. 2015b). The loss of native plant roots initiates complex interactions among rhizo-
sphere bacteria, fungi, and archaea (Bell et al. 2023b, Mamet et al. 2017, Mamet et al. 2019) 
which ultimately explain why the increased accumulation of litter under Smooth Brome is 
associated with increased nitrogen cycling rates (Piper et al. 2015a,b; Vinton and Goergen 
2006). The available ammonium produced by higher mineralization rates is then likely taken 
up by Smooth Brome, because nitrification rates remain stable (Piper et al. 2015a). This in-
creased nitrogen mineralization and uptake enhances aboveground Smooth Brome growth and 
biomass production, creating a positive feedback (Bell et al. 2023). 
	 The changed soil processes observed following Smooth Brome invasion likely perpetu-
ate the dominance of the invasive plants (Bell et al. 2023). There is some evidence from sites 
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in Alberta, Canada that negative plant-soil feedbacks, likely from pathogen accumulation, 
can diminish Smooth Brome performance over time (Salimbayeva 2021, Stotz et al. 2018). 
The long-term persistence of Smooth Brome invasions (Otfinowski et al. 2007, Sales-
man and Thomsen 2011), including in cases where negative soil feedbacks were observed 
(Salimbayeva 2021), demonstrates that the net impact of altered soil processes generally 
remains positive for Smooth Brome. More broadly, recent work on multiple invasions sug-
gests that similar soil feedbacks may be important in the dominance of other invasive cool-
season grasses (e.g. Kentucky Bluegrass; Bell et al. 2023). 
	 The cascade of soil changes observed following invasion in fescue grasslands are critical 
to understanding how invasive Smooth Brome can achieve and maintain dominance (Bell 
et al. 2023, Mamet et al. 2019). The results from these studies can be tied to other research 
which can give insight to potential mechanisms of changes in soil ecology of sites invaded 
by Smooth Brome. For example, Smooth Brome generates heavy litter layers relative to 
the native species that it displaces (Fink and Wilson 2011, Otfinowski et al. 2007, Piper 
et al. 2015a, Williams and Crone 2006). While that litter is not a direct cause of the soil 
community reorganization observed under Smooth Brome (Mamet et al. 2017, Mamet et 
al. 2019, Piper et al. 2015b), the enhanced release of nitrogen from decomposition of that 
litter is ultimately important in maintaining Smooth Brome dominance (Piper et al. 2015a, 
Vinton and Goergen 2006). There is every reason to believe that the impacts of this litter 
on nitrogen cycling can be generalized across the invasive range of Smooth Brome. Thick 
litter layers are likely important in physically excluding many native species from Smooth 
Brome invaded sites (Lamb 2008, Letts et al. 2015, Williams and Crone 2006, Xiong and 
Nilsson 1999), and this is likely the cause of the loss of native plant roots following Smooth 
Brome invasion that is a critical driver of Smooth Brome impacts on soil communities (Li 
et al. 2018, Mamet et al. 2017). 

Crested Wheatgrass
	 Crested Wheatgrass is a perennial, cool-season grass native to Eurasia. Its present range 
in North America spans the Northern Great Plains, the Intermountain West, and the South-
west (USDA NRCS 2021). The species was widely introduced to stabilize abandoned crop-
land in the 1930s as a cold-tolerant, drought-tolerant, easy-to-establish and high-yielding 
perennial forage, as summarized by Lesica and Deluca (1996). Since that time, it continues 
to be used in forage, conservation, reclamation, and urban seed mixes. As a result of these 
intentional plantings, it has replaced or encroached into native plant communities, including 
grasslands, shrublands, and forests (Zlatnik 1999).
	 Despite its anticipated soil stabilizing abilities, the benefits of Crested Wheatgrass have 
been limited, and the species has become a concern to land managers throughout its range 
(also summarized by Lesica and Deluca; 1996). Crested Wheatgrass is particularly competi-
tive and persistent in arid and semi-arid regions, and it can dominate vegetation stands, ef-
fectively reducing plant species richness and diversity (Henderson and Naeth 2005, Lesica 
and Cooper 2019, Williams et al. 2017), and therefore reducing wildlife habitat and forage 
quality (summarized by Davies et al. 2011, Vaness and Wilson 2007). 
	 Scalable control of Crested Wheatgrass has been difficult in locations where land man-
agers desire to reduce its dominance and increase native species abundance and diversity. 
Tillage has repeatedly failed to accomplish this, even when combined with herbicide and 
native seedings, and such physical soil disturbance may actually facilitate secondary inva-
sions (Fansler and Mangold 2011, Hulet et al. 2010, McAdoo et al. 2017). Repeated ap-
plications of herbicide (glyphosate), aimed to deplete the seedbank and prevent additional 
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invasions have also failed to reduce Crested Wheatgrass to acceptable levels (Morris et al. 
2019). In a review of control methods, Wengreen et al. (2016) state that successful reseed-
ing of other species requires less than 14% cover of Crested Wheatgrass, and in addition to 
the failures of tillage to accomplish this, neither grazing nor fire have been successful. The 
most promising efforts in reduction and native species expansion have used a combination 
of tillage + herbicide + seeding (Cox and Anderson 2004), or herbicide + clipping + native 
competition (Wilson and Pärtel 2003). In these “assisted succession” approaches, the goal 
is to direct the plant community with a combination of simultaneous Crested Wheatgrass 
suppression and native species promotion.
	 Perhaps the intensive agronomic-based approaches to Crested Wheatgrass control and 
native seeding are more successful because they disrupt the factors associated with the 
species’ resilience, including those belowground. There is mounting evidence (highlighted 
below) to support the notion that Crested Wheatgrass occupancy initiates belowground 
changes that create an alternative soil state, which reinforces its dominance and persis-
tence. However, mechanistic studies that explicitly explore these feedbacks are limited. 
Here, we summarize current knowledge about soil characteristics associated with Crested 
Wheatgrass that play a role in its occurrence and management, and that may contribute to 
reinforcing Crested Wheatgrass persistence. 
	 Soil structural and abiotic properties associated with Crested Wheatgrass are apparent 
on the soil surface and extend deeper in the profile. Stands of Crested Wheatgrass exhibit 
increased bare ground relative to native assemblages (McWilliams and Van Cleave 1960, Wil-
liams et al. 2017), which is presumably due to lower plant species diversity (Henderson and 
Naeth 2005) and hummock formation (McWilliams and Van Cleave 1960). Soil surface expo-
sure increases susceptibility to erosion (McWilliams and Van Cleave 1960) and surface crust-
ing, which hinders seedling emergence, permits larger and faster temperature fluctuations, and 
reduces air and water exchange rates (Hillel 2004). Collectively, these structural and abiotic 
conditions result in a less hospitable environment for seedlings and surface-dwelling organ-
isms, effectively excluding species from establishing and occupying the stand.
	 In the rooting zone, soils dominated by Crested Wheatgrass develop and maintain less 
granular (aggregated) structure (Gasch et al. 2016), which is also critical for regulating ther-
mal, atmospheric, and hydrologic dynamics (Hillel 2004). This may be due to a combination 
of Crested Wheatgrass’ affinity for coarse-textured soils (Nafus et al. 2020, Williams et al. 
2017) as well as its production of a coarse root system with relatively low root biomass 
production (Dormaar et al. 1995). In addition to enabling infiltration and air exchange, soil 
aggregates provide structural complexity that houses diverse soil communities, stores car-
bon and other soil nutrients, and provides strength within the soil matrix to resist erosion 
and compaction (Voroney 2007). 
	 It stands to reason that the surface sealing, under-developed aggregate structure, and 
associated micro-climate that occurs in Crested Wheatgrass stands directly governs below-
ground biogeochemistry and soil communities. Differences in soil carbon and nutrient pools 
have been observed between Crested Wheatgrass occupied soils and their native analogs 
(Dormaar et al. 1995, Smoliak and Dormar 1985). Crested Wheatgrass appears to contribute 
less carbon to soil carbon and organic matter stocks (Smoliak and Dormaar 1985), presum-
ably through reduced carbon inputs derived from roots (Dormaar et al. 1995), reduced root 
exudation (Morris et al. 2019), and accelerated carbon mineralization (Chen and Stark 
2000, Curtin et al. 2000). Soil nitrogen and carbon cycles are naturally coupled; nitrogen 
dynamics respond to shifts in plant communities as well. Chen and Stark (2000) measured 
elevated total nitrogen and nitrate concentrations and accelerated nitrogen mineralization 
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rates beneath Crested Wheatgrass in Utah, compared to soils beneath a patchy sagebrush 
community. While the specific mechanisms behind these shifts in nutrient pools and cycling 
rates are not known, research suggests that invasive plant species may influence soil biogeo-
chemistry by changing the quantity, timing, distribution, and chemical nature of soil organic 
matter inputs, and by influencing the organisms that mediate decomposition and nutrient 
fluxes (Bradford et al. 2012, Kramer et al. 2012, Piper et al. 2015b).
	 Understandably, these physio-chemical soil characteristics that are associated with Crest-
ed Wheatgrass carry over into the soil microbial community. Indeed, multiple studies have 
observed reduced soil microbial abundance in soils occupied by Crested Wheatgrass. (Gasch 
et al. 2016, Jordan et al. 2012, Reinhart and Rinella 2021). These reductions are consistent 
with reduced microbial substrate contributions by Crested Wheatgrass roots. Gasch et al. 
(2016) found that Wyoming soils reclaimed with Crested Wheatgrass hosted only one-fourth 
of the total microbial abundance compared to undisturbed soils or soils reclaimed with na-
tive cool season grasses, and those differences persisted across a 29-year chronosequence. 
These differences were also reflected in all microbial groups measured (bacteria, actinomy-
cetes, saprophytic fungi, and arbuscular mycorrhizal [AM] fungi). Studies in Montana have 
confirmed a negative relationship between the Crested Wheatgrass-AM fungi relationship in 
more depth, through field surveys and greenhouse experiments. Reinhart and Rinella (2021) 
found that field-collected Crested Wheatgrass roots from multiple locations were lacking 
AM fungal molecular signatures, which were present in all other grass and shrub species 
surveyed. Under controlled greenhouse conditions, Jordan et al. (2012) found that Crested 
Wheatgrass plants grown in field-collected soils had less AM fungal root colonization, and 
soils conditioned by Crested Wheatgrass held fewer AM fungal taxa compared to native spe-
cies. In a related study (Jordan et al. 2008), Crested Wheatgrass and other invasive species 
performed well in soil conditioned by Crested Wheatgrass, whereas two native forb species 
suffered—and these changes were associated with the soil biotic makeup. Luckily, graminoid 
species were indifferent to the soil modifications and effectively prevented prolonged effects 
of the unfavorable soil condition. Plant-soil feedbacks are potentially at play in both Crested 
Wheatgrass self-perpetuation and in soil-plant community recovery after removal of Crested 
Wheatgrass (Perkins and Nowak 2012). Again, the mechanisms behind these observations are 
limited to speculation, but the associated physical, chemical, and biological nature of soils 
beneath Crested Wheatgrass stands likely plays a role in its success.
	 Despite the challenges in controlling Crested Wheatgrass density and cover, some studies 
have shown promise in remediating the negative belowground effects of the species as a way 
of potentially disrupting the factors supporting its perpetuation. Wallace et al. (2009) observed 
that four to five years after biosolids application, Crested Wheatgrass-dominated soils had 
higher carbon and nitrogen concentration and more aggregation, compared to soils treated 
with nitrogen and phosphorus fertilizer. Mummey and Ramsey (2017) successfully used 
Onobrychis viciifolia Scop. (Sainfoin) as a “bridge species” to boost AM fungal populations 
in soil and native plant roots. The Sainfoin conditioning phase also increased soil phosphorus 
and potassium availability, which would benefit native species establishment. Collectively, 
these control and remediation efforts suggest that success will require intensive management, 
employing multiple tools to modify the plant community and soil condition.

Management implications
	 A combination of plant traits and associated belowground characteristics seem to be 
important factors in the persistence of Kentucky Bluegrass, Smooth Brome, and Crested 
Wheatgrass and the prevention of native species establishment. There is strong evidence 
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that these species can influence the biogeochemical cycles in ways that promote their own 
growth, while inhibiting the growth of many native species. These same species are most 
likely altering soil biota by promoting microbiota that benefit their growth, while eliminat-
ing microbiota essential for native plant growth. While we know some things about how 
Kentucky Bluegrass, Smooth Brome, and Crested Wheatgrass stands respond (or do not 
respond) to various control methods, it would benefit us to understand how soil properties 
and microbial communities might play a role in facilitating their persistence and preventing 
native species establishment. 
	 These plant-soil feedbacks present a management challenge because plant root interac-
tions and soil microbial assembly processes cannot be directly managed. However, under-
standing the ecological mechanisms underlying the feedbacks can provide clues to break the 
invasion cycle. The key role of litter in many of the soil mechanisms described for Kentucky 
Bluegrass, Smooth Brome, and Crested Wheatgrass point to litter as a practical management 
target that may reduce the vigor, dominance, and persistence of these species. Excess litter 
is a tractable and achievable management objective that, while unlikely to eliminate inva-
sions, may limit spread and impact on biodiversity and ecosystem services. For example, re-
ductions in Smooth Brome abundance are often observed following treatments that, among 
other effects, remove shoot biomass or litter such as fire, haying, and grazing (Salesman 
and Thomsen 2011). Additionally, disturbances like the combination of fire and grazing and 
variably stocked rotational grazing that remove litter and promote grazing in discrete areas 
can mitigate the spread of both Kentucky Bluegrass and Smooth Brome (Duquette et al. 
2022). These treatments may be effective because they are disrupting the Smooth Brome 
and Kentucky Bluegrass-soil feedbacks. While not studied to the same degree as Smooth 
Brome, similar cascades of invasion and soil community disruption driven by litter likely 
occur under Kentucky Bluegrass and Crested Wheatgrass invasion (Bell et al. 2023). Re-
ductions in litter buildup may be a practical management intervention for many invasive 
cool season grasses.
	 Overall, to strengthen our understanding of plant-soil feedback on the invasion dynam-
ics of rangeland species, future research should prioritize understanding the contribution 
of soil properties and microbial communities in promoting invasion success and inhibiting 
the establishment of native species. Additionally, it is crucial to expand our understanding 
of the influence of invaded microbial communities on ecosystem function and the fitness 
of native plants. This knowledge is essential in effectively combating plant invasions and 
restoring native prairies.
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