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Abstract – The Prairie Potholes Region of the northern Great Plains is under threat from the combined 
effects of introduced perennial grasses and climate change, which are driving plant community shifts 
and biodiversity loss. We synthesized current knowledge on how climate change drivers (i.e., precipita-
tion variability, elevated atmospheric CO2, and warming) and other local and regional biotic and abiotic 
factors, like soil nutrients and community diversity, impact grassland vegetation through their effects on 
Smooth Brome and Kentucky Bluegrass. Based on this synthesis, we provide a qualitative assessment of 
potential responses of Smooth Brome and Kentucky Bluegrass to different scenarios of seasonal water 
availability, warming climate, and elevated atmospheric CO2 to inform future grassland management. 

Introduction

	 The Prairie Pothole Region (PPR) occurs in the northern portion of the North American 
Great Plains and spans portions of Minnesota, North Dakota, South Dakota, Montana, Man-
itoba, Saskatchewan, and Alberta—encompassing approximately 700,000 km2. Abundant 
ephemeral wetlands interspersed with grasslands define this landscape. The region spans a 
gradient of tallgrass prairie in the east to mixed grass prairie in the west. These grasslands 
are dominated by a combination of native C4 (e.g., Andropogon gerardii Vitman (Big Blue-
stem), Schizachyrium scoparium (Michx.) Nash. (Little Bluestem), Bouteloua spp. (grama 
grasses), etc.) and C3 (e.g., Hesperostipa spp. (needle grasses), Nassella viridula (Trin.) 
Barkworth (Green Needle Grass), Pascopyrum smithii P.A. Love (Western Wheatgrass), 
etc.) grasses with forbs (many in the Asteraceae and Fabaceae families) contributing to high 
species richness (Barker and Whitman 1988). These landscapes provide diverse ecosystem 
services of critical importance for local communities: carbon sequestration, nutrient cy-
cling, wildlife habitat, and, in particular, forage production to graze cattle. This portion of 
the Great Plains has been drastically altered, with a majority of the landscape converted to 
croplands (Zhang et al. 2021) and remaining prairies highly invaded by introduced peren-
nial grasses and noxious forbs (Grant et al. 2009). While native C4 grasses are the dominant 
functional group in tallgrass and mixed-grass prairies, Smooth Brome and Kentucky Blue-
grass constitute the greatest proportion of C3 grasses within US Fish and Wildlife Service 
lands in the PPR (Grant et al. 2020a., Toledo et al. 2014).
	 The proliferation of introduced perennial grasses, namely Bromus inermis Leyss (Smooth 
Brome) and Poa pratensis L. (Kentucky Bluegrass) has severely reduced the plant diversity 
of the PPR (Jones et al. 2023). Both species were intentionally seeded in the United States 
from the Eurasian Steppe to provide forage for cattle and ensure soil stability, and their pro-
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liferation is facilitated by anthropogenic nitrogen enrichment (Dornbusch et al. 2018). While 
the negative effects of these species on the PPR have been widely acknowledged (Grant et 
al. 2009), they continue to be seeded in many parts of the country. The prolific vegetative 
and seed-based reproduction of these species enables them to spread rapidly. Smooth Brome 
homogenizes grassland communities by altering resources (e.g., soil nitrogen, soil moisture, 
light) and reducing local plant diversity (Hautier et al. 2018, Stotz et al. 2019). Addition-
ally, Smooth Brome’s ability to spread extensively via rhizomes enables it to invade under 
stressful conditions due to clonal integration (tillers/ramets in high-nutrient areas can transfer 
resources to tillers/ramets experiencing nutrient stress). Kentucky Bluegrass, a sod forming 
grass with similar homogenizing capacity, alters ecosystem processes like soil hydrology by 
forming dense litter layers, and has cascading effects across taxa (i.e., pollinators; Gasch et 
al. 2020). Introduced grasses—including Smooth Brome and Kentucky Bluegrass—tend to 
grow denser, taller, and earlier in the season (Molinari and D’Antonio 2014), facilitating their 
dominance over native vegetation under a variety of conditions. The persistence and future 
spread of these introduced grasses will depend strongly on climate change, with changes in 
precipitation, temperature, and carbon dioxide (CO2) shaping competitive interactions be-
tween native and invasive grassland species in the PPR. 
	 Highly variable temperature and precipitation are defining characteristics of the Great 
Plains climate (Barker and Whitman 1988, Ojima et al. 2021). Interannual climate vari-
ability is a critical driver of variation in the ecosystem functions—like productivity—of 
grasslands (Fay et al. 2011). This climate variability manifests within a single year as sea-
sonal variation in temperature and precipitation (e.g., wet spring followed by dry summer) 
and interannually as variation in year-to-year changes in temperature and precipitation (e.g., 
dry spring in 2022 followed by a wet spring in 2023). This variability in climate makes pre-
dicting ecosystem responses (in terms of structure, composition, and function) particularly 
challenging. The PPR has a characteristic west to east, xeric to mesic gradient. Under cur-
rent climate change, this gradient is becoming steeper (Millett et al. 2009). Current trends 
in the PPR indicate an overall trend of warming and wetting (Fig. 1; significant increases in 
precipitation, particularly in the mesic eastern portion; Easterling et al. 2017, Garbrecht et 
al. 2004) accompanied by increased variability. 
	 Smooth Brome and Kentucky Bluegrass respond positively to soil moisture availability 
during the spring growing season (Printz and Hendrickson 2015). While the region is expe-
riencing warming throughout the year, the winter has experienced the greatest increase in 
temperature compared to the growing season in recent decades (Vose et al. 2017). Continued 
winter warming would likely result in reductions in persistent snow cover, with conse-
quences for hydrology and soil moisture availability during the following growing season. 
This effect on soil moisture is compounded by increased variation in precipitation in spring 
and fall compared to historical patterns. Variation in fall/winter and spring precipitation 
influence soil moisture during the subsequent growing season, with important implications 
for the spread of Smooth Brome and Kentucky Bluegrass. 
	 Although a long-term trend toward increased precipitation in recent decades is part 
of the natural variability of this region (Ojima et al. 2021), there is uncertainty in how 
the combined effects of future increases in precipitation, temperature, and CO2 will influ-
ence moisture availability throughout the growing season. In addition, interannual and 
interdecadal climatic variability makes predicting drought risk and severity more difficult 
depending on parameters included—which have their own complicated relationships with 
climate and vegetation (Cook et al. 2015, Feng et al. 2017). The Great Plains, particularly 
the PPR, has experienced extreme droughts and flooding on a decadal basis over the 20th 
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century (Conant et al. 2018). Increasing climatic variation in an already variable climate 
poses a significant challenge for researchers and land managers interested in predicating 
future climate and ecological dynamics of the PPR. Specifically, anticipating how 2 domi-
nant introduced grasses will respond to this changing variation in their specific ecological 
contexts is a major barrier to grassland conservation in the PPR. 
	 This synthesis was conducted to integrate current understanding of introduced peren-
nial grass responses to climate change with research on potential mechanisms driving their 
proliferation, in order to better inform management of the PPR. In the following sections, 
we discuss the potential influence of warming temperatures, elevated atmospheric CO2, 
precipitation seasonality and variability, and interactions of the above on these 2 species. 
While explicit research on mechanisms of proliferation and responses to climate change 
in Smooth Brome and Kentucky Bluegrass has increased in recent decades, this synthesis 
draws on the wealth of research on varying responses between C3 and C4 grasses to climate 
change to further inform our discussion. For a breakdown of C3 and C4 grass similarities 
and differences, see Table 1. We integrate this information to qualitatively assess potential 

Figure 1. Anomalies (changes) in annual temperature (°F) and precipitation (%) between 1895 and 
2022 for the PPR (45–49°N, 97–99.5°W) relative to the 20th century mean. The gray trendline is a 20-
year running mean. The temperature and precipitation have increased by 2°F and 10%, respectively, 
in recent decades. Data Source: NOAA NCEI nclimgrid



Prairie Naturalist
S.J. Ahler, K. Clark-Wolf, C. Dixon, I. Rangwala, and C.D. Miller Hesed

2025 Special Issue 2

105

responses of Smooth Brome and Kentucky Bluegrass to different scenarios of seasonal wa-
ter availability, a warming climate, and elevated atmospheric CO2.

Precipitation Seasonality and Variation

	 Fluctuations in precipitation are the dominant driver of grassland processes such as pro-
ductivity, with other climate change drivers—namely increased temperatures and elevated 
CO2 (see below)—having a secondary impact (Mueller et al. 2016). Warming temperature 
and elevated CO2 become key ecological drivers under drought conditions, where elevated 
CO2 differentially affects C3 and C4 species. In the tallgrass and mixed-grass prairies of 
the PPR, C3 versus C4 responses to these climatic changes could shift community dynam-
ics to favor introduced perennial C3 grasses over native perennial C4 grasses (see Elevated 
CO2 and Warming Temperatures below for greater detail). In addition to interacting with 
increased temperatures and CO2 levels, precipitation indirectly impacts plant communities 
through its influence on soil moisture and nitrogen availability (Carrillo et al. 2012, Mueller 
et al. 2016). 
	 The effects of precipitation seasonality and interannual variation also differ across the 
region, tracking the east to west, mesic to xeric gradient. The more xeric, mixed-grass prai-
rie side of the PPR will likely be more sensitive to change. Drier grasslands tend to be more 
responsive to variable precipitation, resulting in greater species turnover and compositional 
changes compared to mesic grasslands (Cleland et al. 2013). This susceptibility to turnover 
may enable Smooth Brome and Kentucky Bluegrass to invade regions where dry climates 
have historically limited their abundances (Grant et al. 2020a).
	 The earlier emergence of Smooth Brome and Kentucky Bluegrass compared to many 
native (warm season) species results in unique species and season-specific changes in cover 
following changes in precipitation. Compared to historical patterns, increased precipitation 
during the spring and fall will likely impact the prevalence of Smooth Brome and Kentucky 
Bluegrass and benefit C3 over C4 species due to C3 grass’ earlier phenology and green-up. 
Both Smooth Brome and Kentucky Bluegrass respond positively to increased precipitation 
(Grant et al. 2020a, Stotz et al. 2019), driven by their earlier phenologies (Printz and Hen-
drickson 2015). In addition to their expected positive response to increases in precipitation, 
introduced grasses tend to be especially resilient to stressful environmental conditions in 

Table 1. Description of generalized characteristics of C3 and C4 grasses, the 2 dominant functional groups 
in the PPR and the Great Plains broadly. Coarse characterizations of phenology and climate tolerance are 
included to inform our prediction for introduced perennial grasses responses to climate change (Millett et 
al. 2009). However, we note that this table does not capture the full range of variability among functional 
groups, nor the effects of climate change on phenology (e.g., through extended growing seasons). Tolerance 
implies sustained photosynthetic activity and carbon assimilation under various climate conditions. 

Photosynthetic 
Pathway

Seasonality Phenology Climate Tolerance Common Species in 
the PPR

C3 Cool season Emerge: Mar-Apr
Flower: May-Jun
Senesce: Jul

- Sensitive to high 
temperatures
- Cold tolerant
- Most responsive to 
elevated CO2

Kentucky Bluegrass 
Smooth Brome 
Green Needlegrass
Needle-and-thread
Western Wheatgrass

C4 Warm season Emerge: Apr-May
Flower: Jul-Aug
Senesce: Sep-Oct

- Drought tolerant
- Heat tolerant

Big Bluestem
Little Bluestem
Side-oat Grama
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terms of biomass production (Duell et al. 2016). This resilience is driven by senescence or 
reduced growth in C3 grasses during warm, dry summer months, enabling them to persist 
through summer drought. 
	 There have been mixed responses of introduced grasses to increasingly hot and dry 
summers. For example, Kentucky Bluegrass is particularly drought tolerant in the PPR, 
despite turf grasses typically being more susceptible to drought than other grass growth 
forms (Printz and Hendrickson 2015). However, to limit water stress driven by elevated 
evapotranspiration during hot and dry conditions, C3 grasses generally tend to reduce their 
stomatal conductance and consequently carbon assimilation (Taylor et al. 2014); this results 
in reduced growth, which may limit Smooth Brome and Kentucky Bluegrass spread. In ad-
dition to limits on growth, summer droughts may limit the recruitment of new individuals 
of Smooth Brome and Kentucky Bluegrass. Without adequate soil moisture, Smooth Brome 
seedlings have reduced survival and growth (Carrigy et al. 2016). While recruitment of new 
individuals may be lower during summer droughts, clonal integration may enable Smooth 
Brome to persist or even spread during droughts (Otfinowski and Kenkel 2008). Clonal 
integration is a process whereby Smooth Brome transfers resources from individual ramets 
(single tillers or clusters of tillers linked belowground to genetically identical ramets) in 
more resource rich environments (e.g., microsites with greater soil moisture) to new ramets 
in more stressful environments (e.g., microsites with lower soil moisture). 
	 Climate change, along with the prevalence of Smooth Brome and Kentucky Bluegrass, 
could have synergistic negative effects on the regions’ hydrology and native vegetation. 
For example, Kentucky Bluegrass reduces water infiltration (Printz and Hendrickson 2015) 
which could compound reduced water availability because of changing precipitation pat-
terns. Depending on fall precipitation, winter snowpack, and snowmelt timing, Kentucky 
Bluegrass could have a significant effect on soil moisture availability. In many areas of 
the PPR, Kentucky Bluegrass is the dominant species, potentially altering local hydrology 
with consequences for soil-water dynamics and native vegetation (Nuowakpo et al. 2019). 
Smooth Brome impacts the community in unique ways compared to Kentucky Bluegrass—
the former directly alters ecosystems it invades while also indirectly affecting them through 
its impact on native vegetation. In the PPR, Smooth Brome was not found to reduce soil 
moisture, but it did limit light penetration to understory vegetation and the soil likely due to 
its greater leaf area compared to Kentucky Bluegrass (Stotz et al. 2019; J. Laron, University 
of Washington, Seattle, WA, 2016 unpubl. data). In addition, Smooth Brome homogenized 
PPR grassland plant communities by reducing native cover and altering soil resource avail-
ability (Stotz et al. 2017). We need to account for the synergistic effects of climate change 
with introduced grasses on the native communities of the PPR to increase conservation and 
restoration success. 
	 The response of native vegetation to climate change will also determine the success of 
perennial grass invaders. For example, the encroachment of native shrubs in the PPR, facili-
tated by reduced fire management (Dixon et al. 2019, Murphy and Grant 2005), has resulted 
in grass invasion (Grant et al. 2020b). The effects of climate change on native vegetation, 
particularly C4 grasses, also has implications for the PPR’s ability to withstand invasion. 
C4 grasses are adept at taking advantage of warm and wet conditions to compete against C3 
grasses (Hoeppner and Dukes 2012). However, these C4 species are most active during the 
warm summer months, when water availability is generally projected to decrease, although 
plant responses to this expected drying remain uncertain. Ultimately, the seasonality of 
changes in water availability determines which guild of grasses (C3 or C4) benefits most. 
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Elevated CO2 and Warming Temperatures

	 While changes in the amount and timing of precipitation have a dominant effect on 
PPR plant community dynamics (Mueller et al. 2016), elevated CO2 and warming tempera-
tures also affect the proliferation of introduced perennial grasses. We draw inference from 
research on the effects of warming and CO2 in grasslands beyond the PPR, resulting in a 
broad research base for this synthesis. In grassland systems, elevated CO2 and increasing 
temperatures (especially during the growing season) generally increase overall plant bio-
mass for most species and accelerate soil respiration, with CO2 having a greater effect on 
productivity than increases in temperature do (Dieleman et al. 2012). Warming can ame-
liorate the progressive nitrogen limitation that is associated with elevated CO2 conditions. 
The 2 drivers result in varying plant response: elevated CO2 stimulates root elongation to 
offset associated nutrient limitation, while warming reduces root growth by facilitating 
nutrient availability via increased nitrogen mineralization (Carrillo et al. 2012, Dieleman 
et al. 2012). Increased temperature, associated with reduced water availability, has mixed 
effects on grasses (particularly for C3 over C4) due to differing physiological drivers limit-
ing carbon assimilation (Sage and Kubien 2007). Dry and hot conditions have also been 
observed to suppress total production, shoot production, and species richness of grassland 
communities (Hoeppner and Dukes 2012). Determining how introduced perennial grasses 
and native plants will respond to elevated CO2 and warmer temperatures requires teasing 
apart the ecological and physiological drivers of their growth and spread. 
	 With increasing temperatures, rates of which have been particularly high during the 
cold winter months and early spring in recent decades (Vose et al. 2017), the length of the 
growing season is expected to increase. Early start of the growing season has the potential 
to increase the prevalence of Smooth Brome and Kentucky Bluegrass, since both are C3 
(cool-season) grasses that become active early in the season. Smooth Brome also has in-
creased survival and growth under warmer conditions (Grant et al. 2020b, Stotz et al. 2017), 
a process which may become more common during spring tiller elongation under elevated 
warming. Under future increases in temperature, there is greater potential for false springs 
(seasonal warming followed by cold snaps; Ault et al. 2013), which could harm Smooth 
Brome and Kentucky Bluegrass, since they are most apt to take advantage of warmer 
springs and emerge early. However, Smooth Brome is a cold tolerant species (Palit and 
DeKeyser 2022), and therefore may be able to withstand cold snaps. Additionally, extended 
fall seasons have the potential to support a second growth period for cool-season perennial 
grasses. 
	 The effects of elevated CO2 on introduced perennial grasses are moderated by other 
climate change drivers in the PPR. Warming and elevated CO2 have mixed effects on plant-
available nitrogen (Carrillo et al. 2012). Elevated CO2 is speculated to favor C3 species 
(Smooth Brome and Kentucky Bluegrass) over C4 grasses (Ehleringer and Björkman 1977, 
Ehleringer et al. 1997, Sage and Kubien 2007). However, elevated atmospheric CO2 levels 
over time can decrease nitrogen mineralization rates and benefit C4-dominated grassland 
patches over those dominated by C3 species (Reich and Hobbie 2013, Reich et al. 2018). 
The mechanisms driving this inverse relationship between nitrogen availability and C3/
C4 dominance remain poorly understood. The high nitrogen content of Smooth Brome 
litter may ameliorate nitrogen limitation (Palit and DeKeyser 2022) and enable Smooth 
Brome—and potentially other C3 grasses—to outcompete C4 grasses under elevated CO2. 
Further, elevated CO2-induced increases in soil moisture, resulting from greater plant water 
use efficiency, are important for sustaining elevated plant productivity, nitrogen uptake, and 
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nitrogen cycling (Dijkstra et al. 2010). Based on both short term (1–3 years) and long term 
(>20 years) experiments, the effects of elevated CO2 and increased temperatures interact in 
complicated ways with other abiotic drivers of plant growth (Reich et al. 2018). 
	 The differing effects of CO2 and temperature on grasslands affect dominance and trad-
eoffs between C3 and C4 gasses; particularly relevant in the PPR where there is a transi-
tion from tallgrass (dominated by C4) to mixed grass (co-dominance between C3 and C4), 
and, to the west of the PPR, shortgrass (a system not explored further here). Both C3 and 
C4 grasses have higher carbon assimilation under elevated CO2 conditions, though physi-
ologically they respond differently (i.e., C3 increases tiller densities while C4 increases leaf 
area; Wand et al. 1999). While the short-term positive effects of elevated CO2 on C3 growth 
might imply a long-term advantage of C3 grasses over C4 grasses with increasing carbon 
emissions, this benefit will be mediated by nitrogen availability. The rapid increase in CO2 
since the Industrial Revolution might have been expected to result in a range expansion of 
mixed-grass C3/C4 grasslands and range contraction of tallgrass C4 grasslands, but no such 
pattern has been observed in the past 300 years, suggesting that the spatial distribution of 
these grassland types has been stable under historical environmental variation (Griffith et 
al. 2017). Important uncertainties remain that attest to the need for long-term studies on the 
effects of climate change drivers on grassland communities (see Research Needs below) and 
the oscillating effects of elevated CO2 depending on other system-and site-specific limiting 
factors (e.g., soil nitrogen; Reich and Hobbie 2013, Reich et al. 2018). 
	 The effects of increased temperature and elevated CO2 on native vegetation depends 
on the invasion state. Warming and species diversity (which is higher in sites with lower 
invasion rates and cover; Stotz et al. 2017) both have positive effects on net primary pro-
ductivity. Slow-growing plants, which likely constitute many long-lived native perennials 
in this region, have stronger responses to elevated CO2 than faster, more acquisitive species 
(e.g., Smooth Brome and Kentucky Bluegrass; Ali et al. 2013). The stronger response may 
enable established, native species to offset the negative effects of projected aridification in 
summer. However, juvenile introduced grasses may also take advantage of increased CO2 
to overcome the drought-induced survival bottleneck between seedling and established, 
mature plants (Carrigy et al. 2016).

Interactive Effects of Climate Change Drivers

	 The response of introduced grasses and native vegetation to climate change is often 
driven by the interaction of 1 or 2 climate change drivers. Here, we briefly explore some 
examples of the ways climate change drivers interact to affect grassland vegetation in 
the PPR. The negative effects of drought (spring, summer, or fall) may be offset by plant 
physiological responses to elevated CO2 (Mankin et al. 2017). Increased water availability 
because of elevated CO2 enables plants to uptake carbon without losing as much water to 
evapotranspiration, although recent evidence suggests that elevated atmospheric aridity 
may offset these gains in water use efficiency at a global scale (Li et al. 2023). Further, plant 
diversity interacts with nitrogen availability, CO2, temperature, and precipitation. Increased 
nitrogen availability from atmospheric deposition and introduced legumes like Melilotus 
officinalis (L.) Lam. (Yellow Sweet Clover) can reduce the ability of native plants to com-
pete with introduced grasses like Kentucky Bluegrass leading to reduced plant diversity 
(Dornbusch et al. 2018, Lesica and DeLuca 2000, Palit et al. 2021). Once established, low 
diversity grasslands with reduced structural complexity are less resilient to climate change 
and elevated CO2 compared to more diverse communities with greater potential for species 
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turnover. Smooth Brome and Kentucky Bluegrass may thus be less impacted by climate 
change compared with native communities (Cantarel et al. 2013, Duell et al. 2016). One 
driver of resilience in native-dominated communities could be the increased cover of C4 
grasses under warm and wet conditions during the late growing season when they are most 
active (Hoeppner and Dukes 2012). The interruption by periodic extreme drought will have 
very different effects on grassland vegetation in the PPR depending on seasonality and other 
local abiotic factors. 
	 Here we explore how introduced grasses could respond to the seasonality of drought 
under a general regional wetting trend (Table 2). While much of the western United States 
is experiencing increased intensity and duration of drought (Williams et al. 2020), the PPR 
is experiencing increased precipitation in the majority of the region. However, because 
climate change is expected to amplify the Great Plains’ climatic variability, this wetting is 
projected to be disrupted by periods of extreme drought, which may intensify in the future 
with increased temperatures (Cook et al. 2020). The seasonal timing of these droughts is 
likely to have significant impacts on local vegetation, particularly the prevalence of intro-
duced perennial grasses and the ability of native vegetation to withstand invasion. We pro-
pose 3 drought scenarios: below-average early season “holdover” soil moisture (due to fall/
winter drought or early snowmelt), spring drought, and summer drought. We also consider 
the scenario of above-average moisture in summer, which affects the senescence timing of 
cool-season grasses. Each scenario is detailed in Table 2 with respective impacts on soil 
moisture and introduced perennial grass. 

Suggested Management Actions
	 The grasslands of this region are working landscapes (Dixon et al. 2019), and the sus-
tainable use of these prairies depends on the ability to take appropriate management actions 

Table 2. Scenarios of above- and below- average seasonal precipitation in the context of 
long-term climate change, and their effects on seasonal soil moisture variation and intro-
duced perennial cool-season grasses. The Prairie Pothole Region is expected to experience 
warming, elevated atmospheric CO2 levels, and an overall increase in precipitation, though 
these increases in precipitation are likely to be interrupted by periodic droughts that may oc-
cur within different seasons resulting in unique effects on the abiotic and biotic environment. 

Regional Climate
Trends

Seasonal Cli-
mate/ Weather 
Scenario

Effect on Soil 
Moisture

Predicted Effect on Intro-
duced Grasses

Increased tempera-
ture; elevated CO2; 
overall increase in 
precipitation (highly 
variable)

Drought: 
fall/winter

Initially deficient in early spring Slows spring emergence

Drought: 
spring

Diminishes quicker following 
soil thaw without additional 
input from spring precipitation

Slows late spring and 
early summer growth and 
flowering

Drought: 
summer

Steady reduction over the course 
of the season; decline exag-
gerated by warming summer 
temperatures

Smaller effect due to early 
phenology of introduced 
C3 species

Above-average 
precipitation: 
summer

Maintains higher-than usual soil 
moisture; could be counteracted 
by increased evapotranspiration 
under warmer temperatures

Delays warm-season 
senescence
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under highly variable climate conditions—no small task in a system where variation is the 
name of the game. The amount and timing of precipitation determine the effectiveness of 
grazing as a management tool (Hendrickson et al. 2020). Periods of long-term rest, when 
there is no burning or grazing, enable introduced perennial grasses to increase in abundance 
(Grant et al. 2020b). This potential invasion provides motivation to develop multi-action 
management plans that limit the opportunity for invasive grasses to increase in abundance 
or spread to new sites. Early spring grazing is commonly used to reduce the cover of Ken-
tucky Bluegrass and Smooth Brome, which emerge especially early in the growing season 
(Hendrickson et al. 2020). However, the effectiveness of spring grazing is dependent on 
precipitation and additional management actions. Periodic burning can remove nitrogen 
through volatilization (Palit et al. 2021)—potentially limiting invasive grass spread—and 
grazers prefer recently burned grasslands (Allred et al. 2011). The greatest impact on in-
vasive grasses may come from a fall burn followed by targeted grazing early the following 
spring. This management tactic could also be leveraged with drought timing. Following 
fall droughts with targeted spring grazing could reduce the cover of Smooth Brome and/or 
Kentucky Bluegrass (which might have reduced reserves to support regeneration because 
of the dry fall; Bam et al. 2022), but further study is needed to establish the efficacy of this 
tactic. 

Research Needs

	 Teasing apart the interactive effects of climate change and elevated atmospheric CO2 on 
the spread of introduced perennial grasses is a challenging task. While experimental, obser-
vational, and modeling work has led to useful insights into the dynamics of Smooth Brome 
and Kentucky Bluegrass, which pose the greatest threat to the PPR, many unknowns remain. 
Long-term studies on the effect of climate change on introduced grass invasions are needed 
because short-term studies are limited in their ability to predict long-term population, com-
munity, and ecosystem dynamics. The effects of climate change in the long term are likely 
also dependent on biogeochemical processes (e.g., nitrogen cycling) that operate on various 
spatial and temporal scales to determine community composition. When we fail to account 
for these factors, we may incorrectly predict or model long term community responses to 
climate change (Reich et al. 2018). In addition, lag effects of invasion decrease our ability to 
predict community and species level responses to climate change in the PPR (Crooks 2005). 
For example, particularly wet seasons may provide Smooth Brome and Kentucky Bluegrass 
with boosted resiliency that may last multiple years. Lags in population and community 
responses to variation in the amount and timing of precipitation are challenging to execute 
in experiments or capture in observational studies. 
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