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Northern mixed-grass prairie rangelands are threatened by increasing drought severity and invasion
by annual grasses. However, it is unclear whether climate change will amplify or dampen this invasion.
We tested separate and combined effects of livestock grazing and experimental rainfall manipulation on
invasion by annual brome grasses—cheatgrass (Bromus tectorum L.) and field brome (Bromus arvensis L.)—
in two mixed-grass prairie sites (Montana and Wyoming, United States). To provide management-relevant
results, we manipulated precipitation at five levels representing a gradient of precipitation reduction and
implemented grazing strategies selected by stakeholders to represent realistic management choices: de-
stock, stable, and heavy grazing scenarios. We measured soil moisture and three plant properties of inva-
sive annual bromes (aboveground primary production, percent greenness, and percent cover) during two
water manipulation yr (2019, 2020) and one recovery yr of natural rainfall (2021).

Imposed precipitation reduction generally decreased absolute annual brome biomass and induced ear-
lier senescence. However, during the recovery year, we observed prolonged time to senescence in the
formerly droughted plots. In Wyoming, summer grazing had little appreciable effect on annual bromes,
perhaps because annual bromes mature early in the growing season (mid-June) and may therefore be
less affected by summer grazing. However, in the first year after ending water treatments during a natu-
ral drought in Montana, under heavy grazing, annual brome production marginally increased from 32.4 +
10.6 kg - ha~! to 130.8 + 111.8 kg - ha~! (mean =+ standard error) with prior severe precipitation reduc-
tion. The magnitude of responses tended to be site dependent, which may be due to inherent vegetation
differences between our sites, as well as site-scale differences in natural precipitation patterns. Together,
these results suggest that annual brome abundance may increase in the context of drought combined
with heavy grazing, a more likely scenario with continuing climate change.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Society for Range Management.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

bances including grazing, drought, and fire (Gibson 2009). The
livelihoods and health of > 1 billion people worldwide rely specif-

Grazing lands are the most widespread terrestrial biome in the
world (Ellis and Ramankutty 2008), covering ~40% of the global
land surface (White et al. 2000; Suttie et al. 2005; Gibson 2009).
Their structure and diversity are maintained by frequent distur-
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ically on herbaceous systems to graze livestock (Sayre et al. 2013),
yet management of these lands is currently challenged by unprece-
dented climate regimes and intense pressure from invasive species
(DiTomaso 2000; McCollum et al. 2017).

Invasive plant species alter landscapes and plant community
dynamics, making management of working rangelands challenging
(Belnap et al. 2012). Invasive weeds can harm livestock production
due to decreased forage quality and quantity, slower animal weight
gain, and decreased land value (DiTomaso 2000). Simultaneously,
invasive plants compete with native plant communities, decreasing
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native productivity, diversity, and litter decomposition (Ogle et al.
2003; Henderson and Naeth 2005). Further, invasive grasses can di-
rectly alter soil nutrient content and availability and soil microbial
composition (Parker and Schimel 2010; McLeod et al. 2021; Nasto
et al. 2022), which can in turn affect ecosystem functioning and
services (Parker and Schimel 2010; McLeod et al. 2021). Altogether,
invasive species on rangelands are responsible for large-scale neg-
ative ecological and economic consequences (Pimentel et al. 2000,
2005; Poland et al. 2021).

While climate change and invasive species can independently
affect ecosystems, there is also substantial evidence suggesting cli-
mate change will have an impact on invasive species (Dukes and
Mooney 1999; Hellmann et al. 2008; Mainka and Howard 2010;
Ziska et al., 2011; Bradley et al. 2016; Bezeng et al. 2017; Shabani
et al. 2020). Further, while grasslands are adapted to and depend
on disturbances including variable weather, global climate models
predict increases in magnitude and frequency of climate extremes
(Rosenzweig et al. 2001; Smith 2011; Ades et al. 2020), which
could potentially alter grassland composition and function. Produc-
tivity of grasslands in mixed-grass prairies of the United States
has a strong positive correlation with spring precipitation (Wiles
et al. 2011), so altered precipitation patterns may greatly alter pro-
duction from these systems. Precipitation patterns are expected to
change, with summer droughts in the midwestern United States
predicted to increase in frequency and intensity (Andresen et al.
2012) and surface soil moisture expected to decrease with increas-
ing temperatures across the United States (Wehner et al. 2017).
With these changes expected in the coming decades, it is critical
to understand how increased drought intensity and frequency will
impact invasive species on rangeland ecosystems.

The northern mixed-grass prairies of the North American Great
Plains are an important ecoregion for biodiversity and livestock (in-
cluding beef cattle) production (Samson and Knopf 1994; Martin
et al. 1999; Samson et al. 2004). However, the mixed-grass prairie
is threatened by both increased drought severity and invasive
species (DiTomaso 2000; Henderson and Naeth 2005; Gaskin et al.
2021). Current grazing management practices may not be sustain-
able as the climate changes, and new approaches to management
may be required to uphold land value and prevent overgrazing
(Derner and Augustine 2016; Li et al. 2018). Additionally, across
northern Great Plains rangelands, the invasive grasses field brome
(Bromus arvensis L.) and cheatgrass (Bromus tectorum L.), hereafter
referred together as annual bromes, or separately as field brome
(B. arvensis) and cheatgrass (B. tectorum), are cause of concern for
overall rangeland sustainability (Vermeire et al. 2009b; Germino
et al. 2016). B. arvensis and B. tectorum are two widespread, well-
established, C3, winter-annual grass species (Wright and Wright
1948; Hulbert 1955; Oja et al. 2003). These species were inten-
tionally introduced as forage for cattle, but while annual bromes
provide forage in the spring, the optimal grazing period is short
as the protein percentage decreases by ~97% on maturation in
mid-June (Hulbert 1955; Morrow and Stahlman 1984; DiTomaso
2000; Oja et al. 2003; Chambers et al. 2007; Schachner et al. 2008;
Vermeire et al. 2009b). Invasive annual brome grasses harm na-
tive rangeland communities by decreasing the quality and quan-
tity of forage and competing with native plant species (Haferkamp
et al. 1998, 1997; Ogle et al. 2003; Ashton et al. 2016). Intensive
cattle grazing of cheatgrass during the boot stage before flower-
ing has been shown to significantly reduce annual brome abun-
dance in subsequent years (Diamond et al. 2012; Porensky et al.
2021), and some level of grazing may be required to maintain inva-
sion resistance and native diversity in disturbance-adapted range-
lands (Loeser et al. 2007; Porensky et al. 2020, 2013). However, in
a Great Basin grassland, after a naturally occurring (single year)
severe drought, both heavy grazing and no grazing produced in-
creases in cheatgrass, with heavy grazing resulting in the most dra-

matic increase (Loeser et al. 2007). Therefore, the relationship be-
tween grazing and control of invasive annual bromes is complex,
particularly under decreased precipitation conditions.

Uniquely, our study examines the consequences of an exper-
imentally generated gradient of precipitation reduction crossed
with varying levels of livestock grazing intensity on the productiv-
ity and percent cover of field brome and cheatgrass in northern
mixed-grass prairies. Additionally, we assess how annual brome
phenology changes under these treatment conditions. We tracked
these responses across 2 yr of water reduction treatments (here-
after “precipitation reduction”) and the first-yr post water reduc-
tion treatment (hereafter “recovery year”). Our hypotheses are as
follows:

1) We hypothesized that summer grazing and precipitation re-
duction would have interactive effects on annual brome biomass,
percent cover, and senescence. Specifically, we predicted that the
combination of severe drought and heavy grazing would result in
the largest increases in biomass and percent cover of field brome
and cheatgrass, especially during the recovery year. This could
be due to high cover of bare space via reductions in perennial
plant cover (Porensky et al. 2013). Under heavy grazing follow-
ing drought, cheatgrass has been shown to significantly increase
in abundance and greatly contribute to alterations in plant com-
munity composition in similar regions (Souther et al. 2020). Cattle
often preferentially graze the nonbrome plant community, decreas-
ing perennial plant abundance (Rickard et al. 1975; Derner and
Hart 2007). As grazing intensifies, especially under reduced pre-
cipitation conditions, decreases in the nonbrome, perennial veg-
etation can free up space for invasive annual bromes to increase
(Haferkamp 2001).

2) We hypothesized that during precipitation reduction years,
the biomass and percent cover of invasive annual bromes would
decrease across precipitation reduction treatments due to the
added stress of water loss (Richardson et al. 1989). Likewise, we
predicted that precipitation reduction would cause annual bromes
to senesce earlier in the season, with average percent green the
lowest under the severest water reduction levels (Rice et al. 1992).

3) We hypothesized that in the recovery year following pre-
cipitation reduction, biomass and percent cover of invasive annual
bromes would increase. We also hypothesized that in the recov-
ery year, previous precipitation reduction would indirectly cause
annual bromes to delay senescence, reflecting a possible drought-
avoidance strategy of invasive annual bromes (Rice et al. 1992).
After 2 yr of summer precipitation reduction, lowered resistance
to invasion via suppression of perennial species under high pre-
cipitation reduction could lead to competitive release for bromes
in the historically severe precipitation reduction plots (Jiménez
et al. 2011; Diez et al. 2012). This could be due to legacy effects
in the soil. For example, following drought, soil nitrogen can in-
crease, which annual bromes are better able to use than the na-
tive plant community, allowing annual bromes to increase in abun-
dance while indirectly suppressing native plant species (Meisner
et al. 2013; Souther et al. 2020). In addition, while cheatgrass
and field brome are considered winter annuals, they can be rel-
atively plastic in germination timing, especially under altered pre-
cipitation, allowing them to better avoid drought-legacy effects in
native-suppressed areas (Roundy et al. 2007; Espeland et al. 2016).

Methods
Study sites

The Northern Great Plains steppe ecoregion is dominated by
temperate and semiarid mixed-grass prairie and spans 22 mil-

lion ha across five states in the United States and two Canadian
provinces (Martin et al. 1999), covering 38% of grassland area in
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North America (Lauenroth 1979; Chimner and Welker 2011). Most
precipitation occurs from May to June, with total average annual
precipitation for the region ranging from < 250—500 mm (Reinhart
and Vermeire 2017). This ecoregion is ecologically and economi-
cally important, with as much as 50% of the land area being used
to support livestock (Holechek et al. 2011; Vold 2018) and an es-
timated ~11 million animal unit mo of livestock grazing (Reinhart
and Vermeire 2017).

We experimentally manipulated rainfall and cattle manage-
ment at one site in Custer County in eastern Montana (46.3366°N,
—105.985°W) and another in Converse County in northeastern
Wyoming (43.3025°N, —105.0575°W). The Montana site is centrally
located in the Northern Great Plains steppe ecoregion at the Fort
Keogh Livestock and Range Research Laboratory. The Wyoming site
is located at the south end of the Northern Great Plains steppe
ecoregion on private land within a shrubland-grassland ecotone
(known locally as the Thunder Basin ecoregion) (Porensky et al.
2018).

Both the Montana and Wyoming sites have a semiarid climate
(Fig. S1, available online at doi:10.1016/j.rama.2023.05.007; Curtis
and Grimes 2004; Peterson and Reinhart 2012; Wilcox et al. 2015).
Mean temperature for the Montana site ranges from -—10°C in
January to 24°C in July (Waterman et al. 2021), and elevation is
715-860 m above sea level (Peterson and Reinhart 2012). Ninety
percent of annual net primary productivity at the Montana site
is completed by July 1 (Vermeire et al. 2009a). Soils at this site
are typically Mollisolls and Entisols (Peterson and Reinhart 2012).
Mean temperature for the Wyoming site ranges from —5°C in De-
cember to 22°C in July and elevation is 1 097—1 585 m above sea
level (Curtis and Grimes 2004; Porensky et al. 2018; Connell et al.
2019). Soils in this region are most commonly Aridisols and Enti-
sols (Ebertowski 2005).

Common plant species at both sites include the shrub Artemisia
tridentata Nutt. ssp. Wyomingensis Beetle and Young (Wyoming
big sagebrush); perennial graminoids Bouteloua gracilis (Willd. Ex
Kunth) Lag. ex Griffiths (blue grama), Carex filifolia Nutt. (threadleaf
sedge), Hesperostipa comata (Trin. & Rupr.) Barkworth (needle-and-
thread grass), and Pascopyrum smithii (Rydb.) A. Love (western
wheatgrass); annual grasses Bromus tectorum (cheatgrass), Bromus
arvensis (field brome), and Vulpia octoflora (Walter) Rydb. (6-wk
fescue); and the forb Plantago patagonica Jacq. (wooly plantain)
(Russell et al. 2017; Porensky et al. 2018). Other reported plant
species include the subshrub Artemisia frigida Wild. (prairie sage-
wort), the perennial grass Bouteloua dactyloides (Nutt.) J. T. Colum-
bus (buffalograss), and the forbs Tragopogon dubius Scop. (yellow
salsify), Logfia arvensis (L.) Holub (field cottonrose), and Hedeoma
hispida Pursh. (rough false pennyroyal) in Montana (Russell et al.,
2017) and the forbs Alyssum desertorum Stapf (desert madwort), Le-
pidium densiflorum Schrad. (common pepperweed), and Sphaeralcea
coccinea (Nutt.) Rydb. (scarlet globemallow); and the cactus Op-
untia polyacantha Haw. (Plains pricklypear) in Wyoming (Porensky
et al. 2018).

Experimental design

Experimental design was identical at both sites and consisted
of three fully replicated blocks (80.8 x 61.0 m), with three pad-
docks nested within each block. Paddocks (40.4 x 30.5 m) were
randomly assigned to one of three livestock management strat-
egy treatments. Grazing intensity was similar across paddocks in
2018 (pretreatment), when plots received the conventional prac-
tice for the system of moderate summer grazing. However, during
precipitation reduction (2019—-2020) and recovery (2021) yr, graz-
ing intensity varied across the paddocks to correspond with how
regional livestock managers might alter their management in re-
sponse to drought. The “control” grazing strategy was a fixed graz-

ing intensity (moderate) throughout the experiment. The other two
grazing treatments varied grazing intensity to reflect destocking or
heavy management scenarios (Fig. 1).

At each site, we used beef cattle (Bos taurus) to implement
the grazing treatments. Utilization targets varied by grazing treat-
ment and year according to the experimental design (see Fig. 1).
For each block, different grazing intensities were achieved by vary-
ing the number of days a given herd had access to different pad-
docks within the block. During grazing bouts, we assessed livestock
utilization using visual obstruction readings before, during (daily
or subdaily as needed), and after grazing. We used a visual ob-
struction pole (modified from Robel et al. 1970) with alternating
black and white bands modified to a 1-cm increment, a method
with application in grasslands broadly (Ganguli et al. 2000). Tem-
porary fencing was used to exclude cattle from a given paddock
once the target forage utilization (30% for light, 50% for moder-
ate, or 70% for heavy; see Fig. 1) was achieved. Due to spatial and
temporal variation in forage production, this resulted in variable
numbers of animals and days of grazing across sites, years, and
blocks (summarized in Table S1, available online at doi:10.1016/j.
rama.2023.05.007). Blocks were grazed sequentially, and all graz-
ing was completed within 3 wk each year (WY: June 26—July 18,
2019; July 2—-15, 2020; July 7—-14, 2021; MT: August 13-23, 2019;
July 30—August 8, 2020; August 9—12, 2021). Fort Keogh Livestock
and Range Research Laboratory’s Institutional Animal Care and Use
Committee evaluated our experiment and determined that our use
of animals was consistent with standard livestock management and
did not require special approval for either site.

Within each paddock, six 2 x 2 m plots were randomly assigned
to different precipitation treatments. Each paddock had two control
plots (no precipitation reduction) and one plot for each precipita-
tion reduction level (25%, 50%, 75%, 99% reduction from ambient
precipitation), giving a total of 54 plots per site. Plots were on av-
erage 3.5 m apart from one another and included a 0.5-m buffer
from the edge of the shelter to prevent hydrological overlap and
overland flow (Beier et al. 2012). We also used gutters to ensure in-
tercepted rainfall was diverted away from each plot. To achieve our
rainfall gradient, we constructed rainout shelters (modified from
Yahdjian and Sala 2002). Rainout shelters were 3 x4 m and cov-
ered the entire plot. In April 2019 and 2020, rainout shelters were
erected. The shelters remained up until October, except for a brief
grazing period in July (for Wyoming) or August (for Montana) to
allow cattle to graze each paddock. This resulted in varying graz-
ing and water treatments per year. To assess the effectiveness of
our precipitation reduction treatments, we tested for water treat-
ment differences in average soil moisture per plot (April—October)
for each year and site separately. We measured soil moisture using
time-domain reflectometry (TDR) with a Field Scout probe to de-
termine percent volumetric water content (VWC) at a depth of 10
cm.

Data collection

Each plot was divided into four 1 x 1 m subplots used for dif-
ferent sampling approaches, including a permanent 1 m? species
composition subplot and a 1 m2 area used for aboveground
biomass clipping. We collected all data types annually for 3 yr in-
cluding the two precipitation reduction yr (2019—2020) and the re-
covery yr (2021) from each site. We measured plant species com-
position in late June each year by visually estimating foliar cover
(i.e., calibrated to estimates generated by a 100 pin-point intercept
frame) for each species to the nearest percent. Additionally, each
year during peak biomass production (mid-late July), we clipped all
aboveground biomass from two 0.5 x 0.2 m quadrats; the quadrats
for each year were never adjacent to the prior yr's clippings. In
Wyoming, where grazing occurred in early July before clipping,
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Figure 1. Experimental design from 2018 to 2021. In 2018 (pretreatment), precipitation was ambient, and grazing followed conventional practice; pretreatment data for
aboveground biomass and percent cover were collected. Top, Our experiment consisted of three grazing treatments (light—30%, moderate—50%, heavy—70% forage utilization)
to represent different livestock utilization methods each year (destock, stable, and heavy, respectively). We imposed grazing in either July or August in each of the 3
treatment yr (2019—-2021). Bottom, In 2019 (precipitation reduction yr 1) and 2020 (precipitation reduction yr 2), we erected rainout shelters during the growing season
(April—October) to impose rainfall reduction across a gradient of five levels (0%, 25%, 50%, 75%, 99% precipitation reduction). We did not impose precipitation reduction
treatments in 2021; plots were exposed to ambient precipitation (recovery yr). Bar graphs show mean =+ standard error of average growing season soil moisture in Montana
(MT) and Wyoming (WY) across the precipitation reduction treatments through the 3 treatment yr. Model fit was assessed using linear mixed-model ANOVAs. Letters indicate
significant differences at P < 0.05, and asterisks indicate marginal significance at 0.05 < P < 0.1 based on Tukey honestly significant difference test.

biomass plots were protected from same-yr grazing using mov-
able grazing cages, and in Montana, grazing occurred after clipping.
Thus, both biomass and cover measurements were not affected
by current-year grazing treatments but could respond to prior-
yr treatments. We separated annual grasses (in Montana, consist-
ing largely of annual bromes) and annual bromes (in Wyoming)
from the rest of the plant biomass. While ideally annual bromes
would have been sorted out from other annual grasses in Mon-
tana, this was not done; however, the data are still beneficial for
invasive annual bromes as there is only one other annual grass
species at the site (Vulpia octoflora). This species accounted for <
0.5% cover on average and has consistently low biomass compared
with annual brome production, which can range from low to high
biomass at this site (Vermeire et al. 2021). Thus, we feel confi-
dent in using these data as a proxy for invasive brome biomass.
We collected soil moisture (VWC) and plant phenology (visual es-
timates of percent of green tissue on randomly selected, individu-

ally marked, and ungrazed plants) throughout the growing seasons
(April—October) from 2019 to 2021. Percent of the plant tissue that
was green was visually estimated to the nearest 1% (modified from
USA-NPN National Coordinating Office 2012). To differentiate be-
tween senescence and temporary shifts in color (e.g., due to cold
stress), percent green included reddish or purple tinted tissue but
not brown, dried tissue. The same researcher collected the data for
each time point across all plots at a site and often throughout the
entirety of each growing season to reduce bias. While researchers
were calibrated through training, each researcher could have varied
in their measurement of percent green, thus highlighting the im-
portance of having one researcher collect all percent green data at
each time point. We present here relativized percent green results
rather than raw values, as the change in percent green between
control and treatment plots is more important than the raw val-
ues. Plant phenology measurements were done exclusively on field
brome in Montana but were done on a combination of field brome
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Table 1

Linear mixed-model analysis of variance (F statistics with P values) for aboveground biomass responses of invasive annual bromes to each yr's treatment conditions at the
time of sampling. We assessed biomass response to each yr's applicable precipitation reduction and grazing treatments. W indicates water treatment; G, grazing treatment;
WR, water treatment recovery. Numerical subscripts indicate yr abbreviations for 2019—2021. Significant values are shown in boldface type, with * indicating P < 0.1, ** P

< 0.05, *** P < 0.001.

Site Montana Wyoming

Yr Data transformation df F value P value Data transformation df F value P value
2019 In(data+0.1) In(data+0.1)

Wio 1, 44.00 19.29 < 0.001*** 1, 44.00 0.10 0.76
2020 In(data+0.1) In(data+0.1)

Wao 1, 43.00 313 0.08* 1, 43.00 3.93 0.05*
Gig 1, 17.99 0.19 0.67 1, 747 0.00 0.98
Wao x Gig 1, 43.00 0.01 0.92 1, 43.00 0.78 0.38
2021 Square root N/A

WRy4 1, 42.00 0.25 0.62 1, 42.00 3.42 0.07*
Gao 2, 10.10 1.65 0.24 2,9.72 1.22 0.34
WRy1 x Gg 2, 42.00 3.87 0.03** 2, 42.00 141 0.25

and cheatgrass in Wyoming because field brome was not present
in all plots.

Statistical analyses

We conducted all calculations and analyses in R version 3.6.2
(R Core Team 2019). We used Shapiro-Wilk, Anderson-Darling,
Cramer-von Mises, and Kolmogorov-Smirnov tests to assess nor-
mality of the residuals of all response variables using the Ol-
sit package (Hebbali 2020). We transformed data when neces-
sary to achieve normality (Tables 1-3 and S1-S2, available on-
line at doi:10.1016/j.rama.2023.05.007). We ran linear mixed-model
regressions using the lmerTest package (Kuznetsova et al. 2017),
followed by Type III analysis of variance (ANOVA) with Satterth-
waite’s method (Satterthwaite 1941). Because water and grazing
treatments varied by yr (see Fig. 1), we performed unique tests
each year. Further, models include grazing treatments for the prior
calendar yr because we applied grazing treatments in July—August,
after most annual brome data were collected. For 2019 data, we
tested only the effect of water treatments, as grazing treatments
could not have affected annual brome response variables during
that year. For 2020 data, we tested the effect of a second yr of wa-
ter treatments, the two grazing treatments applied in 2019 (two
paddocks were moderately grazed and one paddock was heavily
grazed; see Fig. 1), and their interaction. For 2021 data, we tested
for water treatment legacy effects, the three grazing treatments
applied in 2020 (one paddock was grazed at each of the three
grazing intensities—light, moderate, and heavy; see Fig. 1), and the
interaction between water and grazing treatments. We assessed
the precipitation reduction treatment as a continuous variable and
the grazing treatment as a categorical variable in all analyses. As
part of data exploration, we fit nonlinear models to all our vari-
ables; however, in each instance, linear models fit better based on
Akaike’s information criterion with correction for small sample size
(AICc). Therefore, only results for linear models are presented here.

To assess how soil moisture changed with our water treat-
ments, we used Type III mixed-model ANOVAs with random ef-
fects of block and paddock nested within block for each site and
year separately. We first averaged soil moisture across all time
points at each site (collected approximately bimonthly each yr
April-October throughout the experiment) to avoid pseudo repli-
cation. We then used Tukey’s test (Tukey 1977) adjusted for multi-
ple comparisons using the Benjamini-Hochberg method (Benjamini
and Hochberg 1995) to assess significant differences in soil mois-
ture between precipitation reduction levels.

To assess how aboveground biomass changed with our water
and grazing treatments, we used Type III mixed-model ANOVAs
with random effects of block and paddock nested within block for
each site and year separately.

We also assessed how annual brome phenology responded to
our water and grazing treatments in two ways. To standardize our
results, we assessed differences in percent green by comparing
each precipitation reduction level (25%, 50%, 75%, 99% reduction)
to the corresponding control (0% precipitation reduction) for each
paddock (i.e., precipitation reduction treatment-control) at each
time point. In Montana, we averaged percent green across both
control plots (two control plots per paddock) first as we only col-
lected percent green data on field brome. In Wyoming, because we
collected percent green data on a combination of field brome and
cheatgrass, we paired the precipitation reduction plots with con-
trol plots for each paddock and time point of the same species
(i.e., field brome treatment plots paired with field brome control
plots; cheatgrass treatment plots paired with cheatgrass control
plots). Then, we analyzed how differences in percent green be-
tween precipitation reduction treatments and control plots change
with our water and grazing treatments through each summer sep-
arately for each site and year. While data collection for percent
green occurred from April to October, we conducted data analy-
ses on percent green data collected from May to July only, before
grazing treatments each year. To do this, we used repeated mea-
sures mixed-model ANOVAs with random effects of block, paddock
nested within block, and plot nested within paddock. Second, from
these phenology results through time, we looked for a single time
point in each year that maximized differences in percent green
across our water treatments. We then selected the data for this
time point only to assess how standardized percent green changes
across our treatments at that chosen date. We analyzed this using
Type Il mixed-model ANOVAs with random effects of block and
paddock nested within block separately for each year and site.

Lastly, we addressed how percent cover of invasive annual
bromes respond to water and grazing treatments. In these anal-
yses, we excluded all plots that never included invasive annual
bromes, as we cannot attribute this to our treatment conditions.
We excluded two plots entirely at our Wyoming site that never
contained either field brome or cheatgrass. For analyses with
cheatgrass cover, we also excluded eight additional plots at our
Wyoming site that never contained cheatgrass. This aligns with
previous work (Ashton et al. 2016), and analyses including these
plots where invasive annual bromes were never present yielded
similar results but did not fit our distributional assumptions as
well (Table S2, available online at doi:10.1016/j.rama.2023.05.007).
To determine how percent cover (foliar cover) of field brome and
cheatgrass respond to our water and grazing treatments, we used
Type Il mixed-model ANOVAs with random effects of block and
paddock nested within block for each site, year, and species sepa-
rately. During data exploration, we also assessed how the pretreat-
ment (2018) percent cover data at the Montana site covaried with
each year’s response using Type Il mixed-model ANCOVAs with
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Figure 2. Mean + standard error of aboveground net primary production (ANPP) of annual grass species for precipitation reduction treatments at Montana (MT) by A, grazing
treatment or B, year, and C, of annual brome species at Wyoming (WY) by year. P values and marginal R? values for A, grazing treatments with significant or marginally
significant precipitation reduction effects and B—C, significant or marginally significant effects of precipitation reduction for each yr are shown. Solid lines indicate significant
main effects of water treatment (P < 0.05), and dashed lines indicate marginally significant results (0.05 < P < 0.1) as calculated from the linear mixed-model analyses of

variance (see Table 1).

random effects of block and paddock nested within block (data not
shown). However, AICc scores were similar with and without the
covariate, so we proceeded with analyses without the covariate to
simplify the models. We also collected pretreatment (2018) percent
cover data for the Wyoming site, but we had to move the plots in
2019, so data could not be compared with subsequent years’ data
at the plot scale. Results are reported as means + standard error
(SE), and statistical results are reported as significant when P <
0.05 and marginally significant when 0.05 < P < 0.10.

Results
Soil moisture

At both sites, water manipulations created a gradient of soil
moisture during the growing seasons of 2019 and 2020 (water
treatment F4 41 =35.7, P < 0.001 for 2019 in Montana, water treat-
ment F4 41 =301, P < 0.001 for 2020 in Montana, water treat-
ment Fy 41 =6.7, P < 0.001 for 2019 in Wyoming, water treatment
F4, 1 =4.6, P=0.004 for 2020 in Wyoming; see Fig. 1), though
this pattern was somewhat weaker at Wyoming in 2020, when
that site was experiencing a natural drought. Further, we saw a
slightly stronger reduction in soil moisture in 2020 than in 2019 in
Wyoming, though this reduction was not as consistent in 2020 as
in 2019 (see Fig. 1). In 2021, soil moisture was similar across treat-
ments in Montana (water treatment F4 41 =14, P=0.244), which
was experiencing a natural drought. In Wyoming, which experi-
enced wetter conditions in 2021, soil moisture was not significantly

different across treatments (water treatment F4 4 =1.9, P=0.129;
see Fig. 1).

Annual brome responses

While we found no main effects of grazing on annual brome
biomass (Fig. S2, available online at doi:10.1016/j.rama.2023.05.
007; Table 1), we did find an interactive effect of water treatment
and grazing on annual brome biomass in Montana in 2021, where
biomass significantly decreased with severe precipitation reduc-
tion under stable grazing and marginally increased as precipitation
reduction intensified under heavy grazing (Fig. 2A, see Table 1).
Under stable grazing conditions, average biomass decreased 64.6%
from 0% to 99% precipitation reduction. Conversely, under heavy
grazing conditions, average annual brome biomass increased by
75.2% from 0% to 99% precipitation reduction (see Fig. 2A), though
this increase was only marginally significant. Further, we found
main effects of precipitation reduction on annual brome biomass.
Annual brome biomass decreased linearly with precipitation reduc-
tion in 2019 (first yr of precipitation reduction) in Montana. In con-
trast, in Wyoming, all treatments maintained similar annual brome
biomass except the 99% precipitation reduction treatment, which
had on average less than half the biomass of other water treat-
ments (see Fig. 2B, 2C, and Table 1). In 2020, the second yr of pre-
cipitation reduction, both sites displayed a marginally significant
negative linear relationship between annual brome biomass and
precipitation reduction. In Wyoming, this trend was also present in
2021 (recovery yr; see Fig. 2C, Table 1). In Montana, water treat-
ments (ambient vs. 99% precipitation reduction) reduced average
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Table 2

Repeated-measures linear mixed-model analysis of variance (F statistics with P val-
ues) for differences in annual bromes’ percent green between precipitation reduc-
tion treatments and controls without precipitation reduction to each yr's treatment
conditions at the time of sampling. We assessed this standardized percent green re-
sponse to each yr's applicable precipitation reduction and grazing treatments. Data
presented here were collected from summer months (May—July). W indicates wa-
ter treatment; G, grazing treatment; WR, water treatment recovery. Numerical sub-
scripts indicate yr abbreviations for 2019—2021. Data are approximately normal, so
no data transformations were necessary. Significant values are shown in boldface
type, with * indicating P < 0.1, ** P < 0.05, *** P < 0.001.

Table 3

Linear mixed-model analysis of variance (F statistics with P values) for differences
in annual bromes’ percent green between precipitation reduction treatments and
controls without precipitation reduction to each yr’s treatment conditions at the
time of sampling. Data shown are from a single time point representing peak dif-
ferences in percent green across the water treatments. Dates chosen for Montana
are June 24, 2019; June 16, 2020; and June 16, 2021, and dates chosen for Wyoming
are July 8, 2019; June 18, 2020; and June 16, 2021. We assessed this standardized
percent green response to each year’s applicable precipitation reduction and grazing
treatments. W indicates water treatment; G, grazing treatment; WR, water treat-
ment recovery. Numerical subscripts indicate yr abbreviations for 2019—2021. Data
are approximately normal, so no data transformations were necessary. Significant

Site Montana Wyoming values are shown in boldface type, with * indicating P < 0.1, ** P < 0.05, *** P <
Yr df F value P value df F value P value 0.001.
2019 Site Montana Wyoming
\[/)\Ztge } 528 35‘29 (1'(5).2001“* } 5?2 3(5)3 8]727 Yr df F value P value df F value P value
Date x Wyg 1,178 0.24 0.63 1,232 184 0.18 2019
2020 Wio 1,26.00 24.56 <0.001*+* 1,31.60 4.81 0.04++
Date 1,212 0.00 1.00 1,189 0.54 0.46 2020
Wy 1,25 639 0.02** 1, 13 0.44 0.52 Wao 1,25.00 3.78 0.06* 1,18.05 1.64 0.22
Gig 1,5 0.06 0.82 1,3 2.27 0.23 Gig 1, 2555 0.08 0.77 1, 18.03 5.68 0.03+**
Wao x Gig 1, 25 0.00 0.96 1, 13 0.06 0.81 Ws x Gig 1,25.00 013 0.73 1,18.04 454 0.05**
Date x Woq 1,212 014 0.71 1,189 0.13 0.72 2021
Date x Gqg 1,212 0.09 0.76 1,189 0.06 0.81 WRy; 1,28.00 18.21 <0.001*** 1,30.10 0.44 0.51
Date x Dyp x Gig 1,212 0.03 0.86 1,189 0.04 0.84 Gao 2,28.00 0.8 0.84 2,5.50 0.48 0.65
2021 WRy x Gy 2,28.00 115 0.33 2,3011 0.65 0.53
Date 1,174 0.10 0.760 1,253 0.24 0.62
WR»; 1, 24 10.25 0.004+* 1, 14 3.42 0.09*
Gao 2,4 2.80 0.17 2,3 0.64 0.59
WRy1 x Gyo 2,24 110 035 2,14 129 031 ference significantly decreased from stable to heavy grazing (see
Date x WRy; 1,174 046 0.50 1,253 0.08 0.78 Table 3).
Date x Gyo 2,174 0.04 0.96 2,253 0.04 0.96

Date x WRy x Gy 2, 174 0.01 0.99 2,253 0.02 0.98

annual brome biomass by 62.1% in 2019 and 46.5% in 2020 (see
Fig. 2b). In Wyoming, water treatments (ambient vs. 99% precipi-
tation reduction) reduced average annual brome biomass 78.1% in
2020 and 61.5% in 2021 (see Fig. 2).

Throughout each growing season, grazing had no direct or in-
teractive impacts on annual brome’s percent green, but precipita-
tion reduction treatments did result in within-season changes to
brome phenology (Table 2). In Montana, the two most extreme
precipitation reduction treatments resulted in earlier senescence of
field brome in both 2019 and 2020, but in 2019 the two moder-
ate precipitation reduction treatments delayed or had no effect on
senescence (Fig. 3, see Table 2). Here, field brome experienced ear-
lier senescence under more extreme precipitation reduction. This
pattern was not present in Wyoming (see Table 2). In contrast,
recovery yr results revealed significant, positive legacy effects of
water treatments in Montana and marginally significant, positive
legacy effects of water treatments in Wyoming, with foliar green-
ness declining earlier in ambient precipitation plots than the most
extreme precipitation reduction plots (see Fig. 3, Table 2).

When we assessed a single time point that represented peak
differences in percent green across water treatments, these trends
tended to persist. In 2019 in Montana, we again found water ma-
nipulation significantly decreased percent green of field brome
overall, except under 25% water reduction. Additionally, we found
percent green marginally decreased in 2020, but in 2021, percent
green significantly increased with precipitation reduction (Fig. 4,
Table 3). Similar to Montana, in Wyoming in 2019, we found a
significant decrease in percent green difference of annual bromes
with precipitation reduction (see Fig. 4, Table 3). Additionally, in
2020 in Wyoming, we found an interaction between grazing and
precipitation reduction on percent green difference, though post-
hoc testing revealed no significant differences (see Table 3). We
also found a main effect of grazing on percent green difference
of annual bromes in 2020 in Wyoming, where percent green dif-

We found no significant effects of precipitation reduction or
grazing on percent cover of field brome or cheatgrass at either site
throughout the treatment yr (see Figs. S3-S4, Table S3, available
online at doi:10.1016/j.rama.2023.05.007).

Discussion

The use of experimental manipulations is critical for under-
standing potential global change impacts; however, global change
experiments are often limited in spatial and temporal scale (De
Boeck et al. 2015) and rarely include recovery. Water manipulations
using rain-out shelters are challenging due to the cost and diffi-
culties of maintaining infrastructure (Svejcar et al., 1999; Yahdjian
and Sala, 2002), while grazing experiments must deal with the
logistical and financial challenges associated with large mammals
(Bransby 1989), making manipulated precipitation and grazing ex-
periments rare. Here, we uniquely combined the impacts of 2 yr of
multi-intensity water removal treatments with summer grazing on
invasive annual grasses.

We hypothesized that precipitation reduction and summer
grazing would have an interactive impact on invasive annual
bromes. We found evidence of this interactive effect on annual
brome biomass at the Montana site only during the recovery yr
in 2021 (see Fig. 2A). Stable grazing conditions led to a decrease in
annual brome biomass under precipitation reduction, while heavy
grazing led to a marginal increase in annual brome production
when combined with prior precipitation reduction. When water
stress is severe, heavier grazing can promote annual brome abun-
dance, possibly by reducing native plant biomass, thus reducing
competition for resources (Davies et al. 2014, 2011). As these are
disturbance-adapted systems, our results from summer grazing
make sense given previous work on heavy or overgrazing of water-
stressed systems. Grazing has been shown to maintain grassland
states (Gibson 2009), but varying intensities of grazing (e.g., mod-
erate vs. heavy) can alter the plant community (Veblen et al. 2016;
Wells et al. 2022). Low to moderate grazing may have neutral
or positive impacts on invasion resistance (Porensky et al. 2020)
through direct negative impacts on annual bromes (Stechman and
Laude 1962; Haferkamp and Karl 1999) and positive effects on the
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Figure 3. Changes in average percent green difference (treatment - control) of annual bromes within each growing season (A—C) in Montana (MT) and (D—F) Wyoming
(WY) from 2019 to 2021. Colored lines represent the water treatments. Julian day of the year is along the x-axis. P values are for the water treatment main effect. Arrow
indicates the time point with the greatest difference in standardized percent green among water treatments chosen for further analyses (see Table 3, Fig. 4).

grazing-adapted native plant community (Collins and Barber 1986;
Patton et al. 2007). Spring grazing is commonly used to man-
age invasive annual bromes (Daubenmire 1940; Harmoney 2007;
Diamond et al. 2012; Porensky et al. 2021), but some evidence
suggests that late-season (Stechman and Laude 1962; Schmelzer
et al. 2014) or season-long (Haferkamp and Karl 1999) grazing can
decrease annual brome production. However, given that our graz-
ing treatments occurred in the summer after annual bromes had
matured (and likely dropped seeds), it makes sense that we did
not find strong main effects of our grazing treatments on annual
brome performance in the next growing seasons, as annual bromes
are not preferable forage later in the season (Haferkamp 2001).

The response of invasive annual bromes to drought can be vari-
able, in part depending on the timing and severity of the drought
(Bradley et al. 2016) and the nature of legacy effects. We hypoth-
esized that in addition to interactive effects of precipitation re-
duction and grazing, we would see main effects of water reduc-
tion on annual bromes, where brome biomass and percent cover
would decrease during imposed precipitation reduction years but
would increase in the recovery year. Following a year-long se-
vere natural drought, the percent cover of cheatgrass increased
for 3 yr before declining, while the dominant native species ex-
perienced declines following drought (Souther et al. 2020). Fur-
ther, fall precipitation has been shown to affect annual brome
biomass in the following summer (Rinella et al. 2020) and in-
creased fall water can increase annual grass production, especially
under spring drought (Vermeire and Rinella 2020). Other evidence
suggests summer drought can impact invasive annual bromes, with
summer drought favoring annual brome production over native
species (Bradley et al. 2016). Generally, our hypothesis was sup-
ported for biomass (see Fig. 2, Table 1), but not cover (see Figs.
S2, S3, Table S2) during precipitation reduction years, though the
timing and magnitude of support differed between sites.

In years of average to above-average spring/summer precipi-
tation, native perennial species can better resist invasive annual
bromes as greater water availability occurs simultaneously with

periods of native plant growth, helping to compensate for moisture
losses depleted by annual grasses (Chambers et al. 2016). Alterna-
tively, in similar systems, drought conditions during the growing
season have been found to favor winter annual grasses and an-
nual brome production since their growth periods are early in the
spring when moisture inputs from snowmelt and rain are often
large and evaporative losses are small (Meyer et al. 1997; Bradford
and Lauenroth 2006; Bradley 2009; Bradley et al. 2016; Johnston
and Garbowski 2020). In our study, limiting water during the
growing season (April-October) tended to reduce annual brome
biomass while having no significant effects on percent cover. Only
when a third year of low water (natural 2021 drought in Mon-
tana) occurred, and was combined with heavy grazing, did we see
an increase in annual brome production (see Fig. 2A). In all other
less extreme treatment comparisons, annual brome production was
unaffected or declined (see Fig. 2B and 2C). This suggests that as
drought periods become longer and more extreme (Zhang et al.
2021), annual bromes may experience a competitive advantage, es-
pecially after multiyear droughts, but that the threshold by which
this advantage is reached may be high. Furthermore, field experi-
ments with rainout shelters have been shown to underestimate the
response of plant biomass to drought compared with natural con-
ditions, suggesting annual brome responses may be more extreme
during natural drought (Kroel-Dulay et al. 2022).

We also hypothesized that annual bromes would senesce ear-
lier in the season during precipitation reduction years but would
delay senescence in the recovery year. In general, this hypothesis
was supported (see Fig. 3, Table 2). We found support that an-
nual bromes senesced more quickly under severe water reduction
in 2019 at both sites, except under 25% water reduction in Mon-
tana, and weak support for this in Montana in 2020 when assess-
ing differences at a single time point (Fig. 4, Table 3). The increase
in percent green under moderate water reduction in Montana may
be due to the competitive advantage of bromes over natives to use
moisture early in the season (Howell et al. 2020). Further, follow-
ing imposed water treatments, we found annual bromes delayed
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Figure 4. Mean + standard error of percent green difference of annual bromes at
A, Montana (MT) and B, Wyoming (WY) from 2019 to 2021. Data shown are from
a single time point representing peak differences in standardized percent green
across the water treatments. Dates chosen for MT are June 24, 2019, June 16, 2020,
and June 16, 2021, and dates chosen for WY are July 8, 2019, June 18, 2020, and
June 16, 2021. Solid lines indicate significant effects of water treatment (P < 0.05),
and dashed lines indicate marginally significant results (0.05 < P < 0.1) as calcu-
lated from the linear mixed-model analyses of variance (see Table 3). P values and
marginal R? values for significant or marginally significant effects of precipitation
reduction for each yr are shown.

time to senescence in Montana, with weaker support for this in
Wyoming. This differential response could be due to benefits of
drought to annual bromes relative to native plant species or could
reflect the different magnitudes of water treatment imposed and
could indicate high capacity of phenological plasticity that allows
varying response of annual bromes to drought. Additionally, pre-
vious year’s drought may indirectly delay senescence of annual
bromes due to a release from (resource) competition with peren-
nial grasses still weakened by prior drought (Rice et al. 1992). In-
vasive annual bromes, growing early in the season, can take advan-
tage of available moisture (and nutrients) that native plants are not
able to use (Howell et al. 2020), especially if native plants recover
slowly after drought (i.e., drought legacy effects).

Our results suggest that annual bromes vary in their resis-
tance (i.e., current-yr effect) and resilience (i.e., legacy effects) to
droughts by field site. We found that annual bromes were more
resistant to drought in Wyoming than Montana but more resilient
to drought in Montana than Wyoming. This variation by site may
represent inherent vegetation differences. At the Wyoming site, an-
nual brome phenology overlaps less with native plant phenology
due to the greater abundance of C4 grasses (Porensky et al. 2018).
Thus, growing-season precipitation reduction combined with active
native plant growth in the late summer/fall could draw down re-
sources (e.g., nitrogen, water), negatively impacting annual brome
growth in the fall/winter/early spring period (Ogle et al. 2003),

whereas at the Montana site, cool-season C3 grasses dominate.
These grasses generally grow at the same time as invasive annual
bromes, leading to stronger current-yr water effects (Haferkamp
et al. 2005).

Alternatively, these mixed results of precipitation reduction on
invasive annual bromes could be due to differences in water treat-
ment effectiveness (Hoover et al. 2018). In our two implemented
water treatment yr (2019—-2020), we were able to impose a sig-
nificant gradient of precipitation reduction conditions at both sites
(see Fig. 1). However, the magnitude of soil moisture effect was
greater in Montana. Specifically, our first yr of imposed precipita-
tion reduction (2019) was a relatively average year at the Montana
site. In contrast, the Wyoming site experienced a wet yr, which
likely minimized the effectiveness of the rainout shelters. In 2019
and 2020, 99% rainfall reduction represented a greater reduction
in soil moisture availability in Montana than in Wyoming (see Fig.
1). Overall, while still significant, our water reduction treatments
(2019, 2020) were of smaller magnitude in Wyoming than Mon-
tana, which may have led to weaker and/or delayed treatment ef-
fects. Further, while 2021 was the recovery yr, Montana experi-
enced low ambient precipitation conditions. Therefore, rather than
serving as a recovery yr, we had a natural drought at the Mon-
tana site, which already received more severe precipitation reduc-
tion in 2019-2020. Considering the soil moisture availability dif-
ferences between sites, the decrease in biomass of annual bromes
during both water treatment yr in Montana makes sense, as does
the more moderate responses seen in Wyoming. Further work will
be needed to distinguish between these two hypotheses (which
could also be acting together in our study).

Implications

Invasive annual bromes are known to decrease available high-
quality forage for livestock (Haferkamp et al. 1998, 1997, 1994;
DiTomaso 2000), decrease native species diversity, and lead to
broad-scale soil erosion in similar regions of the Great Basin
(Knapp 1996). Further, high annual brome abundance can de-
crease livestock performance by decreasing animal weight gains
(Haferkamp et al. 2001). With an ever-growing human popula-
tion, increased food demand, and severe consequences of climate
change, it is crucial to understand how we can sustainably manage
our rangeland ecosystems. Our results suggest that grazing man-
agement choices during drought can influence annual brome pro-
duction, and drought can also have impacts on forage quality by
affecting annual brome senescence patterns. However, responses
may vary depending on particular site, climatic, and topographic
conditions. Overall, the greater the magnitude of water reduction,
the greater the reduction in annual brome biomass, but when a
natural drought is combined with heavy grazing (which is common
in drought years), there is potential for annual brome invasion to
increase in subsequent years. In addition, in the year following re-
duced precipitation, legacy effects of water reduction can delay an-
nual brome senescence. In a positive light, the threshold at which
reduced precipitation and grazing stress interact to decrease range-
land sustainability may be quite high due to drought and grazing
resistance of native vegetation. This highlights the need to main-
tain native populations of plants in these ecosystems as extreme
scenarios become even more common in the future.

Acknowledgments

We thank the Thunder Basin Grassland Prairie Ecosystem Asso-
ciation, Fort Keogh Livestock and Range Research Laboratory; field
technicians (Jill Baty, John Dietrich, Amanda Williams, Kailey Todo-
roff, Mark Shepard, and Allison Klocke); Dave Pellatz (Executive Di-
rector at Thunder Basin Grasslands Prairie Ecosystem Association);



10 M.D.T. Frost, KJ. Komatsu and L.M. Porensky et al./Rangeland Ecology & Management 90 (2023) 1-12

and private landowners for allowing and facilitating this project.
We also thank Christina Hiser for data collection and providing the
cattle for grazing treatments for our Wyoming site and Montana
State University for providing cattle for our Montana site. Further,
we thank the University of North Carolina at Greensboro’s Gradu-
ate School and Biology department for support.

Author Contributions

SEK, KJK, LMP, KOR, KRW designed the experimental platform
while MDTF designed the invasion study. All authors collected
data, and MDTF, SEK, and KRW performed analyses. MDTF wrote
the manuscript, and all authors edited the manuscript.

Data Availability Statement

The datasets and code for this study can be found
in the Grazing_drought_invasion repository (https://github.
com/mdtrimas/Grazing_drought_invasion) on  GitHub  (DOI
10.5281/zenod0.8021689).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.rama.2023.05.007.

References

Ades, M., Adler, R, Allan, R, Allan, RP, Anderson, ]., Argiiez, A., Arosio, C., Au-
gustine, J.A., Azorin-Molina, C., Barichivich, J., Barnes, J., Beck, H.E., Becker, A.,
Bellouin, N., Benedetti, A., Berry, D.I, Blenkinsop, S., Bock, O., Bosilovich, M.G.,
Boucher, O., Buehler, S.A., Carrea, L., Christiansen, H.H., Chouza, F.,, Christy, J.R.,
Chung, E.-S., Coldewey-Egbers, M. Compo, G.P, Cooper, O.R. Covey, C.,
Crotwell, A., Davis, S.M., de Eyto, E., de Jeu, RA.M., VanderSat, B.V., De-
Gasperi, CL., Degenstein, D., Di Girolamo, L. Dokulil, M.T,, Donat, M.G.,
Dorigo, W.A., Durre, I, Dutton, G.S., Duveiller, G., Elkins, J.W., Fioletov, V.E.,
Flemming, J., Foster, M., Frey, RA., Frith, S.M., Froidevaux, L. Garforth, J.,
Gupta, S.K.,, Haimberger, L., Hall, B.D., Harris, 1., Heidinger, A.K., Hemming, D.L,
Ho, S.(Ben), Hubert, D., Hurst, D.F, Hiiser, I, Inness, A., Isaksen, K., John, V.,
Jones, P.D., Kaiser, JW., Kelly, S., Khaykin, S., Kidd, R., Kim, H., Kipling, Z.,
Kraemer, B.M., Kratz, D.P, La Fuente, RS, Lan, X, Lantz, KO, Leblanc, T,
Li, B., Loeb, N.G., Long, C.S., Loyola, D., Marszelewski, W., Martens, B., May, L.,
Mayer, M., McCabe, M.F,, McVicar, T.R,, Mears, C.A., Menzel, W.P,, Merchant, C].,
Miller, B.R., Miralles, D.G., Montzka, S.A., Morice, C., Miihle, ]., Myneni, R., Nico-
las, J.P,, Noetzli, J., Osborn, TJ., Park, T, Pasik, A., Paterson, A.M., Pelto, M.S.,
Perkins-Kirkpatrick, S., Pétron, G., Phillips, C., Pinty, B., Po-Chedley, S., Polvani, L.,
Preimesberger, W., Pulkkanen, M., Randel, W,J., Rémy, S., Ricciardulli, L., Richard-
son, A.D., Rieger, L, Robinson, D.A., Rodell, M. Rosenlof, KH., Roth, C,
Rozanov, A., Rusak, J.A., Rusanovskaya, O., Rutishduser, T., Sanchez-Lugo, A.,
Sawaengphokhai, P., Scanlon, T., Schenzinger, V., Schladow, S.G., Schlegel, RW.,
Schmid, Martin, E., Selkirk, H.B., Sharma, S., Shi, L., Shimaraeva, S.V., Silow, E.A.,
Simmons, A.J., Smith, C.A., Smith, S.L., Soden, BJ., Sofieva, V., Sparks, T.H., Stack-
house, PW., Steinbrecht, W., Streletskiy, D.A., Taha, G., Telg, H., Thackeray, S.J.,
Timofeyev, M.A., Tourpali, K., Tye, M.R,, van der A, RJ., van der Schalie, R,
VanderSat, B.V., van der Schrier, W., Paul, G., van der Werf, G.R., Verburg, P,
Vernier, J.-P,, Vomel, H., Vose, R.S., Wang, R., Watanabe, S.G., Weber, M., Wey-
henmeyer, G.A.,, Wiese, D., Wilber, A.C, Wild, ].D.,, Wong, T., Woolway, R.L,
Yin, X., Zhao, L., Zhao, G., Zhou, X., Ziemke, J.R., Ziese, M., 2020. State of the
climate in 2019: global climate. Bulletin of the American Meteorological Society
101, S9-S128.

Andresen, ]J., Hilberg, S., Kunkel, K., 2012. Historical climate and climate trends in
the midwestern USA US National Climate Assessment Midwest Technical Input
Report.

Ashton, LW., Symstad, AJ., Davis, CJ., Swanson, D.J., 2016. Preserving prairies: un-
derstanding temporal and spatial patterns of invasive annual bromes in the
Northern Great Plains. Ecosphere 7, e01438.

Beier, C., Beierkuhnlein, C., Wohlgemuth, T., Penuelas, ], Emmett, B., Korner, C., de
Boeck, H., Christensen, J.H., Leuzinger, S., Janssens, I.A., Hansen, K., 2012. Pre-
cipitation manipulation experiments—challenges and recommendations for the
future. Ecology Letters 15, 899-911.

Belnap, J.Y.E., Ludwig, ].A., Wilcox, B.P, Betancourt, J.L., Dean, W.R]J., Hoffmann, B.D.,
Milton, SJ., 2012. Introduced and invasive species in novel rangeland ecosys-
tems: friends or foes? Rangeland Ecology & Management 65, 569-578.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. Journal of the Royal Statistical Soci-
ety: Series B (Methodological) 57, 289-300.

Bezeng, B.S., Morales-Castilla, I, van der Bank, M., Yessoufou, K., Daru, B.H.
Davies, TJ., 2017. Climate change may reduce the spread of non-native species.
Ecosphere 8, e01694.

Bradford, ].B., Lauenroth, W.K., 2006. Controls over invasion of Bromus tectorum: the
importance of climate, soil, disturbance and seed availability. Journal of Vegeta-
tion Science 17, 693-704.

Bradley, B.A., 2009. Regional analysis of the impacts of climate change on cheat-
grass invasion shows potential risk and opportunity. Global Change Biology 15,
196-208.

Bradley, B.A., Curtis, C.A., Chambers, ]J.C., 2016. Bromus response to climate and
projected changes with climate change. In: Germino, M.J., Chambers, ].C,
Brown, C.S. (Eds.), Exotic brome-grasses in arid and semiarid ecosystems of the
western US: causes, consequences, and management implications, Springer Se-
ries on Environmental Management. Springer International Publishing, Cham,
Switzerland, pp. 257-274.

Bransby, D.I,, 1989. Compromises in the design and conduct of grazing experiments,
in: grazing research: design, methodology, and analysis. John Wiley & Sons, Ltd,
Hoboken, NJ, USA, pp. 53-67.

Chambers, ].C., Germino, M.J., Belnap, ]., Brown, C.S., Schupp, E.W,, Clair, S.B.St, 2016.
Plant community resistance to invasion by Bromus species: the roles of commu-
nity attributes, Bromus interactions with plant communities, and Bromus traits.
In: Germino, M.J., Chambers, J.C., Brown, C.S. (Eds.), Exotic brome-grasses in arid
and semiarid ecosystems of the western US: causes, consequences, and man-
agement implications. Springer Series on Environmental Management. Springer
International Publishing, Cham, Switzerland, pp. 275-304.

Chambers, J.C, Roundy, B.A. Blank, R.R, Meyer, S.E., Whittaker, A., 2007. What
makes Great Basin sagebrush ecosystems invasible by Bromus tectorum?. Eco-
logical Monographs 77, 117-145.

Chimner, R.A., Welker, J.M., 2011. Influence of grazing and precipitation on ecosys-
tem carbon cycling in a mixed-grass prairie. Pastoralism: Research, Policy and
Practice 1, 20.

Collins, S.L., Barber, S.C., 1986. Effects of disturbance on diversity in mixed-grass
prairie. Vegetatio 64, 87-94.

Connell, L.C., Porensky, L.M., Chalfoun, A.D., Scasta, J.D., 2019. Black-tailed prairie
dog, Cynomys ludovicianus (Sciuridae), metapopulation response to novel
sourced conspecific signals. Animal Behaviour 150, 189-199.

Curtis, J., Grimes, K., 2004. Wyoming climate atlas, 1st ed.. State Climatologist,
Laramie, WY, USA, p. 326.

Daubenmire, R.F,, 1940. Plant succession due to overgrazing in the agropyron bunch-
grass prairie of southeastern Washington. Ecology 21, 55-64.

Davies, KW., Boyd, CS., Beck, J.L., Bates, ].D., Svejcar, TJ., Gregg, M.A., 2011. Sav-
ing the sagebrush sea: an ecosystem conservation plan for big sagebrush plant
communities. Biological Conservation 144, 2573-2584.

Davies, KW., Vavra, M., Schultz, B., Rimbey, N., 2014. Implications of longer-term
rest from grazing in the sagebrush steppe. Journal of Rangeland Applications 1,
14-34.

De Boeck, HJ., Vicca, S., Roy, J., Nijs, I, Milcu, A., Kreyling, ]J., Jentsch, A., Chabbi, A.,
Campioli, M., Callaghan, T., Beierkuhnlein, C., Beier, C., 2015. Global change ex-
periments: challenges and opportunities. BioScience 65, 922-931.

Derner, J.D., Augustine, D.J, 2016. Adaptive management for drought on rangelands.
Rangelands 38, 211-215.

Derner, J.D., Hart, R.H., 2007. Grazing-induced modifications to peak standing crop
in northern mixed-grass prairie. Rangeland Ecology & Management 60, 270-276.

Diamond, J.M., Call, CA., Devoe, N. 2012. Effects of targeted grazing and pre-
scribed burning on community and seed dynamics of a downy brome (Bro-
mus tectorum)-dominated landscape. Invasive Plant Science and Management
5, 259-269.

Diez, .M., D’Antonio, C.M., Dukes, ].S., Grosholz, E.D., Olden, J.D., Sorte, C.J., Blumen-
thal, D.M., Bradley, B.A., Early, R,, Ibafiez, I, Jones, SJ., Lawler, ]J., Miller, L.P,
2012. Will extreme climatic events facilitate biological invasions? Frontiers in
Ecology and the Environment 10, 249-257.

DiTomaso, J.M., 2000. Invasive weeds in rangelands: species, impacts, and manage-
ment. Weed Science 48, 255-265.

Dukes, ].S., Mooney, H.A., 1999. Does global change increase the success of biological
invaders? Trends in Ecology & Evolution 14, 135-139.

Ebertowski, PJ., 2005. A floristic inventory of the vascular plants of the Thunder
Basin National Grassland and vicinity, Wyoming (M.S.). University of Wyoming,
Laramie, WY, USA.

Ellis, E.C., Ramankutty, N., 2008. Putting people in the map: anthropogenic biomes
of the world. Frontiers in Ecology and the Environment 6, 439-447.

Espeland, E., Mangold, J., West, N., 2016. Spatial variation in germination of two
annual brome species in the northern Great Plains. The Prairie Naturalist 48,
96-101.

Ganguli, A.C.,, Vermeire, L.T., Mitchell, R.B., Wallace, M.C., 2000. Comparison of four
nondestructive techniques for estimating standing crop in shortgrass plains.
Agronomy Journal 92, 1211-1215.

Gaskin, J.F, Espeland, E., Johnson, C.D., Larson, D.L., Mangold, ].M., McGee, RA.,
Milner, C., Paudel, S., Pearson, D.E., Perkins, L.B., Prosser, C.W. Runyon, ].B.,
Sing, S.E., Sylvain, Z.A., Symstad, AJ., Tekiela, D.R, 2021. Managing invasive
plants on Great Plains grasslands: a discussion of current challenges. Rangeland
Ecology & Management 78, 235-249.

Germino, M.J.,, Belnap, J., Stark, .M., Allen, E.B., Rau, B.M., 2016. Ecosystem impacts
of exotic annual invaders in the genus Bromus. In: Germino, M.J., Chambers, J.C.,
Brown, C.S. (Eds.), Exotic brome-grasses in arid and semiarid ecosystems of the
western US: causes, consequences, and management implications. Springer Se-
ries on Environmental Management. Springer International Publishing, Cham,
Switzerland, pp. 61-95.

Gibson, D.J., 2009. Grasses and grassland ecology. Oxford University Press, Oxford,
England, p. 305.


https://github.com/mdtrimas/Grazing_drought_invasion
https://doi.org/10.5281/zenodo.8021689
https://doi.org/10.1016/j.rama.2023.05.007
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0003
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0004
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0005
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0006
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0007
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0008
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0010
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0011
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0012
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0013
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0015
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0018
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0019
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0020
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0022
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0023
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0024
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0025
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0027
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0028
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0029
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0030
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0031
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0032
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0033
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0034

M.D.T. Frost, KJ. Komatsu and L.M. Porensky et al./Rangeland Ecology & Management 90 (2023) 1-12 1

Haferkamp, M., Grings, E., Heitschmidt, R.K., Macneil, M., Karl, M, 2001. Suppres-
sion of annual bromes impacts rangeland: animal responses. Journal of Range
Management 54.

Haferkamp, M.R., 2001. Annual bromes—good or bad? Rangelands 23, 32-35.

Haferkamp, M.R., Heitschmidt, R.K., Karl, M.G, 1998. Clipping and Japanese brome
reduce western wheatgrass standing crop. Journal of Range Management 51,
692.

Haferkamp, M.R., Heitschmidt, R.K., Karl, M.G, 1997. Influence of Japanese brome on
western wheatgrass yield. Journal of Range Management 50, 44-50.

Haferkamp, M.R., Karl, M.G, 1999. Clipping effects on growth dynamics of Japanese
brome. Journal of Range Management 52, 339-345.

Haferkamp, M.R., MacNeil, M.D., Grings, E.E., 2005. Predicting nitrogen content
in the northern mixed-grass prairie. Rangeland Ecology & Management 58,
155-160.

Haferkamp, M.R., Young, J.A., Grings, E.E., Karl, M.G., Heitschmidt, RK. Mac-
Neil, M.D., 1994. Japanese brome in the northern Great Plains. In: Proceedings:
Ecology and Management of Annual Rangelands. US Department of Agriculture,
Forest Service, Intermountain Research Station, Ogden, Utah, pp. 396-401.

Harmoney, KR., 2007. Grazing and burning Japanese brome (Bromus japonicus) on
mixed grass rangelands. Rangeland Ecology & Management 60, 479-486.

Hebbali, A. 2020. olsrr: Tools for building OLS regression models.

Hellmann, ].J., Byers, J.E., Bierwagen, B.G., Dukes, J.S., 2008. Five potential con-
sequences of climate change for invasive species. Conservation Biology 22,
534-543.

Henderson, D.C., Naeth, M.A., 2005. Multi-scale impacts of crested wheatgrass inva-
sion in mixed-grass prairie. Biological Invasions 7, 639-650.

Holechek, J.L., Pieper, R.D., Herbel, C.H., 2011. Range management: principles and
practices, 6th ed. Prentice-Hall, Englewood Cliffs, NJ, USA.

Hoover, D.L, Wilcox, KR., Young, K.E., 2018. Experimental droughts with rainout
shelters: a methodological review. Ecosphere 9, e02088.

Howell, A., Winkler, D.E., Phillips, M.L., McNellis, B., Reed, S.C., 2020. Experimen-
tal warming changes phenology and shortens growing season of the dominant
invasive plant Bromus tectorum (cheatgrass). Frontiers in Plant Science 11.

Hulbert, L.C., 1955. Ecological studies of Bromus tectorum and other annual
bromegrasses. Ecological Monographs 25, 181-213.

Jiménez, M.A., Jaksic, EM., Armesto, J.J., Gaxiola, A., Meserve, P.L., Kelt, D.A., Gutiér-
rez, J.R., 2011. Extreme climatic events change the dynamics and invasibility of
semi-arid annual plant communities. Ecology Letters 14, 1227-1235.

Johnston, D.B., Garbowski, M., 2020. Responses of native plants and downy brome
to a water-conserving soil amendment. Rangeland Ecology & Management 73,
19-29.

Knapp, PA., 1996. Cheatgrass (Bromus tectorum L) dominance in the Great Basin
Desert: history, persistence, and influences to human activities. Global Environ-
mental Change 6, 37-52.

Kroel-Dulay, G., Mojzes, A., Szitar, K., Bahn, M., Batary, P, Beier, C., Bilton, M.,
De Boeck, H.J., Dukes, |.S., Estiarte, M., Holub, P, Jentsch, A., Schmidt, LK.,
Kreyling, J., Reinsch, S., Larsen, K.S., Sternberg, M., Tielborger, K., Tietema, A.,
Vicca, S., Pefiuelas, ], 2022. Field experiments underestimate aboveground
biomass response to drought. Nature Ecology & Evolution 6, 540-545.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. ImerTest Package: tests in
linear mixed effects models. Journal of Statistical Software 82, 1-26.

Lauenroth, W.K,, 1979. Grassland primary production: North American grasslands in
perspective. In: French, N.R. (Ed.), Perspectives in grassland ecology: results and
applications of the US/IBP grassland biome study, ecological studies. Springer,
New York, NY, USA, pp. 3-24.

Li, W, Li, X,, Zhao, Y., Zheng, S., Bai, Y., 2018. Ecosystem structure, functioning and
stability under climate change and grazing in grasslands: current status and fu-
ture prospects. Current Opinion in Environmental Sustainability, System Dynam-
ics and Sustainability 33, 124-135.

Loeser, M.RR., Sisk, T.D., Crews, TE., 2007. Impact of grazing intensity during
drought in an Arizona grassland. Conservation Biology 21, 87-97.

Mainka, S.A., Howard, G.W., 2010. Climate change and invasive species: double jeop-
ardy. Integrative Zoology 5, 102-111.

Martin, B.S., Cooper, S., Heidel, B., Hildebrand, T., Jones, G., Lenz, D., Lesica, P,
1999. Ecoregional planning in the northern Great Plains steppe. The Nature
Conservancy, Northern Great Plains Steppe Ecoregional Planning Team. URL:
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/
EcoregionalReports/Documents/ngps_final_feb99.pdf.

McCollum, D.W., Tanaka, J.A., Morgan, J.A., Mitchell, J.E., Fox, W.E., Maczko, K.A.,
Hidinger, L., Duke, CS., Kreuter, U.P, 2017. Climate change effects on range-
lands and rangeland management: affirming the need for monitoring. Ecosys-
tem Health and Sustainability 3, e01264.

McLeod, M.L, Bullington, L., Cleveland, C.C., Rousk, J., Lekberg, Y., 2021. Invasive
plant-derived dissolved organic matter alters microbial communities and car-
bon cycling in soils. Soil Biology and Biochemistry 156, 108191.

Meisner, A., De Deyn, G.B., de Boer, W., van der Putten, W.H., 2013. Soil biotic legacy
effects of extreme weather events influence plant invasiveness. Proceedings of
the National Academy of Sciences 110, 9835-9838.

Meyer, S.E., Allen, P.S., Beckstead, J., 1997. Seed germination regulation in Bromus
tectorum (Poaceae) and its ecological significance. Oikos 78, 475-485.

Morrow, L.A., Stahlman, PW. 1984. The history and distribution of downy brome
(Bromus tectorum) in North America. Weed Science 32, 2-6.

Nasto, M.K., McLeod, M.L,, Bullington, L., Lekberg, Y., Stark, ].M., 2022. The effect of
plant invasion on soil microbial carbon-use efficiency in semi-arid grasslands of
the Rocky Mountain West. Journal of Ecology 110, 479-493.

Ogle, S.M., Reiners, W.A., Gerow, K.G., 2003. Impacts of exotic annual brome grasses

(Bromus spp.) on ecosystem properties of northern mixed grass prairie. The
American Midland Naturalist 149, 46-58.

Oja, T, Jaaska, V., Vislap, V., 2003. Breeding system, evolution and taxonomy of Bro-
mus arvensis, B. japonicus and B. squarrosus (Poaceae). Plant Systematics and
Evolution 242, 101-117.

Parker, S.S., Schimel, ].P,, 2010. Invasive grasses increase nitrogen availability in cal-
ifornia grassland soils. Invasive Plant Science and Management 3, 40-47.

Patton, B.D., Dong, X., Nyren, P.E., Nyren, A., 2007. Effects of grazing intensity, pre-
cipitation, and temperature on forage production. Rangeland Ecology & Man-
agement 60, 656-665.

Peterson, M., Reinhart, K., 2012. Fort Keogh Livestock and Range Research Labora-
tory, US Department of Agriculture-Agricultural Research Service. Bulletin of
the Ecological Society of America 93, 177-182.

Pimentel, D., Lach, L., Zuniga, R., Morrison, D., 2000. Environmental and economic
costs of nonindigenous species in the United States. BioScience 50, 53-65.
Pimentel, D., Zuniga, R., Morrison, D., 2005. Update on the environmental and eco-
nomic costs associated with alien-invasive species in the United States. Ecolog-

ical Economics 52, 273-288.

Poland, T.M., Patel-Weynand, T., Finch, D.M., Miniat, C.F,, Hayes, D.C,, Lopez, V.M.
(Eds.), 2021, Invasive species in forests and rangelands of the United States: a
comprehensive science synthesis for the United States Forest Sector. Springer
International Publishing, Heidelberg, Germany, p. 455.

Porensky, LM., Baughman, O., Williamson, M.A., Perryman, B.L, Madsen, M.D,,
Leger, E.A., 2021. Using native grass seeding and targeted spring grazing to re-
duce low-level Bromus tectorum invasion on the Colorado Plateau. Biological In-
vasions 23, 705-722.

Porensky, L.M., Derner, ].D., Pellatz, D.W., 2018. Plant community responses to his-
torical wildfire in a shrubland-grassland ecotone reveal hybrid disturbance re-
sponse. Ecosphere 9, e02363.

Porensky, L.M., McGee, R., Pellatz, D.W., 2020. Long-term grazing removal increased
invasion and reduced native plant abundance and diversity in a sagebrush
grassland. Global Ecology and Conservation 24, e01267.

Porensky, L.M., Wittman, S.E., Riginos, C., Young, T.P., 2013. Herbivory and drought
interact to enhance spatial patterning and diversity in a savanna understory.
Oecologia 173, 591-602.

Core Team, R, 2019. R: a language and environment for statistical computing. R
Foundation, Vienna, Austria.

Reinhart, K.O., Vermeire, L., 2017. Power and limitation of soil properties as pre-
dictors of variation in peak plant biomass in a northern mixed-grass prairie.
Ecological Indicators 80, 268-274.

Rice, KJ., Black, R.A., Radamaker, G., Evans, R.D., 1992. Photosynthesis, growth, and
biomass allocation in habitat ecotypes of cheatgrass (Bromus tectorum). Func-
tional Ecology 6, 32-40.

Richardson, J.M., Gealy, D.R.,, Morrow, LA, 1989. Influence of moisture deficits on
the reproductive ability of downy brome (Bromus tectorum). Weed Science 37,
525-530.

Rickard, W.H., Uresk, D.W., Cline, ].F, 1975. Impact of cattle grazing on three peren-
nial grasses in south-central Washington. Journal of Range Management 28, 108.

Rinella, M.J., Strong, D.J., Vermeire, L.T.,, 2020. Omitted variable bias in studies of
plant interactions. Ecology 101, e03020.

Robel, RJ., Briggs, ].N., Dayton, A.D., Hulbert, L.C., 1970. Relationships between vi-
sual obstruction measurements and weight of grassland vegetation. Rangeland
Ecology & Management/Journal of Range Management Archives 23, 295-297.

Rosenzweig, C., Iglesias, A., Yang, X.B., Epstein, P.R., Chivian, E., 2001. Climate change
and extreme weather events; implications for food production, plant diseases,
and pests. Global Change & Human Health 2, 90-104.

Roundy, B.A., Hardegree, S.P., Chambers, J.C., Whittaker, A., 2007. Prediction of cheat-
grass field germination potential using wet thermal accumulation. Rangeland
Ecology & Management 60, 613-623.

Russell, M.L., Vermeire, L.T., Ganguli, A.C., Hendrickson, J.R., 2017. Phenology of
perennial, native grass, belowground axillary buds in the northern mixed-grass
prairie. American Journal of Botany 104, 915-923.

Samson, F, Knopf, F, 1994. Prairie conservation in North America. BioScience 44,
418-421.

Samson, F, Knopf, EL., Ostlie, W.R,, 2004. Great Plains ecosystems: past, present,
and future. Wildlife Society Bulletin 32, 6-15.

Satterthwaite, EE., 1941. Synthesis of variance. Psychometrika 6, 309-316.

Sayre, N.F, McAllister, R.R., Bestelmeyer, B.T., Moritz, M., Turner, M.D., 2013. Earth
stewardship of rangelands: coping with ecological, economic, and political
marginality. Frontiers in Ecology and the Environment 11, 348-354.

Schachner, LJ., Mack, R.N., Novak, S.J., 2008. Bromus tectorum (Poaceae) in midconti-
nental United States: population genetic analysis of an ongoing invasion. Amer-
ican Journal of Botany 95, 1584-1595.

Schmelzer, L., Perryman, B., Bruce, B., Schultz, B., McAdoo, K., McCuin, G., Swan-
son, S., Wilker, J., Conley, K., 2014. Case study: reducing cheatgrass (Bromus tec-
torum L.) fuel loads using fall cattle grazing. The Professional Animal Scientist
30, 270-278.

Shabani, F., Ahmadi, M., Kumar, L., Solhjouy-fard, S., Shafapour Tehrany, M., Shabani,
Fariborz, Kalantar, B., Esmaeili, A, 2020. Invasive weed species’ threats to global
biodiversity: future scenarios of changes in the number of invasive species in a
changing climate. Ecological Indicators 116, 106436.

Smith, M.D., 2011. The ecological role of climate extremes: current understanding
and future prospects. Journal of Ecology 99, 651-655.

Souther, S., Loeser, M., Crews, T.E., Sisk, T., 2020. Drought exacerbates negative con-
sequences of high-intensity cattle grazing in a semiarid grassland. Ecological
Applications 30, e02048.


http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0035
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0036
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0037
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0039
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0040
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0042
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0044
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0047
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0049
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0050
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0051
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0052
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0053
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0054
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0055
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0056
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0057
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0058
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/EcoregionalReports/Documents/ngps_final_feb99.pdf
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0060
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0061
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0062
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0063
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0064
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0065
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0066
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0067
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0068
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0069
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0070
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0071
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0072
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0073
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0074
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0075
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0076
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0077
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0078
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0079
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0080
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0081
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0082
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0083
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0084
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0085
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0086
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0087
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0088
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0089
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0090
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0091
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0092
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0093
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0094
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0095
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0096

12 M.D.T. Frost, KJ. Komatsu and L.M. Porensky et al./Rangeland Ecology & Management 90 (2023) 1-12

Stechman, ].V., Laude, H.M., 1962. Reproductive potential of four annual range
grasses as influenced by season of clipping or grazing. Journal of Range Man-
agement 15, 98.

Suttie, J., Reynolds, S., Batello, C., 2005. Grasslands of the world. CRC Press, Boca
Raton, FL, USA.

Svejcar, T., Angell, R., Miller, R., 1999. Fixed location rain shelters for studying pre-
cipitation effects on rangelands. Journal of Arid Environments 42, 187-193.

Tukey, J.W., 1977. Exploratory data analysis, 1st ed. Pearson Reading, MA.

USA-NPN National Coordinating Office. 2012. USA-NPN Plant and Animal
Phenophase Definitions. USA-NPN Technical Series 2012-004.

Veblen, KE., Porensky, L.M., Riginos, C., Young, TP, 2016. Are cattle surrogate
wildlife? Savanna plant community composition explained by total herbivory
more than herbivore type. Ecological Applications 26, 1610-1623.

Vermeire, L.T., Heitschmidt, R.K., Rinella, M.J., 2009a. Primary productivity and pre-
cipitation-use efficiency in mixed-grass prairie: a comparison of northern and
southern US Sites. Rangeland Ecology & Management 62, 230-239.

Vermeire, L. T., Rinella, M., and Muscha, ]J. 2009b. Managing annual bromes in the
Northern Great Plains. Range Beef Cow Symposium. Casper, Wyoming, Decem-
ber 1-3, 2009.

Vermeire, L.T,, Rinella, MJ., 2020. Fall water effects on growing season soil water
content and plant productivity. Rangeland Ecology & Management 73, 252-258.

Vermeire, L.T., Rinella, M.J,, Strong, D.J., 2021. Individual and combined effects of
fall fire and growth-regulator herbicide on annual bromes. Rangeland Ecology
& Management 76, 129-138.

Vold, S., 2018. Effects of livestock grazing management on the ecology of grassland
birds and their predators in a northern mixed-grass prairie ecosystem. Montana
State University, Bozeman, MT, USA, p. 186.

Waterman, R.C,, Vermeire, L.T., Reinhart, K.O., Rinella, M.J., 2021. Influence of graz-
ing season, residual herbage, and precipitation on rumen extrusa diet quality.
Rangeland Ecology & Management, Great Plains 78, 117-126.

Wehner, M.E, Arnold, J.R.,, Kunkel, K.E., LeGrande, A.N., 2017. Droughts, floods, and
wildfires, 1. US Global Change Research Program, Climate Science Special Re-
port: Fourth National Climate Assessment, Washington, DC, USA, pp. 231-256.

Wells, H.B.M., Porensky, L.M., Veblen, K.E., Riginos, C., Stringer, L.C., Dougill, AJ., Na-
moni, M., Ekadeli, J., Young, T.P,, 2022. At high stocking rates, cattle do not func-
tionally replace wild herbivores in shaping understory community composition.
Ecological Applications 32, e2520.

White, R.P, Murray, S., Rohweder, M., 2000. Pilot analysis of global ecosystems:
grassland ecosystems. World Resources Institute, Washington, DC, USA.

Wilcox, KR, von Fischer, J.C., Muscha, J.M., Petersen, M.K., Knapp, AK., 2015. Con-
trasting above- and belowground sensitivity of three Great Plains grasslands to
altered rainfall regimes. Global Change Biology 21, 335-344.

Wiles, LJ., Dunn, G., Printz, ., Patton, B., Nyren, A., 2011. Spring precipitation as a
predictor for peak standing crop of mixed-grass prairie. Rangeland Ecology &
Management 64, 215-222.

Wright, ].C., Wright, E.A., 1948. Grassland types of south central Montana. Ecology
29, 449-460.

Yahdjian, L., Sala, O.E., 2002. A rainout shelter design for intercepting different
amounts of rainfall. Oecologia 133, 95-101.

Zhang, F, Biederman, J.A., Dannenberg, M.P,, Yan, D., Reed, S.C., Smith, WK,, 2021.
Five decades of observed daily precipitation reveal longer and more variable
drought events across much of the western United States. Geophysical Research
Letters 48 e2020GL092293.

Ziska, L.H., Blumenthal, D.M., Runion, G.B., Hunt, E.R., Diaz-Soltero, H., 2011. Invasive
species and climate change: an agronomic perspective. Climatic Change 105,
13-42.


http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0097
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0098
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0099
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0100
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0102
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0103
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0105
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0106
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0107
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0108
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0109
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0110
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0111
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0112
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0113
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0114
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0115
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0116
http://refhub.elsevier.com/S1550-7424(23)00065-9/sbref0117

	Consequences of Rainfall Manipulations for Invasive Annual Grasses Vary Across Grazed Northern Mixed-Grass Prairie Sites
	Introduction
	Methods
	Study sites
	Experimental design
	Data collection
	Statistical analyses

	Results
	Soil moisture
	Annual brome responses

	Discussion
	Implications
	Acknowledgments
	Author Contributions
	Data Availability Statement
	Supplementary materials
	References


