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Abstract

Questions: The Pacific Northwest Bunchgrass ecosystem is one of the most endan-
gered in the United States, yet community-level patterns of non-native plant distri-
bution and abundance remain largely unexplored. To address this information gap,
we asked the following questions: What are the distinct plant communities within
Zumwalt Prairie Preserve? What are the most widespread and abundant non-native
species and how does non-native species composition and dominance vary across
plant communities? How do historic land use, biotic and environmental factors influ-
ence plant community composition, particularly in terms of non-native species abun-
dance and dominance?

Location: Zumwalt Prairie Preserve, Wallowa County, Oregon, USA.

Methods: We sampled 123 plots using point-intercept methods within a stratified
random sampling approach. We analyzed community variation using cluster analy-
sis, indicator species analysis, and non-metric multidimensional scaling, and related
composition and non-native plant abundance to historical land use, biotic and envi-
ronmental variables using joint plots, linear regression, and non-parametric multipli-
cative regression.

Results: While native perennial grasses were the most abundant species, non-native
species accounted for 27% of species encountered and four of the ten most abun-
dant species were non-native annual grasses (e.g., Ventenata dubia) or non-native
perennial grasses (e.g., Poa pratensis). Abundance patterns of non-native perennial
grasses differed markedly from those of non-native annual grasses; non-native per-
ennial grasses were concentrated in old fields, while non-native annual grasses were
abundant in moisture-limited uncultivated sites.

Conclusions: Despite its protected status, non-native plant species pose a serious
threat to the biotic integrity of the Preserve, with unknown consequences to eco-
system dynamics and function. Moreover, patterns of non-native abundance vary
considerably, with different species responding individually to land-use, environmen-

tal, and biotic gradients. An improved understanding of the relationship between
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1 | INTRODUCTION

Grasslands are one of the most imperiled ecosystems globally
(Henwood, 2010; Hoekstra, Boucher, Ricketts, & Roberts, 2005;
Noss, 2000). Multiple anthropogenic stressors including cultivation,
overgrazing, desertification, and the introduction of non-native spe-
cies have reduced grassland distribution and altered the composi-
tion, structure, and function of remaining grasslands (Asner, Elmore,
Olander, Martin, & Harris, 2004; Curtin & Western, 2008; Ceballos
etal., 2010; Fan et al., 2010). Temperate grasslands in particular have
been profoundly altered, which, when coupled with lack of formal
protection, makes them the most endangered of all terrestrial biomes
(Henwood, 2010; Hoekstra et al., 2005; Noss, 2000). Conversion of
grasslands to cropland, mixed farming, and seeded pasture has been
the primary cause of the decline (Suttie, Reynolds, & Batello, 2005).
In North America, more than 50% of grasslands have been converted
to other land uses and conversion rates exceed habitat protection
rates by a ratio of 10:1, more than for any other biome (Hoeskstra
et al. 2005). Remaining grasslands are subject to a number of other
stressors including overgrazing and the introduction and subsequent
invasion of non-native species (Ashton, Symstad, Davis, & Swanson,
2016; Henwood, 2010; Mack, 1981; Parks et al., 2005).

The Pacific Northwest Bunchgrass ecosystem (PNB) of west-
ern North America originally encompassed ~8 million hectares of
eastern Oregon, eastern Washington, Idaho and portions of west-
ern Canada (Dixon et al., 2014; Tisdale, 1982). PNB is character-
ized by rolling hills, moderate climate, and a plant community of
perennial bunchgrasses, forbs, and shrubs (Daubenmire, 1970). Like
other temperate grasslands, PNB has been greatly modified since
Euro-American settlement and as much as 99% of the original PNB
has been lost to cultivation and other land-use activities (Hanson,
Sanchez-de Ledn, Johnson-Maynard, & Brunsfeld, 2008). Remnants
are mostly small fragments embedded within an agricultural matrix,
isolated grasslands along steep canyon slopes, or occur on shallow
soils interspersed among montane conifer forests with little to no
connectivity with lower-elevation grasslands (Bernards & Morris,
2017; Hanson et al., 2008; Lichthardt & Moseley, 1997). Land-use
legacies have also affected remaining grasslands, including historical
overgrazing by domestic livestock (Holechek, 1981), and the intro-
duction of non-native plant species (Daubenmire, 1970; Mack, 1981;
Tisdale, 1961; Young, 1943). As a result, PNB is considered among
the most endangered grasslands in the world (Noss, LaRoe, & Scott,

1995; Samson & Knopf, 1994), and the long history of anthropogenic

non-native species distributions and historical, environmental, and biotic factors can
help in the development of ecologically appropriate, cost-effective strategies for the

conservation and restoration of this unique landscape.
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disturbances may have already altered, or will likely alter, future eco-
logical functioning and processes in remaining PNB ecosystems.

The Zumwalt Prairie, located in northeastern Oregon, is the
largest remaining contiguous PNB ecosystem in the United States,
and as such, is of significant conservation importance. Unlike other
grasslands in the region, it is largely intact (Kennedy, DeBano,
Bartuszevige, & Lueders, 2009), though portions of the prairie were
cultivated (~9%) in the late nineteenth through mid-20th century
(Bartuszevige, Kennedy, & Taylor, 2012). Due to its conservation im-
portance, between 2000 and 2006, The Nature Conservancy pur-
chased land within Zumwalt Prairie and created the 34 km? Zumwalt
Prairie Preserve to protect a large portion of this once vast ecosys-
tem. Despite formal protection, invasion by non-native plant species
threatens the Preserve and is a primary concern of land managers
(Bartuszevige et al., 2012). In fact, invasion by non-native species has
been identified as a major threat to the biodiversity, composition,
structure, and function of PNB remnants, including Zumwalt, for de-
cades (Daubenmire, 1970; Mack, 1981; Tisdale, 1961; Young, 1943).
Likewise, non-native species invasions are a central challenge to the
conservation and management of threatened temperate grasslands
across North America and beyond (Ashton et al., 2016; Grace, Smith,
Grace, Collins, & Stohlgren, 2000).

Regionally, two non-native grass species, the annual Bromus
tectorum and the perennial Poa pratensis have long been recog-
nized as invaders of PNB grasslands (Franklin & Dyrness, 1988;
Tisdale, 1961; Young, 1943). Bromus tectorum can make up 70-90%
of total vegetation cover in grasslands located on dry, south-fac-
ing slopes, once dominated by perennial bunchgrass species
Pseudoroegneria spicata and Poa secunda (Young, 1943; Tisdale,
1961), while Poa pratensis has been identified as a main invader of
more mesic Festuca idahoensis-dominated sites (Daubenmire, 1970).
A range of other invasive species including other annual Bromus
spp. (Daubenmire, 1970), Hypericum perforatum (Gayton, 2004;
Young, 1943), Potentilla recta (Endress, Naylor, Parks, & Radosevich,
2007), Centaurea spp. (Gayton, 2004), Erodium cicutarium (Tisdale,
1982), Taeniatherum caput-medusae (Davies & Johnson, 2008), and
Ventenata dubia (Wallace, Pavek, & Prather, 2015) have also been
identified as threats to PNB ecosystems. Despite research on indi-
vidual non-native species, community-level patterns of non-native
plant abundance, dominance, and richness and the factors that in-
fluence these patterns in PNB grasslands remain largely unexplored.
This makes it difficult to develop and prioritize appropriate manage-

ment and restoration strategies to address invasions. An improved
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understanding of the historical, biotic and environmental factors
that influence invasive plant distribution, richness and abundance
is critical to not only predict how these species may spread and
alter ecosystem composition, structure, and function, but also to
develop effective management and restoration strategies.

In this study, we described variation in plant community com-
position and explored patterns of non-native plant abundance and
richness in the Zumwalt Prairie Preserve, the largest protected PNB
grassland in the United States. We then evaluated the role of histor-
ical land use, biotic and environmental factors in influencing these
patterns with the goal of guiding research, monitoring and adap-
tive management of non-native species within invaded grasslands.
Specifically, we asked three questions: (a) what are the distinct
plant communities within Zumwalt Prairie Preserve; (b) what are the
most widespread and abundant non-native species and how does
non-native species composition and dominance vary across plant
communities; and (c) how do historic land-use, biotic, and environ-
mental factors influence plant community composition, particularly

in terms of non-native species abundance and dominance?

2 | METHODS
2.1 | Study area

Research was conducted within The Nature Conservancy's
13,000 ha Zumwalt Prairie Preserve in northeastern Oregon, USA
(45.577745 N 116.971754 W). The Preserve is located within the
broader Zumwalt Prairie (~64,000 ha). The Zumwalt Prairie Preserve
is situated on a rolling basalt tableland with deep canyons formed
by tributaries of the Grande Ronde and Imnaha rivers. Elevations
range from 1,060 to 1,680 m. The climate is semi-arid and pre-
cipitation averages 349 mm/year (Taylor, 2016), with a predictable
drought from summer to early fall. Winters are cold (mean daily tem-
perature = -2.7°C) while summers are warm (mean daily tempera-
ture = 24.7°C; Hansen, Taylor, & Schmalz, 2011).

Pacific Northwest Bunchgrass grasslands in northeastern Oregon,
including Zumwalt Prairie, are primarily dominated by five native pe-
rennial bunchgrass species: Festuca idahoensis (Idaho fescue), Koeleria
macrantha (prairie junegrass), Pseduoroegenaria spicata (bluebunch
wheatgrass), Poa secunda (Sandberg bluegrass), and Danthonia unispi-
cata (one-spike oatgrass) whose abundance and distribution largely
reflect a soil moisture gradient (Johnson & Swanson, 2005; Tisdale,
1982). Koeleria macrantha and Festuca idahoensis dominate more
mesic sites, while Pseudoroegneria spicata dominance increases with
drier conditions. Poa secunda and Danthonia unispicata are associated
with dry, thin soil, rocky, xeric scabland sites (Johnson, 1981; Johnson
& Swanson, 2005; Tisdale, 1982). The PNB also contains a high diver-
sity of native forbs, many of which are endemic to the region including
the threatened Spalding's catchfly (Silene spaldingi) which is protected
by the US Endangered Species Act (USFWS, 2007).

The Zumwalt Prairie was home to the Nez Perce people

(Nimiipuu) for millennia. The Nez Perce hunted game and gathered
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wild plants on the prairie in the spring and fall, and in the late 1700s
acquired horses. Euro-American immigrants arrived in the mid-
1800s bringing horses, sheep, and cattle and plowing land to grow
crops (Bartuszevige et al., 2012). Shortly after Euro-American im-
migration began, the Nez Perce were forcibly driven from the area
by the US Army and the Euro-American population swelled, taking
advantage of the Homestead Act of 1862 to claim lands. A short
growing season and unproductive soils caused most of the home-
steaders to leave the area and most crop fields were abandoned,
some of which were seeded with introduced perennial forage grass
species. Since The Nature Conservancy purchased the land in the
2000s, cattle grazing has continued within the Zumwalt Prairie
Preserve at a stocking rate of ~4.7 acres per animal unit month (J.
Fields, personal communication, January 28, 2016). Roads, fencing,
and stock ponds are persistent features of historical as well as pres-

ent livestock production.

2.2 | Field data

We sampled 131 plots across Zumwalt Prairie Preserve to describe
plant communities within Zumwalt and to document the composition
and abundance of native and non-native species across the entirety
of the prairie. We used a stratified random design to establish plots
within the prairie portion of the Zumwalt Prairie Preserve (ArcGIS
9.1; ESRI Corp., Redlands, CA, USA). This portion of the Preserve
spans 12.5 km? of the western part of the Preserve. The steep,
lower-elevation canyon regions of the Preserve that are located
on the eastern side of the property (below 1,200 m elevation with
slopes > 20%) were excluded from the study. To ensure plots were
distributed across the landscape, the prairie was divided into quarter-
quarter sections based on the US Public Land Survey System. A quar-
ter-quarter section is 0.25 miles x 0.25 miles (40 acres or 16.2 ha).
Within each quarter-quarter section in the prairie (n = 337), a single
one-hectare circular plot was randomly placed using Hawth's Tools
in ArcGIS 9.1. Once plots were selected, past cultivation in plots
was assessed by photointerpretation of a time series of aerial pho-
tographs including 1938 (US Army Corps of Engineers), 1956 (Farm
Service Agency, 1956), 1984 (Farm Service Agency, 1984), and 2005
(US Department of Agriculture, 2006). Imagery was orthorectified
and plots classified as either previously cultivated (n = 30) or uncul-
tivated (N = 310) based on visual evidence of crop agriculture (“old
fields” hereafter). From this, we selected all the previously cultivated
plots and randomly selected a subset (~33% of plots; n = 101) of un-
cultivated plots for field measurements (total n = 131). It is important
to note that with the exception of some Oregon State and Pacific
Railroad granted sections, the entire Preserve was homesteaded in
the past. Therefore, it is possible that some prior cultivation was not
visually accounted for in selection of uncultivated plots.

Plots were sampled during the summer months over two years
(2008 and 2009) during peak vegetation cover (late June-early
August), using protocols developed by Herrick et al. (2005) for grass-

land ecosystems. At each plot, three 50-m transects were arrayed at
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0°, 120°, and 240° starting 5 m from the plot center. Plant community
composition and abundance were measured along the transects using
the point-intercept method (Elzinga, Salzer, Willoughby, & Gibbs,
2009; Herrick et al., 2005). Point-intercept sampling is widely used
throughout North American grasslands to estimate vegetation cover
because it is highly repeatable and is one of the most accurate meth-
ods to measure cover of grasses and forbs with open canopies which
are difficult to visually estimate in quadrats or along line intercepts
(Elzinga et al., 2009). Sampling points were placed every 1 m along
each transect, resulting in 150 sampled points per plot. Points were
sampled using a Laser Point Sampler (Synergy Resource Solutions,
Inc., Belgrade, MT, USA), and we identified all vascular plant species
intercepting each point. Point-intercept sampling measures foliar
cover species, which is calculated by dividing the number of times a
given species is encountered (or ‘hit’ by the laser) by the total number
of points sampled in the plot. At each point, we also recorded pres-
ence of litter and characterized the soil surface (rock, biotic crust, bare
ground). Plants were identified and categorized as native or non-na-
tive based on the USDA Plants Database (https://plants.usda.gov/). In
a limited number of instances, we were only able to identify species
to genus (see Endress & Averett, 2019, for a full list of taxa). For ex-
ample, due to difficulties in consistently separating Bromus arvensis
and Bromus hordeaceus, which commonly co-occur at the same site,
these two species were grouped into an annual Bromus spp. group
for analysis. Other Bromus species (Bromus tectorum, Bromus carinatus
and Bromus inermis) were identified and measured separately.

2.3 | Land use, biological, and
environmental variables

Based on historical aerial photography (above), plots were either
classified as an old field or as uncultivated. We also used the ortho-
rectified aerial photo mosaic to collect additional land-use informa-
tion for each plot, including the distance to the nearest road as well
as the distance to nearest water source (e.g., stock pond). Biological
variables were constructed to aid in describing community composi-
tion, and included: species richness, species’ foliar cover, biological
crust on the soil surface (%), as well as the frequency and cover of
native and non-native species by growth form (e.g., native annual
grasses, non-native perennial forbs). Elevation, slope, and aspect
were calculated for each plot from a 30-m resolution digital eleva-
tion model (US Geological Survey, 2006) in ArcGlIS 9.1. Aspect values
were folded from NE (minimum) to SW (maximum; McCune & Keon,
2002). Rock cover on the soil surface was measured in the field as
part of the point-intercept sampling (above). Climate moisture deficit
(Hargreaves climatic moisture index) estimates were calculated for
each plot from data obtained from PRISM (PRISM Climate Group,
Oregon State University, 2014), and Climate WNA (Wang, Hamann,
Spittlehouse, & Murdock, 2012). Heat load for each plot was calcu-
lated based on slope, folded aspect and latitude (McCune & Keon,
2002). Available water capacity in the soil (0-25 cm depth) for each
plot was obtained from the Web Soil Survey (USDA NRCS, 2014).

2.4 | Analyses

Our sample size for analyses was n = 123 and consisted of 27 plots
located in old fields and 96 plots on uncultivated sites. Eight plots
were removed from analyses because they had burned less than two
years prior to field sampling, and we did not want to confound our
analysis with these recent disturbance events. Rare species (occur-
ring in <5% of plots) were removed prior to analyses to reduce noise
and enhance any signal related to relationships between community
composition and the land use, biotic, and environmental factors of
interest (McCune, Grace, & Urban, 2002). The analyses were con-

ducted on a final matrix of 123 plots and 63 species.

2.4.1 | Descriptive summary statistics

PC-ORD version 7.0 (McCune & Mefford, 2015) was used to gener-
ate summary statistics for plots and species, including plot species
richness, species’ absolute and relative foliar cover, species’ absolute
and relative frequency, and the rank abundance and rank frequency
of each species. Foliar cover by species origin (native or non-native),
life form (grass, forb, shrub), and life span (annual, perennial) were
calculated in R (R Core Team, 2015).

2.4.2 | ldentifying grassland plant communities
within Zumwalt

In order to identify plant communities within Zumwalt, we used cluster
analysis to group plots based on their species composition (McCune &
Mefford, 2015) with a Euclidean distance measure and Ward's method
for clustering (Wishart, 1969). To select the optimal number of groups
(hereafter referred to as communities), we first looked for natural group-
ing, i.e. homogeneity within groups, by evaluating dendrogram stem
lengths. Longer stem lengths indicate increased homogeneity within
groups. We then balanced the percentage of information remaining
(higher is preferred) with the smallest number of groups that were bio-
logically meaningful with regards to our knowledge of the system that
also allowed for efficient interpretation of native and non-native species
composition relationships to the land-use, biotic, and environmental
correlates evaluated in this study. Based on these criteria, we identified
three plant communities, with approximately 25% of the information
remaining as the optimal point to prune the cluster dendrogram.

We then used Indicator Species Analysis (Dufréne & Legendre,
1997), which identifies species most indicative of the three plant
communities, to generate indicator values (V). Indicator values are
based on both relative frequency and relative abundance of spe-
cies and represent the strength of tendencies for species to occur
within specific groups. IVs range from zero (not an indicator) to 100
(perfect indicator, i.e., the species is only and always found in that
group; McCune, Grace, & Urban, 2002); The significance of Vs was
determined by comparing observed values to results from 10,000
randomizations (McCune & Mefford, 2015).
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2.4.3 | Analyzing community composition

In order to describe plant community composition across Zumwalt
Prairie Preserve, and then relate species abundances to historic
land-use, biotic, and environmental variables, we used non-metric
multidimensional scaling (NMS) to extract the strongest commu-
nity composition gradients using a Sgrenson distance measure
(McCune & Mefford, 2015). We used the “slow and thorough”
NMS autopilot setting and Kruskal's strategy 2 for penalization for
ties in the distance matrix. Two-dimensional ordinations were pro-
duced with a random starting configuration and a maximum of 500
iterations. Species abundance and environmental/land-use/biotic
factor relationships with the ordination space were first evaluated
by overlaying those variables onto the ordination space using joint
plots to produce linear correlations between the factors of inter-
est and the ordination axes. Land-use variables were old field (yes/
no), distance to road (m), distance to water (m). Biological varia-
bles were biotic crust (%), non-native cover (%), native cover (%),
non-native species richness, native species richness, non-native
annual grass cover (%), and non-native perennial grass cover (%).
Environmental variables were elevation, slope, aspect, heat load,
climate moisture deficit, litter on the soil surface (%), and rock on

the soil surface (%).

§ Applied Vegetation Science Jﬂ

Because relationships between variables and NMS axes can be
non-linear or may be moderately strong with more than one axis
(Nelson, McCune, Roland, & Stehn, 2015), we also used non-para-
metric multiplicative regression (NPMR; McCune & Mefford, 2009)
to further explore relationships between species and environmen-
tal/land-use/biotic variables with the ordination space. NPMR uses
a multiplicative kernel smoother, requires no assumptions regarding
the relationship between response and predictor variables, and au-
tomatically models interactions among predictors (McCune, 2006).
Over-fitting protection is provided by leave-one-out cross-validation
during the model fitting process. We used a local mean estimator,
Gaussian kernel, and automatic average minimum neighborhood
size option (HyperNiche V. 2.3; McCune & Mefford, 2009). The “ag-
gressive” over-fitting control setting was used, up to 10% missing
estimates were allowed, and we selected the minimal backtrack-
ing option in HyperNiche. For each variable of interest (e.g., each
species’ abundance, each environmental variable) as the response
variable, two-predictor (NMS axes were the predictors) models were
generated. Model fits were evaluated using a cross-validated R? (xR?)
which differs from the conventional R? in that it is based on the ex-
clusion of each data point from the estimate at that point, result-
ing in a more conservative estimate of variability represented in a

given model (McCune, 2011). Two-predictor response surfaces for

TABLE 1 Species life history, frequency, foliar cover, and the strength of relationships between species and the NMS axis for the twenty
most common species in 123 1-ha plots sampled during two summers (2008 and 2009) in the Zumwalt Prairie Preserve

Species Form Life span Frequency rank
Festuca idahoensis G P 1
Pseudoroegneria spicata G P 4
Poa secunda G P

Ventenata dubia* G A 10
Poa pratensis* G P 12
Geum triflorum F P 11
Annual Bromus spp.* G A 7
Arnica sororia F P 5
Lupinus spp. F P 3
Thinopyrum intermedium* G P 29
Potentilla gracilis F P 9
Achillea millefolium F P

Koeleria macrantha G P 8
Bromus carinatus G P 20
Danthonia unispicata G P 13
Danthonia sp. G P 24
Phleum pratense* G P 36
Poa compressa* G P 32
Veronica arvensis* F A 16
Achnatherum occidentale G P 34

Proportion of Mean foliar Axis 1 Axis 2 NPMR
plots occupied cover (%) R? R? xR?
0.98 23.6 -0.05 +0.57 0.72
0.86 16.8 -0.36 +0.20 0.70
0.94 8.6 -0.62 -0.03 0.70
0.69 7.5 -0.32 -0.11 0.49
0.60 5.9 +0.72 +0.00 0.82
0.67 5.4 +0.18 +0.31 0.61
0.80 5.2 -0.07 -0.03 0.18
0.81 4.0 +0.0 +0.34 0.38
0.86 3.4 +0.02 +0.44 0.44
0.23 3.3 +0.30 -0.12 0.49
0.72 3.1 +0.29 +0.13 0.60
0.80 29 +0.26 +0.17 0.52
0.76 1.9 +0.01 +0.17 0.19
0.36 1.5 +0.13 +0.08 0.28
0.44 1.3 -0.16 -0.09 0.25
0.28 1.3 +0.19 +0.00 0.21
0.19 1.0 +0.12 -0.05 0.16
0.21 0.9 +0.29 -0.17 0.49
0.40 0.8 +0.03 -0.01 -0.01
0.20 0.8 +0.06 +0.13 0.26

Note: Form: G = graminoid; F = forb. Life span: A = annual; P = perennial. Frequency rank, ranks species in order from the most frequently

w_n

encountered to least. Axis 1 and Axis 2 r? values are the squared correlation coefficients (R?) and direction of correlation (“+” positive, “~ negative).
xR? is the cross-validated R? from non-parametric multiplicative regression (NPMR) analysis. An asterisk * indicates a non-native species.
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target species and environmental/land-use/biotic variables with the
ordination space were generated to describe relationships between
species composition and important environmental/land-use/biotic

correlates.

3 | RESULTS

A total of 133 species were identified in our sampling effort, of
which 73% were native and 27% were non-native (see Endress &
Averett, 2019 for complete dataset). The native perennial grasses
Festuca idahoensis, Pseudoroegneria spicata and Poa secunda had
the greatest foliar cover across all sites, though four of the top ten
most abundant species were non-native grasses including both
annual (Bromus spp., Ventenata dubia) and rhizomatous perennial
species (Poa pratensis, Thinopyrum intermedium; Table 1, Figure 1).
Of non-native species, Ventenata dubia had the highest abundance
(mean foliar cover = 7.5%) and annual Bromus spp. were the most
frequently encountered (found in 80% of sampled plots; Table 2).
A total of 36 non-native species were encountered, most of which
were forbs (64%). However, non-native grasses were the most
abundant type of non-native species. Non-native grasses included
both annual and rhizomatous perennial species, with Ventenata
dubia, Poa pratensis, Bromus spp. and Thinopyrum intermedium being
the most abundant and among the most frequently encountered
(Table 2).
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3.1 | Community composition

We pruned the cluster dendrogram to include three clusters (here-
after communities) with ~25% of information remaining (Figures 2,
3). These communities were selected based primarily on efficient
interpretability of the major broad-scale relationships between
community variation and non-native patterns as well as associa-
tions with environmental/land-use/biotic factors across our study
area. Composition of the three communities varied considerably.
One group (n = 15), was dominated by non-native perennial rhi-
zomatous grass species including Poa pratensis, Thinopyrum inter-
medium, Phleum pratense, and Poa compressa (hereafter referred
to as the “old field” community; Figures 2-4). The second group
(N = 76), was comprised primarily by native perennial species in-
cluding perennial grasses associated with more mesic PNB prairie
(Festuca idahoensis, Koeleria macrantha) and a high diversity of na-
tive perennial forbs (Lupinus spp., Geum triflorum, Arnica sororia,
Achillea millefolium; hereafter referred to as the “mesic prairie”
community; Figures 2-4). The non-native annual grass Ventenata
dubia was the most abundant species in the third identified plant
community (N = 32; Figure 3). Other abundant species in this com-
munity included native species, such as Danthonia unispicata and
Poa secunda, associated with warm, dry, moisture-limited PNB
sites (hereafter referred to as xeric prairie). The non-native annual
Bromus spp. were also abundant in this community (fifth-highest
rank abundance).

FIGURE 1 Box plots showing foliar
cover (%) of the 20 most abundant species
recorded in Zumwalt Prairie Preserve.
The line in the middle of the box is
median foliar cover (%), the box shows the
interquartile range. The lines (“whiskers”)
indicate 1.5 times the interquartile

range, and dots represent outliers.
Shaded bars indicate non-native species.
Species codes: FEID = Festuca idahoensis;
PSSPé6 = Pseudoroegneria spicata;

POSE = Poa secunda; VEDU = Ventenata
dubia; POPR = Poa pratensis; GETR = Geum
triflorum; BROMUS = annual Bromus spp.;
ARSO = Arnica sororia; LUPIN = Lupinus
spp.; THIN6 = Thinopyrum intermedium;
POGR = Potentilla gracilis; ACMI = Achillea
millefolium; KOMA = Koeleria

macrantha; BRCAS5 = Bromus carinatus;
DAUN = Danthonia unispicata;

DAIN = Danthonia intermedia;

PHPR3 = Phleum pratense; POCO = Poa

0 25 50
Cover

75 100

compressa; VEAR = Veronica arvensis;
ACOCS3 = Achnatherum occidentale
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TABLE 2 Frequency and abundance of common (occurring in >5% of plots) non-native species ordered by total foliar cover (summed
across all plots) recorded within 123, 1-ha plots sampled during two summers (2008 and 2009) in the Zumwalt Prairie Preserve

Mean foliar
Scientific name Form Life span cover (%)
Ventenata dubia G A 7.5
Poa pratensis G P 5.9
Annual Bromus spp. G A 5.2
Thinopyrum G P 3.3
intermedium
Phleum pratense G P 1.0
Poa compressa G P 0.9
Veronica arvensis F A 0.8
Bromus tectorum G A 0.6
Bromus inermis G P 0.5
Apera interrupta G A 0.3
Tragopogon dubius F A 0.2
Alyssum alyssoides F A 0.2
Taraxacum officinale ~ F P 0.1
Myosotis stricta F A 0.1

Proportion of plots

Abundance rank occupied Frequency rank
4 0.69 10
5 0.60 12
7 0.80 7

10 0.23 29

17 0.19 36

18 0.21 32

19 0.40 16

25 0.20 35

29 0.07 50

38 0.24 26

40 0.23 28

44 0.16 38

49 0.08 49

63 0.09 47

Note: Form: G = graminoid; F = forb. Life span: A = annual; P = perennial. Abundance rank, ranks species from most abundant (in terms of foliar cover)
to least. Frequency rank, ranks species in order from the most frequently encountered to least.

FIGURE 2 Mean foliar cover (%) of
the most abundant species within the
three plant community groups selected
by cluster analysis of the sampled 123
1-ha plots. Only species with a mean
foliar cover >5% are included in the figure.
Non-native species are identified with an
asterisk (*)

*P. compressa

Indicator species analyses identified species with the strongest
affinities to each community (Table 3). All of the indicator species
for the old-field community were non-native, with Poa compressa,
Poa pratensis, and Thinopyrum intermedium having the highest IV
values (Table 3). Showing the opposite trend was the mesic prai-
rie group in which all of the identified indicators species were na-
tive. Species showing the strongest affinity to this group included

Lupinus spp., Festuca idahoensis, Geum triflorum and Arnica sororia.

*P. pratense

*P. pratensis

e Old Field e Mesic Prairic e Xeric Prairie

*Annual Bromus spp.

d F. idahoensis

A soror/:a A
The non-native annual Ventenata dubia had the largest IV (84.3)
for the xeric prairie group. Additional species with large indicator
values for this community included two native bunchgrass species,
Danthonia unispicata and Poa secunda, and the non-native annual
Bromus spp.

NMS analysis yielded a stable two-dimensional final solution
(stress = 17.18; p = 0.004; Figure 5) with the two axes explaining 88%
of the variation in the distance matrix (axis 1 = 66%; axis 2 = 22%).
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FIGURE 3 Box plots showing the foliar cover (%) of the 20 most abundant species recorded in Zumwalt Prairie Preserve in the three
identified plant communities: old fields, mesic prairie and xeric prairie. The line in the middle of the box is the median foliar cover (%),

the box shows the interquartile range. The lines (“whiskers”) indicate 1.5 times the interquartile range, and dots represent outliers.

Shaded bars indicate non-native species. Species codes: FEID = Festuca idahoensis; PSSP6 = Pseudoroegneria spicata; POSE = Poa

secunda; VEDU = Ventenata dubia; POPR = Poa pratensis; GETR = Geum triflorum; BROMUS = annual Bromus spp.; ARSO = Arnica sororia;
LUPIN = Lupinus spp.; THIN6 = Thinopyrum intermedium; POGR = Potentilla gracilis; ACMI = Achillea millefolium; KOMA = Koeleria macrantha;
BRCAS5 = Bromus carinatus; DAUN = Danthonia unispicata; DAIN = Danthonia intermedia; PHPR3 = Phleum pratense; POCO = Poa compressa;

VEAR = Veronica arvensis; ACOC3 = Achnatherum occidentale

The three communities identified in the cluster analysis clearly sep-
arated into different but overlapping areas of the ordination space
(Figure 5). Linear overlays of land-use, environmental and biotic
variables revealed that axis 1 was most strongly related to past cul-
tivation and percent cover of litter (%) — two variables associated
with the old-field plant community (Figure 5, Table 4). The cover of
non-native annual grass and non-native perennial grass separate out
clearly along axis 1, with non-native perennial abundance associated
with higher axis 1 scores, old fields, and high levels of litter. Non-
native annual cover increased lower along axis 1 and was positively
associated with rock and biotic crust cover. Axis 2 represented a
strong gradient from high native species cover (R? = 0.58) and rich-
ness (R? = 0.49; high axis 2 scores) to high non-native species cover
(low axis 2 scores; Figure 5, Table 4). Land-use, environmental, and
soil surface factors had only weak linear correlations with axis 2
(Table 4).

NPMR cross-validated R? between the ordination space and land
use and environmental variables were consistent with R? for those
same variables against single axes (joint plots; Table 4; Figure 6). For
example, the land-use variables’ distance to road and distance to water
sources were only weakly related to species composition, while old
fields were more strongly related to the NMS axes (R?=0.35) and were
primarily clustered in the lower right corner of the ordination space
(Figure 6; Table 4). While the variation explained using linear correla-
tions and NPMR methods were similar, NPMR-generated response
surfaces revealed non-linear associations between species composi-
tion and a number of environmental and soil surface variables includ-
ing aspect (R? = 0.14) climate moisture deficit (R> = 0.13), heat load
(R?=0.19), percent litter (R? = 0.57), and percent rock (R? = 0.42) that
were not as apparent from the linear joint plots (Figure 6). Variables

related to higher levels of water or heat stress (climate moisture deficit,

SW facing aspect, heat load) were greatest to the left and particularly
in the lower left corner of the ordination space, the same region as-
sociated with plots classified as xeric prairie, while increasing water
availability and associated variables including higher litter, and less
bare ground were associated with the right side of axis 1 (old fields and
mesic prairie plots), particularly in the top right corner (mesic prairie) of
the ordination space. In general, NPMR two-predictor models relating
species composition to biological variables were stronger than linear
relationships to either axis 1 or 2. NPMR explained 61% of the variation
in non-native annual abundance and 88% of non-native perennial grass
abundance (Table 4, Figure 6).

3.2 | Species responses to community gradients

Species responses to ordination axes were variable and non-lin-
ear. Relationships (NPMR) between species abundance and both
axes consistently explained more variation than linear correlations
with single axes (Table 1, Figure 6). NPMR xR? values ranged from
xR? = -0.02 (multiple species) to xR? = 0.82 (Poa pratensis). Hilltop
plots (Nelson et al., 2015) estimating the top 20% of a given species
range (Figure 5) of the five dominant native perennial bunchgrass
species widely used to characterize PNB ecosystems graphically dis-
plays these non-linear relationships: Festuca idahoensis (xR? = 0.72)
Koeleria macrantha (xR? = 0.19), Pseudoroegneria spicata (xR? = 0.70),
Poa secunda (xR? = 0.70), and Danthonia unispicata (xR?> = 0.25).
Observed responses largely reflect a gradient of water stress
(Figure 5), with highest abundances of Poa secunda and Danthonia
unispicata associated with areas of high climate moisture deficit,
greater heat load, and SW facing aspects located primarily in the

lower left corner of the ordination space (Figures 5, 6). In contrast,
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(a)

FIGURE 4 Vegetation of Zumwalt Prairie Preserve: (a) old

field seeded with rhizomatous non-native grass species (in the
background) and adjacent uncultivated native mesic prairie (in the
foreground); (b) invasion of the non-native annual grass Ventenata
dubia into xeric native prairie. Ventenata dubia (light-colored grass)
invades the interspaces between native species such as bluebunch
wheatgrass (Pseudoroegneria spicata) and is now the most abundant
species in xeric prairie communities

cover of Koeleria macrantha and Festuca idahoensis increased towards
the upper right corner of the ordination space, which was associated
with the greatest water availability (Figures 5, 6). High abundances
of Pseudoroegneria spicata occupied an intermediate zone between
the most xeric associated species (Danthonia unispicata, Poa secunda)
and the more mesic-associated species (Koeleria macrantha, Festuca
idahoensis; Figure 6).

The abundance and distribution of non-native species also var-
ied across the community space, and again non-linear NPMR mod-
els using both axes as predictors explained more variation in species
abundance compared to linear correlations between species abun-
dance and each ordination axis (Table 1, Figure 6). Ventenata dubia was
widely distributed across all plots, with highest estimated abundance
(>46% cover) concentrated in the lower left corner of the ordination
space which was associated with the most xeric sites in our study area
(xR? = 0.49). Ventenata dubia abundance declined abruptly high along
axis 1 (most mesic sites) particularly in the lower right corner of or-
dination space representing old-field sites that contained high abun-

dances of Thinopyrum intermedium (Figure 6; Endress & Averett, 2019).
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Bromus spp. cover was also highest in the lower left corner of the or-
dination space (Figure 6). Bromus spp. had lower maximum cover esti-
mates (~25%) compared to Ventenata dubia and estimated Bromus spp.
cover were more uniformly spread across the entire ordination space,
(xR? = 0.28). In contrast to annual grass distributions, the highest cover
of Thinopyrum intermedium (xR? = 0.49) and Poa pratensis (xR? = 0.82)
were concentrated on the right side of the ordination space that was
associated with old fields and more mesic conditions.

4 | DISCUSSION

This study represents one of the most comprehensive vegetation
assessments of PNB grasslands in northeastern Oregon in decades
and the only one to date that has explored community-level patterns
of non-native species abundance and distribution within this threat-
ened ecosystem. Our analyses revealed three primary findings: (a)
while the vegetation composition of the Preserve remains largely
representative of what would be expected based on previous de-
scriptions of PNB grasslands of northeast Oregon (Johnson & Simon,
1987; Johnson & Swanson, 2005; Tisdale, 1982), it has experienced
significant invasion by non-native plant species which threaten the
biotic integrity of this high priority conservation area; (b) the legacy
of past cultivation is still evident across the prairie as abandoned
fields continue to be dominated by non-native perennial grass spe-
cies; and (c) Ventenata dubia, a relatively unknown and poorly studied
annual grass, is now one of the most common and abundant species
and is the primary invader and greatest threat to Zumwalt Prairie
Preserve, and likely the remaining Pacific Northwest Bunchgrass

fragments in the region.

4.1 | Vegetation composition of Zumwalt
Prairie Preserve

Results indicate that species composition within the Preserve is
largely representative of the broader Zumwalt prairie portion of
the PNB ecosystem with species richness, composition, and the
abundance of dominant bunchgrass species varying along a water-
stress gradient (Johnson & Simon, 1987; Tisdale, 1982). Composition
within PNB grasslands are strongly dependent on drought severity,
and at the local scale, microclimate factors such as aspect, slope,
soil depth and soil moisture-holding capacity are key determinants
of drought severity (Daubenmire, 1972; Johnson & Swanson, 2005).
For the dominant native grass species of the Preserve, differences in
drought tolerance among these species creates a gradient in commu-
nity composition. At one end, moisture-dependent sites are found
that are dominated by Koeleria macrantha and Festuca idahoensis,
whose abundance declined with increased heat load, climate mois-
ture deficits, and on SW facing aspects. In turn, the abundance of
more drought-tolerant species Pseudoroegneria spicata, Poa secunda,
and Danthonia unispicata was positively associated with dry, water-

limited conditions.
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Frequency Abundance
Group 1: Old Field
Poa compressa* 0.80 5.6
Poa pratensis* 0.93 18.6
Thinopyrum intermedium™ 0.67 17.9
Phleum pratense* 0.47 6.3
Draba verna* 0.20 0.2
Group 2: Mesic Prairie
Lupinus spp. 1.00 4.7
Festuca idahoensis 1.00 30.8
Geum triflorum 0.86 7.7
Arnica sororia 0.88 5.2
Achillea millefolium 0.96 4.0
Pseudoroegneria spicata 0.96 19.6
Bromus carinatus 0.82 2.3
Koeleria macrantha 0.86 2.4
Eriogonum spp. 0.53 1.0
Hieracium cynoglossoides 0.50 0.8
Achnatherum occidentale 0.30 1.2
Geranium viscosissimum 0.33 0.9
Lithospermum ruderale 0.18 0.2
Besseya rubra 0.14 0.1
Group 3: Xeric Prairie
Ventenata dubia* 1.00 21.0
Poa secunda 1.00 16.6
Danthonia unispicata 0.88 3.1
Annual Bromus spp. * 091 6.6
Epilobium brachycarpum 0.56 0.8
Phlox spp. 0.63 0.8
Polygonum douglasii 0.22 0.3

Note: Non-native species are identified with an asterisk (*).

From our cluster analysis, we identified three broad grassland com-
munities within our study area, two of which fit clearly within Johnson
and Simon'’s (1987) plant association framework for the region. Sites
classified as mesic prairie fall within the Festuca idahoensis series, oc-
curring on cooler, wetter sites with deep, well-drained soil. These sites
also tend to have a high richness of perennial forb species. Plots classi-
fied into the xeric prairie group fall within the Pseudoroegneria spicata
and Scablands series (Johnson & Simon, 1987). The third community
identified, the old-field group, does not fit within the current plant as-
sociation framework and represents a novel plant community result-
ing from the cultivation of relatively deep-soiled sites during the late
19th to mid-20th centuries (~9% of area; Bartuszevige et al., 2012;
Taylor, Pokorny, Mangold, & Rudd, 2013). Many of the perennial grass
species found in those areas today were the result of the seeding after
cultivation had ceased (see below).

Non-native species were found throughout the Preserve and

some areas were much more highly invaded than others. Like many

TABLE 3 Indicator Species Analysis

v p-Value . . .
showing species frequency (proportion
of plots present) and abundance (mean

74.2 0.0002 percent foliar cover) within each plant
community (group) identified via cluster

70.7 0.0002 . . .
analysis and species’ group assignments

60.5 0.0002 and indicator values for species with the

43.3 0.0002 strongest IVs for each community

17.4 0.0048

64.5 0.0002

59.9 0.0002

53.9 0.0002

51.0 0.0004

50.8 0.0012

49.6 0.0006

42.9 0.0026

41.9 0.0302

33.1 0.0286

32.5 0.0184

29.8 0.0102

28.6 0.0112

18.4 0.0194

14.5 0.0392

84.3 0.0002

65.9 0.0002

65.2 0.0002

41.0 0.0416

34.8 0.0096

33.7 0.0196

20.4 0.0052

other North American temperate grasslands, the Zumwalt has ex-
perienced a significant invasion by non-native species. Non-native
perennial grasses (Poa pratensis and Thinopyrum intermedium) were
concentrated in and adjacent to old fields while non-native annual
grasses (Ventenata dubia and Bromus spp.) were most abundant on
xeric prairie sites. Mesic prairie sites that had not been previously cul-
tivated represented the least altered sites in terms of species compo-
sition; nevertheless, these contained the full spectrum of non-native
species, albeit currently at lower abundances. Invasion by non-na-
tive plant species is identified as one of the most serious threats to
ecosystem function and native biodiversity in remaining temperate
grassland natural areas (Foxcroft et al., 2013) and our results show
that Zumwalt is not immune to this issue. Invasion by non-native
species into other grasslands has been shown to alter ecosystem
structure and function, including reduced floral and faunal diversity,
altered disturbance regimes, and complete shifts in species and func-
tional composition (D'Antonio & Vitousek, 1992; Pysek et al., 2012).
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FIGURE 5 NMS ordination of 123 1-ha plots sampled in
Zumwalt Prairie Preserve. Colors of points represent the three
species groups identified from cluster analyses: Orange = group 1
(old field); Green = group 2 (mesic prairie); Black = group 3 (xeric
prairie). Arrows represent the direction and strength of linear
correlations of environmental, soil surface, and historical variables
(4a) and biotic characteristics with community variability (4b).
NNAG, non-native annual grass cover; NNPG, non-native perennial
grass cover. NN Richness, non-native richness

4.2 | Land-use legacies persist following cultivation
abandonment

The legacy of past land-use activities can have long-term impacts
on ecosystems, and in semi-arid ecosystems such as Zumwalt, ef-
fects can be pronounced and long lasting (Bernards & Morris, 2017;
Daubenmire, 1975; Endress, Parks, Naylor, Radosevich, & Porter,
2012; Kulmatiski, 2006; Morris, Monaco, & Sheley, 2011; Simmons
& Rickard, 2002). Most cultivation ended by the mid-20th century in

§ Applied Vegetation Science J—&

TABLE 4 Summary of: (1) squared correlation coefficients
(R?) and direction of correlation (“+” positive, “-” negative) with
NMS axes 1 and 2 and (2) the cross-validated R? (xR?) from non-

parametric multiplicative regression (NPMR) analysis

Axis 1 Axis 2 NPMR
R? R? xR?
Land-use variables
Old field (Yes, No) +0.32 +0.09 0.35
Distance to road
Distance to water source
Environmental variables
Slope
Aspect -0.14 0.14
Soil available water capacity +0.10 0.10
(0-25 cm)
Climatic moisture deficit 0.13
Heat load -0.14 0.19
Elevation
Litter (%) +0.52 0.57
Rock (%) -0.29 0.42
Biological variables
Biotic crust (%) -0.23 0.17
Native cover (%) -0.15 +0.58 0.68
Non-native cover (%) +0.15 -0.58 0.67
Native richness (n) +0.49 0.59
Non-native richness (n) +0.27 0.28
Non-native annual grass (%) -0.33 -0.19 0.61
Non-native perennial grass (%) +0.63 -0.22 0.88

Note: Blank cells indicate R? < 0.1 between variables and the NMS axis.

the region and abandoned fields were seeded with introduced for-
age species as land use shifted to livestock production (Bartuszevige
et al.,, 2012). Commonly seeded grass species included many that
we reported such as Thinopyrum intermedium, Poa pratensis, Poa com-
pressa, Phleum pratense, and Bromus inermis (Pickford & Jackman,
1944), all of which are perennial, rhizomatous species. All of the
plots classified into the ‘old-field community’ in the cluster analysis
were located in areas we visually identified as cultivated in aerial
photographs. These sites continue to be dominated by non-native
perennial grasses and were associated with low native species rich-
ness and abundance. This suggests that native plants have not ef-
fectively recolonized these areas decades following abandonment.
These results are consistent with previous studies that found that
seeded perennial grasses can persist on the landscape for long pe-
riods of time (Asay, Horton, Jensen, & Palazzo, 2001) and may sup-
press re-colonization by native species (Beyers, 2009; Keeley, 2006;
Williams, Morris, Gunnell, Johanson, & Monaco, 2017) barring active
restoration interventions (Taylor et al., 2013).

Native species were able to re-colonize some old fields as 44%
of plots that were located in previously cultivated areas (as iden-

tified by aerial photos) were classified by cluster analysis into the
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FIGURE 6 Hilltop plots, showing
the maximum 20% range of values

of non-linear relationships between:

(a) selected environmental variables
(AWS, available water 0-25 cm; CMD,
climate moisture deficit); (b) selected
biotic variables (BC = percent cover

s of biotic crust; EAG = cover of exotic
annual grass; EPG = cover of exotic
perennial grass; Native R = native species
. richness; Non-native R = Non-native
species richness; (c) dominant native

A bunchgrass species (DAUN = Danthonia

A A & A )
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Axis 2
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\\ Bromus spp.; POPR = Poa pratensis;

THING = Thinopyrum intermedium;

VEDU = Ventenata dubia) and axes 1 and 2
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mesic prairie community based on their species composition. This
suggests that native species were able to re-colonize some previ-
ously cultivated areas more readily than others. Re-colonization by
native plants can be dependent upon a number of factors, including
site conditions (soil depth, texture, aspect, etc.), the length of time
the area was farmed, and if the field was seeded following agricul-
tural abandonment (Morris et al., 2011). We suspect these fields
may not have been seeded following abandonment, which provided
site conditions more favorable to native species establishment. This
is supported by monitoring data in the Zumwalt that shows some
old fields may be experiencing a slow re-colonization by the na-
tive bunchgrass Festuca idahoensis (Schmalz & Taylor, 2011; Taylor
& Schmalz, 2012). An alternative explanation to this finding is that
rates of recovery differ between old fields dominated by Poa praten-
sis and those dominated by Thinopyrum intermedium. Plots with a
high abundance of Thinopyrum intermedium were found in the lower
right corner of the ordination space and associated with the lowest
native species richness and cover. Plots with high abundances of Poa
pratensis on the other hand were much more similar to uncultivated
mesic prairie plots. More research on prairie recovery from prior
cultivation is needed to more fully understand trajectories of grass-
land recovery and vegetation dynamics following abandonment.
For decades, Kentucky bluegrass, Poa pratensis, has been con-
sidered a highly invasive species of mesic grasslands throughout
the broader PNB ecosystem (Daubenmire, 1970; Tisdale, 1961;
Young, 1943), and was seeded across the regions for forage en-
hancement and soil stabilization (Pickford & Jackman, 1944).

Researchers have previously identified Poa pratensis as a potential

threat to PNB grasslands, where it has been documented to spread
into and persist in native communities where soil moisture is avail-
able into late summer (Daubenmire, 1972; Johnson & Swanson,
2005; Mack & Thompson, 1982). Grazing by livestock may also aid
Poa pratensis spread into native communities because Poa praten-
sis is more tolerant of grazing compared to native bunchgrasses
(Mack & Thompson, 1982). In our study, high abundances of Poa
pratensis were largely restricted to previously cultivated areas, and
while Poa pratensis was found in 74% of mesic prairie plots, abun-
dances were relatively low (5.8%), decades after seeding, Future
monitoring will be needed to determine if and to what extent Poa
pratensis and other non-native rhizomatous grasses spread into
adjacent intact prairie communities.

4.3 | Ventenata dubia is the primary invader and
greatest threat to the Zumwalt

A surprising finding from this study was that the annual grass
Ventenata dubia was the fourth most abundant species across
the prairie. Ventenata dubia was initially detected in the region as
early as the mid-1950s (Rice, 2017) but has only recently gained
the attention of researchers and land managers. Over the last
couple of decades, Ventenata dubia has spread throughout the
Pacific Northwest including into low-elevation canyon grasslands
(Bernards & Morris, 2017), Pacific Northwest bunchgrass (Wallace
et al., 2015), sagebrush-steppe (Jones, Norton, & Prather, 2018),

and seeded pastures (Wallace et al., 2015). However, little is known
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about its invasion dynamics and the potential impacts of this spe-
cies on native bunchgrass communities are still not clear. Ventenata
dubia's abundance and wide distribution have quickly raised con-
cerns about its effects on wildlife habitat, plant community com-
position, threatened and endangered species and a range of other
provisioning and regulating ecosystem services. The high levels of
silica within the biomass of this species are thought to make it un-
palatable to herbivores, both wild (elk, deer) and domestic (cattle;
Pavek, Wallace, & Prather, 2011). There are also concerns about
Ventenata dubia competitively excluding native species. For ex-
ample, in agricultural settings, it has negatively impacted forage
yield of pasture grasses, and a greenhouse study found competi-
tive effects of Ventenata dubia on Pseudoroegneria spicata seedlings
(McKay, Morris, Morris, & Leger, 2015). In areas of high abundance
of Ventenata dubia, there may also be increased risk of soil ero-
sion following disturbance events due to the species’ shallow root
system, leading to further degradation of the site (Mackey, 2014).
Since Ventenata dubia has only recently generated concern about
its impact in PNB grasslands, research on its ecology, management
and impact have lagged behind its spread across the landscape.
We found that Ventenata dubia was present in all three communi-
ties, xeric prairie, mesic prairie and old fields. It was the most abun-
dant species of xeric prairie plots, where it averaged over 20% foliar
cover — more abundant than the native perennial bunchgrass species
which define dry, moisture-limited PNB sites (Pseudoroegneria spicata,
Poa secunda, and Danthonia unispicata). Ventenata dubia was not just
restricted to dry prairie plots, but was widespread, occurring in 69%
of all sampled plots. There are also reports of Ventenata dubia invad-
ing a wide range of ecosystems including wetter sites dominated
by either both rhizomatous or bunchgrass species in Conservation
Reserve Program lands (Wallace et al., 2015) as well as hay fields
(Wallace et al., 2015), suggesting that Ventenata dubia may be able to
spread into both mesic prairie sites and old-field communities in the
Zumwalt. Moreover, Ventenata dubia abundance increased sharply in
old fields that were burned, treated with herbicide, and seeded with
native grass species as part of a restoration effort on Zumwalt (Taylor,
Ball, & Fields, 2012; Taylor & Schmalz, 2012). Given the abundance
of Ventenata dubia and its apparent ability to colonize and reach
high abundances across a range of grasslands in the interior Pacific
Northwest, this species appears to be a major threat to remaining
native grassland ecosystems including Zumwalt. The threat that
Ventenata dubia poses to the remaining PNB appears significant, and
research focused on the ecology, invasion dynamics, ecological im-
pacts and management and restoration options are critical for under-

standing the causes and consequences of Ventenata dubia invasions.

4.4 | Additional non-native species

Annual Bromus species including Bromus tectorum, Bromus arven-
sis, and Bromus hordeaceus were the most widespread non-native
species in our study area, although they did not dominate sites to

the degree Ventenata dubia did in xeric prairie or the rhizomatous
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non-native grasses did in old fields. Annual bromes were introduced
into western North America from Eurasia and they have successfully
invaded many grasslands, shrublands, and open forest communities
(Brooks et al., 2016). In the PNB, Bromus tectorum has historically
been a more successful invader at lower elevation, drier sites domi-
nated by Pseudoroegneria spicata (Brooks et al., 2016), and Bromus
arvensis and Bromus hordeaceus are thought to be more successful in-
vaders of the cooler, more mesic grasslands (similar to the Zumwalt)
where Festuca idahoensis is dominant (Johnson & Swanson, 2005).
Consistent with these patterns, we found that Bromus tectorum was
a minor invader (occupied 20% of plots; average foliar cover = 0.6%)
compared to other annual bromes. Dominance by annual bromes in
PNB grasslands is thought to be largely dependent on intense distur-
bances such as overgrazing or fire, and annual brome abundance has
been documented to subside quickly following disturbance events
(Johnson & Swanson, 2005). Within the uncultivated portions of the
prairie, annual bromes (Bromus arvensis, Bromus hordeaceus in the
combined Bromus spp. taxa) were much more abundant within the
xeric prairie plots compared with mesic prairie, consistent with other
studies that report a positive relationship between soil water avail-
ability and annual brome resistance (Brooks et al., 2016; Chambers
et al., 2014). Despite lower abundances of annual Bromus spp. in the
mesic prairie plots, bromes were still among the ten most abundant
species in each of the three community types identified and were
the most widespread non-natives in our study area, suggesting that
annual bromes may not require high disturbance to persist across

the Zumwalt given current conditions (Johnson & Swanson, 2005).

5 | CONCLUSION

Results from this study highlight the challenges of conserving
grasslands, even within areas managed for their conservation. We
found that non-native grass invasion spans across the Preserve
and these taxa are some of the most abundant plant species in the
grassland. Invasions of non-native species are known to pose seri-
ous threats that can alter grassland composition, structure, and
function, creating management challenges for protected areas.
Further compounding the situation is that within just one pre-
serve, patterns of abundance of non-native species varied con-
siderably depending on cultivation and reseeding history, the life
history of the non-native species, and with abiotic site conditions.
Of particular concern for Zumwalt Prairie Preserve is the invasion
by Ventenata dubia, a relative new invader which is now one of the
most widespread and abundant species. Although research on the
invasion dynamics, ecological impacts, and management possibili-
ties is just beginning to emerge, the distribution and dominance of
this Ventenata dubia appears to represent a new and unique threat
to conservation management in this preserved grassland. An im-
proved understanding of the relationship between the abundance
patterns of other non-native species across the landscape and his-

torical, biotic, and abiotic factors can help in the development of
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ecologically appropriate and cost-effective strategies for conser-
vation and restoration.
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