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The sagebrush steppe ecosystem of the Columbia Plateau has become degraded by a long history
of alternative land use and associated perturbations. Protection of remnant stands of intact
sagebrush steppe currently relies upon their preservation within the nation’s network of parks
and protected-areas. The John Day Fossil Beds National Monument, located in central Oregon,
and Craters of the Moon National Monument and Preserve, located in southeast Idaho provided a
unique opportunity to examine the pattern of plant species distribution and invasion dynamics in
two Columbia Plateau protected-area landscapes with a mixed history of alternative land
management and protection. Non-metric multidimensional scaling and nonparametric
multiplicative regression were applied to data from the National Park Service’s Inventory and
Monitoring program to investigate correlations of native and non-native plant species to
environmental and landscape variables. Understanding how these patterns change at the
landscape scale and identifying variation in these patterns between landscapes may improve
efficacy in resource management planning. Principle native species reviewed included
sagebrush species (Artemisia spp.), broom snakeweed (Gutierrezia sarothrae), currants (Ribes

spp.), desert sweet (Chamaebatiaria millefolium), dwarf goldenbush (Ericameria nana), green
rabbitbrush (Chrysothamnus viscidiflorus), bluebunch wheatgrass (Pseudoroegneria spicata),
bluegrass species (Poa spp.), sandberg bluegrass (Poa secunda.), wheatgrass species (Agropyron
spp.), Great Basin wildrye (Lymus cinereus), and squirreltail (Elymus elymoides). Principle
non-native invasive species reviewed included cheatgrass (Bromus tectorum), medusahead
(Taeniatherum caput-medusae), and bulbous bluegrass (Poa bulbosa), tumble mustard
(Sisymbrium altissimum), and tansy mustard (Descurainia spp.).
The distribution and relative cover of principle species within the John Day Fossil Beds
National Monument were found correlated to combined effects of slope and aspect, representing
a transition from steep south-facing slopes to steep north-facing slopes. Species cover and
distribution were also found to be correlated to crop year precipitation, the amount of rain and
snow falling between October and May. Individual species response along topographic gradients
revealed higher relative cover of B. tectorum on the more xeric, south-facing slopes and an
increase in the cover of P. spicata on more mesic, north-facing slopes. The relative cover of G.
sarothrae and T. caput-medusae were found to increase with increasing crop year precipitation.
The distribution and relative cover of principle species within Craters of the Moon
National Monument were found correlated to a north to south spatial separation of sampling
frames. This gradient represented a transition from higher elevation to lower elevation,
decreasing moisture availability, and increasing proximity to alternative land use (i.e. grazing,
agriculture) and transportation corridors. Individual species response along these topographic
and environmental gradients revealed higher relative cover of non-native invasive species in
southern portions of the monument and with positive correlation to the more xeric and disturbed
portions of the Monument. The results of this study have increased the understanding of species

cover distribution across environmental and topographic gradients within protected sagebrush
steppe landscapes while providing insight into the applicability of resilience theory to Columbia
Plateau ecology.
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Chapter 1: Introduction
Rangelands comprise approximately one third of the total land area in the continental
United States (Havstad et al. 2007) and provide numerous resources including production of food
and fiber, recreation opportunities, ecosystem services such as primary production, and water
and nutrient cycling. Historic and current land use in these areas has caused significant
degradation of associated ecosystems and has decreased overall rangeland productivity (Havstad
et al. 2007). Historically, range science focused on defining management practices which could
be applied universally to American rangelands (Sayre et al. 2012). These efforts were based on
two prevailing concepts of range ecology at that time: 1) an assumed equilibrium within plant
communities, and 2), the idea that changes in plant communities would revert to their original
state following the removal of the grazing animals responsible for the change (Sayre et al. 2012).
However, rangelands are extremely heterogeneous due to significant variability in rainfall,
timing and duration of drought, and generally low soil productivity which contribute to highly
variable primary production (Sayre et al. 2012). Variability across the landscape requires land
managers to adjust their actions to meet specific demands of a given location. Anthropogenic
disturbance through grazing, the introduction of non-native species, and altered fire regimes
continues to degrade rangeland systems, and species associated with these systems are declining
(Haynes et al. 2001). Indeed, it has been stated that the sagebrush steppe is one of the most
threatened ecosystems in the U.S. with approximately 99% affected by livestock grazing in the
Intermountain West (Noss et al. 1995).
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The loss and fragmentation of this habitat coupled with the uncertainties of climate
change have increased the necessity for the preservation of this and other endangered ecosystems
(Aycrigg et al. 2013). The nation’s network of parks and protected-areas is viewed as one of the
most important tools for the conservation of vegetation communities and the preservation of
biodiversity (Aycrigg et al. 2013, Vimal et al. 2011). The Intermountain Semi-Desert (ISD)
ecoregion covers over 400,000 km2 of the Intermountain West and remnant intact steppe
communities are not well represented in the network of parks and protected-areas within the
region (Stoms et al. 1998).
The U.S. Geologic Survey (USGS) Gap Analysis Program (GAP) recognizes the
Columbia Plateau as a sub-region of the ISD (Stoms et al. 1998) which consists of ~290,000 km2
spanning large portions of Idaho, Oregon, and Washington with small extensions into the
northern sections of California, Nevada, Utah, as well as western Wyoming (Stoms et al. 1998).
In their review of the GAP, Scott et al. (1993) define four Management Status levels which
describe land ownership by the “degree to which it is managed to maintain biodiversity”.
Management Status 1 is the highest rank, referring to areas which are actively managed to
preserve the natural state, including but not limited to naturally occurring disturbance regimes
(Scott et al. 1993). Management Status 2 designations are those lands managed for natural
values but which allow some degree of degrading use; Management Status 3 are non-designated
public lands, and Management Status 4 are private and public lands with no active easement in
place (Scott et al. 1993). Only a small portion (<1%) of the land within the ISD is designated as
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Status 1, with National Parks representing seventy three percent of the Status 1 areas (Stoms et
al. 1998).
As part of the National Park Service (NPS) Inventory and Monitoring program, the Upper
Columbia Basin Network (UCBN) has identified the sagebrush steppe vegetation community as
a ‘vital sign’ believed to confer information related to the current state of ecosystem functions
within the parks and protected-areas of the region (Garrett et al. 2007). Because these areas are
actively managed for protection of cultural and natural resources they represent a unique
opportunity to study the invasion dynamics of (relatively) intact sagebrush steppe communities
of the Columbia Plateau. The objectives of the UCBN sagebrush steppe vegetation monitoring
protocol are to evaluate current and changing conditions of native and non-native plant species
and to document abiotic site indicators such as percent bare ground cover, topography, the timing
and amount of precipitation, land use history, and the frequency of disturbance (Yeo et al. 2009).
The John Day Fossil Beds National Monument located in north-central Oregon, and Craters of
the Moon National Monument and Preserve located in southeastern Idaho are comprised
primarily of sagebrush steppe communities which have been invaded by non-native invasive
grass and forb species. Disturbance history and idiosyncratic patterns of climate and topography
are likely to interact in complex ways to influence how resilience to disturbance and resistance to
invasion are manifested at local scales (Brooks and Chambers 2011, Chambers et al. 2013) in
these locations. A deeper understanding of this variation will advance understanding of the
applicability of current resilience theory to Columbia Plateau ecology as well as provide site
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specific information necessary for protected-area managers to better understand the systems
under their stewardship and to make more effective management and restoration decisions.
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Chapter 2: Variation in distribution and cover of principle native and non-native plant
species along gradients of topography and climate in the John Day Fossil Beds National
Monument, OR
D.M. Esposito, T. J. Rodhouse, and R. Mata-González
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Abstract:
The sagebrush steppe ecosystem of the Columbia Plateau has become fragmented by a
long history of alternative land use and associated perturbations. Protection of remnant stands of
intact sagebrush steppe currently relies upon their preservation within the nation’s network of
parks and protected-areas. John Day Fossil Beds National Monument, located in central Oregon,
provided a unique opportunity to examine the pattern of plant species distribution and invasion
dynamics in a landscape with a mixed history of alternative land management and protection.
Non-metric multidimensional scaling and nonparametric multiplicative regression were applied
to data from the National Park Service’s Inventory and Monitoring program to investigate
correlations of the relative cover of principle native and non-native plant species to
environmental and landscape variables. Understanding how these patterns change at a landscape
scale may improve efficacy in resource management planning by guiding prioritization of large
landscapes to maximize the productivity of management efforts. Principle native and non-native
species reviewed included big sagebrush (Artemisia tridentata.), broom snakeweed (Gutierrezia
sarothrae), bluebunch wheatgrass (Pseudoroegneria spicata), sandberg bluegrass (Poa
secunda.), cheatgrass (Bromus tectorum), medusahead (Taeniatherum caput-medusae), and
bulbous bluegrass (Poa bulbosa). The distribution and relative cover of principle species within
the Monument were found correlated to a combined effect of slope and aspect. These variables
represent a transition from steep south-facing slopes to steep north-facing slopes. Species cover
and distribution were also found to be correlated to crop year precipitation. Individual species
response along topographic gradients revealed higher relative cover of B. tectorum on the more
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xeric, south-facing slopes and an increase in the cover of P. spicata on more mesic, north-facing
slopes. The relative cover of G. sarothrae and T. caput-medusae were found to increase with
increasing crop year precipitation, suggesting these species are better able to respond to variable
soil moisture resources. The study area exists almost entirely within the Wyoming big sagebrush
ecological zone which is believed to exhibit much lower resilience to invasion than other
sagebrush biomes. The results of this study have increased the understanding of species cover
distribution across environmental gradients within a protected sagebrush steppe landscape while
providing insight into the applicability of resilience theory to Columbia Plateau ecology.

1. Introduction
1.1 Background Information
Ecological resilience theory and related concepts of ecological thresholds and resistance
(e.g., to invasion) provides a dynamic framework for understanding and coping with the
ecological changes underway in sagebrush steppe systems. Resistance to invasion has been
defined as a function of biotic and abiotic factors, and the ecological processes inherent to the
system which limit the establishment, persistence and expansion of exotic plant species (Brooks
and Chambers 2011). The premise of ecologic resistance is the degree to which a system can
buffer the effects of disturbance (wildfire, grazing, drought, etc.) before passing a threshold into
a new ecological state (Brooks and Chambers 2011, Chambers et al. 2013). The fundamental
structure of a highly resistant ecosystem remains relatively unchanged following disturbance
(Chambers et al. 2013). Resilience refers to how quickly, and to what degree, the fundamental
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structure of an ecosystem returns to a pre-disturbance state following perturbations (Chambers et
al. 2013). Determining which site-specific environmental factors significantly influence the
resistance and resilience increases the understanding of vegetation dynamics and allows resource
managers to prioritize landscapes and increase the efficacy of restoration and prevention actions.
Management efforts often focus on the removal of unwanted species from the landscape,
a practice which has been deemed analogous to a medical clinician treating a symptom of disease
rather than the cause (Germino et al. 2004). In light of this and similar thinking, researchers
have shifted focus to examine factors believed to have strong connection to the causes of
invasion, rather than symptoms of it (Germino et al. 2004, Prevey et al. 2010, Sheley and James
2010). Such studies seek to define foundation species whose presence or absence may have a
disproportional effect on the structure of a community by affecting localized resource dynamics
and microclimate stability (Ellison et al. 2005, Prevey et al. 2010). Removal of these species
through fire, grazing, and other disturbances is believed to reduce resilience (i.e. to invasion) in a
system (Germino et al. 2004, Prevey et al. 2010). The framework of resilience and resistance
theory has increasingly been applied to rangelands in the Great Basin and hot deserts of the
southwestern US (Chambers et al. 2013). It may also prove useful for managers of protectedareas that are struggling with management and restoration decisions in the Columbia Basin
(Rodhouse et al. 2014).
However, there remains a gap in the connection between theory and practice – smallscale field studies that lead to predictions about ecological characteristics that confer resilience
or resistance are scarce and have not been empirically tested widely across large landscapes,
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particularly in the Columbia Plateau. The bunchgrass and sagebrush-steppe ecosystems of the
Columbia Plateau have been dramatically altered through anthropogenic land use changes,
associated perturbations, and landscape fragmentation. Remnant intact steppe communities are
not well represented in the network of parks and protected-areas within the region (Stoms et al.
1998). Disturbance history and idiosyncratic patterns of climate and topography are likely to
interact in complex ways to influence how resilience to invasion and resistance to disturbance are
manifested at local scales (Brooks and Chambers 2011).
Ecosystem variation between the Great Basin deserts and the Columbia Plateau must be
investigated in order to determine the efficacy with which Great Basin studies explain invasion
dynamics farther north.
Although overlap of these systems does occur, the Columbia Plateau exists generally at
higher latitudes with an elevation gradient ranging from 150m-2200m, and the Great Basin
stretches south with elevation ranging from 1200m-1800m (West 1983). The combination of
higher elevation and lower latitude contributes to the increased aridity of the Great Basin
ecosystem. Seasonal patterns of precipitation in the Great Basin vary widely across the region
with areas in Nevada receiving little to no summer rain fall compared to summer monsoons in
Arizona, Utah, and New Mexico providing close to forty percent of the annual total (158419mm) (West 1983). Variation in patterns of precipitation are also common in the Columbia
Plateau with a late spring-early summer peak in eastern regions and very little summer
precipitation in the west (total average annual precipitation 246mm) (West 1983). Great Basin
vegetation communities are typically dominated by various sagebrush species (Artemisia spp.)
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with a lower diversity of herbaceous species then the more mesic Columbia Plateau (West 1983).
Variation in vegetation structure and patterns of precipitation between these ecosystems
influences their response to perturbations such as grazing and fire. Generally, the Columbia
Plateau exhibits quicker post-disturbance recovery (i.e. resilience) than the less productive Great
Basin (West 1983). A deeper understanding of this variation between the two regions will
advance both the development and applicability of resilience theory to Columbia Plateau ecology
and will help protected-area managers make more effective management and restoration
decisions.

1.2 Objectives and Aims
This analysis sought relationships through a multivariate approach between the relative
cover of principle native and non-native invasive plant species and a suite of environmental
variables. Specifically, variation in precipitation and topographic gradients such as slope,
elevation, and aspect were examined to determine their effect on plant species distribution and
cover. The purpose of this analysis was to improve current understanding of the distribution of
plant species within John Day Fossil Beds National Monument (hereafter: JODA) in order to
advance both the development and applicability of resilience theory to Columbia Plateau ecology
and provide necessary information to protected-area managers so they may better understand the
systems under their stewardship and make more effective management and restoration decisions.
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1.3 Study Area
JODA comprises 4 discrete units in the lower John Day River Basin of north-central
Oregon (Figure 1). Upland vegetation is dominated by bunchgrass steppe and western juniper
(Juniperus occidentalis) woodlands. Many plant communities have been altered by historic
settlement and post-settlement land use activities and altered disturbance regimes. As a result,
many have been converted to annual grasslands dominated by cheatgrass (Bromus tectorum) and
other exotic invasive species generally of Eurasian origin. Settlement history and altered land
use activities have been overwhelming drivers of ecological change in the region. Historically
the John Day area was comprised of a heterogeneous distribution of plant associations.
Grasslands were interspersed with sagebrush-steppe and woodlands. The distribution of these
communities was largely influenced by natural and anthropogenic disturbance in the era prior to
Euro-American settlement. Dominant grasses at this time consisted of varying distributions of
Bluebunch wheatgrass (Pseudorongeneria spicata), Idaho fescue (Festuca idahoensis), Sandberg
bluegrass (Poa secunda), and Great Basin wild rye (Leymus cinereus). Shrub dominance was
maintained by sagebrush (Artemisia spp.), antelope bitterbrush (Purshia tridentata), and
rabbitbrush (Chrysothamnus spp.) (NRCS 2011). Woodlands were typically restricted to rocky
outcroppings and low production sites (Miller and Rose 1999) and consisted primarily of J.
occidentalis.
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1.4 Disturbance History
Prior to the arrival of Euro-American settlers, this landscape was actively managed by
Native American tribes living in the area (Hessburg and Agee 2003). Historical reports suggest
that the observed frequency of low intensity fires, believed to have influenced the vegetative
structure of the landscape, may have been anthropogenic in origin. The introduction of Spanish
horses into native cultures may have led to intensified burning regimes in an effort to increase
production of herbaceous species (Hessburg and Agee 2003). Fur trapping expeditions, which
had been active since the 1770s, exposed native peoples to a wide range of new diseases. As a
result, between 1770 and 1870 populations were severely impacted, reducing occupancy in some
areas by greater than 80%; this reduction in population may have influenced the observed change
in fire intervals during this time period (Hessburg and Agee 2003).
Fur trappers in the northwest nearly decimated the native population of beaver, creating
far reaching environmental alteration (Hessburg and Agee 2003). Beavers are considered
ecosystem engineers because of their active management of selected sites to improve their
habitat. This has a cascade of effects on the surrounding area. The dams they construct reduce
stream flow and lead to the formation of wetlands (Hessburg and Agee 2003). These wetlands
have a number of ecologic benefits including sediment capture, habitat establishment, increases
in water infiltration, and enhancement of species diversity (Hessburg and Agee 2003). The
decline in beaver populations would have had systemic effects. Reduction of wetland
regeneration in these areas would have caused a dramatic shift in the functioning of associated
hydrologic cycles.
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In 1862 gold was discovered in the basin, which marked the onset of settlement. As the
gold mining industry developed in the region, efforts were made to relocate the remaining
populations of native tribes in order to increase land access (Hessburg and Agee 2003). Pan
mining of gold placers was soon replaced by dredging operations (Wissmar et al. 1994, Hessburg
and Agee 2003). Riparian systems were clear cut or burned in an effort to increase access to
profitable mining sites. These operations severely degraded watershed structure and
functionality leading to the alteration of hydrologic cycles within the basin, extensive erosion
and pollution of waterways by mining leachates (Wissmar et al. 1994, Hessburg and Agee 2003).
In the North and Middle forks of the John Day River evidence of past mining activities persist
today in the form of dredge deposits and toxic metal settling ponds (Wissmar et al. 1994).
Increased clearing of upland forests spurred the establishment of the first saw mill in 1862
(Wissmar et al. 1994). The establishment of railroad systems as well as active road development
during this period created greater opportunities for nation-wide trade of commodities. The
clearing of forests and establishment of a railroad coincided with the introduction of large
numbers of domestic grazing animals (Wissmar et al .1994, Hessburg and Agee 2003). Land
grant proposals aimed at expanding the road and rail systems initiated a process of landscape
subdivision (Hessburg and Agee 2003) where alternative land management strategies produced a
fragmented landscape.
With few exceptions, grazing is not permitted in National Parks and Monuments,
including the John Day Fossil Beds. However, prior to establishment the Monument had an
extensive history of domestic grazing which has been shown to influence vegetation composition
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and distribution in similar systems (Reisner et al. 2013). The boom of the mining industry in the
John Day Basin (1800’s) stimulated the import of cattle to feed growing numbers of settlers with
over 200,000 cattle present in the region by 1860 (Hessburg and Agee 2003). Due to a relatively
large demand for water, cattle are often attracted to grazing sites near, or in, wetlands and
riparian zones (Hessburg and Agee 2003). Cattle grazing in these areas compounded the
degradation which had previously occurred as a result of mining and logging operations
(Hessburg and Agee 2003). Sheep grazing was introduced in 1861(Hessburg and Agee 2003).
The physiology of a sheep affords it a greater range in site and forage selection than a cow,
which led to the introduction of vast herds of sheep (Wissmar et al. 1994, Hessburg and Agee
2003). The combined presence of sheep and cattle on the landscape severely degraded the
remaining native vegetation component.
Livestock and other grazing animals facilitate the establishment of B. tectorum through
the removal of more palatable native species, and dispersal of non-native seeds due to their
morphological characteristics which facilitate transport (Knapp 1996, Vavra et al. 2007). As
bunchgrass communities failed under the combined pressures of juniper establishment and
overgrazing, ranchers began to seed introduced forage species in order to increase productivity
on the range (Hessburg and Agee 2003). The import of large amounts of non-native seeds led to
the establishment of exotic and invasive plant species (Hessburg and Agee 2003). Invasive,
annual grasses such as B. tectorum and medusa head (Taeniatherum caput-medusae) have played
a major role in reshaping the shrub-steppe ecosystem. Both of these species are generally
considered poor forage due to unpalatable physiological attributes. Lack of palatability in these
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species contributes to a significant accumulation of fine fuel biomass which increases potential
for a fire event. In many cases this has resulted in a reduction of fire return intervals (Condon et
al. 2011, Pierson et al. 2011).

2. Methods
2.1 Field Sampling
The Clarno, Foree, Painted Hills, and Sheep Rock units of the Monument were all
sampled. Data collection in the Monument occurred across a topographically heterogeneous
landscape which spans approximately 5800 ha. The steep hills and river valleys of the
Monument range from 421-1255 m asl. The Monument occurs in a semi-arid climate and
receives an average annual precipitation of ~27cm with some snowpack occurring in the upland
areas of the Monument, and most of the precipitation as rainfall between the months of October
and June. Soils in this region are volcanic in origin and described by the USDA Natural
Resources Conservation Service (NRCS) as being volcanic-ash derived clays and clay-loams
with aridic soil moisture and mesic soil temperatures. Data for this review were collected with
the Upper Columbia Basin Network (UCBN), an inventory and monitoring network within the
National Park Service (NPS). The UCBN has been conducting sage vegetation monitoring
within five network park units following a common protocol (Yeo et al. 2009) since 2009.
Vegetation monitoring was conducted by first navigating to predetermined randomized plot
locations using a GPS unit. Plot locations are determined using generalized random-tesselation
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stratified (GRTS) spatially balanced sampling design (Stevens and Olsen 2004). At each site
(n=1169), a 1m2 frame was placed on the ground, marking the plot boundaries. Ocular estimates
of plant cover were recorded for principle native and non-native species and followed
Daubenmire (1958) cover classes. Environmental (predictor) variables were generated in GIS
using US Geological Survey (USGS) 10-m digital elevation models (DEMs) and precipitation
data provided by the PRISM Climate Group’s 800-m resolution data products (Daly et al. 2008).

2.2 Statistical Analysis
Non-metric Multidimensional Scaling (NMS) was used to ordinate the sample units in
species space. NMS is a method for organizing data in a high-dimensional space which seeks
the strongest structure from the variables, while avoiding assumptions of linear relationships
(McCune and Grace 2002). This type of analysis is ideal for ecological community data due to
the inherent complexity of interactions between species and the environment. NMS was
performed using the software PC-ORD (ver: 6.12) which follows the methods for NMS outlined
in Mather (1976) and Kruskal (1964). Prior to running the NMS; Daubenmire (1958) cover class
records were converted to their respective median values in order to better represent the
proportion of cover for each species. Species without recorded cover values >0 were removed
from the data set, columns (species) were further reduced by eliminating rare species (those
which occurred in fewer than 5% of sample units) and a generalized log transformation was
performed on the remaining species. These modifications serve to reduce possible influence of
rare and/or highly abundant species, as well as to reduce noise and enhance user ability to
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interpret relationships within the ordination space (McCune and Grace 2002). No modifications
were applied to environmental variables. Sørensen’s (Bray & Curtis) proportion coefficient
distance measure was used in conjunction with a random starting location using the autopilot
mode in PC-ORD. which performed 50 runs with real data and 50 runs with randomized data;
200 iterations were used in the final NMS. The final dimensionality of the ordination was
selected automatically by the software.
NMS test results were examined for stress and instability. For ecological data, final
stress should not exceed 20 and instability <10-4 is desirable (McCune and Grace 2002). A joint
plot was overlaid on the ordination to determine which environmental variables exhibited the
strongest correlation with each of three ordination axes. The point cloud of sample units was
then rotated to place as much of the variability associated with the strongest variable onto a
single axis (axis1) allowing for easier visual interpretation of correlation. Variable choice for
rotation was based on the largest r2 value within the recorded environmental variables. Variables
chosen for further analysis were those with an R2 ≥ 0.1. Species with the highest R2 values were
selected for further analysis as well as non-native invasive species of interest (provided they
exceeded the previously mentioned R2 cutoff). The NMS includes data from all JODA units for
the 2009 and 2011 field seasons. Sample units were assigned a categorical variable representing
which park unit the sample was taken from in order to distinguish individual units within the
ordination space.
Nonparametric, multiplicative regression (NPMR) was used to investigate relationships
between species cover and environmental variables using HyperNiche (ver: 2) (McCune 2009).
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NMS scores for the three ordination axes were used as predictors, as these scores represent the
complex interaction of environmental variables to the patterns of species composition within the
ordination space. Species’ cover values were used as response variables with a local mean
estimator and Gaussian kernel function.

3. Results
All four units show snakeweed (Gutierrezia sarothrae) as the dominant shrub cover with
big sagebrush cover being classified as low (≤ 5%) to negligible (Rodhouse 2010). Bluebunch
wheatgrass and Sandberg bluegrass were found to be the dominant native perennial grass species
in all units (Rodhouse 2010). It is important to note that although these species are the most
abundant native perennial grasses in the study, their estimated cover is a mere 5-25% (Rodhouse
2010) of the total. Idaho fescue and native forb cover were both reported as being low
(Rodhouse 2010).
The NMS resulted in a three-dimensional solution (Figure 2) which explained 83%
(cumulative R2 = 0.836, Axis 1 R2 =0.366, Axis 2 R2 = 0.315, Axis 3 R2 = 0.155) of the variation
in species cover estimates (Monte Carlo test result, p = < 0.02). The three dimensional solution
resulted in a final stress of 17.73 and final instability of 0.0037 with 200 iterations. Variation in
species cover within the ordination was best described by topographic gradients (Topo) (Topo=
sin(slope)*cos(aspect)) and crop year precipitation. The variable Topo was derived from a US
Geological Survey (USGS) digital elevation model (DEM) and defines a -1 to 1 scale where
negative values correlate to increases in angle of slope and southern exposure and positive values
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correlate to increases in angle of slope and northern exposure. As slope decreases, the effect of
aspect is reduced; this is represented by values of Topo closer to zero (Rodhouse et al. 2014).
Crop year precipitation refers to the total amount of precipitation the study area received between
September and May. Topo was positively correlated with Axis 1 (R2 = 0.101) and crop year
precipitation was positively correlated with Axis 2 (R2 = 0.109). Additional environmental
variables present in the initial analysis (elevation, total precipitation, distances to roads, trails,
and park boundaries, UTMX, UTMY, and a categorical variable indicating whether or not the
sample unit occurred inside a known burn perimeter) failed to meet the R2 ≥ 0.1 cutoff and were
excluded from further analysis. Outliers were present in the final ordination but were found to
be an intrinsic product of the sampling process, in that within a 1m2 frame it is possible to have
one species dominating the space to the exclusion of other species. Examples of this are a
monoculture of B. tectorum or a large canopy of A. tridentata. Such outliers were deemed to be
accurate representations within the parameters of these data and were not removed from the
analysis.
P. spicata and P. secunda, native perennial grass species, and B. tectorum were most
strongly correlated with Axis 1 (R2 = 0.448, 0.148, 0.66 respectively) and showed a weaker
correlation with Axis 2 (R2 = 0.144, 0.009, 0.176 respectively). Dominant shrub species (A.
tridentata and G. sarothrae) were correlated with Axis 2 (R2 = 0.134, 0.113 respectively) as well
as the non-native, invasive grass species T. caput-medusae, B. tectorum, and P. bulbosa (R2 =
0.226, 0.176, 0.171 respectively). No significant correlations (R2 ≥ 0.05) were found for
perennial forb species (Table 1).
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Nonparametric multiplicative regression indicated that the relative cover of grass species
appeared to be most influenced by Topo. B. tectorum decreases along Axis 1 as slope and
southern aspect decrease. Conversely, relative cover of P. spicata and P. secunda increase as
slope and northern aspect increases along Axis 1(Figure 3). As crop year precipitation increases
along Axis 2, A. tridentata and B. tectorum decrease while G. sarothrae, T. caput-medusae, P.
bulbosa increase (Figure 4).

4. Discussion
We found the relative cover of principle native bunchgrass species (P. spicata and P.
secunda) and non-native invasive grass species (B. tectorum) to be most correlated to a
combined effect of the topographic gradients slope and aspect. Crop year precipitation also
appeared to influence the pattern of relative species cover within the Monument, most notably in
correlation with the invasive grass species B. tectorum, T. caput-medusae, and P. bulbosa, and to
a lesser extent, the native shrub species A. tridentata, and G. sarothrae.
The results of our analysis are consistent with current theory concerning the effect of
topography on resilience (i.e. to invasion) and resistance (i.e. to disturbance) (e.g. Chambers et
al. 2013). Topographic variation directly influences the effect of solar radiation on a given site.
In the northern hemisphere, solar radiation generally produces warmer, and as a consequence
drier, conditions on south facing slopes than those found on north facing slopes (Mata-González
et al. 2002). Within the cold desert ecosystems of the American west, topographically driven
variation in soil temperature and the amount of available water has been shown to influence
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cheatgrass establishment and invasion (Chambers et al. 2013). The lower temperatures and
higher moisture availability characteristic of north facing slopes combine to allow for higher site
productivity than is generally observed on south facing slopes. Higher relative site productivity
can produce plant communities which evolve to withstand more frequent disturbances (i.e. fire)
than plant communities found on south facing slopes (Chambers et al. 2013, Reisner et al. 2013).
The correlation of site productivity to disturbance occurrence is based on the premise that more
productive sites will intrinsically have higher biomass production than less productive sites,
higher proportions of biomass lead to greater heterogeneity, connectivity, and abundance of fuels
which allow fire to traverse the landscape more frequently than possible on sites with lower fuel
loads. Over time, shorter fire return intervals can produce a vegetation community with species
which are well adapted to recovery following fire. Established native plants with the ability to
recover rapidly (or remain unchanged, e.g. resistance) following disturbance can recapture
available resources before invasive species have a chance to establish, which confers higher
resilience (i.e. to invasion) of these sites compared to less productive sites with longer fire return
intervals (Chambers et al. 2013).
B. tectorum distribution across the topographic gradient (i.e. Topo) within the monument
suggests higher proportions of cheatgrass invasion on steep south facing (less productive) sites,
while P. spicata and P. secunda distributions across Topo indicate higher proportions of these
species on steeper north facing (more productive) sites (Figure 3). Our findings of the
abundance of native bunchgrasses and the lower proportion of invasive species in these cooler,
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mesic sites are consistent with findings from other studies conducted in the Monument
(Kauffman et al. 1997, Rodhouse et al. 2014).
Crop year precipitation was the second strongest environmental variable correlated to the
distribution of relative plant species cover. A. tridentata, and P. spicata, have a negative
correlation with crop year precipitation while G. sarothrae, T. caput-medusae, and P. bulbosa
have a positive correlation. B. tectorum was also been found negatively correlated to crop year
precipitation, indicating the competitive advantage of this species in xeric sites (Rodhouse et al.
2014). A. tridentata and P. spicata are perennial species native to this region and are well
adapted to environments with limited availability of resources. These adaptations may reduce
the influence of changes in the amount of precipitation which occurs across the Monument.
The positive correlation of G. sarothrae to crop year precipitation is supported by
numerous studies which have highlighted the effect of winter and spring precipitation on the
density and cover of this species (Wan et al. 1993b, Ralphs and Sanders 2002, Ralphs and
McDaniel 2011). As soil moisture levels decrease, G. sarothrae maintains a high degree of
stomatal opening allowing for continued transpiration (Ralphs and McDaniel 2011) this reduces
available soil moisture for other species and provides a competitive advantage (Wan et al. 1993a,
Ralphs and Sanders 2002). The presence of native bunchgrasses and deep rooted shrub species
such as A. tridentata can inhibit the establishment and density of G. sarothrae (Ralphs and
McDaniel 2011). However, G. sarothrae has been shown to increase in density when other
native species have been removed by disturbance such as overgrazing and fire (Thacker et al.
2008, Ralphs and McDaniel 2011).
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Fire is a natural component of the sagebrush steppe ecosystem which plays an integral
role in creating the landscape heterogeneity of plant communities typical of these systems
(Kauffman et al. 1997, Miller and Rose 1999). A significant proportion of the Monument has
been disturbed by fire (wild and prescribed) in recent decades. Reports from the NPS fire effects
monitoring have indicated up to 83% reduction of shrub cover following prescribed fires in
JODA (Drake and Kopper 2009). G. sarothrae is unpalatable to most large ungulates and will
increase in the presence of overgrazing (Thacker et al. 2008, Ralphs and McDaniel 2011). The
long history of overgrazing in the Monument has reduced more palatable species and allowed G.
sarothrae to invade the open spaces. A tridentata does not typically recover well after a fire
episode and the history of fire in the monument is very likely a contributing factor to the low
abundance of sagebrush in the monument. A. tridentata and P. spicata can be displaced after a
fire when more fire tolerant species are present (Mata-González et al. 2008). Removal of
sagebrush can lead to increased resource availability, which has been shown to increase the
chance of invasive species establishment (Germino et al. 2004, Prevey et al. 2010). The
significant reduction of A. tridentata through fire, combined with adequate crop year
precipitation, released the necessary resources for G. sarothrae to assume dominance. Once
established, G. sarothrae has been show to suppress the establishment and growth of native grass
and forb species (Wan et al. 1993a, Thacker et al. 2008, Ralphs and McDaniel 2011). The
reduction of deep rooted perennial grass species and shrubs decreases site resistance to invasion
and may account for the increase in the non-native species T. caput-medusae, and Poa bulbosa in
these areas.
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The positive correlation of T. caput-medusae, in contrast with the negative correlation of
B. tectorum, to crop year precipitation can be related to the difference in moisture requirements
for these species. T. caput-medusae mature slower than B. tectorum in the spring due to a higher
need for available moisture (Dahl and Tisdale 1975). The modification of medusahead infested
sites through the accumulation of large amounts of litter favors establishment of medusahead
seeds over other species by reducing the rate of evaporation of soil surface moisture, as well as
maintaining cooler soil temperatures as spring replaces winter (Hironaka 1994). The seeds of
medusahead are self pollinated and have the ability to germinate from the fall through the spring
with most individuals producing flowers and setting seed in the early summer (Young 1992).
Soil characteristics may play a critical role in the ability of medusahead to invade a site. Soil
composition in the Columbia Basin is thought to have been influenced by lake formation and
subsequent ash deposition associated with the development of the Cascade volcanoes (Young et
al. 1999). The ash deposited in these lakes led to the formation of shrink-swell clay types
(Young et al. 1999). The association between medusahead and clay rich soil has been well
documented (see Young 1992) and may be a useful indicator of risk of invasion. However, Dahl
and Tisdale (1975) reported that in areas with higher moisture availability, such as depressions
which accumulate run-off, the need for clay rich soils was reduced and T. caput-medusae
established readily provided that the native perennial vegetation had been previously reduced.
This species is concerning to resource managers in the Monument and Esposito et al. (2012) also
reported an increasing trend in the cover of T. caput-medusae in the Clarno unit of the
Monument.
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5. Summary:
This study found the current vegetation composition within the Monument to be the
influenced by topographical factors as well as the amount and timing of precipitation. Other
factors influencing the vegetation composition in the Monument include altered land use and fire
return intervals, the deliberate and accidental introductions of non-native grass species, and
changing climate patterns (Rodhouse 2010). Although most of the Monument has not
experienced grazing by domestic animals since its establishment in the late 1970’s, (one section
of the Clarno unit remained grazed under private ownership until 2001) historical grazing and
current domestic grazing directly adjacent to park boundaries suggest that these factors have
shaped, and continue to influence the vegetation dynamics within the Monument. Remnant
intact steppe communities are not well represented in the network of parks and protected-areas
within the Columbia Plateau (Stoms et al. 1998). Only one percent of the land within the
Columbia Plateau is actively managed to preserve the natural state (including but not limited to
naturally occurring disturbance regimes) (Scott et al. 1993), with National Parks and Monuments
representing seventy three percent of those areas (Stoms et al. 1998). The cumulative effect of
fragmentation, legacies of past disturbance, land use alteration, and climate change continues to
threaten the ecological integrity of protected-area steppe communities (Wissman et al. 1994,
Miller and Rose 1999, Hessburg and Agee 2003, Condon et al. 2011, Pierson et al. 2011). This
study provides new insights into the vegetation dynamics within protected-area boundaries,
additionally our study area occurs almost exclusively in the Artemisia tridentata spp.
wyomingensis ecosystem which is thought to be the least resilient (i.e. to invasion) of the
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sagebrush biomes (Chambers et al. 2013). Based on patterns of bunchgrass abundances,
Rodhouse et al. (2014) also noted meaningful variation in apparent resilience within JODA. This
study further elucidates these insights by revealing the striking absence of deep-rooted shrubs,
abundant G. sarothrae and B. tectorum.
The apparent lack of insularity conferred by the Monument’s protected status raises
important conservation concerns for what has been deemed the most imperiled ecosystem type in
the US (Noss et al. 1995, Chambers and Wisdom 2009). The sagebrush steppe provides critical
habitat for native and threatened species (i.e. greater sage grouse) as well as ecosystem services
including watershed function, nutrient cycling, soil conservation, and economic possibilities (i.e.
domestic grazing). Furthermore, parks and protected-areas are unique to these landscapes in that
they prioritize intrinsic values such as the preservation of scenic view sheds and cultural
resources. In general, it is accepted that management which focuses on protection and
prevention measures will be more effective and more economically feasible than management
which places source control as its primary goal (Hironaka 1994, Davies and Johnson 2008,
Young and Mangold 2008). Within the NPS inventory and monitoring program, sampling
protocols such as the one used in this study are implemented across large areas and repeated over
numerous years. This is a valuable aspect of the inventory and monitoring program as many of
the studies conducted in the sagebrush steppe biome are short lived and lack funding for repeated
monitoring which is imperative to effective adaptive management.
Our study contributes to a greater understanding of species cover distribution across
environmental gradients in the sagebrush steppe biome and provides new insights into the
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development and applicability of resilience theory to Columbia Plateau ecology. These insights
will inform protected-area managers so they may better understand the systems under their
stewardship and make more effective management and restoration decisions.
Resource managers in the Monument should focus on the recovery of native shrub cover
as well as the protection of remnant stands of bunchgrass. The insights from this study and
others (e.g. Rodhouse et al. 2014) concerning the important role of topography and precipitation
can guide the development of more effective, precise restoration and management actions.

28

Literature Cited
Brooks, M.L., and J.C. Chambers. 2011. Resistance to invasion and resilience to fire in desert
shrublands of North America. Rangeland Ecology and Management 64(5):431-438.
Chambers, J.C., and M.J. Wisdom. 2009. Priority research and management issues for the
imperiled great basin of the western United States. Restoration Ecology 17(5):707-714.
Chambers, J.C., B.A. Bradley, C.S. Brown, C. D’Antonio, M.J. Germino, J.B. Grace, S.P.
Hardegree, R.F. Miller, and D.A. Pyke. 2013. Resilience to stress and disturbance, and
resistance to bromus tectorum l. invasion in cold desert shrublands of western North
America. Ecosystems. DOI: 10.1 007/s10021-013-9725-5
Condon, L., P.J. Weisberg, and J.C. Chambers. 2011. Abiotic and biotic influences on Bromus
tectorum invasion and Artemisia tridentata recovery after fire. International Journal of
Wildland Fire 20:597-604.
Dahl, B.E., and E.W. Tisdale. 1975. Environmental factors related to medusahead distribution.
Journal of Range Management 28(6):463-468.
Daly, C., M. Halbleib, J.I. Smith, W.P. Gibson, M.K. Doggett, G.H. Taylor, J. Curtis, and P.P.
Pasteris. 2008. Physiographically sensitive mapping of climatological temperature and
precipitation across the United States. International Journal of Climatology 27:935-969.
Daubenmire, R.F. 1959. A canopy-coverage method. Northwest Science 33:43-64.
Davies, K.W., and D.D. Johnson. 2008. Managing medusahead in the intermountain west is at a
critical threshold. Rangelands 30(4):13-15.

29

Drake, C., and K. Kopper. 2009. North pacific / Columbia basin fire ecology annual report.
https://data.doi.gov/dataset/north-pacific-columbia-basin-fire-ecology-annual-reportcalendar-year-2009-a5634
Ellison, A.M., et al. 2005. Loss of foundation species: consequences for the structure and
dynamics of forested ecosystems. Frontiers in ecological environments 3(9): 479-486.
Esposito, D.M., D.S. Stucki, and T.J. Rodhouse. 2012. Sagebrush steppe vegetation monitoring
in the Clarno Unit of John Day Fossil Beds National Monument: 2012 Annual Report.
Natural Resource Data Series NPS/UCBN/NRDS—2012/396. National Park Service,
Fort Collins, Colorado.
Germino, M., S. Seefeldt, J. Hill, and K. Weber. 2004. Ecological syndromes of invasion in
semiarid rangelands and their implications for land management and restoration. 16th Int’l
Conference, Society for Ecological Restoration, Aug 24-26. Victoria, Canada.
Hessburg, P.F., and J.K. Agee. 2003. An environmental narrative of inland northwest United
States forests, 1800-2000. Forest Ecology and Management 178:23-59.
Hironaka, M. 1994. Medusahead: natural successor to the cheatgrass type in the northern Great
Basin. General Technical Report INT-313:89-91. University of Idaho, Moscow, ID.
Kauffman, J.B., D.B. Sapsis, and K.M. Till. 1997. Ecological studies of fire in
sagebrush/bunchgrass ecosystems of the John Day Fossil Beds National Monument,
Oregon: implications for the use of prescribed burning to maintain natural ecosystems.
Technical Report NPS/CCSOSU/NRTR-97/01. Columbia Cascades System Support
Office, Seattle, Washington.

30

Knapp. P.A. 1996. Cheatgrass (Bromus tectorum L) dominance in the Great Basin Desert:
history, persistence, and influences to human activities. Global Environmental Change
6(1):37-52.
Kruskal, J.B. 1964. Multidimensional scaling by optimizing goodness of fit to a nonmetric
hypothesis. Psychometrika 29: 1-27.
Mata-González, R., R.D. Pieper, and M.M. Cardenas. 2002. Vegetation patterns as affected by
aspect and elevation in small desert mountains. The Southwestern Naturalist 47(3):440448.
Mata-González, R., R.G. Hunter, C.L. Coldren, T. McLendon, and M.W. Paschke. 2008. A
comparison of modeled and measured impacts of resource manipulations for control of
bromus tectorum in sagebrush steppe. Journal of arid environments 72: 836-846.
Mather, P.M. 1976. Computational methods of multivariate analysis in physical geography. J.
Wiley and sons, London. 532 pp.
McCune, B. 2009. Nonparametric multiplicative regression for habitat modeling. Oregon state
university, Corvallis, OR.
McCune and Grace 2002: McCune, B. and J.B. Grace. 2002. Analysis of Ecological
Communities. MjM Software Design, Gleneden Beach, Oregon.
Miller, R.F., and J.A. Rose. 1999. Fire history and western juniper encroachment in sagebrush
steppe. Journal of Range Management 52(6):550-559.

31

Noss, R.F., LaRoe, E.T. III & Scott, J.M. (1995) Endangered ecosystems of the United States: a
preliminary assessment of loss and degradation. National Biological Service. Biological
Report 28. Washington, DC. 95 pp.
Pierson, F.B., C.J. Williams, S.P. Hardegree, M.A. Weltz, J.J. Stone, and P.E. Clark. 2011. Fire,
plant invasions, and erosion events on western rangelands. Rangeland Ecology and
Management 64(5):439-449.
Prevey, J.S., M.J. Germino, and N.J. Huntly. 2010. Loss of foundation species increases
population growth of exotic forbs in sagebrush steppe. Ecological Applications
20(7):1890-1902.
Ralphs, M.H., and K.C. McDaniel 2011. Broom snakeweed (Gutierrezia sarothrae): toxicology,
ecology, control, and management. Invasive Plant Science and Management 4(1):125132.
Ralphs, M.H., and K.D. Sanders 2002. Population cycles of broom snakeweed in the Colorado
plateau and snake river plains. Journal of Range Management 55(4):406-411.
Reisner, M.D., Grace, J.B., Pyke, D.A., and Doescher, P.S. 2013. Conditions favouring Bromus
tectorum dominance of endangered sagebrush steppe ecosystems. Journal of applied
ecology. doi: 10.1111/1365-2664.12097.
Rodhouse, T.J. 2010. Sagebrush steppe vegetation monitoring in Craters of the Moon National
Monument and Preserve, Hagerman Fossil Beds National Monument, John Day Fossil
Beds National Monument, and Lake Roosevelt National Recreation Area: 2009 annual

32

report. Natural Resource Technical Report NPS/UCBN/NRTR—2010/302. National Park
Service, Fort Collins, Colorado.
Rodhouse, T. J., K. M. Irvine, R. L. Sheley, B. S. Smith, S. Hoh, D. M. Esposito, and R. MataGonzález. 2014. Predicting foundation bunchgrass species abundances: model-assisted
decision-making in protected-area sagebrush steppe. Ecosphere 5(9):108.
Scott, J.M., et al. 1993. Gap analysis: A geographic approach to protection of biological
diversity. Wildlife Monographs 123:3-41.
Sheley, R.L., and J. James. 2010. Resistance of native plant functional groups to invasion by
medusahead (Taeniatherum caput-medusae). Invasive Plant Science and Management
3(3):294-300.
Stevens, D. L., and A. R. Olsen. 2004. Spatially balanced sampling of natural resources. Journal
of the American Statistical Association 99:262–278.
Stoms, D.M., F.W. Davis, K.L. Driese, K.M. Cassidy, and M.P. Murray. 1998. Gap analysis of
the vegetation of the intermountain semi-desert ecoregion. The Great Basin Naturalist
58(3):199-216.
Thacker, E.T., M.H. Ralphs, C.A. Call, B. Benson, and S. Green 2008. Invasion of broom
snakeweed (Gutierrezia sarothrae) following disturbance: evaluating change in a stateand-transition model. Rangeland Ecology and Management 61(3):263-268.
Vavra, M., C.G. Parks, and M.J. Wisdom. 2007. Biodiversity, exotic plant species, and
herbivory: the good, the bad, and the ungulate. Forest Ecology and Management 246:6672.

33

Wan, C., R.E. Sosebee, and B.L. McMichael 1993. Broom snakeweed responses to drought: I.
photosynthesis, conductance, and water-use efficiency. Journal of Range Management
46(4):355-359.
Wan, C., R.E. Sosebee, and B.L. McMichael 1993. Broom snakeweed responses to drought: II.
Root growth, carbon allocation, and mortality. Journal of Range Management 46(4):360363.
West, N. E. (1983). Ecosystems of the world: Temperate deserts and semi-deserts. (Vol. 5, pp.
331-374). New York: Elsevier Scientific Publishing Co.
Wissmar, R.C., J.E. Smith, B.A. McIntosh, H.W. Li, G.H. Reeves, and J.R. Sedell. 1994. A
history of resource use and disturbance in riverine basins of eastern Oregon and
Washington (early 1800s-1900s). Northwest Science 68(special issue):1-35.
Yeo, J.J., T.J. Rodhouse, G.H. Dicus, K.M. Irvine, and L.K. Garrett. 2009. Upper Columbia
Basin Network sagebrush steppe vegetation monitoring protocol: Narrative version 1.0.
Natural Resource Report NPS/UCBN/NRR-2009/142. National Park Service, Fort
Collins, CO.
Young, J.A. 1992. Ecology and management of medusahead (Taeniatherum caput-medusae ssp.
asperum [Simk.] Melderis). Great Basin Naturalist 52(3):245-252.
Young, K., and J. Mangold. 2008. Medusahead (Taeniatherum caput-medusae) outperforms
squirreltail (Elymus elymoides) through interference and growth rate. Invasive Plant
Science and Management 1(1):73-81.

34

Young, J.A., C.D. Clements, and G. Nader 1999. Medusahead and clay: the rarity of perennial
seedling establishment. Rangelands 21(6):19-23.

35

Table
Table 1: Principle plant species including cover correlated (R2 ≥ 0.1) with one or more NMS axes.

Species
Axis 1 (R2)
Shrubs
―
A. tridentata
―
G. sarothrae
Grasses
0.660
B. tectorum
―
T. caput-medusae
―
P. bulbosa
0.148
P. secunda
0.448
P. spicata
―
Stipa species
Forbs
―
Achillea millifolium
―
Astragalus species
―
Brodiaea douglasii
―
Eriogonum species
―
Erodium cicutarium
―
Lomatium species
―
Sisymbrium altissimum

Axis 2 (R2)
0.134
0.113
0.176
0.226
0.171
―
0.144
―
―
―
―
―
―
―
―
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Figures

Figure 1: Study area showing the 4 distinct units of the John Day Fossil Beds National Monument, located in northcentral Oregon.
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Figure 2: Non-metric multidimensional scaling of sites in species space (plots arranged by similarity in species cover) on
Axes 1 and 2. The joint plot shows the most significantly correlated environmental variables with the direction of lines
from the center point indicating correlation with a particular axis while the length of the line indicates the strength of the
correlation. Topo has a positive correlation with Axis 1and crop year precipitation has a positive correlation with Axis 2.
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Figure 3: NPMR response curves illustrating the correlation between species cover values and environmental gradients
derived from NMS ordination scores for Axis 1. Axis 1 is a measure of topographical gradients and represents the
combined effect of slope and aspect.

39

Figure 4: NPMR response curves illustrating the correlation between species cover values and environmental gradients
derived from NMS ordination scores for Axis 2. Axis 2 is a gradient of increasing crop year (Sept.-May) precipitation.
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Chapter 3: Variation in distribution and cover of principle native and non-native plant
species along gradients of topography, climate, and disturbance in Craters of the Moon
National Monument and Preserve, ID
D.M. Esposito, T.J. Rodhouse, and R. Mata-González
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Abstract
The sagebrush steppe ecosystem of the Columbia Plateau has become fragmented by a
long history of alternative land use and associated perturbations. Protection of remnant stands of
intact sagebrush steppe currently relies upon their preservation within the nation’s network of
parks and protected-areas. Craters of the Moon National Monument and Preserve, located in
southeast Idaho, provided a unique opportunity to examine the pattern of plant species
distribution and invasion dynamics in a landscape largely isolated from the effects of alternative
land use. Non-metric multidimensional scaling and nonparametric multiplicative regression
were applied to data from the National Park Service’s Inventory and Monitoring program to
investigate correlations of the relative cover of principle native and non- native plant species to
environmental and landscape variables. Understanding how these patterns change at a landscape
scale may improve efficacy in resource management planning. Principle native species reviewed
included sagebrush species (Artemisia spp.), green rabbitbrush (Chrysothamnus viscidiflorus),
dwarf goldenbush (Ericameria nana), currants (Ribes spp.), desert sweet (Chamaebatiaria
millefolium), bluegrass species (Poa spp.), wheatgrass species (Agropyron spp.), Great Basin
wildrye (Lymus cinereus) and squirreltail (Elymus elymoides). Principle non-native invasive
species reviewed included cheatgrass (Bromus tectorum), tumble mustard (Sisymbrium
altissimum), and tansy mustard (Descurainia spp.). The distribution and relative cover of
principle species within sample frames were found correlated to a north south spatial separation
of sample frames within the Monument. This gradient represented a transition from higher
elevation to lower elevation, decreased moisture availability, and increased proximity to
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alternative land use (i.e. grazing, agriculture) and transportation corridors. Individual species
response along these topographic and environmental gradients revealed higher relative cover of
non-native invasive species in southern portions of the monument and with positive correlation
to the more xeric and disturbed portions of the Monument. The results of this study depict a lack
of insularity implied by this area’s protected status and suggest environmental limitations on
species habitat. Alternative land use adjacent to the Monument and shifting climate patterns will
continue to affect species distribution in this landscape. This study provided insight to the way
these factors have shaped this protected-area landscape.

1. Introduction
1.1 Background Information
The bunchgrass and sagebrush-steppe ecosystems of the Columbia Plateau have been
dramatically altered through anthropogenic land use changes, associated perturbations, and
landscape fragmentation. Remnant intact steppe communities are not well represented in the
network of parks and protected-areas within the region (Stoms et al. 1998). Ecological resilience
theory and related concepts of ecological thresholds and resistance (e.g., to invasion) provides a
dynamic framework for understanding and coping with the ecological changes underway in
sagebrush steppe systems. Resistance to invasion has been defined as a function of biotic and
abiotic factors, and the ecological processes inherent to the system which limit the establishment,
persistence and expansion of exotic plant species (Brooks and Chambers 2011). The premise of
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ecologic resistance is the degree to which a system can buffer the effects of disturbance (wildfire,
grazing, drought, etc.) before passing a threshold into a new ecological state (Brooks and
Chambers 2011, Chambers et al. 2013). The fundamental structure of a highly resistant
ecosystem remains relatively unchanged following disturbance (Chambers et al. 2013).
Resilience refers to how quickly, and to what degree, the fundamental structure of an ecosystem
returns to a pre-disturbance state following perturbations (Chambers et al. 2013). Determining
which site-specific environmental factors significantly influence the resistance and resilience
increases the understanding of vegetation dynamics and allows resource managers to prioritize
landscapes and increase the efficacy of restoration and prevention actions. However, there
remains a gap in the connection between theory and practice – small-scale field studies that lead
to predictions about ecological characteristics that confer resilience or resistance are scarce and
have not been empirically tested widely across large landscapes, particularly in the Columbia
Plateau.

The nation’s network of parks and protected-areas are meant to preserve ecosystems in a state
where natural processes are allowed to define the system. These areas serve as representations of
intact ecosystems which are free from the changes imposed by anthropogenic land use, resource
extraction and altered disturbance regimes. Craters of the Moon Nation Monument and
Preserve, located in southeastern Idaho, exists primarily in the sagebrush-steppe ecosystem of the
intermountain west. The rugged landscape associated with lava flows limits access in this area
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and has reduced the effects of anthropogenic disturbance which have transformed much of the
surrounding landscape.
Disturbance history and idiosyncratic patterns of climate and topography are likely to interact in
complex ways to influence how resilience to invasion and resistance to disturbance are
manifested at local scales (Brooks and Chambers 2011). The framework of resilience and
resistance theory has increasingly been applied to rangelands in the Great Basin and hot deserts
of the southwestern US. It may also prove useful for managers of protected-areas that are
struggling with management and restoration decisions in the Columbia Plateau. Ecosystem
variation between the Great Basin deserts and the Columbia Plateau must be investigated in
order to determine the efficacy with which Great Basin studies explain invasion dynamics farther
north.
Although overlap of these systems does occur, the Columbia Plateau exists generally at
higher latitudes with an elevation gradient ranging from 150m-2200m, and the Great Basin
stretches south with elevation ranging from 1200m-1800m (West 1983). The combination of
higher elevation and lower latitude contributes to the increased aridity of the Great Basin
ecosystem. Seasonal patterns of precipitation in the Great Basin vary widely across the region
with areas in Nevada receiving little to no summer rain fall compared to summer monsoons in
Arizona, Utah, and New Mexico providing close to forty percent of the annual total (158419mm) (West 1983). Variation in patterns of precipitation are also common in the Columbia
Plateau with a late spring-early summer peak in eastern regions and very little summer
precipitation in the west (total average annual precipitation 246mm) (West 1983). Great Basin
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vegetation communities are typically dominated by various sagebrush species (Artemisia spp.)
with a lower diversity of herbaceous species then the more mesic Columbia Plateau (West 1983).
Variation in vegetation structure and patterns of precipitation between these ecosystems
influences their response to perturbations such as grazing and fire. Generally, the Columbia
Plateau exhibits quicker post-disturbance recovery (i.e. resilience) than the less productive Great
Basin (West 1983). A deeper understanding of this variation will advance both the development
and applicability of resilience theory to Columbia Plateau ecology and will provide necessary
information to protected-area managers so they may better understand the systems under their
stewardship and make more effective management and restoration decisions.

1.2 Objectives and Aims
This analysis sought correlations between the relative cover of principle native and nonnative invasive plant species and a suite of environmental variables. Specifically, variation in
precipitation and topographic gradients such as slope, elevation, and aspect were examined to
determine their effect on plant species distribution and cover. The purpose of this analysis was
to improve current understanding of the distribution of plant species within CRMO in order to
advance both the development and applicability of resilience theory to Columbia Plateau ecology
and provide necessary information to protected-area managers so they may better understand the
systems under their stewardship and make more effective management and restoration decisions.
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1.3 Study Area
Craters of the Moon National Monument and Preserve occupies over 750,000 acres in
southeastern Idaho, an area roughly equal to the size of Rhode Island (Figure 1). The landscape
is composed of lava fields resulting from eruptions ranging from 2,100 – 15,000 y.b.p. Two
types of lava flow dominate the Monument, aa and pahoehoe. Aa flows are described as loose,
irregularly shaped blocks of lava. Pahoehoe flows form smoother surfaces which are described
as “ropey” in texture, these flows are typically more level than the topography of aa flows
(Figure 2). The rate at which lava moves during an eruption largely determines the resulting
flow form. Vegetation in the Monument is slow to establish on lava surfaces and is largely
restricted to cracks and crevices which have accumulated enough loess for soil formation to
occur. Vegetation in the monument is more widespread in areas of the Monument where lava is
absent and more soil development has occurred.
Though the landscape appears harsh and uninhabitable from a distance, over 700
different plant taxa have been identified within the Monument. Vegetation forms within the
Monument include non-vascular and herbaceous species as well as a variety of shrub and tree
species. Vegetation in the Monument is naturally fragmented due to the volcanic history of the
area. Non-vascular communities of mosses and lichens are typically found across the lava
surface while vascular communities vary by the availability of soil and moisture. Accumulation
of soil in depressions and crevices allows the establishment of a large variety of vascular plant
species (Vaughn et al. 2011). Although 81% of this landscape is comprised of bare rock, a large
portion (~90%) of the vegetation found here is typical of the sagebrush steppe ecosystem which
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dominates the surrounding landscape. Additionally, some areas of the Monument remained
undisturbed by volcanic events and remain as isolated landmasses. These undisturbed areas are
called kipukas and are described as islands of vegetation within the lava flows. Some kipukas
are unique in that they have been largely unaltered by anthropogenic uses. These areas provide
important insight into the historical vegetation composition as much of the surrounding
landscape has been altered by land use changes and associated perturbations following EuroAmerican settlement of the area (Tisdale et al. 1965, Knapp 1996, Bangert and Huntly 2009).
Principle native shrub species in the Monument include sagebrush (Artemisia tridentata),
antelope bitterbrush (Purshia tridentata), and rubber rabbitbrush (Ericameria nauseosa).
Dominant grasses include sandberg bluegrass (Poa secunda), bluebunch wheatgrass
(Pseudoroegneria spicata), needlegrass (Stipa spp.), and wheatgrasses (Agropyron spp.), while
forbs include buckwheats (Eriogonum spp.), granite prickly phlox (Leptodactylon pungens),
lomatium (Lomatium spp.), phlox (Phlox spp.), tapertip hawksbeard (Crepis acuminata) and
arrowleaf balsamroot (Balsalmorhiza sagittata). Principle non-native invasive species include
cheatgrass (Bromus tectorum), tansy mustard (Descurainia spp.), and rush skeleton weed
(Chondrilla juncea).
Prior to its designation as a National Monument in 1924, anthropogenic disturbance in
this area was limited by the rough terrain which restricts accessibility into the lava. However,
the landscape surrounding the Monument has been steadily converted to agricultural production
and used as grazing areas for domestic livestock. Land use alteration and associated
perturbations outside of the Monument boundaries have exposed the interior to secondary
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invasions by non-native plant species and altered fire return intervals. In 2000 661,000
additional acres were added to the Monument. This area is managed jointly by the National Park
Service (NPS) and the Bureau of Land Management (BLM). While the NPS does not permit
grazing within its boundaries, the BLM retains the ability to provide grazing permits in this area
which increases proximity and exposure of the NPS Monument to disturbances associated with
land use alteration by domestic grazing animals. Wild fires within the park have reduced shrub
densities in some areas and have likely played a role in subsequent invasions by weedy species
(Chambers et al. 2013). By virtue of its designation as a National Monument, hundreds of
thousands of visitors explore the Monument annually. Visitors include American citizens as well
as many international travelers. This dynamic community of patrons, while integral to park
preservation and enjoyment, has the potential to further expose the Monument to non-native
species and pathogens. The Monument staff has recognized this potential and used it to its
advantage, viewing it as an opportunity to educate visitors about the unique ecosystem dynamics
at work in the Monument and to provide tips on how to help prevent the spread of potentially
damaging species and pathogens.

2. Methods
2.1 Field Sampling
Data collection in the Monument occurred across a rugged landscape which spans
approximately 750,000 acres. Volcanic activity in the Snake River Plain is responsible for the
majority of land forms in the Monument with a smaller portion comprised of the foothills of the
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Pioneer Mountains to the north. Elevation in the Monument ranges from 1,624-2,355 meters
a.s.l. The Monument occurs in a semi-arid climate and receives an average annual precipitation
of ~38 cm with some snowpack occurring in the winter months. Soil composition across the
monument is varied and largely determined by the environmental conditions following volcanic
events (Vaughn et al. 2011). Soils on flows less than 13,000 years old are dominated by shallow
organic soils called Folists, while older flows have deeper mineral soils which include Entisols,
Aridisols, and Mollisols (Vaughn et al. 2011). Vaughn et al. (2011) report the difference in soil
development on these lava surfaces as related to the availability of loess following volcanic
activity, where older flows were subjected to relatively large depositions of loess during and
following the most recent glacial activity in the region.
Data for this review were collected with the Upper Columbia Basin Network (UCBN), an
inventory and monitoring network within the NPS. The UCBN has been conducting sage
vegetation monitoring within five network park units following a common protocol (Yeo et
al.2009) since 2009. Vegetation monitoring was conducted by first navigating to predetermined
randomized plot locations using a GPS unit. Plot locations were determined using generalized
random-tesselation stratified (GRTS) spatially balanced sampling design (Stevens and Olsen
2004) within each of the 25 sample frames in the Monument. Optimal spatial dispersion and
statistical representativeness of each sampled frame was achieved using the GRTS design
(Stevens and Olsen 2004). Each sample frame contained a minimum of 50 sample units. At
each sample unit (n=2,502), a 1m2 frame was placed on the ground, marking the plot boundaries.
Ocular estimates of plant cover are recorded for principle native and non-native species
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following Daubenmire (1958) cover classes. Environmental (predictor) variables were generated
in GIS using US Geological Survey (USGS) 10-m digital elevation models (DEMs) and
precipitation data provided by the PRISM Climate Group’s 800-m resolution data products (Daly
et al. 2008).

2.2 Statistical Analysis
Non-metric Multidimensional Scaling (NMS) was used to ordinate the sample units in
species space. NMS is a method for organizing data in a high-dimensional space which seeks
the strongest structure from the variables, while avoiding assumptions of linear relationships
(McCune and Grace 2002). This type of analysis is ideal for ecological community data due to
the inherent complexity of interactions between species and the environment. NMS was
performed using the software PC-ORD (ver: 6.12) which follows the methods for NMS outlined
in Mather (1976) and Kruskal (1964). Prior to running the NMS; Daubenmire (1958) cover class
records were converted to their respective median values in order to better represent the
proportion of cover for each species. Average species cover for all sample units within a frame
(n=25) for both years were generated for use in analysis. Species without recorded cover values
>0 were removed from the data set, columns (species) were further reduced by eliminating rare
species (those which occurred in fewer than 5% of sample units) and a generalized log
transformation was performed on the remaining species. These modifications served to reduce
possible influence of rare and/or highly abundant species, as well as to reduce noise and enhance
user ability to interpret relationships within the ordination space (McCune and Grace 2002). No
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modifications were applied to environmental variables. Sørensen’s (Bray & Curtis) proportion
coefficient distance measure was used in conjunction with a random starting location using the
autopilot mode in PC-ORD which performed 200 runs with real data and 200 runs with
randomized data; 80 iterations were used in the final NMS. The final dimensionality of the
ordination was selected automatically by the software. NMS test results were examined for stress
and instability. For ecological data, final stress should not exceed 20 and instability <10-4 is
desirable (McCune and Grace 2002). Joint plots were overlaid on the ordination to determine
which environmental variables exhibited the strongest correlation with each of two ordination
axes. Variables chosen for further analysis were those with an R2 ≥ 0.1. Species with the
highest R2 values were selected for further analysis as well as non-native invasive species of
interest (provided they exceeded the previously mentioned R2 cutoff). The NMS includes data
from all CRMO sample plots, averaged by frame, which were represented in both the 2010 and
2013 field seasons.
Nonparametric, multiplicative regression (NPMR) was used to investigate relationships
between species cover and environmental variables using HyperNiche (ver: 2) (McCune 2009).
NMS scores for the two ordination axes were used as predictors, as these scores represent the
complex interaction of environmental variables to the patterns of species composition within the
ordination space. Species’ frame average cover values were used as response variables with a
local mean estimator and Gaussian kernel function.
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3. Results
The CRMO 2010 and 2013 NMS resulted in a two dimensional solution which explained
90% (cumulative R2 = 0.90, Axis 1 R2 = 0.68, Axis 2 R2 = 0.22) of the variation in species cover
estimates (Monte Carlo test result, p = 0.004) (Figure 3). The two dimensional solution resulted
in a final stress of 12.454 and final instability of < 0.0001 with 80 iterations. Numerous factors
influenced variation in species cover within the ordination. Axis 1 appears to be representative
of geographic separation within the Monument. The variables most correlated with this axis
indicate a gradient spanning from northwestern to southeastern frames in the Monument.
Universal Transverse Mercator (UTM) X coordinates (easting) show a positive correlation with
Axis 1 and are the most highly correlated environmental variable with this axis (R2 = 0.393).
UTMY coordinates (northing) show a negative correlation to Axis 1 (R2 = 0.206), and distance
to trails is a positive correlation (R2 = 0.131). Axis 2 represents a combination of environmental
and geographic variation in the Monument, indicating that the distribution of plant species is
correlated to changes in elevation and precipitation as well as proximity to Monument roads,
boundary lines, and trails. Distance to trails is negatively correlated to Axis 2 (R2 = 0.383), while
all other significant (R2 ≥ 0.1) environmental variables show positive correlations with Axis 2.
Variables with significant positive correlation to Axis 2 are elevation (R2 = 0.343), distance to
roads (R2 = 0.318), annual precipitation (mm) (R2 = 0.293), UTMY coordinates (R2 = 0.27),
distance to boundary (R2 = 0.184), and crop year precipitation (R2 = 0.182).
Nonparametric multiplicative regression indicated that numerous principle shrub, grass,
and forb species were significantly correlated (R2 ≥ 0.1) with one or more axes (Figures 4-9)
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(Table 1). As frame locations transition from northwest portions of the Monument to southeast
areas, relative cover of C.vicidiflorus, A. tripartita, B. tectorum, Poa spp., Agropyron spp., and
increase along Axis 1, while E. nana, C. millifolium, and E. elymoides decrease. Numerous forb
species are correlated to Axis 1, of notable interest is the increase in the invasive species S.
altissimum, and Descurainia spp. As elevation, precipitation, and distance to Monument roads
and boundary increase, the relative cover of A. arbuscula, Ribes spp., L. cinereus, and numerous
forb species increase along Axis 2. Conversely, C. millefolium, E. nana, B. tectorum, P.
secunda, and many forb species decrease along Axis 2.

4. Discussion
This study used landscape-scale observational data in conjunction with NMS and NMPR
to investigate patterns in the relative cover of plant species across environmental gradients within
Craters of the Moon National Monument and Preserve. We found the relative cover of principle
native shrub species (C. viscidiflorus, E. nana, C. millefolium), native grass species (Poa spp.,
Agropyron spp., Leymus cinereus, E. elymoidies) and numerous native forbs to be correlated to a
northwest to southeast spatial distribution of sample frames within the Monument. Non-native
invasive species of interest (B. tectorum, S. altissimum, Descurainia spp.) were also found to
have strong correlation to this spatial distribution. These findings agree with those of previous
studies, which found higher concentrations of weedy species at more southern areas of the
Monument (Bangert and Huntly 2009). The relative cover of principle native shrub (A.
arbuscula, E. nana, C. millefolium, Ribes spp., T. canescens), grass (P. secunda, E. cinereus,
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Poa spp., M. bulbosa), and forb species were also found to be correlated to changes in elevation,
precipitation, and distance to Monument roads and boundary. Relative cover of invasive species
(B. tectorum, S. altissimum, Descurainia spp.) was also found to be correlated to Axis 2,
associated with environmental variation between sample frames within the Monument. The
results of this analysis show that two main factors are influencing the relative cover and
distribution of plant species within the Monument. First, a gradient of divergence in land use,
and secondly the effect of environmentally driven habitat factors on plant species distribution.
The northern portion of the Monument lies at the foothills of the Pioneer Mountains, a
relatively undeveloped region which has been minimally converted by alternative land uses. The
exception to this observation is the presence of a highway which bisects the northern section of
the Monument. This highway may also serve as a corridor for non-native seed transfer due to the
frequent passage of hay trucks and though supporting evidence was not found in this study due to
lack of frames located near the highway, the Monument’s vegetation management crew has been
treating numerous species of knapweed (Centauria spp.) along this corridor for a number of
years. As the Monument extends south, the proximity to areas which have been converted from
a more natural state to alternative land use increases (Bangert and Huntly 2009), exposing these
areas to higher non-native propagule pressure, and transport corridors.

Environmental

variability also defines the divergence of southern to northern portions of the Monument. This
divergence can be explained by the effects of elevation and precipitation on plant habitat
suitability. Both of these variables increase across the Monument from south to north.
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A large portion of the vegetated area of the Monument is managed jointly by NPS and
BLM. The BLM reserves the right to continue to issue grazing permits in these areas, which can
affect non-grazed portions of the Monument by effectively reducing the insularity inferred by
protected-area designation.
Improper timing, intensity, or duration of grazing is one of the most common
disturbances associated with decreased resilience and resistance in cold desert ecosystems
(Chambers et al. 2013). The higher relative cover of non-native, invasive species in the southern
portions of the Monument is likely influenced by the presence of domestic grazing activity. C 3
bunchgrasses native to the intermountain west evolved with little grazing pressure and are not
well adapted to recover under intense grazing management (D’Antonio and Vitousek 1992,
Knapp 1996, Vavra et al. 2007). Livestock and other grazing animals facilitate the establishment
of B. tectorum through the removal of more palatable native species, and dispersal of non-native
seeds due to their morphological characteristics which facilitate transport (Knapp 1996, Vavra et
al.2007). Furthermore, grazing disturbance can reduce the presence of mycorrhizal fungi which
facilitate nutrient and moisture acquisition in some native species (Artemisia spp.) effectively
extending the potential pathway to secondary successional species development (Knapp 1996).
Ground disturbance by ungulates creates seed beds which may allow invasive species such as B.
tectorum to establish (Vavra et al. 2007). Ungulates alter nutrient availability, increasing soil
nitrogen through deposition of feces and urine (Vavra et al. 2007). Invasive annual species like
B. tectorum are morphologically adapted to rapid acquisition of available resources giving them
a competitive advantage over slower growing native species (D’Antonio and Vitousek 1992).
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The increase of bare soil due to grazing activity allows B. tectorum to establish and fill in
interspaces between native shrubs and bunchgrasses (Chambers et al. 2013). This infilling of
highly combustible litter alters site disturbance dynamics by creating an environment which is
more susceptible to frequent fire occurrence (Chambers et al. 2013).
Fire is a natural disturbance in sagebrush systems but has the potential to alter native
plant structure through displacement by non-native invasive species when such species are
present (D’Antonio and Vitousek 1992, Knapp 1996, Mata-González et al. 2008, Chambers et al.
2013). Historic fire return intervals for Idaho shrublands have been estimated at 60-110 years
(D’Antonio and Vitousek 1992). However, systems invaded by B. tectorum have the potential to
significantly decrease the fire return interval to 3 to 5 years (D’Antonio and Vitousek 1992).
According to a BLM report, the Monument has experienced numerous fires in the past four
decades, which have burned close to 310,000 acres. Within this time frame, more than half of
this area experienced multiple (up to 5) fire events with the highest proportion of areas
experiencing multiple fire events located in southern portions of the Monument. The presence of
invasive species such as B. tectorum, S. altisimum, and Descurainia spp. in the Monument has
allowed these species to increase in areas affected by wildfire. This is particularly true in
southern sections of the Monument where BLM co-management is more abundant and proximity
to agriculture, grazing by domestic animals, and transportation corridors are greatest. The
relationship between B. tectorum and short fire return intervals is well documented (D’Antonio
and Vitousek 1992, Knapp 1996). B. tectorum initiates root establishment in the colder winter
months and as a result is well prepared to acquire available resources when environmental
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factors change to favor above ground biomass production giving this species a competitive
advantage over slower growing native species (D’Antonio and Vitousek 1992). The early season
growth and senescence of B. tectorum produces large amounts of fine dry litter which is very
susceptible to burning (D’Antonio and Vitousek 1992). Site conditions following a fire event
favor the growth of B. tectorum in a numbers of ways. Fire creates a large proportion of bare
ground which provides suitable establishment sites for B. tectorum. The selective foraging
habits of wild and domestic ungulates combined with large amounts of seed production by B.
tectorum lead to a high proportion of non-native propagules in the seed bank, effectively
supporting their reestablishment (Knapp 1996, Vavra et al. 2007). As this pattern is repeated,
establishment of B. tectorum increases as well as the competitive pressure exerted on native
species which can effectively slow or alter traditional successional pathways (D’Antonio and
Vitousek 1992). The B. tectorum grass-fire cycle can result in an altered stable state in which
establishment of native grasses and shrubs is limited or nonexistent (Knapp 1996).
Roads, trails and other corridors of travel have been shown to be associated with the
dispersal of exotic species (Davies et al. 2013). This pattern is supported by the findings of this
study in that exotic species occurrence is more heavily concentrated in southern portions of the
Monument with increased proximity to roads. Bangert and Huntly (2009) reported the cover and
richness of exotic species in the Monument as being strongly correlated to the proximity of a
railroad which exists to the south of the Monument boundary. This pattern was also supported
by Knapp (1996) who discussed the historic distribution of B. tectorum in the Great Basin as
being correlated to railroads due to their association with the transport of domestic animals and
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grain. Our study diverges from this pattern with exotic species occurrence being concentrated
with decreasing proximity to trails. This pattern is best explained by the influence of
environmental factors over plant distribution outweighing trails as a source of exotic
establishment. The trail system in CRMO is largely concentrated around a 7 mile loop road in
the northern portion of the Monument. Additionally, trails in the Monument largely highlight the
geologic peculiarities of the region and as such traverse areas of lava with limited soil
establishment. The northern portion of the Monument also exists at a higher elevation with
higher levels of precipitation than southern portions. The combined effect of elevation and
precipitation is more of a driving factor in plant cover and distribution in these areas than the
effect of anthropogenic disturbance along trails. This reasoning is supported both by the patterns
of the data presented in this study as well as those found by Bangert and Huntly (2009) who
reported the greatest occurrence and richness of exotic species in the warmer, drier, lower
elevation sites associated with southern portions of the Monument. Bangert and Huntly (2009)
also reported native species occurrence and richness in the Monument to be most influenced by
environmental conditions associated with elevation. Environmental constraints are likely
effecting the establishment of B. tectorum in northern portions of the Monument indicating that
those areas are currently more resistant to invasion.
The results of our analysis are consistent with current theory concerning the effect of
elevation on resilience (i.e. to invasion) and resistance (i.e. to disturbance). Within the cold
desert ecosystems of the American west, elevation driven variation in soil temperature and the
amount of available water has been shown to influence plant composition and cheatgrass
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establishment and invasion (Mata-González et al. 2002, Chambers et al. 2013). The lower
temperatures and higher moisture availability characteristic of higher elevations allow for higher
site productivity than is generally observed in lower elevations. Higher relative site productivity
can produce plant communities which evolve to withstand more frequent disturbances (i.e. fire)
than plant communities lower productivity (Chambers et al. 2013). The correlation of site
productivity to disturbance occurrence is based on the premise that more productive sites will
intrinsically have higher biomass production than less productive sites, higher proportions of
biomass lead to greater heterogeneity, connectivity, and abundance of fuels which allow fire to
traverse the landscape more frequently than possible on sites with lower fuel loads. Over time,
shorter fire return intervals can produce a vegetation community with species which are better
adapted to recovery following fire. Established native plants with the ability to recover rapidly
(or remain unchanged, e.g. resistance) following disturbance can recapture available resources
before invasive species have a chance to establish, which confers higher resilience (i.e. to
invasion) of these sites compared to less productive sites with longer fire return intervals
(Chambers et al. 2013). In the uncertain future of climatic change, the influence of elevation on
the spread of B. tectorum and other exotic invasive species into northern portions of the
Monument may be reduced. Changing environmental conditions could facilitate an increase in
the potential and realized niche of such species (Chambers et al. 2013).
The current vegetation composition within the Monument is the product of various
factors which include altered land use, proximity to anthropogenic corridors, the environmental
influence of elevation on species establishment, and the introduction of non-native grass species
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and associated fire cycles. Historic and current land use practices continue to fragment the
remaining sagebrush steppe ecosystems of the Intermountain West. Remnant intact steppe
communities are not well represented in the network of parks and protected-areas within the
Columbia Plateau (Stoms et al. 1998). Only one percent of the land within the Columbia Plateau
is actively managed to preserve the natural state, including but not limited to naturally occurring
disturbance regimes (Scott et al. 1993), with National Parks and Monuments representing
seventy three percent of those areas (Stoms et al. 1998). Because of their relative insularity, the
kipukas of Craters of the Moon National Monument and Preserve have been recognized as an
invaluable source historically representative plant community composition (Tisdale et al. 1965,
Knapp 1996, Bangert and Huntly 2009). The cumulative effect of fragmentation, legacies of
past disturbance, land use alteration, and climate change continues to threaten the ecological
integrity of protected-area steppe communities (Wissman et al. 1994, Miller and Rose 1999,
Hessburg and Agee 2003, Condon et al. 2011, Pierson et al. 2011). This study provides insight
into the vegetation dynamics within protected-area boundaries.
The occurrence and distribution of non-native species within CRMO highlight an
apparent lack of insularity conferred by the Monument’s protected status and raises important
conservation concerns for what has been deemed the most imperiled ecosystem type in the US
(Noss et al. 1995, Chambers and Wisdom 2009). The sagebrush steppe provides critical habitat
for native and threatened species (i.e. greater sage grouse) as well as ecosystem services
including watershed function, nutrient cycling, soil conservation, and economic possibilities (i.e.
domestic grazing). Furthermore, parks and protected-areas are unique to these landscapes in that
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they prioritize intrinsic values such as the preservation of scenic view sheds and cultural
resources. In general, it is accepted that management which focuses on protection and
prevention measures will be more effective and more economically feasible than management
which places source control as its primary goal (Hironaka 1994, Davies and Johnson 2008,
Young and Mangold 2008). However, the compromised integrity of isolated sections of
sagebrush steppe (i.e. kipukas) suggests that passive management is unlikely to produce desired
results under the current rates of change, even in the absence of disturbance. Within the NPS
inventory and monitoring program, sampling protocols such as the one used in this study are
implemented across large areas and repeated over numerous years. This is a valuable aspect of
the inventory and monitoring program as many of the studies conducted in the sagebrush steppe
biome are short lived and lack funding for repeated monitoring which is imperative to effective
adaptive management.

5. Summary
The sagebrush steppe ecosystem of the intermountain west has been dramatically altered
by anthropogenic land use and associated perturbations. The network of parks and protectedareas in this region are meant to preserve this ecosystem in a state which has been insulated from
these effects. This study has shown that the relative cover and distribution of plant species
within Craters of the Moon National Monument and Preserve are correlated to changes in
environmental factors (elevation and precipitation), as well as proximity to areas of
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anthropogenic disturbance. Both of these correlations have implications for current and future
land management efforts within this protected-area.
Northern portions of the Monument which are higher in elevation and receive more
precipitation exhibit lower cover and distribution of invasive species (B. tectorum). This pattern
reflects the effect of environmental factors on site resilience (e.g. to invasion) in this area. As
climate patterns continue to change, these areas may become less resilient as the habitat becomes
more suitable for invasive species’ establishment. Areas of the Monument which were shown to
contain higher relative cover of invasive species were found in close proximity to areas of
disturbance outside of the Monument. This correlation raises questions concerning the insularity
implied by the Monument’s protected-area designation. Political boundaries have limited ability
to buffer protected-areas from the effects of alternative land management on adjacent landscapes.
Future conservation of this ecosystem will need to account for the effect of environmental
constraints on vegetation dynamics as well as an understanding of regional management
paradigms and associated disturbances. Communication between protected-area land managers
and those managing lands beyond protected-area boundaries must be fostered in order to
effectively implement future landscape scale conservation efforts.
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Tables
Table 1: Plant species cover correlated (R2 ≥ 0.1) with one or more NMS axes.

Species
Shrubs
Artemisia arbuscula
Artemisia tripartita
Chamaebatiaria millefolium
Chrysothamnus viscidiflorus
Ericameria nana
Ribes spp
Tetradymia canescens
Grasses
Agropyron spp
Bromus tectorum
Elymus elymoides
Leymus cinereus
Poa secunda
Poa spp
Forbs
Agoseris spp
Allium spp
Arenaria spp
Balsamorhiza sagittata
Calochortus spp
Castilleja spp
Crepis acuminata
Descurainia spp
Eriogonum spp
Fritillaria pudica
Leptodactylon pungens
Lithospermum ruderale
Lomatium spp
Lupinus spp
Penstemon spp
Phacelia hastata
Potentilla spp
Sisymbrium altissimum
Stephanomeria spp
Zigadenus spp

Axis 1 (R2)

Axis 2 (R2)

―
0.186
0.502
0.62
0.522
―
―

0.279
―
0.208
―
0.215
0.182
0.154

0.334
0.255
0.234
0.254
―
0.473

―
0.309
―
0.183
0.402
0.127

0.328
0.328
―
0.545
0.11
―
0.537
0.365
0.188
0.656
0.58
―
0.574
0.572
0.417
―
0.158
0.702
0.152
0.317

―
0.184
0.274
―
0.242
0.199
―
0.269
0.531
―
0.175
0.347
0.182
―

―
0.143
0.103
0.103
0.162
―
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Figures

Figure 1: Study area Craters of the Moon National Monument and Preserve, located in south-eastern Idaho.
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Figure 2: aa (top) and pahoehoe (bottom) lava flows.
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Figure 3: Non-metric multidimensional scaling of frames in species space (frames arranged by similarity in species cover)
on Axis 1 and 2. The joint plot shows the most significantly correlated environmental variables with the direction of the
lines from the center point indicating correlation with a particular axis while the length of the line indicates the strength
of the correlation. UTMX coordinates and distance to trails have a positive correlation to Axis 1 while UTMY
coordinates have a negative correlation. UTMY coordinates, elevation, distance to Monument boundary, distance to
roads, annual precipitation, and crop year precipitation all have positive correlations to Axis 2, while distance to trails has
a negative correlation.
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Figure 4: NMPR response curves illustrating the correlation between shrub cover values and environmental gradients
derived from NMS ordination scores for Axis 1. Axis 1 represents the spatial separation of sampling frames along a
northwest to southeast distribution.
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Figure 5: NMPR response curves illustrating the correlation between grass cover values and environmental gradients
derived from NMS ordination scores for Axis 1. Axis 1 represents the spatial separation of sampling frames along a
northwest to southeast distribution.
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Figure 6: NMPR response curves illustrating the correlation between forb cover values and environmental gradients
derived from NMS ordination scores for Axis 1. Axis 1 represents the spatial separation of sampling frames along a
northwest to southeast distribution.
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Figure 7: NMPR response curves illustrating the correlation between shrub cover values and environmental gradients
derived from NMS ordination scores for Axis 2. Axis 2 represents changes in elevation and precipitation as well as the
effect of frame location distance to roads and the Monument boundary.
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Figure 8: NMPR response curves illustrating the correlation between grass cover values and environmental gradients
derived from NMS ordination scores for Axis 2. Axis 2 represents changes in elevation and precipitation as well as the
effect of frame location distance to roads and the Monument boundary.
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Figure 9: NMPR response curves illustrating the correlation between forb cover values and environmental gradients
derived from NMS ordination scores for Axis 2. Axis 2 represents changes in elevation and precipitation as well as the
effect of frame location distance to roads and the Monument boundary.
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Chapter 4: General Conclusions
Geographic variation in topography, climate, and disturbance between was found to
significantly affect the pattern of species distribution and cover and within and between two
National Monuments located in the Columbia Plateau. Species distribution and cover within the
John Day Fossil Beds National Monument, OR was found to be most affected by variation in
topography (slope and aspect) and precipitation. Whereas at Craters of the Moon National
Monument and Preserve, ID the distribution and cover of plant species was found to be most
affected by variation in elevation, precipitation and proximity to anthropogenic disturbance. The
difference in variables associated with the distribution and cover of species in these two locations
reinforces the need for place-based ecology to inform management of these systems (Sayre et al.
2012).
At the John Day Fossil Beds National Monument, the distribution and relative cover of
principle native and non-native grass species were found correlated to the combined effect of
slope and aspect. The cover of P. spicata, a native bunchgrass, was found to increase as slope
increased on northern aspects, while the cover of the non-native annual B. tectorum was found to
increase on steeper southern aspects. This pattern is supported by current resilience theory
which suggests that more productive sites are inherently more resilient to invasion (Chambers et
al. 2013, Reisner et al. 2013). Crop year precipitation was correlated to the distribution of G.
sarothrae and the non-native annual T. caput-medusae. This correlation was found to be a
product of species specific life history traits whereas both have been shown to be significantly
affected by the timing and amount of seasonal precipitation (Dahl and Tisdale 1975, Ralphs and
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McDaniel 2011). The high relative cover of G. sarothrae in the Monument is likely a product of
the disturbance history of the area. Multiple fires have occurred within the Monument over the
last two decades and have significantly reduced the cover of A. tridentata. The establishment of
large stands of G. sarothrae has previously been shown to be correlated to the removal of other
native species by grazing or fire Thacker et al. 2008, Ralphs and McDaniel 2011).
In Craters of the Moon National Monument and Preserve, areas of higher elevation and
precipitation were shown to have higher cover of principle native species. The relative cover of
non-native species were found to increase as elevation and precipitation decreased. This pattern
reflects the effect of environmental factors on resilience (e.g. to invasion) in this area (Chambers
et al. 2013). The presence of non-native species was also found correlated to proximity of
anthropogenic disturbance such as grazing, and transportation corridors. The southern portions
of the Monument are lower in elevation and closer to areas of anthropogenic disturbance. These
factors have contributed to the establishment of non-native species in this landscape. In the
uncertain future of climatic change, the influence of elevation on the spread of B. tectorum and
other exotic invasive species into northern portions of the Monument may be reduced. Changing
environmental conditions could facilitate an increase in the potential and realized niche of such
species (Chambers et al. 2013).
The occurrence and distribution of non-native species within the John Day Fossil Beds
and Craters of the Moon National Monuments highlights an apparent lack of insularity conferred
by these Monuments protected status and raises important conservation concerns for what has
been deemed the most imperiled ecosystem type in the US (Noss et al. 1995, Chambers and
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Wisdom 2009). The sagebrush steppe provides critical habitat for native and threatened species
(i.e. greater sage grouse) as well as ecosystem services including watershed function, nutrient
cycling, soil conservation, and economic possibilities (i.e. domestic grazing). Furthermore,
parks and protected-areas are unique to these landscapes in that they prioritize intrinsic values
such as the preservation of scenic view sheds and cultural resources. In general, it is accepted
that management which focuses on protection and prevention measures will be more effective
and more economically feasible than management which places source control as its primary
goal (Hironaka 1994, Davies and Johnson 2008, Young and Mangold 2008). Within the NPS
inventory and monitoring program, sampling protocols such as the one used in this study are
implemented across large areas and repeated over numerous years. This is a valuable aspect of
the inventory and monitoring program as many of the studies conducted in the sagebrush steppe
biome are short lived and lack funding for repeated monitoring which is imperative to effective
adaptive management.
This study has identified correlations in the distribution and cover of plant species along
gradients of topography, climate, and disturbance in two protected-area settings. Different
factors were found to be significant in each location. The results of this study allow land
managers to better understand the principles at work specific to the landscape which they
manage. Understanding these patterns will increase the efficacy of prioritization and restoration
of these landscapes. Political boundaries have limited ability to buffer protected-areas from the
effects of alternative land management on adjacent landscapes. Future conservation of this
ecosystem will need to account for the effect of idiosyncratic environmental and topographic
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constraints on vegetation dynamics as well as an understanding of regional management
paradigms and associated disturbances. Communication between protected-area land managers
and those managing lands beyond protected-area boundaries must be fostered in order to
effectively implement future landscape scale conservation efforts.
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