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Abstract

A key goal in land management is to prevent ecosystem shifts that affect human well-being. Like other types of sagebrush
shrublands, large areas dominated by the common but little-studied mountain silver sagebrush may have shifted to a less
productive shrub-dominated alternate state under heavy livestock grazing in the 19th century. The goals of this study are to 1)
describe long-term vegetation change in a silver sagebrush mountain park and 2) evaluate evidence that these changes constitute
alternate states. We examined vegetation change over the last 57 yr in California Park, Colorado, USA, using monitoring data
from 15 permanent transects at six sites. We analyzed change in species composition over time and related it to management and
climatic drivers using nonmetric multidimensional scaling. We found that management practices influenced species composition.
Spraying herbicides resulted in decreases of sagebrush and a dominant, unpalatable forb (Wyethia amplexicaulis), but sagebrush
recovered. Spraying also triggered a temporary increase in native palatable grasses and forbs. Native grasses have since
decreased again, coinciding with increases in the cattle stocking rate and elk population. The nonnative pasture grass Phleum
pratense has increased to become one of the dominant grasses in 2010. Sagebrush and herbaceous understory dynamics were not
consistent with a shrub-dominated alternate state: changes were gradual and not persistent. However, historic Wyethia
dominance and the widespread increase in the nonnative grass Phleum were persistent and may represent alternate states. We
used these findings to update a state-and-transition model of high-elevation silver sagebrush shrubland dynamics for land
management decision making. Our analysis differentiated gradual, nonpersistent changes from potentially irreversible changes,
as is necessary for identifying alternate states that are important for land management and ecosystem function. The gradual but
persistent increase in the nonnative grass Phleum reinforces others’ observations that even incremental changes may lead to
irreversible shifts.
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INTRODUCTION

Many ecosystems respond nonlinearly to disturbances and

undergo sudden, irreversible transitions between alternate

states (Bestelmeyer et al. 2003; Briske et al. 2003; Suding and

Hobbs 2009). Recognizing the importance of these dynamics

and their effects on ecosystems and people (Havstad et al.

2007), natural resource management professionals and agen-

cies worldwide are adopting decision-making tools based on

alternate state theory known as state-and-transition models

(STMs; Westoby et al. 1989; Bestelmeyer et al. 2003; Suding

and Hobbs 2009). Assessing whether ecosystem changes

represent alternate states is a key step in building STMs

because alternate state dynamics have major implications for

ecosystem management. Changes within a state indicate that

the effects of disturbances such as livestock grazing are
temporary and that simply removing the disturbance will cause
the system to return to the only equilibrium possible (Scheffer
et al. 2001; Briske et al. 2008). Shifts between states, however,
suggest that a change back to another state requires energy
inputs, such as fire or shrub removal, because the system has
multiple relatively stable equilibria (Scheffer et al. 2001; Briske
et al. 2008). Distinguishing temporary fluctuations in ecosys-
tem characteristics from more permanent changes in ecosystem
state is a key step in creating useful models for land
management (Suding et al. 2004; Bestelmeyer et al. 2009).

Alternate state theory makes several predictions about
system behavior that can be verified by observational evidence.
First, a shift between two alternate states will be marked by
sudden jumps in a time series of a key system variable (Scheffer
and Carpenter 2003). For example, Wisconsin lakes suddenly
increase in phosphorous concentrations when anoxic condi-
tions caused by algae blooms initiate a release of phosphorous
from soil (Carpenter and Gunderson 2001). This constitutes a
shift to an alternate, eutrophic state. Second, the shift to a
different state will be triggered by an external disturbance or
perturbation (Scheffer and Carpenter 2003). In semiarid
rangelands, herbivory and drought often cause ecosystem shifts
(Fynn and O’Connor 2000; Peters et al. 2006; Leonard et al.
2010). A third prediction of alternate state theory is that the
system will not return to its original state when the disturbance
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is removed because key processes have been changed (Scheffer
and Carpenter 2003). For example, a sagebrush ecosystem
grazed during the spring for 26 consecutive years with high
shrub cover and relatively little herbaceous understory did not
recover its understory when grazing was removed or when it
was fall grazed (Bork et al. 1998). This general pattern—
sudden, persistent change, triggered by disturbance, in a
variable that usually changes slowly—supports the existence
of alternate states in long-term data (Scheffer and Carpenter
2003; Scheffer 2009).

Long-term vegetation monitoring data provide the best
opportunity to explore evidence of alternate states in many
ecosystems. Our study spans 1953 through 2010 and focuses
on California Park, Colorado, USA, a 1 780-ha sagebrush park
at 2 500-m elevation in the Elkhead Mountains of northwestern
Colorado managed by the US Forest Service (USFS). Mountain
silver sagebrush (Artemisia cana ssp. viscidula [Osterh.] Beetle)
is the dominant sagebrush species, with some mountain big
sagebrush (Artemisia tridentata Nutt. ssp. vaseyana [Rydb.]
Beetle). As with other areas of the sagebrush biome (Mack and
Thompson 1982), livestock grazing at high stocking rates in the
second half of the 19th century was likely a novel and intense
perturbation to the California Park ecosystem (USFS, unpub-
lished data, 2011). Regionwide, historic heavy grazing resulted
in decreases in native perennial grasses and increases in native
shrubs after 10–15 yr (West and Young 2000). Grazing in
California Park was reduced following implementation of the
1934 Taylor Grazing Act. At the start of this study, rangeland
managers noted several problems that they acted to correct: 1)
soil erosion and 2) dominance of sagebrush (Artemisia L. sp.)
and the unpalatable native forb Wyethia amplexicaulis (Nutt.)
Nutt. (Wyethia) (USFS 2011). In addition to further reducing
grazing, rangeland managers sprayed the herbicides 2,4-D and
2,4,5-T to kill Wyethia (Mueggler and Blaisdell 1951) and
sagebrush (Cornelius and Graham 1958; Sturges 1993).
Permanent monitoring transects were established throughout
the park in the 1940s and 1950s to evaluate rangeland response
to these management actions (USFS, unpublished data, 2011).
These data provide a unique window into the long-term (57 yr)
effects of grazing and spraying on mountain silver sagebrush, a
little-studied species that is also one of few resprouting
sagebrush (Wambolt et al. 1990).

The goals of our study were to 1) describe long-term plant
community dynamics and drivers in this high-elevation
sagebrush park and 2) evaluate evidence that these changes
constitute shifts between alternate states. An observational
study in lower elevations of the Elkhead watershed (Kachergis
et al. 2011) and landowner interviews (Knapp and Fernandez-
Gimenez 2009; Knapp et al. 2011) suggest that, as in other
areas of the sagebrush biome (West and Young 2000), long-
term heavy grazing causes overabundance of sagebrush and
Wyethia and reduction of desirable perennial species. Drawing
on these studies, we hypothesized that 1) sagebrush and
Wyethia will initially decrease after spraying and then increase
over time but not reach prespraying levels and 2) palatable
herbaceous species will increase throughout the time period due
to herbicide spraying and the reduction in stocking rate. In
addition, we hypothesized that these composition changes will
match the characteristics of alternate state dynamics: they will
occur as jumps in the time series, they will be related to

disturbance (grazing, spraying, and drought history), and they

will not resume their original values once disturbance is

removed. In contrast, gradual changes in species composition

or changes that eventually revert to original composition after

disturbance would indicate changes within a state. This article

addresses gaps in our understanding of silver sagebrush

shrubland dynamics and outlines a process of testing an STM

of vegetation response to management that could be applied

broadly to long-term monitoring data in many ecosystems.

METHODS

Study Area
Our study focused on California Park in Routt County in

northwestern Colorado, USA (lat 40843.50N, long 10788.60W;

2 500-m elevation). Mean annual temperature and precipita-

tion at the nearby Elk River SNOTEL site were 2.38C and 722

mm, respectively. This high-elevation park was dominated by

silver sagebrush with some mountain big sagebrush. Domestic

livestock grazing was regulated following heavy grazing in the

late 1800s. The highest (and earliest) recorded stocking rate for

the California Park grazing allotment was 4.7 animal unit

months (AUM) � ha�1 in 1927. An AUM is equivalent to the

amount of forage consumed by one 450 kg cow in 1 mo,

estimated at 363 kg (Pratt and Rasmussen 2001). Grazing was

reduced, reaching a low of 0.2 AUM � ha�1 from 1951 to 1968,

and then increased to current levels at 0.4 AUM � ha�1 in 1969

(USFS, unpublished data, 2011). Land managers also sprayed

many areas with the herbicides 2,4-D and 2,4,5-T to control

Wyethia and sagebrush.

Plant Community Dynamics
We obtained long-term data from 15 30.48-m permanent

transects at six sites over 57 yr (Table 1; Fig. 1). Vegetation

measurements were taken every 1–20 yr, beginning in 1950–

1960 through 2010 using the Parker three-step method (Parker

1951; USFS 1985). Sampling occurred at or after peak

production each year (late July through September). Since

alternate state shifts are long lasting, the temporal resolution of

this data set is sufficient to detect them. Step 1 of Parker’s

method recorded frequency of plant species within a 1.9-cm

diameter loop at 30.48-cm intervals (100 points) along each

transect according to the following rules. Perennial grasses and

forbs were recorded as ‘‘hit’’ when their root crown fell within

the loop. If more than one species was present, the dominant

species was recorded. If more than 50% of the loop was

covered with litter or moss, then litter or moss was ‘‘hit’’;

otherwise, bare ground, erosion pavement, or rock was

recorded. Shrubs were recorded separately as ‘‘overstory’’ when

the perennial portion of the shrub crown fell within the loop.

Step 2 of Parker’s method involved collection of supplementary

information, including erosion indicators (Supplement 1

available at http://dx.doi.org/10.2111/REM-D-12-00066.s1).

Step 3 involved taking two photos at each transect: a landscape

photo and a close-up photo of a 0.9130.91-m plot along the

transect. Our quantitative analyses relied on step 1, with

supporting qualitative evidence from steps 2 and 3.
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As one of the earliest and most widespread vegetation data
collection methods on US rangelands, loop frequency from the
Parker three-step method is a valuable source of information
about vegetation change. However, it cannot be compared
directly with other measures of plant abundance (Coughenour
et al. 1994) because loop frequency overestimates plant basal
cover and is influenced by plant size, shape, and numbers
(Hutchings and Holmgren 1959; Smith 1962). These effects
are most important for infrequent plants with large individual
basal area but are less important for grasses and forbs with
smaller and less variable individual sizes (Hutchings and
Holmgren 1959). Despite these limitations, loop frequency
data have revealed important changes in species composition
related to climate (Coughenour et al. 1994). We took several
measures to ensure data quality. We summarized all data
sheets in the same way as follows. Shrub canopy cover hits
were summarized separately from understory and shrub basal
hits. We combined species in the same genus where there was
reason to do so; for example, mountain brome (Bromus
marginatus Nees ex Steud.) and smooth brome (Bromus
inermis Leyss.) were combined into Bromus L. because they
were not differentiated in several sampling years (although we
found smooth brome at only one site in 2010, suggesting that
most Bromus was mountain brome), whereas Idaho fescue
(Festuca idahoensis Elmer) and Thurber’s fescue (Festuca
thurberi Vasey) were kept separate because they were
identified consistently. As a result, our plant list was a mixture
of species and genus. All plant names are from the USDA
PLANTS Database (US Department of Agriculture, Natural
Resources Conservation Service 2011). We averaged species
composition across transects by site and management history
for analysis.

Daubenmire cover estimates along each permanent transect
in 2010 assisted us with interpretation of loop frequency data
collected at the same time. We visually estimated plant canopy
cover by species in 20 20350 cm quadrats along each 30.48-m
transect (Daubenmire 1959; USFS 1996). Each species was

placed in one of seven cover classes (0–1%, 1–5%, 5–25%, 25–

50%, 50–75%, 75–95%, and 95–100% cover), and the sum of

the products of abundance and frequency by class was used to

compute percent canopy cover.

Figure 1. Our study area, California Park, was located in the Elkhead
Mountains of Routt County, northwestern Colorado, USA (lat 40843.50N,
long 10788.60W). This high-elevation (2 500 m) mountain park was
dominated by silver sagebrush (Artemisia cana Pursh) with some mountain
big sagebrush (Artemisia tridentata Nutt. ssp. vaseyana [Rydb.] Beetle).

Table 1. Management history and measurement years for the six sites and 15 permanent monitoring transects in California Park, northwest Colorado, USA
(USFS, unpublished data, 2011). Soil types are based on hand textures of surface layers in summer 2010 at each site.

Site Transect Grazed Sprayed Measured years

Clay

C3 1 Yes No 1953, 1963, 1971, 1997, 2010

2 Yes No

3 Yes No

C4 1 Yes Yes 1953, 1955, 1956, 1957, 1959, 1960, 1961, 1962, 1963, 1964, 1969, 1976, 1986, 1991, 1997, 2010

2 Yes Yes

3 Yes Yes

California Park Exclosure (CP) 1 No No 1953, 1963, 1969, 1976, 1981, 1983, 1987, 1991, 1999, 2010

2 Yes Yes

Loam

Elkhead Exclosure (EE) 1 No Yes 1953, 1963, 1968, 1976, 1982, 1987, 1991, 1997, 2010

2 No Yes

3 Yes Yes

C1 1 Yes Yes 1953, 1963, 1965, 1968, 1977, 1997, 2010

2 Yes Yes

C6 1 Yes Yes 1961, 1964, 1967, 1976, 1991, 1997, 2010

2 Yes Yes
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Site History and Characteristics
Management history variables for each site were: time since
spraying, current year’s stocking rate, previous year’s stocking
rate, and 3-, 10-, and 20-yr average stocking rates (USFS,
unpublished data, 2011). We evaluated climate effects through
the Palmer Drought Severity Index (PDSI), an indicator of long-
term drought (months to years) based on precipitation and
temperature (National Oceanic and Atmospheric Administra-
tion 2007). PDSI ranges from�6 toþ6 with negative numbers
indicating drought and positive numbers indicating a wet
period.

We divided sites into loamy or clayey based on a shallow
(10–40 cm) soil pit (Table 1). Loamy soils had a thick dark
loam surface layer, while clay soils had thin clay loam surface
and clay subsurface layers. Management history of clay
transects by site was as follows: grazed by cattle, sprayed (four
transects at two sites); grazed, unsprayed (three transects at one
site); and ungrazed, unsprayed (one transect at one site; Table
1). Management history of loam transects by site was as
follows: grazed, sprayed (five transects at three sites), and
ungrazed, sprayed (two transects at one site; Table 1). Further
site and transect information is in Supplement 1 (available at
http://dx.doi.org/10.2111/REM-D-12-00066.s1). We averaged
data across transects by site and management history for
analysis.

Statistical Analysis
We described changes in species composition over time and
determined whether they matched patterns predicted by site
history (spraying herbicide, grazing, and climate) and alternate
state theory using nonmetric multidimensional scaling (NMS;
Kruskal 1964). This unconstrained ordination method reveals
simultaneous changes in multiple species, as would be expected
if a state change occurred, rather than relying on individual
species. NMS arranges plots in ordination space based on
dissimilarity in species composition, so similar plots are close
together. Management and climate variables, possible drivers of
changes in species composition, are correlated with ordination
axes after the ordination is performed. We performed NMS
using R 2.8.1 (R Core Development Team, Wien, Austria) and
the vare.mds function of package vegan (Oksanen et al. 2011),
which used up to 20 random starts to find a stable NMS
solution that minimized ‘‘stress.’’ Stress is a measure of how
poorly distances in the original dissimilarity matrix and
distances in the ordination correspond to each other. The
function also centered points, rotated the solution so that axes
explain maximum variance, and standardized the scaling to
increase interpretability. We chose the maximum number of
dimensions beyond which reductions in stress were small
(fewer than five) to ensure a parsimonious solution. We
calculated dissimilarity matrices of species composition,
averaged by site and management history (Table 1), using the
Bray–Curtis distance measure. We square-root transformed
loop frequency values to reduce the influence of the few
common species and increase the influence of less common
species. We omitted species that occurred in fewer than 5% of
site observations to reduce noise in the data (McCune and
Grace 2002). Annuals, including the locally abundant Madia
glomerata (Hook.), were also omitted because they were not

Figure 2. Changes in a, sagebrush canopy frequency and b, Wyethia, c,
Phleum, and d, native grass basal frequency in California Park, Colorado,
USA. Frequencies were averaged for five sites from nine transects on
clayey and loamy soil types. These sites were sprayed with herbicide
(approximate year marked by arrows) to remove sagebrush and Wyethia

and improve grass production (Table 1).
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measured consistently over time. We used a permutation test

(1 000 permutations) to assess significance of relationships

between environment and site history variables and species

composition.

The lack of information about community dynamics in high-

elevation silver sagebrush parks, the long time frame, and the

history of STM-building efforts in the Elkhead Watershed made

this a unique opportunity to update existing knowledge about

vegetation dynamics and occurrence of alternate states in

California Park. However, we acknowledge that the limitations

of this data set, including limited replication of treatments and

relatively small sample area, constrain our ability to generalize.

Our descriptive analysis approach aims to learn the most from

the data set within these constraints. Because a majority of

transects were grazed and sprayed with herbicide, we focus on

these in interpreting results. We also mention relevant contrasts
with sites and transects that had been managed differently.

RESULTS

Trends in Sagebrush Canopy Cover and Wyethia Frequency
Sagebrush canopy loop frequency in 2010 was strongly
correlated with Daubenmire sagebrush canopy cover
(r¼0.92, P , 0.001). Therefore, we used sagebrush canopy
loop frequency as an index of sagebrush canopy cover in this
study. Sagebrush cover decreased after sites were sprayed with
herbicide (Fig. 2a), particularly on loamy soils where it was
much more abundant. Sagebrush generally increased to pre-
spraying levels within 20–40 yr (Fig. 2a), although some sites
still had little sagebrush. Interestingly, percentage sagebrush

Figure 3. Nonmetric multidimensional scaling ordination space showing changes in understory species composition on two axes for grazed, sprayed
transects at clayey (left) and loamy (right) sites in California Park, Colorado, USA. Sites were grazed by cattle and sprayed with herbicide soon after the
first measurement. From top to bottom, panels show species locations in the a, d, ordination space; site locations over b, time (sites C4 and California Park
Exclosure outside) e (C1, C6, and Elkhead Exclosure outside), where open circles represent individual measurements in a given year, lines connect each
measurement to the next one through time, and the last measurement (2010) is marked with an arrow; and correlation vectors between species
composition and c, f, management and environmental factors (factors are year [Year], years since spraying [YrsSinceSpray], 3- and 20-yr moving
averages of stocking rate [Grazing3Yr and Grazing20Yr], and sagebrush canopy cover [Overstory Sagebrush]). All sites were analyzed simultaneously (in
the same space) within soil types, but only grazed, sprayed sites are shown here. Changes in species composition were related to grazing and spraying
history, but understory composition changes were generally not sudden or persistent, which are additional criteria for alternate states.
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canopy cover declined from 35 to 4 in the clayey grazing
exclosure and from 40 to 21 on one loamy, grazed transect over
the last 15 yr. Sagebrush did not occur at the two sites with the
greatest soil clay content.

Wyethia loop frequency also decreased after spraying (Fig.
2b) without recovering. In contrast, Wyethia remained present
on the unsprayed, ungrazed clay transect over time, with an
average loop frequency of 2.7 across 12 measurements.

Trends in Herbaceous Species Composition on Clay Soils
NMS identified major trends in species composition and their
associations with management and environmental drivers on
clayey sites. The final stress for the three-dimensional NMS
solution was 12.0 on 41 species and 20 site-by-management
observations (Figs. 3a–c). The dominant trend in species
composition of grazed, sprayed sites over time was an increase
along axis 2 (Fig. 3b), corresponding to a decrease in Wyethia
and an increase in Poa L. and Phleum L. loop frequencies (Fig.
3a). Year, 3-yr average stocking rate, and previous year’s
stocking rate in the California Park allotment were correlated
with these changes along axis 2 (Fig. 3c; Table 2). A secondary
trend in species composition was that sites generally decreased
along axis 3 over time (Fig. 3b), corresponding to decreases in
Bromus, Melica L., Festuca idahoensis, and Achillea L. (Fig.
2a). Species change along axis 3 was related to year; the 3-, 10-,
and 20-yr moving averages of stocking rate; previous year’s and
current year’s stocking rate; and years since spraying (Fig. 3c;
Table 2). Axis 1 differentiated sites, with the least clayey site
having higher Wyethia, Eriogonum Michx., Geranium, Poten-
tilla L., and Vicia L./Lathyrus L. loop frequencies than the
other two. Axis 1 was also related to sagebrush overstory loop

frequency. While variability was high, composition generally
became more different from initial composition through time
(Fig. 4a); the largest changes in composition occurred at the
beginning of the time series after sites were sprayed (Fig. 4b).

Photos confirmed the trends in species composition described
by NMS (Figs. 5a–c). They showed a large increase in native
perennial grasses after spraying, which persisted for 10–20 yr.
Wyethia remained present in the area but did not reach
prespraying levels. On the unsprayed, ungrazed transect,
Wyethia was relatively abundant. The cover of native perennial
grasses decreased in the 1970s and 1980s. Phleum increased at
two sites beginning in the mid-1990s.

Trends in Herbaceous Species Composition on Loamy Soils
NMS identified major trends in species composition and their
associations with management and environmental drivers at
loamy sites. The final stress for the three-dimensional NMS
solution was 12.2 for 27 species and 32 site by management
observations (Figs. 3d–f). The dominant trend in species
composition of grazed, sprayed sites over time was an increase
along axis 1 (Fig. 3e), corresponding to increases in Poa and
Phleum (Fig. 3d). Year, most measures of stocking rate (last
year and 3-, 10-, and 20-yr moving averages; Fig. 3f; Table 2),
and overstory sagebrush were correlated with this trend along
axis 1. This trend reversed somewhat in the 1999 and 2010
measurements (Fig. 3e), corresponding to a decrease in Phleum
in recent years (Fig. 2c). A secondary trend in species
composition was initial increase and recent decrease along
axis 3 (Fig. 3e), corresponding to temporary increases in native
grasses such as wheatgrass (Elymus L. and Pascopyrum Á.
Löve sp.), Festuca idahoensis, Bromus, and Festuca thurberi

Table 2. Relationships between management and environmental factors and changes in species composition in California Park, Colorado, USA, according
to nonmetric multidimensional scaling. Axes 1, 2, and 3 report correlation coefficients (r) between each variable and ordination axes, and r2 is the
percentage of variation in the ordination explained by each variable. Significant relationships according to a permutation test (1 000 permutations) indicate
a stronger relationship with species composition than expected by chance. These relationships are also shown graphically in Figures 3c and 3f.

Axis 1 Axis 2 Axis 3 r2 P

Clay

Year 0.183 0.712 �0.678 0.75 , 0.001

PDSI 0.530 0.265 �0.805 0.09 NS

20-Yr Average Stocking Rate �0.360 0.245 0.900 0.56 , 0.001

10-Yr Average Stocking Rate �0.208 0.472 0.857 0.41 , 0.001

3-Yr Average Stocking Rate �0.249 0.693 0.677 0.38 0.002

Last Yr Stocking Rate �0.172 0.770 0.615 0.40 , 0.001

Current Yr Stocking Rate �0.212 0.370 0.904 0.22 0.02

OverstorySagebrush 0.860 0.509 0.042 0.52 , 0.001

YrsSinceSpray 0.415 �0.148 �0.898 0.33 , 0.001

Loam

Year 0.764 0.456 0.456 0.61 , 0.001

PDSI 0.795 0.330 0.510 0.08 NS

20-Yr Average Stocking Rate 0.587 �0.252 �0.770 0.51 , 0.001

10-Yr Average Stocking Rate 0.776 �0.066 �0.627 0.48 , 0.001

3-Yr Average Stocking Rate 0.827 �0.063 �0.560 0.56 , 0.001

Last Yr Stocking Rate 0.709 �0.165 �0.686 0.51 , 0.001

Current Yr Stocking Rate 0.344 �0.488 �0.802 0.26 0.05

OverstorySagebrush 0.553 0.112 �0.825 0.08 NS

YrsSinceSpray 0.094 0.569 �0.817 0.13 NS
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(Fig. 2d). All measures of stocking rate as well as years since
spraying and overstory sagebrush were negatively related to
axis 3 (Fig. 3f; Table 2). Overall, species composition was
different from the initial composition (Fig. 4a), with the largest
changes occurring just after spraying (Fig. 4b).

Photos confirmed the trends in species composition identified
by NMS (Figs. 5d–f). After spraying, sagebrush cover
decreased, and native grass cover increased, although the
increase was not as dramatic or persistent (~10 yr) as on the
clay sites. Phleum became apparent at all sites in the 1970s,
earlier than at the clay sites, and increased over time until
recent years. Sagebrush recovery was variable. Some sites have
not recovered to prespraying canopy levels (Fig. 5f). Wyethia
was generally absent on the loam sites. All loam sites
maintained a productive grass and forb understory throughout
the study period, contrary to our expectation that the
understory would be sparse initially due to historic heavy
grazing.

Current Conditions—2010 Cover Estimates
Daubenmire canopy cover estimates for dominant species
confirmed species composition trends from loop frequency
(Table 3). In 2010, Phleum was a dominant grass on both soil
types, and Poa was a dominant grass on the loamy soil type.
Other native grasses were present but less abundant, with the
exception of Festuca thurberi at the loamy exclosure, which
was more abundant. Forbs were generally more abundant on
the loamy soil type, but cover varied among sites. Total cover
was also higher on the loamy soil type.

DISCUSSION

Long-Term Changes in Species Composition Are Related to
Grazing and Spraying
We used long-term loop frequency data and historic photo-
graphs to describe species change over time in relation to
grazing, herbicide spraying, and climate in California Park.
Few studies have examined long-term dynamics of mountain
silver sagebrush, the dominant sagebrush in this mountain
park, and associated communities. Drawing on previous
studies in the region and the sagebrush literature (Blaisdell
1953; West and Young 2000; Knapp et al. 2011), we
hypothesized that sagebrush and Wyethia cover would decrease
initially after spraying and increase afterward but not to
previous levels. In addition, we hypothesized that palatable
understory native grasses and forbs would increase due to
reduced grazing intensities (relative to the 60 yr before this
study began) and spraying. In the following discussion, we
focus on permanently marked transects that were grazed and
sprayed but also mention relevant contrasts with other
treatments.

Responses of sagebrush and Wyethia to spraying over time
differed by soil type. On loamy sites where it was present
initially, sagebrush cover decreased after spraying, consistent
with other studies that have shown high mortality of silver and
mountain big sagebrush after 2,4-D and 2,4,5-T treatments
(Cornelius and Graham 1958; Hormay et al. 1962; Sturges
1993). Sagebrush then increased gradually over time, nearly

reaching prespraying levels after 50 yr at all sites (Fig. 2a).

Indeed, silver sagebrush is a resprouting shrub known to

produce sprouts the year after spraying (Cornelius and Graham

1958). This calls into question the idea that sagebrush had

reached ‘‘superdominance’’ in California Park due to heavy

grazing, as has been described elsewhere for multiple sagebrush

species (Stoddart 1941; Blaisdell 1953; White and Currie 1983;

Laycock 1994). Sagebrush has not colonized sites where it was

not present initially; these are the heaviest clay sites, which may

be unsuitable for silver and mountain big sagebrush growth

(Thatcher 1959; Robertson et al. 1966; Winward 2004). In

contrast, Wyethia was present on all clay sites, and, when

sprayed, it decreased and did not recover. At one unsprayed

clay site, Wyethia remained abundant throughout the study

period. This supports other research and local knowledge that

report Wyethia dominance is induced by heavy grazing and will

persist until Wyethia is treated (Mueggler and Blaisdell 1951;

Knapp et al. 2011).

Figure 4. Magnitude of change in species composition over time at grazed,
sprayed sites in California Park, Colorado, USA, based on nonmetric
multidimensional scaling (NMS) ordination. Euclidean distance in the
ordination is directly related to dissimilarity in species composition. a,
Euclidean distance from ordination starting point, showing that despite
many fluctuations, the overall trend is for species composition at each site
to become more dissimilar to original composition over time. b, Euclidean
distance per year as a function of years since spraying, showing that the
largest changes in species composition occur just after spraying.
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Understory composition also changed through the study
period, but dynamics were more complex than our hypothesis
that palatable native plants would increase. Initially, many
palatable native perennial grasses, such as Bromus, Festuca
idahoensis, and wheatgrasses, did increase (Fig. 2d) just after
herbicide spraying and the reduction in stocking rate in 1951 to
its lowest levels in at least 50 yr. Other studies similarly report
dramatic short-term effects of spraying sagebrush on grass
abundance (Mueggler and Blaisdell 1951, 1958; Thilenius and
Brown 1974; Sturges 1993), although we are not aware of any
studies in high-elevation mountain parks. This increase in
perennial grasses also points to the importance of refugia that
harbor species even under long-term heavy grazing and when
undesirable plants are dominant (Anderson and Inouye 2001).

Over time, however, abundance of native perennial grasses
decreased again. This decrease was associated with stocking
rate on both soil types, as it increased to current levels around
1970. Changes in species composition were more strongly
related to long-term stocking rate averaged over 3, 10, and 20
yr than current-year stocking rate. This supports previous
research that suggests that sagebrush-affiliated grasses are
sensitive to long-term grazing even at moderate rates (Miller et
al. 1994; Bork et al. 1998; Adler et al. 2004). Available elk
population data show that populations doubled between 1980
and 1999, which likely also contributed to this trend (Colorado
Parks and Wildlife 2011).

Coinciding with the decrease in native perennial grasses, the
nonnative pasture grass Phleum increased across all sites, from

Figure 5. Landscape photos of a–c, a clayey transect and d–f, a loamy transect in California Park, Colorado, USA, before and after herbicide spraying. The
clay transect was sprayed with herbicide to control the broad-leaved forb mule’s-ears (Wyethia) in a, 1953; three years later in b, 1956, native grasses,
including Bromus and wheatgrasses, became abundant but had declined by c, 2010 (56 yr postspraying). Similarly, the loam transect was sprayed to
control sagebrush in d, 1961; three years later in e, 1964, native grasses were abundant, but they declined by f, 2010 (49 yr postspraying). Phleum, a
nonnative pasture grass, was a dominant grass at both sites in 2010.
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nearly absent at the beginning of the time series to one of the
most abundant grasses in 2010 (Fig. 2c; Table 2). Phleum is

commonly planted as hay, and it was also seeded by the USFS
locally (USFS, unpublished data, 2011) and in other high-

elevation sagebrush parklands (Plummer et al. 1955). However,
these spatially limited practices do not account for the fact that

Phleum has increased at all sites and is dominant throughout
California Park. While Phleum is known to persist in seedings

(Monsen 2002) and disturbed areas, such as abandoned mining
towns (Knapp 1991), to our knowledge this is the first time that
the long-term increase in this grass has been documented in

native sagebrush shrubland. The increase in Phleum coincides
with the decrease in native perennial grasses and increases in

cattle stocking rate and elk populations. Herbivory of native
grasses may have facilitated the spread of this species (Tyser

1992), but further work is needed to establish causation.

Evidence of Alternate States
We tested and refined STMs of silver sagebrush shrubland

response to rangeland management in California Park using a
theory-based approach that could be broadly applied to build

useful models for ecosystem management. Drawing on
previous studies in the region and the sagebrush literature

(Mueggler and Blaisdell 1951; West and Young 2000; Knapp et
al. 2011), we expected to find two alternate states in addition
to native silver sagebrush shrubland: sagebrush dominated and

Wyethia dominated. We hypothesized that long-term species

composition changes would match the characteristics of
alternate state dynamics: they would occur as sudden jumps
in the time series, related to disturbance (grazing, spraying and
climate), and would not resume their original values once
disturbance was removed.

Long-term changes in sagebrush canopy cover and under-
story species composition were not consistent with a sagebrush-
dominated alternate state. Sites with high sagebrush cover also
had a grass and forb understory from the beginning of the study
(Fig. 5d). Changes over time were generally gradual (Figs. 2a–
d, 3b, 3e, and 4). Jumps were related to a specific spraying
event (Fig. 4), but change continued afterward. Sagebrush often
recovered to prespraying levels within several decades (Fig. 2a),
and understory composition changed constantly throughout
the time period (Figs. 3b, 3e, and 4). These findings suggest that
continuous changes between grass- and sagebrush-dominated
plant communities occurred in this high-elevation sagebrush
shrubland (Scheffer and Carpenter 2003). Rather than a shift
between alternate states, this pattern may be better described as
a dynamic equilibrium within a state (Huston 1979), with
management- and potentially climate-induced fluctuations in
individual species. Although we are not aware of other long-
term studies in mountain silver sagebrush communities, West
and Yorks (2002) observed that burned and grazed Wyoming
big sagebrush shrublands (Artemisia tridentata Nutt. ssp.
wyomingensis Beetle and Young) similarly experienced tempo-
rary fluctuations in species abundance. Likewise, Anderson and
Inouye (2001) reported gradual decline in Wyoming big

Table 3. Percent canopy cover (Daubenmire) for selected species at six sites in California Park, Colorado, USA in 2010.

Species

Clayey Loamy

Grazed sprayed Ungrazed unsprayed Grazed unsprayed Grazed sprayed Ungrazed sprayed

C4 CP out CP in C3 C1 C6 EE out EE in

Shrub

Artemisia 0.0 29.0 4.2 0.0 25.0 10.5 19.9 7.0

Chrysothamnus 0.0 0.0 0.0 0.0 0.0 0.0 1.1 5.1

Perennial grass

Wheatgrass 2.9 3.5 2.6 3.0 0.5 1.8 0.0 2.3

Bromus 0.1 0.5 2.5 0.3 5.3 4.5 0.5 2.9

Festuca idahoensis 5.9 3.2 16.0 2.3 3.2 0.5 1.6 1.9

Festuca thurberi 0.0 0.0 0.0 0.0 1.0 0.0 0.0 8.5

Phleum 3.8 5.0 5.6 9.1 8.6 8.8 6.4 2.7

Poa 0.1 0.0 2.0 0.1 7.8 13.0 6.2 2.8

Stipa 0.3 3.3 0.0 1.7 0.8 0.5 3.1 2.3

Forbs

Achillea 2.8 2.5 2.4 2.2 5.9 4.8 6.7 5.9

Aster/Erigeron 0.8 6.8 6.1 0.5 3.1 1.7 1.3 0.6

Delphinium 0.0 0.2 0.0 0.1 0.6 0.0 0.3 0.5

Eriogonum 0.0 1.6 0.0 0.0 1.8 0.0 12.3 7.1

Geranium 0.0 0.0 0.0 0.0 3.5 2.5 7.8 2.5

Lomatium 1.9 0.0 0.0 1.5 0.0 0.0 0.0 0.0

Perideridia gairdneri 0.0 0.2 0.3 0.4 0.3 0.9 0.0 0.0

Potentilla 6.1 0.9 11.2 0.0 1.6 2.0 4.2 0.0

Vicia/Lathyrus 0.0 4.2 0.7 0.0 3.2 3.9 7.9 4.6

Wyethia 2.0 0.0 16.6 0.4 0.0 0.0 0.0 0.0

Madia (annual) 7.9 0.2 5.1 10.9 0.0 8.1 0.0 0.0

Total 36.1 63.7 80.5 39.1 80.7 88.0 83.7 66.4
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sagebrush and increases in perennial grasses over 45 yr
following removal of livestock grazing in sagebrush-dominated
rangelands.

In contrast, the shift away from Wyethia dominance was
sudden, persistent, and associated with management, consistent
with alternate state dynamics. At a clay site historically
dominated by this unpalatable native forb, changes in
composition were largest just after spraying herbicide (Figs.
3b, 4, and 5). Wyethia has not returned to its former
dominance on this site (Fig. 2b). In contrast, Wyethia remained
common at an unsprayed clay site. Local knowledge of the area
has suggested a Wyethia-dominated state as a persistent,
alternate state (Knapp et al. 2011). Mueggler and Blaisdell
(1951) similarly report a persistent Wyethia-dominated condi-
tion in a high-elevation park that transitions to a perennial
grassland with spraying herbicide.

The long-term increase in the nonnative pasture grass
Phleum suggests that perhaps shifts between alternate states
can occur gradually. This change was not sudden in that it
occurred over several generations of the native grasses, which
have life spans of 5–15 yr (Fig. 2c; USFS 2011). However, it
matched all other characteristics of alternate state dynamics: it
was large and persistent. Furthermore, it was widespread,
occurring at all six study sites in California Park over the past

40 yr. Others report similar gradual but persistent plant
invasions with woody plant encroachment in semiarid ecosys-
tems (e.g., juniper [Juniperus L.] and mesquite [Prosopsis L.];
Miller and Rose 1999; Bestelmeyer et al. 2003). Plant invasions
are often cited as evidence of alternate states because they can
alter ecosystem processes, such as nutrient cycling (Stylinski
and Allen 1999; Prober et al. 2005; Petersen et al. 2009). These
findings suggest that efforts to detect alternate states should
monitor gradual changes in addition to rapid ones.

IMPLICATIONS

We summarize long-term vegetation dynamics in an STM of
high-elevation silver sagebrush shrubland response to manage-
ment in California Park (Fig. 6) that distinguishes between
easily reversible changes in species composition and potentially
irreversible shifts between alternate states. Contrary to our
expectations, sagebrush-dominated sites maintained a grass
understory and easily transitioned to and from grasslands,
suggesting that they are communities within high-elevation
silver sagebrush shrublands. For land management, the model
shows that sagebrush dominance in this high-elevation
mountain park is a temporary condition that can be managed
by spraying herbicide. We also included Wyethia- and Phleum-
dominated potential alternate states because of the possible
ecological and economic costs of reversing these transitions.
For land management, this implies that increases in Wyethia
and Phleum may be difficult to reverse, with impacts on
ecosystems and the services they provide. A persistent Wyethia-
dominated state has low forage palatability, reducing the
number of livestock that the land can support; a persistent
Phleum-dominated state may not affect livestock production,
but further study should explore its effects on other ecosystem
functions and services. This model is a set of management
hypotheses that can be updated as we learn more about plant
community dynamics in silver sagebrush shrublands.
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