To: McAlear, Christopher[cmcalear@blm.gov]

From: Miller, Mark
Sent: 2017-08-02T11:54:33-04:00
Importance: Normal

Subject: Re: Former Grand Staircase colleague - touching base from Alaska BLM - potential meeting in
DC next week?

Received: 2017-08-02T11:54:51-04:00

Miller 2008 GSE.pdf

Miller etal 2011 AlternativeStates.pdf

Hi Chris - thanks for your response. After I contacted you yesterday, a conflict arose so that I'll
be returning to AK early on the 8th instead of staying over another day. We'll have to hook up
some other time, when I'm next in DC or ...if you should happen to travel here to learn more
about AK conservation lands.

It's an interesting time for NLCS these days. I spent more than 15 yrs of my career working on or
in Grand Staircase and Bears Ears and related issues (attached).

Best - Mark

Mark E. Miller, PhD | Deputy Director

North Slope Science Initiative | http://www.northslope.org

Email: memiller@blm.gov | Office: 907-271-3212 | Mobile: 907-231-9427
c/o Bureau of Land Management | Alaska State Office | State Director's Office
222 West 7th Avenue, #13 | Anchorage, AK 99513

"We are drowning in information, while starving for wisdom. The world henceforth
will be run by synthesizers, people able to put together the right information at the
right time, think critically about it, and make important choices wisely."

E. O. Wilson, Consilience

On Tue, Aug 1, 2017 at 9:56 AM, McAlear, Christopher <cmcalear@blm.gov> wrote:

Hi Mark,
Sounds like you have been very busy doing great work. Looks like you followed Kate over to the Moab area before
coming back from the dark side ;<)

Would love to catch up, let me know when on the 8th works for you. Between 1 3 works well or coffee before 0900?

Hope all is well,
Chris m

On Tue, Aug 1, 2017 at 12:59 PM, Miller, Mark <memiller@blm.gov> wrote:

Chris -
I hope that you remember the time that we were colleagues on staff at Grand Staircase back
in the early days. Since then, we've both moved around a bit.

I'm going to be in DC next week and wonder whether you might be available to meet with me

sometime on Wed 9th. I've also reached out to Karen Prentice and Gordon Toevs (see
below) but have not yet received a response.
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I look forward to hearing from you.

Mark

Mark E. Miller, PhD | Deputy Director

North Slope Science Initiative | http://www.northslope.org

Email: memiller@blm.gov | Office: 907-271-3212 | Mobile: 907-231-9427
c/o Bureau of Land Management | Alaska State Office | State Director's Office
222 West 7th Avenue, #13 | Anchorage, AK 99513

"We are drowning in information, while starving for wisdom. The world henceforth
will be run by synthesizers, people able to put together the right information at the
right time, think critically about it, and make important choices wisely."

E. O. Wilson, Consilience

—————————— Forwarded message ----------
From: Miller, Mark <memiller@blm.gov>
Date: Tue, Aug 1, 2017 at 8:56 AM

Subject: Touching base from Alaska BLM - potential meeting in DC next week?

To: Karen Prentice <kprentic@blm.gov>
Cc: Gordon Toevs <gtoevs@blm.gov>

Karen -

Among others here in our office, I had hoped that you would be able to travel to Alaska next
week to participate in the planned field visit. But it turns out that I will be in DC for training
on Mon-Tue 7-8 Aug, and I'm wondering whether you and possibly others in WO would be
available to meet with me sometime on Wed 9th. I've already reached out to Gordon Toevs,

but he may be out of the office and I've not yet heard from him.

I'm new to my position here, having arrived in March after ~ 20 years on the Colorado Plateau -
with BLM at Grand Staircase, NPS Inventory & Monitoring program, USGS (based again at
Grand Staircase), and most recently with NPS again as Chief of Resources for Arches,
Canyonlands, Hovenweep, and Natural Bridges. I believe you know my close colleague

Mike Duniway.
I look forward to hearing from you.
Thanks in advance.

Mark

Mark E. Miller, PhD | Deputy Director

North Slope Science Initiative | http://www.northslope.org

Email: memiller@blm.gov | Office: 907-271-3212 | Mobile: 907-231-9427
c/o Bureau of Land Management | Alaska State Office | State Director's Office
222 West 7th Avenue, #13 | Anchorage, AK 99513

"We are drowning in information, while starving for wisdom. The world henceforth
will be run by synthesizers, people able to put together the right information at the
right time, think critically about it, and make important choices wisely."
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E. O. Wilson, Consilience

Christopher McAlear
Assistant Director

National Conservation Lands
and Community Partnerships
(W) 202-208-4731

(C) 775-722-9539
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Broad-Scale Assessment of Rangeland Health, Grand Staircase—Escalante National
Monument, USA

Mark E. Miller

Author is Research Ecologist, US Geological Survey, Southwest Biological Science Center, Kanab, UT 84741, USA.

Abstract

Over a 3-yr period, the qualitative assessment protocol “Interpreting Indicators of Rangeland Health” was used to evaluate the
status of three ecosystem attributes (soil/site stability, hydrologic function, and biotic integrity) at over 500 locations in and
adjacent to Grand Staircase Escalante National Monument (Utah). Objectives were to provide data and interpretations to
support the development of site-specific management strategies and to investigate broad-scale patterns in the status of different
rangeland ecological sites. Quantitative data on ground cover, plant community composition, and soil stability were collected to
aid the evaluation of qualitative attributes and improve consistency of the assessment process. Ecological sites with potential
vegetation dominated by varieties of big sagebrush (Artemisia tridentata Nuttall) had the highest frequencies (46.7% 75.0%) of
assessments with low ratings (moderate or greater departure from expected reference conditions) for all three ecosystem
attributes. In contrast, sites with potential vegetation characterized by Utah juniper ( Juniperus osteosperma [Torrey] Little) and/
or Colorado pinyon (Pinus edulis Engelmann) had low frequencies (0.0% 7.8%) of assessments with low ratings for all
attributes. Several interacting factors likely contributed to the development of patterns among ecological sites, including 1)
potential primary production and thus long-term exposure to production-oriented land uses such as livestock grazing; 2) the
presence of unpalatable woody plants capable of increasing and becoming persistent site dominants due to selective herbivory,
absence of fire, or succession; 3) soil texture through effects on hydrologic responses to livestock grazing, trampling, and other
disturbances; and 4) past management that resulted in high livestock use of ecological sites with sensitive fine-loamy soils
following treatments designed to increase forage availability. This case study illustrates an extensive application of an
assessment technique that is receiving increasing use worldwide, and results contribute to an understanding of factors
contributing to patterns and processes of rangeland degradation.

Resumen

Durante un periodo de tres afios, se sigui6 el protocolo de interpretacion de Indicadores de Salud de Pastizales, para evaluar el
estado de tres atributos del ecosistema (Suelo /Estabilidad del Sitio, funcién hidroldgica e integridad biética) en mas de 500
areas del Grand Staircase Escalante National Monument (en Utah USA) y en areas adyacentes. Con los objetivos de
proporcionar datos e interpretaciones que apoyen el desarrollo de estrategias de manejo a sitios especificos, y para investigar los
patrones a gran escala del estado de diferentes sitios ecoldgicos de pastizal. Se recolectaron datos cuantitativos sobre cobertura
de suelo, composicion vegetal de la comunidad, y estabilidad del suelo para ayudar a la evaluacion de los atributos cualitativos y
para mejorar la consistencia en el proceso de evaluacion. Sitios ecoldgicos con la vegetacion potencial dominada por el arbusto
(Artemisia tridente Nuttall) tuvieron las mayores frecuencias con los indices de evaluaciéon mas bajos (46.7% 75%) con una
diferencia moderada a grande en relacion a la esperada con las 4reas de referencia, para los tres atributos del ecosistema. En
contraste, sitios con vegetacion potencial caracterizados por el tiscate ( Juniperus osteosperma [Torrey]| Little) y/o el Piidn
colorado (Pinus edulis Engelmann) presentaron bajas frecuencias (0.0% 7.8%) de evaluacién con bajos indices para todos los
atributos del ecosistema. La interaccién de algunos factores probablemente contribuy6 al desarrollo de patrones entre los sitios
ecoldgicos, incluyendo 1) produccion potencial primaria y por lo tanto largo tiempo que estas 4reas estuvieron expuestas a la
produccion orientada del ganado en pastoreo; 2) la presencia de plantas lefiosa de baja palatabilidad capaces de incrementar su
poblacion, llegando a ser dominantes y permanentes del sitio, debido al pastoreo selectivo, ausencia de fuego, o sucesion; 3) las
textura del suelo y su efecto sobre respuesta hidroldgica al pastoreo, pisoteo y otros disturbios; y 4) Historial de manejo, que da
como resultado un alto grado de uso por el ganado en sitios ecoldgicos con suelos susceptibles de textura fina, seguidos por
tratamientos disefiados para incrementar la disponibilidad de forraje. Este estudio ilustra una extensiva aplicacion de una
técnica de evaluacion que estd siendo utilizada mas y mdas en todo el mundo y cuyos resultados contribuyen a un mejor
entendimiento de los factores y patrones que causan la degradacion de las dreas de pastizal.

Key Words: Artemisia tridentata Nuttall, big sagebrush, ecological sites, ecosystem assessment, rangeland condition, soil
properties
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INTRODUCTION

Over the past 15 yr, there has been a focused effort to develop
new methods for assessing the status of rangeland ecosystems.
This effort has been driven by increased recognition that 1) the
dynamics of such ecosystems often are much more complex
than previously assumed and 2) sustainable management
requires consideration of a broader suite of ecosystem
attributes than production of key forage species and similarity
of the existing plant community to a single idealized climax
community (see reviews by Pyke et al. 2002; Pyke and Herrick
2003; and Briske et al. 2005 for historical perspectives). In the
United States, much of this effort directly followed recommen-
dations made by expert panels convened by the National
Research Council (NRC; NRC 1994) and the Society for Range
Management Task Group on Unity in Concepts and Termi-
nology Committee (SRM Task Group; SRM Task Group
1995). The NRC panel recommended that rangeland assess-
ments should focus on indicators of soil stability, watershed
function, nutrient cycling, energy flow, and recovery mecha-
nisms (NRC 1994). The SRM Task Group observed that
because the sustainable management of rangeland ecosystems
depends primarily on soil conservation, assessments should
evaluate rangeland plant communities in terms of their ability
to protect a site against accelerated soil erosion (SRM Task
Group 1995). Both panels recommended that assessments
should be conducted and interpreted on the basis of a common
system for classifying land units on the basis of soil, landscape
setting, and climate analogous to the ecological site concept of
the US Department of Agriculture Natural Resources Conser-
vation Service (NRCS; NRCS 2003).

Both in the United States and in Australia, there has been
rapid growth in research focusing on conceptual and applied
aspects of rangeland assessment and monitoring, with a strong
emphasis on indicators of ecosystem or landscape capacity to
capture and retain soil and water resources. The majority of
this work has focused on field-based indicators (Whitford et al.
1998; de Soyza et al. 2000a; Pyke et al. 2002; Rosentreter and
Eldridge 2002; Tongway and Hindley 2004; Herrick et al.
20035; Pellant et al. 20035), but the need for approaches that can
be applied affordably and effectively across expansive land-
scapes also has led to efforts focused on the development of
indicators that can be reliably detected with remotely sensed
imagery (de Soyza et al. 2000b; Ludwig et al. 2002, 2007).
Rather than being a stand-alone activity, assessment increas-
ingly is recognized as a key component of an integrated
framework designed to support science-based management of
rangeland ecosystems (Herrick et al. 2006).

To date, the most widely adopted assessment approach in the
United States has been the technique “Interpreting Indicators of
Rangeland Health” (IIRH; Pellant et al. 2000, 2005; Pyke et al.
2002). In this technique, an interdisciplinary team of resource
specialists evaluates three ecosystem attributes (soil/site stabil-
ity, hydrologic function, and biotic integrity) on the basis of a
suite of qualitative indicators. IIRH is widely applied by NRCS,
the Bureau of Land Management (BLM), and the National
Park Service (NPS), and protocols have been translated into
Spanish, Chinese, and Mongolian (J. Herrick, personal
communication, August 2007).
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Despite its widespread adoption and increasing use world-
wide, there are no published examples of how the IIRH
technique has been applied to evaluate the status of rangeland
ecosystems across broad spatial extents characteristic of public
lands in the western United States. The purpose of this paper is
to describe one such project as a case study in which the
technique was applied at over 500 locations in and adjacent to
Grand Staircase-Escalante National Monument, Utah (hereaf-
ter, the Monument), over a 3-yr period. Objectives of this
assessment project were 1) to provide data and interpretations
to support the development of site-specific management
strategies for the improvement of resource conditions and 2)
to investigate broad-scale patterns in the status of different
rangeland ecological sites across the entire Monument. The
second objective is the focus of this paper. This case study
illustrates an extensive application of the IIRH technique, and
results provide insights into factors affecting patterns and
processes of rangeland degradation.

METHODS

Study Area

The Monument covers approximately 760000 ha in southern
Utah and the west-central portion of the Colorado Plateau
physiographic province (Hunt 1974) between lat 37°N, lat
38°N, long 111°W, and long 112.5°W. Elevation ranges from
1164 to 2625 m, and mean annual precipitation (MAP; 1961-
1990) ranges from 17 to 61 cm. (Precipitation estimates are
based on the PRISM model, http://www.ocs.orst.edu/prism;
Daly et al. 1994.) Approximately 90% of the Monument
receives less than 36 cm MAP. As a proportion of MAP, May-
September precipitation varies from 33.1% in Kanab (1 509 m
elevation, 37.9 cm MAP, 16 km west of the Monument
boundary) to 44.2% in Escalante (1771 m elevation, 25.4 cm
MAP, north-central edge of the Monument). Tremendous
geologic and topographic heterogeneity (Doelling et al. 2000),
as well as gradients in elevation and precipitation, together are
responsible for generating a diversity of soils and ecological
settings across the Monument. In a recent soil survey for the
Monument, the NRCS described 136 distinct soil types and 50
distinct ecological sites (NRCS 2005).

Livestock grazing has been an important economic activity
on lands within the Monument since the time of Euro-
American settlement in the 1870s (Bradley 1999), and it
remains the most extensive land use on the Monument today.
Monument lands are subdivided into 91 grazing allotments,
some of which extend onto adjoining public lands managed by
the NPS (Glen Canyon National Recreation Area) and the US
Department of Agriculture Forest Service (Dixie National
Forest). Allotments are divided into two or more fenced
pastures to facilitate livestock management. Pastures represent
the smallest management units in the Monument, although
they are typically larger than 5000 ha and range in size up to
54288 ha.

Sampling Design
A major objective of the assessment project was to collect data
that would contribute to an evaluation of resource conditions
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in grazing allotments and to the development of future strategies
for meeting resource-management objectives. As a consequence,
assessments were conducted in all pastures and allotments across
the Monument. Within these management units, it was assumed
that ecosystem conditions could vary among different soils and
ecological sites due to potential differences in past livestock use
and in ecosystem responses to livestock use, management
activities, and climate variability. Thus digital spatial data
delineating soils and ecological sites were used to stratify each
pasture into soil-based sampling units.

Within sampling units in pastures, specific assessment
locations were identified subjectively rather than probabilisti-
cally. This approach was chosen because time and resources
were judged to be inadequate for obtaining a statistically
adequate number of randomly located assessments for each
sampling unit in all pastures and allotments, given the overall
scope of the project. For each pasture, soil map units were
ranked in descending order according to their total area in the
pasture, and at least one assessment was conducted in the
predominant ecological site in the soil map units that
cumulatively accounted for at least 75% of the pasture area.
Assessments also were conducted in areas expected to receive
relatively high livestock use even where these areas were
associated with minor soil components or soil map units that
fell below the 75% cut-off in a particular pasture. Water
sources and similar areas with concentrated livestock use were
excluded from sampling. The assessment team selected one or
more representative assessment locations associated with each
targeted ecological site, with representativeness evaluated by
examining aerial photographs with superimposed soil map unit
delineations and by surveying conditions on the ground prior to
conducting assessments. Assessment locations were approxi-
mately 0.5-1.0 ha in size.

Field Methods

Assessments were conducted following the technique IIRH,
version 3 (Pellant et al. 2000; Pyke et al. 2002). The standard
technique calls for the evaluation of three ecosystem attributes
(soil/site stability, hydrologic function, and biotic integrity;
Table 1) on the basis of 17 qualitative indicators (Pellant et al.
2000; Pyke et al. 2002; Table 2). Indicators and attributes for a
particular assessment area are evaluated and rated according to
the degree to which they depart from benchmark (reference)
conditions described in ecological site descriptions prepared by
NRCS and/or observed at one or more ecological reference
areas (Pellant et al. 2000; Pyke et al. 2002), and on the basis of
the combined experience and professional judgment of the
interdisciplinary assessment team. In all cases, benchmark
conditions are identified and applied on an ecological-site basis,
thus requiring assessment teams to properly identify soil types
and ecological sites. An ordinal, five-class rating system is used,
with degree of departure rated as none to slight (NS), slight to
moderate (SM), moderate (M), moderate to extreme (ME), or
extreme (E). In the project described here, assessment teams
identified relatively few reference areas. Thus ratings primarily
were based on NRCS ecological site descriptions for those
indicators related to plant community composition, ground
cover, and potential primary production. For indicators not
described in existing site descriptions (e.g., frequency and
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Table 1. Three attributes of rangeland health and their definitions (from
Pellant et al. 2000; Pyke et al. 2002).

Attribute
Soil/site stability

Definition

The capacity of a site to limit redistribution and loss
of soil resources (including nutrients and organic
matter) by wind and water.

The capacity of a site to capture, store, and safely
release water from rainfall, run-on, and snowmelt
(where relevant), to resist a reduction in this
capacity, and to recover this capacity following
degradation.

Capacity of a site to support characteristic
functional and structural communities in the
context of normal variability, to resist loss of this
function and structure due to a disturbance, and
to recover following such disturbance.

Hydrologic function

Biotic integrity

spatial distribution of erosional features such as rills, pedestals,
and terracettes), indicator ratings primarily were based on team
members’ collective field observations and experience. Inter-
disciplinary assessment teams ranged in size from two to five
members, with botanists, ecologists, geologists, wildlife biolo-
gists, and rangeland management specialists serving as the
primary team members.

The IIRH protocol allows for the use of additional indicators
where necessary to meet local assessment needs (Pellant et al.
2000). For this project, the integrity of biological soil crusts
(BSCs) was included as an 18th indicator applicable to all three
ecosystem attributes (Table 2) because of important BSC
contributions to soil stabilization (Belnap 1995; Williams et
al. 1995a, 1995b), hydrologic processes (Warren 2003; Belnap
et al. 2005), nutrient cycling (Evans and Lange 2003), and
biological diversity (Rosentreter and Belnap 2003) in rangeland
ecosystems on the Colorado Plateau. Ratings for this indicator
were based on the distribution and abundance of soil lichens,
soil mosses, and dark cyanobacterial crusts in comparison with
reference areas and team members’ collective field observations
and experience (Table 3). During the 2002 field season, ratings
for biological soil crusts also were informed by preliminary
results from a concurrent project being conducted to develop a
spatial predictive model of BSC cover, composition, and
function in relation to precipitation and substrate characteris-
tics (Bowker et al. 2006).

To inform the evaluation of qualitative indicators and
increase consistency of the assessment process, quantitative
data on ground cover (e.g., percentage of cover of bare
ground/mineral soil, BSC, litter, plant bases, and rock), plant
community composition (percentage of live and dead canopy
and basal cover by species and plant functional groups), and
soil stability were collected prior to evaluating indicators and
attributes (Pyke et al. 2002). Data on ground cover and plant
community composition were collected following the step-
point technique (Coulloudon et al. 1999). Cover data were
recorded for 50-100 subsample points (approximately 1-mm
diameter) placed at 4-pace intervals along a pace transect walked
by one or two team members. The pace transect crossed the
assessment area three to five times, with total transect length
ranging from 150 to 300 m. Surface and subsurface soil stability
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Table 2. Brief description of 18 rangeland health indicators, their applicability to rangeland health attributes, and associated quantitative data
collected during assessments conducted on Grand Staircase—Escalante National Monument (adapted from Pyke et al. 2002).

Attributes'
Indicator and brief description S H B Quantitative data
1. Rills — frequency and spatial distribution of linear erosional rivulets X X — —
2. Water flow patterns — amount and distribution of overland flow paths that are identified by litter X X — —
distribution and visual evidence of soil and gravel movement
3. Pedestals and/or terracettes — frequency and distribution of rocks or plants where soil has been eroded X X — —
from their base (pedestals), and/or occurrence of erosional terracettes
4. Bare ground — size and connectivity among areas of soil not protected by vegetation, biological soil X X — Percentage of bare ground
crusts, litter, standing dead vegetation, gravel, or rocks
5. Gullies — amount of channels cut into the soil and the amount and distribution of vegetation in the X X — —
channel

6. Wind-scoured areas, blowouts, and/or deposition areas — frequency of areas where soil is removed from X — — —
under physical or biological soil crust or around vegetation OR frequency of accumulation areas of soil
associated with large structural objects, often woody plants

7. Litter movement — frequency and size of litter displaced by wind and overland flow of water X — — —
8. Soil surface resistance to erosion — ability of soils to resist erosion through the incorporation of organic X X X Soil aggregate stability
material into soil aggregates
9. Soil surface loss or degradation — frequency and size of areas missing all or portions of the upper soil X X X —
horizons that normally contain the majority of organic material of the site
10. Plant community composition and distribution relative to infiltration and runoff — the community — X — Percentage of composition by
composition or distribution of species that restrict the infiltration of water on the site functional group
11. Compaction layer — thickness and distribution of the structure of the soil near the soil surface X X X —
(=15cm)
12. Functional / structural groups — the number of groups, the number of species within groups, or the rank — — X Relative composition and
of order of dominance of groups dominance of functional groups
(based on cover)
13. Plant mortality/decadence — frequency of dead or moribund (dying) plants — — X Percentage of standing-dead cover
14. Litter amount — deviation in the amount of litter — X X Percentage of cover of litter
15. Annual aboveground production — amount relative to the potential for that year based upon recent — — X —
climatic conditions
16. Invasive plants — abundance and distribution of invasive plants regardless if they are noxious weeds, — — X Percentage of cover and relative
exotic species, or native plants whose dominance greatly exceeds that expected for the ecological composition of invasive plants
site
17. Reproductive capability of perennial plants — evidence of the inflorescences or of vegetative tiller — — X —
production relative to the potential for that year based upon recent climatic conditions
18. Biological soil crusts — amount, spatial distribution, and degree of development X X X Percentage of cover and relative
composition of biological soil
crusts
'S indicates soil/site stability; H, hydrologic function; and B, biotic integrity.
beneath plant canopies and in interspaces among plants was Assessments were conducted from July 2000 through

measured using a soil aggregate stability field kit (Herrick et al. December 2002, with about 80% of the field work conducted
2001). Nine pairs of surface and subsurface samples were during April-October periods in 2001 and 2002. Amounts of
collected from three to six interspace locations and three to six  precipitation received in Kanab and Escalante respectively were
subcanopy locations that were selected as visually representative  32% and 43% below the 1971-2000 average during the 2000
of conditions across the assessment area. water year, 13% and 27% above average during the 2001

Table 3. Evaluation matrix for biological soil crusts (from Pellant et al. 2000).

Degree of departure from ecological site description and/or ecological reference area(s)

Indicator Extreme Moderate to extreme Moderate Slight to moderate None to slight
Biological soil crusts Found only in protected Largely absent, occurring In protected areas and Evident throughout the Largely intact and nearly
areas; very limited suite mostly in protected with @ minor component site, but continuity is matches site capability
of functional groups areas in interspaces broken
252 Rangeland Ecology & Management
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water year, and 53% and 64% below average during the 2002
water year (Western Regional Climate Center 2007).

Data Analyses

Chi-square analysis (Zar 1999) was used to examine whether
the three attributes of rangeland health had different rating
distributions for all assessment locations combined (507
assessments and 1521 attribute ratings). For ecological sites
with five or more assessments, y” analyses also were used to
determine whether some ecological sites were characterized by
ecosystem conditions that were better (i.e., a greater proportion
of assessments with a small degree of departure from expected
reference conditions) or worse (greater proportion of assess-
ments with a large degree of departure from expected reference
conditions) than typical conditions described on the basis of the
combined data set for all 507 assessment locations. For each
ecological site, separate x> analyses were conducted for each of
the three attributes of rangeland health.

Extensive areas within the Monument were mechanically
treated in the past to reduce the cover of unpalatable woody
vegetation such as big sagebrush (Artemisia tridentata Nuttall),
Utah juniper (Juniperus osteosperma [Torrey| Little), and
Colorado pinyon (Pinus edulis Engelmann). In conjunction
with mechanical treatments, treated areas (hereafter referred to
as “seedings”) generally were seeded with nonnative forage
grasses such as crested wheatgrass (Agropyron cristatum [L.]
Gaertner) and Russian wildrye (Elymus junceus Fischer).
(Taxonomic nomenclature follows Welsh et al. 2003.) For
ecological sites with five or more assessments in seedings and in
comparable untreated areas, separate x> analyses were con-
ducted to examine whether there was a tendency for seedings or
untreated areas to be characterized by better or worse
ecosystem conditions in comparison with all 507 assessments
combined. For all ¥ analyses, rating classes E and ME were
combined into a single class (E-ME) because of the infrequent
occurrence of E ratings. Multivariate analysis of variance
(MANOVA) also was used to test for differences between mean
values of selected quantitative measures for seeded and
comparable untreated ecological sites. Dependent variables
were log-transformed [x’ In(x+1)] prior to analysis because
variances were proportional to means (Zar 1999). Stepwise
multiple regression analysis was used to examine potential
factors contributing to general patterns in ecosystem condition
among ecological sites (Zar 1999).

Ecosystems dominated by varieties of big sagebrush are of
particular interest to resource managers on the Colorado
Plateau and throughout the Intermountain West because of
their diversity and habitat value, and because they have been
widely degraded by cumulative effects of land use, invasive
exotic plants, and altered fire regimes (Knick et al. 2003;
Connelly et al. 2004; Welch 2005). Five of the 50 distinct
ecological sites found in the Monument are characterized by
potential vegetation dominated by varieties of big sagebrush
(Table 4; NRCS 2005). Of these five sites, the Semidesert Loam
(Wyoming big sagebrush) site had a relatively large sample size
(m  55) and was characterized by a wide range of rangeland-
health conditions. For these reasons, data for this ecological site
were examined in greater detail to evaluate relationships
between quantitative data and qualitative ratings of rangeland
health. Principal components analysis (PCA; McCune and
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Grace 2002) with varimax normalized factor rotation was used
to describe variability among the 55 assessments in terms of 12
quantitative variables: interspace soil aggregate stability;
percentage of total live cover; total plant cover; percentage of
bare ground; percentage of BSC cover; percentage of litter
cover; percentage of relative cover of annual exotic plants, total
exotic plants, and woody plants; functional group richness;
diversity (H'); and evenness (J'; Zar 1999). Spearman’s rank
correlation coefficients (Zar 1999) were calculated to describe
relationships between quantitative variables and ordinal
qualitative ratings assigned to the three rangeland-health
attributes. MANOVA was used to test whether log-trans-
formed mean values for selected quantitative variables were
significantly different among rating classes for individual
rangeland health attributes. For rangeland health attributes
determined to have significant effects by MANOVA, Tukey’s
honestly significant difference (HSD) post hoc analysis was
used to test for differences between mean quantitative measures
associated with different attribute rating classes (Zar 1999).
With the exception of the y* analyses, all statistical analyses
were conducted using the software package STATISTICA™
version 6.1 on a Windows® platform (Statsoft 2004). For all
analyses, results with P=0.05 were considered statistically
significant.

RESULTS

Overall Patterns Among Ecological Sites

For all 507 assessments combined, SM was the modal rating
class for each of the three rangeland health attributes (Fig. 1).
The rating distributions for all three attributes were similar, but
the distribution for biotic integrity was significantly different
than the distribution for all 1521 attribute ratings combined.
Overall, biotic integrity tended to receive NS ratings less
frequently and M and SM ratings more frequently than soil/site
stability and hydrologic function attributes (Fig. 1). Of the 507
assessments, 226 (44.6%) were assigned a low rating (moderate
or greater departure from expected reference conditions) for at
least one of the three attributes, and 100 (19.7%) were assigned
low ratings for all three attributes.

Of the 26 ecological sites with five or more assessments
(including seeded and untreated areas for two ecological sites),
10 had one or more attributes with rating distributions that
were significantly different than the overall distributions for all
507 assessments (Tables 4 and 5). Of the five ecological sites
with significantly higher frequencies of low ratings relative to
the overall distributions, four were deep-soil ecological sites
with high potential production and potential vegetation
dominated by varieties of big sagebrush (Tables 4 and 5). In
contrast, all five ecological sites with significantly lower
frequencies of low ratings relative to the overall distributions
were shallow-soil ecological sites with relatively low potential
production and potential vegetation characterized by the
presence of juniper and/or pinyon. Only the seeded Upland
Loam and seeded and untreated Semidesert Loam ecological
sites had rating distributions that were significantly different
from overall distributions for all three rangeland health
attributes. Potential dry-weight production (Table 4; B 0.447,
P 0.003) and treatment (seeded vs. untreated, from Table 4;
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Figure 1. Overall distributions (gray bars) of ratings assigned to three
rangeland-health attributes at 507 assessment locations on Grand
Staircase-Escalante National Monument. Numerals in gray bars indicate
numbers of assessments that received associated ratings. Black bars
behind each rating distribution indicate the overall distribution of all
1521 ratings and the null distributions that were used in % analyses for
each of the three attributes (reflected by 2 statistics above each rating
distribution; *P<0.05). For attribute ratings, E indicates extreme
departure; ME, moderate to extreme departure; M, moderate departure;
SM, slight to moderate departure; and NS, no departure to slight
departure from expected reference conditions.

B 0.556, P 0.0004) both were significant in a stepwise
multiple regression model predicting for each ecological site the
percentage of assessment locations that was assigned low ratings
for all three attributes of rangeland health (adjusted R*  0.62, df
2,22, F 20.34, P 0.00001). Log-transformed means for
percentage of bare ground, BSC cover, and interspace soil
aggregate stability were not significantly different between seeded
and untreated Semidesert Loam (Wilks’ A 0.94, F  0.94, df
3,46, P 0.43) and Upland Loam (Wilks’ A 0.84, F 1.70, df
3,27, P 0.19) ecological sites.

Patterns Within the Semidesert Loam Ecological Site

Two PCA axes explain 49.3% of the variability in 12
quantitative variables sampled in conjunction with 55 assess-
ments of the Semidesert Loam ecological site (seeded and
untreated areas combined; Fig. 2). Axis 1 represents a gradient
of decreasing bare ground and increasing total plant cover,
total live cover, and functional group richness and diversity
(Fig. 2a). Axis 2 represents a gradient of decreasing relative
cover of exotic plants (including nonnative forage grasses,
which accounted for 72.0% of total exotic cover, on average)
and increasing interspace soil aggregate stability and cover of
BSCs (Fig. 2a). Qualitative ratings assigned to the three
attributes of rangeland health tended to be higher (lesser
degree of departure from expected reference conditions) at
assessment locations characterized by higher scores for PCA
axes 1 and 2, but there was considerable variability in PCA
scores among assessment locations that were assigned the same
qualitative rating for a particular attribute (Figs. 2b-2d).
Ratings for the three attributes of rangeland health were more
strongly correlated with site scores for PCA axis 2 than with
site scores for PCA axis 1 (Table 6).

Seven of twelve quantitative variables were significantly
correlated with ratings assigned for one or more rangeland
health attributes (Table 6). Measures of functional group
richness and diversity (H') were important in the PCA but
not correlated with assigned ratings for any of the three
attributes (Table 6). However, both variables were significantly
correlated with assigned ratings for the individual indicator
pertaining to functional and structural groups (richness:
p 0.42, P<0.01; diversity: p 0.38, P<0.01). Percentage
of bare ground, total live cover, BSC cover, and interspace soil
aggregate stability had the highest rank correlations with
assigned attribute ratings (Table 6). MANOVA results for
these four variables were statistically significant for each of the
three rangeland health attributes (soil/site stability: Wilks’
A 0.26,F 6.28,effect df 12, error df 114.1, P <0.001;
hydrologic function: Wilks” A 0.29, F  5.63, effect df 12,

Table 5. Percentages of assessments by rating class' for three rangeland health attributes (soil/site stability, hydrologic function, and biotic
integrity) at 10 rangeland ecological sites and for all sites combined, Grand Staircase-Escalante National Monument. Values are only reported for
those ecological sites and attributes with rating distributions that are significantly different than the associated distribution for all sites combined (see
Table 4 for significant %2 values). Bold, underlined print indicates percentages that exceed corresponding percentages for all sites combined.

Soil/site stability

Hydrologic function Biotic integrity

Ecological site n  EME M SM NS E-ME M SM NS EME M SM NS
All sites combined 507 61 258 462 219 47 237 513 203 57 288 527 128
Upland Loam (mountain big sagebrush) — seeded 20 20.0 600 200 00 200 60.0 200 00 50 80.0 150 0.0
Semidesert Loam (Wyoming big sagebrush) — seeded 24 16.7 625 208 00 167 625 167 42 25.0 458 292 00
Semidesert Loam (Wyoming big sagebrush) — untreated 31  35.5 29.0 194 161 22.6 45.2 226 97 226 484 226 6.5
Loamy Bottom (basin big sagebrush) 15 — — — — — — — — 183 133 133 0.0
Semidesert Sandy Loam (Blackbrush) 7 00 8.7 143 00 — — — — 00 8.7 143 00
Semidesert Shallow Loam (Utah juniper—pinyon) 64 16 172 484 328 — — — — 00 141 67.2 18.8
Upland Shallow Dissected Slope (pinyon-Utah juniper) 30 — — — — — — — — 3.3 33 80.0 133
Semidesert Steep Shallow Loam (Utah juniper—pinyon) 16 — — — — — — — — 00 125 375 50.0
Upland Shallow Loam (pinyon-Utah juniper) 34 0.0 88 471 441 — — — — 2.9 59 67.6 235
Semidesert Shallow Shale (Utah juniper—pinyon) 9 — — — — 0.0 00 333 66.7 00 111 222 66.7

'E ME indicates extreme or moderate to extreme departure; M, moderate departure; SM, slight to moderate departure; and NS, no departure to slight departure from expected reference

conditions.

61(3) May 2008

255
DOI-2020-06 02803



1.0 — - 25
Biological sail 5 . .
crust cover
o8 a) U ve 20 b) 5 _NS+_5_ 5 Soil /.S':lte
Interspace s stability
soil stability
X 1.
08 Total live 8 s 3 P
cover 4
04 10 : 4
) F-group diversity ‘
N 02 ) o 05 2 77 4
& F-group richness » 2 . 3 3 3
N 00 é 0.0 o M] SMl
% : Total piant | < 3 =Stz ‘3—1_;
cover g 3 4 ME[ Vg 2 z
5 0.2 Bare 05 3 = e ]
o ground co2 2 at * ¢
04 .0 A 3
z - z
08 45 2
Relative cover,
08 all exotics 20 4
-1.0 -2.5
-1.0 0.8 0.8 04 -0.2 0.0 0.2 04 08 0.8 1.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 20 25 3.0
PCAAds 1 {(29.1%) PCA Axis 1
25 25
& . * ns f ot
20 c) 4 5 & Hydrologic 20 d) 4 55 Biotic
NS . . .
s + function 3 integrity
1.5 1.5
3 3 " A 3 4 4 *
10 2 3 10 2 3
4 4
0.5 2 =2 M 0.5 2 - dsm 3
° 2, 3 3l 3 P g, 403 3
[2)
2 oo 3= M) < 0o LA 3
£ 3 b1 3 8 4
4] 4 0 F 3 & 4 2
* s 2 MRS s ¢ * o5 3 Toa gt s ¢
E s, ME, W, .2 k : o, Lt
2 3 2 21 m
4.0 3 4.0 ]l 2
2 1 2 ¢ 2
E/
A5 2 15 2
20 3 2.0 2
25 25
2.5 2.0 -1.5 -1.0 -0.8 0.0 05 1.8 15 2.8 25 30 2.5 2.0 -1.5 -1.0 -0.8 0.0 05 1.8 15 2.0 25 30
PCA Ads 1 PCAAds 1

Figure 2. Principal components analysis (PCA) results for data associated with 12 quantitative variables measured at 55 Semidesert Loam
assessment locations, Grand Staircase—Escalante National Monument. a, vectors indicate loadings (Pearson correlation coefficients, r) of eight
variables on axes 1 and 2 (only those variables with r=0.60 are shown; F-group indicates functional group). In the remaining panels, numbers 1-5
indicate attribute ratings (1 and E indicate extreme departure; 2 and ME, moderate to extreme departure; 3 and M, moderate departure; 4 and SM,
slight to moderate departure; and 5 and NS, no departure to slight departure from expected reference conditions) assigned for b, soil/site stability; ¢,
hydrologic function; and d, biotic integrity at each of the assessment locations. Underlined ratings are for assessments associated with seedings.
Coordinates of the attribute ratings in ordination space indicate PCA scores associated with the corresponding assessment location. Points indicate
centroids (mean PCA scores = 1 SE) for each set of assessment locations receiving the same attribute rating.

error df 114.1, P <0.001; biotic integrity: Wilks’ A 0.32,
F 3.62, effect df 16, error df 128.9, P<0.001), but
Tukey’s HSD analyses found relatively few significant differ-
ences among log-transformed mean values for different
attribute rating classes because of the high degree of variability
in quantitative measures among assessments that were assigned
the same rating for a particular attribute (Fig. 3). Mean
quantitative measures for assessment locations that were
assigned NS ratings for rangeland health attributes were
statistically different than means associated with locations that
were assigned lower rangeland health ratings in most cases,
whereas means for locations that were assigned ME, M, or SM
ratings were statistically different from one another less
frequently (Fig. 3). This finding is consistent with PCA results
showing that centroids for locations that were assigned ME, M,
or SM ratings tended to be clustered together in the center of
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the ordination space defined by the quantitative variables,
whereas the centroids for locations assigned NS ratings were
relatively distinct in ordination space (Fig. 2).

DISCUSSION

Results of this broad-scale assessment project indicate patterns
in qualitative attributes and quantitative measures of rangeland
health across a 760000-ha landscape that represents a
significant proportion of the Colorado Plateau physiographic
province. Because of the large numbers of assessment locations
and ecological sites included in the project, data resulting from
this effort represent a valuable resource for examining general
patterns in ecosystem condition among and within different
ecological sites, and for developing hypotheses about factors

Rangeland Ecology & Management
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Table 6. Spearman rank correlations between 12 quantitative variables
included in the principal components analysis (PCA; Fig. 2), site scores for
PCA axes 1 and 2, and ordinal qualitative ratings (extreme, moderate-to-
extreme, moderate, slight-to-moderate, and none-to-slight departure from
expected reference conditions ranked 1-5, respectively) for rangeland
health attributes soil/site stability, hydrologic function, and biotic integrity
at 55 Semidesert Loam assessment locations on Grand Staircase—
Escalante National Monument (n=50 for interspace soil aggregate
stability). Bold type indicates statistically significant relationships.

Variable S H B
Bare ground % -0.65*** —0.65*** —0.40**
Total live cover % 0.54*** 0.55*** 0.48***
Total plant cover % 0.35** 0.38** 0.31*
Biological soil crust cover % 0.52*** 0.47*** 0.57***
Litter cover % 0.16 0.19 0.15
Interspace soil aggregate stability 0.50*** 0.40** 0.50***
Functional group richness 0.09 0.19 0.19
Functional group diversity (H’) 0.15 0.24 017
Functional group evenness (J') 0.05 0.02 —0.15
Relative annual exotic cover % 0.01 -0.10 —0.42**
Relative total exotic cover % —0.18 -0.20 -0.31*
Relative woody plant cover % —0.05 —0.06 -0.11
PCA axis 1 site scores 0.33* 0.33* 0.13
PCA axis 2 site scores 0.38** 0.42** 0.58***
'S indicates soil/site stability; H, hydrologic function; and B, biotic integrity.
*P= 0.05 **P=0.01; ***P=0.001.
that may have contributed to the development of these

patterns.

Factors Contributing to Patterns Among Ecological Sites

Production Potential and Relative Use. At the scale of the
entire Monument, upland ecological sites with the greatest
production potential tended to be the most degraded, as
measured by percentages of assessment locations that were
assigned low ratings for all three attributes of rangeland health.
Productivity has been widely cited as a factor affecting
ecosystem responses to grazing by large herbivores (Milchunas
et al. 1988; Cingolani et al. 2005; Lunt et al. 2007) and to
disturbance in general (Huston 1979). In the Monument,
production potential likely was an indirect factor contributing
to general patterns of ecosystem status among different
ecological sites because of correlations with land use and plant
community composition.

In this rocky dryland environment characteristic of much of
the Colorado Plateau, ecological sites with the greatest
production potential account for a relatively small proportion
of the landscape and thus have tended to receive a dispropor-
tionate level of use for livestock grazing—the predominant
production-oriented land-use activity on the Monument. For
example, estimates based on soil-survey data (NRCS 2005)
indicate that productive Upland Loam, Semidesert Loam, and
Loamy Bottom ecological sites cumulatively account for
approximately 7.4% (56461 ha) of the total Monument area.
In contrast, relatively unproductive ecological sites with low
frequencies of low rangeland health ratings (those with
signficant x> values in Table 4) account for approximately
33.8% (257 378 ha) of the total Monument area. Relative to
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the productive big sagebrush ecological sites, the unproductive
ecological sites typically have received low levels of use for
livestock grazing or other land-use activities except on a very
localized basis. On the basis of existing data, it is difficult to
quantify differences in livestock use among ecological sites
because use is recorded by allotment and allotment boundaries
do not correspond with ecological site boundaries.

Plant Community Composition. The relative abundance of
different plant functional types is an important factor that
affects ecosystem responses to drivers such as livestock grazing
(Diaz et al. 2002; Lunt et al. 2007). In the Monument,
rangeland ecological sites with the greatest production poten-
tial are characterized by the presence of big sagebrush, with
that species accounting for a significant proportion of standing
biomass and annual production (20%-30%) in historic climax
plant communities described by NRCS (2005). Except for some
formerly grazed reference areas and seedings where sagebrush
was removed or thinned in the past, most assessments
conducted in big sagebrush ecological sites found much higher
ratios of sagebrush to perennial grasses than expected on the
basis of NRCS ecological site descriptions—a factor that
contributed to the assignment of low ratings for biotic integrity
at such locations.

Big sagebrush is relatively unpalatable to livestock, and
livestock grazing (selective herbivory) has long been cited as a
process that has facilitated increases in shrub:grass ratios in
sagebrush ecological sites throughout the Intermountain West
due to effects of grass removal on competitive relations and fire
frequency (USDA Forest Service 1937; Miller et al. 1994). But
successional trends resulting in increasing shrub:grass ratios
have been reported for ungrazed sagebrush ecosystems in some
settings, a pattern that may be attributable to landscape
characteristics that naturally protect such sites from fire (West
and Yorks 2006). Baker (2006) reviewed the evidence for
natural fire regimes in sagebrush ecosystems and concluded
that fire exclusion (whether due to grazing or fire suppression)
probably has had little effect on vegetation trends in most
sagebrush systems because of natural fire-return intervals that
are likely to be much longer than commonly assumed. In a
study conducted on the Monument, Harris et al. (2003) found
significantly higher sagebrush:grass ratios in a grazed area
relative to a comparable area on an ungrazed mesa top (both
associated with the Upland Loam [mountain big sagebrush]
ecological site), suggesting that livestock grazing has played a
role in increasing shrub:grass ratios in some settings.

No matter the cause, increases in shrub density can be
accompanied by a greater concentration of soil impacts in
interspaces among shrubs if such areas are used by livestock
and/or large numbers of mule deer (Odocoileus hemionus). In
many sagebrush-dominated areas associated with the Semides-
ert Loam ecological site in the Monument, trampling of
interspaces has resulted in erosion and the loss of relatively
sandy surface horizons, the exposure of relatively fine-textured
subsurface horizons, and the subsequent development of
“playettes” (Eckert et al. 1986) with vesicular structure (M.
Miller, personal observation, August 2001). Interspace play-
ettes have been reported for sagebrush settings elsewhere
(Eckert et al. 1986; Pierson et al. 1994), and their presence can
indicate altered hydrologic functioning (i.e., transition from

257
DOI-2020-06 02805



60 p” M 110
a) a . @ Soilisite stabilty ool B3 ot stabiily -
m Hydrolagie function m Hydrologic function
50 0-0-1 a a Biotic integrity o A Biotic integrity b
a &
+ aa
= B0
T H :
be
% 15-11-12 ab § 70 be
&
p=] 24-29-26 b h+ %’ 0 + +
-:E, 30 + + 3 b ab3P b
&
g, 2 50 a + + +
© = a
= A1 = 40
5 111114 . 5 +
4 +b = 20
10 20
54-2 a
10 i
0 ]
E ME M BM N8 E ME M &M NS
Attribute rating Attribute rating
50 &
G) ® Sollisite stability b ) d) & Soilfsite stability
m Hydrologic function % m Hydrolagic function ¢
& Biotic integrity b c £ 5 A Biotic integrity b *
= 40 + k- c
s K|
= £ 4
P
% % g be bc
g s 3 ab ab
2] a ab
2 © @
o a o + ++
= o
g 20 E a @ a
T T 2
g 8
g . 2 4
o g ab
[<]
=g 0o A
m + E 1
a4 ah =)
a =
alo et
. ahe oy .
E ME M SM NS E ME M M NS
Attribute rating Attribute rating

Figure 3. Relations between qualitative ratings assigned for rangeland health attributes (soil/site stability, hydrologic function, and biotic integrity)
and quantitative measures (means +=1 SE) of a, percent bare ground; b, percent total live cover; ¢, percent biological soil crust cover; and d,
interspace soil aggregate stability for 55 Semidesert Loam rangeland health assessments, Grand Staircase—Escalante National Monument. In a,
numbers indicate sample sizes for multivariate analysis of variance and numbers of assessments that received particular ratings for particular
attributes. For each quantitative measure and rangeland health attribute, means annotated with the same letter (a—d) are not significantly different.
(Attribute ratings: E indicates extreme departure; ME, moderate to extreme departure; M, moderate departure; SM, slight to moderate departure; and

NS, no departure to slight departure from expected reference conditions.)

infiltration to runoff generation; Pierson et al. 1994), accelerated
erosion, and diminished potential for seedling establishment
(Eckert et al. 1986). All of these were factors that contributed to
low ratings for the three attributes of rangeland health.
Assessment results for big sagebrush ecological sites contrast
with those for several ecological sites characterized by
grassland physiognomic structure (Desert Sandy Loam [four-
wing saltbush], Semidesert Sand [fourwing saltbush], Semides-
ert Sandy Loam [black grama], and Semidesert Sandy Loam
[fourwing saltbush]). These grassland sites also tend to receive
preferential use by livestock in the Monument because of high
levels of forage production relative to production of unpalat-
able woody plants, but they all had lower frequencies of low
rangeland health ratings than all of the big sagebrush ecological
sites except the Upland Sand site (Table 4). This result may be
due to the fact that these grassland ecological sites differ from
many other semiarid grasslands (e.g., Van Auken 2000) in that
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they generally lack unpalatable, long-lived woody plants that
have the capacity to increase and become persistent site
dominants due to succession, absence of fire, or selective
herbivory by livestock. In some settings where palatable shrubs
such as winterfat (Ceratoides lanata [Pursh] J.T. Howell) and
fourwing saltbush (A#riplex canescens [Pursh] Nuttall) are
major components in these ecological sites, moderate livestock
grazing actually tends to maintain grassland physiognomic
structure whereas release from grazing can result in conversion
to shrubland structure (Rasmussen and Brotherson 1986; Floyd
et al. 2003).

Soil Texture. Among the five big sagebrush ecological sites,
assessment results varied systematically in relation to soil
texture. Sagebrush sites primarily associated with fine-loamy
soils (seeded Upland Loam and seeded and untreated Semides-
ert Loam) had higher frequencies of assessments with low
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ratings for all rangeland health attributes than sites primarily
associated with coarse-loamy (Loamy Bottom and Semidesert
Sandy Loam [Wyoming big sagebrush]) or sandy (Upland Sand)
soils (Table 4; soil textural family classes from NRCS 2005).
Livestock grazing and trampling can have adverse impacts on
rangeland hydrologic processes and erosion where they cause
reductions in ground cover, soil aggregate stability, soil
structure, and soil-surface roughness (Thurow 1991; Spaeth
et al. 1996; Ward and Trimble 2004). Assessment results
reported here for sagebrush ecological sites are consistent with
Walker’s (2002) proposition that relatively sandy soils are
inherently more resistant to livestock impacts on hydrologic
processes than soils with lots of silt and clay because infiltration
rates are inherently greater in relatively sandy soils. Grassland
ecological sites in the Monument also are characterized by
coarse-loamy or sandy soils, thus this same soil-hydrologic
principle may have contributed to the finding that these sites
had relatively low frequencies of low ratings for all three
attributes of rangeland health.

Management. Seeded areas associated with the two sagebrush
ecological sites on fine-loamy soils had the highest frequencies of
low ratings for all three attributes of rangeland health (Table 4).
This suggests that past vegetation treatments associated with
these two ecological sites generally have not provided long-term
ecological benefits compared with untreated areas, although
without further research it is difficult to know the relative degree
to which degraded conditions in seedings are attributable to
pretreatment land uses, long-term effects of mechanical treat-
ments themselves, or posttreatment management. However, it is
likely that interactions between soil properties and posttreat-
ment management played a role in the development of poor
rangeland-health conditions documented in Semidesert Loam
and Upland Loam seedings on the Monument.

Allotment management plans in the past typically have
allowed higher levels of forage utilization by livestock in
seedings than in comparable untreated areas (P. Chapman,
personal communication, June 2007), largely because nonna-
tive forage grasses such as A. cristatum are more tolerant of
heavy grazing than some native grasses (e.g., Richards and
Caldwell 1985). This high-use management strategy inadver-
tently may have contributed to the relatively degraded
conditions found in seedings because of the inherent sensitivity
of fine-loamy soils to adverse hydrologic changes, as well as
their susceptibility to compaction caused by trampling or other
compressive forces (Hillel 1998). Of the ecological sites in
Table 4, the seeded Upland Loam, untreated Semidesert Loam,
and seeded Semidesert Loam sites had the highest frequencies
of assessments with low ratings (moderate or greater departure
from reference conditions) for soil compaction (35.0%, 22.5%,
and 20.8%, respectively), which is one of the four qualitative
indicators that applies to all three attributes of rangeland health
(Pellant et al. 2000; Pyke et al. 2002). On the Monument, the
typical seasons of livestock use are winter and spring (when
soils are most likely to be moist and thus most susceptible to
compaction) for the Semidesert Loam site and summer and fall
for the Upland Loam site. Because of elevational differences,
winter mule deer use of the Semidesert Loam ecological site
also tends to be greater than that of the Upland Loam
ecological site. Drier soils during summer and fall use may
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explain why low ratings for soil compaction were less frequent
(13.3%) for untreated Upland Loam assessments than for
untreated Semidesert Loam assessments.

Patterns Within the Semidesert Loam Ecological Site

Multivariate Gradients in Ecosystem Condition. Analyses of
quantitative data collected during assessments of the Semides-
ert Loam (Wyoming big sagebrush) ecological site describe two
multivariate gradients in ecosystem condition (Fig. 2a). Inter-
space soil aggregate stability and BSC cover tended to vary
independently of total plant cover, functional-group richness
and diversity, and percentage of bare ground (Fig. 2a). These
results support approaches to rangeland assessment and
monitoring that focus on multiple indicators of soil stability,
hydrologic function, and biotic integrity rather than on plant
community composition alone (Pellant et al. 2000, 2005;
Herrick et al. 2005). Soil aggregate stability is related to several
ecosystem processes associated with concepts of soil quality
and rangeland health including erosion resistance, infiltration
capacity, and soil biotic activity (Herrick et al. 1999, 2001).
Likewise, BSCs are important contributors to soil stability
(Belnap 1995; Williams et al. 1995a, 1995b), nutrient cycling
(Evans and Lange 2003), and biological diversity (Rosentreter
and Belnap 2003). Because soil-surface roughness increases
residence time of runoff on hillslopes (Ward and Trimble
2004), roughness attributable to well-developed BSCs also has
been cited as a factor that can enhance runoff retention and
infiltration relative to comparable soils without well-developed
BSCs (Belnap 2003; Warren 2003). This provides strong
rationale for including BSCs (abundance, spatial continuity,
and degree of roughness) as indicators of hydrologic function-
ing for ecological sites with high BSC potential.

Consistent with results of Bowker et al. (2006), data reported
here (Fig. 3c) indicate the high BSC potential of soils associated
with the Semidesert Loam ecological site. Three distinct soils
(Barx series; Progresso series, cool phase; and Ruinpoint series)
were found to have BSC cover greater than 40%, with
maximum BSC cover of 56% on the Barx series, which is the
dominant soil associated with this ecological site in the
Monument. Because of the hydrologic sensitivity and high
BSC potential of fine-loamy soils associated with this ecological
site, the functional significance of BSCs for runoff retention and
erosion resistance is particularly high. The steep decline in
mean BSC cover between assessment locations assigned NS
ratings and those assigned SM ratings for the three attributes of
rangeland health (Fig. 3¢) also indicates the low resistance and
resilience of well-developed BSCs to disturbance (Belnap and
Eldridge 2003). In combination, these factors suggest that BSC
loss and the degradation of hydrologic and soil-stabilization
functions performed by BSCs on fine-loamy soils likely played a
role in the development of poor rangeland-health conditions
documented for this ecological site.

Relations Between Quantitative and Qualitative Data. Quanti-
tative data exhibited a large degree of variability among
Semidesert Loam locations that were assigned the same
qualitative ratings by assessment teams (Figs. 2b—-2d). Some
of this variability probably reflects the fact that ratings for the
three qualitative attributes were based on suites of multiple
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indicators, several of which are difficult to measure and thus
were not addressed by the quantitative sampling (Pellant et al.
2000; Pyke et al. 2002). Accordingly, variations in the status of
indicators that were evaluated solely on a qualitative basis
could have caused variations in rangeland-health ratings among
assessment locations that might have been similar with respect
to the quantitative variables.

It is also probable that the assessment process was not as
consistent as it might have been had qualitative ratings been
linked more explicitly with the quantitative data. Although
quantitative data certainly were useful during the assessment
process, they would have been more effective in improving
assessment consistency on a real-time basis if thresholds
between rating classes (NS, SM, M, ME, and E) were defined
by ranges in values for one or more quantitative variables. The
reference worksheet included in version 4 of the IIRH
technique (Pellant et al. 2005) is a significant improvement
that seeks to establish such a quantitative framework for rating
indicators. This approach will work well for indicators that are
easily quantified (e.g., percentage of bare ground) but will be
less effective for indicators that are difficult to quantify (e.g.,
amount and distribution of overland flow paths; Table 2).
Ideally, quantitative rating frameworks would be developed
through process-based studies conducted on an ecological-site
basis, but resources are insufficient to support this work for
more than a small number of rangeland ecological sites. An
alternative is to develop quantitative rating frameworks for
specific ecological sites on the basis of existing, published
research and through the use of standardized sampling
techniques (e.g., Herrick et al. 2005) to acquire regional data
sets describing ranges of variability across gradients of land use
and condition, including sites heavily impacted by human
activities as well as relatively unimpacted reference sites
(Whitford 1998; Tongway and Hindley 2004). Quantitative
data describing ecosystem-specific condition gradients (e.g.,
Figs. 2a and 3; Bosch and Kellner 1991) would be of utility to a
wide range of institutions and stakeholders involved in
assessment, monitoring, and sustainable management of
rangeland ecosystems (e.g., Parrish et al. 2003), as well as to
scientists engaged in related research activities (Herrick et al.
2006; Vavra and Brown 2006). The absence of such contextual
data sets constrains the interpretation of data from moment-in-
time ecological assessments, whether based on qualitative or
quantitative techniques.

Additional Lessons Learned From Application of the Technique
As applied in this project, the IIRH technique had two
important and related strengths. First, it was effective in
broadening many practitioners’ perspectives concerning the
number and types of ecological attributes encompassed by the
notion of “rangeland health.” Staff who had previously focused
primarily on key forage species or measures of plant
community composition became attuned to soil and hydrologic
processes and their importance for evaluating the status of
rangeland ecosystems. Second, the technique proved valuable
as a tool for facilitating discussion among diverse practitioners
and stakeholders about ecological processes in rangelands.
Four factors would improve application of the IIRH
technique relative to its application in this project. As discussed
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above, consistency would be improved by greater integration of
quantitative data in the assessment technique. Second, a
probabilistic sampling design (e.g., Theobald et al. 2007)
would enable spatial analyses and inferences not possible with
the judgment-based design used in this project. Third, the
prominence of soil and hydrologic indicators in the IIRH
technique calls for practitioners to have greater professional
knowledge of these topics. Soil expertise is lacking in most
BLM field offices (B. Ypsilantis, personal communication, July
2007), and a trained soil scientist participated in only 7 of 507
assessments in this project. As a consequence, it is probable that
there was a tendency for assessment teams to understate the
degree to which particular soil indicators (e.g., soil instability,
soil surface degradation, and compaction) were expressed
across the project area. Finally, conceptual models of ecosystem
dynamics (e.g., Bestelmeyer et al. 2004) need to play a stronger,
more explicit role in the assessment process to enhance the
information content of assessment results and thus their value
for informing the development of effective strategies for
management and restoration (Briske et al. 2005; Herrick et
al. 2006; Hobbs 2007).

MANAGEMENT IMPLICATIONS

The qualitative IIRH technique used in this project yielded
meaningful data regarding the status of three ecosystem
attributes (soil/site stability, hydrologic function, and biotic
integrity) and how the status of these attributes varied among
and within a large number of ecological sites across a 760 000-
ha landscape. Patterns among ecological sites in terms of the
frequency of assessments with low ratings for all three
attributes appear attributable to several interacting factors
including 1) potential primary production and long-term
exposure to production-dependent land-use activities such as
livestock grazing; 2) the presence of unpalatable woody plants
that have the capacity to increase and become persistent site
dominants due to selective herbivory, absence of fire, or
succession; 3) soil texture through effects on hydrologic
responses to grazing, trampling, and other disturbances; and
4) past management that resulted in high livestock use of
ecological sites with sensitive fine-loamy soils following
treatments designed to increase forage availability. In particu-
lar, results indicate that big sagebrush ecological sites with
relatively high production potential had high frequencies of
assessments with low ratings for all three ecosystem attributes,
whereas shallow-soil ecological sites with relatively low
production potential and the presence of Utah juniper and/or
Colorado pinyon had low frequencies of assessments with low
ratings for all three attributes. Areas where fine-loamy big
sagebrush ecological sites were seeded in the past to increase
livestock forage were characterized by frequencies of low
rangeland health ratings that were higher than or similar to
comparable untreated areas, suggesting that these treatments
have not provided long-term ecological benefits relative to
untreated areas. For seeded areas, it is likely that interactions
between soil properties and posttreatment management played
a role in the development of poor rangeland-health conditions
documented by assessments. These results—that sites with the
greatest production potential tended to be the most degraded,
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and that net effects of past management treatments have not
been ecologically beneficial—suggest that ongoing manage-
ment, restoration treatments, and posttreatment management
of these ecological sites should be tailored to account for their
sensitivity to degradation.
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Abstract. Ecosystems can shift between alternative states characterized by persistent differences in
structure, function, and capacity to provide ecosystem services valued by society. We examined empirical
evidence for alternative states in a semiarid grassland ecosystem where topographic complexity and
contrasting management regimes have led to spatial variations in levels of livestock grazing. Using an
inventory data set, we found that plots (n = 72) cluster into three groups corresponding to generalized
alternative states identified in an a priori conceptual model. One cluster (biocrust) is notable for high
coverage of a biological soil crust functional group in addition to vascular plants. Another (grass bare) lacks
biological crust but retains perennial grasses at levels similar to the biocrust cluster. A third (annualized bare)
is dominated by invasive annual plants. Occurrence of grass bare and annualized bare conditions in areas
where livestock have been excluded for over 30 years demonstrates the persistence of these states.
Significant differences among all three clusters were found for percent bare ground, percent total live cover,
and functional group richness. Using data for vegetation structure and soil erodibility, we also found large
among cluster differences in average levels of dust emissions predicted by a wind erosion model. Predicted
emissions were highest for the annualized bare cluster and lowest for the biocrust cluster, which was
characterized by zero or minimal emissions even under conditions of extreme wind. Results illustrate
potential trade offs among ecosystem services including livestock production, soil retention, carbon
storage, and biodiversity conservation. Improved understanding of these trade offs may assist ecosystem
managers when evaluating alternative management strategies.
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INTRODUCTION (Beisner et al. 2003, Scheffer and Carpenter 2003,
Mayer and Rietkerk 2004). Such shifts are caused

Ecosystems can shift between alternative states by factors that independently or interactively
or dynamic regimes that are characterized by trigger relatively major changes in functional
persistent differences in structure and function group structure, disturbance regimes, and/or

ECOSPHERE *% www.esajournals.org 1 May 2011 ¢+ Volume 2(5) ** Article 55

DOI-2020-06 02811



resource regimes (Chapin et al. 1996). In the
context of ecosystem management, alternative
states are of concern for two primary reasons.
First, shifts between alternative states may occur
as relatively abrupt, nonlinear responses to
factors such as climate and human land use
(Scheffer and Carpenter 2003, Briske 2006). The
potential for abrupt changes in ecosystem prop-
erties generates a high degree of uncertainty and
unpredictability in management (Holling 1996).
Second, alternative states invariably differ from
one another in their capacity to provide ecosys-
tem services and support different management
objectives. Once a state shift has occurred,
restoration of previous conditions and manage-
ment options may be difficult, costly, or effec-
tively impossible (Whisenant 1999, Suding and
Hobbs 2009).

Two major research themes have developed
around the phenomenon of alternative ecosystem
states. The first has focused on biotic and abiotic
attributes that confer resilience to perturbations
and thus, reduce ecosystem susceptibility to state
shifts (Walker 1992, Carpenter et al. 2001).
Resilience, defined as the magnitude of pertur-
bation that a system can withstand while
maintaining its fundamental structure and func-
tion (Holling 1996), is a dynamic property that
can change in response to human impacts or
climatic conditions (Scheffer and Carpenter
2003). Resilience has become a central concept
for work on ecosystem sustainability in the
context of global climate change and increasing
human pressures on the environment (Chapin et
al. 2009). The second theme has focused on
thresholds between alternative states, often with
an emphasis on predicting thresholds to inform
ecosystem management (Westoby et al. 1989,
Bestelmeyer 2006, Briske 2006). Challenges in the
identification and prediction of threshold behav-
iors have led to questions regarding the practical
applicability of the threshold concept to ecosys-
tem management (Groffman et al. 2006). These
same challenges have led to recommendations
for greater management emphasis on maintain-
ing resilience of ecosystem states that provide the
broadest and most valued range of ecosystem
services rather than focusing efforts on the
identification of thresholds (Briske et al. 2008).

Alternative states have been described for
many types of ecosystems (Folke et al. 2004,
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Mayer and Rietkerk 2004), but drylands are
among the most susceptible to this phenomenon
due to low and variable amounts of precipitation
in combination with effects of human land-use
activities (Schlesinger et al. 1990, van de Koppel
et al. 1997, Reynolds et al. 2007). Published
examples of alternative states in drylands repre-
sent variations on three common syndromes
(Okin et al. 2009). The first is characterized by a
persistent increase in the ratio of woody plants to
perennial grasses, with woody plant dominance
reinforced by feedbacks involving decreased fire
frequency and/or the loss or redistribution of soil
resources (Schlesinger et al. 1990, Archer et al.
1995). The second is characterized by a persistent
shift in dominance from perennial plants to
invasive annual plants (especially grasses), often
accompanied by a feedback with increased fire
frequency (D’Antonio and Vitousek 1992). The
third is reflected by feedbacks between soil
degradation and a persistent decline in total
vegetative cover (van de Koppel et al. 1997).

We examine evidence for the existence of
alternative states in a semiarid grassland ecosys-
tem on the Colorado Plateau, USA, where
livestock grazing, climate, and invasive annual
plants have contributed to persistent changes in
ecosystem properties. This ecosystem is charac-
terized by the presence of biological soil crusts
(biological crust, hereafter), which are soil-sur-
face assemblages of cyanobacteria, mosses, and
lichens that are functionally significant for soil
stabilization (Belnap 1995, Warren 2003), nutrient
cycling (Evans and Lange 2003), hydrologic
processes (Eldridge et al. 2002, Warren 2003),
and mediation of vascular plant establishment
(Belnap et al. 2003, Escudero et al. 2007). The
functional significance of biological crust is
countered by its high vulnerability to surface
disturbances that can result in long-term reduc-
tions of crust structure and functionality (Belnap
and Eldridge 2003). In sparsely vegetated dry-
lands, disturbance-induced declines in biological
crust often are accompanied by accelerated soil
erosion and persistent changes in soil physical
and biogeochemical properties (Neff et al. 2005).
Dust emitted from unstable drylands also can
have downwind impacts on air quality and
human health, ecosystem biogeochemistry (Neff
et al. 2008), and regional-scale hydrologic pro-
cesses (Painter et al. 2010). Our objectives were to
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(1) validate our a priori conception of possible
alternative states using empirical field data
collected across a range of conditions and land
uses; (2) evaluate the functional outcome of state
changes, focusing on modeled potential wind
erosion; (3) relate our results to principles of
resilience theory; and (4) examine implications
for ecosystem services and management.

METHODS

Study area and ecological site

Field studies were conducted in plots distrib-
uted throughout a 1500-km? area located on the
central Colorado Plateau in southeastern Utah,
USA (Fig. 1). Approximately 25% of the study
area is located within Canyonlands National
Park (CNP), portions of which were grazed by
livestock (cattle) from the late 1880s until 1974.
The remainder of the study area encompasses the
adjacent Indian Creek grazing allotment of the
Dugout Ranch, where livestock grazing contin-
ues to be the dominant land use. Elevation
ranges from 1470 to 2044 m. Ranges of climate
variables (from Western Regional Climate Cen-
ter, (http://www.wrcc.dri.edu), unless otherwise
noted) are as follows: (1) mean annual precipita-
tion (MAP), 210 to 255 mm; (2) mean annual
temperature, 10.7 to 12.1°C; and (3) the ratio of
MAP to potential evapotranspiration, 0.18 to 0.34
(Flint and Flint 2007; 0.20 is defined as the
division between arid and semiarid zones,
Reynolds and Stafford Smith 2002).

We used the U.S. Department of Agriculture
Natural Resources Conservation Service (USDA
NRCS) ecological site system as a framework for
landscape stratification and ecosystem classifica-
tion (Herrick et al. 2006, Bestelmeyer et al. 2009).
In this system, ecological sites are differentiated
by physical attributes including inherent soil
properties (texture, depth, and horizonation),
geomorphic setting, and climate, and the poten-
tial (rather than current) vegetation associated
with these physical attributes within a specific
ecoregion (Herrick et al. 2006, Bestelmeyer et al.
2009). Despite the term “ecological site,” they do
not correspond to a particular study site or plot
on the landscape but rather to a class of land. In
this study, we focused on the Semidesert Sandy
Loam (SDSL hereafter) ecological site because of
its broad spatial extent and high degree of past
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and present use for livestock grazing throughout
the region. We further restricted our analyses to
the Begay soil series (a coarse-loamy, mixed,
superactive, mesic Ustic Haplocambid), which is
the most common soil attributed to the SDSL site
in the region (USDA NRCS 1991). The Begay soil
is formed in eolian and alluvial deposits derived
from calcareous sandstone and is found in broad
valleys and on structural benches with gentle
slopes. Surface textures range from fine sandy
loams to loamy fine sands, depths range from
100 to over 150 cm, and surface pH is moderately
alkaline.

In relatively undisturbed settings, the vascular
plant community of the SDSL site is character-
ized by a mixture of perennial grasses, shrubs,
and annual herbaceous species. Common peren-
nial grasses include Stipa hymenoides Roemer &
Schultes and S. comata Trinius & Ruprecht (C;
bunchgrasses; all nomenclature follows Welsh et
al. 2003), Sporobolus R. Br. spp. (short-lived C,4
bunchgrasses), and Hilaria jamesii (Torrey) Ben-
tham and Bouteloua gracilis (Humboldt, Bonp-
land, & Kunth) Lagasca ex Steudel (rhizomatous
C4 grasses). Common shrubs include Atriplex
canescens (Pursh) Nuttall and Krascheninnikovia
lanata (Pursh) Meeuse & Smit (both palatable to
livestock and may exceed perennial grasses), as
well as the subshrub Gutierrezia sarothrae (Pursh)
Britton & Rusby (unpalatable to livestock).
Common exotic annuals include the invasive Cj
grass Bromus tectorum L., the invasive C, forbs
Salsola tragus L. and S. paulsenii Litvinov, and the
C; forb Erodium cicutarium (L.) L’Hertier. Biolog-
ical crust (cyanobacterially dominated but con-
taining lichens such as Collema and Placidium,
and mosses such as Syntrichia) is an important
functional group associated with the SDSL and
many other ecological sites on the Colorado
Plateau (Bowker and Belnap 2008, Bowker et al.
2008, Miller 2008).

Plots sampled for this study were classified as
never grazed, formerly grazed, or currently
grazed based on past or current accessibility
and evidence of livestock use. However, the
relative intensities of past and current grazing
use are highly variable spatially due to deep
canyons and high sandstone walls that limit
livestock movements and access to forage and
water.
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]Kilometers

Fig. 1. Map showing the location of the study area in southeastern Utah, USA, and the distribution of plots
(points) in Canyonlands National Park and the Indian Creek grazing allotment.

Conceptual model of ecosystem dynamics

We developed an a priori state-and-transition
model (STM) describing putative alternative
states associated with the SDSL ecological site
(Fig. 2). STMs serve to describe alternative states
and general processes most likely to have caused
state transitions in the past (Westoby et al. 1989).
Our model articulates hypotheses about tempo-
ral patterns and processes based upon observed
patterns of spatial variability. Dynamics and
associated processes depicted in the model
motivated our selection of particular field mea-
surements, and they provided a framework for
our analytical approach. The model asserts the
existence of four alternative states (one historical
and three extant) and is based on field observa-
tions and previous investigations of this ecolog-
ical site in the study area (Kleiner and Harper
1972, Belnap and Phillips 2001, Neff et al. 2005,
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Miller et al. 2006, Belnap et al. 2009). States in our
conceptual model are differentiated by the
relative abundance of generalized functional
groups of biota that differ in their effects on
ecosystem processes and in their responses to
livestock grazing, surface disturbances, and
climate. These three generalized groups consist
of biological crust, perennial grasses and shrubs,
and invasive annual plants. The specific compo-
sition of each of these three groups can vary
spatially in relation to elevation and subtle soil-
geomorphic properties, and temporally in re-
sponse to climate and disturbance history. We
accommodate this degree of natural variability in
the model through our generalized characteriza-
tion of functional groups, thereby ensuring the
plausibility that divergent extant states derive
from the same initial conditions.
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A. Biological crust state (historical)

Biological crust &
perennial grasses / shrubs

MILLER ET AL.

B. Biological crust state - invaded

C. Invaded grassland state

Biological crust &
perennial grasses / shrubs;
invasive annuals present

Perennial grasses / shrubs;
invasive annuals present

3 D. Annualized state

Invasive annuals dominant

Transition 1: Introduction / establishment of invasive annual plants

Transition 2: Repeated soil-surface disturbance attributable to livestock grazing, accompanied by soil loss and

degradation

Transition 3: Persistent decline in perennial grasses and palatable shrubs relative to invasive annuals due to
livestock grazing (perhaps in combination with drought), accompanied by soil loss and degradation

Fig. 2. Conceptual state and transition model for the SDSL ecological site. Boxes A D represent putative
alternative states and numbered arrows reflect hypothesized causal processes responsible for persistent

transitions among states.

Sampling design

We sampled 72 SDSL plots as part of a larger
study of ecological site variability. We used the
Generalized Randomized Tessellation Stratifica-
tion (GRTS) method (Stevens and Olsen 2004) to
select spatially balanced sampling locations
within strata that consisted of soil map units
(excluding units dominated by rock outcrops)
delineated by the SSURGO (soil survey geo-
graphic database) order-three soil survey (USDA
NRCS 1991) for areas inside and outside of CNFP,
and fenced pastures on the Indian Creek allot-
ment (n = 48). The GRTS method minimizes
clustering of sampling locations that can occur
with simple random sampling. To capture the
full range of variability in the SDSL site, we also
used targeted sampling to select an additional 24
plot locations. In the field, the ecological site
membership of each plot was determined based
on soil properties and landscape setting. At each
location, a sampling plot consisted of three
parallel 50-m transects separated by 25 m and
oriented parallel to the hillslope contour. Where
initial transect alignments were found to cross
soil-geomorphic boundaries separating different
ecological sites, plot locations were adjusted
objectively to ensure that sampling was restricted
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to the SDSL ecological site. Sampling was
conducted from late May through October in
2006-2008. For all analyses described below, data
for GRTS plots and targeted plots were combined
in a single data set.

Field measures

Field measures were selected specifically to
quantify structural and functional attributes
related to the states and processes depicted in
our conceptual model.

Biotic composition, ground covet, spatial structure
of wvegetation, livestock use.—At each plot, live
foliar cover of vascular plants and cover of
biological crust (differentiated as dark cyanobac-
teria, moss, or lichen), litter, rocks, and bare
ground were estimated by line-point intercept
sampling with 1-m sampling intervals (150
points per plot; Herrick et al. 2005). As an
indicator of wind-erosion resistance (Okin
2008), gaps between perennial plant canopies
were measured using line-intercept sampling
following procedures described by Herrick et
al. (2005). The frequency of livestock dung was
acquired from 1 X 1 m quadrats placed at 5-m
intervals along each transect (30 quadrats per
plot). Dung frequency provides an index of
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recent but not past livestock use. We also
recorded a list of all plant species observed in
the plot.

Soil-surface attributes.—As an additional indi-
cator of erosion resistance and soil biotic activity,
surface soil aggregate stability was measured
using a field-based soil stability kit (Herrick et al.
2001), with plot-level averages based on mea-
surements at six random points per transect (18
subsamples per plot). Several ecological func-
tions of biological crust are attributable to
interspace soil-surface roughness associated with
well-developed crust communities. Fine-scale
soil-surface roughness facilitates the retention of
overland water flow (Ward and Trimble 2004),
the retention of litter and plant propagules, and
the creation of safe sites for seed germination and
establishment (Harper et al. 1965). We measured
soil roughness in plant interspaces by draping a
20-cm jewelry chain with 2-mm chain links
across surface microtopographic features and
measuring the horizontal distance between the
ends of the chain. Measures were acquired at 10-
m intervals along each transect (15 subsamples
per plot) and averaged to derive a plot-level
mean. A soil roughness index (in percent) was
calculated for each plot as

Soil Roughness Index = (1 —L,/L,) X 100

where L, is the mean horizontal distance in cm
and L, is the length (20 cm) of the chain (Saleh
1993).

In sandstone-derived soils in our study area,
magnetic minerals in soil are attributable to
deposits of far-travelled eolian dust that contrib-
ute significant amounts of silt, clay, and rock-
derived nutrients (Reynolds et al. 2006). As an
indicator of dust, soil fines, and rock-derived
nutrients, we measured the magnetic susceptibil-
ity of the soil surface with a MS-20 magnetic
susceptibility (MS) meter (GF Instruments, s.f.0.;
Czech Republic) with a sensitivity of 107¢ SI
units. Measures were acquired at 10-m intervals
along each transect (15 subsamples per plot), and
averaged to derive a plot-level mean. When
compared among sites with similar landscape
settings and soils, lower MS readings are
interpreted to indicate depletion of eolian silts,
clays, and associated soil resources following soil
destabilization and wind erosion (Neff et al
2005, Reynolds et al. 2010). In combination, soil
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aggregate stability, soil-surface roughness, and
MS all are interpreted as relative indicators of soil
health (high stability, roughness, and MS) and
soil degradation (low stability, roughness, and
MS).

Statistical analysis

Cluster analysis.—As an empirical examination
of our state-and-transition model we applied a
fuzzy cluster analysis (Equihua 1990) to group
and classify plots according to their degree of
similarity in biophysical attributes. In fuzzy
clustering (as opposed to “hard” clustering),
observations are assigned membership values
for all clusters, where membership values sum to
one and cluster identity is determined by the
maximum value (Equihua 1990). In ecological
applications, this classification approach explic-
itly acknowledges variability and the fact that
samples naturally will differ in their degree of
affinity for a given cluster, and may display some
affinity for multiple clusters simultaneously
(Roberts 1989, Equihua 1990). Fuzzy clusters
were derived using four variables as classifica-
tion criteria and Euclidean distances among plots
in NCSS 2001 software (Hintze 2004). This
method is compatible only with Euclidean
distance; use of this distance measure is justified
by approximate normal distributions of data,
approximate linear intercorrelation among vari-
ables, and few zero values. To facilitate a linkage
between our conceptual model and the cluster
analysis, we used a parsimonious set of classifi-
cation variables that was based on the composi-
tional attributes of states depicted in the model.
Classification variables included (1) percent
cover of biological crust, (2) percent live cover
of perennial grasses and palatable shrubs, (3)
percent relative live cover of invasive annual
plants, and (4) percent cover of bare ground. We
used principal components analysis (PCA) to
visualize and describe underlying differences
among clusters in terms of the four classification
variables. PCA was conducted using PC-ORD 5.0
(McCune and Mefford 2006).

Patterns among and within clusters.—To charac-
terize clusters quantitatively and interpret them
with respect to states outlined in the STM, we
conducted multivariate and univariate analyses
on a suite of 26 variables. We used univariate
analysis of variance (ANOVA), or Kruskal-Wallis
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tests when the assumptions of normality were
not met, to determine which specific measure-
ments differed among clusters. Contrasts were
performed using the Tukey HSD test.

To determine if samples within clusters were
distinguishable based upon grazing status, we
conducted a multi-response permutation proce-
dure (MRPP) of currently and historically grazed
plots within the grass-bare and annualized-bare
clusters; because only two biocrust plots were
currently grazed, an MRPP analysis of grazing
status was not conducted for the biocrust cluster.
(Cluster names are described in Results.) MRPP
uses distance measures (Euclidean in our case,
for consistency with other techniques) and
randomization tests to determine if groups are
different. It calculates chance corrected within-
group agreement (A, ranging from 0-1, with
values >0.1 often considered to indicate a strong
degree of agreement within groups). MRPP was
conducted in PC-ORD 5.0 (McCune and Mefford
2006).

To determine if individual variables differed
by grazing status within cluster assignments, we
used a two-way mixed-effects ANOVA with
cluster assignment, grazing status, and cluster X
grazing as fixed effects, and year as a random
effect. Year was included to control for differenc-
es in annual precipitation among the years of
field sampling. Because the ANOVA was unbal-
anced (due to unequal sample sizes among fixed
and random effects), the restricted maximum
likelihood approach was used to estimate pa-
rameters (Spilke et al. 2005). In the biocrust cluster
all but two plots were classified as never or as
formerly grazed. Because this prohibits investi-
gating interactive effects of cluster assignment
and grazing status, data from the biocrust cluster
were omitted from the analysis. The mixed-
effects models were conducted in SAS 9.2 (Littell
et al. 2006).

Simulation modeling

We used a wind erosion model (WEMO
hereafter) to investigate effects of measured
biophysical attributes on predicted rates of
wind-driven soil movement at our plots (Okin
2008). WEMO predicts horizontal dust flux
(g-cmq'dfl) on the basis of wind velocity, plant
height, the size-class distribution of gaps be-
tween plant canopies, total plant cover, threshold
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shear velocity (TSV; Gillette et al. 1982), and a
suite of other variables. TSV is the surface wind
velocity required to initiate soil movement and
thus is a measure of soil erodibility. Direct
measurement of TSV requires a wind tunnel or
similar apparatus. For our plots, we estimated
TSV from soil aggregate stability measures using
data from wind tunnel observations on soils
similar to those of the SDSL ecological site (J.
Belnap, unpublished data). In the wind tunnel
data, TSV variability increased with increasing
soil aggregate stability, and residuals were not
normally distributed around a least-squares
model. Therefore, we used quantile regression
to fit separate linear models through the 10th,
50th, and 90th percentiles of the empirical TSV
data (Cade and Noon 2003). Here we report
WEMO predictions based on the 10th percentile
model because fluxes predicted with this model
were most consistent with flux observations from
a continuous monitoring effort (since 1999) at
two of our plots (VP and NR in Belnap et al.
2009). The rate of wind erosion is proportional to
the cube of wind velocity above TSV (Bagnold
1941), so we used a range of wind velocities (17.5,
26.25, and 35.0 m/s, measured at 10 m above the
surface) in WEMO to examine relative increases
in predicted dust fluxes with increasing wind
velocity. The highest velocity value we used
corresponds to the maximum wind velocity
reported in the study-area region (Williams et
al. 1995). We used perennial plants only as the
basis for WEMO inputs for canopy gaps, plant
cover, and plant height because production and
cover of annual plants are highly responsive to
precipitation variability and contribute little to
erosion resistance during periods of drought
(Belnap et al. 2009). Thus predicted dust fluxes
represent relative measures of susceptibility to
wind erosion during drought.

REsuLTs

Cluster analysis

Fuzzy cluster analysis resulted in three clusters
with minimized within-cluster variance and
maximized among-cluster variance. Short-hand
notation for clusters used hereafter are biocrust
(biological crust, perennial grasses, and palatable
shrubs), grass-bare (perennial grasses and bare
ground), and annualized-bare (invasive annual
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grasses or forbs, and bare ground); these clusters
correspond well with states B, C, and D,
respectively, in the STM (Fig. 2). PCA results
illustrate how the three clusters differed on the
basis of the four classification variables (Fig. 3).
The biocrust cluster contained 21 plots, the grass-
bare cluster contained 24 plots, and the annual-
ized-bare cluster contained 27 plots. Table Al
(Appendix) summarizes the sample numbers by
year, water-year precipitation, cluster, and graz-
ing status.

ANOVA results highlighted numerous distin-
guishing characteristics of each cluster. Of the 26
variables considered, only perennial forb cover
and unpalatable shrub cover did not differ
between at least two clusters (Table 1). The
biocrust cluster was characterized by 5.3 times
greater biological crust cover than the grass-bare
cluster and 7.9 times greater crust cover than the
annualized-bare cluster. As a result, averages for
soil aggregate stability, soil surface roughness,
and magnetic susceptibility also were highest in
the biocrust cluster. The grass-bare cluster did not
differ strongly from the biocrust cluster in terms
of the perennial plant community (with the
exception of less palatable shrub cover), but bare
ground in the grass-bare cluster was 2.6 times
greater than the biocrust cluster. Cover of native
annual forbs in the grass-bare cluster was only
28% of that found in the biocrust cluster. Bare
ground in the annualized-bare cluster was two
times greater than in the biocrust cluster. Average
relative cover of invasive exotic annuals in the
annualized-bare cluster was five times greater than
in the biocrust cluster and 7.7 times greater than
in the grass-bare cluster; the annualized-bare cluster
also was characterized by higher litter cover than
the grass-bare cluster. Average total live cover of
all vascular plants in the biocrust cluster was
twice the average found in the grass-bare cluster.
Both richness and total live cover of all functional
groups (including biological crust) in the biocrust
cluster were significantly higher than in the other
two clusters. Average vascular plant richness in
the biocrust cluster tended to be greater than in
the grass-bare cluster and was significantly higher
than in the annualized-bare cluster. Additional
differences among clusters are presented in Table
1.

ECOSPHERE % www.esajournals.org

MILLER ET AL.

Empirical patterns within clusters

MRPP indicated that formerly grazed and
currently grazed groups within the annualized-
bare cluster (A =0.24, P < 0.0001) and the grass-
bare cluster (A =0.04, P = 0.015) differed overall.
Within the grass-bare and annualized-bare clusters,
ANOVA revealed that grazing status (currently
versus formerly grazed) was statistically signifi-
cant for seven of 26 variables (Table 2 and
Appendix: Table A2). Compared to currently
grazed grass-bare plots, formerly grazed grass-bare
plots were characterized by greater abundance of
biological crusts as well as greater magnetic
susceptibility and surface roughness—both of
which are functionally related to biological crust
cover. Currently and formerly grazed annualized-
bare plots primarily differed in higher relative
abundance of exotic grasses and forbs, respec-
tively. This difference may be partially accounted
for by a difference in elevation among these
groups, as formerly grazed annualized-bare plots
were lower and drier.

Predicted levels of wind erosion

Predicted levels of wind erosion differed
among and within clusters as a function of soil
stability and vegetation structure (Fig. 4, Appen-
dix: Table A3). For the biocrust cluster, no erosion
(zero flux) was predicted by WEMO except at the
maximum wind velocity for two plots with
relatively low soil aggregate stability values (4.8
and 4.9, compared with cluster mean 5.5;
Appendix: Table A3) and thus relatively high
wind erodibility. In the grass-bare cluster, higher
average levels and greater frequency (percentage
of plots with flux) of wind erosion were
predicted for currently grazed plots than for
formerly grazed plots with significantly higher
levels of biological crust. Predicted erosion
frequency in currently grazed plots in the grass-
bare cluster also tended to be greater than in
currently or formerly grazed plots in the annual-
ized-bare cluster at all three wind velocities
(Appendix: Table A3). At intermediate and
maximum wind velocities, formerly grazed plots
in the annualized-bare cluster were predicted to
have the highest average levels of wind erosion,
with maximum fluxes predicted for a plot with a
median gap size of 2153 cm and soil aggregate
stability value of 3.3 (Fig. 4, Appendix: Table A3).
In contrast, no wind erosion was predicted for a
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Fig. 3. PCA ordination of plots based on the four classification variables used in the fuzzy cluster analysis.
Clusters are noted as biocrust, grass bare, and annualized bare. These clusters closely match states B, C, and D,
respectively in Fig. 1. For each cluster symbol, closed symbols indicate plots that are currently accessible to

grazing, open symbols indicate plots that formerly were grazed, and circled open symbols indicate two plots that

were never grazed. Vectors indicate loadings of four classification variables on the two axes. Axis 1 accounts for
42.6% of the variability and is most highly correlated with relative cover of invasive exotics (r= 0.85), cover of
perennial grasses and palatable shrubs (r=0.70), and cover of biological crust (r =0.69). Axis 2 accounts for 36.2%
of the variability and is most highly correlated with bare ground (r = 0.97).

plot in the biocrust cluster that also was charac-
terized by large canopy gaps (median gap size
1885 cm) but that had a higher soil aggregate
stability value of 5.2 (Fig. 4).

DiscussioN

Empirical evidence for alternative states

Our empirical results document the existence
of alternative states defined by significant differ-
ences in functional group structure for the SDSL
grassland ecosystem (Fig. 5). Our analysis
substitutes space for time, and we infer that
states represented by the grass-bare and annual-
ized-bare clusters reflect persistent changes in
ecosystem structure and function triggered by
interactions of livestock grazing (reduction of
perennial grasses and palatable shrubs through
selective herbivory), associated soil disturbances
(depletion of soil resources through trampling,

ECOSPHERE % www.esajournals.org

loss of biological crust, soil destabilization, and
accelerated erosion), and climate (drought-in-
duced reduction in grazing tolerance of preferred
forage species) (Fig. 2). The fact that grass-bare
and annualized-bare plots in CNP have been
protected from livestock impacts for more than
30 years strongly suggests that the striking
among-cluster differences in structure (Fig. 3)
and function (Fig. 4) can be persistent for at least
multiple decades and are effectively irreversible
at a time scale relevant to current management
without costly investments in ecological restora-
tion. Among-cluster differences in WEMO results
are consistent with patterns in magnetic suscep-
tibility, which was significantly higher in the
biocrust cluster than in grass-bare and annualized-
bare clusters—suggesting greater wind erosion
and soil depletion in these two clusters. These
results also support and expand upon other
recent research that has examined legacy effects
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Table 1. Means (standard errors) of 26 variables for three fuzzy clusters, and ANOVA results.

Variables Biocrust Grass bare Annualized bare

Biological crust (cover %) 34.1% (3.0) 6.4° (1.4) 4.3% (1.0)
Perennial grasses and palatable shrubs (cover %) 20.6™ (2.8) 14.9% (2.0) 11.4° (2.0)
Relative cover of invasive exotic annuals (%) 11.7% (2.7) 7.7% (1.5) 59.3% (3.9)
Bare ground (cover %) 18.7% (1.7) 48.6% (2.0) 36.6° (3.3)
Annual grasses, native (cover %) 2.6 (0.6) 1.3% (0.4) 0.1% (0.04)
Annual grasses, exotic (cover %) 4.9%8 (1.7) 0.6° (0.2) 13.14 (3.2)
Annual forbs, native (cover %) 16.7* (3.6) 47° (1.2) 5.1 (1.6)
Annual forbs, exotic (cover %) 1.1% (0.5) 1.4* (0.5) 9.2% (1.6)
Perennial forbs (cover %) 1.4" (0.6) 1.5 (0.7) 0.5 (0.1)
Bunchgrasses C; (cover %) 3.7% (1.3) 2.5 (0.7) 0.6 (0.3)
Bunchgrasses Cy (cover %) 3.2 (1.0) 3.1% (1.3) 6.0° (1.3)
Rhizomatous grasses C, (cover %) 4.6" (0.8) 5.2% (1.0) 2.4% (0.9)
Palatable shrubs (cover %) 5.5* (0.9) 1.2% (0.5) 1.1% (0.4)
Unpalatable shrubs (cover %) 2.3%(0.7) 1.5* (0.5) 0.9” (0.3)
Total live cover, perennial plants (%) 20.7% (2.8) 14.9% (1.9) 11.4% (1.9)
Total live cover, vascular plants (%) 46.0" (4.6) 22.9% (2.9) 38.9* (3.6)
Total live cover, all functional groups (%) 80.1* (4.8) 29.3% (2.6) 43.3° (4.1)
Functional group richness (no. of functional groups) 8.3% (0.3) 7.08 (0.3) 6.2€ (0.3)
Species richness (no. of vascular plant species) 23 (1.4) 19.4* (1.3) 16.7° (1.2)
Soil aggregate stability (index) 5.5 (0.1) 3.8% (0.2) 4.3% (0.2)
Soil surface roughness (index) 11.9% (0.7) 4.8° (0.6) 4.5% (0.6)
Litter (cover %) 49.7% (2.5) 28.4% (1.9) 42.7% (3.4)
Magnetic susceptibility (10 ° SI units) 0.18% (0.0) 0.10° (0.0) 0.128 (0.0)
Median size of perennial canopy gaps (cm) 165.9%B (86.2) 78.3" (6.5) 253.7° (83.8)
Elevation (m) 1670.1 (72.1) 1557.1% (114.7) 1623.9° (152.3)
Livestock dung (% frequency) 1.0 (3.6) 11.3% (3.4) 13.38 (3.2)

Notes: Means superscripted with different letters are statistically different at the o 0.05 level using the Tukey HSD test. The
first four variables are the classification criteria used to generate clusters.

Table 2. Means (standard errors) of variables by grazing status for the grass bare and annualized bare clusters.

Grass bare Annualized bare
Currently Formerly Currently Formerly
Variables grazed (n 13) grazed (n 11) grazed (n 12) grazed (n 15)
Biological crust (cover %) 28 (1.4) 10.7 (1.9) 4.5 (1.4) 4.2 (1.5)
Perennial grasses and palatable shrubs (cover %) 19.6 (3.0) 9.4 (1.3) 15.8 (2.8) 8.0 (2.5)
Relative cover of invasive exotic annuals (%) 7.0 (1.9) 8.5 (2.4) 54.6 (6) 63.1 (5.1)
Bare ground (cover %) 48.8 (3.0) 48.4 (2.8) 29.7 (3.8) 42.1 (4.7)
Annual grasses, native (cover %) 2.0 (0.5) 0.5 (0.3) 0.2 (0.1) 0.1 (0.1)
Annual grasses, exotic (cover %) 0.8 (0.2) 0.4 (0.2) 23.7 4.3) 4.6 (3.3)
Annual forbs, native (cover %) 3.6 (0.8) 5.9 (2.5) 2.8 (0.9) 6.9 (2.7)
Annual forbs, exotic (cover %) 1.0 (0.5) 1.8 (0.9) 1.6 (0.6) 15.3 (1.6)
Bunchgrasses C; (cover %) 4.0 (1.1) 0.7 (0.3) 1.1 (0.6) 0.2 (0.1)
Bunchgrasses C4 (cover %) 5.2 (22) 0.5 (0.2) 8.7 (2.3) 3.9 (1.2)
Rhizomatous grasses C4 (cover %) 5.1(1.5) 53 (1.4) 2.1 (0.9) 2.6 (1.5)
Palatable shrubs (cover %) 0.8 (0.3) 1.6 (1) 1.8 (0.8) 0.4 (0.2)
Unpalatable shrubs (cover %) 2.4 (0.9) 0.3 (0.1) 1.6 (0.6) 0.2 (0.1)
Total live cover, perennial plants (%) 19.6 (6) 9.4 (1.3) 15.8 (2.8) 7.9 (2.5)
Total live cover, vascular plants (%) 27.0 (3.8) 17.9 (4.3) 441 4.3) 349 (5.4)
Total live cover, all functional groups (%) 29.8 (3.6) 28.7 (4) 485 (4.3) 39.1 (6.5)
Functional group richness (no. of groups) 7.6 (0.2) 6.4 (0.4) 7.0 (0.4) 5.5 (0.5)
Species richness (no. of vascular plant species) 22.1 (2.0) 16.3 (1.8) 19.1 (1.6) 14.8 (1.1)
Soil aggregate stability (index) 3.2(0.3) 44 (0.2) 4.5 (0.3) 4.1 (0.2)
Soil surface roughness (index) 4.1 (0.6) 5.6 (0.5) 6.2 (0.7) 3.2 (0.7)
Litter (cover %) 284 (3.0) 284 (2.5) 48.1 (5.2) 38.4 (4.4)
Magnetic susceptibility (10 ° SI units) 0.085 (0.010) 0.118 (0.012) 0.150 (0.015) 0.093 (0.001)
Median size of perennial canopy gaps (cm) 65.0 (6.7) 94.0 (10) 87.1 (9.6) 387.1 (143.4)
Elevation (m) 1566.4 (41.1) 1546.2 (18.1) 1752.4 (41.9) 1521.1 (8.2)
Livestock dung (% frequency) 18.5 (4.6) 2.7 (2.1) 29.7 (7.5) 0.2 (0.2)

Notes: Values in boldface indicate P < 0.05, based on two way mixed effects ANOVA models with year as a random effect
block. Exact P values are in Appendix: Table A2.
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Fig. 4. Soil aggregate stability (top panel, solid line), median gap size between perennial plant canopies (top
panel, dashed line), and predicted rates of wind erosion (horizontal dust flux) at three wind velocities (bottom
panel; dashed line =17.5 m/s, dotted line = 26.25 m/s, solid line = 35.0 m/s) for plots categorized by cluster and
grazing status (shading indicates plots currently accessible to grazing). Within each cluster and grazing category,
plots are ordered from left to right by decreasing soil aggregate stability. Data are discrete points, indicated by
tick marks on the X axis, but are represented as lines for easier viewing.

of livestock grazing on soil biogeochemical
properties and erosional processes in our study
area (Neff et al. 2005, Belnap et al. 2009).

The biocrust and grass-bare states differed
significantly with respect to biological crust cover
and related soil attributes. But these differences
were not accompanied by differences in peren-
nial grass cover and composition despite our
interpretation that lower measures of soil aggre-
gate stability, surface roughness, and MS were
indicative of degraded soil conditions in the
grass-bare state relative to the biocrust state. In
terms of the vascular plant community, evidence
for consequences of soil differences may be
reflected in the much higher cover of native
annual forbs in the biocrust state (16.7%) versus
the grass-bare state (4.7%, Table 1). This pattern
could be attributable to greater retention of
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propagules and availability of safe sites in
roughened interspaces dominated by biological
crust, as well as to greater resource availability to
seedlings in undisturbed interspaces that retain
higher levels of eolian fines. This hypothesis is
consistent with data linking fine-scale patterns in
MS and eolian fines to distributional patterns of
annual plants including the exotic Bromus tecto-
rum (Reynolds et al. 2010). In the grass-bare state,
formerly grazed plots had higher measures of
biological crust cover, surface roughness, and MS
(Table 2) relative to currently grazed plots,
suggesting some recovery of soil attributes
following 30 years of rest from livestock distur-
bance.

In the grass-bare and annualized-bare states,
there was an unexpected tendency for currently
grazed plots in the Indian Creek allotment to
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Biocrust

Grass-bare

Fig. 5. Example photos from plots classified into three clusters representing ecosystem states biocrust (left),
grass bare (middle), and annualized bare (right) within the SDSL ecological site. Top photos show general
vegetation characteristics. Bottom photos show soil surface characteristics including differences in roughness and
in the relative abundance of biological crust and bare ground.

have higher cover of perennial grasses than
formerly grazed plots in CNP (Table 2), suggest-
ing potential facilitation of grass establishment
by recent livestock disturbance. Instead, we
interpret this pattern primarily as an artifact of
sampling year precipitation conditions. Combin-
ing both states, 19 of 26 (73%) formerly grazed
plots in CNP were sampled in the dry year of
2006 (Appendix: Table Al), whereas 21 of 25
(84%) of currently grazed plots in the Indian
Creek allotment were sampled in comparatively
wet years of 2007 and 2008 that were more
favorable for grass establishment and growth.

Relation to resilience theory

Functional group structure is recognized as the
key biotic control of ecosystem resilience and
sustainability (Chapin et al. 1996). This case
study is unique for its incorporation of the
biological crust functional group in an alternative
state framework and for its documentation of a
state characterized by high areal coverage of
biological crust relative to vascular plants.
Though underreported, the current or former
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existence of such a state is widespread among
many forms of dryland ecosystems (Bowker and
Belnap 2008, Bowker et al. 2008, Miller 2008),
including at least five of the eight most common
ecological sites sampled in our study area in
conjunction with the current study (M. E. Miller,
unpublished data). Biological crust effects on soil
stability, nutrient cycling, hydrologic processes,
and vascular plant establishment indicate a need
for explicit consideration of this functional group
in ecosystem analyses and management, partic-
ularly in systems characterized by a high degree
of biological crust coverage and functionality
relative to the vascular plant community.
Resilience is promoted both by redundancy in
the performance of key ecosystem functions and
by diversity in biotic responses to perturbations
(Walker 1992, Walker et al. 1999, Elmqvist et al.
2003). These principles are well-illustrated by the
biological crust functional group and biocrust
cluster in our case study. Sparsely vegetated
drylands with high coverage of biological crust
lack redundancy with respect to ecosystem
functions performed by the crust functional
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group. In such systems, key functions including
the capture and retention of mobile soil resources
and the mediation of vascular plant establish-
ment are effectively lost from interspaces when
biological crust is lost from the system. The
likelihood that high-functioning biological crust
will be eliminated from a system by surface
disturbance (as evidenced by the grass-bare and
annualized-bare clusters) is heightened by the fact
that most biological crust components and
functions tend to recover slowly or not at all
following extensive surface disturbance and
destabilization (Belnap and Eldridge 2003). Thus
as a functional group, biological crust generally
lacks diversity in its responses to surface distur-
bance—perhaps the most ubiquitous human
impact on drylands.

Implications for ecosystem services and
management

Dryland degradation is widely recognized as
having a biophysical component (reflecting re-
ductions in soil resources, biological diversity, or
other ecosystem attributes) as well as a socioeco-
nomic component (reflecting reductions in the
valued services that society derives from ecosys-
tems) (Reynolds and Stafford Smith 2002, Rey-
nolds et al. 2007). Biophysical state changes
described here may or may not be recognized
as socioeconomic degradation, depending on
societal perceptions of how such changes affect
services that are most highly valued (Reynolds
and Stafford Smith 2002, Walker et al. 2002). Of
the 6000 ha of SDSL in the currently grazed
Indian Creek allotment, we estimate that 15%
(900 ha) is in biocrust condition, whereas 50 and
35% are in grass-bare and annualized-bare condi-
tion, respectively. Of the 4500 ha of SDSL in CNP,
we estimate that 45% (2025 ha) is in biocrust
condition, with 21 and 34% in grass-bare and
annualized-bare condition, respectively. Together,
these proportions can be viewed as comprising
an investment portfolio of ecosystem goods and
services because each state has distinct biophys-
ical attributes that have the potential to support
distinct sets of socioeconomic values. Investment
in a particular state, and therefore in a particular
set of goods and services, may result in trade-offs
and synergies relative to other goods and
services.

The SDSL ecological site, like many drylands
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worldwide, by tradition has been valued primar-
ily for its provision of livestock forage in support
of the livelihoods and cultural traditions of local
residents. With respect to total perennial live-
stock forage, the biocrust and grass-bare clusters
both appear to exhibit greater value than the
annualized-bare cluster (Table 1). Yet maintenance
of the biocrust state requires that surface distur-
bances be limited, thereby greatly constraining
access to available forage and potentially reduc-
ing the perceived value of this state relative to
states with greater forage accessibility. Thus, an
investment portfolio emphasizing livestock for-
age favors a landscape dominated by the grass-
bare state.

Increasingly, drylands are recognized as pro-
viding a suite of ecosystem services (Havstad et
al. 2007), and investment in one may incur trade-
offs with others either in space or time (Rodriguez
et al. 2006). For example, use of forage for
livestock production has the potential to incur
costs in terms of diminished erosion resistance. In
this case study, SDSL clusters clearly differed with
respect to modeled levels of wind erosion, with
the biocrust cluster emitting essentially no dust,
the grass-bare cluster consistently emitting dust,
and the annualized-bare cluster potentially becom-
ing a major dust source when drought conditions
limit cover of annual plants. Dust emissions from
unstable drylands can have downwind conse-
quences through effects on ecosystem biogeo-
chemistry (Neff et al. 2008), mountain snowpack
and downstream water delivery (Painter et al.
2010), air quality and human health, and atmo-
spheric dust concentrations that can affect the
global energy balance (Field et al. 2010). Econom-
ic costs of these downwind consequences are
potentially great but rarely considered in local
decision making where management for dust
abatement is at odds with maximizing livestock
production.

Carbon (C) storage is another ecosystem
service with increasing importance in the context
of climate change mitigation efforts, and repre-
sents another service compromised by invest-
ment in pastoralism. Data for total live cover plus
litter (Table 1) approximate relative C stocks for
the three SDSL clusters. The biocrust cluster
emerges as clearly superior in this way, support-
ing the greatest average cover of vascular plants,
biological crust, litter, and their sum (130% total).
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Although the annualized-bare cluster also may
support high total live cover plus litter (86%
total), live cover and litter both fluctuate greatly
in response to precipitation due to dominance by
annual plants. The grass-bare state appears to be
the most depauperate in terms of C-storage
potential (58% total), although the annualized-
bare cluster likely would be lower during drought
years. Neff et al. (2005) demonstrated a 60-70%
difference in soil C between plots in biocrust
condition and plots in grass-bare condition in our
study area, and Barger et al. (2006) documented
significant C loss with surface disturbance of
plots in biocrust condition.

In addition to trade-offs, synergies may emerge
when managing for multiple outcomes. For
example, there is no conflict between manage-
ment emphasizing dust abatement and C storage;
if management actions are taken to enhance one,
the other is likely to be enhanced as well. Other
non-traditional valuations of ecosystem states
include biological diversity, a supporting service
which ensures long-term sustainability of forage
and other values (Chapin et al. 2009, Stafford
Smith et al. 2009). In terms of biodiversity, we
found biocrust > grass-bare > annualized-bare in
functional group and species richness, indicating
another synergy with C storage and dust
abatement.

Future strategies for ecosystem management
would benefit from explicit evaluation of existing
ecosystem states, the breadth of ecosystem
services that each can support, and potential
risks, trade-offs, and synergies associated with
alternative management strategies. Applying
such an approach to the SDSL ecological site
examined in our study could result in a range of
different management prescriptions that also
could change over time in response to ever-
shifting valuations of costs and benefits due to
climate change, for example. Canyonlands Na-
tional Park currently is invested primarily in a
portfolio emphasizing biodiversity, C storage,
and dust abatement provided by the biocrust
state, but the legacy of past disturbance remains
apparent in the high coverage of the annualized-
bare state. Because grazing is no longer permitted
in CNP, the annualized-bare state has little
economic value. Active restoration of annual-
ized-bare areas is warranted to attain states with
higher functional diversity to enhance resiliency
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to climate change and drought, as well as to
enhance long-term capacity for C storage, dust
control, and biodiversity conservation. In the
case of the Indian Creek allotment, where the
current portfolio favors the provision of livestock
forage, lands in annualized-bare condition might
continue to be grazed only if analysis indicates
that benefits for livestock production exceed
costs attributable to dust emissions and dimin-
ished capacity for C storage and biodiversity
conservation. Likewise, where benefits exceed
costs, lands in grass-bare condition might be
managed for livestock production but in a careful
manner that minimizes risks of dust emissions
and enhances resilience to mitigate risks of
further degradation to the annualized-bare state.
If the balance of the cost-benefit calculus changes,
then these lands might be retired or rested from
grazing, or actively restored. Acknowledging the
interplay between alternative ecosystem states
and economic forces will illuminate management
strategies which maximize the provision of
ecosystem goods and services.
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APPENDIX

Additional results

Table Al. Water year precipitation at a long term weather station in the study area (elevation 1537 m), and
numbers of plots by year and grazing status within the biocrust, grass bare, and annualized bare clusters.

Water year precipitation Bi Grass bare Annualized bare
1ocrust
Never or Currently Formerly Currently Formerly
Year mm % of MAP formerly grazed grazed grazed grazed grazed
2006 167 77.6 3 4 9 0 10
2007 283 132.1 10 7 1 2 3
2008 239 1111 8 2 1 10 2

Note: MAP is mean annual precipitation.
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Table A2. P values for main and interactive effects of cluster assignment and grazing status for the grass bare and
annualized bare clusters, based on two way mixed effects ANOVA models with year as a random effect block.

Effect
Cluster Grazing Cluster X grazing
Biological crust (cover %) 0.167 0.004 0.001
Perennial grasses and palatable shrubs (cover %) 0.001 0.393 0.405
Relative cover of invasive exotic annuals (%) <0.001 0.236 0.573
Bare ground (cover %) 0.040 0.219 0.137
Annual grasses, native (cover %) <0.001 0.654 0.117
Annual grasses, exotic (cover %) 0.016 0.010 <0.001
Annual forbs, native (cover %) 0.647 0.037 0.885
Annual forbs, exotic (cover %) <0.001 <0.001 0.002
Bunchgrasses C; (cover %) 0.001 0.286 0.372
Bunchgrasses C4 (cover %) 0.001 0.002 0.393
Rhizomatous grasses C4 (cover %) 0.002 0.328 0.563
Palatable shrubs (cover %) 0.634 0.316 0.977
Unpalatable shrubs (cover %) 0.133 <0.001 0.485
Total live cover, perennial plants (%) 0.001 0.393 0.405
Total live cover, vascular plants (%) <0.001 0.085 0.480
Total live cover, all functional groups (%) 0.061 0.069 0.237
Functional group richness (no. of groups) 0.011 0.156 0.627
Species richness (no. of vascular plant species) 0.011 0.706 0.289
Soil aggregate stability (index) 0.565 0.038 0.070
Soil surface roughness (index) 0.035 0.060 0.004
Litter (cover %) 0.005 0.814 0.386
Magnetic susceptibility (10 6 SI units) 0.328 0.282 0.025
Median size of perennial canopy gaps (cm) <0.001 0.109 0.855
Elevation (m) 0.164 0.025 0.001
Livestock dung (% frequency) 0.800 <0.001 0.046

Notes: P values less than 0.05 are in boldface. Means are in Table 2 in main text.

Table A3. Descriptive statistics for predicted rates of wind erosion (horizontal dust flux) at three wind velocities
in plots categorized by cluster and grazing status.

Wind velocity (m/s at 10 m height)

Cluster Grazing status (n plots) Flux statistic 17.5 26.25 35.0
Biocrust Never or formerly grazed (21) Frequency (%) 0.0 0.0 9.5
Mean 0.0 0.0 0.4
cv 0.0 0.0 450.2
Grass bare Formerly grazed (11) Frequency (%) 0.0 18.2 81.8
Mean 0.0 494.2 10,939.7
cv 0.0 222.8 124.7
Currently grazed (13) Frequency (%) 38.5 53.8 100.0
Mean 558.8 5571.6 21,527.6
cv 231.2 151.7 104.3
Annualized bare Formerly grazed (15) Frequency (%) 6.7 33.3 86.7
Mean 388.4 14,120.6 68,711.5
cv 387.3 177.5 111.0
Currently grazed (12) Frequency (%) 8.3 25.0 58.3
Mean 292.9 3897.6 20,604.4
Ccv 346.4 297.5 166.0

Notes: Frequency indicates the percentage of plots with predicted fluxes greater than zero. Mean flux values are in

gem 'd . CV
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