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Toolsfor Resilience M anagement: Multidisciplinary Development of
State-and-Transition Modelsfor Northwest Colorado

Emily J. Kachergis?, Corrine N. Knapp?, Maria E. Fernandez-Gimenez®, John P. Ritten*, James G. Pritchett®, Jay Parsons
8 Willow Hibbs” and Roy Roath?®

ABSTRACT. Building modelsisan important way of integrating knowledge. Testing and updating models of social-ecological
systems can inform management decisions and, ultimately, improve resilience. We report on the outcomes of a six-year,
multidisciplinary model development processin the sagebrush steppe, USA. Wefocused on creating state-and-transition models
(STMs), conceptual models of ecosystem change that represent nonlinear dynamics and are being adopted worldwide as tools
for managing ecosystems. STM development occurred in four steps with four distinct sets of models: (1) local knowledge
elicitation using semistructured interviews; (2) ecological data collection using an observational study; (3) model integration
using participatory workshops; and (4) model simplification upon review of theliterature by amultidisciplinary team. Wefound
that different knowledge types are ultimately complementary. Many of the benefits of the STM-building process flowed from
the knowledge integration steps, including improved communication, identification of uncertainties, and production of more
broadly credible STMsthat can be applied in diverse situations. The STM devel opment process al so generated hypotheses about
sagebrush steppe dynamicsthat could betested by future adaptive management and research. We conclude that multidisciplinary
development of STMs has great potential for producing credible, useful tools for managing resilience of social-ecological
systems. Based on this experience, we outline a streamlined, participatory STM development process that integrates multiple
types of knowledge and incorporates adaptive management.

Key Words: adaptive management; ecology; ecosystem dynamics; knowledge integration; participatory research; rangeland;

sagebrush steppe

INTRODUCTION

Models are tools that help us see the connections in complex
systems, including social-ecological systems. Mental models
underlie every individual’ sinteractions with the world (Jones
et al. 2011). Understanding each other’s mental models is
crucia for communicating about social-ecological systems
(Abel et al. 1998). Scientists often use written, conceptual
models consisting of diagrams, text, and equationsto explore
and test existing knowledge about a system. Increasingly,
these models incorporate multiple types of knowledge (e.g.,
Knapp et al. 2011a). Testing and updating these model sresults
in an “explicit learning” process that enhances individuals
and society’s capacity to respond to environmental stresses
such as drought (Roux et al. 2006), ultimately strengthening
social-ecological system resilience. Building conceptual
system modelsis akey step in natural resource management,
including the adaptive management process (Holling 1978)
and resilience-based approaches (Walker et a. 2002). The
process of creating and updating models can have a major
impact on overall understanding of systems (Jackson et al.
2000, Jones et a. 2011). The purpose of this paper isto share
lessons learned from a six-year, multidisciplinary model
development process in the sagebrush steppe, USA.

State-and-transition models (STMs; Westoby et al. 1989) are
being adopted as a primary tool for understanding and
managing the resilience of diverse ecosystems around the
world (Briske et al. 2008, Hobbs and Suding 2009, Zweig and
Kitchens 2009). These conceptual models describe changes
in ecosystems as a series of threshold shifts between aternate
states (Westoby et a. 1989, Bestelmeyer et a. 2003, Suding
and Hobbs 2009). According to ecological theory, astateisa
dynamic regime governed by unique processes (Scheffer
2009), operationalized in STMs as aset of plant communities
with “ persistent functional and structural attributes associated
with a characteristic range of variability” (Briske et al.
2008:361). States are resilient, meaning that they have high
capacity for undergoing change while still retaining controls
on their structure and function (Holling 1973). Variants of
states with similar processes are called communities within a
state. Transitions between states occur when one or more of
the processes maintaining a state degrade, often triggered by
a perturbation from management or disturbance (Stringham
et al. 2003, Briske et a. 2008, Scheffer 2009). Theresult isa
loss in resilience and a change to an aternate state with
different structure and function (Briske et al. 2008, Scheffer
2009). In the U.S., STMs have become an integra part of
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rangeland management policy under an agreement between
the Natural Resources Conservation Service, the Forest
Service, and the Bureau of Land Management (USDA 2010).
Comparisons of development methods and resulting models
are crucia for informing STM development (Knapp et al.
2011b), adaptively managing ecosystems (Walters and
Holling 1990), and maintaining socia-ecological system
resilience (Walker et al. 2002).

Our objectivesin this paper are (1) to provide an overview of
a six-year, multidisciplinary STM development process and
(2) evaluate the relative contributions of different knowledge
types to STM development. Our research group has used
different combinations of loca and expert knowledge,
ecological data, and literature review to develop STMs. Our
processresulted infour model s of sagebrush steppe ecosystem
dynamics (Fig. 1). The first three models were intended for
land management decision making and were based on
ecological data (Kachergis et al. 2012), local and expert
knowledge (Knapp and Fernandez-Gimenez 2009), and the
integration of the two (Knapp et a. 201l1a). The find,
simplified model was reduced from the integrated model to
serve as the basis for a ranch economic simulation that
represents trade-offs among a suite of ecosystem services
(Hibbs 2011, Ritten et al. 2011, Pritchett et a. 2012). We use
this work as a foundation for discussing the integration of
different types of knowledge for developing tools for
managing social-ecological system resilience.

Fig. 1. Graphical overview of the multidisciplinary state and
transition model development process used for two types of
land in the Elkhead Watershed, Colorado, USA.
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METHODS: FOUR MODEL DEVELOPMENT
PROCESSES

Our goa was to create STMs to inform land management
decision making and improve resilience of rangeland social-
ecological systems. We focused on the Elkhead Watershed, a
60,000-hectarewatershedin the sagebrush steppeof northwest
Colorado, USA. Thisareawas chosen because ranching isthe
primary land use, it contains a mix of small and large
landowners, and it remains relatively unfragmented. STM
development occurred in four steps with four distinct sets of
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models (Fig. 1): (1) local knowledge elicitation using
semistructuredinterviews; (2) ecological datacollectionusing
an observational study; (3) model integration using
participatory workshops; and (4) model simplification upon
review of the literature by a multidisciplinary team. The
multidisciplinary research team included vegetation and
wildlife ecologists, human ecologists, and agricultural
economists, many of whom had significant agricultural
extension experience.

L ocal knowledge (LK)

People who interact with ecosystems on aregular basis gain
local knowledge that can provide insight about local context
(Dewalt 1994), management practices (Flora1992, Eshuisand
Stuiver 2005), and the interconnection between social and
ecologica systems (Fazey et al. 2006, Peloquin and Berkes
2009, Fairweather 2010). Local knowledge is thought to be
an essential ingredient in successful comanagement of natural
resources (Fernandez-Gimenez et al. 2007, Plummer and
Armitage 2007) and maintaining resilient social-ecological
systems (Berkes et al. 2000). The practice of integrating local
knowledge in development of ecosystem management tools
isgaining acceptanceworldwideyet still relatively rarewithin
the U.S. Knapp and Fernandez-Gimenez (2009) adopted
Agrawa’s (Agrawa 1995) definition of local knowledge as
knowledge “integrally linked with the lives of people, always
produced in dynamicinteractionsamong humansand between
humans and nature, and constantly changing.” Knapp and
Fernandez-Gimenez (2009) documented rancher knowledge
in the Elkhead Watershed using semistructured interviews
with 26 local ranchersfollowed up by 11 field interviews. All
interviews were audio-recorded, transcribed, and analyzed
using qualitative analysis methods, focusing on four STM
components, state, transition, threshold, indicator, as well as
ecological processes. These components were compiled into
a working STM describing sagebrush steppe vegetation
change based on rancher knowledge. The STM was validated
by internal comparisons between interviews and acommunity
meeting (Knapp and Fernandez-Gimenez 2009).

Ecological data (ED)

Some argue that quantitative ecological data is the most
reliable basis for modeling ecosystems (Allen-Diaz and
Bartolome 1998, Stringham et al. 2003). Because long-term
data are not available for many types of land, model building
effortsoften turnto observational studiescomparing areasthat
have been managed differently (Petersen et a. 2009).
Kachergisetal. (2011, 2012) conducted an observational study
on two different types of land with similar vegetation, soils,
and climate (ecological sites) in the Elkhead Watershed:
Claypan, characterized by akali sagebrush (Artemisia
arbuscula ssp. longiloba) and clay soils that restrict water
infiltration; and Mountain Loam, characterized by mountain
big sagebrush (Artemisia tridentata ssp. vaseyana) and loamy
soils. They stratified sampling by both soil type and
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management history and described vegetation, soils, and
ecological process indicators, including indicators of
rangeland health (Pellant et al. 2005) at each plot. Potential
aternate states within each ecological site were identified
based on similarity in species composition using hierarchical
cluster analysis. Nonmetric multidimensional scaling and
logistic regression were used to identify unique processes
associated with each state and triggers of transitions between
states. Although the analyses used to build the models were
guantitative, thisapproach did not provideall of the necessary
information for building a complete STM; for example, we
observed what management practices current state is
associated with, but not how each sitetransitionedtoitscurrent
state (path dependency). For this reason, building the ED
model relied partly on assumptions and ecological reasoning
drawn from other studies. In the example above, it was
assumedthat all statescouldtransitionfromthereferencestate.
This process produced two STMs, one each for the Claypan
and Mountain Loam ecological sites (Kachergiset a. 2012).

Integrated (IN)

Integration of information from different sources can provide
insights about complex systems at multiple scales (Cash et al.
2006) and ultimately lead to research that ismoreaccurate and
relevant for decision making than any individual source
(Fortmann and Ballard 2011). The modeling process itself
improves communication (Heemskerk et al. 2003), and
model s based on multiple sourcesof information may bemore
credible and useful for al involved. The LK and ED models
were integrated through two workshops held in the Elkhead
Watershed in 2009 (Knapp et a. 2011a). These workshops
were designed to provide many opportunities for small and
large group discussions, which are an effective way to
facilitate knowledge sharing (Patel et al. 2007). Each
workshop agenda went as follows: (1) presentation of STM
terminology and the STMs themselves;, (2) small-group
breakout sessionsinwhich participantseval uated theaccuracy
and utility of each STM (LK, ED) by writing on alarge poster
of the model, then shared their critiqueswith thelarger group;
(3) large-group modeling session in which participants
assembled an integrated STM, using components of the
previous STMs as well as new components generated during
the group discussions, on alarge blank foam-core board; (4)
anindividual assessment of agreement by placing green or red
dots on integrated STM components that each individual
strongly agreed or disagreed with; and (5) specific model
evaluation forms and an overal workshop evaluation
guestionnaire. Thisprocessal so producedtwo STMs, oneeach
for the Claypan and Mountain Loam ecological sites, which
integrated components of the ED and LK models.

Simplified (SI)

We sought to expl orethe future economic and ecological costs
of different management decisionsusing theintegrated STMs
and aquantitative simulation model (Hibbs 2011, Ritten et al.
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2011, Pritchett et al. 2012). Computation power required that
we reduce the number of states, which we did based on
agreement with the literature and frequency of occurrence
(unfamiliar or uncommon states were left out). We also
designated a state dominated by western wheatgrass that had
beenidentified asacommunity intheIN because (1) literature
suggested that it was a state and (2) the ecological and
€conomic conseguences are greater for incorrectly assuming
that states are communities (Scheffer 2009). We defined
transitions between states based on the IN models,
supplemented by the literature where they lacked sufficient
specificity about transition mechanisms.

Probabilities of transitions between states were determined
through elicitation from experts and combination in the
framework of aBayesian Belief Network (BBN). A BBN isa
diagram of nodes and links that models cause-and-effect
relationships among variables in a system and provides a
transparent way of integrating subjective judgments
(McCarthy 2007). The BBNs were based on the STMs for
each ecological site, following the guidelines of Cain (2001)
and the example of Bashari et al. (2008). We designed a
probability elicitation survey following the guidelinesof Cain
(2001:105) for “academic ‘expert’ opinion based on
theoretical calculation or best judgment.” The elicitation
survey was a series of questions about in how many pastures
out of 10 an event would occur, given a combination of
preceding conditions. For example, participantswere asked to
tell us“How many pastures out of 10 that hadn’t been aerially
sprayed or burnedin thelast 3 yearshave moderate-high shrub
cover?” We used a three-year time step to increase the
precision of estimates because sagebrush steppe is a slowly-
changing ecosystem. Elicited probabilities were averaged,
entered into the Conditional Probability Tables of the BBN
(Clemen and Winkler 1999), and validated through detailed
interviewswith two independent experts. Transitionsinthe S
models were updated to reflect the transition triggers
suggested by this process.

The SI model swerefurther validated through several outreach
workshops featuring aranch simulation game based on the S|
models and associated economic modeling (Pritchett et al.
2012). Participantswereasked to manageamodel ranchwhere
the landscape responded to management and environmental
variation according to the S| models.

RESULTING MODELS

L ocal knowledge (LK)

Interviews with local landowners resulted in a model of
vegetation change generalized across Elkhead Watershed
sagebrush steppe (K napp and Fernandez-Gimenez 2009). This
processidentified seven states and three communities (Tables
1 and 2). Four key thresholds, characterized by changes in
ecological processes, were identified: (1) weed invasion
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Table 1. States (bold) and communities (plain text) of the Claypan ecological site, northwest Colorado, USA, drawn from a
multidisciplinary modeling process (see Fig. 1). Similar states and communities from different modeling steps are on the same
line. Many states and communities were identified at multiple modeling steps, and the Simplified model reflects states about

which there was the most agreement.

Local Knowledge

Ecological Data

Integrated Simplified

Natural sagebrush steppe
Native sagebrush steppe

Degraded sagebrush steppe

Improved sagebrush steppe
Chemically managed
grassland

Weedy sagebr ush steppe
Thick sagebrush steppe
Cultivated lands
Conservation Reserve
Program lands

Weed monoculture

Native sagebr ush steppe

Alkali sagebrush shrubland with

diverse understory

Alkali sagebrush/bluegrass
shrubland

Alkali sagebrush/western
wheatgrass shrubland

Native grassand

Cultivated lands'

Planted grassand

Three-tip/mountain big
sagebrush shrubland

Native sagebr ush steppe
Alkali sagebrush shrubland with
diverse understory

Alkali sagebrush/bluegrass Alkali sagebrush/bluegrass
shrubland shrubland

Degraded alkali sagebrush/western Alkali sagebrush/western
wheatgrass shrubland wheatgrass shrubland

Native sagebr ush steppe
Alkali sagebrush shrubland with
diverse understory

Chemically managed grassand Native grassland
and

Native grassand

Weedy sagebr ush steppe

Cultivated lands
Planted grassand

Weed (invasive) monoculture
Footnote state: Three-tip/
mountain big sagebrush
shrubland

Eroding alkali sagebrush
shrubland

Eroding alkali sagebrush
shrubland

Eroding alkali sagebrush
shrubland

Included in model, but did not sample species composition

associated with overgrazing, (2) sagebrush dominance
associated with lack of fire, (3) sagebrush absence associated
with aerial spraying of herbicides, and (4) cultivating theland.
Ranchers at the community meeting generally agreed with the
model, but expressed concern about lack of interactions with
other vegetation types, a limitation that is inherent to the
current structure of STMs.

Ecological data (ED)

The observational study of lands that had been managed
differently resulted in two models for two ecological sitesin
the Elkhead Watershed, Claypan and Mountain Loam
(Kachergis et a. 2012). The Claypan model had seven
potential states and the Mountain Loam model had six (Tables
1 and 2; counts exclude cultivated lands). Management
practices were associated with many states, but several were
also related to variation in soils and topography. Without
having yet incorporated evidence of differencesin ecological
processesin each state (e.g., Stringham et al. 2003) at thetime
of the knowledge integration workshops, we did not identify
thresholds but instead treated each group with significantly
different species composition as different states. Some have
argued that the burden of proof ought to be on showing

aternate statesdo not exist, given the ecol ogical and economic
consequences of atransition (Scheffer 2009). Later analyses
of this dataset used the qualitative indicators of rangeland
health (Pellant et al . 2005) asevidenceof differencesinprocess
to differentiate states from communities (Kachergis et al.
2011).

Integrated (IN)

The workshop-based model integration process created two
STMs, one each for Claypan and Mountain Loam (Knapp et
al. 2011a). Thesewere considerably more complex than either
the LK or ED models. Both models had nine states, and
Claypan had three and Mountain Loam had five communities
within the reference state, characterized by sagebrush with a
diverseunderstory (Tables1and2). Transitionsbetween states
and communities were more numerous and encompassed a
greater breadth of management practices and ecosystem
componentsthan either the LK or ED models. They also were
more specific than either the LK or ED models, including long
lists of different types of factors. Despite their complexity,
these model swere deemed credible by workshop participants.
Disagreement and uncertainty were more common
surrounding the transitions than the states. Participants
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Table 2. States (bold) and communities (plain text) of the Mountain Loam ecological site, northwest Colorado, USA, drawn
from an iterative model building process (see Fig. 1). Similar states and communities from different modeling steps are on the
same line. Many states and communities were identified at multiple modeling steps, and the Simplified model reflects states

about which there was the most agreement.

Local Knowledge Ecological Data

Integrated

Simplified

Natural sagebrush steppe Mountain big sagebrush

shrubland with diverse

understory

Native sagebrush steppe

Degraded sagebrush steppe Mountain big sagebrush/
western wheatgrass shrubland

Improved sagebrush steppe

Chemically managed

grassland

Weedy sagebr ush steppe

Thick sagebrush steppe Dense mountain big sagebrush
shrubland

Eroding mountain big
sagebrush shrubland

Cultivated lands Cultivated lands'

Conservation Reserve Planted grasslands
Program lands
Weed monoculture

Snowberry shrubland

Mountain big sagebrush
shrubland with diverse
understory

Early sera

Native sagebrush steppe

Late seral

Mountain big sagebrush/western
wheatgrass shrubland

Invaded sagebrush steppe
Intensively managed grassland

Weedy sagebr ush steppe
Dense or eroding mountain big
sagebrush shrubland

Cultivated lands
Planted

Shrub-dominated
Grass-dominated
Weed monoculture
Snowberry shrubland
Wyethia-dominated

M ountain big sagebrush
shrubland with diverse
understory

M ountain big sagebrush/
western wheatgrass shrubland

Dense or eroding mountain
big sagebrush shrubland

Included in model, but did not sample species composition

commented on the complexity of dynamics, that they had not
personally observed transitions, and that transition triggers
were too vague, e.g., grazing. Some workshop participants
expressed concern that these models were oversimplifications.

Withthe IN model, participants, rather than researchers, were
tasked with building an STM that is consistent with the
underlying theory. We gave an introductory presentation in
each workshop and often redirected conversation back to
theoretical issues to ensure that they were well understood.
However, we cannot be surethat participantsintended for each
transition to cross a threshold. Indeed, the large number of
statesand high probabilitiesof sometransitionsrai sequestions
about whether they are truly different states consistent with
ecological theory and not just different communities within a
given state.

Simplified (SI)

The research team reduced the Claypan and Mountain Loam
models down to simpler versionsthat could be quantified for
incorporation into an economic decision-making tool. The

final, simplified models contain elements of all preceding
models (Tables 1 and 2; Fig. 2). Claypan had four states, and
Mountain Loam had three. Through the process of surveying
local ranchers and interviewing experts about transition
probabilitiesin addition to literature review, transition causes
and mechani smsbecame much more precisethanwiththe ED,
LK, or IN models, e.g., different amounts and timing of
grazing. However, some uncertainty remained, particularly
about transitions to and from the sagebrush shrubland states
characterized by western wheatgrass on both ecological sites.

The outreach workshops showed that the SI models are
credible to a broad audience, including ranchers, other land
managers, and rangeland academics (Pritchett et al. 2012).
However, several academics expressed concern about the
distinction between states and communities in the SI model.

Agreement, disagreement, and uncertainty

The model building process revealed areas of agreement and
disagreement about rangeland ecosystem dynamics in the
Elkhead Watershed. We used triangul ation, amethodol ogy of
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Fig. 2. Smplified state and transition model of rangeland ecosystem dynamics for the Claypan ecological site, northwest
Colorado, USA. Supporting information for model elements came from different parts of the model development process,
which areindicated in parentheses. ED = Ecological data; LK = Local knowledge; IN = Integrated; SI = Simplified.

A

Native SBS
Alkali
Sagebrush
with
Diverse
Understor

Alkali
Western

Shrubland

Alkali
Sagebrush
with
Bluegrass

Eroding
Alkali
Sagebrush
Shrubland

Native
Grassland

Sagebrush/

Wheatgrass

A. Soils and plant species composition differ from
other ecological sites, justifying the Claypan
ecological site (ED)

B. Native sagebrush stands with different understory
composition have similar processes and
management implications, so are grouped within a
Native Sagebrush Steppe (SBS) state (LK, ED, IN)

C. Native Grasslands differ from Native SBS because
of species composition and processes (LK, ED)

D. AlkaliSagebrush/Western Wheatgrass differs from
Native SBS because of soil process indicator
differences (ED); LK, IN, Sl varied from seeing this
as part of the range of variability of Native
Sagebrush Steppe, to seeing it as a degraded state,
to seeing it as a desirable state for grazing

E. Eroding Alkali Sagebrush Shrubland differs from
Native SBS because the process of erosion is
accelerated (ED, IN)

F. Fire and/or chemical shrub treatment remove
sagebrush; sagebrush recolonization over long
time periods causes transition back (LK, ED, IN, SI)

G. High grazing pressure, drought, and/or fire reduce
herbaceous plant cover, causing erosion; the
opposite triggers transition back (LK, ED, IN, SI)

H. Moderate grazingin wet years enables western
wheatgrass to become dominant, while high or
low grazing pressure combined with drought
decrease western wheatgrass (ED, IN, SI; much
variation)

placing knowledge claims in relation to one another, to
understand commonality and difference between models
resulting from different types of knowledge. Claims with
greater support, i.e., similar observations or correspondence
between knowledge types, indicate certainty that was gained
through the modeling process. A magjority of states from the
LK and ED models were also present in the IN for both
ecological sites (Tables 1 and 2), showing a high amount of
agreement among knowledge types. The Sl represents the
statesthat were most agreed upon (Tables 1 and 2; Fig. 2). For
most of these states, there was broad agreement about the
causes of transitionsin the IN and SI, despite the fact that LK
and ED initially focused on different triggers for transitions
(Knapp et al. 2011a).

Disagreements among individuals or among different
knowledgetypesindicated greater uncertainty. Disagreements

focused on whether some states were truly aternate states
rather than communities, the specific causesof transitions, and
whether environmental variation influences transitions.
Uncertainty was highest about the states characterized by
western wheatgrasson both ecol ogical sites. Theliteratureand
differencesin dynamic soil properties supported the concept
of wheatgrass-dominated states (Cagney et al. 2010, Duniway
et a. 2010); however, there was much discussion about
whether they were actually communities within the reference
states, or variants with more clayey surface soils on each
ecologica site. Because they were the most common statesin
the ED models, and given the ecological and economic
consequences of transitions (Scheffer 2009), we separated
them as states in the SI model. However, variability in the
transition causes and probability estimates indicates that
uncertainty about this state remains high.
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Table 3. Utility of different sources of knowledge for devel oping state-and-transition models (STM) for resilience management.

Type

Strength

Limitation

Output

Application

Local Knowledge

Ecological Data
(Observational)

Encompassesalong time No quantitative evidence;

frame and a variety of
management practices/
disturbances; provides
insightsinto social
drivers; establishes
vocabulary; improves
communication

Evidence is quantitative;
provides written record of

less specific about
biophysical dynamics

Does not account for
tempora variability; may
miss value-defined states

STM for avegetation
typein aregion (or,
with field trips,
ecological site)

STM for an ecological
sitein aregion

Planning; rangeland
monitoring, assessment,
and experiments; guiding
further knowledge
gathering

Planning; rangeland
monitoring, assessment,

avariety of biophysical
indicators

Reconciles different
knowledge sources,
complex; more accurate

Model Integration

Simplified

Representing areas of
disagreement; complex;
fidelity to STM concepts

Easier to quantify and use Lacks complexity and
nuance of real world

and experiments; guiding
further knowledge
gathering

Complex STM foran  Rangeland monitoring,

ecological site, assessment, and adaptive
incorporating more management; decision
drivers making; hypotheses for

research
Simple STM for an Simulation model,
ecological site, focused teaching tool
on the most common/
important dynamics

A second important disagreement was about the weedy
sagebrush steppe state, which wasidentified by land managers
in the LK and IN models but not by data in the ED models.
Land managersindicated that they perceive and managethese
lands differently, but the research team did not fed they had
enough evidencefromthe ED effort or theecological literature
to establish this as an dternate state in the SI model. This
suggests that STMs built only on ecological data and theory
may not address all of the ecosystem differences that are
important to managers.

DISCUSSION

Itisincreasingly recognized that devel oping effectivetoolsto
manage resilience in social-ecological systems requires
synthesizing information from different sources (Walker et al.
2002, Roux et al. 2006, Raymond et al. 2010, Knapp et al.
2011b). STMs are vegetation management tools that reflect
current scientific understanding of ecosystem resilience (e.g.,
Scheffer et a. 2001) and are being adopted as policy
throughout the U.S. (USDA 2010). Our goa was to create
STMs to inform land management decision making and
improve resilience of rangeland social-ecological systems.
STM development occurred in four steps with four distinct
sets of models (Fig. 1): (1) local knowledge €elicitation using
semistructuredinterviews; (2) ecol ogical datacollectionusing
an observationa study; (3) model integration using
participatory workshops; and (4) model simplification upon
review of the literature by a multidisciplinary team.

Knowledge integration

Different knowledge types had strengths and weaknesses
(Table 3) but were ultimately complementary in creating
STMsfor managing ecosystem resilience, as others have also
suggested (Walker et al. 2002, Roux et al. 2006, Raymond et
a. 2010). LK encompassed a relatively long time frame,
informed understanding of management practices, identified
local management concerns, and provided information at a
local scale (Knapp and Fernandez-Gimenez 2009, Berkes
2010). Including local knowledge also had the cobenefits of
increasing awareness and buy-in of potential users(Prell et al.
2007). ED collected in an observational study provided more
information about plant species and soils, and increased the
specificity tothe different land types (Bestelmeyer et al. 2009,
Kachergis et a. 2011, 2012). However, even data-driven
models included choices about assumptions, indicators, and
analysis methods that affected the final STM. Integrating the
ED and LK models in aworkshop (IN) allowed participants
to draw upon and reconcile both types of knowledge and
resulted in the most complex models (Knapp et a. 2011a).
This integration process generated new understanding,
revealed assumptions, and identified uncertainties (Tables 1
and 2; Fairweather 2010). Simplifying the models through
multidisciplinary team discussion andfurther literaturereview
(S) resulted in a model with fewer states and more specific
transitions and probabilities, but may not represent the
complexity of the real world. The process of sharing
knowledge is also a process about sharing language; the LK,
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IN, and Sl were learning experiences and allowed for more
effective communication among managers, local residents,
and scientists from a variety of disciplines (Knapp et al.
2011a). Multiple types of knowledge, asinthelN, are needed
to create tools that are broadly credible and useful in land
management (Cash et a. 2003, Knapp et al. 2011b).

Despite much agreement among different types of knowledge,
several uncertainties remained throughout the STM building
process. One key uncertainty centered around interpretation
of ecological theory: differentiating states from communities,
e.g., sagebrush shrublands characterized by western
wheatgrass (Briske et al. 2008, Scheffer 2009). There may be
two, interrelated reasons for this: (1) alack of consensus on
thedefinition of thresholds (Knapp et al. 2011b) and (2) in LK
and IN, the difficulty of communicating complex theoretical
concepts in a few hours' interaction. In LK, Knapp and
Fernandez-Gimenez (2009:516) defined a threshold as “a
boundary recognized by managersbeyond whichitisdifficult
to regain the former productive potential of the land.” With
IN, we presented a technical definition based on the STM
literature (Stringham et al. 2003:109): Anirreversible change
between states, “such that one or more primary ecological
processes has been irreversibly changed and must be actively
restored before a return to a previous state is possible.”
However, we do not know whether participantsfelt that all of
the characteristics of a threshold were met. Some IN and S|
states more closely resemble a “narrow” interpretation of
states, approximating seral stages or phases, rather than a
“broader” interpretation of states, as separated by thresholds
(Stringham et al. 2003, Briskeet a. 2008). ED approachescan
provide more clarity about differencesin process (Stringham
et a. 2003, Petersen et al. 2009, Kachergis et al. 2011), but
till rely onassumptionsto identify thresholds, e.g., space-for-
time substitution. Ultimately, long-term dataand experiments
provide the strongest evidence to differentiate states from
communities (e.g., Allen-Diaz and Bartolome 1998, Firn et
al. 2010), and should be included in the STM development
process when they are available. When they are not, setting
aside time to ask specific theory-based questions (e.g.,
Scheffer and Carpenter 2003) in interviews and workshops
may provide stronger evidence of thresholds. Resilience
management tools that are less tied to ecological theory than
STMs may avoid thisissue.

In addition to theoretical uncertainty, the STM-building
processhighlighted several disagreementsbetween ecol ogical
data, land managers, and community members, thusclarifying
where mental model saligned and wherethey conflicted. Some
disagreements resulted from different perspectives on
ecosystem dynamics. For example, athough ecologists
focused on species and processes, ranchers identified a
“weedy” state that isimportant for management even though
invasive plant cover is low (Knapp and Fernandez-Gimenez
2009). Similarly, although economistsinitially sought to elicit
transition probabilities on aone-year time-step, because many
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land managers make decisionson anannua basis, theresearch
team lengthened that time to three years because sagebrush
ecosystemschangeslowly (Dalgleishet al. 2011). Valuesalso
influence how different people understand and interpret
landscapes, and are embodied in the language used in STMs.
For example, local residents used terms such as “ degraded”
and “improved’ to describe states, whereas ecologists
described states using plant species. Although the value-laden
terms used by local residents may be less precise, these
descriptors give valuable information about the socia drivers
and impacts of vegetation change, just as species provide
valuable information about the ecological function of an area.
Disagreements may be seen as a formidable part of any
participatory effort to build models for managing resilience,
but ultimately can help to create ashared understanding of the
system and improve models (Walker et al. 2002). Therefore,
it isimportant to maintain a clear, fair process for validating
and integrating different types of knowledge to prevent
disagreements from derailing the effort. For example,
scientific knowledge can be validated through statistical
procedures that measure certainty, peer review, and
replication; local knowledge can be validated through
comparisons among different sources; and hybrid forms of
knowledge can be investigated through cooperative efforts
among multiple knowledge holders.

Like Raymond et a. (2010), we suggest that future efforts to
build tools for resilience management should move beyond
debate surrounding different types of knowledge to focus on
the process of learning from one another and creating hybrid
forms of knowledge. Model updating and validation was an
iterative process for our team (Bellamy and Brown 1994),
involving increasing dialogue between different types of
knowledge holders (Fig. 3). Many of the benefits of making
and updating STMs flowed directly from the knowledge
integration activities (IN and Sl). By the last step of the
process, previously forged connections allowed model
buildersto consult an increasingly broad group of knowledge
holders to create the Sl (Fig. 3). For example, a wildlife
biologist asked many meaningful questions about the STMs
that resulted in further clarification; ecologists phoned
ranchers to ask for insight in interpreting ecologica data.
Importantly, wedo not view the S| asthemost accurate model,
but the model that has accumulated the most evidence behind
it, thusfar. Likeall conceptual modelsfor managingresilience,
this model could and should be tested through adaptive
management and additional field data and management
experience. A key step in improving the current multiagency
STM building processes is to create a mechanism by which
new sources of information can be easily and readily
incorporated (Knapp et al. 2011b), and others have also
suggested mechanisms for incorporating multiple types of
information for resilience management (Walker et a. 2002,
Roux et a. 2006). As in this study, different types of
knowledge can be validated via triangulation, where claims
with greater support, i.e, sSimilar observations or
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Fig. 3. Contribution of different knowledge sources at different steps of the multidisciplinary state and transition model
development process. At each step, an increasingly broad group of knowledge sources contributed to the process.
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correspondence with data, suggest more credibleinformation,
while claims with fewer observations suggest places where
more observations are necessary.

Utility of products

STMs can inform resilience management by providing an
overview of ecosystem structure-function relationships and
how these relationships can be influenced by natural and
human-caused perturbations (Briske et al. 2008). Each step in
our processcreated adifferent STM with different applications
for resilience management (Table 3). Integrating knowledge
resulted in complex models, which represent awide array of
knowledge and allow for comparison and dialogue between
different stakeholders (Knapp et a. 2011a). However, the
simple SI models that resulted from multidisciplinary team
review and literature review were better for creating
guantitative STMs. Development of the economic model that
explorestrade-offsin ecosystem services (Hibbs 2011, Ritten
et a. 2011, Pritchett et a. 2012) would have been intractable
with more complex STMs, and consultation with economists
caused us to initiate the Sl process. The tension between
realism and usability is well-known in mathematical
modeling, as captured by the saying “ All models are wrong,
but some are useful.” Ironically, other rangeland scientists

have advocated more complex and biologicaly redlistic
STMs, whereasland managershaveargued for simpler models
that areeasier to use (Knapp et al. 2011b). Rather than creating
different models for different purposes, we suggest that
complex models may be better for representing the variety of
dynamicsthat could occur in land management, while subsets
of those models, like the SI, may be useful for particular
applications.

The STMs identify severa key processes influencing
ecosystem dynamicsand resiliencein the Elkhead Watershed.
The fundamental process on both ecological sites was plant
population growth, particularly species establishment and
interspecific competition. Management practices and
disturbances influenced dynamics of key species such as
sagebrush, herbaceous plants, and weedsand their interactions
with each other. Dominance of any of these speciesaswell as
amix of native plants specieswere seen asrelatively resilient
conditions. In addition, soil erosion was an important process
particularly on the Claypan ecological site, where clayey soil
texture may limit infiltration and promote surface runoff
during storms (Kachergiset al. 2012). According to transition
probabilities (S1), Claypan eroding sagebrush steppe was the
most resilient state of all.
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The STM devel opment effort al so generated hypotheses about
rangeland ecosystem dynamics and resilience that could be
tested by future adaptive management and research. Here are
several hypotheses, supported by multipletypesof knowledge,
involving the state with the lowest forage production on each
type of land:

1. Claypan eroding sagebrush steppe: Thetransition to this
state is caused by heavy grazing, drought, and/or fire,
which decrease herbaceous plant cover and increase
erosion. The transition back to the diverse sagebrush
steppe state is caused by reduction in grazing and
favorable precipitation, but is very unlikely.

2. Mountain Loam dense or eroding sagebrush steppe: The
transition to this state is caused by heavy grazing and/or
drought that reduces herbaceous plant cover, allowing
sagebrush to become dominant and competitively
exclude re-establishment of herbaceous plants. The
transition back to the diverse sagebrush steppe state
requires shrub disturbance in addition to favorable
precipitation and reduced grazing, and is fairly likely
given these conditions.

Similarly, here are two sets of competing hypothesis from
different knowledge typesthat may beimportant for resolving
uncertainty about rangeland ecosystem dynamics and
resilience in the future:

1. Sagebrush/western wheatgrass shrublands; Based on S,
the transition to this state is driven by weather patterns
(wetter years) and moderate grazing, which encourage
western wheatgrass population growth on both
ecological sites. However, based on ED, occurrence of
this state is also related to variability within both
ecological sites, i.e, soils with higher surface clay
content.

2. Weedy sagebrush steppe: LK suggeststhat the transition
tothisstateisrelated to drought and/or heavy grazing by
wildlife or cattle, which reduce native plant populations
and allow weed populations to establish and grow. IN
adds fire, recreation, and improper reclamation as
possible transition triggers, with weed seed dispersal as
another important mechanism. IN and LK suggest that
lowered grazing, favorable precipitation, and/or
treatment of weeds reverse this transition. ED suggests
that thisisacommunity within Native Sagebrush Steppe
rather than a state because weeds do not often become
dominant where they occur in this region.

These hypotheses may be fruitful for adaptive management
and futurelearning (Holling 1978, Grantham et a. 2010). For
example, restoration treatments could be applied to sites
already inthe Claypan eroding sagebrush steppeand Mountain
Loam dense/eroding sagebrush steppe states, to determine
pathways of recovery. Similarly, sagebrush/western
wheatgrass shrublands could be subjected to different grazing
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pressuresand monitored over timein conjunctionwithrainfall,
to determine whether this shift is temporary (community) or
persistent (state). STMs created with input and monitoring
data collected by land managers may increase the probability
that STMs will affect rangeland decision making at a local
scale (Danielsen et a. 2010).

CONCLUSION

We conclude that multidisciplinary development of state and
transition models has great potential for improving our
understanding of dynamics and managing resilience of
rangeland ecosystems. Approaches that integrate different
types of information result in more credible tools that can be
applied in more diverse situations, e.g., economic model
(Ritten et al. 2011, Pritchett et al. 2012). Participatory model
development is complex and can be difficult to document, but
documentation is important for the credibility of the models.
In particular, documenting uncertainty and disagreement
enables future learning through adaptive management.

Based on this work, we imagine a streamlined participatory
state-and-transition model  development process that
integrates multiple types of information, which could be
adapted to building other tools for managing resilience. Our
approach is similar to that proposed by Bestelmeyer et al.
(2009), but with an increased emphasis on local knowledge
and adaptive management, in addition to collection of
ecologica inventory data. The proposed steps of this process
are

Assemble a draft STM from what is known

This includes literature review as well as searching for
available data including remote sensing, historical records,
and monitoring data. Depending on key uncertainties
hypothesesidentified by future steps, additional dataanalysis
and synthesis and efforts may be ongoing throughout the
process.

Organize a modeling workshop to integrate the draft STM
with local knowledge

Invite diverse local knowledge holders to attend, including
individuals with experientia, disciplinary, and scientific
knowledge. In addition to cataloguing states and transitions
(e.g., Knapp et al. 2011a), add activities that specifically (1)
differentiate states from communities and (2) identify
uncertainties and testable hypotheses.

Conduct an observational study designed to address key
uncertainties and hypotheses

Work with local ranchers and land management agencies to
identify management history and locations for sampling, and
target specific states and transitions that have important
implicationsfor management and/or high uncertainty. Present
data and preliminary analysis to the community to update the
STMs and identify remaining uncertainties.
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Initiate adaptive management

Work with local ranchers and land management agencies to
design a series of adaptive management experiments to test
hypotheses. This will involve basdline monitoring,
implementing management practices, additional monitoring,
and evaluating the outcomes. The STM should be updated as
more is learned, through a continuing participatory process
involving multiple stakeholders.

Responsesto this article can be read online at:
http://www.ecol ogyandsoci ety.org/i ssues/responses.

php/5805
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