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Abstract Persistence of many desert river species is

threatened by a suite of impacts linked to water infras-

tructure projects that provide human water security where

water is scarce. Many desert rivers have undergone regime

shifts from spatially and temporally dynamic ecosystems to

more stable systems dominated by homogenous physical

habitat. Restoration of desert river systems could aid in

biodiversity conservation, but poses formidable challenges

due to multiple threats and the infeasibility of recovery to

pre-development conditions. The challenges faced in

restoring desert rivers can be addressed by incorporating

scientific recommendations into restoration planning ef-

forts at multiple stages, as demonstrated here through an

example restoration project. In particular, use of a water-

shed-scale planning process can identify data gaps and ir-

reversible constraints, which aid in developing achievable

restoration goals and objectives. Site-prioritization focuses

limited the resources for restoration on areas with the

greatest potential to improve populations of target organ-

isms. Investment in research to understand causes of

degradation, coupled with adoption of a guiding vision is

critical for identifying feasible restoration actions that can

enhance river processes. Setting monitoring as a project

goal, developing hypotheses for expected outcomes, and

implementing restoration as an experimental design will

facilitate adaptive management and learning from project

implementation. Involvement of scientists and managers

during all planning stages is critical for developing pro-

cess-based restoration actions and an implementation plan

to maximize learning. The planning process developed here

provides a roadmap for use of scientific recommendations

in future efforts to recover dynamic processes in imperiled

riverine ecosystems.

Keywords Adaptive management � Native fish � Riparian

vegetation � River restoration � Site prioritization �
Systematic planning

Introduction

Biodiversity in many river systems is severely threatened

due to pressures placed on freshwater resources in the

service of providing human water security (Vörösmarty

et al. 2010). Threats are particularly severe in desert and

dryland systems where water is scarce relative to demand

(Wishart 2006). Water infrastructure development on de-

sert rivers has severely altered flow regimes and caused

degradation and loss of habitat, which jeopardizes the

persistence of many desert river species (Kingsford et al.

2006). In North America, more than 100 species of desert

fish are considered endangered, threatened, or of special

concern (Williams et al. 1985). Given the continued pres-

sure on freshwater resources and likelihood of future severe

drought (Cook et al. 2015), remediating threats to persis-

tence of native biota in desert rivers will likely require

coupled management of flow regimes and active restora-

tion efforts (e.g., Barrett 2004; Propst et al. 2008).
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Restoration practice may need to be altered to meet the

challenges posed in conservation of desert rivers. Devel-

opments in river science over the last several decades have

emphasized the high spatial and temporal variability of

natural river–floodplain systems (Junk et al. 1989; Gregory

et al. 1991; Ward and Tockner 2001), as well as the im-

portance of hydrologic and geomorphic processes in

maintaining these dynamic systems (Poff et al. 1997;

Montgomery 1999; Steiger et al. 2005). Desert river–

floodplain ecosystems in particular are highly dynamic

spatially and temporally, with boom–bust patterns of re-

source availability and biotic production driven by ex-

tremely variable hydrologic and geomorphic processes

(e.g., droughts and floods; Walker et al. 1995; Bunn et al.

2006; Thoms et al. 2006). Many common river-restoration

practices focus on altering physical structure of river

channels and habitat at local scales (Bernhardt et al. 2005;

Wohl et al. 2005), and such an approach often fails to

account for the dynamic river processes operating at wa-

tershed scales inherent in desert river systems (Roni et al.

2008; Palmer et al. 2010).

There have been repeated calls in the river-restoration

literature for a more holistic and science-based approach to

restoration (e.g., Lake et al. 2007), which includes several

components: (1) a catchment or regional-scale focus to

restoration planning and site prioritization (Wohl et al.

2005; Bernhardt and Palmer 2011), (2) an interdisciplinary

approach to restoration including socioecological integra-

tion of knowledge (Palmer and Bernhardt 2006; Fryirs

et al. 2013), (3) a focus on river processes rather than

attempting to identify and replicate particular reference

conditions (Beechie et al. 2010), and (4) an adaptive

management framework should be used to drive an it-

erative restoration plan, accounting for uncertainty in

restoration outcomes (Palmer et al. 2005; Fryirs et al.

2013).

These scientific recommendations are currently being

integrated into river management plans on many arid or

semi-arid river systems in the United States and abroad,

including the Central Platte (Smith 2011), Sacramento-San

Joaquin (Kondolf et al. 2008), Middle Rio Grande (Molles

et al. 1998; Cowley 2006), Colorado River (Walters et al.

2000; Pulwarty and Melis 2001; Susskind et al. 2012), San

Juan River (Propst et al. 2008), Murray-Darling Basin in

Australia (Barrett 2004; Watts et al. 2010; Bark et al.

2013), and several rivers in South Africa (Kingsford et al.

2011; Pollard and du Toit 2011; Pollard et al. 2011). In

each of these examples, an adaptive management frame-

work has been adopted to test and improve restoration

activities over time. While these examples provide im-

portant guidance on incorporating scientific recommenda-

tion into river-restoration planning, most are relatively

large rivers with federally listed endangered species as a

focal element. Fewer examples of scientific restoration

planning are available for smaller systems that may lack

the resources provided in systems listed as critical habitat

for endangered species. Most restoration projects focus on

smaller scales (Bernhardt et al. 2005), and the specific

management approaches used on large mainstem rivers

may not be directly applicable to management and

restoration of systems higher in the river network (e.g.,

Schmidt 2010). Example projects that incorporate scientific

recommendations and develop models for strategic plan-

ning are likely to facilitate further implementation of cur-

rent recommendations by providing an information source

for potential solutions to overcoming difficulties in adopt-

ing scientific recommendations in practice (Suding 2011).

In this paper, we add to the literature on scientifically

based river management by providing an example of how

current scientific understanding of river systems can be

incorporated into restoration planning on a mid-size desert

river. We focus on a restoration plan developed for the San

Rafael River, a tributary to the Green River in the Upper

Colorado River Basin of North America. The plan repre-

sents a culmination of research and management efforts

that have been ongoing for the past several years and is

presented in detail by Laub et al. (2013). Here, we high-

light how science-based approaches, including an adaptive

management framework, were explicitly incorporated in

the restoration design in order to help bridge the gap be-

tween scientific understanding of river systems and appli-

cation of this understanding to restoration practice.

The San Rafael River is representative of many desert

river systems, in that an altered flow regime, fish passage

barriers, degraded habitat, and nonnative fish and vegeta-

tion have combined to synergistically alter ecosystem

processes and threaten the persistence of native commu-

nities (Olden and Poff 2005; Stromberg et al. 2007). The

initial motivation for the restoration project was to recover

populations of native fish, but the final plan addressed not

only fish populations and their habitat but also riparian

vegetation and general river degradation.

Study Site and Native Fish Community

The San Rafael River watershed, located in southeastern

Utah, covers an area of 6200 km2 (38�5103000N,

110�2201000W; Fig. 1). The river headwaters originate in

high-elevation mountainous terrain in central Utah, but the

San Rafael River mainstem flows through desert terrain for

most of its length. As such, the flow regime is characterized

by both large-magnitude, long-duration spring snowmelt

floods and large-magnitude, short-duration monsoon sea-

son (July–October) floods. The San Rafael River mainstem

is divided into upper and lower sections by both a
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geomorphic transition and by a diversion dam that prevents

upstream fish passage (the Hatt’s Ranch dam). The upper

river flows through the San Rafael Swell, an uplifted dome

of sedimentary rocks, and has a high-gradient canyon-

bound morphology. At the eastern edge of the San Rafael

Swell, the river cuts through a sandstone escarpment

known as the San Rafael Reef, which marks the geomor-

phic transition to the lower San Rafael River, a 90-km

section characterized by low-gradient meandering flood-

plain morphology through the San Rafael Desert.

The restoration plan developed here is focused on the

lower San Rafael River. The lower San Rafael River is

somewhat unique in that the majority of land along the

river is publicly owned, either by the Utah Department of

Natural Resources (UDNR) or Bureau of Land Manage-

ment (BLM), and there is only one private water user

throughout the 90-km section. In addition, the lower San

Rafael River supports minimal recreation use and grazing

activity. Due to the low private and public stakeholder

involvements in the restoration section, the restoration plan

was developed, and is being implemented and funded,

mostly through coordination between UDNR, BLM, and

academic personnel. However, water users in the upper San

Rafael River watershed have been involved in discussions

over the potential for provision of flows for restoration

purposes (see below).

Four native fish species have been observed regularly

within the San Rafael River: speckled dace (Rhinichthys

osculus), flannelmouth sucker (Catostomus latipinnis),

bluehead sucker (Catostomus discobolus), and roundtail

chub (Gila robusta) (McAda et al. 1980; Bottcher 2009;

Walsworth et al. 2013). The latter three are listed as sen-

sitive species in Utah, and are managed collectively under

a range-wide conservation agreement (UDNR 2006). These

native species play an important role as primary and sec-

ondary consumers in food webs in desert rivers of the

Colorado Basin, transferring energy from algae, detritus,

and macroinvertebrates to predatory fish and birds (Bez-

zerides and Bestgen 2002; UDNR 2006). Endangered

fishes of the upper Colorado River Basin, including Col-

orado pikeminnow (Ptychocheilus lucius), razorback

sucker (Xyrauchen texanus), and bonytail chub (Gila ele-

gans), have been observed in the San Rafael River, pri-

marily during the spawning season (McAda et al. 1980;

Bottcher et al. 2013), and they likely made greater use of

the river historically.

Loss of specific preferred habitat types, primarily pools,

riffles, and backwaters, is one major threat to the persis-

tence of native fish in the San Rafael River (Table 1).

However, similar to many desert river systems, conserva-

tion of native fish on the San Rafael River will require that

a suite of threats be addressed in addition to habitat loss,

including competition and predation from nonnative fish,

dewatering, lethal temperatures and low oxygen, and

movement barriers (Deacon and Minckley 1974). These

multiple threats interact synergistically to create sink

populations of native fish in the lower river, which are

sustained by immigration from populations in the upper

San Rafael River and mainstem Green River (Bottcher

2009; Walsworth and Budy in press).

The Planning Process

Incorporating scientific recommendations into the San

Rafael River-restoration project was facilitated by adopting

an overall planning strategy at the beginning of the

restoration process (Hobbs and Harris 2001; Shafroth et al.

2008; Fig. 2). The plan incorporated an adaptive manage-

ment framework that emphasized monitoring as a key

component in order to address and reduce uncertainties in

system response to restoration activities over time (Murray

and Marmorek 2003; Williams 2011). Adaptive manage-

ment was identified as a useful approach for the restoration

Fig. 1 Map of the San Rafael River watershed with major dams and

diversions and location of the Hatt’s Ranch dam and USGS gage

(09328500). The focus of the restoration project is the lower San

Rafael River, downstream of the San Rafael Reef. Inset shows the

location of the San Rafael River watershed in the Upper Colorado

River Basin and the Upper Colorado River Basin in North America
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project for several reasons: (1) Many restoration ap-

proaches are relatively untested in highly variable desert

river systems, such that the responses to restoration ac-

tivities are uncertain, but could be reduced through a sys-

tematic restoration and monitoring approach; (2) there is a

direct opportunity to alter management activities over the

course of the restoration project, given the planned, phased

approach to restoration over time (see ‘‘Prioritization’’

section); and (3) there is institutional support from both

state and federal agencies involved in the project to refine

management activities over time based on outcomes of

initial restoration actions (Gregory et al. 2006; Allen and

Gunderson 2011; Greig et al. 2013). In the following sec-

tions, we summarize how scientific recommendations and

an adaptive management approach were incorporated into

the planning workflow for the San Rafael River.

Identifying Causes of Degradation

Reviews of river-restoration project assessments have

clearly highlighted the importance of identifying root

causes of degradation and adopting a process-based ap-

proach as prerequisites for project success (Roni et al.

2008; Beechie et al. 2010; Palmer et al. 2010). Identifying

the root causes of degradation and how processes have

been altered also provides the basis for constructing a

conceptual model of the river system and hypotheses re-

garding restoration trajectories that can be tested over time

as required for successful adoption of an adaptive man-

agement approach (Murray and Marmorek 2003). On the

San Rafael River, we synthesized ecological, hydrologic,

and geomorphic information at the watershed scale to

identify how river processes have been altered by human

development within the watershed. An understanding of

altered processes was then linked to life history needs of

native fish, to provide guidance on how restoration could

address the root causes of degradation.

Altered River Processes

Water storage development, irrigation diversions, and

overall reductions in spring snowpack have conspired to

severely reduce the frequency of large-magnitude, long-

duration spring snowmelt floods compared to that of the

early twentieth century (Fortney 2013; Fig. 3a). However,

all major dams in the watershed are located upstream of the

primary source of sediment (the San Rafael Reef and De-

sert; Fig. 1), such that sediment supply to the lower San

Rafael River has not been altered by water development to

the same extent as river flows (Fortney 2013). Reduced

frequency and magnitude of spring floods have diminished

the ability of the river to rework and transport supplied

sediment. Simultaneously, vegetation (primarily native

willow and nonnative tamarisk) has encroached upon the

formerly active channel and reduced bank erosion and

lateral channel migration by stabilizing formerly active

channel bars. For example, during the period 1938–1952, a

period during which the approximate 10-year discharge

was exceeded three times and tamarisk was just starting to

colonize the floodplain, approximately 0.64 km2 of bank

erosion was observed on a 25-km section of floodplain

downstream of the San Rafael Reef, but during the period

1997–2009, a period during which the approximate 10-year

discharge was never exceeded and tamarisk had established

in dense stands, only 0.07 km2 of bank erosion was ob-

served on the same section (Fortney 2013). As a result,

since the early 1900s, the channel has narrowed (average

active channel width has decreased 83 % or *13 m since

the early 1950s), deepened, and transitioned from a braided

to a single-thread system, as the floodplain has aggraded

Table 1 General physical habitat preferences for three species of native fish in the San Rafael River based on information from McAda et al.

(1980), Bezzerides and Bestgen (2002), and Bottcher (2009)

Species Life stage Physical habitat preferences

Bluehead sucker Adult Swift-water riffles with gravel/cobble substrate

Larvae Backwaters, channel margins, flooded vegetation, and other slow velocity areas, often with cover

Spawning Gravel bars and riffles with gravel/cobble substrate

Flannelmouth sucker Adult Runs and glides, deep riffles, pools

Larvae Backwaters, channel margins, flooded vegetation, and other slow velocity areas, often with cover

Spawning Gravel bars and riffles with gravel/cobble substrate

Roundtail chub Adult Deep pools with cover with forays into riffles and runs for feeding

Larvae Backwaters, channel margins, flooded vegetation, and other slow velocity areas, often with cover

Spawning Gravel bars and riffles with gravel/cobble substrate
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through lateral and vertical accretions (Fortney 2013;

Fig. 3b, c).

Narrowing and deepening of the channel have reduced

available pool–riffle sequences and backwaters that are

critical habitat areas for native fish (Table 1). Pool–riffle

sequences with gravel/cobble beds also provide important

habitat for macroinvertebrates, and the low abundance of

riffle habitat in the lower San Rafael River limits available

food resources for native fish (Walsworth et al. 2013). In

addition, channel narrowing has been more pronounced in

reaches with wide valleys than in reaches with narrow,

confined valleys (Fortney 2013). As a result, channel

morphology has become homogenous throughout the lower

river, further reducing the diversity of physical channel

features.

The reduction in spring snowmelt floods and associated

sediment transport and channel movement has reduced

opportunities for native cottonwood recruitment, which

depends on specific hydrological patterns and deposition of

fresh alluvium for seed germination (Braatne et al. 1996).

Reduced abundance of large cottonwood trees has also

degraded fish habitat, because large wood and wood accu-

mulations are important sources of habitat creation on the

lower San Rafael River (Keller et al. 2014). Beaver dams

Local Scale

Establish Restoration 
Objectives

Tamarisk Removal Gravel Addition

Large Wood 
and Substrate

Evaluation: 
Monitor Response Variables

Implementation:

Tamarisk Removal
+

Beaver-Assist Structures

Tamarisk Removal
+

Gravel Addition

Geomorphic Change

Riparian Vegetation
Establishement

Habitat Complexity

Beaver-Assist 
Structures

Native Fish
Abundance

Evaluation: 
Assess Cumulative Impacts

lidar Aerial Photography

Native Fish
Populations

Native Fish
Movement

Implementation:
Habitat Restoration and 

River-scale Activities

Managed Flows Improving Connectivity

Non-Native Fish 
Control and Removal

Identify Conservation and Restoration Goals

Prioritize Sites

Develop Monitoring Plan

vs.
Costs and Risks

River Scale

Describe Guiding Image
Identify Problems

and
Causes of Degradation

Ecological
Constraints

Non-Ecological 
Constraints

Fig. 2 Diagram of the planning process that was followed in

developing the San Rafael River-restoration adaptive management

plan. Figure adapted from Fig. 1 of Shafroth et al. (2008). Diagram-

ming the planning process made it clear from the beginning that

constraints imposed by historical landscape changes and existing

water demands would limit what could be accomplished through

restoration. Early identification of constraints aided restoration

planning in two ways: (1) constraints were incorporated as issues to

adapt to rather than impediments to moving forward (Simenstad et al.

2006), and (2) it helped in guiding scientific research toward

production of applicable recommendations for restoration. At the

local scale, project implementation will follow an experimental

design, with different habitat treatments applied in different combi-

nations on different reaches. Assessment of treatment effectiveness

will inform implementation of subsequent restoration phases on

different sections of river. At the river scale, assessment of

cumulative impacts relative to restoration objectives will inform

prioritization of river sections for restoration as well as overall project

objectives and approaches
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are also an important source of wood accumulations (Keller

et al. 2014), but reductions in native vegetation and trapping

may have limited beaver activity.

Understanding of the altered processes on the San Rafael

River was used to construct a conceptual model of the San

Rafael River system that was in turn used to develop hy-

potheses (discussed in ‘‘Restoration Actions’’ section) about

how management actions could be used to restore channel

and riparian habitat and fish populations (Fig. 4). The

conceptual model emphasizes that the magnitude of change

in channel morphology, fish habitat, and vegetation have

caused an ecological regime shift on the lower San Rafael

River since the early 1900s. Formerly, the channel was a

wide, braided, laterally unstable, and actively migrating

system that maintained complex fish habitat and a patchy

distribution of native woody vegetation. Today, the channel

is an entrenched, canal-like system, which is relatively

stable and lacks habitat complexity important for native

fish. The vegetation community is dominated by thick

stands of nonnative tamarisk, and the fish community is

composed primarily of nonnative species. Thus, in the case

of the lower San Rafael River, and likely on many similar

desert river systems, simple placement of habitat structures

or engineered channel morphology is unlikely to recover

properties of the former dynamic ecosystem. Instead, large-

scale, systematic planning that adopts a process-based and

adaptive approach will be necessary.

Vision, Goals, and Objectives

A guiding vision, defined as a conceptual picture of the

desired river ecosystem and its level of functionality as the

ultimate outcome of restoration efforts, provides a unifying

theme for developing goals, objectives, and hypotheses and

for coordinating management activities designed to test

Fig. 3 Changes in mean

discharge (a) and channel’s

cross section (b) and planform

morphology (c) over the last

century on a representative

2-km reach of the lower San

Rafael River. The frequency,

magnitude, and duration of

spring floods have decreased

(a), whereas sediment supply

has remained unchanged,

leading to increased deposition

in the channel and floodplain

(b). Vegetation, primarily

nonnative tamarisk, has

colonized deposited sediments

(b) and contributed toward

reducing bank-erosion and

channel-migration processes

that maintained the wide,

braided, active channel

(outlined in c). Average active

channel width has decreased

83 % (*13 m) since the early

1950s
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hypotheses and achieve objectives. The vision should be

achievable over the long-term (*50 years for the San

Rafael River example), and irreversible constraints (e.g.,

human needs for water resources) should be acknowledged

in articulating the vision (Palmer et al. 2005). The guiding

vision is coupled with an understanding of the causes of

degradation to determine project goals and objectives and

to develop alternative hypotheses about ecosystem’s re-

sponse to restoration activities (Hobbs and Norton 1996;

Hobbs and Harris 2001; Gregory et al. 2006). In this way,

the goals, objectives, and strategies for the restoration

project are based directly on integrated scientific infor-

mation regarding hydrologic, geomorphic, and biotic

changes on the river.

Development of the Guiding Vision

On the San Rafael River, we developed the guiding vision by

using research on the history of channel change and current

fish populations to identify important processes that maintain

fish habitat and native vegetation recruitment and how these

have been altered over time (Fig. 4). The state of the San

Rafael River in the early twentieth century provided a

starting point for defining a vision for restoration, because at

the time, there were essentially no constraints imposed by

human development on flooding, sediment movement, and

other river processes that worked to maintain a dynamic

riverine environment. Thus, this period provided informa-

tion on the critical processes needed to maintain fish and

riparian habitat. However, research also identified several

constraints that made the unaltered river system from the

early 1900s an unrealistic vision for the timescale and re-

source availability for restoration. In particular, climate-

driven reductions in precipitation throughout the twentieth

century (Piechota et al. 2004), coupled with development of

water resources, suggested that recovering the flow regime of

the early twentieth century was an infeasible goal. The

establishment and proliferation of nonnative vegetation also

altered river processes, such as channel movement and ad-

dition of large logs to the channel, yet complete removal of

nonnative vegetation is also likely to be an infeasible goal.

Given unlimited time and resources, recovery of natural flow

Fig. 4 Representative cross-sectional diagram showing historical

changes on the San Rafael River and the expected long-term outcome

of restoration (i.e., the guiding vision). The guiding vision reflects a

balance between restoring dynamic processes and acknowledging

constraints. Boxes highlight constraints on important processes and

structures, and the opportunities available for restoration to improve

river functioning
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regimes and eradication of nonnative species may be con-

sidered feasible; however, recovery of rapidly declining

native fish populations will likely require action over a much

shorter time frame, one in which such goals are infeasible.

Thus, in defining the guiding vision for the San Rafael River

(Table 2), we attempted to strike a balance between the ne-

cessity of recovering channel processes that maintain fish

habitat and native riparian vegetation recruitment and the

constraints of irreversible landscape changes within the

watershed such as water infrastructure development and

nonnative vegetation presence.

Use of Constraints in Formulating Goals

and Objectives

Working through the process of conceptualizing the guid-

ing vision helped define the goals and objectives of the

restoration plan. The identification of constraints on natural

river processes was particularly useful in this regard. Each

constraint was viewed as an area where restoration could

potentially improve the state of the river system by en-

hancing river processes that were impacted by each con-

straint (Fig. 4). For example, spring flooding still occurs

when snowmelt runoff is sufficient to overwhelm storage

capacity and promotes beneficial channel changes. This

was made clear in spring 2011 when a 2.3-year recurrence

event flood with long duration (above bankfull for ap-

proximately 65 days) caused widespread channel widening

(as high as 80 % increase in some areas) and creation of

favorable native fish habitat (Keller et al. 2014). Stake-

holders in the San Rafael River watershed have recognized

the importance of providing ecological flows (UDWR

2012), and preliminary meetings between stakeholders and

resource managers resulted in informal agreements to

Table 2 Vision statement, goals, and specific objectives of the San Rafael River-restoration plan

Vision

The San Rafael River is a dynamic riverine ecosystem and is functioning to provide necessary and sufficient habitat to ensure persistence of

native aquatic and riparian species

Goals

Recover self-sustaining populations of native fish in the San Rafael River (two tiers)

Maintain and enhance connectivity between the upper and lower San Rafael River and the Green River

Increase populations of native fish throughout the San Rafael River

Ensure persistence of native riparian vegetation, including willow stands and cottonwood stands with several age classes

Provide necessary and sufficient habitat to ensure persistence of native fish and vegetation

Conduct sufficient monitoring of restoration impacts to quantitatively assess whether the restoration actions are accomplishing the

restoration objectives and to determine the causes of success or failure

Objectives

Implement an ecological flows plan that identifies flows necessary to maintain and enhance stream and floodplain habitat, support native fish

populations, and ensure maintenance and increased establishment of native vegetation communities

Facilitate a change in the morphologic form of the lower San Rafael River channel from its current confined, single-thread, low-complexity

state toward a state with greater channel–floodplain connectivity and increased channel complexity (i.e., greater amounts of woody

material and pool, riffle, and backwater habitats) by promoting natural river processes of erosion, deposition, and lateral channel migration

Within 5 years post-restoration, at least 10 % of the project area will have [30 % complex habitat, at least 20 % will have [20 %

complex habitat, and at least 40 % will have [10 % complex habitat, with complex habitat defined as pools, riffles, and backwaters

Increase establishment of native riparian vegetation on the floodplain of the lower San Rafael River

Within 10 years, at least 8 % of the riparian area in restoration project areas will be composed of native vegetation (willow and

cottonwood), with at least 4 % composed of cottonwood as measured by canopy coverage

Reduce abundances of nonnative fish species in the lower San Rafael River, so that native fish species are numerically dominant

Within 5 years, increase native fish catch per unit effort (CPUE) from low (\5 fish CPUE) to medium (5–10 fish CPUE) in restoration

project areas

Within 10 years, reduce nonnative fish catch from high ([10 fish CPUE) to medium (5–10 fish CPUE) in restoration project areas

Improve connectivity between the upper and lower San Rafael River and Green River by providing fish passage at flow diversions or

completely removing flow diversions

Enhance ongoing efforts within the San Rafael River watershed to meet water-quality goals in the lower San Rafael River

Over the next 10–30 years, prevent further increases in concentrations of total dissolved solids (TDS) on the lower San Rafael River

Within 50 years, reduce concentrations of total dissolved solids in the lower San Rafael River by at least 200 mg/L

Develop a monitoring plan that will provide an evaluation of the effectiveness of restoration actions and thus provide guidance for adapting

and improving the restoration plan over time. The monitoring plan should identify and addresses data needs for assessing the impact of

restoration actions on fish populations and movement, riparian vegetation abundance and establishment, and channel morphologic and

habitat properties on the San Rafael River
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coordinate reservoir releases to maximize flood flows in

years with above-average spring runoff. Under these in-

formal agreements, annual meetings between resource

managers and stakeholders will be held in early spring to

discuss the current year’s snowpack and likelihood of ex-

cess water availability. If excess water is forecasted, a plan

will be developed among water managers to coordinate

reservoir releases to the extent possible. Formal agreements

are not being pursued currently given the willingness of

stakeholders to cooperate under informal agreements, but

formal agreements may be pursued in the future if the

program is successful and agreeable to all parties. More

work is also needed to develop specific flow targets before

formal agreements can be arranged. This work will include

monitoring response of instream and riparian habitat to

different flow levels in restored areas and development of

hydraulic models in restored and reference areas to predict

availability of habitat at varying river stages. Nevertheless,

the spring 2011 event and preliminary stakeholder meet-

ings suggest that the basic processes of sediment move-

ment and channel migration can be maintained by managed

flood flows, even if they are at a lower level than those that

existed historically. Acknowledging constraints provided a

way to move forward with restoration plans by developing

goals and objectives to address the constraints, rather than

holding the constraints to be an impediment to restoration

plans.

Uncertainty remains as to whether restoration actions

can work within constraints to meaningfully improve

habitat and fish populations on the river; however, uncer-

tainty need not restrict attempts to improve ecological

conditions on the river (Converse et al. 2011). The

restoration plan will be implemented in multiple phases

over time (see ‘‘Site Prioritization’’ section), providing a

mechanism through which to learn and improve restoration

activities adaptively. In the first phase of restoration, ac-

tivities will be implemented in an experimental design and

monitored closely, so that uncertainty in system response

can be reduced and successful restoration activities im-

plemented in successive restoration phases.

Development of Broad Restoration Goals

Restoration goals are articulated as broad targets achieve-

ment of which is likely to require multiple approaches that

may be refined over time through adaptive management

(Table 2). Our restoration goals purposefully avoided

mention of particular reaches or geomorphic states of the

river channel, so as to facilitate a large-scale approach to

restoration that focused on recovering river processes and

prioritization of sites according to their biological impor-

tance (see ‘‘Site Prioritization’’ section), rather than par-

ticular channel configurations or specific habitats in

specific locations. Connectivity of the lower San Rafael

River to the upper San Rafael River and Green River was

explicitly incorporated as part of the goal focused on re-

covering native fish populations. Improving connectivity is

especially important due to the dependence of the lower

San Rafael River populations on migration from the upper

river and the Green River. In addition, there are no im-

migration sources for upper river populations, such that a

catastrophic disturbance event (e.g., a wildfire-induced ash

and debris flow) could jeopardize persistence of native

species throughout the river system.

Development of Specific Restoration Objectives

Objectives are more specific, measurable targets that need

to be achieved in order to accomplish the restoration goals,

but are similarly developed from an understanding of the

processes that caused degradation and opportunities to re-

cover natural system dynamics. Objectives should facilitate

adaptive management by providing specific targets by

which to gauge the success of restoration actions. If ob-

jectives are not being met, management plans should be

altered based on observed responses to restoration actions

and information regarding causes of success or failure

provided by monitoring programs. Our objectives targeted

recovery of river features such as important fish habitat and

native vegetation, but were articulated to emphasize that

targets should be achieved through recovery of processes

that create and maintain habitat and vegetation rather than

through installation of engineered structures (Table 2). The

need to apply restoration at the watershed scale was ex-

plicitly acknowledged through objectives related to re-

covery of a more geomorphically effective flow regime and

improvement of connectivity between the upper and lower

San Rafael River. Quantitative values for several objectives

were specified based on conditions found at sites on the

San Rafael River with the existing complex habitat and low

abundances of nonnative fish and vegetation.

Site Prioritization

A key aspect in managing river systems on a large-scale is

to identify conservation sites as areas to protect from fur-

ther degradation and to prioritize sites in need of restora-

tion as to their potential benefit for biotic communities

(Hermoso et al. 2011a; Pool et al. 2013). Systematic

planning at large scales can help optimize resource allo-

cation and ensure positive restoration outcomes within

constraints on the system, such as water allocation for

human use (Strecker et al. 2011). Spatial prioritization

should help facilitate adaptive management, because

management activities for lower-priority sites can be
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modified based on system response to activities imple-

mented at high-priority sites. A great deal of recent re-

search has been devoted to developing prioritization

schemes to conserve freshwater biodiversity, and many

efforts have emphasized the critical role of connectivity in

river systems (e.g., Moilanen et al. 2008; Nel et al. 2009;

Hermoso et al. 2011b). Beechie et al. (2008) reviewed

approaches for prioritizing restoration actions and found

that approaches ranged from logical approaches where

quantitative data are lacking to analytic approaches that

rank actions according to their cost effectiveness.

Prioritization Approach

Our restoration goals focused on improving populations of

native fish and vegetation through provision of sufficient

habitat (Table 2), and thus, we chose to optimize restora-

tion effort by prioritizing restoration sites that would have

the greatest potential to improve fish populations within the

river system, and by identifying locations with the existing

high-quality fish and riparian habitat that could be set aside

as areas for conservation rather than restoration. We

identified conservation sites and prioritized restoration sites

(a site was 5–10 river kilometers) using a semiquantitative

ranking scheme that incorporated current habitat condi-

tions, vegetation distribution, and fish populations (Fig. 5).

We used a prioritization process equivalent to a multi-

species approach identified by Beechie et al. (2008), as we

were focused on improving habitat for the three native fish

species, and we used existing data on habitat conditions,

species distributions, and riparian vegetation to rank sites

as to their restoration potential. We incorporated connec-

tivity into this prioritization process by assigning a higher

restoration potential to areas closer to source populations of

native fish (the Green River and the upper San Rafael

River), i.e., they would be more likely to be colonized if

habitat was improved (Walsworth and Budy in press).

Prioritization Methodology

Site prioritization was accomplished by comparing the

potential response of native fish under restoration

(restoration weight) to the existing habitat conditions

(conservation weight) in individual 300-m reaches of river.

The river was discretized into 300-m reaches, because

continuous longitudinal data were not available for many

variables such as habitat complexity, which were reported

on a per-reach basis. Reaches with the existing high-quality

habitat were established as reference areas where no

restoration would occur. Reaches with a high potential for

native fish response (high restoration weight) but relatively

low existing habitat value (low conservation weight) were

ranked as top priority sites, because they had the potential

for achieving the greatest benefit to native fish with the

least risk to degradation of the existing habitat. Reaches

with a high restoration weight and relatively high conser-

vation weight were ranked as secondary priorities, given

the high potential of restoration to benefit native fish.

Reaches with a low restoration weight were ranked as

tertiary priorities given the current limited potential for

restoration to benefit native fish, and sites with the highest

conservation weights were ranked as the lowest-priority

sites for restoration given their current intact condition and

reduced potential for restoration to further improve

conditions.

To calculate conservation and restoration weights, a

number of metrics indicative of the existing habitat con-

ditions and the potential fish response were identified (see

Fig. 5 for a flowchart of the prioritization process). Each

metric was grouped into 2–5 categories, and each category

was assigned a weight from 0 to 1. Habitat complexity,

channel bed material, and relative cottonwood density were

used as metrics to indicate the existing habitat conditions,

with higher values of each metric indicating higher-quality

habitat. Habitat complexity was used because it is sig-

nificantly correlated with native fish density on the lower

San Rafael River (Bottcher 2009). Channel bed material

was used because coarser substrate supports greater pro-

duction of benthic invertebrates, and thus provides greater

food resources compared with fine-grained bed material

(Walsworth et al. 2013). Native species are also known to

favor coarse substrates for spawning areas (Bezzerides and

Bestgen 2002). Relative cottonwood density was used as a

metric because cottonwoods are a source of large wood to

the channel that forms important fish habitat. The weights

for habitat complexity, substrate size, and relative cotton-

wood density were multiplied together to assess the relative

conservation benefit of different sites (the conservation

weight). Sites with the highest relative conservation weight

were identified as reference areas. The areas identified

through this process were consistently found below

ephemeral tributary inputs, suggesting that tributaries still

provide coarse sediment and flows necessary to erode and

transport sediment. Thus, tributaries apparently help

maintain active river processes that provide habitat for

native fish and riparian vegetation establishment in local

areas.

The potential response of native fish to habitat restora-

tion and the minimum distance to a source population of

native fish (the Green River or the upper San Rafael River)

were combined to determine the value of restoration at

different sites (i.e., the restoration weight, see Fig. 5).

Potential response of native fish included three metrics

(potential response of roundtail chub to riffle habitat, po-

tential response of roundtail chub to pool habitat, and po-

tential response of flannelmouth and bluehead sucker to
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riffle habitat), each of which was estimated using gener-

alized linear models and random forest models that incor-

porated the predictor variables of complex habitat, bed

sediment size standard deviation, and distance to source

population (Walsworth and Budy in press). Minimum

distance to source population was used, because it indi-

cated whether a particular site could more readily be

connected to source populations, an important consid-

eration in prioritizing sites (Beechie et al. 2008). Predicted

response of roundtail chub to riffle restoration was used as

a do-no-harm weighting, because restoration of riffle

habitat was predicted to negatively impact roundtail chub

in some reaches. Predicted response to pools for roundtail

chub and to riffles for the two suckers were used because

pools and riffles are the preferred habitat for chubs and

suckers, respectively. Higher values for these variables

indicate a stronger predicted positive response of native

species to restoration. The weights for modeled fish re-

sponse to habitat restoration and minimum distance to

source population were multiplied together to determine

the relative potential values of restoration at different sites

(the restoration weight).

Substrate Size

Sand   Fine Gravel   Gravel
0.2            0.4            0.6

Coarse Gravel         Cobble
          0.8                     1.0

Predicted BHS and 
FMS Response to 
Riffle Festoration

Phase 1 - High Restoration Weight
Relative to Conservation Weight

Conservation Weight

1.01-1.04
 1.0

<1.0     1.0-1.01
           0.3         0.67

Cottonwood Density

Low   Medium   High
0.3       0.67       1.0

Predicted RTC
Response to Riffle 

Restoration

<1.0     >=1
0.5     1.0

Restoration Weight - Conservation Weight

Phase 4 - High
Conservation Weight

Reference Area Reference Area

Phase 3 - Low Restoration
Weight

Restoration WeightPhase 2 - High
Restoration Weight

Habitat Complexity

<3%     3-10%
           0.25       0.5

10-25%     >25%
0.75          1.0

Predicted RTC
Response To Pool

Restoration

<1.0     1.0-1.01
          0.25         0.5

1.01-1.04     >1.04
            0.75           1.0

Distance to Source
Population (miles)

<5   5-10   10-20
        1.0    0.8      0.6

20-30     30-40
0.4         0.2

Fig. 5 Flow chart of the prioritization method applied to the lower

San Rafael River. Each box gives the different categories of each

variable and their associated weights. Relative cottonwood density in

the riparian zone, substrate size, and habitat complexity weights were

multiplied for each 300-m reach and reaches with high values were

identified as reference areas. Distance to native fish source popula-

tion, predicted response of roundtail chub (RTC) to riffle and pool

restoration, and predicted response of bluehead (BHS) and flannel-

mouth sucker (FMS) to riffle habitat weights were multiplied to

produce a restoration weight for each 300-m reach. Restoration and

conservation weights were compared for all reaches except for the

reference areas to prioritize restoration sections into phases. Values

for substrate size, habitat complexity, and predicted fish responses

were taken from Walsworth (2011). Habitat complexity was deter-

mined as the proportion of pool, riffle, and backwater habitat within

each 300-m reach. Relative cottonwood density was calculated by

converting all 0.5-m raster cells identified as cottonwood canopy on a

vegetation map (maps available at http://bit.ly/1awJyOr) to points and

calculating density of cottonwood points within 100 m of each cell

(Macfarlane and McGinty 2013). Values for predicted fish response to

habitat restoration \1 indicate a decrease in abundance due to

restoration activities. Higher values for these variables indicate a

stronger predicted positive response of the three species to restoration.

Values \1 only occurred for predicted response of roundtail chub to

riffle restoration, and thus this variable was used as a do-no-harm

weighting
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Importance of Site Prioritization to Long-Term

Planning

In addition to providing an optimization scheme for allo-

cation of site-specific restoration efforts, the prioritization

scheme provides a long-term plan for restoration and

management of the entire lower river system. The

restoration sites can be targeted in a phased approach,

moving from high-priority to low-priority sites over time.

Within high-priority sites, specific actions can be imple-

mented in easy-to-access locations (i.e., where there are

existing roads), so as to reduce cost and test their effec-

tiveness before application in more remote areas. If con-

ditions are improved in high-priority sites through

restoration, the potential benefit for restoring the initially

lower-priority sites should increase. In addition, this long-

term plan will facilitate adaptive management, because

planned activities for lower-priority restoration sites can be

updated based on learning at higher-priority restoration

sites.

Restoration Actions

Much of the recent literature on river restoration has em-

phasized the need to develop process-based approaches to

habitat-improvement projects (reviewed by Beechie et al.

2010). Indeed, a key aspect of prioritizing restoration ac-

tions under a multispecies approach, as adopted here

(Beechie et al. 2008), is to identify activities that enhance

natural watershed processes that create and maintain

complex habitat. Efforts to restore fish populations through

recovery of natural processes will necessarily need to in-

corporate agreements for modifying current flow manage-

ment, improvement of fish passage at barriers, and control

of nonnative fish populations; these are reflected in our

restoration objectives and are currently being pursued (see

discussion of informal water agreements above). However,

given the constraints in the system (e.g., full restoration of

flow regimes is infeasible due to human water needs),

identification of site-specific actions that could supplement

these efforts by enhancing habitat-forming processes was

critical (Table 3).

In identifying site-specific actions, we avoided hard-

engineering structural approaches based on the likely cost

effectiveness of alternative approaches and their potential

to enhance natural river processes. Engineered channel

structures may in some cases meet the goals of restoration

projects; however, they come with substantial risks of

failure, particularly in braided river systems (e.g., Kondolf

et al. 2001), are expensive, often costing [$100,000 for

\1 km of channel (Bernhardt et al. 2005), and often re-

quire continued maintenance. Our selected techniques are

designed to minimize project cost and maintenance by

enhancing the ability of natural river processes to create

and maintain habitat (estimated cost for *10 km of river is

*$450,000). The exact suite of these restoration actions

employed in any section of the river should ideally be

based on cost effectiveness, and although the costs of po-

tential restoration actions are well known (Table 3),

quantification of the geomorphic impacts and habitat-en-

hancement potential of many of these actions has not been

attempted in desert river systems. Many of the techniques

have already shown promise for enhancing river processes

and promoting habitat creation and maintenance (e.g.,

Keller et al. 2014), but further quantification of the effec-

tiveness of the techniques will be a critical component of

the restoration plan.

Given the uncertainty of the effectiveness of proposed

restoration techniques, the overall restoration plan adopted

an adaptive management framework, with results of initial

phases of the restoration project informing actions on

subsequent phases. To facilitate incorporation of an adap-

tive approach, we used the conceptual model of river

degradation and restoration (Fig. 4) to develop hypotheses

for the response of the river system to restoration actions

(Table 3). Comparison of pre- and post-restoration

monitoring conducted by agency and university personnel

will be used to evaluate support for hypotheses, and if the

river system fails to respond as hypothesized, re-evaluation

of the restoration plan will occur to determine why

restoration is not achieving objectives and whether

restoration activities need to be altered (Fig. 2). To fa-

cilitate evaluation of hypotheses, an experimental design

(before-after-control-impact) to project implementation

was incorporated into the San Rafael River-restoration

plan. Each of the restoration actions will be implemented

individually and in combination with other actions, and

treatment combinations will be replicated to assess indi-

vidual and interactive effects (see Laub et al. 2013 for

experimental design).

Monitoring and Adaptive Management

No amount of systematic planning or research can elim-

inate uncertainty in how river systems will respond to

restoration (Sarr 2002; Harris and Heathwaite 2012). Thus,

restoration plans must be adaptable in response to new

information and unforeseen changes (Murray and Mar-

morek 2003). The phased approach to restoration identified

through site prioritization combined with the experimental

design of restoration actions will allow testing of the ef-

fectiveness of restoration activities on one stretch of the

river, with the most successful activities implemented on

remaining restoration sites (Fig. 2). Through this approach,
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the plan will be directly adaptable to monitoring data, be-

cause prescription of restoration activities to be imple-

mented on most of the river will be dependent on the cost

effectiveness of restoration activities implemented in the

first phases of river-wide restoration.

The groundwork for adopting this adaptive framework

has been laid by collection of pre-restoration data at both

reach-scale and landscape-scale including vegetation

mapping and detailed topographic data (30-cm aerial lidar

at 6.45 points/m2) for the entire lower river riparian cor-

ridor (108.5 km2). The combination of reach-scale mea-

surements (e.g., habitat complexity, vegetation plots) and

broad-scale data sources (e.g., lidar, aerial photographs)

will allow for the determination of the impacts of specific

restoration activities on local-scale characteristics and the

cumulative effects of multiple restoration actions over the

entire river through repeated post-restoration monitoring.

Funding for this post-restoration monitoring has been se-

cured and is being coordinated between agency and aca-

demic personnel. Assessment of cumulative effects on a

system-wide scale have generally been lacking for

restoration projects (Follstad Shah et al. 2007; Kondolf

et al. 2008). Both local- and river-wide assessments will

aid in the adaptation of the restoration plan over time.

Local-scale assessment will provide information on the

effectiveness of different restoration activities in effecting

geomorphic change and their potential for diversifying fish

and riparian habitat. Local-scale assessment of restoration

effectiveness will feed directly into restoration planning for

future restoration phases as discussed above (Fig. 2). Cu-

mulative assessment of restoration effects will be necessary

to determine whether restoration efforts are meeting the

overall goals and objectives of the restoration plan. If

overall goals are not being achieved, reassessment of the

plan framework will be conducted to determine if broad-

scale approaches need to change; for example, the site

prioritization could be updated with new information

(Fig. 2), or if restoration is found to improve habitat, but

native fish populations are not responding, restoration fo-

cus may need to switch from habitat improvement to

nonnative fish control or enhancing connectivity within the

river system.

By developing a rigorous monitoring plan, imple-

menting restoration actions using an experimental design,

and assessing both local and cumulative effects, we aim

to apply lessons learned on the San Rafael River to

restoration of other desert river systems facing similar

threats. In addition, the planning roadmap and strategies

we provide here should be adaptable to any river-

restoration planning efforts. Knowledge transfer from the

San Rafael River to other river systems will ensure that

the investment in science-based restoration planning

herein extends beyond the target watershed to broader

river-conservation efforts.

Table 3 Restoration actions, approximate cost, and their hypothesized mechanism of action for enhancing river processes and native fish and

riparian habitat

Restoration action Approximate

cost ($/km)

Hypothesized mechanism

Tamarisk whole-tree

removal

15,000 Hypothesis: Removal of trees will destabilize channel banks and enhance bank erosion and

lateral channel migration during high flows. Channel migration and associated sediment

transport processes will create critical fish habitat including pools, point bars, and

backwaters

Null Hypothesis: Removal of trees will have no additional effect on lateral channel-migration

and habitat-creation processes beyond that provided by high flows

Facilitating dam-building

activity by beaver

500 Hypothesis: Dam-building activity will create complex fish habitat and enhance river–

floodplain connections by promoting pool scour downstream of dams and sediment

aggradation above dams that will raise water tables and promote overbank flow

Null hypothesis: Dam-building activity will have little impact on channel–habitat complexity

and sediment accumulation will be insufficient to enhance river–floodplain connections

Large substrate and wood

addition

10,000 Hypothesis: Diversion of flow around large boulders and wood will create scour pools,

backwaters, and other complex fish habitat. Wood accumulations, similar to beaver dams,

will improve river–floodplain connections by aggradation and by directing flow toward river

banks to increase bank erosion

Null hypothesis: Boulders and wood will be ineffective at diverting flow and altering channel

morphology or will be buried by sediment

Gravel addition 20,000 Hypothesis: Gravel transport during high flows will form alternating bars, which will increase

channel sinuosity and availability of riffle habitat and decrease channel confinement

Null hypothesis: Added gravel will have no additional effect on formation of alternating bars

and decreases in channel confinement beyond that provided by high flows or gravel will be

buried by sediment
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The Role of Scientists, Managers, and Reviewers

Involvement of a transdisciplinary team of scientists and

river managers was critical for restoration planning. Sci-

entific research to understand geomorphic changes on the

river and response of fish populations was necessary for

formulating process-based restoration strategies. Involving

scientists in the planning process also helped us formulate

the implementation plan as an experimental design that will

aid learning and adaptive management. River managers

were critical for moving the plan forward from the

knowledge of the system to the formulation of feasible

actions. Through their experience with project implemen-

tation, managers asked questions that extracted directly

applicable information from the scientific research. Plan

review by a diverse group of experts not directly involved

in the project identified goals, objectives, and actions

where scientific justification was either lacking or not

clearly stated. Revision of the plan to address reviewer-

identified shortcomings and information gaps improved

communication of project intent, rationale for restoration

actions, and monitoring plans. Feedback between scientists

and managers will be ongoing through development of

specific restoration design criteria and on-the-ground im-

plementation and monitoring. Given the few direct users of

the lower San Rafael River (see ‘‘Site Description’’), in-

volvement of stakeholder groups would likely have been an

unnecessary complication for planning habitat-restoration

efforts. However, water users throughout the watershed

have been informed of project goals, objectives, and ac-

tivities. In addition, ongoing efforts to develop a managed

flow plan for the river are proceeding with direct stake-

holder input, with informal agreements already in place to

coordinate flow releases from upstream reservoirs when

excess water is available.

Conclusions

We have provided a concrete demonstration of how a river-

restoration planning effort can incorporate available in-

formation at multiple stages in both qualitative and quan-

titative ways to fulfill the current, recommended best

practices. Key recommendations for future restoration ef-

forts include development of a systematic planning strategy

early in the planning process, formulation of goals and

objectives based on an understanding of system constraints,

systematic site prioritization, developing goals and objec-

tives for monitoring, and involvement of both scientists and

managers in plan development and review. A clear plan-

ning strategy helped focus attention on the need to identify

the processes that had been altered in the course of river

degradation at a watershed scale and, together with

developing goals and objectives specific to monitoring,

highlighted the need to incorporate an adaptive manage-

ment framework into the plan early on. Acknowledgement

of system constraints helped identify altered processes and

feasible restoration goals and objectives, and systematic

site-prioritization-focused restoration efforts on the most

cost-effective locations. Involvement of both scientists and

managers was necessary to translate understanding of

system processes to feasible restoration actions. The initial

investment in research to understand ecosystem dynamics

was substantial (approximately equal to the expected cost

of full restoration implementation excluding monitoring;

*$500,000), but was critical in developing a science-

based and process-based restoration plan. However, by

monitoring restoration impacts on the San Rafael River, it

will likely be possible to transfer knowledge gained to

restoration planning of similar river systems and lower the

initial investment.
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