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Introduction 

The Umpqua River Basin in southwestern Oregon (Figure 1) is part of the lands inhabited by the Cow 

Creek Band of Umpqua Tribe of Indians and an area of active co-management authority.  This Basin 

supports a unique fish fauna, including important populations of Pacific salmon (Oncorhynchus spp.) and 

steelhead (O. mykiss), and other native fishes that are endemic to the region (Mims et al. 2018).  Among 

these species, the Pacific Lamprey (Entosphenus tridentatus) is one of the most unique, representing an 

ancient lineage of jawless fishes that long predates the evolution of any other species of fish in the basin 

(Clemens et al. 2017, 2021a).  The Pacific Lamprey also represents an important cultural and food 

resource that features prominently in the indigenous practices of the Cow Creek Band of Umpqua Tribe 

of Indians.  

This report provides a select summary of topics related to the conservation of Pacific Lamprey in the 

Umpqua River Basin.  Many of the topics addressed herein were discussed in a workshop co-hosted by 

the Cow Creek Band of Umpqua Tribe of Indians and the U.S. Geological Survey in April of 2022.  This 

workshop was focused on threats to Pacific Lamprey in fresh waters of the basin.  The workshop 

highlighted science conducted over the past 15 years by local managers and researchers to understand 

and address these threats and provide new information relevant to the conservation and restoration of 

Pacific Lamprey.  Attendees included staff from the Coquille Indian Tribe, Yakama Nation, Columbia 

River Inter-Tribal Fish Commission, Partnership for Umpqua Rivers, Rogue River Watershed Council, 

Curry Watersheds Council, PacifiCorp, Trout Unlimited, Jackson Soil and Water Conservation District, 

Oregon Department of Fish and Wildlife, Bureau of Land Management, U.S. Fish and Wildlife Service, 

and U.S. Forest Service. This report provides an overview of this workshop and recent science and 

provides an overview of potential future efforts that could inform restoration of Pacific Lamprey.   

This summary is organized into four sections that relate to the main topics of the workshop: 1) The 

physical habitat template (stream flow, instream wood, sediment, and water temperature), 2) 

movement barriers and reservoirs, 3) biological invasions, and 4) climate adaptation.  These do not 

represent an exhaustive list of topics related to conservation of Pacific Lamprey in the Umpqua Basin.  

Before we address these topics, we provide a brief overview of the life cycle and population status of 

Pacific Lamprey to orient readers who may be less familiar with Pacific Lamprey (see cited literature for 

additional details) 
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Figure 1.  Map of the Umpqua River Basin in southwest Oregon.  Major tributaries are shown, 

as well as larger natural lakes, reservoirs, and points indicating the locations of dams that are 

10 feet in height and with water storage of more than 9.2 acre-feet 

(https://geohub.oregon.gov/datasets/oregon-geo::dam-facilities/about; accessed 25 January 

2024). 

 

Pacific Lamprey: life cycle and population status 

Details on the life cycle of Pacific Lamprey were addressed by Clemens (2017, 2021a, b; Figure 2). 

Observed declines in Pacific Lamprey have been documented in the North Umpqua River Basin and 

many river basins in the Pacific Northwest (Clemens et al. 2021b). These declines have prompted 

concerns and motivated new actions to restore the species to its former abundance.  This includes 

https://geohub.oregon.gov/datasets/oregon-geo::dam-facilities/about
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addressing potential threats to the species throughout its life cycle, including life stages in freshwater 

and marine environments (Figure 2). Conservation of Pacific Lamprey is the purview of the Pacific 

Lamprey Conservation Initiative (PLCI), which conducts regional and subregional status assessments for 

the species and supports conservation actions (Wang and Schaller 2015; U.S. Fish and Wildlife Service 

2019). As of 2023, Pacific Lamprey is designated as a “Species of Concern” by the U.S. Fish and Wildlife 

Service (USFWS 2019) and a “Sensitive Species” in Oregon (ODFW 2020). 

 

 

Figure 2.  Simplified summary of the life cycle of Pacific Lamprey based on current understanding of the 

species and conversations with Ben Clemens (Statewide Lamprey Coordinator, Oregon Department of 

Fish and Wildlife, personal communication; drawn by Jason Dunham, U.S. Geological Survey).  This 

figure/schematic provides an overview of various freshwater and marine components of the life cycle of 

Pacific Lamprey that may be considered in designing river restoration, climate adaptation, and other 

activities to benefit the species. The marine components are not further addressed in this document. 
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The physical habitat template 

We begin with a consideration of the physical template, since it provides the foundation upon which 

biological processes operate (Montgomery 1999, Gordon et al. 2004).  Key elements of the physical 

template include hydrologic processes such as processes generating surface stream flow and flow 

regimes; geomorphic processes such as sediment and wood dynamics and consequences for substrate 

composition and stream channel structure; and heat budgets, which drive the dynamics of stream 

temperature.  These processes are often the focus of contemporary stream restoration and motivation 

for process-based stream restoration (Beechie et al. 2010, Ciotti et al. 2021).  Given the complexities of 

the life history of Pacific Lamprey (Figure 2; Homel et al. 2019, Lamprey Technical Workgroup. 2023), 

there are multiple life stages that could be influenced by these physical processes or actions that modify 

them.  Studies of relations between streamflow, sediment, wood, water temperature, and Pacific 

Lamprey are limited in number, however.  We briefly summarize the work we are aware of here and 

their implications for stream restoration or climate adaptation to benefit Pacific Lamprey in the Umpqua 

River Basin (see also Homel et al. 2019, Lamprey Technical Workgroup. 2023).   

Stream flow regimes are widely recognized as important components for the restoration and 

management of stream ecosystems (Poff et al. 1997).  Furthermore, many species have evolved in 

response to stream flow regimes, which include the magnitude, timing, duration, frequency, and 

predictability of stream discharges that are experienced by aquatic biota (Lytle and Poff 2004).  In many 

cases, loss of surface flow in streams is occurring in relation to climate warming, drought, and human 

water uses, and posing threats to the existence of aquatic ecosystems altogether (Datry et al. 2014).  

Regional studies that include the Umpqua River Basin indicate that 1) relative wetted widths of streams 

(expressed as a proportion of stream bankfull width) may be declining, 2) modeled stream flows indicate 

variable declines, and 3) drought conditions appear to be increasing (Dunham et al. 2023).  This recent 

work, along with many detailed studies across the region, indicate that human-caused climate change is 

strongly influencing stream flow, and that loss of surface flow is a growing concern (Clemens 2021, 

Halofsky and Peterson 2022). 

Whereas it is well-known that many local factors can influence stream flow, only a few detailed studies 

in the Umpqua River Basin identify which factors are most important or provide implications for 

management. Riparian and forest vegetation dynamics and composition represent one of many local 

processes influencing stream flows that could have management implications (Coble et al. 2020).  For 

example, a recent study of stream flows in paired watersheds in the headwaters of the South Fork 
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Umpqua River suggests that changes in forest vegetation and transpiration may lead to lower surface 

flows (Perry and Jones 2017). Further work is needed, however, to better understand these processes 

and implications for management (Coble et al. 2020).  Other potential local influences on stream flows 

include road networks, wildfire, local human uses of ground and surface water, and flow regulation 

downstream of the reservoirs in the system.  Beaver-created ponds could influence storage of water and 

flows as well, but recent work shows that although Beaver (Castor canadensis) are common across the 

Umpqua River Basin, they rarely construct dams and associated ponds (Stevenson 2023). Consideration 

of the collective influences of these local factors along with regional (such as climate-related) drivers of 

stream flows will require more comprehensive assessments (such as Du et al. 2014) than are currently 

available.  Current monitoring of stream flows is often done at fixed gages, which provide detailed time-

series at specific locations. This monitoring effort could be expanded by adding more distributed efforts 

to quantify flow conditions across the Umpqua Basin, which would provide a clearer picture of 

opportunities for managing stream flows to benefit Pacific Lamprey (such as increased capacity for 

upstream migration; Clemens et al. 2017, Clemens and Schreck 2021, Clemens et al. 2023) and aquatic 

ecosystems in general (Kovach et al. 2019, Kampf et al. 2021, Seybold et al. 2023). 

In addition to stream flows, associated variability in geomorphic processes, especially sediment and 

instream wood dynamics, shape habitat for Pacific Lamprey. Locations that offer a potential source of 

fine sediment (such as silt and sand) for burrowing and provide geomorphic features that allow for 

retention of sediment can provide suitable habitat for larval Pacific Lamprey (Jones et al. 2020).  Recent 

work on the distribution of suitable burrowing habitat in the Umpqua Basin provides a clear example of 

how sediment and instream wood can interact to drive the spatial distribution of larval habitat in the 

system (Jones et al. 2020).  Local restoration efforts in the watershed may influence these processes to 

benefit larval lamprey, as suggested by one study in a tributary to the lower Umpqua River (Little Wolf 

Creek; Gonzalez et al. 2017; see also Roni 2002). In this case, placement of instream wood led to 

increased retention of fine sediment and use by larval lamprey.  Other work in the Smith River, a major 

tributary to the lower Umpqua River, identified characteristics of spawning locations used by adult 

Pacific Lamprey (Gunckel et al. 2009).  This work indicated that spawning occurred in gravel-rich 

locations, but that it was difficult to distinguish these locations from other similar, but unused locations 

(see also Mayfield et al. 2014).  Additional study of Pacific Lamprey in the Smith River indicates that prior 

to spawning, adults spend a variable time in streams, and may select much larger substrate for holding, 

such as boulders and bedrock crevices (Starcevich et al. 2014; see also Clemens and Schreck 2021). It is 

unclear how pre-spawning adult lampreys would use instream large wood during the freshwater holding 
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phase since it was absent from the study reaches in the Smith River (Starcevich et al. 2014), but these 

and similar structures were found to be important for this life stage in other systems (Clemens and 

Schreck 2021). Collectively, this work shows that instream wood and substrate requirements vary 

dramatically by life stage for Pacific Lamprey.  The configuration of available habitat types across the 

Umpqua River network may also be important as Pacific Lamprey are widely distributed (Jones et al. 

2020).  Specifically, this refers to proximity of habitats that favor different life stages, as well as their 

redundancy, connectivity, and a host of other spatial processes that may be just as important as local 

processes (Schlosser 1995).  To assist in understanding the relative importance of these processes and 

identifying locations with the highest potential for protection or restoration, obtaining more spatially 

continuous information on physical factors such as channel substrate and instream wood is needed (as 

suggested by Jones et al. 2020). 

Stream temperature has a long history of study in the Umpqua River Basin, initially in relation to land 

management (e.g., Hostetler 1991) and more recently in relation to climate change (Jones et al. 2020, 

Halofsky and Peterson 2022).  Temperature data loggers have made data collection easier (Dunham et 

al. 2005), which has dramatically increased stream temperature data availability across the region.  

Notably, there are efforts in place to model and predict annual (Isaak et al. 2017) and even daily 

temperatures (Siegel et al. 2023). With respect to available habitat for Pacific Lamprey in the Umpqua 

Basin, application of the annual model predictions (Isaak et al. 2017) indicates that temperature is a 

primary limiting factor (Jones et al. 2020).  This is due in part to the association of warmer temperatures 

with the establishment of invasive fish, such as Smallmouth Bass (Micropterus dolomeiu). In the 

warmest locations of the Umpqua River, there are potential physiological consequences for Pacific 

Lamprey (Clemens 2022).  As air temperatures warm, wildfires are expected become more likely in the 

Umpqua Basin, stream flows are expected to decline, and stream temperatures are expected to variably 

increase (Halofsky and Peterson 2022).  

In response to concerns over warming temperatures, restoration actions to slow or counteract the 

threat of climate change are being evaluated. In one example, Stevenson et al. (2022) evaluated the 

potential for beaver ponds to reduce stream temperatures, but found instead that ponds warmed 

streams, with warming persisting downstream for several hundred meters. Other studies show that 

cooling of stream temperatures is possible in response to beaver-related restoration (Weber et al. 

2017). These conflicting outcomes suggest that this action, or any action, requires a detailed, process-

based assessment (Nash et al. 2021).  More broadly, changes in land use regulations that protect 
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streamside vegetation and shading could be effective in reducing stream temperatures, but results from 

such measures may take decades to realize (Dunham et al. 2023). To evaluate the effectiveness of any 

restoration action to reduce or even reverse warming of stream temperatures, more detailed 

consideration of physical processes that influence heat budgets and thermal sensitivity are needed 

(Moore et al. 2005, Rey et al. 2023).    

Our treatment of the physical template here covers a selected set of primary focal points for stream 

restoration in the Pacific Northwest, but other important processes could be considered.  Another 

process to consider is the dynamics of stream productivity, which requires an integrated understanding 

of physical, chemical, and biotic processes (Bellmore et al. 2017).  For example, recent study of 

restoration alternatives revealed that potential outcomes were not controlled by traditional geomorphic 

approaches that are currently common in river restoration, but rather they were influenced by the food 

web processes driving instream productivity (Whitney et al. 2020). Such processes may be particularly 

important for larval Pacific Lamprey, due to their dependence on filter feeding and productivity.  To 

open new pathways and action alternatives for Pacific Lamprey conservation, additional work is needed 

to consider productivity or other factors not commonly addressed in stream restoration. 

Passage and reservoirs 

Impairment of fish passage at human-created structures is a major concern for migratory fish, such as 

Pacific Lamprey (Clemens et al. 2021a, Clemens et al. 2023).  Most obvious in terms of human-created 

barriers to fish movement are large, impassable dams, but the numerous smaller structures across 

riverscapes, including stream-road crossings, water diversions, and smaller dams, can also be important.  

In the Umpqua River Basin, two large structures, Soda Springs and Winchester dams, historically blocked 

passage, but both structures now have passage structures designed specifically to pass upstream-

migrating adult Pacific Lamprey.  The passage structure designed to pass Pacific Lamprey at Soda Springs 

Dam was constructed in 2012.  Ten years later, the first upstream-migrating adults were observed using 

the structure to move upstream (R. Grost, Pacific Power, personal communication).  Farther 

downstream on the lower mainstem of the North Umpqua River is Winchester Dam.  This dam has a fish 

ladder designed to facilitate fish passage, but it was not designed with the specific requirements of 

lamprey in mind.  To address this need, a ramp to allow more efficient upstream passage of Pacific 

Lamprey was installed by the Oregon Department of Fish and Wildlife in 2013.  In the years just prior to 

construction of this ramp (2009-2010), adult Pacific Lamprey were noted upstream of the dam, although 

upstream passage by radio-tagged adults was low (8% and 19%, respectively) in the two years studied 
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(Lampman 2011).  Many of these fish remained at the base of the dam, residing either with the 

structure itself or immediately downstream (63% and 67% of tagged fish in 2009 and 2010, 

respectively).  It is unclear today how the new ramp has improved passage over the dam, but increasing 

numbers of adults counted moving upstream through the fish ladder are encouraging (ODFW 2020, 

Clemens et al. 2021).  Clemens et al. (2021) point to several potential biases and contexts that are 

important to consider for interpreting these patterns.  Given these considerations, more detailed 

assessments of counts and perhaps direct observations of passage (Lampman 2011) could determine if 

such increases are sustained and attributable to improvements in passage. In addition to effects of 

Winchester Dam on upstream passage of adults, populations of larval lamprey occupying the pool 

upstream of the dam are sometimes impacted by periodic drawdowns of the reservoir for dam 

maintenance.  In addition to larger dams, there are literally hundreds of smaller potential barriers to 

passage of Pacific Lamprey, primarily at road-stream crossings.  New road-crossing designs used to 

replace these small structures and intended to provide for passage of aquatic organisms have been 

successful at restoring lamprey passage where they meet contemporary design standards (Chelgren and 

Dunham 2015).  

Removal of movement barriers is one of the first steps to consider in stream restoration (Roni et al. 

2002).  Regulations in the State of Oregon (https://www.dfw.state.or.us/fish/passage/ accessed 15 

December 2023), as well as federal aquatic organism passage and stream simulation guidelines 

(Gillespie et al. 2014), require that human-created structures offer volitional passage for fish and other 

species.  Prioritization frameworks that include consideration of native lampreys, as well as road 

infrastructure and hydrogeomorphic processes are available (Reagan 2015).  These or other 

prioritization tools (Garcia de Leaniz and O’Hanley 2022) can be employed to evaluate passage 

restoration decisions across the Umpqua Basin.  Once priorities are identified and potential barrier 

removal projects are evaluated, limited funding can be allocated to projects anticipated to generate the 

greatest return on investment, given the objectives in play (such as fish passage, stream simulation, and 

transportation).  Given the extent to which the Umpqua Basin has been colonized by invasive species 

(such as Smallmouth Bass and many other introduced species), some consideration of isolation versus 

invasion may also be warranted in many cases (Fausch et al. 2009, Garcia de Leaniz and O’Hanley 2022).  

This should be most important in portions of the Basin where invasions have yet to take place.  

Consideration of the future distribution of invaders with warming water temperature may be important 

as well (Jones et al. 2020). 

https://www.dfw.state.or.us/fish/passage/
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Invasions 

Biological invasions in freshwaters are widely recognized as a threat to aquatic ecosystems (Reid et al. 

2019).  In the Pacific Northwest, there are a growing number of invasive fish species that could pose 

problems for native species, including Pacific Lamprey.  Among the invaders that pose threats, 

introduced Smallmouth Bass has received considerable attention.  Smallmouth Bass are a warmwater 

species and are known to prey heavily on native lamprey larvae in the Umpqua River Basin (Schultz et al. 

2018).  Across the Pacific Northwest, numerous studies have been focused on patterns of invasion by 

Smallmouth Bass and interactions between this species and native species, including salmon and trout, 

other native bony fish, and lampreys (Rubenson and Olden 2020).   

In the Umpqua River Basin, current angling regulations issued by the State of Oregon allow for unlimited 

harvest of Smallmouth Bass, but there are many recreational anglers and guides that promote catch and 

release to preserve the fishery.  These conflicting interests are common to many introduced fishes and 

pose a challenge to effective control (Dunham et al. 2020, Sax et al. 2022).  Another challenge to 

controlling this species is the likelihood that its distribution will increase with climate change.  As water 

temperatures warm, Smallmouth Bass are expected to expand their distribution in the Umpqua River 

Basin specifically (Jones et al. 2020) as they have throughout the Pacific Northwest (Rubenson and 

Olden 2020). 

In addition to Smallmouth Bass, the Umpqua River Basin supports a host of other invasive fish 

characteristic of warmer water and with impacts and patterns of invasion that may be similar. These 

include other members of the sunfish family (Centrarchidae), Striped Bass (Morone saxatilis), and 

Bullhead Catfish (Ameiurus, spp.).  Other predatory warmer-water species such as Walleye (Stizostedion 

vitreum) and Northern Pike (Esox lucius) have successfully invaded other stream systems in the region, 

but these species have yet to establish in the Umpqua River Basin.  In the headwaters of the Umpqua 

River Basin, introduced coldwater fish such as Brown Trout (Salmo trutta) and Brook Trout (Salvelinus 

fontinalis) also pose potential threats.  As stream temperatures warm and flow regimes shift to include 

more winter flooding due to loss of snowpack, however, the ranges and potential impacts of these 

coldwater species may decline (Wenger et al. 2011). 

Given the current status of invasive fish in the Umpqua River Basin, it is difficult to envision the case for 

conventional control of them through any currently available removal methods.  Furthermore, attempts 

to eradicate many currently established invaders are likely to meet with some social resistance.  
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Accordingly, unconventional methods of addressing impacts, rather than the invaders themselves may 

be warranted (Dunham et al. 2020).  Impact-based approaches focus on actions that allow native species 

to persist without requiring direct control of an invader.  Although there are examples of these 

approaches for managing impacts, they are not always directly acknowledged as a means of managing 

invasive fish because of the overwhelming focus on prevention and control (Dunham et al. 2020).  For 

Pacific Lamprey, efforts to manage stream flows, riparian shading, or other processes that reduce 

stream temperature may be effective to benefit of Pacific Lamprey without the need to directly control 

introduced species (ISAB 2007, Jones et al. 2020, Fuller et al. 2022, Halofsky and Peterson 2022).  Careful 

construction and maintenance of movement barriers may also be an option for slowing upstream 

invasion of introduced fish, but tradeoffs involving isolation for native species are a consideration 

(Fausch et al. 2009).  In practice, a combination of approaches, including elements of prevention, 

control, and managing impacts may be warranted (Dunham et al. 2020).  A more formal and 

comprehensive assessment of decision alternatives would be needed to explore these possibilities (such 

as Dunham et al. 2022). 

Climate Adaptation 

The effects of human-caused climate change are transforming societies and ecosystems across the 

planet (Malakar et al. 2023).  In the Umpqua River Basin, climate change is leading to warmer air and 

stream temperatures, altered stream flow regimes, and associated ecological responses (Clemens 2022, 

Halofsky et al. 2022).  Recent drought (Zhang et al. 2021) and wildfires (Reilly et al. 2022) experienced 

regionally and locally in the Umpqua River Basin have brought climate change into focus as a 

contemporary force.   

A recent climate change vulnerability assessment for Pacific Lamprey across the western United States 

indicated that the Umpqua River Basin is the most vulnerable among all basins assessed (Wang et al. 

2020).  A more detailed assessment of climate change in the Umpqua River Basin similarly indicated 

substantial contractions in the extent of potentially suitable habitat for larval lamprey in the system, 

owing in part to expected warming of stream temperatures and expansion of nonnative smallmouth 

bass (Jones et al. 2020).  Notably, baseline conditions used in this work represented the year 2005, and 

since then aforementioned impacts of drought and wildfire were not yet realized. 

Given the present and future threats posed by human-caused climate change, what can be done to 

ensure that Pacific Lamprey persist in the Umpqua River Basin?  As with many other aquatic species in 
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the region, climate adaptation for Pacific Lamprey fundamentally involves managing thermal and flow 

regimes in streams (Wang et al. 2020).  Addressing these hydrologic responses can involve short-term 

active interventions, such as managing outflows from storage reservoirs (Stratton-Garvin and Rounds 

2022).  In cases where water is diverted or pumped directly from stream channels, allocating that water 

to instream flows is another short-term action that can be effective (Womble et al. 2022).  Over longer 

time frames, restoration of riparian vegetation to provide shade to reduce heating or increasing 

floodplain connectivity are often cited as action alternatives (Moore et al. 2005).   

Where can climate adaptation be most effectively implemented in the Umpqua River Basin?  As may be 

expected, given the overarching importance of cold water and implications for distributions of non-

native warmwater species, many of the areas that could act as focal points for climate adaptation to 

benefit Pacific Lamprey are in portions of the watershed where temperatures are moderated by coastal 

influences (such as the Smith River and lower tributaries to the mainstem Umpqua River) or in higher 

elevations with cooler climates and underlying geologies that provide greater moderation of 

temperatures via increased deep groundwater fluxes (Isaak et al. 2016, Jones et al. 2020, Hare et al. 

2021).  Protecting these headwaters would be a useful measure to maintain availability of existing 

higher quality habitat for Pacific Lamprey.  Most opportunities for active restoration lie in lower 

elevations, where human populations and associated water use in the Umpqua River Basin are 

concentrated (Halofsky et al. 2022). 

In concept, climate adaptation planning to benefit Pacific Lamprey in the Umpqua River Basin could 

involve 1) identifying locations that would benefit key life stages, 2) assessment of conditions within 

those locations in terms of their present suitability, 3) assessment of potential future conditions, and 4) 

identification of specific short- and long-term measures to ensure conditions remain suitable for as long 

as possible.  Although existing work has focused on larval lamprey, thermal habitat conditions for other 

life stages (including migration of transforming larvae and adults, spawning, and incubation) are also 

important to consider.  New work is underway to develop quantitative life cycle models for Pacific 

Lamprey (D. Gomes, U.S. Geological Survey, personal communication) and these may also be useful for 

evaluating climate adaptation in a more integrated fashion.  To assess current conditions, it is important 

to recognize that existing assessments of Pacific Lamprey (U.S. Fish and Wildlife Service, 2019, ODFW 

2020, Jones et al. 2020, Wang et al. 2020) and aquatic conditions (Halofsky and Peterson 2022, Dunham 

et al. 2023) are based mostly on spatial datasets that may not fully represent conditions on the ground 

and reach-scale processes that shape instream habitats.  Work in the Umpqua River provides examples 



14 

of habitat assessments at multiple scales (Gunckel et al. 2009, Starcevich et al. 2014, Gonzalez et al. 

2017, Jones et al. 2020).  Although it is possible to make decisions based on existing broad-scale 

assessments, there is value in more detailed assessments of conditions at specific sites.  A combination 

of broad-scale assessments to identify key portions of the landscape to evaluate in more detail can be 

useful in this regard. 

Once specific life stages and current and future conditions are considered, the next step for addressing 

climate impacts involves identifying what “levers” in the system can be managed to benefit Pacific 

Lamprey.  For example, if a specific reach of stream important to Pacific Lamprey is influenced by 

barriers to movement (such as road-stream crossings in headwaters or passage over barriers further 

downstream), relatively short-term benefits can be realized by addressing these factors first.  Similarly, 

cases in which existing patterns of water use (such as instream water use) or storage (such as reservoir 

operations) overlap with the current or likely distribution of Pacific Lamprey can be useful in the short-

term.  Over longer time frames, recovery of riparian vegetation, instream wood, and channel form may 

take decades to centuries without intensive and expensive restoration efforts (Dunham et al. 2023).  

Some threats, such as invasions by Smallmouth Bass and other nonnative species, may be particularly 

difficult to address and require novel approaches beyond the conventional means of prevention and 

control of invaders (Dunham et al. 2020).   

Ecological transformation wrought by climate change is leading scientists and practitioners to envision a 

host of new concepts and action alternatives for climate adaptation, such as those envisioned by the 

Resist-Accept-Direct concept (Lynch et al. 2021).  The essential message from these emerging ideas is 

that past approaches to restoring streams for species such as Pacific Lamprey may no longer be viable 

alternatives, or at the least there are new alternatives that can provide successful outcomes that are 

more in line with addressing an ever-growing list of threats (e.g., Dunham et al. 2022).  Finally, it is 

worth acknowledging that restoration actions for Pacific Lamprey may be very different than restoration 

actions that benefit other species such as Pacific salmon, although there are examples of habitat 

restoration benefiting both salmon and lamprey, albeit for apparently different reasons (Gonzalez et al. 

2017).    

Conclusions 

This brief synopsis of the April 2022 workshop on restoration of Pacific Lamprey in the Umpqua River 

Basin provides a sampling of topics discussed during the event, as well as a review of available scientific 
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literature.  Although past efforts to restore streams and habitat for Pacific Lamprey in the Umpqua River 

Basin have shown promising results (such as restoration of fish passage, responses of larvae to instream 

wood restoration), it is not clear that existing restoration efforts will be enough to return the species to 

historical levels of abundance.  Fundamental shifts in hydrologic conditions linked to climate change and 

solutions for addressing invasive species pose growing challenges that may require new approaches..  

The good news is that our understanding of the factors and processes influencing lamprey and recovery 

actions highlighted here has increased dramatically in recent years, due to many new studies 

investigating Pacific Lamprey and responses to stream restoration.   

The multi-scale analysis of Pacific Lamprey conservation opportunities produced by Jones et al. (2020) 

provides the first picture of where investments in this species are most likely to yield positive returns.  

Additional work that builds on this, as well as the existing body of research on Pacific Lamprey both in 

and outside of the Umpqua River Basin, could be useful in helping to identify the consequences of more 

detailed restoration alternatives for ensuring this species can persist and recover.  Specifically, 

integration of these individual studies into a common life-cycle model (in development, D. Gomes, U.S. 

Geological Survey, personal communication); spatially-explicit, individual-based models (Seaborn et al. 

2023); or even more qualitative approaches (Brignon et al. 2023) could be useful.  These approaches 

allow for integration of existing data on Pacific Lamprey and can be useful for identifying critical 

uncertainties or information needs and inform management decisions.  Approaching conservation of 

Pacific Lamprey in this way will require participation of all partners with an interest in the species in the 

Umpqua River Basin.  Ideally, this would be implemented as a structured process (such as Gregory et al. 

2012, Conroy and Peterson 2013) for delivering the science and engaging everyone with an interest in 

what it can bring to understanding what can be done to restore Pacific Lamprey. 

 

  



16 

References 

Beechie, T.J., Sear, D.A., Olden, J.D., Pess, G.R., Buffington, J.M., Moir, H., Roni, P. and Pollock, M.M., 

2010. Process-based principles for restoring river ecosystems. BioScience, 60(3), pp.209-222.  

 

Bellmore, J.R., Benjamin, J.R., Newsom, M., Bountry, J.A. and Dombroski, D., 2017. Incorporating food 

web dynamics into ecological restoration: a modeling approach for river ecosystems. Ecological 

Applications, 27(3), pp.814-832.  

 

Brignon, W.R., Davis, M.B., Gunckel, S., Dunham, J., Meeuwig, M.H., Allen, C. and Clements, S., 2023. 

Engaging stakeholders to develop a decision support model of conservation risk and 

management capacity to prioritize investments in Bull Trout recovery. North American Journal of 

Fisheries Management, 43(3), pp.821-838. 

Chelgren, N.D. and Dunham, J.B., 2015. Connectivity and conditional models of access and abundance of 

species in stream networks. Ecological Applications, 25(5), pp.1357-1372.  

Clemens, B. J., L. Wyss, R. McCoun, I. Courter, L. Schwabe, C. Peery, C. B. Schreck, E. K. Spice, and M. F. 

Docker. 2017. Temporal genetic population structure and interannual variation in migration 

behavior of Pacific Lamprey Entosphenus tridentatus. Hydrobiologia, 794:223–240.  

Clemens, B. J. 2021. Warmwater Temperatures (≥ 20°C) as a Threat to Pacific Lamprey: implications of 

climate change. Journal of Fish and Wildlife Management, 13:591-598. 
 

Clemens, B.J., Arakawa, H., Baker, C., Coghlan, S., Kucheryavyy, A., Lampman, R., Lança, M.J., Mateus, 

C.S., Miller, A., Nazari, H. and Pequeño, G., 2021a. Management of anadromous lampreys: 

Common threats, different approaches. Journal of Great Lakes Research, 47, pp.S129-S146. 

  

Clemens, B.J., Weeber, M.A., Lewis, M. and Jones, M., 2021b. Abundance trends for adult Pacific 

lamprey in western Oregon (USA): historic declines, recent increases, and relative contributions 

from coastal rivers. Transactions of the American Fisheries Society, 150(6), pp.761-776.  

 



17 

Clemens, B.J., Beamish, R.J., Coates, K.C., Docker, M.F., Dunham, J.B., Gray, A.E., Hess, J.E., Jolley, J.C., 

Lampman, R.T., McIlraith, B.J. and Moser, M.L., 2017. Conservation challenges and research 

needs for Pacific Lamprey in the Columbia River Basin. Fisheries, 42(5), pp.268-280.  

 

Clemens B. J, and C. B Schreck. 2021. Microhabitat use by pre-spawning Pacific Lamprey Entosphenus 

tridentatus differs by year, river segment, and availability in a large, regulated mainstem river. 

Environmental Biology of Fishes, 104:325–340. 

Clemens et al. 2023. More flow in a regulated river correlates with more and earlieradult lamprey 

passage, but peak passage occurs at annual low flows. Ecology of Freshwater Fish, DOI: 

10.1111/eff.12703 

Clemens, B.J., Friesen, T.A., Gregory, S.V. and Zambory, C.L., 2023. The case for basinwide passage and 

habitat restoration for Pacific Lamprey in the Willamette River basin (Oregon, USA). North 

American Journal of Fisheries Management, 43(6), pp.1567-1583. 

 

Ciotti, D.C., Mckee, J., Pope, K.L., Kondolf, G.M. and Pollock, M.M., 2021. Design criteria for process-

based restoration of fluvial systems. Bioscience, 71(8), pp.831-845.  

 

Coble, A.A., Barnard, H., Du, E., Johnson, S., Jones, J., Keppeler, E., Kwon, H., Link, T.E., Penaluna, B.E., 

Reiter, M. and River, M., 2020. Long-term hydrological response to forest harvest during 

seasonal low flow: Potential implications for current forest practices. Science of the Total 

Environment, 730, p.138926.  

 

Conroy, M.J. and Peterson, J.T., 2013. Decision making in natural resource management: a structured, 

adaptive approach. John Wiley & Sons. 

 

Datry, T., Larned, S.T. and Tockner, K., 2014. Intermittent rivers: a challenge for freshwater 

ecology. BioScience, 64(3), pp.229-235.  

 

Du, E., Link, T.E., Gravelle, J.A. and Hubbart, J.A., 2014. Validation and sensitivity test of the distributed 

hydrology soil‐vegetation model (DHSVM) in a forested mountain watershed. Hydrological 

processes, 28(26), pp.6196-6210.  



18 

 

Dunham, J., Hirsch, C., Gordon, S., Flitcroft, R.L., Chelgren, N., Snyder, M.N., Hockman-Wert, D.P., 

Reeves, G.H., Andersen, H.V., Anderson, S.K. and Battaglin, W.A., 2023. Northwest Forest Plan—

The first 25 years (1994–2018): Watershed condition status and trends (No. PNW-GTR-1010). US 

Department of Agriculture, Forest Service.  

 

Dunham, J., Benjamin, J.R., Lawrence, D.J. and Clifford, K., 2022. Resist, accept, and direct responses to 

biological invasions: A social–ecological perspective. Fisheries Management and Ecology, 29(4), 

pp.475-485.  

 

Dunham, J.B., Arismendi, I., Murphy, C., Koeberle, A., Olivos, J.A., Pearson, J., Pickens, F., Roon, D. and 

Stevenson, J., 2020. What to do when invaders are out of control?. Wiley Interdisciplinary 

Reviews: Water, 7(5), p.e1476. 

 

Dunham, J., R. White, C. S. Allen, B. G. Marcot, and D. Shively. 2016. The reintroduction landscape: 

finding success at the intersection of ecological, social, and institutional dimensions. Pages 79–

103 in D. S. Jachowski, J. J. Millspaugh, P. L. Angermeier, and R. Slotow, editors. Reintroduction 

of fish and wildlife populations. University of California Press, Oakland, CA. 

 

Dunham, Jason; Chandler, Gwynne; Rieman, Bruce; Martin, Don. 2005. Measuring stream temperature 

with digital data loggers: a user’s guide. Gen. Tech. Rep. RMRS-GTR-150WWW. Fort Collins, CO: 

U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station. 15 p.  

 

Fausch, K.D., Rieman, B.E., Dunham, J.B., Young, M.K. and Peterson, D.P., 2009. Invasion versus isolation: 

trade‐offs in managing native salmonids with barriers to upstream movement. Conservation 

Biology, 23(4), pp.859-870.  

 

Fuller, M.R., Leinenbach, P., Detenbeck, N.E., Labiosa, R. and Isaak, D.J., 2022. Riparian vegetation shade 

restoration and loss effects on recent and future stream temperatures. Restoration 

Ecology, 30(7), p.e13626. 

 



19 

Garcia de Leaniz, C. and O'Hanley, J.R., 2022. Operational methods for prioritizing the removal of river 

barriers: Synthesis and guidance. Science of the Total Environment, 848, p.157471.  

 

García-Díaz, P., Cassey, P., Norbury, G., Lambin, X., Montti, L., Pizarro, J.C., Powell, P.A., Burslem, D.F., 

Cava, M., Damasceno, G. and Fasola, L., 2021. Management policies for invasive alien species: 

addressing the impacts rather than the species. BioScience, 71(2), pp.174-185. 

 

Gillespie, N., Unthank, A., Campbell, L., Anderson, P., Gubernick, R., Weinhold, M., Cenderelli, D., Austin, 

B., McKinley, D., Wells, S. and Rowan, J., 2014. Flood effects on road–stream crossing 

infrastructure: economic and ecological benefits of stream simulation designs. Fisheries, 39(2), 

pp.62-76.  

 

Gonzalez, R., Dunham, J., Lightcap, S. and McEnroe, J., 2017. Large wood and instream habitat for 

juvenile Coho salmon and larval lampreys in a Pacific Northwest stream. North American Journal 

of Fisheries Management, 37(4), pp.683-699.  

 

Gordon, N.D., McMahon, T.A., Finlayson, B.L., Gippel, C.J. and Nathan, R.J., 2004. Stream hydrology: an 

introduction for ecologists. John Wiley and Sons.  

Gregory, R., Failing, L., Harstone, M., Long, G., McDaniels, T. and Ohlson, D., 2012. Structured decision 

making: a practical guide to environmental management choices. John Wiley & Sons.  

Gunckel, S. L., K. K. Jones, and S. E. Jacobs. 2009. Spawning distribution and habitat use of adult Pacific 

and Western Brook lampreys in Smith River, Oregon. Pages 173–189 in L. R. Brown, S. D. Chase, 

M. G. Mesa, R. J. Beamish, and P. B. Moyle, editors. Biology, management, and conservation of 

lampreys in North America. American Fisheries Society, Symposium 72, Bethesda, Maryland. 

Halofsky, J. and Peterson, D.L., 2022. Climate change vulnerability and adaptation in southwest 

Oregon. Gen. Tech. Rep. PNW-GTR-995. Portland, OR: US Department of Agriculture, Forest 

Service, Pacific Northwest Research Station. 445 p., 995, pp.1-445.  

 



20 

Hare, D.K., Helton, A.M., Johnson, Z.C., Lane, J.W. and Briggs, M.A., 2021. Continental-scale analysis of 

shallow and deep groundwater contributions to streams. Nature Communications, 12(1), 

p.1450.  

 

Homel, K.M., Lorion, C.M. and Clemens, B.J., 2019. Challenges and opportunities to apply process-based 

restoration at scales appropriate to anadromous fishes. Pages 479-514 in D. C. Dauwalter, T. W. 

Birdsong, and G. P. Garret, editors. Multispecies and watershed approaches to freshwater fish 

conservation. American Fisheries Society, Symposium 91, Bethesda, Maryland. 

 

Hostetler, S.W., 1991. Analysis and modeling of long-term stream temperatures on the Steamboat Creek 

basin, Oregon: implications for land use and fish habitat. JAWRA Journal of the American Water 

Resources Association, 27(4), pp.637-647.  

Hughes, B., 2015. Q&A: the success story of the Oregon Chub: an interview with Paul 

Scheerer. Fisheries, 40(8), pp.354-355. 

 

ISAB (Independent Scientific Advisory Board). 2007. Climate change impacts on Columbia River Basin fish 

and wildlife. ISAB Climate Change Report ISAB 2007-2. Available online at: http://ww 

w.nwcouncil.org/library/isab/ISAB%202007-2% 20Climate%20Change.pdf   

 

Isaak, D.J., Wenger, S.J., Peterson, E.E., Ver Hoef, J.M., Nagel, D.E., Luce, C.H., Hostetler, S.W., Dunham, 

J.B., Roper, B.B., Wollrab, S.P. and Chandler, G.L., 2017. The NorWeST summer stream 

temperature model and scenarios for the western US: A crowd‐sourced database and new 

geospatial tools foster a user community and predict broad climate warming of rivers and 

streams. Water Resources Research, 53(11), pp.9181-9205.  

 

Isaak, D.J., Young, M.K., Luce, C.H., Hostetler, S.W., Wenger, S.J., Peterson, E.E., Ver Hoef, J.M., Groce, 

M.C., Horan, D.L. and Nagel, D.E., 2016. Slow climate velocities of mountain streams portend 

their role as refugia for cold-water biodiversity. Proceedings of the National Academy of 

Sciences, 113(16), pp.4374-4379.  

 



21 

Jones, K.L., Dunham, J.B., O’Connor, J.E., Keith, M.K., Mangano, J.F., Coates, K. and Mackie, T., 2020. 

River network and reach‐scale controls on habitat for lamprey larvae in the Umpqua River Basin, 

Oregon. North American Journal of Fisheries Management, 40(6), pp.1400-1416.  

 

Kampf, S.K., Dwire, K.A., Fairchild, M.P., Dunham, J., Snyder, C.D., Jaeger, K.L., Luce, C.H., Hammond, 

J.C., Wilson, C., Zimmer, M.A. and Sidell, M., 2021. Managing nonperennial headwater streams 

in temperate forests of the United States. Forest Ecology and Management, 497, p.119523.  

 

Kovach, R.P., Dunham, J.B., Al-Chokhachy, R., Snyder, C.D., Letcher, B.H., Young, J.A., Beever, E.A., 

Pederson, G.T., Lynch, A.J., Hitt, N.P. and Konrad, C.P., 2019. An integrated framework for 

ecological drought across riverscapes of North America. BioScience, 69(6), pp.418-431. 

  

Lampman, R.T., 2011. Passage, migration behavior, and autecology of adult Pacific Lamprey at 

Winchester Dam and within the North Umpqua River Basin, Oregon, USA. M.S. Thesis, Oregon 

State University, Corvallis, OR 

https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/qv33s100b  

 

Lamprey Technical Workgroup. 2023. Comparison of Pacific Lamprey and Pacific Salmon Life Histories, 

Habitat and Ecology, March 8, 2023. Available: https://www.pacificlamprey.org/ltwg/ 

 

Lynch, A.J., Thompson, L.M., Beever, E.A., Cole, D.N., Engman, A.C., Hawkins Hoffman, C., Jackson, S.T., 

Krabbenhoft, T.J., Lawrence, D.J., Limpinsel, D. and Magill, R.T., 2021. Managing for RADical 

ecosystem change: applying the Resist‐Accept‐Direct (RAD) framework. Frontiers in Ecology and 

the Environment, 19(8), pp.461-469.  

 

Lytle, D.A. and Poff, N.L., 2004. Adaptation to natural flow regimes. Trends in ecology & evolution, 19(2), 

pp.94-100.  

 

Malakar, K.D., Kumar, M., Anand, S. and Kuzur, G., 2023. Climate Change and Socio-Ecological 

Transformation: Vulnerability and Sustainability. Springer Nature.  

 

https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/qv33s100b
https://www.pacificlamprey.org/ltwg/


22 

Mayfield, Schultz, Wyss, Clemens, and Schreck. 2014. Spawning patterns of Pacific Lamprey in tributaries 

to the Willamette River, Oregon. Transactions of the American Fisheries Society, 143:1544-1554.  

 

Mims, M.C., Olson, D.H., Pilliod, D.S. and Dunham, J.B., 2018. Functional and geographic components of 

risk for climate sensitive vertebrates in the Pacific Northwest, USA. Biological Conservation, 228, 

pp.183-194. 

 

Montgomery, D.R., 1999. Process domains and the river continuum. JAWRA Journal of the American 

Water Resources Association, 35(2), pp.397-410.  

 

Moore, R.D., Spittlehouse, D.L. and Story, A., 2005. Riparian microclimate and stream temperature 

response to forest harvesting: a review. JAWRA Journal of the American Water Resources 

Association, 41(4), pp.813-834.  

 

Nash, C.S., Grant, G.E., Charnley, S., Dunham, J.B., Gosnell, H., Hausner, M.B., Pilliod, D.S. and Taylor, 

J.D., 2021. Great expectations: Deconstructing the process pathways underlying beaver-related 

restoration. BioScience, 71(3), pp.249-267.  

 

ODFW (Oregon Department of Fish and Wildlife). 2020. Coastal, Columbia, and Snake conservation plan 

for lampreys in Oregon. ODFW, Salem, Oregon. 

  

Perry, T.D. and Jones, J.A., 2017. Summer streamflow deficits from regenerating Douglas‐fir forest in the 

Pacific Northwest, USA. Ecohydrology, 10(2), p.e1790.  

 

Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., Sparks, R.E. and Stromberg, 

J.C., 1997. The natural flow regime. BioScience, 47(11), pp.769-784. 

  

Reagan, R.E., 2015. Where the stream meets the road: prioritizing culvert replacement for fish passage. 

Master's Thesis, Oregon State University, Corvallis, OR. 

https://ir.library.oregonstate.edu/downloads/08612r20p 

 

https://ir.library.oregonstate.edu/downloads/08612r20p


23 

Reid, A.J., Carlson, A.K., Creed, I.F., Eliason, E.J., Gell, P.A., Johnson, P.T., Kidd, K.A., MacCormack, T.J., 

Olden, J.D., Ormerod, S.J. and Smol, J.P., 2019. Emerging threats and persistent conservation 

challenges for freshwater biodiversity. Biological Reviews, 94(3), pp.849-873. 

 

Reilly, M.J., Zuspan, A., Halofsky, J.S., Raymond, C., McEvoy, A., Dye, A.W., Donato, D.C., Kim, J.B., 

Potter, B.E., Walker, N. and Davis, R.J., 2022. Cascadia Burning: The historic, but not historically 

unprecedented, 2020 wildfires in the Pacific Northwest, USA. Ecosphere, 13(6), p.e4070.  

 

Rey, D.M., Briggs, M.A., Walvoord, M.A. and Ebel, B.A., 2023. Wildfire-induced shifts in groundwater 

discharge to streams identified with paired air and stream water temperature analyses. Journal 

of Hydrology, 619, p.129272. 

 

Roni, P. 2002. Habitat use by fishes and pacific giant salamanders in small western Oregon and 

Washington streams. Transactions of the American Fisheries Society, 131:743–61. 

 

Roni, P., Beechie, T.J., Bilby, R.E., Leonetti, F.E., Pollock, M.M. and Pess, G.R., 2002. A review of stream 

restoration techniques and a hierarchical strategy for prioritizing restoration in Pacific 

Northwest watersheds. North American Journal of Fisheries Management, 22(1), pp.1-20.  

 

Rubenson, E.S. and Olden, J.D., 2020. An invader in salmonid rearing habitat: Current and future 

distributions of smallmouth bass (Micropterus dolomieu) in the Columbia River basin. Canadian 

Journal of Fisheries and Aquatic Sciences, 77(2), pp.314-325.  

 

Sax, D.F., Schlaepfer, M.A. and Olden, J.D., 2022. Valuing the contributions of non-native species to 

people and nature. Trends in ecology & evolution, 37(12), pp.1058-1066. 

 

Schlosser, I.J., 1995. Critical landscape attributes that influence fish population dynamics in headwater 

streams. Hydrobiologia, 303, pp.71-81.  

 

Schultz, L.D., Heck, M.P., Kowalski, B.M., Eagles-Smith, C.A., Coates, K. and Dunham, J.B., 2017. 

Bioenergetics models to estimate numbers of larval lampreys consumed by Smallmouth Bass in 

Elk Creek, Oregon. North American Journal of Fisheries Management, 37(4), pp.714-723.  



24 

 

Seaborn, T., Day, C.C., Galla, S.J., Höök, T.O., Jossie, E., Landguth, E.L., Liu, R. and Simmons, R.K., 2023. 

Individual-Based Models for Incorporating Landscape Processes in the Conservation and 

Management of Aquatic Systems. Current Landscape Ecology Reports, 8(3), pp.119-135. 

 

Seybold, E.C., Bergstrom, A., Jones, C.N., Burgin, A.J., Zipper, S., Godsey, S.E., Dodds, W.K., Zimmer, 

M.A., Shanafield, M., Datry, T. and Mazor, R.D., 2023. How low can you go? Widespread 

challenges in measuring low stream discharge and a path forward. Limnology and Oceanography 

Letters, 8(6), pp.804-811.  

 

Siegel, J.E., Fullerton, A.H., FitzGerald, A.M., Holzer, D. and Jordan, C.E., 2023. Daily stream temperature 

predictions for free-flowing streams in the Pacific Northwest, USA. PloS Water, 2(8), 

p.e0000119.  

 

Starcevich, S.J., Gunckel, S.L. and Jacobs, S.E., 2014. Movements, habitat use, and population 

characteristics of adult Pacific lamprey in a coastal river. Environmental biology of fishes, 97, 

pp.939-953.  

 

Stevenson, J.R. 2023. A contingency-based evaluation for beaver-related restoration of salmon habitat in 

Oregon coastal streams. Ph.D. Dissertation, Oregon State University, Corvallis, OR. 

https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/jm214x657 

  

Stevenson, J.R., Dunham, J.B., Wondzell, S.M. and Taylor, J., 2022. Dammed water quality—Longitudinal 

stream responses below beaver ponds in the Umpqua River Basin, Oregon. Ecohydrology, 15(4), 

p.e2430.  

Stratton Garvin, L.E., and Rounds, S.A., 2022. The thermal landscape of the Willamette River – Patterns 

and controls on stream temperature and implications for flow management and cold-water 

salmonids. U.S. Geological Survey Scientific Investigations, p. 43, 10.3133/sir20225035 

 

USFWS (U.S. Fish and Wildlife Service). 2019. Pacific Lamprey Entosphenus tridentatus assessment. 

USFWS, Portland, Oregon.  

 

https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/jm214x657
https://doi.org/10.3133/sir20225035


25 

Wang, C., Schaller, H., 2015. Conserving Pacific Lamprey through collaborative efforts. Fisheries, 40, 72–

79. 

 

Wang, C.J., Schaller, H.A., Coates, K.C., Hayes, M.C. and Rose, R.K., 2020. Climate change vulnerability 

assessment for Pacific Lamprey in rivers of the Western United States. Journal of Freshwater 

Ecology, 35(1), pp.29-55.  

 

Weber, N., Bouwes, N., Pollock, M.M., Volk, C., Wheaton, J.M., Wathen, G., Wirtz, J. and Jordan, C.E., 

2017. Alteration of stream temperature by natural and artificial beaver dams. PloS one, 12(5), 

p.e0176313.  

 

Wenger, S.J., Isaak, D.J., Luce, C.H., Neville, H.M., Fausch, K.D., Dunham, J.B., Dauwalter, D.C., Young, 

M.K., Elsner, M.M., Rieman, B.E. and Hamlet, A.F., 2011. Flow regime, temperature, and biotic 

interactions drive differential declines of trout species under climate change. Proceedings of the 

National Academy of Sciences, 108(34), pp.14175-14180. 

 

Whitney, E.J., Bellmore, J.R., Benjamin, J.R., Jordan, C.E., Dunham, J.B., Newsom, M. and Nahorniak, M., 

2020. Beyond sticks and stones: Integrating physical and ecological conditions into watershed 

restoration assessments using a food web modeling approach. Food Webs, 25, p.e00160.  

 

Womble, P., Townsend, A. and Szeptycki, L.F., 2022. Decoupling environmental water markets from 

water law. Environmental Research Letters, 17(6), p.065007.  

 

Zhang, F., Biederman, J.A., Dannenberg, M.P., Yan, D., Reed, S.C. and Smith, W.K., 2021. Five decades of 

observed daily precipitation reveal longer and more variable drought events across much of the 

western United States. Geophysical Research Letters, 48(7), p.e2020GL092293.  

 

 


