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Introduction 
This report presents an update on the implementation of Bonneville Power Administration’s 

(BPA) Integrated Status and Effectiveness Monitoring Program (ISEMP; BPA Project 2003-017-

00) and the Columbia Habitat Monitoring Program (CHaMP; BPA Project 2011-006-00) during 

2016. The work conducted under ISEMP and CHaMP covers key populations within the Upper 

Columbia River Spring-Run Chinook ESU and steelhead DPS, the Snake River Spring/Summer-

Run Chinook ESU and steelhead DPS, and the Middle Columbia River Steelhead DPS.  

Background 
BPA is working with U.S. National Oceanic and Atmospheric Administration Fisheries (NOAA-

Fisheries) and other regional fish management agencies to monitor status and trends of fish 

habitat for each major population group (MPG) in the Pacific Northwest identified through the 

Endangered Species Act (ESA) in support of habitat restoration, rehabilitation and conservation 

action performance assessments and adaptive management requirements of the 2008 Federal 

Columbia River Power System Biological Opinion (FCRPS BiOp). BPA created ISEMP and 

CHaMP as part of this effort. 

Since its inception in FY2003, ISEMP has developed two monitoring and evaluation programs: 

(1) subbasin-scale status and trend monitoring efforts for anadromous salmonids and their 

habitat, and (2) effectiveness monitoring for suites of habitat restoration projects in selected 

watersheds. This work is critical for the development of a federal research, monitoring, and 

evaluation program for the Columbia River Basin, which is now a requirement under the NOAA-

Fisheries 2000, 2004 and 2008 BiOps. In 2008, ISEMP became a component of BPA’s BiOp 

Program to help ensure that provisions of the BiOp are satisfied. 

CHaMP was first proposed in 2010 for implementation in 26 Columbia River Basin watersheds. 

Watersheds originally considered for CHaMP were prioritized due to several conditions, 

including (1) gaps in habitat monitoring for ESA-listed steelhead and/or Chinook populations; 

(2) offering maximum contrast in current habitat conditions; (3) provided reasonable 

opportunities for future restoration actions or monitoring current implementation activities; and 

(4) provided feasible opportunities for piloting the CHaMP protocol. The initial watersheds of 

interest included Wind River, Toppenish, Klickitat, Fifteen Mile, John Day (Lower Mainstem, 

North Fork, Upper Mainstem/South Fork, and Middle Fork John Day), Umatilla, Grande Ronde 

(Upper and Lower and Catherine Creek), Imnaha, Lolo, Lochsa, Tucannon, Asotin, South Fork 

Salmon, Big Creek, Lemhi, Pahsimeroi, Wenatchee, Entiat, Methow, and Okanogan. However, 

as a result of scientific and policy level reviews of the program by the Independent Science 

Review Panel (ISRP), Northwest Power and Conservation Council (NPCC), Bonneville Power 

Administration (BPA) and others, CHaMP was implemented in 2011 as a pilot project in eight 

Columbia River Basin watersheds (Methow, Entiat, Wenatchee, John Day, South Fork Salmon, 

Tucannon, Upper Grande Ronde and the Lemhi). Other agencies are also implementing CHaMP 

under different funding structures, including Oregon Department of Fish and Wildlife, California 

Department of Fish and Game, Confederated Tribes of the Umatilla Indian Reservation and the 

Columbia River Inter-Tribal Fish Commission. 
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ISEMP and CHaMP’s Goal 
Monitoring programs for salmonids and their habitat provide needed data to develop watershed 

assessments to inform management strategies. Other data from GIS and remote sensing can be 

also be used to complement these monitoring efforts to produce spatially explicit and continuous 

habitat information across the watershed (Wheaton et al. 2017). Useful watershed assessments 

quantify the long-term biological benefit stream habitat quality and quantity (HQQ) have on fish 

population processes (e.g., capacity, growth potential, survival). Current and potential or historic 

habitat condition bound the range of feasible habitat rehabilitation scenarios. The impacts these 

scenarios have on fish population processes and the resulting long-term effects on the population 

trajectory can be assessed through various quantitative frameworks (McHugh et al. 2017). 

Biological relevance should be determined by science-based fish-habitat relationships with a 

documented and understandable origin and specific to species, life-stage and season. The overall 

or relative importance of any ecological impairments identified in this process should be 

assessed through impacts to long-term (i.e., at least 50 years) population persistence (e.g., Pqe, 

VSP, PVA).  

This is the type of watershed assessment that ISEMP and CHaMP was charged with developing 

to evaluate the potential effects of tributary habitat rehabilitation scenarios at the population 

scale, and with this goal we have developed several technical elements required for this approach 

(Table 1). These components are the tools by which watershed condition is assessed relative to 

its physical and biological potential, by which a suite of rehabilitation actions are evaluated as 

appropriate and their magnitude of habitat change estimated, and finally, by which a long-term 

population-level effect of an implementation strategy is projected (Table 1). In this report we 

provide a summary of (1) field data, both status and trend and effectiveness monitoring collected 

through 2016 under ISEMP and CHaMP; (2) the effectiveness of habitat restoration actions in 

three Intensively Monitored Watersheds (IMWs) in Washington, Idaho and Oregon; and (3) a 

review of tools and products built off the data collected under these monitoring efforts that are 

designed to support useful regional watershed assessments. Attachment A provides a compilation 

of quick facts to provide the reader with an overview of the scope of monitoring, tools and 

products developed by ISEMP and CHaMP. 
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Table 1. Summary of components and tools developed by ISEMP and CHaMP that make up a useful watershed assessment approach. 

VBET = Valley Bottom Extraction Tool; GNAT = Geomorphic Network and Analysis Toolbox; GUT= Geomorphic Unit Tool; 

RCAT = Riparian Condition Assessment Tool; RVD = Riparian Vegetation Departure; BRAT = Beaver Restoration Assessment Tool; 

WRAT = Wood Recruitment Assessment Tool; NRE = Net Rate of Energy Intake; QRF = Quantile Regression Forest; HSI = Habitat 

Suitability Model; FIS = Fuzzy Inference System; DEM = Digital Elevation Model; GPP = Gross Primary Production; BDA = Beaver 

Dam Analogs; PALS = Post-Assisted Log Structures; LCM = Life Cycle Model. 

Goal Component Physical Processes Technical Element 

Describe the geomorphic context of each watershed to 

support the development of fish-habitat relationships 

and rehabilitation potential in a spatially explicit 

manner at the appropriate spatial and temporal grain 

(e.g., reach by season for fish-habitat relationships and 

habitat unit by season for rehabilitation actions). 

Describe physical processes at multiple scales (reach to 

watershed) captured in a quantitative description of 

past and present HQQ. 

Planform and 

longitudinal 

complexity 

VBET, GNAT, 

GUT, Geomorphic 

Assessment 

Toolbar 

Sinuosity GNAT, 

Geomorphic 

Assessment 

Toolbar 

Confinement and 

valley bottom or 

floodplain extent  

VBET, 

Confinement Tool 

Stream power  GNAT, 

Geomorphic 

Assessment 

Toolbar 

Substrate 

composition  

CHaMP samples 

and regional 

extrapolation 

Flow and water 

temperature 

Hydraulic models, 

MODIS 

temperature 

models 



 DRAFT 2016 Annual Combined ISEMP and CHaMP Technical Report 

11 

 

Goal Component Physical Processes Technical Element 

Reach type and 

condition variant  

Geomorphic 

Assessment 

Toolbar 

Describe the biological setting of each watershed to 

support the development of fish-habitat relationships 

and rehabilitation potential in a spatially explicit 

manner at the appropriate spatial and temporal grain 

(e.g., reach by season for fish-habitat relationships and 

habitat unit by season for rehabilitation actions). 

Biological processes at reach to watershed scale 

captured in quantitative description of past and present 

HQQ 

Gross Primary 

Productivity 

MODIS 

temperature 

models, 

Conductivity Tool, 

Solar Exposure 

Tool 

Riparian vegetation RCA, RVD 

Upland vegetation BRAT, WRAT 

Quantify the biological value of stream habitat features 

to rearing, holding and spawning juvenile and adult 

salmonids based on specific components of habitat 

quality and quantity. Estimate the reach-scale value of 

stream habitat for fish population processes (e.g., 

capacity, growth potential, movement) across river 

networks to predict the distribution of habitat 

conditions and to quantify the extent and location of 

habitat conditions based on rehabilitation action plans. 

Fish-habitat relationships at reach to watershed scale 

captured in quantitative tool to project population 

benefit of current and modified HQQ based on 

rehabilitation action scenarios 

Juvenile summer / 

fall capacity and 

growth potential 

NREI 

Juvenile summer 

or winter rearing 

capacity, spawner 

capacity 

QRF, HSI/FIS 

Extension of reach-

scale fish-habitat 

relationships to 

watershed scale 

Upscaling models 

Quantify restoration modalities by the magnitude, 

extent and timing of change possible in stream habitat 

quality and quantity.  

Restoration modalities at reach to watershed scale 

captured in quantitative tool to modify HQQ. Each 

restoration modality changes a different suite of habitat 

features that in turn impact the value of the habitat to 

fish. 

In channel 

complexity – ELJ, 

wood and boulder 

placement, beaver 

dams 

DEM to NREI, 

QRF, HSI, FIS 
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Goal Component Physical Processes Technical Element 

Channel planform 

complexity – re-

meander and side 

channel 

construction 

DEM to NREI, 

QRF, HSI, FIS 

Riparian vegetation 

planting and 

management 

RCA, RDV to 

GPP and NREI 

Access to 

previously blocked 

habitat 

QRF, HSI, FIS 

BDA and PALS BRAT and DEM 

to NREI, HSI FIS 

Temperature NREI 

Develop watershed-scale tributary habitat rehabilitation 

scenarios in a standardized manner to facilitate 

communication and to limit the range of options to be 

evaluated.  

The standardization is achieved by using a suite of 

watershed assessment tools that identify the appropriate 

action types and locations. The magnitude of impact on 

the value of the habitat change to fish population 

processes is constrained by the application of a 

standardized set of “effect sizes” by rehabilitation 

action modality. The effect size of each rehabilitation 

action type specifies the magnitude of fish habitat value 

change and the expected time course and duration of 

change.  Standardized approach to developing 

rehabilitation scenarios – spatially explicit actions, 

magnitude and timing of change in HQQ 

 LCM 
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Methods 
ISEMP and CHaMP were designed to meet critically important features of a regional RME 

program: produce fish and habitat monitoring data with accompanying accuracy and precision 

assessments, implement all monitoring using sample designs constructed to meet explicit 

objectives, and manage, store and disseminate data through regional data management systems 

(PIT tag data in PTAGIS and habitat data in CHaMPmonitoring.org). In addition, we have 

developed tools to synthesize habitat metrics to describe habitat quality and quantity, 

contextualize this information across the watershed network, and ultimately describe the 

implications to salmon and steelhead populations to inform management strategies. We use 

probabilistic sampling designs such as the Generalized Random Tessellation Stratified (GRTS) 

sample selection algorithm (Stevens and Olsen 1999) for fish and habitat status and trend 

monitoring to limit spatial autocorrelation (all sites are considered independent samples and can 

be used to estimate metrics for entire watersheds), and Before-After-Control-Impact (BACI) 

experimental designs in a hierarchical framework (Walters et al. 1988, Loughin 2006, Loughin et 

al. 2007) for effectiveness monitoring. Past annual reports describe these methods in detail and 

are available for download from the ISEMP website (isemp.org).  

Habitat Status and Trends Monitoring 
The CHaMP protocol (https://isemp.egnyte.com/dl/OZyNX2p8LA) calls for field data collection 

during the low-flow period, typically from June through October. The basic CHaMP GRTS 

study design is a rotating panel design that consists of four panels: one panel of 15 sites that are 

visited annually, and three rotating panels of 10 sites each that are visited on a 3-year cycle.  

Sampling within this framework is implemented to achieve a balance between status estimation 

and trend detection, with a total of 45 sites visited in each subbasin every 3 years for a minimum 

of 9 years (3 cycles of rotating panels, as per Urquhart and Kincaid 1999) 

(https://isemp.egnyte.com/dl/qnlwI3S5PU). However, the design can and has been modified to 

address more specific questions for watershed if needed. For example, in the Tucannon, requests 

were made to evaluate the habitat response to targeted restoration. A hybrid design was created 

where treatment and control reaches in the mainstem were selected along with GRTS sites in the 

tributaries. The response design consists of topographic surveys which produce Digital Elevation 

Models (DEMs) of the channel morphology along with other important auxiliary fish habitat 

information that is collected. 

Fish Status and Trends Monitoring 
We track the status and trends of adult escapement and juvenile abundance under ISEMP in the 

Entiat, Secesh and Lemhi River subbasins using three methods: (1) adult PIT tagging and 

interrogation; (2) operation of rotary screw traps; and (3) remote-site fish surveys. Within the 

Entiat River status and trends frame, sites are randomly selected using a GRTS design (Stevens 

and Olsen 1999) across the entire anadromous range to enable the extrapolation of site-based 

surveys to the population scale. In the Lemhi River we use spatially continuous juvenile survey 

efforts to address patchy distribution and overall low abundance of target species and the 

physical difficulty of site-based surveys. These spatially continuous survey efforts still maintain 

individual GRTS sampling locations, enabling backwards compatibility with legacy sites. For 

both approaches, seasonal or annual surveys are employed to either recapture individuals to 

support growth rate analysis or passively “re-sight” PIT-tagged individuals (e.g., using floating 

or backpack PIT tag detectors) to establish seasonal habitat preferences. A broad network of in-

http://southforkresearch.net/wp/documents/publications-outreach/
file:///C:/Users/Pamela/Downloads/isemp.org
https://isemp.egnyte.com/dl/OZyNX2p8LA
https://isemp.egnyte.com/dl/qnlwI3S5PU
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stream PIT tag detection arrays passively monitor for movement of PIT-tagged fish year round 

throughout the Columbia Basin, with a concentration of ISEMP-operated arrays within target 

watersheds.   

Adult Escapement 
We have developed a hierarchical patch-occupancy model (State-Space Adult Dam Escapement 

[STADEM] and Dam Adult Branch Occupancy [DABOM] models) to estimate escapement to 

various populations in the Snake River basin for return years 2010 – 2016 using observations of 

returning adult spring/summer Chinook and steelhead that were PIT tagged at Lower Granite 

Dam. This model simultaneously estimates the probability of movement along the stream 

network and the probability of detection at various PIT tag observation sites. Estimates are 

adjusted post-hoc by applying a correction factor for differential trap rates throughout the run 

season and all estimates have a measure of precision (confidence intervals).  

Juvenile Abundance 
We use two methods for the purposes of assessing status and developing trends in juvenile 

abundance: rotary screw traps (RSTs) and remote-site juvenile surveys. RSTs are generally used 

to estimate the abundance of emigrating fry, parr, presmolt, and smolt at subpopulation and 

population spatial extents. We employ remote-site juvenile survey efforts as a means to estimate 

juvenile density, abundance, residence time, movement, growth, survival and habitat use prior to 

emigration, often in treatment versus reference locations. Either method can also be used to 

evaluate the effectiveness of habitat restoration actions at the subpopulation or population level. 

Estimates of abundance at the population scale are generated using a GRTS roll-up or a Darroch 

estimator for spatially continuous surveys.  

Rotary Screw Traps 
In the Entiat River subbasin, BPA funds the U.S. Fish and Wildlife Service (USFWS) through 

ISEMP to operate a RST March through November near the mouth of the Entiat River. The RST 

provides information about spring Chinook and steelhead production and life history 

characteristics. Measured or estimated parameters include outmigrant abundance, emigration 

timing, production (smolt/spawner), survival (parr to smolt and smolt to adult return rate [SAR]), 

genetic and age structure, length frequency distribution, and growth. Efficiency estimation and 

life-stage designations are standardized across the Upper Columbia and follow Washington 

Department of Fish and Wildlife (WFW) guidance. 

In the Salmon River subbasin BPA fully funds the operation of a RST on the lower mainstem 

Secesh River and the lower mainstem Lemhi River. ISEMP collaborates with, and partially 

funds, the operation of RSTs in Hayden Creek and on the upper mainstem Lemhi River, 

upstream of the confluence with Hayden Creek with the Idaho Department of Fish and Game 

(IDFG) and Idaho Office of Species Conservation. These RSTs are strategically located to enable 

an assessment of freshwater productivity (juvenile production as a function of adult escapement) 

within treated and reference areas of the Lemhi River, and for the population as a whole via 

emigration estimates at the lower mainstem Lemhi River RST. Virtually all RSTs operated in the 

Snake River Basin use methods described in Steinhorst et al. (2004) to estimate RST efficiency. 

Fry, parr, presmolt, and smolt designations are likewise standardized by date-of-capture. We 

adopted these regional standards to maintain consistency with other RSTs operated in the Snake 
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River Basin in order to capitalize on those estimates as large-scale references for ISEMP 

estimates from the Secesh and Lemhi rivers. 

Remote-Site Juvenile Surveys 
Some remote-site juvenile surveys are randomly distributed at a broad geographic scale using 

GRTS to estimate overall population status and trends independent of restoration actions 

(Entiat), whereas other surveys are targeted at areas subject to restoration actions with control 

areas for comparison in evaluating response (Lemhi). A majority of remote fish survey sites are 

paired with CHaMP habitat surveys for the development of fish-habitat relationships and 

modeling of predicted fish response to restoration actions. We use a wide range of capture 

methodologies, including electrofishing, seining, nocturnal stalk netting, and trapping and 

angling to efficiently capture juvenile salmonids. We identify, enumerate, measure, and weigh all 

captured juveniles, and target species in good physical condition are typically fitted with PIT 

tags or marked by some other method, often as part of a discrete mark-recapture experiment but 

also to allow long-term tracking of movement, survival and growth. We may collect tissue 

samples for subsequent genetic analysis or aging.  

Effectiveness Monitoring 
ISEMP continued implementing an Intensively Monitored Watershed (IMW) in Bridge Creek in 

the John Day subbasin in Oregon, in the Entiat River in the Upper Columbia subbasin in 

Washington, and in the Lemhi in the Salmon River subbasin in Idaho in 2016. All three IMWs 

employ a BACI design in a hierarchical framework (Walters et al. 1988, Loughin 2006, Loughin 

et al. 2007), use the CHaMP protocol for habitat monitoring and PIT tagging for fish population 

monitoring. Detailed descriptions of the study designs and analyses for each IMW are available 

in ISEMP annual reports 2006 – 2013, ISEMP/CHaMP combined annual reports 2014 – 2015.  

Bridge Creek IMW, OR 
Bridge Creek is a 710 km2 watershed that drains directly into the lower John Day River in the 

semi-arid region of the Columbia River Basin (Figure 1). Much of the lower valley of Bridge 

Creek suffers from channel incision, a common impairment among streams throughout the 

western United States, where much of the channel on Bridge Creek currently exists in a highly 

simplified and degraded state with a vastly reduced abundance and extent of riparian vegetation. 

The Bridge Creek watershed is used by a run of Mid-Columbia steelhead that are part of the 

ecologically distinct and threatened Lower John Day population, and is also used intermittently 

by Mid-Columbia Chinook salmon (Pollock et al. 2007). We hypothesized that encouraging 

beavers to build dams by installing structures upon which they could construct dams would have 

a host of physical effects, such as increasing sediment retention, aggrading the stream bottom 

causing a net aggradation effect and lowering summer water temperatures, that would result in 

increases in juvenile steelhead abundance, growth, survival and productivity. 
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Figure 1. Location of the Bridge Creek Intensively Monitored Watershed and its external control, 

Murderers Creek, in the John Day subbasin, Oregon. 

Lemhi IMW, ID 
In the Lemhi IMW local co-managers recognized that insufficient instream flow, loss of access 

to historically important tributary habitat, and mainstem habitat simplification were primary 

limiting factors for Chinook and steelhead productivity. Tributary reconnections have been 

achieved through replacing tributary diversions with mainstem diversions, enabling the 

reconnection of tributaries, reducing total withdrawals, and allowing cooler tributary water to 

enter the mainstem Lemhi River. Simultaneously, restoration actions have addressed tributary 

passage impediments and improved habitat conditions within tributaries, providing access to 

relatively intact publicly held land. A number of mainstem habitat restoration actions were 

identified to improve habitat complexity and provide access to off-channel habitat. Beginning in 

2009, ISEMP has been collecting monitoring data (Figure 2) to parameterize a life cycle model 

(LCM) to help guide future restoration actions. 



 DRAFT 2016 Annual Combined ISEMP and CHaMP Technical Report 

17 

 

 

Figure 2. Lemhi River IMW sampling infrastructure. 

ISEMP also monitors four individual site-based restoration sites within the Lemhi River basin: 

Amonson Creek, Lee Creek, Little Springs and Eagle Valley Ranch (Figure 3). The habitat 

monitoring has been conducted opportunistically so each site has a slightly different sample 

design. Habitat surveys follow the CHaMP protocol except that most surveys have site length 

determined by project size rather than the bankfull width per the CHaMP protocol. Analyses 

have included creating DEMs of difference to show changes in stream topography post-

restoration and predicting changes in carrying capacity post-restoration using a Quantile 

Regression Forest (QRF) model. 
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Figure 3. Lemhi River Basin, Idaho. Red dots indicate the four sample restoration reaches. 

Amonson Reach 
In 2011 and 2014 IDFG worked with cooperative landowners to add complexity and restore a 

side channel to the Amonson Reach of the Lemhi River. ISEMP surveyed portions of the 

Amonson site and an untreated section of the mainstem Lemhi as representative of the reach pre-

treatment in 2012 and 2016. CHaMP crews surveyed the entirety of the side channel in 2014 and 

will re-survey it in 2017. 

Lee Creek 
Prior to restoration, Lee Creek had been diverted into a ditch along the road, where it then 

crossed under the highway before flowing into the Lemhi River. In 2012, the Nature 

Conservancy and partners re-engineered the furthest downstream kilometer of Lee Creek in 

conjunction with restoring minimum flows year-round to ensure fish passage. A CHaMP survey 

was performed several days after the newly engineered project was completed in 2013, and again 

in 2016.  

Little Springs Creek 
In 2012, IDFG re-engineered Little Springs to set it back from the road so that it is no longer 

laterally confined and connected flow back to the Lemhi River. Restoration included adding 

meanders to increase sinuosity and large woody debris structures to increase cover and 

encourage scouring. CHaMP surveys were performed on the rehabilitated section of river in 

2012, 2013, and 2016. 
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Eagle Valley Ranch  
The goal of the Eagle Valley Ranch project is to encourage juvenile Chinook to rear in the 

Lemhi River for longer periods to increase downstream survival. Much of the lower Lemhi River 

lacks slow, backwater, and braided habitat types so a new side channel was constructed in 2016 

along the Lemhi River, about 16 km upstream of its confluence with the Salmon River as part of 

a larger four phase project to add quality habitat to approximately 5 km of the lower Lemhi 

River. A CHaMP crew collected auxiliary data on the main channel in 2015 and we will leverage 

available engineering and LiDAR data sets as part of the effectiveness analysis.  

Entiat IMW, WA 
An engineered approach is being taken to address limited instream complexity for listed spring 

Chinook and steelhead on the mainstem of the Entiat River by adding rocks and wood to the 

river and breaching levees to reconnect the floodplain where possible. Two of four planned 

rounds of habitat actions have been implemented so far, affecting about 14% of the targeted 

stretch of river. Treatments are stratified by geomorphically distinct valley segments and 

geomorphic reaches. The Mad River is not targeted for habitat restoration and is the internal 

control (Figure 4). We have hypothesized that increasing instream complexity will result in 

increases in density, growth rates, survival and productivity of juvenile salmonids.  

 

Figure 4. Location and timing of restoration actions in the Entiat River IMW.  
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We evaluated restoration effectiveness in the Entiat IMW using a BACI-style analyses with 

abundance, survival, growth, and fork length as restoration responses. We considered three 

phases of restoration: “Before” from 2010 – 2012, “Restoration 1” from 2013 – 2014, and 

“Restoration 2” from 2015 – 2016. All responses were evaluated at the valley segment and 

watershed level. Abundance was additionally evaluated at the reach level. Restoration was 

considered to affect the reach, valley segment, or watershed it took place in, depending on the 

analysis spatial scale. Abundance was scaled up to the valley segment and watershed level using 

GRTS design weights.  

Ecohydraulic Models 
The ecohydraulic models (i.e., QRF, Net Rate of Energy Intake [NREI], Habitat Suitability Index 

[HSI]) and Fuzzy Inference Systems [FIS]) transform field-based metrics into habitat capacity 

estimates that support restoration planning, project prioritization, and fuel realistic LCM input. 

We use these models to inform habitat condition maps, estimate juvenile carrying capacities, and 

evaluate alternative habitat scenarios (e.g., changes in temperature or topography). HSI and FIS 

models are used to estimate spawner capacity. For more details on the ecohydraulic models see 

ISEMP (2012, 2013, 2014), ISEMP/CHaMP (2015, 2016) and Attachment A. 

HSI/FIS 
The HSI model provides a spatially explicit depiction of the quality of spawning habitat within 

modeled reaches. Its primary inputs are depth, velocity and field measurements of substrate size 

(i.e., gravel, cobble, etc.). HSI models do not include variables such as temperature and food 

availability; however, spawning salmon do not feed while occupying redds, so HSI models can 

provide accurate predictions of potential redd locations. These data, in conjunction with the 

steelhead spawning habitat suitability criteria used by Maret et al. (2005) are used to compute a 

spawning HSI score for every 10-cm raster cell within a survey reach. Scores are then combined 

into a composite HSI score, and translated into a reach-scale estimate of available spawning 

habitat, weighted by its suitability. HSI models have also been criticized for being site-specific, 

making extrapolation to other locations unreliable; a more robust approach is to use more 

generalized habitat suitability curves using FIS. FIS are intuitive, flexible in adjusting model 

parameters and variables, are more robust with imprecise data, can incorporate expert 

knowledge, and can represent more complex multivariate relationships than traditional HSI 

models. When combined with high resolution hydraulic model outputs, FIS-based ecohydraulic 

models also provide a spatially explicit depiction of habitat suitability and an estimate of wetted 

usuable area (WUA), which can be used to estimate carrying capacity as described for the 

traditional HSI models. The current spawner FIS models use depth, velocity, substrate, and fish 

cover elements (e.g. LWD, undercuts, and deep pool distance) to make spatially explicit carrying 

capacity estimates throughout a reach.  

NREI 
The NREI model consists of two sub-models, a foraging model and a bioenergetics model which, 

given information about ambient food availability (i.e., invertebrate drift), water temperature, 

hydraulic conditions (depth and velocity, output from hydraulic model), and an average fish size, 

provide spatially explicit predictions of the energy costs (swimming costs) and benefits (gross 

energy intake) associated with occupying different locations in survey reaches. These predictions 

are then translated into an estimate of juvenile rearing capacity using a fish placement algorithm 

and a minimum NREI threshold (e.g., 40% of maximum consumption). 
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QRF 
Quantile regression forest models have been developed to predict site-level carrying capacity 

based on empirical fish/habitat relationships. Using paired habitat and fish (parr or redd 

abundance) data, we have identified measured habitat characteristics (covariates) that are most 

highly associated with observed juvenile parr densities and observed redd abundance, and used 

them as covariates in a QRF model with fish densities as the response. Random forest models 

naturally incorporate interactions between correlated covariates, a common occurrence among 

stream habitat metrics, and accommodate potentially non-linear fish/habitat relationships. These 

QRF models predict a range of fish densities for any given CHaMP site, and we have chosen the 

90th quantile of this range as a proxy for carrying capacity. We have developed QRF models to 

predict summer parr capacity and redd capacity for spring/summer Chinook salmon. We are 

working to develop similar QRF models for steelhead as well as winter parr capacity models for 

both species. 

Upscaling Methodologies 
Data collected from reach-scale surveys such as CHaMP are information rich with high 

resolution; however, with site lengths of 20 bankfull widths and 25 sites per year (49 within a 

full panel of sites), these surveys only cover a small percentage of the watershed. Site-level 

surveys need to be put into the context of the entire stream network of the watershed and this can 

be done using various techniques to upscale data from sites to reaches throughout the watershed.  

This process provides spatially explicit estimates of habitat metrics and capacity estimates that 

can be used in conjunction with watershed context detail to inform current and potential habitat, 

restoration potential, and appropriate restoration techniques.  

Design-based watershed estimation 
At the watershed level, or at spatial levels for which a reasonably high number of representative 

reach-level estimates exist (minimum 20+ sites), ISEMP is using design-based estimation tools 

to efficiently estimate population distributions for habitat and fish metrics. We use the GRTS-

based sample design and the spsurvey package (in the R programming language) to make 

inference on CHaMP data at a watershed scale (Nahorniak et al. 2015). We roll up estimates of 

fish carrying capacity based on CHaMP reach-scale models (e.g., NREI and QRF) in the same 

fashion to derive watershed-level estimates of carrying capacity. 

Empirical modeling-based estimation and network extrapolation 
When spatial scales of interest consist of less than 20 or so directly measured sites, standard 

design-based estimators may not provide sufficient precision. ISEMP has developed empirically 

derived models to relate globally available information (e.g., geospatial attributes from GIS 

layers) to measured CHaMP metrics in a spatially explicit manner. These empirical models are 

used to relate measured CHaMP attributes to these globally available attributes (GAAs), and thus 

estimate CHaMP metrics at unmeasured reaches within watersheds, or into watersheds for which 

no habitat data exists. Inverse probability bootstrapping is used to properly account for sampling 

design while using model-based statistical techniques (Nahorniak et al. 2015). Caution must be 

exercised when extrapolating models into unsampled watersheds, as we are assuming that the 

empirical relationships observed are constant within and external to our CHaMP watersheds. In 

general, this assumption may not be true, but the more our empirical relationships describe 

spatially constant underlying physical laws, the less risk there is in this assumption.  
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We are also able to generate spatially continuous estimates from the empirical models by using 

the modeled estimates to fill in gaps between measured sites and create maps explicitly showing 

the estimated spatial distribution of CHaMP metrics. Note that the empirical models used for 

continuous estimation may be optimized differently than the empirical models used for 

watershed-level extrapolation, as they may be watershed specific, and may take advantage of 

spatial autocorrelation not present at the watershed level.  

Processed-based ecohydraulic models 
To identify habitat impairments and plan and test for appropriate restoration strategies to benefit 

populations, we believe estimates of carrying capacity at reach-scale resolution at the extent of 

the network will be most informative. While correlative approaches may have the ability to 

create continuous estimates of carrying capacity, the ability to manipulate covariate values to 

reflect changes due to restoration may not be possible, or at least uncertain in their prediction.  

To protect against spurious correlations, increase accuracy, and target variables subject to 

restoration, a processed-based understanding of how the network-scale variables influence 

carrying capacity is recommended. The ecohydraulic models described above (i.e., NREI, HSI, 

FIS) can help guide the development of network-level models that inform the relevant reach-

scale metrics defining fish habitat.   

For example, the general inputs for NREI can be summarized into inputs of food, temperature, 

and channel morphology and substrate as it pertains to hydraulics. The goal would be to create 

network extent of these metrics resolved at the reach scale (Figure 5). At CHaMP sites, 

temperature is collected from temperature loggers and summarized over various temporal scales 

(e.g., mean daily temperature). McNyset et al. (2015) demonstrated that MODUS satellite 

information of ground temperature taken daily is highly correlated with data logger temperature 

at CHaMP sites, and that this information can be extrapolated across the network with a high 

accuracy. Similarly, gross primary production (GPP, a surrogate for food resources for fish) 

estimated from dissolved oxygen sondes could be predicted by CHaMP-level metrics of solar 

input, conductivity, and temperature, and these same metrics derived by network-level models 

with similar accuracy and precision. Finally, our investigations with ecohydraulic models at 

CHaMP sites suggest that the hydraulic patterns such as shear zones, found near geomorphic unit 

transitions, are more important than geomorphic unit themselves in determining habitat quality. 

We are currently refining the relationship between hydraulic patterns, NREI values, and 

geomorphic unit assemblages to better capture this complexity rather than relying simply on 

metrics such as pool frequency or pool area.  

 

We are using geomorphic assessments to describe what geomorphic reach type should be 

observed based on higher-level controls on stream behavior (e.g., valley bottom extent, valley 

confinement) and validating these reach types with habitat survey information. Geomorphic 

reach types can also be used to predict geomorphic unit assemblages, substrate and structural 

elements that are essential components of fish habitat. A tremendous amount of data is available 

in GIS and from remote sensing that describes the large-order controls that can predict expected 

reach types throughout the watershed network and provide a basis for upscaling reach-scale data. 

In addition, land use information, riparian vegetation changes, and evaluation of aerial photos 

and on-the-ground visits can describe the departure of the historic natural channel form and 

behavior from the current conditions. The discrepancy between historic and current, along with 

the ability to adjust, can describe restoration potential. Restoration potential can be used as a 
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basis for watershed restoration planning (O’Brien et al. 2017). CHaMP surveys provide 

geomorphic unit assemblages that can be derived through topography and are consistent with the 

geomorphic assessment descriptions of geomorphic units (Wheaton et al. 2015). Because we can 

estimate the same general inputs to NREI models from bottom-up reach-level data and top-down 

“remote-sensed” data (Figure 5), we believe that a mechanistic-based empirical model will be 

able to predict NREI estimates of carrying capacity across the entire stream network for different 

restoration scenarios. For more information on this approach see Attachment B. 

 
 

Figure 5. Example of how the components of the proposed framework can fit together for 

juvenile rearing using NREI model and causal-based imputation to produce robust carrying 

capacity estimates at the network and population scales to feed life-cycle models. Individual 

component pieces and concepts can be interchanged. The key attributes are the (a) conceptual 

alignment at the reach-scale between inputs used to drive the site-scale ecohydraulic models and 

the network co-variates; (b) the leveraging of readily available remotely sensed data to support 

network-scale modeling; and (c) use of traditional site-scale ecohydraulic analysis to train, 

calibrate causal model-based imputation and ultimately validate it. The framework aims to 

highlight the analytical tools and underlying theory necessary to transcend spatial scales in the 

riverscape of relevance to understanding fish population dynamics. From Wheaton et al. (2017). 
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Life Cycle Models 
We have developed a LCM for salmon population dynamics to support salmonid management in 

the Columbia River basin. Three applications of the model have been developed as part of the 

Adaptive Management Implementation Plan (AMIP) Life-cycle Modeling Project, all focused on 

exploring the impacts of tributary restoration actions and providing an analytical framework for 

habitat action effectiveness monitoring. 

The ISEMP LCM is implemented in the R programming language, an open source software 

package, and is freely available by download from the ISEMP website (www.isemp.org). This 

model is an improvement and enhancement of the Visual Basic QCI (2006) model “Salmon 

ISEMP Watershed Model Development: Adding Stochasticity to the Life History Model 

Structure” and the stage-based Yuen and Sharma (2005) model, and implements the Beverton-

Holt spawner-recruit salmon population dynamics model (Beverton and Holt 1957). Many inputs 

are user specified, including inputs describing one or more sites within a watershed, initial 

salmonid populations and survival estimates by life stage, measures of uncertainty in parameter 

estimates, and estimates of natural parameter spatial, temporal, and pure variability. Hatchery 

fish introductions into a watershed, and parameters describing the relative robustness and 

fecundity of hatchery fish and their descendants, can also be user specified. The model calculates 

fish populations by life stage for each subsequent year up to a user-specified number of years.   

The model also includes the option of user-specified levels of stochasticity for input parameters. 

This stochasticity serves two functions: (1) estimation of uncertainty of model results stemming 

from uncertainty of input parameters; and (2) estimation of temporal, spatial, and pure variability 

in the results stemming from temporal, spatial, and pure variability in the input parameters. 

Stochasticity is structured so as to give rise to natural correlations among input parameters. 

These correlation structures enable a stochastic model much more reflective of natural processes 

than could be achieved by assuming independence across all parameters.   

Also included in the model is the ability to include time-based trends or step function changes for 

all user-specified parameters. Such changes may reflect, for example, changes in watershed 

management that lead to gradual increases in forested lands within a watershed, or discrete 

changes, such as a change in dam management, leading to a step function shift in seasonal water 

flows.    

Multiple sites may be modeled simultaneously, where “sites” refer to a user-defined spatial scale 

over which the user wishes to define the input parameters. A site may be a reach within a 

tributary, a tributary within a watershed, a watershed within a subbasin, etc. The advantages of 

concurrent modeling of multiple sites, as opposed to modeling one site at a time, are three-fold: 

(1) the model accounts for lack of independence among sites within a watershed (e.g., a low 

water year for a single site is likely a low water year for all sites within a watershed); (2) 

modeling multiple sites concurrently allows for inclusion of cross-site migration, where fish at 

various life stages have some user-specified non-zero probability of migrating to a different site 

within a watershed; and (3) modeling multiple sites concurrently allows summarization of results 

at whatever spatial level chosen after the completion of the simulation (i.e., results may be 

summarized by site, stream, river, watershed, etc.). 
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The model has been primarily designed for stream-rearing Chinook and steelhead but is 

structured such that it is flexible enough to handle different species of salmonids (although they 

cannot be modeled simultaneously). The modeling environment does support sufficient life 

history variability to capture simultaneous and resident / anadromous forms, as would be 

necessary for a general O. mykiss population model. A stage-by-stage description of the model 

and the input and output files are provided in the ISEMP Watershed Model Version 3.0. User’s 

Guide. User guide and software downloads are available from: www.isemp.org/products/tools. 

Results 
RME Habitat Status and Trends 
The CHaMP sampling design is optimized for estimation of the mean and variance of CHaMP 

metrics at the watershed scale, or at least over a large portion of a watershed. This means that a 

wide variety of sites are sampled across a broad array of landscape characteristics. Analysis 

shows that CHaMP site characteristics represent the range of characteristics across the Columbia 

River basin for unsampled sites for both numeric and categorical GAA variables (e.g., Figure 6). 

Cross-validation at various spatial levels has shown that a subset of all GAAs have observable 

relationships to the CHaMP metrics (results available upon request). 

 

Figure 6. Example of CHaMP coverage of physical characteristics of the anadromous extent of 

the interior Columbia River Basin. In this case, CHaMP sampled streams (red dots) generally 

represent the core of the range of elevation (y axis) and stream power (x axis) found in the 

interior Columbia River basin (blue dots).  
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The CHaMP protocol generates a large amount of data that can be summarized into many 

different metrics. To focus the number of metrics that we report on here, we have provided 

summaries of metrics identified by the QRF model as important predictors of spring Chinook 

density by watershed and year. Annual assessment of sources of variance associated with those 

metrics shows that in general CHaMP protocols produce measurements with low noise compared 

to other sources of variability (Figure 7), and are standardized and repeatable across the 

Columbia River Basin. Figures 8 to 21 show annual watershed-level mean and variance 

estimates for these metrics.  

 

Figure 7. Estimated components of variance for metrics generated using the CHaMP protocol 

and identified as important predictors of spring Chinook density using the QRF model. 
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Figure 8. Status and trend of the percent slow water, a measure of pools and backwater habitat that provides high flow refugia for 

rearing parr, in streams across nine Columbia River Basin watersheds, 2011 – 2016.  
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Figure 9. Status and trend of diversity of channel units, a measure of habitat complexity, in nine Columbia River Basin watersheds, 

2011 – 2016. 
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Figure 10. Status and trend of the standard deviation of average wetted depth, a measure of habitat complexity, in streams across nine 

Columbia River Basin watersheds, 2011 – 2016. 
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Figure 11. Status and trend of stream channel sinuosity, a measure of stream complexity, in nine Columbia River Basin watersheds, 

2011 – 2016.  
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Figure 12. Status and trend of total fish cover in streams across nine Columbia River Basin watersheds, 2011 – 2016. 
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Figure 13. Status and trend of riparian ground cover, a proxy for the amount of streamside disturbance, along streams across nine 

Columbia River Basin watersheds, 2011 – 2016. 
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Figure 14. Status and trend of average thalweg depth in streams across nine Columbia River Basin watersheds, 2011 – 2016. 
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Figure 15. Status and trend of stream discharge across nine Columbia River Basin watersheds, 2011 – 2016. 
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Figure 16. Status and trend of substrate less than 6 mm diameter, a measure of the amount of good spawning habitat, in nine Columbia 

River Basin watersheds, 2011 – 2016. 
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Figure 17. Status and trend of estimated sand and fines substrate, a measure of a factor that could lead to unsuitable spawning habitat, 

in nine Columbia River Basin watersheds, 2011 – 2016. 
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Figure 18. Status and trend of the maximum 7-day average temperature in nine Columbia River Basin watersheds, 2011 – 2016.  
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Figure 19. Status and trend of the number of 7-day average of daily maximum temperature values between peak salmon and steelhead 

spawning periods (July 15th to August 31st) that are greater than 13°C across nine Columbia River Basin watersheds, 2011 – 2016.  
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Figure 20. Status and trend of conductivity in streams, a proxy for food production, across nine Columbia River Basin watersheds, 

2011 – 2016.  
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Figure 21. Status and trend of frequency of large wood within the wetted channel, a measure of habitat complexity, in nine Columbia 

River Basin watersheds, 2011 – 2016.  
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Fish Status and Trends 

Adult Escapement 
ISEMP is using the State-Space Adult Dam Escapement (STADEM) and Dam Adult Branch 

Occupancy (DABOM) models to generate annual estimates of adult escapement into tributaries 

in the Lemhi river subbasin. This approach has been adopted by the Washington Department of 

Fish and Wildlife (WDFW) to estimate escapement for the Wenatchee, Entiat, Methow, and 

Okanogan River subbasins.   

Entiat River, WA 
Estimates for adult steelhead escapement into the Entiat are available from WDFW (Figure 22). 

 

Figure 22. Population estimates and coefficient of variation for natural origin adult steelhead 

escapement into the Entiat River watershed estimated using PIT tag interrogations at IPTDS sites 

throughout the Columbia River. Data courtesy of Washington Department of Fish and Wildlife 

(Truscott et al. 2017). 

Snake River, ID 
Tables 2 and 3 provide summarized adult escapement data from IPTDS for Snake River TRT-

identified populations of spring/summer Chinook salmon and steelhead. Currently, ISEMP is 

also collaborating with IDFG BPA projects 1991-073-00 and 2010-026-00 to produce: 

 Age and sex structure accompanying escapement at the population and sub-population 

level (Figures 23 and 24). 

 Length of returning adults at the population and sub-population level. 

 Adult run-timing past LGR and into populations and sub-populations for natural origin 

adults. 
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 Fraction of the populations and sub-populations composed of repeat spawners. 

 Rate of post-spawn survival to LGR (kelting rate). 

 Fraction of A- and B-run populations composed of individuals that meet B-run 

classification criteria (e.g., 2-ocean age or greater or fork length [FL] greater than 77.5 cm). 

Table 2. Population estimates and coefficient of variation for natural origin adult spring/summer 

Chinook salmon escapement estimated using PIT tag interrogations at IPTDS sites throughout 

the Snake River. 

MPG TRT Name TRT 2010 2011 2012 2013 2014 2015 

Grande Ronde / 
Imnaha 

Catherine Creek GRCAT 
236 
(0.26) 

181 
(0.15) 

298 (0.2) 
280 
(0.13) 

385 
(0.12) 

311 
(0.17) 

Grande Ronde / 

Imnaha 
Lookingglass Creek GRLOO 

51 

(0.38) 

309 

(0.13) 
99 (0.26) 

120 

(0.16) 

142 

(0.18) 

237 

(0.15) 

Grande Ronde / 

Imnaha 
Lostine River GRLOS 

116 

(0.34) 

179 

(0.17) 

526 

(0.15) 

350 

(0.16) 

2131 

(0.1) 

2015 

(0.08) 

Grande Ronde / 
Imnaha 

Big Sheep Creek IRBSH -- 
597 
(0.13) 

224 
(0.25) 

109 
(0.29) 

185 
(0.24) 

199 
(0.25) 

Grande Ronde / 

Imnaha 
Imnaha River mainstem IRMAI 

474 

(0.23) 

2207 

(0.08) 

1215 

(0.11) 

748 

(0.14) 

1282 

(0.12) 

785 

(0.13) 

Lower Snake Asotin Creek SNASO -- -- -- -- -- -- 

Middle Fork 

Salmon River 
Big Creek MFBIG 

215 

(0.38) 

457 

(0.15) 

913 

(0.13) 

986 

(0.09) 

1285 

(0.13) 

1175 

(0.1) 

South Fork Salmon 

River 
East Fork South Fork Salmon River SFEFS 

1088 

(0.17) 

718 

(0.12) 

1083 

(0.13) 

1255 

(0.1) 

1328 

(0.11) 

728 

(0.15) 

South Fork Salmon 
River 

South Fork Salmon River mainstem SFMAI 
4620 
(0.1) 

3393 
(0.07) 

2389 
(0.1) 

1358 
(0.09) 

2110 
(0.1) 

959 
(0.14) 

South Fork Salmon 

River 
Secesh River SFSEC 

1386 

(0.16) 

974 

(0.12) 

1396 

(0.12) 

1530 

(0.09) 

1668 

(0.1) 

659 

(0.16) 

Upper Salmon 

River 
East Fork Salmon River SREFS 

343 

(0.7) 

161 

(0.41) 
283 (0.6) 

307 

(0.18) 

320 

(0.19) 
-- 

Upper Salmon 
River 

Lemhi River SRLEM 
156 
(0.27) 

267 
(0.13) 

83 (0.31) 
393 
(0.11) 

464 
(0.12) 

718 
(0.1) 

Upper Salmon 

River 

Salmon River lower mainstem below 

Redfish Lake 
SRLMA -- -- -- 

1271 

(0.1) 

1732 

(0.1) 

1614 

(0.1) 

Upper Salmon 

River 

Salmon River upper mainstem above 

Redfish Lake 
SRUMA 

865 

(0.64) 

799 

(0.31) 

924 

(0.53) 

564 

(0.14) 

615 

(0.15) 

520 

(0.16) 

Upper Salmon 
River 

Valley Creek SRVAL 
329 
(0.73) 

452 
(0.33) 

675 
(0.53) 

389 
(0.15) 

739 
(0.13) 

452 
(0.18) 

Upper Salmon 

River 
Yankee Fork SRYFS -- -- 307 (0.6) 

343 

(0.17) 

213 

(0.22) 

127 

(0.31) 

Wet Clearwater Lolo Creek CRLOL -- -- 250 (0.2) 
103 

(0.16) 

88 

(0.2) 

207 

(0.16) 

NA NA CRLAP -- -- -- -- -- -- 

NA NA CRLOC -- -- -- -- -- -- 

NA NA CRPOT -- -- -- -- -- -- 

NA NA GRUMA -- -- 87 (0.32) 
92 
(0.54) 

22 
(0.47) 

358 
(0.21) 

NA NA 
SCLAW_

SCUMA 

61 

(0.35) 

94 

(0.18) 

795 

(0.17) 

380 

(0.11) 

442 

(0.12) 

660 

(0.11) 

NA NA SRLSR 
55 

(0.36) 

93 

(0.18) 
10 (0.72) 

7 

(0.41) 
-- -- 

NA NA SRPAH 
184 
(0.81) 

34 
(0.71) 

205 
(0.65) 

344 
(0.19) 

320 
(0.19) 

320 
(0.21) 
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Table 3. Population estimates and coefficient of variation for natural origin adult steelhead 

escapement estimated using PIT tag interrogations at IPTDS sites throughout the Snake River. 

MPG TRT Name TRT 
Run 

Type 
2010 2011 2012 2013 2014 2015 

Clearwater 

River 
Fish Creek CRLOC-s B 

102 

(0.13) 

421 

(0.12) 

186 

(0.14) 

92 

(0.13) 

84 

(0.14) 

420 

(0.1) 

Clearwater 

River 
Lolo Creek CRLOL-s B -- -- 

664 

(0.09) 

310 

(0.09) 

274 

(0.1) 

558 

(0.1) 

Clearwater 

River 

South Fork 

Clearwater River 
CRSFC-s B -- -- 

1188 

(0.08) 

664 

(0.08) 

528 

(0.09) 

922 

(0.08) 

Grande 

Ronde River 
Joseph Creek GRJOS-s A -- 

1581 

(0.06) 

1828 

(0.06) 

1564 

(0.06) 

1780 

(0.07) 

3028 

(0.07) 

Grande 

Ronde River 

Grande Ronde 

River upper 

mainstem 

GRUMA-

s 
A 

293 

(0.1) 

368 

(0.07) 

668 

(0.07) 

1132 

(0.06) 

1185 

(0.07) 

2258 

(0.07) 

Grande 

Ronde River 
Wallowa River 

GRWAL-

s 
A 

147 

(0.12) 

321 

(0.09) 

244 

(0.12) 

135 

(0.1) 

515 

(0.1) 

913 

(0.08) 

Imnaha 

River 
Imnaha River IRMAI-s A 

294 

(0.1) 

3045 

(0.05) 

2905 

(0.06) 

1333 

(0.06) 

2431 

(0.07) 

2343 

(0.06) 

Lower Snake Asotin Creek SNASO-s A 
1516 

(0.07) 

1156 

(0.06) 

1341 

(0.06) 

798 

(0.06) 

1032 

(0.08) 

1281 

(0.07) 

Lower Snake Tucannon River SNTUC-s A 
745 

(0.08) 

465 

(0.08) 

1023 

(0.08) 

339 

(0.08) 

475 

(0.09) 

867 

(0.08) 

Salmon 

River 
Big Creek MFBIG-s B 

1092 

(0.19) 

594 

(0.08) 

458 

(0.14) 

392 

(0.08) 

274 

(0.13) 

733 

(0.14) 

Salmon 

River 

South Fork 

Salmon River 
SFMAI-s B 

1175 

(0.08) 

2041 

(0.07) 

1112 

(0.08) 

645 

(0.08) 

743 

(0.11) 

1473 

(0.08) 

Salmon 

River 
Secesh River SFSEC-s B 

174 

(0.23) 

330 

(0.16) 

182 

(0.23) 

42 

(0.4) 

146 

(0.24) 

231 

(0.21) 

Salmon 

River 

East Fork Salmon 

River 
SREFS-s A -- -- 

32 

(1.81) 

35 

(0.39) 
-- 

54 

(0.44) 

Salmon 

River 
Lemhi River SRLEM-s A 

417 

(0.1) 

314 

(0.09) 

347 

(0.11) 

334 

(0.08) 

339 

(0.09) 

342 

(0.1) 

Salmon 

River 
Pahsimeroi River SRPAH-s A 

345 

(0.71) 

672 

(0.39) 

2133 

(0.43) 

469 

(0.1) 

665 

(0.11) 

653 

(0.11) 

Salmon 

River 

Salmon River 

upper mainstem 

SRUMA-

s 
A 

389 

(0.64) 

375 

(0.64) 

652 

(1.03) 

192 

(0.17) 

183 

(0.25) 

347 

(0.16) 
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Figure 23. Estimates of sex ratios for natural-origin spring/summer Chinook salmon 

populations/subpopulations in the Snake River based on PIT-tagged individuals crossing IPTDS 

throughout the Snake River. Sex data provided by a sex-specific genetic assay. Figure provided 

by IDFG.  
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Figure 24. Estimates of sex ratios for natural-origin steelhead populations/subpopulations in the 

Snake River based on PIT-tagged individuals crossing IPTDS throughout the Snake River. Sex 

data provided by a sex-specific genetic assay. Figure provided by IDFG.
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Juvenile Capacity 

Chinook in CHaMP Watersheds 
Estimates of juvenile summer rearing capacity for Chinook in nine watersheds where habitat data is collected using the CHaMP 

protocol are generated using QRF and are in number of juveniles per meter (Figure 25). 

 

Figure 25. Estimated juvenile Chinook summer parr rearing capacity in nine Columbia River Basin watersheds from 2011 – 2015. 
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Juvenile Abundance 

Entiat River, WA 
Status and trend population estimates for Entiat River spring Chinook and steelhead summer 

standing crop populations are estimated using a GRTS-based roll-up (Figure 26). 

 

Figure 26. Spring Chinook and steelhead juvenile standing crop estimates for the Entiat River 

subbasin, 2010 – 2016. 

Emigrants and Productivity 

Entiat River, WA 

During 2016, the USFWS Mid-Columbia Fish and Wildlife Conservation Office operated one 

RST on the Entiat River under the Entiat IMW. Trap operations were conducted 7 days a week 

between February and November when flow and water temperature permitted. A total of 10,088 

fish were captured at the rotary screw trap and 7,184 salmonids were implanted with PIT tags. 

Natural origin juvenile spring Chinook and summer steelhead represent 26.7% and 7.0% of the 

total catch respectively. Point estimates of emigrant abundance (95% C.I.) for yearling and sub-

yearling spring Chinook were 2,860 (± 1,628) and 22,346 (± 13,970), respectively. Summer 

steelhead emigrant abundance was estimated at 8,590 (± 1,426) (Figure 27) and the abundance of 

emigrating steelhead by age captured at the lower Entiat River rotary screw trap was estimated 

for 2010 – 2015 (Figure 28).  
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Figure 27. Estimates of emigrant abundance for spring sub-yearling and yearling Chinook and 

steelhead, 2010 – 2016. Data provided by USFWS Mid-Columbia Fishery Resource Office 

collected under BPA Project 2003-017-00. 

 

Figure 28. Calculated abundance of emigrating steelhead by age captured at the lower Entiat 

River rotary screw trap from 2010 – 2015. Data provided by USFWS Mid-Columbia Fishery 

Resource Office collected under BPA Project 2003-017-00. 
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Abundance estimates for yearling spring Chinook in 2016 allowed for the completion of 2014 

brood year productivity estimates. Total egg deposition for 2014 brood year spring Chinook was 

estimated at 436,050 eggs. Deposition was based on 102 redds counted within the Entiat River 

basin (Fraser and Hamstreet 2015) multiplied by an estimated fecundity of 4,275 eggs. A total of 

18,923 spring Chinook emigrants were estimated from the 2014 brood year. Egg-to-emigrant 

survival rate and emigrant-per-redd estimates were calculated at 4.34% and 186 fish, respectively 

for 2014 brood year for spring Chinook (Table 4). Mean fork length (±SD) of spring Chinook 

was 99.12 (±11.3) mm and 90.5 (±8.5) mm, for yearling and sub-yearling species respectively. 

Mean fork length (±SD) of summer steelhead was 134.7 (±35.8) mm. Spring Chinook smolt-to-

adult return calculated for the 2010 brood year was estimated at 0.32% for sub-yearling, 0.76% 

for yearling out-migrants, and 0.49% for both juvenile life-histories combined. 

Table 4. Estimated egg deposition (# of redds × estimated female fecundity), egg-to-emigrant 

survival rates, and emigrant per redd estimates for Entiat River wild spring Chinook juveniles, 

brood years 2002 – 2014. Data provided by USFWS Mid-Columbia Fishery Resource Office 

collected under BPA Project 2003-017-00. 

Brood 

Year 

Number of 

Redds 

Estimated Egg 

Deposition 

Estimated Number 
Egg-to-

Emigrant 

Survival (%) 

Emigrant 

per Redd Sub-

yearling 
Yearling Total 

2002  112 478,800 9,740 3,958 13,697 2.86% a 122 a 

2003  108 461,700 9,123 5,349 14,472 3.13% a 134 a 

2004  126 538,650 12,029 8,145 20,174 3.75% a 160 a 

2005  148 632,700 13,386 9,090 22,477 3.55% b 152 b 

2006 107 457,425 6,265 11,643 17,908 3.91%c 167c 

2007 102 436,050 19,408 7,345 26,753 6.14%c 262c 

2008 116 495,900 11,544 16,692 28,236 5.69%c 243c 

2009 115 491,625 14,188 5,942 20,131 4.09%c 175c 

2010 204 872,100 13,437 18,471 31,908 3.66%c 156c 

2011 248 1,060,200 25,693 21,866 47,559 4.49%c 192c 

2012 236 1,008,900 14,353 22,786 37,140 3.68%c 157c 

2013 99 423,225 23,370 5,083 28,453 6.72%c 287c 

2014 102 436,050 16,063  2,860d   18,923 4.34%c 186c 

a Derived from upper trap (rkm 11.0) estimates. 
b Derived from upper trap (rkm 11.0) sub-yearling and lower trap (rkm 2.0) yearling estimates. 
c Derived from lower trap (rkm 2.0) estimates. 
d  Estimates derived from partial trapping season 
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Spring Chinook SAR estimates for all life-history groups (yearling, sub-yearling and combined) 

for the 2010 brood year were above or equal to the 9 year averages of 0.20%, 0.76%, and 0.46%, 

respectively. The 2010 brood year showed similar trends as previous brood years, with a higher 

SAR for spring Chinook tagged as yearlings as compared to those tagged as sub-yearlings (Table 

5). 

Table 5. Estimated smolt-to-adult return (SAR) for sub-yearling, yearling and adult wild spring 

Chinook in the Entiat River for brood years 2001 to 2010. Data provided by USFWS Mid-

Columbia Fishery Resource Office under BPA Project 2003-017-00. 

Brood 

Year 

Total Observations SAR  

Sub-yearling Yearling Adult Returns Sub-yearling Yearling 
Combined life-

histories 

2001 n/a 2 2 0.00% 0.51% 0.51% 

2002 0 5 5 0.00% 0.70% 0.39% 

2003 1 5 6 0.04% 0.38% 0.15% 

2004 3 5 8 0.12% 0.25% 0.19% 

2005 3 1 4 0.15% 0.16% 0.15% 

2006 17 100 117 0.56% 1.51% 1.21% 

2007 23 25 48 0.41% 1.09% 0.61% 

2008 21 42 63 0.34% 0.94% 0.59% 

2009 6 9 15 0.16% 1.34% 0.34% 

2010 12 17 29 0.32% 0.76% 0.49% 

 

Lemhi River, ID 
To estimate steelhead productivity, we first estimated length-at-age relationships by fitting a 

linear model that predicts the fork length, 𝑦, based on the known age class, 𝑎 to provide an 

estimate of the mean, 𝜇𝑎, and standard deviation, 𝜎𝑎, of fork lengths within each age class (𝑎). 

We then fit a mixture model to the entirety of the length data for each year. The distribution of 

observed lengths is a combination of distinct log-normal distributions, one from each age class. 

We estimated the parameters of this mixed distribution of lengths, including the proportion of 

fish that make up each age class (𝜋𝑎). We then estimated the probability that a fish of a given 

length is in each age class using Bayes' theorem. 

𝑃(𝑋 = 𝑎|𝑌 = 𝑦) =
𝑓(𝑦|𝑋 = 𝑎)𝑃(𝑋 = 𝑎)

𝑓(𝑦)
 

The model distinguishes well between age-0 steelhead and other age classes, but performs only 

marginally better than random for distinguishing between older age classes (Figure 29). We 

assume the length-at-age relationship was constant through time because we only had one year of 

age-length data. 
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Figure 29. Probability that a fish of a given fork length is in each age class for steelhead in the 

Lemhi River. Every vertical slice sums to one. 

Productivity estimates for both spring Chinook salmon and steelhead populations in the Lemhi 

River shows a lot of year-to-year variability, making it difficult to extract any sort of trend in 

productivity over this period (Tables 6 and 7, Figures 30 and 31). A longer time-series of 

productivity estimates will be necessary to filter out those year effects and estimate a true 

underlying trend. 

Table 6. Estimates (CV) of adult escapement, emigrants, and productivity by brood year for 

natural origin spring/summer Chinook salmon in the Lemhi River. 

Brood Year Adults Emigrants Productivity 

2011 267 (0.129) 16842.3 (0.032) 63.1 (0.134) 

2012 83 (0.29) 21825.5 (0.035) 263 (0.309) 

2013 393 (0.106) 31496 (0.032) 80.1 (0.111) 

2014 464 (0.117) 79130 (0.024) 170.5 (0.121) 

2015 718 (0.098) 53385 (0.035) 74.4 (0.105) 

Table 7. Estimates (CV) of adult escapement, emigrants, and productivity by brood year for 

natural origin steelhead in the Lemhi River. 

Brood Year Adults Emigrants Productivity 

2010 417 (0.095) 19477 (0.047) 46.7 (0.107) 

2011 314 (0.089) 8770 (0.049) 27.9 (0.101) 

2012 347 (0.104) 11469 (0.046) 33.1 (0.115) 

2013 334 (0.081) 10861 (0.045) 32.5 (0.093) 

2014 266 (0.106) 5311 (0.064) 20 (0.125) 
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Figure 30. Estimates of productivity of natural origin spring/summer Chinook salmon (left panel) 

and natural origin steelhead (right panel) in the Lemhi River, plotted against brood year. Bars 

depict 95% confidence intervals. 

 

Figure 31. Estimates of productivity of natural origin spring/summer Chinook salmon (left panel) 

and natural origin steelhead (right panel) in the Lemhi River, plotted against estimates of 

escapement. Bars depict 95% confidence intervals. 
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Effectiveness Monitoring  

Bridge Creek IMW, OR 
The responses to the addition of beaver dam analogs (BDAs) for both steelhead and their habitat 

was dramatic as reported previously and in a recently published paper (Bouwes et al. 2016a, 

Attachment C). However, in 2016 densities dropped dramatically in Bridge Creek to pre-

restoration densities (Figure 32). Although this is not enough to bring the post-restoration 

average down appreciably compared to what we published recently (Bouwes et al. 2016a), this 

does bring into question the long-term benefits of the large increase in beaver dam building 

activity.  

 

Figure 32. Time series of juvenile steelhead density (number/100m) estimates for the treatment 

Bridge Creek and control Murders Creek watersheds (upper panel) and difference between 

Bridge Creek and Murderers Creek densities (lower panel) for spring, fall, winter (S,F,W). 

Vertical line represents the date of the manipulation. In the lower pane, the dashed lines 

represent the mean value, and the dotted lines the upper and lower 90% confidence intervals, for 

pre- and post-manipulation.   

The recent decline in juvenile densities might be explained by several environmental variables: 

beaver ponds go through an evolution from pond to wetland to meadow (Naiman et al. 1988) that 

could have large impacts on the temporal dynamics and benefits to fish habitat. Alternatively, or 

in addition to this evolution in habitat types, lower than normal discharge in 2014 and 2015 

resulted in higher than normal stream temperatures, especially in 2015. During this time, 

discharge was almost at base flows during the upstream migration of steelhead spawners, rather 
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than the high flows that are typical during the spawning season, and we observed very little 

upstream migration of adults in the spring of 2015. In addition, temperatures reached lethal 

levels in lower portions of the stream during the summer low flow period. In contrast, Murderers 

Creek is further upstream in the John Day drainage and does not reach these extreme 

temperatures. Differences between Bridge and Murderers Creek densities may be a result of the 

stream temperatures reaching lethal thresholds in Bridge Creek. However, it should be noted that 

beaver dams have been shown to have a cooling effect in Bridge Creek, particularly to summer 

daily maximum temperatures (Weber et al. 2017), so it is possible that without the large increase 

in beaver dams following the installation of beaver dam assist structures, the 2015 water year 

could have had a much larger negative impact on juvenile steelhead survival and therefore 

densities than we observed.  

Entiat IMW, WA 
To date we have 4 years of post-treatment data from the 2012 actions and 2 year of post-

treatment data from the 2014 actions. Here we present results at the watershed scale (mainstem 

Entiat [treatment] compared with the Mad River [control]) and the valley segment scale (valley 

segments 1 and 3 are treatments, valley segment 2 and the Mad River are controls). 

Chinook 
Results from the Chinook analysis point to difficulties with small sample sizes and interactions 

between sampling design and Chinook life history patterns that limit analysis conclusions. At the 

watershed scale there was a significant decrease in Chinook abundances in restoration compared 

with control areas between Restoration 1 and Restoration 2 periods (Figure 33 right panel), but a 

similar pattern was not observed at the valley segment scale (Figure 33 left panel). Given that 

valley segment 2 is modeled as a control at the valley segment scale but is included in the 

restoration group of the Entiat River at the watershed scale, the different conclusions from 

analysis at these two spatial scales points to declines in valley segment 2 abundances. It is 

unlikely this decline in valley segment 2 is due to restoration activity but it does cause 

difficulties separating natural variation from restoration effects.  

 

Figure 33. Comparison of Chinook abundance (transformed for normality) at the valley segment 

scale (left panel) and at that watershed scale (right panel) and standard errors in restoration and 

control areas.  

Analysis for differences due to treatment of overwinter survival for Chinook at the watershed 

scale were unsuccessful since very low Chinook numbers in the Mad River frequently cause low 

capture success during sampling which increases uncertainty around survival calculations. 

Analysis for treatment effect at the valley segment scale showed a decreased survival in 
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restoration areas compared with control areas between Restoration 1 and Restoration 2 periods (p 

= 0.10) (Figure 34).  

 

Figure 34. Comparison of Chinook over-winter survival and standard errors in restoration and 

control areas at the valley segment level in the Entiat IMW.  

This trend may be explained by confounding interactions between Chinook life history and 

sampling design. Between Restoration 1 and Restoration 2 periods Chinook at control valley 

segments significantly increased in fork length compared with fish at restoration valley segments 

during the summer but not during the winter (Figure 35). The lack of significant difference in 

over-winter specific growth rate (Figure 36) implies that between summer and winter there was 

an immigration of larger fish into restoration valley segments. Valley Segment 1 is a restoration 

valley segment and is also at the mouth of the Entiat River near where it enters the Columbia 

River. It is likely that larger fish are entering Valley Segment 1 during the winter to prepare for 

emigration which occurs with spring flooding, typically in March. In 2016 spring flooding 

occurred earlier than usual and high flows delayed RST operations and it is possible more 

emigrating fish were missed than usual during this year which would result in depressed survival 

estimates.  
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Figure 35. Comparison of Chinook fork length (mm, transformed for normality) and standard 

errors in restoration and control areas at the valley segment level in the Entiat IMW.  

 
Figure 36. Comparison of Chinook specific growth rate (mm fork length per day) and standard 

error in restoration and control areas at the valley segment level in the Entiat IMW.  
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Steelhead 
No significant response was detected for steelhead abundance at either the valley segment or 

watershed scales (Figure 37) but a significant increase in survival in post-restoration was 

observed for steelhead at the valley segment scale (Figure 38). 

 

Figure 37. Comparison of steelhead abundance (transformed for normality) and standard errors 

in restoration and control areas at the valley segment scale (left panel) and watershed scale (right 

panel). 

 

Figure 38. Comparison of steelhead oversummer and over-winter survival and standard errors in 

restoration and control areas at the valley segment level in the Entiat IMW. 

At both the valley segment (Figure 39) and watershed (data not shown) scales between 

Restoration 1 and Restoration 2 periods steelhead size increased significantly at restoration sites 

compared with control sites, although this depended on age class and season. At the valley 

segment and watershed (data not shown) scale for all age classes and seasons specific growth 

rate decreased significantly (p = 0.0012) in restoration areas compared with control areas 

between Before and Restoration 1 periods (Figure 40). Between Restoration 1 and Restoration 2 

periods there was a trend (p = 0.065) for decreases in specific growth rate in restoration 

compared with control areas. The decrease in growth rate is likely due to the increase in fish size 

as larger fish tend to have slower growth rates. 
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Figure 39. Comparison of steelhead fork length (mm) and standard error in restoration and 

control areas at the valley segment level by capture season and age class. * = significant (p 

<0.05) increase in restoration compared with control, * = significant (p <0.05) decrease in 

restoration compared with control.  

 
Figure 40. Comparison of steelhead specific growth rate (mm fork length per day) and standard 

error in restoration and control areas at the valley segment level by capture season and age class 

in the Entiat IMW.  

* 

* 

* * 
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Lemhi IMW, ID 

Amonson Reach 
Fundamental differences among surveys (i.e., site length, discharge) prevented us from 

determining changes in carrying capacity resulting from restoration actions (Figure 41). 

However, we did look at indicators likely correlated with carrying capacity and how those 

indicators changed through surveys (Table 8). Habitat in the main channel has improved post-

restoration and the side channel adds additional rearing habitat that can be used as a thermal and 

velocity refuge with increased cover and complexity. 

 

Figure 41. Pre- (right panel) and post-restoration side channel (middle panel) and main channel 

(left panel) habitat in the Amonson Reach. 

Table 8. Habitat measurements showing differences in metrics among the four surveys 

completed at the Amonson Reach. 

Habitat Metric Before 
2013 Main 

Channel 

2016 Main 

Channel 

Side 

Channel 

Avg % of pool tail substrates 

comprised of fine sediment <2mm 
65.00 5.33 30.37 55.89 

Number of large wood pieces per 100 

meters within bankfull channel 
6.74 10.3 8.8 32.41 

% of wetted area with fish cover 14.09 5.1 7.7 53.42 

% of wetted area as slow water/pool 

channel units 
22.18 55.8 31.52 59.35 

Sinuosity 1.31 1.58 1.59 1.32 
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Lee Creek 
Time constraints only allowed for surveying of a 450 m reach of Lee Creek, which we are assuming 

is representative of the entire site. Riparian vegetation establishment above the culvert, where the 

stream is approximately 130 m from the old channel, has been unsuccessful (Figure 42 and Table 

9) and it may be that the banks are too high above the water table to support riparian vegetation. 

Conversely, below the culvert and outside of the survey area, where the stream bed is in a similar 

location as the old channel, vegetation is thriving. Based on a QRF model we predict that Chinook 

parr density at the site has increased from 0.29 fish/m in 2013 to 0.34 fish/m in 2016 (Table 8); 

however, total estimated Chinook parr capacity has decreased from 427 in 2013 to 377 in 2016. 

 

Figure 42. The lowest extent of Lee Creek pre- (left panel) and post-restoration changes in 

vegetation (middle panel) and 10 cm DEM of the newly restored channel (right panel). 

Table 9. Habitat measurements and predicted juvenile Chinook response pre-treatment (2013) 

and post-treatment (2016) at the Lee Creek restoration site. 

Habitat Metric 2013 2016 

Sinuosity 1.13 1.15 

Bankfull Width to Depth Ratio Avg 32.26 15.04 

Pool Residual Depth 0.40 0.24 

Pool Frequency 1.61 5.74 

Avg % of Fine Pool Tail Substrates <2mm 26.1 7.87 

Total Fish Cover 5.90 18.98 

Substrate D16 8.00 18.00 

LWD Frequency – Bankfull 4.61 23.88 

Predicted total Chinook parr summer rearing capacity 427.00 377.00 

Predicted Chinook parr density (fish/m2) 0.29 0.34 
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Little Springs Creek 
Fish passage into Little Springs Creek is now open, creating an additional 6,962.5 m of stream 

habitat available to Chinook parr during summer months (Figure 43). Based on habitat 

measurements taken from CHaMP surveys in Little Springs Creek, we estimate that Little 

Springs Creek can now support up to 1.59 fish/m and has a carrying capacity of ~ 11,000 

Chinook parr (Table 10). 

 

Figure 43. Little Springs Creek site pre- (left panel) and post-restoration (middle panel). The 

right panel shows a CHaMP survey encompassing the entirety of the restoration site illustrated 

by a 10cm CHaMP DEM overlaid on satellite imagery. 

Table 10. Habitat measurements pre-treatment (2013) and post-treatment (2016) at the Little 

Springs Creek restoration site. 

Habitat Metric 2012 2013 2016 

Estimated total Chinook parr capacity 1108 1008 899 

Estimated Chinook parr density 0.37 0.33 0.29 

Substrate D50 16 10 19 

Substrate: % Cobble 4.31 6.73 18.44 

Substrate >6mm 70.09 98.47 49.26 

Gradient 0.66 0.64 0.63 

Total Fish Cover 3.31 22.53 18.47 

LWD Frequency – Bankfull 5.76 6.27 7.40 

CV of Thalweg Depths 0.52 0.46 0.39 

Bankfull Avg Width to Depth Ratio 12.50 14.77 70.37 
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Eagle Valley Ranch 
To date we can characterize the habitat at the newly restored side channel at Eagle Valley Ranch, 

but more years of monitoring will be needed to determine the response to habitat actions (Figure 

44, Table 11).  

 

Figure 44. Eagle Valley Ranch site pre (left panel) and post-restoration (right panel).  

Table 11. Habitat measurements and estimated Chinook parr densities from the 2016 survey of 

the newly restored side channel at the Eagle Valley Ranch site. 

Habitat Metric Value 

Estimated maximum Chinook parr density 0.33 

Estimated Chinook parr total capacity 1453 

Bankfull Area (m2) 5425 

Bankfull Width to Max Depth Ratio Avg. 

CV 
0.165 

Percent Pools 44% 

Substrate <6mm 14.6% 

Fish Cover Total 21% 

Gradient 0.45 

Bankfull Width to Max Depth Ratio Avg 10.92 

Sinuosity 1.308 

Substrate: % Cobbles and Boulders 0.31 

LWD Frequency 0.65 
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Lemhi IMW 
Actions to date in the Lemhi have nearly doubled the total length of stream available to 

anadromous salmonids, and have resulted in a 22% increase in stream area and 19% increase in 

pool habitat available to anadromous salmonids. A QRF model was used to translate habitat 

availability by channel type (Table 12) into capacity estimates by channel type for each of the 

Lemhi tributaries considered for reconnection.  

Table 12. Steelhead and spring/summer Chinook salmon capacity (fish/meter) by channel type 

for Lemhi River tributaries. 

Species Stream 

Channel-Type 

Cascade Confined 
Island-

Braided 
Meandering 

Plane-

Bed 

Pool-

Riffle 

Step-

Pool 
Straight 

Steelhead Agency   3.09  1.90 1.97 1.92  

Big 

Eightmile 
   1.66 1.96 2.02   

Big 

Springs 
     1.33   

Big 

Timber 
 2.12 1.86 1.20 1.95 1.98 2.02 2.66 

Bohannon 2.28  3.22  2.25 1.89 2.60  

Canyon    1.37 1.90 2.00   

Hawley    1.31 1.96 2.05 1.92  

Hayden  1.79 1.98  2.13 2.08 2.18 2.88 

Kenney   2.69  1.97 2.00 2.08  

Lee      1.80   

Lemhi 

Mainstem 
 2.27 2.57 1.59  1.79  4.33 

Little 

Eightmile 
1.92   1.64 2.03 1.89 2.10  

Little 

Springs 
   0.65     

Mill      1.66   

Pattee 1.95  3.15  1.93 1.94 2.21  

Texas    1.17     

Wimpey 2.41  3.44  2.07 1.84 2.47  

Spring/summer 

Chinook 

Salmon 

Agency   4.85  1.71 2.12 0.89  

Big 

Eightmile 
   4.45 3.14 3.29   

Big 

Springs 
     1.56   

Big 

Timber 
 0.89 3.17 3.14 2.80 3.37 3.25 2.99 

Bohannon 0.00  4.92  1.15 2.14 0.01  

Canyon    4.02 3.50 3.45   

Hawley    3.13 3.46 3.96 2.74  

Hayden  2.46 3.27  2.36 3.34 1.60 3.29 

Kenney   7.18  5.18 5.67 4.21  

Lee      1.84   

Lemhi 

Mainstem 
 4.01 5.67 4.14  3.61  4.30 

Little 

Eightmile 
0.00   4.53 1.70 2.49 1.10  

Little 

Springs 
   0.78     

Mill      1.35   

Pattee 0.00  4.88  1.88 2.11 0.69  

Texas    3.44     

Wimpey 0.00  2.91  1.21 1.77 0.25  
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Survival and capacity estimates for pre-existing, reference, and reconnected habitat (inclusive of 

in-stream restoration actions) were used in the LCM to estimate the change in habitat 

availability, adult escapement, productivity (smolts per spawner), and total juvenile production 

for all actions completed through 2015 (Figure 45). Predicted changes in freshwater productivity 

can be viewed relative to the 3% and 7% improvements targeted in the 2008 BiOp for steelhead 

and spring/summer Chinook salmon, respectively. Model estimates suggest that tributary 

reconnection and habitat restoration actions in the Lemhi River will be sufficient to exceed 

survival improvements identified for steelhead (10% improvement relative to a 3% target), but 

are likely to fall short for spring/summer Chinook salmon (3% improvement relative to a 7% 

target). 

 

Figure 45. Estimated change in habitat availability (upper left panel) and fish production, 

freshwater productivity, and adult escapement from Lemhi River habitat restoration/reconnection 

actions completed through 2015. 

Ecohydraulic Models 
Capacity is difficult to validate for species that are rare, such as ESA-listed species, but if habitat 

capacity is related to habitat quality, then we may still find a relationship between observed 

versus predicted fish density, albeit lower than a 1:1 relationship. As reported previously, both 

QRF (ISEMP/CHaMP 2015, 2016) and NREI (Wall et al. 2015) models have shown a 

relationship between observed versus predicted fish density. All the ecohydraulic models are 

producing capacity estimates that can be used to guide restoration planning and as inputs into 

LCMs. 

HSI/FIS 
We have developed both HSI and FIS spawner models that are automated across all CHaMP site 

surveys. In addition, these models have been built for the CHaMP Workbench, allowing anyone 

to quickly and easily pull CHaMP data and run the models for project specific evaluations. These 

models are also being used to help identify configurations of geomorphic unit types that can be 
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obtained from reach typing and therefore estimated across a stream network that best support 

redd construction. HSI and FIS models have proven useful for predicting spawning habitat 

capacity for adults (e.g., Figure 46). 

 

Figure 46. Comparison of FIS Chinook spawner habitat suitability predictions and observed 

habitat use (2013 and 2014 spawning events, combined) for two CHaMP sites within the John 

Day River Basin, Oregon (Redd locations from Bare et al. 2015). 

QRF 
A QRF model has been developed for Chinook based on select CHaMP metrics to estimate redd 

capacity (Table 13) and summer parr rearing capacity (Table 14). Work is ongoing to develop 

similar models for steelhead.  

Table 13. Habitat covariates selected for the 2017 Chinook salmon redd capacity QRF model. 

Metric Description 

MeanU 
Average annual discharge (cfs). Mean daily flow, averaged over a year, calculated from 

the FLoWS model network. 

http://www.fs.fed.us/rm/boise/AWAE/projects/SpatialStreamNetworks.shtml 

Elev_M Elevation (m) 

DistPrin1 
Disturbance index including % urban, % agricultural, % impervious surface, and road 

density  

Mx8dMean0813_0914 
Maximum of 8-day mean temperatures for the period of 08/13 – 09/14. Averaged across 

2011 – 2014 

SubEstGrvl Percent of coarse and fine gravel (2 – 64 mm) within the wetted site area 

http://www.fs.fed.us/rm/boise/AWAE/projects/SpatialStreamNetworks.shtml
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Table 14. CHaMP habitat metrics included in the summer Chinook parr rearing capacity QRF 

model. 

 Metric 

Category 
Metric Description 

Channel Unit Slow Water Frequency Number of Slow Water/Pool channel units per 100 meters. 

Complexity 
Thalweg to Centerline Length 

Ratio 
Ratio of the thalweg (Site Length Thalweg) and wetted 

centerline (Site Length Wetted) lengths. 

Complexity 
Wetted Width to Depth Ratio 

CV 
Retired. Coefficient of Variation of wetted width to depth 

ratios derived from cross-sections. 

Cover Fish Cover: Total 
Percent of wetted area with the following types of cover: 

aquatic vegetation, artificial, woody debris, and terrestrial 

vegetation. 

Disturbance Disturbance Index 
Disturbance index that includes measures of % urban, % 

agricultural, % impervious surface, and road density (Whittier 

et al. 2011) 

Riparian Riparian Cover: Big Tree 
Percent aerial coverage from big trees (> 0.3 m DBH) in the 

canopy. 

Size 
Bankfull Width to Depth Ratio 

Avg 

Average width to depth ratios of the bankfull channel 

measured from cross-sections. Depths represent an average of 

10 depths along each cross-section. 

Size Discharge 

The sum of station discharge across all stations. Station 

discharge is calculated as depth x velocity x station increment 

for all stations except first and last. Station discharge for first 

and last station is 0.5 x station width x depth x velocity. 

Substrate Substrate: D16 
Diameter of the 16th percentile particle derived from pebble 

counts. 

Substrate Substrate < 6mm 
Average percentage of pool tail substrates comprised of 

sediment < 6mm. 

Temperature 7dAMGtr18 
Number of 7-day average of daily maximum (7dAM) values 

between July 15th and August 21st that are greater than 18° C. 

Relates to salmon and trout rearing and migration. 

Temperature SummerHourlyAverageTemp 
Average of all hourly temperature measurements collected 

July 15th – August 31st. 

WaterQuality Conductivity 
Measure of concentration of ionized materials in water, or the 

ability of water to conduct electrical current. 

Wood 
Large Wood Frequency: 

Wetted 
Number of large wood pieces per 100 meters within the 

wetted channel. 

 

We have predicted capacity at all CHaMP sites (e.g., Lemhi River Chinook summer parr and 

Chinook redd capacity, Figure 47). For those CHaMP sites that have been sampled in multiple 

years, we calculated the mean of the habitat metrics among years to make predictions. We used 

the 90th quantile of predicted fish density as a proxy for carrying capacity and for redd density 

each prediction is for the 1 rkm surrounding the x-site for each of 116 CHaMP sites. We can also 

fit an extrapolation model using GAAs from the list of master sample sites that CHaMP sites 

were originally selected from to provide continuous estimates of capacity across the network 

(e.g., Figure 48). 
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Figure 47. Predictions of carrying capacity (fish/m2) and predicted redd capacities at all CHaMP sites in the Lemhi River.  
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Figure 48. Continuous estimates of parr summer capacity (parr/m2) (left panel) and redd capacity (redds/m) (right panel) for the Lemhi 

River based on extrapolating QRF site-level estimates into areas within the current spring/summer Chinook range. 
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NREI  
The NREI model has streamlined code and can be run by experienced analysts with key points of 

user input/QAQC. We have used the model to simulate NREI and carrying capacity for 570 

visits throughout all CHaMP watersheds, with at least one simulation for each CHaMP site that 

has a hydraulic model solution. Reach/site-level carrying capacities have been estimated for 

spring Chinook and/or steelhead (e.g., Figure 49). The NREI model currently produces these 

estimates over the observed range throughout the CRB of drift, temperature and fish sizes so that 

lookup tables can be used for various combinations of these input variables to increase flexibility 

of user options.  

 

 
Figure 49. Example output map showing the spatial distribution of NREI estimates for spring 

Chinook at two CHaMP sites on the Entiat River at base flow before and after restoration actions 

were implemented (top panels) and at medium and high flows without restoration actions 

(bottom panels). 

We have also used these NREI models to evaluate expected and observed benefits of stream 

restoration. For example, we use the model to predict the change in habitat condition and 

carrying capacity of a reach after the placement of post-assisted log structures, by manipulating 

the current DEM of a reach derived from a CHaMP survey to match the design hypotheses of the 

restoration (Wall et al. 2016). We also used the model to evaluate the actual changes one year 
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after the restoration. We observe consistent patterns between expected and observed changes that 

suggest that we have a good understanding of both the physical and biological responses to this 

restoration approach (Figure 50). 

 
Figure 50. Spatial arrangement and magnitude of changes (post –pre restoration) to depth (A), 

velocity (B), and NREI (C) in expected (top panel) vs. observed (lower panel) topography. 

Upscaling Methodologies 

Design-based watershed estimation 
Using a design-based, that is, a GRTS roll-up, approach is a statistically robust way to make 

capacity estimates for a spatial region such as a watershed or valley segment within a watershed 

(e.g., Figure 51). 
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Figure 51. Watershed-scale estimates of summer Chinook and steelhead parr abundance in the 

Entiat River, WA using design-based upscaling methodology. 

Empirical modeling based estimation and network extrapolation 
We have developed regression models that use landscape characteristics to extrapolate in-stream, 

site-based metrics across the entire network, expanding CHaMP and ISEMP information to areas 

not sampled. Site-based CHaMP metrics are used to generate spatially continuous metric 

estimates at all points along stream networks throughout the interior Columbia River basin. The 

network estimates are model-based and are being made both within current CHaMP watersheds, 

as well for watersheds of management interest where CHaMP data are not being collected (e.g., 

the South Fork Clearwater, Lower Clearwater, Lolo, Lochsa, and Upper Salmon River tributaries 

above Redfish Lake). 

For example, we can upscale point-based Chinook carrying capacity predictions from a QRF 

model made at all CHaMP sample sites using a model-based regression approach that uses a 

variety of GAAs as covariates. Predictions were made for sites spaced at ~1km throughout the 

interior Columbia River Basin; these sites are called the master sample. The master sample sites 

were clipped to only include those within the Chinook domain, as defined by StreamNet. Figure 

52 shows the estimates at the Columbia River Basin scale, and summaries can also be made for 

individual subbasins (e.g., Figures 53 – 55). 
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Figure 52. Chinook parr carrying capacity estimates for the interior Columbia River Basin within 

the Chinook domain defined by StreamNet. Gray points are areas where the estimates of capacity 

were beyond reasonable biological values, usually due to outlier values for one or more of the 

extrapolation covariates, or missing values. 



 DRAFT 2016 Annual Combined ISEMP and CHaMP Technical Report 

73 

 

 

Figure 53. Chinook parr carrying capacity estimates for the Wenatchee River subbasin, 

Washington, within the Chinook domain defined by StreamNet. Gray points are areas where the 

estimates of capacity were beyond reasonable biological values, usually due to outlier values for 

one or more of the extrapolation covariates, or missing values. 
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Figure 54. Chinook parr carrying capacity estimates for the Upper Salmon River subbasin, Idaho, 

within the Chinook domain defined by StreamNet.  
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Figure 55. Chinook parr carrying capacity estimates for the Upper Grande Ronde and Minam 

River subbasin, Oregon, within the Chinook domain defined by StreamNet.  

Processed-based habitat models  
Upscaling reach-scale ecohydraulic data and models to fish populations provides a process-based 

methodology for informing fish habitat status, trends and context for identifying restoration 

opportunities. In this method, reach-based estimates of fish habitat capacity are linked to the 

local geomorphic setting, production, and temperature, which is then assessed for the entire 

watershed. In 2016, we focused on processing consistent geospatial layers to quantitatively 

inform reach assessments. We have produced tools that quickly produce the continuous 

information (including channel sinuosity, valley bottom sinuosity and Strahler order, gradient, 

valley bottom width, channel width, and braidedness, among others) that can describe reach type, 

geomorphic unit assemblage, substrate, and structural elements (e.g., wood).   

Geomorphic assessment have been completed in the Middle Fork John Day, Wenatchee, Entiat 

and Methow River subbasins. Maps of reach types, condition (e.g., Figure 56) and recovery 

potential (e.g., Figure 57) are available upon request. We are completing geomorphic 

assessments in three other basins, with characterizations of channel types, geomorphic condition, 
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recovery potential and example management plans (Table 15). The 2017 focus will be on the 

refinement of models to link reach scale capacities and channel unit configurations to 

geomorphic setting, which will allow upscaling of reach capacities to fish populations. 

 
Figure 56. Geomorphic condition of stream reaches located in the portion of the stream network 

that is accessible to anadromous steelhead in the Entiat River watershed. The geomorphic 

condition results are summarized for each HUC10 as well as for the entire steelhead domain. 

Map projection is UTM Zone 10 N and horizontal datum is GCS North American 1983. 
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Figure 57. Recovery potential by reach for the Middle Fork John Day network. 

Table 15. Status of ongoing geomorphic assessment efforts in the Columbia River Basin through 

ISEMP and CHaMP.  

Watershed Completed 
In 

Progress 
Report 

River Classification 

And Geomorphic 

Condition 

Recovery 

Potential 

Management 

Plan 

Middle Fork 

John Day 
X  X X X X 

Lemhi  X  X   

Upper Salmon  X  X   

Yankee Fork  X  X   

Grande Ronde  X     

Wenatchee X  X X   

Entiat X  X X   

Methow X  X X   

Asotin X  X X X  

Tucannon X  X X   

Pine Creek X  X X X  
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We have created several GIS network tools to streamline use of GIS data. The Geomorphic 

Network and Analysis Toolbox (GNAT) is a geospatial set of tools designed to review and 

update network integrity, segment streams, and model geomorphic attributes. These tools are 

available for use on any hydrography network, but are particularly useful for the high resolution 

1:24k NHD hydrography, which has variable integrity across the Pacific Northwest, and needs 

some pre-processing to ensure network integrity prior to use in analyses. Other network tools are 

available to efficiently summarize higher order controls, such as the valley bottom extent 

(VBET; Gilbert et al. 2016), valley confinement, and riparian condition assessment tools 

(RCAT; Macfarlane et al. 2016a). Other information such as wood loading potential (WRAT; 

Hough-Snee et al. 2015), and the beaver restoration assessment tool (BRAT; Macfarlane et al. 

2016b) aid in assessing restoration strategies. Attachment A provides high-level summaries of 

these tools. 

Life Cycle Models 
LCMs have been parameterized and are operational for the Lemhi, Middle Fork John Day 

(MFJD) and Entiat spring Chinook populations and are underway for the Entiat steelhead 

population. Models have been validated against empirical data (e.g., Figure 58) and are 

producing biologically reasonable estimates.  

 

Figure 58. Time series of observed Entiat River spring Chinook salmon spawner abundance (left 

panel. Data from Hamstreet [2012] and Fraser and Hamstreet [2015]) and Chinook spawner 

abundance predicted by the LCM in the Entiat watershed under baseline conditions (right panel). 

Alternative management scenarios across the watershed are being compared to baseline 

conditions to evaluate the impacts of reasonable restoration plans to the population status. The 

LCMs have been built on three components: (1) reach-scale hydraulic and ecohydraulic models 

that inform capacity input needs; (2) published or empirical demographic parameter estimates 

(i.e., stage-specific survival, fecundity, emigration/maturation probabilities); and (3) the LCM 

for simulating population dynamics using these data. More detailed descriptions of the LCM is 

available in the Adaptive Management Implementation Plan 2016 Report to the ISAB. 

MFJD Steelhead LCM 
For the MFJD, scenario testing for the effectiveness of adding wood to the stream channel or 

reducing stream temperature through increasing riparian vegetation were simulated. Simulations 

predicted a much larger response in capacity and productivity associated with thermal restoration 
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that benefitted the abundance, productivity, and viability of MFJD steelhead (T1 and T2, Figures 

59 and 60), whereas even relatively large additions of wood (approximately a third of the 

modeled domain) had minimal effects on the abundance and productivity of the MFJD steelhead 

population (W1, Figure 59). At best, a spawner abundance increase on the order of 7% may be 

feasible, but that did translate into reduced quasi-extinction risk, below the ‘vulnerable’ 

benchmark of 10%, for the model population. 

Extinction risk declined under each of the restoration scenarios that either reduced high stream 

temperatures (T1 and T2) or increased instream habitat complexity (W1) (Figure 60), with the 

greatest reduction in extinction risk occurring under the maximum vegetation restoration 

scenario (T1). However, these inferences are based on the assumption that the status quo and 

restoration scenarios modeled here represent truth, but in reality they fail to consider many other 

potential threats (e.g., non-native species, climate change, etc.). Therefore, our estimates of 

extinction risks should be considered conservative (see McHugh et al. 2017, Attachment 

D).These results suggest that warm summer water temperatures are a primary limiting factor for 

steelhead in the MFJD, and that restoration of instream habitat via the addition of woody 

structures would likely need to occur at much higher densities that currently implemented to 

have meaningful impacts on steelhead populations.  

 

Figure 59. Time series of spawner abundance for MFJD scenarios: (SQ) Baseline current 

conditions scenario; (T1) Best-case thermal restoration scenario; (T2) Thermal restoration given 

that all currently existing riparian restoration projects reach maturity; and (W1) Large woody 

debris additions. Note, in panel SQ the solid horizontal line and upper/lower dashed lines 

correspond to recent average abundance observations and min/max, respectively. 
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Figure 60. Population performance metrics MFJD (a) Abundance (geometric mean escapement), 

(b) Productivity (smolts per spawner) across scenarios, and (c) Quasi-extinction risk. 

Entiat Spring Chinook LCM 
The monitoring carried out under the Entiat IMW provides significant data on abundance, 

survival and growth that can be used in species-specific LCMs. The Entiat River Chinook LCM 

predicts population trends for juvenile abundance and adult returns over time as a function of 

habitat capacity, and the population’s long-term response to habitat actions implemented to date. 

We developed model scenarios to evaluate the effects of a subset of actions that have been 

implemented, and the effect of those actions plus a 2% increase in Chinook survival on the 

abundance, productivity, and viability of the Entiat River Chinook population. 

The limited amount of habitat improvement actions available for this simulation resulted in a 

relatively modest increase in juvenile rearing capacity (estimated with NREI) within treated 

reaches, averaging 7% overall across the sites and ranging from 0% to a 35% increase. 

Extrapolating these results to the watershed scale resulted in an increase in the watershed 

carrying capacity of less than 1%, which translated to a small increase in the number of Chinook 

spawners predicted to return to the Entiat River (middle panel, Figure 61). Improved carrying 

capacity plus a 2% increase in survival resulted in a greater increase in the number of spawners 

(right panel, Figure 61), although neither scenario resulted in spawner numbers meeting or 

exceeding the recovery target (UCSRB 2007).  
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Figure 61. The number of Chinook spawners predicted by the Entiat Chinook LCM for (1) 

baseline conditions; (2) effect of increased juvenile rearing capacity only; and (3) effect of 

increased juvenile rearing capacity plus increased juvenile survival probability by 2%. 

We also calculated the VSP (abundance and productivity) score as measure of risk (probability 

of extinction) using a probability of quasi-extinction threshold P(QET) following McElhany et 

al. (2000) for each scenario (Figure 62). A score of 0 indicates a population is either extinct or at 

a very high risk of extinction, and 4 indicates a population has very low risk of extinction in 100 

years. Only scenario 3, habitat restoration plus an increase in survival, reduced the population’s 

risk of extinction. 

 

Figure 62. VSP scores for productivity and abundance for three scenarios in the Entiat IMW : (1) 

baseline conditions; (2) effect of increased juvenile rearing capacity only; and (3) effect of 

increased juvenile rearing capacity plus increased juvenile survival probability by 2%. 
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Lemhi Spring/summer Chinook LCM 
We have developed a simple model of the freshwater portion of the life cycle for spring/summer 

Chinook salmon and parameterized the model using data from the Lemhi River basin. This is a 

minimal, empirical model, including only life stages whose abundance or survival can be directly 

observed, that is, spawners, parr (juveniles rearing in their natal basin during the first summer of 

life), and smolts (operationally defined as juvenile emigrants passing Lower Granite Dam 

[LGR]). We have simulated the effects of past or future tributary reconnection projects using 

habitat-based information to constrain key stage-specific parameters. 

Between 2009 and 2012, several tributaries previously inaccessible to Chinook, due mainly to 

seasonal dewatering in the lower reaches, were reconnected to the main channel. Juvenile 

Chinook have not yet been observed using these tributaries, so any increase in rearing capacity is 

not reflected in the data used to fit the model. To assess the potential effect of these restoration 

actions on overall freshwater productivity, we replaced the empirical posterior distribution of 

total parr capacity by a lognormal distribution with the same CV but a log-mean based on QRF 

predictions that included the reconnected tributaries. This assumes that juveniles will eventually 

occupy all accessible areas and that intrinsic productivity does not change. Results showed stage-

specific intrinsic productivity and capacity estimates that appear biologically reasonable (Figure 

63).  

 

Figure 63. Posterior distributions of intrinsic productivity and capacity in the spawner-to-parr 

and parr-to-smolt Beverton-Holt transition functions for Lemhi Chinook. Priors were uniform 

over the range of the posterior except in the case of parr capacity (lower left), where the 

informative prior based on QRF predictions is shown in red. 
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Comparing observed and fitted values of parr abundance demonstrates the importance of 

observation uncertainty (Figure 64). The model attributes three exceptionally high observed 

values to measurement noise based on the associated standard errors, resulting in a more 

conservative estimate of the slope of the spawner-to-parr relationship at low spawner abundance 

(i.e., intrinsic productivity). The prior on parr capacity is informative since the model infers that 

none of the observed escapements have come close to saturating the system with parr (Figure 

65). In contrast to the spawner-to-parr relationship, there is not much evidence of density 

dependence in the parr-to-smolt transition based on the raw data. After shrinkage of the 

measurement errors, the estimated intrinsic productivity (i.e., maximum parr-to-smolt survival) is 

around 0.37. 

 

Figure 64. Estimated spawner-to-parr Beverton-Holt function for Lemhi Chinook (black line: 

posterior mean, gray envelope: 95% credible interval). The observed data (solid points, with 

error bars indicating observation SEs) are connected by arrows to the corresponding fitted values 

(open circles, with error bars indicating 95% credible intervals). 

The model predicts a fairly modest increase in population-scale smolt production due to tributary 

reconnection, both in absolute terms (an average 10% increase in smolts per spawner) and 

relative to uncertainty (Figure 66). It is possible that this simple scenario analysis underestimates 

the true improvement; for example, if the reconnected tributaries have higher intrinsic 

productivity than the previously accessible subwatersheds, then the increase would be apparent 

at lower spawner abundance. Even in this case, however, the asymptotic difference between 

baseline and reconnection scenarios (i.e., at high spawner abundance) would remain the same. 



 DRAFT 2016 Annual Combined ISEMP and CHaMP Technical Report 

84 

 

 

Figure 65. Estimated parr-to-smolt Beverton-Holt function for Lemhi Chinook expressed as a 

relationship between abundance and survival (black line: posterior mean, gray envelope: 95% 

credible interval). The observed data (solid points, with error bars indicating observation SEs) 

are connected by arrows to the corresponding fitted values (open circles, with error bars 

indicating 95% credible intervals). 

 

Figure 66. Composite Beverton-Holt curves for Lemhi Chinook spawner-to-smolt production, 

under baseline conditions and after tributary reconnection. Lines show posterior means and 

shading indicates 95% credible intervals. 
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Our analysis shows that it is possible to recover biologically plausible estimates of stage-specific 

transition functions (e.g., Beverton-Holt parameters) from sparse, noisy data, but in some cases 

auxiliary information (in this case, parr capacity predicted by QRF) is needed to constrain the 

estimates. This simple two-stage model of freshwater juvenile production suggests there is 

moderate density dependence in the spawner-to-parr transition and weak density dependence in 

parr-to-smolt survival. The former incorporates any habitat constraints on egg deposition, as well 

as habitat effects on fry and summer parr rearing, while the latter includes the effect of 

overwintering habitat.  

This analysis also illustrates how habitat-derived metrics such as QRF capacity predictions, 

when used as prior information in a Bayesian statistical framework, provide a mechanism to 

simulate habitat restoration actions. In this case, we simulated an increase in total parr rearing 

habitat due to tributary reconnection by increasing the prior median on parr capacity in 

accordance with QRF estimates. The estimated population-level freshwater productivity (smolts 

per spawner) increased roughly 10% on average, but this effect was largely obscured by 

parameter uncertainty. This result emphasizes the importance of a formal accounting of 

uncertainty in model outputs used to provide management advice (Harwood and Stokes 2003). 

Similarly, Roni et al. (2010) showed that given typical levels of habitat restoration, the signal 

(population response of juvenile salmonids) is often undetectable given the noise. 

Discussion 
To adequately plan for tributary habitat action implementation, the region needs periodic 

watershed (population-scale) assessment of stream habitat condition (HQQ) at a spatial grain 

consistent with rehabilitation actions and at a content grain consistent with species by life-stage, 

season, and population-process constraints. These assessments can then be used to develop 

quantifiable estimates of long-term biological benefits of watershed rehabilitation action plans. 

These estimates of benefit form testable, measurable hypotheses that can drive an adaptively 

managed implementation and evaluation process linking rehabilitation action planning, 

watershed monitoring, effectiveness evaluations and subsequent action plan development. 

Periodic assessments on the range of every 3 to 5 years will allow the appropriate temporal 

interval for change to accrue since tributary stream HQQ does not change rapidly, either 

naturally or due to human actions. Longer intervals would allow “easier” change detection, but 

would lack the ability to track fine-scale temporal events and would be too long between check-

ins when implemented in an adaptive management/decision support system context since there is 

a need to catch necessary course corrections before the program has gone too far off track. 

Shorter intervals between assessments are likely not necessary or cost-effective given the rate of 

change of stream habitat features. 

Implementing watershed restoration actions in an adaptive management context would ensure 

adequate accountability and needed course corrections. Large-scale natural resource decision 

making involves large extents (space and time), large investments of resources (money and 

managed resources such as land, water or target species), public trust and considerable risk. 

Risk-averse strategies may seem most appropriate given the potential to waste public resources 

or trust, but risk-averse strategies are not constructed from risk-averse actions. Rather, risk-

averse actions involve cautious planning, cautious actions and redundant, countervailing actions 

to hedge outcomes. None of these tactics are part of a truly risk-averse strategy since cautious 
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design principles will result in outcomes or impacts that are not large, and thus while the risk of 

any particular action not having an adverse outcome is minimized, the risk to the natural resource 

will have been increased as time and money are wasted on actions with little or no potential 

benefit (Rist et al. 2013). To properly manage the risk to the resource, a system that allows large-

effect, “risky” actions must be employed, but in a manner that the risk of actions “failing” is 

managed through a controlled set of steps based on prediction, monitoring, assessment, 

evaluation and reaction (Bouwes et al. 2016b). Adaptive management implementation schemes 

provide not only the necessary accountability, but more importantly, the absorption of risk. 

Predicted outcomes with quantifiable performance metrics (interim and final) are the basis of 

adaptive management; they essentially form the hypotheses that are tested through action, 

monitoring and evaluation, and necessitate the use of models for the implementation of an 

adaptive management framework. In the case of a watershed-scale habitat restoration 

implementation scheme, the models would predict the current versus potential stream habitat 

condition, the magnitude of change in habitat due to a specific suite of actions, and finally, the 

population-level effect or benefit. The population-level effect may not be detectable on the 

evaluation time-frame (3 – 5 years); nonetheless, the estimated benefit would be projected 

forward in time to allow distinguishing between multiple potential action scenarios. Thus, the 

key model (or model outcome or product) that would drive a watershed-scale tributary habitat 

rehabilitation adaptive management schema would be a spatially explicit, dynamic (on the 3 – 5 

year period) HQQ evaluation (by species where appropriate) in the currency of stream habitat 

features that both determine fish population processes and are altered by standard approaches to 

stream rehabilitation. 

Given this, life cycle models are obviously a key component to the evaluation of tributary habitat 

rehabilitation program design and implementation and the method that should be used to 

evaluate the population-level effect of a watershed restoration action plan. Indeed, projecting a 

population forward for 50 years or more and evaluating the change in extinction risk or 

persistence is the standard assessment method in conservation biology worldwide (Morris and 

Doak 2002). The specific model form or performance metrics are less important than the 

consistent application of a population projection tool that integrates the change in physical 

habitat across all life-stages impacted and that allows the population-level benefit, if any, to 

accrue. Stage-specific by population-process specific descriptions of biological limiting factors 

are not sufficient for this task, even if they are spatially explicit, such as a reach-scale estimation 

of capacity for a single life-stage. All populations change in a bounded, regulated manner and we 

assume that natural populations at risk are “over-regulated”, that is, an unnatural limitation on 

population growth has been imposed by human activities and that relaxing this limitation will 

“fix” the population problem. However, the idea that a single rate-limiting factor exists or can be 

identified is a dangerously naïve framework on which to base a large-scale natural resource 

management process; indeed, the silver bullet of single-factor population restrictions are rare in 

at-risk species. Rather, the habitat impairments that adversely impact population processes are 

best thought of as a series of rate limitations, each only being apparent when the preceding one is 

relaxed. For example, relaxing a juvenile habitat capacity limitation by opening access to large 

numbers of blocked stream segments may only result in a small change in population size due to 

an adult spawning capacity limitation or a juvenile survival limitation that was not previously a 

regulating factor. Thus, having a dynamic, multifaceted, process-based population projection 

framework allows more robust and realistic assessment of the effects of rehabilitation actions by 
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integrating across life-stages (juvenile and adult), population processes (capacity, survival and 

movement) and space (headwaters, mainstem and ocean). 

Obviously there is considerable uncertainty in projecting the impacts of tributary rehabilitation 

actions on at-risk populations of salmonids. The uncertainty arises from the long-term, large-

scale nature of the situation, where multiple interacting biological and physical processes 

determine the fate of an individual or life-stage. While we currently possess considerable 

understanding of these processes and how they act as determinants of population behavior, each 

in isolation is still known with error, and when combined across an entire life-cycle, the 

uncertainty can be compounding. However, the uncertainty is bounded and manageable given the 

extensive life-stage abundance and survival data on these populations, and the understanding of 

fish-habitat relationships developed from field and laboratory experiments. The uncertainty is 

bounded since population projections must be consistent with many independent metrics, such as 

stage-specific abundance and age or size structure that are used for calibration and validation. 

The uncertainty is manageable due to an explicit accounting of sources of uncertainty. Natural 

variation in physical and biological processes is quantifiable and thus can be incorporated into 

analytical models of population processes and rehabilitation action outcomes. In a decision-

support context, uncertainty is managed through the application of sensitivity analysis to 

understand the role uncertainty plays in each component of the quantitative tools, and thus how it 

affects the ability to differentiate between alternative actions. 

Summary 
In 2016 ISEMP and CHaMP continued to make progress on a number of key issues, including 

new results from effectiveness monitoring in the Entiat, Bridge Creek and Lemhi IMWs. In 

additions we have made advancements in upscaling reach-level habitat and fish abundance 

estimates to the network scale, and rolling out models useful to biologists, managers and policy 

makers for the adaptive management of interior Columbia River Basin listed salmonids and their 

tributary environment.  

ISEMP and CHaMP have continued to produce publically available fish and habitat status and 

trends data of known accuracy and precision, and to leverage that data in powerful habitat and 

life cycle models that have been shown to produce output reflecting reality. In addition, the use 

of these tools by co-managers across the Columbia River Basin is spreading: Oregon Department 

of Fish and Wildlife, Columbia River Inter Tribal Fish Commission, and the Asotin IMW are all 

using the ISEMP LCM to help guide restoration planning; the Asotin IMW and Geomorphic 

Assessment Restoration Plan use all of the ISEMP/CHaMP network tools (e.g., VBET, RCAT 

etc.) as well as the NREI habitat model; the Shoshone-Bannock tribe has incorporated the 3-D 

Delft hydraulic model, FIS, CHaMP topographic and auxiliary metrics and the network models 

into its fisheries program; and the QRF model is being used by the Bureau of Reclamation in the 

Upper Salmon to prioritize habitat restoration actions, to name a few.  

Results from the IMWs continue to add to our knowledge about the effectiveness of tributary 

habitat restoration actions on target fish populations, especially with respect to the necessity for 

long-term monitoring. In a comprehensive review of IMWs across the Columbia River basin 

Bennett et al. (2016) concluded that while IMWs face implementation challenges they are still 

the most reliable way of assessing the effectiveness of watershed restoration and should be 

conducted for at least 10 years. Recent data from the Bridge Creek IMW underlines this 
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conclusion: initial findings from Bridge Creek showed that the installation of beaver dam 

analogs resulted in a significant increase in the number of beaver dams which resulted in 

increased juvenile steelhead density, survival, and production; however, we are now seeing a 

decline to pre-restoration densities, possibly as a result of drought conditions and the natural 

evolution of habitat over time.  

Large variability in environmental factors that can control fish population dynamics is expected 

but unpredictable. It is important to understand if actions still provide benefit under extreme 

conditions over longer time periods, especially since those conditions are likely to become more 

common in interior Columbia River tributaries as a result of climate change. Simulations by 

Mantua et al. (2010) predicted that rising water temperatures will thermally stress salmon 

throughout Washington’s watersheds, and that by the 2080s there will be a complete loss of 

snowmelt dominant basins, and that the few transient runoff watersheds left will experience more 

rainfall dominated behavior, more severe summer low flow periods, and more intense winter 

flooding, likely resulting in reduced reproductive success. Similarly, Crozier et al. (2008) 

reported that climate change will cause clear hydrologic changes across western North America, 

including milder winters, more rain, less snow, more severe drought in the summer, and more 

intense precipitation and flooding in the winter. IMWs are designed as long-term experiments to 

not only observe changes in population dynamics of a relatively long-lived species (e.g., >4 

years), but also to increase the probability that the responses to restoration are observed not only 

under average environmental conditions but across the range of possible conditions, including 

drought and high water years. It is important to maintain monitoring over an appropriate time 

scale so that we can assess the longer-term benefits of habitat restoration actions in increasing 

fish population resiliency to extreme conditions. For example, it may be that the restoration 

actions in Bridge Creek mitigated against more drastic impacts on the steelhead population of a 

low flow, high water temperature year since beaver dams help lower water temperatures, 

allowing the steelhead population to survive an otherwise catastrophic event. 

ISEMP and CHaMP have produced robust methods for upscaling site- or reach-level habitat and 

fish data to the watershed scale that are operational and available for use by biologists and  

managers alike. We have created a set of tools that are ready to be integrated into the fish 

biologist community that in combination limit bias and improve precision in planning for habitat 

restoration actions. The different approaches (i.e., design-based, empirical modeling, and 

processed-based) can be combined and tailored to meet each watershed’s specific needs. For 

example, the design-based approach produces a statistically robust average response but 

information about sites of high fish production, or hot spots, is lost, while the processed-based 

approach retains information about hot spots. A combination of both approaches provides a 

rigorous estimate of watershed-scale responses while also retaining important spatial 

information.  

As of 2016 ISEMP and CHaMP have successfully implemented a LCM for steelhead in the 

Middle Fork of the John Day, spring Chinook in the Entiat, and spring/summer Chinook in the 

Lemhi. The model is currently being reviewed by the Independent Scientific Advisory Board as 

part of the AMIP process. AMIP is recommending that LCMs be an integral part of an adaptive 

management strategy to design and assess alternative suites of habitat restoration actions and 

make testable, quantitative predictions (Zabel et al. 2017), a function that ISEMP/CHaMP LCM 

are already being used for by a number of collaborators and within the ISEMP subbasins. 
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Ecosystem experiment reveals 
benefits of natural and simulated 
beaver dams to a threatened 
population of steelhead 
(Oncorhynchus mykiss)
Nicolaas Bouwes1,2, Nicholas Weber1, Chris E. Jordan3, W. Carl Saunders1,2, Ian A. Tattam4, 
Carol Volk5, Joseph M. Wheaton2 & Michael M. Pollock3


Beaver have been referred to as ecosystem engineers because of the large impacts their dam building 
activities have on the landscape; however, the benefits they may provide to fluvial fish species has 
been debated. We conducted a watershed-scale experiment to test how increasing beaver dam and 
colony persistence in a highly degraded incised stream affects the freshwater production of steelhead 
(Oncorhynchus mykiss). Following the installation of beaver dam analogs (BDAs), we observed 
significant increases in the density, survival, and production of juvenile steelhead without impacting 
upstream and downstream migrations. The steelhead response occurred as the quantity and complexity 
of their habitat increased. This study is the first large-scale experiment to quantify the benefits of 
beavers and BDAs to a fish population and its habitat. Beaver mediated restoration may be a viable 
and efficient strategy to recover ecosystem function of previously incised streams and to increase the 
production of imperiled fish populations.


Beaver in Eurasia and North America were once abundant and ubiquitous1. Their dense and barbed fur has great 
felting properties, and as early as the 1500s, intense trapping to provide pelts mainly for making hats occurred 
throughout Eurasia2. By the early 1700s, beaver were nearly extirpated in Eurasia, and North America became the 
new source of pelts for international commerce. The exploration, settlement, and many territorial claims of North 
America by several European countries were driven mainly by the search for beaver-trapping opportunities2.


When Lewis and Clark explored the Pacific Northwest in 1805, salmon and steelhead coexisted with beavers 
in very high densities1,3. Fur trade in this region began around 1810, attracting pioneers to settle the area. When 
the British and United States jointly occupied the Oregon Territories (which included the Columbia River Basin), 
the Hudson Bay Company implemented their “scorched earth” or “fur desert” policy to eliminate all fur-bearing 
animals, in an attempt to discourage American settlement2,4. As a result, beaver were nearly extirpated from 
the region by 1900. Around this time, a decrease in the great harvests of Pacific salmon and steelhead was first 
perceived. Anadromous salmon and steelhead populations have since declined precipitously in the Columbia 
River Basin, leading to their listing under the U.S. Endangered Species Act (ESA)5,6. Agriculture, timber harvest, 
mining, grazing, urban development, and water storage and hydroelectric dam construction are commonly cited 
as the causes for salmonid habitat degradation and population declines7, with rare mention of the loss of beaver 
and their ability to alter aquatic ecosystems with their dam-building activities8.


Human activities, including the removal of beaver, have exacerbated the occurrence of stream channel inci-
sion, where a rapid down-cutting of the stream bed disconnects the channel from its floodplain8,9. Channel 
incision is a ubiquitous environmental problem in the Columbia River Basin and throughout the world10–12. 
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Consequences of channel incision include a lowering of the water table, decreased base flows, warmer water 
temperatures, and reduced morphological complexity leading to a substantial loss of riparian plant biomass and 
diversity, and declines in fish populations and other aquatic organisms13. The succession of channel incision can 
be described by four phases: phase 1) rapid incision and disconnection of the floodplain, phase 2) widening of 
the incised trench, phase 3) building of inset floodplains and long-term aggradation, and phase 4) returning to a 
channel in dynamic equilibrium that is reconnected to its floodplain13. Incised channels can take centuries to mil-
lennia to fully recover to the dynamic equilibrium phase14. We hypothesized that beaver dams or simulated beaver 
dams that we construct (referred to as beaver dam analogs or BDAs) can greatly accelerate the incision recovery 
process14. We further hypothesized that advancing channel incision recovery would alter the hydrologic, thermal, 
geomorphic, and vegetation characteristics of stream reaches and their associated riparian habitats, which in turn 
would improve habitat conditions for steelhead (Fig. 1).


Ecosystem scale experiments have greatly improved our understanding of watershed processes and are a pow-
erful method for evaluating and predicting responses to environmental change15. Such experiments generally 
involve large-scale perturbations simulating human impacts (e.g., logging, nutrient additions) and have led to 
changes in strategies to minimize environmental degradation16–18. While insightful, these experiments are often 
costly and destructive, and do not necessarily address mechanisms of recovery processes. Implementing resto-
ration as a watershed-scale experiment could greatly increase our understanding of ecosystem function, and our 
ability to achieve recovery goals while making better and more efficient use of the financial investments in mitiga-
tion19. We describe the results of a watershed-scale experiment designed to test whether constructing beaver dam 
analogs to encourage natural beaver dam development could aggrade a highly incised stream and improve habitat 
quantity and quality. Our focus here is to evaluate whether this manipulation resulted in an increase in juvenile 
steelhead density, growth, survival, and production.


Figure 1. Expected changes following the installation of beaver dam analogs (BDAs). Beaver-made dams 
and BDAs slow and increase the surface height of water upstream of the dam. Beaver ponds above, and plunge 
pools below dams change the plane bed channel to a reach of complex geomorphic units providing resting 
and efficient foraging opportunities for juveniles. Deep pools allow for temperature stratification and greater 
hydraulic pressures forcing downwellings to displace cooler groundwater to upwell downstream, increasing 
thermal heterogeneity and refugia. Dams and associated overflow channels produce highly variable hydraulic 
conditions resulting in a greater diversity of sorted sediment deposits. Gravel bars form near the tail of the pond 
and just downstream from the scour below the dam, increasing spawning habitat for spawners and concealment 
substrates for juveniles. Complex depositional and erosional patterns cause an increase in channel aggradation, 
widening, and sinuosity and a decrease in overall gradient, also increasing habitat complexity. Frequent 
inundation of inset floodplains creates side channels, high-flow refugia and rearing habitat for young juveniles, 
and increasing recruitment of riparian vegetation. Flows onto the floodplain during high discharge dissipates 
stream power, and the likelihood of dam failure. The increase in pond complexes and riparian vegetation 
increases refugia for beavers, their food supply and caching locations, resulting in higher survival, and more 
persistent beaver colonies. Beaver will maintain dams and the associated geomorphic and hydraulic processes 
that create complex fish habitat.
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Watershed-Scale Manipulation
Our experiment was conducted in the lower 32 km of Bridge Creek, a 710 km2 watershed draining into the John 
Day River in north-central Oregon, USA. (Fig. 2). Steelhead are anadromous Oncorhynchus mykiss and are the 
targeted species for recovery in this watershed (hereafter referred to by their freshwater life stages as juveniles 
or spawners). Prior to the manipulation, steelhead habitat in Bridge Creek exhibited low complexity and poor 
quality. Most of the mainstem and lower tributary reaches of Bridge Creek were deeply incised, with riparian 
vegetation limited to a narrow band along the stream8. The stream morphology consisted of a plane-bed system 
with gradients from 0.5–3.0%, very poor pool habitat, and substrate dominated by coarse and embedded gravel 
and cobble. In addition, stream temperatures in the summer were warm for juveniles, with the lower portion of 
the study area approaching lethal thermal limits (~26 °C).


Previous research indicated that aggradation behind beaver dams in Bridge Creek can be rapid, and that 
connection to inset floodplains could be achieved within a decadal scale8. However, surveys of beaver dam distri-
butions spanning the last 3 decades showed that dams within Bridge Creek are generally short lived20. Due to the 
lack of large woody riparian vegetation, beaver dams in Bridge Creek were made with small-diameter materials 
(e.g., willow shoots). Consequently, dams consistently failed (e.g., 1–2 year lifespan) when subject to the typical 
annual flood in which all the flow energy was concentrated on the dams, as opposed to spreading out over a 
floodplain.


Our goal was to encourage beaver to build on stable structures (i.e., BDAs) that would increase dam life spans 
to facilitate channel aggradation, and eventually floodplain creation and reconnection14. BDAs were built by 
pounding wooden fence posts vertically into the channel bed and potential floodplain surfaces. Posts were spaced 
0.3–0.5 m apart and at a height intended to mimic the crest elevation of an active beaver dam21. Willow branches 
were woven between the posts, and bed sediment was used to plug the base of structures. BDAs were designed 


Figure 2. Map of the study areas. TR and CR dots represent treatment and control (similar to treatment 
reaches with beaver activity) study reach location. RR represent reference study reaches, which generally have 
minimal inset floodplains and minimal beaver influence. Reaches in tributaries to Bridge Creek (TC) and 
Murderers Creek (WC) served as additional controls. Passive Instream Antennas (PIAs) distributed throughout 
Bridge Creek detect Passive Integrated Transponder (PIT) tagged fish to determine viability and movement. 
Maps were created in ArcGIS version 10.1 (http://desktop.arcgis.com/) and Pixelmator version 3.4 (http://www.
pixelmator.com/mac/).



http://desktop.arcgis.com/

http://www.pixelmator.com/mac/
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to partially replicate many of the basic functions of a natural beaver dam (Fig. 3). The treatment design aimed to 
saturate four distinct reaches with BDAs, thereby providing resident beavers stable platforms that would encour-
age the establishment of stable multi-dam complexes to support persistent colonies (Fig. 1). This meant we added 
BDAs at the maximum frequency that beaver dams are found under natural conditions for a similar stream size 
and gradient1. For most situations at the project site, water from a downstream structure is backed up to the base 
of the structure upstream during average discharge.


When BDAs were introduced we expected to effectively increase the number and longevity of functional 
natural and acting beaver dams that, in turn, would initiate a series of alterations that would ultimately restore 
processes that maintain a new stable state of floodplain reconnection14. Changes in both the quantity and quality 
of fish habitat accompanying this process were expected to elicit a fish population level response (Fig. 1).


The manipulation was implemented in a hierarchical22 experimental design where we established four of each 
treatment, control (both in the early phase 3 stage) and reference (in the early phase 2 stage with minimal beaver 
influence) reaches within Bridge Creek (Fig. 2). We also selected one control reach in each of two tributaries to 
Bridge Creek, and three reaches in a control watershed, Murderers Creek (Fig. 2). To assess localized habitat and 
steelhead responses we made comparisons between treatment, control, and reference reaches within Bridge Creek 
and its tributaries. To assess population level responses, we compared changes in juveniles in Bridge Creek (across 
all reach types) to Murderers Creek.


We monitored for three years pre-manipulation (2007–2009) and four years post-manipulation (2010–2013). 
We conducted an annual census of beaver dams and BDA locations and documented functionality. We monitored 
fish habitat attributes at sites within reaches once per year. Aerial imagery from 2005 and 2013 was also used 
to quantify changes in channel area and morphology. We monitored sites for juveniles, which were collected 
and tagged with Passive Integrated Transponder (PIT) tags each year in June, September, and January. In addi-
tion, we compared juvenile densities in impounded and unimpounded portions of three reaches in August and 
September of 2013 to evaluate their use of these different habitats. We also captured and PIT tagged spawners 
at a fish weir installed during their upstream migration in lower Bridge Creek (Fig. 2). Recapture of tagged fish 
provided information on density, growth, survival, and production, as well as the ability of spawners and juveniles 
to migrate throughout the study area. In general, we used intervention analyses to evaluate changes in habitat and 
fish responses pre- versus post-manipulation relative to controls23 (see Methods for more details).


Results
Beaver Dam and BDA Abundance. Twenty years of beaver dam surveys in the study area prior to 2009 
indicates dam-building activity was highly variable (x =  40 dams counted per year, min =  9, max =  103, SD =  25; 
Fig. 4). After 2009, the year in which BDAs were first constructed, the total number of dams (natural beaver dams 
and BDAs) was on average four times more abundant than pre-manipulation (x =  160, min =  122, max= 236, 
SD= 43; Fig. 4). In 2009, 76 BDAs were installed over 3.4 km of stream in the four treatment reaches. During 
2010–2012, additional BDAs were built to replace those that failed during the first year and to continue the stream 
on the trajectory towards floodplain reconnection (e.g., added on top of BDAs buried by aggradation or to newly 
formed side channels). By 2012, 121 BDAs were functioning. Of the 236 total dams in Bridge Creek in 2013, 
nearly half (n =  115) were made by beavers. A total of 171 natural beaver dams and dams built on BDAs repre-
sents an 8-fold increase over the 2005–2008 pre-manipulation beaver dam average. The substantial increase in 
natural beaver dams occurred two years following the manipulation, primarily outside the treatment reaches 
(Fig. 4), suggesting the manipulation may have created a source of beavers for dispersal into unmanipulated areas. 
One control reach was subject to a high intensity flood event from an incoming tributary which greatly increased 


Figure 3. Example of a beaver dam analog (BDA) annotated with some of the expected responses. 
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the number of new channels throughout the floodplain and was quickly occupied by beaver. With the exception 
of this reach, beaver dams in control reaches had a 10-fold higher failure rate than reinforced dams, similar to 
pre-manipulation conditions. No beaver dams were built in the four reference reaches during the study, however, 
occasionally dams were found in similarly incised channels elsewhere in Bridge Creek.


Habitat Response. Following the manipulation, habitat quantity and quality increased in treatment reaches 
and most control reaches with expanded beaver occupation relative to non-beaver-occupied reference reaches. 
BDAs and beaver ams both quickly raised the water, and created large upstream dam pools and downstream 
plunge pools. Relative to our reference reaches and Murderers Creek this resulted in a higher pool frequency (1.04 
90% CI ±  1.01 pools/100 m, p =  0.09 and 1.43 90% CI ±  1.51 pools/100 m, p =  0.11, respectively; Supplementary 
Information Fig. 1) and deeper pools (0.10 90% CI ±  0.054 m, p =  0.02 and 0.162 90% CI ±  0.081 m, p =  0.01; 
respectively; Supplementary Information Fig. 2). Aggradation occurred rapidly, sometimes burying structures 
and channels, resulting in newly formed channels. From 2005 to 2013, inundation area of treatment reaches 
increased by 228%, considerably more than the control and reference reaches which increased 122% and 34%, 
respectively. New side channels were also formed as high flows were often forced onto inset floodplains. Area of 
side channels increased in treatment reaches by 1216%, but only by 479% in control reaches, with virtually no 
change in references reaches.


Information from groundwater wells demonstrated a raising of the water table in a treatment reach relative to 
a control reach. Water levels below the land surface over the low-flow period averaged − 2.527 90% CI ±  0.052 m 
and − 1.909 90% CI ±  0.077 m in a control reach (CR-4) and treatment reach (TR-4), pre-manipulation, and 
− 2.402 90% CI ±  0.121 m and − 1.531 90% CI ±  0.169, respectively, post- manipulation. This equates to a 0.25 m 
(p <  0.001) increase in groundwater levels following the manipulation in our treatment reach relative to our con-
trol reach that also had some beaver activity post-manipulation.


Temperature loggers placed at the top and bottom of reaches indicated that temperature either dropped or 
remained constant as water traversed reaches with extensive beaver dams; whereas, temperatures increased in 
reaches without beaver dams. Maximum temperatures were on average 1.47 °C (90% CI 1.34 to 1.72, p <  0.001) 
cooler in reaches that gained beaver dams after the manipulation (0 dams pre-manipulation to an average of 6.7 
dams within 500 m upstream of the temperature loggers post-manipulation), than a reference reach that had no 
beaver dams within 500 m upstream over the study period.


For illustrative purposes regarding changes in channel planform, we compare water depth maps and longitu-
dinal profiles of sites within the treatment reach (TR-4) and the closest upstream surveyed non-beaver-occupied 
reference reach (RR-4). Water depth maps and distributions depict greater variability in water depths, channel 
complexity, and an increase in the number of side channels in the treatment site (Fig. 5). Longitudinal profiles also 
emphasize differences in the variability of channel width and depths (Fig. 6a–d). We also compared day and night 
longitudinal temperature profiles for a site in TR-4 to a non-beaver-occupied site approximately 0.5 km upstream. 
During both day and night, the treatment site was cooler and contained considerably greater thermal heterogeneity 
(including cool refugia) than the unimpounded site which exhibited almost no longitudinal variability (Fig. 6e,f).


Figure 4. The number of dams (natural beaver dams and BDAs) through time. Upper panel represents the 
total number of dams for the Bridge Creek (dashed-dotted line), the sum of all treatment (solid line) and all 
control (dashed line) reaches. The lower panel is total number of dams for each of the four treatment (solid 
lines) and four control (dashed lines) reaches. Grey vertical line represents when BDAs were initially installed.
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Fish Population Response. We PIT tagged 35,867 juveniles from 2007 to 2013. When comparing a bea-
ver pond to an adjacent upstream free-flowing site in three reaches on two dates, the linear and areal density of 
juveniles was on average 210 fish/100 m (p =  0.007) and 27 fish/100 m2 (p =  0.004) greater in impounded than 
unimpounded reaches, suggesting a higher preference by juveniles for ponded areas. After the manipulation, 
fish density increased in Bridge Creek by 81 fish/100 m relative to our control watershed of Murderers Creek 
(p =  0.01; Fig. 7 and Supplementary Information Figs 3 and 4). In contrast, juvenile growth decreased after 
the manipulation by 6.1 grams per season in Bridge Creek relative to Murderers Creek (p =  0.036; Fig. 7 and 
Supplementary Information Fig. 5). Both Bridge and Murderers Creek exhibited density-dependent decreases 
in growth (growth =  − 0.001* density +  0.215, R2 =  0.59, p <  0.0001; growth =  − 0.001* density +  0.188, R2 =  0.27, 
p =  0.02, respectively). Following the manipulation, juvenile survival increased by 52% in Bridge Creek relative 
to Murderers Creek (p =  0.004; Fig. 7 and Supplementary Information Fig. 6). Production of juveniles, being 
the product of density, growth, and survival, is an informative quantitative indicator of population perfor-
mance because it integrates multiple responses24. Just four years after the manipulation, there was an increase of 
175% in juvenile production in Bridge Creek, relative to Murderers Creek (p =  0.06; Fig. 7 and Supplementary 
Information Fig. 7).


Despite the dramatic increase in beaver dams and BDAs, we observed no changes in upstream spawner migra-
tion success based on detections of PIT-tagged spawners at upstream arrays. Prior to the manipulation 57%, 
18%, and 17% (92% total) of tagged spawners were detected above PIAs 2 through 4, respectively (the spawner 
trap is located at PIA1). After the manipulation, we observed, on average, 49%, 31%, 14% (93.5% total) of the 


Figure 5. Water depth maps, relative topography and depth distributions for habitat sample site in treatment 
reach TR-4 (a) and a reference reach RR-4 (b). Digital elevation models (DEMs) were built from data collected 
from 2013 topographic surveys, with bottom elevations subtracted from water surface elevations to obtain water 
depths. Red outline in a) is the location of temperature survey information depicted in Fig. 6. Figure was created 
in ArcGIS 10.3 and Adobe Illustrator CS6.







www.nature.com/scientificreports/


7Scientific RepoRts | 6:28581 | DOI: 10.1038/srep28581


tagged spawners above these detection sites. Furthermore, several spawners were documented as having passed 
more than 200 dams and BDAs during their migrations. Likewise, more than 1000 PIT-tagged juveniles migrated 
downstream past the lower-most PIT tag array (PIA1) each year, the near expected amount given observed sur-
vival estimates and antenna efficiency. While upstream movement of juveniles is not common in Bridge Creek, we 
re-detected individuals in upstream reaches separated by more than 40 dams. Overall, mark-resight data indicate 
that neither beaver dams, nor BDAs, are barriers to spawner or juvenile movement.


Discussion
The addition of BDAs into Bridge Creek led to an immediate and rapid increase in the number of natural beaver 
dams, not only in our treatment areas but throughout much of Bridge Creek. Beavers build dams and dig canals 
to expand deep water to create refugia and to aid in the transport of the woody vegetation they harvest. We believe 
this increased activity throughout Bridge Creek was, in part, due to an increase in the population of beavers facil-
itated by BDAs. These structures provided stable places to build and expand natural beaver dam complexes that 
improved their habitat. Changes in the abundance of beavers are difficult to quantify because of their ability to 
quickly learn to avoid traps25. Thus, we cannot state with certainty that the beaver population actually increased 
following the installation of BDAs. Whether their dam-building activities increased because of a demographic or 
behavioral response is somewhat immaterial, because the modification of the stream ecosystem, rather than the 
beavers themselves, likely caused the fish population response.


BDAs and beaver dams led to large changes in both fish and beaver habitat, and the steelhead population 
response largely followed our hypothesized pathways (Fig. 1). We found compelling evidence that beavers 
increased the quantity of juvenile habitat. We observed higher linear and areal densities of juveniles in impounded 
sections of stream relative to unimpounded sections. To demonstrate the potential for beavers to alter stream 
salmonid production, we believe linear density is the most indicative numeric response variable because dams 
increase the area of fish habitat per length of stream. Areal densities normalize across streams of different widths; 
thus a fish response might not be detected even if the population increased simply by increasing the width of the 
same length of stream (i.e. areal densities stayed the same or even decreased). Studies reporting the influence of 


Figure 6. Longitudinal profile of stream characteristics. Water depth and channel width was determined 
from topographic survey information in 2013 in impounded TR-4 (panel a & c) and unimpounded RR-4 
(panel b & d) sites, solid line is the metric value for each location, dotted line is the mean value for the reach. 
Longitudinal temperature profiles (panel e & f) were obtained from multiple temperature loggers in TR-4  
(see Fig. 5) and an unimpounded reach just upstream (between TR-4 and CR-4). The solid line is maximum  
and dotted line is minimum temperatures. Grey vertical lines represent the locations of dams.
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beaver ponds to produce more fish relative to other habitat types often use areal densities26,27. An areal density 
response metric may under-represent the contribution this habitat type has to the population, because one mech-
anism by which beaver dams increase fish abundance is by increasing the quantity of fish habitat, as we observed.


Natural beaver dams and BDAs increased the area of juvenile habitat in the treatment reaches in Bridge Creek 
because these reaches were in the building of the inset floodplain phase (early phase 3) of the successional cycle 
of an incised channel. The combination of increasing the dam crest height up to the inset floodplain and channel 
aggradation behind the dam, allowed surface waters to spill out onto inset floodplains greatly increasing the 
habitat area. The benefits of creating more fish habitat would be diminished in an incised trench, because small 
increases in surface water area occurs as surface water elevation increases. This condition is representative of our 
reference reaches. However, beaver dams and BDAs likely increase the rate at which phase 2, or channel widen-
ing occurs, thus accelerating the channel incision recovery process to benefit fish populations14. In fact, we most 
commonly observe breaches on the ends of beaver dams or BDAs. Such breaches create an acceleration of a flow 
jet at the outside bank of the incision trench and increases the rate of widening and the sinuosity of the channel.


The increase in groundwater elevation surrounding beaver ponds likely results in increased flow throughout 
the summer as water is slowly released28,29. We also found that water temperatures stayed the same or decreased 
throughout reaches with beaver ponds, and that diel fluctuation was dampened. Because dams slow water 
and often increase the area of solar input, a common assumption is that temperatures increase in impounded 
reaches30. However, quantitative evidence supporting31,32 or refuting33 this claim suggests that the complex inter-
action of solar input, and exchange with the hyporheic or groundwater call into question this simple generality29. 
In Bridge Creek, increased residence time and the slowed release of potentially cooler water after the construc-
tion of BDAs also increases habitat quantity during times of very low discharge observed during hot summer 
conditions.


Increasing habitat complexity may also partially explain the observed increase in total juvenile abundance, 
survival and productivity. In sections with natural and simulated beaver dams, we observed higher variability 
in water depth, channel width, and temperature from dam-building activities, all indicators of increased habitat 
complexity. Increased habitat complexity provides fish a greater selection of locations at which to forage, rest, and 
avoid predation and high flow events, while reducing migration distances required to conduct these activities for 
multiple life-stages34. Thus, we suspect that an increase in habitat complexity is partly responsible for the observed 
positive steelhead population responses.


This study provides further quantitative support to the proposal to reintroduce or expand beaver populations 
in their native range in North America and Eurasia to recover incised channels8,14,35. However, the impacts of 
beaver reintroductions on fish populations, summarized in a recent review30, have been debated. Of note is the 
paucity of rigorous empirical studies backing conclusions of both positive and negative impacts. Unfortunately, 
many approaches to managing beaver populations for fisheries enhancement are also based on assumptions or 
results from weak study designs. In fact, policies to remove beavers/beaver dams as a means to improve salmonid 
populations, still exist in some U.S. states36. This does beg the question, how did both beavers and salmonids 


Figure 7. Summary of intervention analyses for juvenile steelhead responses. On every sampling occasion, 
the control (C) is subtracted (difference) or divided into (ratio) the treatment (T) value. Next, the average 
difference pre-manipulation is subtracted (difference) or divided into (ratio) the post-manipulation value. 
Confidence intervals (90%) not overlapping zero for difference and 1 for ratio indicates significance at α   =  0.1. 
Comparisons are made between Bridge Creek (treatment) and Murderers Creek (control), respectively. Results 
for difference in density and average growth, and ratio of survival and production (estimated as density* 
growth* survival) are displayed.
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coexist in far greater numbers than occurs today without human intervention? While we observed many of the 
commonly reported positive impacts (habitat complexity), many of the claims of negative impacts of beaver dams 
on fish (e.g., fish passage barriers, temperature increases) are not supported by our findings to date.


The factors contributing to variability in fish and habitat responses across systems deserves further inquiry 
and will only be illuminated as additional studies are pursued in widely varying systems. For example, one large 
scale study found evidence suggestive of an increase in brook trout production after the removal of 200 beaver 
dams maintained for over two decades, in a low gradient stream network in Wisconsin, USA.37. In low-gradient 
systems with a reduced range of water velocities, beaver dams may not create the same heterogeneous environ-
ment as they do in relatively higher gradient systems like Bridge Creek. Multiple controlled experimental manip-
ulations or comparative studies across a range of stream gradients would help establish whether salmonid and fish 
community responses to beaver-dominated systems are gradient dependent.


The use of BDAs to provide or enhance the benefits beavers have on stream ecosystems and salmonids could 
be a potential restoration strategy but requires additional rigorous assessments elsewhere. The use of BDAs as a 
restoration approach is certainly attractive from a cost perspective38. In a stream like Bridge Creek, installation 
of a BDA takes three people approximately 1–4 hours to install, requires a hydraulic post driver and 20–40 wood 
posts, (at ca. US$4 per post). The cost at a density of ~30 BDAs per km is less than $11,000. In contrast, conven-
tional restoration techniques to achieve such objectives often involve massive grading operations with heavy 
equipment and major revegetation efforts that are extremely expensive and uncertain. Not only was our manip-
ulation large in scale, but we benefited from the help of beaver to maintain, and likely improve, structures until 
self-maintaining processes (e.g. floodplain connection) were restored.


More important than the feasibility is our demonstration that such a restoration strategy actually results in 
benefits to the target population. Billions of dollars are spent annually on stream restoration in the U.S. alone39; 
however, very few studies have documented changes beyond localized increases in fish abundance following 
stream restoration40. Far fewer demonstrate increases in responses associated with fitness (i.e., survival, growth, 
and production). The few studies that have detected positive population-level changes due to restoration were 
likely able to do so because they were conducted at large spatial and temporal scales (many km and 10+  years), 
included extensive monitoring, and maximized contrasts (e.g., before-after-control-intervention experimental 
designs)41,42. Our ability to detect a fish response was, in part, due to the large signal created by adding BDAs to 
nearly 4 km of Bridge Creek, coupled with considerable localized changes caused by both BDAs and natural bea-
ver dams. Although we tagged > 35,000 juveniles, reach-level comparisons were difficult to make for responses 
requiring seasonal recaptures such as survival, growth, and production. We believe that large-scale experimental 
manipulations, rather than reach-level, opportunistic evaluations of small-scale habitat projects are necessary 
to increase our understanding of how fish respond to changes in their habitat or provide evidence of restoration 
benefits.


In order to improve our understanding of how organisms respond to their environment, ecosystem exper-
iments that use restoration as a treatment and incorporate appropriate large-scale controls should be actively 
pursued. This approach is consistent with experimental and adaptive management and has recently been imple-
mented to test the effects of stream restoration in several watersheds19. Effective implementation of this experi-
mental restoration approach requires an investment in coordination, strong experimental designs, cost-effective 
yet extensive restoration strategies, and directed monitoring and research. However, the potential to implement 
more effective management and restoration actions while learning from such approaches readily justifies their 
cost.


Methods
Experimental and Survey Design. The manipulation was implemented in a hierarchical22 experimental 
design where we compared four treatment and four control reaches in the early phase 3 stage within Bridge Creek 
(Fig. 2). We identified four additional reference reaches with minimal beaver influence. To address effects at 
different scales, issues of potential non-independence, and to protect against loss of control site information (i.e., 
create redundancy), we selected one control reach in each of two tributaries to Bridge Creek, and three reaches in 
a control watershed, Murderers Creek (Fig. 2). All experimental reaches were between 500 and 2000 m in stream 
length.


We monitored for three years pre-manipulation (2007–2009) and four years post-manipulation (2010–2013). 
Sample sites (i.e. segments within reaches) were used to characterize reaches. We monitored sites once a year 
for fish habitat. Aerial imagery from 2005 and 2013 was also used to quantify changes in channel morphology. 
We monitored sites for juveniles, which were collected and tagged with 12 mm full duplex Passive Integrated 
Transponder (PIT) tags each year in June, September and January. A habitat preference study to compare den-
sities of juveniles in impounded and unimpounded portions of three reaches was conducted in the fall of 2013. 
We captured spawners during their upstream migration at a fish weir located near the mouth of Bridge Creek 
(Fig. 2). All fish PIT tagged were weighed and measured, and spawner sex was determined. Recapture of tagged 
fish provided information on movement, density, growth, and survival. We estimated production as the product 
of these responses. In general, we used intervention analyses to evaluate changes in fish response following the 
manipulation relative to controls23.


Beaver Dam Surveys. Beaver dam census surveys were enumerated throughout the study area on Bridge 
Creek in late December during each year from 1988 to 201320. During these surveys, beaver dams were recorded 
as being either intact (actively impounding water in pond to the maximum dam crest elevation), breached (par-
tially impounding water) or blown out (not impounding water). When BDA structures were installed in 2009 
they were surveyed in the same manner as natural beaver dams, and whether or not BDAs were being actively 
maintained by beavers was also recorded. These surveys were used to track the abundance and distribution of 
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natural dams and BDA structures being maintained by beaver throughout the control, treatment, and reference 
reaches of Bridge and Murderers Creek (Fig. 4).


Habitat Surveys. Fish habitat surveys were conducted in November of each year at a single site within each 
of the reach types, as well as on rotating basis (every other year) at supplementary sites. In total 48 sites within 
Bridge Creek and 3 sites in Murderers Creek were sampled. Sites were 160 m in length (approximately 20 bankfull 
widths) and were surveyed using the methods developed by the Columbia Habitat Monitoring Program43. These 
surveys quantify a number of fish habitat attributes, and utilize survey-grade equipment to provide channel and 
floodplain topography and water surface extent and elevation. Topographic data were used to generate 10 cm res-
olution Digital Elevation Models (DEMs) of channel and water surface elevations that were differenced to create 
a third surface representing the water depths throughout each sub-site survey (Fig. 5). Longitudinal profiles of 
water depths and channel widths were extracted from water depth maps and wetted widths calculated at an inter-
val of 0.5 m along the channel thalweg from the bottom to the top of the site (Fig. 6a–d).


Channel inundation area was calculated from high-resolution (15 cm) aerial imagery of Bridge Creek before 
and after the manipulation occurred and beaver dams proliferated. Aerial imagery was acquired on September 27, 
2005 and a repeat acquisition was conducted on May 5, 2013 (Watershed Sciences, Corvallis, Oregon). Following 
acquisition, imagery was ortho-rectified and subject to rigorous quality assurance procedures to ensure spatial 
accuracy. Areas of inundation were extracted from the 2005 and 2013 aerial imagery by digitizing the extent of 
the wetted channel throughout each study site using ArcGIS.


Temperature loggers (Onset Tidbit V2, U22) were deployed at the top and bottom of all reaches, continuously 
recording temperature every 15 minutes. In addition, longitudinal stream temperature profiles were created from 
temperature monitoring in a portion of a site in a treatment and reference reach (Fig. 6e,f). Temperature loggers 
were fixed to the streambed for two weeks during the summer throughout the wetted channel at a density of 
approximately 0.04 m2, and the location of each logger was surveyed using a Real Time Kinematic (RTK) GPS. 
Temperature information from each logger was used to construct digital temperature models depicting the spatial 
distribution of daily maximum and minimum temperature throughout the reach. The longitudinal profiles of 
stream temperatures presented in Fig. 6e,f, were created by extracting the maximum and minimum temperature 
on August 17, 2012 observed along the channel thalweg at an interval of 0.5 m from the bottom to the top of the 
surveyed reach.


Well fields were established adjacent to reaches TR-4 and CR-4 to compare groundwater elevational changes 
pre- and post-manipulation between a treatment and control reach. A line of 2 to 3 wells perpendicular to the 
channel extended back approximately 70 m on the terrace. Four and three lines of wells (lines were spaced 
50–70 m apart parallel to the stream) produced 10 and 9 wells for the treatment and control reach, respectively. 
Groundwater elevation was obtained from wells drilled approximately 12 m deep and lined with 5 cm slotted 
PVC. In each well, water table elevation and groundwater temperature data were collected using HOBO Water 
Level Loggers (Onset Computer Corp., model U20-001-01) set to record data in one or two hour intervals over 
the duration of the study period.


Seasonal Juvenile Steelhead Surveys. Juvenile steelhead surveys were conducted in all reach types. 
Survey sites within these reaches ranged between 500–1000 m in stream length. On each juvenile steelhead sur-
vey occasion, two electrofishing passes were conducted, separated by a 24-hour period. During each pass juvenile 
steelhead were captured using a backpack electrofisher (SAMUS-725MP) and dip nets while fishing from the 
bottom to the top of the site. Captured salmonids ≥ 70 mm were anesthetized, measured (mm), weighed (g), and 
PIT tagged (Biomark HPT12, Boise, Idaho) in the abdominal cavity, then released back to their approximate cap-
ture location following recovery from the anesthetic. Methods of fish capture and handling were approved by the 
National Oceanic and Atmospheric Administration’s Biological Opinion in accordance to their Federal Columbia 
River Power System Biological Opinion Letters of Determination 22-14-NWFSC100 and 23-14-NWFSC101 
Scientific Research Permits.


Recapture information from each of the two electrofishing passes was used to estimate the population size of 
juvenile steelhead residing in each site during each seasonal sampling occasion using the Chapman equation44. 
In some cases, low steelhead densities prevented recapture of tagged individuals, and an estimate of capture effi-
ciency (no. marked fish/no. of recaptures) calculated for each site from previous sampling occasions was used to 
expand the number of fish captured during the first pass into an estimate of population size.


Although the Cormack-Jolly-Seber (CJS) model has traditionally been used to estimate survival rates for 
tagged fish in the Columbia River Basin, it does not account for emigration thus producing estimates of apparent 
rather than true survival. Additionally, CJS cannot accommodate continuously collected data, such as the resight-
ings from passive instream antenna (PIAs) that constitute a large portion of our resight data. Therefore, we used 
the Barker model45 that uses recapture and continuous “resight” information to simultaneously estimate rates of 
emigration, immigration, and survival to produce estimates of true survival46.


We generated encounter histories for each individual PIT-tagged fish from active tagging, mobile antenna 
surveys, and continuous detections from PIA arrays. We used Akaike’s Information Criterion corrected for small 
sample size (AICc)47,48 to determine the most parsimonious model for recapture/resight and movement parame-
ters in the Barker model, while survival parameters were unconstrained (i.e., varied through time) in all models. 
Survival estimates and 95% credible intervals were computed using the Markov Chain Monte Carlo (MCMC) 
procedure in Program MARK48,49. Seasonal survival rates were standardized to 120 days.


Juvenile steelhead growth rates were calculated by direct measurement of the change in weight of 
PIT-tagged individuals recaptured from one season to the next (reported as g/fish/120 d). Seasonal production 
(g/100 m/120 d) of juvenile steelhead was calculated for each site as the product of the beginning of season den-
sity, seasonal growth rate, and seasonal survival.







www.nature.com/scientificreports/


1 1Scientific RepoRts | 6:28581 | DOI: 10.1038/srep28581


Analyses. We evaluated differences in pool frequency, residual pool depth, temperature, and groundwater 
elevation, as well as fish responses between treatments and controls using Before-After-Control-Impact paired 
(BACIP) design intervention analyses50. These comparisons were made at the reach or watershed scale depending 
on the response. Controls in this sense are used as covariates where effects common to both treatment and control 
reaches (e.g. weather) are filtered from the treatment time series of information by subtracting the control value 
from the treatment value for all observations. The average of this difference pre-manipulation is compared to the 
average of the value post-manipulation using a t-test. An α  =  0.10 was used to create 90% confidence intervals. 
Intervals encompassing zero were taken to indicate a lack of significant pre- versus post-manipulation difference 
for each response variable (Fig. 7 and Supplementary Information Fig. 3). In the case of survival and production, 
a natural log transformation was necessary to meet assumptions of normality (evaluated by inspecting quantile 
to quantile plots of residuals), which is equivalent to using treatment:control ratios for each observation event in 
the time series and conducting a ratio t-test. If the 90% confidence intervals surrounding the ratio crosses 1 then 
a significant difference was not observed.


These types of intervention analyses can bias p-values if assumptions of additivity and serial independence are 
violated50,51. To test the assumption of additivity, the presence of trends between the average versus the difference 
in paired treatment-control observations was evaluated for each response50. To test for auto-correlation, the dif-
ference between a treatment-control pair at time t was compared to the difference at t +  1, for all observations50. 
A significant positive correlation between t and t +  1 observations was taken as evidence for auto-correlation, 
suggesting that our p-values were negatively biased. In this case, we also noted whether a positive temporal trend 
in the difference between treatment-control pairs during the before period, as this violation of the additivity 
assumption is particularly egregious52.


References
1. Pollock, M. M., Heim, M. & Werner, D. Hydrologic and geomorphic effects of beaver dams and their influence on fishes. Am. Fish. 


Soc. Symp. 37, 213–233 (2003).
2. Dolin, E. J. Fur, Fortune, and Empire: the Epic History of the Fur Trade in America. (WW Norton & Company, 2011).
3. Chapman, D. W. Salmon and steelhead abundance in the Columbia River in the nineteenth century. Trans. Am. Fish. Soc. 115, 


662–670 (1986).
4. Ott, J. “ Ruining” the Rivers in the Snake Country: The Hudson’s Bay Company’s Fur Desert Policy. Oregon Historical Quarterly 104, 


166–195 (2003).
5. Kareiva, P., Marvier, M. & McClure, M. Recovery and management options for spring/summer chinook salmon in the Columbia 


River Basin. Science 290, 977–979 (2000).
6. Schaller, H. A., Petrosky, C. E. & Langness, O. P. Contrasting patterns of productivity and survival rates for stream-type chinook 


salmon (Oncorhynchus tshawytscha) populations of the Snake and Columbia rivers. Can. J. Fish. Aquat. Sci. 56, 1031–1045 (1999).
7. Nehlsen, W., Williams, J. E. & Lichatowich, J. A. Pacific salmon at the crossroads - stocks at risk from California, Oregon, Idaho, and 


Washington. Fisheries 16, 4–21 (1991).
8. Pollock, M. M., Beechie, T. J. & Jordan, C. E. Geomorphic changes upstream of beaver dams in Bridge Creek, an incised steam 


channel in the interior Columbia River basin, eastern Oregon. Earth Surface Processes and Landforms 32, 1174–1185 (2007).
9. Simon, A. & Darby, S. E. In Incised River Channels: Processes, Forms, Engineering and Management (eds Darby, S. E. & Simon, A.) 


Ch. 1, 3–18 (John Wiley & Sons, 1999).
10. Cooke, R. U. & Reeves, R. W. Arroyos and Environmental Change in the American Southwest. (Oxford University Press, 1976).
11. Montgomery, D. R. Dirt: the Erosion of Civilizations. (University of California Press, 2012).
12. Wang, S. Y., Langendoen, E. J. & Shields, F. D. Management of Landscapes Disturbed by Channel Incision. (Center for Computational 


Hydroscience and Engineering, University of Mississippi, 1997).
13. Cluer, B. & Thorne, C. A stream evolution model integrating habitat and ecosystem benefits. River Res. Appl. 30, 135–154 (2014).
14. Pollock, M. M. et al. Using Beaver Dams to Restore Incised Stream Ecosystems. Bioscience 64, 279–290 (2014).
15. Carpenter, S. R., Chisholm, S. W., Krebs, C. J., Schindler, D. W. & Wright, R. F. Ecosystem experiments. Science 269, 324–327 (1995).
16. Likens, G. E., Bormann, F. H., Johnson, N. M., Fisher, D. W. & Pierce, R. S. Effects of forest cutting and herbicide treatment on 


nutrient budgets in the Hubbard Brook Watershed-Ecosystem. Ecol. Monogr. 40, 23–47 (1970).
17. Wright, R. F., Lotse, E. & Semb, A. Rain project - results after 8 years of experimentally reduced acid deposition to a whole 


catchment. Can. J. Fish. Aquat. Sci. 50, 258–279 (1993).
18. Hartman, G. F., Scrivener, J. C. & Miles, M. J. Impacts of logging in Carnation Creek, a high-energy coastal stream in British 


Columbia, and their implications for restoring fish habitat. Can. J. Fish. Aquat. Sci. 53, 237–251 (1996).
19. Bennett, S. et al. Progress and Challenges of Testing the Effectiveness of Stream Restoration in the Pacific Northwest Using 


Intensively Monitored Watersheds. Fisheries 41, 92–103 (2016).
20. Demmer, R. & Beschta, R. L. Recent history (1988–2004) of beaver dams along Bridge Creek in Central Oregon. Northwest Sci. 82, 


309–318 (2008).
21. Pollock, M. et al. Working with Beaver to Restore Salmon Habitat in the Bridge Creek Intensively Monitored Watershed: Design 


Rationale and Hypotheses. (U.S. Department of Commerce, NOAA, Seattle, WA, 2012).
22. Underwood, A. J. On beyond BACI: sampling designs that reliably detect environmental disturbances. Ecol. Appl. 4, 3–15 (1994).
23. Stewart-Oaten, A. & Bence, J. R. Temporal and spatial variation in enviornmental impact assessment. Ecol. Monogr. 71, 305–339 


(2001).
24. Kwak, T. J. & Waters, T. F. Trout production dynamics and water quality in Minnesota streams. Trans. Am. Fish. Soc. 126, 35–48 


(1997).
25. Maenhout, J. L. Beaver ecology in Bridge Creek, a tributary to the John Day River Masters of Science thesis, Oregon State University 


(2014).
26. Malison, R. L., Eby, L. A. & Stanford, J. A. Juvenile salmonid growth, survival, and production in a large river floodplain modified by 


beavers (Castor canadensis). Can. J. Fish. Aquat. Sci. 72, 1639–1651 (2015).
27. Virbickas, T., Stakėnas, S. & Steponėnas, A. Impact of Beaver Dams on Abundance and Distribution of Anadromous Salmonids in 


Two Lowland Streams in Lithuania. PLoS One 10, e0123107 (2015).
28. Nyssen, J., Pontzeele, J. & Billi, P. Effect of beaver dams on the hydrology of small mountain streams: Example from the Chevral in 


the Ourthe Orientale basin, Ardennes, Belgium. Journal of Hydrology 402, 92–102 (2011).
29. Majerova, M., Neilson, B. T., Schmadel, N. M., Wheaton, J. M. & Snow, C. J. Impacts of beaver dams on hydrologic and temperature 


regimes in a mountain stream. Hydrol. Earth Syst. Sci. 19, 3541–3556 (2015).
30. Kemp, P. S., Worthington, T. A., Langford, T. E. L., Tree, A. R. J. & Gaywood, M. J. Qualitative and quantitative effects of reintroduced 


beavers on stream fish. Fish Fish. 13, 158–181 (2012).







www.nature.com/scientificreports/


1 2Scientific RepoRts | 6:28581 | DOI: 10.1038/srep28581


31. Margolis, B. E., Castro, M. S. & Raesly, R. L. The impact of beaver impoundments on the water chemistry of two Appalachian 
streams. Can. J. Fish. Aquat. Sci. 58, 2271–2283 (2001).


32. Andersen, D. C., Shafroth, P. B., Pritekel, C. M. & O’Neill, M. W. Managed Flood Effects on Beaver Pond Habitat in a Desert Riverine 
Ecosystem, Bill Williams River, Arizona USA. Wetlands 31, 195–206 (2011).


33. Sigourney, D. B., Letcher, B. H. & Cunjak, R. A. Influence of beaver activity on summer growth and condition of age-2 atlantic 
salmon parr. Trans. Am. Fish. Soc. 135, 1068–1075 (2006).


34. Schlosser, I. J. Stream fish ecology - a landscape perspective. Bioscience 41, 704–712 (1991).
35. Beechie, T. J., Pollock, M. M. & Baker, S. Channel incision, evolution and potential recovery in the Walla Walla and Tucannon River 


basins, northwestern USA. Earth Surface Processes and Landforms 33, 784–800 (2008).
36. USDA. Cooperative Beaver Damage Managment Program- Protecting Valued Resources in Wisconsin. (USDA-APHIS Wildlife 


Services, 2011).
37. Avery, E. Fish Community and Habitat Responses in a Northern Wisconsin Brook Trout Stream 18 Years after Beaver Dam Removal. 


(Fish Research Section, Bureau of Research, Wisconsin Department of Natural Resources, 2002).
38. Pollock, M. M., Lewallen, G., Woodruff, K., Jordan, C. E. & Castro, J. M. The Beaver Restoration Guidebook: Working with Beaver to 


Restore Streams, Wetlands, and Floodplains. (United States Fish and Wildlife Service, 2015).
39. Bernhardt, E. S. et al. Synthesizing U.S. river restoration efforts. Science 308, 636–637 (2005).
40. Roni, P., Hanson, K. & Beechie, T. Global review of physical and biological effectiveness of stream habitat rehabilitation techniques. 


N. Am. J. Fish. Manage. 28, 856–890 (2008).
41. Ward, B. R., Slaney, P. & McCubbing, D. J. Watershed restoration to reconcile fisheries and habitat impacts at the Keogh River in 


coastal British Columbia. Am. Fish. Soc. Symp. 49, 587–602 (2008).
42. Solazzi, M. F., Nickelson, T. E., Johnson, S. L. & Rodgers, J. D. Effects of increasing winter rearing habitat on abundance of salmonids 


in two coastal Oregon streams. Can. J. Fish. Aquat. Sci. 57, 906–914 (2000).
43. CHaMP. Scientific Protocol for Salmonid Habitat Surveys within the Columbia Habitat Monitoring Program. (Bonneville Power 


Administration, Portland, OR, 2015).
44. Ricker, W. E. Computation and interpretation of biological statistics of fish populations. Bull. Fish. Res. Board Can. 191, 1–381 


(1975).
45. Barker, R. J. Joint modeling of live-recapture, tag-resight, and tag-recovery data. Biometrics 53, 666–677 (1997).
46. Conner, M. M., Bennett, S. N., Saunders, W. C. & Bouwes, N. Comparison of Tributary Survival Estimates of Steelhead using 


Cormack–Jolly–Seber and Barker Models: Implications for Sampling Efforts and Designs. Trans. Am. Fish. Soc. 144, 34–47 (2015).
47. Lebreton, J. D., Burnham, K. P., Clobert, J. & Anderson, D. R. Modeling survival and testing biological hypotheses using marked 


animals: a unified approach with case studies. Ecol. Monogr. 62, 67–118 (1992).
48. Burnham, K. P. & Anderson, D. R. Kullback-Leibler information as a basis for strong inference in ecological studies. Wildl. Res. 28, 


111–119 (2001).
49. White, G. C. & Burnham, K. P. Program MARK: survival estimation from populations of marked animals. Bird Study 46, S120–S139 


(1999).
50. Stewart-Oaten, A. W. W. M. & Parker, K. R. Environmental impact assessment: “pseudoreplication” in time? Ecology 67, 929–940 


(1986).
51. Stewart-Oaten, A., Bence, J. R. & Osenberg, C. W. Assessing Effects of Unreplicated Perturbations: No Simple Solutions. Ecology 73, 


1396–1404, doi: 10.2307/1940685 (1992).
52. Smith, E. P., Orvos, D. R. & Cairns, J., Jr Impact assessment using the before-after-control-impact (BACI) model: concerns and 


comments. Can. J. Fish. Aquat. Sci. 50, 627–637 (1993).


Acknowledgements
We thank U.S. Bureau of Land Management for allowing this work to be undertaken on the Prineville District. 
We also thank Gus Wathen, Jake Wirtz, Brynn Flemming, Florence Consolati, Kenny DeMeurichy, and several 
others for their work in the field. Mary Conner provided input on estimating survival, and Andrew Hill assisted 
in summarizing habitat information. We thank Peter McHugh and Stephen Bennett for their reviews. We also 
would like to thank four anonymous reviewers for their constructive criticisms. This research was supported 
by the Bonneville Power Administration (BPA Project Number: 2003–017) and the National Oceanic and 
Atmospheric Administration as part of the Integrated Status and Effectiveness Monitoring Program, and by the 
NOAA Western Regional Office.


Author Contributions
N.B. performed analyses, N.B., N.W. and J.M.W. created figures and tables. All authors conceptualized the project, 
experimental and monitoring designs and contributed to the writing of the manuscript. C.E.J., M.M.P., W.C.S., 
I.A.T., C.V., J.M.W. reflect equal contributions to the manuscript.


Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Bouwes, N. et al. Ecosystem experiment reveals benefits of natural and simulated 
beaver dams to a threatened population of steelhead (Oncorhynchus mykiss). Sci. Rep. 6, 28581; doi: 10.1038/
srep28581 (2016).


This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 


unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/



http://www.nature.com/srep

http://creativecommons.org/licenses/by/4.0/



		Ecosystem experiment reveals benefits of natural and simulated beaver dams to a threatened population of steelhead (Oncorhy ...

		Watershed-Scale Manipulation

		Results

		Beaver Dam and BDA Abundance. 

		Habitat Response. 

		Fish Population Response. 



		Discussion

		Methods

		Experimental and Survey Design. 

		Beaver Dam Surveys. 

		Habitat Surveys. 

		Seasonal Juvenile Steelhead Surveys. 

		Analyses. 



		Acknowledgements

		Author Contributions

		Figure 1.  Expected changes following the installation of beaver dam analogs (BDAs).

		Figure 2.  Map of the study areas.

		Figure 3.  Example of a beaver dam analog (BDA) annotated with some of the expected responses.

		Figure 4.  The number of dams (natural beaver dams and BDAs) through time.

		Figure 5.  Water depth maps, relative topography and depth distributions for habitat sample site in treatment reach TR-4 (a) and a reference reach RR-4 (b).

		Figure 6.  Longitudinal profile of stream characteristics.

		Figure 7.  Summary of intervention analyses for juvenile steelhead responses.







 
    
       
          application/pdf
          
             
                Ecosystem experiment reveals benefits of natural and simulated beaver dams to a threatened population of steelhead (Oncorhynchus mykiss)
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28581
            
         
          
             
                Nicolaas Bouwes
                Nicholas Weber
                Chris E. Jordan
                W. Carl Saunders
                Ian A. Tattam
                Carol Volk
                Joseph M. Wheaton
                Michael M. Pollock
            
         
          doi:10.1038/srep28581
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28581
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28581
            
         
      
       
          
          
          
             
                doi:10.1038/srep28581
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28581
            
         
          
          
      
       
       
          True
      
   










ISEMP and CHAMP PRODUCT SUMMARY 


How to Navigate this Document


This document summarizes the work products that the Integrated Status and Effectiveness Monitoring 


Program (ISEMP; BPA Project No. 2003-011-00) and Columbia Habitat Monitoring Program (CHaMP; BPA 


Project No. 2011-006-00) have produced to date. Much of this work was done in collaboration with 


State and Tribal fishery and habitat agency staff and other BPA FWP projects. All of the work was done 


in support specific tributary habitat monitoring and evaluation objectives under the 2008 Biological 


Opinion for listed salmon and steelhead populations in the interior Columbia River Basin.  


The ISEMP-CHaMP work products are organized according to the topics below; however note that many 


products are used to meet multiple objectives but are listed only under their primary use. 


Description 


i 


Road 


Map 


WHAT’S INCLUDED? 


Each PRODUCT SUMMARY 


highlights the following 


items: 


 DESCRIPTION: A non-


technical summary of the


product.


 FINDINGS AND USES:


Results or take home


lessons to date, including


relevance of the product


to habitat management


and salmon recovery


efforts.


 QUICK FACTS which in-


clude the Point of Con-


tact (POC), Development


Team, Dependencies,


Current and September


2017 Status, and Funding


Source


 URL LINKS to relevant


product descriptions,


tool webpages or code,


data storage locations, or


files.


Status & 


Trend 


INTENSIVELY MONITORED WATERSHEDS (IMWs) 


Data 


Support 


Planning 


LCM 


IMW 


Pubs 


Results and lessons learned to date from implementation of the Entiat, 
Lemhi, and Bridge Creek IMWs 
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tion tools. 
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Peer-reviewed publications describing or utilizing ISEMP-CHaMP products. 
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Over the nearly 15 years that the Integrated Status and Effectiveness Monitoring Program (ISEMP; BPA 


Project 2003-017-00) and the Columbia Habitat Monitoring Program (CHaMP; BPA Project 2011-006-00) 


have been operating, a wide range of questions have been posed that frame or motivate the work; how-


ever, underlying all of the tasks and products is a single objective: develop RME methods to assess sta-


tus and trends, restoration opportunities, and  the benefits habitat restoration actions on salmon and 


steelhead and their habitat in the tributary environment. 


What do ISEMP and CHaMP produce: Field data collection and reach- to watershed-scale evaluation


that results in useful data sets, products and tools to: (i) support the effective and efficient direction of


tributary restoration planning to increase survival and abundance of salmon and steelhead over current 


conditions, and (ii) directly determine whether restoration is achieving expected physical and biological 
benefits. 


How do ISEMP and CHaMP generate these products and tools: We collect high-resolution topography, 


substrate, drift, temperature, discharge, fish cover, structural elements, and riparian vegetation in fluvi-


al environments to quantify physical fish habitat at the reach-scale. Combining hydraulic, temperature 


and food availability data with abundance and survival estimates from mark-recapture monitoring we 


construct reach-scale species and life-stage specific ecohydraulic fish habitat models. Ultimately, based 


on the reach-scale data and models from 12 watersheds and remotely sensed data available across the 


entire basin, we generate fish-habitat relationships across entire drainage networks of the Columbia 


River Basin. This output drives estimates of tributary habitat effects on overall life-cycle survival of 
salmon and steelhead and allows the design and evaluation of tributary habitat management strategies 
prescribed in the FCRPS Biological Opinion. 


Why does the ISEMP and CHaMP approach work: Standardization of data collection and evaluation 


methods results in reliability since output is regionally consistent and prioritization and application of 


results are more effective and uniform across the region. Using models and other quantitative decision 


support tools to assist in prioritizing actions on a regional basis maximizes efficiency because model-


based tools reduce risk in decision making through the quantification of alternative scenarios and 


uncertainty. Model-based tools are also highly cost effective since standardized, representative data 


collection coupled with validated, statistical models that are biologically meaningful can be generalized, 


thus dramatically reducing field data collection (time, sites, metrics) when addressing novel tributary 


habitat management situations (actions or watersheds). 


The ultimate goal of ISEMP and CHaMP is to support the development of more realistic, spatially explic-


it, tributary habitat restoration scenarios and to quantify the degree to which these restoration actions 


benefit salmonid populations in the interior Columbia River Basin. 


DESCRIPTION 
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KEY MANAGEMENT 


QUESTIONS 


What are the data collection 


methods best suited to quantify-


ing the status and trends of trib-


utary stream habitat? 


What are the data collection 


methods best suited to quantify-
ing the status and trends of fish 
populations in the tributary 
environment?


What are the analytical methods 


best suited to quantifying the 
relationship between stream 
habitat and fish population pro-
cesses? 


What is the status and trend of 


stream habitat in select tributar-
ies of the interior Columbia River 
basin? 


What are the tributary habitat 


ecological impairments or 
threats preventing the achieve-
ment of desired tributary habitat 
and fish population performance 
objectives? 


What are the relationships be-


tween tributary habitat actions 
and fish capacity or productivity 
increases, and which action 
types are the most effective at 
increasing capacity or 
productivi-ty at the population 
scale? 


Are tributary actions achieving 


the expected biological and envi-
ronmental improvements in 
habitat? 







ISEMP and CHaMP Product Summary—Background and Introduction
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QUICK FACTS 


POC: Chris Jordan, NOAA-
Fisheries 


Development Team: Chris 
Jordan, Nick Bouwes, Carol 
Volk, Chris Beasley, Mike 
Ward 


Current Status:   
Application 


September 2017 Status: 
Production 


Funding source: Bonne-
ville Power Administra-
tion’s    ISEMP Project 
2003-017-00 and CHaMP 
Project 2011-006-00 


ISEMP and CHaMP are based on the premise that stream habitat modification will result in the rehabilita-


tion of biological and physical processes that determin demographic characteristics of stream-rearing


salmonids such as rearing and spawning capacity, growth potential, and stage specific survival.  


CHAMP 


Columbia River basin-wide habitat status, trends and effectiveness 


monitoring program built around a single protocol with a program-


matic approach to data collection and management. 


Produces standardized “fish-centric” habitat data to evaluate habi-


tat quality (status) and describe how it changes (trends) over time.  


Uses a statistically valid sampling design to distribute effort effi-


ciently over space and time. 


Incorporates GIS and remote sensing data to describe watershed 


network context of fish-centric reach scale habitat data 


Develops quantitative metrics and indicators capable of being used 


in a stand-alone manner or in combination as inputs to higher-


order models, such as those being used to couple habitat change 


and biological response indicators, to further regional understand-


ing of habitat-fish relationships and how to refine restoration strat-


egies across the basin to help achieve management goals.  


ISEMP 


Develops management decision-support tools for the Federal Co-


lumbia River Power System Biological Opinion based on quantita-


tive relationships between stream habitat quantity and quality 


(data generated in-part by CHaMP) and anadromous salmon popu-


lation abundance and productivity (data generated by ISEMP and 


other BPA F&W programs) in the interior Columbia River Basin. 


Develops tools and monitoring strategies in the Upper Columbia, 


John Day and South Fork Salmon and Lemhi subbasins.  


Three intertwined directives: 


1. Status and trends: ESU, subbasin and population scales


2. Effectiveness monitoring: effect of habitat improvement pro-


jects on fish populations


3. Analytical framework: to address fish-habitat relationships,


limiting factors, and whether management actions have


changed fish habitat and fish populations.


www.champmonitoring.org www.isemp.org 







ISEMP and CHAMP PRODUCT SUMMARY  


Bridge Creek Intensively Monitored Watershed 
RESTORATION EFFECTIVENESS OF BEAVER DAM ANALOGS AND BEAVERS TO RECOVER INCISED STREAMS  


Beaver have been referred to as ecosystem engineers because of the large impacts their dam building 


activities have on the landscape; however, the benefits they may provide to fluvial fish species have 


been debated. ISEMP conducted a watershed-scale study to test how increasing beaver dam and colony 


persistence in a highly degraded incised stream affects the freshwater production of steelhead 


(Oncorhynchus mykiss).  


Observations made four years after the installation of beaver dam analogs (BDAs) showed a 168% in-


crease in the density, a 52% increase in survival, and a 172% increase in production of juvenile steelhead 


without impacts to upstream and downstream migrations. The steelhead response occurred as the 


quantity and complexity of their habitat increased (Figure 1). This large-scale Bridge Creek study is the 


first to quantify the benefits of beavers and BDAs to a fish population and its habitat. Based on the re-


sults, this restoration approach has been widely implemented and is now being tested in several other 


degraded streams beyond incised conditions. Further monitoring is needed to see if these benefits are 


long-term or if they start to change the environment in favor of native (e.g., dace and suckers) and non-


native fishes (e.g., smallmouth bass) other than steelhead. Also, while we are seeing recruitment of wil-


low and cottonwood, exotic vegetation such as reed canary grass, which is also quite prevalent in Bridge 


Creek, could expand as ponds mature into wet meadows.   


DESCRIPTION 


Figure 1. Expected changes following the installation of beaver 
dam analogs (BDAs). Beaver dams and BDAs slow and increase 
the surface height of water upstream of the dam. The ponds and 
plunge pools that form above and below the dams, respectively, 
make the shape and composition of the stream bottom more 
complex, which provides resting and efficient foraging opportuni-
ties for juvenile fish. Other beneficial habitat changes include:  


 Increases in thermal heterogeneity and fish refugia through 
improved groundwater exchange;  


 The creation of highly variable hydraulic conditions that re-
sult in a greater diversity of sorted sediment deposits, which 
increases suitable gravel for spawners and concealment sub-
strates for juveniles; 


 An increase in channel complexity and a decrease in overall 
gradient, which also improve fish habitat.  


 The creation of side channels, high-flow refugia, and rearing 
habitat for young juveniles, and increased recruitment of 
riparian vegetation.  


 Increases to beaver refugia, food supply, and caching loca-
tions, which helps them to persist and maintain dams and 
the associated processes that create complex fish habitat. 


FINDINGS AND USES 


Initial findings from Bridge 
Creek show that the installa-
tion of Beaver Dam Analogs 
(BDAs) increased juvenile 
steelhead density, survival, 
and production in incised 
streams. 


This novel and relatively inex-
pensive restoration approach 
could greatly improve the 
habitat of listed salmon and 
steelhead in the enormous 
number of miles of streams 
experiencing incision (or oth-
er forms of habitat degrada-
tion) in the Columbia River 
Basin. 
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IMW 







Bridge Creek Intensively Monitored Watershed 


Citations: Bouwes, N., N. Weber, C. E. Jordan, W. C. Saunders, I. A. Tattam, C. Volk, J. M. Wheaton, and M. M. Pollock. 2016. Ecosystem ex-


periment reveals benefits of natural and simulated beaver dams to a threatened population of steelhead (Oncorhynchus mykiss). Scientific 


Reports 6:28581. 


Pollock, M. M., T. J. Beechie, J. M. Wheaton, C. E. Jordan, N. Bouwes, N. Weber, and C. Volk. 2014. Using Beaver Dams to Restore Incised 
Stream Ecosystems. Bioscience 64:279-290. 


Figure 2. Summary of intervention analyses.  On every sampling occasion, 
the control is subtracted (difference) or divided into (ratio) the treatment 
value. Next, the average difference pre-manipulation is subtracted 
(difference) or divided into (ratio) the post-manipulation value. Confidence 
intervals (90%) not overlapping zero for difference and 1 for ratio indicates 
significance at a = 0.1. Comparisons are made between Bridge Creek 
(treatment) and Murderers Creek (control), respectively. Results for differ-
ence in density (no./100m) and average growth (g/fish/120days), and ratio 
of survival (proportion surviving over 120 days) and production (total 
g/100m/120days) estimated as density*growth*survival are displayed.   
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QUICK FACTS 


POC: Nick Bouwes, Eco Logi-
cal Research 


Development Team: Nick 
Bouwes, Chris Jordan, Mi-
chael Pollock, Carol Volk, Joe 
Wheaton, Nick Weber, Gus 
Wathen, Jake Wirtz  


Status: Current Status- Appli-
cation. 


September 2017 status- Ap-
plication/Analyses 


Funding source: ISEMP 







FINDINGS AND USES 


To date, tributary reconnec-
tion actions have almost dou-
bled the length of stream 
available to anadromous 
salmonids, increased availa-
ble stream area by 22%, and 
resulted a 19% increase in 
pool area.  


Adult escapement, juvenile 
rearing, and increased densi-
ties of juveniles have been 
documented in restored habi-
tat. Steelhead spawning has 
been documented in all re-
connected tributaries; how-
ever, an increase in spring/
summer Chinook or steel-
head has not yet been detect-
ed, although it is predicted. 


ISEMP’s development of 
quantitative fish-habitat rela-
tionships has improved our 
ability to identify life-stage-
specific limiting factors and 
target habitat restoration 
actions to address them. 
Monitoring of site-based ac-
tions has increased our un-
derstanding of time-lags be-
tween project implementa-
tion and biological response. 
Most importantly, Lemhi 
IMW lessons are transferable 
to other watersheds in the 
interior Columbia River Basin, 
enabling more effective res-
toration elsewhere. 


The Lemhi River, a tributary of the upper Salmon River in Idaho, is managed as an Intensively Monitored 


Watershed (IMW). While 93% of the watershed is federally managed, the majority of the valley floor 


along the mainstem Lemhi is privately owned. At the inception of ISEMP, over 322 know irrigation diver-


sions were operated to support agriculture, resulting in the dewatering of 28 of the 31 major tributaries 


to the mainstem Lemhi River. Moreover, the lower 48 kilometers of the mainstem Lemhi River have 


been simplified by road construction and agriculture. Local managers believed that loss of access to his-


torically important tributary habitat and mainstem habitat simplification reduced the freshwater 


productivity of spring/summer Chinook salmon and steelhead in the basin.  


DESCRIPTION 


Figure 1. Tributary reconnections in the Lemhi River. 
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ISEMP and CHAMP PRODUCT SUMMARY  


Lemhi River Intensively Monitored Watershed 
RESTORATION EFFECTIVENESS OF  TRIBUTARY RECONNECTION 


IMW 


Actions to reconnect tributary hab-


itat and improve mainstem habitat 


conditions were implemented be-


ginning in 2007 (Figure 1). Instream 


PIT Tag Detection Systems (IPTDS) 


are being used in conjunction with 


spatially-continuous juvenile cap-


ture/recapture surveys to monitor 


response, and rotary screw traps to 


being employed to estimate sex- 


and age-structured adult escape-


ment, distribution, and survival as 


well as juvenile abundance and 


survival.  


To date, tributary reconnection 


actions have almost doubled the 


stream length available to anadro-


mous salmonids, increased availa-


ble stream area by 22%, and result-


ed in a 19% increase in pool area.  
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Figure 2. Modeled change in restoration anticipated from Lemhi River restoration actions completed through 2016.  


Lemhi River Intensively Monitored Watershed 


QUICK FACTS 


POC: Laurel Faurot, QCI  


Development Team: Laurel 
Faurot, Richie Carmichael, 
Chris Beasley  


Current Status: Application  


September 2017 Status: Ap-
plication/Analysis 


Funding source: ISEMP, Idaho 
Office of Species Conserva-
tion Pacific Coast Salmon 
Recovery Fund, NOAA IMW  


Adult escapement, juvenile rearing, and increased densities of juveniles have been documented in re-


stored habitat. Steelhead spawning has been documented in all reconnected tributaries; however, an 


increase in  spring/summer Chinook or steelhead has not yet been detected. Modeling efforts indicate 


that productivity will improve once sufficient time has elapsed to allow restoration actions to become 


biologically effective (Figure 2).  


The development of quantitative fish/habitat relationships by the ISEMP program has improved our abil-


ity to identify habitat limitations at specific life-stages and to target those limitations with restoration 


actions. For example, limited winter habitat capacity has been identified as the single most limiting fac-


tor in the Lemhi River, resulting in a reprioritization of restoration to improve winter habitat capacity on 


the lower-mainstem Lemhi River. Evaluation of site-based restoration actions has improved our under-


standing of time-lags between project implementation and biological effectiveness, as well as the lon-


gevity of benefits from restoration. Most importantly, the information collected in the Lemhi River IMW 


is transferable to other interior Columbia River Basin locations, ultimately enabling more effective and 


timely restoration elsewhere. 







As is typical of many watersheds across the Columbia River Basin, the Entiat River subbasin is character-


ized by simplified instream habitat complexity due to impacts from logging, flood control, agriculture, 


and residential use. ISEMP is conducting watershed-scale monitoring to test the effectiveness of in-


stream habitat improvement projects on listed juvenile spring Chinook (Oncorhynchus tshawytscha) and 


steelhead (O. mykiss) populations. Restoration actions include large wood structures and boulder place-


ment, side channel connection/enhancement, and levy breaching, and are designed to increase the 


complexity of instream habitat and access to side channel habitat and the floodplain in order to im-


prove rearing and overwinter habitat. Actions in the Entiat were implemented in 2012 and 2014, but 


actions planned for the third and largest round of habitat improvement actions in 2017 have been de-


layed until 2019. This has prompted a reduction in monitoring for 2017 but analysis continues.  


DESCRIPTION 


ISEMP and CHAMP PRODUCT SUMMARY  


Entiat River Intensively Monitored Watershed 
EFFECTIVENESS OF HABITAT IMPROVEMENT ACTIONS TO RECOVER LISTED SPRING CHINOOK AND STEELHEAD  


IMW 
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FINDINGS AND USES 


To date we have seen an in-


crease in juvenile steelhead 


size, growth rate, and survival 


at certain scales, but not 


abundance. We have not de-


tected a positive response in 


Chinook. The amount of 


wood in the river has in-


creased significantly, but ab-


sent large channel-changing 


floods since projects were 


implemented, we have not 


detected much change in 


other habitat metrics known 


to be important for fish rear-


ing, such as the number or 


frequency of pools. Long-


term benefits still need to be 


quantified, as these effects 


are far more uncertain.   


Many watersheds across the 


Columbia River Basin have 


experienced a similar history 


of use as the Entiat River.  


The response to date from 


significant investments in 


habitat restoration actions 


highlights the need for large-


scale actions, and continued  


long-term monitoring to sup-


port our ability to learn more 


from IMWs. 


Figure 1. Comparison of steelhead oversummer and overwinter survival and standard errors in restora-
tion and control areas at the valley segment level averaged across age class. There was a trend for in-
creased overwinter and oversummer survival in restoration areas compared with control areas between 
Restoration 1 and Restoration 2 periods (p = 0.10). 







Entiat River Intensively Monitored Watershed 


Citation: Monitoring Strategy for the Upper Columbia Basin: Appendix B. An Implementation Strategy for an Intensively Monitored Water-
shed Study in the Entiat River Subbasin. 2015. Prepared for  Bonneville Power Administration, Entiat Watershed Planning Unit, Upper Co-
lumbia Salmon Recovery Board. 76 pp.  
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QUICK FACTS 


POC: Pamela Nelle, Terraqua 
Inc. 


Development Team: Sara 
Smith, Shubha Pandit, Keith 
van der Broek, Steve Fortney, 
Mike Ward, Chris Jordan  


Current Status: Application 


September 2017 Status: Ap-
plication/Analyses 


Funding source: ISEMP Figure 2. Comparison of Chinook overwinter survival and standard errors in restoration and control are-
as at the valley segment level. There was no significant difference between restoration and control areas 
among any time periods. 







FINDINGS AND USES 


CHaMP’s sampling design 
structure provides: 


 Flexibility that accommo-
dates sampling changes 
without complete loss of 
long-term status and 
trend metric estima-
tions. 


 Unbiased status and 
trend metric estimation  
for individual popula-
tions, across popula-
tions , and at sub-
watershed scales, includ-
ing impact assessment of  
restoration 


 A spatially diverse set of  
sites that can be repur-
posed as reference sites, 
or supplemented with 
fish and other sampling. 


 The ability to  separate 
metric variance across 
space and time 


QUICK FACTS 


POC: Matt Nahorniak, South 
Fork Research 


Development Team: Matt 
Nahorniak, Carol Volk, Chris 
Jordan  


Current Status: Production 


Funding source: ISEMP/
CHaMP 


CHaMP’s sampling was designed to annually estimate population-scale status and trends for all key 


habitat metrics. Each CHaMP watershed went through a design process to select sites in an unbiased, 


stratified-random, and spatially balanced fashion that allows metric estimation for an entire watershed.    


In most CHaMP watersheds designs balance local sampling needs with the CHaMP goal to produce re-


gionally comparable metric estimates.  For example, the Entiat, Yankee Fork, and Tucannon designs 


embedded effectiveness monitoring sampling with watershed-scale status and trend sampling.   Simi-


larly, the Grande Ronde needed a unique design to estimate status and trends of habitat for both Steel-


head and Chinook, which have different, overlapping extents.     


Most designs balanced sampling across smaller ‘source’, pool-riffle dominated ‘transport’, and low gra-


dient, ‘depositional’ reaches.  In large watersheds with a mix of public and private landowners, designs  


DESCRIPTION 
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ISEMP and CHAMP PRODUCT SUMMARY  


Population Scale Estimates of CHaMP Habitat Metrics    Status & 


Trends 


Figure 1. Sampling Locations across the interior Columbia River Basin and beyond, where habitat data 
have been collected using the CHaMP protocol since its inception in 2011. 







Population Estimates of Habitat Metrics 
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are also stratified by ownership type to avoid biased sampling of public lands. CHaMP achieves spatial balance via use of a Generalized Ran-


dom Tessellation Stratified (GRTS) sample selection algorithm, and designs are reviewed and updated annually as needed. The regionally 


consistent sampling design, collection protocol, and metrics allows investigation of the sources of metric variation across the interior Colum-


bia. This ‘variance decomposition’ provides insight to how metrics vary across the landscape and through time (Figure 3). 


Figure 2. Measures of wetted 
width-to-depth ratio for nine 
watersheds monitored using the 
CHaMP protocol. CHaMP gener-
ally produces estimates of status 
at the watershed scale; howev-
er, status estimates can also be 
generated for subwatershed 
levels (e.g., HUC5 within a wa-
tershed, individual tributary 
creeks, etc.) or across multiple 
watersheds (e.g., the interior 
Columbia River Basin covered by 
CHaMP sampling).  


Figure 3. Relative components of 
variance for select CHaMP metrics, 
sorted from lowest to highest rela-
tive measurement noise. 


URL 
All status and trend estimates by watershed, metric and year are available at: 


https://isemp.egnyte.com/dl/S0di3F6oFp  



https://isemp.egnyte.com/dl/S0di3F6oFp





ISEMP and CHAMP PRODUCT SUMMARY  


Network Estimates of CHaMP Habitat Metrics  


FINDINGS AND USES 


Network-scale models pro-
vide: 


 Spatially continuous and 
explicit estimates of site-
based metrics that can 
be used to inform and 
evaluate restoration ac-
tions at a watershed 
scale. 


 The ability to estimate 
metrics where there is 
limited or no sampling 
data available.  


 Easily updateable rela-
tionships that can im-
prove as predictive 
attributes improve. 


Site-based CHaMP metrics are used to generate spatially continuous metric estimates  at all points 


along stream networks throughout the Interior Columbia River Basin (e.g Figure 1). The network esti-


mates are model-based and are being made both within current CHaMP watersheds, as well for several 


watersheds of management interest where CHaMP data are not being collected (e.g., the South Fork 


Clearwater, Lower Clearwater, Lolo, Lochsa, and Upper Salmon River tributaries above Redfish Lake). 


CHaMP metrics are typically measured at 45 points along a stream network within each CHaMP water-


shed, in a sampling design that samples sites at least every three years. The sampling design is opti-


mized for estimation of the mean and variance of CHaMP metrics at the watershed scale, or at least 


over a large portion of a watershed. This means that a wide variety of sites are sampled across a broad 


array of landscape characteristics. Regression models  have been developed that use the landscape 


characteristics  to estimate (aka ‘impute’ or ‘extrapolate’) in-stream, site-based metrics to across the 


entire network, expanding CHaMP information to  areas not sampled.   


DESCRIPTION 
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Status & 


Trends 


Figure 1. Spatially continuous 
estimates of juvenile steelhead 
capacity expressed as weighted 
useable area (WUA) per meter 
of stream length in the Lemhi 
River watershed.  


QUICK FACTS 


POC: Matt Nahorniak, South 
Fork Research  


Development Team: Matt 
Nahorniak, Carol Volk, Joe 
Wheaton, Nick Bouwes, Kevin 
See, Carl Saunders, Kelly 
Whitehead, Philip Bailey  


Current Status: Prototype 


September 2017 Status:   
Operational 


Dependencies: Globally avail-
able attributes (e.g. network-
scale geomorphic attributes, 
discharge, temperature) 


Funding source: ISEMP/
CHaMP  







Network Estimates of CHaMP Habitat Metrics 
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CHaMP metric coverage and estimating metrics 
For successful, informative models capable of both predicting CHaMP metrics within CHaMP water-


sheds and extrapolating CHaMP metrics into non-CHaMP watersheds, at least two criteria must be met:  


1) Characteristics (aka globally available attributes) of the sites to be predicted must have a similar 


range to the same characteristics of just the measured CHaMP sites. This “coverage” includes both 


numeric and categorical GAA variables, (Figure 2). 


2) A subset of all globally available attributes  must have observable relationships to the CHaMP met-


rics.  We can check this using cross-validation at various spatial levels (such results are available 


upon request). 


As we augment our set of GAAs, primarily through assessments of geomorphic reach type and current 


condition, our ability to generate informative, actionable maps and related products will increase. 


Figure 2. Example of CHaMP coverage of physical characteristics of the anadromous extent of the interi-
or Columbia River Basin. In this case, CHaMP sampled streams (red dots) generally represent the core of 
the range of elevation (y axis) and stream power (x axis) found in the interior Columbia River basin (blue 
dots). Such plots can  help inform whether CHaMP sampled areas are similar to non-CHaMP sampled 
areas, and whether metrics can be adequately extrapolated to non-sampled areas. 


ESTIMATED METRICS 


TO DATE 


Geomorphic metrics: 


 Percent substrate < 2mm 


 Percent substrate < 6mm 


 Sinuosity 


 D50 (median pebble size) 


 Pool residual depth 


 Slow water percent 


 Thalweg depth 


 Large Wood frequency 


Habitat capacity metrics: 


 Juvenile Habitat Suitability 
Index (HSI)  (Chinook and 
steelhead) 


 Adult Habitat Suitability 
Index (HIS) (Chinook and 
steelhead) 


 Quantile Regression Forest 
(QRF) summer parr Chinook 


 Quantile Regression Forest 
(QRF) estimates for Chinook 
redds 


 Net rate of energy intake-
based capacity estimates 
(NREI) for juvenile Chinook 
and steelhead 







FINDINGS AND USES 


Since 2011, the CHaMP pro-
tocol has been successfully 
implemented at over 900 
unique sites across the interi-
or Columbia River Basin.  


CHaMP data are used to: 


 Produce standardized 
“fish-centric” habitat 
metrics and products to 
quantify and evaluate 
habitat quality (status) 
and describe how habitat 
changes over time 
(trend), and in response 
to restoration actions. 


 Distribute sampling 
effort efficiently over 
space and time. 


 Develop quantitative 
metrics that can be used 
in a stand-alone manner 
or combined in more 
complex models that 
couple habitat change 
and biological response 
indicators 


 Produce robust, spatially-
explicit, repeatable site-
scale habitat metrics and 
products that can be up-
scaled to watersheds and 
populations. 


 Improve regional under-
standing of habitat-fish 
relationships and how to 
tailor restoration strate-
gies for maximum effect. 


CHaMP was developed to generate standardized freshwater habitat status and trends data in at least 


one population within each steelhead and spring Chinook Major Population Group (MPG) in the interior 


Columbia River Basin (CRB) that has, or will have, juvenile and adult abundance and survival data col-


lected through passive integrated transponder (PIT) tagging, smolt-trapping, visual observations, or 


other studies.  CHaMP was designed to capture in-stream conditions using a single protocol with a pro-


grammatic approach to data collection and management that could be utilized across federal, state, 


and tribal entities involved with management of ESA-listed anadromous salmonids. The CHaMP proto-


col is unique among all other large-scale regional habitat monitoring programs because the sampling 


workflow involves a detailed topographic survey of the stream channel at every site (Figure 1), which 


produces a topographic surface (digital elevation model) and spatially explicit locations of key habitat 


features that are used to quantify and understand fish-habitat relationships. Such continuous, spatially 


explicit, high resolution information also provides a unique ability to generate metrics defined by simi-


lar programs, or be re-purposed in the future.  


Because the interior CRB region is vast and stream habitat attributes vary widely, CHaMP uses a spatial-


ly balanced sampling framework to sample representative snapshot of habitat diversity to capture habi-


tat status.  A fraction of sites are visited annually to understand changes in habitat due to annual varia-


tion, while remaining sites are visited every three years to detect broader trends in change over a nine-


year sampling period. This sampling design is flexible enough to accommodate watershed-specific mon-


DESCRIPTION 
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ISEMP and CHAMP PRODUCT SUMMARY  


Columbia Habitat Monitoring Program (CHaMP) Status & 


Trends 


Figure 1. Schematic of the CHaMP site-sampling workflow, which involves a complete topo-
graphic survey of the stream channel that results in the creation of a digital elevation model 
(DEM). The CHaMP DEM is a powerful product that enables multiple other analyses designed 
to quantify how stream habitat restoration activities may or do affect fish, at multiple scales. 







Columbia Habitat Monitoring Program (CHaMP) 


URL 


https:// www.champmonitoring.org 


All status and trend estimates by watershed, metric and year are available at:  


https://isemp.egnyte.com/dl/S0di3F6oFp 


 
14 


itoring needs, such as changes due to restoration actions, yet robust enough to allow upscaling from the 


site level to the population level.   


Since the start of implementation in 2011, the CHaMP protocol has been used by Oregon Department of 


Fish and Wildlife (Grande Ronde and John Day watersheds), Columbia River Inter-Tribal Fish Commission  


(Grande Ronde), Nez Perce (Action Effectiveness Monitorng-Action Effectiveness Monitoring (AEM)), 


Shoshone Bannock (c/o Watershed Solutions, Yankee Fork), Confederated Tribes of the Warm Springs 


Reservation (AEM and local monitoring), Confederated Tribes of the Umatilla Indian Reservation (AEM 


and local monitoring), California Department of Fish and Wildlife (Big Creek, CA), EcoLogical Research 


(Asotin IMW), Terraqua (Entiat IMW), and the Snake River Salmon Recovery Board (c/o EcoLogical Re-


search, Tucannon), and core CHaMP/ISEMP sponsors in the systematic collection of fish-centric habitat 


data at hundreds of sites (Table 1). When coupled with fish sampling data collected by ISEMP and other 


salmonid management entities, CHaMP metrics can be used to evaluate the effects of targeted restora-


tion activities that are occurring as part of ongoing recovery efforts, and to support strategic project 


planning and implementation.  


Watershed Status and 
Trend 


IMW Other Total 


Asotin     22 22 


Big Creek CA     36 36 


Entiat 45 71 5 121 


John Day 164 51 9 224 


Lemhi 104 12   116 


Methow 44   1 45 


Minam 20     20 


South Fork Salmon 55     55 


Tucannon 50   1 51 


Upper Grande Ronde 123   16 139 


Wenatchee 69     69 


Yankee Fork 36   17 53 


          


  710 134 114 958 


QUICK FACTS 


POC: Boyd Bouwes, Water-
shed Solutions Inc. ; Sarah 
Walker, Terraqua, Inc.  


Development Team: Nick 
Bouwes, Philip Bailey, Ste-
phen Fortney, Jeremiah 
Heitke, Andy Hill, Chris Jor-
dan, David P. Larsen, Carol 
Volk, Mike Ward, Joe 
Wheaton 


Status: Production 


Funding source: CHaMP 


Table 1. Summary of sites at which the CHaMP protocol has been implemented for status 
and trends data collection since 2011. 



https://isemp.egnyte.com/dl/S0di3F6oFp





 


 


ISEMP and CHAMP PRODUCT SUMMARY  


CHaMP Measurements and Metrics 
 


FINDINGS AND USES 


CHaMP metrics are important 
for: 


 Quantifying and evalu-
ating quality of site-scale 
in-stream habitat for 
status and trend esti-
mates  


 Informing site-scale esti-
mates of adult and juve-
nile habitat capacity 


 Generating spatially ex-
plicit network estimates 
of metrics 


 Detecting and quantify-
ing spatially explicit 
changes in topography, 
which can inform resto-
ration project responses 


 Calibrating and validating 
network models 


CHaMP measures in-channel features and topography to assess the quantity and quality of stream habi-


tat in wadeable, perennial streams. Data collection methods were selected from existing protocols and 


resulting metrics and products were designed to be informative to salmonid productivity, survival and 


growth; be repeatable with robust data quality; and be feasible to collect within scope of CHaMP field 


visits.  Metric quality and performance are also evaluated using variance decomposition.  


 


DESCRIPTION 
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Status & 


Trends 


QUICK FACTS 


POC: Carol Volk, South Fork 


Research  


Development Team: Boyd 
Bouwes, Nick Bouwes, Carol 
Volk, Joe Wheaton, Chris Jor-
dan 
 
Management Team: Boyd 
Bouwes, Carol Volk,, Jeremi-
ah Heitke, Andrew Hill  
 
Current Status: Production 


Funding source: CHaMP   


Measurement data (above) are used to generate metrics (see next page) and inform secondary models 


(below). The secondary models combine metrics and channel surfaces to quantify more complex habitat 


features importat to fish, such as hydraulic parameters, juvenile and adult capacities. All CHaMP metrics 


are then used to estimate habitat parameters throughout stream networks.  


URLS 


https://www.champmonitoring.org; https://isemp.egnyte.com/dl/eVHSocJXzl 


Hydraulic models        Habitat capacity models Network scale metrics 


Channel unit and transect measurements  Topographic survey proddcts  


Site-scale measurements 







 


 


CHaMP Measurements and Metrics  


 
GROUP PRIMARY METRICS COLLECTION METHODS UTILITY 


Discharge Discharge Cross section at site Input to hydraulic model and as 


Channel   


Morphology 


Average and CVs of main and side chan-


nel dimensions for wetted and bankfull 


conditions (e.g., widths, width:depth, 


thalweg depth, areas, volume). Also 


includes site shape, such as gradient, 


length, sinuosity, and braidedness. 


A suite of points are collected during a 


topographic survey using a total station; 


each point is coded according to its topo-


graphic feature (channel unit, wetted edge, 


etc.). Point clouds are post-processed to 


generate topographic and wetted surfaces 


and channel unit features.  


Used for quantifying basic physical 


characteristics of sites and inform-


ing fish-habitat relationships. Topo-


graphic surfaces are key inputs to 


hydraulic models and subsequent 


habitat capacity models. 


Channel Units Wetted channel unit area, count, fre-


quency, and volume on mainstem and 


large side channels. Max and residual 


pool depths. 


Topographic surveys delineate channel unit 


boundaries and unit, tier 1, and tier 2 met-


rics calculated from water extent and to-


pography 


Widespread use for quantifying 


fish habitat.   


Fish Cover Percent cover large wood, vegetation, 


artificial, aquatic vegetation, undercuts 


Ocular estimate of % fish cover by category 


for channel units 


Input for habitat capacity model. 


Large Wood Wetted and bankfull frequencies and 


volumes 


Large wood counts by channel unit (wetted 


and bankfull) with subset of measured 


wood for volume estimates. 


Quantifies important structural 


elements for habitat capacity esti-


mates (FIS model) and used as indi-


cator for some restoration evalua-


tions. 


Substrate Percent  substrate composition by type; 


D16, D50, D84; cobble embeddedness; 


pool tail fines 


Ocular estimates of substrate composition 


for each channel unit, including embed-


dedness for cobbles. Pool tail fines and peb-


ble counts are measured to represent an 


entire site. 


Inputs for habitat capacity models, 


(QRF, Habitat Suitability, FIS) hy-


draulic model estimates, geo-


morphic change detection error 


estimates. 


Riparian Percent riparian composition by type, 


including canopy, understory and 


ground cover estimates. 


Ocular estimates of riparian composition at 


transects within a site.   


Quantifies local riparian features 


that may influence hydraulic, ma-


croinvertebrate, and solar results. 


Solar Average solar input between July and 


September. 


Multiple sky images are collected for a site 


using SunEye or Solar Pathfinder collection 


methods.   


Validation of network solar input; 


input to gross primary production 


(GPP) model 


Macro-


invertebrates 


Total drift biomass, plus size-class 


counts by Family or Genus. 


Two drift nets placed at top of reach to cap-


ture non-crepuscular drift. 


Input to juvenile habitat capacity 


model (NREI). 


Water quality Alkalinity, conductivity and temperature 


(weekly and summer 7 day average and 


maximum values) 


Alkalinity and conductivity measurements 


at time of visit, plus temperature data log-


ger collecting hourly records annually 


Calibration of network tempera-


ture model and conductivity mod-


els; input to habitat capacity mod-


els (NREI, QRF). 


Geomorphic 


Change       


Detection 


Net and total erosion and deposition 


change within the channel 


Uses entire topographic survey. Calculated 


by differencing pairwise sets of visit topog-


raphy for sites. 


Quantifies and locates site-scale 


change in topography. Useful for 


restoration evaluation. 
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ISEMP and CHAMP PRODUCT SUMMARY  


Lemhi River Bathymetric LiDAR 


FINDINGS AND USES 


LiDAR and EARRL-B are able 
to resolve stream bathymetry 
at the 10’s of cm scale; how-
ever, are limited at the micro-
habitat (e.g., cobble) scale 
(Hilldate et al. 2007).  


LAS Tools can be used to filter 
massive datasets where wa-
ter surface, vegetation, and 
other noise returns exist. 


Prospective users of bathy-
metric LiDAR data now have a 
framework for processing and 
filtering point cloud data. This 
framework may also help 
improve ground determina-
tion in raw point clouds from 
previous studies.   


Generation of seamless, high resolution, watershed scale digital surface models (DSMs) is rapidly be-


coming an essential tool for describing and modeling characteristics and processes important to aquatic 


habitat suitability, sediment transport, riparian vegetation mapping, characterization of topographic 


change processes, flood analysis and prediction, numerical flow simulation, and pre- and post-


restoration efforts (Benjankar et al. 2016; Leskens et al. 2015; Lyon et al. 2015; Mandleburger et al. 


2011; McKean et al. 2008, 2009, 2014; Montealegre et al. 2015; Wyrick et al. 2015). Green waveform 


bathymetric LiDAR has emerged as the leading technology in high-resolution terrain and bathymetric 


mapping.  


Topobathymetric light detection and ranging (LiDAR) data were collected along the Lemhi River using 


Experimental Advanced Airborne Research LiDAR-B (EARRL-B). EARRL-B is the latest generation of 


EARRL LiDAR systems developed by NASA and the USGS (McKean et al. 2008, 2014). Data were record-


ed over three days of flight, focusing on in-channel and floodplain habitat (Figure 1).  


To validate the data, a three-


person crew conducted high-


resolution RTK-dGPS surveys 


in-channel and on the flood-


plain, and collected points on 


top of the highway parallel-


ing the river and along the 


river thalweg. They filtered 


and analyzed the LiDAR point 


cloud for vertical accuracy by 


comparing point-by-point 


elevations of ground classi-


fied LiDAR points to those of 


two high-resolution ground 


surveys within two morpho-


logically distinct control 


reaches. Elevation values of 


the LiDAR point cloud along 


the road surface paralleling 


the study reach were also 


analyzed using the same 


point-to-point method. 


While LiDAR was able to pen-


etrate heavily vegetated 


banks, data from these areas 


provided more noise than in-


channel or floodplain areas.  


DESCRIPTION 


Figure 1. An overview map illus-
trating the current extent of vali-
dated 1m bathymetric LiDAR cov-
erage. Two callouts show high-
resolution 1m DEM supported by 
LiDAR point cloud within the two 
morphologically distinct control 
reaches. 
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Status & 


Trends 







Lemhi River Bathymetric LiDAR 


Figure 2. Existing outputs from a 1-
dimensional water accumulation Mike Basin 
model compared to USGS measured flow 
gauge data.  


Current project goals include leveraging Mike 
Basin outputs to calibrate and set boundary 
conditions for a 2-dimensional model for the 
entirety of the mainstem Lemhi River, includ-
ing tributary inputs and diversions. 


Modeling various flows during different peri-
ods will allow basin managers to assess 
changes in anadromous fish habitat using 
weighted usable area calculations, bioener-
getics approaches, and analysis of the center-
line profile to gain a better understanding of 
habitat distribution and suitability.  


Citations: Benjankar, R., Tonina, D., Marzadri, A., McKean, J., & Isaak, D. J. (2016). Effects of habitat 
quality and ambient hyporheic flows on salmon spawning site selection. Journal of Geophyisical Re-
search: Biogeosciences, 1222-1235. 


Hilldale , R. C., & Raff, D. (2007). Assessing The Ability of Airborne LiDAR to Map River Bathymetry. 
Earth Surface Processes and Landforms. 


Leskens , J. G., Kehl, C., Tutenel , T., Kol, T., de Haan, G., Stelling, G., & Eisemann, E. (2015). An interac-
tive simluation and visualization tool for flood analysis usable for practitioners. Mitigation and Adapta-
tion Strategies for Global Change, 1-18. 


Lyon, S. W., Nathanson, M., Lam, N., Dahlke, H. E., Rutzinger, M., Kean, J. W., & Laudon, H. (2015). Can 
Low-Resolution Airborne Laser Scanning Data Be Used to Model Stream Rating Curves? Water, 1324-
1339. 


Mandlburger, G., Pfennigbauer, M., Steinbacher, F., & Pfeifer, N. (2011). Airborne Hydrographic LiDAR 
Mapping-Potential of a new technique for capturing shallow water bodies. 19th International Congress 
on Modelling and Simulation. 


McKean, J., Tonina, D., Bohn, C., & Wright, C. W. (2014). Effects of bathymetric lidar errors on flow 
properties predicted with a multi-dimensional hydraulic model. Journal of Geophysical Research: Earth 
Surface, 644-664. 


McKean, J. A., Isaak, D. J., & Wright, C. W. (2008). Geomorphic controls on salmon nesting patterns 
described by a new, narrow-beam terrestria-aquatic Lidar. Frontiers in Ecology and the Environment, 
125-130. 


McKean, J., Isaak, D., & Wright , W. (2009). Improving Stream Studies With a Small-Footprint Green 
Lidar. Eos., 341-342. 


Montealegre, A. L., Lamelas, M. T., & de la Riva, J. (2015 ). A comparison of Open-Source LiDAR Filtering 
Algorithms in a Mediterranear Forest Environment. IEEE Journal of Selected Topics in Applied Earth 
Observations and Remote Sensing , 4072-4085. 


Wyrick, J. R., & Pasternack, G. B. (2016). Revealing the natural complexity of topographic change pro-
cesses through repeat surveys and decision-tree classification. Earth Surface Processes and Landforms, 
723-737. 
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QUICK FACTS 


POC: Richie Carmichael, QCI, 
University of Idaho 


Development Team: Richie 
Carmichael, Chris Beasley, 
Daniele Tonina, Rohan Ben-
jankar, Jim McKean  


Current Status: Operational 


Funding source: ISEMP, Idaho 
Office of Species Conserva-
tion, Bureau of Reclamation, 
University of Idaho, United 
States Forest Service Rocky 
Mountain Research Station  







ISEMP and CHAMP PRODUCT SUMMARY  


Steam Temperature Estimation  
USING REMOTELY SENSED LAND SURFACE TEMPERATURE  


FINDINGS AND USES 


The stream temperature 
models provide the ability to: 


 Estimate current tempera-
ture conditions for large 
areas throughout the year, 
and identify spatially-
patchy hot and cool areas 
that can be used to map 
and quantify temperature 
conditions specific to indi-
vidual salmonid life stages.    


 Compare spatial and tem-
poral patterns among years 
to assess stream tempera-
tures in cold-wet, average, 
and hot-dry years.  


 Estimate potential stream 
temperatures through in-
corporation of vegetation 
inputs that reflect potential 
vegetation structure (e.g., 
height), which can be com-
pared to current conditions 
and used to identify and 
prioritize areas with poten-
tial for thermal restoration.  


 Evaluate potential restora-
tion and climate impacts 
on stream temperature by 
changing inputs to reflect 
the kind, degree, and loca-
tion of future restoration 
along the network.  


Remotely sensed Land Surface Temperature *LST+ data from a NASA satellite platform (MODIS) are used 


to estimate 8-day mean, maximum and minimum stream temperature for every confluence-to-


confluence reach in watersheds of interest. Models are run for each year and 8-day summaries of hourly 


water temperature data from loggers are used to parameterize and validate each model.  


Stream temperatures are estimated using LST, Julian day, and elevation as predictor variables, and are 


split by year and season based on the annual maximum temperature within the year (Figure 1). This ap-


proach generates robust, spatially continuous estimates of stream temperature every 8 days for entire 


watersheds from spatially and temporally patchy observational data (McNyset et al. 2015). 


DESCRIPTION 
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Status & 


Trends 


Figure 1. 8-Day mean temperature estimate for the Entiat River, Julian day 209, 2013. 
Similar estimates are available every 8 days for each year modeled. 







Stream Temperature Estimation 


Citation: McNyset, KM, CJ Volk, CE Jordan. 2015. Developing an effective model for predicting 
spatially and temporally continuous stream temperatures from remotely sensed land surface 
temperatures. Water 7: 6827-6846. 
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CLIMATE AND YEAR TO YEAR 


VARIATION 


Annual models have provided insight into 


the effects of extreme and common climate 


conditions on stream temperature (Figure 


2). Years have been characterized based on 


air temperature and precipitation to provide 


context for stream temperature response 


across years. If we can characterize what 


stream temperature looks like under ex-


treme and typical climate conditions, we can 


then understand what we expect under his-


torically “typical” conditions, and make rea-


sonable estimations of stream temperature 


profiles under potential or more extreme 


conditions. Year to year comparisons are 


also helpful for identifying consistent spatial 


and temporal patterns across the network. 


Figure 2. 8-day mean temperature estimate for the Wenatchee River for Julian 
day 249 across 2012-2014 (animation link: https://youtu.be/ijJojnMEGTo) 


These simple models are successful because LST provides a ‘lump sum’ accounting of complex landscape-scale factors that affect stream 


temperature, such as aspect and climate. Since stream temperature is also affected by local factors that may not be reflected in LST, our 


recent model work has successfully explored incorporation of riparian vegetation into the models and we are exploring incorporation of 


discharge and floodplain/complexity into the model. Manipulation of these factors will allow estimation of past and future stream tempera-


tures as a result of climate change and restoration activities. For example, how many stream kilometers or area of a watershed needs to 


have vegetation restored to potential conditions to affect stream temperature? Will restoration efforts be as effective in cooler years as hot 


years?   


URL 


https://github.com/SouthForkResearch/StreamTemperature/wiki 


Sample temperature movies: 


https://www.youtube.com/channel/UCSn8_gq--OyVA9EhFDECBFg 


QUICK FACTS 


POC: Carol Volk, South Fork 
Research  


Development Team: Kristina 
McNyset, Carol Volk, Chris 
Jordan  


Current Status: Production. 
Weekly temperature esti-
mates are available upon re-
quest.   


Funding source: CHaMP/
ISEMP 



https://www.youtube.com/channel/UCSn8_gq--OyVA9EhFDECBFg





ISEMP and CHAMP PRODUCT SUMMARY 


Instream PIT Tag Detection Systems (IPTDS)


FINDINGS AND USES


IPTDS provide important 
abundance information to 
monitor spring/summer Chi-
nook salmon and steelhead 
populations throughout the 
interior Columbia River.  


Automated systems (IPTDS, 
PTAGIS, Data-Manager) now 
allow the combination of PIT 
tag interrogation data from 
virtually any source (carcass 
surveys, weirs, arrays, etc.) to 
improve precision and reduce 
potential bias accompanying 
PIT-tag-based estimates of 
sex- and age-structured adult 
distribution, abundance, and 
survival.   


When leveraged with biologi-
cal information collected at 
mainstem hydropower facili-
ties, these advanced systems 
provide unprecedented moni-
toring data to inform future 
conservation assessments.  


Instream PIT Tag Detection Systems (IPTDS) provide a powerful tool for estimating escapement for 


spring/summer Chinook salmon and steelhead. ISEMP has been integral to the support and develop-


ment of IPTDS infrastructure throughout the interior Columbia River Basin for many years. Currently, 


ISEMP operates 67 IPTDS distributed across the Snake River (32), upper Columbia River (29), and John 


Day River (6). Snake and upper Columbia IPTDS leverage downstream adult PIT tagging and biological 


sampling at mainstem hydropower facilities (Lower Granite and Priest Rapid dams), and the subsequent 


detection of PIT tags at upstream IPTDS, to generate sex- and age-structured escapement estimates at 


the population, sub-population, and tributary scales (Figure 1). In addition, environmental data from 


probes operated at IPTDS have been used to develop models relating air and water temperature, esti-


mate detection efficiency as a function of water depth, and monitor discharge in support of water trans-


actions. 


DESCRIPTION 
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Status 


& Trend 


Figure 1. PIT tag detection locations including weirs (yellow) and IPTDS (red) used to generate sex and 
age structured adult escapement estimates in the Snake River.  







Instream PIT Tag Detection Systems (IPTDS)
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Figure 2. Screenshot depicting the manner in which diagnostic data (site input voltage in this example) are displayed in the Data-Manager 
(Biomark, Inc.).  


QUICK FACTS


POC: Chris Beasley, QCI 


Development Team: Rick 
Orme, Gabriel Brooks, An-
drew Murdoch, Chris Beasley, 
Steve Anglea 


Current Status: Production 


Funding source: ISEMP and 
Biomark, Inc. 


ISEMP collaborated with Biomark, Inc. to develop a cloud-based system to support remote data collec-


tion and quality control via satellite, cellular, land-line, or Ethernet connection. This system automatically 


contacts IPTDS to download interrogation, diagnostic, and environmental data at user-specified inter-


vals. The interrogation data (PIT tag codes, time, and date stamp) are automatically parsed and uploaded 


to the PIT Tag Information System (PTAGIS). Corresponding diagnostic and environmental data are 


stored in the Biomark, Inc. Data-Manager (Figure 2). This web-based interface enables users to query 


interrogation, diagnostic, and environmental data; provides summaries of diagnostics and environmental 


data; and generates automated e-mail alerts when diagnostic data indicate equipment, power, or com-


munication failures. The near real-time access to diagnostic data and automated alerts reduce long-term 


maintenance costs and provides a quantitative means to evaluate data integrity. 







ISEMP and CHAMP PRODUCT SUMMARY 


Mark-Recapture Survival Estimation 
TECHNIQUES TO IMPROVE ACCURACY AND PRECISION 


FINDINGS AND USES 


In order to determine what 
juvenile survival currently is 
or has changed due to resto-
ration, we need to accurately 
and precisely estimate these 
values.  


Using the same data and two 
approaches, ISEMP has 
demonstrated that the ana-
lytical methods used to esti-
mate survival can be done 
more effectively using non-
traditional methods.    


As salmon and steelhead move through the hydrosystem on their migration to or from the sea, dams 


fitted with PIT tag antennas allow detection of tagged fish at specific times and locations. Therefore, 


application of a Comack-Jolly-Seber (CJS) model to estimate survival between discrete events is appro-


priate. PIT tag technology (e.g. instream PIT tag antennas, mobile antenna, and recaptures) is now com-


monly applied in tributaries where these fish rear. Generally, fish are captured, tagged, and released 


during a single sample event, and then this is repeated on another sampling event at a later time. This 


discrete event information is often supplemented with continuous information from tributary PIT tag 


arrays that are always running and record fish potentially away from their tagged location. The CJS mod-


el was not designed to evaluate information from both continuous and discrete events.   


To address this, ISEMP employed a Barker model that uses mark-recapture (discrete events), and re-


sighting (detections between events) to estimate survival and movement (Conner et al. 2015). This mod-


el produced very different estimates of survival than the CJS model. To evaluate which model was more 


accurate and precise, we simulated data where we defined truth, and then tested each model’s ability 


to estimate this “true” survival. The Barker model’s estimates of survival were far more accurate and 


precise than CJS model estimates (Figure 1). Therefore, ISEMP has recommended the Barker model for 


estimating tributary survival where there has been an investment of PIT tag infrastructure.  


DESCRIPTION 
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Status & 


Trends 


Figure 1. Relationship between the number of 
fish marked (n), and recapture probability (p) 
and a) the estimated relative bias in apparent 
survival (ɸ) from the Cormack-Jolly-Seber 
model or b) in (S) from the Barker model.  


QUICK FACTS 


POC: Nick Bouwes, ELR 


Development Team: Nick 
Bouwes, Carl Saunders, Mary 
Conner, Steve Bennett, Nick 
Weber, Chris Jordan 


Current Status: Published 


Dependencies: Data from PIT 
tagging infrastructure  


Funding: ISEMP 
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Citations: Conner, M. M., S. N. Bennett, W. C. Saunders, and N. Bouwes. 2015. Comparison of Tributary Survival Estimates of Steelhead us-


ing Cormack–Jolly–Seber and Barker Models: Implications for Sampling Efforts and Designs. Transactions of the American Fisheries Society 


144:34-47. 


Conner, M. M., W. C. Saunders, N. Bouwes, and C. Jordan. 2016. Evaluating impacts using a BACI design, ratios, and a Bayesian approach 


with a focus on restoration. Environmental Monitoring and Assessment 188:555. 


Mark-Recapture Survival Estimation 


ISEMP extended both this survival estimation technique and abundance estimates via mark-recapture to 


use in a framework to evaluate the benefits of restoration (Conner et al. 2016). First, a before-after-


impact-control (BACI) design was used to collect information in locations with and without restoration 


and compare the difference pre- and post-restoration. Then, a Bayesian approach was used to evaluate 


survival and abundance response to restoration. Pre- vs. post-restoration changes were compared be-


tween treatment and control watersheds using a ratio, resulting in an easy to interpret metric (e.g., a 


change of 1.5 in the treatment vs. the control after the restoration is equivalent a 50% improvement).  


Bayesian probabilities are more easily translated into probabilities we commonly think in, where as tra-


ditional frequentist probabilities are far more abstract. In the Bridge Creek Intensively Monitored Water-


shed, for example, we reported that 3 years after the restoration there was an 88% probability that sur-


vival increased by >30% (most likely estimate was 36%).   







ISEMP and CHAMP PRODUCT SUMMARY 


Spatially Continuous Mark-Recapture Sampling and Analysis


FINDINGS AND USES 


Spatially continuous fish cap-
ture/recapture surveys 
should be considered when 
access is limited, higher preci-
sion is required, or when sites 
cannot be block netted to 
avoid immigration/
emigration between sampling 
events.  


Spatially continuous sampling 
can be more cost-effective 
than site-based sampling, 
particularly when river access 
is limited. The capture proba-
bilities that are generated for 
each of the geomorphic habi-
tat types can be applied to 
first pass fish counts at vari-
ous reach sizes to decrease 
subsequent sampling effort, 
and to establish a link be-
tween fish abundance and 
habitat features that can be 
applied at almost any reach 
length with minimal bias and 
uncertainty. 


DESCRIPTION 
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Trends 


Sampling for fish density and abundance at a site scale (as defined by the CHaMP protocol) often vio-


lates the closed population assumption in standard mark-recapture models, as fish movement can (and 


largely will) exceed the upper and lower extent of the site survey (Figure 1). To address this bias ISEMP 


designed and implemented spatially continuous sampling methods that involve sampling a reach in a 


continuous upstream fashion, thereby treating its entirety as one stratum (Figure 2). Each fish observa-


tion is georeferenced so that location and count information can be attributed to smaller reaches, 


based on the Beechie geomorphic classification, in a GIS layer during post-processing. Observations 


within each geomorphic type can be used to estimate fish abundance and capture probability for each 


of the habitat types, along with associated uncertainty, using an array of methods that account for the 


movement between each stratum (e.g., Darroch and Schaefer). Estimated capture probabilities can be 


applied to unsampled reaches of the same geomorphic classification type using a spatially continuous 


design to generate metrics for areas with, for example, restricted access due to landowner denial 


(Figure 3).   


Figure 1. The extent of steelhead movement in tributaries during a 1-4 day mark-recapture event in 
the Lemhi River subbasin commonly exceeded the typical CHaMP site survey extent (~120 meters; 
dashed line). 







Spatially Continuous Mark-Recapture Sampling and Analysis


Citations: Arnason, A. N., C. W. Kirby, C. J. Schwarz, and J. R. Irvine. 1996. Computer analysis of data from stratified mark-recovery experi-
ments for estimation of salmon escapements and other populations. Can. Tech. Rep. Fish. Aquat. Sci. 2106: vi+37 p.  Program SPAS. 


Beechie, T.J., M. Liermann, M.M. Pollock, S. Baker, and J. Davies. 2006. Channel pattern and river-floodplain dynamics in forested mountain 
river systems. Geomorphology. 78(1-2): 124-141.  


Hall, J.E., D.M. Holzer, T.J. Beechie. 2007. Predicting river floodplain and lateral channel migration for salmon habitat conservation. Journal 
of the American Water Resources Association. 43(3): 1-12.  


Montgomery, D.R. and J.M. Buffington.1997. Channel-reach morphology in mountain drainage basins. GSA Bulletin. 109(5): 596-611. 
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Figure 3. Comparison of variability, measured 
as the coefficient of variation (CV), between 
the GRTS site-scale design and the spatially 
continuous design. Tributaries without a CV 
measurement lacked fish presence and cap-
ture data at more than one site. 


QUICK FACTS 


POC: Braden Lott, QCI 


Development Team: Braden 
Lott, Chris Beasley, Kevin See 


Current Status: Operational 


September 2017 Status: Vali-
dation against a larger da-
taset. 


Dependencies: CHaMP habi-
tat sampling  


Funding source: ISEMP 


Figure 2. Map of the Lemhi River subbasin showing areas that 
were sampled continuously in 2015 and the GRTS sites that 
were monitored by CHaMP either in 2016 or other panel years. 
Areas not sampled were due to either landowner denial or 
time restrictions. These unsampled areas are captured within 
sampled areas having the same Beechie classification. 







ISEMP and CHAMP PRODUCT SUMMARY 


State-Space Adult Dam Escapement (STADEM) and 


Dam Adult Branch Occupancy (DABOM) Models


FINDINGS AND USES 


STADEM provides unbiased 
estimates of total escape-
ment at LGR for both Chinook 
and steelhead species under 
a wide-range of scenarios, 
with high coverage probabil-
ity.  


It also provides unbiased esti-
mates of tributary escape-
ment with high coverage 
probabilities, and has been 
validated against independ-
ent estimates of tributary 
escapement (e.g., weirs).  


The STADEM and DABOM 
models can be used with bio-
logical information (length, 
sex, age, and genetics) from 
other BPA projects to inform 
management of natural-
origin Chinook salmon and 
steelhead in the Snake River 
basin.  


Results can also be used to 
inform conservation status 
and population viability anal-
yses. 


The STADEM model estimates total escapement of spring/summer Chinook salmon and steelhead 


crossing Lower Granite Dam (LGR). Total escapement includes estimates of uncertainty and is parsed 


into weekly strata for three origin groups: natural-origin, hatchery (clipped), and hatchery (unclipped). 


The DABOM model estimates adult escapement of natural-origin spring/summer Chinook salmon and 


steelhead in various tributaries within the Snake River basin above LGR. Together, these models pro-


vide robust estimates of escapement for natural-origin spring/summer Chinook to populations and sub-


populations throughout the Snake River basin (Figure 1). 


DESCRIPTION 
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Trends 


STADEM 
The STADEM model uses two independent ob-


servations of the true number of fish crossing the 


dam, 1) window counts at LGR and 2) trap catch 


data from the adult sampling facility at LGR, and 


integrates them in a state-space model with a 


weekly time-step. Moreover, STADEM uses infor-


mation from adults PIT tagged prior to arriving at 


LGR crossing the dam each week to account for 


night-time passage and fallback-and-reascension 


at LGR.  


DABOM 
The DABOM model uses information on 1) natu-


ral-origin total escapement estimates at LGR 


(e.g., from the STADEM model), and 2) infor-


mation from adults PIT tagged at LGR that are 


subsequently detected at Instream PIT Tag De-


tection Systems (IPTDS) throughout the Snake 


River basin to estimate spawning escapement 


into populations and sub-populations of spring/


summer Chinook salmon and steelhead. In addi-


tion, the DABOM model can incorporate biologi-


cal information taken from individual fish at the 


adult trap (provided by BPA projects 1991-073-


00, 1990-055-00, and 2010-026-00 in the 


LGTrappingDB) to provide age and sex composi-


tion and length frequency for specific popula-


tions, as well as total wild escapement.  







28 


State-Space Adult Dam Escapement (STADEM) and Dam Adult Branch Occupancy (DABOM) Models


QUICK FACTS 


POC: Kevin See, QCI 


Development Team: Kevin 
See, Mike Ackerman, Ryan 
Kinzer, Rick Orme, Chris 
Beasley  


Current Status: Both models 
are prototypes. They exist as 
R-scripts and JAGS model
files. We are currently devel-
oping additional R-scripts and
functions to automate pro-
cesses. Our goal is to develop
an R-package posted to
www.github.com with code
documentation. 


September 2017 Status: 
STADEM and DABOM opera-
tional. 


Dependencies: Lower Granite 
Dam (LGR) window counts, 
LGR trapping database 
(LGTrappingDB), PTAGIS, 
DART 


Funding source: ISEMP 


Figure 1. Estimates of escapement for natural-origin spring/summer Chinook to populations and sub-
populations throughout the Snake River basin using the STADEM and DABOM models. Boxes depict plus/
minus one standard error, while whiskers show 95% credible intervals.  



http://www.github.com





ISEMP and CHAMP PRODUCT SUMMARY 


Modeling Juvenile Survival to Lower Granite Dam using TribPIT 


FINDINGS AND USES 


Juvenile capture/recapture 
surveys can be combined in  
TribPIT to estimate survival 
wherever juveniles reside, so 
managers can identify what 
life-history tactics are associ-
ated with the highest rate of 
survival to downstream moni-
toring locations.  


Spatially explicit estimates 
can be used to identify the 
types and locations of resto-
ration actions that might 
most improve average juve-
nile survival. 


Spring/summer Chinook salmon and steelhead exhibit a range of emigration behaviors. For example 


Chinook salmon may rear in their natal reach or move to larger tributary or mainstem areas. Under-


standing how these life history strategies influence survival is an important consideration when deter-


mining the locations and types of habitat restoration that might best benefit a given population. Rotary 


screw traps estimates can best be described as an estimate of what survived to reach the trapping loca-


tion, as opposed to a direct measure of life-stage specific survival. 


To estimate survival by life-history strategy, cohorts belonging to a given brood year can be input into 


the program TribPit (Columbia Basin Research), which takes into consideration annual movement from 


cohort-based released groups through stages in the hydroelectric system. TribPit utilizes queries from 


Data Access in Real Time (DART) system to summarize PIT tag observations at key locations throughout 


the hydro system. To increase 


overall observations and de-


tection probability in certain 


areas, we developed a script 


using R-code that combines 


live recaptures from electro-


fishing surveys and rotary 


screw traps in the Lemhi sub-


basin to improve estimates of 


seasonal survival rates and 


account for all emigration 


strategies.  


DESCRIPTION 


Figure 1. Example of a site and year configuration where TribPit will 
estimate Chinook survival for each of the pathways and detection 
probabilities at each key location. 


29 


Status & 


Trends 


Citations: Lady, J., Skalski, J.R., Buchanan, R., (2014). Program TribPit. Cohort Analysis of Juvenile Salm-
onid Movement and Survival in Tributaries.  Columbia Basin Research. School of Aquatic & Fishery Sci-
ence. University of Washington. 


Columbia River DART (Data Access in Real Time). (2017). Columbia Basin Research. School of Aquatic & 
Fishery Science. University of Washington.  http://www.cbr.washington.edu/dart/query/
pit_basin_branching. 


QUICK FACTS 


POC: Braden Lott, QCI 


Development Team: Braden 
Lott, Chris Beasley, Jody 
White 


Current Status: Tool: Opera-
tional; QA/QC Review: Manu-
al; Testing: Validated; Data 
Generation: Automated; 
Cloud: Manual 


September 2017 Status: 
Complete validation against a 
larger dataset. 


Dependencies: ISEMP remote
-site juvenile surveys and
Lemhi rotary screw traps,
Program TribPit


Funding source: ISEMP 







ISEMP and CHAMP PRODUCT SUMMARY 


Action Impact Effect Sizes 


In order to measure restoration effectiveness, Before-After-Control-Impact (BACI) designs  are intermin-


gled with the GRTS stratified sampling framework in some CHaMP watersheds. Doing this enables not 


only the estimation of watershed-level status and trend, but also model-based analyses to estimate the 


size of effect that reach-level restoration treatments have on CHaMP metrics. 


For example, in each of the Tucannon, Yankee Fork, and Entiat watersheds, a BACI design was applied to 


define a qualified subset of sites that were randomly assigned as either a control site (to be left untreat-


ed) or a treatment site (where one or more actions will be implemented). The restoration actions that 


are applied at treatment sites may occur at different times. Not all BACI designs are identical across wa-


tersheds. For instance, in some watersheds treatment-control sites are paired while in others there is 


no site-level pairing. 


All sites in the BACI subset are sampled before any receive treatment and again after treatment is ap-


plied. A longitudinal mixed-effects model is fit to the watershed data. Select CHaMP metrics act as the 


response variables for each model fit (Table 1). The fixed effects that are evaluated include treatment 


and year (to account for year-year trends common to all sites); random effects may include CHaMP site 


and year. Because the data are time series data, a temporal autocorrelation model is included for re-


peat measurements at each site.    


DESCRIPTION 


Table 1. Example results for the effects of the addition of 
large wood at qualifying sites in experimental reaches in 
the Tucannon watershed. We found statistically signifi-
cant increases (*) in large wood volume, both bankfull 
and wetted. There were no statistically significant changes 
in other CHaMP metrics tested; however, we may expect 
treatment impacts to accrue over time as processes such 
as scour and deposition occur.   
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Metric Effect Std. Error LCB95 UCB95 


Bankfull volume 143.7 217.5 -282.5 570.0 


Drift biomass 0.0 0.0 0.0 0.0 


Fish cover - total -5.2 4.1 -13.2 2.8 


Fast non-turbulent vol. -32.6 52.9 -136.4 71.1 


Fast turbulent vol. 27.1 64.6 -99.5 153.7 


Large wood vol. - bankfull (*) 38.7 7.6 23.8 53.7 


Large wood vol. - wetted (*) 27.0 6.6 14.1 39.9 


Residual pool depth 0.1 0.1 -0.1 0.2 


Slow water vol. 74.5 69.8 -62.4 211.3 


Substrate - D50 5.2 3.9 -2.4 12.8 


Substrate - est. cobble -7.2 4.1 -15.3 0.9 


Substrate - est. gravel 8.9 4.5 0.2 17.7 


Substrate - est. sand/fines -1.2 3.3 -7.8 5.3 


Substrate - less than 2mm 0.8 3.3 -5.6 7.3 


Wetted vol. 57.0 55.2 -51.2 165.3 


FINDINGS AND USES 


Direct assessment of the 
effects of restoration is criti-
cal for understanding which 
treatments produce desired 
results, and to what degree.  


When BACI designs are used 
with statistically appropriate 
analyses, they result in quan-
titative information that man-
agers can use to evaluate 
habitat improvement actions 
and guide future restoration 
priorities. 


QUICK FACTS 


POC: Matt Nahorniak, SFR 


Development Team: Matt 
Nahorniak, Carol Volk, Pame-
la Nelle, Steve Fortney, Boyd 
Bouwes, Steve Bennet, Andy 
Hill  


Current Status: Operational 


Funding source: ISEMP/
CHaMP 







ISEMP and CHAMP PRODUCT SUMMARY 


Hydraulic Modeling 


QUICK FACTS 


POC: Matt Nahorniak, SFR 


Development Team: Matt 
Nahorniak, Joe Wheaton, 
Carol Volk, Philip Bailey, Kelly 
Whitehead, Eric Wall  


Current Status: Production 


Funding source: ISEMP/ 
CHaMP 


Hydraulic models are being used to quantify stream flow characteristics for CHaMP and AEM sampled 


sites. These models estimate depths and velocities for a continuous, high resolution, 10cm grid for an 


entire site. Depths and velocities can then be used  in conjunction with substrate, large wood, fish cover, 


and other habitat characteristics to estimate fish habitat capacity in Habitat Suitability or energetics 


models.  


The CHaMP hydraulic model has also been used to assess how depths and velocities change at low and 


high flows, and in response to restoration actions. Running the hydraulic model at non-measured flows 


can provide insight into habitat availability and conditions at critical life stages that may be difficult or 


inefficient to physically measure. Lastly, reach bathymetry and structure locations can also be altered 


manually to predict and optimize placement of in-stream structures. 


Hydraulic models have been generated for more than 900 reaches with CHaMP habitat data using a 


semi-automated, streamlined process. A small validation study in 2013 showed modeled velocities and 


depths are, in most cases, in excellent agreement with measured velocity and depths. This suggests the-


se hydraulic models are precise and accurate, and adequately support efforts to link stream hydraulics 


to habitat conditions. All model outputs will be available on champmonitoring.org in Summer 2017. 


DESCRIPTION 
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Figure 1. Hydraulic modeling results for a recirculating eddy in a pool. Arrows indicate 
velocity direction and color indicates depth.   


MODEL OUTPUTS 


Velocity vectors and depths. All data used 


to generate model inputs are collected by 


default under the CHaMP protocol.  


FINDINGS AND USES 


Hydraulic modeling provides: 


 High resolution depth
and velocity inputs nec-
essary to estimate adult
and juvenile habitat car-
rying capacity


 Best-available within site
estimates of water depth
and velocities at non-
measured flows that can
be difficult and time con-
suming to measure.


 An easy tool for evalu-
ating pre- and post-
hydraulic and habitat
capacity changes due to
restoration structures.
Modifying topographic
inputs to the hydraulic
model and re-running
the model can predict
potential effects of resto-
ration on water depths
and velocities.


MODEL INPUTS


Topographic surfaces (digital elevation 


models), estimates of surface roughness 


based on pebble size distributions, and 


discharge.  







ISEMP and CHAMP PRODUCT SUMMARY 


Ecohydraulic Models 
DESCRIBING HABITAT QUALITY AND ESTIMATING CARRYING CAPACITY FOR JUVENILE SALMONIDS 


FINDINGS AND USES 


Data collected using the 
CHaMP protocol has allowed 
for application of a Net Rate 
of Energy Intake (NREI) eco-
hydraulic model to: 


 Predict potential im-
provements to carrying
capacity as the result of
restoration actions,


 Help identify types of
restoration actions and
areas where such actions
can be most cost-
effective, and


 Allow for eventual ex-
trapolation to the net-
work scale to help deter-
mine the most cost-
effective restoration ac-
tions and where to apply
them.


This approach can be up-
scaled to address population-
level predictions, and was 
recently used in overall life-
cycle assessment of steel-
head population persistence 
following a large-scale resto-
ration effort in the Middle 
Fork of the John Day River in 
Central Oregon (Wheaton et 
al. 2017).    


The ability to predict the effects of stream restoration or extrapolate knowledge gained to new situa-


tions is highly dependent on the degree to which a model represents actual mechanisms. Ecohydraulic 


fish habitat models that are mechanistically based have successfully predicted fish location and abun-


dance. In ISEMP and CHaMP, we developed a monitoring protocol that allows for the use of net rate of 


energy intake (NREI; energy gains through capture and consumption of drifting invertebrates minus en-


ergy cost through swimming to maintain a foraging position) models, where temperature and food 


availability (drift) is used as supporting information to hydraulic models to estimate habitat quality and 


carrying capacity.  


The NREI model uses a foraging model that incorporates depth, velocity and prey abundance (drifting 


invertebrates) to predict prey encounter rates, capture success, and consumption rates at locations 


throughout the modeled hydraulic environment of a reach. Bioenergetics models then estimate gross 


rate of energy input (GREI) from prey consumed and swimming costs (SC) at the focal velocity under a 


given temperature, with GREI-SC=NREI. To estimate carrying capacity, the highest NEI value on each 


modeled cross section is compared to a user-defined NEI threshold and locations meeting or exceeding 


the NEI threshold (e.g., NREI>0) receive a fish. A minimum distance between fish is set by the fish terri-


tory size. Placement proceeds downstream until the last location has been evaluated for fish placement, 


with carrying capacity equal to the sum of all fish in the reach (Figure 1).  
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Figure 1. (A) Depth and velocity estimated from a 2.5D hydraulic model (B) spatially explicit prediction of 
NREI based on foraging and swim cost models (C) predicted locations of fish based on NREI values great-
er than zero and territory size. From Wall et al. 2015.   
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Citations: Wall, C. E., N. Bouwes, J. M. Wheaton, S. N. Bennett, W. C. Saunders, P. A. McHugh, and C. E. Jordan. 2016. Design and monitoring 


of woody structures and their benefits to juvenile steelhead (Oncorhynchus mykiss) using a net rate of energy intake model. Canadian Jour-


nal of Fisheries and Aquatic Sciences:1-12. 


Wall, C. E., N. Bouwes, J. M. Wheaton, W. C. Saunders, and S. N. Bennett. 2015. Net rate of energy intake predicts reach-level steelhead 


(Oncorhynchus mykiss) densities in diverse basins from a large monitoring program. Canadian Journal of Fisheries and Aquatic Sciences. 


Wheaton, J. M., P. McHugh, N. Bouwes, C. Saunders, S. Bangen, P. Bailey, M. Nahorniak, E. Wall, and C. Jordan. 2017. Upscaling Site-Scale 


Ecohydraulic Models to Inform Salmonid Population-Level Life Cycle Modelling and Restoration Actions – Lessons from the Columbia River 


Basin. Earth Surface Processes and Landforms: n/a-n/a. 


Ecohydraulic Models 


Validation work utilizing CHaMP/ISEMP data sets has shown that NREI-predicted capacities were posi-


tively correlated with observed densities (Figure 2). Additionally, the NREI model can be used to provide 


an energetic, mechanistic understanding of the consequences of habitat restoration (e.g., wood addi-


tion).  


Figure 2. Linear regression between 
observed and predicted steelhead 
densities that shows that NREI-
predicted capacities are positively 
correlated with observed densities.  


QUICK FACTS 


POC: Nick Bouwes, ELR 


Development Team: Carl 
Saunders, Joe Wheaton, Pete 
McHugh, Eric Wall, Chris Jor-
dan  


Current Status: Production, 
published 


Dependencies:  CHaMP sur-
vey, DEM generation, hydrau-
lic models  


Funding: ISEMP, Asotin 







ISEMP and CHAMP PRODUCT SUMMARY 


Ecohydraulic Models 
DESCRIBING HABITAT QUALITY AND ESTIMATING CARRYING CAPACITY FOR ADULT SALMONIDS 


FINDINGS AND USES 


Fuzzy Inference Systems (FIS) 
can be used to develop habi-
tat suitability curves that are 
more robust with imprecise 
data, can incorporate expert 
knowledge, and can repre-
sent more complex relation-
ships than traditional HSI 
models; however, HSI models 
remain a valuable tool for 
making accurate predictions 
of potential redd locations.  


ISEMP and CHaMP have de-
veloped and automated both 
HSI and FIS ecohydraulic 
spawner models across all 
CHaMP site surveys.  


Using the CHaMP Work-
bench, anyone can quickly 
and easily pull CHaMP data 
and run the models to evalu-
ate potential improvements 
to carrying capacity due to 
specific restoration actions. 


Much of the fish habitat information used to develop empirical fish capacity models is coarsely resolved, 


often based on surrogate variables for the actual environmental cues to which fish are responding. For 


example, correlations between fish density and geomorphic units (e.g., pools, riffles) are commonly 


used to estimate fish abundance. Fish are likely not responding to the geomorphic units, but rather to 


spatial patterns of depths and velocities. Additionally, relationships between these coarser habitat fea-


tures and discharge are difficult to quantify and thus cannot inform evaluations of flow or restoration 


alternatives. Ecohydraulic fish habitat models have addressed these challenges and successfully predict-


ed fish location and abundance.  


Habitat suitability index models (HSI) in conjunction with hydraulic models have been used extensively 


to evaluate how changes in stream discharge influence the availability of usable microhabitats for sever-


al species of fish across multiple life stages. PHABSIM is the most popular of these models. Generally, 


frequencies of fish use (e.g., observed through redd surveys) of particular depth, velocity, substrate, and 


occasionally cover values, are used to develop habitat suitability curves. The habitat suitability curves 


are then used to weigh measured or modeled habitat features in a reach to estimate weighted usable 


area (WUA). As higher resolution data within reaches become increasingly more feasible to collect, 


models can describe detailed spatial patterns of microhabitat quantity and quality. Further, the carrying 


capacity of a modeled reach, an input to life-cycle models used in the Columbia River Basin, can be esti-


mated by dividing WUA by the territory or redd size required by an individual.    


A criticism of HSI models is that they are site-specific, making extrapolation to other locations unrelia-


ble. For example, if observations of depths used by salmonids to develop habitat suitability curves come 


from a larger stream, this might incorrectly suggest that salmonids cannot use smaller streams where 


maximum depths are less than the minimum depths used by fish in the larger stream. A more robust 


approach is to develop more generalized habitat suitability curves using fuzzy inference systems (FIS). 


FIS are intuitive, flexible in adjusting model parameters and variables, are more robust with imprecise 


data, can incorporate expert knowledge, and can represent more complex multivariate relationships 


than traditional HSI models. When combined with high resolution hydraulic model outputs, FIS-based 


habitat models also provide a spatially explicit depiction of habitat suitability and an estimate of WUA 


(Figure 1), which can be used to estimate carrying capacity as described for traditional HSI models 


above.  
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Ecohydraulic Models 


Figure 1. Comparison of FIS Chinook spawner habitat suitability predictions and observed habitat use 
(2013 and 2014 spawning events, combined) for two CHaMP sites within the John Day River Basin, 
Oregon (Redd locations courtesy of Christopher Bare, Oregon Department of Fish and Wildlife).  


QUICK FACTS 


POC: Nick Bouwes, ELR 


Development Team: Carl 
Saunders, Joe Wheaton, Pete 
McHugh, Sara Bangen, Eric 
Wall, Chris Jordan  


Current Status: Production 


Dependencies:  CHaMP sur-
vey, DEM generation, hydrau-
lic models  


Funding: ISEMP, Asotin IMW 


Another criticism of HSI models is that they do not include important variables such as temperature and 


food availability; however, since spawning salmon are no longer feeding while occupying redds, HSI 


models can provide accurate predictions of potential redd locations. ISEMP and CHaMP have developed 


both HSI and FIS spawner models that are automated across all CHaMP site surveys. In addition, these 


models have been built for the CHaMP Workbench, allowing anyone to quickly and easily pull CHaMP 


data and run the models for project specific evaluations. These models are also being used to help iden-


tify configurations of geomorphic unit types that can be obtained from reach typing and therefore esti-


mated across a stream network that best support redd construction.  


Ecohydraulic models can be used to identify areas where specific types of restoration will likely be the 


most cost-effective. Extrapolation of these reach-scale estimates to the network scale will help deter-


mine the most cost-effective restoration actions and where to apply them. This approach can be used in 


life-cycle assessments of salmonid populations following restoration efforts.  







ISEMP and CHAMP PRODUCT SUMMARY 


Quantile Regression Forest (QRF) Models 
PREDICTING SPRING/SUMMER CHINOOK AND STEELHEAD SUMMER & WINTER PARR CAPACITY 


Estimating carrying capacity for rearing parr and spawning adults, and identifying the habitat character-


istics that influence capacity is a challenging aspect of Chinook and steelhead recovery planning efforts. 


ISEMP is using quantile regression forest (QRF) models to estimate the (potentially) non-linear relation-


ships between fish and habitat, while incorporating interactions between habitat variables.  Moreover, 


QRF models can potentially be used to predict carrying capacity post-restoration to effectively direct 


restoration actions.  
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 CHINOOK SUMMER PARR CAPACITY 
A QRF approach was used to derive empirical estimates of carrying capacity from fish and habitat data 


collected by ISEMP, CHaMP, and several collaborating entities across a range of interior Columbia River 


subbasins and habitats. The predicted 90th quantile of fish density was used as a proxy for capacity. 


Globally available GIS data were used in an extrapolation model to upscale reach-level estimates and 


produce spatially continuous maps of capacity within a watershed. Such extrapolations can produce 


estimates of total capacity, as well as provide indications of where on the landscape restoration actions 


should be targeted. QRF predictions of juvenile Chinook capacity correlated well with independent 


estimates from a spawner-recruit model, providing robust evidence that we are identifying habitat 


factors that limit Chinook densities. For juvenile steelhead, we are evaluating whether fish density or 


biomass is the appropriate response metric and anticipate completing this analysis by September 2017. 


Figure 1. Estimates of spring/summer Chinook 
parr capacity as log(parr/m2) for the Lemhi River 
subbasin. 


FINDINGS AND USES 


QRF models can be used to: 


 Identify important habi-
tat variables associated
with juvenile parr or
adult redd capacity,


 Estimate carrying capaci-
ty from measurements of
those habitat variables,


 Predict potential im-
provements to carrying
capacity due to restora-
tion actions, and help
identify what and where
restoration can be most
cost-effective, potentially
providing a new cost
metric: capacity (or fish)
per dollar.


In combination with models 
of capacity for other life stag-
es such as redds and over-
wintering, QRF can also be 
used to help identify which 
life-stage is most capacity-
limited in a watershed and by 
what habitat limiting factors, 
so that restoration projects 
are targeted  to achieve the 
largest population response.  







ISEMP and CHAMP PRODUCT SUMMARY 


Quantile Regression Forest (QRF) Models 
PREDICTING SPRING/SUMMER CHINOOK AND STEELHEAD SUMMER PARR CAPACITY 
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QUICK FACTS 


POC: Kevin See, QCI 


Development Team: Kevin 
See, Mike Ackerman, Eric 
Buhle, Chris Beasley  


Current Status: Operational 
Spring/Summer Chinook sum-
mer version. R-scripts availa-
ble on GitHub, developing an 
R package.  


September 2017 Status: Op-
erational steelhead summer 
version. 


Dependencies: CHaMP habi-
tat sampling, remote-site 
juvenile fish sampling, spatial-
ly continuous temperature 
models  


Funding source: ISEMP 


 OVER-WINTER PARR CAPACITY 
Based on the validation of the summer parr QRF model, we would like to extend that same framework 


to modeling over-winter capacity. This would be an empirically based estimate of over-winter carrying 


capacity, which relies on pairing habitat sampling and fish surveys. CHaMP habitat data should suffice to 


describe winter habitat; however, because fish may exhibit very different seasonal behavior, and display 


entirely independent fish-habitat relationships between summer and winter, winter fish surveys at 


CHaMP sites are required to fit a winter QRF model. 


To date, we have 43 winter fish surveys (29 in the Entiat, 2 in the John Day, and 12 in the Lemhi) with 


fish data. This is too small a sample size, with not enough variety in habitat (i.e., too few watersheds), to 


fit a reliable QRF model. We hope to increase the number and spatial scope of winter fish surveys in 


future years. 


Figure 2. Winter fish capture in 
the Entiat River. More of this type 
of sampling work is needed to be 
able to build a winter QRF model. 







ISEMP and CHAMP PRODUCT SUMMARY 


Quantile Regression Forest (QRF) Redd Model 
PREDICTING SPRING/SUMMER CHINOOK AND STEELHEAD REDD CAPACITY 


QUICK FACTS 


POC: Mike Ackerman, QCI 


Development Team: Mike 
Ackerman, Kevin See, Richie 
Carmichael, Chris Beasley 


Current Status: Operational 
for spring/summer Chinook.  
R-scripts soon to be available
on www.github.com with
code documentation.


September 2017 Status:   
Operational for steelhead. 


Dependencies: CHaMP data, 
remote-site juvenile surveys, 
spatially continuous tempera-
ture models. 


Funding source: ISEMP 


FINDINGS AND USES 


When used with other QRF 
models, the redd capacity 
QRF model can be used to 
identify habitat limiting fac-
tors (e.g., Is juvenile rearing 
or adult spawning habitat 
limiting productivity?).  


If a CHaMP survey is imple-
mented at a site prior to res-
toration, the redd capacity 
QRF model can also be used 
to evaluate whether a spe-
cific action is cost-effective 
for increasing habitat capaci-
ty for adult spawners. 


Quantile Regression Forest (QRF) models estimate the (potentially) non-linear relationships between 


fish and habitat, while incorporating interactions between habitat variables. QRF models can also de-


scribe the entire distribution of predicted fish densities for a given set of habitat conditions, not just the 


mean expected density. ISEMP is using QRF models to 1) identify important habitat variables associated 


with juvenile parr or adult redd capacity, and 2) estimate current carrying capacity using measurements 


of those habitat variables. Moreover, QRF models can potentially be used to predict carrying capacity 


post-restoration to effectively direct restoration actions. 


Using paired paired redd and habitat data from eight CHaMP subbasins distributed across the interior 


Columbia River, a QRF model was developed to empirically derive estimates of spring/summer Chinook 


redd capacity at the reach (i.e., 1 rkm) scale. Redd data were provided by a variety of co-managers; hab-


itat data were largely provided by CHaMP.  


To date, we have identified habitat covariates collected by CHaMP that are most strongly associated 


with observed redd abundance near CHaMP sites and, using that information, have developed a QRF 


model that can be used to predict redd capacity at all CHaMP sites.  


Finally, we have linked reach-level estimates of capacity to greater spatial scales using an extrapolation 


model based on globally available GIS data. The result are spatially continuous maps of capacity within a 


watershed. Such extrapolations can produce estimates of total capacity, as well as provide indications of 


where on the landscape restoration actions should target. We plan on developing a similar QRF model 


to predict steelhead redd capacities and anticipate this version will be available by September 2017. 
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Figure 1. Estimates of redd 
capacity as log(redd/m) for 
the Lemhi River basin.  



http://www.github.com





ISEMP and CHAMP PRODUCT SUMMARY 


Geomorphic Unit Tool (GUT)


FINDINGS AND USES 


The unit-scale (100 – 101 m) 
has been widely identified as 
a key scale for understanding 
fish habitat use. The GUT 
provides an objective ap-
proach to delineating units. 


GU delineation directly in-
forms the status of salmonid 
habitat by describing what 
physical habitat is present at 
the reach-scale. Fish use of 
GUs may vary by species, life 
stage, and activity (e.g. 
resting, feeding, and spawn-
ing).  


Coupling geomorphic unit 
delineation with repeat topo-
graphic surveys helps inform 
both trend and effectiveness 
monitoring and restoration 
efforts.  


Geomorphic units (GUs) are landforms at the 1-10 m scale with similar shape and flow characteristics.  


Instream and floodplain GUs are generally shaped by the amount of water and distribution of sediments 


through time and space. As such, their form is the result of a particular set of physical and hydrological 


processes. Quantifying changes in GUs through time can aid in interpreting reach-scale behavior (i.e., 


habitat change) and the effects of management actions.    


Currently, the CHaMP protocol uses a two-tiered hierarchical channel unit (CU) classification, which 


does not provide adequate resolution to be able to make important process inferences and may limit 


our ability to quantify fish-habitat relationships. Crews typically survey at baseflow conditions and only 


delineate units within the wetted channel thereby omitting units (e.g., non-wetted bars) that may pro-


vide important habitat for species/lifestages during different seasons/streamflows (e.g., spring steel-


head spawners). Moreover, the field delineation process is arguably subjective as highlighted by analysis 


of annual repeat visits that found inconsistencies in tier 2 CU delineation at different stream discharge 


levels (Ward et al. 2011).   


The semi-automated geomorphic unit tool (GUT) was developed to address these issues and support 


the classification of GUs directly from topographic data (e.g., CHaMP digital elevation models *DEMs+; 


see Figure 1).  
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Advantages of modeling GUs directly from topography include: 


 Ability to classify units within the entire survey extent (i.e., not limited to just the wetted channel)


allowing us to capture key fish-habitats (e.g., bars) and better characterize channel change (e.g.,


bank retreat, side channel formation);


 Greater objectivity due to rule-based unit generation;


 Flexibility in the rule set which, if necessary, can be changed in the future. If the rule set is changed


through time, the new GUT model can be re-run on previous years’ topographic data without re-


sulting in un-useable legacy datasets;


 The option to leverage other topographic datasets (e.g., LiDAR) that provide important out-of-


channel context;


 A classification scheme tied to geomorphic processes.
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Citations: Ward, M.B., P. Nelle and S.M. Walker. (editors). 2011. CHaMP: 2011 Pilot Year Lessons Learned Project Synthesis Report. Pre-


pared for the Bonneville Power Administration by CHaMP. Published by Bonneville Power Administration, Portland, OR. 95 pages  


Wheaton JM, Fryirs K, Brierley G, Bangen S, Bouwes N, O’Brien G. 2015. Geomorphic mapping and taxonomy of fluvial landforms. Geomor-


phology. 248: 273-295. DOI: 10.1016/j.geomorph.2015.07.010 


Geomorphic Unit Tool (GUT) 


Figure 1. Output of the geomorphic unit tool (GUT), which uses a process-based hierarchical GU classifi-
cation developed by Wheaton et al. (2015). Tier 1 is based on stage and classifies in-channel (< bankfull) 
and out-of-channel (> bankfull) units. Tier 2 is based on shape and differentiates concavities (pools), 
convexities (bars), and planar features. Tier 3 is based on morphology and identifies the specific GU 
(e.g., plunge pool).   


QUICK FACTS 


POC: Nick Bouwes, ELR 


Development Team: Nick 
Bouwes, Joe Wheaton, Sara 
Bangen, Natalie Kramer-
Anderson, Philip Bailey, Matt 
Reimer 


Current Status: Operational; 
Production 


Dependencies: RBT, CHaMP 
or other topographic survey 
data. 


Funding: ISEMP/CHaMP, USU 







ISEMP and CHAMP PRODUCT SUMMARY 


Geomorphic Change Detection  (GCD)


FINDINGS AND USES


Multiple Digital Elevation 
Models (DEMs) from the 
same CHaMP site can be ana-
lyzed using Geomorphic 
Change Detection (GCD) soft-
ware to quantify fine-scale 
changes in the habitat of a 
reach through time. 


GCD information can be used 
to evaluate how dynamic 
different reach types are,  
determine the frequency of 
site visits, identify trends of 
erosion or deposition across 
sites or watersheds, and pro-
vide geomorphic context for 
expected rates of change due 
to restoration.  


The intuitive, visual output 
format quickly increases un-
derstanding of how restora-
tion affects geomorphic 
changes and, ultimately, 
changes to fish habitat.  


CHaMP is the only large-scale habitat monitoring program in the world to capture 3D point clouds as 


part of stream surveys. These points can be connected and interpolated to produce a digital elevation 


model (DEM; a 3-D image of the stream channel) that can be used in analyses not possible with tradi-


tional stream survey methods, such as the ability to detect changes in erosion and deposition at very 


fine scales. This information can be used to describe changes in sediment budgets, fish habitat, and re-


sponses to restoration. A DEM from an original CHaMP survey can be subtracted from a DEM of a subse-


quent survey at the same site (e.g., pre- vs. post-restoration) to quantify fine scale (e.g., 10 cm) changes 


in elevations of the channel surface. Utah State University developed the geomorphic change detection 


(GCD) software to evaluate the changes between two or more DEMs through time. Uncertainty in these 


changes can be quantified based on several survey details (e.g., point cloud density, change in elevation 


between points, instrument error, etc.) to produce a detailed map of the changes in erosion and deposi-


tion, the sum of which is a sediment budget (Figure 1).   


CHaMP was explicitly developed  to leverage the DEM data format and the previous work of Wheaton 


et al. (2010) and USU. Output from GCD is a product of all repeat CHaMP surveys, and GCD is now auto-


mated across all repeat site visits within CHaMP and BPA’s Action Effectiveness Monitoring program. 
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Figure 1. Concept of DEM differencing. For an X, Y pixel the old elevation (Z) is subtracted from the new 
elevation. A negative value (represented in red) indicates erosion, where a positive value (represented 
in blue) indicates deposition, and neutral change (represented as white). This is done for every X,Y pixel 
to create a surface (DEM of Difference, DoD), and a distribution of the actual elevational changes can be 
summed to create a sediment budget.  







Geomorphic Change Detection (GCD)


Citations:  Bangen, S., J. Hensleigh, P. McHugh, and J. Wheaton. 2016. Error modeling of DEMs from topographic surveys of rivers using 
fuzzy inference systems. Water Resources Research 52:1176-1193. 


Bangen, S., J. Wheaton, N. Bouwes, C. Jordan, C. Volk, and M. B. Ward. 2014. Crew variability in topographic surveys for monitoring wadea-
ble streams: a case study from the Columbia River Basin. Earth Surface Processes and Landforms:n/a-n/a. 


Wheaton, J. M., J. Brasington, S. E. Darby, and D. A. Sear. 2010. Accounting for uncertainty in DEMs from repeat topographic surveys: im-
proved sediment budgets. Earth Surface Processes and Landforms 35:136-156. 
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GOOD TO KNOW 
Most large-scale monitoring programs 


need several sites to observe changes 


to the stream channel; however, with 


the CHaMP protocol single reach-level 


responses are possible, making this 


approach appropriate for evaluating 


geomorphic change for a given resto-


ration project.  


The CHaMP protocol has very low er-


ror from repeated surveys by different 


survey crews, making the approach 


robust for a large-scale monitoring 


program (Bangen et al. 2014).  


Figure 2. DEM of difference (DoD; post-restoration minus pre-restoration) from topo-
graphic surveys for a portion of treatment reach in Bridge Creek. Pushpins represent 
structure location.  Blue color represents aggradation (deposition of sediments), and red 
represents erosion. General pattern was to have deposition behind structures, scour 
pool below structures, and deposition of the scour downstream from the pools. 


QUICK FACTS


POC: Joe Wheaton, USU 


Development Team: Philip 
Bailey, Sara Bangen, James 
Hensleigh  


Current Status: Production, 
published 


Dependencies: CHaMP survey 
data 


Funding source: Utah State 
University, ISEMP 







ISEMP and CHAMP PRODUCT SUMMARY 


Geomorphic Assessments for Watershed Context and Restoration Planning 


FINDINGS AND USES 


ISEMP and CHaMP GIS tools 
can be used with widely-
available historic and current 
landscape-level datasets, and 
field visit information, to pro-
vide watershed geomorphic 
context and enable predic-
tions of stream reach habitat 
characteristics and channel 
behavior. 


Knowledge about differences 
between historic and current 
condition, and a channel’s 
ability to adjust, can be used 
to describe restoration po-
tential and provide the basis 
for strategic watershed plan-
ning and project implementa-
tion (O’Brien et al. in press).    


Knowledge of the physical characteristics of a watershed and its valleys, hydrology, and sediment is key to 


understanding why a stream looks and behaves as it does in a given location or reach. Reach types that 


embody the arrangement of geomorphic units (e.g., pools and riffles, stream size, gradient and substrate 


type (Wheaton et al. 2015)) throughout the watershed network can in turn be predicted from higher-


order controls of the landscape (Kasprak et al. 2016), such as valley bottom extent (Gilbert et al. 2016), 


valley confinement (Figure 1), and riparian vegetation condition (Macfarlane et al. 2016a; Figure 2).  


ISEMP and CHaMP have created several GIS tools to leverage the tremendous amount of geospatial data 


that are available to describe these landscape-level controls and efficiently summarize them. Aerial photo 


evaluations and on-the-ground visits can be incorporated to describe the departure of current conditions 


from historic natural channel form and behavior. Other information such as wood loading potential 


(Hough-Snee et al. 2015), and use of the beaver restoration assessment tool (Macfarlane et al. 2016b), can 


aid in assessing restoration strategies. Ultimately, watershed geomorphic assessments provide critical 


context for the evaluation of CHaMP site-level status and restoration potential, and can be used to make 


predictions about habitat in unsampled reaches (Figure 3). 
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QUICK FACTS 


POC: Joe Wheaton, USU 


Development Team: Nick 
Bouwes, Gary O’Brien, Carol 
Volk, Wally Macfarlane, Jor-
dan Gilbert, Chris Jordan 


Current Status: Operational, 
published 


Dependencies: GIS and re-
mote sensing information 


Funding source: ISEMP, USU 


Figure 1. The Confinement Tool 
identifies areas where streams 
(blue area) are confined by the 
valley bottom (green area). The 
dashed line identifies the con-
fined areas, which can be quan-
tified and summarized for an 
entire watershed. 


Figure 2. Example summary of the Riparian Vegetation 
Departure products, which can be used to identify ri-
parian condition within the valley bottom throughout a 
watershed. 







Geomorphic Assessments for Watershed Context and Restoration Planning 


Citations: Gilbert, J. T., W. W. Macfarlane, and J. M. Wheaton. 2016. The Valley Bottom Extraction Tool (V-BET): A GIS tool for delineating 
valley bottoms across entire drainage networks. Computers & Geosciences 97:1-14. 


Hough-Snee, N., A. Kasprak, R. K. Rossi, N. Bouwes, B. B. Roper, and J. M. Wheaton. 2015. Hydrogeomorphic and Biotic Drivers of Instream 
Wood Differ Across Sub-basins of the Columbia River Basin, USA. River Research and Applications:n/a-n/a. 


Kasprak, A., N. Hough-Snee, T. Beechie, N. Bouwes, G. Brierley, R. Camp, K. Fryirs, H. Imaki, M. Jensen, G. O. Brien, D. Rosgen, and J. 
Wheaton. 2016. The Blurred Line between Form and Process: A Comparison of Stream Channel Classification Frameworks. Plos One 
11:e0150293. 


Macfarlane, W. W., J. T. Gilbert, M. L. Jensen, J. D. Gilbert, N. Hough-Snee, P. A. McHugh, J. M. Wheaton, and S. N. Bennett. 2016a. Riparian 
vegetation as an indicator of riparian condition: detecting departures from historic condition across the North American West. Journal of 
Environmental Management. 


Macfarlane, W. W., J. M. Wheaton, N. Bouwes, M. L. Jensen, J. T. Gilbert, N. Hough-Snee, and J. A. Shivik. 2016b. Modeling the capacity of 
riverscapes to support beaver dams. Geomorphology. 


Wheaton, J. M., K. A. Fryirs, G. Brierley, S. G. Bangen, N. Bouwes, and G. O'Brien. 2015. Geomorphic mapping and taxonomy of fluvial land-
forms. Geomorphology 248:273-295. 
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Figure 3. Recovery potential 
by reach for the Middle Fork 
John Day network.  







ISEMP and CHAMP PRODUCT SUMMARY 


Beaver Restoration Assessment Tool (BRAT)


FINDINGS AND USES


BRAT’s beaver dam density 
and total maximum dam ca-
pacity estimates compare 
favorably to actual distribu-
tions, even across a large, 
climatically and physiograph-
ically diverse landscape 
where water and/or wood 
may be locally limiting. 


BRAT helps assess where bea-
ver may be a viable restora-
tion tool or where they may 
be seen as a nuisance requir-
ing mitigation or relocation. 


Beaver are becoming more broadly appreciated for their utility as an ecosystem engineer capable of 


restoring streams, rivers, and wetlands to the benefit of numerous flora and fauna, including salmon 


and steelhead (Bouwes et al. 2016). Recently, Utah State University collaborated with ISEMP to develop 


a spatially explicit network model called the Beaver Restoration Assessment Tool (BRAT) to help assess 


the potential for using beaver as a stream conservation and restoration agent at the watershed scale.  


BRAT models the capacity of the landscape to support dam-building activity by beaver (Macfarlane et al. 


2017). Capacity estimates come from five main lines of evidence: (1) a reliable water source; (2) stream 


bank vegetation conducive to foraging and dam building; (3) vegetation within 100 m of edge of stream 


to support large beaver colonies; (4) likelihood that dams could be built across the channel during low 


flows; and (5) the likelihood that a dam is capable of withstanding typical floods. For assessment, BRAT 


combines information on: A) existing and historic capacity, B) riparian habitat condition and recovery 


potential, and C) probabilities of potential conflict with humans, and then assigns stream segments into 


different beaver conservation and restoration categories (Figure 1). BRAT has been run with widely 


available existing GIS datasets across the interior Columbia River Basin (http://brat.joewheaton.org/).  
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Citations: Bouwes, N., N. Weber, C. E. Jordan, W. C. Saunders, I. A. Tattam, C. Volk, J. M. Wheaton, and 
M. M. Pollock. 2016. Ecosystem experiment reveals benefits of natural and simulated beaver dams to a
threatened population of steelhead (Oncorhynchus mykiss). Scientific Reports 6:28581.


Macfarlane, W. W., J. M. Wheaton, N. Bouwes, M. L. Jensen, J. T. Gilbert, N. Hough-Snee, and J. A. Shivik. 
2017. Modeling the capacity of riverscapes to support beaver dams. Geomorphology 277:72-99. 


QUICK FACTS


POC: Wally Macfarlane, USU 


Development Team: Joe 
Wheaton, Nick Bouwes, Mar-
tha Jensen, Jordan Gilbert, 
Josh Gilbert, Nate Hough-
Snee, John Shivik, Chalese 
Hafen 


Current Status: Operational, 
published 


Dependencies: GIS and re-
mote sensing data 


Funding source: USU, ISEMP 


Figure 1. Example of BRAT  
outputs: A) existing beaver 
dam capacity, B) potential 
for human-beaver conflict 
and C) beaver management 
zones. 







ISEMP and CHAMP PRODUCT SUMMARY 


Geomorphic Network Analysis Toolbox (GNAT) 


FINDINGS AND USES 


The benefits of GNAT are that 
it: 


 Simplifies workflow for
reviewing and processing
watershed-scale stream
networks


 Provides segmentation
options to support a vari-
ety of geomorphic metric
calculations


 Provides a stable net-
work platform for addi-
tional geomorphic attrib-
ute generation


 Documents analysis ver-
sions of networks to en-
force and retain network
integrity and  consistency
among analysts. Hydrog-
raphies are often mas-
saged by individual ana-
lysts, making metadata
documentation difficult.


The Geomorphic Network and Analysis Toolbox (GNAT) is a geospatial set of tools designed to review 


and update network integrity, segment streams, and model geomorphic attributes. These tools are 


available for use on any hydrography network, but are particularly useful for the high resolution 1:24k 


NHD hydrography, which has variable integrity across the Pacific Northwest, and needs some pre-


processing to ensure network integrity prior to use in analyses. 


The pre-processing steps in GNAT provide a standard, known condition of network integrity that can be 


leveraged in subsequent tools. Network connectivity and braid presence are examples of network con-


ditions that can be found in nature, but can cause unexpected network tool failures if not identified and 


handled properly. By handling such features early in the network processing, multiple tools can leverage 


the established network integrity.   


Segmentation is another common processing step that can be done a variety of ways that may influence 


the metric results, and GNAT allows easy documentation of segment length, handling of tributary junc-


tions, and retention of key network attributes during this process.   


The current list of geomorphic metrics generated by GNAT focuses on attributes related to network 


lines, including channel sinuosity, valley bottom sinuosity and Strahler order. The tool configuration 


allows easy addition of metrics such as gradient, valley bottom width, channel width, and braidedness, 


among others. 
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QUICK FACTS 


POC: Carol Volk, South Fork 
Research  


Development Team: Kelly 
Whitehead, Jesse Langdon, 
Carol Volk, Joe Wheaton, 
Philip Bailey, Matt Reimer  


Current Status: Production 


Fall 2017 Status: Operational 
in open source software 


Funding source: ISEMP 


Figure 1. Example net-


work features processed 


using the Geomorphic 


Network Analysis 


Toolbox.  The Valley 


Bottom centerline was 


generated from the Valley 


Bottom polygon, and the 


1:24k NHD line has been 


color coded by segment 


sinuosity. 







Geomorphic Network Analysis Toolbox (GNAT) 
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Example of network features handled by GNAT 


Figure 4. Example of one segmenta-


tion processing option. Users may 


select to leave ‘tails’ of uneven seg-


mentation lengths at the upstream, 


downstream,  or distributed 


throughout a network branch. 


URL 


https://github.com/SouthForkResearch/gnat/wiki 


Figure 2. Braid in 1:24k hydrography 


network. Braids can disrupt geospa-


tial tools if not handled properly. 


Figure 3 (right). Strahler Order gen-


erated using GNAT. Input networks 


have variable segment lengths and 


GNAT generates a Strahler Order 


attribute that is added to the input 


segmented network. 


AVAILABLE 


NETWORK  


PROCESSING TOOLS 


Network Utilities: 


 Build Topology


 Network feature identifica-
tion, including network con-
nectivity, braids, crossed
lines , overlapping segments,
and invalid flow direction.


 Stream segmentation at
custom reach lengths and
confluence incorporation.


 Segmentation of polygons
localized to stream networks


 Combining and transferring
attributes among networks


Geomorphic Features and met-
rics: 


 Strahler Stream Order


 Channel Sinuosity


 Valley Sinuosity


 Planform (channel sinuosity:
valley bottom sinuosity)







ISEMP and CHAMP PRODUCT SUMMARY 


Valley Bottom Extraction Tool (V-BET) 


The ability to accurately delineate stream and river valley bottoms across a watershed is necessary to 


define reach types, which in turn have a signature assemblage of geomorphic units with certain fish 


habitat characteristics. Thus, valley bottom delineation ties to the ability to describe physical fish habitat 


across entire stream networks. Of existing valley bottom delineation approaches, few can be applied 


effectively across entire drainage networks to produce reasonably accurate results. Most  tools require 


high resolution topography data and can only be applied over relatively short reach lengths due to com-


putational or data availability limitations. When these precise mapping approaches are applied through-


out drainage networks, the computational techniques often do not scale, or the algorithms perform 


inconsistently. Utah State University and ISEMP developed the Valley Bottom Extraction Tool (V-BET) 


(Gilbert et al. 2016) to address these issues. The V-BET produces relatively accurate valley bottoms over 


large areas using an algorithm that accepts terrain data from 1 m to 10 m, with slope and valley width 


parameters that scale based on drainage area, allowing for watershed-scale valley bottom delineation 


(Figure 1). The algorithm is freely available as an open-source ArcGIS toolbox for ease of use:  


URL: https://bitbucket.org/jtgilbert/riparian-condition-assessment-tools/wiki/Home 
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Citations: Gilbert, J. T., W. W. Macfarlane, and J. M. Wheaton. 2016. The Valley Bottom Extraction Tool (V-BET): A GIS tool for 
delineating valley bottoms across entire drainage networks. Computers & Geosciences 97:1-14. 


Wheaton, J., K. Fryirs, G. J. Brierley, S. G. Bangen, N. Bouwes, and G. O'Brien. 2015. Geomorphic Mapping and Taxonomy of Fluvi-
al Landforms. Geomorphology 248:273-295. 


QUICK FACTS


POC: Wally Macfarlane, USU 


Development Team: Joe 
Wheaton, Jordan Gilbert, 
Josh Gilbert, Chalese Hafen 


Current Status: Operational, 
published 


Dependencies: GIS and re-
mote sensing data 


Funding source: USU, ISEMP 


FINDINGS AND USES


Valley bottom delineation 
supports our ability to de-
scribe, model, and map physi-
cal fish habitat and the maxi-
mum possible extent of ripar-
ian vegetation across entire 
stream networks (see RVD 
index product).  


Even with relatively coarse 
data inputs (10 m DEMs), V-
BET was able to delineate and 
produce a relatively accurate 
approximation of the valley 
bottom within twelve water-
sheds across the diverse habi-
tats of the interior Columbia 
River Basin. 


Figure 1. Examples of topo-
graphic and aerial photog-
raphy context used to visually 
interrogate and edit valley 
bottom outputs during the 
manual editing process. A. 
Google Earth aerial imagery 
and topographic context. B. 
NAIP high resolution imagery. 
C. Hillshade.







ISEMP and CHAMP PRODUCT SUMMARY 


NETWORK ESTIMATES OF CONFINING MARGINS AND CONFINEMENT 
CONFINEMENT TOOL 


FINDINGS AND USES 


The Confinement Tool: 


 Identifies Confining Mar-
gins along a stream net-
work using an active
channel area and Valley
Bottom.


 Identifies the type of
Confinement (none, Con-
fined, or Constricted) and
the spatial location (left
or right margin) along a
stream network


 Calculates the Confine-
ment values for stream
segments along the
Stream Network


 Calculate Confinement
values using “moving
windows” along the
stream network, which
provides a local estimate
of the extent of confine-
ment


The Confinement Tool identifies confining margins along stream networks that limit lateral stream mi-


gration. Confining margins are identified by intersecting the active channel margin and the valley 


bottom margin and calculating percent confinement of individual stream segments (Fryirs et al. 2015).  


This form of confinement can be used to differentiate valley settings across a wide range of river types, 


which is a limitation of previous valley setting measures and resulting confinement values can be used 


to inform a variety of Geomorphic River Classification systems.   


Since confining margins and resulting confinement metrics have explicit spatial locations, the confine-


ment tool can be used in conjunction with landscape feature layers to determine what features are re-


sponsible for the confining margin.  This can then lead to calculation of confinement after altering the 


feature. For example, delineation of anthropogenic features, such as roads, bridges, canals, urban de-


velopment, etc. can be used to 


calculate a % confinement spe-


cific to each feature. 


For example, If stream confine-


ment is overlaid with a roads 


layer, we could determine that 


50% of the confinement may 


be due to a service road on the 


left of the channel and 50% of 


the confinement was due to a 


bedrock canyon confining both 


sides of the stream. There may 


be potential to restore the road


-confined section, but not the


bedrock canyon. A new % con-


finement value could be calcu-


lated for a scenario in which


the road was moved.
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QUICK FACTS 


POC: Carol Volk, South Fork 
Research  


Development Team: Kelly 
Whitehead,  Carol Volk, Joe 
Wheaton,  Gary O’Brien, Wal-
ly MacFarlane 


Current Status: Production 


Funding source: ISEMP 


Figure 1. Example of Confinement Results on a Stream Network. The Valley Bottom (green polygon) 
and active channel area (blue polygon) have been intersected to determine confining margins and 
the % of stream segment confined was calculated. The stream is unconfined in the wide valley 
(upper right corner) and confined/constricted in the lower left corner. The tributary in the lower 
right corner is partially confined with both unconfined and confined types. The green dotted poly-
gon identifies the Valley Bottom extent. 
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Confining Margins 


Citation: Fryirs K, Wheaton JM, and Brierley G. 2015. An approach for measuring confinement and assessing the influence of valley setting 


on river forms and processes. Earth Surface Processes & Landforms. DOI: 10.1002/esp.3893  


Figure 2. Conceptual diagram of confining margins.  Valley Bottoms and channel polygons are inter-


sected and confining margins are identified on the left and right of the stream (black bars). These 


values are then transferred to the stream line and % of stream length that is confined on the left or 


right margin is calculated.    


URL 


https://github.com/SouthForkResearch/ConfinementTool/wiki 


CONFINEMENT TOOL 


PRODUCTS


 Explicit spatial locations of


confining margins on the left


and right banks of stream


networks


 % Confinement based on


user defined stream seg-


ment length


 % Constriction (confining


margins on the left and right


of the stream) based on user


defined stream segment


length


 Confinement compiled


across multiple segment


lengths to generate a local


estimate of confinement


based on a ‘moving window’


 Output products can be


used in ArcGIS or Open


Source GIS software.







ISEMP and CHAMP PRODUCT SUMMARY 


Riparian Condition Assessment Tool (RCAT) 


FINDINGS AND USES


The maps and data RCAT pro-
duces can be used to help 
identify which watersheds 
and portions thereof should 
be targeted for conservation 
and restoration.  


RCAT is capable of supporting 
regional planning and deci-
sions about sustainable river 
and watershed management 
across the Columbia River 
Basin.  


DESCRIPTION 
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Planning 


QUICK FACTS


POC: Wally Macfarlane, USU 


Development Team: Joe 
Wheaton, Jordan Gilbert, 
Josh Gilbert, Carl Saunders, 
Nate Hough-Snee, Chalese 
Hafen  


Current Status: Operational, 
published 


Dependencies: GIS and re-
mote sensing data 


Funding source: USU, ISEMP 


URL 


http://etal.joewheaton.org/rcat 


The Riparian Condition Assess-


ment (RCA) tool was developed 


to assess impacts on reach-scale 


(500-m) riparian condition 


across watersheds caused by 


three dominant stressors:  


(1) riparian vegetation depar-


ture from historical condi-


tion,


(2) land use intensity within


the valley bottom, and


(3) floodplain fragmentation


due to infrastructure within


valley bottoms.


A fuzzy inference system, which 


explicitly accounts for model 


uncertainty, was used with 


freely, nationally-available data 


to combine the three stressors 


and estimate reach-scale ripari-


an floodplain condition for 


27,200 km of perennial streams 


and rivers, in twelve watersheds 


of the interior Columbia River 


Basin (CRB), USA (Figure 1). A 


comparison of modeled reaches 


with field observations yielded 


87% agreement, indicating that 


modeled riparian conditions 


reflect actual conditions. Model 


outputs showed that, of the 


streams and rivers with flood-


plains, roughly 49% have at least 


moderately impaired riparian 


condition.  


Figure 1. Within the Riparian Condition Assessment Tool, mid-points of the drainage network (A) are 
used to generate Thiessen polygons (B). The riparian vegetation departure index outputs (C) are com-
bined with land use intensity (D) and floodplain accessibility outputs (E) within a Fuzzy Inference System 
(F) to produce a segmented drainage network containing riparian condition assessment scores (G).







ISEMP and CHAMP PRODUCT SUMMARY 


Riparian Vegetation Departure (RVD) index


FINDINGS AND USES


The Riparian Vegetation De-
parture (RVD) index is able to 
describe and depict current 
vs. historic riparian cover 
conditions at the reach-scale. 


RVD output can help manag-
ers i.d. and prioritize poten-
tial actions (e.g., conserve 
intact areas, restore areas 
that have been most altered 
from historic condition). 


DESCRIPTION 


Citations: Gilbert, J. T., W. W. Macfarlane, and J. M. Wheaton. 2016. The Valley 
Bottom Extraction Tool (V-BET): A GIS tool for delineating valley bottoms 
across entire drainage networks. Computers & Geosciences 97:1-14. 


Macfarlane, W. W., J. T. Gilbert, M. L. Jensen, J. D. Gilbert, N. Hough-Snee, P. 
A. McHugh, J. M. Wheaton, and S. N. Bennett. In Press. Riparian vegetation as
an indicator of riparian condition: Detecting departures from historic condition
across the North American West. Journal of Environmental Manage-
ment.
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QUICK FACTS


POC: Wally Macfarlane, USU 


Development Team: Joe 
Wheaton, Jordan Gilbert, 
Josh Gilbert, Martha Jensen, 
Peter McHugh, Nate Hough-
Snee, Steve Bennett, Chalese 
Hafen 


Current Status: Operational; 
Published 


Dependencies: GIS and re-
mote sensing information 


Funding source: USU, ISEMP 


URL: http://
etal.joewheaton.org/rcat 


Riparian vegetation condition controls the delivery of sediment, water, nutrients, and structure (e.g. 


wood). Much of the ability to conserve and restore streams is also dependent on riparian condition. 


Therefore, a watershed network assessment of riparian vegetation condition is essential for the devel-


opment of stream management options. The Riparian Vegetation Departure index (RVD) characterizes 


riparian vegetation departure from pre-European settlement condition (Macfarlane et al. In Press).  


To estimate this departure at the reach-level, the Valley Bottom Extraction Tool (V-BET; Gilbert et al. 


2016) is used to delineate the valley bottom, which is then separated into analysis polygons that act as 


the boundaries for characterizing vegetation departure (Figure 1). The proportion of each area that con-


tains native riparian vegetation (existing and historic) is calculated (Figure 1). An estimate of riparian 


condition is then made by dividing the historic proportion by the existing proportion (Figure 1). The 


quality of this ratio depends on the accuracy of the vegetation coverage datasets, and whether the reso-


lution of the data inputs is suitable for calculations at the reach scale. For outputs, the closer a value is 


to 0, the larger the departure from historic riparian coverage. High values (i.e., near or beyond 1.0) indi-


cate that riparian communities are relatively intact (or even increasing). Each reach then is shown in 


terms of percent departure from historic cover (Figure 1).  


Figure 1. RVD index diagram showing how mid points of 
the stream network (1) are used to generate Thiessen 
polygons (2) and how these are buffered by the resolu-
tion of the vegetation data to ensure that all of the data 
lie within the valley bottom (3). The ratio of existing area 
of native riparian vegetation (4) to historic area of native 
riparian vegetation (5) is used to calculate departure 
from historic condition scores and map the reaches (6). 







ISEMP and CHAMP PRODUCT SUMMARY 


Wood Recruitment Assessment Tool (WRAT)


FINDINGS AND USES 


Large wood addition is one of 
the more common approach-
es to stream restoration. 
Therefore, being able to iden-
tify where there is a large 
difference between current 
and historic wood loading 
potential is critical for resto-
ration planning and address-
ing limiting factors.   


Preliminary WRAT results are 
promising: synthesis outputs 
are displaying logical 
patterns, in line with what 
one would expect to see on 
the landscape (Figure 1).  


Currently, WRAT is limited to 
modeling wood loading po-
tential, although future work 
will address modeling in-
stream wood retention.  


Instream wood is critical structural element affecting stream morphology and an important feature of 


salmonid habitat. However, dependable and inexpensive models that estimate reach-scale instream 


wood recruitment and retention potential across the watershed network are lacking (Hough-Snee et al. 


2016). To fill this data gap ISEMP is in the process of developing the Wood Recruitment Assessment Tool 


(WRAT). WRAT is based on the assumption that riparian and upland vegetation characteristics and dis-


tance to the stream channel are key elements affecting instream wood recruitment potential. Shallow 


landslide potential and disturbance severity (e.g., wildfire, beetle kill, etc.) influence the intensity of in-


stream wood recruitment. WRAT effectively approximates these key inputs. It leverages nationally avail-


able, remotely sensed data with three Fuzzy Inference Systems (FIS) to estimate the probability of in-


stream wood recruitment and display synthesis outputs in a graphical format (Figure 1).  


DESCRIPTION 
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Planning 


Figure 1. Example Wood 
Recruitment Assessment 
Tool output for the Entiat 
River watershed (WA).  
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Citation: Hough-Snee, N., A. Kasprak, R. K. Rossi, N. Bouwes, B. B. Roper, and J. M. Wheaton. 2016. Hy-


drogeomorphic and Biotic Drivers of Instream Wood Differ Across Sub-basins of the Columbia River Ba-


sin, USA. River Research and Applications 32:1302-1315. 


Wood Recruitment Assessment Tool (WRAT) 


QUICK FACTS 


POC: Wally Mcfarlane, USU 


Development Team: Joe 
Wheaton, Jordan Gilbert, 
Natalie Anderson, Nate 
Hough-Snee  


Current Status: Provisional, 
unpublished 


Dependencies:  CHaMP sur-
vey, DEM generation, hydrau-
lic models  


Funding: ISEMP, Asotin 


Vegetation FIS 


Evaluates potential instream 


wood recruitment based on 


woody vegetation availability, 


density, and proximity to the 


channel, using LANDFIRE vegeta-


tion datasets. Specific inputs to 


the vegetation FIS include per-


cent vegetative cover and vege-


tation height (filtered using the 


Euclidean distance from the 


Landscape FIS 


Utilizes two inputs: vegetation 


disturbance severity, calculated 


from LANDFIRE VDIST layers, and 


a topographic wetness index, used 


to represent shallow landslide 


potential.  


Combined recruitment potential FIS 


Built from the outputs of the vegetation FIS and landscape FIS. In areas 


where high landscape potential overlaps with high vegetation potential, 


the combined recruitment potential FIS output is increased compared to 


areas where the vegetation and landscape FIS outputs do not overlap.  


The Three FIS Models 


Driving WRAT:  







ISEMP and CHAMP PRODUCT SUMMARY 


Estimates of Gross Primary Production (GPP) as a Proxy for Food Production for Fish


FINDINGS AND USES


Estimates of GPP can de-
scribe the productive poten-
tial of watersheds, which is 
an extremely important com-
ponent of fish habitat.   


This context is useful for 
managers to better under-
stand and identify potential 
production limitations for 
salmon and steelhead.  


Food production is perhaps one of the most important components of stream habitat affecting salmonid  


distribution, growth, survival and production. An ISEMP study found the amount of drifting macroinver-


tebrates along with temperature to be highly predictive of fish growth (Weber et al. 2014). As a result, 


drift was included as an important metric collected by CHaMP; however, results show the ability to col-


lect drift data consistently has been mixed (Weber in press, CHaMP 2015), and is relatively expensive. If 


we can estimate the productive potential of water-


sheds as a proxy for food availability, this information 


could replace drift sampling in the CHaMP protocol.   


ISEMP conducted a study to evaluate the feasibility of 


collecting information on Dissolved Oxygen (DO) to 


estimate gross primary production (GPP) and stream 


respiration at CHaMP sites. DO is a by-product of 


photosynthesis from primary producers (e.g. algae) 


during the daytime, while at night time all organisms 


are respiring and consuming oxygen. Therefore, 


differences between DO during different times of day 


can be used to estimate GPP. Data loggers were used to collect DO measurements at 24 CHaMP sites. 


CHaMP data (temperature, solar input, and conductivity, which is related nutrient availability) were 


then used to create a predictive model of GPP. Additionally, network scale information was used to esti-


mate GPP across the stream network. We were able to predict GPP using data collected at the CHaMP 


sites (r2=0.53) and from globally available GIS data (r2=0.43) (Saunders et al. submitted). Also, GPP was 


highly correlated with both fish density in the fall and summer, as well as the estimated amount of con-


sumption (Pval) to grow to the observed size during the season. Finally, the GPP network model was 


able to describe juvenile steelhead densities from snorkel counts at 200 reaches throughout the Middle 


Fork John Day. Further validation of the GPP model across a greater range of conductivities is necessary 


for more robust estimates. Also, because terrestrial invertebrates entrained in the drift are a large part 


of fish diets, a 


model approxi-


mating terrestrial 


inputs requires 


further develop-


ment to fully de-


scribe food availa-


bility for salmon-


ids. 
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Planning 


QUICK FACTS


POC: Carl Saunders, USU 


Development Team: Nick 
Bouwes, Carol Volk, Chris 
Jordan 


Current Status: Operational, 
planned for production 


Dependencies: CHaMP data; 
conductivity, temperature, 
solar input network models 


Funding source: ISEMP, 
ODFW-CHaMP 


Figure 1. Example network-based estimates of conductivity (left) and solar inputs (right). These 
inputs, along with temperature, are summarized for individual segments along the network 
and then used to predict GPP using the DO calibrated model. This allows GPP estimates to vary 
on a reach-by-reach basis and results in ~1km resolution estimates of productivity. 
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Citations: CHaMP 2015.  The Columbia Habitat Monitoring Program: 2013 Third Year Lessons Learned Project Synthesis Report 2011-006-00. 
Prepared by CHaMP for the Bonneville Power Administration. Published by Bonneville Power Administration. 67 pages.  


Weber, N., N. Bouwes, and C. E. Jordan. 2014. Estimation of salmonid habitat growth potential through measurements of invertebrate food 
abundance and temperature. Canadian Journal of Fisheries and Aquatic Sciences 71:1158-1170. 


Weber, N., N. Bouwes, and C. E. Jordan. In Press. Accounting for spatial and temporal variation in macroinvertebrate community abundanc-
es when measuring the food supply of stream salmonids. Journal of Freshwater Ecology.  DOI: 10.1086/692012. 


Saunders, W. C., N. Bouwes, P. McHugh, C. Jordan. Submitted. A network model for primary production highlights linkages between riverine 
fish populations and autochthonous resources.  Ecological Applications.  


Figure 2. GPP predictions from CHaMP survey data relationship to fall juvenilie steelhead density (A) and 
summer juvenile steelhead density (B) at tributary (black lines and symbols) or mainstem reaches (gray 
lines and symbols).  GPP was then predicted from network solar, conductivity and temperature data and 
related to steelhead densities (C).  The average proportion of maximum consumption (Pval) to achieve 
observed growth of juvenile steelhead is shown in panel D. 


A 


B 


C 


D 







ISEMP and CHAMP PRODUCT SUMMARY 


Network Estimates of Conductivity 
CONDUCTIVITY TOOLS 


FINDINGS AND USES 


The Conductivity Tools are 
useful for:  


 Efficiently estimating
conductivity for 1km
stream segments
throughout a watershed.


 These conductivity esti-
mates are then used to
estimate gross primary
productivity for entire
stream networks.


 Future work includes
validating the utility of
network conductivity
estimates for use with
macroinvertebrate meas-
urements.


The Conductivity Tools streamline the workflow for predicting  conductivity along stream networks 


(Figure 1) using a regression model previously developed by Olson and Hawkins (2012) and tested by 


EcoLogical Research.  Electrical conductivity can be used to predict gross primary production (Saunders 


et al. in review), has been shown to be a potential indicator of aquatic macroinvertebrate species rich-


ness (Spieles and Mitsch 2000, Brown, Hannah et al. 2007) and also can influence faunal life stages 


(Tarín and Cano 2000). Furthermore, network estimates of gross primary production have been shown 


to have a strong relationship to juvenile salmonid densities (Saunders et al., in review). 


Currently electrical conductivity is sampled annually at 


CHaMP sites, however sampling conductivity for entire 


watersheds throughout the Columbia River Basin is 


resource prohibitive and modeling conductivity along 


networks is an attractive alternative. The CHaMP con-


ductivity measurements have been used to validate 


network estimates of conductivity (r2=0.542) (Figure 2).  


The Conductivity Tools are a custom geospatial, ESRI 


ArcGIS toolbox that summarizes environmental param-


eters within upstream catchments of stream segments 


(1km) and then uses a random forest model (Liaw and 


Weiner, 2002) to predict electrical conductivity (μS cm-


1) values affiliated with each stream segment. Network


-based electrical conductivity is then corrected for


temperature and used with solar input and stream


temperature data to estimate gross primary productiv-


ity (GPP) continuously along networks throughout wa-


tersheds.


DESCRIPTION 
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Planning 


Figure 1. Electrical conductivity 
(μS cm-1) for the Lemhi water-
shed stream network. Estimates 
are made for each 1km segment 
along the stream. 


Figure 2. Temperature-corrected net-
work conductivity estimates correlat-
ed with observed conductivity at 
CHaMP sites (r2=0.542).  







Network Estimates of Conductivity 
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MODEL INPUTS 


 Upstream Catchments


 Stream network


 Environmental datasets used for parameters (e.g. soils, precipitation, temeprature)


Environmental Parameters from Olson and Hawkins (2012) summarized by the Conductivity Tools: 


 Atmospheric Ca, Mg, SO4


 Compressive strength


 Day last freeze


 Log hydraulic condition


 Max wet days


 Maximum temperature


 Mean maximum EVI


 Min and mean precipitation


 Mean summer precipitation


 Mean wet days


 Percent CaO, MgO and S


 Soil bulk density


 Soil permeability


Citations: Brown, L. E., et al. (2007). Vulnerability of alpine stream biodiversity to shrinking glaci-


ers and snowpacks. Global Change Biology 13(5): 958-966. 


Liaw, A. and M. Wiener. 2002. Classification and regression by randomForest. R New 2(3): 18-22. 


Package URL: https://cran.r-project.org/web/packages/randomForest. Accessed 6/21/2016. 


Olson, J. R. and C. P. Hawkins (2012). Predicting natural base-flow stream water chemistry in the 


western United States. Water Resources Research 48(2): W02504. 


Saunders, C. In review. A network model for primary production highlights linkages between 


riverine fish populations and autochthonous resources. Ecosphere. 


Spieles, D. J. and W. J. Mitsch (2000). "Macroinvertebrate community structure in high-and low-


nutrient constructed wetlands." Wetlands 20(4): 716-729. 


Tarín JJ, Cano A, editors. Fertilization in protozoa and metazoan animals: cellular and molecular 


aspects. Springer Science & Business Media; 2012 Dec 6. 


URL 


https://github.com/SouthForkResearch/conductivity 


Figure 3. Temperature-corrected network conductivity estimates 


correlated with observed alkalinity at CHaMP sites (r2=0.61).  


QUICK FACTS 


POC: Carol Volk, South Fork 
Research  


Development Team: Jesse 
Langdon, Carl Saunders, Carol 
Volk, Jordan Gilbert, Nick 
Bouwes 


Current Status: Production 


Funding source: ISEMP   







ISEMP and CHAMP PRODUCT SUMMARY 


Solar Inputs Along Networks 
SOLAR STREAM TOOLS 


FINDINGS AND USES 


The solar insolation model 
and resulting products: 


 Provide reach-scale esti-
mates of solar insolation
continuously along the
network that can be used
for estimating in-stream
gross primary production


 Are validated against site
-specific solar input data,
providing context and
extension for site-level
data across broad spatial
scales


Solar insolation directly affects stream temperature (Sinokrot and Stefan 1993) and the primary produc-


tivity of streams (Fisher and Likens 1973; Hill et al. 1995). The Solar Stream Tools streamline the data 


processing steps and use an ESRI ArcGIS geoprocessing tool for modeling solar insolation that closely 


emulates the effects of shading from riparian vegetation and topography. The Solar Stream Tools gener-


ate a continuous estimate of solar input along a stream network throughout an entire watershed (Figure 


1). These estimates of solar input can then be used in a model to estimate gross primary production 


(GPP)  along stream networks. 


The Columbia Habitat Monitoring Program (CHaMP) collects solar insolation data during stream surveys, 


however, collecting field-based solar insolation measurements comprehensively for the entire stream 


network of the Columbia Basin is resource prohibitive. Developing a spatially-explicit model to predict 


solar insolation for all stream networks and associated riparian buffers within the Columbia Basin pro-


vides a robust, reliable input for GPP modeling efforts, and may reduce and focus the need for field-


based data collection.   


The Solar Stream Tools model relies on a basal area-weighted canopy height dataset (National Biomass 


and Carbon Dataset), a bare earth digital elevation model (DEM), and a stream network. These inputs 


are used by the ESRI solar insolation tool to estimate stream shading and resulting solar input for a spe-


cific period of time. 


DESCRIPTION 


57 


Planning 


QUICK FACTS 


POC: Carol Volk, South Fork 
Research  


Development Team: Jesse 
Langdon, Carl Saunders, Jor-
dan Gilbert, Carol Volk, Nick 


Bouwes  


Current Status: Production 


Dependencies:  site-specific 
solar input validation data 


Funding: ISEMP/CHaMP 


Figure 1. Solar insolation (watt hours/m2) 
for the Lemhi watershed stream network, 
calculated for June 1st – August 31st, 2015 
to represent summer conditions.  
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Solar Input Along Networks 


Figure 2. Overview of solar input 
modeling process that occurs for 
entire watersheds when the 
model is run.  


Citations: Fisher, S. G. and G. E. Likens. 1973. Energy Flow in Bear Brook, New Hampshire: An Integrative Approach to Stream Ecosystem 


Metabolism. Ecological monographs 43(4): 421-439. 


Hill, W. R., et al. 1995. Light Limitation in a Stream Ecosystem: Responses by Primary Producers and Consumers. Ecology 76(4): 1297-1309. 


Sinokrot, B. A. and H. G. Stefan. 1993. Stream temperature dynamics: Measurements and modeling. Water Resources Research 29(7): 2299-


2312. 


URL 


https://github.com/SouthForkResearch/solar_stream 


KEY MODEL INPUTS 


 Stream network


 DEM


 Channel polygon


 Canopy height raster







USER-SPECIFIED INPUTS 
 Initial population size


 Number of spatial regions within a watershed


 Survival estimates by life stage


 Measures of uncertainty in parameter estimates


 Estimates of natural parameter spatial, temporal, and pure variability


 Number of years over which population size is predicted


 Hatchery impacts and parameters describing the relative robustness and fecundity of hatchery fish and their descendants, and


 Levels of stochasticity applied at various levels. This stochasticity allows 1) estimation of uncertainty of model results stemming from


uncertainty of input parameters; and 2) estimation of temporal, spatial, and pure variability in the results stemming from temporal,


spatial, and pure variability in the input parameters. Stochasticity at all levels is structured to give rise to natural correlations among


input parameters. These correlation structures enable a stochastic model more reflective of natural processes than could be achieved


by assuming independence across all parameters.


ISEMP and CHAMP PRODUCT SUMMARY 


Stage-based Life Cycle Model Framework 


FINDINGS AND USES 


The ISEMP life-cycle model 
(LCM) code is currently sup-
porting LCMs for the Entiat, 
Lemhi, and Middle Fork John 
Day watersheds.  


The code is freely available to 
users that are interested in 
developing a range of resto-
ration scenarios for which 
population dynamics can be 
modeled and compared to 
current conditions.  


As such, the LCM is a vital 
support tool for decision-
making about restoration 
planning and management. 


ISEMP has coded a stage-based modeling framework for salmonid population dynamics in the R pro-


gramming language, providing an analytical framework for estimating the effectiveness of habitat im-


provement actions. The model implements the Beverton-Holt spawner-recruit salmonid population 


dynamics model and is flexible enough to support both Chinook and steelhead life histories, a range of 


adult return ages, and different behavioral inputs by sex. For Chinook populations, the model supports a 


mix of yearling and sub-yearling smolt life histories, while for steelhead, the model supports a complex 


range of smolt ages, as well as populations consisting of both anadromous and resident fish.  


DESCRIPTION 
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LCM 


Figure 1. Estimated mean and 95% confidence limits for Chinook adult 
escapement in the Entiat River watershed by year (Year 0 = present). 
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60 


The model can also include time-based trends and/or step function changes for all user-specified param-


eters. Such changes may reflect, for example, changes in watershed management that lead to gradual 


increases in forested lands within a watershed (Figure 2), or discrete changes, such as a change in dam 


management, leading to a step function shift in seasonal water flows (Figure 3).  


Multiple spatially explicit, interacting populations may be modeled simultaneously. A spatially explicit 


population may be user defined as fish occupying a reach within a tributary, a tributary within a water-


shed, a watershed within a subbasin, etc. The advantages of concurrent modeling of multiple sites, as 


opposed to modeling one site at a time, are two-fold: First, sites within a watershed are likely not inde-


pendent - a low water year for a single site is likely a low water year for all sites within a watershed - this 


model can account for such correlations. Second, modeling multiple sites concurrently allows for inclu-


sion of cross-site migration, where fish at various life stages have some user-specified non-zero proba-


bility of migrating to a different site within a watershed. In addition, modeling multiple sites concurrent-


ly allows summarization of results at whatever spatial level chosen, after the completion of the simula-


tion (i.e., results may be summarized by site, stream, river, watershed, etc.). 


Spring 2017 updates include the incorporation of standardized productivity vs abundance risk plots that 


are under consideration as the common currency of population condition. 


Figure 3. Example header file that specifies a step function change in inputs 
one site. “Site A” uses inuts from file “Site1_T1.csv” from year 1 to year 50, 
then switches to inputs specified in “Site1_T2.csv”. Note that all other sites 
use the same input files at year 1 and year 50. However, since a time step 
occurs in at least one site, the input file names must be specified at t=50 for 
all sites; in this case the input files used at t=50 are simply the same files as 
used at t=1 for sites B through K.   


QUICK FACTS 


POC: Matt Nahorniak, South 
Fork Research 


Development Team: Matt 
Nahorniak, Mark Armour, 
Chris Beasley, Chris Jordan, 
Shubha Pandit, Carl Saunders, 
Eric Buhle  


Current Status: Production 


Funding source: ISEMP 


Figure 2. Using an exponential function for time trends, as 
opposed to a simple linear model, provides a flexible ap-
proach for describing how parameters change over time. 
Many natural processes can be modeled in this manner. 
For example, a step change in management practices at a 
site within a watershed may lead to a change in land use 
categorization that initially changes quickly, but over time 
asymptotically levels off to a new long-term mean. 


URL 


 https://github.com/SouthForkResearch/CHaMP-ISEMP-Life-Cycle-Model/wiki 







ISEMP and CHAMP PRODUCT SUMMARY 


Individual-based Life Cycle Model 
HexSimNetwork 


FINDINGS AND USES 


Using a network based popu-
lation modeling framework 
that supports multiple popu-
lations interacting through 
their landscape is the perfect 
setting with which to develop 
restoration scenario planning 
where multiple species inter-
act.  


Examples include: 


 beaver and salmonid
interactions


 bass and salmonids


 salmonid-salmonid inter-
actions.


ISEMP developed a network-based version of the HexSim Individual Based Model platform to facilitate 


life cycle model scenario testing for aquatic species. HexSim is a free, versatile, multi-species, life history 


simulator ideal for building models of animal and plant population viability, interactions, and responses 


to disturbance. HexSim models are spatially-explicit and individual-based, and HexSim individuals can be 


assigned dynamic life history traits.  


HexSimNetwork simulations are built 


around a user-defined, branching, di-


rectional network consisting of seg-


ments and nodes. The landscape repre-


sents the topology within which individ-


uals interact with space, such as 


through movement or territory for-


mation actions.  Since HexSimNetwork 


is on a network, properties such as 


’upstream’ and ’downstream’ move-


ments are inherent in the modeling 


environment, along with ‘above’ and 


‘below’ conditions of segments, and 


rules for handling individual decisions 


around stream branches. The value of 


spatially explicit individual based popu-


lation models is in their ability to incor-


porate mechanistic fish-habitat rela-


tionships that are functions of stream 


habitat condition.  


The fundamental driver of the individual based simulation of salmonid populations is a growth model.  


The growth model is an implementation of the Wisconsin fish bioenergetic model that is a species spe-


cific accounting of basic metabolic processes (growth, consumption, respiration, egestion, excretion) 


and is function of fish size (mass) and water temperature.  The dynamics of the individual based simula-


tion are driven by spatial and temporal variation in stream temperature, that in turn drives the rate at 


which individuals grow.  Since habitat capacity and fish survival are functions of fish size, spatio-


temporal variation in stream temperature results in dynamic population processes. 
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QUICK FACTS 


POC: Carol Volk, South Fork 
Research  


Development Team: Mark 
Armour, Chris Jordan, Kris 
McNyset, Carol Volk 


Current Status: Production 


Funding source: ISEMP 


Figure 1. Network landscape of HexSimNetwork. 







Individual-based Life Cycle Model 
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SCENARIO EXAMPLES 


Upper Salmon, ID 


The rule set for individuals in this model includes growth and survival as a function of size and tem-


perature, seasonal and stage specific movement objectives typical of O. mykiss, such as Spring migra-


tion to natal spawning areas, long distance downstream migration for anadromous life history forms, 


and seasonally triggered temperature dependent movement.  One of the primary objectives of this 


modeling exercise is to generate an analytical platform for the evaluation of watershed-scale stream 


habitat restoration portfolios.  To this end, stream reaches in the model have characteristics re-


flecting their current habitat quality and quantity based on gradient, size, substrate and complexity, 


but each of these characteristics can be modified to mimic a rehabilitation action occurring at a spe-


cific point on the network.   


Bridge Creek, OR 


Beaver and salmonid population demographic terms (e.g., capacity and survival) are affected by habi-


tat quality and quantity and beaver dam building alters stream habitat form and function; therefore, 


the population dynamics of stream rearing salmonids are potentially driven by the dynamics of co-


occurring beaver populations.  Exploring these interactions is an ideal application of a spatially explic-


it, individual based life-cycle model.  To mimic the inter-specific dependencies, the model links the 


populations through the stream habitat proper-


ties (e.g, pools, riparian vegetation) . Stream 


habitat properties are functions of their geo-


morphic setting (elevation, gradient, stream 


power, sediment supply), but in the presence of 


beavers, are also a function of colony formation, 


duration and spatial extent of the colony. Bea-


vers form their own habitat, and therefore 


change their own population dynamics through 


the dynamics of their footprint on the land-


scape. Stream rearing salmonids also benefit 


from beaver activity, so there is an interaction 


between habitat modification by beavers to 


support their own populations and the fish pop-


ulation dynamic response. 


URL 


http://isemp.org/portfolio/individual-based-fish-model-hexsim/ 


Full video available at: https://www.youtube.com/watch?v=EvAoetNFpoI 


Figure 1. Screenshot of beaver 


populations along a network in a 


HexSimNetworkSimulation.  Note 


the spatially patchy distribution 


of beaver dams and fish.  


MODEL INPUTS 


 Stream Network


 Environmental parameters
for network segments


 Population parameters (size,
growth conditions)


 Population interaction pa-
rameters


Dynamic Inputs 


 Movement behavior


 Temporal environmental
conditions  (e.g. tempera-
ture, spatially-explicit chang-
es in environmental condi-
tions)







ISEMP and CHAMP PRODUCT SUMMARY 


Bioenergetics Growth Model Framework in R 


FINDINGS AND USES 


The ISEMP bioenergetics 
model is used in conjunction 
with temperature data and 
models to support growth-
survival based inputs to IS-
EMP life cycle models. 


The model has been written 
in the free, open-source R 
programming language, 
which is designed specifically 
for statistical computing and 
graphics.  


The R software and documen-
tation are available free to all 
users interested in bioenergic 
growth modeling at:  http://
www.r-project.org/. 


ISEMP coded the Wisconsin Bioenergetics *1,2+ model into R, a free open source programming lan-
guage. The Bioenergetics model calculates fish growth by solving the energy balance equation: 


Consumption = Respiration + Egestion + Excretion + Growth 


The model inputs initial fish weights and information about the habitat (temperature, prey infor-
mation), from which it calculates growth over time, based on species-specific equations for consump-
tion, respiration, egestion, and excretion. For a given species, one of three consumption equations will 
be specified. Similarly, one of two respiration equations and one of three egestion/ excretion) equation 
sets are used for a given species. This implementation of the model does not include weight losses due 
to reproduction. 


DESCRIPTION 


63 


LCM 


KEY USER-SPECIFIED INPUTS 
 Species to Model


 Temperatures by site and time


 Percent prey type and prey energy densities by time


 Start weights


 End weights or p-values


Figure 1. Sample results showing 
daily growth rates for Steelhead at 
six modeled reaches with unique, 
but correlated temperature pro-
files. 



http://www.r-project.org/

http://www.r-project.org/





Bioenergetics Growth Model Framework in R 
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The Bioenergetics model can be run in three different simulation modes. The first mode takes tempera-


ture, p-value, and initial fish weights as inputs, and outputs fish growth. For the 2nd mode, total fish 


growth is instead used as an input, and average p-values are calculated. For the 3rd mode, total con-


sumption is input by the user and average p-values are calculated. 


A single species of fish can be modeled with each run of the model. However, multiple sites can be mod-


eled simultaneously, for as many time steps as the user requires. “Site” is defined, for this program, as a 


set of temperature, p-value, and prey inputs over time of the simulation. All sites simulated simultane-


ously must be run the same number of time steps (days). For each site modeled, the user may model 


more than one fish (as defined be start weight, and, if applicable, end weight or consumption). 


Two output plots are generated by default: fish growth (g/day) by 


time and location (Figure 1), and total fish weight (g) by time and 


location (Figure 2). 


Output data files generated include the growth and fish weight 


data displayed in the output plots, as well as the results for the 


component terms making up total growth: consumption, respira-


tion, egestion, and excretion. Results are given in both grams and 


joules. Output files are in comma separated value (.csv) format. 


Full details and instructions on how to use the ISEMP bioener-


getics model are found in the user’s guide, freely available with 


the code at our github repository at https://github.com/


SouthForkResearch/Bioenergetic-Model/.   


R-code and example input files are also available at the github


repository.


QUICK FACTS 


POC: Matt Nahorniak, South 
Fork Research 


Development Team: Matt 
Nahorniak, Eric Wall, Nick 
Bouwes, Chris Jordan  


Current Status: Production 


Funding source: ISEMP 


Figure 2. Fish weights over time for the six example reaches 
modeled, at growth rates shown in figure 1. For this example, 
start and end weights were user specified, and p-values were 
solved for by the bioenergetics algorithm. 


URL 


 https://github.com/SouthForkResearch/Bioenergetic-Model/wiki 


R software and documentation are available at:  http://www.r-project.org/ 


Citations: Bouwes, Nicolaas. Weber, Nicholas. Eco Logical Research, Inc. ISEMP (Integrated Status and Monitoring Program): Lesson Learned 
Synthesis Report, CHAPTER 8: Growth Potential Models (pages 139 – 152). 


Hanson, Paul C., Johnson Timothy B., Schindler Daniel E., and Kitchell James F. Fish bioenergetics 3.0 for Windows, Madison, Wisconsin, p.E-
6, (1997) 



http://www.r-project.org/





ISEMP and CHAMP PRODUCT SUMMARY 


Entiat Life Cycle Model (LCM) 
EVALUATING THE BENEFITS OF RESTORATION IN THE ENTIAT RIVER SUBBASIN IMW 


FINDINGS AND USES 


The ISEMP LCM provides a 
useful framework for inte-
grating these types of fine-
scale data with a watershed-
scale population model to 
support strategic restoration 
planning.  


The Entiat River subbasin is home to two listed species, spring Chinook and steelhead, and ISEMP is pa-


rameterizing life-cycle models for both. ISEMP is linking reach-scale habitat data collected by CHaMP 


and fish data collected by ISEMP using a watershed-scale LCM to evaluate the benefits of engineered 


approaches to habitat improvement. Entiat River watershed restoration actions are aimed at increasing 


instream habitat complexity through the addition of large wood and boulders, and increasing access to 


the floodplain through levee breaching and side channel reconnections and enhancements.  


DESCRIPTION 
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LCM 


Figure 1. Entiat River spring Chinook spawner abundance from data collected by U.S. Fish and Wildlife Service from 1962 to 2014 (left pan-
el) compared to output from the spring Chinook life-cycle model (right panel). The simulation summaries show the average spawner abun-
dance for 90 years of the simulation. Darker colors represent frequently predicted abundances, while light colors represent more extreme 
predictions.  The model is doing a good job of predicting observed spawner abundances, an essential first step before ISEMP begins manip-
ulating model inputs such as juvenile capacity estimates, to predict the effects of habitat improvement projects.  
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Entiat Life Cycle Model (LCM) 


QUICK FACTS 


POC: Shubha Pandit, Ter-
raqua, inc.  


Development Team: Shubha 
Pandit, Keith van den Broek, 
Tom Desgroseillier, Sara 
Smith, Chris Jordan  


Current Status: Operational 


Dependencies: CHaMP data, 
NREI juvenile model, HSI 
spawner model, geomorphic 
assessments.  


Funding: ISEMP 


ISEMP is connecting habitat capacity (quality and quantity) directly with  the fish response through eco-


hydraulic models such as the Net Rate of Energy Intake (NREI) and Quantile Regression Forests (QRF) 


approaches. In the Entiat spring Chinook model we manipulated the digital elevation models (DEMs)


created from data collected at sites in the Entiat River using the CHaMP protocol to reflect the habitat 


improvement actions that have been implemented in the Entiat to date. We then ran hydraulic models 


using these DEMs at different flows, and used that output, plus drift data collected under CHaMP, to run 


NREI models for each site (Figure 2). This gives us an estimate of the habitat carrying capacity before 


habitat actions, and after actions were implemented and at various flows (Figure 3).  


Figure 2. Predictions of habitat carrying capacity for sites 
in the Entiat IMW where habitat improvement actions 
were implemented. Scenarios 1 and 2 show a site before 
and after restoration at base flow. White indicates parts 
of the river where fish are not predicted to be able to 
survive. Darker red areas indicate higher carrying capaci-
ty. Scenarios 3 and 4 show a restored site at medium and 
high flows. Some of the benefit of the habitat actions is 
lost at the higher flows. 


Figure 3. The predictions of NREI are then converted into estimates of 
juvenile capacity at sites before and after restoration at various flows. 
These numbers are being fed into the life-cycle model to determine if 
actions to date will result  in population-level response to restoration. 







ISEMP and CHAMP PRODUCT SUMMARY 


Lemhi Spring/Summer Chinook Life Cycle Model (LCM) 


FINDINGS AND USES 


Life-cycle Models are very 
useful for simulating how 
specific life-history stages and 
fish populations change in 
response to tributary habitat 
conditions. 


In the Lemhi, the effects of 
restoration scenarios are be-
ing evaluated across the en-
tire Chinook life cycle. This 
allows comparison of alterna-
tive actions in a common cur-
rency, such as adult abun-
dance, productivity, or quasi-
extinction risk, to provide a 
quantitative basis for priori-
tizing restoration.  


ISEMP has adopted a life-cycle modeling (LCM) framework to leverage reach-scale fish-habitat models 


(e.g., HSI, NREI, QRF) and other RME study results (e.g., survival studies) to directly answer key manage-


ment questions. LCMs are particularly well-suited to addressing questions about tributary habitat ac-


tions because LCMs simulate population trajectories as a function of the same demographic parameters 


that restoration aims to improve, all while explicitly portraying uncertainty in model inputs and outputs. 


The version ISEMP uses is a stage-structured, stochastic projection model similar to that of Sharma et 


al. (2005) and Scheuerell et al. (2006). 


The Lemhi LCM has a fully reproducible workflow from data to model parameters, which allows easy 


updating as new data become available. We are using a parsimonious description of the freshwater life 


cycle at the basin scale that includes only those stages (spawners, parr, and smolts) for which data ex-


ist. We approach parameter estimation using a Bayesian statistical framework that calibrates the model 


to the data while ensuring internal consistency through the life cycle. Auxiliary information from other 


ISEMP tools (e.g., juvenile capacity estimates from QRF models) is readily incorporated, providing a 


method of updating the parameters to simulate restoration scenarios. For example, we model tributary 


reconnection by increasing the prior for parr capacity (Figure 1). We plan to build on this simple, parsi-


monious model by including spatial structure (e.g., upper and lower mainstem and tributaries) and 


movement among subbasins. 


DESCRIPTION 


Figure 1. Example of how functional relationships in the 
LCM can be adjusted to simulate restoration scenarios.  


Work in the Lemhi Basin is focused on two restoration 
actions: (1) reconnecting tributary habitats through flow 
addition, diversion modification; and (2) enhancing lower 
mainstem habitats used by overwintering spring/summer 
Chinook salmon. Field data for Chinook salmon indicate 
that juveniles are using the  reconnected tributary habitat, 
although we have not yet documented adults spawning 
there.  


In this case, five tributaries (Big Timber, Bohannon, Can-
yon, Kenney, and Little Springs) were reconnected to the 
mainstem, making them accessible to juvenile Chinook. 
Based on those tributaries’ estimated parr capacities, we 
predict smolt production will increase from the baseline 
scenario. However, the overlapping uncertainty envelopes 
caution that detecting the improvement might be difficult 
without intensive monitoring. 
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Lemhi Spring/Summer Chinook Life Cycle Model (LCM)


Citations: Scheuerell, M. D., R. Hilborn, M. H. Ruckelshaus, K. K. Bartz, K. M. Lageux, A. D. Haas, and K. Rawson. 2006. The Shiraz model: a 
tool for incorporating anthropogenic effects and fish-habitat relationships in conservation planning. Canadian Journal of Fisheries and 
Aquatic Sciences 63: 1596-1607. 


Sharma, R., A. B. Cooper, and R. Hilborn. 2006. A quantitative framework for the analysis of habitat and hatchery practices on Pacific salm-
on. Ecological Modelling 183: 231-250. 
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Figure 2. Density-dependent life-history transitions from spawners to parr and parr to smolts. 
The transition functions (black lines, with gray envelopes showing uncertainty) are estimated 
from field data collected in the Lemhi Basin (filled circles with error bars) using a statistical 
framework that ensures internal consistency through the life cycle and accurately propagates 
uncertainty from inputs to outputs. The parameters of these curves are stage-specific productiv-
ities and capacities, which serve as inputs to the full LCM. 


QUICK FACTS 


POC: Eric Buhle, QCI 


Development Team: Eric 
Buhle, Kevin See, Braden Lott, 
Chris Beasley  


Current Status: Prototype 


September 2017 Status: Op-
erational 


Dependencies: Summer QRF, 
spatially continuous sampling 
methods/analysis, TribPIT 
models 


Funding source: ISEMP 







ISEMP and CHAMP PRODUCT SUMMARY 


Middle Fork John Day Life Cycle Model (LCM) 
EVALUATING THE BENEFITS OF RESTORATION IN THE MIDDLE FORK JOHN DAY IMW 


FINDINGS AND USES 


Many monitoring programs 
collect reach-scale data on 
fish habitat, but these data 
have traditionally been of 
limited use when planning 
large-scale restoration pro-
jects or prioritizing among 
restoration alternatives. 


The ISEMP LCM provides a 
useful framework for inte-
grating these types of fine-
scale data with a basin-scale 
population model to support 
strategic restoration plan-
ning.  


Life-cycle models (LCMs) have proven an informative tool to evaluate the effects of different manage-


ment strategies on Pacific salmon and steelhead, which have complex life cycles spanning diverse envi-


ronments and jurisdictions. In the Middle Fork John Day (MFJD) watershed, ISEMP is linking reach-scale 


habitat data collected by the Columbia Habitat Monitoring Program (CHaMP) with a basin-scale LCM to 


evaluate the benefits of two types of restoration actions: 1) restoration of riparian vegetation, and 2) 


addition of large woody debris (McHugh et al. 2017). The goals of these actions are to reduce stream 


temperatures (vegetation restoration) and increase instream habitat complexity (both actions). Four 


potential scenarios were evaluated to predict the population-level benefits of these two types of actions 


for steelhead (Figure 1). 


DESCRIPTION 
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LCM 


Figure 1. Expected steelhead spawner abun-
dance under current conditions and response 
to three restoration scenarios. Simulation 
summaries show the average spawner abun-
dance for the last 10 years of the simulation 
(horizontal line within boxes), range of fre-
quently observed average abundances (region 
within boxes), and approximate 95% confi-
dence interval for spawner abundance. Indi-
vidual scenario outputs for current conditions 
(blue) and the maximum potential tempera-
ture reduction (red) depict predicted spawner 
abundance for each year of the simulation. 
Darker colors represent frequently predicted 
abundances, while light colors represent more 
extreme predictions. Dashed lines on the out-
put for current conditions represent range of 
observed spawner abundances.  
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Citations: Wall, C. E., N. Bouwes, J. M. Wheaton, S. N. Bennett, W. C. Saunders, P. A. McHugh, and C. E. Jordan. 2016. Design and monitoring 


of woody structures and their benefits to juvenile steelhead (Oncorhynchus mykiss) using a net rate of energy intake model. Canadian Jour-


nal of Fisheries and Aquatic Sciences:1-12. 


Wall, C. E., N. Bouwes, J. M. Wheaton, W. C. Saunders, and S. N. Bennett. 2015. Net rate of energy intake predicts reach-level steelhead 


(Oncorhynchus mykiss) densities in diverse basins from a large monitoring program. Canadian Journal of Fisheries and Aquatic Sciences. 


Wheaton, J. M., P. McHugh, N. Bouwes, C. Saunders, S. Bangen, P. Bailey, M. Nahorniak, E. Wall, and C. Jordan. 2017. Upscaling Site-Scale 


Ecohydraulic Models to Inform Salmonid Population-Level Life Cycle Modelling and Restoration Actions – Lessons from the Columbia River 


Basin. Earth Surface Processes and Landforms: n/a-n/a. 


Middle Fork John Day Life Cycle Model (LCM) 


QUICK FACTS 


POC: Carl Saunders, ELR 


Development Team: Peter 
McHugh, Carl Saunders, Nick 
Bouwes, Eric Wall, Sara 
Bangen, Joe Wheaton, Matt 
Nahorniak, James Ruzycki, Ian 
Tattum, Chris Jordan  


Current Status: Operational 


Dependencies: CHaMP data, 
NREI juvenile model, HSI 
spawner model, geomorphic 
assessments, network tem-
perature model, heat source 
temperature model,  


Funding: ISEMP 


The four restoration scenarios that were evaluated are: 


1) Status Quo (SQ): based on current estimates of survival and habitat capacity for steelhead,


2) Maximum potential temperature reduction (MaxVeg): based on the best case temperature predic-


tions, resulting from historical vegetation communities, channel structure, and flow levels,


3) Maturation of current vegetation restoration actions (CurVeg): which predicts the thermal benefits


resulting from the complete maturation of riparian plantings on the ground in 2008, and


4) Structural habitat additions (Wood): the population response to juvenile rearing capacity increases


resulting from the targeted placement of in-stream structures structures (i.e., wood, etc.) in 91


anadromous fish-accessible km of mainstem and tributary habitat.


Reach-level responses of juvenile steelhead to each restoration scenario were then predicted using a 


juvenile NREI ecohydraulic model, which estimates carrying capacity based on the number foraging loca-


tions that would support fish growth (Wall et al. 2016). Model outputs support the hypothesis that the 


MFJD is limited by warm summer temperatures, and cooler water temperatures could support more 


juvenile steelhead, which would translate into modest (CurVeg) to large (MaxVeg) increases in spawner 


abundance (Figure 1). The scenario involving the maturation of vegetation restoration actions on the 


ground as of 2008 (CurVeg) predicted an increase spawner abundance by 17% relative to current condi-


tions. However, the reduction in water temperatures expected from returning vegetation to its historical 


condition (MaxVeg) was predicted to increase spawner abundance by 115%. In contrast, minor benefits 


were predicted from the addition of wood to tributary and mainstem habitat (Wood). On average, the 


addition of woody debris to channels yielded only a 3% increase in spawner abundance. Thus, simula-


tions suggest that wood addition, at current densities, may be insufficient to yield measureable popula-


tion-level responses.   


McHugh, P. A., W. C. Saunders, N. Bouwes, C. E. Wall, S. Bangen, J. M. Wheaton, M. Nahorniak, J. R. Ruzycki, I. A. Tattam, and C. E. 
Jordan. 2017. Linking Models across Scales to Assess the Viability and Restoration Potential of a Threatened Population of Steelhead 
(Oncorhynchus Mykiss) in the Middle Fork John Day River, Oregon, USA.  In Press.  Ecological Modelling.







ISEMP and CHAMP PRODUCT SUMMARY 


CHaMP Data Flow and Storage 
CHAMPMONITORING.ORG


FINDINGS AND USES 


The CHaMP website provides: 


 Access to standardized
metrics and measure-
ments available for pub-
lic use.


 A system that supports
the electronic collection
and assimilation of habi-
tat data.


 Access to a suite of high-
resolution, spatially ex-
plicit set of topographic,
hydraulic, and channel
feature data products
that can be reused, re-
purposed and refined for
future use.


 Advanced back-end con-
nections to other data-
bases, cloud processor
services, and metadata
documentation


CHaMP tools, metrics, and work products were developed with the intent of supporting BPA’s status 


and trend and IMW reporting requirements. A data management system was developed to support the 


collection, long-term management, and sharing of regional habitat data among multiple entities, includ-


ing CHaMP collaborators, analysts, BPA report consumers, and public data analysts. 


Figure 1.  Data flow supported by www.champmonitoring.org 


A website (www.champmonitoring.org; Figure 2) provides access to the data management system and 


CHaMP field measurement data, files, photos, calculated metrics, and topographic data products. The 


online interface allows users to select and prepare sites for field visits, upload data post-field visit, and 


perform basic quality assurance checks, such as reviewing and resolving outliers and missing data. The 


interface is also the central access point for measurement and metric data that are available to the pub-


lic. The data management system is reviewed annually and updated to take advantage of new technolo-


gy and address protocol and management needs.  


In 2017, the CHaMP plans to improve the www.champmonitoring.org web interface to better support 


data download and exposure of metrics and files. 


DESCRIPTION 
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Data 


Support 


Figure 2. Screenshot of the www.champmonitoring.org interface, which was developed to serve 
as a long-term habitat monitoring data repository.  


QUICK FACTS 


POC: Carol Volk, South Fork 
Research  


Development Team: Keith 
Steele, Philip Bailey, Boyd 
Bouwes 


Current Status: Production 


Funding source: CHaMP 







CHaMP Data Flow and Storage 
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Spring preparation 


A key principle in the implementation of the system has been to 


rigorously document the procedures, sampling design, data defini-


tions, data quality, and keep historic data aligned with current data 


standards. Such documentation conserves the ability to use these 


data for many years to come for a variety of projects. The docu-


mentation also allows efficient updates to the system to meet tech-


nology upgrades and future data 


purposing needs.   


Such documentation is reviewed 


each spring and uploaded to the 


champmonitoring.org website to  


prepare for the summer field 


season.  Metric definitions study 


designs, and the protocol are 


reviewed each year. 


Winter reporting 


Metrics are reviewed by crews and released to the public. Another 


suite of models are then run to calculate habitat capacity estimates, 


including a hydraulic model, energetics model (net rate energy in-


take), and fish habitat suitability models. These secondary products 


are also stored in the champmonitoring.org repository and are 


available for use.     


Figure 1. Annual cycling of data collection and analysis for CHaMP. 


Fall post-processing and review 


At the end of the field season, crews review the quality of data 


from all visits that occurred during the field season. Measurement 


data are assessed for completeness, accuracy, and consistency. Site 


evaluations, data upload, and visit objectives are all reviewed by 


both crews and usually watershed leads. Metrics are then calculat-


ed that describe the substrate, large wood, channel units, site di-


mensions, and fish cover.  


URL 


https://www.champmonitoring.org 


Summer field season 


Currently, CHaMP uses an iPad, total station, GPS unit, and SunEye 


for data capture during the summer field season. Crews follow spe-


cific data collection methods outlined in the protocol. Once field 


data passes all quality control validation checks (iPad and total sta-


tion topographic data review) they are field-approved and trans-


ferred directly back to champmonitoring.org.  


Solar input photos and topo-


graphic data are both post-


processed on the laptop comput-


er. Topographic data are post-


processed using the GIS-based 


CHaMP Topo Toolbar; description 


codes and point coordinates are 


used to create stream surfaces 


(e.g., a DEM) and wetted and 


bankfull channel features (e.g., 


extents, cross sections, and chan-


nel units). Validation checks are 


used to identify missing features 


and data alignment issues among 


topographic products. When a 


survey passes all validation 


checks, the post-processed prod-


ucts and raw files are added to 


champmonitoring.org. 







ISEMP and CHAMP PRODUCT SUMMARY 


Data Warehousing 


FINDINGS AND USES 


The Data Warehouse will: 


 Provide storage and ac-
cess any documented
dataset.


 Organize multiple data
products and model out-
puts in one location


 Provide useful, simplified
views of model products
that are backed by de-
tailed metadata, allowing
users to drill down into
inputs and model
settings as needed.


CHaMP has generated substantial volumes of modeled data at monitoring sites and network-based geo-


spatial data across the Interior Columbia River Basin (ICRB) and a cloud-based warehouse is in develop-


ment that will serve as a robust file cabinet of products that can be easily accessed via desktop-enabled 


geospatial tools. These model products draw on many existing datasets and operate at site, network, 


and watershed scales with varying spatial and temporal resolutions, which makes these products diffi-


cult to serve in a simple, straightforward fashion—which is our goal. 


The modeling efforts all lead toward understanding the status and trends and relationships of fish and 


habitat in the ICRB, which means they must be easily accessible, integrated, and transparent. The data 


warehouse follows several design principles: 


 Accessibility: Make CHaMP data products easily available to collaborators for review. Currently the-


se data products are available through a variety of access points and are usually tied to analyst re-


quests.


 Consistency: Standardize CHaMP data product storage to facilitate additional summary and model-


ing of products at common, distinct spatial scales.


 Simplicity: Use simple, inexpensive, readily available technology. The data products in question ex-


ist already and the priority is to simply centralize, organize and share them in their current state


without expensive software development requiring intensive long-term maintenance.


 Flexibility: The data products span a variety of custom-built file formats. The goal is to accommo-


date any and all formats and restrict the expensive effort to convert and format the data.


DESCRIPTION 
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Data 


Support 


QUICK FACTS 


POC: Philip Bailey, North Ar-
row Research  


Development Team: 
Matthew Reimer, Joe 
Wheaton, Carol Volk, Kelly 
Whitehead, Philip Bailey, Jor-
dan Gilbert, Wally McFarlane, 
Jesse Langdon   


Current Status: Development 


September 2017 Status: Pro-
duction 


Funding: CHaMP 
Figure 1. Example Valley Bottom Confinement Analysis stored in the Data Warehouse.  
Image shows a valley bottom (green), bankfull channel (blue) and confinement metrics 
(dots).  Analyses are stored with accessible product metadata and default visual settings 
that provide standardized viewing of products, enabling users to easily download and 
explore a variety of analytical products on their own.   
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The approach relies on each data product organized and documented as a Project. This means data products are organized into Input/


Output folders and are accompanied by a simple project metadata file (XML). The metadata file specifies which inputs were used, the oper-


ator and date/time of processing, as well as which realizations were produced with which parameters. Each data product project is placed 


in a web-accessible storage system (Amazon’s S3 Cloud storage service) . 


WAREHOUSED MODEL PRODUCTS 


Over 30 different types of analytical models are currently under consideration for the data warehouse. 


The models that are already operational include: 


 Valley Bottom Extraction Toolkit (VBET)


 Riparian Condition Assessment ( RCA)


 Riparian Vegetation Departure (RVD)


 Geomorphic Network Assessment Toolkit (GNAT)


 Confinement


 Constriction


 Sinuosity


 Valley Sinuosity


 Planform


 Electrical Conductivity


 Solar Input


 Network-based temperature (Land Surface Temperature Models)—coming soon


 CHaMP Topographic, Hydraulic and Energetic Products and Metrics—coming soon


 Qunatile Regression Forest Habitat Capacity Estimates —coming soon


 Watershed Metric Estimates (spatially balanced sampling summaries — coming soon


The data warehouse integrates directly with and layers on top of the site-level data CHaMP collects.  


The data warehouse is accompanied by several lightweight software applications that make it easy to interact with the data: 


 Data browser for viewing the warehouse contents.


 Data uploader/downloader for contributing and retrieving projects.


 Analyst toolbar for viewing projects within desktop GIS with consistent symbology (thereby avoiding the labor intensive and often con-


founding challenge of knowing how best to view each data product type).


Future enhancements include review and feedback mechanisms so that consumers of the data can comment and help improve the data 


stored in the warehouse. We also intend to broaden to the warehouse to other analytical models, integrating it with other existing regional 


datasets such as the Pacific Northwest Salmon Habitat Restoration Project Tracking Database and the Salmon Population Summary (SPS) 


database. 







ISEMP and CHAMP PRODUCT SUMMARY 


CHaMP Workbench 


FINDINGS AND USES 


Often, data analysts need 
instantaneous access to 
CHaMP data across the entire 
program and require the abil-
ity to perform custom queries 
and batch analyses. 


The free CHaMP Workbench 
software application allows 
users to quickly and easily 
create custom site and visit 
data queries, retrieve and 
visualize these data, and per-
form analyses such as topo-
graphic metric calculations, 
fish habitat calculations, and 
hydraulic model preparation. 


The CHaMP Workbench is a lightweight desktop software application designed to retrieve, organize, 


subset, and visualize CHaMP Visits, Metrics, and Measurement data. It maintains cached lists of CHaMP 


watershed, site, and visit information so users can have direct, instantaneous access to such infor-


mation for the entire program on their local computer, and the CHaMP Workbench communicates di-


rectly with champmonitoring.org to easily keep the cached information up to date. The Workbench is 


also designed to facilitate data pre-processing steps critical for some CHaMP models, like the fish habi-


tat capacity and hydraulic models. This gives analysts the freedom to run and adjust CHaMP models as 


needed to meet their local  analytical needs.  


Since analysts perform data review, visit selections, and model preparation activities repeatedly and 


frequently, the Workbench fills the need to quickly navigate the thousands of visits on champmonitor-


ing.org. It is designed to provide a supplemental Visit exploration method to the standard, generic 


CHaMP data views that were designed to make all data available to any user via a website.    
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Figure 1. Screenshot of the Workbench, an easy portal for analysts to access and work with the large amount of data that 
CHaMP generates. 
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In addition to enabling users to work with site and visit attribute 


information, the Workbench allows users to easily: 


 Select one or more visits and download topographic survey


files .


 Organize downloaded files in a consistent, predictable hier-


archy. This seemingly trivial act promotes standardized file


organization that can be cumbersome with the approxi-


mately 3,000 visits that CHaMP has performed to date. This


standardization allows analysts to build and rely on custom


workflows and scripts with a high level of code success.


 Integrate analyses of tabular data and geospatial data by


making file downloads and metric preparation possible


from the same interface.


 Apply custom, repeated workflows developed by analysts


through storage of batched Visit lists, and easy integration


of select coding languages.


 Perform topographic metric calculation, fish habitat calcula-


tions, hydraulic model preparation, as well as several other


model analyses.


 Efficiently and cost-effectively allow verification of analyses


and quickly get results without having to develop expensive


server-based tools on champmonitoring.org.


 Perform quality assurance and standard review of metrics


available in the Workbench. In 2016, these features  were


leveraged by field crews perform quality assurance on


CHaMP metrics.


Figure 2. The Workbench automates the download of visit files from 
the champmonitoring.org FTP site.  


Figure 3. The Workbench provides several CHaMP metric plots that ana-
lysts can use to get quick feedback and verify the results of model runs.  


QUICK FACTS 


POC: Philip Bailey, North Ar-
row Research 


Development Team: Philip 
Bailey, Kelly Whitehead, 
Matthew Reimer  


Current Status: Production 


Funding source: CHaMP 


URL 


https://www.workbench.northarrowresearch.com 







ISEMP and CHAMP PRODUCT SUMMARY 


Data Processing Toolkit for Dam Adult Branch Occupancy Model (DABOM) 


Abundance of spawners (i.e., the number of adults on spawning grounds) is a primary metric needed for 


monitoring the status of spring/summer Chinook salmon and steelhead in the Columbia River basin 


(McElhany et al. 2000). Estimates of abundance combined with age and sex information over time al-


lows estimation of productivity (e.g., recruits-per-female). Fisheries managers can use these estimates 


to achieve sustainable harvest of larger populations, while protecting weaker stocks and their biodiver-


sity. 


The DABOM model estimates adult escapement of natural-origin spring/summer Chinook salmon and 


steelhead in various tributaries within the Snake River basin above LGR. Developing the input files for 


the DABOM model as well as for life-history assessments requires the annual processing of tagging and 


interrogation data for thousands (e.g., 4,000) of PIT tags per species. The complete tagging history da-


taset often exceeds 100,000 interrogation records. Deciding which PIT tags are valid (i.e., a systematic 


random sample of target individuals) and determining the final migration route and destination of indi-


vidual fish can be an unwieldly exercise, and moreover, is an exercise that should be transparent and 


reproducible.  


The DABOM data processing toolkit (a set of R-functions and tools) will facilitate transparent and repro-


ducible abundance estimates for spring/summer Chinook salmon and steelhead in the Snake River ba-


sin. Moreover, it will improve the coordinated reporting of abundance and life-history (length, age, sex, 


run-timing, genetic) data allowing for sex- and age-structured abundance estimates that can be used for 


productivity monitoring. It will also provide a means to investigate and process PIT tag interrogation 


histories in a transparent and reproducible manner. Finally, the data processing toolkit can be imple-


mented in other regions where adult salmon and steelhead are being PIT tagged at mainstem facilities 


and abundance is being estimated using interrogation data in tributaries (e.g., upper Columbia steel-


head above Priest Rapids Dam, Wenatchee River spring Chinook above Tumwater Dam). 
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QUICK FACTS 


POC: Mike Ackerman, QCI 


Development Team: Mike 
Ackerman, Kevin See, Ryan 
Kinzer, Rick Orme, Greg 
Kliewer, Carlos Camacho, 
Chris Beasley  


Current Status: Prototype 


Dependencies: LGR trapping 
database (LGTrappingDB), 
PTAGIS, DART  


Funding source: ISEMP 


FINDINGS AND USES 


The DABOM toolkit will auto-
mate processes for: 


 Developing valid PIT tag
lists to be used for
DABOM and for life-
history reporting.


 ‘Cleaning’ of complete
tag histories for individu-
al fish. Tools will flag rec-
ords that are out of order
in both time and space
and will provide a sum-
mary of flagged records.


 Determining a final
spawning destination for
each PIT tagged fish


 Generating input files for
DABOM and life-history
reporting.


 Ultimately, allow for its
use in interior Columbia


Figure 1. Schematic showing 
the main branches which fish 
may occupy after crossing 
Lower Granite Dam. PTAGIS 
codes of the most down-
stream site for each branch 
are shown.  
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Status and Effectiveness Monitoring Databank (STEM) 
HISTORICAL ISEMP DATA STORAGE 


The Status and Effectiveness Monitoring Databank (STEM Databank) stores monitoring data collected 


through ISEMP and associated projects. The databank was designed to store and serve data from a vari-


ety of field collection procedures, including juvenile and adult fish information, such as spawning survey, 


snorkel, electrofishing, and screw trap counts, in-stream habitat, fine sediment water and air tempera-


ture, and discharge (Figure 1). Both raw measurement data and a select number of calculated metrics 


are stored in the database.  


The STEM Databank was constructed with a uniquely flexible structure capable of housing any dataset 


with sufficient metadata. It currently contains measurement data from 2003-2009, with a focus on habi-


tat and fish data in the Wenatchee and Entiat subbasins (WA), and water temperature data in the John 


Day subbasin (OR). This was a collaborative effort with the Northwest Fisheries Science Center, which 


continues to host the database for the region.  
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Figure 1. Screenshot of the STEM Databank. Currently, it contains measurement data from 2003-2009, 
with a focus on habitat and fish data in the Wenatchee and Entiat subbasins (WA), and water tempera-
ture data in the John Day subbasin (OR).   


FINDINGS AND USES 


The STEM Databank provides 
two main resources to ana-
lysts and managers:  


Access to measurements and 
metrics from 2003-2009 with 
metadata documentation 
that can be used for local or 
regional assessments. 


A flexible data container that 
allows storage of any docu-
mented dataset that can be 
accessed through a simple 
interface to allow data down-
load with a low overhead 
management cost.  


QUICK FACTS 


POC: Carol Volk, South Fork 
Research


Development Team: Chris 
Jordan and Northwest Fisher-
ies Science Center data man-


agement team 


Current Status: Operational 
for select  watersheds within 
interior Columbia River basin 


Funding: ISEMP, NOAA 
NWFSC 


URL 


https://www.webapps.nwfsc.noaa.gov/apex/stem/f?p=168:11 







ISEMP and CHAMP PRODUCT SUMMARY 


PUBLICATIONS


FINDINGS AND USES 


Publications provide: 


 Peer-reviewed vetting of
concepts and practices
by the scientific commu-
nity


 Formal documentation of
procedures for future
use.


 Outreach communication
to those outside of
standard Program in-
volvement  that may be
facing similar issues, res-
olutions, and advance-
ments.


 Program awareness and
opportunities for collab-
oration.
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POC (list): Carol Volk, South 
Fork Research 


Funding source: ISEMP, 
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STATUS AND TRENDS (Continued) 
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a  b  s  t  r  a  c  t


Species  conservation  is  often  informed  by  the use of  models  evaluating  the  effect  of  different  management
strategies  on  the  status  of  at-risk  populations.  For  Pacific  salmon  and steelhead  (Oncorhynchus  sp.),  which
have  complex  life  cycles  spanning  diverse  environments  and  jurisdictions,  life-cycle  models  (LCMs)  have
proven  particularly  useful  for this  task.  Yet,  most  salmonid  LCM  applications  to date  have  not  been  able
to tie  projections  of population  performance  to  specific  tributary  habitat  management  actions,  which  is
integral  to many  recovery  plans.  Here  we describe  a modelling  framework  that links  reach-scale  stream
habitat  models  with  a basin-scale  LCM,  bridged  by statistical  extrapolation  models,  to  evaluate  recov-
ery  opportunities  for an  imperiled  population  of  steelhead  (O.  mykiss)  in  the Middle  Fork  John  Day  River,
USA.  We  parameterized  a  LCM  by  leveraging  results  from  (1)  a  large-scale  environmental  monitoring  pro-
gram  that  supports  ecohydraulic  modelling  and  characterizes  habitat  quality  (with  a  salmonid  emphasis)
within  individual  stream  reaches  (ca.  100–600  m  segments),  and  (2)  detailed  demographic  studies  that
provide  estimates  of  survival,  age  structure,  fecundity,  etc. relevant  to the  model  population.  We  then
applied  the  model  to  quantify  population  performance  under  current/base  (status  quo)  conditions  and
under two  classes  of  restoration  that  aim  to  increase  survival  for  juvenile  steelhead:  riparian  revegetation,
which  reduces  (otherwise  limiting)  stream  temperatures  during  the  warm  summer  months;  and  woody
structure addition,  which  increases  in-stream  hydraulic  complexity  and  thus  juvenile  rearing  capacity.
Status  quo  simulations  produced  abundance  dynamics  consistent  with  recent  population  monitoring
data  and  the  population’s  current  threatened  status.  Our  evaluation  of  these  basic  restoration  scenarios
revealed  that  while  both  strategies  have  the potential  to improve  the  conservation  status  of  steelhead,
the  benefits  of woody  structure  addition  were  relatively  minor  compared  to those  resulting  from  stream
temperature  reductions.  Together,  our  findings  suggest  that  in thermally  stressed  systems  the  benefits
of wood  addition  will  be  optimized  if (1)  structures  are  added  at a considerably  higher  rate  than  is  often
done,  focusing  on  reaches  that  are  not  thermally  limited  initially,  and  (2)  these  efforts  are  paired  with


extensive  riparian  planting  (i.e., in  reaches  that  have  the  highest  potential  for effective  shading),  which
will  address  thermal  limitations  (if relevant)  and  offer  a natural  source for future  wood  recruitment.
In  addition  to  shedding  light  on  effective  strategies  for recovering  steelhead,  our  study  illustrates  the
power  of coordinated  monitoring  programs  that can  parameterize  the  relationships  needed  to integrate
modelling  possibilities  across  
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1. Introduction

Efforts to recover threatened and endangered species often rely
on models to identify management strategies that will improve
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he status of at-risk populations (Good et al., 2007; Sweka and
ainwright, 2014). Fundamental to this work is the task of build-


ng models that are structurally or numerically consistent with
he spatial and temporal scales of relevant biological processes
nd management actions (Green et al., 2005). For species like
acific salmon and steelhead (Oncorhynchus spp.), this task is espe-
ially challenging given that they respond to factors operating
t widely varying spatial and temporal scales. For example, the
oraging success, growth, and survival of individuals can be influ-
nced by conditions within small (10–100 m2) patches of stream
abitat (e.g., Rosenfeld and Taylor, 2009), yet a river’s overall capac-


ty to produce juvenile fish may  be set by habitat limitation for
nother life stage that is governed by broader-scale geomorphic
ontrols (e.g., spawning gravel availability, Buffington et al., 2004;
alm et al., 2007). Similarly, global climatic phenomena (e.g., El
iño Southern Oscillation) can affect the survival of salmon dur-


ng marine life stages (e.g., Sharma et al., 2013) to an extent that
akes it difficult to detect the effects of factors operating during


reshwater stages (e.g., Schaller et al., 2013). Accordingly, there is
 need for modelling approaches that can accurately depict com-
lex life histories and simultaneously maximize the realism of
pecies–environment relationships for life stages targeted by man-
gement and restoration.


The need for such tools is particularly acute in the Columbia
iver Basin, home to a large-scale, long-term, and costly stream
estoration program that was developed to recover salmon and
teelhead populations through spawning and rearing habitat
mprovements and barrier removal (Leonard et al., 2015). Although
estoration comes in many forms, the general goal of most projects
s to increase the quality or quantity of habitats that are believed
o limit particular life stages and overall population abundance
Barnas et al., 2015). In our study region, ongoing restoration aims
o improve in-stream habitat complexity and water quality (e.g.,
ooler summer temperatures), among other conditions, based on


 combination of riparian restoration and woody structure place-
ent projects (Rine et al., 2016). To support prioritization of specific


estoration activities, regional panels have identified restoration
rojects that are expected to confer the greatest demographic ben-
fits to populations (e.g., Booth et al., 2016). However, at least
wo key uncertainties must be addressed before this question
an be reliably answered. Firstly, candidate restoration projects
ust be translated into an expected habitat change (e.g., reduced


ne sediment levels or cooler summer temperatures, Bartz et al.,
006; Jorgensen et al., 2009) and associated fish response (e.g.,
n increase in freshwater survival, Honea et al., 2009). Secondly,
ecause the benefits of specific restoration projects are often local-


zed in nature, these reach-scale expectations must be upscaled
o the basin/population level so that their overall value can be
ssessed (Wheaton et al., In Press). If such uncertainties can be
ddressed quantitatively, then the long-term population-level ben-
fits of restoration alternatives can be assessed using a life-cycle
odelling approach.


Despite a rich history of life-cycle model (LCM) applications
o salmon recovery-related questions (see Good et al., 2007 for


 recent review), previous attempts to link habitat restoration
cenarios with future population performance have met  with
imited success. For example, studies have modelled population
esponses to hypothetical survival increases assumed to be achiev-
ble through habitat restoration, but without explicit consideration
f current conditions or restoration feasibility (e.g., Kareiva et al.,
000). More recent assessments have integrated habitat–survival
elationships and basin-specific habitat condition into modelling


e.g., Honea et al., 2009; McHugh et al., 2004; Scheuerell et al., 2006),
ssessed restoration potential based on relationships between
atershed condition and in-stream habitat metrics (e.g., Bartz et al.,


006; Jorgensen et al., 2009; Sharma et al., 2005), or increased the
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spatial resolution of LCMs (Scheuerell et al., 2006). The realism of
LCMs has thus improved greatly, yet these tools continue to inform
restoration practice at a coarse level and in the absence of mech-
anistic insight on fish–habitat associations. Thus, approaches that
integrate LCMs with reach-level habitat observations and restora-
tion plans are needed.


Recent advances in fish-habitat monitoring and modelling
within the Columbia River Basin have made it possible to inte-
grate biological responses and habitat condition at scales relevant
to individual restoration projects. Specifically, the Columbia Habi-
tat Monitoring Program, initiated in 2011, has collected the data
necessary to parameterize hydraulic, drift-foraging, and habi-
tat suitability models at several hundred survey sites (i.e., ca.
100–600 m long stream reaches) across the region (Wheaton et al.,
In Press). Using the Middle Fork John Day River (MFJD) as a test
case, here we demonstrate a modelling framework that (1) lever-
ages these data to estimate reach-level juvenile rearing and adult
spawning capacity as a function of physical habitat, (2) upscales
these reach predictions using larger scale basin data (e.g. GIS,
remote sensing) to provide an estimate of population or basin
total carrying capacity for key life stages, and (3) uses these val-
ues, along with other demographic data for the target population,
in a LCM context to quantify the current status of the basin’s
threatened steelhead (O. mykiss)  population. We apply this frame-
work retrospectively for validation purposes, then prospectively to
assess the potential benefits of two commonly pursued restora-
tion approaches; one that aims to enhance rearing capacity and
survival for juveniles by providing cooler summer temperatures
(ODEQ, 2010) and another that aims to increase juvenile carry-
ing capacity through increased structural/hydraulic complexity of
select reaches (via large wood addition; Li et al., 2016). Our objec-
tives are two-fold: (1) to describe the modelling approach, which
is sufficiently flexible for other applications in which similar data
exist (note, our description here is brief, but we provide complete
details in a companion supplement); (2) to apply it to a specific case
and interpret our findings relative to the population’s conservation
status. Additionally, in pursuit of these objectives, we demonstrate
a practical approach for upscaling reach-level mechanistic models
to inform population-level assessments.


2. Methods


2.1. Study system and model population


The Middle Fork John Day River drains the highlands of north
central Oregon and is a primary tributary to the John Day River
(Fig. 1). Its basin is moderate in size (ca. 2100 km2; average base
flow 7.2 m3 s−1 [gauging station at rkm 24]) and spans habitats
ranging from near-alpine at its crest (ca. 2200 m)  to sagebrush
steppe near its confluence with the North Fork John Day River
(ca. 650 m)  (O’Brien et al., In Review). The climate of the MFJD
basin is semi-arid, characterized by cool, wet  winters (i.e., highland
snow, lowland rain) and dry, hot summers. The MFJD hydrograph is
thus snowmelt-driven, and both low-flow and warm-temperature
extremes are currently ubiquitous during the summer months
(Torgersen et al., 1999). Contemporary thermal limitations, com-
bined with other legacy effects of historic land-use practices (i.e.,
extensive grazing, logging, and mining), are the focus of an ongo-
ing experimental restoration effort coordinated by the Middle Fork
John Day River Intensively Monitored Watershed working group
(Bennett et al., 2016). Restoration efforts aim to improve the sta-


tus of two  anadromous salmonid species (steelhead and Chinook
salmon) by reducing summer temperatures, reducing fine sediment
loading, and increasing in-stream habitat availability and complex-
ity, via actions occurring directly in the stream channel (e.g., wood
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Fig. 1. Map  showing the location of the Middle Fork John Day River Basin (within
Oregon, a; and the John Day Basin, b), as well as the portion of the catchment that
encompassed by the life-cycle model (i.e., all upstream of the juvenile outmigrant
[rotary screw] trap near Ritter, Oregon, light gray subbasin in c), as well as the
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ortion of the river network embodied in restoration scenarios (stream temperature
riparian restoration] = dash; large woody debris (LWD) structure additions = dot-
ash).


lacement, barrier removal), in floodplains (e.g., road re-alignment,
iparian planting), and in locations upslope or upstream of focal
reas (e.g., water rights acquisition); among these factors, warm
ater temperatures are perhaps of greatest concern. Unless noted


therwise, our assessment focuses exclusively on the anadromous
sh-bearing extent upstream of the MFJD juvenile migrant trap at
km 24 (i.e., the entirety of the Intensively Monitored Watershed
roup’s domain).


Our focus here is on MFJD steelhead, an independent population
f the Middle Columbia River steelhead evolutionarily significant
nit, which is classified as ‘threatened’ under the U.S. Endangered
pecies Act (ESA; ICTRT, 2003). These fish express a life history pat-
ern typical of a Columbia River summer-run steelhead (Fig. A1,
ppendix A in Supplementary Material). First, premature adults
nter the Columbia River during summer, hold in mainstem rivers
hrough the fall and winter, and spawn in tributaries in the follow-
ng spring (Quinn et al., 2015). Thus, nearly a year elapses between
he time adult steelhead exit the Pacific Ocean and when spawning
ccurs. Three distinct life stages (i.e., eggs, fry, age-0 parr) occur
hereafter (spring-winter) but before the next year begins. After
heir first spring out of the gravel (i.e., as age-1 pre-smolts), a
ortion of individuals undergo smoltification and emigrate down-
tream to the ocean as age-1 smolts; remaining ocean-bound


uveniles typically depart the following spring as age-2 smolts, but
ome remain to emigrate as age-3 smolts (note, age-4 smolts are
are for the MFJD). The emigrant age composition for smolts pro-
uced by a typical MFJD brood is ca. 10% age 1, 75% age 2, and
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15% age 3 (Bare et al., 2015). Following the downstream migra-
tion of smolts through three mainstem Columbia River hydropower
dams, which facilitate estimation of survival and passage timing
(Appendix A in Supplementary Material), smolts reside briefly in
the estuary before undergoing a 1–3 year residence in the ocean.
Relative to other summer steelhead populations, the majority of
MFJD steelhead return to freshwater after one year at sea (ocean
age 1, OA1), with fewer ocean age-2 and ocean age-3 individuals
(the typical ocean-age composition for a cohort is ca. 65% OA1, 35%
OA2, and <1% OA3; McCann et al., 2014). In total, it takes a single
cohort (i.e., brood year) eight calendar years to completely nav-
igate this life history, barring the possibility of repeat spawning,
and involves discrete stages that span annual (age-1+ pre-smolt and
adult stages) and sub-annual (eggs, fry, age-0 parr, smolts) periods.


Middle Fork John Day River steelhead, like many populations of
steelhead in the interior Columbia Basin, express an additional life
history variant that is worthy of mention. Specifically, anadromous
O. mykiss (steelhead) co-occur with non-anadromous O. mykiss
(redband trout, resident rainbow trout, or resident O. mykiss, here-
after; e.g., McMillan et al., 2012). Although the factors governing life
history expression remain uncertain, evidence to date suggests that
both forms can give rise to one another (see Kendall et al., 2014
for a recent review) and, additionally, that females tend towards
anadromy more than males (Ohms et al., 2014; Sloat et al., 2014).
Despite the potential for contributing to the long-term persistence
of steelhead populations (e.g., Holecek et al., 2012), the near-term
(101 years) demographic importance of resident O. mykiss to co-
occurring steelhead populations is largely unknown (Kendall et al.,
2014). MFJD redband trout are not (and generally cannot be) enu-
merated separately from anadromous steelhead juveniles (but see
Ohms et al., In Review, for potential methods); however, they are
present, assumedly at modest levels, and contribute reproductively
to the aggregate O. mykiss population (e.g., based on presence of
mature age-1+ males (McMillan et al., 2012)).


2.2. Life cycle modelling framework


Our modelling framework is built on three components: i)
reach-scale hydraulic and habitat models that, upon upscaling,
inform the LCM’s capacity input needs; ii) a synthesis/compilation
of published demographic parameter estimates (i.e., stage-specific
survival, fecundity, emigration/maturation probabilities, etc.) for
steelhead and co-occurring resident O. mykiss in our study basin;
and iii) a LCM for simulating population dynamics given these data
(Appendix A, Fig. A1 in Supplementary Material). The LCM itself is a
basin- and species-specific (i.e., steelhead) adaptation of the model
of Sharma et al. (2005), a stage-structured, stochastic salmonid pop-
ulation model (Appendix A in Supplementary Material). This LCM
propagates steelhead cohorts through their life history according to
a sequence of density-dependent Beverton-Holt ‘spawner’ (Ni) and
‘recruit’ (Ni+1) relationships (Beverton and Holt, 1957; Moussalli
and Hilborn, 1986), with stage-specific capacity (ci) and productiv-
ity (pi, maximum recruits per spawner) parameters determining
realized survival across life stage transitions (Appendix A in Sup-
plementary Material),


Ni+1 = Ni
1
pi


+ 1
ci
Ni


(1)


We parameterized stage-specific pi using published survival
estimates (Si) from John Day Basin-focused (e.g., Bouwes et al.,
2016b) or other relevant monitoring studies (e.g., McCann et al.,


2014; and see Appendix A and B in Supplementary Material). The
MFJD’s capacity (cspawner, cjuvenile) to support spawning and juve-
nile rearing (i.e., age-0 parr and age-1+ pre-smolts/resident O.
mykiss)—attributes that are a primary focus of restoration—was
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stimated using mechanistic habitat models applied at the reach
cale (i.e., survey sites) and upscaled to the population level (dis-
ussed below). Whereas parr/pre-smolt and spawner life stages
ere modelled according to density-dependent functions, other


ife stages (i.e., fry, smolts, ocean rearing stages) were assumed to
ehave in a density independent manner and, accordingly, their
apacities were modelled as infinitely large (ci = 1.0 × 1050). In
ddition to the parameters ci and pi, our LCM requires insight
n smolting probabilities (ei) for freshwater juveniles, maturation
robabilities (mi) for adults at sea (and resident O. mykiss,  described
elow), and fecundity (fi) for relevant life stages. We  provide further
etail on the derivation of the LCM’s capacity parameters (cspawner,
juvenile) below and refer the reader to Appendix A and Appendix B
n Supplementary Material for complete documentation on model
arameters.


Relative to the model’s precursors (i.e., Sharma et al., 2005), our
daptation incorporates three important changes to accurately cap-
ure the MFJD’s diversity of O. mykiss life histories. The first change
nables pre-smolts to ‘opt out’ of anadromy and instead remain in
atal tributaries to become resident rainbow trout, whilst continu-


ng to contribute reproductively to the mixed anadromous/resident
opulation (reviewed above). Secondly, the model allows for this
nadromy/residency ‘decision’ to be made on a gender-specific
asis, consistent with available empirical evidence that females
re more prone than males to express anadromous life histories.
hirdly, mature O. mykiss can survive after spawning and make
ultiple reproductive contributions over a lifetime in our LCM.


onsistent with what is currently known about O. mykiss in the
ohn Day Basin, we include a small resident population segment
n our LCM in order to maximize model realism without having a
iscernible influence on anadromous population dynamics.


.3. Reach-scale spawning and rearing capacity estimation


A strength of our LCM application is that we  model steel-
ead population dynamics using reach-scale estimates of spawning
nd rearing capacity that were generated using mechanistic habi-
at models (Fig. 2). Between 2011–2014, the Columbia Habitat


onitoring Program collected the topographic, surface roughness,
nd discharge data necessary to construct digital elevation mod-
ls (DEMs) and parameterize hydraulic models (Delft3D; Deltares,
010) at n = 54 river reaches (120–600 m in length) from across
he MFJD basin sampled according to a probability-based, spatially
alanced design (for a review of the survey design, see Nahorniak
t al., 2015). Streams were surveyed under summer baseflow con-
itions and discharge averaged between 0.04 m3 s (tributary sites)
nd 0.40 m3 s (mainstem sites). Hydraulic modelling results, which
rovide spatially variable estimates of water depth and velocity,
ere then used as inputs to two habitat models: (1) a net rate of


nergy intake (NREI hereafter, but also referred to as NEI or drift-
oraging models in previous studies) model (for a recent review of
REI models, see Rosenfeld et al., 2014), which was  used to esti-
ate juvenile capacity; and (2) a spawning habitat suitability index


HSI) model (see Ahmadi-Nedushan et al., 2006; for a review of
SI models), which was used to estimate spawner capacity (in egg
quivalents, described below).


Originally developed for heuristic purposes, namely to under-
tand why salmonids occupy particular locations within streams,
rift-foraging or NREI models offer a means to objectively quan-
ify the value of habitats through an energetic cost-benefit analysis
Doucett et al., 1996a,b). More recently, NREI models have been
xtended to management applications, such as carrying capacity


stimation (Hayes et al., 2007), environmental flow evaluations
Hayes et al., 2016), or for restoration design and monitoring (Hafs
t al., 2014). Our specific NREI implementation leverages hydraulic
odel results and other field data (temperature, prey availability)
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to characterize the energetic quality of potential foraging locations
throughout a stream reach. Potential foraging locations are dis-
tributed in three dimensions throughout the reach’s wetted volume
at a point spacing ranging 10–30 cm in the x-y plane and 5–25 cm
in the z direction, depending on stream size. The NREI model con-
sists of two  sub-models, a foraging model and a bioenergetics
model which, given information about ambient food availability
(i.e., invertebrate drift), water temperature, hydraulic conditions
(depth and velocity, output from hydraulic model), and an average
fish size, provide spatially explicit predictions of the energy costs
(swimming costs) and benefits (gross energy intake) associated
with occupying different locations in survey reaches. A location’s
(i.e., a 10-cm cell in a reach) NREI value is simply the difference
of these quantities (i.e., NREI = energy intake − swimming costs).
These predictions are then translated into an estimate juvenile
rearing capacity around each computational cell using a fish place-
ment algorithm and a minimum NREI threshold (0.0 J s−1). This is
translated into a reach-scale estimate of juvenile rearing capacity
through summation of the cell-by-cell estimates. For further detail
on our NREI model implementation, we  refer the reader to Wall
et al. (2015). For the present application, NREI was simulated using
(i) an average-sized juvenile (100 mm  fork length), (ii) uniform trib-
utary (1.6 prey m−3) and mainstem (1.1 prey m−3) drift-density and
prey mass (based on a 4-mm ephemeropteran larvae, after Wall
et al., 2015) values (averages for MFJD survey sites), and (iii) an
assumed 55% prey capture efficiency. We  based our temperature
inputs (iv) on site-specific average maximum values for the July-
August period, given that sustained extremes rather than means
are assumed to better characterize thermal limitation and are tied
directly to thermal restoration scenarios (described further below
and see Appendix A in Supplementary Material). Although these
inputs reflect conditions that we deemed most appropriate for our
application, it is important to note that NREI predictions are sen-
sitive to assumptions about invertebrate drift and other aspects of
model structure (Dodrill and Yackulic, 2016; Piccolo et al., 2014).


Similar to NREI, an HSI model provides a spatially explicit depic-
tion of the quality of spawning habitat within modelled reaches. Its
primary inputs are the depth and velocity results from the Delft3D
hydraulic model run, as well as geo-referenced field observations
of substrate size (i.e., gravel, cobble, etc.). These data, in conjunc-
tion with the steelhead spawning habitat suitability criteria used by
Maret et al. (2005), were used to compute a spawning HSI  score for
every 10-cm raster cell within surveyed reaches. Scores were com-
puted separately for input variables and combined into a composite
HSI score that assumed equal weight; values were then translated
into a reach-scale estimate of available spawning habitat, weighted
by its suitability (i.e., weighted usable area, WUA) according to:


WUA  = �ni=1(HSIi Areai) (2)


where i represents the ith cell of the HSI raster. Total spawning
capacity for a reach was estimated by dividing WUA  by the average
territory size for spawning steelhead, which we assumed could be
reasonably approximated by an area four-fold larger than the mean
redd size reported for the species, i.e., 4.8 m2 redd size and 19.2 m2


territory size (Cramer and Ceder, 2013; Keeley and Slaney, 1996).
Lastly, before this estimate of capacity could be used for modelling,
it was  converted to egg (i.e., in gravel) equivalents. This conversion
(5174 eggs per territory) was made assuming one female per ter-
ritory and using the length-fecundity relationship of Hodge et al.
(2014) in conjunction with an estimate of length for the average


MFJD steelhead (Appendix A in Supplementary Material). Lastly,
note that our estimates of both spawner and juvenile capacity were
expressed in linear density (i.e., fish m−1) rather than areal den-
sity (i.e., fish m−2) units in order to support upscaling/extrapolation
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ig. 2. Relationships among components contributing to the Middle Fork John Da
rogram crews were used to parameterize hydraulic and fish-habitat models that i


nputs were acquired or estimated from basin- or species-specific population moni


ased one-dimensional GIS features (i.e., line features, described
urther below).


.4. Upscaling from reach to basin capacity


To use reach-scale estimates of juvenile rearing and adult
pawner carrying capacity in a basin- or population-scale con-
ext, values had to be scaled up from individual sampled reaches
o all reaches in the drainage network using statistically robust


ethods. Based on the Columbia Habitat Monitoring Program’s sur-
ey design, there are at least two methods available for the MFJD
ataset: (1) design-based estimates, using methods developed
pecifically for analysis of spatially balanced, stratified sampling
pproaches (Stevens and Olsen, 2004), and (2) post hoc approaches
hat exploit relationships between reach-level capacity estimates
nd globally available (GIS) variables (i.e., model-based extrapo-
ation). We  pursued the latter approach because of its potential to
ntegrate environmental variables (e.g., temperature) that are likely
o be shaped by habitat restoration and because it retains the spatial
ontext (i.e., locations of specific stream segments) within which
n-the-ground restoration occurs. Thus, for both juvenile rearing
nd spawning capacity, upscaling proceeded in three steps. We
rst assembled a dataset of relevant GIS layers, attributed to ca.1-
m (Li) segments for the portion of the MFJD Intensively Monitored
atershed that is presently used by steelhead (ODFW, 2013). Using

ata from sampled locations, we then fit statistical models that
elated capacity (yi, normalized to fish per linear m)  to GIS predic-
ors (x1, x2,. . .,xp). Lastly, we used these models to predict capacity


ŷi) at all locations within the occupied river network and com-

r steelhead LCM framework. Field data collected by Columbia Habitat Monitoring
ed key LCM inputs (i.e., juvenile rearing and adult spawning capacity). Other LCM


 studies.


puted total capacity as the sum of all segment capacity predictions


(i.e., Totalcapacity = ∑
ŷi ∗ Li).


We  considered five candidate GIS variables in fitting a juvenile
capacity network extrapolation model: (1) average maximum July-
August temperature (TEMP; McNyset et al., 2015), (2) aquatic gross
primary production (Saunders et al., In Review), (3) bankfull width
(BFW; Beechie and Imaki, 2014), (4) valley bottom width (Vannote
et al., 1980), and (5) riparian condition (Hopkins and Kurle, 2016).
The first two  were selected as analogs/proxies for NREI’s tempera-
ture and prey availability inputs, whereas the third and fourth were
selected for their relationship to a reach’s geomorphic setting and,
implicitly, in-channel hydraulics; the last variable was included for
its potential discriminatory power in identifying reaches of gen-
erally higher or lower habitat quality. Only two of these variables
(TEMP and BFW) proved to be significant predictors of reach-level
capacity (Fig. 3). In fitting a spawning capacity extrapolation model,
we considered variables 3–5 above given that the reach-scale HSI
model draws only on physical variables; BFW was the only signif-
icant predictor of reach-scale spawning capacity. In both juvenile
and spawner cases, models were fit in R (R Core Team, 2014) using
the survey-weighted generalized linear model function (‘svyglm’),
with a Poisson error, from the ‘survey’ package (Lumley, 2014).


Finally, it is important to note that while this upscaling
exercise involved statistical modelling and is thus amenable to
hypothesis testing, our primary focus was  one of prediction
and extrapolation—namely estimating juvenile and adult carrying


capacity at unsampled reaches. Consequently, the candidate pre-
dictors should be taken as coarse analogs, not substitutes, for the
high-resolution inputs driving ecohydraulic models within survey
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Fig. 3. Conceptual illustration of the process followed to link site-scale estimates of juvenile rearing capacity to basin-scale total capacity for baseline simulations, as well
as  for simulating the benefits of thermal restoration on capacity, for the Middle Fork John Day River steelhead life-cycle model. During step 1, NREI-based estimates of
juvenile capacity were estimated for Columbia Habitat Monitoring Program monitoring sites (white circles on basin maps). In step 2, relationships between site-level NREI
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redictions and globally available environmental predictors (GIS variables) were est
iver  network and summed accordingly to estimate basin-total capacity (step 3). Du
stimated in step 3 but using the stream temperatures predicted under different rip


eaches. Furthermore, they represent a narrow subset of those that
ne might consider in a more comprehensive multivariate analysis
f fish–habitat relationships. Refer to Appendix B in Supplemen-
ary Material for further detail on network extrapolation modelling
esults.


.5. LCM simulations


Our LCM was coded for implementation in R and runs on a
eries of input files that specify demographic parameters (i.e., sur-
ival, capacity, starting abundance, etc.) and their variability (i.e.,
or stochasticity, discussed below), as well as other relevant run set-
ings (i.e., user-specified simulation duration, the number of Monte
arlo replicates). The code propagates simulated cohorts through
he modelled life history (Appendix A in Supplementary Material)
nd returns a series of outputs, including replicate-, year- and stage-
pecific abundance values and demographic parameters (i.e., for
racking random draws in stochastic runs). Accordingly, the LCM
enerates the outputs needed to probabilistically assess steelhead
bundance trends and population viability over a specified time
orizon. For all model runs discussed here, simulations were based
n n = 200 Monte Carlo trials spanning 60 years. In order to mini-
ize the influence of transient dynamics on results, however, we


iscarded an initial 20-year burn-in period and analyzed the latter
0 years of each simulation only.

We assessed population performance for all scenarios based on
hree metrics. (1) Abundance: consistent with conservation status
eview methods applied to MFJD steelhead (e.g., Ford, 2011), we
uantified abundance for each iteration as the geometric mean

d; fitted relationships were then used to predict capacity at all locations within the
tep 4, basin-scale capacity was recomputed given the network-scaling relationship


 restoration scenarios (see text for details).


spawning escapement for the assessed time horizon. (2) Pro-
ductivity: given the freshwater restoration focus of our model,
we summarized productivity using the ratio of juvenile outmi-
grants (smolts) to parent (brood) year spawners (smolts/spawner).
Because smolts/spawner only offers meaningful insight on inter-
scenario differences in resilience when populations are below
carrying capacity (e.g., Moussalli and Hilborn 1986), however, we
computed/compared this statistic for low adult run size years only
(i.e., total spawners <1200, the ca. 25th percentile of spawner
abundance based on preliminary runs). We  also assessed produc-
tivity for our baseline scenario (current conditions) as spawners
per spawner, so that the model could be ground truthed against
sampling data. (3) Quasi-extinction Risk (QER): we assumed that
quasi-extinction occurred whenever the steelhead spawning pop-
ulation fell below 226 in a given year (i.e., fewer than 1 spawner
per 2 km within the Intensively Monitored Watershed portion of
the MFJD basin, after Chilcote (2001)) and computed QER as the
proportion of all simulations in which this was  the case. Although
there is an active debate about the utility of viability criteria in
an absolute sense, QER provides a useful metric for assessing rela-
tive risk across scenarios within a given model application (Busch
et al., 2013; Doak et al., 2015). To place QER results into context, we
interpreted results in light of the International Union for the Con-
servation of Nature (IUCN) Red List’s quantitative criteria (Category
E, IUCN Standards and Petitions Subcommittee, 2016). Addition-


ally, we examined the sensitivity of QER to a range of proportional
(-75% to +125%) capacity changes to understand how robust QER
inferences might be over the range of conditions embodied in our
scenario set.







3 ical M


o
p
p
b
i
p
s
t
g
p


g
p
d
o
r
M
t
p
p
s
fi
s
n
f


2


c
v
v
t
r
M
s
s
c
T
s
b
a
C
(
b
a
2
e
o
e
r
w
t
t
fi
s
p
t
c
h
e


c
c
o


0 P.A. McHugh et al. / Ecolog


To reflect uncertainty in parameter estimates, both due to
bservation error associated with sampling estimates and natural
rocess variability, a Monte Carlo simulation approach was used. In
articular, survivals and transition probabilities were modelled as
eta random variables, and the distributional parameters for these


nputs were calibrated during a preliminary set of runs (i.e., by com-
aring model output [time series of parameter draws] to underlying
ampling data; Appendix A in Supplementary Material). In contrast
o survival, we modelled the LCM’s capacity inputs as invariant
iven the lack of empirical data on inter-annual variability for these
arameters.


For validation purposes, we qualitatively compared model-
enerated values and field monitoring estimates of two key
opulation parameters, abundance and productivity. For abun-
ance, we compared simulated values to the Oregon Department
f Fish and Wildlife’s (ODFW) sampling estimates for the most
ecent eight-year record (2008–2015), subset to the Intensively


onitored Watershed portion of the MFJD only (i.e., from ca. Rit-
er, Oregon upstream,; K. Bliesner, ODFW, unpublished data). For
roductivity, we estimated the number of steelhead spawners
roduced in subsequent years per parent-year spawner, for each
imulated spawning event, and compared these values to ODFW’s
eld sampling analog. Field spawner-to-spawner estimates were
ummarized for the ten most recent complete broods (1999–2008;
ote the upper bound corresponds to all recruits through 2015). For


urther detail on the comparison data see Carmichael et al. (2015).


.6. Restoration scenario development & implementation


We  evaluated the effects of ‘doing nothing’ and two  general
lasses of habitat restoration on the abundance, productivity, and
iability of MFJD steelhead (see Table 1 for descriptions and abbre-
iations). The first (SQ or ‘status quo’ hereafter) entailed simulating
he population under the base model parameterization (i.e., cur-
ent capacity, recent survival, etc.; Appendix A in Supplementary


aterial). In the second (‘MaxVeg’) and third (‘CurVeg’), we  con-
idered the effects of improved (i.e., reduced) mainstem MFJD
ummer temperatures resulting from riparian planting and asso-
iated shading on juvenile steelhead capacity and productivity.
he potential negative effects of high stream temperatures on
almonids are many and affect multiple life stages and levels of
iological organization (reviewed in McCullough et al., 2009), and
re thus a major focus of stream restoration in the semi-arid interior
olumbia Basin. MaxVeg or ‘climax thermal restoration’ hereafter
ODEQ (2010)’s ‘natural thermal potential’ scenario) provides a
est-case (optimistic) riparian revegetation, channel adjustment,
nd in-stream flow acquisition effort, whereas CurVeg (ODEQ,
010′s ‘post-restoration’ scenario) considers only the thermal ben-
fits resulting from the complete maturation of riparian plantings
n the ground in 2008. In the fourth scenario (‘Wood’), we  consid-
red the population response to juvenile rearing capacity increases
esulting from the targeted placement of in-stream structures (i.e.,
ood, etc.) in a major tributary sub-basin (Camp Creek and its major


ributary, Lick Creek; 57 anadromous fish-accessible km)  and along
he upper Middle Fork John Day River mainstem (34 anadromous
sh-accessible km). For details on the geographic extent of these
cenarios, see Fig. 1. Wood addition is a commonly used restoration
ractice that aims to increase the structural complexity of habi-
ats, enhance habitat-forming processes, and generally improve the
apacity and productivity of fish populations living in streams that
ave undergone historic simplification (Bouwes et al., 2016a; Roni
t al., 2014).

Scenarios MaxVeg and CurVeg required additional data pro-
essing in order to translate thermal restoration into a numerical
hange in capacity and productivity parameters which consisted
f re-running the network extrapolation exercise described previ-
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ously but now using the temperature predictions of ODEQ (2010).
In brief, ODEQ (2010) made spatially explicit predictions of main-
stem MFJD temperatures using Heat Source (Boyd and Kasper,
2003), a process-based model that predicts stream temperatures
as a function of air temperature, stream flow, riparian shad-
ing, channel morphology, and several physical processes. ODEQ
(2010) calibrated and validated the model using field data (sum-
mer  2002) and then re-ran it using riparian shading, stream flow,
and channel morphology inputs consistent with the ‘climax’ and
‘restored’ scenarios described above. We  used georeferenced esti-
mates of expected temperature reductions to modify the maximum
temperatures in the GIS layer used in our network extrapola-
tion model above. We  then used this restored temperature layer
and the statistical model relating NREI-based juvenile capacity
to GIS variables (described above, Fig. 3) to compute revised
basin-total capacity inputs for MaxVeg and CurVeg. We  also
simulated a benefit to survival/productivity resulting from the
temperature reductions associated with MaxVeg and CurVeg. We
achieved this using a simple scalar approach in which base juve-
nile productivity inputs (Appendix A in Supplementary Material)
were scaled up/down (e.g., pS2 = pS1 �, where � = SS2temp/SS1temp)
consistent with the shift expected from a published O. mykiss
temperature–survival curve (i.e., S predicted from Bear et al.,
2007); to preserve a spatial influence on the expected survival
shift, we  re-scaled productivity on a segment-by-segment basis
and calculated new population-level inputs as a weighted (by
segment length) average. Finally, to gain insight on what por-
tion of the MaxVeg and CurVeg population response was  due to
improved capacity vs. improved productivity, we also ran these
two scenarios with enhanced capacity inputs only (indicated by
the subscript CapOnly in scenario names, i.e., MaxVegCapOnly and
CurVegCapOnly).


For scenario Wood, we  assessed the benefits of restoration
actions aimed at increasing in-stream habitat complexity via
woody structure addition using an approach similar to those of
Hafs et al. (2014) and Wall et al. (2015), with a few modifica-
tions (Fig. 4). In brief, given a DEM, hydraulic model inputs, and
wood placement plans for a reach, Wall et al. (2015) described
a workflow for modifying channel form and representing woody
structures as topography so that changes in NREI capacity result-
ing from this type of restoration can be approximated. In our
application, general structure placement decisions and channel
response expectations reflect design hypotheses (Bouwes et al.,
2016a) tailored to the sites in question. Scenario specifications (i.e.,
structure frequency, number km−1; depth of aggradation, degra-
dation) were informed by restoration targets (e.g., wood frequency
targets; Fox and Bolton, 2007) and post-monitoring observations
(Duffin, 2015), as well as results from similar structure placement
efforts (Li et al., 2016). In contrast to past virtual wood placement
studies (i.e., Hafs et al., 2014; Wall et al., 2015) that modelled
wood structures as impermeable topography, here we used porous
structures that offer incomplete flow resistance, causing some flow
to pass through while forcing some around simulated structures
(friction coefficient = 10; Deltares, 2010) (Fig. 4). For structure fre-
quency, we  replicated the wood loading rates of mainstem and
tributary wood addition projects characteristic of the MFJD.  At
larger mainstem sites, wood addition comes in the form of ‘engi-
neered log jams’ which are large, anchored, and more sparingly
added features (ca. 15 structures km−1; Duffin, 2015). Wood addi-
tion projects ongoing/planned for Camp/Lick, in contrast, involve
the introduction of loose, felled trees over a broader area and
at much higher rate (target 50–60 logs km−1); we modelled this


style of wood addition assuming that loose members would ulti-
mately settle as clusters (e.g., Carah et al., 2014; MacCartney et al.,
2014), with an assumed 2–3 logs per aggregate (i.e., ca. 30 struc-
tures km−1).
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Table  1
Description of scenarios evaluated using the MFJD steelhead life cycle model and the derivation of their associated inputs. See text for further details.


Scenario
Category


Abbrev. Name Brief Description Data/Scenario Sources


Base case SQ Status quo (also
baseline, ‘do
nothing’)


Assumes current habitat
conditions persist into the
future; simulations rely on
base model parameters


N/A


Riparian
(thermal)
restoration


MaxVeg Maximum thermal
potential


Best-case scenario thermal
state; capacity inputs
generated assuming the
summer temperature
reduction of the ‘NTP’ scenario
of ODEQ (2010); productivity
scaled using survival-temp.
curve of Bear et al. (2007)


ODEQ (2010), Bear
et al. (2007)


MaxVegCapOnly Maximum thermal
potential, with
capacity benefit
only


Same as MaxVeg but with a
modelled capacity increase
only


ODEQ (2010)


CurVeg Current riparian
vegetation
restoration


Temperature improvements
consistent with the shading
benefits expected from current
restoration projects once they
mature (20–40 y into future);
capacity inputs generated
assuming the ‘restored’
scenario of ODEQ (2010);
productivity scaled as in
MaxVeg


ODEQ (2010), Bear
et al. (2007)


CurVegCapOnly Current riparian
vegetation
restoration, with
capacity benefit
only


Same as CurVeg but with a
modelled capacity increase
only


ODEQ (2010)


Enhance
habitat
complexity


Wood Woody structure
additions


Woody structures added to all
anadromous fish-accessible
stream within the upper MFJD
mainstem and Camp/Lick creek
drainage; capacity increase
estimated after Wall et al.
(2015) and productivity scaled
proportionally


Wall et al. (2015)


WoodCapOnly Woody structure
additions, with
capacity benefit
only


Same as Wood but with a
modelled capacity increase
only


Wall et al. (2015)


Fig. 4. Example (site OJD03458-000017 a tributary site) illustration of the modelling workflow used to represent woody structure additions to mainstem and tributary sites.
From  left to right, the panels represent (a) the pre-restoration distribution of NREI values within the reach, (b) the location of simulated structures added to the site, (c)
the  post-restoration projection of topographic change resulting from structure-related deposition and erosion, (d) the change in hydraulics resulting from the combined
structure addition and topographic change, and (e) the post-restoration distribution of NREI values. This combination of changes resulted in a 6% increase in rearing capacity
for  this reach.
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Fig. 5. Time series of spawner abundance for scenarios: (SQ) Baseline current conditions scenario (status quo); (MaxVeg) Best-case thermal restoration scenario; (CurVeg)
Thermal restoration given that all on-the-ground (currently existing) riparian restoration projects reach maturity; and (Wood) Structure (large woody debris) additions to
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ainstem MFJD and Camp/Lick creeks. Note, in panel SQ, the solid horizontal line a
in/max, respectively; thin traces in all plots (i.e., within the density region) corres


Once revised NREI capacity estimates were computed for mod-
lled reaches, we extrapolated these observations to the target
estoration area (i.e., all anadromous fish-accessible stream length
n the upper mainstem, Camp, and Lick) to compute a new
opulation-level capacity input for running the Wood scenario.
o do this, we separately estimated the expected increase (mean)


n juvenile capacity for mainstem (n = 8) and tributary (n = 9)
trata and subsequently applied these to base capacity predic-
ions (described under ‘Upscaling from reach to basin capacity’
bove) for target segments within these strata, and summed val-
es accordingly to generate a new basin/population-level capacity


nput for the Wood scenario. Lastly, although the procedure for
omputing a capacity response to wood addition has a technical and
echanistic basis, modelling a benefit to survival is more difficult


ecause very few studies have quantified wood–survival relation-
hips (reviewed in Roni et al., 2014). Nonetheless, the addition
f structures is expected to confer survival benefits (e.g., Johnson
t al., 2005) and accordingly we model one here. In the absence
f other information, we  simply assumed that the improvement


n survival (i.e., relative to the base input) was proportional to
he population-level increase in capacity; and as with temperature


MaxVeg, CurVeg), we examined the effect of including vs. exclud-
ng a survival benefit by including a Wood scenario capacity-only
ariant (i.e., WoodCapOnly).

per/lower dashed lines correspond to recent average abundance observations and
 to 5th and 90th percentiles.


3. Results


3.1. Baseline scenario validation and results


The base (SQ) LCM parameterization, informed by a combina-
tion of published and unpublished data synthesis, original analysis,
and network extrapolation results (Fig. 3, Appendices A & B in Sup-
plementary Material), produced abundance dynamics consistent
with recent sampling observations for MFJD steelhead. Escape-
ment from baseline simulations ranged from 489 to 5482 whereas
sampling estimates ranged from 811 to 5859 (Fig. 5). Total life
cycle productivity (spawner-to-spawner) values computed from
SQ simulation results (range: 0.02–14.30) spanned a range simi-
lar to sampling estimates for the ten most recent completed broods
(range: 0.10–15.21). In both cases, however, modelled distributions
had a lower central tendency than field data, both for escapement
(LCM grand mean of years/reps = 2084; sampling mean = 3199)
and spawner-to-spawner estimates (LCM mean = 1.25; sampling
mean = 4.14). Across simulations, several other characteristics of
the virtual steelhead population mirrored those of the real MFJD
population. For example, the spawning population was female


skewed (57% female on average) and dominated by ocean-age 1
individuals (60% OA1, 38% OA2, 2% OA3). Simulations also retained
a modest population of resident O. mykiss that was  overwhelm-
ingly male (>90%), although these fish contributed little to annual
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Table  2
Summary statistics for abundance (geometric mean escapement for the simulated time horizon), freshwater productivity (smolts per spawner at low abundance),
and  quasi-extinction risk (QER) for modelled scenarios from n = 200 Monte Carlo trials of each scenario. SQ = base/status quo; MaxVeg = maximum thermal potential;
MaxVegCapOnly = MaxVeg without survival benefit; CurVeg = thermal benefits of current restoration; CurVegCapOnly = CurVeg without survival benefit; Wood = woody structure
additions; WoodCapOnly = Wood without survival benefit.


Abundance Productivity


Scenario Mean Median SD Mean Median SD QER
SQ  1790 1797 507 65 65 14 12.5%
MaxVeg 3869 3872 833 94 89 32 0.0%
MaxVegCapOnly 2953 2903 803 74 72 23 1.5%
CurVeg 2080 2111 570 68 69 17 6.5%
CurVegCapOnly 2041 2052 518 66 65 12 9.0%
Wood  1897 1846 518 65 66 12 6.5%
WoodCapOnly 1940 1939 507 66 65 12 6.5%
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Fig. 7. Relationship between quasi-extinction risk (QER) and proportional increases
and decreases in juvenile rearing capacity for the modelled steelhead population.
Note that the two  dashed reference lines correspond to the 10% QER threshold cor-

ig. 6. Population performance metrics (a) Abundance (geometric mean escape-


ent), (b) Productivity (smolts per spawner at low abundance) across scenarios,
nd (c) Quasi-extinction risk. See Table 1 for scenario descriptions.


bundance (<1% of reproductive output in a year, on average).
cross the 40-year assessment horizon, steelhead escapements
veraged ca. 1800 to 1900 spawners, smolts per spawner aver-
ged 65, and the probability of falling below the quasi-extinction
hreshold was 12.5%, consistent with a ‘vulnerable’ (>10% QER in
00 years, although here we assess 40 years) classification under


UCN Red List Category E criteria (Table 2, Figs. 5 and 6).


.2. Riparian restoration scenarios


Scenarios MaxVeg, MaxVegCapOnly, CurVeg, and CurVegCapOnly
xplored the effects to restoration-related temperature reductions
n population performance, mediated by increases in capacity
all four riparian scenarios) and productivity (MaxVegCapOnly and
urVegCapOnly) for juvenile rearing life stages (Table 1). Both sce-
arios caused temperatures to change for 89 km of the mainstem
FJD, resulting in temperature reductions of −4.0 ◦C on aver-


ge (range: +0.1 to −7.0) for MaxVeg and MaxVegCapOnly and
1.0 ◦C (range: +0.1 to −5.2) for CurVeg and CurVegCapOnly for
ffected reaches. Averaged across modelled reaches and relative
o SQ, these changes correspond to decreases from 25 ◦C (SQ) to
1 ◦C (MaxVeg/MaxVegCapOnly) and 24 ◦C (MaxVeg/MaxVegCapOnly),


espectively. Relative to baseline (SQ) juvenile rearing capacity
1.17 M),  these temperature shifts equated to a 60% (1.87 M)  and 9%
1.28 M)  increase in capacity for scenarios MaxVeg/MaxVegCapOnly
nd CurVeg/CurVegCapOnly respectively (Fig. 3). Further, the pro-

responding to a ‘vulnerable’ status (horizontal line) and the Status Quo scenario’s
default capacity value (vertical line at x = 0); the gray shaded region corresponds to
the  range of values embodied in restoration scenarios MaxVeg, CurVeg, and Wood.


ductivity parameter increased by 13% (� = 1.13) and 2% (� = 1.02) for
the MaxVeg and CurVeg scenarios in response to these temperature
shifts.


The capacity and productivity increases associated with thermal
restoration were predicted to benefit the abundance, total fresh-
water productivity, and viability of MFJD steelhead (Figs. 5 and 6).
Under climax riparian conditions (MaxVeg, MaxVegCapOnly), for
example, abundances ranged 60% to 100%+ greater than baseline
(SQ) conditions, with lower values arising from runs that mod-
elled only a capacity increase (i.e., MaxVegCapOnly < MaxVeg). The
thermal benefits of current projects at a mature state (CurVeg,
CurVegCapOnly) also yielded abundance benefits, with increases over
the current status simulated by SQ ranging ca. 15% (Table 2). In addi-
tion, overall freshwater productivity (i.e., smolts/spawner at low
spawner abundance) increased by ca. 50%. Finally, in every case, the
population benefits of thermal restoration were sufficient to reduce
QER below the 10% ‘vulnerable’ threshold (Table 2), despite rela-
tively low sensitivity for QER over the range of capacity increases
considered here (Fig. 7).


3.3. Wood addition scenarios

We quantified the population-level benefits of large wood addi-
tions, which were modelled to increase juvenile summer rearing
capacity (Wood, WoodCapOnly) and productivity (Wood). In total,
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e implemented restoration treatments at 17 survey sites (n = 9
n Camp/Lick creeks; n = 8 in upper mainstem MFJD), ‘treating’


 total of 3.4 km of modelled stream, by placing on average ca.
5 and 30 structures per km (i.e., ca. 3–5 structures per survey
ite) at mainstem and tributary sites, respectively (Fig. 4). Virtual
ood additions resulted in a relatively modest increase in juve-


ile rearing capacity within treated reaches, averaging 2% overall
nd ranging from essentially no increase to a 15% increase. Upon
xtrapolating these results to the overall treatment area (i.e., main-
tem and Camp/Lick), the new population-total capacity (Wood,


oodCapOnly) was estimated to be ca. 10,000 (+1%) juvenile steel-
ead greater than the base (SQ) value; given our assumption that
he survival benefit of wood addition was proportional to the
apacity increase, the productivity parameter was also negligibly
ncreased (i.e., by 1%) for the Wood scenario.


Despite the scope of manipulation, the effects of wood addition
n the abundance and productivity of the MFJD steelhead popu-


ation were minimal, relative to SQ, and given the small survival
enefit that was modelled there was little to no difference between
ood (capacity and productivity benefits) and WoodCapOnly (capac-


ty benefits only) (Table 2; Figs. 5 and 6). At best, a spawner
bundance increase on the order of 7% may  be feasible, how-
ver freshwater productivity (i.e., smolts/spawner) increases are
irtually indiscernible (Table 2). The modest increase in spawner
bundance associated with wood addition translated into reduced
uasi-extinction risk, below the ‘vulnerable’ benchmark of 10%, for
he model population.


. Discussion


Our analysis offers three insights of relevance to the manage-
ent of habitat for steelhead within the Middle Fork John Day River


asin. Firstly, based on an independent analysis and using a differ-
nt set of criteria (i.e., IUCN, 2016), our status quo simulation results
orroborate recent assessments (e.g., Ford, 2011) concluding that
he MFJD steelhead population continues to warrant conservation
ttention. For example, although simulated escapements often met
ecovery targets, quasi-extinction risk remained non-trivial (>10%),
uggesting that continued restoration actions are indeed neces-
ary. Secondly, among restoration measures considered, we  found
he population’s response to reduced summer temperatures result-
ng from increased riparian shading to be particularly strong in
his system. Although the most favorable response was to MaxVeg
climax riparian), an ambitious restoration target, this scenario
ombined with CurVeg (current projects, matured) defines the
ange of riparian-related thermal benefits that could be realized
n the future, albeit in the absence of climate change considera-
ions (discussed further below). Lastly, we found that large wood
ddition (Wood Scenario) offered only marginal benefits to the
odelled population, despite being simulated over an extensive


rea (approximately a third of the modelled domain). Importantly,
hese results were generated by a model grounded in empirical,
asin-specific data that was shown to yield dynamics qualitatively
imilar to those exhibited by the real MFJD steelhead population.
elow we consider these findings in further detail, as well as the
trengths, limitations, and opportunities for future refinement of
ur general modelling approach.


Excessively warm stream temperatures during the hot summer
onths are a major concern for salmonid conservation, particu-


arly in the semi-arid interior of the Columbia River Basin (Isaak
t al., 2015). Thus, riparian revegetation aimed at reducing in-


tream temperatures is an active focus of restoration (e.g., Fullerton
t al., 2006), both as a means to recover populations and to offset
xpected future increases resulting from climate change (Ruesch
t al., 2012). In the MFJD in particular, temperatures often reach
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such high levels that it is classified as ‘impaired’ under the U.S.
Clean Water Act (ODEQ, 2010) and consequently several studies
have focused on the system’s thermal dynamics (Diabat, 2014) and
thermal ecology (Lawrence et al., 2014; Torgersen et al., 1999).
Accordingly, our results indicate that the population-level benefits
of realistic (i.e., before accounting for climate change, see below)
reductions in stream temperature, resulting from riparian restora-
tion actions, are likely to be substantial.


In our assessment, we  considered two  scenarios—one meant as
an upper bookend (MaxVeg) and another based on the projected
shade benefits of recent plantings, assuming they survive and reach
full maturity (CurVeg). The optimistic climax riparian (MaxVeg)
case suggests that the spawner population could be doubled, by
virtue of juvenile rearing capacity increases, if all riparian-related
thermal limitations were addressed through restoration, effectively
rolling back the MFJD’s riparian community to a pre-settlement
condition. Yet, this ‘climax riparian’ scenario may  be an impracti-
cal restoration target due to contemporary constraints on system
potential (e.g., due to differences between contemporary and pre-
settlement hydrology; Dufour and Piégay, 2009). On the other hand,
CurVeg suggests that an increase on the order of a few hundred
spawners may  already be in the works, assuming that existing
plantings recruit to sizes offering full shade benefits and that
climatic conditions (i.e., atmospheric temperature, precipitation)
remain relatively static. Whether or not these modelled benefits
will come to fruition, however, remains uncertain in light of three
considerations: (1) the counter-acting effects of global warming,
(2) uncertainty in riparian project success, and (3) uncertainty in
the timeframe over which benefits will be realized. Additionally, we
caution that our spawner projections should be considered in rela-
tive terms only given the potential for dramatic errors in forecasting
salmon run sizes (Thomson et al., 2012).


Firstly, recent assessments indicate that stream temperatures
are increasing throughout the U.S., due largely to the effects of cli-
mate change (Kaushal et al., 2010). In the John Day Basin, more
specifically, down-scaled climate models project a ca. 3 ◦C rise in
stream temperature, on average, and a 10–40% loss of O. mykiss
habitat over the next 100 years (Ruesch et al., 2012). Thus, depend-
ing on how future climate affects the precipitation balance (i.e.,
timing, quantity) for the MFJD, our best-case riparian scenario
(MaxVeg) may  allow the population to hold its ground instead
of increase in abundance. Secondly, the temperature modelling
that underlies CurVeg implicitly assumes that all recently planted
riparian trees and shrubs will survive to ages at which shade
benefits are fully realized (ODEQ, 2010). Yet, riparian planting suc-
cess can vary widely depending on the tree species planted or
planting techniques, among other factors (e.g., Hall et al., 2011),
suggesting CurVeg may  also be overly optimistic. Finally, although
some riparian restoration benefits can be realized over relatively
short time frames (10+ years; Seavy et al., 2009), those conferring
the shade/thermal benefits considered here are expected 20–40
years into the future (ODEQ, 2010). Thus, whereas CurVeg models
these benefits as occurring instantaneously, in reality decades will
elapse during which the MFJD population’s status has the poten-
tial to change dramatically. For example, Scheuerell and Williams
(2005) demonstrated major, sub-decadal shifts in smolt-to-adult
return rates for anadromous salmonids in response to variation in
ocean rearing conditions. In sum, while riparian planting and other
projects can reduce stream temperatures (e.g., water rights acqui-
sition; Null et al., 2010) and improve the status of MFJD steelhead,
more will be needed and projects may  have to be larger in scope to
ensure such efforts can offset the direct (Ruesch et al., 2012) and


indirect (Lawrence et al., 2014) effects of climate change and other
uncertainties.


In contrast to thermal restoration, the effects of woody structure
addition were less than anticipated given the emphasis on wood
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ddition in contemporary stream restoration practice (Roni et al.,
014) and given our positive experiences in other systems (Bouwes
t al., 2016a). In the Columbia River Basin alone, US$100M+ is spent
nnually on restoration projects (Leonard et al., 2015), many of
hich include wood placement measures, and indeed many stud-


es report benefits of wood addition (Roni et al., 2014). Why  then
id we observe such a meager response to ‘virtual wood’ additions
ere? Perhaps this should not have been surprising given thermal


imitations in the John Day Basin and the variable nature of wood
enefits documented in the literature. For example, depending on
he response metric(s) considered (e.g., local abundance, growth,
urvival) support for positive, measurable effects of wood addition
emains equivocal (O’Neal et al., 2016; Roni et al., 2014), ranging
rom no detectable survival effect (e.g., Justice, 2007), to initial con-
regation or redistribution effects (e.g., Gowan and Fausch, 1996)
nd longer-term survival or production increases (e.g., White et al.,
011).


Our wood loading rates, importantly, although consistent with
estoration targets for systems like the MFJD, may  also have been
nsufficient to appreciably change juvenile rearing capacity (and
ealized survival) for the model population. For instance, we  mod-
lled a wood addition rate of 15–30 structures km−1 whereas
ohnson et al. (2005), who documented a survival increase for juve-
ile salmonids in an empirical study, added wood at a rate that
as nearly three-fold greater (40 structures km−1). Similarly, Wall


t al. (2015) who also used NREI modelling to evaluate capacity
hanges in response to simulated restoration, added structures at


 rate five- to ten-fold greater than was simulated here. Although
stimates of pre-European wood density do not exist for our study
ystem, they are perhaps even greater still given reconstructions
f historic wood recruitment rates elsewhere in the region (Collins
t al., 2002). These observations suggest that projects reliant on
ood addition as the primary means to effect population change
ay  need to be grander in extent (i.e., network coverage) or magni-


ude (i.e., higher local densities) to achieve desired results. Due to
he cost-effectiveness of spatially extensive, loose wood addition
rojects, this may  be possible for smaller tributary systems like
amp and Lick creeks in the MFJD Basin. However, the additional
esign and construction costs associated with engineered log jams
e.g., Carah et al., 2014) may  preclude approaching higher loading
ates at larger mainstem sites with traditional approaches.


Beyond the considerations described above, it should be noted
hat our modelling approach may  not have captured all of the
enefits wood addition might confer to the MFJD steelhead popula-
ion. The modest survival benefit modelled for juveniles here (i.e.,
roportional to the capacity increase), for example, may  be less
han what might occur in reality, even though studies published
o date provide little support for modelling anything to the con-
rary. Nonetheless, woody cover can reduce mortality arising from
redation (e.g., Boss and Richardson, 2002), and thus perhaps mod-
lling a greater survival response is warranted. Additionally, the fish
lacement algorithm underlying our NREI model’s capacity calcu-


ation does not account for potential interactions between habitat
omplexity (i.e., resulting from wood addition) and the tolerance
f fish to smaller territory sizes (e.g., Dolinsek et al., 2007; Imre
t al., 2002), meaning that the juvenile capacity increase modelled
ay  underestimate the true increase. Further, beyond juvenile


ummer rearing, our wood addition scenarios do not account for
ny benefits that wood placement might offer other life stages
e.g., velocity or predation refugia for spawning adults; Senter and
asternack, 2011) or the potential for indirect benefits of wood
ddition, such as increased habitat diversity (e.g., Gerhard and


eich, 2000), increased invertebrate production (e.g., Wallace et al.,
995), and spawning gravel recruitment (e.g., MacInnis et al., 2008),
mong other possibilities. Thus, our structural addition scenarios,
hich encompass a mechanistically derived increase in juvenile
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rearing capacity primarily, may  underestimate the overall value of
this form of restoration to the MFJD steelhead population.


More generally, the potential benefits of wood addition vs. ripar-
ian restoration or planting projects for the Middle Fork John Day
Basin can also be considered from a benefit longevity perspective.
Although woody structure placement can address in-stream habi-
tat complexity limitations on an immediate basis, for example, such
projects tend to have a life span (e.g., Frissell and Nawa, 1992)
and generally do not address causal factors (Booth et al., 2016).
This contrasts with riparian and floodplain restoration measures,
which have benefits that are slower to realize, but can potentially be
self-sustaining in the long run (Beechie et al., 2010). Although our
simulations considered only thermal benefits, importantly, intact
riparian forests also can also become a future source of large wood
recruitment (e.g., Hough-Snee et al., 2014) that further enhance
the value of this restoration strategy. Thus, an optimal strategy
for systems experiencing dual temperature and habitat complexity
limitations may  be to (1) aggressively pursue riparian restoration
projects for long-lived benefits, while at the same time (2) address
immediate in-stream habitat complexity limitations in the near-
term through high density wood addition. Although opportunities
remain to refine restoration targets (e.g., increase wood loading
rates), this two-tiered approach captures the basic spirit of the cur-
rent MFJD restoration plan (UMFJDWG et al., 2011). Our modelling
framework could be leveraged to evaluate any number of specific
combinations on this general restoration theme. Moreover, while
our findings are perhaps most pertinent to systems limited by a
similar habitat conditions (e.g., the Grande Ronde River in Oregon,
Justice et al., 2017; the Klamath Basin in California, Null et al., 2010),
our framework can be adapted to consider limiting factors relevant
to other populations of concern (Rosenfeld and Hatfield, 2006).


While our modelling framework has direct relevance to river
management in the Middle Fork John Day River and for steelhead
in particular, there are several ways in which it can be extended
or improved, both to enhance its value to the immediate appli-
cation and to make it more broadly applicable. As noted above,
for instance, future assessments of riparian restoration scenar-
ios will benefit from approaches that couple downscaled climate
change predictions (i.e., temperature, precipitation/hydrology)
with stream temperature models (e.g., Justice et al., 2017). More
generally, while we chose specific ecohydraulic models (e.g., NREI)
for site-level estimation of carrying capacity, they are only a
subset of what this active research area has produced to date.
Indeed, options ranging from individual-based habitat models (e.g.,
Railsback, 2016) to NREI-style drift-foraging model variants (e.g.,
Hayes et al., 2016) are promising alternatives to the habitat mod-
els used here. Similarly, statistical approaches for upscaling site
data to the population level are diverse and evolving (e.g., Isaak
et al., 2016); some have the potential to inform LCMs in a way  that
both satisfies input parameter needs and provides new insight on
fish–habitat relationships. Thus, as a flexible framework, our LCM
can be improved iteratively as new ecohydraulic models, statisti-
cal tools, or habitat data become available, or it can be simplified
greatly for applications in data-poor systems.


Our work represents a noteworthy advance over past attempts
at quantifying the benefits of habitat restoration for threatened
salmonid populations using LCMs. Indeed, reconciling fine- (i.e.,
habitat models) and coarse-scale (i.e., population dynamics mod-
els) modelling traditions, which we have attempted to do here,
is recognized as an emerging but overdue research focus (e.g.,
Matthiopoulos et al., 2015). Here, we estimate the benefits of spe-
cific restoration actions, tied to particular places within drainage


networks and translated into a demographic response by upscal-
ing the results from reach-scale mechanistic models, whereas past
investigations have pursued habitat restoration questions largely as
a sensitivity analysis exercise (i.e., how might a population respond
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o a hypothetical survival increase of x%, assumedly achievable
hrough restoration? e.g., Kareiva et al., 2000). Although the latter
pproach has proven useful, we believe that our framework offers


 more powerful means for sorting through restoration possibili-
ies. By combining modelling strengths from disciplines focused at
isparate spatial scales (i.e., ecoyhydraulics [0.01 to 10+ m2] and
opulation dynamics [100–1000+ km2]), we devised a means to
uantify the benefits of habitat restoration in a more realistic man-
er than has been tried previously. Specifically, scenarios can be
eveloped across a network in which each reach’s capacity can be
ounded by its current condition and recovery potential (Fryirs,
015; O’Brien et al., In Review). Our approach is also sufficiently
exible to model scenarios of varying specificity, ranging from
ases informed by actual restoration plans (e.g., a set of reaches
ith georeferenced design specifications) to the more general-


zed ‘what if’ scenario approach common to salmonid LCM work
f the past. Notably, these advances stem as much from develop-
ents in the areas of habitat surveying and ecohydraulic modelling


s from population modelling developments: namely, the adop-
ion and broad implementation (i.e., 100 s of sites per year) of


 topographic survey approach by Columbia Habitat Monitoring
rogram, which in turn has given rise to scalable hydraulic and
cohydraulic modelling tools (e.g., HSI, NREI). We  anticipate fur-
her evolution in scalability and realism as modelling tools keep
ace with future enhancements to surveying technology and com-
uting power. Until then, our work offers a template for translating
abitat restoration plans into population currency and will help
upport ongoing efforts to recovery threatened and endangered
almonids in the Columbia River Basin. In the coming years, we
ope to further refine, apply, and deploy our modelling tools so
hat managers working to protect and restore habitats for riverine
shes—salmonids or otherwise—can benefit from the efforts of our


eam and those that have come before us.
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Upscaling site-scale ecohydraulic models to
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ABSTRACT: With high-resolution topography and imagery in fluvial environments, the potential to quantify physical fish habitat at
the reach scale has never been better. Increased availability of hydraulic, temperature and food availability data and models have
given rise to a host of species and life stage specific ecohydraulic fish habitat models ranging from simple, empirical habitat
suitability curve driven models, to fuzzy inference systems to fully mechanistic bioenergetic models. However, few examples exist
where such information has been upscaled appropriately to evaluate entire fish populations. We present a framework for applying
such ecohydraulic models from over 905 sites in 12 sub-watersheds of the Columbia River Basin (USA), to assess status and trends
in anadromous salmon populations. We automated the simulation of computational engines to drive the hydraulics, and subsequent
ecohydraulic models using cloud computing for over 2075 visits from 2011 to 2015 at 905 sites. We also characterize each site’s
geomorphic reach type, habitat condition, geomorphic unit assemblage, primary production potential and thermal regime. We then
independently produce drainage network-scale models to estimate these same parameters from coarser, remotely sensed data
available across entire populations within the Columbia River Basin. These variables give us a basis for imputation of reach-scale
capacity estimates across drainage networks. Combining capacity estimates with survival estimates from mark–recapture monitoring
allows a more robust quantification of capacity for freshwater life stages (i.e. adult spawning, juvenile rearing) of the anadromous life
cycle. We use these data to drive life cycle models of populations, which not only include the freshwater life stages but also the
marine and migration life stages through the hydropower system. More fundamentally, we can begin to look at more realistic,
spatially explicit, tributary habitat restoration scenarios to examine whether the enormous financial investment on such restoration
actions can help recover these populations or prevent their extinction. Copyright © 2017 John Wiley & Sons, Ltd.


KEYWORDS: salmon recovery; stream and river restoration; Oncorhynchus sp; fish habitat; population modeling


Introduction


Globally, native anadromous salmonid populations are in
decline and several face the threat of extinction (Gustafson
et al., 2007; Rand et al., 2012). Given the cultural, economic,
and ecological importance of these populations, numerous
efforts are underway to mitigate impacts that lead to their
decline and facilitate their recovery (e.g. conservation
hatcheries (Maynard and Trial, 2013), habitat restoration
(Barnas et al., 2015)). For example, in the Columbia River


Basin, there are eleven evolutionarily significant units of
salmon or steelhead (Oncorhynchus sp.) listed as threatened
and two as endangered under the US Endangered Species Act
(ESA) (Ruckelshaus et al., 2002; Gustafson et al., 2007).
According to the ESA review on the risks posed to anadromous
salmonids by the Columbia Basin’s federally administered
hydropower dam system (NOAA, 2008), three action agencies
are required to make costly dam retrofits and operational
changes (i.e. to improve passage) and/or mitigate dam impacts
via offsite actions (i.e. tributary habitat restoration). The
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Bonneville Power Administration’s Tributary Habitat
Improvement Program alone spends US$100–150M annually
on habitat recovery efforts and another US$90M on research,
monitoring and evaluation projects (NPCC, 2015; Leonard
et al., 2015). Arguably, the advancement of ecohydraulics
owes much of its existence and history to applied science
efforts like this. Such programs have spurred the development
of new methods for understanding the nature of habitat impacts
on fish. These methods are used for assessing the status and
trends of fish and habitat, as well as the effectiveness of
restoration actions. The field of ecohydraulics, particularly as
informed by fluvial geomorphology, has helped better define,
understand, model and predict the importance of physical
habitat to fish (Pasternack, 2011).
Advances in our ability to map riverscapes with aerial


imagery (Gilvear et al., 2007; Legleiter et al., 2009) and a
multitude of new topographic survey techniques (Passalacqua
et al., 2015) across a range of spatial scales have transformed
the ways in which rivers can be read and interpreted (McKean
et al., 2009; Fonstad and Marcus, 2010; Carbonneau et al.,
2011; Carbonneau and Piegay, 2012). These techniques have
matured and revolutionized what is possible to resolve and
quantify with respect to fish habitat at a reach scale (see
Table I and Figure 1 for scale definitions in terms of resolution
and extent). Recent reviews by Passalacqua et al. (2015), Tarolli
(2014) and Harpold et al. (2015) synthesize advances in
acquisition of high resolution topography (i.e. < 2m
resolution), as well as imagery. In some environments, certain
technologies (e.g. green lidar, multibeam sonar, structure from
motion, spectral-depth correlation) can even provide near-
continuous, high resolution coverage at ‘segment-scale’
extents, thereby providing detailed insight at an extent that
Fausch et al. (2002) argued was critically missing almost
15 years ago. Many of the ecohydraulic advances over the past
two decades are the direct result of improved remote sensing
capabilities – the topic of this special issue and the related
session at the 11th International Symposium on Ecohydraulics.
With a few exceptions across limited spatial extents (McKean


et al., 2009; Fonstad and Marcus, 2010; Carnie et al., 2016),
none of these technologies can yet deliver the promise of a
habitat census across the diversity of riverscapes occupied by
salmonids (Bangen et al., 2014a). While hybrid approaches
combining multiple techniques have emerged as the most
realistic way to obtain complete coverage of a portion of a
riverscape (Legleiter, 2012; Javernick et al., 2014; Williams
et al., 2014), for now, the notion of a physical habitat census
is something we can only achieve across limited portions
(albeit still impressive at 10–50 km) of rivers (Pasternack,
2011; Grams et al., 2013; Wyrick and Pasternack, 2014;
Benjankar et al., 2016). Wyrick and Pasternack (2012) coined
the term ‘near-census’ to describe impressive efforts to collect


high-resolution topography and imagery, continuously at the
riverscape scale. Yet, detailed ‘near-census’ mapping of
physical habitat assessments continue to elude network-scale
ambitions (i.e. 100’s to 1000’s of kilometers of stream) in all
but the smallest of watersheds (McMillan et al., 2013), thereby
necessitating sampling-based approaches in most systems.


Beyond questions of spatial scale, physical habitat data must
be translated into a currency that can inform status assessments
for populations of anadromous salmonids (Isaak et al., 2016).
Estimates of carrying capacity and productivity are commonly
used in salmonid life cycle modeling to estimate likelihood
for population persistence and recovery potential (Moussalli
and Hilborn, 1986). Capacity for a given life stage refers to
the upper limit or maximum number of fish that any spatial
extent of a riverscape (see Table 1) can support (Beechie
et al., 2006). Productivity represents the maximum survival
between life stages, which can be estimated from fish
monitoring efforts (Thorson et al., 2014). Anadromous
salmonids begin their life cycle as eggs in the gravel beds of
rivers, continue to grow and feed as juveniles in freshwater
habitats, and then migrate (sometimes over 1000s of
kilometers) to the ocean, where they spend 2–4 years feeding
and growing; upon reaching maturity, they then reenter
freshwater and return to their natal spawning grounds to
spawn (Groot and Margolis, 1991). Juvenile and adult
capacity refers to the maximum number of juveniles the
habitat can support and the number of redds spawners could
successfully build, respectively. While this is simple
conceptually, habitat data are rarely used to inform salmon
population assessments in a robust, meaningful way (Sweka
and Wainwright, 2013).


Despite the ever increasing resolution and extent of data
available to drive traditional ecohydraulic models (Leclerc
et al., 1995; Pasternack et al., 2004; Leclerc, 2005; Mouton
et al., 2007), the ability of these data/tools to address questions
of how habitat conditions will result in population-level
responses remains unclear (Sweka and Wainwright, 2013). This
may be a result of (i) a lack of habitat data at a scale or extent that
matters to a population, (ii) the use of study designs that fail
to capture the huge variability in fish habitat that influences
a population (Larsen et al., 2001), and/or (iii) a lack of
jurisdictional or institutional coordination between
governmental entities monitoring fish populations (e.g. state fish
and wildlife agencies) and/or habitats (e.g. federal water, energy
and land management agencies). Further, because the life
history of salmon and steelhead also exposes them to
anthropogenic threats outside of natal streams, rigorous studies
on how geomorphology and ecohydraulics influence these fish
may not reveal a basis for population limitation or recovery
(Budy and Schaller, 2007). The challenge is how to objectively
determine the extent to which habitat may matter and


Table I. Definition of spatial scales used in this paper in terms of extent and resolution


Scale name Extent Resolution GIS representation


Basin Scale Basin (103 to 105 km2) Basin (103 to 105 km2) Polygon
Sub-Basin Scale Sub-Basin (101 to 103 km2) Sub-Basin (101 to 103 km2) Polygon


Network Scale
Sub-Basin (Areal: 101 to 103 km2;
Length: 104 to 108m) Reach (102 to 103m) Polyline


Reach Scale Reach (102 to 103m) Geomorphic Unit (100 to 102m) Raster or Polygon
Sites-on-Network Scale Sub-Basin (101 to 103 km2) Site Locations (points) Point
Site-Summary Scale Reach (102 to 103m) Reach (102 to 103m) Point, Polyline or Polygon
Site Scale (CHaMP Reach) Reach (20 x Bankfull width; 160m to 600m) Cell (10�1 to 100m) Raster
Geomorphic-Unit Scale Geomorphic Unit (100 to 102m) Hydraulic Unit (100 to 101m) or Cell Polygon
Hydraulic-Unit Scale Hydraulic Unit (100 to 101m) Grain (10�2 to 100m) Polygon
Cell Scale Cell (10�1 to 100m) Cell (10�1 to 100m) Raster
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whether improvements through restoration could help
increase fish production (i.e. the product of survival, growth
and abundance).
The purpose of this paper is to describe a framework that


leverages field data (i.e. high-resolution topography, and other
habitat variables) to drive reach-scale ecohydraulic models
that, following an upscaling step (i.e. from site/reach to


network/population using remote sensing data), can inform
population-level assessments of ESA-listed salmonids.
Specifically, we illustrate this framework with the Columbia
Habitat Monitoring Program (CHaMP) that aims to quantify
the capacity of tributary streams to support both juvenile and
adult spawning life stages of priority salmon populations.
CHaMP achieves this by drawing on a host of technological
advances and research discoveries in the fields of
ecohydraulics, fluvial geomorphology, fish ecology, remote
sensing and computer science. The program conducts surveys
at over 600 sites per year throughout the Columbia River Basin,
and thus produces an enormous amount of reach-scale data.
Subsequently, the program has had to build and operationalize
a number of tools and existing analytical techniques into a
framework to address key management questions relevant to
salmon recovery. We do not cover the framework’s myriad of
component pieces or specific advances in remote sensing that
facilitate this integration in great detail. Although, we do refer
the reader to relevant examples from the literature where
appropriate. Instead, we sketch for the reader a well-integrated,
thoughtfully designed framework. Although we specifically
developed the framework for Pacific salmon in the Columbia
Basin, the framework has relevance to virtually any salmonid
with complex habitat associations and life-history expression
at multiple scales. The paper should help geomorphologists
see some of the ways in which their research could inform
more than simply better understanding fish habitat, but also
make direct connections to implications for entire fish
populations.


Key Management Questions and Role of
Research, Monitoring and Evaluation in
Columbia River Basin


We will use the case study of managing anadromous salmonid
stocks from the Columbia River Basin (CRB), in the Pacific
Northwest of the United States to explore the theme of
leveraging remote sensing advances across a range of scales
to develop an ecohydraulic and geomorphic informed
assessment of the impacts of fish habitat condition on fish
populations. The principles and approaches described here
have utility beyond the CRB. The causes of population decline
and need for recovery are by no means unique to this basin nor
salmonids alone (Dudgeon et al., 2006). These anthropogenic
impacts are typically summarized in terms of the four H’s –
Harvest, Hatcheries, Hydropower and Habitat, which
individually act to limit survival of natural stocks at specific life
stages and collectively limit production (Ruckelshaus et al.,
2002). In the CRB, more than 300 dams, including 25+ on
the mainstem Columbia and Snake Rivers, directly (e.g.
passage) or indirectly (e.g. river hydrology and temperature)
impact anadromous salmonids (Leonard et al., 2015).
Accordingly, considerable investments have been made (and
are still ongoing) by dam operators (US Army Corps of
Engineers and Bureau of Reclamation) and hydropower
marketers (Bonneville Power Administration) to improve
passage and survival for both out-migrating juveniles and
adults returning to spawn. However, the overarching recovery
strategy relies heavily on restoration actions aimed at
improving salmonid survival and production in their tributary
life stages, predominantly the egg to smolt stages (Kareiva
et al., 2000). More specifically, restoration aims to create
productivity or capacity gains by offsetting (or reversing) habitat
degradation from a myriad of impactful historic and
contemporary land use practices, such as timber harvest,


Figure 1. Illustration of hierarchical spatial scales for considering
habitat. See Table I for definitions. [Colour figure can be viewed at
wileyonlinelibrary.com]
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extractive mining, arable agriculture, over-grazing, extirpation
of beaver, and water diversions, among others (Meehan, 1991).
Under NOAA’s 2008 Biological Opinion (NOAA, 2008), a


series of ‘reasonable and prudent alternatives’ (RPAs) to
removing the mainstem dams of the hydropower system were
identified (FCRPS, 2008). From FCRPS (2008), RPAs 56 and
57 identify tributary habitat restoration as a key, and required
restoration component. BPA alone spends in excess of US
$100M a year on such actions, and invests another c. US
$90M a year on research, monitoring and evaluation (RM&E)
culminating in well over 23 000 restoration projects to date at
over 35 000 locations throughout the CRB between 1991 and
2005 (Katz et al., 2007). The efforts in the CRB dwarf the scope
of restoration identified in the heavily cited Bernhardt et al.
(2005) paper, which reported the scope of efforts from a
database across the US, and identified roughly 37 000 projects.
The CRB is a massive system covering 668 000 km2 (for
comparison, France is 643 000 km2), with over 288 011 km of
perennially flowing rivers and streams, 36 348 km (13%) and
19 182 km (7%) of which are still capable of supporting
Chinook salmon and steelhead runs, respectively (Figure 2).
Three key management questions (Figure 3) emerge from


RPAs 56 and 57, which represent both scientific and
prioritization challenges affecting how a massive investment
in tributary habitat restoration and RM&E can best be leveraged
to help recover ESA-listed populations:


1. What are the tributary habitat limiting factors impacting the
‘health’ of listed salmonids?


2. What tributary improvement actions would provide the
most freshwater production benefits to listed salmonid
populations?


3. How effective are tributary improvement actions at
providing benefits to listed salmonids?


The first question considers the condition of tributary
habitat and its impact on the health of listed salmonid
populations (i.e. one informed by status and trend
monitoring). The habitat condition part of that question is
what the Bouwes et al. (2011) Columbia Habitat Monitoring
Program (CHaMP – http://champmonitoring.org) was
fundamentally designed to track and address. While
monitoring data alone may give insights, additional analysis
and interpretation of these data are required to inform
assessments of habitat’s significance to populations. This is
where the second question comes into play – how do we
use the best available science and information to make
planning decisions and design choices affecting how
restoration actions are implemented? Finally, the third
question necessitates follow-up monitoring to determine
whether or not investments in restoration are effective at
improving the situation. Fundamentally, these management
questions are asked at the ‘population scale’, which typically


Figure 2. The Columbia River Basin and US portion of its drainage network, showing in light grey the 280 011 km of perennial streams within the
US, and what proportion is still accessible to anadromous steelhead (cyan) and chinook (yellow). Also shown are major dams, some of which (red x’s)
are now barriers to their upstream migration. The 12 CHaMP study watersheds described in this paper are highlighted in orange and correspond with
key populations. [Colour figure can be viewed at wileyonlinelibrary.com]
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corresponds to the extent of the drainage networks they
occupy but does not resolve what individual fish are doing
(simply sums up their abundances and survival between life
stages across their extent). High-level policy may be
concerned primarily with the bottom line population
numbers that result in a viable, sustainable population
target. However, those responsible for implementing specific
tributary habitat restoration actions (i.e. KMQ 2) and those
monitoring and evaluating the status and trends of
these populations require insights across a range of scales
to meaningfully address these key management questions.


Ecohydraulic and Geomorphic Sampling and
Analyses at Individual Sites


Contemporary ecohydraulic analysis takes place at the reach
scale (Table I), and can resolve spatial patterns of habitat
variability across individual raster cells, hydraulic units or
geomorphic units in two or three dimensions (Goodwin et al.,
2006; Pasternack, 2011). Within CHaMP, we collect field data
at the reach scale, and in this section we describe what field


data are collected, how we analyze it to produce detailed
analyses at each sample site (i.e. reach), and which is
frequently synthesized to summary metrics at the ‘Sites on
Network’ scale (see Table I).


Habitat sampling at discrete sites


A study design describes the overall strategy for where and
when we take samples to ensure that robust statistical inference
can be performed to tell us about a broader population of all
possible sites (i.e. every reach segment on a drainage network).
By contrast, the sample design defines what and how we
perform the measurements at every sample site. If financial,
human and time resources were infinite, we would use the
same high-resolution sample design and census all 36 348 km
of habitat everywhere. In some senses, remote sensing attempts
to provide that census of habitat, but as we will explain – this is
not pragmatic at larger (i.e. > 102 km) network scales in bigger
watersheds or across regional extents (i.e. > 103 km2).
However, even with all the current advances in remote sensing
of rivers (Carbonneau et al., 2011; Carbonneau and Piegay,


Figure 3. The relationship between the key management questions in the CRB surrounding how tributary habitat conditions and restoration actions
to improve them relate to the health of ESA salmonids. Monitoring programs like CHaMP and its affiliates (Integrated Status and Effectiveness
Monitoring Program [ISEMP] and Action Effectiveness Monitoring [AEM]) provide data that when combined with other programs and existing data
sets can be integrated and leveraged to address the key management questions in terms of assessment, planning and evaluation summary products
(bottom circles). [Colour figure can be viewed at wileyonlinelibrary.com]
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2012; Demarchi et al., 2016b) no suite of sensors or platform is
currently able to remotely sample the types of environments
steelhead and Chinook use consistently, with either acceptable
accuracy or adequate resolution and coverage to drive
ecohydraulic analysis. As such, we are forced to strategically
invest available resources in representative sampling methods
that can inform questions of interest in a statistically robust way
(i.e. in this example, those watersheds with ESA-listed
populations of management concern).


Study design


Figure 2 shows the network extent of potential interest for
Chinook and steelhead and identifies priority populations that
correspond with the 12 CHaMP watersheds shown in orange.
For most watersheds, the annual sampling effort is 25 sites
(some have more). Thus, the study design needs to define
where (i.e. which sites) that effort should be spent and when
(i.e. how frequently)? The study design within CHaMP was
developed using a GRTS (Generalized Random Tessellation
Sample) design (Stevens and Olsen, 2004), which provides a
spatially balanced random sample. If every site is sampled
annually, we would only have 25 sites of spatial coverage per
watershed. By introducing a temporal panel design (Table II)
with both an annual panel of 15 sites surveyed each year and
a 3 year rotating panel of 30 sites (10 per year, but resurveyed
only every third year temporally), we increase the spatial
coverage to 45 sites (Larsen et al., 2007, 2008; Nahorniak
et al., 2015). The annual panel allows some insight into annual
trends, while the rotating panel helps expand the spatial
footprint of sites. Examples from two CHaMP watersheds are
illustrated in Table II and Figure 4.


Sample design


At each of the 905 sites that are surveyed in the CHaMP
program, the Bouwes et al. (2011) protocol has been used to
sample wadeable reaches varying between 120m and 600m
in length (roughly 20 bankfull widths). As of January, 2016, five


years of monitoring using the study designs similar to those in
Table II have been completed, translating to 2075 site visits,
833 revisits of 400 annual sites, and between one and two
revisits to 585 rotating panel sites. The heart of the sample
design is a continuous, topographic survey, which both paints
a quantitative picture of physical habitat at the site and supports
a multitude of subsequent ecohydraulic (Wheaton et al., 2004)
and geomorphic analyses (Wheaton et al., 2010a, b) as well as
over 150 River Bathymetry Toolkit (McKean et al., 2009)
derived metrics. In addition, a variety of ‘auxiliary’
measurements are made to collect data on other habitat
variables commonly collected by traditional habitat sampling
programs like the PIBO (Pacific-fish Inland-fish Biological
Opinion; Heitke et al., 2010) and AREMP programs, which
are not based around a topographic survey. The Bouwes et al.
(2011) protocol and subsequent updates (e.g. CHaMP
(Columbia Habitat Monitoring Program), 2013), which are
routinely updated on http://monitoringresources.org, provide
the full details of the sample design methods. Below, we
provide brief overviews of the topographic survey and habitat
sample designs.


Topographic survey methods
Within each reach, a standardized, high resolution topographic
survey is performed using a topographically stratified sampling
scheme (Brasington et al., 2000). A total station or rtkGPS is
typically used as these are generally the only high-resolution
survey techniques that will work across the full diversity of sites
surveyed (Bangen et al., 2014a). Each year prior to the field
season, 15 to 20 survey crews undergo an intensive two-week
training to ensure consistency in survey methods and approach
(Bangen et al., 2014b). At each reach, a local control network is
established and maintained to ensure subsequent resurveys can
be performed on the same control network. Real-world UTM
coordinates are either tied into existing professional control
networks, or more commonly approximately established using
the CHaMP Transformation Tool (Wheaton et al., 2012). Each
survey point is attributed with feature codes to differentiate
breaklines (e.g. top of bank, toe of bank), thalwegs, and other
features that assist in producing more accurate DEMs (see


Table II. Examples of 3-year study designs over 9 years contrasting 25 (top), 140 (middle – corresponding to Lemhi) and 156 (bottom –
corresponding to John Day) sites of annual effort. See Figure 4 for corresponding spatial illustrations. Introducing rotating panels with less frequent
resampling, helps expand the spatial coverage of sites


Typical survey design
Year Total Sites


1 2 3 4 5 6 7 8 9
Annual 15 15 15 15 15 15 15 15 15 15
Rotating Panel 1 10 - - 10 - - 10 - - 10
Rotating Panel 2 - 10 - - 10 - - 10 - 10
Rotating Panel 3 - - 10 - - 10 - - 10 10
Total sites surveyed 25 25 25 25 25 25 25 25 25 45


Example design 1 (e.g. Lemhi) Year
1 2 3 4 5 6 7 8 9


Annual 80 80 80 80 80 80 80 80 80 80
Rotating Panel 1 60 - - 60 - - 60 - - 60
Rotating Panel 2 - 60 - - 60 - - 60 - 60
Rotating Panel 3 - - 60 - - 60 - - 60 60
Total Sites Surveyed 140 140 140 140 140 140 140 140 140 260


Example design 2 (e.g. John Day) Year
1 2 3 4 5 6 7 8 9


Annual 196 196 196 196 196 196 196 196 196 196
Rotating Panel 1 60 - - 60 - - 60 - - 60
Rotating Panel 2 - 60 - - 60 - - 60 - 60
Rotating Panel 3 - - 60 - - 60 - - 60 60
Total sites surveyed 256 256 256 256 256 256 256 256 256 376
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Section 5 and Table IV, CHaMP (Columbia Habitat Monitoring
Program), 2013). Crews are responsible for post-processing the
surveys using the CHaMP Topo Toolbar (http://champtools.
northarrowresearch.com/) as they are in the best position to
ensure that the maps they produce are an accurate portrayal
of what they measured in the field (Bangen et al., 2014b). The
primary outputs of this post processing are a 10 cm resolution
digital elevation model (DEM) capturing detail within the
bankfull channel(s) and adequate context on the floodplain
for high-stage flood modeling and or geomorphic change
detection of lateral erosion (Wheaton et al., 2010b). After
undergoing a rigorous series of quality assurance checks, the
surveys are uploaded to cloud-based repository (http://
champmonitoring.org) from which a series of morphometric
and geomorphic change detection (GCD) analyses (using
GCD software: http://gcd.joewheaton.org) are automated using
cloud computing (e.g. EC2, using Amazon Web Services).


Habitat sampling methods
While the topographic survey is the most basic representation
and mapping of physical habitat at a site, one member of the
crew is focused on collecting a host of ‘auxiliary’ habitat data
following the (CHaMP (Columbia Habitat Monitoring
Program), 2013) protocol. This includes mapping channel units
using Hawkins et al. (1993) and recording for each channel
unit a mix of ocular estimates and measurements to quantify
fish cover (Peck et al., 2001), large woody debris (volumes
and counts), and substrate composition. In addition, undercut
banks are mapped and measured to assess fish cover (i.e.
predation refugia). Pool-tail fines are quantified following
Heitke et al. (2008) and pebble counts and embeddedness are
measured in all riffles to understand the adequacy of substrate
to support spawning and egg survival, and flow refugia for
juveniles in fast moving water. At the site level and extent, a
field sketch site map is produced, and a series of photos are
taken systematically. To characterize riparian conditions, in
part for fish cover and terrestrial inputs and in part to explain


temperatures, solar input is measured using a Solmetric
Suneye™, and riparian structure is quantified using adaptations
of the Peck et al. (2001) and (Kaufmann et al., 1999) protocols.
Onset Tidbit temperature loggers are deployed at every site
following Isaak et al. (2010a) to produce continuous time series
of water temperature to aid in bioenergetics and production
modeling. Discharge is measured near the top of every site
following Peck et al. (2001) to contextualize site visits and act
as a boundary condition for hydraulic modeling. Conductivity
and alkalinity are measured during the visit to provide crude
water quality context. Finally, drift nets are deployed to
measure the density of invertebrates drifting in the water
column, a primary input to drift foraging models and a measure
of food availability that informs model-based assessments of
juvenile rearing capacity (Wall et al., 2015).


Ecohydraulic analyses at discrete sites


After site visits are post processed, subjected to quality
assurance checks, turned into DEMs and a variety of derivative
products are produced (e.g. water depth maps, detrended
DEMs, channel unit maps, etc.), ecohydraulic analyses are
undertaken for each site. Our ecohydraulic analyses are
dependent on multi-dimensional hydraulic model simulations
(i.e. two-dimensional or three-dimensional computational fluid
dynamic models) as inputs (Leclerc et al., 1995; Benjankar
et al., 2015). When the computational meshes for these
hydraulic models are discretized at high spatial resolution (i.e.
5 to 50 cm computational node spacing) and fed with high
quality topographic data (e.g. our 10 cm resolution DEMs),
these models are capable of resolving hydraulic patterns at a
scale that is relevant to fish (Wheaton et al., 2010a).


One of the most time-consuming steps in hydraulic modeling
is producing computational meshes. We have automated the
process of computational mesh construction at all sites by using
a simplified rectilinear (i.e. raster) meshing scheme, but using


Figure 4. Examples of GRTS study designs for two CHaMP watersheds (Lemhi in A and John Day in B). See Figure 2 for locations of watersheds and
Table II for details of study designs. [Colour figure can be viewed at wileyonlinelibrary.com]
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between 10 cm and 20 cm resolution node spacing. Such a
high-resolution computational mesh was previously
computationally costly, but with inexpensive cloud computing
it is much more cost-effective than manual editing 1000’s of
coarser resolution meshes using unstructured and/or curvilinear
meshing schemes. The meshing process is based on the
CHaMP survey formats, and set boundary conditions from
auxiliary measurements like roughness, discharge entering the
reach, and corresponding water surface elevation at the
downstream end of the reach. Moreover, because crews
topographically survey the water’s edge and major breaks in
water surface topography, water depth maps are derived by
subtracting the DEM from a water surface raster, and these
are directly compared with hydraulic models for depth
validation. The boundary conditions (discharge, downstream
water surface elevation), and resulting hydraulic model
solution, reflect low-flow conditions due to CHaMP’s survey
timing (i.e. summer/fall). However, if real or synthetic rating
curves (i.e. discharge vs stage) are available for sites, the
hydraulic model can be run over a range of flows, for
instance in support of assessments quantifying varying habitat
availability at different flows. Leveraging the open-source
Delft3D hydraulic model code (Deltares, 2010), we have
now fully automated a cloud computing workflow. To date,
we have used this workflow to automatically generate
models and run tens of thousands of simulations at over
2075 visits at 985 sites. The quality of ecohydraulic model
simulations is highly dependent on hydraulic model accuracy
(Pasternack et al., 2006a; Shen and Diplas, 2008), which for
these systems is most influenced by the quality of the
topographic boundary conditions and the representation of
structural elements impacting the flow field in the
computational mesh. Hydraulic model validation is
performed by independently measuring depth fields (done
with all CHaMP surveys), spot and cross-sectional
measurements of velocity, and mapping of large flow
separation points and shear zones.
For the purposes of this paper and illustration, we only


present and describe summer and fall baseflow simulations in
these tributary habitats with unregulated flow regimes, which
are representative of habitat conditions at the time of these
surveys. The hydraulic models from CHaMP surveys can be
reliably run at flows up to a ‘bankfull’ discharge contained
within the channel, and at some sites (depending on quality
and extent of floodplain survey) limited overbank flows can
be resolved. Delft3D and similar hydraulic models based on
Navier–Stokes approximate solutions to the equations of
motion, generally perform reasonably well when the quality
of the topographic data is high. DEM quality is quantified by
building DEM error models (output ± m) using fuzzy inference
systems (FIS) following Bangen et al. (2016) and a method
developed by Wheaton et al. (2010b). Currently, DEM error is
primarily used to inform geomorphic change detection, but its
significance can be explored (Legleiter et al., 2011) and is
generally not limiting for these types of surveys (Pasternack
et al., 2006b).


Spawning life stage – HSI and FIS modeling


Salmonid spawning typically takes place at locations (i.e. on
riffles and pool-exit slopes) where multi-dimensional hydraulic
models can perform reasonably well (Pasternack et al., 2006b)
if driven with accurate topographic, roughness and flow
boundary conditions. In CHaMP, we have automated the
simulation of two common approaches to modeling spawning
habitat quality (Ahmadi-Nedushan et al., 2006; Pasternack,


2011) – the habitat suitability index (HSI) method (Raleigh
et al., 1986) and a fuzzy inference systems (FIS) method
(Ahmadi-Nedushan et al., 2008). Both approaches are driven
on the physical side by substrate character (a CHaMP
‘auxiliary’ variable resolved at the geomorphic unit level) and
the hydraulic model outputs of depth and velocity. On the
biotic side, multiple physical variables (typically depth,
velocity and substrate) are related to habitat quality with
slightly different approaches that both score habitat quality on
a 0 to 1 scale (1 being highest quality). In CHaMP applications,
the models are applied at every ‘wet’ computational node.


For the HSI method, the overall ‘suitability’ or quality index
for a node is determined by either averaging or multiplying
individual scores of habitat quality for each physical variable
(Figure 5(A)–(C)) obtained from a univariate habitat suitability
curve (HSC). The HSI/HSC framework is one of the
earliest manifestations of an ecohydraulics modeling approach,
and was popularized via the instream flow incremental
methodology (IFIM) and physical habitat simulation
(PHABSIM) system during the 1980s and 1990s (Reiser et al.,
1989). While there is some healthy skepticism of HSC-based
approaches (Railsback, 2016), many investigators have shown
that these models can provide robust predictions when driven
by accurate, multi-dimensional hydraulic models at
ecologically meaningful scales (Leclerc et al., 1995; Crowder
and Diplas, 2000; Shen and Diplas, 2008) and with HSCs
derived in or appropriate to the system of study.


For the FIS method, relationships between habitat variables
and suitability are represented in an inference system or rule
table. The rules (or rows) in the table map out how different
combinations of inputs, represented as linguistic variables
(e.g. velocity could be ‘low’, ‘medium’ and ‘high’ or ‘slow’,
‘average’ and ‘swift’), result in a given habitat quality (e.g. ‘swift
velocity’, ‘shallow depth’ and gravel substrate equates to ‘high
quality spawning habitat’). The implementation of the
inference system is made ‘fuzzy’ by allowing overlapping
membership for different combinations of variables, with the
degree of overlap capturing uncertainty in input-to-output
mapping. For any combination of inputs for which an input
has ‘overlapping’ membership, multiple rules will apply,
allowing for a more nuanced representation in the continuous
output of the model, even when ‘defuzzified’ back to a single
crisp value. In addition, when developing FIS models,
analysts/experts must inherently consider the multivariate
nature of habitat inputs – the same way in which fish
experience conditions in nature – whereas HSC are typically
derived/applied on a univariate basis.


We implement both styles of models in an open-source,
database-backed, geospatial habitat model interface we call
the Fish Habitat Model (FHM: http://fhm.northarrowreserarch.
com). The FHM has an easy-to-use GUI interface that
individual simulations and scenarios can be run in, but because
multiple steady-state model simulations and numerous models
are run for every site visit, the database backbone of the FHM is
tailored for automating and batching multiple simulations
simultaneously. FHM is implemented by CHaMP using cloud-
computing via Amazon Web Services (AWS), and this allows
us to quickly produce site-scale ecohydraulic simulations at
every site (e.g. Figure 5(D)) at all CHaMP sites in a basin
(e.g. Figure 5(F) shows site-summary scale results for all
2012 sample sites from Figure 4(A)).


Juvenile rearing life stage – NREI modeling


Juvenile rearing is a critical time during the anadromous life
cycle. Young fish are trying to eat and grow sufficiently to
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improve their chances of successfully navigating the
downstream journey to the ocean, all while avoiding becoming
prey themselves (Dill and Fraser, 1984). Both HSI (Raleigh
et al., 1986) and FIS models (e.g. Atlantic salmon (Mocq
et al., 2013)) exist for juvenile salmonid rearing, and we can
use virtually any of these within CHaMP, applying them via
the FHM model framework described above (e.g. Figure 5). In
contrast to spawners, for which habitat suitability can be
reasonably inferred based on few physical variables (Gallagher
and Gard, 1999), suitability for juvenile salmonid rearing is
governed by a more complex set of factors (Rosenfeld et al.,
2005). HSI/FIS models tend to provide a simplistic view of
conditions, representing by proxy the availability of
depth/velocity combinations commonly occupied by fish.
However, because most HSI/FIS approaches do not include
important determinants of habitat use like food availability or
temperature as predictors, the quality/capacity of habitats for
juveniles can be better approximated using a more mechanistic
approach (Railsback, 2016). For example, an approach
that explicitly considers the bioenergetics of this life stage
by accounting for the role stream temperature plays in
metabolism, the availability of food (i.e. drifting macroin-
vertebrate prey), the probability of prey capture, and the costs
of locomotion in a stream environment (i.e. swimming costs)
(Hughes et al., 2003; Wall et al., 2015).
In CHaMP, we have operationalized approaches inspired by


(Hayes et al., 2007b) and elaborated in (Wall et al., 2015).
These approaches are known as NREI – Net Rate of Energy
Intake –models, because they calculate the net energy balance
from an individual fish’s perspective if it were to maintain
position within every computational node of the wetted
channel. Briefly, given the local depths and velocities from
hydraulic model simulations, the size of fish under
consideration, and water temperature, the NREI model
calculates the cost of swimming or holding position in a given
locality. Then, using CHaMP data on invertebrate drift density


(individuals/volume), the modeled fish’s swimming ability,
and also its reactive distance to prey items, the model provides
an estimate of the number of prey items that a fish can access at
different nodes per unit time. Given a probability of capture for
prey encounters, a likely energy intake can be estimated.
Finally, by comparing the cost of swimming (in Joules), to the
energy gain from capturing drifting prey (also in Joules), a net
rate of energy intake can be calculated and zones that are
energetically profitable, deficient, and neutral emerge
(Figure 6(C) showing an analogous output at the same site as
Figure 5(D)).


Ecohydraulic models can be used to describe microhabitat
scale (or hydraulic unit as defined in Table I) habitat utilization
by salmonids at a higher resolution than can be afforded by
geomorphic unit or reach scale summaries. They can provide
mechanistic insight into measures of habitat complexity that
remain elusive at these coarser scales. For example, NREI
models would generally predict that salmonids will minimize
energy expenditure by holding in low velocity positions that
offer access to high velocity zones within their reactive
distance to maximize prey encounters (Hughes, 1998; Hughes
et al., 2003). These shear zones (cf. Wheaton et al., 2015) are
often found along lateral transition of geomorphic units, such
as between bar forced pools and structurally forced bars.
Simple reach level metrics such as pool frequency or pool area,
commonly used in traditional empirical models describing
fish–habitat relationships may not be adequate to define these
more descriptive measures of habitat quality. For example, we
used a simple path analysis to describe NREI estimates of
carrying capacity at 64 CHaMP sites. Path analyses regress
explanatory variables not only to the predictor variable but
other explanatory variables, allowing for indirect pathways.
We created a variable to describe shear zones, which was
based on a roving window summary across the velocity raster
produced by hydraulic model. The window size equaled the
reactive distance of a juvenile steelhead. Gradients higher than


Figure 5. Illustration of a site-scale juvenile rearing habitat HSI simulation (D), but driven by site-scale inputs of velocity (A), depth (B) and substrate
type (C) that drive HSI or FIS simulations. Site-summary-scale syntheses of ecohydraulic model outputs (E) help distill the rich information down to
summary metrics (in this case normalized weighted useable area) to something that can be displayed for all CHaMP sites (F) at the sites-on-network
scale. Using distributions of site scale summaries, box plots for WUA predictions at all surveyed sites can be made (e.g. G). [Colour figure can be
viewed at wileyonlinelibrary.com]
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0.2m/s were deemed shear zones, the sum of which produced
the total area of shear zones in a reach. Gradient, shear zones,
and pool frequency were used as explanatory variables.
Gradient predicted pool frequency and shear zones. Pool
frequency helped explain shear zones as well but did not
explain carrying capacity. Only shear zones predicted capacity,
suggesting that after accounting for shear zones, pools
themselves are not the strong predictor of salmonid habitat
quality as commonly assumed. Because the arrangement of
geomorphic units can describe general hydraulic patterns (Moir
and Pasternack, 2008; Wyrick and Pasternack, 2014; Wyrick
et al., 2014), a more direct metric derived through models like
NREI, such as area of transitions zones or the perimeter of
influential geomorphic units, can be developed. We are
currently assessing how geomorphic unit assemblages can be
used to approximate foraging efficiency.


Site capacity estimates


To address the key management questions outlined above, we
need to translate these quantitative habitat measurements into
estimates of capacity – or how many fish these reaches can
support for adult spawning and juvenile summer rearing life
stages. Ecohydraulic models are not typically used in this
way, tending instead to focus either on indices of habitat
quality (Hanrahan et al., 2004) or a bioenergetics assessment
(Hayes et al., 2007a). However, if assumptions are made about
the size of habitat a fish of a given size occupies (i.e. territory
rules) when drift-feeding, holding position, or spawning,
HSI/FIS and NREI models can be used to estimate of the
maximum number of fish that a site can support (i.e. capacity
(Hanrahan et al., 2004; Hayes et al., 2007b)). In contrast to
purely geometric methods (i.e. capacity = area/territory size),
which are likely to overestimate capacity, habitats that are
energetically unfavorable (i.e. NREI juvenile capacity) can be
excluded. For habitats that are ‘suitable’ or bioenergetically
favorable, the relative contribution of each cell to total capacity
can be simply scaled or weighted in a manner commensurate
with its habitat quality (i.e. HSI/FIS spawner capacity). An
example of this capacity estimation approach is illustrated in


Figure 7 for NREI-based predictions, based on an approach
implemented in Hayes et al. (2016) and Wall et al. (2015).
The output of such an approach is a predicted upper number
of fish the site can support (i.e. capacity), and to make these
capacity estimates inter-comparable across sites they can be
normalized into a lineal density (e.g. fish/m in Figure 7(B)) by
dividing by site length, or into an areal density (i.e. fish/m2)
by dividing by wetted area.


Upscaling Site-Scale Information and Network
Modeling


While site-scale (as defined in Table I) ecohydraulic model
results provide useful insights and can inform specific
restoration designs or effectiveness monitoring at those sites,
their extent is insufficient for answering key management
questions across a population’s full range in a drainage network
(Isaak et al., 2016). Synthesis of site-scale analyses into
descriptive site-summary-scale metrics, like capacity, are
inadequate to assess an entire population. Even for study
designs as used in CHaMP, where site-summary-scale metrics
exist at a number of sites across a network (i.e. sites-on-network
scale), some upscaling methods are still required to inform
population level questions. First we describe three network
co-variates that could be used to support juvenile rearing
capacity estimation, and then we contrast the different
upscaling techniques that use these. We discuss three
approaches whereby multiple sites on the network are used to
inform population level questions: design-based and
correlative and causal model-based estimation. All three
approaches require network-scale co-variates.


Network co-variates


While there are many potential network scale co-variates that
could be used, we highlight three key network co-variates, an
example of which is illustrated in Figure 8(A)–(C).


Figure 6. Example of site-scale NREI output (C), based (in part) on 2D hydraulic model predictions of velocity (A) and depth (B). [Colour figure can
be viewed at wileyonlinelibrary.com]
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Physical template - geomorphic reach type and
habitat condition


The local hydraulics, channel morphology, substrate type, and
structural elements (e.g. wood) define the physical habitat
setting perceived by salmonids. Site-scale ecohydraulic model
outputs largely reflect these variations between hydraulic units,
which form the building blocks of geomorphic units.
Geomorphic units are the building blocks of a reach (Fryirs
and Brierley, 2013), but also the nexus of a reach’s identity
(Montgomery and Buffington, 1998) and the microhabitat
considerations of salmonids. The identification of geomorphic
unit assemblages within distinctive reach types throughout the
stream network could provide extremely important information
on the distribution of salmonid habitat (Hankin and Reeves,
1988; Schwartz, 2016). Censusing geomorphic units is possible
at the reach scale or site scale (Wyrick et al., 2014), and long
reaches can be sampled with rapid assessments (Camp and
Wheaton, 2014; Bouwes et al., 2016). For example, Blanchard
(2015) censused over 30.5 kilometers of streams using the
Wheaton et al. (2015) taxonomy for geomorphic units,


representing 197 CHaMP sites, but taking the equivalent effort
of sampling 30 sites using the CHaMP protocol. However,
censusing an entire network at a population scale (McMillan
et al., 2013) is typically impractical. As such, we need a means
to predict what local hydraulics, geomorphic units and
structural elements will be present, but for every reach in a
network (e.g. the 962 km in Figure 8 or the 36 000+ km in
Figure 2). Numerous potential reach-typing classification
schemes exist, see Buffington and Montgomery (2013). There
are various network models for predicting grain size throughout
a network (Snyder et al., 2013), and even suitability for
spawning (Buffington et al., 2004). However, of those reach-
typing schemes that exist, only a few can be applied across a
network (Beechie and Imaki, 2014) and most do not necessarily
predict the expected geomorphic units and structural elements
(Kasprak et al., 2016).


We use the Brierley and Fryirs (2005) River Styles framework
to model reach types, geomorphic condition, and recovery
potential (O’brien and Wheaton, 2015; O’brien et al., 2017).
Similar, promising frameworks could be potentially substituted
for at least the reach-typing components (Bizzi and Lerner,


Figure 7. Example of estimation of capacity at single site (A) and how summing the values, dividing by reach length, capacity can be expressed as a
fish density at all sites-on-network scale (B). [Colour figure can be viewed at wileyonlinelibrary.com]
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2012; Bizzi et al., 2013; Beechie and Imaki, 2014; Gurnell
et al., 2015; Demarchi et al., 2016a, b; Kasprak et al., 2016),
but here condition assessment and recovery potential are
critical to addressing key management questions. Readily
available remotely-sensed data such as 10m DEMs, geology
and LANDSAT-derived vegetation layers, satellite and aerial
imagery (e.g. Google Earth), along with overflights and on-
the-ground validation can all be leveraged to produce network
scale geomorphic assessments (Figure 8(C)). Geomorphic
condition (cf. Fryirs, 2015) combined with reach type is likely
to be the best network-scale predictor of fish habitat character
in individual reaches. Blanchard (2015) found that reach type
alone was an adequate discriminator of fish habitat, but this
was likely because most reach types were only present in one
condition variant in the study watershed. The combination of
reach type and condition form a prediction of what fish habitat
looks like on a reach-by-reach basis at the network scale that
can be readily validated and spot-checked with site-scale
CHaMP surveys or reach-scale rapid assessments (Figure 9).
By contrast, an honest appraisal of recovery potential
(Figure 9) can form the basis for development of a range of
realistic alternative restoration scenarios, which can then be


used to explore potential capacity gains and subsequent fish
population responses from various management alternatives.
Too often, restoration planning is based on the wishful thinking
that a historic condition is an attainable target (Roni and
Beechie, 2013), whereas with the Brierley and Fryirs (2005)
assessment of recovery potential, the contemporary boundary
conditions help determine whether or not a historic condition
or some intermediate condition is possible.


Temperature modeling


Stream temperature is an extremely important factor necessary
in the description of salmonid habitat. Temperature affects the
physiological processes of all organisms, and thus stream
temperatures affect stream food web dynamics, life-history
strategies, and behavior (Poole and Berman, 2001).
Temperature directly influences fish survival, and consumption
and growth rates (Elliott, 1976; Kitchell et al., 1977). With the
onset of inexpensive temperature loggers, stream temperature
monitoring is ubiquitous (Isaak et al., 2010a). Large data sets
have led to a better understanding of the factors controlling


Figure 8. Illustrative example of network-scale inputs of temperature (A), gross primary production (B); i.e. proxy for food), and river styles (C) used
to inform a model imputation to drive a network-scale fish response output (D). [Colour figure can be viewed at wileyonlinelibrary.com]
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stream temperatures, and the development of models to predict
temperatures across the stream network (Gardner et al., 2003;
Webb et al., 2008; Isaak et al., 2010b; Pike et al., 2013). Some
models are highly mechanistic and can evaluate the expected
impacts of alternative restoration scenarios (Boyd and Kasper,
2003), however such modeling is extremely data and labor
intensive to implement over large extents. Remote sensing of
water and land thermal signatures have also been leveraged
to extrapolate instream temperature logger data to stream
networks (McNyset et al., 2015; Vatland et al., 2015). Here,
we use the temperature modeling approach of McNyset et al.
(2015) that we use in estimating stream temperature across
the network.
McNyset et al. (2015) has developed a stream network


model that estimates daily temperatures over the entire year
(e.g. Figure 8(A)). Remotely-sensed Land Surface Temperature
(LST) is collected from the US National Aeronautics and Space
Administration’s (NASA) Moderate Resolution Imaging
Spectroradiometer (MODIS) satellites. Daily LST data is
obtained at a resolution of 1 km over most of the planet.
McNyset et al. (2015) found daily and 8 day averaged LST
correlated highly with these same metrics from stream
temperature loggers. Regression models were used to estimate
temperatures throughout the network, with cross-validation
indicating these relationships were accurate and robust with
as few as four stream temperature loggers. Some of the factors
influence LST are air temperature, climate, vegetation, surface
geology, elevation, and physiography, which are also several
of the controlling factors of stream temperature thus explaining
the strong correlations observed. While this model is capable of
predicting stream temperature throughout the watershed,
addressing KMQ1, the ability to predict changes due to
restoration are not possible. We have used the Heat Source
model of Boyd and Kasper (2003) to predict stream temperature
across the smaller extents where restoration actions are
implemented when addressing KMQ2.


Primary production – Food proxy


Although stream food webs are inherently complex, integrating
basal energy fluxes from multiple habitats (e.g. riparian
vegetation or detritus, terrestrial invertebrate resources, and
allochthonous production; Wallace et al., 1997; Baxter et al.,
2005), the total production of carbon by aquatic primary
producers (gross primary production, GPP) provides a good
index of the potential for streams to produce invertebrate prey
resources for fish (Cummins and Klug, 1979; McCutchan and
Lewis, 2002) as it is a measure of the abundance of basal food
web resources in streams frequently used by rearing steelhead
and salmon (e.g. midsize channels with partially open
canopies). Thus, modeling basal food web resources (i.e.
GPP) can provide a reasonable proxy for fish food, and has
been shown by Saunders et al. (in review) to correlate well with
fish abundance. Further, GPP is responsive to changes in land
use (Bernot et al., 2010; Griffiths et al., 2013), stream and
riparian restoration (Adams et al., 2002; Riley and Dodds,
2012; Giling et al., 2013; Roley et al., 2014), and
geomorphology (Coleman and Dahm, 1990), and thus can
account for factors known to influence spatial variation in fish
populations. Primary production can be approximated from
dissolved oxygen time series (Cox, 2003; Grace et al., 2015),
as dissolved oxygen is a proxy for whole system metabolism
(the combined processes of primary production and ecosystem
respiration; Odum, 1956; Ortiz-Zayas et al., 2005). Although
the dynamics of stream and riparian ecosystems that influence
primary production are complex, the primary factors driving
large-scale spatial variation (e.g. solar exposure, nutrient
concentration, and water temperature, see Mulholland et al.,
2001; Bernot et al., 2010) can be assessed remotely (nutrients
[conductivity/alkalinity] (Olson and Hawkins, 2012), sunlight
(Fu and Rich, 2002), or mapped to stream networks
temperature (McNyset et al., 2015) to continuously predict
GPP throughout river networks. Thus, we make continuous


Figure 9. Illustration of four key outputs of geomorphic analysis (grey boxes), and supporting analyses (white boxes) used to produce network scale
reach-type and condition maps, which form a combined co-variate for upscaling. See Figure 3 for how these outputs support addressing key
management questions (KMQ) 1 and 2. Figure adapted from O’Brien et al. (2017). [Colour figure can be viewed at wileyonlinelibrary.com]
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predictions of primary production throughout a river network
using predictor variables that make conceptual sense to model
spatial variation in potential food resources for fish populations
(e.g. Figure 8(B)).


Design-based estimation


In order to provide population estimates of the mean and
variance of any metric of interest at the watershed scale from
site-level surveys, a representative probabilistic sample design
is required. Uniform and non-uniform (e.g. stratified)
probabilistic sample designs are commonly used to distribute
sites throughout a watershed (Nahorniak et al., 2015). In most
cases, CHaMP uses a stratified, spatially balanced, probabilistic
sampling design. Weights based on the inclusion probabilities
are used to provide unbiased weighted estimates of the mean
and variance of site level metrics when summarized across
the watershed. This approach has been shown to be an efficient
and precise means to describe the status and trends of site-level
salmonid habitat metrics at the watershed extent with 30–50
sites sampled (Larsen et al., 2004). Whether the sampling
design captures the variability across a watershed for more
multivariate metrics such as carrying capacity estimates from
ecohydraulic models requires further investigation.
While a design-based estimation approach using capacity


may provide summary information on status and trends of
populations (KMQ1 and potentially KMQ3), the watershed-
scale resolution of this upscaling does not resolve what is
happening at individual reaches that a population may utilize
(i.e. network scale) to address where restoration should be
implemented and what impairments restoration should target
(KMQ2). Given that restoration priorities are planned and
implemented at specific locations on the ground, we assert that
there is a pressing need for reliable information at the network
scale (i.e. watershed extent, but reach resolution) about where
capacity is limiting and if and how it may be expanded (Benda
et al., 2007; Macfarlane et al., 2015; Macfarlane et al., 2016).
We call this the ‘dots to network’ problem – where dots
are sites.


Imputation techniques


All techniques for tackling the ‘dots to network’ problem are
basically spatial modeling exercises. In statistics, the act of
substituting a reasonable estimate for missing values is known
as imputation (Li and Parker, 2008). Here, we wish to impute
values of capacity spatially across a network, using some
additional information at broader spatial extents from remote
sensing, while properly accounting for sample design
(Nahorniak et al., 2015). Spatial models that exploit spatial
autocorrelation may support imputation in the form of kriging
(Ver Hoef et al., 2014). However, kriging is not a feasible
approach when spatial autocorrelation can neither be assessed
nor exploited because points are measured at too coarse a
resolution, or data are obtained from spatially balanced
samples, as in CHaMP. When attempting to model spatial
patterns continuously (either in x-y space as in rasters, or
longitudinally along a line in network space), imputation can
be done with the assistance of some informative covariates that
correlate to capacity estimates (Figure 8 - Illustrative example of
network-scale inputs of temperature (A), gross primary
production (B) i.e. proxy for food), and river styles (C) used to
inform a model imputation to drive a network-scale fish
response output (D).). This assisted form of extrapolation is


the basis for spatial or geographical imputation (Henry and
Boscoe, 2008).


The choice of covariates for any imputation exercise will
necessarily depend on the variable that is being imputed. A
network covariate should be a variable that can be measured
or modeled where site samples do not exist. Furthermore, the
covariate should have information content such that there
exists some non-zero correlation with the metric to be imputed.
Correlative approaches test multiple potential covariates to find
correlates to the variable to be imputed. Causal approaches
base covariate selection on a process-based understanding of
how they relate to the variable of interest. Final covariates will
be empirically trained, calibrated, and/or simply validated to
the imputed variable.


Correlative model-based imputation


Empirical models can be derived that relate ecohydraulic
estimates to globally available attributes, and then these
empirical models used to estimate CHaMP metrics at
unmeasured reaches. For simple linear models, we use model
assisted regression to properly account for sampling design in
the construction of empirical models. For more complex
modeling techniques, Nahorniak et al. (2015) have developed
a methodology called inverse probability boot-strapping (IPB)
to properly account for sampling design while using model
based statistical techniques. An ideal empirical model is
unbiased across spatial scales of interest, and relationships
observed within the data set over which the model is fit must
be consistent at any spatial scale where the model is to be
applied. Careful analysis of residuals must be performed, and
in some cases models must be optimized to the spatial scale
over which they are to be used for prediction.


As an illustrative example here, we developed a model-
assisted multiple linear regression to predict HSI derived
steelhead spawner wetted usable area (WUA/m; similar to
Figure 5) from network-scale covariates describing attributes
such as valley class, human disturbance, natural landform
classifications, elevation, drainage area, slope, stream flow,
stream width, etc. Variable selection was performed using an
iterative procedure to minimize model AIC. Weights for the
model-assisted regressions were proportional to the inverse of
the site-level sample inclusion probabilities. Cross-validation
between HSI model estimates of WUA and the correlative
model predictions are somewhat in agreement across several
watersheds in the Columbia River Basin (Figure 10). Because
the model was developed over a wide range of conditions,
imputation to locations not surveyed should be more reliable.
While this approach holds promise in providing spatially
explicit estimates of carrying capacity at the network scale,
caution must be exercised, especially when extrapolating this
model in localities it was not empirically developed for or for
considering alternative restoration scenarios.


Causal model-based imputation


To identify habitat impairments and plan and test for
appropriate restoration strategies to benefit populations, we
posit that estimates of carrying capacity at the network scale
will be most informative. While correlative approaches, as
above, may have the ability to create continuous estimates of
carrying capacity of acceptable accuracy (e.g. Figure 10), the
ability to manipulate covariate values to reflect potential
changes due to restoration may not be possible (Brierley and
Fryirs, 2005), or their prediction may not be defensible. To
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protect against spurious correlations, increase accuracy, and
target variables subject to restoration, a processed-based
understanding, stemming from a strong and defensible
theoretical foundation, of how the network scale variables
influence carrying capacity is recommended. Ecohydraulic
site-scale models may help guide the development of
network-scale models that inform the relevant reach-scale
metrics defining fish habitat.
For example, the general inputs for a site-scale NREI can be


summarized into inputs of food, temperature, and channel
morphology and substrate as they pertain to hydraulics. The
goal with a causal model approach would be to create network
extent of these metrics resolved at the reach scale (Figure 8(A)–
(C)). At CHaMP sites, temperature is collected from temperature
loggers and summarized (e.g. mean daily temperature).
McNyset et al. (2015) demonstrated that MODUS satellite
information of ground temperature taken daily is highly
correlated with data logger temperature at CHaMP sites, and
that this information can be extrapolated across the network
with high accuracy. Similarly, gross primary production
estimated from DO sondes (see Primary production – food
proxy above) could be predicted by site-level drivers like light,
nutrients, and temperature, or remotely sensed/globally
available proxies of these same variables (Šímová and Storch,
2016). Indeed, recent work using data from CHaMP sites
suggests that causal models built on field measurements or
globally available analogs (network-level GIS layers) predict
GPP with similar accuracy and precision (Saunders et al.,
unpublished manuscript), opening a door to network-wide
prediction of energy availability. Finally, our investigations with
ecohydraulic models at CHaMP sites suggest that the hydraulic
patterns such as shear zones, found near geomorphic unit
transitions, may be more important than geomorphic units
themselves (e.g. pools per kilometer) in determining habitat
quality. We are currently refining the relationship between
hydraulic patterns, NREI values, and geomorphic unit
assemblages to capture this complexity rather than relying


simply on metrics such as pool frequency or pool area. As
discussed above, the River Styles framework delineates reach
types with predictable geomorphic unit assemblages
throughout the stream network. CHaMP surveys provide
geomorphic unit assemblages that can be derived through
topography and are consistent with the River Styles framework
(Wheaton et al., 2015). Blanchard (2015) demonstrated that site
survey information (consistent with CHaMP habitat sampling
but without topography) and a few landscape variables derived
from GIS and the 10m DEM could statistically classify with
88% accuracy, reaches delineated through the River Styles
framework. Further, she was able to predict the abundance of
juvenile steelhead with greater precision and accuracy using
reach types delineated using River Styles, network estimates
of GPP (which is highly correlated with temperature), and date,
than from the same variables used to classify River Styles (see
Figure 4 of Blanchard (2015)). Because we can estimate the
same general inputs to NREI models from bottom-up reach
level data and top-down ‘remote-sensed’ data (Figure 11), we
believe that a mechanistic based empirical model will be able
to predict NREI estimates of carrying capacity.


Population – Life Cycle Modeling


Upon generating watershed-level estimates of capacity for key
life stages (e.g. Figure 8(D)), direct answers to key management
questions within a life cycle modeling framework can be
explored. A life cycle model (LCM) is simply a mathematical
representation of an orangism’s life history that, given relevant
inputs (i.e. stage-specific productivity, capacity, and initial
abundance), can be applied in a forward simulation context
(Figure 9). The LCM used by CHaMP is a stage-structured (for
Pacific salmon and steelhead), stochastic projection model
adapted from the ‘Shiraz’ model developed for similar
applications in Puget Sound (Scheuerell et al., 2006). LCMs
are particularly well suited for addressing key management


Figure 10. Site-Summary Scale measured versus regression model predicted log(1+ weighted usable area (WUA) per meter of stream length). Dot
size is proportional to sample weights for the model assisted regression. R-squared =0.61. [Colour figure can be viewed at wileyonlinelibrary.com]
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questions pertaining to tributary habitat restoration because
they simulate future population trajectories as a function of
the same demographic parameters that restoration aims to
improve, all while explicitly portraying uncertainty in model
inputs (Sweka and Wainwright, 2014). LCMs thus offer a means
to rigorously tackle planning-related questions like ‘will
restoration action X (or the suite of actions X, Y, and Z) help
the population reach a target abundance threshold, within a
certain time frame and/or risk tolerance?’; and post-project
effectiveness questions like ‘could the improvement in tributary
survival that’s been observed, given survival improvements
expected elsewhere (e.g. at mainstem dams), result in
population recovery?’ The latter example highlights an
important strength of LCMs for assessments involving highly
migratory species with diverse life histories and impacts (and
restoration measures) occurring at many scales—i.e. stage-
specific effects can be assessed amidst an otherwise
overwhelming sea of complexity.
In practice, LCMs are parameterized to answer questions


pertaining to tributary habitat restoration using up-scaled
CHaMP capacity estimates (i.e. juveniles, adult spawners),
population-specific estimates of productivity or survival, and
levels of variability around these inputs that are commensurate
with variation observed in population monitoring data
(McHugh et al., 2017). Based on hundreds of Monte Carlo runs
spanning a few decades each, simulations from this baseline
parameterization give managers a probabilistic view of
population performance/status in the absence of intervention


across a tractable time horizon. The real power of LCMs in
the present setting ultimately traces back to the reach/site scale
wherein topographic surveys and ecohydraulics models
provide a mechanistic basis for prospective restoration gaming.
For instance, CHaMP DEMs can be modified to simulate the
effects of large woody debris placement (Wall et al., 2016), a
go-to restoration treatment for structurally simple salmonid
habitats. The benefits of these treatments can then be quantified
through hydraulic and NREI model reruns and up-scaled
accordingly. Given its bioenergetics origins, NREI can also be
used to quantify fisheries benefits arising from anticipated
temperature improvements (e.g. resulting from riparian
revegetation, (ODEQ, 2010). Thus, the ability of LCMs to
provide meaningful insight on the population-level benefits of
restoration relies heavily on a thoughtful integration of
information from multiple scales.


Discussion


Plurality of approaches for component pieces


The focus of this paper was not on the how each component
piece of this framework was done, but instead on the broader
issue of what is needed from each component to facilitate the
integration of these component pieces to support life cycle
modeling in a meaningful way. Each piece represents the efforts
and collective advances of various sub-disciplines of


Figure 11. Example of how the components of the proposed framework can fit together for juvenile rearing using NREI model and causal-based
imputation to produce robust carrying capacity estimates at the network and population scales to feed life cycle models. Individual component pieces
and concepts can be interchanged. The key attributes are: (a) the conceptual alignment at the reach scale between inputs used to drive the site-scale
ecohydraulic models and the network co-variates; (b) the leveraging of readily available remotely sensed data to support network scale modeling; and
(c) use of traditional site-scale ecohydraulic analysis to train, calibrate causal model-based imputation and ultimately validate it. The framework aims
to highlight the analytical tools and underlying theory necessary to transcend spatial scales in the riverscape of relevance to understanding fish
population dynamics. [Colour figure can be viewed at wileyonlinelibrary.com]
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geomorphology, ecology, fisheries biology, hydraulics, and
ecohydraulics. In this paper, we have not digressed into the
methodological details for each component piece and instead
emphasized an overall picture. However, it is important to
recognize that many different approaches can be usefully
substituted in each step, each with its own costs, advantages
and disadvantages and corresponding uncertainties.
For example, the implementation of the framework we have


presented here would not be possible without numerous
advances in remote sensing (Carbonneau and Piegay, 2012;
Gilvear et al., 2016) from the past two decades. There are many
different remote sensing techniques that can be combined in
various ways to paint a quantitative picture of physical habitat
with both topography and aerial imagery (Bangen et al.,
2014a). So long as the uncertainties in each approach are
adequately represented (Wheaton et al., 2010b; Bangen et al.,
2016), and their significance to the analyses and questions at
hand appropriately considered (Wheaton et al., 2008), many
different approaches should apply. Our premise here was that
as long as each component piece had a pragmatic way to
produce the component output needed that was scientifically
defensible, it would suffice towards achieving the broader
integration and ultimately addressing some pressing key
management questions.
Moving forward with application of this framework, we have


been exploring tradeoffs and robustness of different
methodological approaches to producing outputs for each
component. In some cases, simultaneously implementing a
plurality of approaches to get alternative ‘solutions’ may be
the best way to consider uncertainties (Rotmans and Van Asselt,
2001). For example, we may have a variety of habitat suitability
curves to drive HSI models (Breecher et al., 2016) and varying
levels of complexity of biotic or physical process representation
in FIS models of spawning habitat suitability (Ahmadi-
Nedushan et al., 2006; Hayes et al., 2016). The contrast
between spatial predictions of habitat quality vary between
models of different degrees of complexity (e.g. Figure 5 for
HSI vs Figure 6 for NREI), but it is not yet clear whether this
refined mechanistic representation produces markedly different
or better estimates of capacity at the site-summary scale. If
different approaches to ‘answer’ the question of how many fish
a reach can support converge on a similar result, some
confidence in the robustness of that result is instilled.
Conversely, ‘different’ answers can be combined into a
distribution of probable values and reflected with uncertainty
around a LCM input (cf. Rotmans and VanAsselt, 1996, 2001;
Sear et al., 2008). In addition, the extent to which those
competing model representations paint a divergent picture
also highlights specific localities, issues, processes and factors
that deserve closer attention and/or further research. All of the
raw data used to drive the models here is already publicly
available (http://champmonitoring.org), and we are working
to make all the model product outputs publicly available in
the near future. We encourage other investigators to make
their own refinements, model substitutions and alternative
analyses.


Why has this not already been done? What made it possible?
The framework presented here is not the first attempt to make
meaningful use of habitat measurements at a network scale to
more accurately estimate capacity (McMillan et al., 2013).
However, to our knowledge, it is the most ambitious scope over
which such an upscaling attempt has been made and perhaps
the only one that attempts to preserve the kind of spatially
explicit, reach-level resolution needed to support restoration
planning/implementation. We have focused on pragmatic
approaches that are possible to implement today given


available remote sensing information, as well as an overall
framework that is theoretically sound, and conceptually
aligned with the best available science. Benda et al. (2016)
highlighted that the remotely sensed data (particularly DEMs
to derive robust drainage networks) are not equal in all parts
of the globe. The data used to drive our network models is
nationally available in the US, and similar or better products
exist in some European counties, but worldwide equivalents
are not yet available. Though, recent breakthroughs in
producing 2m DEMs from satellite imagery may improve this
in coming years (Noh and Howat, 2015). Therefore, we hope
that the generic aspects of this framework will be transferred
to catchments in other parts of the world, other populations
and other species as this sort of data becomes more broadly
available. We know the framework can be improved, and we
do not propose it as a rigid, static manual proposing how to
tackle the problem of making reach-scale physical habitat data
more useful to fish population modeling.


The reasons, we believe, that such a framework has not
already been implemented has mostly to do with the fact that
the data requirements and computing power required to
implement and scale all of the component pieces described
here have simply not been previously available. While various
habitat monitoring methods have been in existence for at least
thirty years (Kaufmann et al., 1999; EA, 2003; Heitke et al.,
2010; Somerville, 2010), none of these stick-and-tape
approaches produce continuous, topographic data required to
support the sort of ecohydraulic analyses that are the backbone
of the proposed framework. As researchers, we just happen to
be fortunate enough to be tackling these problems at a time
when there is a convergence of management need and interest.
That combined with a growing availability of remotely sensed
data, increased rapidity and ease with which high resolution
topography can be acquired (Passalacqua et al., 2015), and
the computing power and scalability via cloud-computing
exists to now implement modeling approaches and analytical
frameworks that have been in existence for decades across
population scales. In short, the ecohydraulic, fisheries and
geomorphic communities are maturing to the point that we
can start to think about not just illustrating new methodological
concepts with one off examples (much as we have in this
paper), but we can actually begin to transform and combine
operational models into production-level analyses. While
such an advance is the cornerstone to management being
able to leverage and implement such science in a decision-
support context, it also offers an unparalleled opportunity to
test some basic hypotheses about how both these physical
systems work as well as how these populations respond to
physical habitat.


Network-scale models that inform assessments of salmonid
populations already exist. Promising riverscape network
analyses to specifically look at implications to salmonid
populations by Benda et al. (2007), Whited et al. (2012),
Alvarez-Cabria et al. (2016).


A perceived barrier to implementing the framework
discussed here could be cost. Advances on the production of
network co-variates that could be useful in the upscaling steps
have been particularly fruitful over the past decade (Beechie
et al., 2003; Benda et al., 2007; Alber and Piegay, 2011; Belletti
et al., 2013; Bizzi et al., 2013; Roux et al., 2014; Schmitt et al.,
2014; Macfarlane et al., 2015; Demarchi et al., 2016a). Many
of the data sets required to drive such network-scale analyses
are free and their availability is increasing. It would be tempting
to conclude from what we presented here that this approach is
only possible with massive financial investments in habitat
sampling, monitoring, and research. However, there are at least
three counter points to such an argument.
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First, while CHaMP is attempting to implement these
methods across dozens of watersheds in the CRB
simultaneously, the sampling effort required to study a single
population in a watershed of interest is relatively modest (e.g.
c. 25 sites of sampling effort per year) and is likely in the
$50 k to $100 k US range for annual sampling effort. We
contend that the easy advances remote sensing was going to
provide for better characterizing instream habitat have already
been realized (Bangen et al., 2014a). There is a basic level of
sampling effort required to acquire the necessary topographic
data and only minor efficiencies are likely to be realized in
the future.
Second, with all of the component pieces described in this


framework, we have invested heavily in transferability.
Specifically, we focus on operationalizing established methods
wherever possible, only creating new ones where necessary,
and developing protocols (e.g. http://moniotringmethods.org)
and writing software to implement both that are all open-
source, transparent, free to use and highly scalable. That is,
the analytical cost barriers to implementing such a framework
are quickly diminishing, and the cost of cloud computing is
now remarkably low. As an anecdote, we have spent less than
$1000 on computation time running all of the tens of thousands
of hydraulic model simulations described here. Thanks to Delft
making their source code open source, a problem that a few
years ago was insurmountable is now readily affordable.
Traditional model parallelization requires substantial manual
configuration and refactoring of code that is not needed when
using virtual computing clouds. The emergence of this cheaper
and more accessible parallelization makes these virtual
computing services attractive. Virtual computing services
currently price their infrastructure rental costs to commercial
applications (such as media streaming and desktop cloud
software services), which dwarf the size of the sort of research
computing needs described in this framework.
Finally, it may be possible to implement some of these


approaches across the network based only on freely-available
remotely sensed data and without large on-the-ground
monitoring investments (Macfarlane et al., 2015). However,
this is likely only to be the case if robust fish-habitat
relationships can be established in other, similar, riverscapes.
The methodological question we cannot yet address is how
robust the fish–habitat relationships established empirically
and theoretically, here, hold up across locations without such
intensive sampling efforts. This may be just wishful thinking,
but if it proves possible with reasonable accuracy, it could save
fisheries managers millions.


Implications for population-level assessments and
life cycle modeling


One of the problems with the ecohydraulic approach is its
premise and guiding principles are based on the assumption
that the physical environment in riverscapes (primarily as
manifested via hydraulic processes, but also geomorphic
processes), is a direct driver of ecology. While there is merit
and truth, for example, in assuming fish selectively occupy
habitat, other biotic factors such as competition, predation,
disease, social factors, density dependence, and food
availability all can act to modulate fish–habitat relationships
(Rosenfeld, 2003). Accordingly, purely physical habitat-based
approaches may not always provide useful insight on
population limitation in every system (Railsback, 2016).
However, in cases where habitat is limiting, this framework
provides a workflow for identifying exactly where and to what


extent habitat-related constraints (i.e. diminished capacity) may
be limiting a population. There are other promising alternative
perspectives on estimating populations emerging, which are
not based on full, simulation, life cycle modeling. These
include geostatistical upscaling techniques like Isaak et al.
(2016) that use block kriging interpolation across spatial-
stream-networks (SSN; i.e. what we term drainage network
here) and fish density surveys. In principle, such approaches
could substitute the ecohydraulic analyses described here for
fish density surveys in their approach and use their upscaling
techniques to assess populations. Similarly, it is possible to
use actual fish density surveys in place of the ecohydraulic
modeling efforts described here to drive life cycle models to
make estimates of current populations. The problem with all
three of these alternatives is that they are useful for assessing
what a population looks like currently, but do not help for
producing realistic and mechanistic scenarios of how
restoration might influence future populations. For these
reasons, we are pursuing more mechanistic linkages in the
framework described here. However, all of these different
approaches offer complimentary perspectives on similar
problems. Managers will benefit from lots of creative
approaches to think about the same problems.


There are several other aspects of the framework presented
here that we think make it compelling. First, one of the
ecohydraulic models we use, NREI, explicitly considers both
a key biotic influence (i.e. food availability) and a primary
physiological driver (i.e. temperature) on reach-scale capacity.
The FIS-based habitat modeling framework also offers flexibility
for incorporating additional variables, such as predation refugia
(Muñoz-Mas et al., 2016), which offers additional complexity/
realism. Second, quantifying capacity is a fundamental
parameter in most life cycle models and can at least help
contextualize the question and extent to which habitat may or
may not make a difference to populations. Third, the life cycle
modeling approach is explicitly driven by a mix of empirical
(e.g. survival estimates) and mechanistic fish-centric processes.
Moreover, life cycle models are explicitly considering all stages
of an anadromous fish’s life.


Conclusion


The multi-disciplinary study of ecohydraulics owes much of its
existence to applied management questions surrounding the
sustainable management of salmonids and recovery of their
populations. Despite this history, most ecohydraulic studies
have been focused at relatively local reach scales. Advances
in remote sensing and computing power have facilitated a
more precise characterization of physical habitat for fish and
better mechanistic explanation of fish–habitat relationships at
reach scales. However, we presented a framework for
addressing applied management questions at the broader scale
they are typically motivated by – population health and
population numbers. The population scale is not a scale at
which traditional ecohydraulic inquiry typically operates.


The crux of this framework hinges around reliable upscaling
of our reach-scale understanding of ecohydraulic fish–habitat
relationships to the network scale at which fish populations
operate. We described the many component pieces required
to facilitate this integration and alluded to the insights into
population dynamics it can provide, using examples from the
Columbia River Basin (CRB) and the CHaMP (Columbia
Habitat Monitoring Program). The CHaMP program captures
an unprecedented amount of detail on fish habitat at over
900 sites in 12 sub-watersheds of the CRB. We argue that the
primary outputs needed to better inform life cycle modeling
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efforts and underscore the significance of tributary habitat in
the freshwater life stages of anadromous salmonids were more
reliable estimates of capacity (i.e. the upper limits on the
number of fish the habitat can support). However interesting
such estimates may be at individual sampled reaches, for them
to be useful to understanding their impact on population
dynamics, these estimates need to be made at the scale that
the population exists – i.e. across the entire drainage network.
To reliably extrapolate estimates of capacity across entire


drainage networks (i.e. watershed extents and reach-scale
resolution), we suggest two primary requisites must be met.
First, the detailed sampling and ecohydraulic analyses made
at sites must be done with a survey design that places sampling
effort at sites in a spatially balanced, randomly selected, but
geomorphically stratified manner to allow robust statistical
inference and upscaling. Second, the extrapolation to the
network needs to be done with spatial co-variates that help
explain physically and biotically why fish habitat and
subsequent estimates of capacity vary systematically across a
drainage network. For our examples of estimating juvenile
rearing capacity and spawning capacity, we suggest that
geomorphic reach type and condition variants are required
for both. However, for juvenile rearing capacity, we suggest
that stream temperature (as a determinant of metabolic rate)
and proxy for food availability (primary production) are
additionally useful. These spatial co-variates need to be
realistically measureable or modelable at network extents and
should correlate strongly to measures that can be made at
individual sites. It is only because of advances in remote
sensing yielding spatially continuous models of these co-
variates that we can even begin to consider how to put these
various pieces together in a quantitative and conceptually
coherent framework to directly address key management
questions about populations. All of the component pieces can
be substituted with more refined, more precise and improved
methods and models as and if appropriate. However, before
investing too heavily in individual component pieces, we think
the next step is to see how sensitive life cycle model results are
to different aspects of the tributary habitat capacity estimates. In
some instances, in some watersheds, a simple exploration of
the full range of habitat capacity conditions and maximum
plausible improvements possible with restoration may reveal
that no detectable improvements toward population targets
are possible. By contrast, in other watersheds, this framework
could be very powerful for helping identify precisely where in
the drainage network habitat restoration could lead to capacity
improvements that actually can facilitate positive population
level responses. For the future, we suggest that the framework
could be used to strategically develop more realistic
expectations beyond the optimism and wishful thinking that
underlie too many restoration actions today.
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