
Evaluation of potential habitat breaks (PHBs) for 1 

use in delineating the upstream extent of fish 2 

habitat in forested landscapes in Washington State  3 
 4 

Study Design prepared for the Washington Forest Practices Board  5 

(Revised from PHB Science Panel Draft 2019) 6 

 7 

April 18, 2023 8 

 9 

Submitted by: 10 

 11 

Instream Science Advisory Group (ISAG) Project Team 12 
 13 

Jason Walter (Weyerhaeuser), ISAG Chair 14 

John Heimburg (WDFW) 15 

Douglas Martin (WFPA) 16 

Chris Mendoza (Conservation) 17 

Cody Thomas (Eastside Tribes) 18 

Don Nauer (WDFW) 19 

Jenelle Black (CMER staff) 20 

Anna Toledo (DNR Project Manager) 21 



Washington State Forest Practices Cooperative Monitoring, Evaluation, and Research (CMER) Committee 

Potential Habitat Breaks Study Plan 

PHB Study Design i April 18, 2023 

Preface 22 

In 2018, the Potential Habitat Break (PHB) Science Panel convened by The Forest Practices 23 

Board (FPB or Board) developed a study design (PHB Science Panel 2019) to validate potential 24 

habitat breaks (PHBs).  The study design (PHB Science Panel 2019) was reviewed and approved 25 

by Independent Scientific Peer Review (ISPR), however there were varying levels of comments 26 

and criticisms from all caucuses participating in the Forest Practices Adaptive Management 27 

Program (AMP) to particular aspects of the study design and the review process.  In 2019, the 28 

Forest Practices Board ǊŜƳŀƴŘŜŘ ǘƘŜ ǇǊƻƧŜŎǘ ǘƻ ǘƘŜ 5ŜǇŀǊǘƳŜƴǘ ƻŦ bŀǘǳǊŀƭ wŜǎƻǳǊŎŜǎΩ adaptive 29 

management science program, tasking the Cooperative Monitoring, Evaluation and Research 30 

ό/a9wύ ŎƻƳƳƛǘǘŜŜ ǿƛǘƘ ǊŜǾƛǎƛƴƎ ǘƘŜ ǎǘǳŘȅ ŘŜǎƛƎƴ ŦƻƭƭƻǿƛƴƎ /a9wΩǎ ǇǊƻǘƻŎƻƭǎ ŀƴd standards 31 

(referenced in Forest Practices Board Manual Section 22).  CMER assigned the study design 32 

revision to the Instream Science Advisory Group (ISAG). This revised study design was 33 

developed by a project team formed within ISAG. This document was adapted from the PHB 34 

Science Panel draft (2019) and includes substantial excerpts from this previous version. 35 

Summary 36 

The upstream extent of both fish distribution and fish habitat in forested watersheds is 37 

influenced by many factors including channel gradient, channel size, channel condition, 38 

nutrients, flow, barriers to migration, history of anthropogenic and natural disturbance, and/or  39 

fish abundance. Potential habitat breaks (PHBs) are defined as permanent, distinct, and 40 

measurable in-channel physical characteristics that limit the upstream extent of fish 41 

distributions. PHBs would be used in a Fish Habitat Assessment Methodology (FHAM), currently 42 

under development. The Washington Forest Practices Board has proposed three sets of criteria 43 

to be considered in determining PHBs between fish (Type F) and ƴƻƴπŦƛǎƘ bearing (Type N) 44 

waters across the state. These criteria are based upon data that can be collected during a single 45 

Washington Department of Natural Resources (DNR) protocol electrofishing survey and include 46 

channel gradient, bankfull width, and both ǾŜǊǘƛŎŀƭ ŀƴŘ ƴƻƴπǾŜǊǘƛŎŀƭ non-deformable natural 47 

obstacles to upstream migration. Detailed information is needed on the uppermost fish 48 

location and associated habitat in small streams across Washington State to evaluate which 49 

physical criteria best define the end of fish (EOF) habitat (the uppermost stream segments that 50 

are actually or potentially could be inhabited by fish at any time of the year based on habitat 51 

accessibility and suitability). Some data on habitat conditions at uppermost detected fish 52 
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locations are available (e.g., from existing water type modification forms [WTMFs] submitted 53 

to DNR), but these data were found to be insufficient to determine PHBs that defined 54 

uppermost detected fish locations and associated habitat. 55 

The purpose of this study is to develop criteria to characterize PHBs as accurately as possible 56 

and to evaluate the utility and accuracy of PHB criteria selected by the Board for use in the Fish 57 

Habitat Assessment methodology (FHAM) as part of a water typing rule. The study is designed 58 

to assess combinations of gradient, channel width, barriers to migration, and other physical 59 

habitat and geomorphic conditions associated with uppermost detected fish locations. Study 60 

findings will 1) inform which Board-identified PHB criteria most accurately identify the 61 

upstream extent of fish habitat in an objective and repeatable manner as applied in the FHAM; 62 

2) evaluate whether an alternative set or combination of empirically derived criteria more 63 

accurately achieves this goal; and 3) provide insight into how uppermost detected fish points 64 

and associated stream characteristics may vary across geography, seasons, and years.  65 

The study will be conducted across two sampling seasons (spring and fall/winter) in each of 66 

three years at 350 sites statewide; 160 in Eastern and 190 in Western Washington.  Uppermost 67 

detected fish locations will be determined during each season at each site following modified 68 

DNR protocols for electrofishing surveys. Once the uppermost fish is located during each 69 

sampling event, the uppermost detected fish location will be flagged, GPS coordinates will be 70 

recorded, and a longitudinal profile habitat survey will be conducted to characterize habitat 71 

and geomorphic conditions 660 ft (200 meters) downstream and 660 ft upstream of the 72 

uppermost detected fish location. To evaluate seasonal changes in the location of the 73 

uppermost detected fish, the sites that can be accessed in the fall/winter season will be visited 74 

with an augmented serially alternating panel design. One quarter of the sites will be assigned 75 

to the fixed panel and will be surveyed every fall/winter, and the remainder will be allocated 76 

to three alternating panels. One of the three alternating panels will be surveyed each year, and 77 

the sample is augmented by the fixed panel of sites such that every accessible site will be 78 

surveyed at least once during the fall/winter.  If an uppermost detected fish location changes 79 

during any subsequent survey, additional longitudinal profile survey data will be collected to 80 

ensure that there are channel data 660 ft above and 660 ft below uppermost detected fish 81 

locations for all seasons and years. Data will be analyzed using a suite of statistical methods 82 

(e.g., random forest, classification, and regression) to determine the combinations of gradient, 83 
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channel width, and other geomorphic features associated with the uppermost detected fish 84 

locations across all seasons and years at each site, which will define PHBs and EOF habitat, and 85 

whether these vary across Eastern and Western Washington. Finally, a suite of PHB 86 

performance analyses will be used to evaluate the effectiveness of Board-proposed or other 87 

empirically derived PHB criteria resulting from this study in determining the regulatory break 88 

ōŜǘǿŜŜƴ ŦƛǎƘ ό¢ȅǇŜ Cύ ŀƴŘ ƴƻƴπŦƛǎƘ ōŜŀǊƛƴƎ ό¢ȅǇŜ bύ waters.89 
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Introduction 126 

In Washington State, forest practices are regulated by the Forest Practices Act (RCW 76.09) 127 

established by the legislature, with rules established by the Washington Forest Practices Board 128 

(Board). The goals of the rules include protecting public resources (water quality, fish, and 129 

wildlife) and maintaining an economically viable timber industry. Rules pertaining to aquatic 130 

and riparian habitats are specifically included in the Forest Practices Habitat Conservation Plan 131 

(HCP), which provides coverage for approximately 9.3 million acres of forestland in Washington 132 

(6.1 million acres west of the Cascade Crest and 3.2 million acres in eastern Washington). 133 

Specific timber harvest and road prescriptions (rules) are applied to waters used by fish to 134 

protect fish and their habitats. 135 

The Board is responsible for rulemaking and overseeing the implementation of forest practice 136 

rules. The evaluation of the effectiveness of these rules is administered by the Adaptive 137 

Management Program of the Washington Department of Natural Resources. Water typing is an 138 

important part of applying contemporary forest practice rules since prescriptions in riparian 139 

areas are based in part on whether streams are or potentially could be used by fish. Streams 140 

identified as having fish habitat are classified as Type F waters, defined in the water typing rule 141 

(WAC нннπмсπлол), and have specific riparian buffer prescriptions and fish passage 142 

ǊŜǉǳƛǊŜƳŜƴǘǎΦ CƛǎƘ Ƙŀōƛǘŀǘ ƛǎ ŘŜŦƛƴŜŘ ƛƴ ²!/ нннπмсπлмл ŀǎ άΧƘŀōƛǘŀǘΣ ǿƘƛŎƘ ƛǎ ǳǎŜŘ ōȅ ŦƛǎƘ ŀǘ 143 

any life stage at any time of the year including potential habitat likely to be used by fish, which 144 

ŎƻǳƭŘ ōŜ ǊŜŎƻǾŜǊŜŘ ōȅ ǊŜǎǘƻǊŀǘƛƻƴ ƻǊ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ ƛƴŎƭǳŘŜǎ ƻŦŦπŎƘŀƴƴŜƭ ƘŀōƛǘŀǘΦέ /ǳǊǊŜƴǘƭȅΣ 145 

an interim rule allows for the delineation of Type F waters through the use of either default 146 

physical characteristics (WAC нннπмсπломύ or a protocol electrofishing survey. DNR provides a 147 

map showing stream segments of modeled fish habitat.  The Forest Practice Rules require 148 

forest landowners to verify, in the field, the type of any regulated waters identified within 149 

proposed harvest areas prior to submitting a forest practices application/notification. 150 

Landowners may use the default physical criteria or the results from protocol survey 151 

electrofishing to identify the regulatory Type F/N break. Landowners are encouraged to submit 152 

a Water Type Modification Form (WTMF) to the DNR to make permanent changes to the water 153 
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type maps. Thousands of WTMFs have been submitted to DNR to modify water types and 154 

modify the location of the break between Type F and Type N waters.  155 

The Board is currently in the process of establishing a permanent water typing rule. Ultimately, 156 

the rule must be implementable, repeatable, and enforceable by practitioners and regulators 157 

involved in the water typing system. An important part of the permanent rule will be guidance 158 

on a specific protocol to determine the regulatory break between Type F and Type N waters. 159 

The Board is considering the use of a fish habitat assessment method that incorporates known 160 

fish use with PHBs to identify the upstream extent of fish habitat. The Board recommended 161 

that PHBs be based on permanent physical channel characteristics such as gradient, stream 162 

size, and/or the presence of non-deformable ǾŜǊǘƛŎŀƭ ŀƴŘ ƴƻƴπǾŜǊǘƛŎŀƭ natural obstacles as 163 

potential barriers to upstream fish movement (WA Forest Practices Board 2017). 164 

Study Purpose 165 

The purpose of this study is to develop criteria for accurately identifying PHBs and to evaluate 166 

the utility of PHB criteria for use in the Fish Habitat Assessment Methodology (FHAM) as part 167 

of a water typing rule. The study is designed to assess which combinations of gradient, channel 168 

width, barriers to migration, and other physical habitat and geomorphic conditions are 169 

associated with uppermost detected fish locations. This will 1) inform which Board-identified 170 

PHB criteria most accurately identify the upstream extent of fish habitat in an objective and 171 

repeatable manner as applied in the FHAM and 2) evaluate whether an alternative set or 172 

combination of empirically derived criteria more accurately achieves this goal (CMER 2020). 173 

Additionally, this study is intended to provide insight into how uppermost detected fish points, 174 

upstream extent of fish habitat based on FHAM, and PHBs proposed by the Washington Forest 175 

Practice Board may vary across geography, seasons, and years.  The Board is expected to use 176 

the study findings to inform which PHB criteria to use in FHAM. 177 

It is important to note that this study is not intended to evaluate the current water typing 178 

system or the FHAM; nor is it intended to describe how the regulatory Type F/N break should 179 

be determined.  PHBs are defined in FHAM as permanent, distinct, and measurable changes to 180 

in-channel physical characteristics. Other factors such as temperature, flow, water quality, 181 
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population dynamics, anthropogenic and natural disturbance, and biological interactions are 182 

important covariates that might influence the distribution of fishes but do not affect PHBs.  183 

Therefore, they are not being evaluated in this study. 184 

Project Research Questions 185 

The following project-specific research questions were developed to address key uncertainties 186 

and provide information needed to evaluate the performance of the PHB criteria provided by 187 

the Washington Forest Practices Board and empirically derived alternatives.  They also address 188 

certain aspects of the CMER Workplan Rule Group critical questions listed in Appendix A. 189 

UPSTREAM-MOST FISH LOCATIONS 190 

1. How do the locations of the last (uppermost) detected fish vary interannually? 191 

2. How do the locations of the last (uppermost) detected fish vary seasonally? 192 

3. How do the locations of last (uppermost) detected fish vary geographically across the 193 

state of Washington? 194 

HABITAT ASSOCIATED WITH UPSTREAM-MOST FISH LOCATIONS 195 

4. How do the physical channel and basin characteristics (e.g., bankfull width; average 196 

gradient, basin size) associated with the identified end (upstream extent) of fish 197 

habitat vary geographically across the state of Washington? 198 

5. Where the location of the last (uppermost) detected fish changes (seasonally or 199 

interannually), how does that influence which PHB would be associated with the F/N 200 

break and how frequently does that occur? 201 

6. How do the physical channel features at the locations initially identified as PHBs 202 

change over the course of the study? 203 

7. How often do similar features appear to limit upstream fish distributions in some 204 

contexts but not others (e.g., further into the headwaters vs. downstream; different 205 

flow levels)? 206 

PHB PERFORMANCE ANALYSES 207 

8. Which combinations of physical channel features and basin characteristics (for 208 

example, gradient, channel width, barriers to migration) best identify the end of fish 209 

habitat relative to the location of the last (uppermost) detected fish? 210 

9. Can protocols used to describe PHBs be consistently applied among survey crews and 211 

be expected to provide similar results in practice? 212 

10. How well do the PHB criteria provided by the Washington Forest Practices Board 213 

accurately identify the EOF habitat when applied in the Fish Habitat Assessment 214 

Methodology (FHAM)? 215 

 216 
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Approach 217 

We will use data from electrofishing and physical habitat channel surveys in a spatially balanced 218 

sample of 350 streams across Eastern and Western Washington to address the project research 219 

questions above and to evaluate proposed criteria to be used as potential habitat breaks in the 220 

FHAM.  We will conduct multiple surveys over a three-year period to document seasonal and 221 

interannual changes in fish distribution and to maximize the likelihood of identifying the upper 222 

extent of fish use in each stream.  This will allow us to address questions about seasonal and 223 

interannual changes in uppermost fish location, and to evaluate proposed criteria to be used 224 

as potential habitat breaks in the FHAM.  We will identify PHBs associated with the upper extent 225 

of fish habitat using a suite of physical channel attributes and basin characteristics. Three sets 226 

of PHB classification criteria proposed by the Board will be assessed and an independent set of 227 

criteria will be developed with statistical tools for classification. 228 

Background (adapted from PHB Science Panel 2019) 229 

Over the past 20 years, protocol electrofishing surveys have been conducted under WAC нннπ230 

мсπлом ǿƛǘƘ ƎǳƛŘŀƴŎŜ ǇǊƻǾƛŘŜŘ ōȅ .ƻŀǊŘ aŀƴǳŀƭ {ŜŎǘƛƻƴ мо ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǳǇǇŜǊ ŜȄǘŜƴǘ ƻŦ 231 

Type F waters. These surveys often incorporate additional stream length upstream of the 232 

uppermost detected fish to include habitat άƭƛƪŜƭȅ to be used by ŦƛǎƘέ (deŦƛƴŜŘ ƛƴ ²!/ нннπмсπ233 

010).  Throughout Washington, the uppermost fish1 detected during protocol electrofishing 234 

surveys is most often a salmonid, and in around 90% of cases the uppermost fish is a cutthroat 235 

trout (Oncorhynchus clarki) (D. Collins, Washington Department of Natural Resources, 236 

unpublished data; Fransen et al. 2006).  Other salmonid species that have been documented at 237 

uppermost fish locations on water type modification forms across Washington include rainbow 238 

trout (O. mykiss), brook trout (Salvelinus fontinalis - ŀƴ ƛƴǘǊƻŘǳŎŜŘ ƴƻƴπƴŀǘƛǾŜ ǘƘŀǘ Ƙŀǎ ōŜŎƻƳŜ 239 

established in many Washington streams), and (rarely) bull trout (S. confluentus). In headwater 240 

reaches that are accessible to anadromous fishes, coho salmon (O. kisutch) juveniles have 241 

ōŜŜƴ ǊŜǇƻǊǘŜŘ ƻƴ ƻŎŎŀǎƛƻƴ ŀǎ ǘƘŜ ǳǇǇŜǊƳƻǎǘ ŦƛǎƘΦ  hŦ ǘƘŜ ƴƻƴπǎŀƭƳƻƴƛŘ ǎǇŜŎƛŜǎ documented 242 

at uppermost fish sites on WTMFs in western Washington, sculpins (Cottus spp.) were most 243 

 
1 WAC 222-16-010: "Fish" means for purposes of these rules, species of the vertebrate taxonomic groups of  
Cephalospidomorphi [lampreys] and Osteichthyes [bony fish]. 
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prevalent, followed by brook lamprey (Lampetra spp.), and less commonly dace (Rhinichthys 244 

spp.)Σ ǘƘǊŜŜπǎǇƛƴŜ ǎǘƛŎƪƭŜōŀŎƪ (Gasterosteus aculeatus), and Olympic mudminnow (Novumbra 245 

hubbsi). ¢ƘŜ ƻƴƭȅ ƴƻƴπ ǎŀƭƳƻƴƛŘ uppermost ŦƛǎƘ ǎǇŜŎƛŜǎ ǊŜŎƻǊŘŜŘ ƛƴ ŜŀǎǘπǎƛŘŜ ²ŀǎƘƛƴƎǘƻƴ 246 

streams were sculpins. 247 

Many factors can limit the distribution of fishes including barriers to migration, stream gradient, 248 

flow, and channel size.  Understanding the current science on how these factors influence fish 249 

distribution is important when discussing how they can be used to most accurately define the 250 

upstream limits of fish habitat in forested streams of Washington State. 251 

Obstacles to Migration 252 

Natural stream habitat breaks that might obstruct or completely block upstream fish 253 

movement to apparently suitable habitat include: vertical drops, cascades, bedrock sheets, 254 

and/or chutes (Hawkins et al. 1993; Figure 1). 255 

 256 

Figure 1. Three types of features that could pose obstacles or barriers to upstream movement of 257 
headwater fishes. (PHB Science Panel 2019) 258 

 259 

The ability of fishes to pass such obstacles is associated with the interactions between their 260 

swimming and leaping abilities, environmental factors such as flow and temperature and the 261 

dimensions of the obstacles. The swimming ability of fishes is typically described in terms of 262 

cruising, prolonged, and burst speeds, which are measured in units of body lengths per second 263 
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(Watts 1974; Beamish 1978; Webb 1984; Bell 1991; Hammer 1995). Body form also affects 264 

swimming ability, with more fusiform body shapes being advantageous for stronger burst 265 

speeds in fishes such as cutthroat and rainbow trout (Bisson et al. 1988; Hawkins and Quinn 266 

1996) in comparison to some other fishes, such as sculpin (Cottus spp.), commonly found at 267 

EOF locations. Cruising speed is the speed a fish can sustain essentially indefinitely without 268 

fatigue or stress, usually 2ς4 body lengths per second. Cruising speed is used during normal 269 

migration or movements through gentle currents or low gradient reaches. Prolonged speed 270 

(also called sustained speed) is the speed a fish can maintain for a period of several minutes to 271 

less than an hour before fatiguing, typically 4ς7 body lengths per second. Prolonged swimming 272 

speed is used when a fish is confronted with more robust currents or moderate gradients. Burst 273 

speed is the speed a fish can maintain for only a few seconds without fatigue, typically 8ς12 274 

body lengths per second. Fish typically accelerate to burst speed when necessary to ascend 275 

short, swift, steep sections of streams; to leap obstacles; and/or to avoid predators. 276 

When leaping obstacles, fish come out of the water at burst velocity and move in a parabolic 277 

trajectory (Powers and Orsborn 1985). Relationships for the height attained in the leap, and 278 

the horizontal distance traversed to the point of maximum height are often used to assess 279 

barriers. Depth at the point of takeoff is important for enabling fish to reach burst velocity. 280 

Stuart (1962) found water depth of at least 1.25 times the height of an obstacle to be required 281 

for successful upstream barrier passage. More recently, however, Kondratieff and Myrick 282 

(2006) repƻǊǘŜŘ ǘƘŀǘ ǎƳŀƭƭ ōǊƻƻƪ ǘǊƻǳǘ όǎƛȊŜ ǊŀƴƎŜ мллπмрл ƳƳύ ŎƻǳƭŘ ƧǳƳǇ ǾŜǊǘƛŎŀƭ ǿŀǘŜǊŦŀƭƭǎ 283 

as high as 4.7 times their body length from plunge pools only 0.78 times the obstacle height, 284 

and larger brook trout (size ranges мрлπнлл mm and 200 mm+) could jump waterfalls with 285 

heights 3 to 4 times their body length if the plunge pool depth was at least 0.54 times the 286 

obstacle height. 287 

¢ƻ ǎǳŎŎŜǎǎŦǳƭƭȅ ŀǎŎŜƴŘ пΦт ōƻŘȅ ƭŜƴƎǘƘǎ ƛƴ ƘŜƛƎƘǘΣ ŀ ōŀŎƪπŎŀƭŎǳƭŀǘƛƻƴ ŦǊƻƳ ǘƘŜ tƻǿŜǊǎ ŀƴŘ 288 

Orsborn (1985) trajectory equation yields a burst speed of 22 body lengths per second (11.7 289 

feet per second) for the мллπмрл mm ōƻŘȅπƭŜƴƎǘƘ brook trout reported by Kondratieff and 290 

Myrick (2006). If it is assumed that other salmonids (e.g., cutthroat, rainbow trout or coho 291 

salmon) could perform as well as brook trout in the size range typically found at uppermost fish 292 



Washington State Forest Practices Cooperative Monitoring, Evaluation, and Research (CMER) Committee 

Potential Habitat Breaks Study Plan 

PHB Study Design Page 7 of 130 April 18, 2023 

locations in Washington (Sedell et al. 1982; Fransen et al. 1998; Liquori 2000; Latterell et al. 293 

2003; Peterson et al. 2013), then a burst speed of 22 body lengths per second (11.7 feet per 294 

second) would allow the largest fishes in the ǎƛȊŜ ǊŀƴƎŜ ǘȅǇƛŎŀƭ ƻŦ ƘŜŀŘǿŀǘŜǊπŘǿŜƭƭƛƴƎ ǎŀƭƳƻƴƛŘǎ 295 

(6.3 in, 160 mm) to leap a vertical obstacle 2.6 feet high, whereas a vertical obstacle of 3 feet 296 

high would be impassable. 297 

When leaping is not required, fishes may ascend steep cascades and other ƘƛƎƘπǾŜƭƻŎƛǘȅ habitat 298 

units (Hawkins et al. 1993) by seeking pockets of slow water interspersed in areas with turbulent 299 

flow (e.g., boundary layers near rocks or logs). For example, Bisson et al. (1988) reported the 300 

average water velocity was only 24.8 ± 3.2 cm/s (0.8 ft/s) in shallow (10.0 ± 1.4 cm; 4 inches) 301 

cascade habitat units of small western Washington streams. It is possible that fish may ascend 302 

streams during periods of elevated flow by moving along the channel margins where water 303 

ǾŜƭƻŎƛǘƛŜǎ ŀǊŜ ǊŜŘǳŎŜŘ ǊŜƭŀǘƛǾŜ ǘƻ ƳƛŘπǎǘǊŜŀƳ ŀƴŘ ǎƳŀƭƭ Ŧŀƭƭǎ ŀƴŘ ōƻǳƭŘŜǊ ŎŀǎŎŀŘŜǎ ŀǊŜ ǇŀǊǘƛŀƭƭȅ 304 

or completely submerged. 305 

!ƭǘƘƻǳƎƘ ǎǘǳŘƛŜǎ ŜȄŀƳƛƴƛƴƎ ŦƛǎƘ ƳƛƎǊŀǘƛƻƴ ǘƘǊƻǳƎƘ ǇƻǘŜƴǘƛŀƭ ƴƻƴπǾŜǊǘƛŎŀƭ ƻōǎǘŀŎƭŜǎ are rare, 306 

some studies have examined brook trout movement through steep cascades and reported fish 307 

ascending cascades of more than 20% gradient (Moore et al. 1985; Adams et al. 2000; Björkelid 308 

2005). For example, Adams et al. (2000) reported that adult brook trout ascended cascades 309 

with slopes of 13% that extended for more than 67 m, and 22% for more than 14 m as well as 310 

adult brook trout ascending a waterfall 1.2m high. Similarly, Björkelid (2005) reported invasive 311 

brook trout colonizing 18 headwater streams in Sweden and found they ascended stream 312 

segments with slopes of 22% (measured with a clinometer) and 31% (measured with GIS).   313 

Gradient 314 

In Washington streams, fish (not necessarily the uppermost fish) have been observed in 315 

headwater segments with overall slopes as steep as 31% (S. Conroy, formerly Washington Trout 316 

[now Wild Fish Conservancy], unpublished data), 35% (J. Silver, Hoh Indian Tribe, unpublished 317 

data; D. Collins, Washington Department of Natural Resources, unpublished data), and in reach 318 

gradients of 25% and steeper in Oregon streams (C. Andrus, Oregon Department of Forestry, 319 

unpublished data; Connolly and Hall 1999). This range of channel steepness is consistent with 320 
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other observations in western North America (e.g., Leathe 1985; Fausch 1989; Ziller 1992; 321 

Kruse et al. 1997; Watson and Hillman 1997; Dunham et al. 1999; Hastings et al. 2005; Bryant 322 

et al. нллпΣ нллтύ ŀƴŘ 9ǳǊƻǇŜ όIǳŜǘ мфрфύΦ Lƴ ǘƘŜ άǘǊƻǳǘ ȊƻƴŜǎέ of European rivers 323 

(headwaters), brown trout (Salmo trutta ) predominate and reach gradients may be 10 to 25% 324 

or steeper (Huet 1959; Watson 1993). In Washington, it is important to note that fish presence 325 

in streams steeper than 15% accounted for only 10% of reported occurrences in forested 326 

streams (Cole et al. 2006; J. T. Light, Plum Creek Timber, unpublished data). Kondolf et al. (1991) 327 

ǊŜǇƻǊǘŜŘ ǘƘŀǘ ƻŦǘŜƴ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ǎƭƻǇŜǎ ǿƘŜǊŜ ŦƛǎƘ ƻŎŎǳǊ ƛƴ ǎǘŜǇπǇƻƻƭ Ƙŀōƛǘŀǘǎ ƘŀǾŜ ƳǳŎƘ 328 

lower local gradients than the overall reach gradient and may range from only 0.4 to 4%, even 329 

where overall reach gradients may be as high as 35% (Figure 2). These observations indicate 330 

that in some cases fish habitat in headwater streams can extend into the types of ǎǘŜŜǇ ǎǘŜǇπ331 

pool and cascade reaches described by Montgomery and Buffington (1993). 332 

 333 

Figure 2. Two very different profiles of a headwater reach with the same overall reach gradient. 334 
Illustration (A) demonstrates how roughening elements create local gradients that are lower than the 335 
overall reach gradient, while reaches without such features (B) do not. (PHB Science Panel 2019) 336 

 337 
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Flow and Channel Size 338 

Bankfull width (BFW) has been found to reflect the stage of discharge at which a stream does 339 

ƛǘǎ ƘŀōƛǘŀǘπōǳƛƭŘƛƴƎ ǿƻǊƪ ό!ƴŘǊŜǿǎ мфулΤ [ŜƻǇƻƭŘ мффпΤ wƻǎƎŜƴ мффсύΦ Studies have shown that 340 

BFW is correlated with drainage area and varies with climate, geology, and topography of the 341 

basin (Castro and Jackson 2001). For example, Beechie and Imaki (2014) developed an equation 342 

for BFW for Columbia Basin streams based on annual precipitation and catchment (drainage) 343 

area. Although that equation was developed for larger streams, the PHB Science Panel (2019) 344 

tested it using empirical BFW data from multiple smaller streams across Washington State and 345 

found that it accurately predicted BFW in headwater streams. However, Castro and Jackson 346 

(2001) found that while BFW and drainage area relationships worked well in areas of similar 347 

lithology/geology and precipitation regimes to those for which they were developed, they were 348 

less useful in the Pacific coastal areas of western Washington where the geology and 349 

precipitation patterns are highly variable.  Researchers continue to work on developing 350 

accurate and usable relationship models for highly variable headwater streams, which may 351 

become useful as more precise information and mapping of lithology, topography, and 352 

precipitation becomes available. 353 

Because of the perceived relationship between channel width and discharge, BFW is often used 354 

as a surrogate for stream discharge (area, depth, and velocity), which is often important for 355 

determining the uppermost fish and upstream extent of fish habitat (Harvey 1993). Fransen et 356 

al. (1998) estimated mean annual flow rates at the upstream extent of fish distribution for 79 357 

streams in the western Cascade foothills and Willapa Hills in Washington and found that 90% 358 

of these streams had mean annual flows of ~3.5 cfs or less at the upper boundary of fish 359 

presence; 80% had mean annual flows of ~2 cfs or less at the upper boundary; 65% had mean 360 

annual flows of ~1 cfs or less at the upper boundary; and approximately 25% of the sites had 361 

mean annual flows of 0.5 cfs or less at the upper boundary (Figure 3). 362 
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 363 

Figure 3. Estimated mean annual flows at uppermost fish locations in 79 streams in the Cascade 364 
foothills and Willapa Hills of western Washington (from Fransen et al. 1998) 365 

 366 

Food Availability 367 

Many studies, particularly in Pacific Northwest streams, have demonstrated strong food 368 

limitations for fish inhabiting (using) small streams (Warren et al. 1964; Mason 1976; Naiman and 369 

Sedell 1980; Bisson and Bilby 1998). Headwater segments are often characterized by closed 370 

forest canopies, requiring primary energy sources from allochthonous inputs of coarse 371 

particulate organic matter (CPOM). Shredder organisms occur in these reaches and feed on this 372 

CPOM. These aquatic organisms, along with any terrestrial invertebrates that fall into the 373 

stream, comprise the food base for trout and other predators (Vannote et al. 1980; Hawkins 374 

and Sedell 1981; Triska et al. 1982; Wipfli 1997). The total production of macroinvertebrate 375 

organisms is substantially lower in small headwater stream reaches than in the larger, ƭƻǿŜǊπ376 

gradient reaches further downstream (Northcote and Hartmann 1988; Haggerty et al. 2004). 377 

As a result, resident fishes in small headwater stream reaches tend to be small bodied, which 378 

limits their ability to negotiate obstacles to upstream movement and migration. 379 
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Fish Habitat Assessment Method (FHAM) 380 

²ŀǘŜǊ ǘȅǇƛƴƎ ǎǳǊǾŜȅƻǊǎ ƘŀǾŜ ǳǎŜŘ ǇǊƻŦŜǎǎƛƻƴŀƭ ƧǳŘƎƳŜƴǘ ǘƻ ŜǎǘƛƳŀǘŜ άƘŀōƛǘŀǘ ƭƛƪŜƭȅ ǘƻ ōŜ ǳǎŜŘ 381 

ōȅ ŦƛǎƘέ ǿƘŜƴ ǇǊƻǇƻǎƛƴƎ ǊŜƎǳƭŀǘƻǊȅ ŦƛǎƘ ōŜŀǊƛƴƎκƴƻƴπŦƛǎƘ ōŜŀǊƛƴƎ (F/N) water type breaks. 382 

Stream segments that are accessible to fish and exhibit the same characteristics as those of 383 

ŦƛǎƘπōŜŀǊƛƴƎ ǊŜŀŎƘŜǎ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ŀǎǎǳƳŜŘ ǘƻ ōŜ ŦƛǎƘ ƘŀōƛǘŀǘΣ ǿƘŜǘƘŜǊ ƻǊ ƴƻǘ ŦƛǎƘ ŀǊŜ ǇǊŜǎŜƴǘ 384 

at the time of a survey. Surveyors have assessed barriers and measurable changes in stream size 385 

and/or gradient to estimate the EOF habitat (Cupp 2002; Cole et al. 2006). Although research is 386 

somewhat limited, the upstream extent of fish distribution in forest lands appears to be 387 

strongly influenced by stream size, channel gradient, and access to suitable habitat (Fransen et 388 

al. 2006; PHB Science Panel 2018). In response to these findings, the Board embraced the 389 

concept of a Fish Habitat Assessment Methodology developed by a diverse group of AMP 390 

technical stakeholders intended to be repeatable, implementable, and enforceable (WA Forest 391 

Practices Board 2018; WA DNR 2019). The FHAM will utilize PHBs that reflect a measurable 392 

change in the physical stream characteristics at or upstream from a detected fish point, above 393 

which a protocol electrofishing survey would be undertaken (Figure 4).  The first PHB located 394 

at or upstream from the uppermost detected fish would serve as the end of fish habitat (F/N 395 

Break) when no fish are detected above this PHB. 396 

 397 

 398 

 399 
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 400 

Figure 4. Example of how the PHB criteria and Fish Habitat Assessment Methodology (FHAM) will be 401 
applied in the field. The first step is to identify the uppermost detected fish location. Once the point 402 
is identified, the survey team would begin to measure bankfull width, gradient, and barrier (obstacle) 403 
criteria while moving upstream. Once a point in the stream meeting one of the PHB criterion 404 
(gradient, barrier, change in channel width) is identified, the survey team would apply a fish survey 405 
(e.g., electrofishing) upstream of the PHB to determine if fish are present upstream. If sampling yields 406 
no fish ¼ mile upstream, then the F/N break would occur at the location where the survey 407 
commenced (see arrow in the figure). If fish are encountered above any PHB, the process of 408 
measuring and moving upstream would repeat until fish are not encountered. (PHB Science Panel 409 
2019) 410 

 411 

Per FHAM, PHBs are based on stream size, gradient, and access to fish habitat.  The PHB Science 412 

Panel reviewed the available science and data on PHBs and provided recommendations to the 413 

Board for specific PHB criteria for eastern and western Washington (PHB Science Panel 2018). 414 

The Panel considered a variety of potential PHB criteria, including the physical attributes of a 415 

stream channel, water quality and quantity parameters, and other factors that might 416 

contribute to measurable habitat breaks. These attributes were evaluated for the ability to 417 

simply, objectively, accurately and repeatably measure them in the field, as well as the amount 418 

and relevance of existing scientific literature pertaining to each.  The Panel concluded that it 419 

was possible to identify PHBs based on stream size, channel gradient, and natural non-420 

deformable obstacles. These three attributes satisfied the objectives of simplicity, objectivity, 421 

accuracy, ease of measurement, and repeatability that can be consistently identified in the field 422 

and can be incorporated into a practical survey protocol. The Board then selected three 423 

combinations of stakeholder-proposed PHB criteria for these attributes at their 14 February 424 

2018 meeting (WA FPB 2018) and instructed the PHB Science Panel to develop a field study to 425 
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evaluate the performance of these proposals (Table 1).  It was important to the Board to 426 

determine which of the proposed criteria most reliably identify PHBs in eastern and western 427 

Washington. The Board also instructed the Science Panel to stratify sampling by ecoregion and 428 

to examine crew variability in identifying PHBs, especially evaluating aspects of field 429 

measurement practicality and repeatability (WA FPB August 2017). This study is designed to 430 

evaluate which Board-identified PHB criteria most accurately identify the upstream extent of 431 

fish habitat and to determine whether an alternative set or combination of empirically derived 432 

criteria more accurately achieves this goal (CMER 2020). 433 

 434 

Table 1. Three combinations of barrier (obstacle), gradient, and width PHBs selected for evaluation 435 
by the Washington Forest Practices Board during their February 2018 meeting.  Descriptions are 436 
abbreviated for readability from WA Forest Practices Board 2018. Criteria may be revised by the 437 
Forest Practices Board before project is implemented.  438 

Type/ Description of Criteria 

Criteria Set 1 

Width н Ŧǘ .C² ǘƘǊŜǎƘƻƭŘ όǳǇǎǘǊŜŀƳ .C² ҖнŦǘύ 

Gradient DǊŀŘƛŜƴǘ ƛƴŎǊŜŀǎŜ ƻŦ җмл҈ 

Vertical 
Obstacle 

hōǎǘŀŎƭŜ ƘŜƛƎƘǘ җоŦǘ 

Non-Vert 
Obstacle 

hōǎǘŀŎƭŜ ƎǊŀŘƛŜƴǘ җнл҈Σ !b5 ŜƭŜǾŀǘƛƻƴ ŘƛŦŦŜǊŜƴŎŜ ƛǎ җ мȄ ǳǇǎǘǊŜŀƳ .C² 
 

Criteria Set 2 

Width н Ŧǘ .C² ǘƘǊŜǎƘƻƭŘ όǳǇǎǘǊŜŀƳ .C² ҖнŦǘύ 

Gradient DǊŀŘƛŜƴǘ ƛƴŎǊŜŀǎŜ ƻŦ җр҈ 

Vertical 
Obstacle 

hōǎǘŀŎƭŜ ƘŜƛƎƘǘ җоŦǘ !b5 җ мȄ ǳǇǎǘǊŜŀƳ .C² 

Non-Vert 
Obstacle 

hōǎǘŀŎƭŜ ƎǊŀŘƛŜƴǘ җол҈Σ !b5 ŜƭŜǾŀǘƛƻƴ ŘƛŦŦŜǊŜƴŎŜ ƛǎ Ҕ нȄ ǳǇǎǘǊŜŀƳ .C² 
 

Criteria Set 3 

Width 20% BFW decrease (up- ǘƻ ŘƻǿƴǎǘǊŜŀƳ .C² Ǌŀǘƛƻ ŀǘ ǘǊƛōǳǘŀǊȅ ƧǳƴŎǘƛƻƴǎ ҖΦуύ 

Gradient DǊŀŘƛŜƴǘ ƛƴŎǊŜŀǎŜ ƻŦ җр҈ 

Vertical 
Obstacle 

hōǎǘŀŎƭŜ ƘŜƛƎƘǘ җоŦǘ 

Non-Vert 
Obstacle 

hōǎǘŀŎƭŜ ƎǊŀŘƛŜƴǘ җнл҈Σ !b5 ŜƭŜǾŀǘƛƻƴ ŘƛŦŦŜǊŜƴŎŜ ƛǎ җ ǳǇǎǘǊŜŀƳ .C² 
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Methods 439 

Survey Design 440 

Sampling Frame and Study Sites 441 

Current F/N break points on the DNR Forest Practices water type map will serve as the sampling 442 

frame for this study. The target population is defined as the set of all F/N break points on 443 

streams on Forests and Fish (FFR) lands in Washington. A sampling frame that matches the 444 

target population as closely as possible is needed for unbiased inference. Fish/non-fish stream 445 

type break points extracted from the current DNR water type GIS map layer (DNR Forest 446 

Practices hydro, watercourses όάǿŎƘȅŘǊƻϦύ; https://data-447 

wadnr.opendata.arcgis.com/datasets/wadnr::dnr-hydrography-watercourses-forest-448 

practices-regulation/about) represent an accessible source of possible study sites. Some of 449 

these points are based on field surveys that were concurred (survey-based) through the WTM 450 

review process while others are modeled points obtained from a logistic regression model that 451 

predicts F/N points based on basin area, upstream and downstream gradients, elevation, and 452 

precipitation (Conrad et al. 2003; Duke, 2005).  The hybrid approach using both modeled and 453 

concurred F/N break points as the sampling frame incorporates existing information while 454 

allowing a broad scope of inference. 455 

The study design will incorporate spatially balanced sampling. A spatially balanced sample 456 

provides a sample that is geographically diverse, which generally means outcomes exhibit less 457 

spatial correlation across units (Olsen et al. 2015). When outcomes are less correlated, 458 

outcomes are more spatially independent of one another, thus increasing effective sample 459 

sizes. Several types of spatially balanced sampling exist, including two-dimensional systematic 460 

(or grid) samples, balanced acceptance sampling (BAS; Robertson et al. 2013), Halton iterative 461 

partitioning (HIP; Robertson et al. 2018), and generalized random tessellation stratification 462 

(GRTS; Stevens and Olsen 2003, 2004). Because the R package used to draw BAS & HIP samples 463 

is currently not maintained on the CRAN server for R packages, the GRTS package maintained 464 

by the EPA, spsurvey (Dumelle et al. 2022), will be used to draw the spatially balanced sample 465 
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to ensure best practices for security protocols and package functionality by using a currently-466 

maintained R package.  467 

The spatially balanced sample of F/N points will be stratified by region (eastern or western 468 

Washington)2. The western region of Washington consists of about one-third of the stateΩǎ ŀǊŜŀ 469 

but has twice the stream density. Given the differences in stream distribution across the state 470 

and the different sources of frame error in each region, east-west stratification will be applied 471 

to ensure that spatial balance is maintained within each region.  472 

Previous iterations of this study design incorporated ecoregion as a stratification variable.  473 

Ecoregions reflect broad ecological patterns occurring on the landscape. In general, each 474 

ecoregion has a distinctive composition and pattern of plant and animal species distribution. 475 

Abiotic factors, such as climate, landform, soil, and hydrology are important in the 476 

development of ecosystems and thus help define ecoregions.  The Washington State Natural 477 

Heritage Program modified ecoregions defined by the US EPA into Level III ecoregions specific 478 

to Washington, each of which is described at 479 

http://www.landscope.org/washington/natural_geography/ecoregions (Figure 5). While it is 480 

possible that there is something about ecoregions, particularly precipitation patterns, that 481 

might cause differences in the barriers to fish movement, there is no strong reason to restrain 482 

the analysis of results to that factor at the expense of our ability to investigate other, potentially 483 

more important factors.  We agree that there are likely to be differences among ecoregions in 484 

where the fish and barriers to movement occur on the landscape but identifying those spatial 485 

patterns of occurrence is not the purpose of the PHB study. 486 

 
2 We considered other finer scale stratification (e.g., geology, channel type, elevation, valley confinement), but 
these were not logistically feasible and would greatly increase the sample size, cost and time needed to complete 
the study. The Washington Forest Practices Board also instructed the PHB Science Panel to develop a study plan 
that specifically included stratification by ecoregion. 
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 487 

Figure 5.  Washington Natural Heritage Program Level III ecoregions with Lands subject to the Forests 488 
and Fish (FFR) forest practices rules designated in purple.  Note the general absence of FFR lands in 489 
the Columbia Plateau ecoregion.  FFR lands mapped as of 2003.  Ecoregion data downloaded from 490 
https://data -wadnr.opendata.arcgis.com/datasets/wadnr::ecoregions-of-the-pacific-491 
northwest/explore?location=46.585091%2C-118.050200%2C6.03 in 2022. 492 

 493 

In this design, we do not propose the use of a priori stratification by ecoregion. A priori 494 

stratification would be advisable for this study to model PHBs by ecoregion, to attain a desired 495 

level of precision for each ecoregion, for administrative convenience, or to apply different 496 

survey methodologies by ecoregion (Cochran 1977). However, none of these considerations 497 

apply in this sampling design. We expect sampling effort to be allocated proportionally to the 498 

relative area of ecoregions due to the implicit probability-proportional-to-size sampling 499 

obtained from spatially balanced sampling. However, smaller ecoregions, such as the Blue 500 

Mountains ecoregion, may receive fewer sampling points due to its smaller area and remote 501 

location. άLǎƭŀƴŘǎέ ƻŦ ǎŀƳǇƭƛƴƎ ŦǊŀƳŜ ǘƘŀǘ ŀǊŜ ƴƻǘ ŎƻƴǘƛƎǳƻǳǎ Ŏŀƴ ŀŦŦŜŎǘ ƻǾŜǊŀƭƭ ǎǇŀǘƛŀƭ ōŀƭŀƴŎŜ 502 

https://data-wadnr.opendata.arcgis.com/datasets/wadnr::ecoregions-of-the-pacific-northwest/explore?location=46.585091%2C-118.050200%2C6.03
https://data-wadnr.opendata.arcgis.com/datasets/wadnr::ecoregions-of-the-pacific-northwest/explore?location=46.585091%2C-118.050200%2C6.03
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(Don Stevens, personal communication), in which case a priori stratification might be 503 

necessary. When the sampling frame is available, the allocation of sites will be examined for 504 

test sample draws to determine if adequate sample sizes within each ecoregion are obtainable.  505 

Sampling effort will be apportioned among mapped terminal or lateral F/N break point types 506 

(Figure 6) with post-hoc stratification. This approach is useful when the point types are not 507 

known for each site before the survey, so no sampling frame is available to identify each 508 

subpopulation for a priori stratification. Survey crews will record the point type at the time of 509 

the survey and, when the desired sample size for a point type is satisfied, survey data from this 510 

point type will not be collected at subsequent points of this type. Because the point type is not 511 

known a priori so cannot be included as a survey design variable for stratification, employing 512 

this technique will require adherence to the spatially balanced ordered list of sites to ensure 513 

that the obtained sample of sites within each point type is also spatially balanced. The point 514 

type should be recorded for each site so that inclusion probabilities for each site may be 515 

calculated prior to analysis for any design-based summaries such as means and totals (Larsen 516 

et al. 2008, section 2.4). This apportionment will only occur during the initial site surveys.  If a 517 

site changes from lateral to a terminal over the course of the study, we will not add any study 518 

sites to accommodate that change. 519 

Based on an analysis of observed variability in channel gradient and width upstream of 520 

uppermost detected fish points from previous CMER studies and existing water type 521 

modification forms (Appendix B), we propose to determine the location of uppermost 522 

detectable fish at 160 sites in forested watersheds in eastern Washington and 190 sites in 523 

forested watersheds in western Washington3. Habitat characteristics (gradient, channel width, 524 

obstacles) will be measured using a longitudinal stream channel profile survey 660 ft (200 m) 525 

above and 660 ft below the uppermost detected fish.  The uppermost detected fish locations 526 

will be determined during each sampling event via electrofishing surveys. The corresponding 527 

habitat surveys surrounding the located uppermost fish point are expected to provide the data 528 

necessary to evaluate differences among PHB criteria across the state and within the eastern 529 

 
3 The recommended sample size includes sites in addition to the minimum number calculated to meet the 
specified statistical requirements. This allows for site attrition over life of the project. 
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and western Washington regions.  Data collected with consistent methods and crews might 530 

have lower variability than the data we used to estimate sample size. 531 

We will sample a small subset of sites across east/west regions concurrent with the site 532 

selection year/process (during 'Year-0') in order to field test our methods without causing a 533 

delay to project implementation. 534 

 535 

Figure 6. Schematic diagram of lateral versus terminal upstream limits of fish occurrence within 536 
streams.  The black bar(s) indicate the location of the uppermost fish (Fransen et al. 2006). 537 

 538 

Site Identification 539 

The DNR Hydro Watercourses hydrography data layer contains stream channel locations across 540 

the state. Stream lines are kept as segments with properties of each segment stored as 541 

attributes. Segments are divided at intersections with other stream segments and any place 542 

where their recorded properties change (e.g. - fish use/non-fish use).  The points at which this 543 

classification changes from fish (Type F) to non-fish (Type N) will be extracted from this hydro 544 

layer.  The properties of the fish use segment below the break will be retained with those data 545 

points and stored in the new point layer. The attributes (properties) of interest for this study 546 
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include the criteria for fish use determination, such as whether it was a segment modeled as 547 

likely fish habitat, a concurred point from a water type modification form, or a legacy 548 

determination.  Another attribute is whether that determination was based on biological 549 

information (fish observation or electroshocking findings) or on physical habitat assessment.  550 

Such information will be important for locating the optimum survey starting location but will 551 

not be used for the purposes of selecting sample streams. 552 

The F/N break points are intersected with the East/West Washington polygons to assign them 553 

an East/West attribute.  Points will also be intersected with the DNR Ecoregions polygon layer 554 

to assign them an Ecoregion attribute.  However, that attribute will be used as a covariate in 555 

post-hoc analyses rather than as a stratification variable unless test sampling indicates 556 

otherwise.  The point layer will be subjected to the GRTS spatial randomization procedure, 557 

which will assign a sequence number to each point.  The points to be inspected for this study 558 

will be selected from each side of the state in the sequence assigned.  As points are discarded 559 

according to our rejection criteria (below), the next sequential point will be added to the 560 

sample population.  In this way, spatial balance and random validity should be maintained.  561 

In practice, batches of points will be selected and assessed for suitability, access permission, 562 

and field crew accessibility to facilitate the sample set delineation prior to field surveys.  These 563 

batches will ensure that more points (streams) are ready to be sampled (and even perhaps 564 

initially sampled) than are actually needed in case selected points are rejected during the first 565 

study season.  GRTS sample locations will be obtained from the sample draw in a GRTS design 566 

file. Surveys that maintain the order of sites in the GRTS design file are spatially balanced 567 

relative to the sampling frame from which the sample was drawn.  Any sequential subset of 568 

sites in the GRTS ordering is a spatially balanced subset of sites. Note that spatial balance does 569 

not require that sites are visited in the order of the design file, but the sequential list of sites 570 

should be fully enumerated by the end of the survey season with no skipped sites. This allows 571 

field crews to visit the sites in an efficient manner while maintaining overall spatial balance of 572 

the sample within any given year. For each site in the GRTS design file that is considered for 573 

surveys, notes on any frame error or reasons for nonresponse will be recorded so that inclusion 574 

probabilities for each site can be accurately calculated.  575 
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The F/N break point will identify the stream to be sampled, not necessarily the sample starting 576 

point.  The starting points will be the uppermost known fish location for that stream based on 577 

any available information that can be obtained about that stream.  The GIS layer contains some 578 

information, such as the typing basis.  Other information may be obtained from landowners, 579 

tribal entities that monitor that stream area, and other local experts.  In the case of tributary 580 

streams that have no reliable fish observations, the electrofishing survey will start at the 581 

confluence of the subject stream with the known fish-bearing mainstem stream.  The initial 582 

survey will determine lateral versus terminal status of the selected tributary for site allocation 583 

purposes during site selection. 584 

Site Rejection Criteria 585 

Some potential study sites will be excluded from the sample population due to unforeseen 586 

circumstances. During the site selection and field validation task, study sites may be dropped 587 

as follows:  588 

¶ Sites where the uppermost detected fish is associated with a man-made barrier;  589 

¶ Streams showing evidence of recent (e.g., within five years) debris flows through the 590 

subject stream;  591 

¶ Sites where we cannot obtain landowner permission for the full survey length; 592 

¶ Sites that are not safely accessible by field crews; 593 

¶ Other reasons determined by project team. 594 

In every case that a site is excluded from the sample, the reasons will be thoroughly 595 

documented. Site rejection decisions will be approved by project managers and are not the 596 

sole responsibility of field crews.  597 

Temporal Revisit Design 598 

Field surveys (electrofishing and habitat data collection) will be conducted during the 599 

spring/early summer and the late fall/early winter sampling periods (seasons). These two 600 

sample periods were chosen because they represent the most likely time periods for fish to be 601 

found at their uppermost point in the stream network, and therefore should be adequate to 602 

evaluate seasonal differences in the upper extent of fish use. While summer sampling may be 603 
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beneficial to compare seasons, due to the low flows typical of summer, it is unlikely that fish 604 

would move higher into the system in that season (Cole and Lemke, 2006). 605 

All sites will be surveyed every year during spring/early summer (current protocol electrofishing 606 

survey window of March 1 to July 15) for three years to examine inter-annual changes in 607 

uppermost detected fish locations. To evaluate seasonal changes in the location of the 608 

uppermost detected fish, the sites that can be safely accessed in the fall/winter season will also 609 

be visited with an augmented serially-alternating panel design. One quarter of the sites will be 610 

assigned to the fixed panel and will be surveyed every fall/winter, and the remainder of sites 611 

will be allocated to three alternating panels. One of three alternating panels will be surveyed 612 

each year, with the sample augmented by the fixed panel to connect the sample across years 613 

and seasons. The fixed panel will consist of the full count of sites from Table 2, while the 614 

alternating panel counts will vary depending on site accessibility.  The survey timing within both 615 

sampling periods will be determined through consultation with regional experts to optimize 616 

the timing based on local hydrology, fish life history, and potential for site access, and resurvey 617 

timing will be consistent (within two weeks of the original survey date) across years.   618 

 619 

Table 2. Overall sampling schedule and number of sample sites by calendar year and season 2024 to 620 
2026. All sites will be sampled in spring to early summer (March 1 to July 15) with the seasonal fixed 621 
and alternating panel being resampled in fall to early winter high flow period (dates determined 622 
through consultation with regional experts). A pilot study sampling 15 sites in eastern and 12 sites in 623 
western Washington was completed in September of 2018 (Roni et al. 2018). 624 

Sampling Event 
Pilot year 

(2018) 

Year 1 

(2024) 

Year 2 

(2025) 

Year 3 

(2026) 

Spring to early summer  

160 eastern 

Washington  

190 western 
Washington 

160 eastern 

Washington  

190 western 
Washington 

160 eastern 

Washington  

190 western 
Washington 

Late Fall/Winter Fixed Panel 
Sampled All Years (same sites) 

27 to test 

methods 

40 E WA 

48 W WA 

40 E WA 

48 W WA 

40 E WA 

48 W WA 

Late Fall/Winter Alternating 
panel, Sampled Only in Single 
Season 

 40 E WA 

48 W WA 

40 E WA 

47 W WA 

40 E WA 

47 W WA 

Reporting 
Pilot study 
report 

Annual report Annual Report Final Report 
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Data Collection 625 

Protocol Electrofishing and Habitat Surveys 626 

Electrofishing and habitat survey will provide a robust data set to inform the PHB and associated 627 

analyses. Electrofishing surveys will be conducted to determine the location of the uppermost 628 

fish at each survey event. Surveys at all study sites over three years will maximize the 629 

probability of locating the upstream extent of fish habitat by incorporating both temporal and 630 

spatial variability in fish movement due to physical (e.g., stream flow) and biological 631 

(population dynamics) factors. 632 

An intensive longitudinal thalweg and water surface profile survey (Roni et al. 2018) will be 633 

conducted up- and downstream of the uppermost fish points following the electrofishing 634 

surveys. The channel survey data will be used to partition the study reach into variable-length 635 

stream segments that are scaled to lengths of homogeneous habitat attributes within the long-636 

channel profile. The length of segments will be based on changes in gradient and channel width 637 

that are associated with inflection points and/or changes in habitat features (e.g., vertical and 638 

non-vertical obstacle).  Vertical and near-vertical obstacles will be captured as individual 639 

segments, as such features will have some segment length associated with them. 640 

Prior to sampling a site, the project team will review existing information from any available 641 

sources on access, previous location of uppermost detected fish and habitat data, and obtain 642 

landowner permission for access and sampling.  In determining the upstream extent of fish 643 

distribution, multiple upstream segments may be available for survey. When this situation 644 

occurs, the selected surveyed segment will be the mainstem channel, defined as the stream 645 

segment with the largest contributing basin area upstream from a tributary junction (should 646 

have largest bankfull width, most flow, etc.). Where basin area upstream from a junction 647 

appears approximately equal, rely on additional on-site metrics such as bankfull width and/or 648 

flow to determine upstream direction of survey.  Stream segments not included in the 649 

hydrolayer may be encountered when moving upstream. These stream segments will be 650 

included in the survey process in accordance with the above criteria. 651 
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Field crews will use modified DNR protocol electrofishing surveys with the intensity consistent 652 

with methods being developed for FHAM to determine uppermost detected fish (Figure 7a) and 653 

surveys will only be conducted when sampling conditions are suitable (avoiding periods of 654 

extreme high/low flow or temperature, elevated turbidity, etc.). Water temperature (to the 655 

nearest 0.1 °C), conductivity (microsiemens), and electrofishing setting (e.g., voltage, 656 

frequency, pulse width) will be recorded at the beginning of each electrofishing survey. The 657 

GPS coordinates of each uppermost detected fish location will be recorded, and the location 658 

will be flagged and monumented with a marker including the survey date on an adjacent tree. 659 

The fish species and approximate sizes will be recorded.  Electrofishing surveys will continue 660 

from the uppermost detected fish point upstream to at least the end of default physical fish 661 

criteria (end DPC point).  In the event the uppermost detected fish is found at the end of DPC, 662 

electrofishing will continue 660 feet (upstream) to align with the extent of the detailed habitat 663 

surveys. We will also record electrofishing survey time (shock seconds). In addition, coarse scale 664 

habitat data will be collected on the full extent of the stream sampled during the e-fishing 665 

survey.  These data will include channel gradient, bankfull width, wetted width and 666 

confinement within unequal length segments of relatively uniform habitat character. 667 

An intensive longitudinal thalweg and water surface profile survey (Roni et al. 2018) will be 668 

used to assess key habitat attributes (i.e., gradient, bankfull and wetted width, water depth, 669 

substrate size composition, and height of channel steps) below and above the uppermost 670 

detected fish (Figure 7b). A previous study of variability on the upper limits of fish distribution 671 

in headwater streams suggested that over 90% of the interannual variation in the uppermost 672 

detected fish location occurred within 200 m (Cole et al. 2006). Therefore, we will use a 673 

distance of 660 feet (200 m) below and 660 feet above the uppermost detected fish as our 674 

intensive habitat survey reach.  The crew will measure 660 feet (horizontal distance) 675 

downstream from the uppermost detected fish point to determine the beginning point for the 676 

intensive stream habitat survey. 677 

The intensive habitat survey involves surveying the streambed elevation along the deepest 678 

portion of the stream (the thalweg), yielding a ǘǿƻπŘƛƳŜƴǎƛƻƴŀƭ longitudinal profile of 679 

streambed elevations.  This has been shown to be a reliable and consistent method for 680 
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measuring change in stream morphology and fish habitat independent of flow (Mossop and 681 

Bradford 2006).  We will also be recording water surface heights because surface levels are 682 

what are important to fish with regard to obstacle heights. Survey measurements will be taken 683 

every ten feet, and at any significant inflection points in topography or planform to be sure we 684 

capture all changes in thalweg topography and gradient. A laser range finder mounted on a 685 

monopod and a target on a second monopod will be used to collect distance and elevation 686 

data. All data will be entered into a computer tablet in the field. Measurements and 687 

observations at each point will include horizontal distance and slope between survey points, 688 

water depths, wetted widths, bankfull width, dominant substrate (e.g., sand, gravel, cobble), 689 

large wood, habitat feature type (e.g., pool, riffle, cascade), and general characterization of 690 

flow and water conditions.  Water surface elevation will be calculated after the survey from the 691 

bed elevation plus the measured water depth. For steps and potential migration barriers, the 692 

crew will record whether the step is formed by wood, bedrock, or another substrate. The 693 

ǇǊŜǎŜƴŎŜ ƻŦ ǿƻƻŘ ƛǎ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƳǇƻǊǘŀƴǘ ōŜŎŀǳǎŜ ǿƻƻŘπŦƻǊƳŜŘ ōŀǊǊƛŜǊǎ and obstacles are 694 

considered deformable and therefore are not PHBs. Crews will also note whether flow is 695 

continuous or intermittent, the presence of beaver dams, groundwater inputs, and any other 696 

unusual features (e.g., tunneled or sub-surface flow) that could influence fish distribution. 697 

Because sites will generally be in small, constrained streams that are unlikely to change 698 

significantly throughout the sampling year, it is likely that the habitat survey data for each 699 

stream will only need to be collected once each year with the spring sampling effort. The survey 700 

will be repeated annually to ensure we have a complete survey 660 feet above and 660 feet 701 

below the uppermost detected fish found during each sampling event (Figure 7c).  During each 702 

survey, fixed elevation benchmarks will be placed at the bottom, middle (uppermost fish point) 703 

and top of the intensive habitat survey reach to facilitate the coherence of repeat surveys.  A 704 

similar protocol based on Mossop and Bradford (2006) has been used to survey barrier removal 705 

projects on small streams throughout the Columbia River Basin (Clark et al. 2019, 2020).  706 

Evaluations of various regional stream habitat survey protocols have demonstrated that with 707 

ǿŜƭƭπǘǊŀƛƴŜŘ field crews, measurement error is small relative to naturally occurring variability 708 

amongst sites (Kershner et al. 2002; Roper et al. 2002; Whitacre et al. 2007, Archer et al. 2004). 709 
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Therefore, all crews will participate in a three to ŦƛǾŜπŘŀȅ training course each year prior 710 

to initiation of spring sampling to ensure consistency among crews in determining uppermost 711 

detected fish locations, surveying habitat characteristics όƭƻƴƎπǇǊƻŦƛƭŜǎύΣ ŀƴŘ Řŀǘŀ collection. 712 

Training should incorporate identifying potential sources of variation in measurement that can result 713 

from dense vegetation, identification of features, and clarity of protocols (Roper et al. 2010). In 714 

addition, mid-season check-in/corrections will be conducted with each crew to prevent 715 

sampling drift (this process will be outlined in the Quality Assurance Plan). Moreover, to 716 

quantify variability among crews in conducting longitudinal surveys, we propose that 10% of all 717 

sites sampled each spring should be resampled during the same year and season by other crews 718 

every year. Since variation in stream flow during subsequent surveys should not affect the 719 

longitudinal bed profile, wŜ ŘƻƴΩǘ ŜȄǇŜŎǘ Ŧƭƻǿ ŎƘŀƴƎŜǎ ǘƻ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǾŀǊƛŀōƛƭƛǘȅ ƻōǎŜǊǾŜŘ 720 

among crews in these resurveys. 721 
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 722 

Figure 7. Components of field surveys demonstrating: (A) the extent of the protocol electrofishing 723 
survey to determine uppermost detected fish (EOF) point, (B) the range of the initial longitudinal 724 
profile habitat survey associated with the initial EOF point, and (C) an example of how the longitudinal 725 
profile survey would be appended if follow up protocol electrofishing surveys identify a new EOF 726 
point (adapted from PHB Science Panel 2019). 727 

 728 

Reach- and Basin-Scale Explanatory Variables Derived from Office and Remote Sources  729 

We will also collect data on several other factors that are thought to play a role in uppermost 730 

detected fish point and identification of PHBs from sources other than field data. These include: 731 

elevation, aspect, drainage area, distance-from-divide4, valley width, annual precipitation, 732 

channel type5, riparian stand condition6, whether uppermost detected fish ŀƴŘ tI. ƛǎ ŀǘ ŀ ƳƛŘπ733 

 
4 Palmquist (2005) found distance-from-divide to be less variable and more reliably calculated than basin area 
5 Montgomery & Buffington, 1993 
6 Watershed Analysis categories, WA DNR 1997 
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channel point (mainstem or terminal) or confluence (tributary or lateral tributary), dominant 734 

drainage area geologic competence category7, stream order, and whether a stream is 735 

accessible to anadromous fish or only resident fish. Many of these variables will be derived 736 

from existing GIS data layers. Drainage area, distance-from-divide, and valley width are 737 

important because they, combined with annual precipitation, are related to flow and stream 738 

size. The local geology around the stream determines whether stream substrate tends to 739 

consist of hard, resistant, larger particles or friable, fine-grained substrates, which have been 740 

shown to influence fish distribution (Gresswell et al. 2006; Torgersen et al. 2008).  741 

Data Preparation 742 

Physical attribute and fish presence data will be organized by site and variable-length segment 743 

as laid out in Appendix F.  To prepare data for analysis, the stream profile will be divided into 744 

variable-length homogeneous segments, and each segment will be populated with a suite of 745 

segment-scale physical attributes and fish presence or absence. Variable-length segments will 746 

also be populated with associated basin-scale attributes that will be derived from GIS.  Other 747 

basin-scale characteristics will be included for each site.  Measures such as gradient and 748 

channel width can be used to form threshold variables and cumulative metrics (e.g., gradient 749 

and width expressed over multiple segments) that can be assessed as predictors of PHBs. Data 750 

sets will be developed for each sampling event to assess changes in distribution over time. 751 

Data Analyses 752 

Data Exploration, Summary Statistics, and Initial Tests 753 

After data preparation is complete, initial data exploration will include graphical examination 754 

of habitat metrics for segments within a site and segment means of physical characteristics for 755 

each site (Figure 8). Distributions of physical attributes for variable-length segments at a site 756 

can be compared for segments with and without fish by and across sites.  The length of 757 

segments will be based on changes in gradient and channel width that are associated with 758 

inflection points and/or specific habitat features (e.g., vertical [falls] and non-vertical obstacles 759 

 
7 Competent/Incompetent, per McIntyre et al. 2009 
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[steep cascades]). Criteria for classifying variable-length segments and obstacles will be derived 760 

during post-hoc data analysis using linear regression methods similar to those described by 761 

Tompalski et al. (2017).  All statistical analysis described here presume the use of the R 762 

statistical programming language (R Core Team 2021). 763 

 764 

Figure 8.  Schematic of channel long-profile survey showing variable-length segments (i.e., distance 765 
between inflection points) and associated vertical and non-vertical obstacles. 766 

 767 

Examining Uppermost Detected Fish Locations 768 

Research questions related to uppermost detected fish locations will address interannual 769 

(Research Question #1), seasonal (Research Question #2), and spatial (Research Question #3) 770 

dynamics. For sites in the fixed and alternating panels that are revisited over time, physical 771 

attributes at each site may be summarized by year and by season (spring or fall/winter). 772 

Stream profile plots (Figure 7) will be developed to compare uppermost detected fish points 773 

across seasons and years.  774 

To examine spatial patterns, physical attributes at each site will be summarized by region (east 775 

or west), ecoregion, or other spatial classifications, and maps of attributes will be developed to 776 
























































