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Abstract 

For the management of anadromous coastal cutthroat trout, fisheries managers require an 

understanding of how physiographic variables, at a watershed scale, influence cutthroat smolt 

productive capacity. The primary purpose was to produce a practical desktop procedure to 

reliably predict smolt abundance based upon physiographic variables. A total of 653 annual 

estimates of smolt abundance from 50 watersheds in British Columbia and Washington State 

were assessed in this study. Cutthroat dominated reaches were identified using hydrology and 

mapping data, then modelled to predict smolt abundance. The model results found primarily that 

smolt abundance was weakly correlated with permanent stream length of 0-4% channel gradient 

and lake area of 0-5 ha. The results suggest that smolt abundance is limited partially by the 

availability of physical habitat within a watershed. The model performance could have been 

influenced by uncertainties related to the species life history diversity, identification, and 

undocumented barriers to fish movement. 
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Introduction 

Conservation Status 

Anadromous coastal cutthroat trout (cutthroat; Oncorhynchus clarkii clarkii) are an 

important component of Pacific Northwest fisheries and have a wide distribution in coastal areas. 

Cutthroat are geographically distributed from the Eel River, California, to Prince William Sound, 

Alaska (Trotter, 1989, p. 463). Throughout their range, they are primarily found in coastal 

streams that are generally influenced by maritime or coastal climate regimes. In British 

Columbia, cutthroat are known to be very broadly distributed throughout coastal drainages, with 

inland penetration generally less than 150 km from the ocean (Costello, 2008, p. 24; Slaney & 

Roberts, 2005, p. 10). Cutthroat are a provincial blue-listed species, which are of special 

conservation concern with characteristics that make them particularly sensitive or vulnerable to 

human activities or natural disturbances (British Columbia Ministry of Environment (BC MOE), 

2016) Although formal conservation units (CU) have not yet been defined for the subspecies, 

two CUs have been proposed: Georgia Depression and Coast and Mountains (Costello, 2008, p. 

25). These CUs coincide with the unique biogeographic ecoprovinces inhabited by cutthroat in 

British Columbia. In Washington, they are found in the western part of the state including the 

coast, Puget Sound, and the Columbia River as far east as the Klickitat River (Blakley, Leland, & 

Ames, 2000, p. 1). Within Washington State, there are three cutthroat evolutionarily significant 

unit (ESU) designations which are based on biogeographic, life history, and genetic information: 

Puget Sound, Olympic Peninsula, and Southwestern Washington/Columbia River. 

Cutthroat are the least studied of the seven Oncorhynchus species native to the Pacific 

Northwest and stock trends are largely rated as at risk or unknown (Johnson et al., 1999, p. 6). A 

status review of anadromous cutthroat in British Columbia noted 612 stocks, but population 
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status information was available for only 120 (20%) of which 44% of were not threatened 

(Slaney, Hyatt, Northcote, & Fielden, 1996, p. 27). Limited status information is available for 

anadromous stocks outside the Georgia Strait and Lower Fraser River area, which includes 14 

populations at high risk of extinction, 4 at moderate risk, 27 of special concern, and 15 already 

extinct (Slaney et al., 1996, p. 27). A similar situation exists in Washington State. A statewide 

status review of anadromous cutthroat identified 40 stock complexes, of which 2% were rated as 

healthy, 18% were rated as depressed (i.e., far below the maximum potential yield), and 80% 

were rated as unknown. (Blakley et al., 2000, p. 38). 

Unfortunately, few cutthroat watersheds are routinely monitored to detect stock trends 

and threats (Costello, 2008, p. 24; Griswold, 2006, p. 16). However, it is believed that many 

cutthroat populations are depressed relative to their historical levels of abundance because they 

have been widely subject to habitat loss and degradation (Slaney & Roberts, 2005, p. 10). 

General threats to cutthroat include loss of habitat due to forestry and agriculture practices, 

urbanization, passage obstructions (e.g., poorly designed culverts which block fish passage), 

water management activities, as well as over-harvest (Anderson, 2008, p. 13; Costello, 2008, p. 

28; Gresswell & Harding, 1997, p. 151; Slaney & Roberts, 2005, p. 35). Other threats include 

interspecific competition with coho salmon (O. kisutch; Johnson et al., 1999, p. 158) and 

hybridization with steelhead (O. mykiss; Bettles, Docker, Dufour, & Heath, 2005, p. 1226; 

Docker, Dale, & Heath, 2003, p. 3518). As a whole, these cumulative pressures, including 

anthropogenic influences, have left many cutthroat populations susceptible to local extirpation 

(Costello, 2008, p. 24). 
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Management Challenges 

The life history of cutthroat is complex and diverse compared to other Pacific salmonids 

(Johnson et al., 2000, p. 11). This complexity and diversity results in many uncertainties 

surrounding the understanding of their ecology and management. Cutthroat exhibit a broad range 

of occupied habitats, migratory behavior, age at migration, age at first spawning, timing of 

migration, and frequency of repeat spawning through the species range (Blakley et al., 2000, p. 

2; Johnson et al., 2000, p. 11; Northcote, 1997, p. 20). Even within a single watershed, multiple 

life history types (i.e., anadromous, resident, fluvial, adfluvial) may occur or a single life history 

type may dominate (Trotter, 1989, p. 463), although specific individual life history phenotypes 

can be triggered by interactions with the environment acting on unique genotypes (Griswold, 

2006, p. 13). It is difficult to distinguish among life history types and migratory patterns of adult 

and juvenile cutthroat (Voight & Hayden, 1997, p. 175). As a result, there are few models 

available to describe cutthroat life history and population dynamics (Griswold, 2006, p. 11). 

The need to monitor, research, and conserve cutthroat throughout the species range has 

been identified by several management agencies, Aboriginal groups, and non-governmental 

organizations (Griswold, 2006, p. 7). Despite providing an important recreational fishery, 

cutthroat are continuously regarded as a lower priority in terms of agency resourcing for stock 

assessment because the species does not support a commercial fishery (Griswold, 2006, p. 7). As 

a result, long-term monitoring data sets are rare and data collected from different locations 

throughout the species range during different years may obscure regional patterns in life history 

traits (Johnson et al., 2000, p. 38). As suggested by the Coastal Cutthroat Trout Interagency 

Committee (a collaborative committee from state, provincial, federal, and tribal natural resource 

agencies), monitoring cutthroat abundance should be a high priority, and there is a need to 
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establish a basic monitoring framework (Griswold, 2006, p. 18). Range-wide efforts to develop a 

monitoring framework should include establishing standardized data sets that can indicate trends 

in abundance in this variable sub-species (Griswold, 2006, p. 11). One approach is to monitor 

smolt abundance as a useful measure to predict productivity and population size that could be 

compared within and among regions (Griswold, 2006, p. 22). 

The appropriate scale of management and monitoring to conserve cutthroat throughout 

the species range is a challenge. Johnson et al. (1999, p. 125) identified six ESUs for cutthroat, 

however there are few significant differences in genetic structure and life history variation 

amoung ESUs. This lack of difference may reflect common selective pressures for a generalist or 

highly plastic life history strategy, in which case ESUs might be too large to effectively manage 

the species (Johnson et al., 1999, p. 124). Research on cutthroat suggests that populations are 

genetically structured at a finer scale, generally at the watershed or sub-watershed scale 

(Griswold, 2006, p. 25), and the opportunity for population recolonization from adjacent 

watersheds is limited. Even within the same watershed, there is considerable sub-population 

variation, particularly in large complex watersheds, which reflects the highly plastic life history 

traits demonstrated by cutthroat (Johnston, 1982, p. 123). Investigations targeting finer scales 

(i.e., channel unit or reach) may be appropriate for many questions, such as how habitat mediates 

interactions between a fish and its conspecifics (Burnett, 2001, p. 4). One limitation to a focus on 

local, instream conditions is that smaller scale habitat and reach characteristics are dynamic and 

may change frequently over time (Firman et al., 2011, p. 441). However, for questions related 

particularly to freshwater habitat influences on populations of anadromous salmonids, pertinent 

information is more likely derived from coarser spatial scales (Burnett, 2001, p. 4). Watersheds 

are a useful spatial unit for relating a population of anadromous salmonids to its habitat, and a 
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collection of sub-watersheds for relating a meta-population to its habitat (Burnett, 2001, p. 4). 

Despite the difficulties with each of these scales, each can contribute significant information 

about productive capacity of streams in watershed ecosystems. Ultimately, the appropriate scale 

for monitoring depends on the information and management needs of fisheries managers as well 

as the geographic location.  

To manage cutthroat populations effectively, at a watershed scale, fisheries managers 

require estimates of the productive capacity of streams in watersheds, and reliable predictions of 

habitat conditions within lengthy and complex stream networks. Annual production of cutthroat 

smolts may be an appropriate measure of a stream's productive capacity (Slaney & Roberts, 2005, 

p. 29). Unfortunately, empirical data supporting productive capacity of cutthroat smolts at a 

watershed scale (e.g., 1: 20,000 map scale) are lacking in the published literature because fishery 

research has traditionally been conducted on smaller spatial scales and for other valued salmonid 

species, and thereby limiting how findings and information can be accurately applied across a 

watershed (Thompson & Lee, 2000, p. 1834; Walter, 2012, p. 2). Estimates of the potential smolt 

productive capacity of a watershed require costly and detailed smolt enumeration which, 

optimally, are done annually for several years (Bradford, Taylor, & Allen, 1997, p. 49), and so 

implementing these detailed assessments are generally not financially or logistically feasible for 

fisheries management agencies.  

Understanding how watershed structure (i.e., physiography), including anthropogenic 

influences, drive cutthroat smolt productive capacity is complex (Strayer et al., 2003, p. 408). 

One approach to study the complex physiographic interactions is replicated long-term 

experiments of an entire watershed (Strayer et al., 2003, p. 408). However, this approach is 

typically prohibitively costly, logistically impractical, requires decades to address the effects of 
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spatial and temporal variability, and the results of the study may be difficult to transfer to other 

watersheds (Strayer et al., 2003, p. 408). Unless the experiment is conducted over the long-term, 

its conclusions may be biased by short-term responses of the watershed to short-lived factors that 

do not reflect long-term relationships (Strayer et al., 2003, p. 408).  

Models and Correlative Analysis  

Correlative analyses linking key physiographic characteristics to the distribution and 

abundance of fish and their habitats are used increasingly to understand how watershed structure 

drives aquatic systems (Steel et al., 2010, p. 26; Steel et al., 2012, p. 457). The theory underlying 

these correlative analyses is that aquatic habitat conditions in a watershed are controlled by 

patterns of landform, climate, and geology (Poff, 1997, p. 398; Steel et al., 2012, p. 458). This 

perspective is supported on a mechanistic understanding of geomorphic controls, environmental 

gradients, and relationships between aquatic habitat and fish populations (Steel et al., 2004, p. 

999; Steel et al., 2012, p. 458). These correlative analyses have been used to develop models to 

predict the productive capacity of fish populations and the quality of aquatic habitat within 

watersheds, and to identify possible factors affecting fish abundance and trends (Ripley, 

Scrimgeour, & Boyce, 2005, p. 2434; Firman et al., 2011, p. 444; Myrvold & Kennedy, 2015, p. 

579). Therefore, a correlative study and predictive model that is based on available 

physiographic data may assist fisheries managers in developing estimates of cutthroat smolt 

productive capacity in a watershed, and assist in understanding how natural physiographic 

gradients explain cutthroat smolt productive capacity (Bradford et al., 1997, p. 49; Pyne, Rader, 

& Christensen, 2007, p. 1303; Sharma & Hilborn, 2001, p. 1453).  

The physiographic characteristics of a watershed can influence the distribution and 

abundance of fish and their habitats. For example, cutthroat abundance maybe greater in small, 
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low gradient streams, and this abundance varies longitudinally within a watershed (Rosenfeld, 

Porter, & Parkinson, 2000, p. 766; Rosenfeld et al., 2002, p. 1448; Torgersen, Gresswell, & 

Bateman, 2004, p. 406). In one study, 61% of the cutthroat smolt production was attributed to a 

small number of streams at a regional scale (Slaney & Roberts, 2005, p. 53). Therefore, an 

understanding of which physiographic characteristics can influence juvenile cutthroat population 

abundance and, ultimately, smolt production is an important consideration. As such, a correlative 

study and predictive model that incorporates ecologically appropriate key variables from 

mechanistic watershed ecology research can assist in explaining cutthroat smolt productive 

capacity. 

Watershed-scale research is commonly used in the evaluation of patterns using statistical 

or correlative models (Steel et al., 2010, p. 5). For example, a previous watershed-scale (1: 

50,000) study by Bradford et al. (1997) was conducted for coho salmon smolt productivity across 

86 watersheds in western North America (p. 50). Several variables such as stream length, 

gradient, valley slope, latitude, and discharge were investigated to explain smolt productivity. 

The results indicated that stream length (i.e., R2 = 0.70) and, to a lesser extent, latitude were 

useful in predicting mean smolt abundance. Therefore, it is plausible that a similar watershed-

scale approach, using appropriate physiographic variables, could predict cutthroat smolt 

productivity that are ecologically valid and spatially transferable (Steel et al., 2010, p. 5). 

Research Purpose and Objectives 

As discussed, estimates of the potential smolt productive capacity of a watershed require 

costly and detailed smolt abundance assessments, which generally are not financially or 

logistically feasible for fisheries management agencies. The purpose of this research is to help 

address this current cutthroat fisheries management issue in an alternative way by examining and 
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modelling the relationship of selected physiographic variables on cutthroat smolt abundance. 

Specifically, this study addresses the question: can the productive capacity of cutthroat smolts be 

predicted from physiographic variables? The specific objectives of this research are to: 

 (1) quantify and compare cutthroat smolt frequency distribution, correlation, and 

variance in abundance over time among individual watersheds,  

(2) identify physiographic variables that are most correlated with cutthroat smolt 

abundance,  

(3) compare the strength of correlations among physiographic variables, and  

(4) from the correlated variables, develop a model to predict the theoretical cutthroat 

smolt productive capacity in a watershed.  

Model predictions from this research are intended to provide fisheries management 

agencies with an increased understanding of the specific physiographic variables (e.g., cutthroat 

bearing stream length and gradient) that may limit cutthroat smolt abundance. The results of this 

analysis are intended to indicate how differences in cutthroat smolt abundance are associated 

with differences in physiographic variables among watersheds. The model is intended to provide 

a simple and practical method for predicting the theoretical cutthroat productive capacity of a 

watershed in support of effective policy and management decisions. 

Methodology 

Study Area 

The study area included selected coastal drainage basins (Salish Sea, coast, cascades) of 

southern British Columbia and Washington State (Figure 1). The Salish Sea drainage basin is 

composed of the Eastern Vancouver Island, Vancouver Lowland, and Georgia-Puget Basin 

ecoregions in British Columbia, and the Puget Lowland Ecoregion in Washington State 
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(Demarchi, 1996, p. 16; Johnson et al., 1999, p. 31). This amalgamated ecoregion is also known 

as the Georgia Depression/Puget Lowland which experiences reduced rainfalls (50-120 cm per 

year) due to the rain-shadow effect of the Coast Mountains and Vancouver Island Mountain 

Ranges, and temperatures moderated by the marine environment. The region, relative to 

anadromous cutthroat trout distribution, varies from generally flat to high hills (600 m) at the 

southern margin of the ecoregion (Johnson et al., 1999, p. 31). Peak stream discharge, from 

December to June, varies depending on the climate cycle and snowpack contribution to surface 

runoff for each watershed. Douglas fir (Pseudotsuga menziesii) is the primary subclimax forest 

tree species (Demarchi, 1996, p. 16; Johnson et al., 1999, p. 31). This region is represented by 

the two ecologically and genetically similar cutthroat populations: Georgia Depression CU in 

British Columbia and the Puget Sound ESU in Washington State (Costello, 2008, p. 25; Johnson 

et al., 1999, p. 127).  

The coast drainage basin is composed of the Western Vancouver Island Ecoregion in 

British Columbia, and the Coast Range Ecoregion in Washington State (Demarchi, 1996, p. 11; 

Johnson et al., 1999, p. 24). These ecoregions are influenced by high rainfall levels (200-240 cm 

per year) as marine weather systems are intercepted by mountains of the region. Stream 

discharge peaks during winter rain storms in November and January, but streams are also prone 

to low flows during summer drought periods (Johnson et al., 1999, p. 24). The mountains are 

typically rugged with short stream lengths and steep gradients. This region is heavily forested, 

primarily with Sitka spruce (Picea sitchensis), western hemlock (Tsuga heterophylla), and 

western red cedar (Thuja plicata) (Demarchi, 1996, p. 11; Johnson et al., 1999, p. 24). These 

ecoregions are within the Coast and Mountains DU, the Olympic Peninsula and Southwestern 
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Washington/Columbia River ESUs for cutthroat (Costello, 2008, p. 25; Johnson et al., 1999, p. 

128).  

The cascade drainage basin is composed of the Cascades Ecoregion in Washington State 

(Johnson et al., 1999, p. 32). This ecoregion experiences precipitation in the range of 280 cm per 

year, with the majority in the form of snowfall. Surface water flow originating in the Cascade 

Range headwaters influences river flows throughout this region. There is little capacity for long-

term groundwater storage, except where porous rock substrate is available to maintain stream 

discharge during the dry summer periods (Johnson et al., 1999, p. 32). The region is primarily 

forested with Douglas fir, noble fir (Abies procera), and Pacific silver fir (A. amabilis) as the 

primary subclimax forest tree species (Johnson et al., 1999, p. 32). This ecoregion lies within the 

Southwestern Washington/Columbia River cutthroat ESU (Johnson et al., 1999, p. 128; Johnson 

et al., 2008, p. 4). 

Smolt Data Collection 

Cutthroat smolt abundance and biological data were collated from long-term salmonid 

smolt abundance studies in British Columbia and Washington State. Since smolt abundance 

studies are rarely conducted specifically for cutthroat (Griswold, 2006, p. 16; Griswold, 2009, p. 

11; Slaney et al., 1996, p. 23), studies targeting coho salmon and steelhead smolt abundance 

were used because coho salmon and steelhead smolt emigration occurs during a similar time 

period as cutthroat smolt emigration (Griswold, 2009, p. 14; Trotter, 1989, p. 465). The data 

from these studies were obtained through internet search engines, government libraries such as 

Fisheries and Oceans Canada’s WAVES (http://waves-vagues.dfo-mpo.gc.ca/waves-vagues/), 

Ministry of Environment’s Cross-Linked Information Resources (http://www.env.gov.bc.ca/clir/), 

StreamNet’s Regional Library (http://www.streamnetlibrary.org), and unpublished datasets from 
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management agencies and Aboriginal groups. Following this search, candidate studies were 

screened for quality assurance and control based upon available documentation. Studies with 

three or more years of smolt abundance estimates were included to account for annual variability 

in smolt abundance. Studies from natural and constructed small groundwater side channels and 

sloughs were excluded because the present study was focused on watershed scale physiographic 

predictors of smolt abundance. Studies within watersheds that have been stocked with hatchery 

cutthroat were excluded because the present study focuses on natural productive capacity. 

Studies that did not distinguish between “trout” species (i.e., cutthroat and rainbow trout) were 

excluded. Furthermore, watersheds where cutthroat and Dolly Varden (Salvelinus malma) 

coexist, as indicated by Dolly Varden smolts emigrating through the trap, were excluded because 

of ecological niche overlap and inter-specific competition between the two species which may 

influence cutthroat smolt abundance (Bryant, Zymonas, & Wright, 2004, p. 1532; Bryant, Lukey, 

McDonell, Gubernick, & Aho, 2009, p. 1728; Griswold, 2003, p. 38; Griswold, 2006, p. 18; 

Griswold, 2009, p. 14).  

The data consisted of annual abundance estimates of smolts emigrating from watersheds 

using fence and rotary screw traps. Studies that enumerated smolts with rotary screw traps were 

included in the analysis only if the abundance estimate was adjusted for trap efficiency. In many 

cases, abundance estimates were assumed to be biased low because a proportion of the smolts 

can emigrate before or after the period of trap operation or during fence washouts. For each 

study, annual abundance estimates were reviewed for consistency in trap operation dates, both 

within and between studies, and for periods when traps were inoperable due to high discharge or 

debris jams. Based upon this review, annual abundance estimates were removed from the 

analysis or included on a case-by-case basis. In total, 653 annual estimates of smolt abundance 
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from 50 watersheds in British Columbia and Washington State were included in this study 

(Appendix A). 

The life history of cutthroat is one of the most complex of the Pacific salmonids as they 

are a particularly euyhaline species that can tolerate a range of salinities (Northcote, 1997, p. 20). 

Evidence of size (length) dependent emigration suggests that cutthroat move downstream as part 

of an ontogenetic niche shift as they continue to grow and their resource needs can no longer be 

met in small tributary habitats (Buehrens, 2001, p. 41; Zydlewski, Zydlewski, & Johnson, 2009, 

p. 204). During downstream spring migrations, it is difficult to determine whether fish caught in 

traps are migrating to occupy freshwater or estuarine/marine environments unless the trap is 

located at the tide line (Zydlewski et al., 2009, p. 204). Furthermore, fish of similar fork lengths 

caught in a trap may have visual characteristics of the smolt transformation (i.e., no parr marks 

and silvery sheen coloration, streamlined body shape) while others have intermediate smolt 

characteristics (Johnson et al., 1999, p. 53; Zydlewski et al., 2008, p. 65). Since biochemical 

transformation studies have not been conducted for cutthroat, as have been conducted for other 

Pacific salmon and Steelhead (Groot & Margolis, 1991, p. 181; Johnson et al., 1999, p. 53), a 

biochemical “smoltification index” can cannot be applied to emigrating fish. As such, all 

enumerated cutthroat with fork lengths greater than 80 mm or one year-of-age were classified as 

smolts in this study. 

Hydrological and Spatial Data Analysis 

Cutthroat are spatially limited within a watershed stream network as not all streams are 

occupied due to differences in stream size, or longitudinal selection of different reaches of the 

same stream may occur depending upon gradient or bank-full channel width (De Leeuw & Stuart, 

1981, p. 47; Hartman & Gill, 1968, p. 237; Ptolemy, 2013, p. 1210; Rosenfeld et al., 2000, p. 
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769). Research by Ptolemy (2013) demonstrated that: 1) long-term mean annual discharge (LT 

mad, L/s) was the best predictor of cutthroat dominance in a watershed stream network, with a 

correct classification rate of 98% for the entire species range; and 2) that cutthroat were 

dominant in streams and reaches where LT mad was � 630 L/s (p. 1215). Following a similar 

approach after Ptolemy (2013) in this study, hydrological analysis was conducted to identify 

each study watershed’s maximum allowable stream drainage area using the LT mad limit of 630 

L/s. For each watershed, LT mad was calculated using watershed specific hydrometric data from 

the Water Survey of Canada (http://wateroffice.ec.gc.ca), United States Geological Survey 

(USGS) National Water Information System (http://waterdata.usgs.gov/nwis), and the 

Washington Department of Ecology (WDOE) Flow Monitoring Network 

(https://fortress.wa.gov/ecy/eap/flows/regions/state.asp). Annual unit runoff (L•s-1•km-2) was 

then calculated using drainage area (km2) data. When mean annual discharge data was not 

directly available for a study watershed, discharge data from the closest gauged station within the 

same ecoregion was used as a proxy. 

Spatial analysis was conducted in ArcGIS (Environmental Systems Research Institute 

2012, Version 10.1) to delineate drainage areas and select streams, reaches, ponds, and lakes 

within the maximum allowable stream drainage area. The delineation of drainage area and 

selection of cutthroat dominant streams within the study watersheds was conducted using the 

1:24,000 scale USGS National Hydrography and Watershed Boundary Dataset (USGS, 2016a), 

1:24,000 scale USGS Topographical Dataset (USGS, 2016b), and the 1:20,000 scale British 

Columbia Freshwater Atlas (Province of British Columbia, 2016). Permanent barriers, 

anthropogenic (e.g., culverts) and natural (e.g., falls), likely to be impassible to cutthroat within 

the study watersheds were identified using a combination of data sources. These data sources 
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included publically available spatial geographic information system data warehouses and online 

mapping tools, such as Washington Department of Fish and Wildlife’s (WDFW) SalmonScape 

(WDFW, n.d.-a), and Fish Passage Barrier Map (WDFW, n.d.-b), and British Columbia Ministry 

of Environment’s (BC MOE) Habitat Wizard (BC MOE, n.d.). Data sources pertaining to 

permanent barriers were also obtained through personal communications with management 

agencies and Aboriginal groups, and a review of watershed specific reports located in 

government libraries, such as Fisheries and Oceans Canada’s WAVES, Ministry of 

Environment’s CLIR, and Washington State Conversation Commission’s salmonid habitat 

limiting factors analysis reports (Correa, 2002; Haring, 1999 and 2002; Haring & Konovsky, 

1999; Kuttel, 2002 and 2003; Smith, 2001; Smith & Caldwell, 2001; Smith & Wenger, 2001; 

Wade, 2000 and 2002). There was some uncertainty associated with the barrier classifications 

because positional inaccuracy of certain barriers prevented associating them with a stream 

network, and because certain barriers did not have complete passage information. As such, 

published limits to fish passage by barrier height (Parker, 2000, p. 16) were used to identify 

permanent barriers, and only barriers classified as permanent were included in the spatial 

analysis. Where passage status could not be determined based upon available information, these 

barriers were not included in the spatial analysis. Once all permanent barriers were identified, all 

stream reaches upstream of permanent barriers were removed from the spatial hydrography data. 

While it is known that individual cutthroat belonging to above-barrier resident cutthroat 

populations can migrate or be displaced downstream (Griswold, 2006, p. 23), the rate of these 

migrations or movements is low (Griswold, 2006, p. 7; Hayes et al., 2012, p. 777) and their 

overall contribution towards annual smolt productivity is questionable (Griswold, 2006, p. 16). 

As such, all stream reaches upstream of permanent barriers were not considered in the analysis. 
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It was assumed that anthropogenic barriers existed during the entire time period of a watershed’s 

smolt abundance study. 

Stream channel gradient were determined for cutthroat dominant streams within each 

study watershed. For Washington State watersheds, streams were draped over the USGS 10 m 

digital elevation model (DEM) from the National Elevation Dataset (USGS, 2016c) in ArcGIS to 

incorporate elevation properties into the stream layer. Using a custom toolbox, streams were split 

into 30-m segments and gradient (%) for each segment was calculated as rise (upstream elevation 

minus downstream elevation of the segment) over run (stream kilometer length of segment) 

multiplied by 100. The same process was followed for British Columbia watersheds, except 

streams were not draped over the provincial 25-m DEM data because the stream layer possesses 

elevation properties. The generation of stream gradients facilitated the classification and 

calculation of stream length (km) within five stream channel gradient zones (0-4, 4-8, 8-12, 12-

16, and 16-20%) for both perennial and intermittent streams. Stream length was used instead of 

stream area because channel width data (required to calculate stream area) for each stream reach 

within the 50 study watersheds were not available. Therefore, comparisons amoung watersheds 

could not be made. Furthermore, the use of stream area adds a complicating factor with respect 

to the effects of stage height on wetted channel width and habitat area, further affecting the 

validity of comparisons amoung watersheds. The stream channel gradient zones were selected in 

accordance with the British Columbia Forest Practices Code Fish-stream Identification 

Guidebook (Ministry of Forests, 1998, p. 24) in identifying probability levels of containing 

cutthroat. Streams with channel gradients greater than 20% were eliminated from the analysis 

because they are rarely used by cutthroat (Bryant et al., 2004, p. 1534; Ministry of Forests, 1998, 

p. 24).   
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Lake area (ha) was determined for each watershed within the drainage area determined to 

be dominated by cutthroat using the LT mad limit of 630 L/s. Only lakes classified as perennial 

were included in the analysis.  

Statistical Analysis 

Smolt Data Frequency Distribution, Correlation, and Variance 

Cutthroat smolt data exploration and statistical analyses (p < 0.05) were performed using 

Stata (StataCorp 2015, Version 14.1). Visual inspection of box-plots depicting the distribution of 

smolt abundance data was used for outlier detection. Identified outliers were reviewed for 

transcription errors and subsequently edited. Measurement errors from the source dataset were 

subsequently omitted from further analysis. If identified outliers represented genuine variation in 

annual smolt abundance they were retained in the analysis. For watersheds with greater than ten 

years of smolt abundance data, the smolt abundance frequency distribution was visually 

inspected with histograms, quantile-quantile plots, and using the Shapiro-Wilk test for normality 

(Quinn & Keough, 2002, p. 192). A lognormal abundance data distribution is typically the result 

of survival over an entire life history stage due to random and independent survival over a series 

of shorter periods (Peterman, 1981, p. 1118). To test whether the frequency distribution could be 

described by a lognormal distribution, the log transformation on smolt abundance was inspected 

using the same procedure as above (Zarr, 1999, p. 88). 

For each watershed with greater than ten years of consecutive smolt abundance data, 

autocorrelations, partial autocorrelations, portmanteau statistics, and including plots with 95% 

confidence intervals were conducted to test if annual smolt abundance observations were 

independent of one another (Zuur, Leno, & Elphick, 2010, p. 12). The Durbin-Watson test was 

used to determine whether there was serial autocorrelation in the residuals from a linear 
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regression of smolt abundance over time (Quinn & Keough, 2002, p. 93). For watersheds with 

non-stationary (i.e., increasing or decreasing abundance trends) and non-normal smolt abundance, 

first difference and natural log (loge) transformed smolt abundance data was used in the analysis 

to meet test assumptions for stationary data and normality (Quinn & Keough, 2002, p. 93).  

A linear regression was used to investigate the variation in mean smolt abundance across 

all watersheds. The mean, variance, and coefficient of variation (CV) was calculated for each 

watershed. Prior to the linear regression analysis, the assumption of normality for mean smolt 

abundance and variance was visually inspected with histograms, quantile-quantile plots, and 

statistically using the Shapiro-Wilk test. The data were then transformed using the natural log 

(loge) to meet test assumptions for normality. After completion of the linear regression of the 

dependent and independent variables, linearity was visually confirmed with plots of observed 

versus predicted values and residuals versus predicted values. Verification of homogeneity of the 

variance was visually confirmed using the residuals of the linear regression by plotting residuals 

vs. fitted values, and statistically with Breusch-Pagan/Cook-Weisberg test (Cook & Weisberg, 

1983, p. 1). Normality of the residuals was visually confirmed using histograms, standardized 

normal probability and quintile-normal plots; and statistically using the Shapiro-Wilk test. 

Model Fitting and Selection 

Prior to model fitting and selection, visual inspection of box-plots depicting the 

distribution of all predictor variables was used for outlier detection. Identified outliers were 

reviewed for transcription or measurement errors and subsequently edited. Due to the large 

number of zero values (48% of the observations) for the lake area predictor variable, each 

observation was assigned a class of either 1 (0-5 ha), 2 (6-50 ha), or 3 (> 50 ha) through an 

investigation of breaks in the frequency distribution. To reduce the likelihood of 
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multicollinearity in the model (Quinn & Keough, 2002, p. 127), a Pearson product-moment 

correlation coefficient matrix was constructed to examine the correlation between all predictor 

variables (n = 13). Table 1 shows a list of all predictor variables included in this study. Predictor 

variables that were positive and highly correlated with each other (r ≥ 0.7) were removed from 

the analysis. Using the selected predictor and smolt abundance data, the assumption of normality 

was visually inspected with histograms, quantile-quantile plots, and statistically using the 

Shapiro-Wilk test. The data was then log (log10) transformed to meet test assumptions for 

normality for modelling. 

The relationships between predictor variables and smolt abundance were examined using 

a simple hierarchical linear model because of the repeated measures design (Laird & Ware, 1982, 

p. 963). A simple hierarchical linear model is also known as fixed or random effects model. A 

random effects model was selected because it was predicted that differences across watersheds 

can have some influence on the dependent variable (Greene, 2008, p. 200). The selection of the 

random effects model over a fixed effects model was validated statistically with the Hausman 

test, which tests whether the unique errors are correlated with the regressors (Greene, 2008, p. 

208). To confirm that a random effect exists in the data, a Breusch and Pagan Lagrangian 

multiplier test was conducted (Breusch & Pagan, 1980, p. 239). To select the best model from 

multiple potential predictors variables, an automatic model selection technique, global search 

regression (GSREG), was conducted in Stata (Gluzmann & Panigo, 2015, p. 325). GSREG uses 

a complete-exhaustive algorithm to search for all variable combinations for model selection and 

is recommended for small-size (< 30 variables) model selection problems (Gluzmann & Panigo, 

2015, p. 331). GSREG was conducted using the maximum likelihood squares random effects 

model and the cluster function to control for heteroscedasticity and autocorrelation (Hoechle, 
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2007, p. 285). Akaike’s information criterion (AIC) was used to select the best-approximating 

model among the set of candidate models. Candidate models were then compared by evaluating 

the difference between AIC values. The model that produced the smallest AIC value was 

considered to be best supported by the data (Burnham & Anderson, 2002, p. 269). The preferred 

model selected was based a holistic review of the top performing models taking into 

consideration: 1) model simplicity and parsimony (Burnham & Anderson, 2004, p. 265; Quinn & 

Keough, 2002, p. 371), 2) where there are marginal differences between AIC values, 3) and 

comparing the R2 value from the general least squares random effects model results. After 

selection of the preferred model, linearity was visually confirmed with plots of observed versus 

predicted values and residuals versus predicted values. Verification of homogeneity of the 

variance was visually confirmed using the residuals of the model by plotting residuals vs. fitted 

values. Serial correlation of the residuals was statistically tested using the Wooldridge test 

(Drukker, 2003, p. 168). Normality of the residuals was visually confirmed using histogram, 

standardized normal probability and quintile-normal plots. 

Ecoregion Placement 

The two-sample t-test with unequal variances was conducted to investigate whether 

ecoregion placement had an effect on mean smolt productivity. Only watersheds within the Coast 

Range (n = 17) and amalgamated Georgia Depression/Puget Lowland (n = 31) ecoregions were 

used because they possessed adequate sample size for the analysis. Smolt productivity was 

normalized between watersheds using permanent stream length (0-4% channel gradients) and 

calculated as smolts/km. Prior to the analysis, the assumption of normality for the data was 

visually inspected with histograms, quantile-quantile plots, and statistically by using the Shapiro-
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Wilk test. The data was then natural log (loge) transformed to meet test assumptions for 

normality. 

Results 

Smolt Abundance and Watershed Data 

A total of 653 annual estimates of smolt abundance from 50 watersheds in British 

Columbia and Washington State were included in this study (Appendix A). The smolt abundance 

data represent smolt enumeration studies from the past 45 years (i.e., 1971 to 2015), with the 

majority (58%) of data collected during the 1980s and 2000s (Figure 2). Watershed-specific 

smolt abundance sample sizes ranged from 3 to 44 years with a mean of 13 years (n = 653, SD = 

7.82). Of the 50 watersheds, 31 watersheds had more than ten years of smolt abundance data, and 

25 watersheds had more than ten years of consecutive smolt abundance data.  

Mean smolt abundance and cutthroat bearing stream length varied considerably between 

the study area watersheds. There was a 162-fold difference between the watershed with the 

highest mean smolt abundance (Coweeman River: M = 3079.57, 95% CI [1858.37, 4300.78]) 

and the lowest mean smolt abundance (Snow Creek: M = 18.87, 95% CI [10.68, 27.072]; Figure 

3). There was a 171-fold difference in watershed area between watersheds (Appendix B). 

Similarly, there was a 52-fold difference in total cutthroat bearing stream length (0-20% channel 

gradients) between watersheds (Appendix C) with total cutthroat bearing stream length ranging 

from 2.86 km (i.e., Perkins Creek) to 147.52 km (i.e., Mill Creek; Figure 4).   

Frequency Distribution, Annual Correlation and Variance in Smolt Abundance 

The frequency distribution of annual estimates of smolt abundance more frequently 

followed a normal distribution than a lognormal distribution based upon graphical interpretation 

of histograms and quantile-quantile plots, and statistically with the Shapiro-Wilk test. Of the 31 
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watersheds with ten or more years of data, 23 (75%) had a normally distributed data, and the data 

for the remaining 8 (25%) watersheds were non-normally distributed. All of the remaining eight 

non-normal watersheds had a lognormal distribution. Therefore, because 23 of 31 watersheds 

were not distinguishable from the normal distribution, it was concluded that the normal 

distribution was suitable for summarizing annual variation in cutthroat smolt abundance. 

The annual estimates of smolt abundance were more frequently un-correlated and, 

therefore, independent of one another. Of the 25 watersheds with more than ten years of 

consecutive data, all autocorrelation, partial autocorrelation statistics and plots were not 

significant (p ≥ 0.05). A total of 16 watersheds (64%) had no serial correlation, 4 (16%) had 

inconclusive statistical results (i.e., D was between the upper and lower bounds), and 5 (20%) 

had serial correlation. Of the five watersheds with serial correlation, two showed positive and 

three showed negative associations. Therefore, because the majority of watersheds did not 

demonstrate significant autocorrelations, partial autocorrelations or were not serially correlated, 

it was concluded that cutthroat smolt abundance was annually independent. 

Annual variation in the smolts produced from each watershed was strongly correlated 

with mean smolt abundance (Figure 5). A simple linear regression was calculated to predict 

annual smolt variance based on mean smolt abundance. A significant regression equation was 

found (F(1, 48) = 121.49, p < 0.001) with an R2 of  0.72. A watershed’s predicted annual smolt 

variance model equation was: ln(variance) = 1.54 (ln(mean smolt abundance)) + 1.51, where 

mean smolt abundance is measured in number of smolts, and a watershed’s annual smolt 

variance increased 1.54 for each unit increase in mean smolt abundance. The slope of the 

regression was less than two (i.e., 1.54), which means that smolt abundance was proportionately 
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less variable in more productive systems. The median CV of smolt abundance for all watersheds 

was 54% (interquartile range: 38-78%). 

Model Predictors and Selection 

There was high correlation between smolt abundance predictor variables. Coefficients of 

determination (R2) between all predictor variables and mean smolt abundance varied between < 

0.01 and 0.14 (Table 2). The Pearson product-moment correlation coefficient matrix was 

constructed to examine the correlation between all predictor variables (n = 13). Predictor 

variables that were positively highly correlated (r ≥ 0.7) were removed from the analysis, which 

resulted in the selection of seven predictor variables for model fitting and selection (Table 3). 

Permanent and intermittent stream length with a 4-8% channel gradient were highly correlated 

with the 8-12 to 16-20% channel gradient classes, therefore the 4-8% channel gradient class was 

selected to reduce the likelihood of multicollinearity in the selected model. The seven selected 

predictor variables were permanent and intermittent stream length with 0-4% channel gradient 

(p.stream04, i.stream04), permanent and intermittent stream length with 4-8% channel gradient 

(p.stream48, i.stream48), and lake area (lake.class1, lake.class2, lake.class3). 

A total of 127 model combinations were analyzed, using GSREG, to select the best 

model from multiple potential predictors of cutthroat smolt abundance. Five of the top 

performing models, based upon the AIC value, from this analysis are presented in Tables 4 and 5. 

All five top performing models were significant (p < 0.05). The difference in fit between each 

model and a “null” model, the generalized R2, ranged from 0.16 to 0.21. The predictor variables, 

permanent stream length 0-4% gradient class (p.stream04) and 0-5 ha lake area (lake.class1), 

were present in all five of the top performing models, except model number 3. Three of the 

models had the same and lowest AIC value (i.e., 567.71), and highest R2 value (i.e., 0.21) from 
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all model combinations. Four predictor variables were included in these three models, of which 

permanent stream length 0-4% gradient class (p.stream04) and intermittent stream length 0-4% 

gradient class (i.stream04) were always included. The simplest model (4) included two predictor 

variables, permanent stream length 0-4% gradient class (p.stream04) and 0-5 ha lake area 

(lake.class1), and had a R2 of 0.16 which was marginally lower than the R2 value of the four 

predictor variable models (Figure 6). Model 4 was the preferred model based, again, on a holistic 

review of the top performing models taking into consideration 1) model simplicity and 

parsimony, 2) marginal differences between AIC values of the other top four models, and 3) 

comparing the R2 value from the general least squares random effects model results.  

Smolt Productivity and Ecoregion Placement  

 There was no significant difference in mean smolt productivity (smolts/km) between 

watersheds in the Coast Range and the amalgamated Georgia Depression/Puget Lowland 

ecoregions, t(48) = 1.428, p = 0.156. Mean smolt productivity [with 95% confidence intervals in 

brackets], using permanent stream length with 0-4% channel gradients, was 3.87 smolts/km [3.49, 

4.26] in the Coast Range ecoregion compared to 3.44 smolts/km [2.95, 3.93] in the Georgia 

Depression/Puget Lowland ecoregion. The watersheds with the highest smolt productivity in the 

Coast Range and Georgia Depression/Puget Lowland ecoregions were Peterson Creek (M = 

251.89 smolts/km) and Lost Creek (M = 380.13 smolts/km), respectively. The watersheds with 

the lowest smolt productivity in the Coast Range and Georgia Depression/Puget Lowland 

ecoregions were Mill Creek (M = 13.21 smolts/km) and Snow Creek (M = 1.00 smolts/km), 

respectively. 
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Discussion 

Frequency Distribution, Annual Correlation and Variance in Smolt Abundance 

This is the first documented study to determine the frequency distribution, annual 

correlation, and variance in cutthroat smolt abundance across a wide geographic area of the 

cutthroat species’ range. The frequency distribution of annual estimates of smolt abundance 

more frequently followed a normal distribution than a lognormal distribution. These results are in 

agreement with those observed for coho salmon smolts (Bradford et al., 1997, p. 55), but not for 

all other fish populations (Guy and Brown, 2007, p. 279). The normal distribution observed in 

this study “could occur if density-dependent mortality occurs relatively late in the freshwater 

period, which could truncate the occasional occurrence of very high densities caused by high 

seeding rates or good survival during the first part of the freshwater stage” (Bradford et al., 1997, 

p. 55).  

The annual estimates of smolt abundance were more frequently un-correlated and, 

therefore, independent of one another. These results suggest that annual smolt abundances are 

not influenced by adjacent year classes (Hennemuth, Palmer, & Brown, 1980, p. 111). Short-

term correlations in smolt abundance were generally not observed in the analysis, which suggests 

that both environmental conditions affecting juvenile survival, and spawning potential to seed 

available habitat and/or juvenile abundance were not similar in adjacent years (Hennemuth et al., 

1980, p. 111). Furthermore, cutthroat attain smoltification age within a short time period (i.e., 

majority within ages 2 or 3 years) depending on the location and growing season length (Johnson 

et al., 1999, p. 40; Trotter, 1989, p. 465). This short time-period may reduce the likelihood of 

observing annual correlations, which are more pronounced in fish populations for longer-lived 

species that have a low and constant annual mortality, slow growth and reproductive rates, and 
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resulting in gradual inter-annual changes in fish biomass (Nagelkerke & Van Densen, 2007, p. 

249).  

Annual variation in the smolts produced from each watershed was strongly correlated 

with mean smolt abundance, and smolt abundance was proportionately less variable in more 

productive watersheds. The annual variation in smolt abundance was high (median CV = 54%), 

with a high interquartile range (CV = 78%). This annual variation is greater than those reported 

for coho salmon smolts (CV = 37%; Bradford et al., 1997, p. 55). While the factors influencing 

the annual variation in smolt abundance are beyond the scope of this study, survival of juvenile 

cutthroat to smolt age could be influenced by a number of density-independent and density-

dependent factors. It has been previously hypothesized that variability at larger spatial scales (i.e., 

watersheds) suggests that density-independent factors are primarily responsible for structuring 

fish populations (Berger & Gresswell, 2009, p. 623). For example, seasonal survival of cutthroat 

was consistently lowest and least variable during autumn in a southwest Oregon watershed, and 

low discharge appeared to be the most important seasonal environmental constraint affecting 

cutthroat survival rates (Berger & Gresswell, 2009, p. 624). However, identification of a specific 

density-independent constraint in one watershed and applying across a species range should be 

avoided because juvenile cutthroat survival to smolt age is likely sensitive to other local seasonal 

environmental constraints, such as high winter flow periods in coastal watersheds (Berger & 

Gresswell, 2009, p. 623). 

Model Performance in Smolt Abundance and Productivity 

The primary purpose of this study was to produce a simple and practical desktop 

procedure to reliably predict cutthroat smolt abundance potential based upon physiographic 

variables at approximately the 1:20,000 map scale. The results from the study found primarily 
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that smolt abundance was weakly correlated with permanent stream length of 0-4% channel 

gradient and lake area of 0-5 ha. This study used the desktop methods develop by Ptolemy 

(2013) in the identification of cutthroat dominant reaches within a watershed stream network. 

Watershed specific LT mad values were used in this study to identify and quantify stream length 

because LT mad (≤630 L/s) was identified as the best predictor of cutthroat dominance within a 

reach with a correct classification rate of 98% for the species within British Columbia and 

Washington State (Ptolemy, 2013, p. 1217). Given the high correct classification rate within 

different ecoregions in the Ptolemy (2013) study, the method used to identify cutthroat dominant 

reaches in this study are also considered highly accurate and a reasonable estimate of the habitat 

supply for predicting potential smolt abundance.  

The model results suggest that, in a general sense, cutthroat smolt abundance is limited at 

least partially by the availability of physical habitat as inferred using stream length within a 

watershed. A stream’s “carrying capacity can be defined as the maximum number of juveniles 

that a stream can produce under average environmental conditions for the juvenile life stage most 

limited by availability of suitable space” (Cramer & Ackerman, 2009, p. 256). This study’s 

model result is similar to the outcomes reported by Bradford et al. (1997), who found that stream 

length (and to a lesser extent latitude) was useful in predicting mean coho salmon smolt 

abundance from a database of 474 annual estimates of smolt abundance from 86 watersheds in 

western North America (p. 49). Bradford et al. (1997) concluded that, on average, smolt 

abundance is limited by spatial habitat, with climate, flow, or other factors creating significant 

variation in abundance between years (p. 49). Bradford et al. (1997) used similar study 

watersheds from British Columbia and Washington State as employed in this study (p. 61); 

however, the relationship between mean coho salmon smolt abundance and stream length 
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observed by Bradford et al. (1997) was greater (R2 = 0.70) than presently found for cutthroat 

smolt abundance (R2 = 0.21). Similarly, Cramer and Ackerman (2009) found that Steelhead parr 

capacities predicted with stream area and habitat measurements at the channel unit level showed 

a high correlation (R2 = 0.88) to direct estimates of smolt production in six test watersheds of 

different size and habitat characteristics (p. 20). Cramer and Ackerman (2009) found that, despite 

the wide range of stream area and habitat factors, reach-level parr capacity predictions for 190 

reaches analyzed reflected the observed smolt production from the watershed (p. 27). Therefore, 

availability of juvenile habitat area appears to be related to smolt abundance for other Pacific 

salmonid species, including cutthroat. 

Despite the significant correlation between smolt abundance and permanent stream length 

(0-4% channel gradient) and lake area (0-5 ha) physiographic variables, a large proportion of the 

variance in smolt abundance remained unexplained. It is likely that numerous other abiotic and 

biotic factors contribute to the remaining variation in smolt abundance that are not likely 

correlated with the physiographic variables assessed in this study. Habitat quality has been 

positively associated with smolt abundance for salmonid species. For example, empirical 

relationships for 18 Oregon streams between different habitat types and the density of 

overwintering juvenile coho salmon suggest that pool and pond areas provide good predictors of 

smolt production because they provide refuge and cover during the overwintering period 

(Nickelson, Rodgers, Johnson, & Solazzi, 1992, p. 788; Nickelson, Solazzi, Johnson, & Rodgers, 

1992, p. 793). Invertebrate production has also been positively associated with juvenile salmonid 

abundance, as studies in Pacific northwest streams have demonstrated that increases in nutrient 

input to streams will increase invertebrate production and subsequently increase both the density 

and growth rate of salmonids (Hawkins, Murphy, Anderson, & Wilzbach, 1983, p. 1180). 
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Annual variation in cutthroat smolt abundance may also be limited by biological factors such as 

adult spawning success or abundance to seed available habitats (Rosenfeld et al., 2000, p. 772). 

Changing marine conditions that affect the survival of reproductive adult cutthroat may also 

ultimately limit juvenile populations below freshwater rearing capacity, resulting in a weak 

relationship between available habitat and fish abundance (Rosenfeld et al., 2000, p. 772). 

Juvenile survival, either overwinter or late summer periods, may also be limited by flow 

conditions. For example, a previous study on juvenile cutthroat parr survival from the Hinkle 

Creek Paired Watershed Study showed that low flows during the fall were related to reduced 

survival of the tagged population (Berger & Gresswell, 2009, p. 623). Therefore, a large suite of 

other biotic and abiotic factors may assist in explaining the remaining proportion of unexplained 

variance in smolt abundance. 

The model results are consistent with published literature in that juvenile cutthroat are 

abundant in low gradient reaches. The results from this study found that smolt abundance was 

correlated with permanent streams of 0-4% channel gradient. Hartman and Gill (1968) also 

found the highest densities of juvenile cutthroat in small low-gradient streams (p. 37). Similarly, 

research by Rosenfeld et al. (2000) found that juvenile cutthroat densities were highest in low to 

intermediate gradient reaches (0-5%) dominated by gravel substrates (p. 771). There was a 

strong positive relationship between larger-sized cutthroat abundance and percent pool when site 

effects were controlled for, and it was suggested that pool habitat, formed by large woody debris, 

may limit cutthroat abundance primarily in lower-gradient pool–riffle channels (Rosenfeld et al., 

2000, p. 771). Beechie & Sibley (1997) have also found that pool formation by large woody 

debris has been proven to be most effective at low channel gradients between 2–5%, with gravel 

sediments accumulating in these low gradient channels (p. 223).  
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The model results in this study are in agreement with published literature that juvenile 

cutthroat use small lentic habitats. The results from this study found that smolt abundance was 

correlated with small lentic habitats from 0-5 ha. Cutthroat are known to inhabit low elevation 

sloughs and ponds along the coast of British Columbia and Washington State (Johnson et al., 

1999, p. 52; Slaney & Roberts, 2005, p. 11). Similarly, Cederholm and Scarlett (1982) found that 

juvenile cutthroat utilized riverine ponds as small as 0.85 and 1.29 ha (p. 98). In these lentic 

habitats, cutthroat use is related to access, availability of nursery streams as well as the quality of 

cover, and productivity of the water body (Slaney & Roberts, 2005, p. 13). Research on cutthroat 

movement has demonstrated that high numbers of juvenile cutthroat immigrate into pond 

habitats during the winter freshets and early spring (Cederholm & Scarlett, 1982, p. 98; Hartman 

& Brown, 1987, p. 267) and that small ponds maybe particularly important in the maturation and 

survival of older juvenile cutthroat for seaward migration the following spring (Garrett, 1998, p. 

63). 

This study’s model performance in predicting cutthroat smolt abundance from the 

selected physiographic variables could also be attributable partially to this species’ diverse life 

history. As noted previously, the life history of cutthroat is one of the most complex of the 

Pacific salmonids (Northcote, 1997, p. 20). Multiple life history forms (i.e., resident, freshwater-

migratory, saltwater-migratory/anadromous) frequently coexist within the same watershed and 

even the same stream (Johnston, 1982, p. 123; Johnson et al., 1999, p. 40). Other watersheds, by 

contrast, may have entirely anadromous forms, or may be entirely populated with freshwater-

migratory forms, and some may have both life history forms (Johnson et al., 1999, p. 40). 

Although it is believed that cutthroat populations with ocean access have an anadromous 

component, not all individuals migrate to the ocean (Johnson et al., 1999, p. 40; Trotter, 1989, p. 
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463). While it is not entirely understood which environmental or genetic conditions select for a 

particular life history form (Johnson et al., 1999, p. 41), it is likely that these genetic and/or 

environmental conditions vary across the species range, and are a general source of uncertainty 

in predicting smolt abundance to physiographic variables.  

The ambiguity surrounding the identification of a cutthroat smolt from parr life stages is 

an important factor in this study’s model performance. Juvenile cutthroat with different life 

histories (e.g., anadromous, resident) are often morphologically indistinguishable, and direct 

comparisons of cutthroat life history forms have not been made under controlled conditions 

(Johnson et al., 1999, p. 52; Voight & Hayden, 1997, p. 175). Fish of similar fork lengths caught 

in a trap may have visual characteristics of smolts (i.e., no parr marks, silvery sheen coloration, 

and streamlined body shape), while others have characteristics intermediate between parr and 

smolts (Johnson et al., 1999, p. 53; Zydlewski et al., 2008, p. 65). Since biochemical 

transformation studies have not been conducted for cutthroat, as have been conducted for other 

Pacific salmon including steelhead trout (Groot & Margolis, 1991, p. 181; Johnson et al., 1999, p. 

53), as mentioned previously, a biochemical “smoltification index” can cannot be applied to 

emigrating fish. As such, it was assumed that all enumerated cutthroat with fork lengths greater 

than 80 mm were at least one year old, and therefore, classified as smolts in this study. During 

downstream spring emigrations, it is difficult to determine whether fish caught in traps are 

migrating to occupy freshwater or estuarine/marine environments, unless the trap is located at or 

near the high tide line (Zydlewski et al., 2009, p. 204). Of the 50 watersheds in this study, 22 

watersheds (40%) had trap locations within a couple hundred meters of or at the high tide line.  

For watersheds near the high tide line, it was reasonable to assume cutthroat with fork 

lengths greater than 80 mm or one year-of-age or older were making seaward or estuarine 



COASTAL CUTTHROAT TROUT PRODUCTIVE CAPACITY  
 

 

42 

directed migration. For example, along the eastern Strait of Juan de Fuca, the Bell and Jimmy 

Comelately creek traps were located within a couple hundred meters of the high tide line, and 

reported minimum cutthroat fork lengths of 80 mm (one year-of-age) passing through the trap 

towards the estuary (Jamestown S’Klallam Tribe, 2015). The majority (90%) of cutthroat passing 

through these traps had fork lengths between 120 and 175 mm, with a mode of 145 mm, and the 

majority likely represented cutthroat at two years-of-age (Jamestown S’Klallam Tribe, 2015; 

Johnson et al., 1999, p. 55; Trotter, 1989, p. 467). Similar fork length distributions were reported 

within Puget Sound watersheds (i.e., Big Beef, Stavis, Seabeck, and Little Anderson creeks). The 

smolt traps for these creeks were located within a couple hundred meters of the high tide line, 

and the reported minimum cutthroat fork length was 100 mm (one year-of-age) passing through 

the trap towards the estuary, as trout less than 100 mm were not identified to species (WDFW, 

2015). The mean fork lengths of cutthroat passing through these traps ranged between 139 to 163 

mm and the majority likely represented cutthroat at two years-of-age (Johnson et al., 1999, p. 55; 

Trotter, 1989, p. 467; WDFW, 2015). Within the Lower Columbia River watersheds (i.e., Mill, 

Abernathy, and Germany creeks), the rotary screw traps were located within a couple hundred 

meters of the tidal influence. The reported minimum cutthroat fork lengths were 100 mm (one 

year-of-age) passing through the trap towards the estuary (WDFW, 2015). The mean fork lengths 

of cutthroat passing through these traps ranged between 164 to 184 mm and the majority likely 

represented cutthroat at two and three years-of-age (Johnson et al., 1999, p. 55; Trotter, 1989, p. 

467; WDFW, 2015). However, for the remaining study watersheds, where smolt traps were 

located further away from the tide line, it is uncertain if all juvenile cutthroat caught in the traps 

were indeed smolts making estuarine/seaward emigration or included another life history form 

(i.e., freshwater migratory parr). 
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Incorrect species identification is likely an additional factor in this study’s model 

performance. Cutthroat and steelhead occur in sympatry within coastal watersheds, and their 

distribution within a watershed can be spatially segregated into different streams, sub-watersheds 

of different sizes, or longitudinally into different reaches of the same stream (Hartman & Gill, 

1968, p. 33; Ptolemy, 2013, p. 1210). Juvenile cutthroat are seldom found with steelhead within 

the same reach (Ptolemy, 2013, p. 1210); however, during spring, the juveniles of both species 

emigrate during the same period through downstream smolt traps (Griswold, 2009, p. 14; Trotter, 

1989, p. 465). Because of their similar appearance, it is difficult to distinguish juvenile cutthroat 

from steelhead, particularly for small sized individuals (Williams, 2004, p. 20), and error rates in 

field identification can be high (Voight, Hankin, & Loudenslager, 2008, p. 92). Species 

identification can be further complicated by hybridization between cutthroat and steelhead trout. 

Hybridization rates can be as high as 60% and vary spatially (Griswold, 2006, p. 18). On 

Vancouver Island, within this project’s study area, as many as 70% of the streams have observed 

hybridization rates greater than 10% and almost half of the streams had hybridization rates 

greater than 30% (Costello, 2008, p. 32). The majority of watersheds (i.e., 90%) within this study 

reported both cutthroat and steelhead caught in the traps or present in the watershed; however, in 

certain watersheds juvenile cutthroat and steelhead were classified as “trout” if less than a set 

fork length, while in other watersheds each species was individually identified and enumerated. 

Given the reported errors rates in correctly classifying juvenile cutthroat smolts, and the 

inconsistencies in identifying “trout” to species among watersheds, it is likely that inconsistent 

species classification/identification is a factor in this study’s model performance. 

The spatial scale of the study could also have been a factor in the model’s performance.  

The scale of this study was 1:20,000 (British Columbia) and 1:24,000 (Washington State). 
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However, Rosenfeld et al. (2002) determined that many kilometers of anadromous streams and 

habitat were absent on 1:20,000 scale maps, and this omission was particularly true for low-

gradient topographies (Rosenfeld et al., 2002, p. 183). This is in agreement with a study on 

Vancouver Island which found that 48% of stream length was absent on 1:20,000 topographic 

maps in the Black Creek Watershed (a low gradient watershed) on Vancouver Island (Brown, 

Barton, & Langford, 1996, p. 24). This difference accounted for approximately 20% of cutthroat 

rearing habitat (Rosenfeld et al., 2002, p. 183). While there is a lack of larger scale topographic 

maps across the study area to identify additional smaller streams that cutthroat prefer, the 

difference between high and low gradient watershed topographies may have influenced the 

ability of the physiographic variables studied (i.e., stream length) to predict cutthroat smolt 

abundance. 

Uncertainties in cutthroat-bearing stream length due to undocumented natural or 

anthropogenic barriers to fish movement could have been another factor in this study’s model 

performance. Publicly-available databases and reports were reviewed for barriers to fish 

movement in each watershed and used to determine the spatial limits of fish use. The amount of 

existing information depends upon the level of inventory and field assessment effort conducted 

in each watershed, and whether this information has been made publically available. As such, it 

is reasonable to assume that the amount of information and quality of information varies among 

watersheds and could influence model performance results. Furthermore, there is a temporal 

uncertainty with respect to the duration of smolt data collection and when an anthropogenic fish 

movement barrier (e.g., culvert) was created within a watershed. As noted previously, watershed-

specific smolt abundance sample sizes had a mean of 13 years, up to 44 years, with the majority 

of sampling occurring in 1980s and 2000s. Because the time when anthropogenic barriers to fish 
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movement were created is generally not publically available, it was assumed that documented 

anthropogenic barriers existed during the entire time period of a watershed’s smolt abundance 

study.   

Mean smolt productivity between watersheds in the Coast Range and the Georgia 

Depression/Puget Lowland ecoregions did not demonstrate significant differences. Research 

found that ecoregions accounted for a significant but small amount of the total variation in the 

biological characteristics of a stream (Pyne et al., 2007, p. 1304). Similarly, Ptolemy (2008) 

determined that juvenile cutthroat biomass in stream populations varied consistently across the 

landscape according to ecoregions (p. 90). This was based upon the observation that water 

chemistry (e.g., alkalinity) varies in a systematic way between ecoregions because of differences 

in climate, rainfall, runoff, vegetation, and geology. Ptolemy (2008) demonstrated that juvenile 

cutthroat biomass was highly correlated with alkalinity (alkalinity explained 84% of the 

variation), and that alkalinity was highly correlated with annual unit runoff (p. 90). Given the 

relationship between juvenile cutthroat biomass in streams and ecoregions, it is possible that the 

previous uncertainties discussed surrounding the cutthroat smolt data and cutthroat-bearing 

stream length could have influenced the ecoregion-based comparison.  

Conclusions and Recommendations 

The primary purpose of this study was to produce a simple and practical desktop 

procedure to reliably predict cutthroat smolt abundance based upon physiographic variables. The 

results from the study found primarily that smolt abundance was weakly correlated with 

permanent stream length of 0-4% channel gradient and lake area of 0-5 ha. The model results 

suggest that cutthroat smolt abundance is limited at least partially by the availability of physical 

habitat within a watershed. Despite the positive and significant correlation between smolt 
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abundance and permanent stream length (0-4% channel gradient) and lake area (0-5 ha) 

physiographic variables, a large proportion of variance in smolt abundance remained 

unexplained. It is likely that other abiotic and biotic factors contribute to the remaining variation 

in smolt abundance. This study’s model performance in predicting cutthroat smolt abundance 

from the selected physiographic variables could have been influenced by uncertainties related to 

the species life history diversity, ambiguity surrounding the classification of true cutthroat smolts 

among watersheds, incorrect species identification between cutthroat and steelhead, spatial scale 

limitations, and uncertainties in cutthroat-bearing stream length due to undocumented natural or 

anthropogenic barriers to fish movement. 

A number of recommendations are proposed to improve upon the model’s performance 

and reduce data uncertainties. Inclusion of alkalinity as a water chemistry predictor variable may 

improve model performance because it has been demonstrated that juvenile cutthroat biomass is 

highly correlated with alkalinity (Ptolemy, 2008, p. 89). Stream area, as a physiographic 

predictor variable, could improve model performance because it has been previously suggested 

that cutthroat population estimates based on cumulative length of stream channels could be 

weighted by channel width, if the data existed (Rosenfeld et al., 2000, p. 772). While a 

watershed’s cutthroat-bearing stream length was determined based upon publically-available 

information, it would be important to incorporate and validate cutthroat-bearing stream reaches 

for these study watersheds using watershed and reach-specific knowledge from local fisheries 

managers. Incorporating and validating cutthroat-bearing stream reaches using knowledge from 

fisheries managers may assist in improving the predictive model performance. Finally, while it is 

difficult to distinguish cutthroat smolts from another life history form or how cutthroat were 

distinguished from steelhead for certain watershed studies historically, a coordinated and 
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consistent approach in species identification and smolt classification by provincial and state 

management agencies, and Aboriginal groups would assist in reducing data uncertainties. The 

coordinated approach could initiate cutthroat biochemical transformation studies, to support the 

development of a “smoltification index” that could be applied to emigrating fish, as has been 

developed for other salmonid species. This coordinated approach could be developed and 

directed by the Coastal Cutthroat Trout Interagency Committee. 

The magnitude of annual variation in cutthroat smolt abundance is high and should be 

considered in the design of monitoring programs. High inter-annual variation due to population 

and sampling effects is known to be the main cause for limited statistical power in monitoring 

studies and should be accounted for in the monitoring design (Nagelkerke & Van Densen, 2007, 

p. 254). While the reason for the high inter-annual variation is not entirely understood, variability 

at a watershed-scale suggests that density-independent factors are primarily responsible for 

structuring fish populations in freshwater habitats, and these factors can vary locally (Berger & 

Gresswell, 2009, p. 623). Variability in adult marine survival and its influence on spawning 

potential to seed available habitats is another factor that can affect the abundance of fish 

populations in freshwater habitats. Therefore, continued research should be directed toward 

understanding potential factors affecting annual variation in cutthroat smolt abundance.  

Finally, predictive models at the watershed-scale will not likely result in precise estimates 

of smolt productivity. These models are intended to provide a provisional or synoptic 

understanding of limitations to smolt productivity across the species range. Therefore, resource 

managers will still need to develop region-specific models using physical and biological data to 

refine smolt productivity estimates.  
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Figure 1. Location of study watersheds in British Columbia and Washington State. 
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Figure 2. Frequency distribution of annual cutthroat smolt abundance estimates by decade. 
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Figure 3. Range of mean cutthroat smolt abundance between study watersheds. 
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Figure 4. Range of cutthroat bearing stream length (0-20% channel gradient), intermittent and 
permanent streams, between study watersheds. 
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Figure 5. Relationship of interannual variance to mean cutthroat smolt abundance. 
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Figure 6. Predicted versus observed cutthroat smolt abundance relationship for the simplest 
model (Model 4) that included permanent stream length 0-4% gradient class (p.stream04) and 0-
5 ha lake area (lake.class1). 
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Tables 
 
Table 1 
List of all physiographic  predictor variables 
 
Habitat Physiographic Variable 
Permanent Stream p.stream04 
 p.stream48 
 p.stream812 
 p.stream1216 
 p.stream1620 
Intermittent Stream i.stream04 
 i.stream48 
 i.stream812 
 i.stream1216 
 i.stream1620 
Lake lake.class1 
 lake.class2 
 lake.class3 
Note. 
Stream channel gradient zone classes (%): 0-4, 4-8, 8-12, 12-16, 16-20 
lake.class = Permanent cutthroat bearing lakes/ponds 
Lake area classes (ha): 1 = 0-5, 2 = 6-50, 3 = > 50 
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Table 2 
Coefficient of determination between physiographic predictor variables and mean smolt 
abundance  
 
Physiographic Variable Coefficient of Determination 

(R2) 
p.stream04 0.08 
p.stream48 0.06 
p.stream812 <0.01 
p.stream1216 <0.01 
p.stream1620 <0.01 
i.stream04 0.03 
i.stream48 0.01 
i.stream812 0.14 
i.stream1216 0.08 
i.stream1620 0.06 
lake.class1 0.06 
lake.class2 0.01 
lake.class3 0.05 
Note. 
p.stream = Permanent cutthroat bearing streams 
i.stream = Intermittent cutthroat bearing streams 
Stream channel gradient zone classes (%): 0-4, 4-8, 8-12, 12-16, 16-20 
lake.class = Permanent cutthroat bearing lakes/ponds 
Lake area classes (ha): 1 = 0-5, 2 = 6-50, 3 = > 50 
R2 based on natural log (LN) values 
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Table 3 
Pearson product-moment correlation coefficient matrix between physiographic predictor variables 
 

Predictor 
Variable 

lake.class  p.stream  i.stream 
1 2 3  04 48 812 1216 1620  04 48 812 1216 1620 

lake.class1 1.00               
lake.class2 -0.66 1.00              
lake.class3 -0.51 -0.17 1.00             
p.stream04 -0.22 0.16 0.12  1.00           
p.stream48 0.16 -0.12 -0.09  0.65 1.00          
p.stream812 0.15 -0.11 -0.09  0.55 0.89 1.00         
p.stream1216 0.14 -0.09 -0.09  0.53 0.85 0.97 1.00        
p.stream1620 0.16 -0.10 -0.10  0.51 0.81 0.94 0.99 1.00       
i.stream04 -0.49 0.07 0.65  0.32 -0.03 -0.03 -0.04 -0.05  1.00     
i.stream48 -0.19 -0.14 0.48  0.20 0.29 0.20 0.17 0.14  0.60 1.00    
i.stream812 -0.04 -0.16 0.27  0.04 0.22 0.23 0.21 0.19  0.36 0.87 1.00   
i.stream1216 0.04 -0.14 0.12  -0.02 0.15 0.16 0.16 0.16  0.20 0.68 0.92 1.00  
i.stream1620 0.11 -0.13 0.00  -0.05 0.13 0.15 0.16 0.17  0.10 0.55 0.83 0.96 1.00 
Note.  
Grey cells indicate r ≥ 0.70 
p.stream = Permanent cutthroat bearing streams 
i.stream = Intermittent cutthroat bearing streams 
Stream channel gradient zone classes (%): 0-4, 4-8, 8-12, 12-16, 16-20 
lake.class = Permanent cutthroat bearing lakes/ponds 
Lake area classes (ha): 1 = 0-5, 2 = 6-50, 3 = > 50 
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Table 4 
Maximum likelihood estimation random effects model equations for the top five performing models to predict smolt abundance from 
physiographic variables 
 
Model Number Model Equation σµ σe  
1 Y = 1.22(0.30) + 0.36(0.19)p.stream04 + 0.31(0.17)i.stream04 + 

2.48(0.72)lake.class1 + 1.38(0.76)lake.class2 
0.39(0.04) 0.33(0.01) 

2 Y = 1.64(0.24) + 0.36(0.19)p.stream04 + 0.31(0.17)i.stream04 + 
1.09(0.49)lake.class1 - 1.38(0.76)lake.class3 

0.38(0.04) 0.33(0.01) 

3 Y =  1.968(0.17) + 0.36(0.19)p.stream04 + 0.31(0.17)i.stream04 - 
1.09(0.49)lake.class2 - 2.48(0.72)lake.class3 

0.38(0.04) 0.33(0.01) 

4 Y = 1.64(0.23) + 0.50(0.18)p.stream04 + 1.23(0.45)lake.class1 0.40(0.04) 0.33(0.01) 
5 Y = 1.56(0.24) + 0.39(0.20)p.stream04 + 0.21(0.17)i.stream04 + 

1.45(0.47)lake.class1 
0.39(0.04) 0.33(0.01) 

Note. 
Values in brackets represent standard errors 
σµ = Square root of the variance components for groups 
σe = Square root of the variance components for errors 
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Table 5 
Performance measure results from the top five performing maximum likelihood estimation random effects models 
 
Model Number Predictor Variables Model 

χ2 
χ2 
p- value 

AIC R2 

1 p.stream04 + i.stream04 + lake.class1 + lake.class2 15.33 0.004 567.71 0.21 
2 p.stream04 + i.stream04 + lake.class1 + lake.class3 15.33 0.004 567.71 0.21 
3 p.stream04 + i.stream04 + lake.class2 + lake.class3 15.33 0.004 567.71 0.21 
4 p.stream04 + lake.class1 10.46 0.005 568.57 0.16 
5 p.stream04 + i.stream04 + lake.class1 12.09 0.007 568.94 0.16 
Note. 
AIC = Akaike information criterion 
R2 values are from general least squares random effects model results 
χ2 = chi-square test 
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Appendix A 
Cutthroat Smolt Abundance Summary and Location of Study Watersheds in British Columbia and Washington 

 
Watershed Location Ecoregion Placement N Smolt Abundance 

Latitude Longitude Mean Lower CI 
(95%) 

Upper CI 
(95%) 

Max 

British Columbia 
Black Creek 49.8497 -125.1007 Eastern Vancouver Island 11 175 61 289 614 
Carnation Creek 48.9140 -125.0031 Western Vancouver Island 44 56 36 75 397 
Coghlan Creek 49.1219 -122.5683 Lower Mainland 10 1,916 1,310 2,522 3,373 
Colquitz River 48.4562 -123.3960 Georgia-Puget Basin 7 423 184 662 824 
French Creek 49.3389 -124.3762 Eastern Vancouver Island 4 707 489 926 850 
Kirby Creek 48.3880 -123.8951 Eastern Vancouver Island 5 559 309 809 827 
Salmon River 49.1210 -122.5682 Lower Mainland 10 1,746 656 2,836 5,310 
Trent River 49.6407 -124.9328 Eastern Vancouver Island 6 53 -5 111 146 
Washington 
Abernathy Creek 46.1964 -123.1632 Coast Range 14 879 549 1,209 2,475 
Bear Creek 47.4958 -122.8078 Puget Lowland 15 170 111 229 355 
Bell Creek 48.0835 -123.0568 Puget Lowland 8 226 92 360 530 
Big Beef Creek 47.6470 -122.7830 Puget Lowland 38 732 611 852 1,464 
Big Mission Creek 47.4330 -122.8752 Puget Lowland 12 511 362 660 936 
Bingham Creek 47.1535 -123.4038 Puget Lowland 24 122 97 147 290 
Bull Creek 47.6662 -124.1652 Coast Range 4 207 -60 473 455 
Christmas Creek 47.6550 -124.2224 Coast Range 13 402 195 609 1,289 
Courtney Creek 47.4727 -122.8340 Puget Lowland 15 150 109 190 308 
Coweeman River 46.1280 -122.8345 Cascades 7 3,080 1,858 4,301 5,552 
Cranberry Creek 47.2640 -123.0123 Puget Lowland 12 75 28 122 240 
Deep Creek 48.1717 -124.0272 Coast Range 18 416 288 544 932 
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East Twin Creek 48.1603 -123.9426 Coast Range 15 176 98 254 468 
Germany Creek 46.1931 -123.1254 Coast Range 14 588 450 726 1,050 
Harris Creek 47.6784 -121.9103 Puget Lowland 6 497 333 662 683 
Hurst Creek 47.5739 -124.2846 Coast Range 15 156 125 187 305 
Jimmy-come-lately 
Creek 48.0188 -123.0049 Puget Lowland 14 151 73 228 541 
Johns Creek 47.2487 -123.0463 Puget Lowland 5 420 30 810 784 
Little Anderson Creek 47.6640 -122.7560 Puget Lowland 23 782 653 911 1,540 
Little Hoko River 48.2562 -124.3487 Coast Range 3 425 203 647 520 
Little Pilchuck Creek 48.0521 -122.0392 Puget Lowland 8 346 224 467 542 
Little Tahuya Creek 47.4557 -122.9630 Puget Lowland 15 163 131 195 263 
Lost Creek 47.5875 -122.7345 Puget Lowland 9 737 495 980 1,249 
Matriotti Creek 48.1440 -123.0930 Puget Lowland 16 470 355 585 1,017 
McDonald Creek 48.1168 -123.2187 Puget Lowland 10 91 47 135 189 
Mill Creek 47.1958 -123.0921 Coast Range 19 205 138 272 426 
Mill Creek - B 46.1907 -123.1813 Coast Range 14 1,302 942 1,663 2,527 
Miller Creek 47.6489 -124.2447 Coast Range 10 237 126 348 437 
Perkins Creek 47.0288 -122.9911 Puget Lowland 7 107 57 157 204 
Peterson Creek 47.6553 -124.2055 Coast Range 6 443 375 512 511 
Salmon Creek 47.9850 -122.8901 Puget Lowland 8 159 -13 332 635 
Salt Creek 48.1451 -123.6840 Coast Range 15 396 296 495 778 
Seabeck Creek  47.6350 -122.8360 Puget Lowland 23 373 307 440 705 
Shale Creek 47.6360 -124.2521 Coast Range 14 247 168 326 503 
Sherwood Creek 47.3508 -122.8604 Puget Lowland 8 154 37 271 406 
Siebert Creek  48.1104 -123.2827 Puget Lowland 17 145 83 207 403 
Skookum Creek 47.1219 -123.1208 Coast Range 10 960 354 1,566 2,430 
Snahapsish River 47.7168 -124.1481 Coast Range 17 425 304 546 1,134 
Snow Creek 47.9783 -122.8661 Puget Lowland 8 19 11 27 36 
Stavis Creek 47.6244 -122.8740 Puget Lowland 23 1,246 1,105 1,387 1,812 
West Twin Creek 48.1636 -123.9529 Coast Range 15 243 137 349 583 
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Wildcat Creek 47.5877 -122.7342 Puget Lowland 9 601 417 785 951 
Note. 
Latitude and longitude in decimal degrees 
Ecoregion placement is the dominant ecoregion within the watershed area 
N = number of years of smolt data 
CI = confidence interval 
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Appendix B 
Watershed Area and Annual Unit Area Runoff for Study Watersheds in British Columbia and Washington 

 
Watershed Watershed Area 

(km2) 
Annual Unit Area 
Runoff (L·s−1·km−2) 

British Columbia   
Black Creek 64.25 24.26 
Carnation Creek 11.25 78.25 
Coghlan Creek 13.77 30.00 
Colquitz River 46.07 12.87 
French Creek 68.48 25.04 
Kirby Creek 23.85 39.29 
Salmon River 27.51 29.39 
Trent River 81.50 48.61 
Washington   
Abernathy Creek 73.98 50.73 
Bear Creek 3.83 31.59 
Bell Creek 22.39 12.06 
Big Beef Creek 33.14 31.58 
Big Mission Creek 33.83 30.43 
Bingham Creek 88.14 46.80 
Bull Creek 5.60 91.74 
Christmas Creek 24.52 91.74 
Courtney Creek 4.22 30.53 
Coweeman River 305.15 38.98 
Cranberry Creek 33.44 36.68 
Deep Creek 44.85 43.58 
East Twin Creek 35.88 50.47 
Germany Creek 58.80 45.59 
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Harris Creek 21.98 26.25 
Hurst Creek 23.46 91.74 
Jimmy-come-lately Creek 49.58 8.54 
Johns Creek 31.51 36.68 
Little Anderson Creek 13.03 32.11 
Little Hoko River 30.20 84.39 
Little Pilchuck Creek 31.92 19.92 
Little Tahuya Creek 4.67 29.89 
Lost Creek 7.62 31.58 
Matriotti Creek 36.60 12.06 
McDonald Creek 58.11 9.22 
Mill Creek 53.08 36.39 
Mill Creek - B 75.47 36.10 
Miller Creek 19.42 91.74 
Perkins Creek 1.77 13.00 
Peterson Creek 2.52 91.74 
Salmon Creek 38.93 15.00 
Salt Creek 45.69 18.94 
Seabeck Creek  12.44 29.57 
Shale Creek 15.27 91.74 
Sherwood Creek 84.41 36.39 
Siebert Creek  49.53 12.06 
Skookum Creek 39.39 36.68 
Snahapsish River 26.01 91.74 
Snow Creek 57.66 16.00 
Stavis Creek 12.53 31.59 
West Twin Creek 32.96 50.47 
Wildcat Creek 14.65 25.61 
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Appendix C 
Lake Area and Cutthroat Bearing Stream Length for Study Watersheds in British Columbia and Washington 

 
Watershed Lake 

Area 
(ha) 

Cutthroat Bearing Intermittent Stream Length 
(km) 

Cutthroat Bearing Permanent Stream 
Length (km) 

Total 

0-4 4-8 8-12 12-16 16-20 0-4 4-8 8-12 12-16 16-20 0-20 
British Columbia     
Black Creek 16.79 20.22 1.37 0.24 0.07 0.11 50.50 2.11 0.49 0.12 0.07 75.30 
Carnation Creek 0.00 0.58 0.19 0.13 0.04 0.04 1.11 0.56 0.41 0.47 0.10 3.63 

Coghlan Creek 0.00 5.69 1.46 0.07 0.06 0.03 11.72 0.42 0.00 0.02 0.00 19.47 
Colquitz River 241.75 3.99 1.19 0.23 0.06 0.00 28.07 1.59 0.25 0.05 0.03 35.44 
French Creek 12.84 5.29 2.61 1.87 1.47 0.73 13.14 4.39 1.96 1.67 0.87 34.00 
Kirby Creek 0.00 3.95 3.00 1.72 0.68 0.38 2.23 1.47 0.66 0.00 0.02 14.12 
Salmon River 1.28 15.27 1.43 0.47 0.01 0.01 20.68 0.44 0.07 0.10 0.04 38.50 
Trent River 20.13 0.00 0.00 0.00 0.00 0.00 12.52 0.12 0.07 0.03 0.02 12.75 
Washington     
Abernathy Creek 0.00 5.08 3.75 2.62 1.82 1.38 39.45 26.53 17.73 14.17 9.79 122.32 
Bear Creek 0.00 0.37 0.20 0.17 0.07 0.06 4.97 2.37 0.89 0.27 0.06 9.43 
Bell Creek 0.80 0.00 0.00 0.00 0.00 0.00 8.93 1.28 0.39 0.03 0.01 10.64 
Big Beef Creek 24.76 8.50 3.48 1.71 1.12 0.82 14.30 2.40 1.22 0.89 0.59 35.02 
Big Mission 
Creek 43.10 10.58 3.41 1.13 0.91 0.81 23.42 4.17 1.15 0.46 0.10 46.14 
Bingham Creek 117.10 43.17 3.91 1.80 1.02 0.51 19.60 2.60 1.43 0.78 0.39 75.23 
Bull Creek 0.00 1.91 1.04 0.71 0.61 0.54 3.15 0.88 0.44 0.25 0.27 9.81 
Christmas Creek 0.00 3.99 2.21 1.55 1.55 1.10 3.39 0.38 0.15 0.15 0.12 14.58 
Courtney Creek 0.00 0.11 0.10 0.04 0.06 0.04 5.83 1.39 0.29 0.09 0.03 7.98 
Coweeman River 0.00 4.02 4.64 7.15 8.12 7.97 34.56 21.92 13.97 9.58 5.79 117.72 
Cranberry Creek 139.69 20.74 5.75 1.44 0.48 0.15 7.49 0.61 0.11 0.03 0.00 36.81 
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Deep Creek 1.10 2.31 1.93 1.91 1.73 1.30 9.30 6.54 4.12 2.03 0.99 32.15 
East Twin Creek 0.00 1.77 1.46 0.85 0.58 0.50 6.83 3.81 1.59 0.68 0.27 18.33 
Germany Creek 0.78 0.56 0.77 0.97 0.80 0.53 6.65 3.67 2.95 2.39 2.36 21.67 
Harris Creek 47.72 12.98 2.06 0.75 0.48 0.23 8.96 2.58 0.72 0.23 0.10 29.09 
Hurst Creek 0.00 8.50 8.36 6.63 4.17 2.59 8.88 4.70 0.50 0.24 0.10 44.67 
Jimmy-come-
lately Creek 0.00 0.41 0.29 0.11 0.10 0.16 2.39 0.68 0.16 0.03 0.01 4.35 
Johns Creek 59.30 12.69 1.10 0.42 0.14 0.10 10.07 0.02 0.00 0.00 0.00 24.54 
Little Anderson 
Creek 0.70 0.63 0.31 0.19 0.09 0.07 5.37 2.91 1.11 0.56 0.28 11.52 
Little Hoko River 1.80 2.41 2.42 2.67 2.88 2.81 8.81 8.91 4.14 2.13 1.47 38.64 
Little Pilchuck 
Creek 5.40 11.43 0.98 0.29 0.07 0.00 24.54 0.81 0.10 0.01 0.00 38.24 
Little Tahuya 
Creek 25.44 1.76 0.31 0.18 0.05 0.04 5.75 0.51 0.05 0.00 0.00 8.65 
Lost Creek 0.00 0.12 0.17 0.21 0.10 0.09 1.94 0.50 0.23 0.20 0.10 3.65 
Matriotti Creek 1.91 6.85 1.18 0.15 0.07 0.04 24.45 1.08 0.20 0.06 0.05 34.11 
McDonald Creek 1.65 8.84 7.05 3.20 0.96 0.29 11.79 8.08 3.05 1.28 0.60 45.14 
Mill Creek 89.90 17.58 9.62 6.36 4.12 1.99 15.49 4.27 1.44 0.61 0.18 61.67 
Mill Creek - B 1.78 8.55 5.69 2.80 1.12 0.61 49.44 38.12 22.52 11.99 6.68 147.52 
Miller Creek 0.00 8.39 5.26 4.31 3.78 3.43 4.08 0.55 0.22 0.21 0.05 30.27 
Perkins Creek 0.00 0.14 0.42 0.27 0.29 0.21 1.00 0.44 0.07 0.01 0.02 2.86 
Peterson Creek 0.00 1.10 0.72 0.34 0.24 0.24 1.76 0.57 0.14 0.05 0.06 5.22 
Salmon Creek 0.00 0.82 0.51 0.12 0.01 0.00 3.71 1.18 0.85 0.52 0.25 7.96 
Salt Creek 0.00 4.70 2.11 0.88 0.28 0.12 12.45 2.85 1.14 0.55 0.27 25.35 
Seabeck Creek  0.00 2.26 0.64 0.23 0.11 0.10 6.41 1.80 1.23 0.37 0.17 13.32 
Shale Creek 0.00 4.80 3.87 3.16 2.42 1.95 3.67 1.26 0.35 0.08 0.14 21.71 
Sherwood Creek 425.10 31.71 10.68 3.69 1.28 0.59 12.99 1.66 0.42 0.13 0.02 63.17 
Siebert Creek  0.00 0.67 1.02 0.48 0.53 0.41 9.58 5.47 3.34 1.87 1.17 24.54 
Skookum Creek 2.40 7.81 5.82 4.97 5.48 3.75 14.72 4.67 1.90 1.19 0.73 51.04 
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Snahapsish River 0.00 18.93 6.57 3.48 2.13 1.41 4.59 0.58 0.43 0.27 0.14 38.52 
Snow Creek 30.00 2.20 1.78 1.51 1.08 0.93 18.77 6.50 2.99 1.66 0.73 38.14 
Stavis Creek 4.10 1.74 0.36 0.14 0.21 0.29 14.07 3.22 1.23 0.58 0.29 22.12 
West Twin Creek 0.00 1.20 1.92 1.57 0.94 0.58 6.19 5.58 2.48 1.50 0.80 22.76 
Wildcat Creek 44.10 6.95 1.99 1.11 0.67 0.52 3.55 1.53 0.72 0.54 0.24 17.82 
Note. 
Row below cutthroat bearing stream length represent stream channel gradient zones 


