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Abstract

Anthropogenic barriers such as dams are a pervasive threat to freshwater diversity, yet
human-mediated increases in aquatic connectivity can also have unintended
consequences. Natural, flow-dependent barriers such as waterfalls structure the
upstream limits of Pacific salmon and steelhead by completely or partially obstructing
passage. Across the Pacific Northwest, natural barriers were modified to improve
passage for adult salmonids, yet this history is poorly recognized. Here we document
natural barrier modifications from California to British Columbia. We present case
studies that highlight unintended impacts of natural barrier modification to early-
migrating runs, whose persistence is contingent on exclusive habitat access facilitated
by natural barriers, and we discuss strategies for mitigating biodiversity impacts in

modified systems. This study suggests that management and policy can more
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effectively conserve biodiversity by recognizing natural barrier modifications and the

linkages between landscape features and salmon biodiversity.

Background

Habitat fragmentation and loss of connectivity along movement corridors are
primary factors contributing to biodiversity decline across the globe (Rybicki and Hanski
2013, Haddad et al. 2015, Horvath et al. 2019, Brauer and Beheregaray 2020). This
recognition has motivated decades of conservation action to protect corridors for
terrestrial wildlife, restore landscape connectivity, and remove passage barriers,
including the Yellowstone to Yukon Conservation Initiative (Chester 2015) and wildlife
crossing structures (Smith et al. 2015). Within river systems, habitat fragmentation from
dams and other anthropogenic barriers is also a pervasive threat to aquatic species
(Fuller et al. 2015, Reid et al. 2019, Zarfl et al. 2019). The artificial fragmentation of river
networks has severed migration routes and driven the declines of fish populations,
negatively impacting adjacent human communities (Richter et al. 2010, Beck et al.
2012, Liermann et al. 2012). The removal of dams to restore riverine connectivity has
become a key conservation strategy (Foley et al. 2017), with remarkable success in
restoring salmon distribution, abundance, and diversity (Pess et al. 2024, Goodman et
al. 2026). However, natural features such as cascades and waterfalls (hereafter falls)
also fragment river systems, and they can play an important role in mediating eco-
evolutionary processes, as they may limit the upstream distribution of some species or
populations but not others. Thus, the modification of natural barriers to enhance aquatic

connectivity may have unintended consequences within ecosystems.
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Increased connectivity between naturally fragmented aquatic systems can lead to
cascading ecological impacts that are costly and difficult (if not impossible) to remedy,
as shown by large-scale, high-profile examples. For example, the construction of
shipping channels and water conveyance infrastructure has inadvertently created
passage opportunities for economically damaging aquatic species into habitats outside
of their historical range (e.g., the Great Lakes-St. Lawrence Seaway, Alexander 2009).
Rahel (2013) describes specific instances from across the globe where natural barriers
such as falls support (or are/were essential to) the persistence of native species. These
include falls in Australia and New Zealand that separate native galaxiids from nonnative
trout (Crowl et al. 1992) and the Sete Quedas Falls on the Parana River between Brazil
and Paraguay, which prevented homogenization among distinct fish assemblages prior
to its inundation by Itaipu Reservoir (Vitule et al. 2012). Such natural barriers can
provide ecological benefits by increasing primary productivity or species diversity, or by
reducing dispersal of pathogens and nonnative taxa (Marks et al. 2006, Rahel 2007,
Dias et al. 2013, Rahel 2013). Natural fragmentation in river systems may be especially
important as a diversifying force when it selects for species and life histories that might
not otherwise persist. For example, features like cascades and falls abound in Pacific
salmon watersheds because of the geologic legacy of landscape evolution around the
Pacific Rim (Montgomery 2000, Waples et al. 2008). These features have shaped the
radiation of Pacific salmon species and life histories by limiting upstream access to a
subset of species and life histories whose seasonal migration timing aligns with flows
that enable passage (Withler 1966, Smith 1969). Yet, managers have often viewed

natural barriers as limiting factors to salmon abundance and have promoted their
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removal or modification, with uncertain consequences for salmon population structure,
diversity, and resilience.

Pacific salmon and steelhead (encompassing anadromous forms of the genus
Oncorhynchus) are an ideal system for exploring the impacts of anthropogenically
increased connectivity in river systems because of the strong coupling between life
history diversity and landscape features (Kannry et al. 2020, Pepping et al. 2026). Many
such features do not completely obstruct migration, but rather are partial barriers that
may be passable for some species or populations at certain times of year. Modification
of natural barriers to increase connectivity for Pacific salmon and steelhead is a
widespread though poorly recognized practice, but there is growing awareness that
cascades and falls were modified with little consideration of potential trade-offs (e.g.,
McMillan 2024). The goals of our study are to (1) document the frequency and spatial
extent of natural barrier modification within river networks of the Pacific Northwest,
including both partial and complete barriers to migration; and (2) highlight, with
examples from data-rich case studies, the unintended consequences of natural barrier
modification for early-migrating runs of Pacific salmon and steelhead. We focus on
impacts to diversity of adult migration timing among Pacific salmon and steelhead,
although we recognize that natural barrier modification may have broader ecological
outcomes (e.g., to resident fishes and non-fish species). We begin by introducing and
synthesizing linkages between the evolution of the Pacific Rim and Pacific salmon life
histories. Next, we summarize the prevalence of natural barrier modification and provide
context for how and why such barriers were modified. We conclude by examining the

implications of our study for watershed management, biodiversity policy, and climate
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change adaptation (including management of flow-phenology mismatches), and
consider solutions to address the unintended (and largely unstudied) consequences of

natural barrier modifications.

The role of natural barriers in Pacific salmon watersheds and life history diversity
Pacific salmon and steelhead occupy dynamic, disturbance-prone landscapes
that have shaped their evolutionary history (Waples et al. 2008). Landscape features
like cascades and falls are a key but underappreciated diversifying force that, by
influencing the freshwater migration extent and timing of adults, affect the
spatiotemporal distribution of their progeny and the environments and organisms to
which they are exposed. During coastal mountain formation, uplift of the land relative to
sea level results in deeper downcutting of stream networks into the landscape, a
process starting at river mouths and moving upstream. The upstream progression of
river incision is halted (or slowed) when it meets erosion-resistant bedrock, leading to
the formation of cascades and falls (i.e., geologic knickpoints; Seidl and Dietrich 1992,
May et al. 2017). The ability of salmon to migrate past these knickpoints is limited by
structural elements such as knickpoint height and the depth of the water below the
knickpoint (Powers and Orsborn 1985), as well as species-specific leaping ability
(Reiser et al. 2006). However, the relative passability of barriers is often flow dependent
and temporally variable, with extremes of flow (low or high) enhancing or reducing
passage at particular times of year, e.g., during summer baseflow or spring runoff
(Reiser et al. 2006, Kelson et al. 2020, Wright et al. 2025). Notably, geologic knickpoints

can create stable, high-quality fish habitat by limiting channel incision, thereby creating
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lower channel slopes, wider valleys, and connected floodplains upstream of the
knickpoint (May et al. 2017). Opportunities for surmounting barriers to access optimal
upstream habitats can therefore be a strong selective force on adult migration timing.
Pacific salmon and steelhead run types are often grouped for the season when
adults enter fresh water to begin their upstream migration in preparation for spawning
(e.g., “spring-run Chinook,” “winter-run steelhead”). These migrations are also described
as “early,” for runs that enter fresh water in a relatively immature state months before
spawning (spring, summer), or “late,” for runs that enter fresh water in a relatively
mature state immediately before spawning. Across their range, Pacific salmon and
steelhead return to their natal rivers during all months of the year (Snyder 1931, Rich
1943, Hallock et al. 1957, Busby et al. 1996, Potapova et al. 2026) but specific species,
life-histories, and populations migrate at different times and thus encounter barriers
under different flow conditions that influence their passability. In the Willamette River,
Oregon, for example, Willamette Falls was historically impassable at lower flows during
summer and fall, blocking passage by fall-migrating salmonids including fall-run
Chinook (O. tshawytscha) and coho (O. kisutch) (Reisenbichler et al. 1992, McElhany et
al. 2007). Conversely, in the North Umpqua River, Oregon, natural falls and cascades
function as high-flow barriers, impeding seasonal passage by winter-run steelhead (O.
mykiss) (Loomis et al. 2003, Pepping et al. 2026). At a cascade in California’s Elder
Creek, upstream steelhead migration was observed only during passage windows when
flows were neither too high nor too low to ascend falls and elevational steps (Trush
1989, Kelson et al. 2020), resulting in highly variable year-to-year passage success. In

many river systems, such flow-phenology matches and mismatches (sensu Carlson et



147

148

149

Human alteration of natural barriers Fingerle et al.

al. 2025) hold considerable potential for determining upstream distributional limits and
structuring salmon diversity across the landscape, and are responsible for the

persistence of early runs (Box 1).

Box 1. Early migrators: a significant and formerly abundant life history type

It has long been observed by some biologists, though not widely recognized,
that early-migrating runs occur in streams with flow-dependent natural barriers that
allow passage only during flow windows when those runs are present (see Withler
1966, Smith 1969, McMillan 1985). In fact, evidence from coastal watersheds in
western North America suggests that falls and other flow-dependent barriers are
essential for the persistence of early-migrating runs of steelhead, Chinook, and coho,
which are otherwise at a disadvantage when they directly compete with late migrators
(Withler 1966, Marshall 1973, Sandercock 1991, Busby et al. 1996, Quinn et al. 2016,
Waples et al. 2022). Early river entry may offer advantages by facilitating access to
high-quality habitats above barriers that are inaccessible to later runs migrating during
different flows. Greater fat reserves upon river entry facilitate extended holding in
fresh water (Hearsey and Kinziger 2015), but early migrators have smaller average
body mass at spawning and undergo energetically costly gonadal development in a
fasted state, both of which negatively impact fecundity (Healey 2001, Hearsey and
Kinziger 2015, Lamperth et al. 2017). Other disadvantages include reduced
opportunities for marine feeding and longer periods of exposure to thermal stress, flow
extremes, and disease during prolonged freshwater holding (Quinn et al. 2016,

Waples et al. 2022).
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The unique characteristics of early migrators give them distinct importance that
is irreplaceable by later-migrating salmonids. Their early-season availability in
fisheries, higher fat content at river entry, and distinct taste provide unique cultural,
caloric, and culinary value (Neuner and Tucker 2023; Box 2). Diverse migration timing
extends fishing opportunities and supports food security, particularly among
Indigenous communities (Nesbitt and Moore 2016), and extends foraging
opportunities for mobile consumers (Schindler et al. 2013). Additionally, early
migrators enhance salmonid life history diversity, buffering the response of
metapopulations to changing environmental conditions and promoting stability and
resilience (Schindler et al. 2010, Braun et al. 2016).

Early runs were historically more abundant than late runs in some systems,
including in the Columbia, Klamath, and San Joaquin rivers (Snyder 1931, Chapman
1986, Yoshiyama et al. 2001), although they have experienced dramatic declines
across their range. Early migrators have been adversely affected by the same factors
that depressed other runs of Pacific salmon, including habitat degradation and
overfishing (Nehlsen et al. 1991), but particularly by dams and water diversions that
have severed access to oversummer habitats (McClure et al. 2008, Quinn et al.
2016). Recent research suggests that when early runs are lost, they may not quickly
reestablish. In both Chinook and steelhead, early run timing (i.e., spring-run Chinook,
summer-run steelhead) is controlled by a large-effect locus that arose through a single
mutation in the evolutionary history of each species and subsequently spread by
straying (Prince et al. 2017, Thompson et al. 2019, Waples et al. 2022). This rare

evolutionary event suggests that when the early-run phenotype is lost from a system,
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it is unlikely to reevolve on human timescales, if at all, even when habitat or other
limiting factors are remedied (Thompson et al. 2019).

Improved understanding of the genetic basis of run timing underscores the
gravity of the widespread decline and loss of early migrators. Genetic tools have
made it possible to distinguish runs rather than relying on run-type assumptions based
on phenotype alone (Thompson et al. 2019, Kannry et al. 2020, Waples et al. 2022,
Pepping et al. 2026). These recent genetic advances enable monitoring of run-type
status, trends, and response to conservation strategies, including the management of

seasonal barriers, as demonstrated in the case studies below.

Natural barrier modification is widespread but poorly documented

We compiled instances of natural barrier modification from British Columbia to
central California through an email survey and literature search (Supplemental 1). We
found that across coastal watersheds of western North America, humans modified
natural landscape features such as falls, chutes, rapids, cascades, roughs and other
gradient barriers primarily to increase passage by upstream-migrating adult salmonids.
We documented 170 instances of barriers or barrier complexes (e.g., a series of falls in
close spatial proximity) that were modified by dynamite blasting and/or by construction
of a fishway; in many locations, bedrock was blasted to create a fishway (e.g., step
pools), or more than one type of modification occurred across time (Table S2). These
modifications are distributed across the west coast of the United States and Canada,
with most modifications occurring in the Columbia River basin (56), the Klamath River

basin (33), Oregon coastal rivers (26), and on Vancouver Island (21) (Figure 1).
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Importantly, we found that many barrier modifications were poorly documented.
Some reports indicated that specific modification projects were proposed, planned,
and/or funded, but we could not find confirmation of implementation, including projects
in Mendocino (Sommarstrom 1984) and Trinity (Trinity River Basin Fish and Wildlife
Task Force 1980) counties in California. Many documents underscore the prevalence of
natural barrier modification. Referring primarily to natural barriers, a fishery biologist
wrote in 1980 that “Most fish migration barriers on major spawning and rearing streams
in Trinity County [California] have been modified to pass fish” (Trinity River Basin Fish
and Wildlife Task Force 1981). Similarly, a project description for a rock barrier removal
initiative states that “Between 1976 and 1982, work crews have opened or improved
access to nearly 200 miles of spawning nursery habitat on 65 streams in Mendocino
County [California] alone” (Sommarstrom 1984). We conclude that the 170 barrier
modifications documented here greatly underestimate the actual number of
modifications undertaken throughout this region.

Documented natural barrier modifications occurred between the 1880s and the
present day, peaking in the 1950s and 1980s (Figure 1). Modification via fishway was
more common overall, especially throughout Washington and Oregon, whereas blasting
was the primary method in California. Natural barriers were modified primarily by
agencies, including state fish and wildlife departments and the federal United States
Forest Service (USFS), United States Bureau of Land Management, and Fisheries and
Oceans Canada (DFO). In California, where some state staff biologists were recognized
explosives experts and state-licensed blasters, state and federal agencies often

cooperated to remove natural barriers (“Bombs away for fish” 1974, Trinity River Basin

10



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

Human alteration of natural barriers Fingerle et al.

Fish and Wildlife Task Force 1980, Sommarstrom 1984). In the Rogue River, USFS
furnished legendary river guide Glen Wooldridge with blasting powder for channel
modifications, up to a thousand pounds at one time (Arman and Wooldridge 1982).
Modifications in the 21st century have often been led by or have involved the
participation of non-governmental organizations (NGOs) as well as Native American
Tribes and First Nations.

Natural barriers were modified to make barriers passable over a wider range of
flows (partial barriers) or to provide passage where none previously existed (complete
barriers). Many natural barriers were modified to mitigate habitat loss caused by dams,
with the goal of creating or improving access into or within downstream tributary habitat.
The Oregon State Fisheries Director wrote in 1952: “The construction of permanent and
insurmountable barriers in the upper [Columbia] R]iver has resulted in the confinement
of existing runs to a fraction of their former freshwater habitat. In order to maintain this
natural resource it is, therefore, necessary to develop fully tributaries that can offer
potential spawning and rearing areas” (Fish Commission of the State of Oregon 1953).
Natural barrier modifications in Columbia River tributaries included fishway construction
at Punchbowl Falls in the West Fork Hood River, Bonnie Falls in North Fork Scappoose
Creek, and Clatskanie Falls in the Clatskanie River (Fish Commission of the State of
Oregon 1953). In the Snake River, Idaho, the rearing potential of newly accessible
habitats following natural barrier removal in Johnson and Boulder creeks produced
“mitigation credit” for the Bonneville Power Administration, the federal agency that
markets electricity from dams on the Columbia River and tributaries (Holubetz and

Petrosky 1988a, Holubetz and Petrosky 1988b). Similarly, a fishway in Deer Creek

11
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(Sacramento River tributary) was built as part of the Shasta Fish Salvage Plan, a
mitigation effort for the construction of Shasta Dam (Yoshiyama et al. 2001).

In some watersheds, human alterations made natural features more of a
passage barrier than they were previously, which motivated subsequent modifications to
those barriers. In Ames Creek (Columbia River watershed), dam construction on the
South Santiam River reduced backflooding into the tributary, impairing creek access
and prompting modification at the mouth (Morgan 2012). In the Umatilla River, Oregon,
irrigation-induced low flows motivated excavation of a shallow bedrock reach to improve
fish passage (Sanguine 1985). Similarly, in the Puntledge River (Vancouver Island),
reductions in flow from hydropower operations made passage over Stotan and Nib falls
more difficult for summer-run Chinook, and the falls were subsequently modified to
improve passage, incidentally improving passage for fall-run Chinook (Marshall 1973,
Withler et al. 2012).

Our intention was to document natural barrier modifications that were undertaken
to improve fish passage; however, we encountered striking examples of the modification
of natural barriers for other purposes. Specifically, we found that large boulders and
bedrock features were extensively blasted to ease log transport and boat navigability. In
some rivers, natural barrier modification for these purposes was so pervasive that it
fundamentally altered channel morphology. In the Cowichan River (Vancouver Island),
blasting to facilitate timber rafting eliminated 29 falls and reduced the number of rapids
from 130 to approximately five (Pike et al. 2017). An 80-kilometer stretch of the Rogue
River (Oregon) was extensively blasted to improve navigability by boat, including half a

dozen times at Rainie Falls alone (Arman and Wooldridge 1982). We included these
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examples in our database (Table S2), but we recognize in particular that many (or most)
watersheds included in our study were heavily logged and subject to timber rafting prior
to agency records (Wohl 2014), and boulders and other obstructions were commonly
blasted to transport logs down rivers during low flows (Brown 1936). The legacy impacts
of logging-related blasting on fish passage in watersheds of the Pacific Northwest are
likely substantial and warrant further characterization.

Among the documentation of natural barrier modifications we encountered (Table
S2), there was little recognition of the role barriers play in maintaining diverse life
histories and populations, or of there being potential trade-offs associated with natural
barrier modification. In fact, among all documents reviewed, we encountered only a
handful of examples. One fact sheet on fishways at natural barriers mentions
“‘intermingling of stocks” as a factor that could reduce production potential (Fisheries
and Environment Canada 1977). Similarly, a DFO manual acknowledges that providing
anadromous access above a natural barrier may negatively impact an existing resident
population (Adams and Whyte 1990), as does the California Salmonid Stream Habitat
Restoration Manual (which also provides guidance on blasting falls and chutes to
provide fish passage; Flosi et al. 2010). However, these and other biological impacts
were not explicitly recognized in project-specific documents. Rather, natural barrier
modification has generally been viewed as a cost-effective method to increase salmon
and steelhead production potential (Trinity River Basin Fish and Wildlife Task Force
1980, Holubetz and Petrosky 1988a, 1988b). Nevertheless, detailed histories and
contemporary data from three watersheds, described in the following case studies,

suggest that natural barrier modification has likely contributed to reduced intraspecific
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diversity within Pacific salmon and steelhead, with particular impacts to early-migrating

runs.

Natural barrier modification can erode salmonid biodiversity, but data-informed
management can mitigate impacts
Case study 1: Kalama River, Washington, USA

The Kalama River (Figure 2) enters the Columbia River below the lowermost
hydroelectric dam (Bonneville Dam) and supports populations of wild and hatchery
summer- and winter-run steelhead, spring- and fall-run Chinook, and coho, as well as
wild chum (O. keta) and cutthroat trout (O. clarkii). Kalama Falls, a series of high-
velocity stepped cascades and pools at river kilometer (rkm) 17, is thought to have
historically blocked upstream passage for coho and chum, and seasonally limited
passage for steelhead and Chinook. Based on the distribution of summer-run steelhead
above partial migration barriers throughout their range, it is expected that summer-run
steelhead would be more likely to successfully ascend the falls than winter-run
steelhead (Withler 1966, Quinn et al. 2016, Kannry et al. 2020, Waples et al. 2022,
Pepping et al. 2026).

Infrastructure was built at Kalama Falls beginning in the early 1900s with
construction of a hydropower generation facility and undescribed modification to the
natural falls, followed by a fishway in 1936 (Bradford et al. 1996, Lower Columbia Fish
Recovery Board 2004). The facility was replaced with a fish hatchery that began
operation in the late 1950s. Kalama Falls Hatchery includes a concrete and steel cap

that increased the height of the falls to 3-4 meters as well as an adjacent fishway to
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divert adult migrants for either broodstock collection or upstream passage (Bradford et
al. 1996, Skalicky 2022). Initially, all salmonid species and origins, excluding chum,
were passed upstream through hatchery operations based on the presumption that
providing access to more and higher-quality habitat would increase population sizes and
recreational fishing opportunities. Since 2015, only natural-origin winter- and summer-
run steelhead and spring-run Chinook have been passed upstream.

Biologists observed as early as the 1990s that the natural-origin summer-run
steelhead population in the Kalama River was depressed relative to the winter-run
steelhead population (Lower Columbia Fish Recovery Board 2004). Subsequently,
research commenced to understand the role of the modified falls and fishway in
spatially partitioning the two runs, from which the historical role of the original falls could
be extrapolated. Steelhead were found to have great difficulty ascending the modified
falls during periods of higher streamflow (> 30 m?%/s) and cooler water temperatures (<
10 °C) that typically occur in winter (Bradford et al. 1996). The number of successful
jump attempts was estimated to be highest in July, June, and August, respectively,
whereas no steelhead were estimated to have passed the modified falls prior to May or
after September in any study year (1988-1991; Bradford et al. 1996). This suggests that
the original falls would have historically selected for summer-run steelhead, which
migrate upstream during periods of lower flows and warmer water temperatures, with
most winter migrants spawning below the falls (Bradford et al. 1996; Lamperth et al.
2017).

Today, the natural-origin Kalama River summer-run steelhead population

remains smaller than other natural-origin summer-run steelhead populations in the
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Lower Columbia Distinct Population Segment, despite comparable quantities of
available above-barrier habitat. Recent genetic work indicates that among juvenile
steelhead rearing upstream of the modified falls and hatchery, 54.6% are homozygous
winter run, 25.1% are homozygous summer run, and 20.3% are heterozygotes (i.e.,
they have one copy of the allele for summer run timing and one for winter run timing;
WDFW, unpublished data). In contrast, in the nearby East Fork Lewis River, Horseshoe
Falls is an unmodified and more complete barrier to passage by winter-run steelhead. In
that system, juvenile steelhead found upstream of the falls are nearly all homozygous
summer run (WDFW, unpublished data). Although it is unknown if the falls on the
Kalama River were historically as complete a barrier as the falls on the East Fork Lewis
River, the current operation of the Kalama Falls fishway allows more winter-run
steelhead to access upstream habitat than would occur naturally. Bradford et al. (1996)
speculated that the fishway may allow mixing of previously segregated populations and
create genetic risks, so winter-run passage has likely resulted in increased hybridization
and competition between runs, and may be contributing to the ongoing depressed
status of summer-run steelhead. Ultimately, operating the fishway in a manner that
more closely mimics the segregating role of the original falls would likely promote the

viability of summer-run steelhead by reducing interactions with winter-run steelhead.

Case study 2: Salmon River, California, USA
The Salmon River (Figure 2) is a major tributary to the Klamath River, which straddles
the California-Oregon border and is the second-largest watershed in California. Spring-

run Chinook were the most abundant salmon run in the Klamath River historically
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(Snyder 1931), with the population totaling over 100,000 fish (Moyle 2002). Today, the
Salmon River hosts the last viable population of wild spring-run Chinook in the Klamath
Basin, making it a high priority for efforts to conserve Klamath River Chinook salmon
biodiversity and repopulate newly accessible habitat above the removed Klamath River
dams. However, annual escapement of Salmon River spring-run Chinook averaged only
227 fish from 2015-2026, and without significant human intervention, the run is at risk of
extirpation (Moyle et al. 2017). The Salmon River also hosts wild populations of fall-run
Chinook, coho, and summer- and winter-run steelhead; hatchery fish of any species are
rarely encountered. Temporary dams associated with mining and logging were
historically found throughout the watershed, but presently there are no human-made
barriers to anadromous fish migration in the mainstem Salmon River and its forks.
Several natural barriers occur in the Salmon River and were historically primarily
passable by spring-run Chinook, which migrate during higher-flow periods than their fall-
run counterparts. Upriver migration in the spring and early summer gave spring-run
Chinook exclusive (or near-exclusive) access to upstream habitat. However, at least
four natural, low-flow migration barriers in the Salmon River watershed are known to
have been modified by dynamite blasting, all in the early 1980s, by the California
Department of Fish and Game and USFS. On the mainstem Salmon River, Bloomer
Falls (rkm 21.7) was modified by dynamite in 1983 to improve boater safety, with a
secondary aim of improving fish passage (Olson and Dix 1993; Toz Soto, Karuk Tribe,
Orleans, CA, personal communication, 6 July 2026). On the South Fork Salmon River,
the falls at Methodist Roughs (10.5 km from the confluence of the forks; Figure 3) and

upstream of Matthews Creek (16.4 km) were modified by explosives in 1984 to enhance
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fish passage (Olson and Dix 1993). The purpose of the Methodist Roughs modification
was to “provide easier access for anadromous fish to upstream spawning areas...While
fish do get past this area, they are at times held up when certain flow conditions prevent
passage. This is particularly true for King [Chinook] salmon in the low flow late-summer
and fall months” (Kesner 1979), the time of year during which fall-run Chinook migrate
upstream to spawn.

In Wooley Creek, the largest tributary to the Salmon River and important cold-
water spawning and rearing habitat for spring-run Chinook, bedrock at the confluence of
Deadhorse Creek prohibited fish passage to upper Wooley Creek during low flows, but
was similarly modified by explosives (Neuner and Tucker 2023). This site was a primary
spearfishery location for the Karuk Tribe, with traditional harvest targeting only the fish
that failed to ascend the bedrock, thereby selecting for the strongest fish over
thousands of years (Neuner and Tucker 2023). Additionally, a fishway was constructed
around a falls in Nordheimer Creek, another important tributary for both Chinook runs.
The impact of this fishway, which is sporadically maintained for fish passage, is
unknown.

Today, fall-run Chinook now regularly spawn upstream of dynamited barriers on
the Salmon River mainstem and forks, despite migrating in the season when river flows
are at their lowest levels (Thompson et al. 2020, Fingerle et al., in prep.), directly
competing with spring-run Chinook and increasing the likelihood of redd
superimposition. Heterozygote Chinook now far outnumber spring-run Chinook, likely
due to interbreeding facilitated by low-flow barrier modification (Fingerle et al., in prep.).

Further, run-type genotyping of fin clips from juvenile Chinook captured throughout the
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watershed revealed a three- to four-fold increase in both spring-run genotype frequency
and spring-run allele frequency in years (2023, 2025) when extreme low river flows
during the fall-run Chinook spawning migration limited access to upstream habitat,
compared to a year (2024) when flows were higher (Fingerle et al., in prep.). This
suggests that, in the Salmon River, spring-run Chinook production is strongly driven by
the ability of spring-run Chinook to access habitat inaccessible to fall-run Chinook.
Addressing the effects of anthropogenically modified barriers is likely necessary
to conserve and restore the full breadth of genetic variation within and among salmon
populations in the Salmon River (and wider Klamath Basin). Discussions are in progress
with the Salmon River community to consider strategies for recovering spring-run
Chinook, including the possibility of reestablishing a low-flow barrier by operating a
seasonal weir to manage upriver habitat for spring-run Chinook. This proposed
intervention holds promise for restoring habitat exclusivity as a recovery strategy and is

consistent with Indigenous salmon stewardship in the Klamath Basin (Box 2).

Case study 3: Siletz River, Oregon, USA

The Siletz River (Figure 2) is an Oregon coastal river that supports summer- and
winter-run steelhead, spring- and fall-run Chinook, and coho salmon. Summer-run
steelhead are currently found in only three rivers on the Oregon Coast, and the Siletz
represents the only population in a coastal river that drains entirely from the Oregon
Coast Range (Kostow 2012, Hemstrom et al. 2018). The only other two populations
occupy the much larger Umpqua and Rogue rivers that originate in the Cascade

Mountains and transect the Coast Range to reach the Pacific Ocean.
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Siletz Falls, a 9 meter-high boulder cascade at rkm 104, creates a natural
velocity barrier during high flows that historically blocked passage of most winter-run
steelhead into the upper basin. Summer-run steelhead arrival at the falls during the
seasonal low-flow period (July-August) enabled their upstream passage. Spring-run
Chinook, which migrate in the spring and early summer, may also have passed the falls.
The presence of summer-run steelhead in the Siletz River has long been attributed to
Siletz Falls selecting for summer migration timing and providing exclusive habitat free
from competition with winter-run steelhead (Weber and Fortune Jr. 1975). Between
1949 and 1952, a fishway was constructed around Siletz Falls, which opened upstream
passage to winter-run steelhead, fall-run Chinook, and coho salmon (Weber and
Fortune 1975, Kostow 2012). Hatchery programs were already established in the basin
at the time of fishway construction, releasing coho salmon, fall-run Chinook salmon, and
winter-run steelhead. A summer-run steelhead hatchery program started in 1956.
Beginning in 1952, therefore, the fishway enabled year-round passage of all runs of
steelhead and salmon, of both natural and hatchery origin, eliminating the above-falls
habitat exclusivity for wild summer-run steelhead (Kostow 2012).

Systematic monitoring of fish passage at the falls was not established until 1994,
by which time wild summer-run steelhead accounted for only 3% of the total fish
counted at the fishway (Kostow 2012). Due to concerns over the critically low
abundance of wild summer-run steelhead and the passage of winter-run steelhead
above the falls, recovery actions were implemented, including the elimination of most
hatchery steelhead and salmon smolt releases above the falls, and conversion of the

fishway to a fish trap that could be used to control upstream fish passage (Kostow
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2012). A short-term supplementation program for summer-run steelhead ran from 1994-
1999 due to concerns that the critically low abundance of wild summer-run steelhead
posed a genetic and demographic risk to the population. Beginning in 1994, the fish trap
was managed to allow summer-run steelhead (natural and hatchery origin) and spring-
run Chinook salmon passage and to exclude winter-run steelhead, coho, and fall-run
Chinook salmon (Kostow 2012). Specifically, wild steelhead arriving at the falls between
May and November are passed upstream. Wild steelhead arriving at the falls between
December and April are typically not passed upstream, although a small number of
individuals phenotypically identified as summer-run steelhead have been passed in
some years. Beginning in 2000, summer-run steelhead hatchery adults (identified by
lack of adipose fin) were also removed at the trap to minimize negative genetic effects
from hatchery introgression (Kostow 2012). Thus, since 2000, the fish trap has been
managed to select for summer-run phenotypes in wild steelhead by providing upstream
habitat free from competition with winter-run steelhead, similar to the function
historically provided by the natural falls.

In response to passage management favoring the summer-run life history, the
abundance of wild summer-run steelhead (assumed based on timing) increased from a
record low of 44 adult fish in 1997 to an average of 560 adults from 2000 to 2012,
slightly below the estimated historical carrying capacity for above-falls habitat (Kostow
2012). While additional challenges to the summer-run steelhead population have
resulted from prolonged marine heat waves and drought, the population averaged 359
individuals from 2014-2023 (ODFW 2025), suggesting that restoring selective passage

at the falls has increased the resilience of this population relative to the period when
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both summer- and winter-run steelhead were passed above the falls. Genotype data
from 2022 confirm that a large majority of steelhead passed above the falls are
homozygous for summer run timing, whereas only a small proportion of individuals
passed (~5%) are heterozygotes (O’Malley et al. [ODFW], unpublished data). In short,
genetic data from 2022 suggest that management of selective passage using arrival
timing at Siletz Falls has restored habitat exclusivity for summer-run steelhead. The
Siletz case study provides a powerful demonstration of how management actions
focused on selective passage at a modified barrier can be used to recover summer-run

steelhead by restoring exclusive access to high-quality, upriver habitats.

Discussion: the prevalence and unintended consequences of natural barrier
modification offer lessons learned for biodiversity conservation

Our study documented widespread modifications of falls, cascades, and other
high-gradient natural barriers in salmon and steelhead watersheds in northern
California, Oregon, Washington, ldaho, Vancouver Island, and elsewhere in British
Columbia from the late 1800s to the present day. State and federal agencies undertook
most modifications, with more recent involvement of NGOs, First Nations, and Native
American Tribes. Natural barriers were modified to provide passage to Pacific salmon
and steelhead where none existed or to facilitate passage over a wider range of flows,
ultimately to increase fish production. In other systems, blasting of natural barriers for
timber rafting and boat navigation fundamentally altered channel morphology at the
segment scale (Arman and Wooldridge 1982, Pike et al. 2017). Natural barrier

modifications are primarily documented in 20th-century agency reports, which could
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only be found through targeted internet searches and knowledge shared by agency
personnel and local experts. The lack of consistent, accessible reporting suggests that
substantially more natural barrier modification projects have taken place than are
documented here.

Natural barriers were modified to increase the amount of habitat accessible to
Pacific salmon and steelhead, with the (often implicit) goal of increasing fish production.
We encountered little recognition of the potential adverse consequences of natural
barrier modification: the examples we did encounter are described above, and any other
explicit recognition may be lost to time. Yet, case studies from the Kalama, Salmon, and
Siletz rivers reveal that modified access to high-quality, upstream habitat
disproportionately impacts early-migrating forms of Pacific salmon and steelhead by
compromising their exclusive (or near-exclusive) access to that habitat. These case
studies also highlight that active management of modified barriers holds potential to
recover early migrators and suggest that future natural barrier modifications should be
approached with caution and careful evaluation of potential unintended consequences
alongside potential benefits. We recognize that biodiversity conservation is not the only
factor under consideration when natural barrier modifications are proposed. For
example, natural barrier modification may offer certain benefits, such as increased
quantity or quality of habitat.

Natural barrier modification has diminished the evolutionary advantages of early-
run Chinook and steelhead life histories, which otherwise have many fitness costs
relative to late-run life histories (Box 1). By providing late migrators with access to

upstream habitat that was historically available (near-)exclusively to early migrators,
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natural barrier modification has facilitated displacement of early runs by late runs.
Ironically, the modification of many barriers to mitigate habitat lost by dam construction
may have compounded the impact of dams on early migrators. Dams in large river
systems, such as the Columbia, Klamath, Trinity, Sacramento, and San Joaquin, restrict
access to cold headwater habitat where early migrators historically oversummered and
spawned. Modifications to mitigate this impact by improving access to downstream
tributaries may have increased habitat available to early migrators, but by also
improving access to later-migrating runs, may have eliminated the little exclusive habitat
that remained after dams were built. Many flow-dependent barriers have been made
totally impassable (by dams built on top of them), have been made to be more passable
(through barrier modification), or have been inundated by dam construction (e.g., Kettle
Falls and Celilo Falls in the Columbia Basin), collectively resulting in reduced habitat

availability and exclusivity for early migrators.

Restoring habitat exclusivity as a conservation strategy for early migrators

Recognition of natural barrier modifications draws attention to processes that
maintain intraspecific life history variation, which in turn can help inform strategies to
conserve biodiversity. This study suggests that the necessity of habitat exclusivity for
early migrators should be recognized and considered as a key recovery action. The
current operation of the Siletz Falls fishway highlights how active management of fish
passage opportunities can help to maintain exclusive habitat access for early run types
and conserve life history variation in Pacific salmon and steelhead. Experiences in the

Salmon and Kalama rivers suggest that interventions that replicate the function of
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natural barriers in segregating runs may be needed in order to maintain seasonal run-
timing diversity. We can learn from efforts in watersheds where habitat exclusivity has
been restored in response to different histories and contexts. For example, physical in-
stream exclusion barriers, such as weirs, rock gabions, exclusion screens, and velocity
barriers, have been used around the world to limit the spread of aquatic invasive animal
species (Jones et al. 2021). In North America, in-stream barriers have also been used
to protect native salmonids from invasion by non-native salmonids (Thompson and
Rahel 1998). Changes to flow management in regulated rivers could also be considered
as a strategy to restore habitat exclusivity. In dammed rivers where late summer and
early fall baseflow is artificially heightened by flow releases from dams (Magilligan and
Nislow 2005), natural barriers may no longer impede passage as they historically did,
likely shifting the balance away from early runs and toward late runs. Overall, the
potential benefits of natural barrier modification must be carefully weighed against the
potential impacts (Dolan et al. 2026).

The role of natural barriers in maintaining salmon biodiversity also warrants
serious consideration in large-scale watershed restoration efforts like the recent
Klamath River dam removals, which demolished four of six mainstem dams and
restored access to hundreds of kilometers of salmon habitat (Goodman et al. 2026).
Both spring- and fall-run Chinook historically accessed the upper Klamath Basin prior to
dam construction (Hamilton et al. 2016), but in at least some years passage by fall-run
Chinook was likely impeded or delayed by bedrock features below Upper Klamath Lake.
In particular, large numbers of (presumably fall-run) Chinook would congregate below

the falls at Keno during low flows, prompting construction of a fishway there in 1910
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(‘Fish ladder in Klamath River’ 1910). Dam construction at this site, as well as at the site
of the Link River Dam upstream, involved modification of the underlying bedrock and
elimination of any seasonally segregating mechanism. Thus, especially since passage
improvements for all salmonids are now being considered at Keno and Link River dams
(which were not removed and have substandard fishways), the historical role of the falls
at Keno and other bedrock features in segregating runs merits further study and may
shape the outcome of spring-run Chinook restoration in the upper Klamath Basin.
Because anadromous salmonids migrate during their life cycle, restoring habitat
exclusivity to a particular run or population will likely require that any such exclusion
barrier be seasonal, which will minimize the potential for detrimental above-barrier
isolation. Indigenous peoples have used seasonal weirs for millennia, creating
opportunities for selective passage and harvest (Box 2). Seasonal weirs are also used
in contemporary fisheries management to limit upstream movement of specific species
or life histories. In Norway, weirs and selective passage of native fishes are
implemented seasonally to limit the spread of invasive pink salmon (O. gorbuscha)
(Thorstad et al. 2025). In Clear Creek (Sacramento River tributary), a seasonal weir has
been used to restore habitat exclusivity to spring-run Chinook to mitigate the loss of
exclusive habitat from mainstem dam construction (Giovannetti and Brown 2009). Given
the influence of beavers on stream fish assemblage structure and habitat complexity
(Snodgrass and Meffe 1998, Wathen et al. 2019), as well as the coexistence and
coevolution of Pacific salmon and North American beaver (Castor canadensis) over
millions of years, experiments to recreate exclusive habitat using beaver dam analogs

could also be considered, and may provide additional ecosystem and fisheries benefits
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(Pollock et al. 2014, Bouwes et al. 2016). Passage management can also be improved
by using fish morphology, run-timing phenotypes, and advances in genomics to
selectively pass fish across physical barriers (e.g., Case Study 3; Baerwald et al. 2023,
Pepping et al. 2026). Ultimately, improved understanding of specific modified natural
barriers can help fisheries managers and watershed stewards implement actions to
restore or maintain habitat exclusivity by using the historical function of natural barriers

as a guide.

Box 2. Indigenous stewardship in the Klamath Basin bolstered habitat
exclusivity for spring-run Chinook

Although it is beyond the scope of this paper to summarize traditional
stewardship practices by Indigenous peoples across the Pacific Northwest, there are
clear examples of these practices in the Klamath Basin that reinforced habitat
exclusivity for early-migrating salmonids. These practices include interrelated
ceremonies, selective harvest, and seasonal weir operation. The Yurok, Hupa, and
Karuk peoples each held an annual Spring Salmon (or First Salmon) Ceremony when
the first salmon migrated upriver in spring (Waterman and Kroeber 1938, Nelson
1978, Neuner and Tucker 2023). For the Karuk, the ceremony marked the timing of an
important linguistic shift from the usage of ishyaat (spring salmon) to aama (summer
and fall salmon) (Neuner and Tucker 2023). Across the basin, eating fresh fish prior to
the Spring Salmon Ceremony was forbidden and considered taboo, and salmon
fishing did not begin until the ceremony was completed (Harrington 1932, Bell 1991,
Neuner and Tucker 2023). According to Leaf Hillman, a Karuk ceremonial leader and

cultural practitioner, “The purpose...was to allow the first, the head of the run, to travel
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upstream unmolested, with no fishing pressure on them” (as quoted in Neuner and
Tucker 2023). The Shasta, situated immediately upstream of the Karuk, similarly
believed that the first salmon should pass upstream unmolested (Swezey and Heizer
1977).

After completing the Spring Salmon Ceremony, Indigenous families and
communities built weirs along the Klamath, Trinity, and Salmon rivers for selective
fisheries harvest and management (Swezey and Heizer 1977, Nelson, Jr. 1978,
Neuner and Tucker 2023). Weirs were built when flows receded in summer and fall,
which tended to coincide with the end of the spring-run Chinook migration, and were
not intended to withstand high flows following fall rains (Snyder 1931, Neuner and
Tucker 2023). In this way, weirs functioned as low-flow barriers to fall-run Chinook
migration and would have bolstered habitat exclusivity for spring-run Chinook. Thus,
although weirs and other practices may have been intended to provide fish for
harvest, they also reinforced habitat exclusivity for spring-run Chinook and supported
fisheries diversity over millennia.

The Klamath Basin demonstrates the value of Indigenous leadership in
recovering salmon life history diversity. Colonization violently and forcibly disrupted
Indigenous stewardship and cultural practices, which developed across and provided
sustainable fisheries for millennia (Atlas et al. 2021, Cannon et al. 2026), and some
Western management practices (e.g., natural barrier modification) have decreased
fisheries sustainability and diversity. Presently, the near loss of spring-run Chinook
has prevented Klamath Basin tribes from conducting the Spring Salmon Ceremony,

among other devastating impacts (Neuner and Tucker 2023). Despite this, basin
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tribes have robust fisheries departments and play leading roles in Klamath Basin and
spring-run Chinook recovery, including the largest dam removal project in US history.
Extant practices, such as the Hoopa Valley Tribe’s Trinity River weir and the Karuk
Tribe’s dip-net fishery, provide opportunities for selective harvest (Neuner and Tucker
2023, CDFW 2026), and cooperative efforts are being developed among basin tribes
to restore spring-run Chinook to their historical habitat. Ultimately, the prevalence of
First Salmon Ceremonies, weir usage, selective harvest, and other caretaking
practices among Native American Tribes and First Nations across the Pacific
Northwest (Gunther 1926, Swezey and Heizer 1977, Atlas et al. 2017, Morin et al.
2021, Bradford et al. 2025) underscores how Indigenous stewardship has supported
salmon life history diversity, including early migrators, in more nuanced and significant

ways than typically recognized by Western fisheries policy and management.

562

563  Recognition of past natural barrier modification can inform biodiversity conservation

564 Recognition of natural barrier modifications is an important consideration for

565 policies that promote biodiversity, which are often based on current species distribution
566 and may not reflect the historical distribution in systems that have been heavily

567  modified, such as the Rogue River (Thompson et al. 2019), Salmon River (Fingerle et
568 al., in prep.), and Siletz River (Hemstrom et al. 2018). In some regions, spring- and fall-
569 run Chinook are managed under one Evolutionarily Significant Unit (ESU), and petitions
570 to split early-migrating spring-run Chinook into their own ESU under the US Endangered
571  Species Act have been denied in part because of the lack of substantial reproductive

572 isolation between runs (e.g., Anderson et al. 2019). However, it is important to consider
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how the extensive modification of natural barriers in Pacific salmon watersheds has
altered patterns of reproductive exchange between run types. Data from watersheds
like California’s Salmon River, where natural barriers have been modified, show
substantial human-mediated overlap and interbreeding between runs, with fall-run
Chinook spawning above modified natural barriers and a high proportion of
heterozygotes (Thompson et al. 2020, Fingerle et al. in prep). Policymaking that
incorporates understanding of how landscape features shape life histories and how
modification to those features can reduce diversity will more effectively support the full

suite of intraspecific life history variation.

Looking to the future: natural barrier modification as a climate change adaptation tool
Climate change is one of the gravest challenges facing freshwater fishes, with
coldwater-adapted salmonids expected to be particularly impacted (Williams et al. 2015,
Reid et al. 2019). In the Pacific Northwest, reduced snowpack and earlier snowmelt are
expected to lead to reduced streamflow and warmer water temperatures (Stewart et al.
2005, Fullerton et al. 2026). Climate change will increase flow-phenology mismatches
for migratory salmonids (Carlson et al. 2025), and we hypothesize that these
mismatches will often manifest themselves at flow-dependent natural barriers.
Specifically, with reduced flows, flow-dependent barriers may no longer provide
passage opportunities that they did historically. In systems where early migrators have
disappeared, prolonged fall drought and more extreme migration conditions may limit
the upstream extent of spawning by anadromous fishes. Thus, modification of natural

barriers may be considered as a management tool for climate change adaptation.

30



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

Human alteration of natural barriers Fingerle et al.

Fisheries managers might consider modification of additional natural barriers to
provide passage to previously inaccessible cold headwater habitat, or to restore access
to historical habitat, e.g., in cases where reduced flows restrict access over previously
surmountable barriers. In these circumstances, context is important. This study
suggests that watershed management would likely benefit from evaluation of multiple
criteria when considering potential modifications, including what will (and will not)
provide reliable, durable habitat to anadromous salmonids under climate change, the
current availability of similar habitat, and trade-offs to other species that may have
cascading effects across the food web. Whereas removal of dams and other artificial
barriers can improve climate resilience of society and the environment (Null et al. 2026),
modification of natural barriers may erode resilience inherent in Pacific salmon and
steelhead. Life history diversity can be an important asset in a changing climate
(Potapova et al. 2026), and the life history strategies displayed by early migrators may
be advantageous under climate-induced drought conditions (Cordoleani et al. 2021).
Genotypic and phenotypic diversity of salmonids improves their capacity to persist in a
changing climate (Moore and Schindler 2022, Moore et al. 2025, Potapova et al. 2026),
and should be considered in a climate change management framework. As with any
management intervention, monitoring is needed, and in the case of natural barrier
modifications has been sorely lacking to date. Robust monitoring should accompany
future interventions, and genetic tools (e.g., run-type genotyping) can support more

accurate and efficient monitoring.
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Conclusions

Across the Pacific Northwest, natural barriers such as cascades and falls have
been modified to enhance passage for Pacific salmon and steelhead. These
modifications were largely intended to increase habitat access with the goal of
increasing fish production, but they have had unintended impacts on specific life
histories of salmon and steelhead populations. Our findings indicate that the
consequences of natural barrier modification deserve more attention. They also suggest
that effective salmon biodiversity conservation requires understanding of how landscape
features give rise to and maintain salmon diversity. Additional studies on the impacts of
barrier modification to anadromous fishes will improve understanding of historical and
contemporary distributions of specific run types. This understanding has important
implications for management and policy decisions that rely on assumptions regarding
the contemporary spatial distribution and reproductive isolation of species and runs.
Evidence from three watersheds demonstrates that natural barrier modifications can
particularly impact early migrators, although management may offer opportunities to
mitigate those impacts. This work emphasizes the need for caution and robust
monitoring when considering additional natural barrier modifications, such as those that
may be undertaken to expand the range of native species to facilitate adaptation to
climate change. A more thorough accounting of the impacts of a given modification,
both intended and unintended, will provide context in which values-based decisions on

whether and how to proceed with future modifications can be made.

32



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Human alteration of natural barriers Fingerle et al.

Acknowledgements

We would like to thank the individuals who responded to our survey as well as
those who provided follow-up information. We thank Jon Hart (Wild Salmon Center) for
creating figures 1 and 2, and Jeff Buchin and Will Harling for the photo in Figure 3. We
also thank Larry Lestelle, Marisa Litz, Mary Power, Beau Quinter, and Mara Zimmerman
for feedback that improved the manuscript, and Justin Garwood and Michael McCulloch
for conversations that informed our thinking. Amy Fingerle was funded by the Wild
Salmon Center and a Graduate Student Fellowship from the Stone Center for

Environmental Stewardship at UC Berkeley.

Supplemental material
Supplemental 1 — methods & survey

Supplemental 2 — database of modifications (Table S2) & database references

References cited

Adams MA, Whyte IW. 1990. Fish habitat enhancement: a manual for freshwater,
estuarine and marine habitats. Department of Fisheries and Oceans Canada.

Report no. DFO 4474.

Alexander J. 2009. Pandora’s locks: the opening of the Great Lakes-St. Lawrence

Seaway. Michigan State University Press.

Anderson EC, Ford MJ, Garza JC, Kiernan JD. 2019. Upper Klamath and Trinity River

Chinook salmon ESU-configuration review-panel report. Report from the

33



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

Human alteration of natural barriers Fingerle et al.

Southwest Fisheries Science Center to the NMFS West Coast Region, Protected

Resources Division - Update of 15 June 2018 report.

Arman F, Wooldridge G. 1982. The Rogue: a river to run. Wildwood Press.

Atlas WI, et al. 2021. Indigenous systems of management for culturally and ecologically

resilient Pacific salmon (Oncorhynchus spp.) fisheries. BioScience 71: 186—-204.

Atlas WI, et al. 2017. Ancient fish weir technology for modern stewardship: lessons from
community-based salmon monitoring. Ecosystem Health and Sustainability 3:

1341284.

Baerwald MR, et al. 2023. Rapid CRISPR-CAs13A genetic identification enables new
opportunities for listed Chinook salmon management. Molecular Ecology

Resources 25: e13777.

Beck MW, Claassen AH, Hundt PJ. 2012. Environmental and livelihood impacts of
dams: common lessons across development gradients that challenge

sustainability. International Journal of River Basin Management 10: 73-92.

Bell M. 1991. Karuk: the upriver people. Naturegraph Publishers, Inc.

‘Bombs away for fish’. 1974. Los Gatos Times-Saratoga Observer 4.

Bouwes N, et al. 2016. Ecosystem experiment reveals benefits of natural and simulated
beaver dams to a threatened population of steelhead (Oncorhynchus mykiss).

Scientific Reports 6: 28581.

34


https://cdnc.ucr.edu/?a=d&d=LGT19741024.1.4

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

Human alteration of natural barriers Fingerle et al.

Bradford K, et al. 2025. Indigenous stream caretaking for Pacific salmon: ancestral
lifeways to guide restoration, relationships, rights, and responsibilities. FACETS

10: 1-20.

Bradford RH, Leider SA, Hulett PL, Wagemann CW. 1996. Differential leaping success
by adult summer and winter steelhead at Kalama Falls: implications for
estimation of steelhead spawner escapement. Washington Department of Fish

and Wildlife, Fish Management Technical Report RAD 96-02.

Brauer CJ, Beheregaray LB. 2020. Recent and rapid anthropogenic habitat
fragmentation increases extinction risk for freshwater biodiversity. Evolutionary

Applications 13: 2857-28609.

Braun DC, Moore JW, Candy J, Bailey RE. 2016. Population diversity in salmon:
linkages among response, genetic and life history diversity. Ecography 39: 317—

328.

Brown NC. 1936. Logging-transportation: the principles and methods of log

transportation in the United States and Canada. John Wiley & Sons, Inc.

Busby PJ, et al. 1996. Status review of west coast steelhead from Washington, Idaho,
Oregon and California. National Marine Fisheries Service, NOAA Tech. Memo.

NMFS-NWFSC-27.

California Department of Fish and Wildlife. 2026. Hoopa Valley Tribe and CDFW

announce historic fishery restoration partnership.

35


https://wildlife.ca.gov/News/Archive/hoopa-valley-tribe-and-california-department-of-fish-and-wildlife-announce-historic-fishery-restoration-partnership
https://wildlife.ca.gov/News/Archive/hoopa-valley-tribe-and-california-department-of-fish-and-wildlife-announce-historic-fishery-restoration-partnership

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

Human alteration of natural barriers Fingerle et al.

Cannon SE, et al. 2026. Pacific salmon and cumulative injustices in Canada and the

USA. Nature Reviews Biodiversity 2: 370-387.

Carlson SM, et al. 2025. Anatomy of a range contraction: Flow—phenology mismatches
threaten salmonid fishes near their trailing edge. Proceedings of the National

Academy of Sciences 122: e2415670122.

Chapman DW. 1986. Salmon and steelhead abundance in the columbia river in the
nineteenth century. Transactions of the American Fisheries Society 115: 662—

670.

Chester CC. 2015. Yellowstone to Yukon: Transborder conservation across a vast

international landscape. Environmental Science & Policy 49: 75-84.

Cordoleani F, et al. 2021. Threatened salmon rely on a rare life history strategy in a

warming landscape. Nature Climate Change 11: 982—-988.

Crowl TA, Townsend CR, Mcintosh AR. 1992. The impact of introduced brown and
rainbow trout on native fish: the case of Australasia. Reviews in Fish Biology and

Fisheries 2: 217-241.

Dias MS, Cornu J, Oberdorff T, Lasso CA, Tedesco PA. 2013. Natural fragmentation in
river networks as a driver of speciation for freshwater fishes. Ecography 36: 683—

689.

Dolan EJ, et al. 2026. Native and non-native populations respond unevenly to river

barrier removals. Global Change Biology 32: e70941.

36



723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

Human alteration of natural barriers Fingerle et al.

Fish Commission of the State of Oregon. 1953. Biennial report of the Fish Commission

of the State of Oregon to the governor and the forty-seventh legislative assembly.

‘Fish ladder in Klamath River’. 1910. The Sacramento Union 120.

Fisheries and Environment Canada. 1977. Fishways: an enhancement tool (adapted
from an article by D. MacKinnon). Salmonid Enhancement Program Fact Sheet

Number 1.

Flosi G, et al. 2010. California salmonid stream habitat restoration manual. California

Department of Fish and Game, Wildlife and Fisheries Division, 4th edition.

Foley MM, et al. 2017. Dam removal: Listening in. Water Resources Research 53:

5229-5246.

Fuller MR, Doyle MW, Strayer DL. 2015. Causes and consequences of habitat
fragmentation in river networks. Annals of the New York Academy of Sciences

1355: 31-51.

Fullerton AH, et al. 2026. Predicted stream temperatures suggest challenges for Pacific
salmon in coming decades. JAWRA Journal of the American Water Resources

Association 62: e70137.

Giovannetti SL, Brown MR. 2009. Adult spring Chinook salmon monitoring in Clear
Creek, California, 2008 annual report. U.S. Fish and Wildlife Service, Red Bluff

Fish and Wildlife Office.

37


https://cdnc.ucr.edu/?a=d&d=SDU19100905.2.98

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

Human alteration of natural barriers Fingerle et al.

Goodman DH, et al. 2026. Rewilding the upper Klamath River Basin: rapid
recolonization of Chinook salmon following the world’s largest dam removal.

Scientific Reports 16: 25322.

Gunther E. 1926. An analysis of the first salmon ceremony. American Anthropologist 28:

605-617.

Haddad NM, et al. 2015. Habitat fragmentation and its lasting impact on Earth’s

ecosystems. Science Advances 1: e1500052.

Hallock RJ, Fry Jr. DH, LaFaunce DA. 1957. The use of wire fyke traps to estimate the
runs of adult salmon and steelhead in the Sacramento River. California Fish and

Game Quarterly 43: 271-298.

Hamilton JB, et al. 2016. The persistence and characteristics of Chinook salmon
migrations to the upper Klamath River prior to exclusion by dams. Oregon

Historical Quarterly 117: 326.

Harrington JP. 1932. Tobacco among the Karuk Indians of California. Bureau of

American Ethnology 94.

Healey MC. 2001. Patterns of gametic investment by female stream-and ocean-type

chinook salmon. Journal of Fish Biology 58: 1545-1556.

Hearsey JW, Kinziger AP. 2015. Diversity in sympatric chinook salmon runs: timing,
relative fat content and maturation. Environmental Biology of Fishes 98: 413—

423.

38



762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

Human alteration of natural barriers Fingerle et al.

Hemstrom W, Van De Wetering S, Banks M. 2018. Fish ladder installation across a
historical barrier asymmetrically increased conspecific introgressive hybridization
between wild winter and summer run steelhead salmon in the Siletz River,

Oregon. Canadian Journal of Fisheries and Aquatic Sciences 75: 1383-1392.

Holubetz TB, Petrosky CE. 1988a. Part V, Subproject Il: Johnson Creek passage barrier
removal final report. Idaho Department of Fish and Game. Prepared for
Bonneville Power Administration. In: Petrosky CE, Everson LB. 1988. Idaho

habitat evaluation for off-site mitigation record, annual report 1987.

Holubetz TB, Petrosky CE. 1988b. Part VI, Subproject |l: Boulder Creek passage barrier
removal final report. Idaho Department of Fish and Game. Prepared for
Bonneville Power Administration. In: Petrosky CE, Everson LB. 1988. Idaho

habitat evaluation for off-site mitigation record, annual report 1987.

Horvath Z, Ptacnik R, Vad CF, Chase JM. 2019. Habitat loss over six decades
accelerates regional and local biodiversity loss via changing landscape

connectance. Ecology Letters 22: 1019-1027.

Jones PE, et al. 2021. The use of barriers to limit the spread of aquatic invasive animal

species: a global review. Frontiers in Ecology and Evolution 9: 611631.

Kannry SH, O’Rourke SM, Kelson SJ, Miller MR. 2020. On the ecology and distribution
of steelhead (Oncorhynchus mykiss) in California’s Eel River. Journal of Heredity

111: 548-563.

39



782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

Human alteration of natural barriers Fingerle et al.

Kelson SJ, Miller MR, Thompson TQ, O’Rourke SM, Carlson SM. 2020. Temporal
dynamics of migration-linked genetic variation are driven by streamflows and

riverscape permeability. Molecular Ecology 29: 870-885.

Kesner WD. 1979. Environmental assessment report, South Fork Salmon barrier
removal, Siskiyou County, California. U.S. Forest Service, Klamath National

Forest.

Kostow K. 2012. Strategies for reducing the ecological risks of hatchery programs: case
studies from the Pacific Northwest. Environmental Biology of Fishes 94: 285—

310.

Lamperth JS, Quinn TP, Zimmerman MS. 2017. Levels of stored energy but not marine
foraging patterns differentiate seasonal ecotypes of wild and hatchery steelhead
(Oncorhynchus mykiss) returning to the Kalama River, Washington. Canadian

Journal of Fisheries and Aquatic Sciences 74: 157-167.

Liermann CR, Nilsson C, Robertson J, Ng RY. 2012. Implications of dam obstruction for

global freshwater fish diversity. BioScience 62: 539-548.

Loomis D, Raasch J, Thompson R, Ryan B. 2003. A radio telemetry study of steelhead
in the North Umpqua River Basin 1998-2001. Umpqua Watershed District,

Oregon Department of Fish and Wildlife.

Lower Columbia Fish Recovery Board. 2004. Lower Columbia salmon recovery and fish
and wildlife subbasin plan, vol. |I.F. Kalama subbasin. Northwest Power and

Conservation Council.

40



803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

Human alteration of natural barriers Fingerle et al.

Magilligan FJ, Nislow KH. 2005. Changes in hydrologic regime by dams.

Geomorphology 71: 61-78.

Marks JC, Parnell R, Carter C, Dinger EC, Haden GA. 2006. Interactions between
geomorphology and ecosystem processes in travertine streams: implications for

decommissioning a dam on Fossil Creek, Arizona. Geomorphology 77: 299-307.

Marshall DE. 1973. Progress report on the Puntledge River program 1971 and 1972.
Technical report 1973-8. Department of the Environment, Fisheries and Marine

Service, Pacific Region.

May C, Roering J, Snow K, Griswold K, Gresswell R. 2017. The waterfall paradox: How
knickpoints disconnect hillslope and channel processes, isolating salmonid

populations in ideal habitats. Geomorphology 277: 228—-236.

McClure MM, et al. 2008. Evolutionary consequences of habitat loss for Pacific

anadromous salmonids. Evolutionary Applications 1: 300-318.

McElhany P, Chilcote M, Myers J, Beamesderfer R. 2007. Viability status of Oregon
salmon and steelhead populations in the Willamette and Lower Columbia basins.
Prepared for Oregon Department of Fish and Wildlife and National Marine

Fisheries Service.

McMillan B. 1985. The Clark-Skamania Flyfishers’ snorkel survey of the East Fork

Lewis River (1985). Clark-Skamania Flyfishers, Vancouver, WA.

41



822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

Human alteration of natural barriers Fingerle et al.

McMillan B. 2024. \Waterfall-cascade-rapid modifications for fish passage on the west

coast of North America.

Montgomery DR. 2000. Coevolution of the Pacific salmon and Pacific Rim topography.

Geology 28: 1107.

Moore JW, Schindler DE. 2022. Getting ahead of climate change for ecological

adaptation and resilience. Science 376: 1421-1426.

Moore JW, et al. 2025. A safe operating space for salmon watersheds under rapid

climate change. Fish and Fisheries 26: 1213—1228.

Morgan SC. 2012. Ames Creek project to open access for steelhead, trout. The New

Era.

Morin J, et al. 2021. Indigenous sex-selective salmon harvesting demonstrates pre-
contact marine resource management in Burrard Inlet, British Columbia, Canada.

Scientific Reports 11: 21160.

Moyle P. 2002. Inland fishes of California. 2nd edn. University of California Press.

Moyle PB, Lusardi RA, Samuel PJ, Katz JV. 2017. State of the salmonids: status of
California’s emblematic fishes 2017. Center for Watershed Sciences, University

of California, Davis and California Trout.

Nehlsen W, Williams JE, Lichatowich JA. 1991. Pacific salmon at the crossroads: stocks

at risk from California, Oregon, Idaho, and Washington. Fisheries 16: 4-21.

42


https://www.academia.edu/117487028/Natural_Barrier_Modifications_for_Salmon_Passage_West_Coast_N_America_Map_Details_Table_April_2024
https://www.academia.edu/117487028/Natural_Barrier_Modifications_for_Salmon_Passage_West_Coast_N_America_Map_Details_Table_April_2024
https://www.sweethomenews.com/ames-creek-project-to-open-access-for-steelhead-trout/
https://www.sweethomenews.com/ames-creek-project-to-open-access-for-steelhead-trout/

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

Human alteration of natural barriers Fingerle et al.

Nelson, Jr. B. 1978. Our home forever: the Hupa Indians of Northern California. 1988th

edn. Howe Brothers.

Nesbitt HK, Moore JW. 2016. Species and population diversity in Pacific salmon
fisheries underpin indigenous food security. Journal of Applied Ecology 53:

1489-14909.

Neuner L, Tucker SC. 2023. Karuk traditional ecological knowledge and the
management of spring Chinook salmon. Report prepared by Suits and Signs

Consulting for the Karuk Tribe.

Null SE, Bosen W, Goodrum GC, Willis A. 2026. Enhancing climate resilience through

dam and barrier removal. WIREs Water 13: e70072.

Olson AD, Dix OJ. 1993. Lower Salmon River sub-basin fish habitat condition and
utilization assessment 1990/1991 final report. U.S. Forest Service, Klamath

National Forest.

Oregon Department of Fish and Wildlife. 2025. Coastal multi-species conservation and

management plan: wild fish monitoring summaries 2014-2025.

Pepping MY, et al. 2026. Genetic analysis reveals climate exposure and conservation
opportunities for a vulnerable life history in steelhead (Oncorhynchus mykiss).

Evolutionary Applications 19: e70293.

43



859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

Human alteration of natural barriers Fingerle et al.

Pess GR, et al. 2024. Initial responses of Chinook salmon (Oncorhynchus tshawytscha)
and steelhead (Oncorhynchus mykiss) to removal of two dams on the Elwha

River, Washington State, U.S.A. Frontiers in Ecology and Evolution 12: 1241028.

Pike RG, Young EL, Goetz JD, Spittlehouse DL. 2017. Cowichan River: a summary of
historical disturbances, water use pressures and streamflow trends. Water

Science Series. WSS2017-05. Prov. B.C., Victoria B.C.

Pollock MM, et al. 2014. Using beaver dams to restore incised stream ecosystems.

BioScience 64: 279-290.

Potapova A, et al. 2026. Range-wide life history diversity and climate exposure in adult

Chinook salmon. Ecosphere 17: e70572.

Powers PD, Orsborn JF. 1985. An investigation of the physical and biological conditions
affecting fish passage success at culverts and waterfalls. Final Project Report for
Bonneville Power Administration. Albrook Hydraulics Laboratory, Washington

State University.

Prince DJ, et al. 2017. The evolutionary basis of premature migration in Pacific salmon
highlights the utility of genomics for informing conservation. Science Advances 3:

e1603198.

Quinn TP, McGinnity P, Reed TE. 2016. The paradox of “premature migration” by adult
anadromous salmonid fishes: patterns and hypotheses. Canadian Journal of

Fisheries and Aquatic Sciences 73: 1015-1030.

44



879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

Human alteration of natural barriers Fingerle et al.

Rahel FJ. 2007. Biogeographic barriers, connectivity and homogenization of freshwater

faunas: it's a small world after all. Freshwater Biology 52: 696—710.

Rahel FJ. 2013. Intentional fragmentation as a management strategy in aquatic

systems. BioScience 63: 362—-372.

Reid AJ, et al. 2019. Emerging threats and persistent conservation challenges for

freshwater biodiversity. Biological Reviews 94: 849-873.

Reisenbichler RR, Mcintyre JD, Solazzi MF, Landino SW. 1992. Genetic variation in
steelhead of Oregon and Northern California. Transactions of the American

Fisheries Society 121: 158-169.

Reiser DW, Huang C, Beck S, Gagner M, Jeanes E. 2006. Defining flow windows for
upstream passage of adult anadromous salmonids at cascades and falls.

Transactions of the American Fisheries Society 135: 668—679.

Rich WH. 1943. The salmon runs of the Columbia River in 1938. Fish Commission of

the State of Oregon.

Richter BD, Postel S, Revenga C, Scudder T, Lehner B, Churchill A, Chow M. 2010.
Lost in development’s shadow: the downstream human consequences of dams.

Water Alternatives 3: 14—42.

Rybicki J, Hanski I. 2013. Species—area relationships and extinctions caused by habitat

loss and fragmentation. Ecology Letters 16: 27-38.

45



898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

Human alteration of natural barriers Fingerle et al.

Sandercock FK. 1991. Life history of coho salmon (Oncorhynchus kisutch). Pages 395—
445 in Groot C and Margolis L, eds. Pacific salmon life histories. University of

British Columbia Press.

Sanguine WL. 1985. Channel modification for fish passage on Umatilla River. United

States Army Corps of Engineers. Submitted to Bonneville Power Administration.

Schindler DE, et al. 2013. Riding the crimson tide: mobile terrestrial consumers track
phenological variation in spawning of an anadromous fish. Biology Letters 9:

20130048.

Schindler DE, et al. 2010. Population diversity and the portfolio effect in an exploited

species. Nature 465: 609-612.

Seidl MA, Dietrich WE. 1992. The problem of channel erosion into bedrock. Catena

Supplement 23: 101-124.

Skalicky JJ. 2022. Pacific lamprey passage evaluations at hatchery facilities in
southwest Washington state. U.S. Fish and Wildlife Service, Columbia River Fish

and Wildlife Conservation Office.

Smith DJ, Van Der Ree R, Rosell C. 2015. Wildlife crossing structures: an effective
strategy to restore or maintain wildlife connectivity across roads. Pages 172—-183
in Van Der Ree R, Smith DJ, and Grilo C, eds. Handbook of Road Ecology, 1st

edn. Wiley.

46



917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

Human alteration of natural barriers Fingerle et al.

Smith SB. 1969. Reproductive isolation in summer and winter races of steelhead trout.
1969, In T. G. Northcote (editor), Proceedings of the H. R. MacMillan Lectures
Symposium on Salmon and Trout in Streams, February 22-24, 1968, Vancouver

(Canada): Institute of Fisheries, University of British Columbia, Vancouver.

Snodgrass JW, Meffe GK. 1998. Influence of beavers on stream fish assemblages:

effects of pond age and watershed position. Ecology 79: 928-942.

Snyder JO. 1931. Salmon of the Klamath River, California. California Division of Fish

and Game, Fish Bulletin No. 34.

Sommarstrom S. 1984. Mendocino County salmon and steelhead management plan.

Mendocino County Fish and Game Advisory Committee.

Stewart IT, Cayan DR, Dettinger MD. 2005. Changes toward earlier streamflow timing

across western North America. Journal of Climate 18: 1136—1155.

Swezey SL, Heizer RF. 1977. Ritual management of salmonid fish resources in

California. The Journal of California Anthropology 4: 6—29.

Thompson NF, et al. 2020. A complex phenotype in salmon controlled by a simple

change in migratory timing. Science 370: 609-613.

Thompson PD, Rahel FJ. 1998. Evaluation of artificial barriers in small Rocky Mountain
streams for preventing the upstream movement of brook trout. North American

Journal of Fisheries Management 18: 206-210.

47



936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

Human alteration of natural barriers Fingerle et al.

Thompson TQ, et al. 2019. Anthropogenic habitat alteration leads to rapid loss of
adaptive variation and restoration potential in wild salmon populations.

Proceedings of the National Academy of Sciences 116: 177-186.

Thorstad E, et al. 2025. Assessing the extraordinary measures used to counteract
invasion of pink salmon into the North Atlantic. Management of Biological

Invasions 16: 465-487.

Trinity River Basin Fish and Wildlife Task Force. 1980. Trinity River basin fish and
wildlife comprehensive action program annual evaluation reports, fiscal year
1979. Prepared for the U.S. Department of the Interior Water and Power

Resources Service, Mid-Pacific Region.

Trinity River Basin Fish and Wildlife Task Force. 1981. Trinity River basin fish and
wildlife comprehensive action program annual evaluation reports, fiscal year
1980. Prepared for the U.S. Department of the Interior Water and Power

Resources Service, Mid-Pacific Region.

Trush W. 1989. The influence of channel morphology and hydrology on spawning
populations of steelhead trout in South Fork Eel tributaries. PhD thesis.

University of California, Berkeley.

Vitule JRS, Skora F, Abilhoa V. 2012. Homogenization of freshwater fish faunas after
the elimination of a natural barrier by a dam in Neotropics. Diversity and

Distributions 18: 111-120.

48



956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

Human alteration of natural barriers Fingerle et al.

Waples RS, et al. 2022. Implications of large-effect loci for conservation: a review and

case study with Pacific salmon. Journal of Heredity 113: 121-144.

Waples RS, Pess GR, Beechie T. 2008. Evolutionary history of Pacific salmon in

dynamic environments. Evolutionary Applications 1: 189-206.

Waterman TT, Kroeber AL. 1938. The Kepel fish dam. University of California

Publications in American Archaeology and Ethnology 35: 49-80.

Wathen G, Allgeier JE, Bouwes N, Pollock MM, Schindler DE, Jordan CE. 2019. Beaver
activity increases habitat complexity and spatial partitioning by steelhead trout.

Canadian Journal of Fisheries and Aquatic Sciences 76: 1086—1095.

Weber WG, Fortune Jr. JD. 1975. Siletz River summer steelhead study. Oregon Wildlife

Commission. Report no. AFS-31.

Williams JE, Isaak DJ, Imhof J, Hendrickson DA, McMillan JR. 2015. Cold-water fishes
and climate change in North America. Reference Module in Earth Systems and

Environmental Sciences. Elsevier.

Withler IL. 1966. Variability in life history characteristics of steelhead trout (Sa/mo
gairdneri) along the Pacific coast of North America. Journal of the Fisheries

Research Board of Canada 23: 365-393.

Withler R, Wetklo M, Guimond E. 2012. Puntledge River summer and fall Chinook
spawning behavior study. Prepared for Comox Valley Project Watershed Society,

Courtenay, BC. Report no. 10.Pun.05.

49



976

977

978

979

980

981

982

983

984

985

986

987

988

Human alteration of natural barriers Fingerle et al.

Wohl E. 2014. A legacy of absence: wood removal in US rivers. Progress in Physical

Geography: Earth and Environment 38: 637-663.

Wright MJ, Hurson M, Robinson KA, Patterson DA, Venditti JG. 2025. A typology of
potential hydraulic barriers to adult salmon migration in a bedrock river. Canadian

Journal of Fisheries and Aquatic Sciences 82: 1-19.

Yoshiyama RM, Gerstung ER, Fisher FW, Moyle PB. 2001. Historical and present
distribution of Chinook salmon in the Central Valley drainage of California. Pages
71-176 in Brown RL, ed. Contributions to the biology of Central Valley

salmonids, vol. 1. California Department of Fish and Game.

Zarfl C, et al. 2019. Future large hydropower dams impact global freshwater

megafauna. Scientific Reports 9: 18531.

50



989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

Human alteration of natural barriers Fingerle et al.

Figure 1: Distribution of natural barrier modifications across British Columbia,
Washington, Oregon, California, and Idaho designated by barrier type (letter) and
modification type (color). To ensure that most modifications are visible, we used a
dispersal algorithm that generalizes locations in high-density areas but maintains
general patterns. Pie charts show the proportion of each modification type across the
region (top right) and by state. The chart in the bottom right shows barrier modification
count across time, with modification type designated by color.

Alt text: Maps showing the locations and types of modified natural barriers across the
study range, with state/province-specific and regional pie charts of the proportions of
modification types, and a histogram of the count of natural barrier modifications across

time.

Figure 2: Locations of natural barrier modifications in the Kalama River (a), Salmon
River (b), and Siletz River (c). Barrier type is designated by letter. Modification type is
designated by color.

Alt text: Maps showing the locations and types of modified natural barriers in the

Kalama, Salmon, and Siletz rivers.

Figure 3: Preparing to blast the Methodist Creek Gorge on the South Fork of the
Salmon River, California. Prior to its modification in 1984, this bedrock gorge was a
barrier to fall-run Chinook migrating during low flows in fall. Photo credit: Jeff Buchin.

Alt text: Decorative photograph of preparations for blasting of a bedrock river gorge.
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Supplementary methods & Table S1

We compiled instances of natural barrier modification through an email survey
and literature search. We limited our study to modifications in Pacific salmon- and
steelhead-bearing watersheds ranging from British Columbia to California’s Central
Valley, which encompasses the greatest variation in run-timing diversity (see McMillan
2024 for a list of modifications in Alaska). We specifically focused on the modification of
geomorphic barriers (such as cascades and falls), recognizing that other types of
barriers (thermal, hydraulic) may also play important roles in structuring life history
diversity and have their own history of modification. Although not the primary focus of
our study, we included modifications to barriers created by relatively recent landslides
and rockfall (such as those resulting from the historic Christmas flood of 1964 in the
Pacific Northwest and northern California), recognizing that contemporary cascades
may have formed from landslides and rockfall over longer geologic timelines. We
excluded the extensive history of landslide modification in the mainstem Fraser River,
as that history is well documented elsewhere (Evenden 2000, Pess et al. 2012). Finally,
we included a particular modification only if we had reasonable certainty that the
modified barrier was a naturally occurring geomorphic barrier; we did not include
modifications where it was unclear whether the barrier was actually a log jam (many of
which were cleared simultaneously), culvert (e.g., Table 10-1 in Pacific Watershed
Associates 1994), or where the barrier type was unspecified without further identifying
context (e.g., Rice 1986).

In November 2023, we emailed a Google Form survey (Table S1) to over 200

personnel from state, provincial, and federal agencies, as well as Tribal and First



Nations fisheries departments, non-governmental organizations (e.g., watershed
councils), and academic institutions based in California, Oregon, Washington, Idaho,
and British Columbia. The survey asked respondents if they had knowledge of human
modification of natural barriers in the range of anadromous Pacific salmonids and, if so,
to list the watershed(s) in which these activities occurred. We followed up as needed to
gather more details about specific modifications when supporting documentation could
not be found online. We received 31 survey responses as well as a few responses
directly to email. Additionally, we searched peer-reviewed and gray literature through
the Web of Science database and targeted searches on Google Scholar, which were
aided by knowledge shared by survey respondents. We sourced additional gray
literature from the archives of the National Marine Fisheries Service, focusing
specifically on technical memoranda and status reviews. We also searched the
Ecological Reports Catalogue (EcoCat) of the British Columbia Ministry of Environment

and state fish passage databases.



Table S1. Survey questions emailed to individuals from state, provincial, and federal
agencies, as well as Tribal and First Nations fisheries departments, NGOs (e.g.,
watershed councils), and academic institutions based in California, Oregon,

Washington, Idaho, and British Columbia.

Please list your name (and employer if relevant).

What is your email?

What is your phone number?

Do you know of any instances of human modification of natural passage barriers in
the range of anadromous Pacific salmonids? This includes blasting of natural features
(boulders and bedrock) or building of a fish ladder around a natural feature.

If yes, please list the watershed(s) in which these activities occurred.

May we follow up with you to gather more information?

Are there other individuals or organizations that you suggest we contact to learn more
about modification of natural passage barriers? If yes, please provide their name and
contact information.

Any additional comments?
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Supplemental Table 2 (Table S2). Compilation of natural barrier modifications collected through individual surveys and review of peer-reviewed literature, gray literature, and fish passage databases.

State/Province  Basin (Coastal or Major Waterbody of ifi Barrier Type Type ification Date(s) i ion Description Source(s)
British Columbia  Coastal Khutze Inlet/K ish Harbor Kakushdish/Kadjusdis Creek Falls Fishway 1955 A fishway was built at a point of difficult passage. Manzon and Marshall 1981
British Columbia Coastal Nass River Cranberry River Falls Fishway Unknown (blasting), ~ Ginmiltkun Falls (or Cranberry River Falls) is a partial barrier to Cleveland 2018

Proposed as 0of 2018  salmon and steelhead migration. Unsuccessful attempts have
(fishway) been made to remove the barrier through blasting. A fishway is

proposed to increase wild salmon production and support
Indigenous fisheries.

British Columbia  Coastal Nass River Meziadin River Falls Fishway 1914, 1966 Two fishways, the latter replacing the original, were constructed at Fisheries and Environment Canada 1977,
Victoria Falls to enhance passage to Meziadin Lake. Regional District of Kitimat-Stikine 2011
British Columbia Coastal Kakweiken River Falls Fishway 1964, 1970s Falls on the Kakweiken River blocked passage by pink salmon Canada Department of Fisheries and Forestry

until fishway construction (two different styles, one replacing the 1970, Fisheries and Environment Canada 1977,
other), after which runs of 100,000-230,000 pink salmon reportedly Slaney and Milko 1982
ascended the fishway to spawn.

British Columbia Fraser River Coquihalla River Landslide/Rockfall/Roughs Blasting 2017 In 2014, erosion, shifting boulders, and settling of a failed bridge ~ Habitat Conservation Trust Foundation 2018
foundation created a nearly impassable barrier to summer-run
steelhead, reducing access to the upper 20 km of river. Blasting
and high winter flows redistributed rock to create passage.

British Columbia  Fraser River Mainstem Fraser River Falls Fishway 1987 At Saddle Rock, a bypass channel was constructed around a Adams and Whyte 1990
velocity/gradient barrier to pink and sockeye salmon.
British Columbia  Skeena River Babine River Landslide/Rockfall/Roughs Blasting 1953 During 1951-52, a rockslide ~12 km from the Skeena River Godfrey etal. 1954, Stiffetal. 2015

confluence inhibited migration, to varying degrees, of sockeye and
other salmon species. The obstruction was cleared in 1953.

British Columbia Skeena River Bulkley River Falls Fishway 1951 Two fishways were constructed at Moricetown Falls. Fisheries and Environment Canada 1977
British Columbia  Vancouver Island Campbell River Quinsam River Falls Fishway 2015 Directly below Lower Quinsam Lake, step pools and anchored Gale 2016; Michael McCulloch, Ministry of Water,
logs were used to enhance passage for coho and steelhead over Land and Resource Stewardship, Nanaimo, BC,
arange of flows. personal communication, 9 July 2026
British Columbia  Vancouver Island Campbell River Quinsam River Falls Fishway 2005 In the Upper Quinsam River, fishways were built around a series of Van Tine and Sinclair 2006
cascades that blocked passage by pink salmon atlow flows.
British Columbia Vancouver Island Courtenay River Puntledge River Falls Fishway 1923 and onward Concrete baffles were constructed at lower Stotan Falls (tkm 9.3)  Canada Department of Fisheries and Forestry
(blasting), 1969 in 1969, where passage was difficult. Drilling and blasting were 1970, Guimond 2008, Fish & Wildlife
(fishway) done the year prior to facilitate passage. Stotan Falls and Nib Falls Compensation Program 2020, Wetklo etal. 2020

were critical for maintaining spatial segregation between summer-
run and fall-run Chinook.

British Columbia Vancouver Island Courtenay River Puntledge River Falls Blasting 1923 and onward Blasting began at Nib Falls (rkm 11.3) in the 1920s, with a final Canada Department of Fisheries and Forestry
(blasting), 1977 modification (blasting of a fishway) in 1977. Nib Falls and Stotan 1970, Guimond 2008, Comox Valley Regional
(fishway) Falls were critical for maintaining spatial segregation between District 2019, Fish & Wildlife Compensation
summer-run and fall-run Chinook. Program 2020, Wetklo et al. 2020
British Columbia Vancouver Island Courtenay River/Puntledge River Browns River Falls Fishway Early 2000s A fishway was built at Browns River Falls to facilitate steelhead Michael McCulloch, Ministry of Water, Land and
passage in spring and coho passage in fall. Resource Stewardship, Nanaimo, BC, personal
communication, 9 July 2026
British Columbia  Vancouver Island Cowichan River Koksilah River Falls Fishway 1980 A fishway was constructed at Marble Falls (rkm 21) to enhance Tutty 1984
salmon runs by providing access to the upper watershed.
British Columbia Vancouver Island Cowichan River Mainstem Cowichan River Falls Fishway 1921, 1931, 1956 Work to facilitate migration at Skutz Falls was undertaken in 1921, O'Donnell 1988, Rutherford et al. 1988
followed later by a weir fishway (1931) and a vertical slot fishway
(1956).
British Columbia Vancouver Island Cowichan River Mainstem Cowichan River Falls Blasting 1890s-1900s Blasting to facilitate log driving extensively modified the channel  Pike etal. 2017

morphology of the Cowichan River: "29 waterfalls were eliminated,
leaving only one major falls (Skutz), and the number of rapids
were reduced from 130 to approximately five" (Pike etal. 2017).

British Columbia Vancouver Island Somass River Stamp River Falls Fishway 1927,1955 A fishway was constructed to provide passage around Stamp Canada Department of Fisheries 1955, Canada
Falls; a new fishway was later built next to the original Department of Fisheries and Forestry 1970,
Quinn 2020
British Columbia Vancouver Island Somass River/Stamp River Ash River Falls Blasting Late 1970s Dickson Falls was blasted to improve passage to anadromous Hatfield and Bos 2007
British Columbia Vancouver Island Somass River/Stamp River Sproat River Falls Fishway 1903, 1927, 1951 In 1903, a channel was cut to enhance passage over Sproat Falls, Canada Department of Fisheries 1951; Canada
butthis reportedly made passage more difficult. Fishways of Department of Fisheries 1955; Manzer et al.

different styles were built later. Adult sockeye have been observed 1985; Michael McCulloch, Ministry of Water,
ascending the falls under low to moderate flows, bypassing the Land and Resource Stewardship, Nanaimo, BC,

fishway. personal communication, 9 July 2026

British Columbia Vancouver Island Gordon River Falls Fishway 1980s, 2012, 2014 A bypass channel was built at Loup Falls, which had previously Michael McCulloch, Ministry of Water, Land and
been barely passable by steelhead. Additional modifications were Resource Stewardship, Nanaimo, BC, personal
undertaken to improve passage. communication, 9 July 2026

British Columbia Vancouver Island Marble River Falls Fishway 1928, 1967 (blasting); Bear Falls (rkm 5.2) was twice blasted to improve passage atlow Hamilton 1980, Canada Department of Fisheries

1986 (fishway) flows; a fishway around the falls was later constructed. and Oceans 1990, Taylor and Dunlop 2008

British Columbia  Vancouver Island Marble River Falls Blasting 1964-65, 1987 Holding pools were blasted at Lake Outlet Falls (rkm 8.3) to Hamilton 1980, Canada Department of Fisheries
improve passage at low flows, followed by later enhancement. and Oceans 1990, Taylor and Dunlop 2008

British Columbia Vancouver Island Marble River Falls Blasting 1928, 1986 The crest of Twin Falls (rkm 2.8) was lowered from 3.6 mto 24 m  Hamilton 1980, Canada Department of Fisheries
to facilitate migration by pink and chum salmon; a chute was later and Oceans 1990, Taylor and Dunlop 2008
blasted.

British Columbia  Vancouver Island Millstone River Falls Fishway 1982, 2007 An 800-m long side channel was blasted to bypass a series of Northwest Hydraulic Consultants 2008

falls, aiding coho salmon migration. This channel replaced a
damaged fishway that was builtin 1982.

British Columbia Vancouver Island Millstream Creek Falls Fishway 1998 Beginning in 1998, five fishways were constructed in lower McCully n.d., Peninsula Streams Society n.d.
Millstream Creek to support passage by coho salmon. Salmon did
not previously occupy the due to i
near the mouth.

British Columbia Vancouver Island Nanaimo River Falls Unknown 1989, 1992-1993 Blasting began in 1989 at White Rapids Falls to eliminate a low-  Carter and Nagtegaal 1997; Michael McCulloch,
flow rock barrier and create a plunge pool at the base of the falls. A Ministry of Water, Land and Resource
fishway was later built to ease passage for spawning Chinook. Stewardship, Nanaimo, BC, personal

communication, 9 July 2026




British Columbia  Vancouver Island Nimpkish River Falls Fishway 1953 Afishway was blasted at Karmutsen Falls to permit salmon Fraser etal. 1974; Michael McCulloch, Ministry of
migration into the Schoen and Klaklakama lakes system. Water, Land and Resource Stewardship,
Nanaimo, BC, personal communication, 9 July
2026
British Columbia  Vancouver Island Quatse River Falls Fishway Late 1970s A fishway was built around a cascade. Michael McCulloch, Ministry of Water, Land and
Resource Stewardship, Nanaimo, BC, personal
communication, 9 July 2026
British Columbia Vancouver Island Salmon River Landslide/Rockfall/Roughs Blasting 1978 Steps were blasted into falls formed by rockfall that had prevented Adams and Whyte 1990; Michael McCulloch,
steelhead passage. Ministry of Water, Land and Resource
Stewardship, Nanaimo, BC, personal
communication, 9 July 2026
California Coastal Eel River Middle Fork Eel River Landslide/Rockfall/Roughs Blasting 1946, 1974, 1980, Asa Bean Roughs (approx. rkm 80), a partial barrier to steelnead, Becker and Reining 2009 (and California
1997, 2002, 2005 was repeatedly blasted to improve passage. Department of Fish and Game references
therein); Braden Herman, California Department
of Fish and Wildlife, Fortuna, CA, personal
communication, 7 October 2026
California Coastal Eel River Middle Fork Eel River Landslide/Rockfall/Roughs Blasting 1960s (or earlier) to Large boulders comprising areas known as "roughs" (see Kannry Braden Herman, California Department of Fish
early 2000s etal. 2020) were blasted on an ongoing basis to improve passage. and Wildlife, Fortuna, CA, personal
California Coastal Eel River Van Duzen River Landslide/Rockfall/Roughs Blasting 1975 A seasonal barrier known as "Salmon Hole" was blasted to Braden Herman, California Department of Fish
improve passage for winter-run steelhead. and Wildlife, Fortuna, CA, personal
communication, 7 October 2026
California Coastal Russian River Big Sulphur Creek Landslide/Rockfall/Roughs Blasting 1970s, 1982 Ahuge rock slide that formed a narrow bottleneck was frequently ~Bombs away for fish' 1974
blasted to widen the channel and improve passage for steelhead.
California Coastal Russian River Crane Creek Falls Fishway 2011 Step pools were chiseled in a bedrock outcropping to allow fish Cuneo and Manning 2020
passage.
California Coastal Russian River Orrs Creek Landslide/Rockfall/Roughs Blasting 1970, 1987-1989 Blasting occurred at rkm 4 to improve access to the upper reaches Klamtand Durkee 1972, California Department
of stream. of Fish and Game 2002
California Klamath River Elk Creek East Fork Elk Creek Falls Fishway 2024 Pools were chipped into bedrock to allow coho to access Mid Klamath Watershed Council 2024
additional habitat.
California Klamath River Salmon River Mainstem Salmon River Landslide/Rockfall/Roughs Blasting 1983 Blasting occurred at Bloomer Falls (rkm 21.7) to improve Olson and Dix 1993; Neuner and Tucker 2023;
recreation safety following the death of a boater and to improve Toz Soto, Karuk Tribe, Orleans, CA, personal
anadromous fish passage during low flows. Bloomer Falls was communication, 6 July 2026
possibly formed as a result of the 1964 flood, but topography
indicates that some barrier to migration may have already existed
at that time. Prior to modification, Bloomer Falls was impassable at
low flows.
California Klamath River Salmon River Nordheimer Creek Falls Fishway Late 1980s A fishway was constructed around a 4.3-m falls (rkm 2.4). Klamath River Basin Fisheries Task Force 1991
California Klamath River Salmon River South Fork Salmon River Falls Blasting 1984 Blasting occurred at the falls at Methodist Roughs (rkm 10.5), a Olson and Dix 1993
partial migration barrier, to provide passage during low flows.
California Klamath River Salmon River South Fork Salmon River Falls Blasting 1984 Blasting occurred at the falls upstream of Matthews Creek (rkm Olson and Dix 1993
16.4), a partial migration barrier, to provide passage during low
flows.
California Klamath River Salmon River Wooley Creek Falls Blasting Early 1980s Blasting modified bedrock that was impassable at low flows. This  Neuner and Tucker 2023
was the site of a primary fishing ground for the Karuk, who would
only spear salmon and steelhead that failed to ascend the barrier,
leaving the strongest fish to continue upstream.
California Klamath River Salmon River/South Fork Salmon River Black Bear Creek Other or ur gradient barrier Fishway 1984 A fishway was built at an barrier. Rice 1986
California Klamath River Scott River Kelsey Creek Falls Blasting 1987 Blasting (very likely) occurred at the mouth to provide creek access Klamath National Forest 1987a; Klamath
for Chinook salmon National Forest 1987b; Maija Meneks, Klamath
National Forest, Yreka, CA, personal
communication, 26 January 2026
California Klamath River South Fork Trinity River East Tule Creek Falls Fishway 1987 A fishway was constructed around a 7.5-m bedrock falls (rkm 0.4). United States Forest Service 1993, Pattek and
As of 2020, it appeared to no longer function. McDiffitt 2020
California Klamath River Trinity River Big Bar Creek Other or unspecified gradient barrier Blasting 1980 The lower section of Big Bar Creek was blasted to improve access Trinity River Basin Fish and Wildlife Task Force
for spawning salmon and steelhead. 1981
California Klamath River Trinity River Brown's Creek Other or unspecified gradient barrier Blasting 1977 The stream gradient was modified with explosives to allow fish Trinity River Basin Fish and Wildlife Task Force
passage. 1978
California Klamath River Trinity River Don Juan Creek Other or unspecified gradient barrier Fishway 1977 An existing fishway was modified (original construction date Trinity River Basin Fish and Wildlife Task Force
uncertain). 1978
California Klamath River Trinity River East Fork of North Fork Other or unspecified gradient barrier Blasting 1977 The stream gradient was modified with explosives to allow fish Trinity River Basin Fish and Wildlife Task Force
passage. 1978
California Klamath River Trinity River Hayfork Creek Falls Fishway 1964, 1977 Above the East Fork, a fishway was constructed at a major falls Pacific Watershed Associates 1994, McCanne
that was recognized as a barrier to salmon and steelhead 2024
migration. Debris plugged the fishway in some years, so
explosives were used to partially remove the fishway and modify
the channel shape and flow velocity to aid passage. Passage is
still difficult, and as of 2024, further improvement to the site was
being considered to improve passage success.
California Klamath River Trinity River Little French Creek Other or unspecified gradient barrier Fishway 1977 An existing fishway was modified (original construction date Trinity River Basin Fish and Wildlife Task Force
uncertain). 1978
California Klamath River Trinity River Mainstem Trinity River Falls Blasting 1950s Burnt Ranch Falls was blasted over a span of years to ease Blast channel at Burnt Ranch Falls—fish move'
salmon migration, including six weeks of "intensified blasting"in 1950, McDaniel 1950, McDaniel 1951, 'The news
1950 to create a new channel. from our neighboring towns: Trinity County notes'
1956
California Klamath River Trinity River New River Other or unspecified gradient barrier Blasting 1980 Four sections were blasted to improve access for spawning Trinity River Basin Fish and Wildlife Task Force
salmon and steelhead. Blasting at the site of "Barrier No. 7" 1981
created a 3.5-m wide chute.
California Klamath River Trinity River North Fork Trinity River Other or unspecified gradient barrier Blasting 1980 "Barrier No. 5" was blasted (location not specified, but described  Trinity River Basin Fish and Wildlife Task Force
as 45-minute hike from the meadow at Blacks Flat). 1981
California Klamath River Trinity River North Fork Trinity River Other or unspecified gradient barrier Blasting 1980 A barrier between Blacks Flat and Waldorf crossing was blasted.  Trinity River Basin Fish and Wildlife Task Force
1981
California Klamath River Trinity River North Fork Trinity River Other or unspecified gradient barrier Blasting 1980 Blasting occurred at the mouth of Thurston Gulch. Trinity River Basin Fish and Wildlife Task Force
1981
California Klamath River Trinity River Rush Creek Other or unspecified gradient barrier Blasting 1980 The lower section was blasted to improve access for spawning Trinity River Basin Fish and Wildlife Task Force

salmon and steelhead.

1981




California Klamath River Trinity River South Fork Trinity River Landslide/Rockfall/Roughs Blasting 1960s (likely) A channel was blasted in the gorge below Hyampom to improve  Pacific Watershed Associates 1994
passage through a large boulder cascade that formed as a result
of the 1964 flood.
California Klamath River Trinity River South Fork Trinity River Other or unspecified gradient barrier Fishway Unknown Fishways were builtin many streams in the South Fork Trinity Pacific Watershed Associates 1994
River watershed to provide passage around or through natural
and human-made barriers.
California Klamath River Bluff Creek Landslide/Rockfall/Roughs Fishway ~1978, early 1980s A fishway was built to restore creek access after the 1964 flood Klamath River Basin Fisheries Task Force 1991;
reconfigured the channel. The fishway was damaged and blasting LeRoy Cyr, Six Rivers National Forest, Orleans,
was undertaken in the early 1980s to further improve passage. CA, personal communication, 11 June 2026
California Klamath River Clear Creek Other or ur gradient barrier Blasting Unknown Blasting reportedly opened up almost 5 km of habitat. Klamath River Basin Fisheries Task Force 1991
California Klamath River Coon Creek Other or unspecified gradient barrier Fishway Unknown A fishway was constructed that, as of 1991, functioned at some Klamath River Basin Fisheries Task Force 1991
flows.
California Klamath River Dillon Creek Other or unspecified gradient barrier Blasting Unknown Blasting reportedly opened up 8 km of habitat to salmon and Klamath River Basin Fisheries Task Force 1991
steelhead.
California Klamath River Independence Creek Other or unspecified gradient barrier Unknown Unknown The creek mouth was altered to allow passage. Klamath River Basin Fisheries Task Force 1991
California Klamath River Indian Creek Other or unspecified gradient barrier Unknown 1985 Several migration obstructions were modified. Rice 1986, Klamath River Basin Fisheries Task
Force 1991
California Klamath River Mainstem Klamath River Falls Fishway 1910 Afishway was built at the falls at Keno to enhance passage for fall- Fish ladder in Klamath River' 1910
run Chinook. Although both spring- and fall-run Chinook could
historically access the upper Klamath Basin, irrigation diversions
may have impacted passage over mainstem bedrock obstructions.
California Klamath River Pearch Creek Other or unspecified gradient barrier Fishway 1996 The mouth was modified through excavation, rock movement, and LeRoy Cyr, Six Rivers National Forest, Orleans,
the placement of five weir structures for development of step pools CA, personal communication, 11 June 2026
to improve passage for ids into the creek.
California Klamath River Shasta River Other or unspecified gradient barrier Fishway Unknown Four fishways were constructed on the Shasta River and in 1991  Klamath River Basin Fisheries Task Force 1991
were described as functional.
California Klamath River Tarup Creek Falls Blasting Unknown A falls was blasted to allow by Chinook salmon. Klamath River Basin Fisheries Task Force 1991
California Sacramento River American River South Fork American River Falls Blasting 1888-1890, 1935 Modifications at 6-m Salmon Falls began in 1888-1890, reportedly Yoshiyama etal. 2001
to create passage for log drives or to enhance fish passage,
primarily for fall-run Chinook that were blocked from passage at
low flows. The falls were again blasted in 1935 to improve
passage for salmon and steelhead. Salmon Falls is now inundated
by Folsom Reservoir.
California Sacramento River Battle Creek North Fork Battle Creek Landslide/Rockfall/Roughs Blasting 2021 Arock barrier in Eagle Canyon that blocked passage was modified California Trout n.d.
through excavation and blasting, primarily to benefit winter-run
Chinook salmon.
California Sacramento River Big Chico Creek Landslide/Rockfall/Roughs Fishway 1956, 2026 Afishway was builtin Iron Canyon in 1956 where rockfall in the California Trout 2026
early 1900s blocked passage, but it ceased to function. In 2026,
the fishway was removed and rockfall was reconfigured into a
channel of step-pools and boulder cascades, providing access to
coldwater habitat.
California Sacramento River Deer Creek Falls Fishway Unknown A fishway was built at Upper Deer Creek Falls, a sheer 6-m drop.  Yoshiyama et al. 2001
California Sacramento River Deer Creek Falls Fishway 1942-1943 To mitigate habitat lost by the construction of Shasta and Keswick Yoshiyama et al. 2001
dams, a fishway was built at 5-m high Lower Deer Creek Falls,
which was reportedly impassable.
Idaho Columbia River Snake River Selway River Falls Fishway Mid- to late-1960s Afishway tunnel was built at Selway Falls to ease passage for Smith and Wold 1983, Barker 2010
steelhead.
Idaho Columbia River Snake River/Little Salmon River Boulder Creek Falls Blasting 1986 Afalls created by a solid granite ledge was blasted to improve Holubetz and Petrosky 1988b
passage for spring-run Chinook salmon.
Idaho Columbia River Snake River/Salmon River Johnson Creek Falls Blasting 1984-1986 Blasting occurred at five locations where boulders or bedrock Holubetz and Petrosky 1988a
blocked migration of summer-run Chinook salmon; steelhead were
historically able to pass the barriers at most flows.
Idaho Columbia River Snake River/Salmon River Middle Fork Salmon River Falls Fishway 1959-1960 A fishway was built at Dagger Falls. Smith and Wold 1983
Oregon Coastal Alsea Bay Drift Creek Falls Fishway Unknown A fishway was built at Bohannon Ranch Falls. Schwartz 1991
Oregon Coastal Alsea River Cascade Creek Falls Fishway Unknown A fishway was built at a falls (rkm 0.15) that is believed to be a Solazzi et. al 2000
complete barrier to upstream migration; passage of the falls may
be possible at extremely high flows in winter.
Oregon Coastal Coos River/Millicoma River West Fork Millicoma River Falls Fishway 1952,2016 Stulls Falls impeded passage particularly for winter-run steelhead, Fish Commission of the State of Oregon 1953,
coho, and Chinook. In 1952, a fishway and concrete weir were Tarbox 2015
built at the lower and upper falls, respectively. In 2016, three
channels were carved into bedrock to increase the range of
passable flows over the upper falls.
Oregon Coastal Coos River/South Fork Coos River Fall Creek Falls Fishway 1987, 1997 Afishway was built at a falls (rkm 1) with a 12-m vertical drop that ~ Solazzi et al. 2000
completely blocked upstream passage; the fishway was builtin
1987 but steps were notadded until 1997.
Oregon Coastal Coos River/South Fork Coos River Tioga Creek Falls Fishway 1960s, 2023 In the 1960s, a fishway was built at Tioga Falls, which was Oregon Fish and Wildlife Commission 2023,
historically passable at some flows, especially prior to downstream DeNies 2023
habitat alterations that reduced water levels at the base of the falls.
In 2023, three channels were cutinto bedrock to improve passage
ata range of flows.
Oregon Coastal Coquille River North Fork Coquille River Falls Fishway 1950-1952 Abypass channel fishway was blasted around LaVerne Park Falls. Fish Commission of the State of Oregon 1953
Oregon Coastal Nehalem River North Fork Nehalem River Falls Fishway Unknown A fishway was built at Waterhouse Falls, a partial migration barrier. Solazzi et al. 2000
Oregon Coastal Nestucca River East Creek Falls Blasting 1950-1952 East Creek Falls was blasted to permit easier passage. Fish C 1 of the State of Oregon 1953
Oregon Coastal Rogue River Big Butte Creek Falls Fishway Unknown A fishway was built at Crowfoot Falls. Oregon Department of Fish and Wildlife 2009
Oregon Coastal Rogue River lllinois River Falls Fishway 1910-1912, 1930s, lllinois River Falls was modified throughout the 20th century, Busby etal. 1993
1956-57 including blasting as early as 1910-1912 and construction of a
fishway in 1956-57. There is uncertainty regarding historical
passage at the falls and specific modifications.
Oregon Coastal Rogue River Mainstem Rogue River Falls Fishway 1940s Rainie Falls was blasted atleast half a dozen times to improve Arman and Wooldridge 1982
passage for boats, reducing the need to portage.
Oregon Coastal Rogue River Mainstem Rogue River Falls, Landslide/Rockfall/Roughs Blasting 1940s Boulders and other natural obstructions were extensively blasted ~ Arman and Wooldridge 1982

to clear a boating channel from Dunn Riffle to just above Agness, a
distance of over 80 km.




Oregon Coastal Siletz River Siletz River Falls Fishway 1950-1952 A fishway was built at Valsetz Falls. Fish C ission of the State of Oregon 1953
Oregon Coastal Siletz River Mainstem Siletz River Falls Fishway 1949-1952 A fishway was built at Siletz Falls, which historically impeded or Kostow 2012, Hemstrom et al. 2017
blocked passage for winter-run steelhead, coho salmon, and fall-
run Chinook. Due to concerns over the low abundance of summer-
run steelhead, in 1994 the fishway was converted to a fish trap and
since then has been managed to provide passage only to summer-
run steelhead and spring-run Chinook.
Oregon Coastal Siletz River Mill Creek Falls Fishway Unknown Afishway was built at a small falls (rkm 0.4) that is a partial barrier Solazzi et al. 2000
to salmon and steelhead.
Oregon Coastal Siuslaw River Lake Creek Falls Fishway 1989 Fishways were constructed at Lake Creek Falls, formed about Fischer etal. 2022
10,300 years ago by a massive landslide, to allow passage by
coho and other species.
Oregon Coastal Umpqua River Smith River Falls Fishway Unknown A fishway was constructed at Smith River Falls (rkm 47). Oregon Department of Fish and Wildlife 2017
Oregon Coastal Umpqua River South Fork Umpqua River Falls Fishway 1955 A fishway was built at South Umpqua Falls, primarily to ease Pitney and Saltzman 1956
passage by spring-run Chinook.
Oregon Coastal Umpqua River/Elk Creek/Pass Creek Buck Creek Other or unspecified gradient barrier Fishway 2017 A fishway was cutinto a bedrock sheet. Lee Russell, Elk Creek Watershed Coalition,
Yoncalla, OR, personal communication, 16 June
2026
Oregon Coastal Umpqua River/North Fork Umpqua River Little River Falls Fishway Unknown Afishway was built at Little River Falls, an approximately 3-m step. Loomis et. al 2003
Oregon Coastal Umpqua River/North Fork Umpqua River Little Wolf Creek Falls Fishway Pre-1985 (Unknown)  Little Wolf Creek Falls, reportedly a total obstruction to upstream Bureau of Land Management 1985
passage, was blasted. Fish weirs were subsequently builtin the
blasted channel to ease passage at all flows.
Oregon Coastal Umpqua River/North Fork Umpqua River Steamboat Creek Falls Fishway 1959 A fishway was constructed at Steamboat Falls, a 7.6-m two-step Loomis et. al 2003
falls, to improve passage for steelhead. Historically, the falls may
have been a high-flow migration barrier.
Oregon Coastal Little Nestucca River Falls Fishway Unknown A fishway was built at Stella Falls (rkm 7.0). Solazzi etal. 2000
Oregon Coastal Little Nestucca River Falls Fishway Unknown Afishway was built at Upton Falls (rkm 6.6) where passage was ~ Solazzi etal. 2000
judged to be "more difficult" than at Stella Falls upstream.
Oregon Coastal Nehalem River Falls Fishway 1950-1952 A fishway was constructed at Nehalem Falls. Fish C ission of the State of Oregon 1953
Oregon Coastal Siuslaw River Falls Fishway 1972 A fishway was constructed at Siuslaw River Falls. Hutchison 1972
Oregon Columbia River Clackamas River Collawash River Falls Blasting 1974 (blasting), 1987 Collawash River Falls (rkm 12) was a partial migration barrierina Deibel 1993
(fishway), 1989-1992  deeply incised gorge; summer-run steelhead were observed to
(blasting) pass the falls at an estimated 10-20% success rate. Modifications
to the falls to increase passage for salmon and steelhead included
excavation of a trench and substantial blasting.
Oregon Columbia River Clackamas River Eagle Creek Falls Fishway 1930s Afishway was built at Dwyer Falls, downstream of the confluence  Columbia Basin Hatchery Review Team 2007
of the North Fork of Eagle Creek (rkm 9.7). Dwyer Falls was
believed to be passable by steelhead but not salmon.
Oregon Columbia River Clackamas River Eagle Creek Falls Fishway 1930s A fishway was built at the middle falls of Eagle Creek (rkm 14.5).  Columbia Basin Hatchery Review Team 2007
Oregon Columbia River Hood River West Fork Hood River Falls Fishway 1985 A fishway was built at Moving Falls. Coccoli 1999
Oregon Columbia River Hood River West Fork Hood River Falls Fishway 1957 A fishway was built at Punchbowl Falls, which was (and may Smith and Wold 1983, Coccoli 1999, Kostow
remain, possibly due to inadequate maintenance) a partial barrier 2003
to migration. Summer-run steelhead are found above the falls.
Large numbers of salmon or steelhead (runs not specified) were
reportedly able to ascend the falls prior to fishway construction.
Oregon Columbia River Santiam River/Willamette River Little North Fork Santiam River _ Falls Fishway Unknown A fishway was built at Elkhorn Falls. Smith and Wold 1983
Oregon Columbia River Scappoose Creek North Fork Scappoose Creek Falls Fishway Unknown Afishway was built at Bonnie Falls, considered to be a complete  Solazzi etal. 2000
barrier to salmon and steelhead migration.
Oregon Columbia River Wallowa River Minam River Falls Fishway Unknown A fishway was built at Minam Falls; blasting also occurred. Smith and Wold 1983, Fulton 1968
Oregon Columbia River Willamette River Mainstem Willamette River Falls Fishway 1885, 1893, 1904, A fishway was built at Willamette Falls and has been replaced Smith and Wold 1983, Myers et al. 2006, Oregon
1975 multiple times to improve passage. Prior to i ion, only D of Fish and Wildlife n.d.b
spring-run Chinook and late winter-run steelhead could ascend
the falls.
Oregon Columbia River Willamette River Santiam River Other or unspecified gradient barrier Fishway Unknown Rock cut fish passes were built at an unspecified natural barrier(s). Delarm and Wold 1986
Oregon Columbia River Willamette River South Santiam River Falls Fishway 1963 Arock cut fish pass was built at Hard (House) Rock Falls. Delarm and Wold 1986
Oregon Columbia River Willamette River/Collawash River Hot Springs Fork Falls Fishway 1966 A fishway was built at Pegleg Falls. Delarm and Wold 1984, Hickman 1992
Oregon Columbia River Willamette River/Collawash River Hot Springs Fork Falls Unknown 1986 An unnamed falls (rkm 11.4) was modified to improve passage. Hickman 1992
Oregon Columbia River Willamette River/Collawash River Hot Springs Fork/Nohorn Creek Falls Blasting 1985 Three jump pools and two holding pools were blasted at the Cain 1986
uppermost (of three) waterfalls to improve access for steelhead.
Oregon Columbia River Willamette River/Collawash River Hot Springs Fork/Pansy Creek  Falls Blasting 1985 Pools were blasted into bedrock to improve steelhead passage Cain 1986
around a falls.
Oregon Columbia River Willamette River/L i River Coast Creek Other or ur gradient barrier Fishway 1962 Arock cut fish pass was builtatan natural barrier. Delarm and Wold 1986
Oregon Columbia River Willamette River/McKenzie River Mohawk River Falls Fishway 1962 A rock cut fish pass was built at Mohawk Falls. Delarm and Wold 1986
Oregon Columbia River Willamette River/Milk Creek Nate Creek Other or unspecified gradient barrier Fishway 1961 Arock cut fish pass was built at an unspecfied natural barrier. Delarm and Wold 1986
Oregon Columbia River Willamette River/Molalla River/Pudding River Butte Creek Falls Fishway 1963 Rock cut fish passes were built at "Butte Falls No. 3" and "Butte Delarm and Wold 1986
Falls No. 4."
Oregon Columbia River Willamette River/South Santiam River Ames Creek Other or unspecified gradient barrier Fishway 2012 Step pools were excavated to facilitate passage into the creek. South Santiam Watershed Council n.d., Morgan
Foster Dam on the South Santiam River reduced the amount of 2012
backflooding into the tributary that occurred naturally, making it
more difficult for fish to ascend the steep bedrock channel at the
mouth.
Oregon Columbia River Willamette River/South Santiam River Wiley Creek Falls Fishway 1958, 1967 Rock cut fish passes were built at "Wiley Creek No. 3" and "Wiley ~ National Marine Fisheries Service 1981, Delarm
Creek No.5." and Wold 1986
Oregon Columbia River Willamette River/South Yamhill River Willamina Creek Other or unspecified gradient barrier Fishway Unknown Rock cut fish passes were built at unspecified natural barriers. Smith and Wold 1983
Oregon Columbia River Willamette River/Yamhill River Agency Creek Other or unspecified gradient barrier Fishway 1962 Three rock cut fish passes were built at unspecfied natural Delarm and Wold 1986
barriers.
Oregon Columbia River Youngs River/Klaskanine River North Fork Klaskanine River Falls Fishway Unknown A fishway was constructed at Barth Falls, which was a barrier to Fulton 1968, Smith and Wold 1983, Oregon
chum, Chinook, coho, and cutthroat trout; steelhead may have Department of Fish and Wildlife 2016
been able to pass at certain flows.
Oregon Columbia River Clatskanie River Falls Fishway Unknown A fishway was built at Clatskanie Falls. Smith and Wold 1983, Delarm and Wold 1986
Oregon Columbia River Deschutes River Falls Fishway 1930s A fishway was built at Sherars Falls to enhance passage. Oregon Department of Fish and Wildlife n.d.a




Oregon Columbia River Deschutes River Falls Fishway 1922 Afishway was built at Steelhead Falls, which was passable by Fies etal. 1996, Davis and Kunkel 2010
steelhead in high winter or early spring flows. The fishway was
purposely blocked in the 1960s to prevent upstream migration by
nongame fish. By 1996, the fishway was no longer functional.
Oregon Columbia River Deschutes River Falls Fishway 1920s Afishway was built at Big Falls, which was the historic upstream  Fies etal. 1996, Davis and Kunkel 2010
limit to anadromous fish migration. By 1996, the fishway was no
longer functional.
Oregon Columbia River Deschutes River Falls Fishway 1920s A fishway was built at Cline Falls to provide anadromous fish Fies etal. 1996, Davis and Kunkel 2010
passage. By 1996, the fishway was no longer functional.
Oregon Columbia River Fifteenmile Creek Falls Fishway 1960s, 1972, mid- Modifications at Seufert Falls (rkm 0.4) to improve passage Lichens 1972, Nelson 2000
1980s imarily for winte )include i ion of low
wooden sills across the stream (early 1960s), blasting (1972), and
a fishway (mid-1980s).
Oregon Columbia River Goble Creek Falls Fishway Unknown A fishway was constructed at Goble Creek Falls. Smith and Wold 1983, Delarm and Wold 1986
Oregon Columbia River Umatilla River Other or unspecified gradient barrier Blasting 1984-1986 A channel was blasted and excavated through a shallow bedrock Sanguine 1985
reach downstream of Threemile Dam, where passage was difficult
due to low flows from upstream irrigation diversions.
Washington Coastal Chehalis River Elk Creek Falls Fishway 1972 Afishway was built ata 3.7-m falls (rkm 2.4). Phinney and Bucknell 1975
Washington Coastal Chehalis River Roger Creek Falls Blasting 1970 Fisk Falls was blasted to improve passage by salmon; steelhead ~ Phinney and Bucknell 1975
were reportedly able to ascend the falls historically.
Washington Coastal Chehalis River/Humptulips River East Fork Humptulips Creek Falls Fishway Unknown A fishway was built at a falls below Flat Bottom Creek (rkm 27.5).  Phinney and Bucknell 1975
Washington Coastal Chehalis River/Newaukum River North Fork Newaukum River Falls Fishway 1970, 2016 A fishway was built at a small falls where a diversion dam blocked Phinney and Bucknell 1975, Washington
nearly all adult fish passage. The fishway was rebuiltin 2016. Department of Fish and Wildlife n.d.
Washington Coastal Quinault River/Lake Quinault Falls Creek Falls Fishway Unknown Afishway was built at a falls (rkm 0.3) but was (mostly) removed Phinney and Bucknell 1975, Washington
around 1998. The falls may also have been blasted. Department of Fish and Wildlife n.d.
Washington Coastal Willapa Bay/North River Fall River Falls Fishway 1965 A fishway was built at a falls near the mouth. Phinney and Bucknell 1975
Washington Coastal Willapa Bay/North River Fall River Falls Blasting 1965 Blasting removed a falls approximately 1.6 km upstream from the ~ Phinney and Bucknell 1975
Fall River fishway.
Washington Coastal Willapa Bay/Willapa River South Fork Willapa River Falls Fishway 1950s A fishway was built to improve passage ata 4.6-m falls Phinney and Bucknell 1975
downstream of the mouth of Donaldson Creek. Blasting was also
conducted in the early 1950s at possibly more than one falls
nearby.
Washington Coastal Salt Creek Falls Fishway 1951, 1961, 2000 Afalls (three hydraulic jumps) at rkm 5.6 were a barrier to chum McHenry et al. 2004
salmon and cutthroat trout at all flows, as well as coho and
steelhead under low-flow conditions. In 1951, a trench was blasted
between the upper and lower falls, but was unsuccessful at
improving passage. Concrete weirs, which were builtin 1961 and
repaired in 2000, reportedly improved passage.
Washington Columbia River Abernathy Creek Cameron Creek Falls Fishway 1952 A weir-pool fishway was blasted into a bedrock falls/cascades Smith and Wold 1983, Washington Department
area. of Fish and Wildlife n.d.
Washington Columbia River Abernathy Creek Cameron Creek Falls Fishway 1952 A weir-pool fishway was built next to a bedrock cascade. Smith and Wold 1983, Washington Department
of Fish and Wildlife n.d.
Washington Columbia River Cowlitz River Delameter Creek Falls Fishway 1958 A weir-pool fishway was built ata 2-m high concrete dam on a Smith and Wold 1983, Washington Department
bedrock falls. of Fish and Wildlife n.d.
Washington Columbia River Cowlitz River Delameter Creek Falls Fishway 1956 A weir-pool fishway was built at a bedrock falls. Smith and Wold 1983, Washington Department
of Fish and Wildlife n.d.
Washington Columbia River Cowlitz River South Fork Ostrander Creek Falls Fishway 1952, 1987 A weir-pool fishway was built at a bedrock falls; streambed Smith and Wold 1983, Washington Department
controls were added in 1987. of Fish and Wildlife n.d.
Washington Columbia River Kalama River Little Kalama River Falls Blasting 1952 Fishways were blasted at three small falls. Smith and Wold 1983, Washington Department
of Fish and Wildlife n.d.
Washington Columbia River Kalama River Mainstem Kalama River Falls Fishway Early 1900s, 1936, Kalama Falls was modified in the early 1900s in association with ~ Bradford et al. 1996, Lower Columbia Fish
late 1950s hydropower development. A fishway was builtin 1936. Kalama Recovery Board 2004
Falls Hatchery began operation in the late 1950s, which included
a concrete and steel cap thatincreased the height of the falls to 3-
4 m as well as an adjacent fishway to divert adult migrants for
either broodstock collection or upstream passage.
Washington Columbia River Lewis River East Fork Lewis River Falls Blasting 1982 A notch was blasted into Sunset Falls to reduce the height and McMillan 1985, Washington Department of Fish
facilitate passage by summer-run steelhead. and Wildlife n.d.
Washington Columbia River Lewis River/North Fork Lewis River Cedar Creek Falls Fishway 1957 Fishways were built at Cedar Creek Falls, which provided access ~Fulton 1968
to about 24 km of habitat for salmon.
Washington Columbia River Lewis River/North Fork Lewis River Johnson Creek Falls Fishway 1952 A fishway was blasted into bedrock cascades (rkm 0.3) and Washington Department of Fish and Wildlife n.d.
enhanced with three channel-spanning weirs.
Washington Columbia River Lewis River/North Fork Lewis River Johnson Creek Falls Fishway 1952 Afishway was created by blasting a series of pools throughouta ~ Washington Department of Fish and Wildlife n.d.
bedrock cascades atrkm 0.4.
Washington Columbia River Yakima River/Naches River Little Naches River Falls Fishway 1986-87 Afishway was constructed at Salmon Falls. The channel below the Hoefer 1997, Muir 2003
falls was also modified to permit passage to the falls during low
flows.
Washington Columbia River Abernathy Creek Falls Fishway 1951 A fishway was built at a falls (rkm 6). Fulton 1968, Washington Department of Fish and
Wildlife n.d.
Washington Columbia River Grays River Falls Fishway 1952 Afishway chute was blasted in bedrock to improve passage. Washington Department of Fish and Wildlife n.d.
Washington Columbia River Klickitat River Falls Fishway 1952,2010 Afishway was built at Lyle Falls (rkm 3.5), a low-flow barrier, to Espenson etal. 2004, Bonneville Power
pass adultanadromous fish at a wide range of flows. The fishway i 3 D of
was reconstructed in 2010. Fish and Wildlife n.d., Yakima/Klickitat Fisheries
Projectn.d.
Washington Columbia River Klickitat River Falls Fishway 1960s, 2002-2005 A fishway complex was built at Castile Falls, a series of 11 fallsin ~ Fulton 1968, National Marine Fisheries Service
the Klickitat River Gorge. Blasting was also conducted at some of 1981, Espenson 2004, Galbreath etal. 2014,
the falls to improve passage. Renovation of the fishway complex ~ McMillan 2024
occurred in the early 2000s. Steelhead and spring-run Chinook
may have been able to pass the falls historically.
Washington Columbia River Mill Creek Falls Fishway 1951 Afishway was built at a 2-m falls (rkm 2) that was a low-flow Bryant 1949, Fulton 1968
barrier.
Washington Columbia River Washougal River Falls Fishway 1957 Afishway was built at 2.4-m high Salmon Falls (rkm 28), which Bryant 1949, Fulton 1968, Washington

was difficult for salmon to pass at low flows,

Department of Fish and Wildlife n.d.




Washington Columbia River Wind River Falls Fishway Unknown but likely Aweir-pool fishway was built next to a minor bedrock falls/cascade Washington Department of Fish and Wildlife n.d.
1950s upstream of Shipherd Falls.
Washington Columbia River Wind River Falls Fishway 1956 A vertical slot fishway was built at Shipherd Falls, a series of four ~ Fulton 1970, National Marine Fisheries Service
falls, to pass spring-run Chinook to the Carson National Fish 1981, Washington Department of Fish and
Hatchery. Summer-run steelhead were able to pass the falls at Wildlife n.d.
high flows.
Washington Puget Sound Deschutes River Mainstem Deschutes River Falls Fishway 1953, 1954 Three fishways were built at lower, middle, and upper Tumwater ~ Phinney and Bucknell 1975, Washington
Falls to open the upper river to anadromous fish. Department of Fish and Wildlife n.d.
Washington Puget Sound Deschutes River Percival Creek Falls Fishway 1995 Afishway was built at a falls. Washington Department of Fish and Wildlife n.d.
Washington Puget Sound Nisqually River Horn Creek Falls Fishway 2024 Fishway chutes/pools were installed ata 1.5-m falls that partially =~ Washington State Recreation and Conservation
blocked passage for salmon. Office 2025
Washington Puget Sound Samish River Ennis Creek Falls Fishway Unknown A fishway was built at a small falls to provide passage for coho Williams and Phinney 1975
salmon.
Washington Puget Sound Snohomish River South Fork Skykomish River Falls Fishway 1958 Afishway and trap and haul program at Sunset Falls (rkm 3) Tribble 2020, Washington Department of Fish
provides salmon, steelhead, and bull trout with access to 111 km  and Wildlife n.d.
of habitat upstream of three impassable barriers.
Washington Puget Sound Stillaguamish River South Fork Stillaguamish River Falls Fishway 1954 A 50-step vertical slot fishway was constructed at Granite Falls;a  Pess etal. 2002, Washington Department of Fish

tunnel was also blasted through bedrock.

and Wildlife n.d.



Metadata for Table S2

Barrier Type

Falls: broadly defined to include high-gradient barriers such as
waterfalls, cascades, chutes, and rapids.
Landslide/Rockfall/Roughs: includes persistent natural
barriers that were created by landslide or rockfall (including
very large boulders), typically on more recent (rather than
geologic) timescales, e.g., the Christmas flood of 1964 in the
Pacific Northwest and parts of northern California.

Other or unspecified gradient barrier: includes bedrock
outcroppings and sheets, as well as instances for which the
specific type of barrier is not described.

Modification Type

Blasting: applies to instances where explosives were used to
modify or remove a barrier to enhance passage.

Fishway: applies to instances where any variety of fishway or
bypass channel was constructed to enhance passage,
including instances where blasting was used to create a
fishway, or where a fishway was built years to decades after
blasting occurred.

Unknown: applies to instances where a description of the type
of modification could not be found.

Modification Date

Many natural barriers were modified more than once and in
more than one way. Where more than one year is listed, dates
reflect documentation of multiple discrete actions to modify a
barrier (such as replacement of a fishway or blasting followed
by fishway construction years later) or to maintain or further
improve existing passage enhancements.
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