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Rewilding the upper Klamath
River Basin: rapid recolonization
of Chinook salmon following the
world’s largest dam removal
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Habitat fragmentation is a global driver of decline in biodiversity, yet evaluations of ecological
response following re-connection remain rare. In 2024, four hydroelectric dams on the Klamath

River were removed, reconnecting over 640 km of anadromous habitat and marking the largest

dam removal project completed to date. We used a stationary high-resolution multi-beam imaging
SONAR to quantify adult Chinook salmon (Oncorhynchus tshawytscha) passage into newly reopened
reaches during the first two migratory seasons following dam removal. An estimated 7,742 (95% Cl:
7,702-7,778) Chinook salmon migrated upstream in 2024 and 13,310 (95% Cl: 12,876-13,733) in 2025,
representing 18-19% of fish returning to the Klamath River Basin. Within this period, Chinook salmon
recolonized 88% of their documented historical distribution, expanding into 345 km of reconnected
habitats and reaching elevations of up to 1,250 m. Recolonization required fish to swim through dam
removal sites, complex hydraulic corridors and engineered fishways, demonstrating the propensity
for rapid recolonization at basin scale despite these challenges. These findings provide the first
quantitative assessment of salmon response to the world’s largest dam removal and demonstrate how
reconnection can catalyze large-scale recolonization in historically fragmented river networks.

Habitat fragmentation and associated impacts are primary drivers of global biodiversity decline and ecosystem
dysfunction!. Fragmentation can cause the non-random loss of species important for ecosystem function, or
restrict individual movement among sites, limiting the adaptive capacity of populations to climate vulnerability'-.
Impacts of habitat fragmentation can extend to human communities by reducing the benefits of ecosystem
services®. Reconnecting fragmented habitats is a widely applied strategy to enhance ecosystem resilience,
restore species, and support human well-being*®. Demonstrated benefits of large scale reconnection projects
are emerging across terrestrial, marine, and freshwater ecosystems with evidence of recovery as migratory
behavior resumes, animals expand their distributions and lost ecosystem processes re-establish’~®. Reestablished
animals can change the trophic structure of ecosystems, allow for range expansion, and promote long-term
species population recovery®!®!!. For example, protection, range expansion, and increased connection between
important habitats in Mozambique’s Parque Nacional da Gorongosa has helped to increase large-mammal
biomass since war ended in 2004'2. Connectivity is now recognized as foundational to restoration in marine
ecosystems!?. Large-scale reconnection projects remain rare — hindering our ability to learn from and predict
ecological outcomes in fragmented ecosystems’.

River networks provide a framework for reconnecting ecosystems via their linear topology and the discrete
nature of anthropogenic barriers'%. The connectivity of river networks is vital to human wellbeing, ecosystem
resilience, and biological diversity'4-1°. River connectivity is the basis for restoring and recovering river systems
and associated freshwater populations of animals including salmonids'*!”!8, If connectivity is lost due to a
barrier or set of barriers, restoring connectivity then allows for re-expression of ecological processes and
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functions, and provides a mechanism for ecological, economic, and culturally important taxa such as salmonids
to expand their range, resulting in increased life history diversity and larger populations!”.

Dam removal is a tool to restore river connectivity, making it an ideal real-world experiment for restoring
and evaluating river connectivity benefits. Dam removal also allows for the quantification of ecosystem
response!®!922. Dam removal restores longitudinal connectivity, resulting in a more natural hydrologic
regime, continuous movement of sediment, seasonally variable fluxes of wood, nutrients, and energy23'24. Dam
removal can reshape ecological communities by enabling the re-establishment of native species and, in some
cases, altering conditions in ways that reduce prevalence of invasive species?*?. River ecosystem assemblages
following dam removal may be very different than those before dam construction!”. One focus of reconnecting
river networks has been the re-establishment of migratory fishes above former dams, which can help develop
native assemblages throughout a river ecosystem®!®. Migratory fishes can respond quickly to dam removal with
increases in density, biomass, diversity, and abundance of natural fish assemblages above former barriers!*2¢27,
Linking habitats such as tributaries, large mainstem rivers, estuaries, and marine environments allows for the re-
expression of life history strategies having been muted for decades to centuries'>1%**2°, The expression of diverse
life history strategies is foundational to the long-term resilience of migratory fish populations®*-32,

The Klamath River, stretching over 400 km from southern Oregon to the northern California coast, is the
ninth largest river basin on the North American west coast. Its watershed spans 40,000 km?, encompassing
a diverse range of habitats including high desert, spring creeks, alpine lakes, coniferous forests, and coastal
estuaries®. The Klamath River Basin supports a diverse and endemic fish fauna with over 30 species of native
fish*3*-35. Among these, Chinook salmon (Oncorhynchus tshawytscha) play a central role in the river’s ecological
integrity, cultural heritage, and economy®®. Salmon contribute essential nutrients to both aquatic and terrestrial
ecosystems during their spawning runs¥’. The Klamath salmon runs are also economic drivers of the region
supporting tribal subsistence harvesting, as well as sport and commercial fisheries®®. For tribal nations that reside
within the Klamath watershed, salmon are integral to traditional ways of life, ceremonies, and food security38.

Dams have restricted the distribution of fish in the Klamath River for over a century**’. The dams, in
addition to historical over-harvest, land-use effects, and water withdrawals have reduced the population size
of migratory fishes by over 90%>*. Disease has also played a substantial role in the reduction of Klamath River
salmon populations**2. Klamath River salmon have experienced chronically high infection and mortality from
parasites, with outbreak severity strongly linked to dam-altered hydrology, warm temperatures, and low flows,
culminating in 2002 when over 33,000 adult Chinook salmon, a quarter of the run of the Klamath River, died
before reproducing, marking the largest recorded fish kill in the western United States*!. Loss of connectivity to
upstream cold-water habitats reduced genetic and life history diversity, with a loss of the spring-run Chinook
salmon ecotype that was historically abundant and reliant upon spring-fed summer-holding habitats**~*°. The
decline of the river’s salmon populations helped coalesce a movement to remove four upper river hydroelectric
dams®!. This monumental effort culminated on 2-Oct-2024 when deconstruction of the four dams was
completed. The four dams were J.C. Boyle (RKM 366.9, 18 m high, constructed in 1958), Copco 1 (RKM 324.9,
36 m high, constructed in 1918), Copco 2 (RKM 324.4, 7.5 m high, constructed in 1925), and Iron Gate (RKM
310.8, 50 m high, constructed in 1962). This project provided access to over 640 km of mainstem and tributary
habitat combined that has been inaccessible to anadromous fish for over 100 years®.

Here, we examine how large-scale reconnection altered the spatial distribution of Chinook salmon in the
Klamath River Basin. The purpose of our study is to provide a quantitative, post-removal assessment of migratory
fish responses to the Klamath River dam removals. We used stationary high-resolution multibeam imaging
SONAR to enumerate salmonid passage into newly reopened habitats. We documented repeated passage of
Chinook salmon beyond the former dam sites during the first two annual migrations into the reconnected river
network. We compare these early observations of recolonization with the historical distribution of Chinook
salmon and establish a benchmark for post-dam-removal recolonization and recovery in the Klamath Basin. In
this paper, we use the term “recolonization” to describe movement into and use of habitat following reconnection.
More broadly, this study provides a case study of how restoring connectivity can influence population recovery
and ecological resilience in fragmented ecosystems.

Results

Klamath River dam removal concluded on 2-Oct-2024. In 2024, an estimated 7,742 (95% CI: 7,702-7,778)
Chinook salmon migrated upstream of the furthest downstream former dam location (Fig. 1A), accounting for
over 18% of the total reported Chinook salmon return to the entire Klamath River basin (n=43,654). In 2025,
an estimated 13,310 (95% CI: 12,876—-13,733) Chinook salmon migrated to habitats upstream of the furthest
downstream former dam site, accounting for 19% of the Chinook salmon returning to the Klamath (n=69,852).
Return timing varied between years. We detected the first Chinook salmon migrating past the former dam site on
2-Oct-2024 and 12-Sept-2025. The arrival of migrating Chinook salmon in 2024 was tempered for several weeks
before accelerating in mid-October and tapering off near the end of December. The earlier arrival of migrating
Chinook salmon in 2025 persisted throughout the entire migration season, increasing in early October and
largely concluding by early November (Fig. 1B). Median estimated Chinook salmon migration date varied by 18
days between years (25-Oct-2024 and 7-Oct-2025). Maximum estimated daily passage in 2024 was 541 Chinook
salmon (21-Oct-2024) and 967 in 2025 (9-Oct-2025).

Within the first two migratory seasons following reconnection, Chinook salmon reoccupied 88% of their
documented historical distribution, estimated as the proportion of river length with observations since dam
removal relative to river length where fish were observed before dams were constructed (Fig. 2). This expansion
encompassed 345 km of the Klamath River, Link River, and 11 tributaries combined. Reoccupation required
volitional passage through hydraulically complex and anthropogenically modified corridors, including Class
IV+ whitewater gorges, the 7.6-m-tall Keno Dam fishway, the 4.6-m-tall Link River Dam fishway, and transit
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Fig. 1. Annual Chinook salmon abundance estimates and run-timing at the former site of Iron Gate Dam by
year. (A) In 2023 no fish could pass Iron Gate Dam and after removal passage estimates and 95% confidence
intervals were estimated using SONAR and species apportionment analyses. (B) Cumulative distribution plot
of the percentage of the Chinook salmon run with the 2025 run occurring (dashed line) earlier than in 2024
(solid).

across Upper Klamath Lake (25,000 ha; ~40 km long x 13 km wide). Chinook salmon were seen at Beatty Gap
on the Sprague River, marking the highest current distributional record at an elevation of 1,250 m and the
farthest from the Pacific Ocean in the Klamath Basin at over 580 km upstream. Additional anadromous species,
including coho salmon (O. kisutch), steelhead (O. mykiss), and Pacific lamprey (Entosphenus tridentatus), were
documented entering newly accessible habitats during this period, although their spatial extent was much
smaller than that of Chinook salmon.

Discussion
Here, we provide the first quantitative, post-removal assessment of Chinook salmon recolonization following the
world’s largest dam removal. Using high-resolution imaging SONAR, we estimated the abundance and migratory
timing of Chinook salmon and used visual surveys to describe their spatial extent into newly reconnected
habitats. Re-entry by anadromous fishes was immediate: multiple migratory species, including Chinook salmon,
coho salmon, O. mykiss, and Pacific lamprey, accessed newly opened reaches within the first migratory season.
However, for species other than Chinook salmon, sufficient data are not yet available to produce reliable abundance
and migratory timing estimates. Chinook salmon returned to 88% of the documented historical extent prior to
dam construction. Relative to other published accounts of fish response to dam removal, including the Elwha
River, recolonization was unusually rapid and extensive!®. Our results demonstrate that Chinook salmon were
able to pass all four former dam sites within less than two years after dam removal. We see these results as an
encouraging early indicator of success, while emphasizing that longer-term evaluation will require evidence of
sustained population performance, particularly successful reproduction and broader ecosystem response.
Many biological and ecological mechanisms led to the positive and immediate response observed in this study.
Salmonids combine strong natal philopatry with adaptive dispersal (straying), an evolved bet-hedging strategy
that enables exploration of, and establishment in, new habitats***’. Yet the mechanisms that drive straying are
complex and remain incompletely understood, limiting our ability to predict how major environmental changes,
such as dam removal, will alter its expression®*3. Physiological cues can include learned odors of rocks, soil,
plants and other chemical constituents or conspecifics in the newly opened habitats>*°. Environmental cues
for expansion can be related to environmental conditions in the new habitats used such as stream temperature,
water quality, and flow conditions!'®**>!. Once in new locations, salmonids can quickly adapt to their new
environment. Physical landscape attributes, for example, such as steeper sections of a river basin that select out
for specific phenological or genetic attributes can lead to the success of certain species or life-history strategies
of salmonids within a colonizing population®. Regardless of the mechanism, these explorations allow salmonids
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Fig. 2. Map of Klamath River dam removals, existing dams with fishways, historical evidence for the upstream
extent of Chinook salmon documented before dam construction, and current distribution documented
following dam removal in 2024 and 2025. Historical observations are shown only where they extend upstream
of the current documented distribution. The map was created by the authors using ArcGIS Pro 3.7.0 (Esri,
Redlands, California, USA; https://www.esri.com) and the Esri World Hillshade basemap. Basemap credits:
Esri, CGIAR and USGS. No previously published figure was reproduced or adapted.

to redistribute and expand their distribution into large portions of a landscape through the dynamic geologic
history of the Pacific Rim of Fire®-°,

Large-scale dam removal can be an impactful restorative action for both ecological and anadromous fish
recovery. Conceptually, ecosystem level responses to dam removal are controlled by multiple causal pathways
and interdomain links (i.e. above the dam(s), the former reservoir area(s), and below the dam(s)), which
interact to strengthen or dampen any observed or measured set of responses®. These responses are dynamic
and nonlinear and can be controlled by local or regional factors, making generalizations regarding dam removal
more challenging?’. However, we have now seen several large-scale dam removals that have parallels, irrespective
of their local or regional differences. Two dams were removed on the Penobscot River, Maine, U.S.A. in 2012
and 2013 to substantially improve upstream access for migratory fish*®. Species assemblages have changed from
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lacustrine to riverine and anadromous, and those riverine and anadromous fishes have increased, in some cases
over 400% since dam removal®’. The Elwha River, Washington, U.S.A. has seen an abundance increase of ~ 500%
since dam removal for O. mykiss and a re-emergence of key life history strategies that add value to not only
abundance but distribution, spatial structure, and diversityw.

The Klamath has the potential for an even larger-scale abundance and habitat diversity trajectory. When
compared with other large-scale dam removals, a greater percentage of newly opened habitat was recolonized
within the first two years'®’”. One possible factor facilitating this rapid response is that the Klamath River Basin
is, in some respects, an “inverted” river basin where the headwaters are broad, lake-filled, and lower gradient
streams, leading to larger proportions of the upstream river basin favorable to anadromous salmonids; while as
the river moves downstream it cuts through mountains, creating a system that functions opposite to a typical,
simple mountain-to-valley river®®. In addition, newly opened habitats include large spring-fed rivers that provide
continuous water quality suitable for cold-water fishes regardless of water-year type or time of year. Together,
these features will likely continue to accelerate recolonization and will have long-term implications for ecosystem
response relative to steeper, more topographically constrained systems with less predictable streamflow regimes.

Reconnection of the upper Klamath Basin creates the potential for re-emergence of the spring-run Chinook
salmon ecotype. The Chinook salmon observed in this study were likely fall-run fish based on autumn migration
timing. Spring-run Chinook salmon were historically abundant in the upper Klamath Basin but have not been
observed in the vicinity of Iron Gate Dam since the 1970s*.. Field surveys and recent genetic analyses have
documented spring-run populations elsewhere in the watershed. The nearest persistent population occurs in
the Salmon River, approximately 200 river kilometers downstream of Iron Gate Dam, and may serve as a genetic
reservoir for revitalizing the ecotype in the upper Klamath Basin*#*>. The reconnected streams upstream of
the former dam sites include cold-water habitats and spring-fed rivers that could again support over-summer
holding, a key ecological requirement for the spring-run ecotype. Restored connectivity may therefore create
conditions under which spring-run expression could reappear over time or support successful reintroduction.
Determining the future of spring-run Chinook salmon above former barriers will require dedicated monitoring
and genetic study during the spring and summer migration seasons.

Most large-scale dam removals to date have involved diadromous populations with a hatchery component,
and a proportion of the fish that recolonized newly accessible habitats were of hatchery origin!**® and the
Klamath River is no exception. The initial Chinook salmon source population was, in part, a hatchery population
located at the base of Iron Gate Dam, the starting point for both returning and recolonizing the upper watershed
beyond the former dams. The Iron Gate Hatchery closed and was partially deconstructed during dam removal.
Thus, fish that moved upstream of the former dam sites, like those in the Penobscot River and Elwha River were
a mix of natural spawners and returning hatchery fish. However, in all cases fish were able to move past the
former or current hatcheries and spawn in newly opened habitats, contributing to the overall population change
through more natural processes'*.

Prior to dam removal, high densities of instream spawning occurred immediately downstream of Iron Gate
Dam. Following dam removal, this river section experienced elevated fine sediment deposits, reducing habitat
quality and promoting upstream movement of natural-origin spawners seeking improved spawning conditions.
Regardless of origin, the Chinook salmon that repopulated the upper Klamath River did so volitionally. Their
successful passage of historical barriers, rapid expansion of spatial distribution and extensive use of newly
available habitats underscore the capacity of Chinook salmon populations of various origins to rapidly respond
to large-scale connectivity restoration.

We utilized both rigorous monitoring and technology to help quantify the ecological response to dam
removal. The use of SONAR facilitated high-quality and near-continuous data collection through physical
challenges including a migrating stream channel, low water clarity, and variable streamflow. Complementary
and proximal fish surveys were critical to our SONAR assessment including species composition netting, video
monitoring in nearby clear tributaries, and redd-carcass surveys, allowing us to estimate the returning number
of Chinook salmon, the variation associated with the estimate, and the distributional extent of recolonization.
Artificial intelligence (AI) is starting to aid enumeration of SONAR data, which could streamline the temporal
processing of such information. Our SONAR effort is adapted from what was successful in the Elwha River over
the last 15 years'. This approach provides a scalable framework for monitoring large-scale reconnection projects
globally, particularly in large systems where turbidity and channel instability preclude traditional methods.

Aslarge dam removals continue globally, the Klamath River provides a rare quantitative empirical benchmark
for how rapidly migratory fishes can recolonize reconnected landscapes when habitat availability and monitoring
align. While much has been accomplished with respect to the Klamath River dam removal and the enumeration
of the subsequent Chinook salmon response, much more is likely to occur in the Klamath as we have seen from
other large-scale dam removals!®°. We are in the second year of monitoring Chinook salmon returns. Chinook
salmon in the Klamath are primarily two- to four-year-olds, so there are still several more years to understand
the response of the first generation of spawning Chinook salmon and the associated ecological responses. Thus,
continued monitoring in the Klamath River, like other efforts such as the Elwha River, will be needed to quantify
the fish response as the mitigation hatchery contribution declines and stocks shift to wild production. Like other
dam removals, ecological responses to the addition of marine-derived nutrients and shifts in the food web due
to anadromy will also unfold>. Further, it will be important to learn from how the Chinook salmon population
responds to a range of climatic, oceanic and hydrologic cycles. Additional monitoring will be necessary to
elucidate the responses of other anadromous fishes in the Klamath River, particularly coho salmon, O. mykiss,
and Pacific lamprey, whose recolonization dynamics, spatial extent, and population trajectories may differ from
those observed for Chinook salmon. Further, we note that estimating abundance for other recolonizing fish
remains a priority for future work with additional data including extended SONAR deployment to capture
complete spawning and migration periods for those species. These data will support not only the future
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management of the Klamath River but will add to a growing number of connectivity projects and act as a model
to establish expectations for future projects worldwide.

Methods

SONAR field methods and data review

The SONAR site on the Klamath River waslocated at RKM 310.7 (41.9319, -122.4403). This site was approximately
100 m downstream from the base of the former Iron Gate Dam which was the artificial upper extent of anadromy
from the time of the dam’s construction in the early 1960s to its removal in 2024 (Fig. 2). The site was selected
for its proximity to the former dam site as well as fitting three basic criteria for acoustic imaging: (1) narrow
enough to accommodate the effective range of the SONAR, (2) the ability to monitor the entire cross section of
the river (i.e. no blind spots across the channel), and (3) fish generally move in an upstream direction with little
to no milling behavior.

We deployed a stationary ARIS (Adaptive Resolution Imaging Sonar, Explorer models 1200 and 1800, Sound
Metrics, Bellevue, WA) to record fish passage events in 2024 and 2025. In 2024, we recorded near-continuous
data from 1-Oct to 24-Dec and in 2025 from 12-Sept to 4-Dec. This monitoring encompassed the fall-run
Chinook salmon migration period each year. Data gaps totaled 84 h or approximately 2% of the total recording
time; therefore, we did not attempt to infill missing data.

ARIS data were processed with ARIS Fish software (Ver. 2.8). Data review followed standard methods
for identifying, enumerating, and measuring fish in multi-beam SONAR imagery'. In summary, data were
transformed using a two-step process that enabled empty periods of time to be efficiently reviewed, while
highlighting fish passage events for closer inspection. To isolate moving targets from static features and ambient
noise, we applied background subtraction to SONAR data using the default parameters. Then each file was
transformed into an echogram using the default parameters. An echogram is a graph of data with distance
from the SONAR head on the y-axis and time on the x-axis and enables a reviewer to efficiently review data for
moving targets. Potential targets were then evaluated individually to confirm fish-like movement consistent with
subcarangiform swimming, measured, and included in the final dataset.

SONAR data analysis

Known-species length and migratory timing data

To parameterize species-specific escapement estimates we compiled known-species fish length and migratory
timing data collected in the vicinity of the SONAR site. During the study period Oregon and California
Departments of Fish and Wildlife, U.S. Fish and Wildlife Service, Yurok Tribe, Karuk Tribe, and CalTrout captured
fish during various adult salmonid monitoring projects in areas upstream of and immediately downstream of
the SONAR site. Field measured Chinook salmon averaged 68 cm TL (n=4,185), coho salmon averaged 66 cm
TL (n=51) and O. mykiss were smaller and averaged 47 cm TL (n=16) (Supplemental A). Regardless of species,
overall field measured lengths averaged 67 cm (n=4,252) and were within a cm of SONAR-derived lengths
68 cm (n=15,791). Sample size was determined by the number of fish encountered during field monitoring and
the duration of SONAR/video review, not by a priori power analysis.

We estimated Chinook salmon and coho salmon passage timing using underwater video data collected near
the SONAR site. Video cameras were placed at tributaries with sufficient water clarity for species identification
including Bogus Creek (400 m downstream of SONAR site), Jenny Creek (7 km upstream) and Shovel Creek
(27 km upstream). Video cameras were co-located with weirs that directed upstream migrating fish within focal
distance of cameras. Chinook salmon median migration date was 26-Oct-2024 (n=1,994 IQR=13) and 15-Oct-
2025 (n=1,498, IQR=9) (Supplemental B). Coho salmon migrated later in both years, with a median migration
date of 14-Dec-2024 (n=94, IQR=13) and 2-Dec-2025 (n=41, IQR=18).

Modeling species-specific escapement

All statistical modeling was conducted using Bayesian methods coded using BUGS language. To estimate
species-specific abundances from SONAR counts, we took advantage of variation in the arrival timing and size
among salmonid species from the data described above. This was accomplished by fitting binomial generalized
linear models, each with logit link functions, to first estimate the probability of each SONAR counted fish being
O. mykiss relative to a salmon based on size, and then conditional on this probability, the probability a salmon
was a Chinook salmon relative to a coho salmon based on arrival time. More specifically, we defined m as the
probability of an observed fish (i) being O. mykiss, with logit(m) = B+ B, *size, where size was measured in cm,
and standard regression parameters fs. We next defined, conditional on being a salmon, Q as the probability a
salmon was a Chinook salmon, with logit(Q,) = a,+a,*day, where day was Julian day and standard regression
parameters as. Given these definitions, m remains the probability of an observed fish being O. mykiss, (1- m) Q
the probability of an observed fish being a Chinook salmon, and (1- )(1- Q) the probability of an observed fish
being a coho salmon. For model fitting, both sizes and Julian days within each year were scaled to have mean=0
and variance=1.

Estimating species-apportioned abundances

To translate the counts of fish obtained from SONAR footage into Chinook salmon abundance estimates, we
relied on the statistical modeling results to create an abundance calculating function. The function inputs
included the length of the fish as measured by the SONAR unit and the date of observation. The SONAR unit also
allows observers to note if the fish is swimming upstream or downstream. To estimate the abundance of salmon
remaining upstream of the SONAR unit, we generated separate abundance estimates for each directionality
and subtracted the downstream estimates from the upstream estimates. All computations were done across the
variation in posterior distribution samples for each parameter to ensure that we properly propagated estimation

Scientific Reports |

(2026) 16:25322 | https://doi.org/10.1038/s41598-026-65437-0 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

error through to the final estimates. The size and arrival covariates proved incredibly strong predictors of species
which led to very precise parameter estimates and low prediction uncertainty.

In 2024, all SONAR data were reviewed and in 2025, we subsampled SONAR data review at a rate of 20 min
h~!, and the full 60 min were reviewed for 13% of the data. This required the statistical abundance model to
expand the subsampled counts, and account for the associated sampling error for hours not fully reviewed. This
was accomplished via modeling arrivals with a Poisson process with estimated mean parameters representing
per-minute expected counts that varied by hour. This allowed the hours with full-footage reviews to fully
inform the per-minute mean parameter estimates, and hours with subsampled footage reviews to account for
this sampling variability in estimates of the per-minute Poisson counts. Hence, the total abundance estimation
process for the 2025 SONAR data relied on two estimation steps. The first step involved estimating the number
of Chinook salmon remaining upstream of the SONAR unit based on fish sizes and arrival dates from reviewed
footage, which followed the methods described above. Next, the posterior distribution information from the
first step was included in the Bayesian statistical model that estimated the total abundance of Chinook salmon
in each hour based on per-minute abundance rates.

We constructed likelihoods and specified prior distributions using BUGS language and called the R package
nimble® from R®! to use Markov chain Monte Carlo (MCMC) simulation to draw samples from the joint
posterior distribution of the parameters. For all regression coefficients associated with species-specific abundance
estimation, we specified uninformative mean-zero Gaussian priors with precision (variance™') values equaling
0.0001. For all estimated per-minute rate parameters, we specified uninformative mean-zero Gaussian priors
with precision 0.01 on the scale of the linear predictor (log link function). We ran three simultaneous MCMC
chains and retained 3,000 samples per chain after burn-in sufficient to achieve clear convergence for parameter
posterior distributions in each year. Convergence was assessed visually from the trace plots of each MCMC
chain and quantitatively by ensuring all Rhat statistics were less than 1.1°2. For all statistical results related to the
Chinook salmon abundance estimates generated with generalized linear models and parameters estimated using
Bayesian methods, all MCMC simulations from posterior distributions achieved convergence based on visual
assessment of chains showing no trends and clearly well-mixed samples of each posterior distribution, and Rhat
values near 1.0.

Abundance estimates in this study were compared against fall-run Chinook salmon abundance estimates
compiled for the Klamath River Basin. These estimates were derived from a variety of sources and compiled in
the 2024 and 2025 Pacific Fishery Management Council’s review of ocean salmon fisheries®>¢4,

Current distribution and historical range

Following basin reconnection, state, federal, and Tribal partners conducted coordinated ground surveys to
locate Chinook salmon and quantify the spatial extent of their distribution in newly accessible habitats. Surveys
completed during autumn 2024 and 2025 spanned 390 river kilometers of mainstem and tributary habitat
combined, including the Klamath River, Link River, and 11 additional tributaries. Site selection was informed by
reconstructed historical extent®*?, habitat potential identified through state reintroduction planning efforts and
verified public observations. Evidence of volitional upstream movement, active spawning, and carcass presence
confirmed rapid recolonization during the first migratory seasons following dam removal. Observed distribution
was evaluated against historical extent reconstructions to quantify the upstream limit of recolonization relative to
the former limit of anadromy. We estimated percent recolonization as the river length currently occupied within
the historically documented extent (measured from the upstream-most historical observation downstream to
Iron Gate Dam) divided by the total river length with documented historical evidence.

Live fish were collected as part of the broader SONAR monitoring program conducted in coordination with
state, federal, and Tribal fisheries representatives. Fish collections were approved by the California Department
of Fish and Wildlife under Scientific Collecting Permit No. S-212230001-23030-001-02 and authorized by
the National Oceanic and Atmospheric Administration under the Authorizations and Permits for Protected
Species State 4(d) Rule for Research Programs, Permit Nos. 28397 and 29249. All collections were performed
in accordance with applicable state, federal, and Tribal guidelines and regulations. Reporting followed ARRIVE
2.0 guidelines where applicable to this field-based observational study; reporting items related to controlled
treatment allocation, laboratory housing, husbandry, and humane endpoints were not applicable to passive
SONAR monitoring, video monitoring, or associated field collections.

Data availability
The datasets generated and analyzed during the current study are available in the Zenodo repository, DOI:
https://doi.org/10.5281/zenodo.21458527.

Code availability
The R code used for species apportionment and abundance estimation is available in the Zenodo repository,
DOI: https://doi.org/10.5281/zenodo.21458527.
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