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In California’s Russian River watershed, home to imperiled salmon and steelhead populations, an intensive long-term monitoring program plays an integral role in supporting species recovery. The program conducts life cycle and basinwide monitoring of natural- and hatchery-origin coho salmon using PIT antenna arrays, downstream migrant traps, snorkel counts, electrofishing, and spawner surveys paired with environmental monitoring. The program has also served as a foundation for targeted research by providing baseline data and monitoring infrastructure. Long-term and consistent tracking of population metrics has indicated modest but meaningful positive trends in abundance, but has also revealed unanticipated bottlenecks to population recovery, many of which are related to low streamflow. Monitoring has also revealed complex movement patterns of juveniles and adults throughout the watershed that have broadened our understanding of salmon life history diversity and the importance of managing for diversity as a key strategy for recovering salmon. Minor adaptations to the monitoring program have enabled evaluation of specific recovery actions, including genetic intervention, flow augmentation from off-channel storage, fish passage remediation, and physical habitat restoration projects. Critical to the effectiveness of the Russian River’s monitoring program has been the ability to manage and share data through a centralized database. This has facilitated development of data dashboards that are used for management decision-making and long-term recovery planning and prioritization. We reflect on the evolution of the Russian River monitoring program, including benefits and challenges of long-term and spatially-distributed monitoring in a hatchery-supplemented population and lessons learned that have relevance for salmon recovery efforts across their range.
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Introduction


Long-term ecological monitoring serves many roles that are critical for imperiled species’ recovery, including tracking status over time and identifying limiting factors (Maxwell and Jennings, 2005; Schmeller et al., 2017). It is often the only means of isolating trends or responses from background environmental noise and is essential for accurate predictive modeling. Furthermore, it creates a foundation for addressing research questions and evaluating the impact of management interventions, including those that may not be anticipated at the time monitoring is initiated. It can also serve as a nexus for collaboration, education, and training. Given the extent of environmental degradation and global biodiversity declines, the need for effective and stable monitoring programs has never been greater (Radinger et al., 2019).


Monitoring is particularly important for the management and recovery of anadromous salmon, an ecologically, culturally, and economically important fish that has undergone severe declines (Nehlsen et al., 1991; Gustafson et al., 2007). With a life cycle characterized by complex life history strategies that span freshwater, estuarine, and marine environments, salmon can have highly variable population dynamics that are difficult to estimate and interpret, especially for at-risk populations with low abundance. Long-term and widespread monitoring at multiple scales is therefore essential for distilling meaningful patterns from noise and evaluating whether management interventions are supporting population recovery goals (Fausch et al., 2002).


While the value of long-term monitoring in salmonid recovery is well-recognized (Tarzwell, 1937; Reeves et al., 1991; Roni et al., 2002; Lovett et al., 2007), most monitoring programs struggle to maintain consistency over prolonged periods for many reasons, including funding instability, inadequate coordination, and lack of standardized methodologies and database centralization (Bennett et al., 2016; Bilby et al., 2024). Such programs are expensive to sustain and, because their benefits may not be immediately apparent, their value can be difficult to communicate to funders and the general public. Coordinated, long-term monitoring also brings with it unique and complex data management challenges, which require expertise and resources that can be difficult to secure and sustain.


Nevertheless, a growing appreciation for long-term monitoring has led to programs such as the Intensively Monitored Watershed (IMW) effort (Bennett et al., 2016; Bisson et al., 2024) which have demonstrated their value in assessing population status and trends and evaluating the effectiveness of recovery actions. Here we present a case study describing the evolution of an integrated, long-term salmon monitoring program in California’s Russian River watershed. Although not strictly an IMW, the program has documented modest but meaningful growth in coho salmon abundance, revealed unanticipated bottlenecks to population recovery, broadened our understanding of the importance of salmon life history diversity in coho salmon recovery, and spurred development of standardized methods and a centralized database that has been essential to informing management actions and communicating findings to stakeholders and the general public. We describe how lessons learned, including challenges of sustaining this more than 20-year effort, hold broad relevance for salmon recovery efforts and monitoring programs in other watersheds.







Background






Russian River watershed


The Russian River in Northern California drains approximately 3,800 km2 and flows 177 km from its headwaters to its mouth at the Pacific Ocean (
Figure 1
) and there are over 200 tributaries that provide habitat for a diverse community of fish species. The watershed has a rainfall-dominated hydrologic regime with nearly all of the precipitation falling between November and April. The lower mainstem has an annual flood recurrence interval of approximately 680 m3s-1 during the winter that slowly recedes in spring, reaching a low or intermittent state during the summer dry season (July–October). A long, narrow, bar-built estuary extends from the mouth of the Russian River upstream approximately 11.5 km and is intermittently closed during the summer dry season. Land use in the watershed consists primarily of urban, rural residential, and agricultural uses, with wine grapes being the predominant agricultural product. Approximately 93% of streamside property is privately owned and urban development has resulted in the loss of the majority of historical wetland and off-channel area. In some subwatersheds more than 90% of the forested land area has been cut for timber and grazing (SEC, 1996).


[image: Map of the Russian River region showing monitoring sitesand survey reaches. The legend includes symbols for Austin USGS flow gage, downstream migrant traps, PIT antennas, survey reach frequency, and life cycle monitoring areas. Historical coho presence is marked, along with upstream dam locations. An inset map shows the larger river system in reference to the Pacific Northwest Coast.]
Figure 1 | 
Fish monitoring sites (PIT antennas and downstream migrant traps) and Generalized Random Tessellation Stratified (GRTS) survey reaches in the Russian River watershed (only adult coho salmon spawning reaches shown). Annual surveys are conducted in all coho salmon spawning habitat in the four life cycle monitoring subwatersheds and all other reaches are surveyed according to a rotating panel (annual in some reaches and every third year in other reaches). Reach color indicates redd survey frequency.




Estimates of historical salmonid abundance suggest that tens of thousands of coho salmon (Oncorhynchus kisutch), Chinook salmon (Oncorhynchus tshawytscha), and steelhead (Oncorhynchus mykiss) inhabited the Russian River in the early to mid-20th century (NMFS, 2012). As in many watersheds along the Pacific Coast, salmonid populations in the Russian River declined dramatically following Westward expansion of European settlers and displacement of Indigenous peoples and stewardship systems. Along with overharvest, land and water use practices such as urban development, logging, agriculture, dam construction, gravel mining, and water extraction led to extensive loss of habitat and connectivity that have collectively contributed towards the decline of salmon populations (SEC, 1996). Two large dams were constructed in the mid- to late-1900s on the upper mainstem and a major tributary of the Russian River for the purpose of regulating river flows for flood control and water supply. These dams cut off access to approximately 272 km of salmonid habitat (SEC, 1996) and had the effect of altering the natural hydrologic regime, trapping sediment, and causing a multitude of geomorphological changes such as channel incision and disconnection from the historic floodplain (ISRP, 2016). Throughout the watershed, there are also 283 non-natural total or partial barriers and an additional 575 unconfirmed or unassessed potential barriers (CDFW, 2025) that reduce connectivity and limit access to habitat in headwater streams.


The Central California Coast Evolutionarily Significant Unit of coho salmon was nearly extirpated from the Russian River watershed by the late 1900s, prompting state and federal listing as endangered in the early 2000s (CDFG, 2002; 70 FR 37160, 2005). Recognition of the precarious state of coho salmon populations led to recovery actions that included restoration of freshwater habitat in small- to mid-size tributaries (e.g., wood placement, grade control structures, road culvert replacement) beginning in the 1980s and 1990s. Despite these actions, fewer than 10 adult coho salmon were found to return to the Russian River each year by the early 2000s. To avoid complete extirpation, multiple agencies initiated the Russian River Coho Salmon Captive Broodstock Program that has the goal of reestablishing self-sustaining coho salmon runs by reintroducing hatchery-raised fish to historically occupied streams. Under this program, broodstock are collected from local streams, reared to maturity and spawned at Don Clausen Fish Hatchery at Warm Springs Dam (conservation hatchery). Progeny are then stocked into the Russian River watershed at multiple life stages. Releases of juvenile coho began in 2004 (see details in 
Box 1
) and since then, fish have been stocked in over 25 streams. Subsequent salmonid recovery plans expanded recovery strategies to include increasing habitat connectivity and additional enhancement of freshwater and estuarine habitats (NMFS, 2012, 2016).







Russian River Salmon and Steelhead Monitoring Program


Comprehensive salmonid monitoring in the Russian River began with the first releases of juvenile coho salmon from the conservation hatchery in 2004, with an initial goal of evaluating the success of hatchery-reared fish post-release into the wild. A life cycle monitoring (LCM) approach was adopted, but because the Russian River was too large to implement standard fish monitoring techniques, we focused our monitoring on four priority release streams with subwatershed areas ranging from 22 to 59 km2 (
Figure 1
). These were selected because they were core streams for physical habitat restoration and hatchery supplementation (NMFS, 2012) and/or they supported the last reported observations of wild coho salmon prior to the initiation of the conservation hatchery program. In each of the LCM subwatersheds, we established counting stations (downstream migrant traps and PIT antenna arrays, 
Figure 1
) to track lifestage-specific abundance, growth, movement, and survival. We also initiated census redd surveys and juvenile snorkel counts to track spatial distribution and natural production. Life cycle monitoring was used to compare the success of different hatchery release strategies (e.g., release lifestage, timing, location) and to evaluate a programmatic decision to outbreed Russian River broodstock with wild fish from a neighboring watershed when the risk of inbreeding depression was deemed too high (Pregler et al., 2023). The conservation hatchery has been critical to rebuilding the Russian River coho population, but it also creates some challenges in enumerating natural-origin production (
Box 1
).


Over the course of a decade, monitoring continued to focus on coho salmon but grew to include tracking the status and trends of all three salmonid species at a basinwide scale. Because basinwide census surveys were not feasible, we developed a sample frame comprised of 2–4 km survey reaches using a Generalized Random Tessellation Stratified (GRTS) sampling approach with a rotating panel design as outlined in the California Monitoring Plan (Adams et al., 2011). Each year, winter redd counts followed by summer juvenile snorkel counts are conducted in a sample of coho salmon reaches to estimate annual basinwide redd abundance and juvenile occupancy. Between 2007 and 2012, we also installed an extensive network of PIT antennas (
Figure 1
) to increase our understanding of how individuals and populations are using the Russian River watershed over the course of their life cycle. PIT detection systems are used to track the movements and fates of PIT-tagged hatchery fish (approximately 15–25% of fish released) as well as natural-origin fish that are captured and tagged at downstream migrant traps and during electrofishing surveys.


The combination of life cycle and basinwide monitoring in conjunction with the PIT antenna network and conservation hatchery program has served as a means of tracking long-term status and trends, but also serves as foundation for targeted research by providing baseline data, monitoring infrastructure, and a source of tagged fish that can be used to evaluate management interventions. Minor adaptations, such as strategic placement of new antenna arrays, additional PIT tagging of specific groups of fish, customized surveys, and environmental monitoring have enabled numerous research studies and supported modeling efforts and evaluation of specific recovery actions. Although the primary goal of the Russian River Salmon and Steelhead Monitoring Program (RRSSMP) was not specifically aimed at assessing the impacts of habitat restoration (i.e., not an IMW as defined by Bennett et al., 2016), it has permitted us to evaluate fish responses to habitat enhancement projects in some cases (e.g., 
Box 2
, 
Figure 3
). The program has now existed for over 20 years and, in addition to tracking long-term population trends, has led to several lessons learned about bottlenecks to salmon recovery, a broadened understanding of salmon life history diversity for coho salmon recovery, recognition of the importance of data management, and an enhanced ability to share data with partners to advance salmon recovery in the basin.



Table 1 | 
Coho salmon recovery efforts that have been informed by the Russian River Salmon and Steelhead Monitoring Program.





	Project type

	Recovery action/plan

	Monitoring support






	Conservation hatchery
	Annual hatchery release plans
	Life cycle and basinwide monitoring are used to estimate survival, abundance, growth, spatial distribution, movement patterns, and natural production. This data, along with water quality and wet/dry mapping data, are used to inform when and where fish are released each year.



	Broodstock collection
	In-season spatial distribution data from juvenile snorkel counts is used to identify locations to collect broodstock for the hatchery.



	Evaluating new release techniques
	PIT systems have been used to evaluate imprinting tanks, pens, and ponds. Specialized snorkel and electrofishing surveys were used to test and evaluate remote streamside incubation (RSI).



	Genetic management
	PIT tag study was conducted to compare instream survival of fish from different genetic crosses (Pregler et al., 2023).



	Regional monitoring
	California Monitoring Program
	Life cycle and basinwide monitoring contribute to a statewide monitoring program that tracks status and trends of anadromous salmonid populations.



	Physical habitat enhancement
	Barrier remediation
	Spawner survey and PIT antenna data helped identify barriers and evaluate short and long-term effectiveness of remediation (
Box 2
).



	Off-channel habitat construction
	Data from strategically placed PIT antennas helped describe and quantify habitat use.



	Addition of instream structure
	Targeted snorkel surveys, electrofishing and PIT detection data documented habitat use.



	Streamflow enhancement
	Russian River Coho Water Resources Partnership
	Ongoing monitoring data and specialized studies were used to prioritize reaches for streamflow enhancement projects, understand how much water is needed to support summer-rearing juvenile coho salmon, and evaluate streamflow enhancement projects.



	CDFW fish rescue and relocations
	In-season fish distribution and wetted habitat data is used to identify and prioritize locations where high concentrations of fish are becoming stranded.



	Streamflow augmentations from off-channel storage
	Snorkeling and wetted habitat surveys are used to inform timing of flow augmentations. Specialized PIT tag studies were used to track survival, movement, and growth before and after flow augmentations (Rossi et al., 2023).



	Predictive models
	Wetted habitat and PIT antenna data are used to inform models that predict stream drying and the effect of different flow enhancement strategies with respect to fish rearing and migration.



	Reviews, plans, initiatives, and strategies
	Status reviews, recovery plans, science panels, technical groups
	General monitoring and specialized research are used to inform status reviews, recovery plans, hatchery and genetic management plans, biological opinions, science panels, and local, state, and federal technical advisory committees.



	Emergency drought initiatives
	Fish distribution, wetted habitat, and water quality data was used to identify focus streams for a CDFW & NMFS effort to engage community members in water conservation and management actions to reduce the effects of low streamflow on salmon and steelhead (Voluntary Drought Initiative) and a State Water Board information order requiring reporting on water use.



	Streamflow & habitat enhancement plans & tools
	Fish distribution, wetted habitat, and water quality data have been used to inform local, state and federal plans, initiatives and decision support tools, including NOAA’s Habitat Blueprint, CDFW’s North Coast Salmon Project/Salmonid Habitat Restoration Priorities Plan, NMFS/CDFW Priority Action Coho Team, Sonoma Land Trust Subwatershed Assessment and Conservation Strategy, Flow Enhancement Decision Support Tools on Green Valley, Atascadero, Dutch Bill and Pena creeks, and Salmonid Rearing Habitat Delineation and Restoration Prioritization in East Austin, Pena, Mill, and Redwood Creek watersheds.







CDFW, California Department of Fish and Wildlife; NOAA, National Oceanographic and Atmospheric Administration; NMFS, National Marine Fisheries Service.




 Box 1 Monitoring considerations for imperiled populations with conservation hatchery supplementation.


Monitoring has been an integral component of the conservation hatchery program from its inception. Initially, the program had very basic questions, such as whether hatchery fish were surviving as juveniles in the streams, migrating out as smolts, and returning as adults. There were also specific questions about the relative success of different release strategies (e.g., life stages, streams, imprinting techniques, genetic crosses) and then ultimately whether the population was increasing over time throughout the watershed. Developing a marking strategy that distinguished natural- from hatchery-origin fish as well as the ability to compare release groups of interest was challenging. For the first decade of the program, all hatchery fish received both an adipose fin clip and a coded wire tag (CWT), which provided two marks for distinguishing fish origin. Adipose fin clips were particularly useful as a visual mark during snorkel counts and spawner surveys, but this mark was abandoned in 2013 to address accidental take of coho salmon in a recreational fishery for adipose-clipped steelhead. While CWTs were useful as a batch mark, they required capture and scanning of fish to identify CWT presence and did not allow us to differentiate multiple hatchery release groups. To distinguish fish released in different locations and at different lifestages, we experimented with visual implant elastomer tags in different body locations, but these marks faded within months and were extremely time-consuming to apply. Ultimately, we decided to invest in an individual marking strategy using PIT tags which allowed us the flexibility to track survival, abundance, growth, and movement of highly-specific groups of both natural- and hatchery-origin fish.


Despite the changes in marking and sampling strategies that occurred during the first decade of our monitoring program that made it more difficult to consistently track long-term trends, we have been able to document an overall increase in adult abundance in the four LCM subwatersheds, from fewer than five adult fish returning each year prior to winter 2010/11 to tens or hundreds of fish returning each winter over the last 15 years (
Figure 2
). However, the data also revealed that the population continued to rely almost entirely on hatchery releases. This, in turn, led to a series of focused studies to understand why natural-origin fish were only rarely able to complete their life cycle (e.g., see Lesson 1).


While hatchery fish complicate monitoring of wild fish, they also provide unique opportunities for controlled natural experiments that would be impossible to conduct on imperiled remnant populations. In the Russian River, hatchery coho salmon have served as a source of fish for tagging studies that have helped identify recovery bottlenecks and evaluate management interventions (e.g., 
Box 2
). PIT tag studies using thousands of hatchery fish have helped to identify passage barriers and flow-related survival bottlenecks as well as evaluate responses to restoration projects. By stocking PIT-tagged fish from similar family groups into multiple tributaries and tracking their emigration timing, we have also been able to control for genetics and attribute diversity in movement patterns to environmental conditions (Kastl et al., 2022; Obedzinski et al. in review)
1
. Similarly, we are using acoustic-tagged hatchery fish to identify bottlenecks in survival as fish migrate through the mainstem Russian River to the ocean (Rossi et al., 2025). None of these studies would have been possible using natural-origin coho salmon which currently have low abundance and heightened protections as ESA-listed species.


While hatchery-origin fish have allowed for controlled studies with high sample sizes, we recognize they may not always be good surrogates for wild fish (Chen et al., 2025). It is important to consider potential differences when making inferences about the combined population. As the natural-origin population continues to grow in the Russian River (
Figure 2
), we will be able to conduct studies allowing us to not only evaluate and account for these differences but also explore relationships between natural-origin and hatchery-origin fish that may help advance recovery.









Lesson 1. Revealing unanticipated bottlenecks to population recovery: the role of streamflow


In the early years of the conservation hatchery program, managers prioritized spring (May–June) releases of young-of-year, hatchery-reared fish on or near spawning habitat in tributary streams. The rationale behind releasing fish at this young lifestage was to maximize the time that fish experienced natural selection and to increase the likelihood that they would imprint and return to their release stream in subsequent years as adults. During the spring months, Russian River tributaries generally have steady flows at temperatures that are ideal for coho salmon. However, post-release monitoring of the planted fish, which initially included snorkeling, habitat assessment, and electrofishing surveys, revealed that flow in many of the streams became intermittent over the course of the summer (July–October) and many of the planted fish perished from stranding, predation, or poor water quality (e.g., high temperatures and/or low dissolved oxygen).


At the time, managers considered degraded physical habitat to be a primary limiting factor to salmon recovery. The active removal of large woody debris from stream channels by private landowners, construction of impassable culverts and diversion dams, and elevated fine sediment loads from logging, agricultural land use conversion, and road construction, were all recognized as major factors contributing to salmon declines (NMFS, 2012). While water quantity and quality were also recognized as issues of concern, from the 1980s to the early 2000s restoration funding was almost exclusively oriented towards physical habitat improvements such as culvert replacement, riparian bank stabilization, and addition of in-stream wood structures (Christian-Smith and Merenlender, 2010).


As observations of stream drying became more frequent, the RRSSMP initiated focused monitoring and research to better understand the scope and nature of flow-limitations on salmonid survival and recovery. This was principally done in two ways. First, new stream survey methods were developed to rapidly assess the habitat available to support coho salmon over the summer. This involved repeated surveys conducted on foot by personnel carrying GPS units to map the presence of flowing water, isolated pools, and dry channel reaches (i.e., “wet/dry mapping”). These surveys were initially carried out on five flow-impaired high-priority coho salmon streams and with support from interns, AmeriCorps members, and VetCorps members, eventually grew to include over 40 streams. Findings from the surveys revealed that stream drying was a widespread occurrence in the basin (
Figure 4
), particularly in dry water years such as 2021, the driest water year between 2000 and 2024 (U.S. Drought Monitor, 2025). Second, to quantify the consequences of stream drying on summer-rearing coho salmon, intensive survival studies were integrated into the monitoring program. Using PIT-tagged fish, portable PIT detection systems, and mark-recapture methods, researchers were able to evaluate the influence of flow-related metrics on survival of juvenile coho salmon over the course of the summer. Studies confirmed that low and disconnected flow conditions are strongly associated with low survival of juvenile coho salmon rearing in natal stream habitat and that low dissolved oxygen also negatively influences survival (Obedzinski et al., 2018; Vander Vorste et al., 2020). Unpublished data from the RRSSMP has also documented unsuitably high water temperatures as an additional stressor in some streams. Subsequent research relying on data from the monitoring program has further shown that low flows pose a risk to outmigrating smolts in the spring (Kastl et al., 2022, 2025) and can delay or prevent adult salmon from migrating to spawning habitats in dry winters (Carlson et al., 2025).


[image: Maps show coho salmon redd locations before and after abarrier remediation on Mill Creek. Red triangles mark redd locations and a black bar marks the barrier site. Photos depict the creek before and after restoration. A bar graph illustrates the number of redds from 2006 to 2024, separated by those below and above the barrier site. There is a noticeably higher proportion of redds observed upstream of the barrier site after the remediation in 2016.]
Figure 3 | 
Number and distribution of coho salmon redds counted during spawner surveys on Mill Creek above and below the site of a partial fish passage barrier before and after remediation which occurred during the summer of 2016 (dashed line in plot). During the winters of 2006 through 2009, surveys were conducted but no coho salmon redds were observed.




As evidence of the importance of flow as a bottleneck to recovery grew, managers and multidisciplinary partnerships began exploring new restoration strategies. These included programs focused on water conservation, with the goal of improving flows in tributary streams throughout the dry season by reducing or shifting the timing of surface water diversions by agricultural and residential water users. Pilot projects were also conducted to augment flow with water releases from storage ponds and tanks. Staff and resources from the RRSSMP were leveraged to conduct a controlled experiment to quantify the response of salmon to flow augmentation in the dry season (Rossi et al., 2023). They found that augmenting a flow-impaired stream with additional water in the dry season improved rearing habitat conditions for coho salmon and steelhead and enhanced over-summer survival, underscoring not only the importance of flow during the summer rearing period but also the effectiveness of flow-augmentation as a restoration tool. Monitoring data were also used to inform models that predict the spatial extent of stream drying (Moidu et al., 2021) and the effectiveness of different streamflow enhancement strategies at increasing flows during critical rearing and migration windows (Kobor et al., 2025), as well as decision support tools for prioritizing streamflow enhancement projects. In addition, managers relied on wetted habitat and snorkel count data from the RRSSMP to inform emergency fish relocations during drought years.


These examples highlight the importance of integrated monitoring programs in drawing attention to overlooked or underappreciated factors affecting salmon populations. Observations of drying streams and stranded fish challenged prevailing assumptions that physical habitat was the primary limiting factor to salmon populations and required that focus be broadened to include water quantity and the human activities that affect surface flows in streams. These insights, in turn, catalyzed new studies and novel management strategies designed to understand and mitigate the adverse effects of flow depletion on salmon.


[image: Bar chart showing the number of adult coho salmonreturning to the four LCM streams each winter from 2003 to 2024,categorized by origin: hatchery (light gray), natural (black), and unknown (dark gray). There is a general increasing trend, dominated by hatchery fish, though the proportion of natural-origin fish began to increase in 2023 and 2024.]
Figure 2 | 
Estimated number of adult coho salmon returning annually to the four LCM subwatersheds, combined. Between winters 2003 and 2011, methodology for counting adults was inconsistent among years and annual returns were estimated in an ad hoc manner using data from spawner surveys, juvenile snorkel counts, and trapping efforts. Beginning in 2013, with the completion of year-round PIT antenna arrays and PIT tagging of both hatchery- and natural-origin fish in all four LCM streams, annual adult detections were expanded based on antenna efficiency and known tag ratios of juveniles. Adult return winter 2006 was the first winter in which age-3, adult coho salmon were expected to return as a result of hatchery releases.









Lesson 2. Importance of juvenile life history diversity in coho salmon recovery


The RRSSMP initially focused on life cycle monitoring (LCM) in four subwatersheds of the Russian River: Mill, Green Valley, Dutch Bill, and Willow (
Figure 1
). Between 2004 and 2025, nearly 1.2 million fish were released into the four LCM streams, including, on average, approximately 42,000 in each of the last 5 years. A fraction of all hatchery fish released into these streams are PIT-tagged (approximately 15–25%) along with modest numbers of natural-origin fish encountered during field surveys (3,682 natural-origin fish tagged between 2007 and 2024). These tagging efforts, in conjunction with our network of PIT antennas operated throughout the watershed, have facilitated multiple studies investigating movement patterns and life history expression of PIT-tagged fish.


When the RRSSMP began, the prevailing view in the region was that successful coho salmon were natal rearing fish, remaining in habitats in the vicinity of where they emerged from their redds (or were released, in the case of hatchery fish) until the time of emigration as yearling smolts in spring. However, a growing number of studies in Pacific Northwest streams documented that a portion of juveniles emigrated from natal stream habitat prior to their yearling spring and reared in off-channel, estuarine, and non-natal stream habitat (Peterson, 1982; Bramblett et al., 2002; Ebersole et al., 2006; Koski, 2009). We were interested in learning whether this was occurring in the Russian River population and whether fish expressing alternate rearing strategies could be contributing to adult returns. However, our use of seasonal migrant traps to monitor downstream movement of smolts between March and June precluded detection of migrating fish outside of this time period. To address this limitation, we installed year-round PIT antenna arrays in our LCM streams. We immediately began detecting tagged fish leaving the streams outside of the typical spring outmigration period, including in the fall and winter of their first year of life. Moreover, some of the early migrants were subsequently detected at antenna arrays in other tributaries and, later, as returning adults.


Observations of fish movement within and among tributaries prior to emigrating to the ocean have led to more focused studies examining patterns, drivers, and success of non-natal rearing coho salmon in the Russian River. For example, Obedzinski et al. (in review)
1
 documented a bimodal emigration pattern of juvenile hatchery coho salmon, with a subset of fish departing their tributary of origin in the fall or winter, whereas others emigrated later during the typical smolt emigration season. Early emigration was more common from higher gradient streams (≥ 1%), particularly in wetter years and when densities were higher, whereas streams with more low-gradient, floodplain habitat tended to retain fish (i.e., early emigration was rare). Similarly, an investigation of juvenile coho movement and rearing within Willow Creek demonstrated that a subset of fish depart the natal habitat early in life and rear in the alluvial valley bottom and tidal wetland habitat in the lower portion of the creek prior to emigrating to the Russian River during the spring outmigration season (Baker et al., 2025). In both studies, the authors found that non-natal rearers survived to contribute to the adult breeding population, and, though rare, in some years were the only adults that returned to particular streams. Similar to studies in other streams that documented the contribution of non-natal rearers to adult populations (Jones et al., 2014; Bennett et al., 2015), our work suggests that non-natal life histories are an important component of the Russian River coho salmon portfolio, contributing to the abundance of adult returns and to stability of the population complex by sustaining life history strategies that may be more successful in some years.


Fish movement data collected through the RRSSMP further suggests that early emigrants and smolt migrants move from their natal tributaries through the Russian River mainstem and into other (i.e., non-natal) tributaries prior to ocean entry (Baker et al. in prep)
2
. Systems with considerable low-gradient, floodplain habitat appear to receive the majority of such immigrants, especially Willow Creek, which enters the Russian River Estuary just 4.3 km upstream of the ocean. Juvenile fish from higher gradient systems, such as Dutch Bill Creek, have been detected moving through the Russian River mainstem in winter to access non-natal habitat in Green Valley, Mark West, and Willow creeks, in some cases more than 26 km upstream (
Figure 5
). Our interpretation is that such movement patterns reflect the ability of fish to exploit a mosaic of non-natal habitats available in the watershed which is likely critical to their resilience in the face of highly variable hydrologic conditions characteristic of California’s Mediterranean climate (Dettinger, 2011). However, we also recognize that the success of fish exhibiting non-natal movements is reduced by the loss and degradation of low-gradient floodplain habitat throughout the watershed as well as reduced connectivity between those habitats through migratory corridors such as the mainstem river. For example, recent work by Rossi et al. (2025) indicated that survival of acoustically tagged juvenile coho salmon migrating through the mainstem Russian River is variable and can be extremely low (0.14–0.61 across 4 years of study). Although the study took place in the spring season only, it suggests that the mainstem corridor could impose high risk to juvenile salmon trying to access non-natal habitats. These results also suggest that restoring non-natal habitats such as floodplain, wetland, and estuarine habitats, as well as the connectivity to access those habitats, would help to preserve diverse life history strategies of coho salmon in the Russian River watershed.


[image: Graphs and a map showing Austin Creek hydrographs in adry versus wet year, the proportion of wetted stream habitat in a dry versus wet year, and a map of surface flow conditions (wet and dry) in Russian River tributaries during a dry year. The hydrograph in the dry year shows winter flow peaks less than 25 cubic meters per second compared to the wet year hydrograph showing multiple peaks over 100 cubic meters per second. Bar graphs show that the proportion of dry stream channel in the dry year was nearly 50% whereas it was less than 25% in the wet year. The map shows extensive stream drying in many tributaries.]
Figure 4 | 
(Left) Annual hydrographs for Austin Creek (USGS 11467200), a tributary to the Russian River (
Figure 1
), in a dry water year (2021) and wet water year (2017), with gray shading indicating the seasonal period of low flow (<0.05 m3 s-1). (Middle) Proportion of surveyed stream that was wet and dry in 2021 (top) and 2017 (bottom). (Right) Spatial extent of wet and dry stream reaches surveyed in 2021 (dry year). For reference, between 2000 and 2024, water year 2021 ranked as the driest and 2017 ranked as the 18th driest (U.S. Drought Monitor, 2025).




[image: Two maps illustrate the seasonal movement of juvenile coho salmon in California's Russian River watershed. The maps, labeled “Winter” and “Spring,” show natal and non-natal rearing strategies of juveniles that originated in Dutch Bill Creek. The natal fish movement strategy is represented by a blue fish with a blue line leading from Dutch Bill Creek and following the stream course downstream to the Pacific Ocean in spring. Three non-natal strategies are represented by fish of different colors and linesleading from Dutch Bill Creek then into other streams (Marck West, Green Valley and Willow) in winter and then from those streams to the Pacific Ocean in spring.]
Figure 5 | 
Natal and non-natal rearing strategies of juvenile coho salmon emigrating from Dutch Bill Creek. Different colored fish represent different juvenile rearing strategies. Lines indicate movement pathways during their first winter (upper panel) followed by their second spring when they migrate to the ocean as age-1 smolts (lower panel). For each line, the fish symbol(s) indicate the starting point(s) and the arrows indicate the end point(s) of the movement.




[image: Diagram illustrating a process from data collection to datasharing. On the left, data types include tagging, hatchery releases, trapping, and more, shown alongside a person using a mobile device to collect data in a stream. In the center, a relational database structure is displayed with interconnected tables. On the right, data sharing is depicted with a map displaying spatial data alongside icons for Excel and R.]
Figure 6 | 
General structure of the Russian River monitoring data flow from data collection (left) to upload into to a relational database (center) to examples of different front-end programs used to share results (right).




[image: Map visualization of the Russian River with blue waterwaylines and yellow dots indicating juvenile coho salmon densities observed in the summer of 2025. Right-side panel displays statistics: coho count 19,055, steelhead count 18,229, 60 reaches surveyed, 38 streams surveyed, and 1,876 pools sampled. Bottom bar graphs show juvenile coho and steelhead counts annually from 2014 to 2025.]
Figure 7 | 
Example of interactive dashboard displaying distribution and density of juvenile salmonids observed during annual snorkel surveys in the Russian River watershed. The dashboard is used by resource managers, restoration practitioners, biologists, streamside residents, and the general public to view in-season results in relation to previous years of data.




Contemporary salmon science suggests that a diversity of life histories is a critical ingredient for abundant and resilient salmon populations (Hilborn et al., 2003; Schindler et al., 2010). Results from the Russian River highlight that important dimensions of life history diversity persist in this endangered coho salmon complex, namely the presence of non-natal rearing strategies, but that habitat loss and degradation limit their success. These insights have supported the prioritization of projects to restore and reconnect floodplain, wetland, and off-channel habitat, and have motivated new studies aimed at evaluating different management strategies designed to support diverse life history pathways to rebuild salmon populations in the Russian River.


 Box 2 Integrated monitoring informs habitat restoration in Mill Creek. 


In depleted Pacific Coast salmon populations, lack of comprehensive monitoring has limited our ability to adequately evaluate recovery actions and make informed choices regarding how to allocate limited resources. Moreover, Bennett et al. (2016) highlight that few monitoring efforts focus on assessing responses to restoration at the population-level, suggesting a mismatch between overall management goals and the scale at which effectiveness monitoring data are collected (Radinger et al., 2019). Minor adjustments to the RRSSMP have enabled such evaluations and guided habitat restoration.


Mill Creek is a historical coho salmon tributary that was one of the original recipients of conservation hatchery supplementation and a focus stream for LCM. Like many Russian River tributaries, high quality fish habitat in the Mill subwatershed has been compromised by deforestation, sedimentation, and water extraction resulting from logging, road networks, rural residential development, and agriculture, as well as secondary effects from dam construction and gravel mining at downstream locations that has led to channel incision. In addition, remnant flashboard dam structures and other physical blockages (e.g., road crossings and culverts) have created partial fish passage barriers. Multiyear monitoring datasets collected by the RRSSMP in Mill Creek have helped reveal specific obstacles to coho salmon recovery and guide restoration and recovery efforts.


For example, at the time of initial coho salmon reintroduction into Mill Creek in 2004, resource managers were aware of an artificial partial barrier in the lower Mill Creek watershed (river km 5.48), but it was not thought to impede upstream migrating adult salmonids during winter flow conditions. However, RRSSMP spawner surveys in Mill Creek demonstrated that the barrier did restrict adult passage in most years, with the majority of redds consistently observed downstream of the structure (
Figure 3
). PIT antenna detection data confirmed the impact of the barrier. During the winter of 2010/11, nine PIT-tagged adult coho salmon that were detected entering Mill Creek, traveled upstream to an antenna site that was located downstream of the barrier and then quickly moved back out of Mill Creek and were later detected in a neighboring tributary. Summer snorkel counts showed high densities of juvenile coho salmon in the lowest reaches of Mill Creek and this was problematic because late-summer wet/dry mapping data indicated that more than half of the habitat downstream of the barrier was prone to stream drying (mean of 52% over 13 years compared to 22% above the barrier site). Fish inhabiting the lower reaches were frequently observed perishing in isolated pools during the summer and natural-origin juveniles were only rarely observed in the upper perennial reaches where oversummer survival was higher. This collective monitoring data was shared with restoration practitioners and resource managers who used the information to justify and fund remediation of the barrier. Remediation was completed in summer 2016, after which increased densities of redds and juveniles were observed in the upper perennial reaches of Mill Creek and its tributaries (
Figure 3
). This example highlights the importance of our monitoring for identifying a fish passage issue, providing justification for addressing it, and evaluating the effect of addressing it on coho salmon spawning distribution.


While the barrier removal project opened habitat for adults and juveniles in upper Mill Creek, it did not solve all of the issues. Continued years of monitoring show that some adults are still observed spawning in the lower reaches where progeny are subject to high mortality from stream drying, suggesting the need for flow restoration actions. The program is currently evaluating a suite of actions designed to increase surface flow in Mill Creek, and our monitoring is continuing to play a role in helping guide the next steps of restoration.








Lesson 3. Standardized methods and a centralized database are essential for data integration, analysis, and sharing


Fish monitoring programs are often initiated and maintained through relatively short-term (2–3 year) grant-funded projects that are designed to evaluate specific objectives linked to management interventions or regulatory requirements. In rare cases when there are opportunities to extend or establish longer-term monitoring programs, funding for field data collection is typically prioritized, with little thought towards data management and the design and maintenance of centralized databases. This, in part, reflects the desire of funders to direct resources towards on-the-ground projects and monitoring activities, but it also highlights how data management in monitoring programs is underappreciated (Bennett et al., 2016). In our experience, developing standardized data collection and management methods, including creation of a centralized database, is essential to any long-term monitoring program and has played a pivotal role in the success of the RRSSMP.


The early years of fish monitoring in the Russian River suffered from a lack of resources dedicated to data management. Our monitoring efforts initially focused on methods to effectively capture and count fish and we gave limited consideration to how best to organize the data once collected, or how the data might be ultimately used to assess progress towards achieving broader program goals. The result was a proliferation of data collected with different methods, in different formats, and stored in different locations that were difficult or impossible to relate to one another in space or time. Inconsistent QAQC procedures also led to variable data quality, further complicating data integration efforts. Managing the high volume of data produced by our monitoring programs was another challenge. As the number of tagged fish, stationary PIT antenna arrays, and project partners contributing data grew, it became necessary to develop a shared database capable of storing and relating information from different sources.


Over the last decade, we have made great strides in implementing standardized data collection protocols, QAQC procedures, and a centralized database that facilitates efficient data sharing and summarization of millions of records. The hub of our current data management system is a Structured Query Language (SQL) relational database which accommodates large quantities of tabular and spatial data. The system is particularly well suited for relating “trip-level” data containing time and location information (i.e., parent data) to hierarchical levels of habitat, count and/or individual fish data (i.e., child data). Using this database structure, there is flexibility in data collection methods (e.g., paper datasheets, various electronic data collection devices and applications; 
Figure 6
). Once uploaded to our database, data can be queried for summarization and analysis using various front-end programs, such as R, Microsoft Excel, and ArcGIS Pro. This has allowed us to more efficiently and immediately inform contemporary questions while providing the structure to accommodate future unanticipated data that may become relevant to salmon recovery actions. It has also been particularly useful in facilitating data collection by multiple entities and sharing data in different formats to communicate findings to diverse audiences (
Box 3
; 
Figure 7
). The current process of data collection, QAQC, and curation has now matured to the point where monitoring data can be shared with partners on the same day it is collected thus supporting real-time decision-making, public outreach, and educational programming.


 Box 3 Russian River monitoring data dashboards.


Adopting standardized methods and development of a centralized database has facilitated new and valuable ways of interacting with Russian River monitoring data. To support a diverse audience of stakeholders (e.g., resource managers, restoration practitioners, scientists, conservationists, modelers, students, streamside residents, the general public), we found that it is beneficial to share data in a variety of formats. Traditional dissemination through reports, presentations, technical meetings, and publications continue to offer value, but geospatial representation in mapping dashboards has been an especially useful means of displaying both in-season and historical datasets such as redd counts, juvenile snorkel counts, stocking locations, and dry season surface flow connection (e.g., Figure 7; Russian River Salmon and Steelhead Monitoring Program) (https://arcg.is/1DaDHD). Such public-facing dashboards are helpful for decision making by resource managers and restoration practitioners and also allow streamside residents to view monitoring results and learn what we are observing on their property. Other applications include more tailored dashboards that are used in-season by resource managers to identify locations for broodstock collection and fish rescues as well as when and where to initiate flow augmentations for the benefit of summer-rearing fish. Project-specific dashboards can help project teams coordinate monitoring and restoration activities (e.g., Willow Creek Dashboard (https://arcg.is/0riGbW)) or identify and prioritize flow enhancement projects (e.g., Pena Creek Flow Enhancement Decision Support Tool (https://arcg.is/1DnaLS2)). Spatial data from our centralized SQL database is integrated with ArcGIS Enterprise, allowing seamless integration with web GIS while supporting field data collection using applications such as S123 and Field Maps. While in the field, survey crews can easily collect data on phones or tablets, and view maps to locate survey reaches and monitoring sites, understand landowner access limitations, and reference previously-collected data. Overall, this has exponentially increased the value and utility of our monitoring data by making it accessible to diverse audiences in meaningful timeframes.









Summary and discussion


Monitoring in the Russian River evolved from a series of disconnected efforts evaluating individual projects to a watershed-wide program that tracks complex salmon population dynamics at multiple spatiotemporal scales and provides the necessary context to interpret biological responses to a variety of management interventions and environmental stressors (
Table 1
). By adopting multiscale monitoring approaches using a range of tools, the RRSSMP has effectively tracked an increasing abundance of coho salmon over time, but has also revealed critical bottlenecks to population recovery, including the role of streamflow. Our program has also increased understanding of juvenile emigration phenology and has drawn attention to the important role of life history diversity in promoting population stability and recovery. Standardized data collection, a centralized database, and new spatially explicit methods of interacting with data have allowed us to share results with a diversity of partners at timeframes relevant for management actions. The underlying structure of the monitoring program also serves as a platform for student projects and training opportunities for the next generation of scientists and resource managers.






Importance of multiscale approaches



Fausch et al. (2002) highlight the importance of multiscale approaches to monitoring, including overlooked intermediate spatiotemporal scales (e.g., 1–100 km and 5–50 years) that are particularly critical for understanding and conserving stream fish populations. Adopting a multiscale monitoring approach in the Russian River helped us to identify and contextualize surface flow disconnection as a factor limiting juvenile oversummer survival by coupling direct observations of fish mortality from high-resolution pool-scale PIT tag studies with reach and watershed scale snorkel counts and wet dry mapping. Our nested spatiotemporal monitoring program also helped draw our attention to underappreciated forms of juvenile life history diversity, particularly the prevalence of non-natal rearing fish that are moving to low-gradient habitats located in different parts of the watershed in fall and winter. Monitoring at longer temporal scales (e.g., decades) also provides unique opportunities to learn about the effects of infrequent disturbance events, such as extreme drought, floods, and wildfire on fish population dynamics. For example, long-term data from the Russian River contributed to a regional study that showed the consequences of an extreme drought year that caused a flow-phenology mismatch during the breeding season of three salmonid species along the coast of California (Carlson et al., 2025). Such studies are particularly important for helping to understand and predict how extreme events can influence at-risk populations.







Expanding the monitoring toolbox


The RRSSMP uses a combination of physical capture methods (trapping, electrofishing, seining), visual observations (redd and snorkel surveys), and passive detection systems (PIT and acoustic systems, video) that, when used in combination, have greatly increased our understanding of fish population dynamics in the watershed. For example, running year-round PIT antennas in conjunction with seasonally-operated downstream migrant traps allows us to estimate emigration timing, abundance, size, and survival of juveniles in the LCM streams. To extend estimates of survival through the mainstem river and estuary (where trapping and PIT antenna operation are not feasible), we have tracked fish using acoustic telemetry. Studies in other watersheds have paired capture methods (e.g., carcass surveys or downstream migrant trapping) with otolith analysis to characterize life history diversity across watersheds (Brennan et al., 2019; Ryan, 2024; Chen et al., 2025) and remote sensing is increasingly used to relate watershed-scale fish distribution to environmental conditions (Torgersen et al., 1999; Clawson et al., 2022). As new technologies continue to unfold and we incorporate them into our monitoring programs, our ability to provide managers with information and tools at scales appropriate for conservation and management actions will also improve (Fausch et al., 2002). However, the value of consistent and comparable long-term data must be carefully balanced against any advantages that new methods may confer. Changing methods midway through a long-term monitoring program can come with costs if legacy methods are not comparable or relatable to new ones. For example, we have found that many of our earlier datasets that include information about abundance and distribution are often dismissed because they were collected using different approaches (e.g., documenting redd locations hand-drawn on maps versus using GPS). Incorporating these older datasets into our time series is important because they demonstrate the lack of spawning (and presumably adult returns) in years prior to implementation of the conservation hatchery program.


We view the RRSSMP database as yet another monitoring tool that in its general form could serve as a template for long-term monitoring programs in other watersheds. There is an increasing need to make data comparable at regional levels (e.g., to facilitate comparison of status and trends in salmon and steelhead populations, it is important that monitoring data are collected using consistent survey and estimation methods among watersheds). In 2013, we began implementing California Department of Fish and Wildlife’s California Monitoring Plan (CMP) in the Russian River watershed. The guiding CMP document (Adams et al., 2011) outlines monitoring approaches needed to maintain that consistency. Although this is an important first step, transforming the data we collect into information that managers, planners, and recovery practitioners can apply is also critical. Some of the tools we have developed for the Russian River could be used for this purpose. We also see new opportunities to streamline and lower barriers to building and maintaining centralized databases for long-term monitoring programs. For example, the rise of data science as a field, including training opportunities at the intersection of data science and environmental science, is now creating a pipeline of skilled individuals who are well-poised to contribute to the evolution of environmental monitoring programs in service of conservation and recovery efforts.








Monitoring challenges


Building and maintaining the RRSSMP over the past 20 years has not been easy. Securing access to streams on private land and communicating with landowners is a constant substantial effort that we did not adequately build into our workflow in the early stages of monitoring. Funding is a consistent concern and developing staff to have both database skills and ecological knowledge has required significant investments in time and training. Our funding has been pieced together from inconsistent sources, resulting in unexpected gaps filled by last-minute funding from various sources and/or transfer of field activities to other organizations working in the watershed. There was also skepticism by some in adopting new approaches that were unfamiliar. For example, in the early stages of our program, there was substantial resistance to PIT tagging, and many questioned the value of individual-based approaches for monitoring fish populations. Further, even after we demonstrated the utility of PIT monitoring to estimate population metrics, long-held assumptions about the prevalence of natal juvenile rearing delayed acceptance of the notable diversity of non-natal and inter-tributary movement that was revealed by PIT tag detections.


We also encountered challenges related to monitoring in a watershed the size of the Russian River (3,800 km2). From the beginning, we recognized that it would be impractical to construct and operate a single LCM station that counts all smolts leaving and all adults returning to the watershed. Instead, we chose to track populations in multiple, smaller subwatersheds (
Figure 1
), but this came with tradeoffs. The most obvious is that fish could be produced from and return to places in the watershed that we are not monitoring. This means that our adult abundance estimates are likely a biased representation of the true population size, although our network of PIT antenna arrays, including those outside of the LCMs, helps offset this issue somewhat. Documentation of inter-tributary movements, while extremely valuable in describing life history diversity and habitat-use, exposes additional biases in estimating natural-to-hatchery origin, smolt-to-adult, and spawner-to-redd ratios. Despite these issues, PIT antenna arrays in the four LCMs have been extremely useful for estimating overwinter survival and abundance of natally-reared coho salmon smolts in a way that minimizes fish handling and improves the value of our data for informing progress toward population recovery.







Partnerships and collaborations


In the RRSSMP, partnerships have been a necessity for many reasons. Collaborations between different monitoring entities are necessary to make the most efficient use of limited resources. Partnerships have also been key for translating the monitoring data collected through the RRSSMP into focused recovery actions. In particular, our monitoring program helped to create communication networks that enabled partners to rapidly respond to unanticipated and urgent issues as soon as they were discovered (e.g., fish strandings, passage barriers, sediment inputs, invasive species introductions, chemical spills). Partnerships supported by the RRSSMP have also become catalysts for creative new recovery actions, including projects to increase streamflow for fish while also creating water reliability and reduced fire risk for streamside residents (
Table 1
; Gold Ridge RCD et al., 2022). While working with different groups that each have slightly different missions and objectives can be time-consuming and difficult in some cases, over time, we have found that such collaborations have created positive feedback loops between monitoring and restoration, which ultimately helps advance species’ recovery.







Training and workforce development


An unrecognized benefit of long-term monitoring programs is the opportunities they provide for the developing workforce. Whether entering the field of resource management, conservation science, environmental policy, or academia, hands-on experience participating in a monitoring program provides individuals with fundamental knowledge and skills that cannot be learned in a classroom. By offering internships, hosting AmeriCorps members, and hiring entry-level seasonal technicians, durable monitoring programs provide students and early-career scientists and resource managers with important opportunities to learn about ongoing conservation issues and efforts to address them while gaining skills in field techniques and data processes. Individuals build their resumes and gain exposure to different organizations, career paths, and potential future employers. The RRSSMP has effectively served as a pipeline to graduate school and employment in the natural resources field.


Long-term monitoring programs also serve as a hub for student research projects. While there is increasing acknowledgment for the importance of place-based science (Able, 2016; Quinn, 2018), the 2–5 year window of a typical graduate program does not afford the time needed to develop relationships and cultivate trust with local stakeholders and communities, nor collect long-term datasets. However, this can be resolved through collaboration – monitoring programs provide long-term datasets, context, and connections while students offer new perspectives, analytical rigor, and the ability to publish results. For this reason, long-term monitoring watersheds are ideal places to link management with academia to address applied research questions that benefit both local communities and broader scientific audiences.







Conclusions


The RRSMP is an example of how essential broad-scale monitoring is to salmon recovery. In the early 2000s, Russian River coho salmon numbers were so depressed that without hatchery intervention, the population would have likely disappeared. Our work has been instrumental in guiding hatchery-based recovery strategies, but it has also provided a source of fish to uncover the overriding importance of those factors that are the greatest impediments to recovery of self-sustaining salmon populations. While the original goal of the RRSMP program was to evaluate the success of the conservation hatchery program, minor adaptations have enabled evaluation of a broader suite of interventions from barrier removal (
Box 2
; 
Figure 3
) to flow augmentation (Rossi et al., 2023). Our work highlights the importance of multiscale sampling, extensive coordination, partnerships, database centralization, and new technologies that build on traditional monitoring approaches to directly advance salmon recovery. We argue that integrated, long-term monitoring adequate to capture the complexities of the organisms we are studying and the ecosystems on which they depend is not just an option but a necessity if we are serious about making meaningful progress towards salmon recovery. Resources must be invested in field data collection, but equally important is an investment in database support and communication tools to better leverage monitoring data. Given the dire state of salmon populations along the Pacific Coast and the increasing threats of human population growth and climate change, it is more important than ever that we make efficient and informed choices regarding recovery strategies and that we support the robust monitoring efforts needed to effectively guide those choices.
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