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Estuaries comprise important but often-degraded fish nursery habitat. People have invested considerable resources into restoring estuaries to rehabilitate habitats, but comparatively little work has evaluated population outcomes for target species. Here, we examined the response of a threatened population of Chinook salmon (Oncorhynchus tshawytscha) to estuary restoration in their natal tidal delta, and observed demographic changes consistent with increasing nursery habitat capacity and quality. We leveraged three decades of monitoring before, during, and after restoration in the Skagit River delta, and compared demographic patterns in restored and unrestored forks within the delta, and in locations landward and seaward of the delta. We hypothesized that restoration in tidal deltas should result in reductions in local densities, and reduced density-dependent spillover of juveniles into nearshore waters. We also examined other predictions that were more ambiguous and depended upon biological mechanisms. We found that (1) delta restoration led to lower juvenile densities overall and greater juvenile densities when conspecific abundances were high, and (2) individual juveniles were smaller overall and their lengths declined less when densities were higher. We also monitored juvenile salmon in nearshore waters seaward of the delta. Following delta restoration, (3) juvenile catches in nearshore marine waters declined relative to delta habitat change, and (4) the prevalence of nearshore fry (<~45 mm) — a phase thought to benefit more from delta nursery habitats — decreased overall. These findings suggest that greater nursery habitat capacity in the delta allowed salmon to spread out and accommodated higher salmon numbers when juvenile outmigrations were especially high. They also suggest that restoration promoted the use of delta habitats by smaller fish while alleviating competitive effects on growth. Furthermore, they suggest that greater delta habitat capacity supported more juveniles, decreasing overflow to nearshore environments, especially for the smallest, most vulnerable salmon that presumably benefit most from growth before entering nearshore waters. Thus, estuary restoration appeared to alleviate density-dependent constraints on rearing and growth. These findings provide empirical support for restoring estuaries in human-stressed landscapes to rehabilitate nursery habitat functions for Chinook salmon and, potentially, other species and life stages.
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Introduction

Estuaries provide vital nursery habitat for fishes and other taxa (Beck et al., 2001). They provide early life stages with refuge from predators, opportunities for rapid growth, ontogenetically-appropriate stepping stones to subsequent habitats, and – in diadromous species – gradients for osmoregulation adaptation (Simenstad et al., 1982; Thorpe, 1994; Nagelkerken et al., 2015). Consequently, ecologists often consider estuaries as nurseries that promote the growth and survival of juvenile fish and broadly underpin the function of nearshore ecosystems (Sheaves et al., 2015).

Despite their nursery value, legacy and current human stressors limit estuarine habitat capacities. Indeed, people have channelized, hardened, eliminated, and simplified estuarine habitats worldwide (Gittman et al., 2015; Brophy et al., 2019; Murray et al., 2022), a process implicated in habitat degradation and population-level declines of various species (Magnuson and Hilborn, 2003; Lotze et al., 2006; Toft et al., 2018; Hodgson et al., 2020). Not only are declines in population abundance concerning, but resilience is being eroded by losses of both life history diversity and habitat diversity (Sturrock et al., 2020). Life history diversity spreads risk and promotes resilience (Greene et al., 2010; Schindler et al., 2010), but resilience is eroding through losses to both habitat and life histories (Munsch et al., 2022). Thus, restoring estuaries may improve the key population attributes – including abundance and diversity – of various species that depend on estuarine habitats.

Not surprisingly, estuary restoration efforts targeting threatened species are increasingly widespread (Bayraktarov et al., 2016). Despite these efforts, few studies have evaluated demographic outcomes for target populations. Long-term studies are indispensable to quantifying responses to restoration efforts because they document dynamic population changes, often at spatiotemporal resolutions that elucidate life history expression. Long-term efforts are also imperative because habitat use in estuaries can vary substantially among years (Colombano et al., 2022), necessitating long time series to attribute changes to restoration. Notably, these studies are rare because practitioners typically allocate finite resources toward restoration costs instead of monitoring and assessment. Fortunately, some long-term monitoring programs follow restoration efforts over time periods that are biologically relevant and offer a unique opportunity to assess fish responses to estuary restoration.

In the northeast Pacific including the Salish Sea, habitat restoration and monitoring efforts have focused on improving conditions for imperiled stocks of Pacific salmon. Pacific salmon are culturally, ecologically, and economically important anadromous species native to the northern Pacific Rim. Especially in their southern range, they are declining largely due to habitat loss and degradation (Nehlsen et al., 1991). Chinook salmon rely on natal river tidal deltas, non-natal “pocket estuaries” (nearshore lagoons and marshes), and other estuarine habitats as juveniles migrate from fresh to marine waters (Reimers, 1973; Healey, 1980; Beamer et al., 2003), yet people have converted many of these areas to agricultural or urban landscapes. Several studies link salmon performance to estuary status, either by examining return rates of groups of fish given access to different habitat zones (Levings et al., 1989; Beamer et al. in review) or comparing survival rates across differentially modified estuaries (Magnuson and Hilborn, 2003). These studies support the hypothesis that estuarine habitat is vital for juvenile Chinook salmon and implicate restoration as a key recovery pathway. However, research has yet to address the potential for large-scale estuarine habitat restoration to ameliorate human use impacts via improved population-scale habitat use and life history expression.

Here, we leverage decades of intensive fish and habitat monitoring to quantify demographic shifts in threatened juvenile Chinook salmon coincident with over 250 ha of estuarine wetland restoration. Our goal in this study was to examine empirical data for evidence of restoration improving the capacity of estuary nursery habitats to support juvenile salmon rearing and growth. Specifically, we tested if tidal delta restoration reduced density-dependent rearing conditions in the delta as well as spillover into the marine nearshore (see also Beamer et al. in review). We predicted that habitat restoration should increase rearing habitat in the tidal delta, thereby 1) allowing juvenile fish to spread out at lower densities, and 2) to grow faster, thereby achieving larger body size. Additionally, we predicted that tidal delta restoration should 3) reduce overflow of juveniles into the intertidal nearshore, 4) particularly for migrant fry, the size class most vulnerable to marine predators. These analyses and findings should be informative to other efforts seeking to improve habitat for the myriad species that rely on estuarine nurseries.





Methods




Study species

Chinook salmon are distributed across the Northern Pacific Rim from Kamchatka (Russia), through Alaska and British Columbia, and in all four Pacific Coast states connected by large rivers (Healey, 1991). Across much of this distribution, juvenile Chinook salmon use large river deltas and other estuarine habitats for extended periods of time (weeks to months) often as subyearling migrants (Reimers, 1973; Levings, 2019; Munsch et al., 2020; Arbeiter et al., 2023, Figure 1). Despite extensive life history variation (Reimers, 1973; Healey, 1980; Greene and Beechie, 2004), Chinook salmon are described as the most estuarine-dependent of all the Pacific salmon.




Figure 1 | Conceptual model of habitat-based juvenile life history variation in Chinook Salmon. The conceptual model illustrates how life history expression could result from branching at habitat transitions for freshwater and natal estuary rearing, and habitat selection within marine shoreline areas where further life history variation may result. Phenotypic causes of life history branching may result from density-independent and density-dependent mechanisms experienced by juveniles.



The Skagit watershed of Puget Sound produces the majority of natural-origin Chinook salmon belonging to Puget Sound’s Evolutionarily Significant Unit listed as threatened under the U.S. Endangered Species Act (Skagit River System Cooperative and Washington Department of Fish and Wildlife, 2005). Existing research and long-term monitoring in the Skagit River suggests several juvenile life history types rely extensively on estuaries (Beamer et al., 2024b; Beamer et al. in review). The juvenile life history types of Skagit Chinook salmon are distinguished based on differential residence and migration through the freshwater, estuarine and nearshore habitats within three main ecological zones (freshwater, natal estuary, and marine nearshore). The ecological zones correspond to distinct geographic areas: 1) freshwater = Skagit River and its tributaries; 2) natal estuary = Skagit tidal delta; and 3) marine nearshore = Skagit Bay in the Whidbey Basin. Simply explained (see Figure 1), annual cohorts of Chinook salmon fry emerge from their gravel egg pockets in the Skagit River and its tributaries during the winter and early spring months. Some juveniles migrate downstream as fry with negligible rearing in the freshwater environment. Fry that remain in freshwater, either migrate downstream as parr after a few months, or overwinter in freshwater, leaving the following spring as yearlings. Of the fry that migrate downstream, some establish residence in the Skagit’s natal estuary for a period of time while others rapidly migrate into the more marine waters of Skagit Bay, part of the Whidbey Basin. Of the fry that end up in the Whidbey Basin, some reside in nearshore refuge habitats (Beamer et al., 2013) while others do not. According to this framework, fry life history types should be most sensitive to estuary restoration, followed by migrant parr, which may also rear in the tidal delta after downstream migration (Reimers, 1973; Bottom et al., 2005a). However, the general categories (Figure 1) represent modal endpoints on a continuum of time spent in the different habitat zones, reflecting overlap in life history forms.

This life history expression is likely in part an outcome of density dependence in multiple habitats (Reimers, 1973; Greene and Beechie, 2004; Beamer et al. in review). In recent years, several hundred thousand, to over seven million wild juvenile Chinook salmon comprising all life history types migrated from the Skagit River each year (Zimmerman et al., 2015). Annual differences in the abundance of fry and parr migrating downstream (Zimmerman et al., 2015; Hall et al., 2018) as well as life history patterns of fry in the delta and Skagit Bay (Beamer et al., 2000; Beamer and Larson, 2004; Beamer et al. in review) can be explained in part by density-dependent mechanisms. Evidence for density dependence includes smaller observed sizes and a higher proportion of fry utilizing the nearshore habitats when out-migrant abundance is higher (Beamer et al. in review). Accordingly, we predict that estuary wetland restoration should relieve competition in the tidal delta, and thereby influence size and growth, as well as estuarine densities.





Study area




Skagit watershed

The Skagit River is Puget Sound’s largest river and drains ~8,000 km2. Its estuary is part of the larger Puget Sound fjord estuary and consists of a mosaic of tidal delta habitats and adjacent, marine-dominated waters in Skagit Bay. Before entering Puget Sound, the Skagit River splits into North and South Forks of its historical tidal delta that flow westerly and southerly, respectively, through agricultural land, residences, and natural marshlands before entering the bay (Figure 2). The Skagit River tidal delta is a prograding fan with numerous distributary channels conveying freshwater, tidal channels, and estuarine wetland islands. Estuarine habitats within the tidal delta include two zones. The riverine tidal zone is the area of river channels and wetlands where freshwater is tidally influenced but not mixed with marine water. The tidal estuarine zone includes the emergent and scrub-shrub marshes where freshwater mixes with saltwater. These areas form a diversity of estuarine habitats maintained by tidal and riverine processes, creating a mosaic of wetlands and channels. Among these are blind tidal channels (i.e., landward terminus is within the tidal delta), which serve as our fish sampling units within the tidal delta.




Figure 2 | The Skagit River estuary, showing current extent (as of 2019) of different vegetated tidal wetlands (A); and gains (natural and through restoration) as well as natural losses in tidally influenced areas (blue) over three assessment periods (B: 2000-2004, C: 2004-2013, and D:2013-2019). Within each assessment period, restoration gains at project sites (labeled) were estimated as well as natural gains and losses using GIS (see methods).



The shoreline of Skagit Bay is ~127.4 km long and its intertidal area is 8,838 hectares. Skagit Bay shorelines include a variety of beach types based on differences in adjacent upland geologic materials (bedrock, glacial sediments, and recent coastal or river sediments), geomorphic processes within longshore drift cells, and shoreline gradient. The beaches that dominate much of Skagit Bay are the sampling units for nearshore sampling in this study.





Historical change and restoration efforts

Landscape analyses indicate that the Skagit River has lost much estuarine habitat to agricultural and residential development, despite a large amount of extant tidal delta and shoreline habitat (Collins et al., 2003). Currently, the contiguous habitat area of the Skagit tidal delta consists mostly of area in the vicinity of Fir Island, but it also includes a fringe of estuarine habitat extending from southern Padilla Bay to the north end of Camano Island. In 1991, the tidal delta footprint for this area was 3,118 hectares (Beamer et al. in review). Prior to diking, dredging, and filling in the delta (circa 1860s), 11,483 hectares of tidal delta footprint existed in the same area (Collins et al., 2003), indicating that 73% of tidal delta has been disconnected from floodplain and tidal processes. These estimates of tidal delta habitat area account for gains in delta habitat caused by progradation occurring between the 1860s and 1991 (Beamer et al., 2005) and indirect losses of habitat occurring as a result of changed tidal processes and sediment deposition (Hood, 2004). In Skagit Bay, 24% of the shoreline has been armored to protect land uses adjacent to depositional shoreforms or eroding sediment source bluffs (McBride et al., 2006).

Starting in 2000, watershed managers began to restore portions of the Skagit River delta and shoreline. In this analysis, we focus on the extensive efforts to increase the extent of estuarine wetland habitat through dike setbacks, breaches, fill removal, and other forms of restoration of tidal inundation. To date, 255 ha (~630 acres) of restoration projects have been completed in the Skagit delta. However, changes in wetland extent have been countered to some extent by impacts of sea level rise and winter storm surge (Hood et al., 2016; see Wetland Change section below).






Tidal delta wetland change

We mapped the extent of different estuary wetland types within the Skagit delta in four years (2000, 2004, 2013, and 2019) to estimate natural (including climate related) and direct anthropogenic wetland change within the delta. The intertidal habitat features tracked over time were area and perimeter of 1) distributary channels (including adjacent tidally inundated terraces), 2) ponds/impoundments, 3) tidal channels, 4) boat harbors (a minor number of anthropogenic impoundments constructed to launch, maintain, or moor vessels), and 5) vegetated tidal wetland (all vegetation types, including live wetland vegetation and intertidal wood). Of these types, juvenile Chinook salmon most consistently reside in the first four types, which are subject to regular tidal inundation where fish can swim. We refer to these types collectively as prime rearing habitat. We calculated prime rearing habitat area and total wetland area for four major regions of the Skagit delta: North Fork Delta (NF), South Fork Delta (SF), Fir Island Bayfront (BF), and Swinomish Channel Corridor (SC) (Figure 2).

We digitized tidal delta habitats as polygons in ArcGIS (v. 10x), using air-photos (30-cm pixel resolution) flown at low tide. Photo signatures for all habitat types were ground-truthed to confirm photo interpretations, i.e., presence (and species) of vegetation, sand flats, and subtidal water observed in the field were correlated with photo signatures, using obvious landmarks (channel junctions and meanders, vegetation patch patterns, large and stable logs) for orientation. The smallest tidal channels that can be resolved in the air-photos are 30 cm wide (Hood, 2007). Channel margins and shorelines were defined by the abrupt transition from vegetated to unvegetated intertidal areas coinciding with bankfull width. After ground-truthing, we applied photo interpretations to the entire vegetated Skagit tidal delta. See Hood (2007) and Chamberlin (2022) for additional detail.

We determined cumulative annual trends in prime rearing habitat and total wetland extent by calculating the sum of natural extent and wetland extent resulting from restoration. Using summaries from the four census years, we estimated natural annual wetland change, including responses to changing sea levels and storm surge, by interpolating between the four time periods. Furthermore, we applied progradation rate equations (Hood et al., 2016) to estimate extent in years before and after the four census periods. In years when wetland restoration projects were completed, we added wetland extent within restoration project polygons (Table 1) to interpolated annual wetland extent values.


Table 1 | Estuarine wetland habitat change due to restoration projects by year and sub-delta area.







Fish sampling

We monitor Skagit River Chinook salmon via long-term interagency programs involving sampling of outmigrants with inclined plane and rotary screw traps at river km 27, fyke trapping fish rearing in the tidal delta, and beach seining shoreline habitats in Skagit Bay. These three techniques bracket immigration, residence within, and emigration from the tidal delta to the Skagit Bay shoreline (Beamer et al., 2024b). Table 2 summarizes the number of sites, frequency, and duration of sampling at index sites in the Skagit River mainstem, tidal delta, and bay shoreline (see map in Supplementary Figure S1).


Table 2 | Current monitoring programs for assessing effects of restoration in the Skagit River estuary.






River outmigrants

Washington Department of Fish and Wildlife (WDFW) operates a juvenile fish trap on the Skagit River at river km 39.1 in the city of Mount Vernon. Although WDFW began operating this trap in 1990, our time series begins in 1994, when they expanded the trapping season to encompass the juvenile natural-origin Chinook salmon migration period (Zimmerman et al., 2015). The juvenile trap is operated each year beginning in mid-January and continues through July, and is located downstream from all Chinook salmon spawning locations. The trap is actually two traps, an inclined-plane and a 2.4 m diameter rotary screw trap.

The freshwater juvenile monitoring provides both abundance and life history data and includes juvenile migrant abundance by migrant type (fry, parr, yearling), juvenile body size, and migration timing (details in Kinsel et al., 2008). Missed catch during periods the trap is not fishing (both planned and unplanned) is estimated by averaging catch rates before and after each outage. The juvenile trap catches only a portion of the total juvenile Chinook emigrating from the Skagit River. Therefore, total abundance is estimated using a mark-recapture study whereby a known number of marked fish (dye or fin-clip) are released upstream of the trap and a portion of these are subsequently recaptured in the trap (Zimmerman et al., 2015). Marked fish are released throughout the outmigration period to account for differences in trap efficiencies due to river conditions. Total abundance of natural-origin Chinook salmon subyearlings from the Skagit River Basin was estimated using a time-stratified Petersen estimator (Carlson et al., 1998; Zimmerman et al., 2015).





Tidal delta

To measure abundance of juvenile Chinook salmon rearing in the tidal delta, we sampled habitat use of unmarked (assumed natural-origin) subyearling Chinook salmon in blind channels using fyke traps (see Beamer et al., 2024b). Fyke trap methodology followed Levy and Northcote (1982) and uses nets constructed of 0.3 cm mesh knotless nylon with a 0.6 m by 2.7 m diameter cone sewn into the net to collect fish draining out of the blind channel site. Nets feature a lead line that sinks the bottom of the net to the benthos and a float line that maintains the top of the net at the water surface. Overall net dimensions (length and depth) varied depending on the blind channel’s cross-sectional dimensions, but all nets were sized to completely block fish access at high tide.

We captured fish by setting a fyke trap across the mouth of the blind channel site at high tide and “fishing” through the ebbing tide (Beamer et al., 2024a; b). Fish were captured as they moved out of the dewatering channel into a collection box. We sampled twice a month over the potential residency period (February through August) during the (more extreme) spring tide series at index sites. Index sites were in tidal channels or impoundments selected to represent the three estuarine wetland zones (estuarine emergent, estuarine scrub-shrub, and riverine tidal) present within North and South Fork sub-delta areas, and wetlands (entirely estuarine emergent) within the Fir Island Bayfront and Swinomish Channel Corridor. Sites were selected to optimize spread across the entire extant tidal wetlands, accessibility via boat, and ease of successful sampling. They were not directly associated with individual restoration projects, so changes at sampling sites represent delta-wide responses to restoration and not local use of restoration projects.

Juvenile Chinook salmon catches were adjusted by trap recovery efficiency (RE) estimates derived from multiple mark-recapture experiments using a known number of marked fish released upstream of the trap at high tide (Levy and Northcote, 1982; Beamer et al., 2024a; b). The mark-recapture experiments used juvenile Chinook salmon caught by beach seine in the vicinity of the fyke trap site the day before a planned fyke trap event. The fish to be marked were held in an anesthetic (MS-222) bath until motionless and marked by a partial (<25%) upper or lower lobe caudal fin clip or temporary dye (Bismark brown). Marked fish were revived and held overnight in a live box prior to being used in recapture experiments to not include any fish that may have been unduly stressed in the marking process. Each mark-recapture experiment consisted of releasing 50–100 marked fish 50–200 m upstream of the fyke trap at high tide immediately after the trap is set. The number of marked fish captured in the trapping process was divided by the number of marks released is the RE estimate for individual experiments. RE estimates are unique to each site and vary by tides because each channel varies in how well they tidally drain and in their extent of refuge pools available to fish at low tide stage. Through multiple mark-recapture experiments, we found RE at a site is often related to hydraulic characteristics of the site during trapping (e.g., change in water surface elevation during trapping or water surface elevation at the end of trapping - see Rice et al., 2005). Generally, tidal channels that drain well and have few refuge pools have high RE values whereas tidal channels with large areas of refuge pools or do not drain well have low RE values because many of the fish remain in the channel and are not caught in the fyke trap. Overall, we conducted nine to 34 mark-recapture tests at each site over the 29-year period to develop a regression model based on the site’s hydraulic conditions, or calculated an average RE if a regression predictor was not merited (see Beamer et al., 2024b; Supplementary Text). Average RE for mark and recapture tests at the eleven fyke trap sites ranges from 14-66%.

The site-specific RE estimates are used to convert the “raw” juvenile Chinook catch to an estimated population within the habitat upstream of the fyke trap on any sampling day:

 

where sampling area for the fyke trap is the topwidth channel area of the blind channel network upstream of the trap location. Topwidth channel area was measured via field surveys and represents tidal channel area upstream of the fyke trap at high tide stage when the trap is set.





Marine shoreline

To measure density of unmarked Chinook salmon rearing along shoreline habitats, we used beach seining techniques (Beamer et al., 2024a; b; Beamer et al., in review). Our beach seine was a 37 m by 3.7 m by 0.3 cm mesh knotless nylon net. The net is deployed by fixing one end of the net on the beach and the other on a boat which sets the net across the current and returns the net to the beach at a distance of approximately 60% of the net’s length. After the set is held open against the tidal current for a period of 2–5 minutes, the boat end is brought to the shoreline edge and both ends are retrieved, yielding a catch in the net’s bunt section. We make three sets per site on each sampling day. Beach seine set area varies by site and sample day because tow times, set widths, and tidal current velocities moving past the site can all varied. Tow time, set width and water surface velocity are measured for each beach seine set in order to calculate a set area for each beach seine set. The juvenile Chinook catch for each set is adjusted by set area (Equation 1) to calculate a Chinook density for each beach seine set (see Beamer et al., 2024b; Supplementary Data for additional details).

We conducted 34 mark-recapture tests to estimate RE for the beach seine method. Mark-recapture tests occurred in 2007, 2019, 2020 and 2021. Marked fish were introduced to the seined area in 2 groups: 1) just before setting the net, and 2) just prior to closing the net and retrieving it to shore. Overall, RE for the six beach seine sites across sets was consistently high, averaging 84.5% (± 10.1%, 95% confidence interval).






Demographic metrics

We examined four potential demographic responses of juvenile Chinook salmon to changes in habitat: rearing density in the delta, fork length in the delta, total density in nearshore environments, and frequency of fry life history type in nearshore environments. In these analyses, we considered juvenile responses in the context of density dependence. That is, individual salmon are potential competitors (Reimers, 1973; Greene and Beechie, 2004; Beamer et al. in review) and habitat improvements presumably raise habitat capacity and quality, thus providing more resources per capita. Salmon responses to habitat improvement may therefore manifest via alleviated competition, and demographic responses should therefore depend on cohort population size.




Rearing density in the delta

We predicted that increases in delta rearing habitat resulting from natural processes and restoration should decrease salmon density because greater habitat area can diffuse salmon across more space, and this would be most observable when outmigrations are below system capacity. This prediction might seem counterintuitive from the perspective that restoration projects should attract fish. However, in the case of this surveillance monitoring design in which sampling sites were not located directly within restoration projects, the opposite pattern (reduced densities) is expected with greater habitat change.





Change in fork length

Predicting the effects of habitat restoration on cohort-based measurements of individual length is complicated by the interaction of growth physiology in individuals with mortality, immigration, and emigration of the population. If average body length change reflects density-dependent growth physiology, increases in delta rearing habitats should result in increases in average length. However, if increases in delta rearing habitat reflect changes in abundance or distribution, average length might decline because smaller, more vulnerable fish remain in greater numbers in higher quality nursery habitat.





Nearshore densities

Like all anadromous species, Chinook salmon must migrate to marine environments, including nearshore habitats as part of their life cycle after using delta habitats. If densities of fish in the nearshore reflects recruitment, increases in tidal delta habitat should increase the density of fish entering nearshore environments due to increased survival during tidal delta residence. However, extended residence in the delta afforded by habitat restoration might shift the overall distribution of abundance between delta and nearshore shoreward, resulting in an apparent decrease in nearshore density.





Nearshore fry

In the absence of restoration, we expected competition in the delta to impose density-dependent spillover of the smallest, most vulnerable salmon individuals (fry) directly from river to nearshore without extensive delta rearing (Beamer et al. in review). Increased delta habitat capacity should particularly benefit fry, resulting in lower spillover of small individuals to less protected nearshore environments. Hence, the proportion of individuals sampled as fry should decline with increasing delta habitat change.





Prediction uncertainty

As suggested by some of the uncertainties in the above predictions, the consequences of habitat restoration on cohorts is not entirely clear. Density of fish within the delta represents the most important in situ restoration response, while the proportion of fry in the nearshore provides the strongest prediction for a population consequence. Changes in size within the delta and overall density in the nearshore provide ambiguous measurements which are nevertheless useful in the context of other metrics to understand cohort changes associated with changing habitat conditions.






Statistical analysis of salmon responses to habitat change

Overall, our approach was to relate population attributes of juvenile salmon to changing habitat state. To detect these relationships, we leveraged fish monitoring data in key locations in addition to contrasts in habitat state that unfolded differentially across years and across strata within the delta. Contrasts in habitat state across space were driven primarily by habitat restoration that happened in the South Fork but not the North Fork, and across time because restoration projects were staggered over the years. Because our habitat metrics were resolved to annual temporal changes and spatial scales (river trap, North Fork, South Fork, and nearshore), we could assign habitat state to each salmon observation based on the year and stratum where the salmon observation occurred. Based on these fish and habitat observations, we used models to quantify juvenile population attributes coincident with changes in delta habitat.

We used generalized linear mixed effects models (Zuur et al., 2009) to examine for evidence that greater delta habitat area – driven by restoration as well as natural changes (e.g., sea level rise, and a channel-rerouting avulsion) – coincided with demographic responses in juvenile salmon. The parameterizations of models and inclusion of particular components of the data were designed to isolate relationships between juveniles and habitat state from other sources of variation typical of ecosystem dynamics and monitoring regimes. We built four groups of models that corresponded to the four hypothesized population responses described above. For each group of models, we fit candidate models that included all possible combinations of the fixed effects that we considered in the full models. Then, we presented findings from the models that performed best, inferred by lowest AICc score. Analyses were written in R using the package lme4 (Bates et al., 2015).

We described the habitat state using the metric of change in prime rearing area within the tidal delta. That is, the number of hectares by which a stratum’s habitats had increased relative to the beginning of the study. This allowed us to set the habitat state for all salmon observations in the river to zero, which represented the idea that fish in the river had yet to experience any changes to the delta habitat. For salmon observations in the delta, we assigned habitat state values based on the year and strata in which observations happened. For observations in nearshore waters, which are of salmon that have migrated out of the delta, we assigned habitat state values based on the sum of changes in all delta strata. This generated a nearshore habitat state time series that represented the idea that, at the population scale, salmon experienced more delta habitat area over time, even if we could not be certain which parts of the delta that individuals experienced. Assigning habitat state values to strata in this way produced quantitative time series with contrasts in habitat state across the river, delta, and nearshore waters that was consistent in principle with habitat changes experienced by the population. Cohorts sampled within the river had not yet experienced restored habitat, cohorts sampled within the South Fork portion of the tidal delta generally experienced increasingly restored delta habitat over time, and cohorts in nearshore waters also experienced increasingly restored delta habitat over time.

We used proxies for outmigrant abundance and temperature experienced by juvenile salmon. We calculated outmigrant abundance as 30-day rolling means of juveniles counted at the river trap. Thirty days represented a reasonable time period of residence in the delta downstream of the river trap (Greene et al., 2021). For models that quantified juvenile lengths, we accounted for phenological effects of annual temperature because juveniles typically grew faster in warmer years. The index of air temperature was NOAA’s Puget Sound Lowlands Aug.-Jul. temperature index (NOAA Climate at a Glance, 2025; Supplementary Figure S2), corresponding to a time period from adult spawning (Austin et al., 2021) through juvenile use of the estuary. This metric is a good predictor of water temperature after accounting for time of year (Supplementary Figure S3).

All models also included random intercept parameters of site and year. Their purpose was to account for factors associated with particular places and times (e.g., local habitat attributes, annual recruitment) that we did not explicitly observe or include in our models and that were not of direct interest to our study. We pre-processed some data to follow statistical conventions. Prior to fitting models, we z-scored the values of all fixed effects so that their relative effect sizes and global intercepts would be easier to interpret. When appropriate, we log-transformed response variables so that their values approached a normal distribution.




Delta juvenile salmon density

The first set of models examined juvenile Chinook salmon density in the delta North and South Forks. Formally, in the full model, juvenile density μ was a function of a global intercept β0, effects β1–5 of habitat state X1, outmigrant abundance X2, the interaction between habitat state and outmigrant abundance, day of year X3, day of year squared, and random effects a ansd b of year y and site s.

	

	

	

Of direct interest were the effects of habitat state and its interaction with outmigrant abundance. We intended for these effects to represent outcomes of restoration that diffused juveniles across more space and that could accommodate higher juvenile densities in the delta when juveniles were more abundant throughout the landscape. This model included the effect of day of year and its quadratic form. These parameters created a dome shaped function that accounted for the seasonal rise and fall in density.





Delta juvenile salmon fork length

Analysis of juvenile Chinook salmon fork length within the delta included juvenile observations from the river trap in addition to observations from within the delta’s North and South Forks. We included river trap data to leverage more information on juvenile lengths and provide a contrast with observations of juvenile salmon in the delta. That is, data of juvenile lengths in the river (upstream of the delta) provided information about annual variation in juvenile lengths that we knew was not attributable to delta restoration, which allowed us to better isolate a relationship between delta restoration and juvenile length in the delta.

Formally, in the full model, individual fork length μ was a function of a global intercept β0, effects β1–7 of habitat state X1, outmigrant abundance X2, the interaction between habitat state and outmigrant abundance, day of year X3, the interaction of outmigrant abundance with day of year, whether observations happened in the river or delta X4, annual air temperature X5, and random effects a and b of year y and site s.

	

	

	

We were directly interested in the effects of habitat state and its interaction with outmigrant abundance. We intended for these effects to represent restoration outcomes of retention of smaller individuals and less competition for growth, respectively.

We included effects of day of year in this model, the interaction of day of year and outmigrant abundance, and whether observations happened in the river or delta (we name this latter parameter “region”). The effect of day of year accounted for juvenile growth across the year. The interactive effect between day of year and outmigrant abundance accounted for our expectation that the effects of competition on growth would accumulate across the outmigration window. The effect of region was a binary variable that described whether observations were in the river (0) or delta (1). It accounted for the expectation that juveniles would be smaller in the river than in the delta because juveniles grow as they migrate. Also, the effect of outmigrant abundance represented the expectation that juvenile growth would decrease with increasing conspecifics due to competition. For this analysis, we excluded observations before April because preliminary explorations indicated that effects of density on length did not emerge until April.





Nearshore juvenile salmon abundance

The full model for nearshore juvenile abundance μ was a function of a global intercept β0, effects β1–4 of habitat state X1, outmigrant abundance X2, the interaction between habitat state and outmigrant abundance, day of year X3, and random effects a and b of year y and site s.

	

	

	

We were interested in the effects of habitat state and its interaction with outmigrant abundance. We intended for these effects to represent restoration outcomes of greater retention of juveniles in the delta overall and due to release from competition for space, resulting in fewer individuals in nearshore waters.

Uniquely in this model, we did not include day of year in its quadratic form (as we did for juvenile densities in the delta) because preliminary model exercises indicated that, from a statistical standpoint, juvenile abundances in nearshore waters across the seasonal monitoring window were best characterized by an increasing trend rather than a dome-shaped trend. For this analysis, we excluded observations after August, when 30 day running means of outmigrant abundance typically approached zero.





Nearshore juvenile salmon fry frequency

One of the most important predictions of density-dependent habitat use is that the frequency of fry in nearshore waters should decline with greater restoration as additional habitat is opened for retention within the delta. For similar reasons as in the analysis of fork length in the delta, this analysis included juvenile salmon observations from the river trap in addition to nearshore waters. Formally, in the full model, whether a juvenile was a fry was a function of a global intercept β0, effects β1–6 of habitat state X1, outmigrant abundance X2, the interaction between habitat state and outmigrant abundance, day of year X3, whether observations happened in the river or nearshore waters X4, annual air temperature X5, and random effects a and b of year y and site s.

	

	

	

We were directly interested in the effects of habitat state and its interaction with outmigrant abundance. We intended for these effects to represent restoration outcomes of greater proportional retention of fry in the delta overall and due to release from competition. Uniquely in this model, the response variable was binary (juveniles were [1] or were not [0] fry) and we therefore fit the model to a binomial error distribution. Also, the effect of outmigrant abundance represented the expectation that juvenile growth would decrease with increasing conspecifics due to competition, resulting a greater frequency of fry. For this analysis, we only included observations from February through April to coincide with the annual fry outmigration window.

Note that this model is distinct from the previous model because it described a proportional phenomenon. That is, the previous model quantified the number of all juveniles in nearshore waters while this model quantified the proportion of juveniles in nearshore waters that were fry.






Presentation of results

We visualized model predictions to illustrate the trends quantified by models. In light of the multiple factors that drove juvenile salmon population attributes, we made model predictions across a range of habitat state and migrant abundance values (whose effects we were primarily interested in) and set other variables to their median values to approximate typical conditions in these other drivers. A nuance in these predictions was that migrant abundance was right skewed; therefore, for ecological reasons, it was important to recognize that most system dynamics took place in the lower range of migrant abundances and, for statistical reasons, it was important to recognize that model predictions made toward the higher range of migrant abundances must be interpreted cautiously because they were informed by less data. To show the skewness of migrant abundances relative to predictions, we overlaid their distributions onto figures that showed the data with model predictions.

Our model that described the proportion of juveniles that were fry in nearshore waters was informed by binary data and we produced visuals of summary statistics to improve visibility of modeled relationships. Raw binary data are often not conducive to visuals because the response variables can only take values of 1 and 0. In scatterplots, this often results in point superimposition and clouds of points without discernable patterns. To remedy this, analysts often bin the data and report patterns in proportions, which can range from 0 to 1 and produce a discernable pattern among data points (Zuur et al., 2009). In our case, we binned observations into three time periods to reflect two large increases in South Fork habitat in 2001 and 2010 and thus approximate low, mid, and high levels of restoration treatment, and we separated river from nearshore observations. We also binned data by month because proportions of fry decrease across seasons as juveniles grow. From these bins we calculated the proportion of juveniles that were fry and subtracted each month and time periods’ proportions of fry in the river from proportions of fry in nearshore waters.

A final nuance related to figures was that the range of change in prime rearing area in analysis of observations collected within the delta differed in comparison to examination of juvenile salmon sampled in nearshore waters. Within the tidal delta, we used the strata-specific values (North Fork vs South Fork) to represent habitat state in different areas. However, for juveniles in nearshore waters, we used the sum of prime rearing area across delta strata because the nearshore life history phase was subsequent to juvenile residence within the entire tidal delta. Hence, the range of habitat change is greater for analyses of nearshore observations (the latter two metrics) than for observations within the delta.






Results




Wetland change

Changes in tidal inundation in the Skagit delta resulting from both natural processes and habitat restoration increased wetlands over the period of our analysis. Two summary measures of wetlands – the prime channel rearing area and the total delta footprint – both increased by over 69 and 255 ha, respectively, due to restoration compared to pre-restoration values between 2000 and 2019. However, the net change in habitat varied by subregion of the delta due to natural gains and losses (Figure 3), with increases primarily in the South Fork and North Fork areas. Furthermore, losses from erosion of the delta front and channel in-fill within the delta was estimated at over 90 ha, a substantial reduction particularly in the South Fork and Bayfront subregions.




Figure 3 | Trends of prime rearing habitat (ha) in four subregions (North Fork (NF), South Fork (SF), Bayfront (BF), and Swinomish Channel (SC)) of the Skagit River delta (left panel), as shown in the map in the right panel using the same color scheme.







Within-season patterns of juvenile salmon

Consistent with the annual pulse of emigration (Zimmerman et al., 2015; Beamer et al., 2024a) juvenile salmon abundances rose and fell, and fork lengths increased across each area’s seasonal monitoring windows (Supplementary Figure S4). A slight exception to this was in nearshore waters, where abundances were flat, then rose and eventually fell. These seasonal patterns underlie each of our hypotheses, and needed to be accounted for in statistical models testing for annual differences due to changing habitat.





Juvenile density in the tidal delta

Statistical models showed strong support for changes in juvenile salmon density in the delta related to prime rearing area in the tidal delta, outmigrant numbers, and interaction of these variables (Figure 4; Table 3; Supplementary Table S1). The best model indicated that juvenile salmon density in the delta 1) increased as a function of outmigrant abundance (Figures 4A, B), 2) decreased as a function of delta prime rearing habitat area (Figures 4A, B), and (3) exhibited a positive interaction between outmigrants and habitat area (Figure 4A; Table 3), although a model without the interaction term exhibited similar support (Supplementary Table S1). Models predicted that juvenile density on April 30 (i.e., the median sampled day of year) was 74% lower (718 vs. 2,782 fish per ha) in delta waters when prime rearing habitat area was at its maximum state (+32.5 ha) compared to its minimum state (-3.2 ha).




Figure 4 | Juvenile Chinook salmon density in the Skagit tidal delta compared to rolling-average outmigrant abundances and habitat states (Δ prime rearing area) within North and South Forks. Top panel: model predictions of density-dependent habitat benefit shown as color-ramp lines, with dark blue – yellow denoting the total effect from change in prime rearing area). Box plot denotes distribution of observations of 30-day rolling average outmigration abundance. Middle panel: raw data (points) color-coded by Δ prime rearing area. Bottom panels: the same raw data as above, but faceted by delta fork to underscore greater increases in prime rearing area in the South Fork.




Table 3 | Summary statistics of best performing full mixed effects models quantifying salmon habitat use and length relative to delta habitat change.







Juvenile length in the tidal delta

Statistical models showed strong support for changes in individual length of salmon in the delta related to prime rearing area in the tidal delta, outmigrant numbers, day of year, and interactions between outmigrants and both day of year and rearing area, as well as effects of delta subregion and air temperature (Figure 5; Table 3; Supplementary Table S2). Juvenile salmon fork length in the delta (1) decreased as a function of outmigrant abundance, (2) decreased as a function of changing prime rearing area, (3) exhibited a positive interaction between outmigration abundance and habitat area, (4) increased in warmer years, (5) increased with day of year, and (6) exhibited a negative interaction between outmigration abundance and day of year. Across most observed migrant abundances (~0-30,000 in 30-day rolling averages), juvenile lengths decreased by ~5 mm at the highest habitat state relative to the lowest. Additionally, juvenile length remained roughly constant regardless of migrant abundances at the highest habitat state, but at the lowest habitat state they declined by ~10 mm when migrants were most abundant as compared to least abundant. The only alternative models with similar statistical support were those lacking some combination of air temperature and delta subregion (Supplementary Table S2).




Figure 5 | Juvenile Chinook salmon fork length compared to rolling-average outmigrant abundances and habitat states (Δ prime rearing area) measured within the Lower Skagit River and South and North Forks of the tidal delta. Top panel: model predictions of density-dependent habitat benefit shown as color-ramp lines, with dark blue – yellow denoting the total effect from change in prime rearing area). Box plot denotes distribution of observations of 30-day rolling average outmigration abundance. Middle panel: raw data (points) color-coded by Δ prime rearing area. Bottom panels: the same raw data as above, but faceted by region to underscore greater increases to prime rearing area in the South Fork.







Juvenile nearshore density

Comparison of statistical models showed overwhelming support for a model of nearshore density that included effects of prime rearing area in the tidal delta, outmigrant numbers, and interaction of these variables. (Figure 6; Table 3; Supplementary Table S3). In nearshore waters, juvenile salmon densities (1) increased as a function of outmigrant abundance, (2) exhibited a negative interaction between outmigrant abundance and delta habitat state, and (3) increased as the rearing season progressed. At the lowest habitat states, juvenile densities in nearshore waters increased with increasing outmigrants, but this relationship dissolved at the highest habitat states.




Figure 6 | Juvenile salmon density in nearshore waters compared to rolling-average outmigrant abundances and habitat states representing change in prime rearing area across the entire Skagit delta. Top panel: model predictions of density-dependent habitat benefit shown as color-ramp lines, with dark blue – yellow denoting the total effect from change in prime rearing area. Box plot denotes distribution of observations of 30-day rolling average outmigration abundance. Bottom panel: raw data (points) color-coded by Δ prime rearing area.







Spillover of fry into the nearshore

Statistical models indicated strong support for changes in the frequency of fry in the nearshore related to prime rearing area in the tidal delta, outmigrant numbers, day of year, (Figure 7; Table 3; Supplementary Table S4). Salmon exiting Skagit River split into a bimodal distribution of smaller (fry) and larger (parr, smolts) juveniles (Supplementary Figure S5). The proportional expression of the fry life history type in nearshore waters (1) increased as a function of outmigrant abundance, (2) decreased as a function of delta habitat area, and (3) decreased as the rearing season progressed. Alternative models with slightly less statistical support included combinations of air temperature, delta subregion, and interaction between prime rearing area and outmigrant numbers (Supplementary Table S4).




Figure 7 | Fry <45 mm) life history expression in nearshore waters relative to the river as functions of outmigration abundance and habitat change across the entire Skagit Delta. Top panel: model predictions of density-dependent habitat benefit shown as color-ramp lines, with dark blue – yellow denoting the total effect from change in prime rearing area. Box plot denotes distribution of observations of 30-day rolling average outmigration abundance. Middle panel: raw data (points) color-coded by Δ prime rearing area. Raw data were grouped as 1 (individual was a fry) or 0 (not a fry). Bottom panels: difference between proportional expressions of fry life history type in nearshore waters relative to that measured in outmigrant abundance, binned by time periods representing different restoration phase (see Methods). Lower values indicate that fry are rarer in nearshore waters compared to the river. Observations are faceted by month because fry become rarer as seasons progress.



Lumping the data by restoration phase (see Methods) revealed that the proportional expression of fry in nearshore waters relative to the river declined with increasing habitat state (Figure 7B).






Discussion

We found evidence of change in juvenile salmon demographics coincident with changes to habitat states in the Skagit tidal delta that was consistent with four ideas: First, more habitat in the delta appeared to reduce juvenile densities in the delta. During rarer situations when outmigrants were especially abundant, more delta habitat appeared to accommodate higher juvenile densities. Second, more habitat in the delta appeared to attract smaller juveniles and alleviate the effects of competition on growth. Third, more habitat in the delta appeared to uncouple the relationship between juvenile densities in the nearshore and outmigrants entering the delta from the river. That is, the delta appeared to hold more individuals when individuals were more abundant across the landscape. Fourth, more habitat in the delta appeared to reduce spillover of fry (and total outmigrants, more generally) into nearshore waters. This aligns with the second and third findings in that it appears that more habitat in the delta allowed more fry to use the delta rather than prematurely spill over into nearshore waters. Altogether, habitat restoration appeared to increase the capacity of the delta to accommodate more juvenile salmon, particularly smaller individuals.

We quantified demographic changes in threatened juvenile salmon across three decades of delta wetland habitat restoration and natural change. Within the delta, subregions subjected to habitat restoration supported lower juvenile densities when landscape-scale migrant abundances were low and, more subtly, greater juvenile densities when outmigrant abundances were very high, and juvenile salmon that were smaller overall and with lengths that declined less when conspecific competitors were more abundant. We also examined salmon captured in nearshore waters, which are generally thought to be representative of later ontogenetic stages. Following cumulative delta habitat increase (largely driven by restoration), we found that nearshore juvenile catches declined relative to outmigration abundances, and prevalence of nearshore fry (<~45 mm) decreased overall. These findings suggest that greater nursery habitat capacity in the delta facilitated greater diffusion of salmon when the system was under capacity but accommodated higher densities when landscape-scale juvenile abundances were especially high, and promoted the use of delta habitats by smaller fish while alleviating competitive effects on growth. Greater diffusion of fish in the tidal delta may be explained by reducing the ratio of fish to habitat area and also by increasing shallow, productive areas that support small juveniles. Perhaps less intuitively, smaller sizes following restoration may be explained by improving the likelihood of sampling fry-sized individuals post-restoration. These findings additionally suggest that greater delta habitat capacity supported more juveniles, decreasing spillover into nearshore environments, especially for the smaller salmon that may benefit most from growth before entering nearshore waters. Altogether, delta restoration appears to have retained and supported growth of smaller juveniles that can rear in the delta before entering nearshore waters. While the delta remains substantially transformed relative to its pre-industrial state, these patterns suggest that increasing rearing area in the delta – primarily via restoration – has increased the capacity of its salmon nursery habitat. It is also possible that habitat quality and diversity has also changed over time, promoting better production of food, cover, and other beneficial habitat traits that were not explicitly accounted for in our metric of prime rearing area.

Our findings suggest that restoring estuarine wetlands can enhance nursery functions. Key functions of nursery habitats include their ability to support early growth and survival as well as ontogenetic habitat shifts reflecting habitat trade-offs (e.g., growth opportunity vs. predation risk) (Sheaves et al., 2015). This is particularly relevant to salmon, as their migratory life histories from river to marine waters ostensibly reflect a tradeoff between freshwater habitats that provide safety but relatively poor growth opportunities and marine-influenced waters that provide improved growth opportunities but with greater predation risk. In this dichotomy, estuaries represent habitats with intermediate risks and benefits (Quinn, 2018). In estuarine waters, shallows are thought to provide predator refuge for smaller fish (Whitfield, 2020) and they are often densely inhabited by small invertebrate fish prey (Beck et al., 2001); thus, shallow habitats like wetlands formed by intact estuaries may be especially important for juvenile salmon (Simenstad et al., 1982). Indeed, salmon in nearshore waters use shallows when they are small and transition to deeper waters as they grow (Beamer et al., 2024b), but small individuals avoid artificially deep shorelines that prevent access to protective shallows and these ontogenetic habitat shifts, suggesting that shallow habitat availability is important for nursery habitat function (Munsch et al., 2016). Our observations of smaller juveniles inhabiting the restored delta may reflect greater availability of these shallow, potentially protective habitats.

Perhaps the strongest evidence of repaired nursery function was reduced overall abundance and expression of fry life history types in nearshore waters as delta habitat area increased. Subyearling-migrant Chinook salmon typically grow to 70–80 mm, either in freshwater or the estuary, prior to migrating to marine environments (Duffy et al., 2005; Rice et al., 2011; Gamble et al., 2018; Greene et al., 2021; Beamer et al., 2024b). We interpret large abundances of Chinook salmon in the nearshore marine environment, particularly early in the season before significant growth has occurred, as fish exceeding capacity of the combined freshwater and estuarine rearing habitats (Beamer et al., 2005; Beamer et al. in review). The reduction in nearshore fry density associated with increased tidal delta rearing habitat suggests that more juveniles were able to find estuarine rearing territories and attain sizes that may increase the probability of survival during the transition to marine habitats. Additionally, we found that salmon were smaller in restored delta habitats, consistent with these smaller salmon remaining in the delta. Altogether, it appears that delta habitat restoration enabled more small salmon to inhabit and grow within the delta prior to their ontogenetic habitat shift into nearshore waters. That is, restoration appeared to reduce juvenile “overflow” from delta to nearshore waters, potentially allowing juveniles to access a less-degraded delta habitat mosaic that offered rearing and growth opportunities more consistent with natural conditions.

Scale is important to consider in the interpretation of these results. First, it may be surprising that juvenile densities decreased with restoration if we expect restored habitats to attract and retain fish. Monitoring sites were not directly within restoration projects, so our findings concerning changes in density reflect changes in other portions of the tidal delta. In addition, project-specific monitoring confirmed that fish used restoration projects (e.g., Beamer et al., 2006; 2014; 2015). The density metric, defined as number of fish/unit area, provides insight into why we observed evidence for both reduced and increased densities depending upon outmigration abundance. With the same numbers of fish, increased area of habitat allows the fish to spread out instead of being concentrated, leading to decreased densities. Lower densities decrease competition for space and prey, leading to increased growth (Greene et al., 2021). That fish length declined with increasing outmigration abundance supports this idea. Tracking individual fish would have enabled a clearer understanding of this pattern, although such procedures at a demographically relevant level were not logistically feasible.

Similarly, we predicted that relieving competition via restored habitat would lead to greater growth and therefore increased size of individual fish. Instead, we observed that smaller sizes were associated with increases in wetland extent. This pattern may reflect more fry-sized fish able to rear in an expanded delta as observed at the population scale, as opposed to declines in individual growth trajectories. Studies of individual growth, not changes in population size distribution, are needed to address the prediction of increased size resulting from reduced competition. That is, it is important to consider the organizational scale (i.e., population rather than individual) that we assessed.




Applications to fisheries management

This study provides important context of decades of studies suggesting that limitations exist in rearing habitat within estuaries, and that restoration of opportunity and capacity (sensu Simenstad and Cordell, 2000; Bottom et al., 2005b) in tidal deltas can improve conditions for anadromous populations. These studies include findings of density-dependent shifts of distribution into tidal deltas (Reimers, 1973; Greene and Beechie, 2004), individual growth within tidal delta restoration sites (Gray et al., 2002; Cordell et al., 2011; David et al., 2014; 2016), and observed smolt-adult survival (Beamer et al. in review). However, it has been extremely difficult to demonstrate from short-term or spatially restricted studies that restoration can have population consequences. This study indicates strong demographic effects of tidal delta habitat restoration, suggesting that cumulative efforts to improve habitat conditions is an effective tool for recovery of threatened anadromous populations. The idea that habitat restoration efforts can boost populations nevertheless implies carryover effects to adulthood. While this study focused on juvenile demography, other work has suggested that density dependence within the tidal delta residence period is sufficient to explain density-dependent recruitment to adult return (Beamer et al. in review), implying that improvement of tidal delta demographics through habitat restoration can boost adult productivity (see also Greene et al., 2024).

Population monitoring – empirically documenting demographic benefits afforded by habitat restoration beyond evaluating fish use of specific restoration projects – requires a multi-decade investment, not only in terms of funding for restoration, but also for the monitoring itself (Roni and Quimby, 2005; Puget Sound Recovery Implementation Technical Team, 2015). This duration of intensive monitoring is difficult for many researchers and program funders to sustain. Longer periods of monitoring facilitate sampling a distribution of outmigration abundances balanced across cumulative habitat restoration (Walters et al., 1988). To the degree possible, restoration practitioners should coordinate with both fish monitors and managers to experimentally vary outmigration size and facilitate population bonanzas during monitoring and restoration time periods (e.g., Pess et al., 2024). This approach could provide opportunities to better document demographic responses in the context of varying degrees of restoration (Bilby et al., 2024; Bisson et al., 2024).

Another important implication from this study is that benefits of habitat restoration will be difficult to infer if the pace of habitat restoration is insufficient to overcome rates of background habitat change (Bisson et al., 2024). Despite a total restored estuary wetland footprint of 255 ha, recent wetland loss due to erosion has been substantial (Hood et al., 2016). This loss is essentially equivalent to the loss of 1–2 habitat restoration projects over the course of the 26 years of this study. Within the South Fork of the Skagit delta for example, this “Red Queen” situation (“it takes all the running you can do, to keep in the same place”; Carroll 1897) strongly argues that the pace of habitat restoration will need to increase if it is to keep up with inundation of extant wetlands due to sea level rise.






Conclusion

We found that estuarine habitat restoration enhanced the nursery habitat availability of a threatened species. Taking a long-term perspective (Pauly, 1995), the Skagit River almost certainly supported more abundant and diverse salmon and habitats in its pre-industrial state than today (Collins and Shiekh 2005; Beechie et al., 2006; Simenstad et al., 2011). Indeed, while restoration efforts have increased delta wetland area considerably on absolute scales observable in one human lifetime, these increases reverse a fraction of total habitat lost (Bernhardt et al., 2005; Brophy et al., 2019). This study is therefore likely describing a time period when historically fewer salmon are competing across a historically lower-capacity habitat mosaic (Achord et al., 2003). However, these restorative actions appear to have reversed a multi-century trend of estuary habitat loss and degradation and improved salmon habitats in recent decades. Furthermore, improving estuarine habitats may increase the viability of life histories that extensively use the estuary, thus increasing life history diversity at the scale of the population complex and bolstering resilience via diversification. As Skagit River Chinook salmon and other species face mounting human stressors near estuaries, restoration may prove critical to their long-term sustainability and recovery.
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Life sta tat Method Sampling regime # of sites  # of years
. N Mainstem . ;
River outmigration Skagit River Inclined plane and rotary screw traps Daily, Jan-Jul 1 25

‘ Blind tidal channel fyke trap
Natal estuary ‘ Biweekly, Feb-Jul; Monthly in August 11 29

Distributary channel  beach seine

Biweekly, Feb-Aug;
Monthly, Sep-Oct

Nearshore marine ‘ Skagit Bay shoreline beach seine 15 26

See Supplementary Figure S1 for map.
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OEBPS/Images/table1.jpg
Project Delta Year 1% year of Wetland area restored (ha)

sub-region complete fish DE IMP VTW PRA
response
Deepwater Slough Ph. 1 SE 2000 2001 221 2.63 8.15 77.93 12.99 90.92
S. Fornsby/Smokehouse Ne 2005 2006 - - 14.80 1.54 14.8 16.34
SF Dike Setback Ph. 1 SF 2006 2007 - - 026 8.09 0.26 8.35
Milltown Tsland SE 2007/8 2009 - - 144 -1.44 144 0.00
Swinomish Ch. Fill Removal o 2008 2009 - - 0.46 423 0.46 4.69
Wiley SI. - Wiley Lobe BF 2009 2010 - 74 2.74 16.40 10.14 26.54
Wiley SL. - Teal Lobe SF 2009 2010 - 15.60 329 17.68 18.89 36.57
Fisher SL. SF 2011 2012 - 644 1.01 10.89 7.45 1834
Fir Island Farms BF 2016 2017 = - 26 50.46 26 53.06

Sub-delta areas are South Fork (S), Swinomish Channel (SC), and Bayfront (BE).
Wetland areas restored are, distributary channel (DC), pond/impoundments (IMP), tidal channel (TC), vegetated tidal wetland (VIW), preferred rearing area (PRA, the sum of DC, IMP, and
TC) and total tidal footprint (Total TF), which is the sum of VIW and PRA.
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