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The removal of two large dams on the Elwha River was completed in 2014 with a goal of restoring anadromous salmonid populations. Using observations from ongoing field studies, we compiled a timeline of migratory fish passage upstream of each dam. We also used spatially continuous snorkeling surveys in consecutive years before (2007, 2008) and after (2018, 2019) dam removal during summer baseflow to assess changes in fish distribution and density over 65 km of the mainstem Elwha River. Before dam removal, anadromous fishes were limited to the 7.9 km section of river downstream of Elwha Dam, potamodromous species could not migrate throughout the river system, and resident trout were the most abundant species. After dam removal, there was rapid passage into areas upstream of Elwha Dam, with 8 anadromous species (Chinook, Coho, Sockeye, Pink, Chum, Winter Steelhead, Summer Steelhead, Pacific Lamprey, and Bull Trout) observed within 2.5 years. All of these runs except Chum Salmon were also observed in upper Elwha upstream of Glines Canyon Dam within 5 years. The spatial extent of fish passage by adult Chinook Salmon and Summer Steelhead increased by 50 km and 60 km, respectively, after dam removal. Adult Chinook Salmon densities in some previously inaccessible reaches in the middle section of the river exceeded the highest densities observed in the lower section of the river prior to dam removal. The large number (>100) of adult Summer Steelhead in the upper river after dam removal was notable because it was among the rarest anadromous species in the Elwha River prior to dam removal. The spatial extent of trout and Bull Trout remained unchanged after dam removal, but their total abundance increased and their highest densities shifted from the lower 25 km of the river to the upper 40 km. Our results show that reconnecting the Elwha River through dam removal provided fish access to portions of the watershed that had been blocked for nearly a century.

Keywords: salmonids, spatially continuous survey, fish passage, restoration, connectivity, riverscape


INTRODUCTION

Societies around the world are confronting the many interacting—at times conflicting—demands placed on rivers. Rivers provide valuable ecosystem services like food, drinking water, and recreational opportunity, as well as important infrastructure for human activities like transportation and electricity generation (Palmer and Ruhi, 2019). At the same time, rivers are home to or provide essential habitat for aquatic organisms, including spawning, rearing, and migratory habitat for fish species. Many of the world’s large and medium sized rivers are dammed or otherwise fragmented (Lehner et al., 2011; Grill et al., 2015, 2019), impacting anadromous and potamodromous fish species by eliminating riverine habitat inundated by reservoirs, inhibiting connectivity and within-river migrations, and altering flow, sediment, temperature, and nutrient regimes in downstream areas (Petts, 1984; Poff et al., 1997; Bunn and Arthington, 2002; Poff, 2018). Coupled with introductions of non-native species and other anthropogenic impacts, this has led to significant changes to biodiversity of the world’s rivers (Su et al., 2021), a situation expected to intensify in the coming decades due to climate change (Pecl et al., 2017).

One tool to mitigate these impacts is improving connectivity through the removal of dams and other barriers, which can restore within river movements by resident and migratory fish species (Bednarek, 2001; Kemp and O’Hanley, 2010; Branco et al., 2014; Foley et al., 2017a). Ecological responses to dam removal are context dependent, varying with biogeographic setting, the size of the dam, historical and current watershed conditions, and reservoir sediment volume and composition (Foley et al., 2017b; Bellmore et al., 2019). To date, most studies examining responses of fish populations to dam removal have shown positive and rapid effects (Pess et al., 2014). For example, Hitt et al. (2012) found an increase in the abundance of American Eels (Anguilla rostrata) in headwater streams of Shenandoah National Park following the removal of a downstream dam. Others have shown that anadromous fish can return to and spawn in upstream areas following dam removal (Burdick and Hightower, 2006; Hogg et al., 2015; Allen et al., 2016; Battle et al., 2016; Liermann et al., 2017).

Resident fish assemblages can change, as fish species found downstream of a dam can move into upstream areas following dam removal (Catalano et al., 2007; but see Muha et al., 2021). In some cases, life history diversity can increase as fish reestablish within new habitats and fill vacant ecological niches (Quinn et al., 2017; Brenkman et al., 2019). Changes in fish assemblages after reconnection of formerly dammed rivers can be detrimental, especially if non-native or invasive species are part of the reassembly (e.g., Kornis et al., 2014). In fact, maintaining dams and other barriers has been necessary to protect upstream habitats (Jones et al., 2021), for example in the Laurentian Great Lakes where barrier removal would expose upstream habitats to spawning by non-native Sea Lamprey (Petromyzon marinus) that management agencies are spending millions of dollars annually to control (e.g., McLaughlin et al., 2007).

Most documented dam removal projects have occurred in the developed world, where old, mostly small dams (i.e., <10 m, but averaging around 3 m in height) built for a variety of purposes became obsolete or unsafe, prompting their removal (O’Connor et al., 2015; Bellmore et al., 2017; American Rivers, 2019). In many cases, coexisting opportunities to restore important ecological functions, like hydrological connectivity and sediment supply, provided additional motivation to remove dams (Pohl, 2002; Magilligan et al., 2016).

The removal of larger dams has increased recently, despite challenging and complex political and socio-economic factors (Lejon et al., 2009; Poff and Schmidt, 2016; Roy et al., 2018). The response of fish populations — often the target of restoration efforts via dam removal—needs to be better understood so that decision makers have a clear idea of the possible outcomes when weighing the costs and benefits of potential dam removal and river restoration projects (Whitelaw and MacMullan, 2002; Duda and Bellmore, in press).

One of the earliest proposed and most prominent large dam removal projects involved two hydroelectric dams on the Elwha River in Washington State, United States (Wunderlich et al., 1994; Duda et al., 2008). Following their construction without fish passage facilities in the early 1900s to provide hydroelectric power, the dams had significant negative effects on Pacific salmon populations (Pess et al., 2008). The decision to remove the Elwha River dams was based, in large part, upon facilitating the restoration of the Elwha River anadromous fish populations (Winter and Crain, 2008). Because both dams lacked fish passage, connectivity was severely disrupted; over 90% of the presumed historical distribution of salmon was unavailable (Pess et al., 2008), and the remaining salmon populations downstream of Elwha Dam were in decline.

Here, we describe spatial and temporal patterns of fish before and after dam removal in the Elwha River. As restoring anadromous fish populations was a primary goal of dam removal, their utilization of upstream habitats following dam removal is a key metric of project success and potentially a major driver of ecological changes in those areas (Bellmore et al., 2019). Using a riverscape approach to evaluate fish response to dam removal can be useful because it provides spatially continuous, high-resolution data for the entire river, allowing patterns to be explored across multiple spatial scales from meters to tens of kilometers (McMillan et al., 2013; Torgersen et al., in press). In particular, we were interested in assessing changes in salmonid distribution, abundance, and density after dam removal. We report two main findings that describe both the timing and extent of fish reentering formerly inaccessible sections of the watershed. First, for migratory fish species, we report the date of the first observed fish upstream of each dam (ascertained from several ongoing field investigations using multiple techniques), to build a timeline of passage past each dam from 2011 through 2019. Second, we utilize a before-after, continuous “riverscape survey” approach (Fausch et al., 2002; Brenkman et al., 2012) to quantify patterns of adult and juvenile salmonids over a 12-year period.



STUDY AREA AND DAM REMOVAL BACKGROUND

The Elwha River flows 72 km from the interior of Washington’s Olympic Mountains to the Strait of Juan de Fuca in the northwestern United States (Figure 1). The annual hydrograph is bimodal, driven by wet winters and spring snowmelt, with a long-term average annual discharge of 43 m3/s (Duda et al., 2011). The majority of the river basin (83%) occurs in protected, largely roadless wilderness areas of Olympic National Park, while the remaining downstream portion of the river flows through a mixture of public, private, and tribal lands. The river consists of three main sections (Figure 1): the Lower Elwha (mouth to Elwha Dam, hereafter abbreviated as LE), the Middle Elwha (Elwha Dam to Glines Canyon Dam, ME), and the Upper Elwha (upstream of Glines Canyon Dam, UE).
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FIGURE 1. (A) Map of the Elwha River watershed and post-dam removal hydrography showing the two former dams, two fish hatcheries, and (B) the 22 riverscape survey reaches numbered in longitudinal order and alternating color. Distances upstream from the mouth of the Elwha River are indicated with open circles and corresponding river km (rkm) measures. Canyon reaches not surveyed and the former reservoir reaches (Lake Aldwell and Lake Mills) are indicated by cross-hatch and yellow, respectively.


The construction of two dams on the Elwha River led to several changes to the ecology of the river and its fish populations. Before the construction of Elwha Dam in 1912, the river was among the most productive salmon rivers in the Salish Sea, hosting a diverse migratory fish assemblage: all five Pacific salmon species (Oncorhynchus spp.), Eulachon (Thaleichthys pacificus) Pacific Lamprey (Lampetra tridentata), Bull Trout (Salvelinus confluentus), Coastal Cutthroat Trout (O. clarkii clarkii), and two runs of Steelhead Trout (O. mykiss) (Wunderlich et al., 1994; Brenkman et al., 2008; Pess et al., 2008). Both dams were built within the historical homeland of the Lower Elwha Klallam Tribe, who opposed the dams, suffered from reduced subsistence and commercial fishing opportunities, and experienced the inundation of culturally significant lands and resources. The two hydroelectric dams (operated as run-of-river for the last four decades before removal), provided the first municipal electricity for the growing population of the North Olympic Peninsula, including the frontier town of Port Angeles, Washington. Elwha Dam was a 32-m-tall concrete gravity dam built 7.9 km from the river mouth. The lack of fish passage at the dam had immediate effects on the size of salmon runs. In 1927, Glines Canyon Dam (64-m-tall concrete arch) was constructed 21.4 km from the river mouth, and its reservoir Lake Mills became the main sediment trap in the system, sequestering significant quantities of smaller sized sand and gravels. Over the following decades, the sequestration of this sediment supply contributed significantly to an increase of bed grain size and armoring (Pohl, 2004; Draut et al., 2011), reducing spawning area downstream of Elwha Dam where salmon still had access (Peters et al., 2017). Because both dams lacked fish passage, they blocked salmonids from accessing over 90% of their historical range and reduced the size of anadromous salmon runs (Pess et al., 2008). In response to a decades-long decline of salmon populations, two hatchery facilities were established in 1976 and 1978, respectively, by the Washington Department of Fish and Wildlife and the Lower Elwha Klallam Tribe to continue hatchery operations that had been started and stopped since the early 1900s (Duda et al., 2018). The state hatchery produces Chinook Salmon, while the tribal hatchery focuses on Coho Salmon and Steelhead. At the start of dam removal, the hatcheries were using native Elwha River stocks. During and following dam removal, the hatcheries have been part of an integrated salmon recovery program that includes hatcheries, adult relocations, and volitional movements into upstream areas (Ward et al., 2008; Peters et al., 2014; Liermann et al., 2017).

After passage of a 1992 federal law, the Elwha River Ecosystem and Fisheries Restoration Act (PL 102-495) and years of studying alternatives, it was determined that full removal of both dams provided the best opportunity to restore anadromous fish populations and their ecosystem (see Winter and Crain, 2008 and references therein). Both dams were removed simultaneously in a phased process from 2011 to 2014. After drawing down its reservoir Lake Aldwell ∼4 m starting in June 2011, active removal of Elwha Dam started in September 2011, with reservoir drawdown and dam removal lasting until May 2012. A re-emergent floodplain channel topography and river channel developed in the former Lake Aldwell, as the river eroded and transported reservoir sediments (Randle et al., 2015). Removal of Glines Canyon Dam also began in September 2011, with a similar controlled drawdown of Lake Mills reservoir acting to limit the release of sediment downstream and promote the transport and redistribution of reservoir sediments. Removal of Glines Canyon Dam was completed in August 2014. During the 5 years following the start of dam removal, over 20 Mt of sediment (approximately 65% of the original 21 × 106 m3 of stored sediment) was transported downstream, about 90% of which reached marine waters and contributed to rebuilding coastal habitats and beaches (Gelfenbaum et al., 2015; Warrick et al., 2015; Foley et al., 2017c; Ritchie et al., 2018).

In October 2014, a few months following dam removal, several large boulders that had become detached from the wall of Glines Canyon (presumably slabs of rock weakened by blasting during dam construction) became unstable during high flows and fell into the river channel. Situated downstream of the former dam site, these large boulders created a barrier to upstream fish migration. To restore fish passage, demolition of the rockfall occurred in October 2015 and September 2016 (Ertle et al., 2019).



MATERIALS AND METHODS


Documenting Fish Passage

We assembled a timeline illustrating when each migratory fish species was first observed upstream of the dam sites after dam removal. This required compiling published and unpublished data from ongoing monitoring conducted by the Lower Elwha Klallam Tribe, Washington Department of Fish and Wildlife, National Oceanic and Atmospheric Administration (NOAA) Fisheries, National Park Service, and U.S. Fish and Wildlife Service (see details in Supplementary Table 1). Sampling efforts by these long-term monitoring programs upstream of each dam site were opportunistic and non-standardized among years. Nonetheless, they provided the first reported sightings of adults upstream of each dam site.



Conducting Riverscape Surveys

Teams of snorkelers and shore-based support crew conducted spatially continuous fish surveys during summer base flows (Table 1) from an area presumed to be the upstream limit of anadromous habitat (Pess et al., 2008) to the river mouth 65 km downstream. Before dam removal, the two reservoirs (8 km in total length) were not surveyed due to their large size (>500 m wide and >10 m deep), poor visibility (<2 m), and the incongruence of snorkeling methods for lake habitat. Two hazardous canyons with whitewater (∼6 km) were not snorkeled before or after dam removal. In 2008, a section of the river at river kilometer (rkm) 44–47 was not surveyed due to high flows and unsafe diving conditions. In 2019, the lowermost ∼3 km of the river was not surveyed for fish due to high turbidity and poor visibility (see Supplementary Figure 1 for maps of surveyed reaches in 2007, 2008, 2018, and 2019).


TABLE 1. Start and finish dates and average (SD) daily discharge of the Elwha River during the four riverscape surveys. Discharge data (Qave in m3/s) from USGS Elwha River at McDonald Bridge near Port Angeles, WA, United States (USGS, 2021).
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The river was surveyed twice prior to dam removal in 2007 and 2008 (Brenkman et al., 2012) and twice after dam removal in 2018 and 2019. The 4-year period between the completion of dam removal in 2014 and the 2018 survey allowed the effects of dam removal (e.g., increased turbidity and river geomorphic change to the river channel; see details in East et al., 2015; Magirl et al., 2015; Randle et al., 2015; Ritchie et al., 2018) to dissipate from the former reservoirs and areas downstream of the two dams. By 2018, underwater visibility was sufficient (>2 m) for the visual observation and identification of salmonids.

During each survey year, we used four teams, each consisting of at least four field biologists. Two were divers with extensive experience conducting salmonid snorkel surveys and the other two recorded data and georeferenced the survey. Each team had an assigned section to survey, with start and end points defined by mapped landmarks (e.g., river confluence, start of canyon) that were established during the first survey in 2007. In each year, the entire river was surveyed within 4–14 days depending on weather. Two teams traveled on foot up to 40 km to reach remote start points. In 2008 and 2018, rain immediately prior to or during the survey increased river discharge and decreased visibility for divers, causing delays of 4 or 5 days (Table 1).

The spatial extents of the four surveys were the same, but the resolution of sampling units varied among surveys. In the 2007 survey, 22 river reaches (1–8 km in length) were demarcated based on tributaries and known landmarks and fish counts were tallied for each reach. In subsequent years, fish data were collected for each channel unit (5–200 m in length). Channel units were assigned one of four types based on water depth and velocity: riffle, glide-like riffle, glide-like pool, and pool (Bisson et al., 2017). We used global positioning system (GPS) units (accuracy ± 10 m) to map the path walked by surveyors and collect point coordinates of the start and end of each channel unit. These GPS track logs and point coordinates were later used to georeference the survey data in a geographic information system (GIS; see Section “Geographic Information System Analysis”). One of the surveyors measured the length of each unit with a laser range finder. In some cases, channel units longer than 200 m were divided into two or more contiguous units of the same type (usually riffles, glide-like riffles or glide-like pools) and GPS coordinates were collected at the point where channel units were divided. In this manner, we recorded geographic benchmarks for the survey at a spatial resolution of ≤200 m even though some channel units were longer than 200 m.

Channel unit boundaries were identified longitudinally and surveyed in a downstream direction. Starting at the upstream point, the two divers partitioned the river channel laterally from the center of the thalweg to the right or left river edge (see similar methods described by O’Neal et al., 2007). Each diver generally floated downstream and searched for fish while proceeding to the downstream boundary of the channel unit, unless fluvial morphology and flow necessitated an approach from downstream (i.e., behind boulders or within log jams). Divers progressed downstream parallel to one another and coordinated their movement to minimize duplicate counts. Narrow channel units, especially those near the headwaters, were surveyed with a single diver, whereas wider channel units near the mouth required up to three divers. When large aggregations of salmonids were encountered, or large wood jams were surveyed, divers made two passes and averaged counts.

Divers identified fish to species and noted life stage in all channels that had at least an estimated 10% of the mainstem channel flow. During August and September, salmon runs consisted of Chinook Salmon (O. tshawytscha), Summer Steelhead (O. mykiss) and Pink Salmon (O. gorbuscha), with occasional observations of Sockeye Salmon (O. nerka), Coho Salmon (O. kisutch), and Chum Salmon (O. keta). Divers also counted adult resident and potamodromous fish species, including Bull Trout, Rainbow Trout, and Coastal Cutthroat Trout. However, counts for Rainbow Trout and Coastal Cutthroat Trout were combined because of the difficulty in distinguishing these two species while snorkeling. For clarity, we refer to these counts as “trout” but note that previous studies suggest Coastal Cutthroat Trout were in low abundance in the Elwha’s mainstem prior to dam removal (Brenkman and Connolly, 2008; Brenkman et al., 2008), environmental DNA results after dam removal also show a greater occupancy in tributaries than in the mainstem (Duda et al., 2021). Therefore, it is likely that most “trout” were Rainbow Trout. Observers also identified the presence of juvenile salmon (young-of-year Coho Salmon and young-of-year/yearling Chinook Salmon) or trout (<70 mm). Because the Elwha River contains Steelhead, our designation of “trout” juveniles may have been Rainbow Trout, Steelhead, or Cutthroat Trout. At that small size, it is impossible to know whether an observed O. mykiss will follow a resident or anadromous life history when these forms are sympatric (Kendall et al., 2015).



Geographic Information System Analysis


Linear Referencing

Fish data were georeferenced in a GIS using a combination of mapped landmarks, GPS track logs, and point coordinates. In 2007, landmarks (e.g., tributary junctions, bridge crossings, and named features) were used to position the data linearly along the digitized channel (Brenkman et al., 2012). Subsequent surveys relied on GPS for more precise “linear referencing” of individual channel units. The same channel map was used for 2007 and 2008 (i.e., derived from publicly available spatial data layers that had been updated based on concurrent aerial photography as described in Brenkman et al., 2012) but had to be revised substantially for the surveys after dam removal. We used high-resolution aerial photography (<1 m resolution) from 2017 to (1) manually digitize new stream lines for sections of the river that previously had been inundated by reservoirs, and (2) update other reaches that had changed since 2008. This updated hydrography layer was used for georeferencing survey data from 2018 and 2019 and for calculating distance upstream from the river mouth (i.e., rkm; Figure 1). The general process of linear referencing of the survey data was similar for data from 2008, 2018, and 2019. Welty et al. (2015) describe the method and associated software for positioning linear features (i.e., channel units) along stream lines according to their length in a GIS. Coordinates from the GPS at the start and end points of each channel unit served as ground control points between which channel units were spatially rectified along the digitized stream channel based on their field-measured length (ESRI, 2021).



Common Reaches Across the Four Survey Years

We overlaid the linearly referenced data from all four survey years in a GIS and manually assigned common reaches for aggregating the data and making comparisons among years (Figure 1B). This set of common reaches was necessary to account for (1) the coarser resolution of survey data in 2007, (2) differences in hydrography before and after dam removal, and (3) slight differences in the channel units surveyed in each year. The differences among years in channel units surveyed were due to logistical difficulties associated with high-flow events (e.g., navigating portions of canyons, poor visibility from high turbidity), shifts in tributary junctions resulting from natural meander patterns, changes in channel unit endpoints, and obstructions from in-river construction associated with dam removal (e.g., water treatment plant construction in LE during 2008) (see summary of surveyed sections in Table 2). Linearly referenced data from the 2007 survey were used to establish endpoints in the GIS for a total of 22 reaches that could be compared before and after dam removal (Figure 1B). Channel-unit-scale data collected in 2008, 2018, and 2019 were then aggregated to these reaches using a process that minimized data loss and maximized comparability among survey years. Reaches were named numerically in increasing order from upstream to downstream (Figure 1B).


TABLE 2. Elwha River reach and section characteristics mapped during riverscape surveys.
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Data Analysis

We analyzed changes in adult salmonid densities and juvenile salmonid presence before and after dam removal to assess responses to dam removal (Torgersen et al., 2021). Adult salmonid densities (number/km) were calculated for each reach by dividing total fish count by the GIS-derived channel unit length (2007) or the total channel length snorkeled in each reach (2008, 2018, 2019). The percentages of each reach occupied by juvenile Chinook, Coho, and trout in 2018 and 2019 were calculated by dividing the total length of channel units in which juveniles were observed by the total length of all channel units. Fish densities and percentages of juvenile occurrence in reaches were plotted longitudinally with respect to their GIS-derived distance upstream (rkm) from the river mouth, which was based on the hydrography layer used to georeference data from the surveys conducted in 2018 and 2019. We used Pearson’s correlation between pairs of years before and after dam removal for Chinook Salmon, Steelhead, Bull Trout, and trout to assess interannual patterns in reach density. All calculations were completed in R software (R Core Team, 2020).




RESULTS


Temporal Patterns of Fish Migration

We created a timeline of the first detections of 8 anadromous fish species (9 anadromous runs) upstream of each removed dam site (Figure 2). Details of each observation and attribution to personal communications and/or technical documents are given in Supplementary Table 1. After the removal of Elwha Dam, anadromous fish species progressively returned to areas upstream: Winter Steelhead were first observed within 2 months, followed by four other anadromous species within the first year (April 2012 to March 2013). Pacific Lamprey and all 7 anadromous salmonids (including two runs of Steelhead) had ascended past the former Elwha Dam within 2.5 years of dam removal.
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FIGURE 2. Timeline showing the dates of dam removal and first observations of adult migratory fish upstream of Elwha Dam (orange lines) and Glines Canyon Dam (blue lines). Observations were compiled from ongoing field studies indicated by superscripts: (1) snorkeling surveys; (2) redd surveys; (3) smolt trapping; (4) tangle netting; and (5) radio-telemetry (Supplementary Table 1). A recent environmental DNA study (Duda et al., 2021) detected some species earlier upstream of Elwha Dam (Chum Salmon in Aug 2014) and Glines Canyon Dam (Pink Salmon in August 2014, Pacific Lamprey and Sockeye Salmon in September 2014, and Chum Salmon in January of 2016), but this method cannot distinguish between adult and juvenile.


The first anadromous salmonid observed upstream of the former Glines Canyon Dam site was an adult Bull Trout, detected via radio-telemetry while dam removal was still underway. In the days following the removal, biologists conducting spawner and snorkeling surveys in the former Lake Mills observed the first Chinook Salmon adults and redds. The rockslide in October 2014 presumably delayed upstream fish passage from October 2014 to August 2016, when Winter Steelhead and Summer Steelhead were the only species detected upstream of the former Glines Canyon Dam. Four additional anadromous species ascended past the upper dam site from August 2016 to August 2019 (Figure 2). By September 2019, Chum Salmon were the only species not observed upstream of Glines Canyon Dam. Collectively, these first observations provide a general timeline of fish passage for anadromous species in the lower 21.4 rkm and establish that the reoccupation of areas upstream of the dams started prior to our riverscape surveys in 2018 and 2019.



Spatial Extent and Density Patterns of Salmonids

In each of the annual riverscape surveys, the total length of river snorkeled ranged 6.0–10.4 km in LE (Lower Elwha, downstream of the former Elwha Dam), 8.7–16.9 km in ME (Middle Elwha, between the two former dams), and 29.2–36.7 km in UE (Upper Elwha, upstream of the former Glines Canyon Dam) (Table 2 and Supplementary Figure 1). In LE, there were three reaches in all 4 years, but in ME and UE the number of reaches changed after 2008. After dam removal, two small portions of river upstream of the Lake Mills inlet were no longer surveyable due to geomorphic changes, and a single long reach in UE was split in two for logistical reasons. Also, the former reservoirs were replaced by approximately 8 km of free-flowing river which we surveyed in 2018 and 2019: 2.3 and 2.6 km in the former Lake Mills reservoir and 5.3 and 5.8 km in the former Lake Aldwell reservoir, respectively. The total number of reaches surveyed changed from 5 to 6 and 11 to 13 in ME and UE, respectively. We collected snorkeling data between established reference points across the four survey years in a total of 22 common reaches ranging in length from 0.57 to 7.8 km.

Bull Trout were observed in most of the survey reaches before and after dam removal (Figures 3A,B). We observed fewer Bull Trout in both years before dam removal (117 in 2007 and 86 in 2008) than after (264 in 2018 and 399 in 2019). The lowest densities of Bull Trout consistently were observed in LE (Figures 3A,B). In ME, the peak density of Bull Trout immediately downstream of Glines Canyon Dam (reach 14) before dam removal was no longer present following dam removal. A similar peak in UE before dam removal in reach 12, located just upstream of the former Lake Mills, also was not present after dam removal. After dam removal, the greatest densities of Bull Trout in UE were seen upstream of the Grand Canyon in reaches 2–9 (rkm 40–60). Following dam removal, every surveyed reach upstream of UE except reach 1 had a higher density of Bull Trout. Bull Trout were also detected in the two former reservoir reaches after dam removal. More Bull Trout were observed in the Aldwell Reach (reach 19) than the Mills Reach (reach 13), with the maximum number (n = 27) seen in the Aldwell Reach in 2019. The correlation of fish counts between years was greater before dam removal (Pearson’s r = 0.94; p < 0.001) than after dam removal (Pearson’s r = 0.50; p = 0.02).
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FIGURE 3. Snorkeling survey results showing the density (number/km surveyed) of Bull Trout and trout (Oncorhynchus spp. including Rainbow Trout and Coastal Cutthroat Trout) observed during four annual riverscape surveys. Densities are shown for reaches (A,C) and river sections (B,D), with demarcations of reaches and sections shown in Figure 1. The 2007 and 2008 surveys (warm colors) occurred prior to dam removal and the 2018 and 2019 surveys (cool colors) occurred after most dam removal effects (e.g., sediment release, turbidity, channel geomorphology; Ritchie et al., 2018) had dissipated. The start and end locations of each river section were standardized across surveys (see section “Common reaches across the four survey years”) and the width of each bar is proportional to the length of the survey measured in the field. Unsurveyed reservoir and canyon sections are indicated by labels and cross-hatch, respectively. Asterisks above and below bars indicate very low densities (>0) that are not clearly visible due to the scale of the y-axis.


Trout (Rainbow and Coastal Cutthroat combined) were detected in all 22 survey reaches both before and after dam removal (Figures 3C,D). In LE, their density was greater before dam removal, but in ME and UE density was greater after dam removal. A peak in density downstream of Glines Canyon Dam (reach 14) before dam removal also occurred after dam removal. As with Bull Trout, trout densities in the upper 9 reaches of the Elwha increased, with several reaches showing an order of magnitude increase (Figure 3C). Trout were observed in both reservoir reaches after dam removal, in some cases with densities exceeding levels in adjacent upstream and downstream reaches. The correlation of fish counts between years was similar before (Pearson’s r = 0.53; p = 0.02) and after (Pearson’s r = 0.61; p = 0.003) dam removal.

Before dam removal, adult anadromous salmon were restricted to areas downstream of Elwha Dam, but their distribution expanded into upstream areas following dam removal (Figure 4). The timing of our surveys corresponded with the peak upstream migrations of Chinook Salmon and Pink Salmon. Total numbers of Chinook Salmon decreased initially after the first survey year (548 in 2007 and 316 in 2008), but after dam removal, their numbers increased (1,609 in 2018 and 1,937 in 2019) (Figures 4A,B). Both years before dam removal, Chinook Salmon densities were greatest in reach 22 near the mouth of the river and decreased progressively upstream where they ended abruptly at Elwha Dam. After dam removal, Chinook Salmon persisted in the three reaches of LE, but also migrated past both former dam sites and were observed in 10 additional reaches (10 – 19) upstream of Elwha Dam in both years. A few individuals were observed upstream of the Grand Canyon (i.e., upstream of rkm 38) in reaches 9 (n = 4), 7 (n = 1), 4 (n = 1), and 3 (n = 2). These low numbers of fish in the upper reaches suggest that passage through Grand Canyon was possible for Chinook Salmon, but as of 2019 few pioneers had started to reoccupy these upper reaches for spawning. The densities of Chinook Salmon in the former Lake Aldwell reach were the fourth and third highest in the river in 2018 and 2019, respectively. In contrast, Chinook Salmon densities in the former Lake Mills reach were among the three lowest densities in the river for these years. During the 2018 survey, 998 adult Chinook salmon being held at the Washington Department of Fish and Wildlife hatchery holding pond (until egg-take goals were met) were released below the former Glines Canyon Dam (reach 14). This reach had the highest density of Chinook Salmon in 2018, potentially due in part to this management action. The correlation between Chinook Salmon counts between the two post-dam removal years was high (Pearson’s r = 0.94, p < 0.001), but there were insufficient data to assess the relationship before dam removal. A few Pink Salmon (26 in 2007 and 95 in 2019), Coho Salmon (a total of 21 in all four surveys) and Sockeye Salmon (a total of 9 in all four surveys) were observed both before and after dam removal.
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FIGURE 4. Snorkeling survey results showing the density (number/km surveyed) of Chinook Salmon and Summer Steelhead observed during 4 riverscape surveys. Densities are shown for reaches (A,C) and river sections (B,D), with demarcations of reaches and sections shown in Figure 1. The 2007 and 2008 surveys (warm colors) occurred prior to dam removal and the 2018 and 2019 surveys (cool colors) occurred after most dam removal effects (e.g., sediment release, turbidity, channel geomorphology; Ritchie et al., 2018) had dissipated. The start and end locations of each river section were standardized across surveys (see section “Common reaches across the four survey years”) and the width of each bar is proportional to the length of the survey measured in the field. Unsurveyed reservoir and canyon sections indicated by labels and cross-hatch, respectively. Asterisks above and below bars indicate very low densities (>0) that are not clearly visible due to the scale of the y-axis.


We did not observe Summer Steelhead in the two surveys before dam removal. Following dam removal, however, we observed 229 and 339 Summer Steelhead (Figures 4C,D) in ME and UE, with the highest densities in UE upstream of Grand Canyon (reaches 2–9). Downstream of the former Elwha Dam, only 2 Summer Steelhead were observed.



Juvenile Salmonid Occurrences After Dam Removal

The spatial extent and frequency of juvenile salmonid occurrence varied by species during 2018 and 2019 (Figure 5). Juvenile Coho Salmon and Chinook Salmon were observed upstream of the former dam sites during both years but had differing patterns. Percentages of channel units with juvenile Coho Salmon and Chinook Salmon occurrence were highest in ME in both years, but juvenile Chinook Salmon were present farther upstream and were more common than juvenile Coho Salmon, particularly in 2019 (Figures 5A,B). Juvenile trout were more broadly distributed and more ubiquitous than Coho and Chinook (Figure 5C). Their longitudinal patterns of occurrence were similar during the 2 years, except at rkm 17–37, which had lower percentages of occurrence in 2019.


[image: image]

FIGURE 5. Percentage occurrence of juvenile Coho Salmon (A), Chinook Salmon (B), and trout (C; potentially includes Rainbow Trout, Steelhead, and Coastal Cutthroat Trout) in riverscape survey reaches. Percentages of reaches occupied by juvenile salmonids are based on channel unit length. Juvenile surveys were not consistently conducted in 2007 and 2008 before dam removal period and are not shown. Unsurveyed canyon sections are indicated with crosshatch.





DISCUSSION

A primary goal of the Elwha River dam removal project was to restore the river’s anadromous fish runs by allowing them to ascend into upstream areas once connectivity of the river was reestablished after nearly a century of blocked passage. To assess the effects of dam removal and restored connectivity on fish migrations, we (1) compiled a timeline of anadromous fishes (five species of Pacific salmon, Pacific Lamprey, Bull Trout, and two runs of Steelhead) migrating past the former dams and (2) conducted high-scope riverscape surveys (Torgersen et al., in press) of adult and juvenile salmonids to assess changes in their spatial extent, relative abundance, and density. Bull Trout and Rainbow Trout occurred throughout the river during all four surveys (2007, 2008, 2018, 2019) but were more abundant overall and their highest densities shifted farther upstream following dam removal. Chinook Salmon also moved upstream past the two former dams, and their abundance increased threefold from 2007 to 2019. Most of these Chinook Salmon were detected downstream of the former Glines Canyon Dam, with few individuals in the upper reaches of the watershed. Population sizes of Summer Steelhead in the Elwha River prior to dam removal were severely depressed—the most critically low of all the salmonids (see Table 1 in Pess et al., 2008)—and were undetected in our surveys before dam removal. In the fourth and fifth years after dam removal, we observed 229 and 341 (respectively) adult Summer Steelhead in 19 of 22 survey reaches spanning approximately 50 km. The presence of juvenile Chinook Salmon and Coho Salmon confirmed that adults were not only passing upstream of the former dams but also successfully producing progeny that were rearing in the newly available habitat. The most pronounced physical effects of dam removal on aquatic habitat occurred in the years during and immediately following dam removal (e.g., East et al., 2015; Magirl et al., 2015; Randle et al., 2015; Morley et al., 2020), but these effects had largely dissipated by the time of our post-dam removal surveys (Peters et al., 2017; East et al., 2018; Ritchie et al., 2018). Such transient biophysical responses to dam removal have been noted elsewhere for small dam removals (Magilligan et al., 2021) but results from the Elwha showed a similar pattern with much larger dams and sediment loads. While additional studies are required to assess changes to population productivity and life-history diversity of the Elwha fish community, the restoration of connectivity is well underway (Liermann et al., 2017; Quinn et al., 2017; Lincoln et al., 2018; Brenkman et al., 2019).


Timeline of Fish Passage Upstream of the Former Dams

All nine runs of migratory fish species passed the Elwha Dam and were documented upstream within 31 months of complete dam removal (Figure 2). This response was predicted by Ward et al. (2008), but there are few examples in the literature of such a diverse migratory fish assemblage moving upstream following a dam removal (Wippelhauser, 2021). We hypothesized that the majority of these species would ascend past the former Glines Canyon Dam, but this did not occur until 60 months after dam removal. Adult Chum Salmon had not yet migrated to the Upper Elwha (UE) (Figure 2), although there were trace detections from eDNA surveys in January 2016 (Duda et al., 2021). The differences between the two dams in the timing and extent of upstream movements may be attributed to multiple factors. First, the large boulders that entered the channel in Glines Canyon downstream of the dam site created a temporary migration barrier in winter 2014 that delayed upstream migrations until full passage was restored in 2016 (Ertle et al., 2019). Second, the timing and magnitude of direct dam removal effects (e.g., sedimentation, channel restructuring) were different downstream of each dam, which can influence the outcomes or timeline of fish recovery following dam removal (Quinones et al., 2015). For example, removal began at the same time for both dams, but Elwha Dam was removed within the first 6 months of the 3-year project. Because 76% of the accumulated reservoir sediment was stored behind Glines Canyon Dam (Randle et al., 2015) and was not released until fall 2013, the conditions downstream of Elwha Dam were more favorable during the first year after removal of Elwha Dam compared to the first year after the removal of Glines Canyon Dam.

After fish passage was restored, salmonids extended their distribution upstream at different rates and to different extents. Because the dams were in place for nearly a century, limited empirical information exists on the historical spatial distribution of each salmon species (Ward et al., 2008). Based on life history characteristics of each species and the patterns of distribution in other watersheds in the Pacific Northwest, we hypothesized that Chinook Salmon, Steelhead, and Coho Salmon would ascend farther upstream than Pink Salmon, Chum Salmon and Sockeye Salmon. Predictions from intrinsic potential modeling suggested that upstream habitat conditions were more favorable for Chinook Salmon, Coho Salmon, and Steelhead than for Pink Salmon and Chum Salmon which typically spawn closer to saltwater (Pess et al., 2008). Our surveys showed that after dam removal, Summer Steelhead densities were highest in UE whereas adult Chinook Salmon densities were highest in ME and LE downstream of Grand Canyon. This is the longest in the series of canyons the river passes through and is most likely to inhibit some species from moving higher in the watershed due to potential seasonal waterfalls or other flow-related velocity barriers. Although we did detect a small number of Chinook Salmon upstream of this canyon during snorkeling surveys, it appears that they have not yet entered the high elevation reaches of the river in large numbers. This result also was consistent with a 4-year eDNA study (2014–2017), in which detection probabilities for Chinook Salmon and other anadromous species were higher in downstream reaches than in reaches upstream of Grand Canyon (Duda et al., 2021). We did observe low numbers of Pink Salmon in both even and odd years during our surveys, but they were uncommon and mostly seen in LE (downstream of the two former dams). Given the low population sizes of Pink Salmon prior to dam removal (Pess et al., 2008), this may have limited their opportunities to migrate past the former Glines Canyon Dam. Sockeye Salmon also were detected infrequently in our snorkeling surveys after dam removal, but eDNA detections occurred throughout the river. Subsequent genetic testing of tissues determined that these fish were strays from other systems on Vancouver Island and mainland British Columbia, Canada (Quinn et al., 2021). An expectation prior to dam removal (Ward et al., 2008) was that a Sockeye Salmon run in the Elwha would resume in Lake Sutherland at the headwaters of Indian Creek (a tributary between the former dams), but very few smolts and no adults have been documented. Because of their run timing later in the year than our surveys, our data cannot address the spatial distribution of adult Coho Salmon, Chum Salmon, and Winter Steelhead.



Spatial Patterns of Salmonid Density Before and After Dam Removal

Total abundance and reach-scale densities of salmonid species increased following dam removal, as both anadromous and potamodromous/resident fish species were able to migrate upstream and downstream in the free-flowing Elwha River. As anadromous species moved farther upstream into areas that were formerly unoccupied, locally high densities of Bull Trout and trout also shifted upstream. The total number of Bull Trout observed increased by 241% over the time period during which we conducted our snorkeling surveys. High density reaches near the former reservoirs that were “hotspots” for Bull Trout in 2007 and 2008 shifted upstream by 40 km (Brenkman et al., 2012). In contrast to areas upstream, Bull Trout densities declined downstream of Elwha Dam following dam removal. We hypothesize that the shift of higher density reaches into upstream areas (reaches 2–9) could be explained by multiple factors. First, Bull Trout prefer colder water associated with higher elevation and once connectivity was restored may have moved to access this better habitat. Although our surveys occurred prior to the spawning season, staging for spawning migrations to colder upstream areas could have influenced the patterns that we detected. Given seasonal opportunities to exploit estuarine food resources (Quinn et al., 2017) and a preference for colder waters for spawning, fluvial Bull Trout in a reconnected Elwha River display significant seasonal movement patterns both upstream and downstream (Brenkman et al., 2019). Another potential explanation for the higher Bull Trout densities upstream after dam removal was a fish rescue effort in June 2011. Bull Trout were removed from each reservoir and surrounding reaches prior to dam removal. Using angling, beach seining, and electrofishing, fish were captured and held until they could be translocated (Hayes and Banish, 2017) via helicopter to upstream areas in reaches 4 (Tipperary Camp, rkm 50) and 7 (Stoney Creek, rkm 43.5). Radiotelemetry data showed that the majority of fish with transmitters remained in upstream areas (NPS, unpublished data). The translocation of 82 fish into upstream areas 8 years prior to our first survey after removal may have contributed to the observed shift in high-density reaches, with progeny from transplanted fish contributing to larger population sizes upstream. Another potential explanation for the upstream shift in high-density reaches is related to Bull Trout that were present in the reservoirs but not counted because the areas were not surveyed due to their large size, depth, and poor visibility (<2 m).

The largest increase in salmonid density after dam removal was for trout, with the total number increasing by 253% over the survey period (Figure 3). While we could not differentiate between Coastal Cutthroat Trout and Rainbow Trout during snorkeling surveys, previous research suggests that the vast majority of these fish are Rainbow Trout (Brenkman and Connolly, 2008; Brenkman et al., 2008). Of the 22 reaches, only those downstream of the former Elwha Dam had lower trout densities after dam removal. It is unclear why densities of trout increased following dam removal. These taxa are not as dependent on connectivity to complete their life-cycle as their anadromous counterparts. Previous genetic studies of Steelhead and resident Rainbow Trout found that Rainbow Trout populations were genetically segregated between ME and UE populations and that these differences likely existed prior to dam construction (Winans et al., 2017; Fraik et al., 2021). With the increase in the more fecund Summer Steelhead in the upper Elwha and the potential for interactions between resident and anadromous forms of O. mykiss (Brenkman et al., 2008), admixture of Steelhead and Rainbow Trout could have contributed to increased fitness and population sizes of resident fish (Ohms et al., 2014). Furthermore, as described for Bull Trout, we did not account for adfluvial Rainbow Trout in the reservoirs during our surveys. The additional ∼8 km of novel riverine habitat in the former reservoir reaches after dam removal most likely contributed to the increased productivity of trout.

The increased counts of adult Chinook Salmon are likely representative of an increase in overall escapement. While these observations were collected during “snapshot” riverscape surveys in 2018 and 2019 that limit our ability to assess continuous trends in abundance, contemporaneous sonar estimates taken in LE confirmed the second and third largest returns on record in 2019 and 2018, respectively (Denton et al., 2020). Estimates from previous years suggest that most of these returning adults (e.g., 96 percent in 2017) were hatchery-origin fish (Weinheimer et al., 2018). This increase in population size was likely due to ocean conditions, rather than improved river conditions or increasing freshwater capacity. Few adults were observed upstream of the Grand Canyon of the Elwha, the longest canyon (5.5 km) in the river. Grand Canyon was one of three canyons in the Elwha River with potential seasonal velocity barriers due to several cascades and low waterfalls at both the upstream and downstream ends of the canyon (Brenkman et al., 2008). This section of river may currently be limiting passage of Chinook salmon due to short sections with excessive gradient and velocities. Additionally, the Chinook Salmon hatchery located 5.6 km from the mouth of the river, coupled with the dominance of hatchery-origin fish in the post-dam removal runs may also have influenced the magnitude and spatial extent of migrations into the upper portions of the watershed. The propensity of Chinook Salmon and other hatchery-influenced stocks to favor the lower portion of the watershed (Dittman et al., 2010), or that natural origin fish are more likely to be found in upstream reaches are two hypotheses that might explain why the increase in spatial extent following dam removal has not yet translated into larger proportions of anadromous salmonids occurring in upstream waters.

Summer Steelhead were not observed during snorkeling surveys before dam removal, but they were relatively abundant after dam removal. A significant number of fish migrated up to 60 km into the upper reaches of the Elwha River. Their presence and remarkable increase in abundance are likely due to numerous factors, including the contribution from resident Rainbow Trout in the middle and upper river (Brenkman et al., 2008; Kendall et al., 2015; Fraik et al., 2021). Resident Rainbow Trout produced an estimated 350-700 emigrating fish that were fully capable of saltwater migration in the early 1990s (Hiss and Wunderlich, 1994). This level of emigration occurred during a low flow year which likely increased mortality of fish passing over Glines Canyon Dam (Hiss and Wunderlich, 1994). Thus, the potential emigration from upstream Rainbow Trout may have been much greater after dam removal. This emigration may have contributed to the apparent rapid recovery of Summer Steelhead in the Elwha and is supported by the observation of emigrating smolts after dam removal with genetic ancestry from populations upstream of the former dams (Fraik et al., 2021). In addition, Summer Steelhead appear to be favoring habitats within the boundaries of Olympic National Park. Furthermore, a commercial and recreational fishing moratorium in place since 2011 eliminated any potential catch-and-release or harvest impacts to Summer Steelhead, thereby removing this stressor on population recovery. With the rapid recovery and access to high-quality habitat, recovery of Summer Steelhead is likely to continue given prudent harvest management is maintained in the future.

Juveniles of Coho Salmon, Chinook Salmon, and trout were observed upstream of both former dams, but juvenile trout were much more common throughout the river. Although low numbers of adult Coho Salmon were observed upstream of the former dams, primarily due to survey timing, the observation of juvenile Coho Salmon within the former Lake Mills reach suggests that adult Coho Salmon may be spawning upstream of both dams. The presence of juvenile Coho Salmon also shows that successful spawning of natural-origin Coho Salmon may have continued following a program to protect returning adults from dam removal effects by relocating hatchery adults (Liermann et al., 2017). These juvenile Coho Salmon observations support the recommendation that the relocation of adult hatchery Coho Salmon is no longer necessary (McHenry et al., 2020a).

Juvenile Chinook Salmon were observed farther upstream in 2019 than in 2018 (Figure 5), supporting the hypothesis that Chinook Salmon may be expanding their distribution in the UE. The frequency of juvenile Chinook Salmon in the upper basin in 2019 may have been influenced by relatively high escapement of adults during the previous year (i.e., the third greatest escapement on record; Denton et al., 2020). This group of adults produced more than 500,000 Chinook migrants during the spring of 2019, which is the most abundant smolt production since dam removal (McHenry et al., 2020b). This was followed in the next year by over 1,000,000 smolts (McHenry et al., 2021). Greater numbers of Chinook Salmon adults may expand their distribution upstream in the future if these juveniles are able to return as adults and adapt to conditions in the upper river (UE). Future monitoring will be necessary to confirm whether Chinook Salmon are expanding their distribution and spawning in the upper river.

Juvenile Trout were ubiquitous throughout the Elwha River, but their distribution shifted between 2018 and 2019. The percentage of channel units with juvenile trout decreased in ME from 2018 to 2019, but there was a slight increase in their frequency in UE. It is unclear what caused this decrease in the river section between the former dams. Potential causes of the decrease in juvenile trout occurrence in ME are not apparent based on our limited data for this life-stage. However, the increase in UE may be related to the presence of Summer Steelhead, which due to their larger size are more fecund than Rainbow Trout and therefore more likely to produce more progeny, resulting in local increases in juvenile trout occupancy.



Caveats

Riverscape surveys of salmonid distribution and density provided a comprehensive perspective on spatial patterns before and after dam removal. However, there are caveats associated with using these data for inferring the effects of dam removal on fish populations. We designed our surveys to coincide with low summer flows to ensure the best visibility while snorkeling and the safety of personnel working in a remote wilderness river. Limiting the surveys to summer, however, diminished our ability to assess spatial distribution for some species which enter the river to spawn in the spring, fall, and winter (e.g., Chum Salmon, Winter Steelhead). Thus, our surveys were focused on a subset of the migratory species in the Elwha River. Other approaches are needed to examine densities, spatial extent, and other important facets of fish ecology for these species.

Our fish surveys were high resolution and covered the majority of the migratory fish zone, but they are single, unreplicated ‘snapshots’ of dynamic processes. Several factors may contribute to bias, imprecision, and uncertainty in our results. The first factor is natural, interannual variability in population size caused by variation in processes that affect different parts of the salmon life cycle, such as smolt-to-adult survival, marine survival, and hydrologic variability (e.g., Kruse, 1998; Cross et al., 2009; Ward et al., 2015). The average discharge of the Elwha River was higher before dam removal than after (Table 1), but during low flows, this likely would have had a greater effect on observer error than on population size. Additionally, the potential for interannual variation in run timing and the short duration of our survey (typically 1 week) may contribute to apparent differences among years. Nevertheless, population estimates for Chinook Salmon based on redd counts (before dam removal) and sonar (after dam removal) showed that abundances after dam removal were significantly higher than before dam removal, similar to results from our snorkeling surveys.

The second source of uncertainty is observation error, the main components of which are inter-observer variability (where observers have different efficiencies in detecting, identifying, and counting fish underwater) and detectability (the degree to which fish are present but not visible to the diver). Snorkelers in our surveys were highly trained and had multiple years of experience, with many having conducted multiple riverscape surveys on the Olympic Peninsula within the past decade. Previous studies examining the precision of snorkeling counts on other rivers in the Olympic Peninsula showed that coefficients of variation ranged from 0.10 to 0.24 (Brenkman and Connolly, 2008) and across multiple species did not exceed 0.25. Given the objectives of our study, in particular our examination of fish counts over tens of kilometers, we determined that this level of variation was acceptable, as has been shown in comparisons of snorkeling surveys to other sampling methods (Thurow and Peterson, 2006; Plichard et al., 2016).

The spatially intensive riverscape approach that we employed mitigates, to a degree, our lack of formal error estimates for fish count data. Other common approaches used in fish ecology rely on probabilistic sampling by measuring a subset of “representative” or randomly selected habitats in river reaches to infer the statistical significance of changes in abundance (see review by Radinger et al., 2018). Spatially continuous sampling of reaches using a riverscape approach (sensu Fausch et al., 2002) allowed us to collect high-resolution data over a relatively large extent (i.e., the entire river, except for hazardous canyon sections). To determine the effectiveness of fish passage following dam removal and changes in spatial extent and heterogeneity (i.e., “hot spots”) of anadromous and potadromous fish, we found it necessary to apply a riverscape approach specifically designed for detecting changes in spatial patterns as opposed to average conditions (Torgersen et al., in press). Additionally, for the anadromous species that we examined in this study, the density and distribution patterns upstream of the dams were measured against known absence (i.e., zero counts) because fish passage was completely blocked. As such, we were certain that there were no anadromous fish (specifically Coho, Chinook, and Steelhead) in areas upstream of the dams. Thus, any changes in fish distribution and abundance upstream, even when estimates of bias and precision are lacking, provide a valuable measure of changes in anadromous fish populations. Coupling riverscape surveys with complementary approaches that provide robust estimates of population size (e.g., sonar), productivity (e.g., smolt trapping), and more detailed estimates of fish movement (e.g., telemetry) will provide a more comprehensive picture of the riverine ecosystem and the effects of fish restoration in the Elwha River.

Finally, our summary of first fish observations upstream of each dam provides a general timeline for understanding the temporal context of fish movement upstream after dam removal. We assembled this timeline from many different ongoing studies and researchers to provide documentation of fish passage past each dam. The timeline is based largely on one-time observations of species that may have been a single fish passing upstream of the dam. Thus, it does not address the rate of population expansion upstream of each dam, nor the overall temporal pattern of fish passage. Yet, it does provide an important historical record of how initial fish passage differed among species and between the dams.




CONCLUSION

The goal of the Elwha River dam removal project was to restore connectivity in the river ecosystem for the benefit of native anadromous fish. This is the largest dam removal to date and it cost over 340 million USD to purchase and remove the dams while mitigating the effects of dam removal. Connectivity was restored, allowing the return of anadromous and migratory fish populations to a watershed that previously had lost 90% of its anadromous fish habitat due to unpassable dams. It also restored approximately 8 km of river previously inundated by reservoirs. Given the ecosystem response to dam removal thus far, tracking the future trajectory of fish populations will be necessary to understand both short-term and long-term dam removal responses and how they may translate into long-term recovery (Bellmore et al., 2019; Magilligan et al., 2021).

We showed that in only 5 years, dam removal profoundly influenced fish populations in the Elwha River. After dam removal, we counted 2–4 times as many Bull Trout, trout, and Chinook Salmon and hundreds of Summer Steelhead which were previously very rare in the river. All nine migratory fish runs passed the former Elwha Dam within 31 months, and 8 of 9 ascended through Glines Canyon within 60 months. Native anadromous salmonids were documented up to 40 km upstream of the upper dam and in approximately 8 km of novel river reaches contained in the footprint of the former reservoirs. Juvenile Coho Salmon and Chinook Salmon were also seen upstream of each dam, demonstrating that spawning adults and their progeny are utilizing upstream habitats. The reconnection of the Elwha River will have far-reaching implications for genetic diversity, life history diversity, and habitat use of these species, which has started to be documented for Steelhead (Fraik et al., 2021), Pacific Lamprey (Hess et al., 2021), Coho Salmon (Liermann et al., 2017), and Bull Trout (Quinn et al., 2017; Lincoln et al., 2018; Brenkman et al., 2019). Although our study was not designed to estimate population sizes, the observed densities increased and there was an upstream shift in the locations of higher density reaches for both trout and Bull Trout. Salmonid species expanded their upstream distributions to different degrees and Chinook Salmon have yet to occupy upstream reaches at densities observed downstream of the former Glines Canyon Dam. However, our surveys occurred before a full generation of Chinook Salmon had occurred after dam removal. More studies are needed to determine the mechanisms that may limit or promote spawning and rearing upstream of the former dams by the progeny of these early generations of post-dam removal salmonids. In the face of possible changing flow and temperature regimes due to climate change, such information will be particularly important for fish populations in the upper reaches of the watershed.

Prior to dam removal, there were uncertainties about the magnitude and duration of dam removal impacts and how this might influence the recovery of anadromous fish (McHenry and Pess, 2008; Ward et al., 2008). Our observations suggest that these short-term disturbances from dam removal (e.g., sedimentation, geomorphic responses) did not have long-term negative impacts on most salmonid populations documented in our study. In the planning stages of dam removal, natural resource managers aimed to recover self-sustaining anadromous salmonid populations in the Elwha River within 5-10 generations after dam removal. Large gains have already been made by the first generation of some species since the completion of dam removal, but the final outcome for the Elwha River ecosystem and its fish populations will continue to emerge over the coming decades.
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