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Abstract

:

Introducing anadromous fish upstream of migration barriers has frequently been proposed as a conservation strategy, but existing conditions and future changes to the ecosystems above barriers such as invasive species, climate change, and varying water operations influence the capacity to support such introductions. In the Upper Skagit River, Washington, USA, introduction of anadromous salmonids above three high-head dams was proposed; however, the proliferation of invasive redside shiner Richardsonius balteatus fundamentally altered reservoir food web interactions, presenting potential challenges for the growth and production of introduced anadromous salmonids. By combining empirical measurements of zooplankton availability and temporal patterns in thermal structure of the reservoir with bioenergetics model simulations to quantify the rearing capacity of Ross Lake, we estimated the lake could support millions of sockeye salmon fry entering in spring after accounting for temporal consumption demand by the existing planktivore community dominated by redside shiner. The initial fry estimates varied according to the expected fry-to-smolt survival rate, and whether salmonids would be thermally restricted from prey in the epilimnion. This translated to estimates of 189,000 to 285,000 smolts leaving the following spring, and 7700 to 11,700 returning adults, using mean fry-to-smolt and smolt-to-adult survival rates from a nearby sockeye salmon population. We also estimated that predation potential could pose substantial mortality for lake-rearing sockeye or Chinook salmon, although it is expected to play a lesser role in limiting survival of species that only migrate through the reservoir. These results provide a case study and framework for examining bottom-up and top-down food web processes that influence growth and survival of introduced anadromous salmonids in reservoir habitats, thus guiding the direction of future feasibility studies in Ross Lake and other regulated rivers where introduction programs are considered.
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1. Introduction


Species reintroductions are becoming an increasingly popular and important tool to conserve biodiversity considering ongoing rapid ecological change [1,2,3]. The goal is to re-establish viable populations of at-risk species throughout their native range after extirpation. Despite its popularity, decades of failed reintroductions prompted researchers and the International Union for Conservation of Nature (IUCN) to develop guidelines for reintroduction programs to help mitigate risk, increase chance of success, and improve our understanding of factors driving reintroduction success [4,5]. Reintroduction can aid in freshwater fish conservation, as many species face extreme range contraction [6]; however, many of these programs have been unsuccessful [7]. Two key factors correlated with reintroduction success for freshwater fishes are (1) adequately addressing the initial cause for decline, and (2) thoroughly assessing habitat availability and quality in the reintroduction area [7]. These factors are reflected in the various guidelines provided for managing reintroduction programs (e.g., [8,9,10]).



Introducing anadromous salmonids above impassable dams is gaining traction as a method of restoring populations restricted from historical spawning and rearing habitat [8] or as conservation introductions into new habitats. Trap and haul programs are one of the only methods available to reintroduce anadromous salmonids to historical spawning habitat upstream of high head dams (i.e., those not suitable for volitional passage structures such as ladders) and are currently being used and proposed in regulated systems throughout the Pacific Northwest, reviewed in Kock et al. [10]. Many of these programs are in their infancy or have scant monitoring data, limiting our ability to evaluate factors driving success or failure of reintroduction efforts into and above reservoir habitats. Kock et al. [10] reported considerable variation in the effectiveness of the programs reviewed, but also noted that success is context-dependent and defined by different management objectives of stakeholders. Limitations to success of reintroduction into reservoirs are varied [10] and can include migration delays and handling stress leading to high mortality rates for adults, differences in stock-specific production rates of the donor populations [11], the differential fitness of hatchery fish and impacts of interbreeding [12,13], high juvenile mortality rates associated with predation in reservoirs [14], and other challenges for downstream migrating juveniles (e.g., mismatch between water operations and migration timing, collection efficiency of smolt traps, handling stress during collection) [15,16].



Reservoirs present a suite of challenges to anadromous fishes due to new and intensified biotic interactions operating in novel food webs [17]. Reservoirs tend to harbor more nonnative species compared to natural habitats [18], which can affect the growth and survival of juvenile salmonids through direct and indirect pathways associated with temporal food supply, predation, or competition. Extreme seasonal drawdowns in high head reservoirs can also alter food webs and prey availability by limiting benthic production [19] and can also challenge upstream and downstream migrations. However, extreme drawdowns can limit invasive competitors/predators and improve the downstream migration success of smolts [20]. While predation in reservoir habitats can limit the survival of juvenile salmonids, these habitats can also provide better growing conditions and larger sizes that confer higher survival as migrants contend with strong size-selective mortality processes through downstream migration and ocean residency [21,22,23,24]. Additionally, cold water available in deep thermally stratified reservoirs provide important thermal refuge for adult fish on their spawning migration [25].



The feasibility and success of anadromous introductions will depend on numerous physical and ecological risks and constraints [8,10]—an important component of which is evaluating the existence of any food web constraints of the recipient habitats. Understanding carrying capacity for nearly obligate lake rearing species like sockeye salmon Oncorhynchus nerka, or Chinook salmon O. tshawytscha that facultatively use lakes as primary juvenile rearing habitats [22,26], is critical to evaluate whether reservoirs can support enough smolt production to achieve introduction goals. Adequate zooplankton supply is required to support the minimum growth and body size required to reduce predation risk in reservoirs as well as survive outmigration and the first year in the ocean. The availability of zooplankton is directly related to juvenile growth and smolt production potential [27,28]. Overstocking could reduce zooplankton, induce density-dependent growth suppression, and inhibit subsequent survival, which would undermine success of an introduction [28]. While such bottom-up controls are central to the models of many sockeye salmon stocking and enhancement programs, the importance of predation in limiting survival and smolt production has also been acknowledged [29,30,31].



In the Skagit River, Washington, the re-licensing of three high-head hydropower dams with the Federal Energy Regulatory Commission has prompted requests by stakeholders to study fish passage and introductions of anadromous salmonids above these dams. In response, a fish passage program has been proposed with the goal to “meaningfully contribute to recovering self-sustaining, harvestable salmon runs in the Skagit River watershed without negatively impacting native Skagit Basin fish populations and the Skagit River watershed ecosystem” [32]. The number of returning adults that could be produced from this currently inaccessible habitat will be determined by the spawning capacity in the mainstem Skagit River and the tributaries upstream of the dams in addition to survival rates during successive life stages—freshwater rearing, downstream smolt migration, marine residency, and upstream adult migration. Habitat capacity in the mainstem and tributaries above the dams may be limited—intrinsic potential (IP) modeling estimated that most of this habitat is of low or medium IP for Chinook salmon and coho salmon O. kisutch, and while a more high-IP habitat exists for steelhead O. mykiss (anadromous rainbow trout) [33], bioenergetic analysis of native rainbow trout growth suggests that low growth potential in these habitats could limit survival of steelhead smolts [34]. The reservoirs may offer better growth for freshwater rearing life histories; however, proliferation of invasive redside shiner Richardsonius balteatus in Ross Lake in the early 2000s could limit zooplankton supply for reservoir rearing fish [35]. Additionally, predation pressure by multiple species of piscivorous salmonids could also substantially reduce juvenile survival, and thus smolt production [36].



Building on a quantitative analysis of the reservoirs under current conditions [35,36], we evaluated the Ross Lake food web in the context of anadromous salmonid introductions to determine the suitability of this habitat for smolt production. Our primary objectives were to (1) estimate the resource capacity in Ross Lake and the number of lake-rearing juveniles that could be supported using bioenergetics modeling, and (2) estimate predation potential and evaluate the impact on survival and smolt production of lake-rearing fish as well as those migrating through the reservoir. Our analysis focused specifically on limitations within the reservoir habitat. We did not consider spawning potential in the tributaries and assumed it was not limited; thus, we address the question as, assuming that spawning and incubation habitats are not limiting, what level of smolt production could be supported by reservoir-rearing juveniles. Coupled with studies evaluating constraints throughout the remainder of the life cycle, this study contributes to a broader understanding of the feasibility of introducing anadromous salmonids above these dams.




2. Methods


2.1. Study System


The Skagit River flows from headwaters in southwestern British Columbia, Canada approximately 240 km through northwestern Washington before draining into Puget Sound (Figure 1). The Upper Skagit River is impounded by three hydroelectric dams that were completed in 1924 (Gorge Dam), 1930 (Diablo Dam), and 1949 (Ross Dam) and are operated in an integrated manner for electricity production for Seattle City Light. Ross Lake is the largest (storage at full pool = 1.78 km3) and most upstream of the three reservoirs, with water surface at 489 m elevation and extending 37 km at full pool, which is approximately 1.6 km past the border with British Columbia. Ross Lake is typically drawn down 16–25 m during the winter, although drawdowns have extended to 40 m in recent years. The reservoir thermally stratifies from around June through October, with peak surface temperatures of 18–22 °C and hypolimnetic temperatures around 8–12 °C (Figure 2).



Downstream of the dams, the Skagit River supports some of the largest populations of Endangered Species Act-listed Chinook salmon, steelhead, and bull trout Salvelinus confluentus (resident, fluvial, and anadromous) in the Puget Sound region [37]. In addition, the river also supports large populations of coho salmon, pink salmon O. gorbuscha, and chum salmon O. keta. The river also hosts a suite of other native species including daces Rhinichthys spp., threespine stickleback Gasterosteus aculeatus, suckers Catostomus spp., lampreys Lampetra spp., sculpins Cottus spp., mountain whitefish Prosopium williamsoni, white sturgeon Acipenser transmontanus, resident rainbow trout, and resident and anadromous coastal cutthroat trout O. clarkii clarkii. Above the dams, the reservoirs, tributaries, and Skagit River mainstem have stream resident and adfluvial populations of native rainbow trout, as well as bull trout and Dolly Varden S. malma which are genetically distinct from populations below the dams [38]. Nonnative species above the dams include brook trout S. fontinalis, presumed to have adfluvial and resident life histories, and invasive redside shiner which occupy exclusively lentic habitat and have become very abundant since their unauthorized introduction around 20 years ago.




2.2. Candidate Anadromous Species and Life Histories


The potential limitations to the growth and survival of introduced anadromous salmonids in the reservoirs is dependent upon the timing of and size at migration into and out of the reservoir, and temporal occupancy of this habitat. These traits vary among species and life history types within species; therefore, we must evaluate these limitations for each species and life history. The following section reviews candidate species for introduction and their observed life history traits related to juvenile size and migration in the Skagit River below the dams.



Chinook salmon—Chinook salmon in the Skagit River below the dams exhibit three general juvenile migration strategies: fry migrants, parr migrants, and yearling migrants [39,40]. Fry migrants quickly migrate downstream following emergence and rear in estuarine habitats for several months before migrating into marine nearshore or pelagic habitats. Migrant fry arrive in the estuary at an average size of 39 mm fork length (FL), usually in February or March. Parr migrants rear for several months in freshwater habitat, reaching an average size of 75 mm FL, before migrating to marine habitats usually in late May or June. Yearling migrants rear for over a year in freshwater habitats until an average size of 120 mm FL, before migrating to the Salish Sea typically from late March through May. Utilization of lakes and reservoirs by juvenile Chinook salmon is common, and the extent of occupancy in these habitats varies [22,23,26]. Lake or reservoir rearing has been an advantageous life history strategy for rapid growth by Chinook salmon in Lake Washington [22] and the regulated Willamette Basin, presumably due to higher growth potential in the lentic habitat [21,23,24]. Therefore, it is reasonable to assume that the yearling migrant life history could include reservoir rearing (emigrating to the reservoir as fry) [23] if Chinook salmon are introduced above the dams, presuming an adequate growth environment is available.



Steelhead—Wild steelhead in the Skagit River below the dams typically rear in freshwater for 2–3 years before out migrating either as age-2 smolts (most common) at an average size of 161–172 mm FL, or as age-3+ smolts (less common) at an average size of 180–191 mm FL [41]. Migration occurs during February–June, though it typically peaks in April–May [41]. Utilization of a lake or reservoir habitat for rearing by juvenile steelhead is exceedingly rare for anadromous individuals of this species, with no occurrences reported in natural lakes or reservoirs [26,42], except for a single instance in Lake Washington where out-migrating smolts were observed feeding on the spring Daphnia bloom in the lake for less than a month [43]. Thus, it seems likely that if introduced above the dams, utilization of a reservoir habitat by steelhead would be limited to a short duration during smolt out-migration.



Sockeye salmon—Sockeye salmon fry typically recruit to lakes soon after emergence in the spring and rear for 1–2 years before migrating to the ocean. Baker Lake provides the only population of sockeye salmon currently in the Skagit River basin. This population is primarily supported by hatchery fry released into Baker Lake and Lake Shannon each spring, with minimal natural production observed. Most sockeye salmon in Baker Lake spend one full year in the lake, migrating to the ocean as age-1 smolts at an average size of 112 mm FL and 13 g, though small fractions of the population also exhibit migration in their first year or at ages 2–3 (N. Overman, Washington Department of Fish & Wildlife, written communication, January 2023). Sockeye salmon and potentially Chinook salmon are therefore the most likely anadromous salmonids to utilize reservoirs as primary freshwater growth habitats.



Coho salmon—Coho salmon in the Salish Sea typically rear in freshwater for just over a year, migrating to the ocean during the following spring (primarily in May) where they spend approximately 18 months before returning to freshwater in September–November (peak in October) to spawn at age-3 [44,45]. A lake habitat is not commonly used by coho salmon during their freshwater rearing in Washington or further south, in contrast to observations of lake rearing reported in British Columbia and Alaska [26]. Further, coho salmon have not been observed using reservoir habitat for extended periods of rearing in the western United States, and thus we expect that a lake-rearing life history for this species would be unlikely in Ross Lake.




2.3. Bioenergetics Simulations


Bioenergetics simulations were run for a hypothetical sockeye salmon population in Ross Lake to estimate per capita consumption demand on Daphnia using Fish Bioenergetics 4.0 [46] and the parameterized model for sockeye salmon [47]. All inputs described below, and the corresponding code required to run these simulations are published in the U.S. Geological Survey’s ScienceBase repository [48]. Empirical measures of sockeye salmon size were taken from Baker Lake (a nearby system with an existing sockeye salmon hatchery; Figure 1) and used as surrogate rates for growth and mortality (N. Overman, Washington Department of Fish & Wildlife, written communication, January 2023). For these simulations, we used an initial weight of 0.2 g, which was estimated from mean size of Baker Lake hatchery releases during the spring, and final weight (12.8 g) was estimated from the mean size of smolts captured the following year in the floating surface collector (FSC) during peak emigration in May, the peak month of emigration (N. Overman, Washington Department of Fish & Wildlife, written communication, January 2023). All smolts that get transported around the dam during their outmigration get collected by the FSC. We ran the simulation for 365 d, beginning on 1 May, to estimate daily per capita consumption by fitting to initial and final weight. The mean release timing of hatchery fry into the lake was closer to mid-April; however, we started the simulation on 1 May to align the end of the simulation with peak timing of smolt emigration from the lake. Thus, by using the initial weight of when juveniles begin feeding in the lake, we simulated the amount of food required by a juvenile salmon to reach the target weight (i.e., average weight of juvenile smolts at the FSC), assuming these parameters to be reasonable benchmarks for putative sockeye performance in Ross Lake.



Thermal experience for the model inputs was estimated using mean temperatures at depth from vertical temperature profiles collected in Ross Lake from May through November in 2010–2021, and surface temperatures in the forebay from November through April in 2009, 2010, and 2013 (data collected and maintained by Seattle City Light). We assumed that when the epilimnion was <18 °C, sockeye salmon would be evenly distributed over 0–30 m. When the epilimnion was ≥18 °C, we assumed that sockeye salmon would be evenly distributed within 10–30 m, thus avoiding exposure to warmer epilimnetic temperatures. We then computed thermal experience as the mean temperature across all depths occupied (Table 1).



Sockeye salmon are predominantly planktivorous in lakes and reservoirs, consuming high proportions of zooplankton (preferentially Daphnia when available) during the spring, summer, and into autumn across a range of zooplankton densities [49,50,51]. Reflecting this, we used data characterizing the average seasonal diet proportions by wet weight from O. nerka in the Lewis River reservoirs [51] and energy densities from the literature [52,53] to inform our diet inputs for the simulations (Supplementary Table S1). Daphnia weigh about 50% less and contain about 50% less water when sampled from stomach contents of salmonids than when measured from fresh zooplankton samples [52,54]; therefore, simulated consumption of Daphnia (g) was multiplied by 2 to estimate the fresh weight consumed for direct comparison to available biomass and production.




2.4. Daphnia Availability and Sockeye Salmon Capacity in Ross Lake


We utilized published data on monthly Daphnia production (biomass produced/month), standing stock biomass, and consumption demand of the existing zooplanktivores in Ross Lake (rainbow trout and redside shiner) to quantify the remaining prey availability and evaluate resource capacity for sockeye salmon rearing in the lake [35,36]. Importantly, while we included multiple prey types in our bioenergetic simulations of sockeye salmon consumption (Supplementary Table S1), we evaluated carrying capacity based only on the availability of Daphnia, assuming this key prey would be the most important to support sockeye salmon. As such, we are assuming that the other prey types exist in sufficient quantity to support the estimated consumption demand by sockeye salmon and would not be limiting. Current consumption demand versus Daphnia availability was evaluated for the whole sampled water column (0–20 m depth) in addition to a depth-use scenario to determine whether thermally driven behavior may limit access to food supply, as behavioral thermoregulation in lentic habitats is well documented for sockeye salmon [55] and Chinook salmon [23]. For this depth-use scenario, consumption demand versus prey availability was evaluated separately for the epilimnion (0–10 m) and the metalimnion (10–20 m) during thermally stratified periods when warmer epilimnetic temperatures might inhibit access by salmonids. We assumed that salmonids would be restricted to the metalimnion during peak thermal stratification, whereas redside shiners could use the entire available prey supply; thus, redside shiner consumption was evenly divided between the two layers, and rainbow trout consumption was restricted to the metalimnion. This depth-use scenario is a simplification to characterize depth-stratified consumption demand assuming salmonids are restricted from the epilimnion. We expect this to occur when epilimnetic temperatures exceed 18 ℃. Depth-stratified gillnet sampling in Ross Lake showed that most rainbow trout (around 70%) were occupying depths below the epilimnion when temperatures exceeded 18 °C [36]. These assumptions are also consistent with bioenergetic-based estimates of temperature-dependent growth potential at observed (rainbow trout and redside shiner) or expected (sockeye salmon) feeding rates (Supplementary Figure S1).



We evaluated Ross Lake’s rearing capacity for sockeye salmon on a monthly basis using two conservative estimates of carrying capacity: (1) based on a maximum exploitation rate of 50% of combined Daphnia production by the entire planktivorous fish community, assuming that the food available for sockeye salmon was what remained after consumption by the existing planktivores [51,56], and (2) based on a maximum exploitation rate of 50% of combined Daphnia production + standing stock biomass. We designated these capacity scenarios to avoid overcropping Daphnia below levels from which they could rebound [28]. Given uncertainties in estimation, interannual variability, and our understanding of how salmonid predation regulates availability of zooplankton prey, this approach provides a mechanistically based decision structure that can be used to manage the level of risk deemed acceptable when determining carrying capacity. We evaluated monthly carrying capacity for the 0–20 m depth strata and the segregated depth use scenario described above. For this depth-use scenario, we assumed sockeye salmon could only access Daphnia below the epilimnion and therefore set the maximum exploitation rate to 50% of production + biomass in the metalimnion. We estimated rearing capacity in terms of the initial number of juvenile sockeye salmon that could be fed each month, and the corresponding number of fry entering the reservoir in spring, by dividing the monthly remaining Daphnia available (maximum exploitation rate–current consumption demand of existing rainbow trout and redside shiner) by the monthly per capita consumption rates from the sockeye salmon bioenergetics simulations described above.



For the two carrying capacity scenarios, we calculated the initial number of fry required to enter Ross Lake in May to fit our estimated carrying capacity in September (the most limiting month for prey supply in both scenarios) and the resulting number of smolts produced the following May, assuming survival rates were constant throughout the year. We calculated these figures across a range of annual in-lake fry-smolt survival rates including the range observed in Baker Lake (min = 3.6%, mean = 8.5%, max = 14.3%; N. Overman, Washington Department of Fish & Wildlife, written communication, January 2023) and using a global average of 25% survival [57] as our maximum bound estimate. We then estimated how many adults would be expected to return under each scenario using the smolt-to-adult return rate from Baker Lake sockeye salmon from recent years (2015–2021: 4.1%) compared to the historical mean (1999–2021: 6.3%; N. Overman, Washington Department of Fish & Wildlife, written communication, January 2023). We did not incorporate predation into the carrying capacity model, as we expect predation mortality to be dynamic and variable, and thus challenging to incorporate. Therefore, we evaluated the two processes separately. The impact of different predation rates on the abundance of fry and smolts can be inferred through the scenarios modeling various rates of fry-smolt survival.



Predation potential was evaluated using simulated monthly consumption by the current piscivore populations in Ross Lake, based on an age-structured unit population of 1000 bull trout > 200 mm FL; the abundance of the other salmonid species were scaled to this base value by using relative frequencies from gill net surveys [58]. As such, for every 1000 bull trout > 200 mm FL, the relative abundances for other salmonids corresponded to 2430 rainbow trout, 286 brook trout, and 126 Dolly Varden > 200 mm FL [36]. We used this age-structured unit population as a base because the population abundances of the salmonid species are not well studied in this system. Accordingly, the base consumption estimates from the unit population can be scaled up or down using a simple expansion factor to evaluate different predation scenarios across alternative estimates of population abundance [58]. Daily consumption was simulated for each age class of each species using bioenergetics models, which were informed by predator growth rates (from scale analysis), seasonal and size-specific stomach content analysis and stable isotope mixing models for each species and size class of predator. Thermal experience was estimated using empirical depth distributions and monthly vertical temperature profiles (see Johnson et al. [36] for detailed methods and results of this analysis). Under current conditions, the primary fish prey in the lake is redside shiner; however, a measurable proportion of salmonid prey are also consumed, and the proportion of salmonids in the diet would almost certainly change following introduction of anadromous fishes depending on their densities and spatial/temporal availability. Thus, we quantified minimum predation potential as the current population consumption on resident salmonids and then explored a range of higher proportional contributions of putative anadromous fish to piscivore diets to bound a reasonable range of possible predation mortality rates.



Simulated consumption of all fish prey was converted to numbers of lake-rearing sockeye and Chinook salmon by dividing the biomass consumed (g) by the daily simulated body weight (g) for sockeye salmon from the bioenergetic simulations described in the carrying capacity section above. Daily growth of lake-rearing Chinook salmon was simulated assuming they recruit to the lake as fry [23] in March and grow to the same size as the yearling life history below the dams (Initial size: 39 mm FL, 0.7 g; Final size: 120 mm FL, 19.7 g). Predation was adjusted for gape limitation of the predator population, assuming that predators could consume fusiform prey up to 50% of their length [58,59,60,61,62]. Daily FL (mm) for each age class of predator, juvenile sockeye salmon, and lake-rearing Chinook salmon were estimated from the simulated weight using length-weight regressions developed for the resident populations (Supplementary Table S2), Baker Lake sockeye salmon 2010–2021 (  W = 2.61 ×   10   − 6   × F  L  3.264    ,    R 2  =   0.938, N = 8301, FL range: 60–173 mm; N. Overman, Washington Department of Fish & Wildlife, written communication, January 2023), and Skagit River steelhead as a surrogate for Chinook (  W = 1.52 ×   10   − 5   × F  L  2.94    ,    R 2  =   0.99, N = 628, FL range: 45–235 mm) [63]. This was performed for several scenarios, assuming that predation on juvenile sockeye and Chinook salmon would account for a range from 10–90% of the total fish portion of the diet. We evaluated this range of scenarios because we do not know how piscivores may shift their diets in response to introduced salmonids. These ranges were selected to bracket the range of possibilities, which we determined from data on rainbow trout and bull trout diets in lakes and reservoirs where pelagic salmonids like kokanee were the major prey item observed, sometimes accounting for 100% of their diets [60,64,65]. For species that would only be using the reservoir as a migration corridor, predation mortality was estimated using a similar approach but only during the month(s) of expected migration using the size of expected migrants (detailed in the species descriptions section of the methods above).



Abundance of the salmonid piscivores has not been well studied in this system; however, annual snorkel surveys in the Upper Skagit River (British Columbia) provide some abundance index data for bull trout in the Ross Lake basin [66]. Telemetry studies on bull trout in the Upper Skagit River have shown that most of the population migrates between Ross Lake and the Skagit River for at least some portion of the year [67], supporting our choice to use these surveys to estimate abundance of the Ross Lake population. These surveys (1998, 2009–2017, and 2020) were conducted during early September and covered only mainstem reaches starting at the Chittenden Bridge immediately upstream of the Ross Lake reservoir to the confluence with the Sumallo River (31.3 river km upstream). Notably, these surveys occur about a month before spawning is believed to begin, and thus these counts may considerably underestimate the actual spawning population [67,68]. Abundance of Upper Skagit River bull trout was estimated at ca. 4800 adults in 2011 using counts from these surveys and an assumed survey area representing around 40% of the high-quality spawning habitat accessible to Ross Lake [69]. Updating this estimate with counts from surveys in 2017 and 2020 (1241 and 1070 individuals, respectively), we estimated an adult bull trout population in Ross Lake from 2700 to 3100. Thus, for our analysis of predation potential on introduced anadromous salmonids, we also evaluated predation by the piscivore population relative to an estimated abundance of 3000 bull trout >200 mm FL in Ross Lake, which upon the expansion described above corresponds to 7290 rainbow trout, 858 brook trout, and 378 Dolly Varden.





3. Results


3.1. Daphnia Availability and Sockeye Salmon Capacity


Daphnia densities in Ross Lake were low across all months, years, and regions sampled, with <1 individual/L observed except during June 2019 (Figure 3). Densities were typically, but not always, lower in the metalimnion compared to the epilimnion, and these densities were consistently lower than the threshold at which sockeye will switch from feeding exclusively on Daphnia (0.4 individuals/L) [50]. During the growing season, the supply of Daphnia (in terms of biomass and production) was lowest in May and continually increased to a peak in August before declining substantially in September (Figure 4). However, consumption demand by the dominant planktivores in the lake (redside shiner and rainbow trout) was lowest in May and highest in September, indicating that prey were most limited in late summer.



Bioenergetic simulations estimated that juvenile sockeye salmon in Ross Lake would annually consume 74.2 g Daphnia (fresh weight) per capita. The monthly initial abundance of juvenile sockeye salmon that could be supported by the Daphnia supply in Ross Lake varied by nearly fortyfold depending on the month, thermal restriction scenario evaluated, and the carrying capacity definition used (Table 2). Using the more conservative capacity definition (maximum consumption demand constrained to 50% of Daphnia production by the existing planktivore community plus introduced sockeye salmon), we estimated that Ross Lake could not support any additional planktivores in June if they are thermally restricted to the metalimnion, whereas around 5,140,000 could be supported if not restricted. September was the most limiting month assuming no thermal restriction and could support around 54,000 juveniles, which corresponded to initial fry abundances (assuming entry on 1 May) of 87,000 if annual fry-smolt survival is 25% or 125,000 if annual fry-smolt survival is 8.5%.



Capacity estimates were considerably higher when using the more liberal capacity definition—maximum consumption demand of 50% of Daphnia production + biomass by the existing planktivore community plus introduced sockeye salmon (Table 2). Under this constraint, September was still the most limiting month, and we estimated capacity to support around 1,460,000 juveniles during this month if sockeye salmon are not restricted from the epilimnion. This corresponded to initial fry abundances of 2,330,000 (resulting in 583,000 smolts) if annual fry–smolt survival is 25% or 3,352,000 (resulting in 285,000 smolts) if annual fry–smolt survival is 8.5%. These capacity estimates were 51% higher than in the scenario of thermal restriction from the epilimnion. The month of June could support the highest number of juveniles under the scenario of no thermal restriction (10,356,000), which corresponded to initial fry abundances of 11,650,000 or 12,768,000 assuming annual fry–smolt survival of 25% or 8.5%, respectively.



Using the constraint of a maximum consumption demand of 50% of Daphnia biomass + production by the existing planktivore community plus introduced sockeye salmon in the most limiting month of September as the nominal scenario, we estimated potential smolt production in the following spring from 106,830 smolts under a scenario of thermal restriction and low fry–smolt survival (3.6%) to 582,592 smolts under a scenario of no thermal restriction and high fry–smolt survival (25%; Table 3). The potential number of returning adults varies with the juvenile capacity estimate as well as survival at the fry-to-smolt and smolt-to-adult stages (Table 3), with a low estimate of 4380 adults (juveniles experience thermal restriction during the most limiting month, fry–smolt survival = 3.6%, and smolt–adult survival = 4.1%) and a high estimate of 36,703 (juveniles do not experience thermal restriction during the most limiting month, fry–smolt survival = 25%, and smolt–adult survival = 6.3%). Using the mean fry–smolt survival rate from Baker Lake sockeye salmon (8.5%) and their contemporary mean smolt-to-adult survival (4.1%), we estimated adult returns from 7742 to 11,682, under capacity scenarios of thermal restriction and no thermal restriction in the most limiting month, respectively.




3.2. Predation Mortality


The unit population of piscivores (bull trout, rainbow trout, brook trout, and Dolly Varden, relative to 1000 bull trout > 200 mm FL) in Ross Lake consumed an estimated 2846 kg of fish annually, with most composed of nonnative redside shiner (1972 kg) and unidentified fish (771 kg) and a smaller portion of salmonids (103 kg). Fish consumption was highest during the growing season, peaking during July, and was lowest during Dec–Apr (Figure 5). Current predation on salmonids was lowest in spring and increased through summer and fall. Simulated consumption during winter was very low, and consumption of salmonid prey, based on diet interpolations between fall and spring, was extremely low.



We assumed that the current predation demand on native salmonids would represent the minimum expected predation potential on introduced salmonids. Thus, to estimate a minimum level of predation in terms of numbers of fish, assuming that 100% of predation on native salmonids (i.e., adfluvial residents) would be replaced by anadromous salmonids, we divided monthly biomass of salmonids consumed by the average monthly body weight of sockeye salmon from bioenergetics simulations. This resulted in an estimated 59,293 juveniles consumed annually by a unit predator population referenced to 1000 bull trout > 200 mm FL. Chinook salmon that migrated directly to the reservoir for rearing until achieving smolt size the following year would be subjected to an estimated loss of 16,748 juveniles during the 12 months of simulated reservoir rearing (beginning on 1 March). This translates into considerably lower mortality for the species migrating through the reservoir compared to species or life history types that reared predominantly in the reservoir (Table 4). The fry-migrant life history of Chinook salmon would be the smallest fish migrating through the reservoir and are thus the most vulnerable; however, the overall impact of predation would be buffered because metabolically regulated consumption rates are lower during their expected migration during March when water temperatures are very low.



Current consumption rates of salmonids in Ross Lake may not reflect diets following introduction of anadromous salmonids, due to the expected higher densities of anadromous juveniles entering the reservoir in larger concentrated pulses compared to the resident salmonid population. Also, predatory salmonids would have easier access to them during thermal stratification compared to redside shiner. Therefore, we also evaluated predation potential across a range of proportions of diet switching to anadromous juveniles. The predation potential for sockeye salmon was highest during the spring, when consumption of fish prey was low but increasing and the newly recruited sockeye salmon were small; however, predation would be heavily influenced by the portion of total fish consumption that shifted to lake-rearing sockeye or Chinook salmon (Figure 6). In spring and early summer, predation by the unit piscivore population relative to 1000 bull trout could be substantial in May alone, for example ranging from around 96,000 sockeye salmon if they comprised 10% of total fish consumption, to 868,000 if they became 90% of the total fish consumption. This could compound into considerable annual mortality in the lake, from 273,000 individuals if sockeye salmon were 10% of the fish prey consumed across the year, to 2,453,000 individuals if they were 90% of the fish prey consumed. Due to the larger size of yearling smolts and earlier emigration to the lake compared to sockeye salmon, we estimated lower predation potential on Chinook salmon (Figure 6). We estimated comparable annual mortality during their first 12 months of reservoir rearing from 66,000 individuals if lake-rearing Chinook salmon were 10% of the fish prey consumed across the year, to 594,000 individuals if they were 90% of the fish prey consumed.



Fish migrating through the reservoir would be exposed to less predation pressure in the reservoir, and the impact would be dependent on their size, the duration and timing of migration, and the response of the predators to a predictable annual pulse of prey (Figure 7). Despite their small size, the fry-migrant life history of Chinook salmon may be less vulnerable to predation as their expected window of migration occurs when predator consumption rates are relatively low. This would translate to predation potential estimates of 7207 to 64,860 fry across the migration window, assuming 10–90% of fish consumption by the unit predator population was targeted at migrating Chinook salmon fry. Predation potential decreases as size/age at migration increases, with age-3 steelhead smolts exhibiting the lowest numeric maximum predation potential (Figure 7).



Expanding from the predation impact by a unit population of 1000 bull trout > 200 mm FL and the corresponding abundances of the other predatory salmonids to our best estimate of the actual predator population abundance (all piscivores relative to 3000 bull trout >200 mm FL) has the largest implications for fry–smolt survival rates of lake-rearing sockeye and Chinook salmon. This could translate into annual losses through predation of 818,000 juvenile sockeye salmon if they were 10% of the fish fraction of annual consumption, to 7,358,000 individuals if they were 90% of the fish prey consumed. Estimates of predation potential on juvenile Chinook salmon in their first 12 months of reservoir rearing are considerably lower compared to sockeye salmon and range from 198,000 individuals if they were 10% of the fish prey consumed across the year, to 1,783,000 individuals if they were 90% of the fish prey consumed.





4. Discussion


We used bioenergetic modeling to identify the mechanisms by which bottom-up and top-down food web processes can present potential challenges to the production and survival of anadromous salmonids in reservoir systems. Given the recent popularity for such interventions, our work provides a framework for evaluating the feasibility of introducing anadromous salmonids above high-head dams. Results showed that modest resource capacity may be available to support lake rearing for pelagic anadromous salmonids in Ross Lake; however, predation could limit juvenile survival, and thus the smolt production, of lake-rearing species. Predation would also affect smolts migrating through the reservoir, but to a lesser extent. The levels of mortality would depend on the size of the juveniles, timing and duration of reservoir occupancy, and the proportion of piscivore diets that would shift to anadromous salmonids. The relative role of predation in driving overall fry–smolt survival rates of any introduced populations will depend on the number of fry entering the reservoir, and thus can only be evaluated in the context of the estimated reproduction potential of the tributaries.



Our evaluation of both carrying capacity and predation potential on lake-rearing sockeye salmon is strongly influenced by their expected growth rate and the potential effects of size-selective mortality. We used growth data from Baker Lake sockeye salmon as a surrogate for what could happen in Ross Lake. In the Baker Lake system, most juvenile sockeye are stocked from the hatchery into the lake in the spring as fed fry (mean size approx. 0.2 g), and age-1 smolts (mean: 112 mm FL) are larger than what is typical for the species (mode of age-1 smolt lengths: 60–90 mm) [57]. Sockeye salmon growth in lakes is closely linked to zooplankton density (mg/m2) and water temperature [27,70], and thus low-zooplankton biomass in Ross Lake may result in lower-than-expected growth. Although the lake could theoretically support additional slower-growing fish (because their individual consumption demand is lower), this would likely present a tradeoff with increased mortality. Slower-growing juveniles would be more vulnerable to predation during reservoir rearing, which could result in lower fry–smolt survival rates. Smaller smolt size could also result in lower marine survival rates [71].



Uncertainty in how effectively sockeye salmon would be able to feed on the low zooplankton densities observed in Ross Lake limit our ability to predict how these various tradeoffs may play out in Ross Lake. Our analysis of zooplankton production was limited to Daphnia, whose densities were most often at or below the threshold where sockeye salmon feed exclusively on Daphnia (0.4 individuals/L) [50]; thus, it may be important to expand future zooplankton studies to include other prey species such as copepods. Notably though, Daphnia were the dominant zooplankton taxa consumed by rainbow trout in Ross Lake, with larger bodied Leptodora also contributing substantially in some seasons. However, we observed minimal proportions of copepods or Bosmina in rainbow trout diets, and copepod densities were similarly low from May to October (<0.7/L) [48]. Further, kokanee exhibit around 70% lower capture success on copepods compared to Daphnia (30% success compared to 100% success) [70], and thus switching to copepods would likely result in lower foraging efficiency and growth rate for sockeye juveniles. Functional response experiments would improve our understanding of the relationship between zooplankton density and sockeye salmon consumption/growth rates. Such experiments have been performed with kokanee; however, the experimental prey densities used previously (minimum of 3 Daphnia/L) [72] were not representative of the low Daphnia density observed in Ross Lake.



We identified that predation potential on lake rearing juveniles may be a substantial limitation to survival and corresponding smolt production in Ross Lake; however, uncertainty in how piscivores would shift towards introduced anadromous species corresponds to a large range of potential effect size. In Kachess Lake, Washington—a reservoir where bull trout co-occur with a community of pelagic kokanee, non-pelagic salmonids, redside shiner, and other littoral/benthic prey fish—stable isotope mixing models estimated that pelagic salmonids contributed 76% of bull trout diets [65]. Kokanee are also the dominant prey for bull trout in Lake Billy Chinook [60], and for larger bull trout, rainbow trout, and cutthroat trout in Pend Oreille Lake, Idaho [64]. Additionally, stable isotope analysis suggested that native rainbow trout consume Chinook salmon fry during the spring in some reservoirs in the Willamette River, Oregon [73]. During periods of stratification when the epilimnion is too warm for most salmonids, pelagic species such as sockeye salmon may be more available to piscivorous salmonids than redside shiner because of their overlapping thermal preferences and depth use. Under current conditions lacking anadromous salmonid introductions, diel vertical migration to feed on redside shiner in the epilimnion may be the most efficient foraging strategy due to the high densities of these prey fish [74]; however, we would expect this to change as densities of salmonids increase in deeper water following proposed introductions. Further, predation on juvenile sockeye salmon can determine fry survival in lakes and has been a barrier to success for some enhancement/stocking programs [29,30,75]. We expect that predation pressure will vary as predator populations change over time; however, by using the unit population approach, predation impacts can be easily updated by multiplying across our estimated size-structured consumption rates, which incorporate seasonal variability in diet, consumption rates, and relative abundance among species and size/age classes of predators.



Bull trout and rainbow trout in Ross Lake are currently feeding at relatively low or average proportions of their theoretical maximum consumption rates (%Cmax; bull trout: 25–31%; rainbow trout: 31–36%) [36]. One possible explanation for this is that warm temperatures in the epilimnion limit foraging opportunities for these predators during the summer, preventing them from fully exploiting the redside shiners. Alternatively, if bull trout can remain in contact with high densities of redside shiners and maintain higher-than-average feeding rates in the epilimnion, some fraction of these predators might adopt this strategy, as long as prey densities remain high in predictable nearshore locations, and epilimnetic temperatures do not increase. If densities of introduced salmonids are high enough, this could increase consumption rates by the predators beyond what we estimated in our simulations. Bull trout are also known to binge feed (i.e., temporary episodes when %Cmax > 100%) while tracking pulses of salmon migrations, so predation rates on migrating smolts could also exceed our predictions [76,77]. Recent studies tracking predator–prey behaviors at floating smolt collectors have reported bull trout tracking pulses of smolt migrations at these structures, as they do in lake outlets of natural systems [78,79].



Introduced anadromous salmonids will need to navigate the tradeoffs between growth potential and survival in tributary habitats versus predation risk in the reservoirs. Given the high levels of predation in Ross Lake under current conditions, life history expressions that migrate at larger sizes/older ages may be advantageous for introduced anadromous salmonids in this system. Production of such life histories will thus be limited by growth potential and habitat availability in the tributaries. Intrinsic potential (IP) modeling of the Skagit River mainstem and other tributaries above the dams indicated that these habitats are of predominantly low or medium IP for Chinook and coho salmon [34], suggesting potential habitat limitations for these species. The IP modeling indicated that high IP habitat is more prevalent for steelhead; however, bioenergetic analyses of juvenile rainbow trout growth in Ross Lake tributaries have estimated low scope for growth for this species [34]. That study determined that age-2 rainbow trout did not attain adequate growth rates to reach the size of successful age-2 or age-3 steelhead smolts downstream of the dams without extending the duration of stream rearing and incurring additional substantial mortality. This initial analysis indicates that growth potential of these extended stream rearing life histories may be limited for tributaries of Ross Lake.



Our analysis was limited to scenarios of single species introductions; evaluating the food web capacity for introductions of multiple species simultaneously would become increasingly complex. The rearing capacity of the reservoir could support one or a mix of juvenile salmonid species, but the finite availability of zooplankton would need to be shared among species and life history types. Introducing multiple species might distribute predation impacts among species, but this would depend on differential spatial–temporal overlap with piscivores and their relative abundance. It may also be important to consider any cascading effects to redside shiner survival and abundance that may be associated with decreased zooplankton availability (resource competition with sockeye salmon) or decreased predation pressure if piscivore diets shift to consuming more salmonids and fewer redside shiner. These food web interactions will play out within the physical context of the reservoir hydrology as driven by climate and water operations, thus highlighting the importance of evaluating seasonal flow management in relation to thermal stratification, juvenile migration timing, and the corresponding effects on migration rates through the reservoir and vulnerability to predation. Exploration of these more complex responses is beyond the scope of this study, but nonetheless important to consider for further evaluations of feasibility. If experimental introductions are to occur, an adaptive management and research program would be critical to address these concerns and adequately monitor food web changes and factors driving introduction success. A successful introduction program will rely on adult returns that exceed replacement enough to support harvest and sufficient spawner escapement, which could be a challenge in this system given the limitations to growth and survival that have been identified thus far. Future feasibility studies would therefore benefit from focusing on these potential challenges identified for the juvenile life stage.
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Figure 1. Map of the study system. The potential anadromous distribution above the dams indicated is based only on potential physical access to those stream segments (i.e., no migration barriers). Further details and habitat quality results from intrinsic potential modeling can be found in Duda and Hardiman [33]. 
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Figure 2. Isoclines for Ross Lake showing variation in thermal structure (°C) by year (a) and region (b). Water temperature is represented by color, with 1°C delineations marked by the black lines. The Ross Lake South site is located mid-lake in the pelagic zone near the confluence with Big Beaver Creek, and the North site was located mid-lake in the pelagic zone near the confluence with Little Beaver Creek. Site locations are detailed in Figure 1 in Johnson et al. [36]. Reprinted from Johnson et al. [36], with permission. 
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Figure 3. Average monthly densities for Daphnia in Ross Lake 2019–2021. Dashed line represents the threshold density (0.4/L) at which sockeye salmon Oncorhynchus nerka begin to feed exclusively on Daphnia [50]. 
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Figure 4. Daphnia supply versus demand (metric ton, MT) for the combined epi- and metalimnion (0–20 m depth) and the epilimnion (0–10 m depth) in Ross Lake. Current population consumption demand includes redside shiner Richardsonius balteatus and rainbow trout Oncorhynchus mykiss. Carrying capacity of the resource, indicated for each month (blue bars), is defined as 50% of total biomass (B) + production (P). 
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Figure 5. Monthly piscivorous consumption demand on fish prey in Ross Lake under current conditions by the unit predator population (1000 bull trout Salvelinus confluentus, 2430 rainbow trout Oncorhynchus mykiss, 286 brook trout S. fontinalis, and 126 Dolly Varden S. malma > 200 mm FL). Unid. Fish = unidentified fish. 
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Figure 6. Monthly predation potential on sockeye Oncorhynchus nerka and Chinook salmon O. tshawytscha juveniles rearing in Ross Lake as a function of the proportion of current predator fish consumption (from 10% to 90%) that switch to introduced sockeye salmon. The proportion of fish in predator diets varied by species, season, and size class—see text for details. Predation potential is shown for the unit predator population (i.e., all piscivores relative to 1000 bull trout Salvelinus confluentus > 200 mm fork length) and abundance of 3000 bull trout > 200 mm fork length that reflects the best existing data on bull trout population size in the Upper Skagit basin. Red lines in the upper right panel denote initial sockeye salmon fry abundance (solid line) and the carrying capacity in the most limiting month of September (dashed line) estimated from the scenario where capacity was defined as 50% of Daphnia biomass + production, sockeye salmon were thermally restricted from prey in the epilimnion, and in-lake fry survival across the year was 8.5%. Note the different x-axes between (a) and (b) panels—months in each panel are ordered to begin with the expected timing of recruitment to the lake. 
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Figure 7. Predation potential of various anadromous species and migrant expressions in Ross Lake for the unit predator population (i.e., all piscivores relative to 1000 BT > 200 mm fork length). Panel labels include the expected size at migration for each species and life history type (see text for citations). Each point represents the estimated predation assuming a different fraction of the predator fish consumption (10–90%) switches to each species/life history. Shaded panel indicates the expected month of migration. 
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Table 1. Mean, minimum, and maximum daily thermal experience in each month used for simulated sockeye salmon Oncorhynchus nerka in Ross Lake.
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Temperature °C




	
Month

	
Min

	
Mean

	
Max






	
May

	
7.4

	
8.5

	
9.5




	
June

	
9.6

	
10.6

	
11.8




	
July

	
11.8

	
13.0

	
14.0




	
August

	
13.1

	
13.8

	
14.7




	
Sepetember

	
13.9

	
15.2

	
15.5




	
October

	
12.0

	
13.5

	
14.7




	
November

	
8.8

	
10.4

	
12.1




	
December

	
5.8

	
7.1

	
8.7




	
January

	
4.6

	
5.1

	
5.7




	
Febuary

	
4.1

	
4.2

	
4.6




	
March

	
4.1

	
4.6

	
5.1




	
April

	
5.2

	
6.3

	
7.6











 





Table 2. Monthly estimates of sockeye salmon capacity (#s of juveniles) and the corresponding number of fry entering the lake in May, assuming annual fry survival (S) is 8.5% (mean fry-smolt survival in Baker Lake, N. Overman, Washington Department of Fish & Wildlife, written communication, January 2023) or 25% (global average) [57]. Capacity estimates are given for two depth-use scenarios: (1) salmonids have full access to the water column (0–20 m; i.e., no thermal restriction) or (2) salmonids are thermally restricted from the epilimnion (10–20 m) during stratification. The thermal restriction scenario is not included for May or October because we would not expect thermal exclusion of salmonids in these months. For each depth-use scenario, estimates are shown based on (1) a conservative carrying capacity definition for total consumption not to exceed 50% of production and (2) a more liberal definition of consumption not to exceed 50% of production + biomass. Capacity estimates for the most limiting month of September are in bold.
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Capacity Definition

	
Month

	
No Thermal Restriction (0–20 m)

	
Thermal Restriction (10–20 m)




	
Capacity

	
Initial Fry Abundance

(S = 8.5%)

	
Initial Fry Abundance

(S = 25%)

	
Capacity

	
Initial Fry Abundance

(S = 8.5%)

	
Initial Fry Abundance

(S = 25%)






	
50% biomass + production

	
May

	
10,046,618

	
10,046,618

	
10,046,618

	
-

	
-

	
-




	
June

	
10,355,767

	
12,767,573

	
11,649,737

	
2,193,357

	
2,704,179

	
2,467,421




	
July

	
8,127,822

	
12,271,375

	
10,246,898

	
2,986,596

	
4,509,159

	
3,765,258




	
August

	
6,170,447

	
11,485,812

	
8,751,223

	
3,399,799

	
6,328,464

	
4,821,757




	
September

	
1,460,625

	
3,352,045

	
2,330,369

	
968,018

	
2,221,542

	
1,544,434




	
October

	
2,093,817

	
5,884,409

	
3,743,769

	
-

	
-

	
-




	
50% production

	
May

	
3,940,730

	
3,940,730

	
3,940,730

	
-

	
-

	
-




	
June

	
5,135,605

	
6,331,661

	
5,777,307

	
0

	
0

	
0




	
July

	
5,780,337

	
8,727,145

	
7,287,380

	
2,380,058

	
3,593,408

	
3,000,584




	
August

	
3,553,515

	
6,614,595

	
5,039,765

	
2,760,415

	
5,138,300

	
3,914,952




	
September

	
54,338

	
124,702

	
86,694

	
150,563

	
345,533

	
240,217




	
October

	
553,376

	
1,555,194

	
989,443

	
-

	
-

	
-











 





Table 3. Hypothetical population estimates of smolt production and adult returns based on two different juvenile carrying capacity scenarios. Scenario 1: juvenile carrying capacity is based on a maximum exploitation rate of 50% Daphnia production + biomass in the most limiting month of September, assuming juveniles are thermally excluded from the epilimnion. Scenario 2: juvenile carrying capacity is based on maximum exploitation rate of 50% Daphnia production + biomass in the most limiting month of September, assuming juveniles are not thermally excluded from the epilimnion. Fry survival rates represent in-lake survival estimates for age-1 smolts from Baker Lake from the time of hatchery release to collection at the floating surface collector (2009–2021). The historical smolt–adult return rate (SAR) of 6.3% is an average from Baker Lake in 1999–2021 and the recent SAR of 4.1% is an average from 2015 to 2021.
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Adult Returns




	
Scenario

	
Fry-Smolt Survival (%)

	
Initial Fry Abundance in Lake

	
Smolt Abundance

	
SAR: 4.1%

	
SAR: 6.3%






	
1

	
3.6

	
2,967,493

	
106,830

	
4380

	
6730




	
8.5

	
2,221,542

	
188,831

	
7742

	
11,896




	
25.0

	
1,544,434

	
386,108

	
15,830

	
24,325




	
2

	
3.6

	
4,477,597

	
161,193

	
6609

	
10,155




	
8.5

	
3,352,045

	
284,924

	
11,682

	
17,950




	
25.0

	
2,330,369

	
582,592

	
23,886

	
36,703











 





Table 4. Estimated predation potential on introduced anadromous salmonids migrating through Ross Lake, assuming that 100% of current salmonid consumption switches to each of these migrant expressions. Expected fork length (FL, mm) and weight (g) of migrants of each species/life-history type were assumed from their populations downstream of the dams. Potential numbers consumed are reported for the size-structured predator population relative to 1000 bull trout Salvelinus confluentus (including 2430 rainbow trout Oncorhynchus mykiss, 286 brook trout S. fontinalis, and 126 Dolly Varden S. malma), and the population relative to the estimated abundance of 3000 bull trout (including 7290 rainbow trout, 858 brook trout, and 378 Dolly Varden).
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Predation Potential (Individuals)




	
Species/Life-History

	
FL (mm)

	
Weight (g)

	
Population Estimate

	
March

	
May

	
June






	
Chinook fry-migrant

	
39

	
0.72

	
1000 BT

	
2745

	
-

	
-




	
3000 BT

	
8237

	
-

	
-




	
Chinook parr-migrant

	
75

	
4.90

	
1000 BT

	
-

	
-

	
1062




	
3000 BT

	
-

	
-

	
3185




	
Chinook yearling

	
120

	
19.70

	
1000 BT

	
-

	
158

	
-




	
3000 BT

	
-

	
474

	
-




	
Steelhead age-2 smolt

	
130

	
24.90

	
1000 BT

	
-

	
125

	
-




	
3000 BT

	
-

	
375

	
-




	
Steelhead age-3 smolt

	
165

	
50.30

	
1000 BT

	
-

	
62

	
-




	
3000 BT

	
-

	
186

	
-
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