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Species Case Study: Cui-ui (Chasmistes cujus)
Species overview
Cui-ui are endemic to Pyramid Lake, Nevada, and the largest extant species of the genus Chasmistes, with females reportedly exceeding 700 mm and males 662 mm total length (TL).  They can live more than 40 years and reach maturity between 6 and 12 years of age.  Cui-ui are obligate stream-spawners that historically utilized Pyramid Lake’s only perennial tributary, the Truckee River, but this river was inaccessible for much of the 20th century (Scoppettone and Rissler 2012).  Completion of Derby Dam in 1906, upstream water storage projects, and other diversions structures resulted in severely reduced inflow to Pyramid Lake, lowered lake elevation, and the formation of an impassable delta at the mouth of the Truckee River in many years (U.S. Fish and Wildlife Service 1977).  When Cui-ui are able to enter the river, eggs are often subjected to scouring by the insecure river bottom.  
	Group spawning runs begin in late winter and early spring, when Cui-ui stage at the mouth of the Truckee River awaiting appropriate water temperature and flows to initiate their upstream migration.  C. cujus spawns primarily at night in clusters of two to seven fish with various combinations of males and females (Scoppettone et al. 1993).  When lake levels are above 1170 m fish are trapped in a V-shaped trap at the base of Marble Bluff Dam (MBD) and transported above the dam.  When lake elevation drops below 1170 m Cui-ui must pass through the Marble Bluff Fishway (MBF) to reach the river.  The MBF has 4 ice-harbor-type ladders along its course and flows at approximately 1.1 m3/sec.  At the upstream end is a fish processing building where fish are monitored, captured, and transported either to the hatchery or upstream of MBD.  The fish lock at the Marble Fish Passage Facility was reconstructed in 1998 into a fish lock system that is maintained by the BOR and operated by the Service.  During several years of exceptionally unfavorable hydrological conditions from 1985 to 2006 spawning runs were not initiated (U.S. Fish and Wildlife Service 1992).  Gravel substrates are preferred for spawning and females use their anal fin to bury eggs.  Eggs begin to hatch 7 to 14 days later depending on water temperature.  Upon swim-up at approximately 5-10 days post-hatch (dph), larvae undertake a primarily nocturnal downstream migration to Pyramid Lake.  In most years this cycle begins in April with the adult spawning migration and larval outmigration concludes in June or July.  Larvae begin to open mouths at approximately 16 dph (Bres 1978) to commence feeding on chironomids and zooplankton.  Yearlings and adults consume primarily zooplankton.
Facility background
The Dave Koch Cui-ui Hatchery located in Sutcliffe, Nevada has been producing Cui-ui since 1973.  The original Cui-cui culture facility and propagation techniques were established in 1972 at Hardscrabble Creek by David Koch and the Service, following several futile attempts made in 1971 to hatch cui-ui in laboratory aquariums.  Rudimentary hatchery operations began in 1973 upon approval of the facilities and production techniques by the Service (U.S. Fish and Wildlife Service 1977).  Pyramid Lake Paiute Tribal members were trained in cui-ui culture techniques, and fisheries management responsibilities were formally transferred from the Service to the Tribe in 1977.  From 1972-1990 millions of hatchery-reared Cui-ui and several thousand juveniles were stocked in Pyramid Lake.  Production between 1980 and 1984 averaged 7 million larval Cui-ui annually, and from 1995-1999 a total of 5.4 million fingerlings were produced.  The lack of direct evidence of recruitment of propagated Cui-ui into the adult population prompted the Tribe, in consultation with the Service during the mid-1980s, to redirect the hatchery program from larvae production to extended rearing (U.S. Fish and Wildlife Service 1992).  A shoreline rearing facility is now located at the Pyramid Lake Fisheries Resource Laboratory near Sutcliffe.  This facility is used to acclimate fish to lake conditions and rear a portion of propagated Cui-ui and Lahontan Cutthroat Trout at the freshwater hatchery facilities on the reservation.  
Operations
The Cui-ui hatchery is operated from April through June and aims to produce one million larvae each year.  It is unique in that it provides only suitable hatching and rearing environments; feed is not added, and therefore nutrient release from the hatchery is minimal.  Adult Cui-ui are captured at the MBD or near the mouth of the Truckee River and trucked to the hatchery where they are held in outdoor circular fiberglass tanks and broodstock troughs until spawning.  If needed, carp-pituitary extract is injected to speed the ripening process; however, freshwater typically stimulates ripening within 3 days.  The indoor incubation facility consists primarily of hatching jars and is capable of accommodating up to 2.3 million eggs at a time.  
Freshly-hatched larvae are reared in fiberglass troughs until they are able to swim.  Larvae are then transferred to artificially-lined ponds where they begin learning to forage for rotifers, ostracods, and other zooplankton in a controlled, predation-free environment before being released into Pyramid Lake.   Approximately 200,000 larvae are transferred to rearing ponds at the shoreline facility, where they are held until October and released at approximately 4 inches in length.  Cui-ui rearing ponds are static systems that receive approximately 50 lbs of fertilizer and a nitrogen supplement (alfalfa pellets) to stimulate growth of algae and zooplankton for Cui-ui to feed on.  The ponds do not discharge to the lake.  Water recycling is maximized within the freshwater facilities, with usage for both Cui-ui and Lahontan Cutthroat Trout hatcheries totaling only 35 gal/min.  Combined hatchery effluence is discharged to an infiltration lagoon system with no connection to Pyramid Lake and for Cui-ui, typically has a nitrate concentration of 3-5 mg/L (Lebo et al. 1994).
Specific known rearing conditions
Freshwater stimulates both ripening of adult Cui-ui (Pyramid Lake is slightly saline and alkaline, the river is fresh) and hardening of eggs.  Artificial ripening can be initiated with carp-pituitary extract injections at a ratio of 10 mg/kg dissolved in sterile distilled water for most females in this study Scoppettone et al. (1993).  Standard hatching jars with a flow rate of 16 L/min gently roll eggs most successful.  Tightly adhered eggs may be at risk of fungal growth by Saprolegnia.  Koch and Contreras (1973) used a solution of two grams malachite green and four liters water to successfully abate Saprolegnia.  Elevated water temperature negatively affects egg survival, development rate, and larval size of Cui-ui.  The optimum range for fertilized egg incubation is 14.4-17.2ºC; survival decreases dramatically above 17.2ºC.  Cui-ui larvae swim-up survival and growth are highest when reared in cooler temperature regimes (8.9-15°C) and reduced survival occurs at warmer temperatures (17.8-23.9°C).  Larvae do not function well when exposed to constant high temperatures, but appear able to tolerate up to 23.9°C when temperatures fluctuate.  Embryos and larvae are more tolerant than eggs to elevated water temperature, which may be adversely affected by elevated spring water temperatures in the Truckee River.  Freshly hatched larvae are transferred to raceway troughs.  
Program evaluation
Stocking of Cui-ui in Pyramid Lake has been deemed largely successful in preventing extinction and bolstering recruitment of previously absent age classes, and to date further population crashes appear to have been avoided (Schooley and Marsh 2007; Scoppettone et al. 1986).  Although reproductive success continues to rely heavily on water quality and restriction of access to suitable spawning habitat, structural modifications to the Marble Bluff Dam Complex facilitate upstream fish passage and allow for accurate estimates of spawners.  This in turn allows for continued refinement of annual propagation needs.  Age-structured stock-recruitment models can be instrumental in understanding the dynamics of sucker populations by elucidating demographic parameters critical to understanding and refining the efficacy of augmentation programs, and Cui-ui remain the only western North American catostomid with a published Population Viability Analysis (PVA) model aimed at its management (Emlen et al. 1993; Scoppettone and Rissler 2007); an objective many programs also aim to meet.  

Species Case Study: Razorback Sucker (Xyrauchen texanus)
Species overview
Razorback Sucker are one of the largest sucker species in North America, capable of reaching 1 m in length and weighing up to 6.0 kg.  Perhaps the most distinguishing characteristic is the pre-dorsal keel, a relatively large protrusion anterior to the dorsal fin, which develops in mature fish.  A riverine desert fish, they can live to be more than 40 years old, reaching maturity between 2 and 4 years of age in the wild (Table 3).  Pond-reared Razorback Sucker reach maturity between 2 and 6 years of age, with males maturing more rapidly than females (Minckley et al. 1991).  
Historically Razorback Suckers were found in abundance throughout larger streams of both the Upper and Lower Colorado River Basins from Sonora, Mexico, to Wyoming and served as a major food source for native peoples.  Since the 1940s razorbacks have grown increasingly scarce save for relic populations in the Green River, Lake Mead, and Lake Mohave that require augmentation through stocking.  Wild populations have been extirpated from the Salt, Gila, Gunnison, San Juan, and Upper Colorado Rivers.  The remaining middle Green River Basin, Utah population was approximately 1,000 fish in 1988 and 300-600 in 1992, but between 1989 and 1996 only 10 fish were found.  Significant stream alteration, loss of habitat, changes in flow regime, blockage of migration routes, water temperature changes, competition with and predation by introduced species, parasitism, and changes in food base precipitated their listing as endangered in 1991.  
Spawning runs are triggered by water temperature and high flow events that can occur as early as November or as late as June but typically fall between April and June.  Fish migrate en masse to shallow cobble bars where males form breeding territories and group spawning occurs.  Females are attended by 2 to 12 males and may spawn repeatedly with several males over the course of the run.  Eggs hatch approximately 1 week after fertilization (Bestgen 2008) whereupon larvae drift from spawning areas into backwaters and floodplain wetlands where they remain until maturity.  Adults emigrate in search of deep eddies and backwaters where they may hold for the remainder of the year.  Razorback Suckers are highly adapted to persist in harsh, unpredictable environments that fluctuate between severe floods and drought conditions.  Unfortunately their larvae and juveniles are extremely vulnerable to predation by nonnative predators which represents the primary reason for their decline.  
Propagation overview
Development of propagation techniques for Razorback Suckers began in 1974 with the collection of 40 wild adults from Lake Mohave which became the first broodstock at Willow Beach National Fish Hatchery (Toney 1974).  Similar collections were made for Dexter National Fish Hatchery, and for many years stocking throughout central Arizona rivers and streams relied solely on the progeny of paired matings from these original 40 individuals (Schooley and Marsh 2007).  These early efforts launched over 30 years of intensive rearing technique development and the release of over 15 million fish in 544 releases events at 200 locations, yet long-term survival rates remains unknown and no new populations have been established (Schooley and Marsh 2007; Valdez et al. 2012).  Given the low success of these scattered population restoration larval stocking efforts (85% of releases were larvae) and the need to replenish precipitously declining wild adult fish numbers, emphasis has since been placed on the replacement of these fish with repatriated or reintroduced adults and two different stocking approaches have been adapted.  
Captive brood propagation is used to produce all fish for release into the mainstem Colorado River, including Lake Havasu and other waters in Arizona, Utah, Colorado, and New Mexico such as the Colorado, Green, and Gunnison Rivers.  The Lake Mohave repatriation program (Mueller 1995), however, exclusively stocks wild-born progeny in an effort to reduce the risks associated with possible genetic bottleneck effects resulting from hatchery production.  Adults spawn naturally and larvae are captured and reared in off-channel ponds where they can be protected from predation by nonnatives until maturity.  Genetic monitoring shows that the levels of diversity within the population have been preserved, though the wild population has been replaced with a repatriated one (Dowling et al. 2013).
The current emphasis of propagation and release focuses on maximizing growth in captivity to increase survival upon release.  Culture practices vary widely and include different rearing environments, densities, feeding regimes, types of feed, and grading or sorting practices.  Growth rates are currently reported to vary from 0.2-1.8 mm per day, with the highest rates being reported from natural or semi-natural pond environments.  Under ideal conditions, Razorback Suckers have a very high growth potential (Ward et al. 2007; Ward and Hilwig 2004; Ward et al. 2002).  
Bonytail Chub (N=58,000) and Razorback Sucker (N=14,000; 100-150 mm TL) stocked at Cibola High Levee Pond in 1993 were observed spawning in 1996 but did not produce observable evidence of reproduction until 1998.  Once stable, the adult population was estimated at approximately 1,000 individuals.  Nonnative fishes were largely absent for nearly a decade, but unfortunately this population was depleted by 2004 when a Largemouth Bass spawn occurred.  Razorback Suckers have successfully spawned at Yuma Cove, Grand Valley Facility ponds on the San Juan River, and at Rock Tank at Buenos Aires National Refuge (at least four generations), providing further evidence that the primary inhibiting condition for these species is predation.  Imperial Ponds is a series of six ponds constructed on Imperial National Wildlife Refuge to provide suitable grow-out and life cycle completion by Bonytail Chub and Razorback Sucker; they were initially stocked with both species in 2007 and yielded favorable results with a reported 75% survival for Razorback Sucker for year one.  Average length at stocking was 445 mm, and one pond showed evidence of spawning via larval collections during the first year.  Avian predation is suspected as the primary cause of population loss.  
Culture facilities and operations
In order to meet mandated stocking goals more than fifty locations across six states (AZ, CO, NM, NV, TX, UT) have been used to rear Razorback Suckers, including fish hatcheries (10), grow-out ponds (8), golf courses (3), wildlife refuges (4), backwaters (10), Green River floodplain wetlands (7), a state park, and junior college campus (O’Neill et al. 2011).  At present the majority of stocked razorbacks originate from one of six major production facilities: Bubbling Ponds State Fish Hatchery (BPFH), Grand Valley Native Fish Facility and associated facilities (GVNFF), Dexter National Fish Hatchery (DNFH), Ouray National Fish Hatchery (ONFH), Willow Beach National Fish Hatchery (WBNFH), or Uvalde National Fish Hatchery (UNFH) (see O’Neill et al. 2011).  Annual stocking projections in 2005 included 98,000 >300 mm and tens of thousands of larvae.  FWS currently produces approximately 28,000 razorbacks annually at Ouray NFH, 75% of which are taken to private ponds leased by the Service and the remainder are grown out at the hatchery.  As of 2012 the Service had an annual goal of releasing at least 15,000 fish over 300 mm TL.  The construction of Horsethief Canyon Native Fish Facility, completed in 2012, is expected to drastically reduce or eliminate the leasing of private ponds.
Bubbling Ponds Fish Hatchery
Bubbling Ponds Fish Hatchery maintains no razorback broodstock on site, and instead rears juveniles from WBNFH or larvae from DNFH in lined and unlined earthen ponds (O'Neill et al. 2011).  Larvae arrive from NFHs in spring and are reared in unfertilized, unlined ponds until September when ponds are drained and exhaustively seined.  Fish measuring the target release size of 300 mm TL or larger are stocked, while undersized fish are split equally among six grow-out ponds at a mean density of 5,000-7,000 fish per 0.25 acre pond.  Ponds are sampled periodically by cast netting, and when catches yield mostly fish of target size or larger, ponds are drained and seined.  The sorting and re-ponding process is repeated if any fish require further grow-out, which can take 1 to 2 years at an average rate of 0.6 mm/day.  BPFH relies on an open spring water source which can allow Ich and associated bacterial infections to enter the rearing ponds and is a major limiting factor at this facility.  Growth rate studies conducted at this hatchery found that razorbacks kept in high densities (4,000-7,000 fish) in wide shallow ponds grew slowest (0.24 mm/day).  Historically these ponds have produced the largest fish but at severely reduced densities.  O’Neill et al. 2011 recommend deviating from the current BPFH production goal of 12,000, 300+ mm fish to fewer, larger fish.
Dexter National Fish Hatchery and Technology Center
The Southwestern Native Aquatic Resources & Recovery Center (formerly Dexter National Fish Hatchery and Technology Center) houses a fish hatchery that came online in 1932, Molecular Ecology Laboratory (1991), and Fish Health Laboratory (2005).  In 1974 the mission of the facility shifted from sportfish production to endangered species culture.  More than 1 million fish representing 15 threatened and endangered species are now produced and reared on-site each year.  Initial Razorback Sucker broodstock development was conducted at DNFH, and a broodstock of 300 suckers from 3-5 lines is housed here.  Since its inception more than 15 million razorback been produced at DNFH alone.  Young are either stocked directly into lower Colorado River (downstream of Davis Dam), or transferred to grow-out facilities to be stocked elsewhere.  Ponds (0.1-1.0 acre) are fertilized with alfalfa pellets two weeks prior to and one week after ponding, and no grading or sorting occurs during the initial grow-out period.  In fall, ponds are drained completely and undersized fish are distributed to other facilities for further grow-out as needed.  Availability of sufficient pond space for grow-out is the primary limiting factor at this facility.
Grand Valley Native Fish Facility
The Grand Valley Native Fish Facility maintains approximately 300 razorback broodstock of mixed origins in the Green River and lower basin, and a few surviving fish from the Upper Colorado River in eight ponds located at Horsethief Basin Wildlife Area in Grand Junction, CO.  Fish are spawned on-site at 24-Road Fish Hatchery and larvae are reared indoors in fiberglass tanks.  This facility employs two independent recirculating systems with dechlorinated city water, with two large fluidized bed sand filters and rotating drum filters for waste removal.  Fish are sorted at three months and culled to 4,000 per family lot before being stocked into either Horsethief Canyon ponds or leased grow-out ponds.  At Horsethief, sorting is undertaken four to five months after ponding, whereupon fish are ponded by size class and batch estimates of fish weight are performed monthly.  Because of the vast variety of leased pond locations used, stocking densities are pond-specific.  Fyke and trap nets are used to periodically harvest grow-out ponds.  Fish produced at GVNFF are used to meet stocking goals for the Gunnison, Colorado, and San Juan Rivers.  Two additional auxiliary facilities utilize fish produced here: San Juan Recovery Program uses nine grow-out ponds (11.3 ha) near Farmington, New Mexico for razorback grow-out to >300 mm and releases them into the San Juan River.  Horsethief Canyon Native Fish Facility located near Fruita, CO is operated in cooperation between the USFWS and USBR and recently completed construction of a new grow-out pond complex to meet increasing demands for space to rear larger fish.  In 2012, 22 new ponds ranging in size from 0.1 to 0.5 acres with a total area of 6.2 acres with depths of 5-6 feet and lined with geo-membrane fabric were completed.  Water is pumped directly from the Colorado River, contributing to Ich infections at this grow-out facility.
Ouray National Fish Hatchery
Located in Vernal, UT, ONFH maintains a separate broodstock of Upper Colorado Basin origin, primarily wild fish from the Green River and their progeny.  Fish are spawned here, with hatching tanks located indoors and larvae being transferred to outdoor unfertilized 0.125-0.25 acres ponds covered with bird netting and dyed blue to minimize problematic avian predation.  Grow-out continues outdoors through late September, when fish are sorted by hand.  Undersized fish are transferred indoors to circular tanks for the winter due to temperature concerns for an additional 12-18 months grow-out.  During winter, a recirculating system utilizing two fluidized bed sand filters and a rotating drum filter is employed for waste removal.  High iron and manganese necessitate filtration of well water prior to use.  Historically ONFH leased private grow-out ponds, but has reduced this practice due to poor water quality, difficulty in harvesting fish, and non-native fish introductions.  Current production goals are 28,000 suckers per year, and a minimum release goal of 15,000 300 mm TL or greater fish.
Willow Beach National Fish Hatchery
During the 1990s the Native Fish Work Group (NFWG) initiated efforts to allow wild fish to spawn in isolated backwaters of Lake Mohave, which gradually evolved into collecting wild larvae from the reservoir and raising them in captivity to increase survival during their most vulnerable life stage.  More than 500,000 larvae have been collected and reared at WBNFH for this purpose, with some fish moved to other facilities for further grow-out as needed.  Located south of Hoover Dam on the Colorado River, this facility was initially constructed as a coldwater facility and modifications have been implemented to accommodate the shift to warmwater culture including the installation of solar panels, heat exchangers, and recirculation systems.  Outdoor raceways use a mixture recirculated well and solar-heated water held at 22-25ºC throughout the growing season.  Newly arriving larvae are housed in ten-gallon flow-through aquaria and treated for diseases with formalin and malachite green.  At 30-60 days fish are moved into 32-gallon fiberglass troughs (1,000-1,500 fish per 32-gallon trough), and after 30 days fish are transferred again to outdoor raceways.  In 2004, WBNFH had a production goal of 6,000 fish of 325 mm TL or greater.  Though interest has been expressed in rearing larger fish (400-500 mm TL), space is a severely limiting factor.
Uvalde National Fish Hatchery 
	In March or April of each year, DNFH transfers 35,000-60,000 razorback sucker fry to be reared at UNFH.  Fry are allowed to acclimate in submerged ponds for a minimum of one hour before being released into 1.0 acre fertilized ponds where they will rear through the summer.  In April or May, the previous year class is graded and split into one-acre ponds at a density of 4,000-5,000 fish per pond for grow-out through October.  In 2006 and 2007 UNFH produced 6,000 razorback at a minimum size of 300 mm TL, but starting in 2008 increased production goals to 12,000.  Migrating cormorants are known to predate on rearing razorback, which the hatchery mitigates for by covering nets or moving fish indoors to during the migration (Nov-Mar).  Bacterial infections initially contributed to high mortality rates, but have since been resolved by introducing oxytetracycline medicated feed.
Specific known rearing conditions
Collection and intensive culture methods for Razorback Sucker larvae are well documented (Carmichael et al. 1996; Figiel 2005).  However, the use of production ponds for rearing Razorback Suckers has become one of the main propagation strategies adopted by the Service and its recovery partners.  Pond culture has shown success in promoting rapid growth of juvenile razorback (Kaeding and Osmundson 1989) and maintaining genetic refugia.  Growth rates of Razorback Suckers reared in leased golf course grow-out ponds are comparable to estimated growth rates of juvenile wild fish (McCarthy and Minckley 1987), and far surpass those obtained under intensive culture conditions in federal hatcheries, particularly during the first several years (Marsh 1994).  Deep, extensive floodplains with ample submergent vegetation reportedly produce the highest growth rates but pose logistical hindrances that curtail their feasibility (Modde and Haines 2005).  Survival in ponds is high in the absence of predators (Mueller 2006).
	Temperature preferences for X. texanus were tested in the laboratory using shuttle boxes (Bulkley and Pimentel 1983), and positively relate to developmental rate and oxygen consumption.  Razorbacks showed a preference for 23-24ºC but avoided temperatures below 11.8ºC and above 28.6ºC.  Bestgen (2008) report that larvae reared at 25.5ºC grew fastest and at this temperature could reach 25 mm TL within 30 dph.  Total mortality occurs when temperatures fall below 10ºC (Bestgen 2008), and eggs incubated below 8ºC do not hatch (Bozek et al. 1990; Marsh 1985).  Detailed water temperature profiles for rearing facilities are not available, but summary conditions by season are widely reported in O’Neill et al. 2011.  Water temperatures in the wild that support successful spawning and embryo development range from 12-25ºC (Kindschi et al. 2008), with an optimal temperature of 20ºC (Marsh 1985).  Controlled studies addressing stocking densities and optimization of production methods for razorback sucker are anecdotal or non-existent (Bayes et al. 2005).  Protocols are typically tailored for specific facilities and conditions by experienced hatchery personnel through trial and error experimental, and serve as a strong basis for further controlled replicated pond studies (O'Neill et al. 2011).  Razorback Sucker feed types and protocols vary, with most intensive culture facilities feed 2.0-5.0% body weight per day of prepared diets (O'Neill et al. 2011).  Larval growth trials observed first feed on offered Artemia at 9 dph (Bestgen 2008).  Pond reared fish rely on natural foods `and are often supplemented with larval fish diets.  The use of artificial fertilization as a method of increasing production capacity in pond systems is currently employed at several facilities and warrants further study.  Exercise conditioning appears to increase physiological condition of captive reared razorback suckers and could potentially increase survival of stocked progeny however results of the field component of this study were inconclusive due to significant otter predation (Avery et al. 2011).  
Program evaluation
Unfortunately, the Razorback Sucker stocking program overall has shown limited success in rebuilding populations throughout the Colorado River Basin (Schooley and Marsh 2007).  Hatchery and rearing operations are continuously refined and currently utilize a variety of integrative techniques designed to diversify and improve success of razorback recovery.  Enhanced release strategies are a focus in part because early stocking efforts consisting of mass releases of young fish were largely unsuccessful due to suspected predation.  Similarly, releases of larger sized fish do show increases in subsequent-year survival (Marsh et al. 2005).  Currently, lower basin repatriates are held in nonnative-free environments until they reach at least 300 mm TL, which takes at least 1 year to achieve; only about 10% survive their first year in the wild.  It has been suggested that had earlier stocking programs utilized today’s knowledge of size-based release survival, and fish were held until they reached 350 mm TL, we would observe more than a 100-fold increase in survivors today (Schooley and Marsh 2007).  Schooley and Marsh (2007) also suggest that razorbacks are potentially further from recovery now than when stocking began in 1974.  The wild population in Lake Mohave reached 73,000 during 1980-1993, but this population has since plummeted to less than 3,000 fish in 2001 (Marsh et al. 2003) and fewer than 500 in 2006 (Schooley and Marsh 2007).  Survival rates of stocked fish >350 mm in Lake Mohave are nearly double compared to fish stocked at 300 mm, strengthening interest and effort in accommodating additional grow-out time.  Detailed accounts of stocking strategies are available in Minckley et al. 2003; Mueller 2006.
Though larger hatchery-origin Razorback Suckers are surviving and beginning to spawn, no self-sustaining populations have been established.  Predation continues to restrict natural recruitment throughout the Colorado River Basin, and removal of nonnative fishes remains stymied by the competing and typically conflicting ideals between native fish management and recreational fisheries.  As a result, the prognosis for razorback remains extremely poor, irrespective of the successes and advancements made in artificial propagation.

Species Case Study: June Sucker (Chasmistes liorus)
Species overview
Found naturally only in Utah Lake, Utah, June Sucker were listed as endangered in 1986 due to significant habitat loss and lack of recruitment.  Populations were observed to be in decline by 1970 (Heckmann et al. 1969), and by 1980 comprised a mere 0.3% of fish captured during standard lake-wide surveys.  They appear to be the most imperiled lake sucker, with an estimated wild population of approximately 300 fish and no documented natural recruitment (U.S. Fish and Wildlife Service 1999).  Unlike most suckers they are not bottom-feeders, and instead skim zooplankton from the water column.  Spawning occurs in the lower 4.9 miles of the Provo River during late spring and early summer, historically peaking during their namesake month of June, but now much earlier (April and May) since flow regulation commenced.  Adhesive eggs are deposited on gravel substrates and hatch within four to ten days depending on water temperature.  Larvae drift downstream where they begin to feed on zooplankton immediately.  Hybridization with Utah Sucker is well documented, such that Miller and Smith (1981) declared that a pure strain no longer exists and all remaining individuals are of mixed descent.  More recent research (Cole et al. 2008) has indicated that genetic exchange is an ancestral phenomenon, and until future research findings document otherwise, June Sucker used for propagation are targeted based on morphological differentiation in accordance with federal policy (Utah Division of Wildlife Resources 2004).
Utah Lake once supported an assemblage of thirteen native fish species; all but two have now been extirpated due in part to the proliferation of sixteen introduced non-native species.  Common Carp, which compose 91% fish biomass in the lake, White Bass, Black Bullhead, Channel Catfish, Largemouth Bass, and Walleye, are suspected to have outcompeted native Bonneville Cutthroat Trout, the historical top predator.  Aggressive foraging by carp continues to destroy duckweed patches and other emergent macrophytes that provide important cover for young suckers.  Lake levels often fluctuate dramatically from year to year, inhibiting reestablishment of riparian vegetation and contributing to unfavorable hydrological conditions for suckers.  In 2010 managers began contracting commercial fisherman to remove 5 million pounds of carp from the lake each year in an effort to promote vegetative habitat growth and restore riparian nursery habitats.
Recovery program and propagation overview
The June Sucker Recovery Implementation Program (JSRIP) was formed in 2002 as a coalition of state, federal, and stakeholder groups to coordinate and facilitate sucker recovery while accommodating the water resource needs of the surrounding human population.  The recovery program consists of population augmentation, primarily through hatchery production, the establishment of refuge populations, sportfish management, and habitat improvement.  Augmentation began in 1994 with fish from 3 sources: Utah Division of Wildlife Resources Fisheries Experiment Station (FES), Red Butte Reservoir, and Camp Creek Reservoir.  Between 1994 and 2006 a total of 11,579 fish were stocked into Utah Lake directly from the hatchery, but only 85 total were ever detected on the spawning grounds (Archer and Crowl 2014; Billman et al. 2011).  As of 2012, approximately 440,012 hatchery-reared suckers have been released into Utah Lake (Root 2013) and a production target of 2.8 million fish has been established (U.S. Fish and Wildlife Service 2006; Utah Division of Wildlife Resources 2004).  Spawning, larval occurrence, and larval drift have been documented in tributaries from which populations had been extirpated, but survival is still exceptionally low due to the absence of appropriate maturation habitat and significant nonnative predation. 
The June Sucker program is unique in that refuge populations in several reservoirs outside Utah Lake were established immediately after listing, and are stocked and monitored annually.  The initial refuge population of June Suckers was established in Red Butte Reservoir in the late 1980s shortly after federal listing, and in 1992 a total of 3,215 fish representing three annual cohorts (1987, 1989, and 1991) were introduced (Billman and Crowl 2007).  The first evidence of lake-spawning reproduction in the reservoir occurred in 1995, even though the population has no access to what is considered typical spawning habitat in most years (Billman 2008).  The zooplankton community flourishes during summer months, and only one other fish species is present (Bonneville Cutthroat Trout).  The population functions as one of three sources of fish for Utah Lake population supplementation (Andersen et al. 2006; Belk and Tuckfield 2011).  The most recent population estimate of Red Butte Reservoir was 13,556 fish (Billman and Crowl 2007); however, the reservoir was drained in 2005 to allow for dam repairs.  June Sucker salvaged from the reservoir at smaller than 150 mm TL were transferred to Ensign Ponds for grow-out and expected to be re-introduced to the reservoir following completion of dam repairs.  Individuals larger than 150 mm were stocked into Utah Lake.  Adults have also been introduced as experimental refuge populations in Arrowhead Pond on the Ogden Nature Preserve, Camp Creek Reservoir, Ensign Ponds, and USU Millville.  Reproduction has been recorded in Camp Creek (Utah Division of Wildlife Resources 2004).    
Culture facilities and operations
Streamside matings and the transfer of wild-spawned eggs from the Provo River into captivity for rearing began in 1982 as suitable propagation facilities were being developed.  Two primary and four auxiliary facilities have since been utilized in support of June sucker propagation.  
Fisheries Experiment Station
Commissioned in the 1960s as a fish culture support facility, the FES in Logan, UT has served many purposes including sport and native fish production, research, and fish health management, and has been the central June sucker rearing facility since 1991.  Initial broodstock were developed from collections of wild individuals from the Provo River, and the FES is responsible for maintaining all broodstock and producing hatchery progeny in support of recovery efforts.  The 35 ha property has sixteen artesian wells with a total flow of approximately 4.5 cfs (127 L/s) and water temperatures that range from 12ºC to 18.5ºC.  Initial propagation facilities for June Sucker were limited to a 6 x 12 m Quonset hut containing fiberglass circular tanks and rectangular troughs fed by 15.6ºC well water that first passes through degassing columns to remove excess nitrogen and increase dissolved oxygen.  In response to increased production goals, an additional 12 x 21 m metal structure was constructed in 2001 that contains 37 fiberglass circular tanks, eight fiberglass troughs for hatching and initial rearing, and 15 troughs for research purposes.  Additionally, a 2 x 2 m quarantine building with ten aquaria was built, a low-head oxygenation system with a liquid oxygen supply replaced the original degassing columns, and the water source was transferred to an 18.5ºC well.  Further additions and renovations to this facility are underway, and include the installation of a recirculation system that will supply water at the optimal rearing temperature of 23ºC.  
Springville State Fish Hatchery (SSFH)
This UDWR fish hatchery is located approximately 10 km from the confluence of the Provo River and Utah Lake, and came on line in 1909 as one of three state fish hatcheries.  The facility was originally designed for Rainbow Trout production and includes indoor tanks and outdoor concrete raceways.  The first batch of fertilized June Sucker eggs were brought here in 1982 and larvae were raised in a wetland pond prior to being transferred to Camp Creek Reservoir in 1987.  The facility was closed indefinitely in 2005 when a severe outbreak of whirling disease forced the destruction of over 100,000 pounds of diseased trout—nearly 500,000 fish.  June Sucker continued to be raised occasionally in select raceways during the closure.  The facility as a whole was not reopened until 2011 after an extensive overhaul was completed including adding drums to skim debris, an ultraviolet system, covered raceways, and new visitor facilities.  Current production goals are 120,000 pounds of catchable rainbow trout annually, or approximately 500,000 fish.  In 2012 SSFH was identified as a proposed site for the construction of a new native aquatic species and warmwater sportfish hatchery (Utah Division of Wildlife Resources and Utah Reclamation Mitigation and Conservation Commission 2012).  Currently in the analysis phase and pending funding, the project would include both construction of new facilities and refurbishment of existing facilities on the west end of the property.  Should the project move forward, June Sucker, Least Chub, Leatherside Chub, Roundtail Chub, Bluehead Sucker, Flannelmouth Sucker, and Channel Catfish propagation would occur here.
Secondary facilities
Temporary tanks housed at the Utah Correctional Institution in Draper, Utah were used for rearing June sucker from 1987 to 1993.  The facility has a natural groundwater supply and protected rearing area in which to raise fish, however, care and survival of fish were variable here and in 1993 all remaining suckers were transferred to the FES.  Several wet laboratories on the Brigham Young University Provo, UT campus received and successfully hatched fertilized sucker eggs from 1986 to 1991 that were transferred to the FES.  At Utah State University, June sucker were hatched, reared, and held on an ad hoc basis in man-made ponds in Millville, UT.  Lastly, the Wahweap State Fish Hatchery is a warmwater facility located on Wahweap Creek, an ephemeral tributary to the Colorado River that was dammed at the confluence to form Lake Powell.  It is comprised of 107 ha property with 35 ponds, including 27 lined and 8 unlined ponds ranging from 0.1-0.16 ha and has a patented water right from two wells (102 m3/s).  This facility is used primarily for grow-out on an as-needed basis, and though it is currently committed to other rearing efforts, may become available for June Sucker production in the future.
Specific rearing conditions
Kreitzer et al. (2010) identified an ontogenetic diet shift in juvenile June Sucker by analyzing gut contents of early life stage June Sucker from in-situ enclosures in Utah Lake.  Sucker diets were dominated by rotifers (Brachionus sp.) at week 10 but shifted to predominantly cyclopoid copepod (Microcyclops rubbelus) by week 12.  Acceptable ranges of dietary protein (>40%) and lipid (<16%) for juvenile June Suckers were investigated in Sealey et al. 2013.  When reared exclusively on pellet feed, dicalcium phosphate supplementation is necessary to maintain growth and feed conversion, but does not wholly alleviate the occurrence of skeletal deformities (Sealey et al. 2013).   Diet studies conducted by Eriek Hansen of UDWR determined that June Sucker ages 9-12 months perform well on Razorback diet or Bio Vita.
Propagation temperatures between 21.6ºC and 23.7ºC are recommended by Kindschi et al. (2008) in order to maximize growth, condition, and feed efficiency of fingerling June Suckers.  Temperatures should not exceed 27.9ºC to avoid unnecessary stress which may negatively affect fish condition.  Twelve mean rearing temperatures ranging from 8.3-29.7ºC were tested using 31-57 mm length Age-0 fish for sixteen 16 weeks.  Broodstock are held at 17.2ºC from approximately mid-June through the end of November.  Spawning is induced by reducing water temperature to approximately 13ºC December through mid-June and human chorionic gonadotropin (HCG) injections as needed.  Fertilized eggs are allowed to harden for one hour, followed by a bentonite dip (to reduce adhesiveness) prior to placement in McDonald-type hatching jars.  Eggs are rotated by ambient water flow through, which is held at a temperature of 18.3ºC.  To reduce the incidence of fungal or bacterial growth, daily formalin baths (10 min at 1000 ppm) are performed until eyeup.  Eggs hatch approximately two days after eyeup occurs.  Larval survival is relatively high; 98,419 fish from the 2008 spawning season survived through September, with 19.9% lost to mortality.     
Program evaluation
June Sucker efforts have focused on the development of a comprehensive artificial propagation program.  Releases of propagated progeny began in 1987 but limited successful recruitment into wild populations has occurred.  The establishment of multiple independent, self-sustaining refuge populations has averted the imminent risk of total extinction; however the lack of successful wild reproduction and recruitment fails to spawn hope for the recovery of a self-sustaining population in Utah Lake.  A network of hatcheries and refuges is expected to be maintained and probably expanded for the indefinite future.  Mechanisms of predator avoidance are needed, particularly predation on drifting larvae (Belk et al. 2001).  Billman and Belk (2009) cite successful cage culture in supporting recovery of Bonytail Chub, and potential for exposure to more natural conditions than intensive fish culture affords which may increase survival and recruitment upon repatriation.  Allowing hatchery progeny an acclimation period in a controlled, wild habitat might improve stocking outcomes and the use of cages as semi-natural grow-out habitats as a cost-effective alternative to intensive hatchery culture has been proposed.  
June Sucker representing three cohorts, for a total of 3,215 fish, were first stocked in Red Butte Reservoir in 1992 with the intent of natural grow-out prior to stocking in Utah Lake. Unanticipated natural reproduction was first observed in 1994, and by 2004 the population surpassed 13,000 age-1 and older fish.  The June Sucker population in Red Butte Reservoir maintains itself and is subject only to annual monitoring and harvesting for Utah Lake stocking.  Additional individuals are added annually to supplement the available genetic diversity.  These occurrences are important as they challenge the previously accepted notion that both species are obligate river-spawners that use flow triggers as cues for staging.  Red Butte Reservoir affords managers the opportunity to experiment with rearing strategies in lentic habitats, which can more easily be kept free from nonnative predators that continue to inhibit natural recruitment.  
Billman et al. (2011) compared rates of successful recruitment among release strategies and events and found the ideal length of stocked fish to be 375 mm TL to avoid significant risk of avian and piscivorous predation.  This is also the length at which June Suckers reach sexual maturity, which may affect the likelihood that fish stocked at this size enter the spawning population.  Stocking early (late spring or early summer) in the season avoids unnecessary stress from elevated water temperatures and reduces vulnerability to stress-induced predation.  The authors recommend that full-fledged augmentation programs begin with an initial exploration of optimal release sizes and timing, as well as utilize a variety of rearing techniques to determine conditions under which optimal survival and recruitment prior can be realized prior to full program implementation.  Rasmussen et al. (2009) also found a similar “optimal” length of stocking (roughly 350 mm TL), and more importantly a significant difference in survival, as measured by eventual recruitment rates, among several sources. Red Butte Reservoir produced individuals that recruited to the spawning populations at significantly higher rates than both the hatchery and Camp Creek Reservoir. The current June Sucker Recovery Implementation Program supplementation goal is 350,000 fish 200 millimeters in length to be released annually until species recovery is achieved (Utah Division of Wildlife Resources 2004).     
Reduced flows and the loss of a natural hydrograph on the Provo River continue to inhibit flow-regulated spawning cues and cleansing/scouring of gravel prior to spawning.  The efficacy of pulse flows is under investigation as a potential remedy for carrying larvae out of areas of limited cover.  Concern exists that the lack of a natural hydrograph may encourage further hybridization between June and Utah Lake Suckers by truncating natural run timings.  Significant resource overlap by early life stages is likely to reduce survival, and therefore recruitment, of both species if allowed to persist in this manner.  Lentic spawning observed in Red Butte Reservoir, Camp Creek Reservoir, and Arrowhead Pond suggests that Utah Lake suckers may have the capacity to shift to this reproductive strategy, particularly if it results in increased adult recruitment in the lake.  If this were to occur, the lack of adequate rearing habitat and prolific nonnative predator populations in Utah Lake would still limit survival and recruitment.  Additionally, the genotypic influence of adoption of this alternative spawning strategy is unknown, which precludes the ability to assess any loss or gain of diversity that may occur.  Billman and Crowl (2007) recommend that future management of refuge populations follow a stock-recruitment relationship, whereby a smaller population could sustain greater recruitment into adult cohorts and increased individual somatic growth that more closely resemble natural conditions of population biology in Utah Lake.  
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