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ABSTRACT 

 Native fishes of the Colorado River Basin in the southwest United States rank among the 

most imperiled faunal groups worldwide. Their decline is linked to widespread habitat alteration 

and the subsequent proliferation of nonnative fishes that compete with and prey upon native taxa. 

Despite decades of conservation efforts, many of the native fishes remain at risk of extinction 

and there is continued interest in effective recovery strategies across the basin. This dissertation 

presents detailed investigations of native southwestern fishes, with a particular focus on 

Razorback Sucker Xyrauchen texanus in the Verde River, Arizona, a key tributary within the Gila 

River Basin. In this dissertation, I 1) review Razorback Sucker abundance, distribution, and 

conservation efforts within the Gila River Basin from 2004-2021, 2) evaluate and compare the 

survival and movement patterns of large (> 250 mm TL) and small (< 250 mm TL) Razorback 

Sucker stocked into mainstem and reservoir environments of the Verde River, 3) detail novel 

helicopter stocking methods for translocating endangered fishes to remote locations, and 4) 

assess how native fish abundance and habitat selection changes in response to nonnative 

piscivores in Fossil Creek, Arizona. More than 11 million Razorback Sucker were stocked into 

the Gila River Basin between 1980 and 2004; however, a population has failed to establish.  

From 2004-2021, 17,313 Razorback Sucker were stocked into the Verde River; but < 0.10% have 

been recapture and success has been limited. In 2022, I initiated a three-year stocking effort in 

which approximately 2,500 Razorback Sucker of two size classes were released annually in two 

locations, the mainstem Verde River and Horseshoe Reservoir. The goal was to evaluate whether 

reservoir stockings could enhance Razorback Sucker survival. In 2022 and 2023, the survival of 

small and large Razorback Sucker was negligible regardless of stocking location; however, in 

2024 the 9-month post-stocking survival of Razorback Sucker increased to 5.7%. Overall, the 

survival of large fish was significantly greater than that of small fish and survival in the reservoir 
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was higher than in the river. Mortality was attributed to water quality, specifically high-water 

temperature and stratification in the reservoir, as well as predation by nonnative fishes and 

piscivorous birds. Nonetheless, the survival of some Razorback Sucker in Horseshoe Reservoir 

offers hope for the speciesô persistence in the Verde River Basin. Stocking Razorback Sucker into 

the mainstem river environment presented logistical challenges because it is inaccessible to 

traditional hatchery vehicles. I therefore commissioned a helicopter to transport Razorback 

Sucker to a remote location on the Verde River and compared the survival of fish stocked by 

helicopter to those stocked by conventional hatchery truck. The four-week post-stocking survival 

of fish stocked by helicopter and those stocked by hatchery truck into Horseshoe Reservoir was 

similar. Many of the observed mortalities were distant from release sites, suggesting fish 

mortality was not attributable to the stocking practices. Stocking fishes with a helicopter can be 

useful for fisheries conservation as it did not impact fish survival and allowed for broader 

distribution of stocked fish into previously inaccessible environments. Finally, I conducted 

snorkel surveys in Fossil Creek, Arizona, a Verde River tributary with an entirely native fishes 

upstream and a native and nonnative fishes downstream of a fish barrier to evaluate differences 

in species abundance and habitat selection in native fish communities with and without 

nonnative fish. The abundance of all Roundtail Chub Gila robusta, small (< 127 mm TL) Sonora 

Sucker Catastomus insignis, and all Speckled Dace Rhinichthys oscullus was significantly lower 

when sympatric with nonnative fishes; however, Desert Sucker Catostomus clarkii abundances 

were similar between reaches. When black bass were present, native fishes avoided pools and 

increased their selection for riffles, a likely predator avoidance behavior. These results highlight 

the distributional and behavioral consequences of native fishes occupying the same stream as 

nonnative fishes and highlights the importance of maintaining specific habitat-types when 



15 
 

nonnative fishes are present in a river. Collectively, this research highlights the persistent 

challenges of conserving native fishes in the Verde River and offers practical insights to guide 

and improve future conservation efforts throughout the basin.  
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CHAPTER 1 

RAZORBACK SUCKER XYRAUCHEN TEXANUS IN THE GILA RIVER BASIN, ARIZONA: 2004- 

2021 
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RAZORBACK SUCKER XYRAUCHEN TEXANUS IN THE GILA RIVER BASIN, ARIZONA: 2004 ï 

2021 

 

 The Razorback Sucker Xyrauchen texanus is one of four ñbig-riverò fishes endemic to the 

Colorado River Basin; all four species (Colorado Pikeminnow Ptychocheilus lucius, Humpback Chub 

Gila cypha, Bonytail Chub Gila elegans) are currently listed as threatened or endangered under the U.S. 

Endangered Species Act (ESA; USFWS, 1991; Minckley & Marsh, 2009). The Razorback Sucker is a 

large fish of the family Catostomidae and the single member of the genus Xyrauchen (Minckley & Marsh, 

2009). They historically achieved total lengths exceeding 1 m and weights exceeding 5-6 kg and have a 

distinctive dorsal keeled ridge (its ñrazorbackò), made of modified interneural bones (Minckley & Marsh, 

2009).  

Razorback Suckers are long-lived (> 50 years) periodic strategists. Males reach sexual maturity at 

2-3 years and females at 3-5 years. A large female Razorback Sucker can produce 100,000 ova per year 

(Minckley & Marsh, 2009; Dowling et al., 2014). The life history of Razorback Sucker is closely tied to 

the flow regime of Southwest waterbodies (Olden & Poff, 2005). Razorback Sucker spawning is cued by 

elevated flows and/or temperature changes associated with spring-runoff (Mueller & Marsh, 2002; Fraser 

et al., 2019). Historically, individuals migrated upstream to spawn over coarse gravel substrates in 

southwestern rivers and their tributaries, often revisiting the same spawning locations multiple years 

(Mueller & Marsh, 2002; Dowling et al., 2013). Spawning migrations over 700 km have been observed in 

the upper Colorado River Basin (Durst & Franssen, 2016; Pennock et al., 2020). In lotic environments, 

spawning has been observed on gravel bars with flowing water (discharge of 0.30 m3/s). Razorback 

Sucker can also reproduce in lentic environments at the inflow of rivers and washes and along rocky 

shorelines (Bonar et al., 2002; Albrecht et al., 2010; Valdez et al., 2012). Spawning occurs when a female, 

accompanied by one or more males positioned close to her side, settles on the substrate and releases 

gametes. During the spawning period, females spawn repeatedly with multiple males (Wick et al., 1982). 
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Razorback Sucker eggs are adhesive for multiple hours after they are oviposited, and larvae emerge from 

the substrate within 3.5 to 14 days. Larvae drift downstream and historically became entrained in 

backwaters and flooded off-channel habitats to rear, prior to joining the mainstem river (Valdez et al., 

2012). Wild recruitment of juvenile Razorback Sucker to the adult stage has not been observed within the 

Colorado River Basin, outside of Lake Mead, in decades. This is because larval and juvenile fish are 

quickly consumed by abundant nonnative species that have established in the Colorado River Basin since 

the mid-1800s (Schooley & Marsh, 2007; Minckley & Marsh, 2009).  

 Originally, the Razorback Sucker was the most abundant of the four ñbig riverò fishes endemic to 

the Colorado River Basin and ranged from the Colorado River delta (Sonora, Mexico) upstream to 

Wyoming, USA (Minckley, 1973; Mueller & Marsh, 2002; Minckley et al., 2003). However, the full 

historical abundance and distribution of Razorback Sucker is not entirely understood because populations 

were extirpated from much of the Colorado River Basin prior to appropriate scientific study and 

documentation (Minckley, 1987; Minckey et al., 2003). Using genetic techniques, Minckley et al. (2003) 

estimated the historic abundance of Razorback Sucker in the Colorado River Basin to be roughly 669,000 

individuals. This estimate was revised to > 990,000 individuals by Garrington et al. (2002). Razorback 

Suckers were once so abundant that anecdotal accounts describe Anglo settlers using pitchforks to remove 

them from canals for use as fertilizer (Minckley et al., 1983). The species was an important tribal food 

resource and briefly supported a commercial fishery in Saguaro Lake, Arizona. (Minckley & Algar, 1968; 

Minckley et al., 1983; Mueller & Marsh, 2002).  

Razorback Sucker were widely distributed in the largest mainstem rivers of the Colorado River 

Basin below 5,500 ft. and likely used smaller tributaries as seasonal spawning habitats (Minckley & 

Marsh, 2009; Valez et al., 2012; Hooley-Underwood et al., 2021). In the upper Colorado River Basin, 

Razorback Sucker were found in the mainstem Colorado River and its tributaries including the Green 

River, San Juan River (Minckley & Marsh, 2009), and smaller systems such as the White, Dolores, and 

Yampa Rivers (Tyus & Karp, 1989). In the lower Colorado River Basin, Razorback Sucker were 
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historically found in the mainstem Colorado River as well as the Gila River Basin in central Arizona 

(Minckley & Marsh, 2009). Mueller and Marsh (2002) review the historic conditions and fauna of the 

Colorado River Basin. Thorough reviews of Razorback Sucker distribution and biology specifically is 

provided elsewhere (Minckley et al., 2003; Minckley & Marsh, 2009).  

 Over the last 120 years, Razorback Sucker abundance has collapsed basin-wide (Minckley et al., 

1987; Mueller & Marsh, 2002; Minckley & Marsh, 2009). Small populations of Razorback Sucker exist 

in both the upper and lower Colorado River Basin, but these populations are maintained via intensive 

management and reintroduction programs (Mueller & Marsh, 2002; Marsh et al., 2015; Albrecht et al., 

2017; Zelakso et al., 2018). The Colorado River is the most regulated river in the United States and the 

decline of its native fishesô tracks closely to the development, damming, and overallocation of water 

resources within the region (Mueller & Marsh, 2002; Dibble et al., 2021). Today, twenty dams inundate 

hundreds of kilometers of river (Mueller & Marsh, 2002). Dams have severed river connectivity and 

altered the natural flow regimes important for Razorback Sucker life-history (Fraser et al., 2019; Dibble et 

al., 2021; Pennock et al., 2021b). Flood and drought cycles that maintained backwaters, wetlands, and 

floodplain habitat have been regulated, and historically turbid, warm lotic waters have been replaced by 

lentic environments upstream, and cold tailwaters downstream of dams (Minckley & Deacon, 1968; 

Olden & Poff, 2005; Pennock et al., 2021a). These conditions are novel to native fishes, but familiar to 

the 35 nonnative species, many predatory, that have established in the basin since the 1860ôs (Mueller & 

Marsh, 2002). All four ñbig-riverò fishes endemic to the Colorado River Basin are successful and recruit 

in predator-free environments (Bonar et al., 2002; Minckley et al., 2003); however, native fishes of the 

Southwest are unable to coexist with the current suite of nonnative fishes (Minckley et al., 2003; Dibble 

et al., 2021). Adults survive, but recruitment of young native fishes to the adult life-stage has not been 

observed in the wild since the 1950ôs, except for the population of Razorback Sucker in Lake Mead, NV 

(Schooley & Marsh, 2007; Minckley & Marsh, 2009; Albrecht et al., 2010). Predation on larvae and 

juvenile native fishes of this region is high. Marsh and Brooks (1989) estimated that more than 900 
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juvenile Razorback Sucker were consumed by ictalurid predators within two days of stocking in the Gila 

River. As existing adult Razorback Sucker aged and died, the population collapsed basin wide as 

replacement fish were unavailable and nonnative fishes became increasingly dominant (Minckley et al., 

1983; Mueller & Marsh, 2002; Minckley et al., 2003). Conservation efforts began in the 1970ôs but were 

insufficient to stave off the Razorback Suckerôs listing as endangered under the ESA in 1991 (Brooks, 

1986; Marsh & Minckley, 1989; USFWS, 1991; Schooley & Marsh, 2007).  

 Razorback Suckerôs ESA recovery plan divided the management of Razorback Sucker into two 

recovery units, the upper Colorado River Basin and the lower Colorado River Basin, divided by Lake 

Powell. Different obstacles; politically, socially, and biologically; exist in these regions (USFWS, 2018). 

Downlisting criteria for the Razorback Sucker include the establishment and maintenance of two self-

sustaining populations, each with a minimum of 5,800 adults, in both the upper and lower Colorado River 

Basins (USFWS, 2002; USFWS, 2018). Efforts to conserve the Razorback Sucker in the Upper Colorado 

River Basin and mainstem Colorado River and reservoirs of the lower Colorado River Basin are 

thoroughly reviewed elsewhere (Minckley et al., 2003; Schooley & Marsh, 2007; Marsh et al., 2015). The 

remainder of this manuscript focuses on the Razorback Sucker reintroduction efforts within the Gila River 

Basin.  

The Gila River Basin is unique. Due to aggressive conservation actions the population of 

Razorback Sucker has expanded range-wide in the upper and lower Colorado River Basins, but 40+ years 

of reintroduction efforts have failed to establish a population of Razorback Sucker within the Gila River 

Basin (Schooley & Marsh, 2007; USFWS, 2018). The successes and challenges of Razorback Sucker 

stocking efforts in the Lower Colorado River Basin, including the Gila River Basin, from 1974 to 2004 

were comprehensively reviewed by Schooley and Marsh (2007). This review aims to build on their work 

by extending the review to cover the subsequent 17 years, from 2004 to 2021. 
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STUDY AREA 

The Gila River Basin drains 151,000 km2, more than half of the state of Arizona (USA). Within 

the basin, a bimodal pattern of precipitation consisting of late-winter storms and summer monsoons 

occurs (Minckley & Marsh, 2009; Serrat-Capdevilla et al., 2012). More than 500 km of river within the 

Gila River Basin are designated critical habitat for the Razorback Sucker (Maddux et al., 1993). Mueller 

and Marsh (2002) estimated that 95% of all fish in the basin were nonnative as of 2002.  

 The Gila River traverses 1,044 km from its headwaters in southwestern New Mexico to its 

confluence with the Colorado River at Yuma, Arizona (Rinne et al., 2005). Where water remains 

perennial, the river is shallow and wide with a loose alluvium streambed that commonly shifts course 

within its active channel (Maddux et al., 1993; Rinne et al., 2005). This physical habitat resembles 

historic conditions and provides juvenile and adult Razorback Sucker with suitable habitat (Maddux et al., 

1993). Historically, the mean discharge on the Gila River was 53.80 m3/s, but has declined to 6.99 m3/s. 

Today, baseflow occurs in July (median baseflow 1.42 m3/s) and the annual high flow occurs in April 

(median 12.32 m3/s); and floods regularly exceed 566.34 m3/s (USGS Gage 094665500). Downstream of 

Coolidge Dam (Arizona) most of the surface water of the Gila River is diverted for consumptive use and 

the river remains intermittent or dry to its confluence with the Colorado River at Yuma, Arizona.  

 Major tributaries of the Gila River include the Salt, Verde, San Francico, San Pedro, Santa Cruz 

and Agua Fria Rivers, but only the Salt and Verde are currently thought to be suitable for Razorback 

Sucker (Figure 1.1). The Salt River is 321-km long and drains the White Mountains of eastern Arizona. 

Historically, flow in the Salt River averaged 72.77 m3/s at its confluence with the Gila River but today, all 

water is diverted into canals at Granite Reef Dam, and the Salt River is generally dry thereafter (Maddux 

et al., 1993). The Salt River currently has the highest discharge of the three rivers (Gila, Salt, Verde). 

Above Roosevelt Lake, the first impoundment on the Salt River, baseflow rarely falls below 2.83 m3/s, 

and the hydrograph is relatively unmodified from historic conditions. Baseflow often occurs in July 

(median 4.36 m3/s). The highest flows occur in April (median 44.46 m3/s) but floods exceeding 655.34 
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m3/s are periodic (USGS Gage 09498500). Roosevelt Lake is the first of five impoundments of the Salt 

River and lentic habitat dominates from this point downstream.  

 The Verde River is 274-km long, draining the Colorado Plateau and San Francisco Peaks of 

central Arizona. All 274 km of the Verde River are perennial; however, the Verde River flows into the Salt 

River, which is often dry downstream of Granite Reef Dam. The first 200 km of the Verde are unimpeded 

prior to the Verdeôs impoundment by Horseshoe and Bartlett Dams (Averitt et al., 1994). As such, the 

upper Verde River has retained aspects of a natural flow regime (Maddux et al., 1993; USFS, 2004). 

Historically, much of the Verde River was entrenched in a narrow canyon and remained as such until its 

confluence with the Salt River, except for a wide-marshy segment that existed near present day Camp 

Verde, Arizona (Maddux et al., 1993; Peartree, 1996). Today, the river is channelized and confined to a 

low flow channel, 15-60 m wide, in the Camp Verde area (Peartree, 1996). Downstream of Camp Verde, 

AZ the Verde River enters a canyon. This 65.18 km segment of river is designated as Wild and Scenic, 

before entering Horseshoe Reservoir (790 hectares while at capacity). The streambed of the Verde River 

is generally unconsolidated alluvium (Maddux et al., 1993). Baseflow occurs in July (median 1.98 m3/s) 

but flows in the summer of 2019 fell below 1.42 m3/s. Maximum annual flow occurs in March (median = 

16.14 m3/s); and floods of 1,359 m3/s (Jenney et al., 2022), 2,775.05 m3/s, and 3,482.97 m3/s were 

recorded in 2019, 2022, and 1993, respectively (USGS Gage 09508500).  

Historic distribution 

In the Gila River, Razorback Sucker ranged from Yuma, Arizona upstream to the New Mexico 

border and occupied major tributaries such as the Salt River and Verde River (Mueller & Marsh, 2002; 

Rinne et al., 2005; Paroz & Propst, 2006; Minckley & Marsh, 2009). Smaller tributaries like the San 

Pedro River (Emory, 1857; Minckley, 1987) were likely used seasonally for spawning (Webber et al., 

2013; Hooley-Underwood et al., 2021). In 1898, the species was abundant in the Gila and Colorado 

Rivers at Yuma (Gilbert & Scofield, 1898; Mueller & Marsh, 2002) and were found up to the New 

Mexico border.  There are no known records of Razorback Sucker in the Gila River in New Mexico, 
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which likely represents the upstream extent of the species, though researchers suspect that upper reaches 

of the Gila River were used as seasonal spawning habitat (Paroz & Propst, 2006). Critical habitat for the 

Razorback Sucker on the Gila River extends from the Arizona-New Mexico border downstream 217 km 

to Coolidge Dam (Maddux et al., 1993; USFWS, 1994). 

In the Salt River, Razorback Sucker ranged from the confluence with the Gila River upstream to 

the Salt River Canyon, east of Globe, AZ (Maddux et al., 1993). Large populations likely existed in the 

Phoenix, AZ area, which was historically a large wetland (Marsh & Minckley, 1982; Hendrickson, 1993; 

Rinne et al., 2005). Anecdotal accounts document large-scale migrations of Razorback Sucker and 

Colorado Pikeminnow through present-day Phoenix and up the Salt River (Gilbert & Scofield, 1898; 

Hendrickson, 1993; Rinne et al., 2005). The species persisted in the Salt River until the 1940s and 

experienced a short-term population boom in Roosevelt Lake after the closing of Roosevelt Dam. Six tons 

of Razorback Sucker were harvested from Roosevelt Lake in a single year (Hendrickson, 1993). Critical 

habitat for the Razorback Sucker extends 88 km from the US-60 bridge downstream to Roosevelt Dam, a 

segment characterized by a deep canyon, with high gradient rapids (Class III-IV) and long deep pools 

(Maddux et al., 1993; USFWS, 1994). No historic records of Razorback Sucker exist from this reach; 

however, there is connectivity to Roosevelt Lake where large populations persisted until the 1940ôs and it 

is assumed the species used the river (Maddux et al., 1993). Little backwater and floodplain habitat exist 

in this segment of river and nursey habitat may be limited (Maddux et al., 1993). 

The historic distribution of Razorback Sucker is less certain in the Verde River than in the Salt 

and Gila Rivers. The earliest known fisheries survey of the ñRio Verdeò was conducted by Gilbert and 

Scofield (1898), and no Razorback Sucker were documented; however, they stated that Razorback Sucker 

were captured in the Salt River from Phoenix upstream to the confluence with the óRio Verdeô. Minckley 

and Deacon (1968) stated that there are no known historic records of Razorback Sucker in the Verde 

River, but large populations were present in the Salt River and the species likely ascended the lower 

sections of the Verde River. In 1954, Arizona Game and Fish (AZGFD) reported capturing six Razorback 
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Sucker from Peckôs Lake, an oxbow lake near the headwaters of the Verde River (Clarkdale, Arizona; 

Wagner, 1954), located less than 0.5 km from the Verde River and 161 river km upstream from Horseshoe 

Reservoir. It has thus been assumed that Razorback Sucker persisted in the Verde River until the mid-

1950ôs (Wagner, 1954; Minckley, 1973). However, the fish community of off-channel lentic habitats is 

rarely representative of neighboring lotic streams and Razorback Sucker have reproduced in small lentic 

waterbodies elsewhere in Arizona (Bonar et al., 2002). The only known evidence of Razorback Sucker on 

the mainstem Verde River was collected in 1968 (Minckley & Alger, 1968). An archaeological survey in 

the headwaters of the Verde River found one single bone, identified as the tripus of a Razorback Sucker, 

in an archeological site dating to 1300-1400 AD. Researchers concluded this bone was evidence that 

Razorback Sucker were sufficiently abundant to provide a food resource for the nearby indigenous 

peoples (Minckley & Alger, 1968). Designated critical habitat for Razorback Sucker extends from the 

headwaters of the Verde River at Sullivan Lake Dam 200 km downstream to Horseshoe Dam and includes 

Horseshoe Reservoir (Maddux et al., 1993; USFWS, 1994).   

Decline in the Gila River Basin 

The Razorback Sucker was extirpated from the Gila River by 1960 (Hendrickson, 1993). The last 

Razorback Sucker in the Salt River was captured in Saguaro Lake in 1949, and no Razorback Sucker 

were recovered when the lake was drained in 1960 (Hendrickson, 1993). The last Razorback Sucker in the 

Verde River was captured in 1954 at Peckôs Lake as previously discussed (Wagner, 1954; Minckley, 1973; 

Minckley et al., 1983). The decline of all native fish species in the Gila River Basin occurred rapidly 

following the construction of Theodore Roosevelt Dam on the Salt River and multiple other dams on the 

Gila, Salt, and Verde Rivers. These infrastructure projects fundamentally and permanently altered the 

natural environment of the Gila River Basin (Olden & Poff, 2005). Today, roughly 240 miles of mainstem 

river in the Gila River Basin has been inundated by reservoir or runs dry (Rinne et al., 2005). 

Connectivity among habitats, including migratory pathways important for many of the big-river fishes of 

the Colorado River, were severed by these dams (Mueller & Marsh, 2002). The natural flow regime of the 
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Southwest United States, which includes prolonged drought and high magnitude óflashyô floods, provided 

environmental resistance against nonnative fishes (Baltz & Moyle, 1993; Mueller & Marsh, 2002); 

however, widespread habitat alteration has reduced environmental selective pressures and shifted the 

environmental paradigm to one that favors nonnative fishes (Baltz & Moyle, 1993).  

 Nonnative fishes were first stocked into Arizona waters in the late 1850ôs, and stocking efforts, 

mostly of fishes used for sport and food, accelerated through the early 20th century (Rinne et al., 2005). 

Today, the rivers of the Gila River Basin are dominated by Flathead Pylodictis olivaris and Channel 

Catfish Ictalurus punctatus, Red Shiner Cyprinella lutrensis, Mosquitofish Gambusia affinis, and a suite 

of nonnative cyprinids and centrarchids that represent predatory and competitive pressure to native fishes. 

Black basses Micropterus spp., common in the Gila River Basin, have been cited as the most problematic 

species for native southwestern fish recovery (Bonar et al., 2004; Johnson et al., 2008). Evidence has 

shown that Razorback Sucker remain at risk of predation by nonnative Flathead Catfish and centrarchids 

until they achieve 300 mm total length and exceed the gape limitation of most aquatic predators 

(Schooley et al., 2008). In the wild, 300 mm is not achieved until 2-3 years post-hatch. Furthermore, 

fishes of this region lack morphological, life history, and behavioral adaptations to cope with predation 

and have been characterized as predator naµve (Ward & Figiel, 2013). Young Razorback Sucker are 

quickly consumed by nonnative fishes and it has been assumed that larval and juvenile Razorbacks 

Sucker survival in the basin is negligible (Marsh & Langhorst, 1988; Schooley & Marsh, 2007; Zelakso et 

al., 2010).  

RAZORBACK SUCKER STOCKINGS 

Stocking efforts 1974 ï 2004  

Razorback Sucker reintroductions in the Colorado River Basin began in 1974, with the first 

stockings in the Gila River Basin occurring in 1981. As of 2007, > 11,000,000 Razorback Sucker were 

stocked into > 200 different locations within the Gila River Basin (Hendrickson, 1993; Hyatt, 2004; 
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Schooley & Marsh, 2007). Recaptures were scant and none of the stocking efforts established a 

population of Razorback Sucker.  

A primary reason for the poor initial results were the small size at which Razorback Sucker were 

stocked. Roughly 90% of the fish stocked during the initial reintroductions were larval (< 50 mm TL) or 

juvenile fish (<150 mm TL; Hendrickson, 1993; Mueller & Marsh, 2002; Hyatt, 2004). Size at release has 

been strongly correlated with the post-stocking survival of Razorback Sucker (Schooley & Marsh, 2007; 

Zelasko et al., 2010). Managers amended stocking protocols in the early 1990s to prioritize the stocking 

of fish larger than 300 mm TL. However, first year survival remained less than 10% and most 

reintroduced fish died within a month of their stocking (Schooley & Marsh, 2007; Zelakso et al., 2010). 

In the Verde River, 22,000 Razorback Sucker larger than 300 mm TL were stocked from 1991-2003 

(Robinson, 2007); but no evidence exists that a population established (Hyatt, 2004).  

 Survival of the stocked Razorback Sucker has been limited by parasitism (Young, 1998), 

environmental stressors (Schooley & Marsh, 2007), and predation from terrestrial, avian, and aquatic 

animals (Schooley et al., 2008; Avery et al., 2011). In 1997, 1,992 Razorback Sucker were stocked into 

the Verde River and ninety of the ninety-two captured thereafter had a minimum of ten active Lernaea sp. 

infections (Young, 1998). Similarly, Warnecke et al. (1997) noted that parasite load was exceptionally 

high on Razorback Sucker stocked into the Verde River in 1996 and Schooley et al. (2008) noted a high 

incidence of Lernaea sp. on Razorback Sucker captured in the mainstem Colorado River. Incidences of 

fish parasitism, injury, and illness are correlated to fish stress (Landsberg, et al., 1998; Schooley et al., 

2008). Stress associated with the transportation and stocking of individuals into a new water body has 

also contributed to Razorback Sucker mortality (Robinson et al., 1998; Schooley & Marsh, 2007). 

Furthermore, environmental stressors including flow, lack of suitable habitats, resource availability, water 

quality, and biological interactions with conspecifics likely impact Razorback Sucker of hatchery origin, 

resulting in poor condition and survival.  
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The primary reason why stocking efforts failed to establish a population of Razorback Sucker was 

predation (Hyatt, 2004; Rinne et al., 2005; Schooley & Marsh, 2007; Schooley et al., 2008). Most 

Razorback Sucker reintroduced into the Gila River Basin were of larval or juvenile size and were quickly 

consumed by a variety of nonnative fishes (Schooley & Marsh, 2007). Revisions to stocking protocols in 

the early 1990s, which included the stocking of larger Razorback Sucker, reduced aquatic predation on 

Razorback Sucker, but still no population established. Flathead Catfish (> 90 cm TL) and black bass, both 

present within the Gila River Basin and its reservoirs, pose predation risk to Razorback Sucker 

approaching 300 mm TL (Schooley & Marsh, 2007). Predation is not limited to fish. Marsh and Minckley 

(1989) reported 10 of 14 telemetered Razorback Sucker stocked into the Gila River were killed within 30 

days of their reintroduction by terrestrial predators (avian and river otters Lontra canadensis) and Avery 

et al. (2011) found tags from previously stocked Razorback Sucker in river otter scat along a major Verde 

River tributary. Furthermore, Schooley et al. (2008) found avian predation to be a significant cause of 

Razorback Sucker mortality on the mainstem Colorado River.  

In their review of Razorback Sucker stockings in the Gila River basin from 1974-2004, Schooley 

and Marsh (2007) concluded that Razorback Sucker in the Gila River Basin were further from recovery in 

2004 than when stockings began in the early 1970s.  

Stocking Efforts 2004 ï 2021 

To our knowledge, all Razorback Sucker stocked into the Gila River Basin from 2004 ï 2020 

occurred within the Verde River or its tributaries. From 2004-2020, Arizona Game and Fish Department 

stocked 13,237 Razorback Sucker into the mainstem Verde River (AZGFD unpublished data; Table 1.1).  

All fish were stocked at Beasley Flats or Childs River Access (Table 1.1; Figure 1.2). The average length 

of fish stocked in the Verde River between 2004-2020 was 360 mm TL. Large fish in these stockings 

included forty-five (45) Razorback Sucker of 475 mm average TL in 2007 and four-hundred-fifty (450) 

Razorback Sucker of 440 mm average TL in 2012 (AZGFD, unpublished data). The average number of 

fish stocked in the mainstem Verde River per reintroduction event between 2004 and 2020 was 669 fish 
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(min: 25; max: 1,088). No Razorback Sucker were stocked in 2006, 2013, 2015, 2017, or 2021 (AZGFD, 

unpublished data). 

An additional 4,076 juvenile Razorback Sucker (< 200 mm TL) were stocked into Fossil Creek, a 

tributary of the Verde River.  Two stockings occurred in 2008, one in 2009, and one in 2014 (Robinson, 

2009; Love-Chezem et al., 2016; Table 1.1). The intention of the Fossil Creek stockings was not to 

establish a population of Razorback Sucker within Fossil Creek, but to provide a habitat for young 

Razorback Sucker to rear prior to dispersing to the mainstem Verde River (Robinson, 2009; Robinson & 

Crowder, 2011).   

 From 2004-2021, monitoring of Razorback Sucker stocked into the Verde River and Fossil Creek 

was through chance encounter via intermittent AZGFD electrofishing surveys intended to monitor the 

overall fish community. Seventeen Razorback Sucker were captured in the Verde River during this time 

frame (AZGFD, unpublished data).  The majority (76.4%) of recaptures occurred in 2005 (7 individuals) 

and 2006 (6 individuals; Robinson, 2007). In 2005, all seven individuals were captured in Horseshoe 

Reservoir (Table 1.2). These fish were ripe and tuberculate males and may have been a spawning 

aggregation (Robinson, 2006). Robinson (2006) estimated that these Razorback Suckers were stocked 3-8 

years prior to their capture based on the body location of coded-wire tags that were injected prior to their 

stocking. In 2006, three Razorback Sucker were captured in Horseshoe Reservoir and three in the 

mainstem Verde River (Table 1.2). Fish captured in the mainstem river were all captured downstream of 

their original stocking location. No stockings occurred in Horseshoe Reservoir; and all Razorback Sucker 

captured in Horseshoe Reservoir were stocked ~67 km upstream (Childs River Access), representing 

considerable downstream dispersal. The largest Razorback Sucker captured in 2006 was likely stocked 

three years prior and the other Razorback Sucker captured in 2006 were likely stocked <1 year prior to 

capture (Robinson, 2007; Table 1.2).  

Four Razorback Sucker were encountered on the mainstem Verde River and none in Horseshoe 

Reservoir from 2006 - 2021. In 2012 two fish were captured and in 2013 and 2021, respectively only one 
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fish was captured, near Beasley Flats, their original stocking location (Figure 1.2; Table 1.2). What 

stocking cohorts these individuals were from is unknown.   

In Fossil Creek, two Razorback Sucker were detected via snorkel-survey five-months post-

stocking (Boyarski et al., 2011). However, agency surveys in 2009 through 2015 did not detect any 

Razorback Sucker in the stream (Robinson & Crowder, 2011; Boyarski et al., 2011; Robinson & Crowder, 

2012; Love-Chezhem et al., 2015). No fish from these stockings were ever captured in the Verde River 

(Love-Chezem et al., 2016).  

Chance encounters via community sampling indicate some Razorback Sucker can persist in the 

Verde River; however, 17,313 Razorback Sucker have been stocked into the Verde River between 2004-

2021 and only 17 have ever been recaptured. Stocking activities from 2004-2021 were unable to establish 

a population of Razorback Sucker within the Gila River Basin.   

Causes of fish mortality from these stockings are largely unknown. Like stockings before 2004, 

predation by piscine, avian, and mammalian predators, and environmental stress likely contributed to their 

limited survival. These mortality sources persist throughout the Colorado River Basin (Schooley & 

Marsh, 2007; Schooley et al., 2008).  

DISCUSSION 

Most reintroduction efforts that fail, do so because the environmental problems that caused the 

initial decline of the native fish have not been adequately addressed (Cochran-Biederman et al., 2015). 

Wild reproduced and recruited Razorback Sucker were completely extirpated from most waterways in 

Arizona because of widespread habitat alteration that aided the establishment of dozens of nonnative 

fishes (Minckley & Marsh, 2009). Native fishes of the southwest United States cannot coexist with the 

current suite of nonnative fishes (Minckley et al., 2003; Clarkson et al., 2005). Nonnative fishes have 

become increasingly dominant within the region and habitat alteration in large mainstem rivers has 

generally not been mitigated (Rinne et al., 1998; Rinne, 2005). Nonnative fishes are considered the 
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primary reason for the collapse of native fishes in the Gila River Basin and their continued presence will 

preclude significant native fish recovery (Clarkson et al., 2005; Schooley & Marsh, 2007). Recovery of 

Razorback Sucker populations in the Gila River Basin will depend on the ability to suppress or eliminate 

the competing and predating nonnative fishes (Clarkson et al., 2005). Under the current environmental 

paradigm, species recovery in waterways where nonnative fishes are abundant is not to be expected 

(Clarkson et al., 2005). 

Terrestrial predation has also inhibited reintroduction efforts (Schooley & Marsh, 2007). 

Razorback Sucker of hatchery origin are susceptible to avian and terrestrial predation (Schooley et al., 

2008; Avery et al., 2011). Schooley et al. (2008) found hatchery origin Razorback Sucker stocked into the 

mainstem Colorado River occupied the upper third of the water column for multiple weeks post-stocking, 

which exposed fish to increased avian depredation. Schooley et al. (2008) found that only piscine and 

avian predation appeared to preclude survival in the mainstem Colorado River, because water quality and 

fish condition was adequate. River otters have also contributed to mortality on the Verde River. A 

nuisance population of river otters consumed Razorback Sucker from the Bubbling Ponds fish hatchery 

(AZGFD, personal communication). These otters were captured, tagged with passive integrated 

transponders and released on the Verde River where they are still regularly encountered (Jenney 2022, 

unpublished data). Quantifying direct mortality from otters is challenging, but anecdotal evidence 

confirms it occurs (Avery et al., 2011). 

Nonnative fish species control is necessary if Razorback Sucker recovery is desired (Clarkson et 

al., 2005). In Horseshoe Reservoir, the first impoundment of the Verde River, manipulation of water 

elevation, including complete draw-down has been used to disrupt nonnative fish spawning and reduce 

overall fish biomass. Theoretically, as the reservoir refills with winter precipitation, resources will be 

made available and overall nonnative species biomass reduced, providing an opportunity to stock native 

fishes into an environment free of predatory and competitive pressures (Meronek et al., 1996; Miranda, 

2001; Wicke, 2021). Razorback Sucker experienced a universal population boom following the closure of 
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the first dams on the Colorado River, presumably because nonnative fishes had not yet proliferated, and 

resources were unlimited in the associated reservoirs (Minckley et al., 1983; Mueller & Marsh, 2002). 

Drawdowns have been used to successfully manage fish populations in reservoirs throughout the United 

States (Meronek et al., 1996; Perrin et al., 2006). Drawdowns have most often been used to manage sport 

or forage fish populations, and the pre-existing fish population can rebound quickly after drawdown 

(Paller, 1997). Furthermore, drawdown can concentrate prey fishes and can increase the relative size of a 

target sportfish (Heman et al., 1969), potentially increasing predation on native fishes. More research into 

the impacts of drawing down a mainstem reservoir on stocked native fish is warranted.   

The majority of Razorback Sucker in the Colorado River Basin are today found in reservoirs. 

From 2004-2021, more than 60% of all Razorback Sucker detections on the Verde River were in 

Horseshoe Reservoir. In the Colorado River Basin, the only known self-sustaining population of 

Razorback Sucker is found in Lake Mead, a large mainstem reservoir, and a population is also present in 

Lake Mohave (Albrecht et al., 2010; Marsh et al., 2015). Littoral areas of reservoirs may act similarly to 

the historic floodplains that were important to native Southwestern fishes (Muller & Marsh, 2002; 

Pennock et al., 2021). The inflow of the Verde River into Horseshoe Reservoir provides similar conditions 

to inflows into Lake Mead. A renewed focus on reintroductions into lentic environments may benefit 

Razorback Sucker in the Gila River Basin. Investigations into the survival and behavior of Razorback 

Sucker reintroduced into the Verde River and Horseshoe Reservoir are ongoing.  

 Within Horseshoe Reservoir, water quality could be limiting to Razorback Sucker. Horseshoe 

Reservoir is relatively shallow (max. depth at full reservoir capacity is 22 m) due to significant 

sedimentation that has occurred since the construction of Horseshoe Dam in the 1940s. As such, summer 

surface water temperatures in Horseshoe Reservoir often exceed 32Á C. The thermal preference range for 

Razorback Sucker is 22.9Á ï 24.8Á C (Bulkley & Pimentel, 1993) and fish lose equilibrium and die at 

temperatures of 36.7Á-39.1Á C (Carveth et al., 2006). Temperatures in Horseshoe Reservoir annually 

exceed Razorback Sucker preference and can approach lethal levels, especially in low water years. 
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Furthermore, stratification often results in hypoxic conditions just a few meters below the surface, 

preventing Razorback Suckers from accessing cooler waters in the hypolimnion. Stress associated with 

poor environmental conditions has been shown to increase the incidence of parasitism and disease, which 

contributes to poor health and reduced survival (Landsberg et al., 1998; Macnab & Barber, 2012). 

 Significant downstream dispersal has been observed since Razorback Sucker reintroductions 

began in the Gila River Basin in 1981 (Schooley and Marsh, 2007; Robinson, 2006). Near universal 

downstream dispersal has also been observed on the mainstem Colorado River, the San Juan River, and 

the Green River and is detrimental to reintroduction efforts (Franssen et al., 2021). Flow training 

individuals in hatchery conditions prior to their reintroduction into lotic environments significantly 

increased fish survival and reduced downstream dispersal on the San Juan River (Franssen et al., 2021). 

However, infrastructure to flow train individuals at a large-scale is not yet available to managers of 

Southwest native fishes. In the absence of such infrastructure, managers should expect stocked Razorback 

Sucker to disperse downstream. However, the rare capture of Razorback Sucker in the lotic environments 

near the Beasley Flats and Childs River Access stocking locations suggest some individuals display 

considerable site fidelity in lotic environments. Within fish populations, sedentary and mobile individuals 

can exist, the former moving less than one km from their place of origin and the latter moving significant 

distances, sometimes hundreds of kilometers, from their place of origin (Comte & Olden, 2018). 

Variability in post-stocking dispersal behaviors suggest individual plasticity within stocking cohorts. 

Pennock et al. (2022) found that native fish survival increases, and incidences of intraspecific 

competition and predation decreases, when the density of native fishes is increased relative to nonnatives. 

The average stocking cohort from 2004-2024 was less than 1,000 fish. Increasing the number of fish in 

each stocking cohort could increase fish survival and the likelihood that a population of Razorback 

Sucker can establish in the Gila River Basin.  

The rarity of encounters with Razorback Sucker and a 2021 eDNA investigation in the Gila River 

Basin (Bureau of Reclamation, unpublished data), indicate that the species has not established a 
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population. Further investigations on improving Razorback Sucker survival through removing predators 

and competitors, improving water quality, flow training fish, increasing the size of stocking cohorts, and 

stocking in locations that may improve survival, such as Horseshoe Reservoir, remain as options to help 

establish Razorback Sucker populations in the Gila River Basin.  
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TABLES 

Table 1.1: Stocking records from the Gila River Basin 2004-2021. There are no stockings known to the 

authors of this paper that occurred outside of the Verde River and its tributaries (Fossil Creek).  

Date # stocked Total Weight 

Stocked (kg) 

Mean TL (mm) Stocking 

Location 

Jan 2004 461 328.9 425 Beasley 

Feb 2004 973 433.2 360 Beasley 

Feb 2004 891 480.8 360 Beasley 

Feb 2005 1024 317.5 310 Beasley 

Apr 2005 980 510.3 386 Beasley 

July 2007 45 27.7 475 Beasley 

Apr 2008 99  175 Fossil Ck 

Dec 2009 480  175 Fossil Ck 

Dec 2009 997  175 Fossil Ck 

Mar 2010 1026 192.8 275 Beasley 

Mar 2010 994 217.7 285 Beasley 

Apr 2010 1088 208.7 288 Beasley 

Mar 2011 896 310.3 326 Beasley 

Apr 2011 900 453.6 373 Beasley 

Apr 2012 450 377.8 440 Beasley 

Apr 2012 902 487.6 385 Beasley 

Nov 2014 2500  175 Fossil Ck 

Apr 2016 23 20.4 452 Beasley 

Feb 2018 320  354 Beasley 

Apr 2018 326 83.0 279 Beasley 

Apr 2018 398 205.0 358 Beasley 

Feb 2019 756 159.2 279 Beasley 

Apr 2020 784  423 Beasley 

Total stocked 17313  327  
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Table 1.2: Razorback Sucker captured on the Verde River 2004 - 2021. All Razorback Sucker were 

stocked by Arizona Game and Fish Department (AZGFD). Capture method G (gill net) or E (canoe 

electrofishing). K represents condition factor (K = (W(g)/L(mm)3) * 105). Gill nets were 45.72 m long, 

1.83 m tall, with 1.25 cm to 7.5 cm mesh and were set on the lake bottom, perpendicular to shore. All 

capture locations are georeferenced in Figure 1.2. * = Razorback Sucker that escaped prior to 

measurement. 

Date Location Method TL (mm) WT (g) K GPS 

5-Apr-05 Horseshoe Lk G 490 1370 1.16 34.0460433, -111.7277008 

5-Apr-05 Horseshoe Lk G 426 650 0.84 
34.0460433, -111.7277008 

5-Apr-05 Horseshoe Lk G 478 1130 1.03 
34.0460433, -111.7277008 

5-Apr-05 Horseshoe Lk G 432 830 1.03 
34.0460430, -111.7277008 

5-Apr-05 Horseshoe Lk G 465 990 0.98 
34.0460433, -111.7277008 

5-Apr-05 Horseshoe Lk G 391 570 0.95 
33.9857442, -111.7061398 

5-Apr-05 Horseshoe Lk G 406 660 0.99 
34.0460974, -111.7277013 

6-Mar-06 Horseshoe Lk G 451 790 0.86 
34.0460974, -111.7277013 

6-Mar-06 Horseshoe Lk G 494 1140 0.95 
34.0460974, -111.7277013 

24-May-06 Verde R E 485 970 0.85 
34.2256000, -111.7038110 

24-May-06 Verde R E 440 770 0.90 
34.0997280, -111.7037770 

21-Jun-06 Verde R E 350   34.4524987, -111.7843771 

6-Oct-06 Horseshoe Lk G 445 730 0.83 
34.0460974, -111.7277013 

13-Jul-12 Verde R E 430   
34.5004667, -111.8211636 

13-Jul-12 Verde R E *  *  *  
34.5004667, -111.8211636 

19-Mar-13 Horseshoe Lk E 448   
34.0020380, -111.7358030 

15-Jul-21 Verde R E 517   
34.5046805, -111.8307485 
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FIGURES 

 

Figure 1.1: Map of the Gila River Basin in central Arizona, USA. Major rivers of the basin are Gila River 

(Black) the Salt River (Red), and Verde River (Green).   
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Figure 1.2: Razorback Sucker stockings and detections in the Verde River Basin between 2004-2021. Fish 

total length (mm), weight (g), and capture method (gill netting vs. canoe electrofishing) is in Table 1.2. 
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CHAPTER 2 

SURVIVAL AND MOVEMENT OF RAZORBACK SUCKER XYRAUCHEN TEXANUS IN A RIVER-

RESERVOIR COMPLEX MANAGED FOR NATIVE FISH RECOVERY 
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SURVIVAL AND MOVEMENT OF RAZORBACK SUCKER XYRAUCHEN TEXANUS IN A RIVER-

RESERVOIR COMPLEX MANAGED FOR NATIVE FISH RECOVERY 

 

The Razorback Sucker was once the most abundant of the four ñbig-riverò native fishes in the 

Colorado River Basin with an estimated population size of > 900,000 individuals and a range that 

extended from northern Mexico to southwestern Wyoming (Minckley et al., 1991; Garrigan et al., 2002; 

Mueller & Marsh, 2002). Due to basin-wide population reductions the Razorback Sucker was federally 

listed as endangered in 1991 (USFWS, 1991) but was recently proposed to be downlisted (USFWS, 

2021). The recovery of Razorback Sucker was the result of decades of aggressive conservation actions by 

state, federal, private, and tribal entities (USFWS, 2021). Conservation efforts have included population 

augmentation, nonnative species control, habitat conservation and rehabilitation, and other forms of 

intensive speciesô management (USFWS, 2021; Pennock et al., 2022). However, Razorback Sucker 

remains at risk of extinction without the continuation of current active management (USFWS, 2021). 

 Millions of Razorback Sucker have been stocked throughout the Colorado River Basin (Brooks, 

1986; Schooley & Marsh, 2007), but populations remain small and primarily composed of larger adult 

fish (USFWS, 2018; Pennock et al., 2022; Pennock et al., 2023). Factors limiting the broad success of 

Razorback Sucker include widespread habitat modification (e.g. mainstem dams creating lentic 

environments upstream and cold tailwaters downstream) which has aided the establishment of nonnative 

fishes (Minckley at al., 1991; Rinne & Janisch, 1995; Marsh et al., 2003). Although large Razorback 

Sucker (>300 mm total length [TL]) often survive and reproduce in modified habitats, populations are not 

self-sustaining due to the complete predation of larval and juvenile life stages by nonnative fishes (Marsh 

et al., 2003; Clarkson et al., 2005; Turner et al., 2007). A notable exception is the Razorback Sucker 

population in Lake Mead (Nevada, USA), where some natural recruitment to larger sizes has been 

documented (Albrecht et al., 2010; Albrecht et al., 2017; Pennock et al., 2022). 
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Evidence suggests that stocking Razorback Sucker into lentic environments could enhance efforts 

to establish populations in river basins where previous attempts have failed (Albrecht et al., 2010; 

Albrecht et al., 2017). Razorback Sucker are conventionally known as river fish; however, they 

historically used inundated floodplains and lentic environments for periods of their life history, notably 

rearing (Mueller & Marsh, 2002; Mueller, 2006; Marsh et al., 2024). The Colorado River delta 

downstream of the U.S.ïMexico border was considered a stronghold for the Razorback Sucker prior to 

European colonization, spanning over one million acres of wetland habitat and measuring more than 40 

km wide, and was sustained by large, periodic floods (Mueller & Marsh, 2002). Archeological evidence 

indicates that Razorback Sucker were abundant in the Salton Basin, a large lentic body of water that 

formed along the Colorado River (Gobalet & Wake, 2000; Mueller & Marsh, 2002). In modern times, 

Razorback Sucker persisted and successfully reproduced in small lentic waterbodies free of nonnative 

predators (Bonar et al., 2002; Dowling et al., 2014). The remaining self-sustaining population of 

Razorback Sucker in the Colorado River Basin is currently found in Lake Mead, Nevada (Albrecht et al., 

2017). The Razorback Sucker in Lake Mead are strongly associated with areas of river and wash inflows 

(Albrecht et al., 2010; Albrecht et al., 2017). Researchers believe reservoir level fluctuations, inundated 

vegetation, and high turbidity in these locations provides larval and juvenile Razorback Sucker with 

cover, thus allowing them to avoid predation and recruit to adult life stages (Albrecht et al., 2010). 

Attempting further Razorback Sucker recovery in lentic environments could provide an additional 

pathway to Razorback Sucker recovery throughout the Colorado River Basin.  

Conservation efforts in both the upper and lower Colorado River Basin have had notable 

successes and populations of Razorback Sucker have been established in Lake Mead, NV, Lake Mohave, 

AZ and NV, the mainstem Colorado River both up and downstream of Lake Powell, the San Juan River, 

and the Green River among others (Marsh et al., 2015), resulting in the speciesô proposed downlisting 

from endangered to threatened (USFWS, 2021). However, Razorback Sucker recovery efforts in the Gila 

River Basin (NM and AZ, USA) to date have been unsuccessful. More than 12 million Razorback Sucker 
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have been stocked into the Gila River Basin, but less than 200 have ever been recaptured (Mueller & 

Marsh, 2002). Poor water quality, stresses associated with stocking practices (Schooley & Marsh, 2007), 

high parasite load (Creef et al., 1992), and lack of adequate habitat have contributed to the failures 

(Hendrickson, 1993); however, predation remains the primary factor limiting Razorback Sucker success 

(Marsh & Langhorst, 1988, Schooley at al., 2008). Marsh and Brooks (1989) reported that > 900 

Razorback Sucker were consumed by ictalurid catfish within 48-hrs of their stocking in the Gila River 

Basin. Bonar et al. (2004) and Johnson et al. (2008) found black basses, abundant in the Gila River Basin 

to be a primary predatory threat to native fishes. Since the late 1990s, the stocking of Razorback Sucker in 

the Gila River Basin has concentrated exclusively on the Verde River (AZ; Jenney, Chapter 1), where the 

last wild Razorback Sucker was observed in 1954 (Wagner, 1954) and 200 km of river are protected as 

critical habitat for the species (USFWS, 1994). Since 2004, 17,000 Razorback Sucker have been stocked; 

however, < 0.10% of these fish have been recaptured, and a population has yet to establish (Schooley & 

Marsh, 2007; Jenney, Chapter 1).  As such, methods to improve the post-stocking success of Razorback 

Sucker within the Gila River Basin remain of interest. 

Horseshoe Reservoir, the furthest upstream impoundment on the Verde River, is managed by the 

Salt River Project with the objective, conditional on other operational goals (e.g. water supply to the 

Phoenix Metropolitan area), of native Arizona species management, including minimizing the 

reproduction, recruitment, and survival of nonnative fishes through periodic rapid drawdowns (Wicke, 

2021). Following these drawdowns, the reservoir is typically held at high water elevation to facilitate the 

stocking of native fishes. In theory, this management strategy can reduce the biomass of nonnative species 

while also creating an environment with abundant resources and relatively few predators and competitors 

as water levels rise with winter and spring precipitation (Wicke, 2021). In sportfish management, 

drawdowns have been used to disrupt spawning by dewatering nests and fry when timed near spawning 

periods (Heman et al., 1969; Sutela et al., 2002); to reduce biomass of overabundant forage fishes by 

displacing them from littoral cover into open areas where they are more vulnerable to predation (Heman 
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et al., 1969); and to enhance reproductive success of target species by allowing vegetative seedlings to 

establish prior to inundation, thereby providing cover and nutrients during spawning periods (Miranda, 

2001). To my knowledge, no published reports exist of using reservoir drawdown to promote Western 

native fish recovery. Nonetheless, these operational strategies and the environmental conditions in 

Horseshoe Reservoir, specifically at the inflow of the Verde River, could mimic those conditions believed 

to support successful establishment and recruitment of Razorback Sucker in Lake Mead, NV.  I found no 

previously documented stockings of Razorback Sucker in Horseshoe Reservoir. The management and 

environment of Horseshoe Reservoir may support the successful establishment of a population of 

Razorback Sucker within the Gila River Basin.  

My goal was to evaluate the success of stocking Razorback Sucker into a previously drawn down 

and then refilled mainstem impoundment (i.e., Horseshoe Reservoir). I stocked Razorback Sucker into the 

Verde River, Arizona, annually for three years (2022, 2023, and 2024) following the complete drawdown 

of Horseshoe Reservoir in 2021, with no reservoir management actions taken in 2022ï2023 to allow for 

natural filling and fluctuations driven by basin hydrology and water availability. Each year, I stocked one 

half of each annual cohort into Horseshoe Reservoir and the other half into the mainstem Verde River 

upstream of the reservoir. I then tracked each cohort of fish through time to, 1. Evaluate the annual 

survival of Razorback Sucker in both Horseshoe Reservoir and the mainstem Verde River, 2. Test if 

stocking in the reservoir improves survival compared to stocking in the river, and 3. Identify any 

environmental or management variables associated with Razorback Sucker post-stocking success which 

could inform and improve future stocking efforts in the Gila River Basin. 

METHODS 

Study Area 

 The Verde River, a major tributary of the Salt River, is in the Gila River Basin of central Arizona 

and is one of the largest perennial rivers remaining in Arizona. The upper 200 km of the Verde River is 
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free flowing without any major impoundments and the river, from Horseshoe Dam upstream to its source, 

is designated as critical habitat for the Razorback Sucker (Averitt et al., 1994; USWFW, 1994). At its 

source, the elevation of the Verde River is 1,325 masl and at its confluence with the Salt River is 402 masl 

(Averitt et al., 1994). The furthest upstream impoundment of the Verde River is Horseshoe Reservoir with 

a surface area of 790 ha at full capacity. Horseshoe Dam and Reservoir are operated by the Salt River 

Project and provide water to the Phoenix metropolitan area. The reservoir is periodically drawn down to 

reduce nonnative fish biomass (Wicke, 2021). Prior to this study, Horseshoe Reservoir was last dewatered 

in April 2021. Nonnative fish in Horseshoe Reservoir and the Verde River include Smallmouth Bass 

Micropterus dolomieu, Largemouth Bass Micropterus nigricans, Redeye Bass Micropterus coosae, 

Bluegill Lepomis macrochirus, Redear Sunfish Lepomis microlophus, Green Sunfish Lepomis cyanellus, 

Goldfish Carassius auratus, Common Carp Cyprinus carpio, Red Shiner Cyprinella lutrensis, Western 

Mosquitofish Gambusia affinis, Channel Catfish Ictalurus punctatus, and Flathead Catfish Pylodictis 

olivaris, among others. Extant native fishes include the Desert Sucker Catastomus clarkii, Longfin Dace 

Agosia chrysogaster, Roundtail Chub Gila robusta, and Sonora Sucker Catostomus insignis. Spikedace 

Meda fulgida, Speckled Dace Rhinichthys osculus, Razorback Sucker, and Loach Minnow Rhinichthys 

cobitis are reported as extirpated from the mainstem Verde River and Horseshoe Reservoir (Rinne, 2005).  

 Verde River streamflow and Horseshoe Reservoir elevation are affected by a bimodal distribution 

of precipitation which includes wet-winters and summer monsoonal rains (Neary & Medina, 2012). The 

minimum flow throughout the three-year study period in the mainstem Verde River was 1.52 cms (July 

2023) and the maximum flow was 2,775 cms (March 2023; USGS Gage 09508500 Below Tangle Creek; 

USGS, 2025).  

Fish and Tagging 

 I obtained Razorback Sucker from the U.S. Fish and Wildlife Service (USFWS) Southwestern 

Native Aquatic Animal Recovery Center (SNAARC) in Dexter, NM. I stocked a total of 6,463 Razorback 

Sucker into the Verde River. A total of 198 Razorback Sucker were radio and PIT tagged and 6,265 fish 
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were exclusively PIT tagged (Table 2.1). Of the total annual stocking cohort, 70% in 2022, 79% in 2023, 

and 44% in 2024 were Ò 250 mm and the remaining fish were > 250 mm TL. Each year, I randomly 

selected a subset of Razorback Sucker > 250 mm TL from the annual stocking cohort to implant with 

radiotransmitters (LOTEK Wireless, Ontario, Canada; Model MCFT2-3BM,). In 2023 and 2024, I 

incorporated mortality signals into the radiotransmitter to more accurately monitor and estimate time of 

death. Radiotransmitters had an estimated battery-life of ~ 340 days. I used radiotransmitters with a whip 

antenna to improve the effective transmission range of radio-signals as the Verde River system is often 

turbid resulting in radio-signal attenuation. Additionally, radio transmitters with internally coiled antennas 

are 30-50% larger and experience a 70-80% decline in detection range as compared to whip antennas 

(Winter, 1996; M. Knoff, LOTEK Wireless, pers. Comm, May 2021). To implant radiotransmitters, I 

removed a Razorback Sucker from its holding tank and anesthetized it using tricaine methanesulfonate 

(MS-222) administered via bath. I measured (TL) and weighed (g) the fish prior to placing it on 

moistened and clean towel with its ventral side positioned upwards. I used a surgical squirt bottle to 

provide flowing oxygenated water to the fishôs gills throughout the procedure and provided additional 

MS-222 in the same manner if the anesthetic began to wear off. To implant the radiotransmitter, I made a 

3-5 cm incision into the peritoneal cavity adjacent and slightly posterior of the pelvic fin and inserted the 

tag into the peritoneal cavity through the incision. I used a modified catheter and the shielded needle 

technique to puncture the body cavity to allow the tagôs antenna to exit the body roughly 3-5 cm posterior 

and 2-3 cm dorsal of the original incision (Rub et al., 2014). All tags weighed <5% of the individualôs 

total mass (Brown et al. 1999) similar to previous studies involving Razorback Sucker (Bogaard et al., 

2024). Additionally, I implanted a passive integrated transponder (PIT Tag; Biomark, Boise, Idaho; Model 

ATP-12) into the peritoneal cavity. I then closed the incision with 2-3 external interrupted sutures (4/0 

monofilament). Following surgery, I returned the individual to its original holding tank. I salted each 

holding tank following the completion of all surgeries to minimize stress and the risk of infection. I PIT 

tagged the remaining fish (~2000 each year) using an MK-25 PIT tag implanter and ATP-12 preloaded 

PIT tag trays (Biomark). I inserted the PIT tag into the peritoneal cavity, adjacent to the left pelvic fin 
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(Persons et al., 2013). I measured all fish (TL) and weighed (g) the first 500 fish each year. I then used a 

linear regression model to estimate the weights of the unweighted fish, log(W) = log(a) + b * log(L). I 

returned tagged fish to their original holding tank. I allowed all fish to recover for a minimum of 6-weeks 

prior to stocking. The holding tank was subdivided into two sections by a board-spacer, and I randomly 

split the group by alternating which side of the tank the fish was returned to, where I placed the first 

tagged fish on one side, the second tagged fish on the opposite, and so on until I processed the entire lot. I 

then randomly assigned one group as ñreservoir-stockò and one as ñriver-stockò. 

Stocking 

 I stocked the three annual cohorts of Razorback Sucker on March 18, May 2, and April 4, 

respectively. I delayed the 2023 stocking until May due to a historical flooding event preventing access to 

the study site. On March 18, 2022, flow in the Verde River was 10.99 cms and Horseshoe Reservoir was 

7% full, on May 2, 2023, flow in the Verde River was 9.18 cms and Horseshoe Reservoir was 99% full, 

and on April 4, 2024, flow in the Verde River was 53.24 cms and Horseshoe Reservoir was 79% full 

(Figure 2.1). Fish were transported (~ 1050 km) to the Verde River by SNARRC staff in a 3,785 L (two 

1,893 L compartments) hatchery stocking trailer that was supplemented with oxygen, following regular 

U.S. Fish and Wildlife Service hatchery protocol. I maintained the previous ñreservoir-stockò and ñriver-

stockò division during transport, tempering, and stocking. Upon arrival, I transferred the Razorback 

Sucker, and the water used for transportation from the SNARRC hatchery trailer to a separate hatchery 

trailer, as I had concerns regarding Verde River water contaminating SNARRC hatchery equipment. My 

hatchery trailer had three individual holding tanks of 1,136 L and I provided supplementary oxygen to 

each tank throughout the tempering process. I tempered fish by transferring 95 L of water from the Verde 

River into each 1,136 L holding tank every 15-min for a minimum of 90 minutes or until water 

temperatures within the holding tanks were within 1Á C of the water temperature the Verde River system. 

Once acclimated, I stocked the river cohort prior to stocking the reservoir cohort. To stock the river 

cohort, I contracted a Bell-212 helicopter with a 2,500 lbs carrying capacity to sling load fish upstream to 
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the mainstem river stocking location that is otherwise inaccessible to vehicles (Figure 2.2). I used a 

modified 910 L Bambi bucket (SEI Industries, British Columbia, Canada; Model: BB2024) 

conventionally used for firefighting to transport ~ 380 fish per load. The flight from the tempering 

location to the stocking location took 7-9 minutes and the full lot of river-stocked fish was transported in 

3-4 total loads. Further details regarding the aerial stocking of Razorback Sucker into remote locations 

can be found in Chapter 3 of this dissertation (Jenney, Chapter 3). I then stocked the ñreservoirò cohort by 

moving the hatchery trailer to the shore at Horseshoe Reservoir and releasing the Razorback Sucker 

through the outflow valves on the hatchery trailer.   

Data Collection 

 I tracked Razorback Sucker in the river and reservoir using passive radio-telemetry tracking, 

active (mobile) radiotelemetry tracking, and passive PIT tracking. For passive radio-tracking, I 

constructed seven remote telemetry stations (hereafter telemetry towers; Figure 2.2), consisting of a 

datalogger (LOTEK Wireless, Ontario, Canada; Model SRX1200-D), a 12-volt deep-cycle battery, a 50-

watt solar panel with solar controller, and one or two 4-element Yagi antennas (WADE Antenna, Ontario, 

Canada) attached to the top of a 3-m pole. Towers 1, 2, 4 and 5 each had two antennas to monitor 

directional movements (Figure 2.2). I determined telemetry tower location systematically to ensure 

maximum coverage across the river and reservoir with one additional telemetry tower constructed 

downstream of Horseshoe Dam to detect any Razorback Sucker that emigrated from the system and out of 

the study area. I operated telemetry towers continuously throughout the study period. I was forced to 

move one telemetry tower (Tower 3; Figure 2.2) 500 m upstream following the flood of spring 2023. I 

recorded the individual Fish ID, date and time of recording, the antenna number (if two antennas were 

used at the telemetry station), and the received signal strength (RSSI) to monitor telemetered Razorback 

Sucker. In 2022, I did not have a mortality signal incorporated into the radiotransmitters, and I evaluated 

the status (live or dead) of a fish by examining detection records. If the RSSI of the individual remained 

unchanged throughout a monthly detection period, I assumed the fish was dead and attempted to locate 
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and ñspookò the fish during the next mobile telemetry survey (described below). In 2023 and 2024, 

mortality signals allowed me to identify mortalities immediately as a unique signal would register if a fish 

remained stationary for a period of >12-hours.  

 I conducted mobile telemetry surveys monthly until the radiotransmitter batteries died 

(approximately 340 days after surgery) to detect fish outside the range of the stationary telemetry stations 

and to determine the fishôs exact spatial locations. I floated the mainstem Verde River in an inflatable raft 

and scanned the entire study area with a datalogger (Lotek Wireless, Ontario, Canada; Model SRX1200-

M) equipped with an H-type antenna. I floated the middle of the river scanning each side of the river. 

When a fish was detected, I took additional telemetry readings from multiple locations and evaluated 

maximum RSSI, which allowed me to determine the location of the fish. When the fish was located, I 

marked the location on a mobile GIS (ESRI, Redlands, CA; GIS Fieldmaps) and recorded the FishID, 

maximum RSSI, current state (alive / dead), water temperature (C), depth (cm), mesohabitat (pool, riffle, 

run), substrate type (modified Wentworth scale), and turbidity (NTUs; Hach, Loveland, Colorado; Model 

2100Q). In 2022, I recorded a fish as dead if it was detected in the same location during consecutive 

mobile surveys and if it remained stationary after attempts to ñspookò the fish from its location. In 2023 

and 2024 I used the mortality signal to determine if a fish was dead. If a fish was recorded as ñdead,ò I 

attempted to locate and recover the tag to identify cause of death. This proved difficult as the Verde River 

is often turbid and deep. On the reservoir, I circumnavigated the reservoir shoreline in a motorboat (<8 

khp) maintaining 150-200 m from the shoreline. Following complete circumnavigation, I traveled 

transects through the middle of the reservoir ensuring full coverage of the reservoir. When a fish was 

detected, I maneuvered the boat to record RSSI from multiple locations allowing me to identify the fishôs 

location. I marked the location on the same mobile GIS platform as described earlier and recorded the 

FishID, maximum RSSI, water temperature, and turbidity. I used a bathymetric map of Horseshoe 

Reservoir collected via LiDAR in 2021 and subtracted the bathymetric elevation from the current 
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reservoir elevation to identify the total depth where the fish was detected and calculated distance-to-shore 

via GIS (ESRI ArcGIS, Redlands, CA).  

 I also tracked Razorback Sucker survival via submersible PIT antennas (Biomark, Boise, Idaho; 

Model: Submersible Antenna System 0.9 m and 1.5 m with IS10001 system). I anchored PIT antennas in 

littoral areas of the river and reservoir environment. I operated 5-9 PIT antennas throughout the study 

period, the number varying due to flooding, equipment failure, theft, and vandalism. At the start of the 

study, I randomly placed PIT antennas throughout the river and reservoir. As the study progressed, I used 

telemetry detections to refine the location of PIT antennas to maximize detection probabilities. Once 

suitable locations were identified, the spatial location of PIT antennas remained consistent over the study 

period, except for one antenna that I periodically moved to new areas of interest. Submersible PIT 

antenna arrays had a battery life > 40 days. I downloaded data from the array datalogger and changed 

batteries during each monthly telemetry survey.  

Environmental Data 

I measured dissolved oxygen profiles, water temperature (ÁC), and conductivity (ÕS/cm) in 

Horseshoe Reservoir each month from April through November roughly 400 m north of Horseshoe Dam 

in the deepest part of the reservoir with a YSI ProPlus meter (YSI, Yellow Springs, OH). I recorded the 

reservoir elevation (SRP, 2025; proportion full), air temperature (ÁC; NCEI, 2025), surface water 

temperature (ÁC), depth to thermocline (m), and the temperature .5 m above the thermocline (ÁC). I 

recorded reservoir elevation at the time of sampling and calculated the monthly mean of daily maximum 

air temperatures. I measured surface turbidity (NTU; Hach, Loveland, Colorado; Model:2100Q) at 

multiple locations in the reservoir, including the boat ramp, bays to the east and west of Horseshoe Dam, 

and at the inflow of the Verde River. On the river, I recorded daily flow measurements (cms) from USGS 

Tangle Creek gage (09508500), located ~ 1.2 km downstream of the river stocking location. During each 

monthly mobile survey, I also recorded water quality and habitat parameters described above at the 

location of each fish detection.  
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 To index predator pressure on Razorback Sucker in the mainstem Verde River (CPUE), I 

examined Arizona Game and Fish electrofishing data from their September 2023 survey (Cole and Jones 

2024) for nonnative fish predators. Using raft electrofishing, they sampled eleven 500-m sites over 52 km 

of the Verde River, ending at my mainstem river stocking location. In Horseshoe Reservoir, I sampled 

with a boat electrofisher (Smith-Root, Vancouver, Washington; Model: Apex Boat Control Box) and 

standardized for power by adjusting the peak current based on water conductivity measurements (Miranda 

et al., 2024). I conducted two electrofishing surveys in 2023 (June and July) and one electrofishing survey 

in 2024 (April). During the 2024 survey I used two electrofishing boats sampling concurrently in different 

locations of Horseshoe Reservoir. I identified all fish species and measured total length to the nearest 

1mm. I conducted electrofishing surveys following standard methods for warmwater fish in rivers and 

warmwater fish in large standing bodies of water for river and reservoir surveys, respectively (Miranda et 

al., 2024; Pracheil et al., 2024). Additionally, during peak breeding season (April-June) of 2023 and 2024, 

I conducted day-time visual counts of cormorants (Nannopterum auritum & Nannopterum brasilianum) 

monthly throughout the entire study area and counted active cormorant nests present at the north of 

Horseshoe Reservoir at a known rookery location.  

Data Analysis 

I used mark-recapture models to examine four different scenarios: (1) a comparison of survival 

for reservoir stocked and river stocked telemetered Razorback Sucker > 250 mm TL (Burnham Model); 

(2) survival and movement of telemetered Razorback Sucker > 250 mm TL in the reservoir and river 

regardless of stocking location (multistrata model); (3) survival of PIT tagged reservoir and river stocked 

Razorback Sucker of two different size classes (< 250 mm TL and Ó 250 mm TL; Cormack-Jolly-Seber 

[CJS] model); and (4) effects of environmental conditions on the survival of both the telemetered and PIT 

tagged Razorback Sucker (Bayesian survival model, principal components analysis, and logistic 

regression). I built capture histories for each individual fish and analyzed the survival of telemetered, and 

PIT tagged fish independently. I assumed that any fish that emigrated from the system by dispersing 
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through Horseshoe Dam, as identified by PIT or radiotelemetry, was dead. I detected no Razorback 

Sucker that emigrated upstream and out of my study area based on radiotelemetry, which recorded both 

upstream and downstream movement. Additionally, PIT telemetry arrays did not detect any Razorback 

Sucker upstream of the stocking pool. Therefore, I considered the system 'closed' for modeling survival 

across stocking years and between river and reservoir locations.  

Scenario 1 

Data collected from radiotelemetered fish had clear ñliveò and ñdeadò states and I therefore used 

a known-fate Burnham Model to model survival probability (S), probability of detecting a live fish (p), 

probability of recovering a dead fish (r), and probability of a fish remaining in the study area (i.e., fidelity; 

F; Burnham et al., 1987). Because I assumed all live detections and dead recoveries occurred within the 

study area, I fixed the value of F to 1. Capture histories in a Burnham model are structured as live-dead 

detections, e.g. ñLDLDò, where each time interval is represented by an LD pair with the first digit 

representing if it was detected alive and the second representing if it was recovered dead (Burnham et al., 

1987; Burnham, 1993). For example, a fish that was detected alive on occasion 1, detected alive on 

occasion 2, and found dead in sampling period 3, would have a detection history of ñ101001ò. Each 

capture history therefore had nine capture occasions, the original stocking, event and eight subsequent 

monthly capture occasions, for a total of 18 characters. However, due to relatively low detections in 

month 8 and month 9, I collapsed those two months into a single sampling period to help model 

convergence.  I modeled S, p, and r as functions of time (i.e., capture occasion), stocking group (lake [L] 

or river [R], and stocking year. I first fit a null model holding S, p, and r constant. Because of model 

convergence issues, I iteratively added covariates to these three model terms to develop a set of 10 

candidate models. I then selected the top models using Akaikeôs Information Criterion corrected for small 

sample size (AICc) and reported the top-ranked model and considered additional models with ȹAICc Ò 

2.0 as having support (Akaike, 1974; Burnham & Anderson, 2002). I fit all models in Program MARK 
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(version 11.x; White & Burnham, 1999) using RMark (version 3.0.0; Laake, 2013) in Program R (version 

4.5.; R Core Team, 2024). 

Scenario 2 

 To estimate survival while accounting for the potential movement of fish between stocking 

environments (e.g. a river stocked fish that transitioned into the reservoir or lake stocked fish transitioning 

into the river environment), I used multistrata models. These models estimated survival (S), probability of 

detecting an individual (p), and the probability of moving (i.e., transitioning) between stratum conditional 

upon having survived the preceding sampling interval. Within the multistrata model, I defined two states 

(i.e., stratum): ñLò for fish in the reservoir and ñRò for fish in the river. Due to overparameterization, I 

collapsed the 9 sampling periods into four periods by combining monthly detections. I then constructed a 

set of seven candidate models with S, p, and Psi held constant then varying by covariates time and current 

state (L v R). I selected the top models using AICc and considered additional models with ȹAICc Ò 2.0. I 

fit all models in Program MARK (version 11.x; White & Burnham, 1999) using RMark (version 3.0.0; 

Laake, 2013) in Program R (version 4.5.; R Core Team, 2024). 

Scenario 3 

I used a Cormack-Jolly-Seber (CJS) model (citations) to estimate apparent survival (phi) of PIT-tagged 

fish. The CJS model cannot distinguish between true survival and permanent emigration. However, 

because we assumed that any fish that permanently left our study area was dead, we consider phi to 

represent true survival. I evaluated survival within the first 9-month post-stocking to standardize 2022 (33 

detection periods), 2023 (19 detection periods), and 2024 (9 detection periods) data to the same time 

scale. I created capture histories where ñ1ò meant a fish was detected and ñ0ò meant a fish was not 

detected. I used a global CJS model with all the years combined. In the global model, I combined 

detection data into 4, 2-month time intervals for the first 9 months following each stocking. I modeled Phi 

(survival) and p (detection probability) as varying by covariates time after stocking, year, fish length (J = 
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<250 mm TL and A = Ó 250 mm TL), and stocking location (L v R). This resulted in 16 candidate models. 

I again used AICc, reported the top model, and considered all other models with a ȹAICc Ò 2.0 as 

substantially supported. I fit all models in Program MARK (version 11.x; White & Burnham, 1999) using 

RMark (version 3.0.0; Laake, 2013) in Program R (version 4.5.; R Core Team, 2024). 

Scenario 4 

 To examine the effects of environmental variables on fish survival within the reservoir, I 

calculated monthly mean values for environmental variables maximum daily air temperature (NCEI 

2025), reservoir elevation (proportion full), reservoir surface temperature, depth to thermocline, and 

temperature immediately above the thermocline. I did not explicitly include dissolved oxygen as an 

environmental variable as it varied by depth and dissolved oxygen levels were implicitly captured by 

depth to thermocline, where below the thermocline dissolved oxygen was < 3 mg/L (lethal levels) and 

above the thermocline dissolved oxygen was > 5 mg/L during all sampling occasions. I then used a 

principal components analysis (PCA) as a method of data reduction (McGarigal et al., 2000), reducing the 

five original environmental variables into two, PC1 and PC2. I arc-sine transformed the variable reservoir 

elevation and z-score standardized (scaled) all variables to mean = 0 and variance = 1 prior to running the 

PCA (McGarigal et al., 2000). I then examined the PC loadings table and extracted PC scores which I 

then used in a logistic regression analysis of survival. To calculate monthly survival estimates I 

constructed a Bayesian survival model with uninformed priors and estimated survival for each stocking 

cohort (2022,2023, 2024) at each monthly time interval from stocking until end of tag life (9 total 

detection periods) for both radiotelemetered and PIT telemetered fish. I used the Bayesian model, as the 

frequentist Burnham Model was over parameterized with each stocking cohort and time interval included 

in the model. The Bayesian model allowed for a survival estimate for each month, which was useful in 

determining how environmental variables impacted cohort survival through time. I then extracted the 

posterior means and 95% credible intervals for monthly survival probability from the Bayesian Burnham 
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survival model. I then modeled the posterior survival means as a function of both PC1 and PC2 using a 

generalized linear model with a binomial error distribution and logit link.   

 

RESULTS 

Scenario 1 

 To model survival (S), detection probability (p), and dead recovery probability (r) of 

radiotelemetered fish I included 10 candidate models (Table 2.2). The Burnham model parameterized as S 

(~Year+Time) p (~time) r (~1) F (=1) was the top model with overwhelming support (AICc weight = 

0.999). Apparent survival varied by year and time. I found no significant difference in the survival 

probability between Razorback Sucker stocked in 2022 and 2023 (Year2023 ɓ= -0.379, 95% CI: -0.847, 

0.089); however, Razorback Sucker survival was significantly higher in 2024 as compared to the previous 

two stocking years (Year2024 ɓ= 1.017, 95% CI: 0.517, 1.515; Figure 2.3). In 2022, six Razorback 

Sucker were recorded on the telemetry antenna downstream of Horseshoe Dam. These fish were assumed 

dead in the survival model as they had permanently left the study area, though the true fate of these fish 

was unknown. Additionally, survival estimates varied by time. Survival in later time intervals (e.g. time2 

ɓ = -1.940, 95% CI: -3.597, -0.283; time8 ɓ = -6.538, 95% CI: -9.647, -3.429) was consistently lower, 

suggesting declines in survival with increased time post-stocking (Figure 2.3). Models that included S and 

p varying by stocking location, reservoir or river, [S (~stocking location) p (~ stocking location)], had 

little support. The detection probability (p) of Razorback Sucker also varied significantly over time, with 

negative estimates for all time intervals relative to the intercept, which indicates a reduced capture 

probability after the initial detection period. The model that included p (~stocking location) would not 

converge and was discarded. The probability of recovering a dead Razorback Sucker was held constant. If 

an animal died, there was a 0.763 probability that it would be recovered in the next time interval.  

Scenario 2 
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 I found support for one of the six candidate multistrata models (used to model survival within 

each stratum and the transition probabilities between strata; Table 2.3). The top model (AICc weight = 

0.824) was parameterized as S (~tostratum + time) p (~1) Psi (~tostratum + time). Survival in the river 

was significantly less than in the reservoir (River ɓ = -0.695, 95% CI: = -1.248, -0.143) and overall 

survival declined with increasing time post-stocking. P was constant (p ɓ = 2.208, 95% CI: 1.028, 3.389) 

and overall detection probability was 0.90. The top model estimated that the transition probability from R 

to L in time1 was 0.413 (time1 ɓ = -0.349, 95% CI: -0.923, 0.225) and this increased to 1.264 in time2 

(time2 ɓ = -0.473, 3.001), though neither was statistically significant. Psi in time3 could not be estimated 

as I observed no fish transitioning during this time interval and the model thus estimated at a boundary. 

Within the first 3 months post stocking, 41.4% of river stocked fish transitioned into the reservoir and 

from month 4-6 post stocking, 71.4% of river stocked fish transitioned to the reservoir environment. I 

observed no fish transitioning from the reservoir to the river throughout the study period. Although the 

model estimated a non-significant transition probability in time interval 1 or 2, empirical data showed that 

all river-stocked, radiotelemetered fish were either dead or had moved into the reservoir environment by 

July, regardless of the year. Once in Horseshoe Reservoir, fish were observed in two primary locations, at 

the north end of Horseshoe Reservoir near the inflow of the Verde River and in a small bay immediately 

east of Horseshoe Dam. 

Scenario 3 

 I included twelve candidate CJS models and of those, one model was highly supported (AICc 

weight = 1.000) with parameterization Phi (~size) p (~Year; Table 2.4). Models with Phi varying by 

stocking year were not supported with AICc. In the top model, juvenile Razorback Sucker survival was 

significantly lower than adult Razorback Sucker survival (Juv ɓ = -0.834, 95% CI: -0.974, -0.693). The 

detection probability for all Razorback Sucker was highest in 2022 (p2022 ɓ = 0.307, 95% CI: -1.861, -

1.278) and was significantly lower in subsequent years, with 2023 having a significantly lower p than 

2022 (2023 ɓ = -1.569, 95% CI: -1.861, - 1.278) and 2024 (2023 ɓ = -0.5047, 95% CI = -0.912, -0.097).  
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Scenario 4 

 Mean daily air temperature maximums in 2022, 2023, and 2024 were similar and the hottest 

month in each year was July with a mean daily maximum air temperature of 44.2 ÁC (NCEI 2025). I 

recorded the hottest air temperature in 2023 (July 2023 = 45.9ÁC). Reservoir elevation differed among 

years; Horseshoe Reservoir averaged 5.56% full in 2022, 84% full in 2023, and 69% full in 2024 (Figure 

2.1). Mean surface water temperature from March ï November was similar among years, achieving the 

highest temperature (32.6 ÁC) in July of 2022. Each year, Horseshoe Reservoir was stratified from June 

until November. Minimum depth to thermocline was <1.00, 4.57, and 5.79 m below the water surface in 

2022, 2023, and 2024 respectively (Table 2.5). Water quality in Horseshoe Reservoir was most limiting in 

July and August (Table 2.5). On the mainstem Verde River flow ranged from 1.57 cms (July 2023) to 

2,811.86 cms (March 2023). Water temperature from April ï November, ranged from a low of 7.5Á C in 

November 2022 to a high of 30.7Á C in July 2023 (Table 2.6). Water temperatures peaked in July in all 

three sampling years (mean = 29.2Á C). Dissolved oxygen never fell below 8.0 mg/L on the mainstem 

river. Turbidity ranged from 4 NTU in November 2023 to 408 NTU in August 2022, and the total mean 

turbidity throughout the study was 44.0 NTU (Table 2.6). All river-stocked fish had died or dispersed into 

Horseshoe Reservoir by July in all three seasons and water quality in April ï June was within Razorback 

Sucker tolerances (Bulkley & Pimentel 1983; Carveth et al. 2006). Because environmental conditions on 

the mainstem Verde River remained in tolerable ranges when Razorback Sucker were present in the river 

environment, they were not included in the survival analysis.     

In the PCA analysis, covariates thermocline temperature, surface temperature, and air temperature 

were positively correlated and depth to thermocline was negatively correlated to those variables (Table 

2.7). PC1 accounted for 85.5% of the variation in the dataset and PC2 accounted for 8.9%. Principal 

component (PC) loading scores indicate how strongly each original variable contributes to a given 

principal component, with higher absolute values showing greater influence. Thermocline temperature 

(PC loading: 0.610), surface temperature (PC loading: 0.558), and air temperature (PC loading: 0.531) 
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were the highest loading variables on PC1 (Table 2.7). PC2 included air temperature (PC loading: -0.753), 

depth to thermocline (PC loading: -0.439), and thermocline temperature (PC loading: 0.482; Table 2.7). I 

found survival of radiotelemetered fish > 250 mm TL to be negatively related to PC1 (ɓ = -0.598, SE = 

0.081, P < 0.001) and survival was not related to PC2 (ɓ = 0.020, SE = 0.074, P = 0.783). The lowest 

survival in 2022 and 2023 occurred in July and August; however, in 2024 the lowest survival was 

observed in October and November. Similarly, PC1 was significant in my logistic regression model for 

PIT tagged fish which include both size classes of Razorback Sucker (ɓ = -0.436, SE = 0.024, P <0.001), 

but survival was positively related to PC2 (ɓ = 0.645, SE = 0.022, P < 0.001), with survival increasing 

with lower air temperatures, increased depth to thermocline, and higher thermocline temperatures. The 

lowest survival of PIT tagged fish was observed in July and August, regardless of the stocking year.  

Predator Load 

 In 2023, AZGFD electrofished 5,500 m of the mainstem Verde River (total 85.8 minutes power 

applied). They captured mostly nonnative fish (98%) and the only native species captured was the Sonora 

Sucker (CPUE = 2.14 fish/hr). Flathead Catfish were the most abundant nonnative fish species (CPUE = 

31.68 fish/hr [5.88 fish/hr Ó stock length]). Red Shiner (CPUE = 26.11) and Common Carp (CPUE = 

23.41 fish/hr) were likewise abundant (Cole & Jones, 2024). They also captured Bluegill, Largemouth 

Bass, Smallmouth Bass, and Channel Catfish during river electrofishing surveys. Hybrid Smallmouth 

Bass X Redeye Bass are known in the Verde River, but any potential hybrids were identified as 

Smallmouth Bass in this survey. In Horseshoe Reservoir, I electrofished a total of 190.0 min power 

applied. Largemouth Bass (CPUE 113.0 fish/hr [7.7 fish/hr Ó stock length]) and Green Sunfish (54.6 

fish/hr) were the most abundant fish species captured. I captured three Razorback Sucker < 24 hrs post-

stocking. One of the three Razorback Sucker (225 mm TL) was found lodged in the mouth of a 

Largemouth Bass (455 mm TL) confirming fish predation occurred (Figure 2.4). The peak number of 

cormorants that I counted in Horseshoe Reservoir was 587, and I counted 103 active nest sites in May ï 

June of 2024 at the known rookery. I detected 521 cormorants in 2023 and 81 active nests in May ï June 
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of 2023. I did not conduct visual surveys of cormorants in 2022; however, the known rookery was not 

occupied as it was >2 km from the waterôs edge.  

 

 

DISCUSSION 

 The survival of Razorback Sucker 9 months post-stocking into the Verde River system was < 6% 

in each of the three stocking years. The 2024 stocking cohortôs survival was significantly greater than the 

previous two-stocking years. Models for the radiotelemetered (> 250 mm TL) fish found survival in 2024 

to be 5.7%, but models for PIT telemetered fish of two size classes found no significant difference in 

survival among stocking cohorts. The 2022 stocking cohort had 33 detection periods, and the 2023 cohort 

had 18 detection periods and when looking at the data beyond the immediately 9-months post-stocking, I 

recorded no fish from the 2022 cohort after January 2022 (10 months post stocking) on PIT antennas; 

while I recorded 18 fish from the 2023 stocking cohort on PIT antennas in October and November of 

2024 (18 month survival). The study ended in November of 2024 and I therefore do not have information 

on survival beyond 9 months for the 2024 stocking cohort. Empirical observations suggest that survival in 

2022 was 0%; while fish from the 2023 cohort and 2024 cohort were still alive in Horseshoe Reservoir at 

the end of this study. The fish that survived 18 months from the 2023 cohort averaged 288 mm TL. 

 Survival estimates from radiotelemetered and PIT tagged fish were similar, with some notable 

differences. I estimated that Razorback Sucker > 250 mm TL survive at a higher rate than fish < 250 mm 

TL. Others have also found that stocking large fish is important for Razorback Sucker Survivial (Nestler 

et al., 2003; Zelasko et al., 2010; Marsh et al., 2015). The Burnham model for radiotelemetered 

Razorback Sucker estimated 2024 overall survival as significantly higher than 2022 and 2023 survival, 

while this response was not observed in the analysis of PIT tagged fish. Both analyzes had shortcomings 

and interpreting the results in tandem can provide useful insights. The PIT analysis included Razorback 
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Sucker that were exclusively PIT tagged, not those that had both radio and PIT tags. I did this to ensure 

that the analyses were truly independent and so I could identify any potential effects of the 

radiotransmitters on survival, of which I found none. The difference in survival estimates from the models 

with radiotelemetered fish > 250 mm TL and the model of PIT tagged fish of the two size-classes could 

be due to the differences in detection probability and the greater proportion of smaller Razorback Sucker 

(< 250 mm TL) in the PIT-tagged group that affected its survival estimate. Radiotelemetered fish had a 

significantly higher detection probability than PIT tagged fish. Others have also found that 

radiotelemetered fish have higher detection rates than PIT-tagged fish. Enders et al. (2007) detected > 

98% of radiotelemetered Brown Trout Salmo trutta per time interval yet detected < 20% of PIT tagged 

fish in a 200 m stream reach. My study area was substantially larger (14 km in length) than Enders et al. 

(2007) and included reservoir and river environments, thus providing fewer chances for PIT detection. 

The read range of submersible PIT antennas is estimated to be 61 ï 80 cm from the unit; therefore, my 

PIT telemetry antennas provided a maximum detection coverage of 72 m of the 14-km long river and 

reservoir environments. Previous studies of Razorback Sucker in reservoir environments found Razorback 

Sucker in littoral areas < 10 m deep (Mueller et al., 2003) so I targeted such areas for the deployment of 

PIT antennas to maximize detection probability. Nevertheless, the similarity in survival estimates among 

models for radiotelemetered and PIT-tagged fish combined with field observations support confidence 

that the survival estimates of both radio- and PIT- tagged fish accurately represent Razorback Sucker 

survival throughout the study period.  

Comparing survival from my study to previous stockings of Razorback Sucker in the Verde River 

is difficult as monitoring after those stockings was intermittent, and part of general fish community 

sampling surveys. More than 17,000 Razorback Sucker were stocked in the Verde River from 2004-2021 

and only 17 (i.e. 0.1%) have been recaptured (Jenney, Chapter 1), though this is not a true survival 

estimate and the annual survival from those projects is unknown. The survival observed in the present 

study (maximum 5.7% in 2024) is similar to that of other studies in the Colorado River Basin; 3 of 19 
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telemetered Razorback Sucker survived 6 months in Lake Mohave (16% survival; Karam et al., 2008) and 

Schooley at al. (2008) concluded that long term survival of stocked Razorback Sucker was negligible in 

the lower Colorado River (< 30% annual survival). In the upper Colorado River Basin, Razorback Sucker 

averaging 260 mm TL survived at a 5% rate (Zelasko et al., 2010).  

Survival of fish < 250 mm TL in my study was negligible. Multiple studies have recommended 

300 mm TL as the minimum size to stock Razorback Sucker if nonnative fishes are present as smaller fish 

quickly disappear (Nesler et al., 2003; Zelasko et al., 2010; Marsh et al., 2015). Razorback of Ó 500 mm 

TL survived at a rate of 90% in Lake Mohave (Marsh et al., 2005) and 76% in the Upper Colorado River 

Basin (Zelasko et al., 2010). My observations suggested predation by nonnative fish and terrestrial 

predators during my study were also significant. I captured a Largemouth Bass (455 mm TL) with a 

Razorback 224 mm TL lodged in its throat, providing an observation of direct predation (Figure 2.4). The 

CPUE of stock-length or larger black bass was below the 5th percentile for standing water bodies within 

the Southwest (Tracey et al., 2024), providing evidence that reservoir drawdown reduced black bass 

abundance; however, many of the black bass captured in the reservoir were large and Horseshoe 

Reservoir gained popularity with recreational fisherman following drawdown due to the large average 

size of bass that were regularly caught. Drawdown reduced the overall biomass of nonnative fish, but 

likely concentrated prey fishes and allowed the black bass that survived to grow to a large size as forage 

fishes were readily available. Bonar et al. (2004) and Johnson et al. (2008) found black basses to be the 

most harmful to native fish recovery in the Verde River and Colorado River Basin, respectively. 

Horseshoe Reservoir is an open system, and nonnative fish recolonized the reservoir quickly. Large 

Flathead Catfish abundance was also high (>75 percentile for lotic environments; Tracey et al., 2024) and 

are known to predate upon Razorback Sucker (Marsh and Brooks, 1989). I also attribute significant 

mortality to avian predators. Twelve radiotelemetry tags (9% of total fish stocked in 2023 and 2024) were 

found in a single cormorant rookery in 2023 and 2024. The rookery was not occupied in 2022 as it was 

2.1 kilometers from the reservoir on dry land due to the low reservoir levels. The USFWS estimates that 
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cormorants consume ~ 0.45 kg of fish per day; a population of > 500 cormorants can thus remove 227 kg 

of fish per day. Other piscivorous birds including herons (Ardea spp), kingfishers (Megaceryle alcyon), 

and bald eagles (Haliaeetus leucocephalus) were also common in the Verde River system. I detected 

radiotransmitters in cliffs, on Horseshoe dam, and on exposed beaches with obvious sign of bird activity 

(tracks and feces). Separating direct predation from scavenging was not possible, but results from others 

suggest bird predation can be significant (Schooley et al., 2008). Avian predation was found to be a 

primary cause of post-stocking Razorback Sucker mortality in the mainstem Colorado River (Schooley et 

al., 2008). Additionally, I observed many river otters within the study area, but we were unable to directly 

attribute mortalities to predation by otters. Otters have been observed preying on stocked Razorback 

Sucker in the Verde River system in the past (Avery et al., 2011). Increasing the size of stocked 

Razorback Sucker would increase their overall survival and reduce predation by avian predators; 

however, a self-sustaining population is unlikely because juvenile fish survival is negligible within the 

Verde River system (Clarkson et al., 2005). 

An important aspect of this study was to test if fish survived in the reservoir differently than those 

in the river. The stocking location, reservoir vs. mainstem river, was not a significant predictor of fish 

survival; however, survival in the reservoir environment was significantly higher than that in the river 

environment. This seemingly contradictory finding was due to the high proportion of river-stocked fish 

that migrated down to the reservoir. Like previous studies (Franssen et al., 2021), fish stocked into the 

mainstem river dispersed downstream rapidly following their stocking. Fish stocked in the river either 

died within the river environment or arrived in Horseshoe Reservoir, thus mixing with the cohort stocked 

directly into Horseshoe Reservoir. In each stocking year some river-stocked Razorback Sucker were 

detected in Horseshoe Reservoir < 24 hours post-stocking and by July of each stocking year, no living 

fish remained in the mainstem river. Additionally, I recorded no fish that traveled from the reservoir to the 

river. In 2008, an AZGFD survey captured 10 Razorback Sucker in Horseshoe Reservoir (Robinson, 

2007), though the nearest stocking occurred> 50 km upstream on the mainstem Verde River, providing 
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additional evidence of downstream dispersal in the Verde River System. In 2022, 50% of all Razorback 

Sucker that dispersed downstream did so during a two-day period when flows on the Verde River 

increased by 16.99 cms within six hours, suggesting these fish were unaccustomed to flow. Flow training 

has been shown to reduce the downstream dispersal of Razorback Sucker resulting in an increased 

apparent survival in rivers (Franssen et al., 2021); however, infrastructure to flow train production lots of 

Razorback Sucker at hatcheries is currently unavailable. Stocking Razorback Sucker directly into lentic 

environments could improve overall survival as downstream dispersal in lotic environments can 

negatively impact survival (Zelasko et al., 2010; Franssen et al., 2021); and the survival of Razorback 

Sucker in Horseshoe Reservoir, regardless of stocking location, was higher than in the mainstem river.  

Location of Razorback Sucker in Horseshoe Reservoir may have affected their survival. 

Razorback Sucker were often detected at the inflow of the Verde River or in a bay with abundant littoral 

habitat to the east of Horseshoe Dam (eastern bay). At the inflow, turbidity was higher, inundated 

terrestrial vegetation was abundant, and the inflowing Verde River offset the hot water temperatures and 

low dissolved oxygen found in the main body of Horseshoe Reservoir during summer. This location was 

near where 10 Razorback Sucker were captured in the early 2000s (Robinson, 2007), suggesting that this 

habitat was preferred by Razorback Sucker. Similarly, on Lake Mead, inflow areas with high turbidity and 

inundated vegetation are thought to contribute to the survival and recruitment of Razorback Sucker 

(Albrecht et al., 2010). The eastern bay also provided inundated vegetation, increased turbidity, and 

littoral habitat that was relatively rare elsewhere in Horseshoe Reservoir. Interestingly, Razorback Sucker 

were rarely encountered at the inflow of Lime Creek, Deadman Wash, or Mullen Wash though these 

locations appeared to provide similar littoral environments, inundated vegetation, and no detectable 

difference in water quality to the eastern bay, where Razorback Sucker were often detected. 

Environmental conditions within the mainstem Verde River remained within a suitable range for 

Razorback Sucker throughout the period that Razorback Sucker remained in the river environment 

(Bulkley & Pimentel, 1983; Carveth et al., 2006), but water quality within the reservoir was limiting. The 
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environmental model for radiotelemetered fish found survival declined with increasing air temperature, 

surface water temperature, and the temperature immediately above the thermocline. Razorback Sucker in 

Horseshoe Reservoir experienced a thermo-oxygen squeeze with high epilimnion temperatures and 

hypoxic oxygen in the hypolimnion. Dissolved oxygen was not directly input into the models but is 

reflected in the depth to thermocline as the thermocline and chemocline directly overlapped in Horseshoe 

Reservoir, resulting in hypoxic (DO < 3mg/L) conditions below the thermocline. Razorback Sucker prefer 

water temperatures of 24.8Á C (Bulkley & Pimental, 1983), avoid water temperatures of 27.4 ï 31.6Á C, 

and die when water temperatures exceed 36Á C (Carveth et al., 2006). The water temperature in 

Horseshoe Reservoir exceeded optimal and avoidance levels in all three study years. Furthermore, the 

lethal temperatures defined in Carveth et al. (2006) investigated only short term (10 min) exposure and 

does not reflect the impact of prolonged exposure to survival or stress. Environmentally stressful 

conditions occurred in the reservoir in all three stocking years, likely increasing mortality rates. 

Additionally, the thermo-oxygen squeeze reduced the amount of suitable habitat for Razorback Sucker 

and concentrated Razorback Sucker in a restricted area. Razorback Sucker occupying the upper levels of 

the water column were found to be increasingly susceptible to predation by birds in the mainstem 

Colorado River (Schooley et al., 2008). Furthermore, Razorback Sucker susceptibility to nonnative fish 

predation increased because they and predators were concentrated in less available habitat (Heman et al., 

1969). As such, survival in 2022 was near 0% as Razorback Sucker had < 1 m of vertical habitat to 

occupy between the surface and thermocline during summer. The 2024 stocking cohort of telemetered 

fish had the greatest survival as water quality remained within tolerable ranges, and the thermocline was 

deeper than the previous two study years, reducing mortality due to direct exposure and predation.   

Within the Verde River, fish were detected in large pools and slow runs; however, the high 

mortality and rapid dispersal out of the river environment suggests the Verde River did not provide 

adequate habitat for adult Razorback Sucker. Previous studies have noted that the Verde River more 

closely resembles the seasonal spawning tributary habitat of the Upper Colorado River Basin, rather than 
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habitat regularly used by adult Razorback Sucker (Hendrickson, 1993). Historical records of Razorback 

Sucker in the Verde River are lacking. Multiple Razorback Sucker were captured in Peckôs Lake, a lentic 

environment adjacent to the Verde River in 1954 (Wagner, 1954); however, a 1968 review of Razorback 

Sucker in the mainstem Verde River reported no historical record of Razorback Sucker on the Verde River 

itself (Minckley & Deacon, 1968). To date, the only evidence of Razorback Sucker on the Verde River is 

a single bone recovered from an archeological site (Minckley & Algar, 1968). The authors of that study 

concluded that Razorback Sucker were common in large rivers with strong flow and hypothesized the 

presence of Razorback Sucker in the Verde River indicated that the past habitat of the river was 

significantly different than what is present today (Minckley & Alger, 1968). Baseflow on the Verde River 

often falls below 1.70 cms and the habitat is considerably different than that found on the mainstem 

Colorado River, San Juan River, and Green River, where populations of Razorback Sucker have 

established (Hendrickson, 1993). The lack of adequate habitat on the mainstem Verde River could 

contribute to river mortalities and the near universal downstream dispersal of river stocked fish.  

Fish passing through Horseshoe Dam were not a major source of mortality in my study. In 2022, I 

observed six radiotelemetered Razorback Sucker disperse through Horseshoe Dam. In my models, these 

fish were considered mortalities as they permanently left the study area. Their true fate is unknown; 

however, these fish passed via the sluice gate where flows can be extreme, and a turbine was present. I 

detected Common Carp that were previously tagged in Horseshoe Reservoir downstream of the sluice 

gate, indicating that fish can survive dispersal through the dam. All dispersal through the dam occurred 

less than one month after stocking. One radiotelemetry tag was found by a recreational angler in Bartlett 

Reservoir, >40 km downstream of Horseshoe Dam. It is unknown whether the fish dispersed to this 

location and died or if the tag was transported to this location and deposited by a bird that had consumed 

the Razorback Sucker. The flood of 2023 damaged Horseshoe Dam preventing the operation of the dam 

sluice gate and all water had to pass through the dam gates thereafter. This likely restricted Razorback 

Sucker movement downstream of the dam as water was released from the top of the reservoir through 
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dam gates, rather than through the intake structure, and the gates were often opened only a few 

centimeters, too narrow for many Razorback Sucker to pass through. Because of these altered reservoir 

operations, I recorded no fish from the 2023 or 2024 stocking cohort passing through Horseshoe Dam. 

My primary limitation was difficulty accurately and consistently detecting fish with both radio- 

and PIT telemetry devices. Radio signals from my radio transmitters attenuate in water deeper than 10 m 

(Freund & Hartman ,2002). Because I tracked fish 24/7 via radio-towers, signal attenuation likely did not 

impact live fish detection because the probability that a radiotelemetered fish would come within 

detection range of one of my towers within the 9-month sampling window was high. However, signal 

attenuation in deep water reduced my ability to detect dead fish as they were often too deep for detection 

on the reservoir. This created a time lag from the actual time of mortality to when I detected and recorded 

Razorback Sucker as dead. As such, radiotelemetry models for all years predicted survival to decrease 

sharply in September ï November, corresponding to when the SRP lowered the water level in Horseshoe 

Reservoir to increase holding capacity for expected winter precipitation. As water level decreased, tags 

that were previously too deep for detection became available to my recording devices. Many of the 

mortalities that I detected in the fall likely occurred during the summer months when water quality was 

most limiting. In 2022, my radiotransmitters did not have a mortality signal and I determined mortality by 

detecting the same tag in the same location for multiple surveys. This too introduced a time lag from 

when the mortality occurred and when I was able to definitively classify a fish as dead. As a result, the 

Burnham survival model in 2022 showed a higher survival in the first few months than the 2023 Burnham 

model. I also used trailing whip-antennas (antenna length = 43 cm). Isely et al. (2002) found that tag loss 

was greater in Striped Bass Morone saxatilis with whip antennas compared to those with internally coiled 

antennas but found no difference in fish growth or performance. Chiaramonte (2019) found Avian 

predation rates were 5% higher for radiotelemetered Rainbow Trout Oncorhynchus mykiss with whip 

antennas than for fish that were exclusively PIT tagged. The trailing whip antennas could have resulted in 

undetected tag-loss or increased avian and otter predation on stocked Razorback Sucker within my study. 
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I held fish for a minimum of 6 weeks prior to their stocking and recorded no tag-loss, so I assumed tag 

loss was minimal.  

I lost some tracking equipment due to flooding, vandalism, and equipment malfunction, which at 

times reduced the number of antennas monitoring Razorback Sucker. In 2023, I lost two PIT antennas due 

to historic flooding, and one PIT antenna was cut from its buoy and was unable to be recovered. The 

minimum number of PIT antennas operating at one time was 5 (max 9); though I operated under full 

coverage for most of the study period. In my CJS models, I calculated detection probability (p) for each 

year independently but did not include a time-varying covariate by month as the model became 

overparametrized and would not converge. However, the CJS model appeared to adequately estimated p 

by year. Detection probability was highest in 2022 when the reservoir was < 10 % full as the study area 

was significantly smaller (Figure 2.1). PIT detection probability was lowest in 2023 when the reservoir 

was 99% full, thus increasing the total area fish could occupy.   

Management Implications 

Despite high mortality, the survival of some Razorback Sucker in Horseshoe Reservoir offers 

hope for the speciesô persistence in the Verde River Basin. Targeted water quality mitigation strategies, 

such as destratification of Horseshoe Reservoir, may further improve survival rates and habitat available 

to fish living in the reservoir, especially during the critical summer months. Methods to break reservoir 

stratification (destratification) include a variety of aerator methods, the most common being rising bubble 

plumes and mechanical mixers (Chaaya et al., 2025). In a review of both methods, rising bubble plumes 

broke thermal stratification and increased dissolved oxygen levels at the bottom of the reservoir in > 50% 

of investigations and mechanical mixers were equally effective, though less commonly used (Chaaya et 

al., 2025). The high operating cost of both methods has limited their use (Chaaya et al., 2025) and could 

preclude their use on Horseshoe Reservoir.  
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Establishing a population of Razorback Sucker in the Verde River system will depend on 

continued stockings and management of predators. My study involved the stocking of relatively few 

individuals, but findings from Pennock, Sauders et al. (2022) suggest that increasing stocking numbers 

may offer greater resilience against predation. Survival can be further improved by stocking Razorback 

Sucker of larger sizes than explored in my study (Zelasko et al., 2010; Marsh et al., 2015); however, 

Razorback Sucker growth significantly slows at 300 mm TL and raising fish to 500 mm TL would require 

a substantive increase in hatchery resources.  

My evidence suggests that stocking fish at the inflow of the Verde River into Horseshoe 

Reservoir would improve survival, unless flow-training for river-stocked fish is available. Stocking 

Razorback Sucker unfamiliar to flow in the mainstem river adds an unnecessary hurdle to fish survival as 

all river-stocked fish either died on the river or dispersed downstream to Horseshoe Reservoir. Because of 

this downstream dispersal, I was unable to adequately investigate the suitability of the mainstem Verde 

River for flow-trained Razorback Sucker, which warrants additional research. At the inflow of the 

reservoir, poor water quality (low dissolved oxygen and high temperature) is buffered by the inflowing 

Verde River, turbidity is high, and fluctuating water levels inundate terrestrial vegetation which provides 

cover from predators and abundant resources. Conditions like these have resulted in natural recruitment 

elsewhere in the Colorado River Basin (Albrecht et al., 2010). However, given the current predator 

pressures from piscine, avian, and terrestrial sources, the establishment of a self-sustaining Razorback 

Sucker population in the Verde River system remains unlikely even if a population of larger fish can be 

established (Clarkson et al., 2005). Natural reproduction has been observed throughout the upper and 

lower Colorado River Basin for years; however, recruits are quickly consumed by nonnative fishes. To 

overcome predation by nonnative fish, naturally spawned Razorback Sucker larvae in Lake Mohave, are 

captured annually and reared in a hatchery system prior to being repatriated to the lake at > 300 mm TL. 

In Lake Mead, where natural recruitment has been observed, Largemouth Bass, Smallmouth Bass, and 

Flathead Catfish, all common in the Verde River system, accounted for only 2.25%, < 1%, and 0% of fish 
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captures, respectively (Pennock et al., 2023). The relatively low proportion of the most predatory 

nonnative fishes in Lake Mead could also contribute to the recruitment observed within that system. 

Nonnative predator suppression is necessary but has been ineffective at increasing native fish abundance 

elsewhere in the basin (Bestgen et al., 2007; Klein et al., 2023). Without natural recruitment, the 

continued survival of Razorback Sucker in the Verde River system will depend on a sustained 

commitment to stocking appropriately sized fish in suitable locations; habitat, especially water quality, 

improvement; and predator control. 
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TABLES 

Table 2.1: The year, total number (n), mean total length (mm), and mean weight (g), of Razorback Sucker 

PIT tagged and implanted with radiotransmitters + PIT tags stocking into Horseshoe Reservoir and the 

mainstem Verde River at Sheeps Bridge. Standard deviation is in parentheses. Fish < 250 mm total length 

(TL) were classified as S and fish Ó 250 mm TL were classified as L. All Razorback Sucker were sourced 

from the USFWS Southwestern Native Aquatic Resources Recovery Center (SNARRC), Dexter, New 

Mexico. Total n represents the total number of fish stocked.  

   PIT Tag  Radio + PIT Tag  

Year Stocking 

Group 

Size 

Class 

n Mean Length 

(TL, mm) 

Mean 

Weight(g) 

n Mean 

Length (TL, 

mm) 

Mean 

Weight(g) 

Total 

n 

2022 Reservoir L 285 292.2 (21.9) 245.7 (52.3) 31 306.8 (18.6) 268.8 (40.8) 316 

2022 Reservoir S 767 183.9 (25.6) 74.2 (30.1)    767 

2022 River L 296 287.2 (19.7) 234.9 (47.1) 35 307.2 (20.1) 272.1 (52.8) 331 

2022 River S 740 183.5 (26.3) 74.9 (31.1)    740 

2023 Reservoir L 193 276.5 (24.4) 208.9 (70.1) 30 318.8 (36.3) 343.5 (111.2) 223 

2023 Reservoir S 867 185.0 (31.3) 71.8 (33.1)    867 

2023 River L 192 277.1 (24.3) 207.5 (62.8) 32 326.2 (30.3) 336.2 (105.8) 224 

2023 River S 859 185.0 (31.9) 72.1 (32.3)    859 

2024 Reservoir L 552 327.9 (25.5) 272.1 (34.6) 36 350.1 (21.7) 374.9 (85.5) 588 

2024 Reservoir S 486 199.0 (29.7) 79.0 (47.2)    486 

2024 River L 577 302.1 (31.2) 266.5 (67.2) 34 341.1 (21.4) 368.8 (82.1) 611 

2024 River S 451 200.9 (28.4) 80.2 (42.2)    451 

        Total n = 6,463 
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Table 2.2: Scenario 1 model selection. Radiotelemetered (> 250 mm TL) Razorback Sucker model 

selection for known-fate Burnham Model. Year = stocking year (2022, 2023, 2024), time = time post 

stocking (months), stocking = reservoir or river. Parameters S = survival, p = detection probability, r = 

dead recovery probability, F = site fidelity. F was fixed at F = 1. I show only the top 5 of 15 total 

candidate models. Npar represents the number of parameters estimated in the model, AICc is the Aikakeôs 

information criteria score corrected for small sample size, Delta AICc is the change in AICc among 

models, and the weight is the model weight.  

Model Npar AICc Delta AICc Weight 

S (~ Year + time) p (~time) r (~1) F (~1) 18 1643.7 0.00 1.00 

S (~time) p (~time) r (~1) F (~1) 16 1672.4 28.67 0.00 

S (~ Year) p (~time) r (~1) F (~1) 11 1745.0 101.29 0.00 

S (~ 1) p (~time) r (~1) F (~1) 9 1750.7 107.00 0.00 

S (~ Stocking) p (~time) r (~1) F (~1) 10 1750.8 107.14 0.00 
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Table 2.3: Scenario 2 model selection. Radiotelemetered (> 250 mm TL) Razorback Sucker model 

selection for the Multistrata model, modeling survival in the river and reservoir independent of stocking 

location and the probability of a fish transitioning from one environment to the other. Stratum = river or 

lake, independent of stocking location, time = time post stocking (months), tostratum = transition from 

river to lake or lake to river. Parameters S = survival, p = detection probability, and psi = transition 

probability. I show only the top 5 of 6 total candidate models. Npar represents the number of parameters 

estimated in the model, AICc is the Aikakeôs information criteria score corrected for small sample size, 

Delta AICc is the change in AICc among models, and the weight is the model weight.  

 

 

 

 

 

 

 

 

Model Npar AICc ȹAICc Weight 

S(~stratum + time) p(~1) psi (~tostratum + time) 9 510.7 0.00 0.82 

S (~time) p(~stratum) psi(~tostratum) 7 513.8 3.08 0.18 

S(~stratum + time) p(~1) psi(~1) 6 562.3 51.55 0.00 

S(~1) p(~stratum) psi(~tostratum) 4 567.8 57.08 0.00 

S(~1) p(~1) psi(~1) 5 568.2 57.49 0.00 
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Table 2.4: Scenario 3 model selection. PIT Tagged Razorback Sucker Cormack-Jolly- Seber survival 

model for two-size classes (<250 mm TL and Ó 250 mm TL). Size = <250 mm TL or Ó250 mm TL, Year 

= stocking cohort (2022, 2023, 2024). Phi = survival and p = detection probability. I show only the top 3 

of 12 total candidate models. Npar represents the number of parameters estimated in the model, AICc is 

the Aikakeôs information criteria score corrected for small sample size, Delta AICc is the change in AICc 

among models, and the weight is the model weight. 

 

 

 

Model Npar AICc ȹAICc Weight 

Phi(~Size) p(Year) 5 6070.7 0.00 1.000 

Phi(~Year) p(~Year) 6 6127.6 56.9 0.00 

Phi(~Size) p(~1) 3 6203.2 132.5 0.00 
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Table 2.5:  The monthly values (April ï November) of environmental conditions on Horseshoe Reservoir for 2022-2024. Air Temp represents the 

mean of daily high temperatures in a month recorded in Carefree, Arizona, the nearest municipality to Horseshoe Reservoir (NCEI, 2025). Surface 

temp is the water temperature at the surface (.5 m). Depth to thermocline is the depth to the thermocline, and thermocline temperature is the 

temperature 0.5 m above the thermocline, and prop. full is the fullness of Horseshoe Reservoir. Measurements were recorded once per month at 

the start of monthly surveys, with the exception of air temperature which was recorded by the National Weather Service at Carefree, AZ. Water 

quality was not measured in April 2023 as the study site was inaccessible due to flooding. 

Mo. Air Temp (°C) Surface Temp (°C) Depth to Thermocline (m) Thermocline Temp (°C) Prop. Full 

 2022 2023 2024 2022 2023 2024 2022 2023 2024 2022 2023 2024 2022 2023 2024 

Apr. 32.3 31.1 30.4 22  20 6.19  9.1 15  13.5 0.06 0.99 0.79 

May 36.4 35.6 35.9 26 21.4 24.3 3.7 9.1 7.9 19.4 11.5 14.5 0.04 0.99 0.84 

Jun. 41.4 39.6 43 32 25.6 28 1.5 7.6 7.6 28.6 22 17.6 0.03 0.94 0.60 

Jul. 41.9 45.9 44.6 32.6 30.5 31 0.9 4.6 5.8 29.5 27.5 25 0.03 0.89 0.64 

Aug. 39.7 43.1 43 28 30.3 29 0.9 4.6 7.6 27 28.4 28 0.06 0.86 0.69 

Sept. 38.7 39.7 41.4 23 29.4 27.2 1.2 5.2 6.7 23 27.2 27.5 0.05 0.74 0.72 

Oct. 31.1 34.6 36.6 25 23.4 21.3 1.2 7.3 8.2 22 21.6 18.5 0.08 0.76 0.54 

Nov. 22.4 27 24.6 14 13 14.7 9.1 9.1 9.1 10 10 14.5 0.08 0.55 0.62 
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Table 2.6: Temperature (ÁC) and turbidity (NTU) measured at the start of each month survey in the 

mainstem Verde River at Sheeps Bridge. Temperature was measured with a YSI probe (YSI, Yellow 

Springs, OH; Model ProPlus) and turbidity was measured with a mobile turbidimeter (Hach, Loveland, 

Colorado; Model:2100Q).  

 

 

 

 

 

 

 

 

 

 

 

 April  May June July August September October November 

Year °C NTU °C NTU °C NTU °C NTU °C NTU °C NTU °C NTU °C NTU 

2022 15.2 35.0 22.4 30.6 27.1 27.9 28.9 55.0 24.2 408.0 18.5 115.0 11.7 61.5 7.5 6.7 

2023 14.0 50.0 20.3 4.5 23.6 20.1 30.7 9.8 28.5 21.1 25.6 18.0 20.1 8.2 12.1 4.0 

2024 14.5 51.6 22.1 15.2 24.2 26.0 28.1 41.3 28.6 30.5 24.6 8.9 18.4 2.4 13.3 5.6 
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Table 2.7: Scenario 4 PCA loadings. Loadings of environmental variables from the principal components 

analysis of environmental data. Air temperature ÁC, Prop. full (Horseshoe Reservoir fullness, recorded as 

a proportion of full pool), surface temperature ÁC, depth to thermocline (m), and thermocline temperature 

ÁC were included in the analysis. The proportion of variability explained by each principal component is 

shown in parentheses.  

Variable PC1 (85.9%) PC2 (8.9%) 

Air Temperature 0.531 -0.753 

Prop. full -0.003 -0.081 

Surface Temperature 0.558 0.043 

Depth to Thermocline -0.185 -0.439 

Thermocline Temperature 0.610 0.482 

 

 

 

 

 

 

 

 

 

 

 



75 
 

FIGURES  
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Figure 2.1: Satellite image (Landsat 8 and 9; ESRI) of the study area including the mainstem Verde River 

and Horseshoe Reservoir. The yellow line represents the shoreline area of Horseshoe Reservoir at the time 

of stocking in 2022 (7% full), the red line represents the shoreline area of Horseshoe Reservoir at the time 

of stocking in 2023 (99% full), and the purple line represents the shoreline area of Horseshoe Reservoir at 

the time of stocking in 2024 (79% full). Horizontal lines show the location of inflow of the Verde River 

into Horseshoe Reservoir at the time of stocking each year.  
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Figure 2.2: Map of the Verde River system study site including Horseshoe Reservoir and mainstem Verde 

River and an inset map showing the general location of the study area in Arizona, USA. Red triangles 

show the reservoir and river stocking locations in 2022, 2023, and 2024. Numbers superimposed over 

circles show the location and ID of each radiotelemetry tower used to passively record radiotelemetry 

signals. Towers 1, 2, 4, and 5 had two antennas pointing upstream and downstream to capture directional 

movement, and tower 3, 6, and 7 had only one antenna. Green hexagons show the general location of PIT 

antennas. In 2022, the PIT antennaôs locations moved to be within wetted locations on Horseshoe 

Reservoir as many of the bays were desiccated due to low water levels. The hexagon without a 

background fill represents a PIT antenna that was moved throughout the study period to target areas of 

interest or replace PIT antennas that were temporarily out-of-service. Telemetry Tower 6 was located on 

Horseshoe Dam and shows the location of Horseshoe Dam.  
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Figure 2.3: Survival estimates (with 95% confidence intervals) of Razorback Sucker (Xyrauchen texanus) 

stocked in 2022 (red), 2023 (green), and 2024 (blue) through time using the top-ranked Burnham model 

for radiotelemetered fish > 250 mm TL. The model was parameterized as S(~Year + Time) p(~time) r(~1) 

F(=1). Time 1 was the stocking date and time 9 was month 8 and month 9 post-stocking collapsed into 

one detection period. The y-axis is the proportion of survivors and and the x-axis is time post-stocking  in 

months. The 2022 cohort was stocked on March 18, the 2023 cohort was stocked on May 2, and the 2024 

cohort was stocked on April 4.  
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Figure 2.4: A 445 mm TL Largemouth Bass (Micropterus nigricans) captured via electrofishing on 

Horseshoe Reservoir with a 225 mm Razorback Sucker (Xyrauchen texanus) in its mouth. This fish was 

captured < 24 hours after the stocking of Razorback Sucker in 2024 and provides direct evidence of 

nonnative fish predation on Razorback Sucker.  
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CHAPTER 3 

EFFICACY OF USING A HELICOPTER TO STOCK NATIVE FISH INTO A REMOTE ARIZONA 

CANYON 
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EFFICACY OF USING A HELICOPTER TO STOCK NATIVE FISH INTO A REMOTE ARIZONA 

CANYON 

 

Native fishes of the Colorado River basin face significant threats, rendering many species 

imperiled (Minckley et al., 2003; Pool & Olden, 2014). Conservation translocations (stockings) of 

imperiled native fishes are widely used to increase their abundance and distribution (Cowx, 1994; 

Cochran-Beiderman et al., 2015; Yackulic et al., 2021). However, success of these initiatives is often 

hindered by low post-stocking survival of translocated individuals (Cochrane-Beiderman et al., 2015; 

Berger-Tal et al., 2020). The causes of poor survival are multifaceted, but more than 65% of unsuccessful 

fish translocations are attributed to a failure to adequately address the environmental and biological 

stressors that led to the initial decline of wild populations (Cochran-Beiderman et al., 2015). In the 

southwestern United States, such stressors include extensive habitat alteration, such as river 

impoundment, water diversion, and habitat degradation; and widespread presence of nonnative fish 

species that compete with and predate on native fishes (Mueller & Marsh, 2002; Clarkson et al., 2005; 

Minckley & Marsh, 2009). Survival of native Southwestern fishes would be enhanced by prioritizing 

translocations into areas that retain key characteristics of natural habitats. 

Environmental degradation and nonnative species abundance are often greatest in areas that are 

easily accessible to people (Olden & Poff, 2005; Spear et al., 2013; Waite et al., 2013). Habitat alteration, 

nonnative fish diversity, and nonnative fish abundance are significantly correlated with human population 

density (McKinney, 2001; Spear et al., 2013). Remote and protected locations often retain characteristics 

that resemble a natural state prior to degradation (e.g., Holenstein et al., 2021). In river systems, native 

fish diversity is negatively correlated and nonnative fish diversity positively correlated to increased levels 

of urbanization, driven primarily by an increase in stream flashiness due to channelization and water-

chemistry metrics such as pesticide levels (Waite et al., 2013). Water diversions, dams, and extractive 

water uses are also less common in remote locations allowing such river segments to retain aspects of 

their natural flow regime and habitat features such as meanders, coarse substrates, and backwaters (Baltz 
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& Moyle, 1993; Shepherd et al., 2010). Stocking fishes into remote areas, far from human population 

centers, may improve the success of conservation translocations (Holenstein et al., 2021).   

The stocking of imperiled native fishes into remote locations is logistically challenging. Fish are 

typically stocked via hatchery trucks. This inherently precludes the stocking of fish into remote and less-

disturbed environments as adequate roads are required to reach stocking locations. Moving fish by 

backpack or pack-animal allows stocking into more remote locations. In Arizona, biologists successfully 

established populations of both Apache Oncorhynchus apache and Gila Trout Oncorhynchus gilae by 

backpacking fish into remote streams that did not have established populations of nonnative fish 

(AZGFD, 2023; AZGFD, personal communication, October 2024). These practices are partially 

responsible for the 2006 downlisting of the Gila Trout and 2024 delisting of the Apache Trout from the 

U.S. Endangered Species Act (USFWS, 2024). Air transport is an option for even more remote locations.  

Managers successfully repatriated 1,900 individual native fishes via 55-gallon drums transported by 

helicopter, to Fossil Creek, Arizona, following a salvage, rotenone treatment, and construction of a fish 

barrier preventing nonnative fish recolonization of the waterway (Weedman et al., 2005). Sport fish 

(trout) are stocked by fixed-wing aircraft into remote lakes by many state agencies (Horton & Borovicka, 

1958; Koenig et al., 2011; Utah DNR, 2021) 

Remote stockings by aircraft, humans, or pack-animals typically involve small fish. The Utah 

Division of Wildlife Resources estimates that the survival rate of trout fry (Oncorhynchus mykiss) 

measuring 25ï76.2 mm in total length (TL) is approximately 95% when stocked by airplane; however, 

biologists suggest that survival would be significantly lower for larger fish, which fall at higher speeds 

due to reduced air resistance (Utah DNR, 2021). Adequate methods to stock large cohorts and large fish 

are still needed. Furthermore, helicopters are needed for air drops of fish in canyon environments, some 

of the most remote in the Southwest, and little information is available on fish survival using this method.  

In fact, little peer-reviewed literature details the immediate post-stocking success of conservation 

translocations by any unconventional (non-hatchery truck) means. 
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We used a helicopter and a modified ñBambiò firefighting bucket to stock federally threatened 

Razorback Sucker (Xyrauchen texanus) into remote locations on the Verde River (AZ) over a three-year 

period. Our research objectives were to develop a stocking protocol for using modified Bambi buckets to 

transport large numbers of federally endangered Razorback Sucker into remote locations and to monitor 

their immediate post-stocking (4 week) survival. These fish were much larger than those typically stocked 

in remote areas.  The goal of our research was to evaluate the efficacy of using a helicopter to stock large, 

imperiled native fish in a remote location. 

METHODS 

Study Area 

 The Verde River is a major tributary of the Salt River, located in the Gila River Basin 

(33Á59ǋ8.83ǌN 111Á43ǋ16.21ǌW). The Verde River is one of the largest rivers that remains perennial 

throughout its entire length in Arizona (Averitt et al., 1994). The upper 200 km of the Verde River is free 

flowing, without major impoundment, and has maintained aspects of a natural flow regime. As such, 64 

km of river is protected as Wild and Scenic and the river from Horseshoe Reservoir upstream to its source 

is designated as critical habitat for Razorback Sucker (USFWS, 1994; USFS, 2004). Horseshoe Reservoir 

is the farthest upstream impoundment on the Verde River. It is a mainstem reservoir and at full pool has a 

surface area of 790 ha and a maximum depth of 25 m. We stocked Razorback Sucker in the Verde River at 

Sheep Bridge via helicopter and directly into Horseshoe Reservoir via a conventional hatchery stocking 

trailer. The Sheeps Bridge stocking location was roughly 14 km upstream of the Horseshoe Reservoir 

stocking location. At the time of stocking, the Verde River discharges at the closest USGS stream gauge 

(Tangle Creek Gage located 1.3 km downstream of Sheep Bridge; USGS Gage 09508500) were 10.47 

cms, 9.17 cms, and 40.21 cms in 2022, 2023, and 2024 respectively. In 2022, Horseshoe Reservoir was 

<10% full at the time of stocking, while in 2023 and 2024 Horseshoe Reservoir was 98% and 81% full, 

respectively (SRP, 2024).  
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Fish  

We obtained all Razorback Sucker from the USFWS Southwestern Native Aquatic Resources and 

Recovery Center (SNARRC) in Dexter, NM. Each year, we stocked ~1,500 80-249 mm total length (TL) 

and ~600 263-433 mm TL Razorback Sucker.  We tagged all fish with a passive integrated transponder 

(PIT Tag; Biomark, Boise, Idaho, Model APT-12) and randomly selected a subset of 70 fish 263 - 411 mm 

TL fish to have a radio-transmitter (LOTEK Wireless, Ontario, Canada, Model MCFT2-3BM) surgically 

implanted into their peritoneal cavity. In 2023 and 2024, we incorporated a mortality signal into the radio-

transmitters that indicated if a fish had not moved in a 12-hour period. To implant radio-transmitters, we 

anesthetized Razorback Sucker with buffered MS-222 solution and followed the U.S. Geological Survey 

(USGS) standard operating procedure for the surgical implantation of transmitters in juvenile salmonids 

(Liedtke & Wargo-Rub, 2012). We used radio-transmitters (each < 5% of body weight) with a trailing 

whip antenna to improve signal transmission and used the shielded-needle methodology to allow the 

antenna to exit the body cavity (Rub at al., 2014). We tagged all fish at the SNARRC facility. We 

measured all Razorback Sucker to a total length (mm) and recorded the weight (g) of the first 500 fish 

each year. We then used a linear regression equation ((log (W)) = log (Ŭ) + b log (L)) to estimate the 

weight of the remaining fish. Following surgery, we randomly separated fish into a river and reservoir 

cohort for their future stocking and returned the fish to their original holding tank for recovery and 

monitoring. We allowed fish to recover for a minimum of 6 weeks prior to their stocking in the Verde 

River.  

Stocking 

We transported Razorback Sucker from the SNARRC to the Verde River using a standard 

hatchery truck and followed established stocking protocols for Razorback Sucker (Manuel Ulibarri, 

personal communication, February 2021). Upon arrival at the Verde River (Figure 3.1), we transferred 

fish to a second hatchery trailer to prevent contamination of SNARRC equipment with pathogens or 
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invasive species potentially present in Verde River water. This secondary trailer had a total capacity of 

3,407 L, divided into three equal 1,136 L compartments. 

To temper the Razorback Sucker, we gradually acclimated them to river conditions over a 

minimum 90-minute period by adding 95 L of Verde River water to each 1,136 L compartment once every 

15 min, until the water temperature in the holding tanks was within 1ÁC of the receiving environment. We 

supplied supplemental oxygen to each compartment, and we monitored water temperature and dissolved 

oxygen levels throughout the tempering process. Following tempering, we stocked respective lots into the 

reservoir or loaded them onto helicopter flights for transport to Sheeps Bridge.  

We commissioned a Bell 212 twin-engine utility helicopter with a 5,000-lb external load capacity. 

We modified a 910 L Bambi Bucket (SEI Industries LTD, British Columbia, Canada, Model BB2024) 

with integrated firesock, typically used in aerial firefighting and capable of holding approximately 2,000 

lbs at capacity, to sling-load each cohort of river-stocked fish beneath the helicopter. Before stocking, 

pilots conducted a series of test flights to scout loading and release sites, during which they filled and 

released water from the bucket to ensure it was functioning properly. Following test flights, the pilot filled 

the empty bucket with water from Horseshoe Reservoir and flew the filled bucket to the tempering site. 

While the helicopter hovered overhead, we netted fish from the tempering trailer (Figure 3.2). We loaded 

approximately 360 individual fish per trip, a mix of large and small cohorts from the hatchery trailer 

(range 125 to 411 mm TL), into the bucket. In 2022, we transported all river-bound fish in four loads, 

while in 2023 and 2024 we transported all fish in three loads. We did not supply supplemental oxygen 

once the fish were in the Bambi bucket, as flights were <10-minutes and therefore, dissolved oxygen 

levels were not a concern. The helicopter flew fish upstream to the designated stocking location (Figure 

3.1). We released the Razorback Sucker approximately 1-3 m above the waterôs surface into a large pool 

habitat by evacuating the Bambi bucket via pilot-controlled trigger. After release, the pilot flew the bucket 

to the riverbank adjacent to the stocking location, where we stationed technicians to inspect the bucket for 

any fish remaining in the bucket. Any remaining fish were then removed from the bucket and manually 
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stocked into the river. Each flight from the tempering site to the stocking location took 7ï9 minutes.  

Following stocking, the helicopter returned to the loading site. 

Following the helicopter transport, we stocked the reservoir cohorts using traditional methods by 

flushing the fish from the hatchery trailer through the trailer outflow valves. In 2022, the Horseshoe 

Reservoir boat ramp was inoperable due to low water levels, and we stocked Razorback Sucker from the 

beach adjacent to the boat ramp; in 2023 and 2024 we stocked the reservoir cohorts at the boat ramp. 

Monitoring  

We evaluated immediate post-stocking survival of the larger (263 ï 411 mm TL) Razorback 

Sucker, those individuals implanted with radio-transmitters. We determined that low detection 

probabilities on PIT antennas in a short 4-week sampling frame provided insufficient data for assessing 

survival of those Razorback Sucker only tagged with PIT tags. 

To track radio-tagged fish, we constructed seven stationary radiotelemetry towers (LOTEK 

Wireless, Model SRX800), which continuously recorded Razorback Sucker locations throughout the 

study. We constructed these towers with an upstream and downstream pointing antenna and powered them 

with a deep-cycle battery connected to 50-watt solar panels. Additionally, we conducted mobile telemetry 

surveys, floating the study-reach to locate fish using a handheld radio-telemetry receiver (LOTEK 

Wireless, Model SRX1200). In 2022, we identified mortalities by repeatedly detecting individual fish in 

the same location and attempted to ñspookò any seemingly stationary Razorback Sucker to initiate 

movements or confirm mortality. In 2023 and 2024, we relied on an integrated mortality signal, which 

triggered if a fish remained stationary for a period > 12-hours. 

Data Analysis 

To evaluate the post-stocking survival of Razorback Sucker stocked via helicopter into the Verde 

River and those stocked via traditional means into Horseshoe Reservoir, we analyzed data from the three 

independent stocking events (2022, 2023, and 2024). We evaluated fish survival at the end of the 4-week 
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post-stocking period. First, we used mobile telemetry surveys to locate fish and determine whether 

individuals were alive or dead. If a fish was not located during mobile surveys, we then checked detection 

records from fixed telemetry towers at the end of the same 4-week period. If a fish was not detected by 

either method, we reviewed the full 8-month detection record. If a fish was not detected during the first 4 

weeks but was later found alive (e.g., at 12 weeks post-stocking), we inferred that it had survived the 

initial 4-week period. We then calculated the proportion of fish that survived four weeks post-stocking 

from each stocking group. We calculated this proportion by dividing the number of surviving radio-

telemetered fish four-weeks post stocking by the total number stocked for each stocking year. We 

calculated two proportions, one assuming fish that were not detected were alive four-weeks post stocking, 

and one assuming undetected fish were dead four-weeks post stocking, thus providing a maximum and 

minimum survival for each stocking cohort. The proportional data resulted in paired survival proportions 

for those fish stocked by helicopter and those stocked by traditional means. We treated the data as a 

blocked (paired) design, with each year as a block. To statistically compare the survival between stocking 

methods among years, we computed the difference in survival proportions for each year and used a 

Wilcoxon signed-rank test to assess the mean difference in survival between environments and stocking 

methodologies. We performed all statistical analysis in Program R (R Core Team 2024).  

RESULTS 

Over the three-year study period, we stocked a total of 3,251 (101 radio-telemetered) Razorback 

Sucker into the Verde River via helicopter (total weight: 999.61 lbs) and 3,268 (97 radio-telemetered) 

Razorback Sucker into Horseshoe Reservoir via traditional hatchery stocking trailer (total weight: 

1,010.91 lbs; Table 3.1). The stocking in 2022 and 2024 occurred on March 18 and April 4, respectively; 

however, the stocking in 2023 was delayed until May 2 due to historic flooding which prevented an 

earlier stocking. Within the first four-weeks post-stocking, 96.0% of the radio-telemetered fish stocked 

into the Verde River via helicopter and 92.8% of radio-telemetered fish stocked into Horseshoe Reservoir 

via traditional means were detected by either mobile surveys, stationary telemetry arrays, or both.  
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The mean maximum post-stocking survival of Razorback Sucker stocked via helicopter was 

79.7% and the mean maximum survival of Razorback Sucker stocked by traditional means into 

Horseshoe Reservoir was 88.7%, across all three stocking years (Table 3.2). The greatest survival of 

helicopter stocked fish was observed in 2022 and the minimum survival was observed in 2023. The 

cohort stocked via traditional methods had its highest survival in 2023 and lowest survival in 2022. The 

minimum mean post-stocking survival, assuming undetected fish were dead, of Razorback Sucker stocked 

via helicopter and traditional means was 76.0% and 81.3%, respectively (Table 3.3). The annual trends 

were the same as observed for maximum mean survival, as reported above. Results from the paired 

Wilcoxon Signed Rank test indicated that there was no significant difference (V = 5, p = 0.50) in the 

minimum or maximum survival rates of Razorback Sucker stocked via helicopter into the Verde River 

and those stocked via traditional means into Horseshoe Reservoir.  

DISCUSSION 

In our study, helicopter stocking was effective and relatively straightforward for moving fish to a 

remote location inaccessible to traditional hatchery vehicles. This approach did not appear to cause 

additional stress to the fish compared to a traditional stocking method. Potentially suited for many fish 

species, this technique especially holds promise for the conservation of native fishes, as it enables 

translocation to areas with reduced anthropogenic impact, often a key factor in the original decline of 

native fish populations.  

Of the mortalities we observed, we determined that relatively few at the end of the 4-week 

monitoring window could be attributed to the stocking process itself. In 2024, only two of eight 

mortalities occurred in the vicinity of the helicopter stocking location, while the other six Razorback 

Sucker mortalities were detected far downstream, including two in Horseshoe Reservoir (>5 km from the 

helicopter release site). Similarly, in 2023, no helicopter-stocked fish were found dead near the release 

site, and in 2022, only one mortality was found dead at the release point. These observations suggest that 

the fish dispersed from the stocking location and factors unrelated to the stocking method, such as 



90 
 

predation or habitat quality, played a greater role in mortality. Furthermore, fish stocked traditionally were 

also found deceased at a similar rate to those stocked by helicopter, reinforcing the idea that broader 

ecological pressures influenced survival more than the stocking method. We observed the lowest survival 

of helicopter stocked fish in 2023, when the stocking was delayed until May 2 and water temperatures 

were higher than observed during the other stocking events. We observed the lowest survival of 

Razorback Sucker stocked by traditional means into Horseshoe Reservoir in 2022 when the reservoir was 

< 10 % full resulting in less overall habitat. Previous stockings of Razorback Sucker in the Verde River 

using conventional methods have been hindered by low post-release survival. Since 2004, AZGFD has 

stocked more than 13,000 Razorback Sucker into the Verde River (mean TL 327 mm), yet only 17 

individuals from those stocking events have been reencountered (AZGFD, unpublished data). Low 

survival rates have been attributed to predators (nonnative fishes, piscivorous birds, and river otters 

Lontra canadensis; Clarkson et al., 2005; Avery et al., 2011), poor water quality, disease / parasites 

Lernaeidae spp. (Creef et al., 1992; Hendrickson, 1993; Robinson et al., 1998), or stresses related to 

stockings (Franssen et al., 2021). Arizona Game and Fish stocks millions of various species with great 

success annually (AZGFD, 2024), and we therefore do not believe that improper transport, tempering, or 

stocking of fish was responsible for the overall poor survival of Razorback Sucker.  

Due to poor detection probabilities of PIT tagged fish in the 4-week timeframe post-stocking and 

the susceptibility of small (<250 mm TL; Nesler et al., 2003; Zelasko et al., 2010) Razorback Sucker to 

predation by nonnative fishes which would confound an evaluation of the stocking method, we were not 

able to evaluate the survival Razorback Sucker that were < 250 mm TL. Previous studies have found no 

difference in the survival of juvenile, sub-adult, and adult fish due to the transportation and stocking of 

other species, with differences in post-stocking return rates attributed to predation and not the stocking 

procedure itself (Carlstein, 2003; Diana & Wahl, 2009; Grausgruber & Weber, 2021). We therefore 

assumed that the survival of small fish directly attributed to the stocking via helicopter was equal to that 

of the large Razorback Sucker 263 ï 411 mm TL that were tracked with radio-telemetry methods.   
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Despite the success of helicopter-based stocking, opportunities remain to improve our stocking 

protocols. To avoid contamination, we were unable to use the hatchery vehicle that transported the 

Razorback Sucker to the Verde River to temper fish. This necessitated an additional transfer of Razorback 

Sucker from one trailer to another prior to tempering, thereby increasing handling time and fish stress 

which could have impacted post-stocking survival. Additionally, the metal stanchions used to hold the 

bucket open were abrasive and might have posed a risk of injury to the fish when they were transferred 

into the Bambi bucket. A practical solution would be to retrofit these stanchions with foam padding to 

minimize the potential for harm; however, we failed to do so. Additionally, some fish became entangled 

within the bucket rigging upon release at the upstream stocking location. This was remedied by having 

technicians stationed on a beach to inspect the bucket and manually remove any entangled fish and place 

them into the river; but potentially injured or stressed those fish that became stuck. Further modifications 

to the stocking protocols and the bucket would help prevent such issues; however, we attribute few 

mortalities to the stocking procedure.  

Challenges associated with using helicopters to stock fish in remote areas include limited 

scheduling flexibility, high operational costs, and significant safety concerns. Helicopter flights must be 

scheduled months in advance of the stocking without knowledge of future weather and river conditions. 

In February - March of 2023, the Verde River experienced historic flooding with flows exceeding 2,548.5 

cms (baseflow ~ 1.64 cms). As such, stocking was delayed because river conditions were not conducive 

to the stocking of fish. Due to limited helicopter availability in April, we could not stock Razorback 

Sucker until early May. In Arizona, air temperatures can exceed 37ÁC in the late-spring and summer 

which can complicate the tempering of fish and can rapidly degrade water quality. In May 2023, weather 

conditions did not threaten our study objectives; however, the potential for weather delays and their 

consequences must be considered. Contracting a helicopter to sling load fish to a remote location can be 

cost prohibitive. A cooperative relationship between the Salt River Project, the Bureau of Reclamation, 

and the USGS Arizona Cooperative Fish and Wildlife Research Unit reduced our operating costs for this 
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specific project ($1,750 per day); however, cost estimates for private helicopter contractors can range 

from $5,000 - $10,000 for 2-6 hours of flying time. A cost/benefit analysis would help avoid 

unanticipated costs. Additionally, significant safety concerns exist when stocking fish with a helicopter 

that differ from those using a traditional stocking vehicle. Light inland helicopters are the most accident-

prone sector in commercial aviation (Naevestad et al., 2021) and the fatal accident rate in helicopters is 17 

times higher than the fatal accident rate of passenger cars (Subagia et al., 2020). Accidents due to poor 

weather conditions or collision with obstructions (e.g. powerlines, cliff faces) can be mitigated by having 

a pre-determined flight plan and proper training (e.g. U.S. interagency aviation training). Loading fish 

into a sling-loaded bucket while a helicopter hovers overhead can also pose significant risk to biologists 

and technicians on the ground. Detailed protocols and discussions with the aviation team were necessary 

prior to our stockings to mitigate any risk to those both in the helicopter and on the ground.  

Stocking of imperiled native fishes (or others) into remote or otherwise inaccessible locations via 

helicopter significantly increases the spatial scope and flexibility of conservation translocation efforts. 

Traditionally, fish stockings limited to areas with convenient access, such as public boat ramps, constrain 

the range of suitable habitats where fish could be introduced. By contracting a helicopter for aerial 

release, biologists can bypass many logistical limitations and stock fish into stretches of the river 

previously unreachable by conventional means. This approach allows for broader distribution of stocked 

fish and improves the ability to target optimal habitat conditions, potentially increasing survival and 

establishment success. Thus, aerial stocking represents a valuable tool for conservation or other hatchery 

stockings, especially in rugged or remote river systems where ground-based access is limited. 
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TABLES 

Table 3.1: The total number and weight of fish Razorback Sucker Xyrauchen texanus via helicopter 

(River) and traditional (stocking truck; Reservoir) methods in the 2022, 2023, and 2024. Helicopter 

(River) stocked fish were stocked into the mainstem Verde River at Sheeps Bridge and traditionally 

stocked (stocking truck) Razorback Sucker were stocked at, or near, the boat ramp on Horseshoe 

Reservoir (Figure 3.1).  

 River (Helicopter) Reservoir (Stocking Truck) 

Stocking Year Number of Fish Weight (lbs) Number of Fish Weight (lbs) 

2022 1,084 299.51 1,094 324.97 

2023 1,103 246.03 1,100 240.52 

2024 1,064 453.62 1,074 445.42 

Total 3,251 999.16 3,268 1,010.91 

 

Table 3.2: The maximum survival of Razorback Sucker Xyrauchen texanus stocked into the Verde River 

system via helicopter or traditional stocking truck. Fish that were not detected within the sampling 

window were assumed alive within the first 4-weeks post stocking. 4% of the radio-telemetered fish 

stocked via helicopter and 7.2% of radio-telemetered fish stocked via traditional means were not detected 

by either mobile surveys or stationary telemetry towers. 

 River (Helicopter) Reservoir (Stocking Truck) 

Stocking Year Stocked Survived Proportion Stocked Survived Proportion 

2022 35 31 0.88 31 26 0.84 

2023 32 24 0.75 30 28 0.93 

2024 34 26 0.76 36 32 0.89 
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Table 3.3: The minimum survival of Razorback Sucker Xyrauchen texanus stocked into the Verde River 

system via helicopter or traditional stocking truck. Fish that were not detected within the sampling 

window were assumed dead within the first 4-weeks post stocking. 4% of the radio-telemetered fish 

stocked via helicopter and 7.2% of radio-telemetered fish stocked via traditional means were not detected 

by either mobile surveys or stationary telemetry towers. 

  

 

 

 

 

 

 

 

 

 

 

 

 River (Helicopter) Reservoir (Stocking Truck) 

Stocking Year Stocked Survived Proportion Stocked Survived Proportion 

2022 35 30 0.86 31 25 0.81 

2023 32 21 0.66 30 23 0.77 

2024 34 26 0.76 36 31 0.86 
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Figure 3.1: Map of the Verde River system with the northernmost red circle indicating the location of the 

mainstem river stocking location (helicopter stocking) and the southernmost red circle indicating the 

location of the Horseshoe Reservoir stocking location (traditional stocking trailer). Radio symbols 

indicate the location of stationary telemetry towers used to track radiotelemetered Razorback Sucker 

Xyrauchen texanus allowing for an evaluation of survival.  
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Figure 3.2: Image of the Bell 212 helicopter, slingload, Bambi bucket, and loading of Razorback Sucker 

Xyrauchen texanus to stock fish into the mainstem Verde River, a location inaccessible to traditional 

hatchery vehicles. Roughly 380 Razorback Sucker were flown and released into the mainstem Verde 

River stocking location per load and all fish were transported in 3 (2023 and 2024) or 4 (2022) loads. We 

did not provide supplemental oxygen to fish during transportation and helicopter flights took 7-9 minutes.  
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