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Razorback Sucker Xyrauchen texanus is iconic of the plight of native ‘‘big-river’’ fishes of the Colorado River system of
western North America. The species was historically widespread and abundant throughout the basin but has suffered
substantial range reductions and population declines now characteristic of Western fishes. By the 1960s the largest
remaining population was in Lake Mohave, a lower Colorado River reservoir where casual monitoring began in the mid-
1950s and intensified to focus on Razorback Sucker in the late 1970s. The population then was comprised of several
hundred thousand large adults, but recruitment past the larval stage was nil presumably because of predation by non-
native fishes and potentially worsened by nutritional limitation. Remnant adults began to dwindle in the 1980s and
were virtually gone within twenty years. An ad-hoc ‘‘Lake Mohave Native Fishes Work Group’’ initiated investigations to
identify and understand the reasons for recruitment failure and launched an informal program to perpetuate
Razorback Sucker in the reservoir. The initial goal was to establish a population of 50,000 adults in Lake Mohave, and
the group developed an innovative and ultimately successful strategy in which Razorback Sucker larvae produced
naturally by wild adults in the lake were harvested, reared in protected off-channel habitats, and repatriated.
Demographic monitoring continued and expanded, providing annual census estimates of population abundance and
trends of wild and repatriated fish. Critical genetic monitoring was initiated to track spatial and temporal diversity of
harvested larvae and captured repatriates. Wild adults now are gone from Lake Mohave, but they have been replaced by
a genetically diverse repatriate population of several thousand fish that spawn annually and provide larvae to continue
the management cycle. However, the program is stymied by continued post-larval recruitment failure and predation
losses of even the largest stocked Razorback Sucker. The program depends on stocking to maintain a repatriate
population and for now has preserved the genetic legacy of the species. The species fares no better elsewhere in the
basin where historical genetic diversity was lower, and, with the exception of Lake Mead, wild adults have perished and
populations are maintained only by stocking of hatchery-produced fish. Naturally self-sustaining populations of
Razorback Sucker are unlikely to ever again occupy the lower Colorado River mainstem and the species will remain
‘‘conservation-reliant.’’ A conceptual strategy that integrates use of non-native-free backwaters and the river channel
has promise for this and other big-river species, and its implementation should be aggressively pursued.

R
AZORBACK Sucker Xyrauchen texanus (Catostomi-
dae) evolved over millennia within the progenitor
habitats of the modern-day Colorado River system of

Western North America. A product of selection in ancient
pluvial lakes and swiftly flowing canyon-bound rivers that
characterize the system today, the species was well known to
Native Americans who inhabited the region before the mid-
16th century arrival of Europeans. Pre-historic shoreline
weirs to facilitate the capture of fishes and midden remains
of fish bones (Rostlund, 1952; Gobalet and Wake, 2000)
provide evidence of big-river fishes as human food and
imply at least seasonal abundance and availability. Regional
peoples had low technology and little influence on larger
watercourses and their fishes other than diversion by
temporary brush dams to support floodplain agriculture
and harvest with nets, or perhaps by stranding in canals and
acequias (Minckley and Marsh, 2009).

Early Europeans who settled into the region were drawn to
scarce water in the arid west and likely had little more
impact than residents, notable exceptions being wood-
cutting along most major rivers and landscape-scale dam-
ages inflicted by herds of domestic livestock in the late

1800s (Mueller and Marsh, 2002). But even these paled in
comparison to changes wrought later by water control with
high dams and releases of non-native fishes that began
around the turn into the 20th century. Embedded in this
timeline is the Razorback Sucker from its ‘‘discovery’’ in the
lower Colorado River to current status as a critically
imperiled species protected and managed under the Endan-
gered Species Act (USFWS, 1991). Here we tell its story in
Lake Mohave in the lower Colorado River and as it relates to
the species’ conservation toward recovery throughout the
basin.

DESCRIPTION OF THE SPECIES

Razorback Sucker (Fig. 1) became known to science after
description and naming (as Catostomus texanus) by Abbott
(1861); its trivial name, texanus, is based on misunderstand-
ing that the first specimens came from the Colorado River in
Texas. This monotypic genus in fact is endemic to the
‘‘other’’ Colorado River basin, and its historic range
included larger streams from what now is Wyoming through
Arizona, California, Colorado, Nevada, New Mexico, and
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Utah, and to the delta in Baja California and Sonora, Mexico
(Fig. 2); it also penetrated west into the Salton Sink of
southern California when that basin was wetted with
freshwater. It now is extirpated from many places including
the Gila River basin of central Arizona and western New
Mexico and is found today in only a small fraction of its
former range. Occupied habitats included swift water in
main channels of large rivers and peripheral eddies,
backwaters, and other protected places.

Adult Razorback Sucker is unmistakably characterized by
its pronounced nuchal hump or ‘‘razorback,’’ small eye, and
deeply cleft lower lip. There are 68–87 lateral line scales, and
typically 14 or 15 dorsal-fin rays and 7 anal-fin rays. There are
44–50 thin gill rakers on the first arch. The fish can attain total
length (TL) approaching a meter although fish of such size are
unknown today. Coloration in reservoir-caught specimens is
brownish black above, lighter below (often bright yellow-to-
orange in breeding males), and sides may have a brown-to-
pink lateral stripe; fins are dark brown to yellow. Fish in turbid
waters may be uniformly gray. Adult males have a distinctly
sharper nuchal hump and larger, more oval-shaped caudal fin
than females, while females have a distinctive genital papillus
not present in the male. Both sexes may form nuptial
tubercles on head, fins, and caudal peduncle but these are
much more prolific and pronounced in males.

LIFE HISTORY

This fish is among the most studied of the Colorado River
natives and as such there are many excellent summaries
from which the following is derived (e.g., McAda and
Wydoski, 1980; Minckley, 1983; Bestgen, 1990; Minckley
et al., 1991; USFWS, 1998; Bestgen et al., 2012). We can only
infer that Razorback Sucker life history was similar in the
past to that observed today under post-development
conditions. Larval Razorback Sucker eat tiny algae and
microcrustaceans and detritus (Marsh and Langhorst,
1988), presumably graduating as juveniles to larger sizes of
the same foods. Adults in lotic systems eat benthic and
drifting macroinvertebrates plus algae and detritus, while in
lentic habitats they are primarily planktivores with some
benthos in the diet (Minckley, 1973; Marsh, 1987). Growth
is highly variable (Minckley et al., 1991). Juvenile fish grew
4–27 cm in their first year in ponds at Ouray, Utah, while

young in a Lake Mohave backwater attained 35 cm by age 1.
Growth remains rapid for the next few years then slows after
age six. Females grow faster than males, in recent samples
reaching terminal TLs of about 75 and 60 cm, respectively,
and weights of more than 5 Kg (Minckley, 1983); maximum
longevity is .50 years (McCarthy and Minckley, 1987).

Males attain sexual maturity in 1 to 3 years, females in 2 to
6. Reproduction related migration distances can be substan-
tial to access river and tributary spawning grounds, and
there is good evidence for site fidelity (Tyus, 1987).
Spawning is in winter into late spring, earlier in southern
portions of the range, at temperatures ranging from the mid-
teens into the low-to-mid-20s centigrade (McAda and
Wydoski, 1980; Minckley, 1983). Population sex ratio is
assumed to be 1:1 (Turner et al., 2007), but as with other
catostomids, Razorback Sucker spawn in groups comprised
of one (rarely two) females and two or more males
aggregated over stream gravels in moderate currents; about
twice as many males as females are in large collections of
wild adults on spawning grounds in Lake Mohave (Minck-
ley, 1983; unpubl. data). Successful reproduction is common
over wave-washed cobble along modern reservoir shorelines
(Minckley et al., 1991), and given some of its feeding
adaptations and possible evolution in lacustrine environs it
likely also spawned in lentic habitats prehistorically.
Regardless, the act is accompanied by simultaneous dis-
charge of gametes and by much thrashing that can excavate
depressions a meter or more across and into which the
fertilized ova settle and develop (Mueller, 1989). Relative
fecundity is high (about 149 ova per mm TL) and increases
with length. Adults vacate the area after spawning but may
spawn again in the same season, or the following year.
Fertilized ova are left to develop without parental care and,
depending on temperature, yolk-sac larvae hatch at 7 to
9 mm TL in three to nine days; swim-up and active feeding
begin at four to 13 days (Inslee, 1982; Hamman, 1985;
Marsh, 1985). Post-larval survival in nature was historically
low based on principles of a type III survivorship curve and
today is nil in unprotected habitats, presumably because of
predation, except in Lake Mead where there is some
evidence of limited natural recruitment (Kegerries et al.,
2009; Albrecht et al., 2010).

Movements are less common during non-reproductive
times and fish are mostly sedentary. Contact rates by any

Fig. 1. Adult female Razorback Sucker Xyrauchen texanus, 65 cm total length, trammel netted from Lake Mohave, April 1979. Original photograph
by WLM.
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method are low and actual occupied habitats are presumed
to be deeper water of rivers and reservoirs. There is little
evidence of schooling (other than during reproduction) or
territoriality. Co-occurring mainstem fishes historically were
Bonytail Gila elegans, Humpback Chub Gila cypha (in and
upstream from Grand Canyon), Roundtail Chub Gila
robusta, Colorado Squawfish or Pikeminnow Ptychocheilus
lucius, Speckled Dace Rhinichthys osculus, Flannelmouth
Sucker Catostomus latipinnis, and Bluehead Sucker Pantosteus
discobolus (primarily upstream of present-day Lake Mead).
Other than a repatriated population of Flannelmouth
Sucker, downstream of Grand Canyon all of these natives
are now replaced or accompanied by a suite of non-native
species (Minckley, 1979, 1991; Minckley and Marsh, 2009).

POPULATION ABUNDANCE

There are no quantitative data on pre-European abundance
of Razorback Sucker in the lower Colorado River basin, but
archaeological evidence and early 1900s newspaper reports
and testimonials all suggest it and other big-river fishes were
present in large numbers (Miller, 1961; Minckley, 1973).
Abundance was substantial enough in fact that these fishes
were pitch-forked from canals and loaded into wagons to be

distributed for food and fertilizer (Miller, 1961). Current
census estimates of adult population size basin-wide (now
mostly comprised of stocked repatriates) have been calcu-
lated for each of the remnant populations (Table 1);
however, largely because of low recapture rates, accuracy
of these estimates is variable (Bestgen et al., 2012). All are a
small fraction of what they once were and most are
maintained by stocking (Marsh and Minckley, 1992; Marsh
et al., 2005; Schooley and Marsh, 2007; Bestgen et al., 2012).

There also are no historical data on dynamic parameters
such as growth, reproduction, recruitment, or mortality, but
we assume that intrinsic and extrinsic factors influencing
these dynamics were like those affecting any naturally
occurring fish population. We have little information on
parasites and diseases (but see Amin, 1969a, 1969b;
Mpoame, 1981). Chubs (genus Gila) would have preyed on
young-of-year Razorback Sucker but only Colorado Squaw-
fish was large enough to eat juveniles and adults. Resource
competition would likely have come only from other
suckers (Flannelmouth Sucker and Bluehead Sucker in
mainstem rivers, and Desert Sucker Pantosteus clarkii and
Sonora Sucker Catostomus insignis in smaller tributaries). We
know that Razorback Sucker was among fish remains
excavated at pre-historic sites (Miller, 1955; Minckley and

Fig. 2. Historical (light gray) and present (dark gray) distributions of Razorback Sucker Xyrauchen texanus in the Colorado River basin of Western
North America. Point locations (circles) represent archaeological sites.
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Alger, 1968; Gobalet, 1992, 1994) including one at Catclaw
Cave on Lake Mohave (Fig. 3), so the human relationship
with this species has been a long one.

Water use and small-scale development by Native Amer-
icans in the lower Colorado River system scarcely impacted
native fishes, but imposition of mainstem dams and
introductions for a variety of purposes of non-native aquatic
biota, especially to support recreational fishing, had pro-
found effects on habitats and native fishes. Razorback Sucker
was widespread and abundant when Hoover (Boulder) Dam
(Lake Mead) was closed in 1935 and remained so into the
1950s when Davis Dam was constructed to impound Lake
Mohave (Fig. 3; Dill, 1944; Allan and Roden, 1980; Minck-
ley, 1983). Most other mainstem natives by then were
extirpated and replaced by a diverse array of two dozen
documented (and established) and a dozen hypothetical
(stocked or otherwise reported but never established)
introduced fishes (Minckley, 1979, 1991), and wild Razor-
back Sucker eventually would follow. Razorback Sucker now
only occurs as a few small repatriated populations in Lake
Mohave and Lake Havasu in the lower basin, and in the
Colorado, Green, and San Juan rivers (including the river
arm of Lake Powell) in the upper Colorado River basin
(Table 1). A notable exception is Lake Mead where limited
recruitment to a population of uncertain origin has recently
been reported (Albrecht et al., 2008, 2010).

MOLECULAR CHARACTERIZATION

The advent of molecular markers provided exceptional tools
for characterization of the distribution of genetic variation
within and among populations, and many of these have
been applied to Razorback Sucker. Buth et al. (1995)
characterized allozymic variation in all remnant popula-
tions at 38 loci, 17 of which exhibited multiple alleles. Buth

Table 1. Census estimates (number and 95% confidence interval, CI) of adult Razorback Sucker in the Colorado River Basin. The Lake Mead
population is reportedly comprised of wild fish, while those in other locations are stocked repatriates plus potentially an unknown but small number
of wild individuals; all estimates include sub-adult and adult size fish of all ages. Field collection and computational methods vary among studies and
years and may not be directly comparable. NA = estimate not provided.

Location Year Estimate CI Reference

Colorado River 2005 1066 377–3070 Bestgen et al., 2012
Green River: Lower 2006 1582 1061–2446 Bestgen et al., 2012

2007 5153 2588–10460 Bestgen et al., 2012
2008 2597 1595–4359 Bestgen et al., 2012

Green River: Desolation-Gray Canyons 2006 474 207–1217 Bestgen et al., 2012
2007 3011 772–12076 Bestgen et al., 2012
2008 836 280–2677 Bestgen et al., 2012

Green River: Middle 2006 576 227–1068 Bestgen et al., 2012
2007 3146 1039–9764 Bestgen et al., 2012
2008 1218 448–3514 Bestgen et al., 2012

San Juan River 2009 2047 1063–5000 USFWS, 2012
2010 3021 2007–4940 USFWS, 2012
2011 2928 1952–4796 USFWS, 2012

Lake Mead 2009 546 NA Kegerries et al., 2009
Lake Mohave 2011 2577 1139–6284 Kesner et al., 2012

2012 1854 941–3782 Kesner et al., 2014
2013 2525 1180–5741 unpubl. data

Lake Havasu 2011 2496 1835–3220 Patterson et al., 2013
2012 4524 4027–5081 Patterson et al., 2013

Fig. 3. Lake Mohave, Arizona and Nevada, showing place names
mentioned in text, and location map (inset).
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et al. (1987) characterized allozymic variation between
flannelmouth and razorback sucker, demonstrating that
introgression between the two species was limited. Alleles
unique to individual populations were found at three of ten
loci with multiple alleles; however, levels of divergence
among populations were low. Dowling et al. (1996a) used
restriction endonuclease analysis of mtDNA from these
same populations, also finding that most variation was
distributed within instead of among locations. In addition,
levels of mtDNA diversity and number of haplotypes
declined progressively from Lake Mohave upstream to the
upper Colorado and Green-Yampa rivers, leading to a
conclusion that samples represented remnants of a single
population that formerly occupied the entire basin (Dow-
ling et al., 1996a). They concluded that the species should
be managed as a single population.

Dowling and coworkers (Dowling and Marsh, 2011;
Dowling et al., 2012a) further characterized nuclear genome
variation using 13 microsatellite loci, more sensitive markers
for characterizing geographic structure. Wilson (2011),
using 13 different microsatellite loci, focused on hatchery
stocks from all locations except Lake Mead. Like studies of
mtDNA, these analyses also indicated that the majority of
variation was found within populations and identified a
decrease in variation from down- to upstream localities.
Even though levels of among location variation were low,
F-statistic and Bayesian assignment analyses identified
distinct groups above and below the Grand Canyon. Based
on this information, Dowling et al. (2012a) concluded that
the Grand Canyon has acted as a barrier, and a conservative
approach would be to manage populations above and below
independently; however, it would be appropriate to trans-
locate individuals from the lower to upper basin if reduction
in population sizes in the latter became dramatic.

These studies demonstrate that the Lake Mohave popula-
tion represents the greatest amount of genetic variation in

Razorback Sucker, with 49 wild individuals sampled exhib-
iting 33 different haplotypes and an estimated diversity of
0.98 (maximum value 5 1.00; Dowling et al., 1996a). Lower
levels of variation in other locations likely resulted from
smaller population sizes at some time in their history, and in
some cases, led to increased levels of relatedness among
individuals (Lake Mead [Dowling et al., 2012a], upper
Colorado River [Dowling et al., 2012b; Wilson, 2012]).
Whatever the cause, the high levels of genetic variation in
Lake Mohave made this population especially significant for
conservation, further reinforcing its value as a target of
intensive conservation efforts to preserve genetic variation
in the species.

RAZORBACK SUCKER IN LAKE MOHAVE

There was early suspicion that native fishes of the lower
Colorado River began to decline with closure in 1935 of
Hoover Dam (Figs. 3, 4; Minckley et al., 1991 and citations
therein), but reports of Razorback Sucker abundance are
conflicting. Moffett (1942) provided no indication they were
numerous, but Jonez et al. (1951) and Jonez and Sumner
(1954) reported them as ‘‘very common.’’ Although the
population size in the river reach that was to become Lake
Mohave is unknown, there is evidence of a large year class
produced around the time Davis Dam was closed and the
reservoir began filling (Sigler and Miller, 1963). In June 1950
more than 6,000 juvenile fish 10 to 35 mm standard length
were taken in two seine hauls at Cottonwood Landing,
Nevada (Fig. 3). Water temperature along the shoreline was
22–24uC while in the adjacent river it was only 14uC because
of the hypolimnetic discharge from Hoover Dam. This
cohort and others recruited in the early 1950s were the likely
source of adults encountered by WLM when he first visited
the lake in the mid-1960s (Minckley, 1983; McCarthy and
Minckley, 1987), and these fish persisted without apparent

Fig. 4. Timeline of Razorback Sucker (RBS) status and conservation program events and other actions superimposed on changes in Lake Mohave
census number (N; log scale) over time (non-linear prior to 1988). ESA is the U.S. Endangered Species Act; NFWG is the Lake Mohave Native Fishes
Work Group (see text).
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decline from 1974 into the early 1990s (Minckley et al.,
1991) and beyond. These recruitment events were the last
documented for Razorback Sucker in the lower Colorado
River basin downstream of Hoover Dam (Marsh and
Minckley, 1989)—predation by non-native fishes simply
eliminated larvae before they attained juvenile stage (Marsh
and Langhorst, 1988; Minckley, 1991), exacerbated perhaps
by food limitation in low productivity waters (Papoulias and
Minckley, 1990; Horn, 1996).

Minckley et al. (1991) noted lack of a trend in trammel
netting catch per unit effort data that extended back to the
early 1980s and supported the idea of little change in
population abundance over that time. The earliest mark–
recapture census estimates of about 73,500 wild adults were
from 1980–1990 Carlin-tagging data compiled largely by
University of Nevada Las Vegas in the late 1980s plus 1988–
1990 Floy-tag and 1991–1993 PIT tag information (Marsh
and Minckley, 1992; Marsh, 1994; unpubl. data). However,
subsequent estimates of 59,900 fish for 1988–1993 and
23,300 fish for 1991–1993 made it clear the population was
in steep decline. Recruitment was undetected and the
population was on a trajectory toward collapse.

CAPTIVE PROPAGATION

It was evident after the earliest attempts at artificial
propagation that Razorback Sucker was amenable to the
process (Toney, 1974). Because the population was not
expected to persist, a broodstock of 281 wild fish taken from
Lake Mohave in 1981 and 1982 was established at Dexter,
New Mexico (Inslee, 1982) and rearing methods were
developed and refined (Hamman, 1985, 1987). Hatchery
production soon supported a monumental yet little docu-
mented stocking program under which millions of mostly
larval-to-juvenile size fish were distributed into waters of the
Gila River basin of Arizona and to the lower Colorado River
downstream from Davis Dam (Marsh and Brooks, 1989;
Minckley et al., 1991; Hendrickson, 1993; Schooley and
Marsh, 2007). There were few recaptures of stocked fish,
long-term survival was miniscule, and there was no evidence
of reproduction or population persistence (Schooley and
Marsh, 2007). The failed stocking program had been
implemented through a USFWS–State of Arizona coopera-
tive agreement in lieu of listing the Razorback Sucker under
the Endangered Species Act (Mueller, 1995), and a result was
a decade-plus delay from an initial proposal to list the
Razorback Sucker as threatened (USFWS, 1978) to its
eventual listing as endangered (USFWS, 1991). Nonetheless,
much was learned about the mechanics and methods of
propagation, and about the fate of stocked fish (reviewed in
Minckley et al., 1991; Schooley and Marsh, 2007). Captive
spawning and rearing now support most reintroduction
programs for the lower Colorado River mainstem (LCR
Multispecies Conservation Program), upper Colorado River
basin streams (UCRB Recovery Implementation Program),
and San Juan River (SJR Recovery Implementation Program).

THE LAKE MOHAVE NATIVE FISH WORK GROUP

Given the documented decline of the Lake Mohave
population in the early 1990s and continued recruitment
failure, it became clear that the population was going the
route of other populations in the Gila, Salt, and Verde rivers
of central Arizona (Minckley, 1983), and the species was
expected to ultimately be extirpated from the lower

Colorado River basin. With the failure of hatchery efforts
to establish or augment populations, it became obvious that
alternative approaches needed to be considered and imple-
mented if the Razorback Sucker population in Lake Mohave
were to be conserved. A cadre of seasoned field biologists,
administrators, and researchers who were concerned about
the failing Lake Mohave population came together in the
late 1980s to address this problem (Fig. 4). The result was
formation of the Lake Mohave Native Fishes Work Group
(hereafter NFWG) dedicated to maintaining the Razorback
Sucker in Lake Mohave and thereby saving the genetic
legacy of the species. The group developed a novel strategy
in 1990 that still provides the template for Razorback Sucker
management in the reservoir: harvest naturally produced
larvae from the lake, rear the young in protective custody,
and repatriate them to the reservoir at a size thought
immune to most predation (that size initially was 25 cm,
now known to be much too small). Mueller (1995) described
in detail the formation of the group and the initial years of
implementation of its management concept. Wild adult fish
remained relatively common in the reservoir in the early
1990s, and it was naively expected that a repatriate
population of 50,000 adult fish could be established within
a decade or less. A number of different rearing methods were
attempted and evaluated to meet annual stocking targets,
but grasping the golden ring of population restoration
would prove elusive.

ALTERNATE APPROACHES TO CONSERVING
GENETIC DIVERSITY

Several options have been considered for preservation of
genetic diversity in Razorback Sucker, with programs from
different regions (i.e., lower and upper Colorado River
basins, which are in U.S. Fish and Wildlife Service Regions
2 and 6, respectively) applying different approaches to
conservation. Programs in the upper Colorado River basin
decided to focus on a hatchery based approach. Czapla
(1999) recommended against the use of diallelic crosses
involving all possible combinations of five males and
females but promoted the use of 25 paired matings (50
individuals) for conservation of each of the upper basin
stocks. The San Juan River Recovery Program recommended
the generation of five sets of diallelic crosses, for a total
effective broodstock population size of 50 (Crist and Ryden,
2003). Because of concerns over availability of this many
wild fish from the San Juan River (including its Lake Powell
arm), they recommended using fish from the upper
Colorado River and Lake Mohave to achieve the desired
goal of 50 individuals.

The NFWG decided on an alternative approach based on
several concerns over the use of hatcheries as the major tool
for conservation of Razorback Sucker (reviewed in Minckley
et al., 2003). Maintenance of fishes in hatcheries has
deleterious consequences, a concern that has been discussed
and validated by others (Waples, 1999; Araki et al., 2008;
Frankham, 2008; Fraser, 2008; McClure et al., 2008). Risks to
diversity were further exacerbated by issues with the Lake
Mohave Razorback Sucker broodstock and reduced fitness of
their progeny in the hatchery (Dowling et al., 1996b). There
were also concerns over the minimum number of individ-
uals necessary to maintain a population. An effective size of
50 individuals was considered appropriate; however, this
estimate provides the minimum effective size necessary to
conserve neutral (e.g., non-adaptive) genetic variation, not
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the number of individuals needed to retain adaptive variation
(Franklin and Frankham, 1998; Lynch and Lande, 1998).
Given these issues, the NFWG reasoned that it would be best
to reduce the potential impacts of domestication selection
and to use as many individuals as possible in production of
Razorback Sucker for conservation purposes.

Natural spawning.—The NFWG tried several methods to
preserve high levels of genetic variation in Lake Mohave
before settling on the one currently utilized. The first effort
was in Yuma Cove backwater (Fig. 3), a natural shoreline
feature formed at the mouth of a desert wash and periodically
isolated from the reservoir by a wave-formed berm of coarse
gravel (Marsh and Langhorst, 1988). The berm was mechan-
ically reinforced and raised to ensure continuous isolation
and the backwater then chemically treated to remove all non-
native fishes; absence of non-native fishes is the primary
criterion of an acceptable site to maintain native fish life
cycles (Clarkson et al., 2005; Marsh and Pacey, 2005). One
hundred adult Razorback Sucker, 33 female and 67 male, were
captured in January 1991 from the Yuma Cove spawning
grounds (Minckley et al., 1991), stocked into the adjacent
Yuma Cove backwater, and allowed to reproduce. Larvae were
collected in spring but for unknown reasons no young
survived. The experiment was revisited in January 1992 when
28 females and 60 males were stocked. Larvae survived and
296 juveniles that averaged 35.4 cm TL were recovered in
November. A sub-sample of 15 juveniles was genotyped with
restriction endonucleases (as described in Dowling et al.,
1996a, 1996b), yielding five haplotypes and an estimate of
diversity of 0.70, significantly less variation than expected
relative to the sample of wild adults in the lake (95%

bootstrap confidence intervals: 7–15 for number of haplo-
types and 0.78–1.00 for diversity). The 15 juveniles were
produced by five females, and eight of the young were from a
single female. These results indicated capture and use of
adults likely would not preserve genetic diversity of Lake
Mohave Razorback Sucker.

Stocking of fertilized ova.—Next was stocking of embryos. In
spring 1993 spawning adults were captured from the lake,
their gametes manually stripped, and ova from each of 24
females were fertilized with sperm from two or more of 60
males. The process yielded about 200,000 embryos that were
stocked along the perimeter of Yuma Cove backwater, plus
50,000 that were diverted for laboratory research. The
experiment was compromised by an abrupt 1 m lowering
of the reservoir that exposed much of the backwater
shoreline, but 17 juvenile fish were later recovered. A
concomitant experiment in the same backwater was initiat-
ed when 420, 2.6 cm laboratory-reared metalarvae–early
juveniles were stocked after the water level drop, and similar
stockings took place into other isolated backwaters around
the lake. Survival represented by juveniles later harvested
from these sites ranged from 5 to 92% (Mueller, 1995) and
nearly 500 fish were recovered, PIT tagged, and transferred
to Lake Mohave. Nonetheless, the total number produced
was considered inadequate to meet goals.

Stocking of larvae.—The next attempt to preserve diversity
was to capture wild-produced larvae and rear them in
protective custody. Razorback Sucker larvae are phototactic
(Bozek et al., 1991; Mueller et al., 1993), and substantial
numbers are readily captured on spawning grounds at night
using lights and dip nets. The NFWG realized that this

approach would provide the lowest levels of production
(Minckley et al., 2003); however, it was likely to maintain
the greatest levels of genetic diversity (Dowling et al.,
1996b). More than 11,000 larvae were captured from
January to March 1994, reared through yolk sac absorption
to about to 2 cm TL, and 3000 stocked into Yuma Cove
backwater and 500 to 1000 into each of six other lakeside
backwaters, all free of non-native fishes at the time. Survival
in autumn was 12 to 76% (three backwaters produced no
young), and about 2200 juveniles were harvested and
stocked into the lake. A subsample of 14 of 358 juveniles
from Yuma Cove backwater was characterized with restric-
tion endonucleases that identified 11 haplotypes and an
estimated diversity of 0.95, levels of variation that were not
significantly different from the original wild population.
Additional support for the utility of this approach was
provided by recapture data. Five of 153 cove-reared fish
released in autumn 1992 and ten of 487 stocked in 1993
were captured as large sub-adults the spring following their
release (Mueller, 1995), demonstrating the successful appli-
cation of the concept of lake harvest of larvae and custodial
rearing.

IMPLEMENTATION

The custodial rearing of lake-harvested larvae was adopted as
the standard approach for restoring Razorback Sucker in
Lake Mohave (Fig. 4). Naturally produced larvae were
available in almost limitless numbers, so the primary
bottleneck was identifying suitable places to rear them that
were free of non-native fishes. Isolated lakeside backwaters
had proven their utility, and some dried annually to ensure
absence of non-natives. Predators were mechanically re-
moved from other backwaters with limited success. Chem-
ical treatment was expensive and time consuming and
readily thwarted by illicit stocking as had been observed in
Yuma Cove backwater and elsewhere. Eleven sites on Lake
Mohave already had been pressed into service and there
were few new opportunities there, and isolation by con-
struction of new berms at additional existing sites was
politically and economically constrained. Space, albeit
limited, nonetheless was identified and secured for native
fish rearing at Boulder City Golf Course, Boulder City
Wetland Ponds, Floyd Lamb State Park, and Reclamation
Fish Lab (all in Nevada), and the Phoenix Zoological Garden
(Arizona).

Another logical choice for grow-out was the federal
hatchery system. U.S. Fish and Wildlife Service Willow
Beach National Fish Hatchery (Willow Beach, Fig. 3) was
established in 1959 to use cold hypolimnetic release water
from Hoover Dam to raise Rainbow Trout Oncorhynchus
mykiss to support sport fishing in the Colorado River from
Lake Powell downstream to Yuma. It was sited on the
tailwater shoreline about 18 km downstream from the dam
and played a prominent role in early work on native big-
river fishes (e.g., Toney, 1974). Willow Beach received
multiple transfers from NFWG of Razorback Sucker embryos
and larvae for indoor rearing in tanks during the 1980s, but
the primary water supply was perennially 11–12uC and too
cold to support rapid growth of Razorback Sucker. Thus the
water needed to be heated, which was expensive and fraught
with logistical issues. Over the years the facility was
expanded and upgraded with solar hot water heating, new
outdoor raceways, additional well capacity, and myriad
other infrastructural improvements that enhanced its warm-
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water fish rearing capabilities. Willow Beach has reared by
far the largest proportion of Razorback Sucker repatriated to
Lake Mohave, and it suspended cold-water trout operations
temporarily in 2014 in favor of endangered Razorback
Sucker and Bonytail. Its satellite site is Achii Hanyo Native
Fish Rearing Facility, a former catfish farm adjacent to the
lower Colorado River near Parker, Arizona, where Razorback
Sucker grow-out is done in outdoor earthen ponds.

Dexter National Fish Hatchery (hereafter Dexter) in New
Mexico (later Dexter National Fish Hatchery & Technology
Center, now Southwestern Native Aquatic Resources &
Recovery Center) also played a significant role in furthering
the Razorback Sucker program beginning in 1980. Although
primarily responsible for broodstock development and
propagation and rearing of hatchery-produced fish, Dexter
also was an important grow-out site for Lake Mohave
Razorback Sucker. Its capabilities have expanded dramati-
cally over the years. Bubbling Ponds State Fish Hatchery
(Cornville, Arizona) and Lake Mead State Fish Hatchery
(Boulder City, Nevada) also participate in the Lake Mohave
program by rearing Razorback Sucker.

POPULATION MONITORING AND ASSESSMENT

Demographic monitoring.—The importance of long-term
monitoring cannot be better exemplified than by the tireless
efforts of the NFWG and the resultant 40+ years of data.
Early attempts to assess the status of the Lake Mohave
population were made in the 1980s. Between November
1982 and May 1983 tagging and fin-clipping efforts by
University of Nevada Las Vegas resulted in the marking of 933
adult Razorback Sucker (Bozek et al., 1984). Recaptures of
these individuals by various cooperators resulted in an
estimate of 73,500 (Marsh, 1994), but the estimate was
considered unreliable because tag loss and random assort-
ment were not evaluated. Annual monitoring efforts that
began in the late 1970s were renewed in earnest in March
1988 and became known as the ‘‘March Roundup,’’ timed to
occur near the peak of Razorback Sucker spawning. The week-
long effort consisted of deploying various entanglement nets
among known spawning grounds centered around Carp Cove
(Fig. 3) where WLM first visited the lake in 1967 and ever
since had camped with classes, colleagues, and myriad
interested parties. The roundup also was when the annual
NFWG meeting was held (at Yuma Cove backwater) to discuss
observations, strategies, and opportunities.

Although various tagging techniques were employed up
to 1991, passive integrated transponder (PIT) tags became
the standard marking technique by 1992. Since then, nearly
all Razorback Sucker handled from Lake Mohave contained a
PIT tag prior to release, including all of the thousands
stocked annually as part of the repatriation program. This
complete record of capture, release, and recapture spanning
more than 30 years has provided annual estimates of
population size and survival for both wild and repatriate
Razorback Sucker in Lake Mohave, an unprecedented
monitoring program allowing for the continuous assess-
ment of the repatriation program.

Survival of repatriates.—While significant effort was made to
collect recapture data on released Razorback Sucker in Lake
Mohave and all repatriated fish were PIT tagged prior to
release, estimated survival was less than 10% for the first
year post-release (Marsh et al., 2005). Attempts to determine
factors affecting post-stocking survival using mark–recapture

techniques were hampered both by low survival and by low
recapture rates, the latter estimated at 10% during the March
Roundup. Although size at release was clearly identified as a
significant contributor to post-stocking survival (Minckley et
al., 2003; Marsh et al., 2005), no other single factor was
identified through the first two decades of the repatriation
program. Acoustic telemetry studies from 2006–2010 verified
the size at release and survival relationship and implicated
Striped Bass Morone saxatilis as a major cause of mortality
(Karam et al., 2008). The studies also found that survival for
similar sized fish could vary as much as five fold from one
year to the next (Kesner et al., 2008, 2010a), and even the
largest Razorback Sucker released (about 50 cm TL) was
vulnerable to Striped Bass predation (Karam and Marsh,
2010). Although variation in survival of Razorback Sucker
released in Lake Mohave was possibly due to fluctuating
abundance of Striped Bass, no reliable data on Striped Bass
abundance in Lake Mohave were available for comparison.

In 2006, when the repatriation program had entered its
15th year, it was clear that PIT tag technology had advanced
considerably and a change in tag frequency would improve
monitoring data. The old 400 kHz PIT tags that had been
used since the inception of the program had very short read
ranges and were only reliably read when the fish was in-
hand. In contrast, newer 134.2 kHz PIT tags could be
remotely sensed with submerged antennas. The transition
from 400 to 134.2 kHz PIT tag was made in 2006, but few fish
were stocked from 2007 through 2008 because release size
became a prominent issue and fish were held over additional
years in an attempt to release fish at 50 cm (USFWS, unpubl.
data). All Razorback Sucker captured from the lake, both wild
and repatriate, were implanted with the new tag even if they
had the old tag already in them (double tagging) to increase
potential contact rates until stocking rates increased. Stock-
ing picked up again in 2008–2009, and remote sensing (PIT
scanning) on the reservoir began in 2008 at sites of known
Razorback Sucker aggregations (Kesner et al., 2010b). By 2012,
the number of individuals contacted annually had increased
by an order of magnitude compared to traditional sampling
alone (Kesner et al., 2012), and by 2013 the total number of
fish contacted was greater than 80% of the estimated
population size (Kesner et al., 2014).

In addition to the increase in contacts, PIT scanning
allowed for sampling in the swiftly flowing lotic waters
downstream of Hoover Dam. Wild and repatriate Razorback
Sucker were observed in the area long before monitoring
began, but were rarely sampled due to the ineffectiveness of
netting or electrofishing in the fast and fluctuating waters.
PIT scanning in this area resulted in identifying a separate
subpopulation that exhibited limited exchange with the
subpopulation in the basin (Kesner et al., 2012), effectively
doubling the population estimate for Razorback Sucker in
the reservoir (Hoover Dam downstream to Davis Dam and
including both river and basin reaches; Fig. 3). Monitoring
currently focuses on determining the exchange rates
between the two subpopulations, locating additional popu-
lation centers within the reservoir, refining estimates of
post-stocking survival, and identifying additional predictors
of survival based on PIT scanning contact rates.

Genetic monitoring.—Genetic monitoring provides valuable
insight into complex relationships of ecological, demographic,
and genetic factors (e.g., Schwartz et al., 2007; Antao et al.,
2011; Osborne et al., 2012), and protocols have been
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developed to monitor patterns of genetic variation within
and among locations and years within Lake Mohave (Fig. 4;
Dowling et al., 2005, 2014). Garrigan et al. (2002) estimated
historical female effective population size for Lake Mohave as
940,000, noting that their coalescent approach using mito-
chondrial DNA (mtDNA) data indicated that the variation
observed was typical of an expanding population. Genetic
patterns consistent with population growth are commonly
observed in rapidly declining species (Lavery et al., 1996;
Garrigan et al., 2002) because of influence of past events (e.g.,
population growth preceding rapid decline) on coalescent-
based estimates. Dowling et al. (2005) used variation in
mtDNA to track levels and distribution of genetic variation in
larvae, repatriates, and wild adults over time, and Turner et al.
(2007) used these data to generate estimates of female
effective size for the contemporary population in Lake
Mohave. Turner et al. (2009) developed microsatellite
markers that were applied to generate comparable measures
for the male as well as female component to effective size
(Dowling and Marsh, 2011; Dowling et al., 2014). These
studies have shown that the program implemented by the
NFWG has maintained levels of genetic variation and
increased the contribution of individuals in the face of
reduced census size. As a matter of fact, the Lake Mohave
population is still the most diverse of all remaining
populations despite having converged on similarly reduced
population size (Table 1; Wilson, 2011).

While much smaller than the historical effective popula-
tion size, serial estimates of contemporary genetic effective
size over the last 17 years are generally greater than 1000
(Dowling et al., 2014), suggesting that the risk of population
decline from genetic factors (i.e., reduced viability due to
inbreeding or accumulation of deleterious alleles) is low in
the Lake Mohave population. Time series analysis of
sequential larval cohorts shows that the ratio of effective
size to census size is increasing in Lake Mohave, despite
complete turnover from remnant wild fish to repatriated
fish over the last two decades (Dowling et al., 2014). This
observation is important because it provides strong evidence
that nearly all reproductively capable fish contribute genes
to the larval pool that ultimately builds future reproductive
stocks in Lake Mohave. Genetic diversity remains un-
changed through the rearing process in protective custody,
and to the point where fish are repatriated (Carson et al.,
unpubl.). The challenges now are to enhance long-term
survival of repatriated fish and reduce the need for human
intervention through the transition from larva to adult. The
‘backwater concept’ (Minckley et al., 2003) provides a
potential solution to this problem.

THE BACKWATER OR ‘‘OFF-CHANNEL’’ CONCEPT

The NFWG set out with an initial expectation of replacing
the senescent remnant population with an expanded and
stable population of 50,000 adult Razorback Suckers.
Monitoring results from the first several years of the
program were encouraging because repatriate population
numbers were increasing (Marsh et al., 2005). But it became
painfully obvious with time and experience that reaching
such a goal was unlikely. Harvesting larvae, rearing
juveniles, and repatriating sub-adults were planned and
executed with ever increasing efficiency, yet population size
continued to decline. Recommendations for minimum
stocking sizes for Lake Mohave were based largely upon
post-stocking observations there and upon information

from Gila River studies where ictalurid catfishes were the
predators on stocked Razorback Sucker (Marsh and Brooks,
1989); it was presumed that these and Largemouth Bass
Micropterus salmoides comprised the primary concern in the
reservoir. But a wild card was thrown into the mix when the
Lake Mohave population of large Striped Bass exploded.
These obligate carnivores attained lengths exceeding a
meter and were capable of consuming even the largest adult
Razorback Suckers (Karam and Marsh, 2010). An abundance
of Striped Bass at all age-size classes exerted debilitating
predation pressure on both native fishes and non-natives
like Rainbow Trout, so much so that less than 1% of nearly
165,000 Razorback Suckers (Pacey and Marsh, 2013) and
none of the hundreds of thousands of Rainbow Trout
stocked between 1999 and 2012 are thought to survive.

A strategy believed more efficient than the Lake Mohave
model and closer to the definition of recovery for both
Bonytail and Razorback Sucker was developed and outlined
by Minckley et al. (2003). The plan consists of maintaining
adult populations of these two species in the Colorado River
system including Lake Mohave, and developing multiple
self-recruiting populations of the species within protected
off-channel habitats free of non-native fishes. The second
half of the plan denoted in this paper as the backwater
concept was fortuitously tested in a small remnant oxbow of
the old Colorado River channel (ca. 0.25 ha), created by U.S.
Bureau of Reclamation channelization efforts in the 1970s.
The oxbow has a hydrologic connection to the river via the
porous substrate used in the levees, and was chemically
renovated and stocked with Bonytail and Razorback Sucker
in 1993. Both species had naturally recruiting populations
for longer than a decade until non-native Largemouth Bass
invaded and eliminated recruitment (LaBarbara and Minck-
ley, 1999; Marsh, 2000; Mueller et al., 2003).

Imperial ponds.—A panel of experts was convened in
December 2004 to develop design criteria for the creation
of off-channel habitats based on the backwater concept.
Their finalized plan called for six experimental ponds with
specific features thought to aid in Bonytail and Razorback
Sucker recruitment and survival: hummocks, gravel sub-
strate for spawning, and rip-rap shoreline for cover (USBR,
2005). The ponds would be used to test the backwater
concept and the utility of each habitat feature. A series of
existing ponds on USFWS Imperial National Wildlife Refuge,
Arizona and California was transformed into six backwaters
and named ‘‘Imperial Native Fish Ponds’’ in 2007. Although
the ponds incorporated many of the special features of the
design plan, the ponds failed to produce self-sustaining
populations of native fishes due to the continued presence
and invasion of non-native fishes that constrained recruit-
ment by predation on early life stages.

Groundwater was initially preferred over screened river
water as a secure (i.e., lacking in non-native fish eggs and
larvae) water source (USBR, 2005). However, screened river
water from an inlet canal to Martinez Lake on the Colorado
River was piped in as the main water source (LCR MSCP,
2008). The ponds were not renovated prior to native fish
stocking and a ‘‘wait and see’’ approach was established.
Within the first year non-native sunfishes (Centrarchidae),
Common Carp Cyprinus carpio, and Western Mosquitofish
Gambusia affinis were detected in all six ponds (Kesner et al.,
2011). Failure of the screens at the pumping platform to
filter fish eggs and larvae was confirmed by experimental
trials in 2009 (McDonald and Karchesky, 2010). Chemical
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renovation attempts were partially successful in two ponds,
but by 2011 all Bonytail and Razorback Sucker were
consolidated into a single pond supplied by well water and
contaminated by only Western Mosquitofish. The other five
ponds have since been dedicated to water physico-chemistry
and hydrological monitoring, and it is unclear when they
may come back on-line to the benefit of native fishes.
Although limited Bonytail and Razorback Sucker recruit-
ment was documented in the presence of non-native fishes,
the ponds failed to provide the environment necessary to
test the backwater concept.

Other places to rear young fish.—Additional off-site facilities
continue to provide short-term examples of the potential of
the concept. Lakeside backwaters adjacent to Lake Mohave
have served since 1992 as grow-out facilities for Razorback
Sucker destined to be stocked into Lake Mohave (Marsh et
al., 2005). Typically, Razorback Sucker are stocked in spring
and harvested in autumn with an average survival over the
period of approximately 50% (Ty Wolters, U.S. Bureau of
Reclamation, pers. comm.). Most of the backwaters dry
during autumn–winter lake drawdowns resetting the ponds
each year and limiting non-native fish presence. This drying
also eliminates the potential to use these waters for self-
recruiting populations of Bonytail and Razorback Sucker.
Exceptions to this limitation have recently been exploited
for use in experiments involving self-recruiting populations
of Bonytail (Davis Cove backwater; Fig. 3) and Razorback
Sucker (Yuma Cove backwater). These two lakeside backwa-
ters have enough depth to avoid drying during drawdowns,
and their isolation from the lake is ensured by mechanically
maintained berms. Observations on habitat use, survival,
population size structure, and water quality are ongoing in
Davis Cove backwater, and Yuma Cove backwater is being
used to estimate adult contributions to offspring per year
and generation using genetic techniques and remote PIT
scanning.

Additional sites for backwaters are currently in various
stages of development, but the full potential of the concept
to restore Razorback Sucker remains unrealized. The LCR
MSCP calls for the creation of off-channel habitats based on
the backwater concept downstream of Lake Mohave.
However, the plan gives no preference to backwaters that
are devoid of non-native fish species (i.e., the plan does not
specify their absence as a requirement). Backwaters under
this plan that were allowed to contain non-native fishes
would ‘‘count’’ toward the goals of the LCR MSCP but not
contribute significantly to the conservation or recovery of
either Bonytail or Razorback Sucker. Examples of recruit-
ment failure in waters with non-native fishes are pervasive
and undisputed (Marsh and Langhorst, 1988; Mueller et al.,
2003; Marsh and Pacey, 2005; Kesner et al., 2011).

POLITICAL REALITIES: REGIONAL AND BASINWIDE IMPACTS

NFWG partnerships continue to be strong and effective
under auspices of the LCR MSCP, which now has broad
purview over Razorback Sucker management in Lake
Mohave (LCR MSCP, 2006). All of the founding entities still
participate. However, at the onset of the program, manage-
ment decisions were made at the lowest possible level (field
biologists actually working on the fish). Programmatic
decision-making is now done by LCR MSCP signatory
parties who determine the direction of (and funding for)
the program with input from field biologists, including

those in the NFWG. Nonetheless, core functions of the
program, including annual spring and autumn adult
(repatriate) monitoring and winter–spring larval harvest
still are conducted as joint operations with broad participa-
tion across agencies and interested parties.

While the situation for the lower Colorado River basin is
relatively straightforward, conservation range-wide is fraught
with complications. There are several different groups
responsible for conservation of Razorback Sucker, specifically
divided along geo-political boundaries. Lower and Upper
Colorado River basins are administratively divided at Lee’s
Ferry, 1.6 km downstream from the mouth of Paria River at
the head of Grand Canyon. Programs to benefit native fishes
are separate and distinct in the two basins, and sources and
allocations of resources are different and sometimes dispa-
rate. Unfortunately for all involved, and especially so for the
fishes that do not recognize political boundaries, there has
long been a lack of communication and an undercurrent of
mistrust among workers in the two basins. A result is a sense
that not all interests are equally represented in policy
decisions such as designation of critical habitat or determi-
nation of recovery goals, or implementation of effective
conservation strategies. Open dialogue and improved coop-
eration at all levels would improve the situation.

These geo-political issues have had a direct impact on
formulation of landmarks for recovery. Recovery goals
articulated in the initial Razorback Sucker recovery plan
(USFWS, 1998) were qualitative and obvious: in the short
term prevent extinction, in the long term recover the fish so
it no longer needs protection of the Endangered Species Act.
The former would be attained when decline of the Lake
Mohave and two upper Colorado River basin stocks was
reversed, as evidenced by natural recruitment leading to
increasing population sizes. The plan was amended by
quantitative goals (USFWS, 2002) that for downlisting
required, among other things, maintenance of a genetic
refuge in Lake Mohave and of multiple, self-sustaining
populations each numbering more than 5800 adults. The
prognosis at the time was that ‘‘Based on current informa-
tion and associated uncertainties, it is estimated that self-
sustaining populations of Razorback Sucker will become
established over the next 15 years.’’ (USFWS, 2002:56).
Another recovery plan revision is in process. For political
reasons recovery leadership was placed with USFWS Region
6 in Denver, Colorado, at least in part because the Upper
Colorado River Recovery Implementation Program (USFWS,
1987; Wydoski and Hamill, 1991) for recovery of Razorback
Sucker and other big-river fishes also was located there. Also
for political reasons, meaningful participation of many
knowledgeable individuals and leading species experts from
USFWS Region 2, which includes the lower Colorado River
basin, was largely excluded from the recovery planning
process. In light of current status of Razorback Sucker in
Lake Mohave and throughout its range, timely attainment
of current recovery goals is improbable. Considering the
massive expenditures on behalf of the big-river fishes ($293
million from 1989 to 2013 for the upper basin RIP [Tart,
2014] and part of a projected .$626 M over 50 years for the
lower basin [LCR MSCP, 2004]), it seems more likely that
legislators and funding partners will tire of investing in
programs that have failed to benefit the species than
recovery or conservation will actually be attained. It may
transpire that new recovery goals present a lower bar and
thereby preserve existing programmatic infrastructure and
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process but still fail to serve the needs of the species, but we
hope for better.

PAST, PRESENT, AND FUTURE OF RAZORBACK SUCKER IN
LAKE MOHAVE

The Razorback Sucker is at a crossroads relative to its
evolutionary history and ability to persist in the dramati-
cally altered environment of the Colorado River basin. This
makes it an excellent time to look at what can and needs to
be done to maintain this species into the future.

Razorback Sucker has declined precipitously range-wide
and is currently maintained by repatriation programs in all
locations where it currently resides, with a possible and
notable exception of Lake Mead. The population in Lake
Mohave is still one of the largest, and conservation efforts
have maintained its high level of genetic diversity; there-
fore, it likely remains the most genetically diverse. This
combination of features makes this population the corner-
stone for Razorback Sucker conservation.

Like most other locations, the presence of non-native
fishes has made it impossible to gain any headway toward
re-establishment of a self-sustaining population in Lake
Mohave. While this reservoir is still important, it and other
currently and formerly occupied places could be replaced by
other ‘‘natural’’ locations (e.g., big rivers) that are more
hospitable for maintaining ‘‘wild’’ populations. Note,
however, as species are extirpated it becomes less important
to manage them in these systems (e.g., Colorado pike-
minnow in the lower Colorado River basin; Miller, 1961;
Minckley, 1973), and such locations could be completely
lost as ‘‘natural’’ ecosystems for native fishes. Therefore, it is
important to keep Razorback Sucker in Lake Mohave as a
placeholder for its former habitat.

When the NFWG developed its protective custody
program in the early 1990s, the key assumption was that
‘‘ . . . Razorback Sucker of approximately 30 cm TL and
longer are essentially immune to existing predators’’
(Minckley et al., 2003). The thought at that time was that
a large population of Razorback Sucker could be established
in Lake Mohave, with self-sustaining populations present in
protected backwater habitats. This combination of popula-
tions would include a large population of adults in Lake
Mohave and all life history stages in isolated backwaters,
producing stable demographic and genetic structure. Given
the longevity of this species, this situation could provide
time to solve the problem posed by predation of non-native
species on early life stages.

Unfortunately, the situation in Lake Mohave has changed
for the worse. Striped Bass has become abundant in the
reservoir, and they are known to consume Razorback Sucker
.50 cm TL (Karam and Marsh, 2010). Their presence makes
it difficult, perhaps impossible, to establish and maintain a
large population of adult Razorback Sucker in Lake Mohave
(Marsh et al., 2005). Other regions have this and/or other
similarly effective, large predators (e.g., Flathead Catfish
Pylodictis olivaris, Northern Pike Esox lucius); therefore, this
issue will impact conservation efforts throughout its range.
At this time, there are no known methods to eradicate non-
native fishes from large river systems; therefore, it is
currently not possible to re-establish Razorback Sucker in
native habitats because the threats are still in place.

Role of hatcheries in conservation.—Hatcheries have played an
increasingly important role in on-the-ground conservation

efforts, and to a lesser extent in recovery of endangered
fishes. The challenge in a conservation hatchery is three-
fold: (1) to produce sufficient numbers of fishes to
significantly bolster numbers in the wild, (2) to match or
enhance genetic diversity of wild populations, and (3) to
remove effects of hatchery-imposed selection regimes such
that fitness in the wild is not compromised. Over the last
few decades, spawning and rearing practices have been
honed, developed, and tested through research programs at
Dexter (e.g., Wilson, 2011, 2012) and elsewhere. Based on
these efforts, it is clear that challenges 1 and 2 can be
adequately met and addressed. However, effects of hatchery-
imposed selection are impossible to remove completely
(Waples, 1999; Frankham, 2008), and there are unavoidable
trade-offs between maintaining ‘neutral’ genetic diversity
(e.g., by reducing variance in family size) and hatchery-
imposed selection (Fraser, 2008).

It is for these reasons that we advise resistance to the
temptation to use hatchery culture to quickly produce large
quantities of individuals to replace the existing Lake
Mohave stock. Population size can clearly be maintained
through stocking hatchery-cultured fish but at a substantial
potential cost to survivorship and viability in the wild, and
with unknown future results.

It is possible, if not likely, that rearing larval fishes in
protective custody also alters natural selective regimes or
imposes a new selective environment. However, because this
strategy permits mate choice in the wild, deposition of gametes
over natural substrates, and at least an opportunity for a natural
foraging strategy, we suggest that it is the preferred alternative
for minimizing effects of hatchery-imposed selection. Imple-
mentation of strategies that further reduce human interven-
tion, such as those detailed in the backwater concept, could be
an important advance toward restoring quasi-natural evolu-
tionary forces acting upon this managed population.

A second and arguably more important function of
conservation hatcheries is that they provide a measure of
insurance against catastrophic loss in the wild, particularly
when wild populations are geographically restricted (such as
in Lake Mohave). Thus, we do not advocate an end to the
hatchery program because it is imperative that a large, diverse
broodstock be maintained in case other efforts fail. The
present broodstock at Dexter should be periodically replaced
through augmentation with wild-caught individuals, how-
ever, and production should be designed to maintain
documented genetic variability in offspring produced for
any future purpose. Progeny of the current broodstock should
not be released to replace the existing Lake Mohave
population. Instead, the backwater culture program should
be continued and expanded, if for no other reason than to
provide additional habitat where both backwater culture and
wild-caught larvae can grow. Rearing should be geographi-
cally as near Lake Mohave as possible to minimize transport
expense and fish losses through handling. The safest course
would be to keep all three options open, if economics allow
and if dedication and mandate are sufficient incentives, so
that if one method fails the others may be attempted.

Role of backwaters in conservation.—The backwater approach
has more positive attributes than a hatchery based ap-
proach. Use of larvae captured in the lake utilizes many
more parents than it is possible to maintain in a hatchery,
maximizing the genetic contribution of potential parents.
Rearing fishes in more natural habitats minimizes the
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impact of domestication selection imparted by raising them
in captivity. Most importantly, backwater populations can
be managed as self-perpetuating, with stable demographic
and genetic features.

Can such backwater populations be used to supplement
‘‘wild’’ populations? That depends on our ability to produce
backwater populations with the appropriate features. Razor-
back Sucker are known to reproduce in ponds, and their
progeny can themselves become reproductive (Mueller et
al., 2003; Kesner et al., 2011; unpubl. data). Unfortunately,
such ponds have never been allowed to perpetuate, so it is
not certain what conditions would be necessary to generate
stable, self-replicating populations. If they can, these
backwater populations will be miniature replicates of what
are considered to be wild populations, albeit on a smaller
scale and linking them together in a metapopulation
network could provide a powerful tool for conservation of
this species.

CONCLUSIONS AND RECOMMENDATIONS

Proactive management of Razorback Sucker in Lake Mohave
has thus far conserved the genetic diversity of the species, but
the once abundant wild population is gone, and both a
relatively small repatriate population and the program itself
depend on stocking (Fig. 4). Absent the current program or a
successful alternative, the species will disappear from the
lower basin. We believe the future of Razorback Sucker and
other big-river fishes such as Bonytail in the lower Colorado
River lies in application through aggressive implementation
of an off-channel management concept (Minckley et al., 2003;
USFWS, 2005) that separates them from harmful non-native
fishes. In this regard some successes of the Lake Mohave
conservation program may be measured best in terms of
lessons learned and knowledge gained. We now know that
Razorback Sucker cannot perpetuate itself regardless of fish
size or abundance because the extant predator load is simply
too great. We know that numbers and genetic diversity can be
maintained by harvest from the wild of naturally produced
fish, and case studies demonstrate that life cycle completion is
possible where non-native fishes are excluded but that
recruitment fails where non-natives are present.

Ability to eliminate non-native fishes is an absolute
requirement of any successful native fish management
program, and realistically this means that we must be able
to desiccate any habitat where Razorback Sucker and
Bonytail are expected to reproduce and recruit. This is
because there is no other practical treatment that can ensure
eradication of non-native fishes. As articulated before, we
envision a number of off-channel sites where the species can
live, with periodic exchange of individuals to maintain
genetic heterogeneity. These populations also could con-
tribute adults to mainstem habitats, including Lake Mohave,
and vice versa, where life cycle completion is not possible.
The necessary number of off-channel populations and
requirements for movement of individuals among them
would be determined by demographic and genetic studies in
currently available sites.

The Lake Mohave repatriation program must continue
unabated until adequate off-channel habitats are in place
and reliably functioning as determined by appropriate
monitoring and assessment. Moving the recommended
program forward will require participation and cooperation
of all entities currently committed to the LCR MSCP but
especially those who own or manage the resources of land

and water that must be allocated to provide needed habitat.
All parties must be proactive and responsive, and willing to
make adjustments indicated by new information—‘‘adap-
tive management’’ must be a reality rather than a rhetorical
catch-phrase. The technology is available to conserve the
Razorback Sucker; we need only the will to implement it.

While levels of genetic diversity in Lake Mohave clearly
identify its importance for conservation, this does not
diminish the significance of other populations that occupy
a variety of different habitats and environmental regimes.
Unfortunately, recovery effort for the species has suffered
from geo-political division. Minimally, representatives from
both basins need to be communicating to share their
considerable knowledge and experience. Ideally, a compos-
ite of these groups should attempt to generate a cohesive
vision for conservation of the species. Such a joint venture
should include representatives from all regions and disci-
plines and would allow us to move beyond regional
approaches and to generate a more inclusive approach to
conservation of Razorback Sucker.
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