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CHAPTER 1
INTRODUCTION
Recent declines in global biodiversity have emphasized the importance of
species conservation. The focus on terrestrial species has somewhat marginalized
the much larger decline of freshwater aquatic organisms (Johnston 1999,
Xenopoulos et al. 2005). Approximately 40% of freshwater fish species in the
United States are classified under some level of at-risk status (Petersen et al.
2008). Of these imperiled aquatic resources, fishes in desert spring habitats are
some of the most unique and diverse (Shepard 1993, Kodric-Brown and Brown
2007). Desert springs are often the only source of water over large regions,
making them a critical resource for humans and wildlife. However, human
manipulation of spring water sources for consumption, recreation, and irrigation
has resulted in habitat loss and degradation for native fish, snails, and aquatic
insects (Shepard 1993, Kodric-Brown and Brown 2007, Unmack and Minckley
2008).
The conservation of desert spring systems is crucial for the persistence of
aquatic-dependent biota in otherwise hostile environments. These springs often
serve as paleorefugia for prehistoric aquatic species that were once widely
distributed during wetter time periods (Nekola 1999, Unmack and Minckley
2008). The isolation and infrequent connectivity among adjacent springs has
resulted in species assemblages with high levels of endemism (Smith 1981b).
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Examples of such paleorefugia are the desert spring complexes found
within the desert regions of the western United States (Miller 1958). Many of
these springs are inhabited by endemic fishes that have survived for hundreds to
thousands of years in small isolated populations (Gaston and Lawton 1990).
Despite their prolonged persistence, desert fishes comprise approximately two
thirds of the endangered and threatened fishes of North America (Helfman et al.
2009). The decline of native fish habitat since European colonization has resulted
in the loss of the Pahranagat spinedace (Lepidomeda altivelis), the Grass Valley
speckled dace (Rhinichthys osculus reliqus), the Ash Meadows poolfish
(Empetrichthys merriami), and many others (Miller et al. 1989). Species declines
have been attributed to habitat loss, habitat degradation, and invasive species
introductions (Miller et al. 1989, Dudgeon et al. 2006). The increased human
population growth in arid regions and the associated increased water demands
will presumably result in further stress on aquatic organisms and additional losses
of faunal biodiversity (Deacon et al. 2007).
To prevent additional loss of endemic desert fish species, managers must
be able to identify at-risk populations and understand the process responsible for
their decline. Often, complex and synergistic threats obscure the mechanisms
responsible for declines (Petersen et al. 2008). Consequently, natural resource
managers are forced to make decisions under substantial uncertainty about the
systems and organism they manage (Johnston 1999, Petersen et al. 2008). The
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identification of relationships between fish population dynamics and their habitats
as well as species interactions can enable managers to identify key factors and
processes affecting at risk taxa, predict the response of species to management
decisions, and allow for the development of effective conservation strategies
(Hayes et al. 1996). Information on the population dynamics of many desert fishes
is currently lacking due to the difficulty in collecting reliable demographic
information on small-bodied, rare fish species (Petersen et al. 2008). The goal of
this project is to help managers conserve desert fish populations by creating patch
dynamics models using monitoring data, habitat information, and precipitation
and temperature data.
Research Objectives
The primary goal of this research was to develop models to aid decision
makers in desert fish management. To accomplish this, I completed the following
objectives:
1) Identified and compiled existing information on desert wetland systems.
2) Estimated patch dynamic rates (colonization, extinction, reproduction)
for chubs in the desert wetlands of Snake Valley, Utah.
3) Evaluated the influence of natural and anthropogenic factors on chub
patch dynamics in desert wetlands.
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4) Created models that could be used to predict changes to native cyprinid
patch dynamics in response to natural disturbances and management
actions.
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CHAPTER 2
LITERATURE REVIEW
Native fish species found within the deserts of North America are relicts
from pluvial time periods (Unmack and Minckley 2008). Fishes that have
survived in these isolated desert systems are considered generalist species capable
of surviving physical and chemical water quality extremes including low
dissolved oxygen, high temperatures and high salinity (Smith 1981b). The harsh
environmental conditions of these paleorefugia have reportedly resulted in low
species richness and high endemism (Smith 1981a, Smith 1981b). Despite these
environmental conditions, fishes have been able to persist in these areas for
hundreds to thousands of years (Deacon and Minckley 1974, Gaston and Lawton
1990). To conserve desert fishes, mangers must have an understanding of the
environmental factors affecting these species and the behavioral and physiological
mechanisms aiding population persistence.
The spatial pattern of species distributions in fragmented landscapes can
provide information about the underlying demographic processes in patchy
environments (Wiegand et al. 2003). The scarcity of water in arid regions creates
patches of aquatic habitat that restrict the distribution and dispersal abilities of
aquatic species in desert systems (Unmack and Minckley 2008). The dispersal of
individuals from patch to patch largely depends on the mobility of the species and
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the proximity of patches to one another (Calabrese and Fagan 2004). Thus, the
connectivity of habitat patches in fragmented landscapes can influence the
movement of animals from patch to patch and influence immigration and
emigration rates (Taylor et al. 1993). The size of a patch also can influence
population persistence if larger patches are able to support larger populations.
Larger populations potentially have more individuals available to disperse,
increasing patch colonization rates. In addition, large populations are less
susceptible to environmental and demographic stochasticity and as such would
have a lower extinction risk when compared to smaller populations (Franken and
Hik 2004). The size and proximity of patches in desert landscapes can influence
the distribution of aquatic species.
Anthropogenic alteration of desert habitats, for example the impoundment
or diversion of water for human use, can fragment habitat and further isolate
existing fish populations (Fagan 2002). In the Sonoran Desert, local extirpation of
fish species was five times more likely for species with fragmented distributions
than those with continuous distributions (Fagan 2002). The fragmentation of
aquatic habitats and isolation of populations decreases immigration and
demographic support for existing populations and the potential for recolonizing
suitable habitats after local extirpation (Fagan 2002).
Physical and Chemical Environment
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The Great Basin desert is a large internal drainage basin in the western
United States bounded between the Rocky Mountain and the Sierra Nevada
mountain ranges (Grayson 2011). The floristic boundary encompasses almost the
entire state of Nevada and small portions of eastern California, southern Oregon,
southern Idaho and western Utah. The Great Basin is considered a cold desert
with cold winters and hot summers (Grayson 2011). Precipitation falls
predominately during winter and spring as snowfall (Tiner 2003, Grayson 2011).
The aquatic environments of the Great Basin Desert are diverse and
consist of springs, streams, wetlands, and lakes (Deacon and Minckley 1974,
Naiman 1981). Desert streams generally originate in higher elevations as
snowmelt or rain runoff (Deacon and Minckley 1974, Naiman 1981). In areas
with local summer rainstorms, desert streams can experience rapid changes in
discharge from flash flooding (Deacon and Minckley 1974, Cole 1981). In
contrast, desert springs represent relatively discrete areas in valley floors where
groundwater is discharged at the surface (Tiner 2003). The discharge in these
springs can be relatively constant from aquifers in geologic fault zones (Deacon
and Minckley 1974, Naiman 1981). Desert springs generally consist of a spring
head with a small channel terminating into a wetland (Naiman 1981). Springheads
are usually small in size, often less than 20 meters wide and 3 meters deep, with
open water surrounded by emergent vegetation (Constantz 1981). The associated
desert wetlands consist of standing shallow water and dense emergent vegetation
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(Deacon and Minckley 1974, Naiman 1981). The spatial extent of these desert
wetlands is highly variable and changes predominantly with season. The influx of
snowmelt into the valley floors during late spring causes the wetlands to expand.
The wetlands slowly contract during the hot summer months due to no or little
precipitation and high evapotranspiration. Typically, these shallow wetlands reach
their smallest extent during late summer and then expand again in the fall when
temperatures drop and evapotranspiration ceases (Three Parameters Plus 2010).
Natural lakes in the desert are rare but those that do exist are generally the result
of an accumulation of runoff from streams as terminal lakes (Naiman 1981).
Many desert lakes are highly saline, such as the Great Salt Lake, and are
unsuitable for fishes (Naiman 1981). Desert fishes can be found in streams,
springs, wetlands, and lakes of the Great Basin Desert but their persistence in
specific areas depends on the physical, chemical, and biological properties of
these systems.
In desert spring and wetland complexes, water is the main driver of
biological processes (Noy-Meir 1973, Naiman 1981). The volume of water and
suitability of fish habitats are largely determined by photoperiod, precipitation,
and ambient temperature (Deacon and Minckley 1974, Cole 1981). These systems
receive high amounts of solar radiation and little precipitation (Cole 1981). As a
result, high evapotranspiration rates in areas with relatively low water volume
produce high ion concentrations, increased water temperatures, and alkaline
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conditions (Helfman et al. 2009). In addition, dissolved oxygen levels in desert
wetlands and springs are often of inadequate for the survival of most freshwater
fish (Soltz and Naiman 1981, Helfman et al. 2009). To persist under these
conditions, many desert fishes evolved tolerance to dissolved oxygen levels that
are below 1 ppm, whereas most fish species begin to exhibit physiological stress
below 5 ppm (Helfman et al. 2009). Many desert fishes are also able to withstand
salinity levels three to four times that of marine environments, freezing
temperatures in the winter, and maximum summer temperatures of up to 44°C
(Soltz and Naiman 1981, Helfman et al. 2009). Fish surviving in the desert have
some of the highest water quality tolerances of freshwater fishes, but those
inhabiting small springs and ephemeral wetlands are exposed to the harshest
environmental conditions of any aquatic ecosystem in arid regions (Helfman et al.
2009).
Environmental Variability
Chemical and physical properties of desert systems can fluctuate
dramatically with seasonal changes in water levels, but also can remain relatively
stable at constant water sources like warm spring heads (Constantz 1981, Unmack
and Minckley 2008). Seasonal fluctuations in abiotic factors are usually gradual
and allow for acclimatization while diurnal changes can be abrupt (Deacon and
Minckley 1974). Large fluctuations in ambient temperatures are common in the
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desert systems and can range from maximums around 40°C in the summer to near
zero in the winter with daily fluctuations up to 15°C (Soltz and Naiman 1981).
Extreme physical and chemical conditions and large daily variation in these
conditions can cause thermal and osmotic stress or death to desert fish (Ostrand
and Wilde 2001) influencing fish survival and reproduction. Thus, the chemical
environments of desert habitats ultimately influence the distribution of fish
species (Ostrand and Wilde 2001).
Disturbance regime also can influence the diversity and composition of
aquatic communities (Reice et al. 1990). Disturbances caused by harsh abiotic
conditions and fluctuations of discharge in desert spring systems can limit the role
of biotic interactions in determining community structure (Reice et al. 1990).
Frequent, unpredictable, and severe disturbances can limit the number of species
to those that are the most tolerant resulting in low species diversity (Crawford
1978a, Reice et al. 1990). The few fish species found in these environments with
frequent and severe disturbances are often tolerant species with generalist
resource requirements, but poor competitors (Crawford 1978a). The loss of
disturbance through water impoundment or other habitat alteration can increase
the possibility of the establishment of exotic species that could not otherwise
survive under unaltered habitat conditions (Eby et al. 2003). For example, the
frequent flooding of streams in the Sonoran Desert allowed for the coexistence of
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the native Sonoran topminnow (Poeciliopsis occidentalis) and an aggressive
exotic predator, the western mosquitofish (Gambusia affinis) (Meffe 1984). In the
absence of flooding, the mosquitofish outcompeted and extirpated the native
topminnow within 3 years (Meffe 1984). The native species found in desert
systems have evolved with disturbance and often require it to limit the
competitive pressure of exotic species. Thus, alterations to desert spring and
wetland habitats that decrease the severity and frequency of disturbances have the
potential to extirpate native fauna by facilitating colonization by competing exotic
species.
Life History and Biotic Interactions
Fishes that persist in harsh and highly fluctuating environments typically
have an opportunistic breeding strategy, are generally short lived, and are small
bodied (Winemiller 2005, Olden et al. 2007). Species with these traits are able to
quickly colonize areas after disturbance through high reproductive effort with
little parental care (Winemiller 2005). They also mature rapidly and may
reproduce multiple times during a breeding season. The ability of opportunistic
breeders to rapidly recolonize areas after disturbance demonstrates their
demographic resilience (Winemiller 2005). It is this resilience that has
presumably allowed desert fishes to persist despite harsh environmental
conditions and frequent disturbance (Winemiller 2005).
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Fish survival and species persistence also are influenced by interspecific
interactions, such as predation and competition, which are in turn mediated by
habitat characteristics. Complex habitats with varying depths can provide refuge
from potential predators (Power 1987). Fish in shallow water are generally more
vulnerable to terrestrial predators, such as wading birds, whereas fish in deep
water are generally more vulnerable to large bodied aquatic predators (Power
1987). Diverse habitats could also allow for resource partitioning between
species alleviating competitive pressure and mediating coexistence of species in
desert habitats (USFWS 2010). In the absence of complex and diverse habitats,
fish can be exposed to high levels of predation and competition that can affect
survival and species persistence. For example, fish abundance in small isolated
wetlands in the Everglades decreased by 77% due to predation by wading birds
during the dry season (Kushlan 1976). Changes to desert spring wetlands that
result in a loss of habitat complexity and refuge habitats could increase the
susceptibility of resident fishes to predation by aquatic and terrestrial predators,
and increase interspecific competition, increasing the vulnerability of species to
local extirpation.
Anthropogenic Effects
Despite their physiological and behavioral adaptations to survive in desert
environments, a disproportionate number of small bodied desert fishes are
endangered (Winemiller 2005, Olden et al. 2007). The most prominent factors
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responsible for the imperilment of desert fishes include habitat loss and
degradation, primarily due to changes in hydrology, and invasive species
introductions (Miller et al. 1989).
In arid environments, water is an important resource for both humans and
wildlife. The way in which water resources are managed and utilized can affect
desert fish persistence. Alteration of habitat of desert fishes can occur through
surface water manipulation and groundwater use. In the Great Basin Desert,
spring sources are fed by local shallow basin-fill aquifers and regional deep
carbonate aquifers (Patten et al. 2007). The shallow basin fill aquifers are most
commonly utilized for human use (Welch et al. 2007). The sustainability of
groundwater harvest and the maintenance of aquatic habitats for desert fishes
depend on the rate of water extraction and the rate of groundwater recharge
(Unmack and Minckley 2008). Long term persistence of desert spring systems is
possible if there is a balance between recharge and extraction (Unmack and
Minckley 2008). Recharge of groundwater aquifers in desert valleys is mostly
derived from high elevation precipitation (Welch et al. 2007). The rate of recharge
depends on infiltration rates of soil and rock layers and evapotranspiration (Welch
et al. 2007). A recent study of numerous valleys in Nevada and Utah has shown
that some large springs are not supported entirely from local recharge (Welch et
al. 2007). The persistence of these springs is instead maintained by groundwater
flow from deep-carbonate aquifers in adjacent valleys (Welch et al. 2007). This
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suggests that groundwater use hundreds of miles away could influence local
spring discharge and should be considered when developing desert fish
conservation plans. If water is extracted without regard to recharge rates and
inter-basin groundwater flow, the resulting groundwater depletion could decrease
the quality of desert fish habitat and negatively affect desert fish reproduction and
survival. The harvest of groundwater for municipal and agricultural use has
resulted in decrease spring levels in Owens Valley, Pahrump Valley, and Ash
Meadows National Wildlife Refuge (Patten et al. 2007, Unmack and Minckley
2008). Groundwater withdrawal in the Las Vegas Valley resulted in the
desiccation of desert springs, a lowering of the water table by 100 meters or more
in some areas, and the extinction of the Las Vegas dace (Rhinichthys deaconi)
(Deacon et al. 2007, Patten et al. 2008). The increases in demand for water from
growing urban areas in arid regions, such as Las Vegas and Phoenix, have
increased the extent and rate of water extraction in western North American
deserts (Patten et al. 2008). For example, to meet the water demands of Las
Vegas, the Southern Nevada Water Authority (SNWA) has proposed to withdraw
approximately 215,900,00 cubic meters per year from numerous valleys within
the Great Basin and Mojave Deserts (SNWA 2012). Groundwater is vital for the
protection of desert fishes and it has become an increasingly scarce resource as
human use increases (Unmack and Minckley 2008). An understanding of the
effects of proposed water use could help maintain the long term persistence of
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desert systems by allowing managers to predict the consequences of water use
before management actions are implemented.
The alteration of surface water flows also can negatively affect desert
springs and wetland habitats for desert fishes. Desert springs and streams often
are easily manipulated due to their small size. Habitat degradation of desert
systems can occur through alteration of spring heads, modification or
impoundment of spring outflows and desiccation of wetlands (Unmack and
Minckley 2008). Springs are frequently pumped, diverted for agricultural or
consumptive use, and widened and deepened for recreational use (Shepard 1993,
Kodric-Brown and Brown 2007, Unmack and Minckley 2008). Hydrologic
manipulation of desert systems either through groundwater extraction or surface
water withdrawal can adversely impact desert fish populations. Decreases in flow
can reduce the amount of available habitat and alter the physical, chemical, and
biological characteristics of the remaining habitat (Deacon 2007). Reductions in
water volume decreases habitat complexity increasing the possibility of
interspecific hybridization, competition, and predation of at-risk fishes (USFWS
2010). The water quality of remaining habitat could be compromised by increased
water temperature and low levels of dissolved oxygen (USFWS 2011). Decreases
in the water supply could also increase habitat fragmentation, decreasing potential
for dispersal and isolating existing populations (Deacon 2007, USFWS 2011).
Thus, surface water use in the desert could adversely impact the long-term
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persistence of desert fishes if managers are not informed as to the potential effects
on the resources they depend.
Introductions of non-native snails, crayfish, frogs, and fishes throughout
the western United States have caused local extirpation and hybridization of
native aquatic species (Unmack and Minckley 2008). The ichthyofauna of desert
springs and small streams are often comprised of a few species and occasionally,
by a single species (Soltz and Naiman 1981). Many spring-dwelling desert fishes
have reduced sensory organs, such as lateral lines, that may decrease their ability
to survive in the presence of new predators (Helfman et al. 2009). The
establishment of competitively superior non-native species can reduce or replace
native species. Among one of the most detrimental exotic species in desert
systems is the mosquitofish (Gambusia spp.) (Deacon and Minckley 1974).
Mosquitofish have been widely distributed throughout the western United States
through mosquito abatement projects that began in the early 1900’s (Fuller et al.
1999). Mosquitofish are aggressive predators that can quickly colonize an area
with an opportunistic viviparous breeding strategy (Fuller et al. 1999). They have
reportedly caused the decline of several desert fishes including the Sonoran
topminnow, the Railroad Valley springfish (Crenichthys baileyi) and the least
chub (Iotichthys phlegethontis) (Fuller et al. 1999). The adverse impacts of
nonnative species in desert systems have resulted in the decline of native desert
fishes and provide an additional challenge to conservation efforts.
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Grazing is a fundamental part of the economy of the arid western United
States. With over seventy percent of land in the West grazed, the impacts of
grazing on desert systems and their fish are widespread (Platts 1979, Fleischner
1994). The tendency of livestock to congregate around water sources in high
densities for prolonged periods leads to increases in soil compaction, erosion,
nutrient inputs, vegetation removal, and sediment inputs (Platts 1979, Fleischner
1994, Unmack and Minckley 2008). The increased siltation can limit available
fish habitat and may disturb spawning. Relatively clear water is required for
adequate oxygenation of broadcast eggs, which easily become suffocated by fine
sediment (Johnston 1999). Turbid waters also can limit algal production and
decrease benthic invertebrates, reducing forage for native fishes (Naiman 1981).
Cattle also can substantially increase nutrient inputs and bacteria through waste
inputs, decreasing dissolved oxygen to lethal levels (Taylor et al. 1989). For
example, nutrient and bacterial inputs into two springs in Pahranagat Valley
Nevada were suspected to have caused the decline of native fish species;
populations appeared to recover upon cessation of grazing practices (Taylor et al.
1989). Cattle also can become stranded and perish in the soft banks and substrate
of spring pools (Unmack and Minckley 2008). The decomposition of the carcass
within the water source results in toxic and anoxic water conditions for native
fauna (Unmack and Minckley 2008). The reliance on natural spring sources and
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streams as a sole water source for livestock can have adverse impacts on desert
fish populations.
In contrast, grazing also can aid desert fish conservation by helping to
maintain open water habitat (Kodric-Brown and Brown 2007). Vegetation
encroachment is a common problem after livestock are removed from desert
springs (Kodric-Brown and Brown 2007, Unmack and Minckley 2008). For
example, in Ash Meadows National Wildlife Refuge, the exclusion of feral horses
reportedly resulted in overgrown springs requiring manual vegetation removal to
maintain open water habitat for endemic fish species (Kodric-Brown and Brown
2007). Vegetation encroachment also was reportedly the major cause of
extirpation of the endangered Sonoran topminnow from a spring source in the
Gila River basin following fencing to protect the spring from livestock (Marsh
and Minckley 1990). The loss of habitat for desert fishes due to vegetation
encroachment has occurred in numerous areas in North America and Australia
(Kodric-Brown and Brown 2007, Unmack and Minckley 2008). Disturbances that
remove vegetation, such as grazing or manual vegetation removal, may be
required to prevent vegetation encroachment and to maintain open water habitat
for desert fishes (Kodric-Brown and Brown 2007, Unmack and Minckley 2008).
Desert Chubs
The imperilment of desert wetland fishes is typified by the least chub,
found in western Utah. The least chub is a small schooling fish that reaches a
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maximum of 64 mm (Hanks and Belk 2004). It can be identified by its large
scales and large eyes. The least chub is omnivorous, feeding on algae and aquatic
invertebrates (Sigler and Sigler 1996). It is probable that high primary production
due to high levels of solar radiation provides a stable food source for least chub in
desert springs and wetlands.
Least chub typically reach sexual maturity in one year at approximately
25-30 mm in total length (Crawford 1978b, Hanks and Belk 2004). The onset of
breeding occurs in late spring (March-May) and is prompted by photoperiod and
temperature (Crawford 1978b, Wagner et al. 2005). During this time, least chub
migrate out of cooler springheads and into shallower seasonally flooded marshes.
They are broadcast spawners that can release hundreds to thousands (283-2752)
of eggs during multiple occasions throughout the summer (Crawford 1978b,
Johnston 1999). Adhesive eggs are deposited across vegetation to allow for
adequate oxygenation. The eggs hatch within a matter of days depending on
water temperature, two days at 22°C, in the warm shallows and remain in their
egg sacs for a few days(Crawford 1978a, b). Upon emergence, juvenile least chub
remain in the marsh until late summer when receding water generally confines
both juveniles and adults to patches of deeper cooler water, such as springhead
habitats, where they overwinter (Wagner et al. 2005). Similar to most desert
species, the chub can tolerate a relatively large range of temperatures, alkalinity,
and dissolved oxygen. Chub are most commonly found in vegetated pools and

20
marshes with low currents (Sigler and Miller 1963). Captive rearing of wild least
chub has suggested a short life span of 2-3 years, although recent age and growth
analysis suggests they may survive up to 6 years (Sigler and Workman 1975,
Workman et al. 1976, Crawford 1978b, Mills et al. 2004).
Least chub are found exclusively in Utah and were once common and
widespread (Sigler and Sigler 1996). As of the early 1900s, least chub were found
in springs, streams, and lakes throughout Utah (Sigler and Sigler 1996), including
the Provo, Bear, and Beaver Rivers, in tributaries of the Sevier, Utah, and Great
Salt Lakes and in the spring complexes of the Snake Valley, Utah (USFWS
2010). By the 1950s, least chub were believed to remain only in the spring
complexes of the Snake Valley (Holden 1974). Historical range contraction and
declines of remaining populations have been attributed to multiple threats
including habitat loss, water withdrawal, invasive species introductions, urban
development, drought and livestock grazing (Sigler and Miller 1963, USFWS
2011). In the past twenty years, Utah Department of Natural Resources (UDNR)
discovered three additional populations in the Sevier and Great Salt Lake
subbasins (USFWS 2010) despite the discovery of these additional populations,
least chub have experienced a large reduction in their historical range.
Currently, the least chub has five remaining historical populations in
Mills Valley, Snake Valley (Bishop, Gandy, Leland Harris), and Clear Lake
(Mock and Bjerregaard 2007). The majority of populations inhabit wetland
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complexes that consist of numerous spring heads that are seasonally connected.
During the dry seasons, fish are restricted to spring heads or other depressions that
contain standing water, which are defined as sites within the wetland complexes.
To protect the least chub from additional decline, the Least Chub Conservation
Team (LCCT) was established in 1998. This group includes Utah Department of
Natural Resources (UDNR), U.S. Fish and Wildlife Service (USFWS), Bureau of
Land Management, Bureau of Reclamation, Utah Reclamation Mitigation and
Conservation Commission, Confederated Tribes of the Goshute Reservation, and
Central Utah Water Conservancy District (Bailey et al. 2005).
The least chub is currently a candidate species for listing under the
Endangered Species Act. The chub was first recognized as a threatened species in
1972 by the American Fisheries Society (USFWS 2008). Since 1982, the least
chub has been a Candidate Species for listing. A ruling on whether or not to fully
list least chub will be determined by 2014. To decide if listing the chub is
warranted, managers need information on population dynamics and critical
habitat.
Least chub can sometimes be found with other native desert fish including
Utah chub, a much larger and longer lived fish that reaches a maximum size of
559 mm and an average life span of 5-8 years (Sigler & Sigler 1996). Utah chub
are highly variable in size depending on local habitat conditions and average
between 127 mm – 305 mm (Sigler and Sigler 1996). Utah chub have similar
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body shape, feeding, and schooling habits as the least chub (Varley and Livesay
1976, Sigler and Sigler 1996). However, they have retained a lateral line that may
increase anti-predatory behavior in comparison to least chub.
Utah chub typically reach sexual maturity at 3-4 years old (Varley and
Livesay 1976). Their breeding strategy and season is similar to least chub
although they typically breed only once per season. In Hebgen Lake, Montana,
Utah chubs move from deep lake habitats into shallow areas for spawning during
the summer (Graham 1961). Utah chub breed in shallow areas less than 1.2 m in
depth with emergent vegetation on a variety of substrate types (Graham 1961,
Varley and Livesay 1976). They are broadcast spawners with a high reproductive
capacity that can produce 5,000-95,000 eggs per year (Graham 1961, Varley and
Livesay 1976, Crawford 1978a). The Utah chub can differ in growth, age,
maturation, and lifespan in areas with aquatic predators than those without
(Johnson and Belk 1999).
Utah chub inhabit a variety of environments and are widespread in the
Utah and in upper Snake River, Idaho (Sigler & Sigler 1996). Utah chub have
been highly successful in human modified systems, such as reservoirs, and have
become problematic in areas outside their native range requiring eradication
efforts (Sigler & Sigler 1996). They are good competitors that can compete with
aggressive game species but appear to coexist with least chub (Sigler and Miller
1963, Crawford 1978a). The competition or predation of Utah chub on least chub
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has not been well studied but Utah chub have been observed eating their own eggs
in high density desert springs (Sigler & Miller 1963). Differences in life cycle
requirements, environmental tolerances and behavior may help managers identify
factors affecting least and Utah chub demography and aid in conservation efforts
of the least chub.
Fish Population Dynamics
Typically, the evaluation of fish population dynamics focuses on
estimating demographic rates by tracking changes in cohort abundance through
time or by tracking individual fish within a population through time. The ability to
count or capture fish, however, is often influenced the very same factors that can
affect demographic rates. For example, stream characteristics, such as discharge,
can affect fish reproduction and survival and the ability to capture stream fishes
(Peterson and Paukert 2009). Failure to account for the factors affecting fish
catchability can lead to biased population estimates and potentially confounded
relations between environmental factors and fish population dynamics (Peterson
et al. 2004, MacKenzie et al. 2006). To minimize the effect of incomplete
catchability, biologists often use estimators that track the capture and recapture of
marked individuals through time. Although these mark-recapture methods allow
for the estimation of population size, survival, and reproduction rates, they can be
logistically and financially unfeasible because large numbers of individuals must
be tagged and monitored through time. In arid wetland systems, the repeated
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capture of individuals through time also may be impractical due to a large number
of waterbodies. In addition, low recapture of individuals due to the variation in
waterbody size and habitat complexity may require many visits to accurately
estimate population size. The repeated handling of individuals during capture and
recapture studies also may be undesirable when studying endangered and
threatened species (MacKenzie et al. 2012), such as desert fishes, due to
unavoidable handling stress and possible mortality. In dynamic arid wetlands, the
use of a coarse measure of population change may be more feasible than effortintensive individual or cohort based mark-recapture techniques.
Patch dynamics models are a potentially useful alternative to individualbased approaches for estimating and modeling the dynamics of desert fish
populations. Instead of tracking individuals, these models track changes in patch
occupancy though time. The definition of a patch with regard to fish and wildlife
is species-specific but in general, patches are considered homogeneous areas of
suitable habitat that differs from their surroundings (Wiens 1976). The dynamics
of patches consists of patch extinction (), defined here as a patch that was
occupied in the previous time step and is no longer occupied; and patch
colonization (), defined as a patch that was not occupied in the previous time step
and is currently occupied. The proportion of occupied patches at a given time
provides an indication of the status of the population. Patch dynamics models can
be useful in examining species dynamics and persistence in fragmented
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landscapes (Hanski 1994), like arid wetland systems. The seasonal contraction
and expansion of desert wetlands results in seasonally isolated waterbodies
(patches) that may be appropriate for patch dynamics models. The fluctuating
nature of desert spring wetland systems provides a challenging environment to
study desert fishes, patch based models may be well suited to approximate the
dynamics of these desert systems.
Patch dynamics rates (colonization () and extinction ()) can be estimated
using multi-season occupancy models. The estimation of patch dynamic rates
with occupancy models requires patch presence/absence data through time.
Changes in patch occupancy are used to estimate patch dynamic rates that can be
modeled as a function of landscape, patch, environmental, or any other factor that
is hypothesized to influence species dynamics. The advantage of estimating patch
dynamic rates with occupancy models as opposed to using sample data (i.e.,
observed counts) is that it accounts for incomplete detection. The true occupancy
of each patch (occupied/unoccupied) may not always be observed due to habitat
complexity, cryptic species, biotic interactions, trap avoidance behavior, abiotic
factors, etc. A failure to account for incomplete detection could result in an
underestimate of patch occupancy, biasing patch dynamic rates (MacKenzie et al.
2003). To avoid or minimize these potential biases, patch dynamic rates should be
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estimated using a method, like occupancy modeling, that accounts for incomplete
detection.
Island biogeography theory, metapopulation theory, and previous analyses
suggest patch size and patch isolation as two important predictors of patch
occupancy (Dunham and Rieman 1999, McIntyre and Wiens 1999, Fleishman et
al. 2002). The size and proximity of patches in fragmented landscapes can
influence the movement of animals from patch to patch (Taylor et al. 1993). As a
result, the level of connectivity between patches can affect local colonization and
extinction rates influencing the overall extinction risk of the population (Hanski
1994). Presumably, patch size can influence extinction if larger patches contain
more individuals per patch and large populations are less susceptible to extinction
due to environmental and demographic stochasticity (Franken and Hik 2004).
Patch size and proximity can influence the distribution of species in fragmented
landscapes, making them potentially important predictors of patch occupancy.
In contrast, habitat selection theory suggests that patch colonization and
extinction are largely influenced by patch quality (Wiens 1976). If patches differ
in the resources they provide to individuals and species, then patch selection and
occupancy would be nonrandom and thus influence patch colonization and
extinction (Wiens 1976). Although patch quality has often been overlooked in
occupancy analysis, the quality of individual patches may be a significant
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determent of population persistence (Fleishman et al. 2002, Franken and Hik
2004). If a patch is of low quality, then its size and proximity to other patches
may be irrelevant. Measures of patch quality specific to individual species may
help identify important habitat requirements and explain the pattern of species
distributions.
My thesis focuses on the evaluation of the patch dynamics of least chub
and Utah chub in western Utah. Waterbodies within the spring-wetland
complexes were treated as individual patches. These patches are not meant to
represent true metapopulations defined in classical metapopulation theory (Levins
1969, Hanski and Gilpin 1991) but instead, provide information about the use of
individual patches by desert fishes and insight into the dynamics of chub
populations in spring wetland complexes. My goal was to create patch-based
models for least chub and Utah chub and evaluate the potential effects of patch
characteristics, anthropogenic influences, and interspecific interactions on patch
use and ultimately demographic processes. In addition, the identification of
demographic differences between least chub and its non-endangered counterpart,
Utah chub, may help identify the susceptibility of least chub to population
decline.
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CHAPTER 3
METHODS
Study Location
The Bonneville Basin is the largest drainage basin within the Great Basin
Desert (Figure 1) (Abell et al. 2000). Prehistoric Lake Bonneville encompassed
51,700km2 of this northeastern section of the Great Basin during the Pleistocene
era (Johnson 2002). Lake levels fluctuated until it reached its maximum level
circa 15,000 years ago (Oviatt 1997). Water levels declined rapidly 14.5 thousand
years ago following a breach in the northern section of the lake draining into the
Snake River near Red Rock Pass, Idaho (Jarrett and Harold 1987, Oviatt 1997).
Dry climatic conditions following the Pleistocene era resulted in the decline of
Lake Bonneville into Lakes Gunnison and Gilbert approximately 9,700 years ago.
Desiccation continued over time and ultimately resulted in the lakes, springs, and
wetlands found in the Bonneville Basin of modern day Utah (Johnson 2002).
This study focused on two wetland groundwater spring complexes (populations)
in the west desert of the Bonneville Basin in Snake Valley, Utah (Figure 3.1). The
larger of the two spring complexes, Gandy Salt Marsh, typically consists of 52
individual patches seasonally connected by a shallow wetland (Figure 3.2). The
smaller spring complex, Bishop Springs, is located approximately 5.5 miles
southeast from Gandy Salt Marsh and typically consists of 13 patches (Figure
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3.2). Discharge in Bishop Springs is manually controlled via a large upstream
reservoir (Figure 3.3). The number of patches and extent of the shallow wetland
varies seasonally and annually at both spring complexes.
Data Collection and Compilation
Utah Department of Natural Resources (UDNR) annually sampled least
chub populations during late summer or early fall from 1994-2010. The focus of
the monitoring effort was to document least chub persistence and recruitment, but
they also collected data on other fishes including Utah chub (Karpowitz 2010).
The types of data collected varied annually but generally included species,
number caught, total length, and patch characteristic information. Fish were
primarily collected using metal minnow traps and minnow seines. Beginning in
2010, field personnel collected samples with 3 mm mesh minnow traps instead of
the standard 6.4 mm metal minnow traps, presumably to increase the capture of
juvenile fish. Minnow seines were used in a few patches that were shallower than
0.25m with low vegetation density (Karpowitz 2010). The number of seine hauls
or minnow traps used during sampling varied based on patch size and complexity
but typically consisted of 2-3 minnow traps or 4-5 seine hauls per patch. Minnow
traps were set from a minimum of 0.5 hours to a maximum of 4 hours depending
on the number of fish captured. Field personnel measured total lengths for at least
100 least chub per population but in most cases they measured all of the least
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chub in each patch (Karpowitz 2010). All trapped least chub beyond the number
used for length measurements were counted and released.
UDNR staff measured or visually estimated patch characteristics at
patches prior to or immediately following fish sampling. Field personnel visually
estimated the percent of the patch area that was covered in emergent vegetation,
submerged vegetation, and open (no vegetation). They also measured the
maximum and mean depth of each patch with a yard or meter stick to the nearest
inch or decimeter, respectively. If the patches were too deep, they visually
estimated the maximum depth. Field personnel measured the average width and
length of each patch using a measurement tape to the nearest foot or half a meter.
I estimated the area of each patch as the product of average width and average
length.
The presence of ungulates in desert systems has been known to modify
desert waterbody vegetation and water quality, which in turn can alter fish
behavior and biotic interactions (Platts 1979, Fleischner 1994, Unmack and
Minckley 2008). Personnel visually estimated the occurrence and degree of
ungulate damage at sampled patches during 1994-2005 and categorized the
damage level as: none, low, slight, minor, some present, low-medium, fair,
medium, moderate, severe, extreme, heavy, and high. The ungulate damage
categories used varied from year to year. For example, moderate was used in one
year, whereas medium was used in another year. To make the categories
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consistent, we summarized responses to create four categories: none, low,
medium and high grazing damage. Each category combined multiple responses:
low (low, slight, minor), medium (some present, fair, moderate, medium), and
high (severe, extreme, heavy, high). If a response was recorded that included two
of the categories (low-medium) the highest category (medium) was used. A small
number of patches (< 5%) were missing values for ungulate damage and were
replaced with the most common ungulate damage level, low (Table 3.1).
We obtained electronic and hard copies of monitoring and habitat data
collected in 1994-2010 from UDNR. Student workers entered hard-copy data into
a digital database. To ensure quality control, at least one other person reviewed
the entered data by cross checking datasheets with values in the database. We then
combined the digital database data with the existing electronic data. We
performed additional quality and error checks by conducting statistical summaries
(e.g., means, minimum, and maximum values) and examining graphical displays.
The expansion and contraction of desert wetlands in the Snake Valley is
largely determined by seasonal precipitation and temperature (Three Parameter
Plus 2010). We collected precipitation and ambient temperature data from the
Partoun NOAA weather station (GHCND:USC00426708) in the Snake Valley to
account for temporal environmental and seasonal variation (NOAA 2012). The
weather station is located approximately 10-15 miles from Gandy Salt Marsh and
Bishop Springs. We calculated mean, minimum, and maximum temperatures as
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well as total (wet) precipitation by season for 1994-2010. Seasons were defined
according to least chub life history as fall (Oct-Nov), winter (Dec-March), spring
(April-June) and summer (July-August). We included precipitation and
temperature covariates in the analysis to represent hypotheses about patch
connectivity, breeding habitat, and physiological stress from extreme seasonal
temperatures.
The number and proximity of patches to one another could influence the
ability of chubs to disperse from one springhead to another. To measure
connectivity, we calculated the nearest neighbor distance from each patch using
ArcGIS (ESRI 2011). In addition, we created a binary indicator for the Bishop
Springs population, the spring complex with fewer patches, to allow for the
evaluation of differences in patch dynamics between Bishop Springs and Gandy
Salt Marsh. The population indicator and nearest neighbor distance were included
as covariates in the candidate models, described below.
Data Analysis
UNDR did not consistently collect patch characteristic information in all
years at all the patches. The inconsistency in data collection protocol over the
years resulted in large amounts of missing data for some variables (Table 3.2).
The missing data appeared to be randomly dispersed throughout the time series
with some measures being recorded (e.g., average patch depth) for a set of patches
during a year and not for other patches that same year. Eliminating all samples
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with partially missing patch characteristic data would have resulted in a sparse
dataset. To fill in the missing data, we fit models with the complete (nonmissing) data and used the models predict the values of the missing observations
for three characteristics: average patch depth, patch area, and patch percent open
water. Because multiple measurements at each patch were not independent,
hierarchical linear models (Royle and Dorazio 2008) were used to predict each of
the three patch characteristics. The primary objective of this modeling effort was
to obtain the best predicting models. Therefore, we fit candidate models using all
combinations of year, monthly precipitation at the nearest NOAA weather station
for a period of 1 to 3 months prior to fish sampling (e.g., total precipitation in July
only, June - July, May- July, etc.), a precipitation quadratic term, and a two way
interaction between year and precipitation. The candidate models also included
patch-level random effects. For each patch characteristic, the best predicting
model was selected as the candidate model with the smallest Akaike’s
Information Criteria with the small-sample bias adjustment (AICc; Burnham and
Anderson 2002) and used to predict the values of missing data. We used predicted
values in the occupancy modeling when values were missing in the original
dataset.
The inclusion of highly correlated variables in a model can lead to
multicollinearity in which two variables are explaining the same variation,
thereby decreasing parameter precision. Prior to all model fitting, we fit a

34
pairwise Pearson correlations for all of the potential covariates. To prevent
multicollinearity, we did not include highly correlated variables (|r| >0.7; (Moore
et al. 2012) in the same candidate model with the single exception of total (all
seasons) precipitation and winter minimum temperature (r = 0.786). Although
these two variables were strongly correlated, they potentially represented two
different mechanisms regarding the effects of seasonal weather on least chub
persistence and were thus still included in the same persistence submodel. In
addition, we standardized all continuous variables with a mean of zero and
standard deviation of one to facilitate model fitting and comparisons of the of
effect sizes among variables measured on different scales.
The probability of capture for desert fishes can be low and variable due to
habitat complexity, fish size and trapping effort (Scheerer et al. 2012b). Low
capture probabilities could result in incomplete detections (i.e., the species is
present but not detected) leading to an underestimate of patch occupancy,
confounded relationships, and biased models (MacKenzie et al. 2003, MacKenzie
et al. 2006). To account for false absences, we used occupancy models to estimate
patch dynamic rates (reproduction, colonization, and extinction/ persistence).
Evaluation of spatial replicate sample design
The use of occupancy models requires several assumptions including:
patch occupancy does not change during the sampling occasion across replicates
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(i.e., closure); detection of the species at one patch does not influence detection at
another patch or within a patch (i.e., independence); and there is no unexplained
variation (heterogeneity) in any of the parameters (MacKenzie et al. 2006). To
estimate detection, occupancy models use multiple observations (samples) per
patch. This typically consists of multiple visits or samples per sampling season
(temporal replicates). In the absence of temporal replicates, spatial replicates can
be used to estimate the probability of detection (MacKenzie et al. 2006). The
sampling design used to collect the fish data did not include temporal replicates.
However, multiple traps were set simultaneously in each patch, which could be
treated as spatial replicates. In spatial replication, detection in each spatial
replicate is assumed to independent (MacKenzie et al. 2006). That is, detection in
one trap should not influence the chance of detecting the species in another trap.
The use of spatial replicates can be problematic in that it can underestimate
detection if individuals are unavailable for capture in one trap due to their capture
in another trap and subsequent removal from the population (Kendall and White
2009). This can be especially problematic in instances where there are few
individuals.
Although there are no trap capture probability estimates for least chub and
Utah chub, three population studies conducted on small desert wetland-dwelling
fishes: Foskett Springs Dace, Alvord Chub (Siphateles alvordensis), and Borax
Lake Chub (Gila boraxobius), reported capture probabilities for multiple baited
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traps (approximately10-15 traps per ha) that ranged from 5% to 40% and varied
with habitat complexity and fish body size (Scheerer et al. 2012a, Scheerer et al.
2012b, Scheerer et al. 2013, unpublished). This suggests that the per-trap capture
probabilities for chubs in the Snake Valley were lower than these three desert
species, especially considering that traps used in the Snake Valley were not baited
and that the wetlands in the Snake Valley are much more complex than the desert
systems previously mentioned. If fish capture probabilities were low in the Snake
Valley, replicate traps may not have greatly influenced detection among replicates
within a patch.
To evaluate the potential biases of the spatial replicate design used to
sample wetland patches in Snake Valley, we simulated all possible combinations
of multiple values for the per trap capture probability (0.025, 0.05, 0.15, 0.25,
0.40), probability of occupancy (0.25, 0.50, 0.75), population size (1, 5, 10, 30,
50), and number of traps (2, 3, 5) that represented values likely typical of the least
chub monitoring data. We randomly generated data for 64 patches and for 1000
iterations for spatially (without replacement) and temporally (with replacement)
replicated study designs. We then fit occupancy models for each simulated dataset
using the R package Unmarked (Fiske and Chandler 2011). We assessed bias by
calculating the difference between occupancy estimates for spatial vs temporal
replicates. We calculated mean bias as the average across replicates and modeled
it using linear regression (Ramsey and Schafer 2002) as a function of simulated
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capture probability, occupancy probability, population size, and number of traps
and all possible interactions to determine the parameters that were the best
predictors of mean bias.
Dynamic Multi-state Occupancy Analysis
In some instances, the focus of a study may be to answer questions beyond
species presence and absence. As such, species encounters can be classified into
subcategories/states based on abundance or life history stage states and analyzed
using multi-state occupancy models (MacKenzie et al. 2009). When the multistate models include breeding and nonbreeding states, reproduction rates (R) can
be estimated in addition to colonization and extinction rates. This allows for the
evaluation of the relations between habitat and environmental variables and
species reproduction, colonization, and extinction. Thus, we used dynamic multistate occupancy models to estimate least chub patch dynamic rates.
The multi-state models included two occupied states, species present and
least chub juvenile (young-of-year, YOY) present representing evidence of annual
reproduction. We determined juvenile states from the monitoring data based on
total length (TL) with least chub ≤35mm TL classified as juvenile and those
above as adults (UDWR 2010). Observed states were included in detection
histories as non-detection (0), detection of at least one adult (1) or detection of at
least one juvenile (2). We used spatial replicates to estimate detection and
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modeled detection rates with covariates to account for spatial and temporal
variation.
The addition of multiple states into occupancy modeling further
complicates the modeling of species detection. The model must be modified to
account for incomplete detection and imperfect state classification (MacKenzie et
al. 2009). States are organized hierarchically from greatest state uncertainty (nondetection) to lowest state uncertainty (breeding evidence, juveniles detected). For
example, if fish are not detected at a patch is it possible that adult fish are present
and/or juveniles are present representing a high level of state uncertainty. If
juveniles are detected, the patch is occupied with reproduction. To account for the
possibility of state misclassification an additional parameter delta () is estimated.
Detection is modeled with two parameters (1) p: probability of species detection
given the true state is occupied by adults and/or juveniles, 2) and delta (): the
probability of observing the true state given the patch is occupied with
reproduction (Table 3.3). The probability of detecting juveniles then is the
product of p and delta ().
We used monitoring data, habitat variables, precipitation, temperature and
connectivity measurements from 1994-2010 to fit dynamic occupancy models
with multiple states for least chub using the conditional binomial model
(MacKenzie et al. 2009) implemented in program MARK Version 7.1 (White and
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Burnham 1999). The focus of this analysis was to evaluate the relative support for
hypotheses regarding the effects of connectivity, patch size, patch quality,
environmental variation and population differences on least chub reproduction
and patch colonization, and persistence (Table 3.4).
The conditional binomial, multi-state model consists of 5 submodels: 1)
detection, 2) initial occupancy, 3) reproduction, 4) colonization, and 5)
persistence. We created multiple models for each submodel by including variables
representing different hypotheses of the effects of patch quality, connectivity,
patch size and climatic variation on least chub patch dynamics (Table 3.5). To
minimize the number of models fitted, we conducted model selection
systematically by evaluating the relative support for candidate models for each
submodel and holding the parameters in the remaining four submodels constant.
We identified the best approximating model for each submodel as that with the
lowest AICc, that model was then used for model selection of the remaining
submodel(s). Model selection began with the detection submodel using the global
models (all parameters) of the four other submodels and a constant delta (). We
used the best approximating detection model during model selection for the initial
occupancy submodel followed by the reproduction, colonization, and persistence
submodels. We evaluated the relative support for 112 models representing
hypothesized effects of patch characteristics, environmental variability and
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population differences on detection, patch persistence, colonization, and
reproduction (Table 3.5) using an information theoretic approach (Burnham and
Anderson 2002). We compared and evaluated the relative fit of models using
Akaike Information Criteria with an adjustment for small sample sizes (Akaike
1973), and Akaike model weights (w). The best approximating model had the
smallest AICc value and greatest model weight. Evidence ratios were used to
evaluate the relative likelihood of competing models (Burnham and Anderson
2002). We constructed a confidence model set containing models with model
weights within 10% of the model weight of the best approximating model,
analogous to Royall’s (1997) 1/8 rule, to evaluate the strength of evidence.
We evaluated the relative support for hypotheses in submodels by
calculating importance weights via summation of the model weights containing
the parameters representing each hypothesis (Burnham and Anderson 2002). To
evaluate parameter precision, we calculated standard errors and 95% confidence
intervals. We interpreted parameter effects for the best approximating model by
calculating odds ratios (MacKenzie et al. 2006).
To check for overdispersion, we evaluated bootstrap goodness-of-fit using
a parametric bootstrap with the global model (all parameters). Goodness-of-fit
was determined by comparing the distribution of 500 randomly generated
dispersion parameters (c-hat) to the observed parameter (Williams et al. 2002).
We assumed model fit was adequate if the observed dispersion parameter was
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contained within the 95 percentiles of the bootstrapped value. If model fit was not
adequate, we calculated c-hat by dividing the observed parameter by the mean
bootstrap value and used that value to adjust the standard errors of the parameters
and AICc. The latter resulted in estimation of quasi-Akaike Information Criteria
with an adjustment for small sample sizes (QAICc).
Dynamic Multi-Species Occupancy Analysis
Single species evaluations using occupancy models can be very useful in
identifying important relations between species and their environments but
studying interactions and differences between multiple species simultaneous can
provide insight into community dynamics (MacKenzie et al. 2006). Multi-species
occupancy models can be used to examine competitive and predatory species
interactions (Richmond et al. 2010) as well as identifying differences in habitat
relationships between species. Although predation of Utah chub on least chub has
not been observed, the potential for interspecific interactions between these two
species exists as they seem to exhibit similar feeding, schooling and breeding
behaviors. Despite these similarities, least chub appear to be more susceptible to
stressors as opposed to Utah chub. These analyses aim to identify differences in
patch dynamics between these two chub species and evaluate possible
interspecific species interactions to aid least chub conservation efforts.
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We used the conditional multi-species occupancy model implemented in
Program MARK Version 7.1 (White and Burnham 1999) to investigate habitat
relationships and biological interactions between least and Utah chub from 19942005. The two species occupancy model requires the assignment of a dominant
and subordinate species to evaluate the conditional presence of the subordinate
species. In this case, the objective was to evaluate the influence of Utah chub on
least chub making Utah chub the dominant species (A) and least chub the
subordinate species (B). We evaluated the probability of colonization and
extinction for Utah chub, least chub, and least chub in the presence of Utah chub
(Table 3.6).
The possibility of false absences with one or both species requires an
estimation of detection with the use of spatial/temporal replicates. Detection in the
conditional multi-species model varies from single species models in that it must
incorporate the detection of both species. The model allows for the evaluation of
differences in detection for each species individually and in the presence of the
other species. There was no prior evidence to suggest that Utah or least chub
influence the detection of each other so the model was simplified to estimate only
the detection of Utah chub and least chub (Table 3.7).
The conditional binomial multi-species model consists of 4 submodels: 1)
detection, 2) initial occupancy, 3) colonization, and 4) extinction. We created
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multiple models for each submodel including variables representing different
hypotheses on the effect of species interactions, patch quality; patch size and
grazing disturbance on patch dynamics (Table 3.8). Similar to the multi-state
modeling (described above), we preformed model selection systematically for
each submodel with detection modeled first, followed by initial occupancy,
colonization and extinction.
Initial model fitting with the global multispecies occupancy model (all
parameters) revealed that there were problems achieving numerical convergence
with the default maximum likelihood estimator in Program MARK Version 7.1
(White and Burnham 1999). The problem was not resolved after simplifying the
global model. Therefore, we fit all candidate multispecies occupancy models
using Markov Chain Monte Carlo (MCMC) methods in program MARK. We fit
all of the models with 184,800 iterations with 5000 burn in samples as determined
via gibbsit analysis (Raftery and Lewis 1996) of the global model.
Similar to the multi-state model described above, we evaluated the relative
support for 209 models representing hypothesized effects of patch characteristics,
biotic interactions, and ungulate damage on patch dynamics (Table 3.8) using an
information theoretic approach (Burnham and Anderson 2002). However, we
determined the relative fit of candidate models using Deviance Information
Criteria (DIC) and DIC model weights (w). The best approximating model had the
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smallest DIC value and greatest model weight. We evaluated model comparisons,
parameter effects and evidentiary support similar to the multi-state model
described above with the exception of parameter precision which we assessed
with 2.5 and 97.5% Bayesian credibility intervals, the DIC equivalent to 95%
confidence intervals.
We performed convergence diagnostics for MCMC in R Version 2.15.0 (R
Core Team 2012) with package coda (Plummer et al. 2006). We evaluated model
convergence using Heidelberger and Welch stationary/halfwidth tests on the
global model. If the parameters passed the tests at the  =0.05 level, then the
chain had been run long enough to achieve model convergence.
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Table 3.1. Number of observations by ungulate damage category and
missing values from 1994-2005 monitoring data for Gandy Salt Marsh
and Bishop Springs.
population

none

low

med

high

missing

Bishop

22

78

22

12

10

Gandy

266

240

52

39

27

Total

288

318

74

51

37

46
Table 3.2. Number of missing observations by monitoring variable and
total number of observations for Gandy Salt Marsh and Bishop Springs
with percent missing values in parentheses.
Percent

Average

open water

depth

Area

of observations

Gandy

91 (10%)

101 (11%)

350 (37%)

936

Bishop

52 (22%)

49 (21%)

124 (53%)

234

Population

Total number

47
Table 3.3. Multi-state occupancy model detection probabilities for
observed versus true states with three possible least chub states:
unoccupied (0), adult (1), and juvenile (2) where p is the probability
of detecting least chub and delta ( is the probability of detecting
juveniles given least chub were detected.
Observed State
True State

0

1

2

0

1

0

0

1

1-p

p

0

2

1-p

p(1-)

p()
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Table 3.4. Persistence  colonization  and reproduction (R)
transition probabilities for multi-state occupancy models from (t)
to (t+1) for unoccupied (0), adult (1), and juvenile (2) states.
State (t)

State (t+1)
0

1

2

0

1-



R

1

1-

(1-R)

R

2

1-

(1-R)

R
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Table 3.5. Hypotheses and associated variables to explain least chub initial occupancy, detection, reproduction, patch
colonization, and extinction rates in Snake Valley, Utah.

Variable

Interpretation

Theme 1: Connectivity

Straight-line distance to

Distance to the nearest patch determines the likelihood of chub dispersal from one

nearest patch

patch to another. Therefore, colonization should decrease with increasing distance
to the nearest patch.

Total precipitation before

Precipitation during the winter and spring largely determines the extent of wetland

sampling (Winter + Spring +

habitat and the level of seasonal connectivity between springheads. Large amounts

Summer)

of precipitation result in increased spring pool connection. Thus colonization of
spring patches increases with total precipitation.
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Theme 2: Patch Quality

Patch percent

Spring pools with high amounts of open water receive high levels of sunlight.

open water

Increased solar radiation increases primary productivity and forage for chub.
Increased forage allows for larger populations lowering extinction risk. Chub
therefore select higher quality patches with large amounts of open water. Thus,
extinction will decrease and colonization increase with increased open water.

Average patch depth

Deeper spring pools are less likely to completely freeze during the winter and
provide better quality over wintering habitat for chub increasing fish survival. Chub
therefore select high quality deep spring pool patches. Thus, extinction will decrease
and colonization increase with increased average spring pool depth. Deeper pools
may be more difficult to sample therefore the probability of detection would
decrease with depth.
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Theme 3: Habitat Amount

Total winter and

Precipitation before the breeding season determines the amount of wetland breeding

spring precipitation

habitat. Increased precipitation should result in increased breeding habitat resulting
in increased recruitment and dispersal. Therefore, colonization and reproduction will
increase with increased winter and spring precipitation.

Patch area

Large spring pools provide more over wintering habitat and can support large chub
populations. Large populations are less susceptible to extinction. Therefore,
extinction will decrease with increased patch size. Larger patches are more difficult
to trap due to trapping methods and limited resources therefore detection will
decrease with patch area.

Theme 4: Climatic Variation

Minimum winter

Low minimum winter temperatures increase the likelihood of chub cold

temperature

stress decreasing chub winter survival. Therefore, extinction will increase

52

with lower minimum winter temperatures.

Maximum summer

Extreme summer temperatures decrease water quality resulting in osmotic

temperature

and physiological stress and decreased chub survival. Therefore, extinction
risk will be greater with higher maximum summer temperatures.

Theme 6: Population

Population

Detection, initial occupancy, colonization, reproduction and extinction may vary due
to population level differences (Gandy Salt Marsh, Bishop Springs). I expect Gandy
Salt Marsh to have the highest reproductive and colonization rates and lowest
extinction rates because it has the most patches thus spreading the risk of population
level extinction.
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Theme 7: States

Juvenile/Adult

Least chub juveniles and adults utilize the same overwintering habitats therefore
initial occupancy will be similar for both states. Juvenile chub are expected to have a
lower probability of detection due to a small body size.
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Table 3.6. Multi-species occupancy model extinction () and
colonization () transition probabilities from one time period (t)
to another (t+1) for Utah chub (A), least chub (B) and least chub
in the presence of Utah chub (BA).
State(t+1)
State (t)

0

A

B

BA

0

(1-A)(1-B)

A(1-B)

(1-A)

AB

A

ABA)

(1- A)(1-BA)

BA

BA(1-A)

B

B(1-A)

AB

(1-B)(1-A)

(1-B)

BA

BAA

BA(1-A)

A(1- BA)

1- BA
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Table 3.7. Multi-species occupancy model detection
probabilities for observed versus true states for Utah chub (A)
,least chub (B), and least chub in the presence of Utah chub
where p is the probability of detection.
Observed State

True
State

0

A

B

BA

0

1

0

0

0

A

1-pA

pA

0

0

B

1-pB

0

pB

0

BA

(1-pB)(1-pA)

pA(1-pB)

pB(1-pA)

pApB
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Table 3.8. Hypotheses and associated variables included in the multi-species model, based onrelationships suspected
of affecting patch initial occupancy, detection, colonization and extinction rates for least chub and Utah chub in
Snake Valley, Utah.
Variable

Interpretation

Theme 1: Patch Quality
Patch percent open water

Spring pools with high amounts of open water receive high levels of sunlight.
Increased solar radiation increases primary productivity and forage for chub.
Increased forage allows for larger populations lowering extinction risk. Chub
therefore select higher quality patches with large amounts of open water. Thus,
extinction will decrease and colonization increase with increased open water.

Patch percent open water 2

Although open water may be important habitat for chubs some level of
vegetation may be required as retreat cover from predators. As such open water
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may have a non-linear relationship with colonization and extinction.

Average patch depth

Deeper spring pools are less likely to completely freeze during the winter and
provide better quality over wintering habitat for chub increasing fish survival.
Chub therefore select high quality deep spring pool patches. Thus, extinction
will decrease and colonization increase with increased average spring pool
depth. Deeper pools may be more difficult to sample therefore the probability of
detection would decrease with depth.

Ungulate damage

Grazing negatively impacts spring pool habitat by increasing sediment inputs.
Increased sedimentation increases turbidity, decreasing algal production and
thus chub winter forage. A decrease in winter forage increases resource
competition and decreases fish overwinter survival. Chub will thus utilize
patches with less ungulate damage over those with high damage. Therefore,
chub extinction should increase and colonization decrease with grazing damage.

58

Theme 2: Habitat Amount
Patch area

Large spring pools provide more over wintering habitat and can support large
chub populations. Large populations are less susceptible to extinction.
Therefore, extinction will decrease with increased patch size. Larger patches are
more difficult to trap due to trapping methods and limited resources therefore
detection will decrease with patch area.

Theme 3: Species and population
Species

Detection, initial occupancy, extinction and colonization vary by species due to
differences in body size and life history characteristics. I expect Utah chub to
have higher colonization and decreased extinction rates compared to least chub.
If Utah chub is competing or predating on least chub, least chub extinction
would increase and colonization decrease with Utah chub presence.
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Figure 3.1. Boundary of the Bonneville Basin (black outline) with Snake Valley, Utah
(grey polygon) and two least chub study populations (black dots).
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Figure 3.2. Boundary of Snake Valley, UT with Gandy Salt Marsh and Bishop
Springs wetland complexes. Inset shows individual patches within each wetland
complex.
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Figure 3.3 Aerial photographs of Gandy Salt Marsh (left) and Bishop Springs (right)
with waterbody locations (yellow dots).
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CHAPTER 4
RESULTS

We used trap data from 64 patches at Bishop Springs (12) and Gandy Salt
Marsh (52) to analyze the patch dynamics of least chub and Utah chub. Least chub
adult and juveniles (young–of-year) were detected in 10% of the overall trapping
occasions (Table 4.1). Of those, juveniles were detected in 32% of the trapping
occasions. The number of traps or seine hauls collected at a patch in a single year
(i.e., visits in occupancy designs) varied from 1 to 10. Field personnel sampled most
patches (~90%) with one to three traps, but they collected 10 seine hauls (Table 4.2)
during one year and they detected least chub in each haul. If we had included data for
all of these visits it would have required the inclusion of a substantial amount of
missing data in the occupancy capture histories (i.e., missing values would have to be
added to site year combinations with fewer than 10 visits). Therefore, we used five
visits per patch to minimize the amount of missing data.
The number of patches sampled by UDNR each year ranged from 49-62
patches. In general, the number of patches sampled increased through time except for
the last year of the study when sampling was greatly reduced at Bishop Springs.
When field personnel detected least chub in a patch, on average they caught 15 least
chub per trap, but catch numbers varied by population with Gandy Salt Marsh
averaging 22 least chub per trap and Bishop Springs 4 least chub per trap.
Our analysis including least chub and Utah chub consisted of a subset of the
trap data from 1994-2005. The raw data indicated that field crews detected least chub
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in 6% of the trapping occasions while they detected Utah chub in 4% of the trapping
occasions and both species together in 5% of the trapping occasions (Table 4.1). The
average number of least chub caught was consistent with the average catches
previously mentioned. The average number of Utah chub caught was lower than least
chub with approximately 9 chub per trap and was approximately equal for Bishop
Spring and Gandy Salt Marsh.
Seasonal temperature and precipitation during the study period was
representative of conditions in the area during the past 30 years (Table 4.3). This
included a few years of drought during 2002 and 2006-2008 when seasonal
precipitation was less than half the average precipitation (Figure 4.1). The wettest
seasons were winter and spring. Overall, precipitation was greatest during the spring
season and least during the fall with no measurable precipitation in 1995 and 1999
during October and November. On average, temperatures were warmest during the
summer season and coldest during the winter, with spring generally warmer than the
fall (Table 4.3).
We replaced missing values for patch habitat measurements using predictions
made with the best approximating model for each habitat variable. The best
approximating model for average patch depth included spring and summer
precipitation their interaction and quadratic terms with a random effect corresponding
to individual patches (Table 4.4). Patch percent open water was best predicted by
patch depth and year with patch random effects. Patch area was best predicted by
patch percent open water and total winter precipitation with a patch level random
effect.
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The patches sampled during the monitoring period included a broad range of
patch areas, average depth, percent open water, and nearest neighbor distance for
patches in Bishop Springs and Gandy Salt Marsh (Table 4.5). In general, patches
were less than 100m2 in size (area) and shallow (depth <1m) with open water less
than 40%. The majority of patches (~80%) were within 160m from their nearest
neighbor patch.
During the time period when UDNR collected grazing damage information
(1994-2005), low grazing damage was the most frequent grazing damage category
(Table 3.1). Although they placed exclosures at16 patches in Gandy Salt Marsh a year
prior to the start of monitoring and an additional seven patches in 1995, the
frequency of high grazing damage fluctuated by year ranging from 0-12 patches. For
example, in 1997 six patches at Gandy Salt Marsh had high grazing damage but in
1998 none had high grazing damage and in 1999 nine patches had high grazing
damage. These large fluctuations in high grazing damage reflect the variability in
yearly grazing practices at Bishop Springs and Gandy Salt Marsh despite cattle
exclosures. The number of patches with medium grazing damage averaged 6 patches
per year with a few years (1999 and 2003) having a maximum of 11 patches with
medium grazing damage. The installation of exclusion devices from some patches
presumably resulted in vegetation encroachment and a decrease in patch open water
through time (Figure 4.2). Beginning in 2006 and throughout the during the duration
of the study, field crews restored 25 patches in Gandy Salt Marsh to remove
vegetation and sediment, a little less than half of those were patches within cattle
exclosures.
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The evaluation of potential bias due to a spatially replicated sample design
indicated that mean bias in the design was related to fish abundance, capture
probability, and occupancy probability. In general, we found that bias in the estimated
occupancy associated with a spatially replicated design was low, averaging less than
4% and decreased with increased population sizes (Figure 4.3). These relatively low
differences suggest that the spatially replicated sample design in this analysis did not
severely bias the analysis results.
Dynamic Multi-state Occupancy Analysis
The bootstrap goodness-of-fit evaluation of the global multi-state occupancy
model indicated that the data were overdispersed with a global model c-hat (53.9) that
did not fall within the bootstrapped 95 percentiles (28.5, 42.2). To account for the
overdispersion, we used a c-hat value (1.53) to calculate QAICc and adjust the
standard errors of the parameter estimates (Richard 2008). We applied the same c-hat
value to all candidate models.
The best approximating dynamic multistate occupancy model for least chub
juveniles (young-of-year, YOY) and adults included: the probability of detection as a
function of average depth, a constant initial occupancy rate, persistence as a function
of percent open water, colonization differing between populations, and the probability
of reproduction as a function of winter precipitation and population (Table 4.6). There
were a large number of models in the confidence model set (20) indicating a high
level of model selection uncertainty. Patch-level characteristics appeared to be related
to patch persistence as all of the models in the confidence model set included patch
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percent open water and half of the models included average patch depth and patch
area.
Detection Probability
On average, the models estimate that the probability of detecting least chub in
a trap given the patch was occupied was 71%, whereas the probability of detecting
juvenile least chub was 45%. Given that multiple traps were set per patch, the
probability of detecting least chub with a few as two traps was relatively high (10.71)2= 92%. The best approximating detection sub-model included average patch
depth and according to model weights evidence ratios was 2.3 (0.498/0.213) times
more likely than the second best model in which detection varied by population and
average depth. We found that the detection of least chub was negatively related to
depth (Figure 4.4) and odds ratio (OR) indicated that least chub detection was 1.3
[1/OR] times less likely for every 0.68 m (1 standard deviation) increase in depth
(Table 4.6).
Initial Occupancy
The best approximating initial occupancy submodel included a constant initial
occupancy rate of 47%. The constant initial occupancy model was twice as likely,
according to model weight ratios, as the second best model in which initial occupancy
varied for adult and juvenile least chub.
Persistence
In the best approximating persistence submodel, persistence was related to
patch percent open water (Figure 4.5). According to model weight evidence ratios, it
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was only 1.1 times more likely than the second-best approximating submodel, which
included patch percent open water and mean patch depth. The Akaike importance
weights suggested a strong support for a relation between patch percent open water
and least chub persistence (Table 4.7). The odds ratios for the best approximating
model estimated that for a 36% (1 SD) increase in percent open water, least chub
persistence was 3.2 times more likely (Table 4.6). We also found some evidence
(Akaike weight ≥0.39) that patch level characteristics: area and mean depth and total
precipitation were related to least chub persistence (Table 4.7). In contrast, we found
little evidence that winter and summer temperature extremes were related to least
chub persistence and weak evidence that persistence may vary between populations
(Table 4.7). Overall there appears to be the most evidentiary support for relations
between least chub persistence and patch level characteristics – particularly patch
percent open water.
Colonization
In the best approximating colonization submodel, colonization differed
between the two populations (Figure 4.6). According to model weight evidence ratios,
this submodel was 2.0 times more likely than the second-best submodel where
colonization was related to patch open water and differed between populations.
According to odds ratios, the colonization of previously unoccupied patches was
approximately 16.9 times more likely in Bishop Springs than at Gandy Salt Marsh
(Table 4.6). Overall, the average probability of least chub colonization was low at
approximately 9%. Although colonization differences between populations appear to
be important, we found evidence that colonization was related to other patch-level
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habitat characteristics and was strongest for patch percent open water and total
precipitation for the seasons before sampling was conducted (Table 4.7).
Reproduction
The best approximating reproduction submodel included population
differences and winter precipitation (Table 4.6). The best approximating reproduction
submodel was equally likely as the second best submodel that included only
population level differences and 1.2 times more likely than the third best model that
included only winter precipitation. According to Akaike importance weights, there
was nearly twice the evidence that least chub reproduction was related to winter
precipitation and population differences when compared to spring precipitation
(Table 4.7). We found that reproduction was positively related to total winter
precipitation (Figure 4.7). Least chub reproduction was twice as likely with every 23
mm (1 SD) increase in winter precipitation (Table 4.6). Odds ratios also indicated that
reproduction was 2.9 times more likely at Gandy Salt Marsh than Bishop Springs
although the estimates were imprecise. The imprecise parameter estimates for
reproduction were likely influenced by the small number of juvenile detections (Table
4.1).
Dynamic Multi-Species Occupancy Analysis
The Heidelberger and Welch halfwidth tests of model convergence indicated
that only 1 of 421 parameters failed. This was less than would be expected to fail by
chance at a 0.01 significance level. Therefore, we assumed model convergence.
The best approximating dynamic multi-species occupancy model included:
probability of detection modeled as a function of average depth, initial occupancy
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differing between least chub and Utah chub, the probability of colonization modeled
as a function of species, population, grazing damage, and patch characteristics, and
extinction as a function of grazing damage and patch characteristics (Table 4.8).
There were ten models in the confidence model set and patch characteristics (percent
open water and patch depth) and grazing damage were included in all of the
extinction submodels in the confidence model set.
Probability of Detection
The best approximating detection submodel included average patch depth and
was 1.8 times more likely than the second best model that also included patch area.
The average probability of chub detection was 60% and decreased with increasing
average patch depth (Figure 4.8). Although monitoring was specifically directed at
capturing least chub, we found no evidence that detection rates differed between the
two species, suggesting that the trapping methods were suitable for detecting the
presence of both chub species.
Initial Occupancy
The best initial occupancy submodel included differences in initial occupancy
between Utah chub and least chub and an effect of Utah chub on least chub
occupancy. Initial occupancy was estimated to be greatest for least chub in the
presence of Utah chub (74%), followed by Utah chub alone (43%) and least chub
when Utah chub were absent (13%). The best submodel was 12.7 times more likely
than the second best submodel that estimated initial occupancy equal for Utah chub
and least chub with no effect of Utah chub on least chub initial occupancy.
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Colonization
Initial comparisons of the global colonization submodel with the submodel
excluding only the quadratic open water term indicated that the model excluding the
quadratic open water term was 2.0 times more likely than the model including
quadratic open water. Thus, the quadratic term did not improve model performance
and was thus excluded from subsequent model selection. The best approximating
colonization submodel included population, high grazing damage, average patch
depth, and patch percent open water (Table 4.8). Colonization of least chub also
differed when Utah chub were present.
Colonization by least chub and Utah chub was 102 times more likely in the
Bishop Springs population than in Gandy Salt Marsh. Colonization by both chub
species was negatively related to high grazing damage and was 6.6 times less likely
with high grazing damage (Table 4.8). There also was evidence of a negative
interaction between least chub and Utah chub. Colonization of unoccupied patches
was 2.9 times less likely for least chub in the when Utah chub were present than when
Utah chub were absent, but parameter credible intervals were relatively large and
contained zero. The average probability of colonization for least chub or Utah chub
was 5% but only 2% for least chub when Utah chub were present. In addition, least
chub and Utah chub were 4.5 times less likely to colonize a patch with every 0.44 m
(1 SD) increase in average patch depth. Colonization also was positively related to
patch percent open water and was 1.3 times more likely with every 35% increase in
patch percent open water (Figure 4.9). Population differences, grazing damage, and
the presence of Utah chub were the top three supported colonization hypotheses
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(Table 4.9). Patch-level characteristics, depth and open water were also well
supported (>0.58; Table 4.9) suggesting the importance of patch quality in
determining chub colonization. However, average patch depth and patch percent open
water parameter estimates were imprecise and confidence intervals overlapped zero
providing inconclusive evidence of the magnitude of their effect on chub colonization
rates.
Extinction
Initial comparisons of the global extinction submodel with the submodel
excluding the quadratic open water term indicated that the model excluding the
quadratic term was 2.7 times more likely than the alternative therefore; the percent
open water quadratic term was excluded from subsequent analyses. The best
approximating extinction model included medium grazing damage, average patch
depth, patch percent open water and patch area (Figure 4.10).
The best grazing submodel included a medium grazing level and was 1.7
times more likely than the second-best grazing model that also included high grazing
damage. DIC importance weights indicated the strongest support for a relation
between patch level characteristics (patch percent open water, average depth, area)
and grazing damage with least chub and Utah chub extinction (Table 4.9). Extinction
was negatively related to medium grazing damage, and patch percent open water
(Figure 4.10). Patch extinction for Utah and least chub was 7.5 times less likely for a
patch with medium grazing damage than a patch with none, low or high grazing
damage. Least chub and Utah chub extinction also was 1.5 times less likely for every
0.44m (1 SD) increase in average site depth and 2.6 times less likely with every 35%
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(1 SD) increase in patch percent open water (Table 4.8). On the contrary, chub
extinction increased with patch area but this estimate was imprecise with credible
intervals overlapping zero. We found the least support (w <0.38) for hypothesized
differences in extinction between species and populations (Table 4.9). Patch-level
characteristics (percent open water, depth, grazing damage, and area) were the most
supported hypotheses explaining extinction patterns in least chub and Utah chub
(Table 4.9).
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Table 4.1. Percent of samples that least chub and Utah chub were
detected with the total number of trapping occasions in parentheses for
1994-2010 and 1994-2005 by individual trap when least chub were
detected (adults and juveniles), juveniles (YOY) detected, Utah chub
detected and both species for Bishop Springs, Gandy Salt Marsh and
both populations combined.
1994-2010
Juvenile
Population
Bishop Springs

Least chub

(YOY)

22.4% (1020)

25.4% (228)

Gandy Salt Marsh

7.1 % (4420)

37.4% (313)

Combined

9.9% (5440)

32.4% (541)

1994-2005
Both species
Population

Least chub

Utah chub

detected

Bishop Springs

6.3% (720)

15.0% (720)

Gandy Salt Marsh

5.6% (3120)

1.1% (3120)

1.7% (3120)

Combined

5.8% (3840)

3.7% (3840)

4.5% (3840)

16.8% (720)
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Figure 4.2. Mean number of samples (trap and seine
hauls) per patch with range for Bishop Springs and
Gandy Salt Marsh from 1994-2010.
Bishop Springs

Gandy Salt Marsh

Year

Mean

Range

Mean

Range

1994

2.535

1-6

1.375

1-3

1995

2.412

1-6

1.375

1-3

1996

2.575

1-6

1.410

1-3

1997

2.452

1-6

1.449

1-3

1998

2.622

1-6

1.405

1-3

1999

2.622

1-6

1.397

1-3

2000

2.535

1-6

1.456

1-3

2001

2.535

1-6

1.430

1-3

2002

2.636

1-7

1.553

1-3

2003

2.595

1-8

1.429

1-3

2004

2.476

1-6

1.360

1-3

2005

2.535

1-6

1.482

1-3

2006

2.568

1-6

1.591

1-5

2007

2.651

1-6

1.674

1-7

2008

2.568

1-6

1.826

1-7

2009

3.160

1-10

1.604

1-3

2010

2.000

1-3

1.463

1-3
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Table 4.3. Mean, standard deviation (SD), and range of precipitation
(mm) and temperature (°C) data observed at the Partoun NOAA
weather station in Snake Valley, UT.
1994-2010

Mean

SD

Winter+spring+summer precipitation

138.2

63.95

40

246

Spring precipitation

61.7

42.36

3

147

Winter precipitation

45.6

22.51

12

82

160.7

69.21

41

265

Winter minimum temperature

-6.9

1.59

-10

-4

Summer maximum temperature

32.1

0.94

30

34

Average fall temperature

7.5

1.59

4

10

Average winter temperature

1.0

1.60

-4

3

Average spring temperature

19.8

1.87

17

23

Average summer temperature

27.9

0.97

26

30

146.4

63.62

40

304

Spring precipitation

60.9

41.64

0

179

Winter precipitation

41.2

22.63

5

82

171.8

69.12

41

324

Winter minimum temperature

-7.3

2.37

-12

0

Summer maximum temperature

31.8

0.92

30

34

Average fall temperature

7.9

1.83

4

13

Average winter temperature

0.5

2.68

-6

10

Average spring temperature

19.8

2.37

16

28

Average summer temperature

27.4

1.12

25

30

Total annual precipitation

Range

1981-2011 (period of record)
Winter+spring+summer precipitation

Total precipitation
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Table 4.4. Best approximating hierarchical linear models for
estimating missing patch characteristic data and associated
coefficient of determination (R2).
Predicted
Variable

R2

Explanatory Model
spring precipitation + summer

Average Patch precipitation + spring*summer
0.773
Depth

precipitation + summer precipitation

2

+spring precipitation2
Patch Open
year + predicted patch depth

0.764

Water
predicted patch percent open water +
Patch Area

0.593
total winter precipitation
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Table 4.5. Mean, standard deviation (SD), and the range of habitat
characteristics for 12 patches at Bishop Springs and 52 patches at Gandy Salt
Marsh from 1994-2010.
Habitat Characteristic

Mean

SD

Range

Bishop Springs
Patch open water (%)

32.8

30.20

0

100

0.4

0.55

0

3

Patch area (m2)

611.6

759.35

3

4000

Nearest neighbor distance (m)

292.9

155.74

72

575

33.1

36.66

0

100

0.5

0.70

0

5

113.7

321.81

-4

6000

70.9

93.49

4

404

Average patch depth (m)

Gandy Salt Marsh
Patch open water (%)
Average patch depth (m)
Patch area (m2)
Nearest neighbor distance

78
Table 4.6. Parameter estimates, standard error (SE), lower (LCI) and upper (UCI)
95% confidence intervals, and odds ratios (OR) of the best approximating least
chub, multi-state occupancy submodels fit with standardized covariates.
Submodel

Parameter

Estimate

SE

LCI

UCI

OR

Intercept

-0.114

0.334

-0.768

0.540

Intercept

-2.880

0.262

-3.393

-2.367

Bishop Springs

2.828

0.496

1.856

3.799

Intercept

1.895

0.264

1.378

2.412

water

1.159

0.340

0.494

1.825

Intercept

1.645

0.949

-0.215

3.504

-1.076

0.724

-2.495

0.343

0.341

precipitation

0.672

0.745

-0.788

2.132

1.959

Intercept

0.886

0.112

0.667

1.105

2.426

-0.276

0.093

-0.459

-0.093

0.759

Initial Occupancy

Colonization

16.909

Persistence

Patch open
3.188

Reproduction

Bishop Springs
Total winter

Detection

Average patch
depth

79
Table 4.7. Hypotheses and importance weights from initial occupancy,
reproduction, colonization, and persistence submodels for the least chub multistate occupancy analysis.
Importance
Model

Hypothesis

Initial Occupancy

Constant

0.479

Juvenile (Young of Year)

0.325

Population (Bishop vs. Gandy)

0.292

Population (Bishop vs. Gandy)

0.590

Total winter precipitation

0.551

Total spring precipitation

0.295

Population (Bishop vs. Gandy)

1.000

Patch open water

0.335

Reproduction

Colonization

Weight

Total winter, spring, summer

Persistence

precipitation

0.312

Nearest neighbor distance

0.275

Average patch depth

0.262

Patch open water

0.999

Average patch depth

0.461

Patch area

0.413

Total (all seasons) precipitation

0.389

Population (Bishop vs. Gandy)

0.277
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Minimum winter temperature and
maximum summer temperature

0.141
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Table 4.8. Estimates, standard deviation (SD), lower (LCI) and upper
(UCI) 95% credible intervals, and odds ratios (OR) of the best
approximating least chub and Utah chub multi-species occupancy model
fit with standardized covariates.
Parameter

Estimate

SD

LCI

UCI

-0.291

OR

0.293

-0.869

0.281

0.332

0.563

0.270

2.475

3.789

-1.651

0.669

-2.992

-0.376

0.192

-3.751

0.303

-4.388

-3.198

-1.078

0.686

-2.483

0.212

0.340

4.627

0.512

3.681

5.693

102.168

-1.891

0.851

-3.712

-0.363

0.151

-0.203

0.222

-0.647

0.223

0.816

0.285

0.236

-0.197

0.734

1.329

-1.529

0.168

-1.868

-1.210

-2.018

1.081

-4.446

-0.241

0.133

-0.428

0.185

-0.812

-0.088

0.652

-0.949

0.203

-1.372

-0.573

0.387

0.111

0.097

-0.081

0.298

1.117

Initial Occupancy
Intercept
Least chub,
Utah chub present
Least chub,
Utah chub absent
Colonization
Intercept
Least chub,
Utah chub present
Bishop Springs
High grazing
damage
Average patch
depth
Patch open water
Extinction
Intercept
Medium grazing
damage
Average patch
depth
Patch open water
Patch area
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Detection
Intercept
Average patch
depth

0.408

0.071

0.270

0.548

-0.115

0.039

-0.192

-0.040

0.891
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Table 4.9. Importance weights from detection, colonization, and
extinction submodels for multi-species occupancy analysis.
Importance
Model

Hypothesis

Weight

Initial Occupancy
Least chub vs. Utah chub

0.878

Least chub, Utah chub present

0.872

No difference between species

0.064

Population (Bishop vs. Gandy)

1.000

Grazing (high damage)

0.972

Least chub, Utah chub present

0.886

Average patch depth

0.681

Patch open water

0.582

Least chub vs. Utah chub

0.379

Patch open water

1.000

Average patch depth

1.000

Grazing (medium damage)

0.981

Patch area

0.823

Least chub vs. Utah chub

0.370

Population (Bishop vs. Gandy)

0.295

Least chub, Utah chub present

0.294

Colonization

Extinction
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Figure 4.1 Total observed yearly precipitation (fall-summer) from the Partoun NOAA
weather station in Snake Valley, UT
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Year

Figure 4.2 Average patch percent open water by year for patches at Bishop Springs
and Gandy Salt Marsh from 1994-2010.

86

= 0.25

= 0.50

= 0.75

Figure 4.3. Estimated occupancy bias (contour lines) of a spatially replicated
sampling design in comparison to temporal replication for combinations of
abundance, probability of capture, and known occupancy ().
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Figure 4.4. Predicted probability of detection versus average patch depth from the
best approximating multi-state occupancy model for least chub adults (solid line) and
juveniles (dotted line).
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Figure 4.5. Predicted relation between the probability of least chub persistence and
patch percent open water based on the best approximating multi-state occupancy
model.
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Figure 4.6. Estimated probability of colonization for Bishop Springs and Gandy Salt
Marsh from the best approximating least chub multi-state occupancy model with 95%
confidence interval error bars calculated using the delta method.
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Figure 4.7. Predicted probability of least chub reproduction versus total winter
precipitation from the best approximating least chub multi-state occupancy model for
Gandy Salt Marsh (solid line) and Bishop Springs (broken line).
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Figure 4.8. Predicted probability of least chub and Utah chub detection versus
average patch depth for the best approximating multi-species occupancy analysis.
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Figure 4.9. Predicted probability of colonization for Bishop Springs with average
patch depth (upper) and patch percent open water (lower) with high grazing damage
(dashed lines) or none/low/medium grazing damage (solid lines) for least chub (black
lines) or least chub in the presence of Utah chub (grey lines) from the best
approximating multi-species occupancy model.
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Figure 4.10. Predicted probability of least chub and Utah chub extinction versus
average patch depth (upper left), patch percent open water (upper right), and patch
area (bottom) for two grazing damage levels: medium (dashed line) or none/low/high
(solid) grazing damage. Predictions are based on the best approximating multi-species
occupancy model.
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CHAPTER 5
DISCUSSION

This study aimed to identify the effects of patch level characteristics,
population differences, environmental variation, and biotic interactions on least chub
and Utah chub patch dynamics after accounting for incomplete detection. We found
evidence that patch dynamics of both species were most affected by patch
characteristics and population differences. We also found evidence that biotic
interactions between Utah chub and least chub influenced least chub patch
colonization. To help explain these relations, we must have an understanding of the
physical, behavioral, and physiological mechanisms responsible for least chub and
Utah chub patch use. In what follows, we discuss these mechanisms and address the
possibility of that patch use was random.
Patch Dynamics
We found that least chub and Utah chub persistence or extinction in
seasonally isolated patches was most strongly related to patch-level characteristics.
Persistence of both chub species was positively related to patch percent open water
and average patch depth indicating that these species continued to use deep, open
patches during the dry season (late summer) in these wetlands. The influx of water
from snowmelt and precipitation during late winter and spring seasonally connects
spring patches through the expansion of shallow marshes (Workman et al. 1979).
Least chub and Utah chub utilized shallow marsh breeding habitats during early
spring and summer, but were then forced into more permanent spring habitats as
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summer wetlands contracted during late summer and fall when sampling occurred.
The relation of patch percent open water and average patch depth likely reflects the
selection of these patches by both species as water levels in the marshes receded. The
importance of open water and average patch depth may represent a tradeoff in habitat
selection between optimal foraging and predation risk.
For fishes to persist, they must occur in habitats that meet their ecological
requirements. One of the most important ecological requirements for any species is
food for growth and survival. In wetland springs, least and Utah chubs have been
observed feeding on a variety of items including algae (Cladophora sp.,
Rhizoclonium hieroglyphicum, Spirogyra sp.), aquatic invertebrates (Chironomids),
and zooplankton (copopods, ostracods, amphipods; Sigler and Sigler 1996, Workman
et al. 1979). A diet analysis of least and Utah chub found that algae was a major food
source for both species but that the percent composition varied by season (Workman
et al. 1979). During the end of summer and early fall when fish are most likely to be
confined to spring sources, least chub diets were predominantly some form of algae
either filamentous or a diatom (Workman et al. 1979). The availability of algae in
patches is an important food source for least and Utah chub and the selection of
patches with high primary productivity would ensure a stable food source. The
primary productivity of individual patches is limited by light availability (Power
1984). The establishment of dense vegetation increases shading and impedes aquatic
primary production (Winemiller and Anderson 1997). Patch percent open water
reflects the lack of vegetation and, as such, a greater potential for algal production.
We hypothesize that the positive relation between open water and persistence
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represents the selection of patches with high primary production and a major food
source for least chub and Utah chub.
To persist, fish also need to minimize their risk of mortality. Predator prey
interactions consist not only of direct prey mortality but also nonlethal effects like
changes in prey behavior (Lima 1998). Prey can alter their foraging, mating, and
habitat selection behavior to minimize encounters with potential predators (Lima
1998). In the desert wetlands of Utah, the risk of least and Utah chub predation is
primarily due to terrestrial predators. For example, the consumption of Utah chub
comprised 19-76% of the total biomass consumed by double-crested cormorants
(Phalacrocorax auritus) in three reservoirs in southwestern Utah (Ottenbacher et al.
1994). During field visits, we observed flocks of hundreds of birds primarily
American avocets (Recurvirostra americana) and white- faced ibises (Plegadis chihi)
with some great blue herons (Ardea herodias). Wading birds such as these have been
shown to prefer shallow water habitats for optimal foraging (Power 1984, Gawlik
2002). A manipulative study in Florida found that golden shiners (Notemigonus
crysoleucas) were removed by wading birds most rapidly in shallow ponds in
comparison to deeper ponds and that birds stopped foraging in deep ponds at higher
fish densities than shallow ponds (Gawlik 2002). This study suggests a decreased
foraging efficiency for wading birds in deep water. Therefore, fishes can minimize
bird predation by utilizing deep water habitats (Power 1984). The predation risk of
Utah chub and least chub by birds in the Snake Valley and the persistence of both
species in deep pools support similar use of deep habitats by other fishes in the
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presence of avian predators (Power 1984). The selection of deep patches by least and
Utah chub minimizes their predation risk by avian predators increasing persistence.
The persistence of fishes in arid environments also is related to patch
permanence (Pazin et al. 2006). The concentration and confinement of least and Utah
chub in patches during the dry season can be lethal if patches desiccate completely or
to a level where water quality is inadequate for fish survival. Deep patches provide a
more permanent refuge spatially and temporally during times of extreme droughts
like during late summer. Deep waters also are less susceptible to decreases in water
quality such as increased water temperatures and low dissolved oxygen than shallow
waters (Magoulick and Kobza 2003). Water temperatures in shallow patches are more
likely to fluctuate with ambient temperatures (Jackson et al. 2001). Large fluctuations
in water temperature can cause physiological stress and fish mortality. Deep waters
also are less susceptible to complete freezing during the winter (Jackson et al. 2001)
where least and Utah chub overwinter. The increased persistence of least and Utah
chub in deep patches suggests that deep patches represent habitats with a more stable
or benign environment.
The persistence of least and Utah chub in deep, open patches does not
necessarily substantiate the active selection of those types of patches. Least chub and
Utah chub could become randomly trapped in patches during wetland contraction but
only persist in deep open patches, due the mechanisms described above. A random
pattern of patch selection by both species would then create a distribution that
coincided with the distribution of available patches. The random selection of patches
by least chub and Utah chub is unlikely due to the high concentration of fishes in
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patches. During a field trip in August, we witnesses hundreds of fish confined in a
deep patch less than a half meter wide while there were few if any fish in a large
shallow patch just a few meters away. It is possible that any fish within the shallow
patch perished before sampling but even so, the high density of fish in such a small
patch was more than would be expected if fish selected patches in the landscape
randomly. In addition, we would expect that larger patches would have more fish than
smaller patches simply because fish are more likely to encounter them in the
landscape than smaller patches, which was not consistent with field observations.
Therefore, we believe that least chub and Utah chub are selecting high quality patches
that provide food, refuge from predators, and permanence during summer drought
and winter freeze.
The selection of patches by least chub and Utah chub with in the landscape
was largely influenced by the ability of both species to disperse among patches. The
spatial arrangement and number of patches differed by population. We predicted that
colonization would be greatest at Gandy Salt Marsh since it had a greater number of
patches than Bishop Springs and according to nearest neighbor distance, on average
patches at Gandy Salt Marsh appeared to be closer together (Table 4.6). We found
strong evidence that there were differences in colonization between Bishop Springs
and Gandy Salt Marsh but colonization by least chub and Utah chub was greatest at
Bishop Springs. Although, Bishop Springs had fewer patches than Gandy Salt Marsh,
the patches were connected through channel networks. Bishop Springs also had
upstream reservoir that could have served as a colonization source for the rest of the
population in periods of extreme environmental variability. We included nearest
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neighbor distance to represent a level of patch connectivity, a lack of evidence could
be because nearest neighbor distance was a rough measure of connectivity that did
not account for channel movement, subterranean groundwater connectivity or
vegetative barriers to colonization. Further analyses including a more accurate
measure of hydrologic connectivity between patches could help identify the
importance of patch connectivity to least chub and Utah colonization and persistence.
Interspecific species interactions also can influence community structure
(Zarnetske et al. 2012) in aquatic systems. We found evidence that biotic interactions
between least chub and Utah chub may have occurred in the desert wetlands of
western Utah. Least chub were less likely to colonize patches previously occupied by
Utah chub but there was a lack of support that least chub persistence was negatively
affected by the presence of Utah chub. These two patterns suggest that least chub
were avoiding some patches with Utah chub either because Utah chub were excluding
them or because the patches were not suitable for least chub. The coexistence of least
chub and Utah chub in some patches suggests that patch characteristics and
complexity such as patch percent open water and average patch depth allow for the
coexistence of these two species. It has been suggested that the fluctuations in water
quality due to the desiccation of wetlands during the summer months may limit the
competitive dominance of Utah chub allowing the two species to coexist (Crawford
1978a). These relations also can represent a difference in patch preference between
the two species in which Utah chub can utilize patches that are unsuitable or
inhospitable for least chub. In this case least chub are not avoiding patches due to the
presence of Utah chub per se are not using the patches because they do not have the
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proper patch characteristics. Given the correlative nature of the data, we are unable to
determine if the patterns are due to biotic interaction or differences in species
preferences. However, manipulative experiments or management treatments are
currently being used to minimize the effects of interspecific interactions on least chub
(M. Grover, Utah Division of Wildlife Resources, personal communication) could
help identify if these differences are due to competitive exclusion or patch preference.
Reproduction
Of the factors considered, population differences and winter precipitation
were most strongly related to least chub recruitment (measured by young-of-year
presence). There was a positive relationship between least chub reproduction and
winter precipitation, supporting for our prediction that winter precipitation increased
the amount of shallow marsh breeding habitat and thus reproduction. The results also
provided some support for reproductive differences between Gandy Salt Marsh and
Bishop Springs. Juvenile least chub were less likely to be present in patches at Bishop
Springs than at Gandy Salt Marsh. This could be attributed to unmeasured differences
between the two populations. Bishop Springs was the larger of the two populations in
terms of total area but it had much fewer patches than Gandy Salt Marsh. In addition,
Gandy Salt Marsh had 25 times more acres of seasonal pond (playa) habitat available
for inundation during the breeding season than Bishop Springs (Three Parameters
Plus 2010). At Bishop Springs, the flooding of shallow marshes and playas for least
chub reproduction was artificially controlled by a manmade reservoir upstream of the
wetland (USFWS 2011). Therefore, Gandy Salt Marsh had more areas of inundation
for least chub spawning habitat and greater variation in the amount of shallow marsh
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habitat with seasonal precipitation which could result in greater least chub
reproduction.
Detection
Habitat characteristics that influence species abundance and distribution also
often influence the ability to detect species (Peterson and Paukert 2009).
Unsurprisingly, average patch depth influenced not only chub patch dynamics but
also the probability of chub detection. The overall probability of least chub and Utah
chub detection per trap was high (~60-70%) but decreased with increased average
patch depth. This relation could be due to the passive minnow trapping method used
to capture the majority of the fish in this study. In passive trapping methods the fish
must encounter, enter and remain in the trap until retrieval (Hubert 1983). In deeper
patches, it may be more difficult to place the trap at the optimal depth for maximizing
fish encounters. In addition, deeper patches may represent more complex habitat than
shallower patches influencing fish behavior. Previous laboratory studies have
suggested that minnow traps function as a form of cover in less complex habitats
increasing the probability of fish capture (Dupuch et al. 2011). The cover that
minnow traps provide may be more appealing to least chub and Utah chub in shallow
patches vs deep patches decreasing the probability of fish detection in deep patches.
The fact that average patch depth affected patch dynamics and detection provides
further support that the use of estimation techniques accounting for incomplete
detection and trap heterogeneity are essential to prevent spurious conclusions as a
result of sampling bias.
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Management Implications
We found that patch characteristics particularly patch percent open water was
strongly related to least chub patch persistence in Snake Valley, Utah. In addition, the
multispecies analysis indicated strong support for the effect of grazing damage on
patch colonization and extinction. Least and Utah chub were less likely to colonize
patches with high grazing damage but extinction was less likely for patches with
medium grazing damage when compared to any other grazing damage level. These
results suggest that there may be a balance between the negative and positive
influences grazing have on least chub habitat. Therefore, some level of grazing may
be beneficial for least chub conservation by maintaining patch open water habitat.
The loss of open water habitat due to vegetation encroachment is occurring in
desert systems throughout the Western United States including Snake Valley, UT
(Unmack and Minckley 2008). The average amount of patch percent open water
decreased throughout the duration of this study (Figure 4.2). It is believed that most
desert spring-wetland systems sustained some level of grazing pressure from native
ungulates prior to the introduction of livestock (Unmack and Minckley 2008). In the
Snake Valley, it is probable that these springs served as water sources for the large
pronghorn (Antilocapra americana) populations and perhaps historically bison (Bos
bison). In the absence of disturbances created by herbivore, vegetative succession
results in the establishment of wetland species like cattails and bulrush. The removal
of vegetation by cattle created open water habitat beneficial for least chub
persistence. The removal of vegetation by cattle, manual vegetation removal, burning
or some other level of disturbance is required to maintain important open water
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habitat for least chub. The loss of open water throughout this study suggests that
managers must consider the implications of vegetation succession with the exclosure
of cattle grazing and either allow some level of grazing or alternative methods to
maintain patch open water habitat for least chub.
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CHAPTER 6
CONCLUSION
Desert wetland systems are a vital resource for humans and wildlife in the
western United States. Managers of these systems are frequently tasked with
balancing multiple, competing uses including: recreation, human consumption,
grazing, and wildlife conservation. Information on desert wetlands biota and
dynamics are often limited due to the diverse and dynamic nature of these systems
and the resources needed to thoroughly investigate these systems often do not exist or
are financially unfeasible. The continued decline of endemic desert fishes requires a
less information intensive approach than traditional mark-recapture techniques to
identify important relations between fishes and their environments.
The objective of this study was to aid in the conservation of the least chub, a
desert wetland species currently under review for listing as threatened or endangered
by the US Fish and Wildlife Services. Existing information on least chub population
dynamics were limited and the current population status was uncertain due to the high
natural variability of the wetland systems they inhabit, the numerous sources of
anthropogenic disturbance, and the biases and high variability in existing monitoring
data. We created multi-season patch dynamics models using monitoring data, patch
characteristic information and weather data to estimate patch dynamics. Patch-level
characteristics, species interactions and population differences were the most
important factors influencing least chub patch dynamics. These results helped identify
factors affecting least chub patch dynamics and were used in a population viability
analysis that is currently being used to evaluate the potential listing of least chub.
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Additionally these relationships were incorporated in a decision analysis tool capable
of predicting changes to least chub patch dynamics in response to management
actions and environmental variability.
This study demonstrates the utility of using a patch dynamics framework to
monitor least chub populations in the desert wetlands of the Snake Valley, UT. If the
Least Chub Conservation Team is interested in continuing these types of analyses,
future monitoring efforts should be modified to better match an occupancy
framework such as repeated sampling of individual patches each year and consistent
collection of patch characteristic information (patch percent open water, depth, and
area) and grazing information to minimize parameter uncertainty. The maintenance
of patch percent open water appears to be particularly important for least chub
persistence and cattle grazing could be a useful management strategy to achieve this.
This study suggests that there could be benefits to some level of grazing but also that
at some point the adverse effects outweigh the benefits for least chub. Unfortunately
information on grazing practices and the influence of different grazing regimes on
patch quality for least chub is lacking. Future monitoring to reduce these key
uncertainties could help managers identify optimal management strategies to
maximize least chub persistence.
To our knowledge, the use of patch dynamics models to estimate habitat
relations and biotic interactions had not been previously considered for desert fishes
in spring-wetland complexes. The dynamic nature of wetland systems and the
difficulty in capturing small bodied threatened fish species requires the use of
alternative methods than traditional capture-recapture techniques. This study
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demonstrates the utility of expanding patchy dynamics analysis to desert wetland
systems and the flexibility of occupancy models with multi-state and multi-species
approaches.

107

LITERATURE CITED
Abell, R. A., D. M. Olson, E. Dinerstein, P. T. Hurley, J. T. Diggs, W. Eichbaum, S.
Walters, W. Wettengel, T. Allnutt, C. J. Loucks, and P. Hedao. 2000.
Freshwater Ecoregions of North America:A Conservation Assesment. Island
Press, Washington,D.C.
Akaike, H. 1973. Information theory and an extension of the maximum likelihood
principle. Pages 267-281 in B. N. Petrov and F. Csaki, editors. Second
International Symposium on Information Theory, Budapest, Hungary.
Bailey, C. K., K. W. Wilson, and M. E. Anderson. 2005. Conservation Agreement
and strategy for least chub (Iotichthys phlegethontis) in the state of Utah. Utah
Division of Wildlife Resources, Publication number 05-24, Salt Lake City,
Utah.
Burnham, K. P., and D. R. Anderson. 2002. Model selection and inference:a practical
information-theoretic approach. second edition edition. Springer-Verlag, New
York.
Calabrese, J. M., and W. F. Fagan. 2004. A comparison-shopper's guide to
connectivity metrics. Frontiers in Ecology and the Environment 2:529-536.
Cole, G. A. 1981. Habitats of North American desert fishes. Pages 477-492 in R. J.
Naiman and D. L. Soltz, editors. Fishes in North American deserts. John
Wiley & Sons, Inc., New York, NY.
Constantz, G. D. 1981. Life history patterns of desert fishes. Pages 237-290 in R. J.
Naiman and D. L. Soltz, editors. Fishes in North American deserts. John
Wiley & Sons, Inc., New York,NY.
Crawford, M. 1978a. Least chub: the case of the generalist. Transactions of the
Bonneville Chapter of the American Fisheries Society:90-99.
Crawford, M. 1978b. Reproductive modes of the least chub (Iotichthys phlegethontisCope). MS Thesis.Utah State University, Logan,UT.
Deacon, J. E. 2007. Probable effects of proposed groundwater pumping by Southern
Nevada Water Authority in Cave, Dry Lake,and Delamar Valleys, Nevada on
spring and wetland dependent biota. Page 1-8.
Deacon, J. E., and W. L. Minckley. 1974. Desert fishes. Pages 385-488 in G. W. J.
Brown, editor. Desert Biology. Academic Press, Inc., New York, NY.

108
Deacon, J. E., A. E. Williams, C. D. Williams, and J. E. Williams. 2007. Fueling
population growth in Las Vegas:how large-scale groundwater withdrawal
could burn regional biodiversity. BioScience 57:688-698.
Dudgeon, D., A. H. Arthington, M. O. Gessner, Z. Kawabata, D. J. Knowler, C.
Leveque, R. J. Naiman, A. Prieur-Richard, D. Soto, M. L. J. Stiassny, and C.
A. Sullivan. 2006. Freshwater biodiversity:importance, threats, status and
conservation challenges. Biological Reviews 81:163-183.
Dunham, J. B., and B. E. Rieman. 1999. Metapopulation structure of bull trout:
influences of physical, biotic, and geometrical landscape characteristics.
Ecological Applications 9:642-655.
Dupuch, A., Y. Paradis, and P. Magnan. 2011. Behavioural responses of prey fishes
to habitat complexity and predation risk induce bias in minnow trap catches.
Journal of Fish Biology 79:533-538.
Eby, L. A., W. F. Fagan, and W. L. Minckley. 2003. Variability and dynamics of
desert stream community. Ecological Applications 13:1566-1579.
ESRI. 2011. ArcGIS Desktop: Release 10. Environmental Systems Research
Institute, Redlands, CA.
Fagan, W. F. 2002. Rarity,fragmentation, and extinction risk in desert fishes. Ecology
83:3250-3256.
Fiske, I., and R. Chandler. 2011. unmarked:an R package for fitting hierarchical
models of wildlife occurrence and abundance. Journal of Statistical Software
43:1-23.
Fleischner, T. L. 1994. Ecological costs of livestock grazing in western North
America. Conservation Biology 8:629-644.
Fleishman, E., C. Ray, P. Sjogren-Gulve, C. L. Boggs, and D. D. Murphy. 2002.
Assessing the roles of patch quality, area, and isolation in predicting
metapopulation dynamics. Conservation Biology 16:706-716.
Franken, R. J., and D. S. Hik. 2004. Influence of habitat quality, patch size, and
connectivity on colonization and extinction dynamics of collared pikas
Ochotona collaris. Journal of Animal Ecology 73:889-896.
Fuller, P. L., L. G. Nico, and J. D. Williams. 1999. Nonindigenous Fishes: Introduced
into Inland Waters of the United States. American Fisheries Society,
Bethesda,MD.

109
Gaston, K. J., and J. H. Lawton. 1990. The population ecology of rare species.
Journal of Fish Biology 37:97-104.
Gawlik, D. E. 2002. The effects of prey availability on the numerical response of
wading birds. Ecological Monographs 72:329-346.
Graham, R. J. 1961. Biology of the Utah chub in Hebgen Lake, Montana.
Transactions of the American Fisheries Society 90:269-276.
Grayson, D. K. 2011. The great basin: a natural prehistory. University of California
Press Ltd., Berkeley, CA.
Hanks, J. H., and M. C. Belk. 2004. Threatened fishes of the world: Iotichthys
phlegethontis Cope, 1874(Cyprinidae). Environmental Biology of Fishes
71:378.
Hanski, I. 1994. Patch-occupancy dynamics in fragmented landscapes. Trends in
Ecology and Evolution 9:131-135.
Hanski, I., and M. Gilpin. 1991. Metapopulation dynamics: a brief history and
conceptual domain. Biological Journal of the Linnean Society 42:3-16.
Hayes, D. B., C. P. Ferreri, and W. W. Taylor. 1996. Linking fish habitat to their
population. Canadian Journal of Fisheries and Aquatic Sciences 53:383-390.
Helfman, G. S., B. B. Collette, F. E. Douglas, and B. W. Bowen. 2009. The diversity
of fishes:biology, evolution, and ecology. 2 edition. Wiley-Blackwell.
Holden, P. 1974. Threatened fishes of Utah. Proceedings of Utah Academy of
Sciences Arts and Letters 51:46-65.
Hubert, W. A. 1983. Passive capture techniques. Pages 95-122 in L. A. Nielsen and
D. L. Johnson, editors. Fisheries Techniques. Southern Printing Company,
Inc., Blacksburg, Virginia.
Jackson, D. A., P. R. Peres-Neto, and J. D. Olden. 2001. What controls who is where
in freshwater fish communities-the roles of biotic, abiotic, and spatial factors.
Canadian Journal of Fisheries and Aquatic Sciences 58:157-170.
Jarrett, R. D., and E. M. Harold. 1987. Paleodischarge of the late Pleistocene
Bonneville Flood, Snake River, Idaho, computed from new evidence.
Geological Society of America Bulletin 99:127-134.
Johnson, J. B. 2002. Evolution after the flood:phylogeography of the desert fish Utah
chub. Evolution 56:948-960.

110
Johnson, J. B., and M. C. Belk. 1999. Effects of predation on life-history evolution in
Utah chub (Gila atraria). Copeia1999:948-957.
Johnston, C. E. 1999. The relationship of spawning mode to conservation of North
American minnows (Cyprinidae). Environmental Biology of Fishes 55:21-30.
Karpowitz, J. 2010. Manual of instructions:aquatic and terrestrial sampling
procedures and forms. Utah Department of Natural Resources, Salt Lake City,
UT.
Kendall, W. L., and G. C. White. 2009. A cautionary note on substituting spatial
subunits for repeated temporal sampling in studies of site occupancy. Journal
of Applied Ecology 46:1182-1188.
Kodric-Brown, A., and J. H. Brown. 2007. Native fishes,exotic mammals,and the
conservation of desert springs. Frontiers in Ecological Environment 5:549553.
Kushlan, J. A. 1976. Wading bird predation in a seasonally fluctuating pond. The Auk
93:464-476.
Levins, R. 1969. Some demographic and genetic consequences of environmental
heterogeneity for biological control. Bulletin of the Entomological Society of
America 15:237-240.
Lima, S. L. 1998. Nonlethal effects in the ecology of predator-prey interactions.
BioScience 48:25-34.
MacKenzie, D. I., J. D. Nichols, J. E. Hines, M. G. Knutson, and A. B. Franklin.
2003. Estimating site occupancy, colonization, and local extinction when a
species is detected imperfectly. Ecology 84:2200-2207.
MacKenzie, D. I., J. D. Nichols, J. A. Royle, K. H. Pollock, L. L. Bailey, and J. E.
Hines. 2006. Occupancy Estimation and Modeling: Inferring Patterns and
Dynamics of Species Occurrence. Elsevier/Academic Press, Burlington, MA.
MacKenzie, D. I., J. D. Nichols, M. E. Seamans, and R. J. Gutierrez. 2009. Modeling
species occurrence dynamics with multiple states and imperfect detection.
Ecology 90:823-835.
MacKenzie, D. I., M. E. Seamans, R. J. Gutierrez, and J. D. Nichols. 2012.
Investigating the population dynamics of California spotted owls without
marked individuals. Journal of Ornithology 152:597-604.
Magoulick, D. D., and R. M. Kobza. 2003. The role of refugia for fishes during
drought: a review and synthesis. Freshwater Biology 48:1186-1198.

111
Marsh, P. C., and W. L. Minckley. 1990. Management of endangered Sonoran
topminnow at bylas springs, Arizona:description , critique, and
recommendations. Great Basin Naturalist 50:265-272.
McIntyre, N. E., and J. A. Wiens. 1999. How does habitat patch size affect animal
movement? An experiment with darkling beetles. Ecology 80:2261-2270.
Meffe, G. K. 1984. Effects of abiotic disturbance on coexistence of predator-prey fish
species. Ecology 65:1525-1534.
Miller, R. R. 1958. Origin and affinities of the freshwater fish fauna of western North
America. Pages 187-222 in C. L. Hubbs, editor. Zoogeography. American
Association for the Advancement of Science, Washington, D.C.
Miller, R. R., J. D. Williams, and J. E. Williams. 1989. Extinctions of North
American fishes during the past century. Fisheries 14:22-38.
Mills, M. D., M. C. Belk, R. B. Rader, and J. E. Brown. 2004. Age and growth of
least chub, Iotichthys phlegethontis, in wild populations. Western North
American Naturalist 64:409-412.
Mock, K. E., and L. S. Bjerregaard. 2007. Genetic analysis of a recently discovered
population of the least chub (Iotichthys phlegethontis). Western North
American Naturalist 67:142-146.
Moore, D., G. P. McCabe, and B. A. Craig. 2012. Introduction to the practice of
statistics. 7 edition. W.H. Freeman & Company, New York, NY.
Naiman, R. J. 1981. An ecosystem overview:desert fishes and their habitats. Pages
493-531 in R. J. Naiman and D. L. Soltz, editors. Fishes in North American
deserts. John Wiley & Sons, Inc., New York, NY.
Nekola, J. C. 1999. Paleorefugia and neorefugia:the influence of colonization history
on community pattern and process. Ecology 80:2459-2473.
NOAA, National Oceanic and Atmoshperic Administration. 2012. U.S. Climate Data
& Maps.
Noy-Meir, I. 1973. Desert ecosystems: environment and producers. Annual Review
of Ecology, Evolution, and Systematics 4:25-51.
Olden, J. D., Z. S. Hogan, and M. Zanden. 2007. Small fish, big fish, red fish, blue
fish: size‐biased extinction risk of the world's freshwater and marine fishes.
Global Ecology and Biogeography 16:694-701.

112
Ostrand, K. G., and G. R. Wilde. 2001. Temperature,dissolved oxygen,and salinity
tolerances of five prairie stream fishes and their role in explaining fish
assemblage patterns. Transactions of the American Fisheries Society 130:742749.
Ottenbacher, M. J., D. K. Hepworth, and L. N. Berg. 1994. Observations on doublecrested cormorants (Phalacrocorax auritus) at sportfishing waters in
southwestern Utah. Great Basin Naturalist 54:272-286.
Oviatt, C. G. 1997. Lake Bonneville fluctuations and global climate change. Geology
25:155-158.
Patten, D. T., L. Rouse, and J. C. Stromberg. 2008. Isolated spring wetlands in the
Great Basin and Mojave Deserts,USA:potential response of vegetation to
groundwater withdrawal. Environmental Management 41:398-413.
Pazin, V. F. V., W. E. Magnusson, J. Zuanon, and F. P. Mendonca. 2006. Fish
assemblages in temporary ponds adjacent to 'terra-firme' streams in Central
Amazonia. Freshwater Biology 51:1025-1037.
Petersen, J. H., D. L. DeAngelis, and C. P. Paukert. 2008. An overview of methods
for developing bioenergetic and life history models for rare and endangered
species. Transactions of the American Fisheries Society 137:244-253.
Peterson, J. T., and C. P. Paukert. 2009. Converting non-standard fish sampling data
to standardized data. Pages 195-216 in S. Bonar, W. Hubert, and D. Willis,
editors. Standard sampling methods for North American freshwater fishes.
American Fisheries Society, Bethesda, MD.
Peterson, J. T., R. F. Thurow, and J. Guzevich. 2004. An evaluation of multi-pass
electrofishing for estimating the abundance of stream-dwelling salmonids.
Transactions of the American Fisheries Society 133:462-475.
Platts, W. S. 1979. Livestock grazing and riparian/stream ecosystems—an overview.
Pages 39-45 in Proceedings of the Forum-grazing and riparian/stream
ecosystmes. Trout Unlimited, Denver, Colorado.
Plummer, M., N. Best, K. Cowles, and K. Vines. 2006. Coda:Convergence Diagnosis
and Output Analysis for MCMC. R News 6:7-11.
Power, M. E. 1984. Depth distributions of armored catfish: predator-induced resource
avoidance? Ecology 65:523-528.

113
Power, M. E. 1987. Predator avoidance by grazing fishes in temperate and tropical
streams: importance of stream depth and prey size. Pages 333-351 in W. C.
Kerfoot and A. Sih, editors. Predation:direct and indirect impacts on aquatic
communities. University Press of New England, Hanover,NH.
R Core Team. 2012. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,
URL http://www.R-project.org/.
Raftery, A. E., and S. M. Lewis. 1996. Implementing MCMC. Pages 115-130 in W.
R. Gilks, S. Richardson, and D. J. Spiegelhalter, editors. Markov Chain Monte
Carlo in Practice. Chapman and Hall/CRC, Boca Raton, Florida.
Ramsey, F. L., and D. W. Schafer. 2002. The statistical sleuth: a course in methods of
data analysis. Second edition. Brooks/Cole, Cengage Learning, Belmont,
California.
Reice, S. R., R. C. Wissmar, and R. J. Naiman. 1990. Disturbance regimes,resilience,
and recovery of animal communities and habitats in lotic ecosystems.
Environmental Management 14:647-659.
Richmond, O. M. W., J. E. Hines, and S. R. Beissinger. 2010. Two-species
occupancy models: a new parametrization applied to co-occurrence of
secretive rails. Ecological Applications 20:2036-2046.
Royall, R. M. 1997. Statistical evidence: a likelihood paradigm. Chapman and Hall,
New York.
Royle, J. A., and R. M. Dorazio. 2008. Hierarchical Modeling and Inference in
Ecology: The Analysis of Data from Populations, Metapopulations, and
Communities. Academic Press, San Diego, CA.
Scheerer, P. D., B. L. Bangs, S. Clements, and J. T. Peterson. 2012a. 2012 Borax
Lake Chub Investigations. Oregon Department of Fish and Wildlife, Corvallis,
OR.
Scheerer, P. D., S. Clements, and J. T. Peterson. 2012b. 2012 Foskett Spring
Speckled Dace Investigations. Oregon Department of Fish and Wildlife,
Corvallis, OR.
Scheerer, P.D., J.T. Peterson, B. Bauman, and S.Clements. 2013. Distribution and
abundance of Alvord chub in the Alvord basin of southeastern Oregon and
northwestern Nevada. Unpublished Report.
Shepard, W. D. 1993. Desert springs-both rare and endangered. Aquatic
Conservation:Marine and Freshwater Ecosystems 3:351-359.

114

Sigler, W. F., and R. R. Miller. 1963. Fishes of Utah. Utah State Department of Fish
and Game, Salt Lake City,UT.
Sigler, W. F., and J. W. Sigler. 1996. Fishes of Utah:a natural history. University of
Utah Press, Salt Lake City,UT.
Sigler, W. F., and G. W. Workman. 1975. Studies on the least chub (Iotichthys
phlegethontis-Cope) in geothermal activities area of Snake and Tule Valleys,
Utah. The State of Utah Division of Wildlife Resources, Salt Lake City, UT.
Smith, G. R. 1981a. Effects of habitat size on species richness and adult body sizes of
desert fishes. Pages 125-171 in R. J. Naiman and D. L. Soltz, editors. Fishes
in North American deserts. John Wiley & Sons, Inc., New York, NY.
Smith, M. L. 1981b. Late Cenozoic fishes in the warm deserts of North America:a
reinterpretation of desert adaptations. Pages 11-38 in R. J. Naiman and D. L.
Soltz, editors. Fishes in North American Deserts. John Wiley & Sons, Inc.,
New York,NY.
SNWA, S. N. W. A. 2012. In-state water resources. Southern Nevada Water
Authority.
Soltz, D. L., and R. J. Naiman. 1981. Fishes in the desert:symposium rationale. Pages
1-9 in R. J. Naiman and D. L. Soltz, editors. Fishes in North American
deserts. John Wiley & Sons, Inc., New York, NY.
Taylor, F. R., L. A. Gillman, and J. W. Pedretti. 1989. Impact of cattle on two
isolated populations in Pahranagat Valley,Nevada. Western North American
Naturalist 49:491-494.
Taylor, P. D., L. Fahrig, K. Henein, and G. Merriam. 1993. Connectivity is a vital
element of landscape structure. Oikos 68:571-573.
Three Parameters Plus, Inc. 2010. Baseline physical habitat conditions of wetlands in
southern Snake Valley, Utah Final Report:December 2010. Utah Department
of Natural Resources, Salt Lake City, Utah.
Tiner, R. W. 2003. Geographically isolated wetlands of the United States. Wetlands
23:494-516.
UDWR, Utah Division of Wildlife Resources. 2010. Least chub (Iotichthys
phlegethontis) statewide monitoring summary, 2009. Utah Division of
Wildlife Resources, Salt Lake City, Utah.
Unmack, P. J., and W. L. Minckley. 2008. The demise of desert springs. Pages 11-34
in L. E. Stevens and V. J. Meretsky, editors. Airidland Springs in North

115
America: Ecology and Conservation. The University of Arizona Press and the
Arizona-Sonora Desert Museum, Tucson,AZ.
USFWS, U. S. Fish and Wildlife Service. 2008. Ninety-day finding on a petition to
list the least chub (Iotichthys phlegethontis) as threatened or endangered with
critical habitat. Federal Register 73:61007-61015.
USFWS, U. S. Fish and Wildlife Service. 2010. Twelve-month finding on a petition
to list the least chub as threatened or endangered. Federal Register 75:3539835424.
USFWS, U. S. Fish and Wildlife Service. 2011. Candidate Notice of Review. U.S.
Fish and Wildlife Service.
Varley, J. D., and J. C. Livesay. 1976. Utah ecology and life history of the Utah chub,
Gila atraria, in Flaming Gorge Reservoir, Utah-Wyoming. Utah Division of
Wildlife Resources Publication number 76-16, Salt Lake City,Utah.
Wagner, E., E. Billman, and R. Arndt. 2005. Least chub:recovery through research.
Utah Division of Wildlife Resources, Salt Lake City,UT.
Welch, A. H., D. J. Bright, and L. A. Knochenmus. 2007. Water resources of the
basin and range carbonate-rock aquifer system, Whit Pine County, Nevada
and adjacent ares in Nevada and Utah. U.S. Geological Survey Scientific
Investigations Report.
White, G. C., and K. P. Burnham. 1999. Program MARK- Survival estimation from
populations of marked animals. Bird Study 46 Supplement:120-138.
Wiegand, T., F. Jeltsch, I. Hanski, and V. Grimm. 2003. Using pattern-oriented
modeling for revealing hidden information: a key for reconciling ecological
theory and application. OIKOS 100:209-222.
Wiens, J. A. 1976. Population responses to patchy environments. Annual Review of
Ecology,Evolution, and Systematics 7:81-120.
Williams, B. K., J. D. Nichols, and M. J. Conroy. 2002. Analysis and Management of
Animal Populations: Modeling, Estimation, and Decision Making. Academic
Press, San Diego, California.
Winemiller, K. O. 2005. Life history strategies, population regulation, and
implications for fisheries management. Canadian Journal of Fisheries and
Aquatic Sciences 62:872-885.
Winemiller, K. O., and A. A. Anderson. 1997. Response of endangered desert fish
populations to a constructed refuge. Restoration Ecology 5:204-213.

116
Workman, G. W., W. F. Sigler, and W. G. Workman. 1976. The least chub
(Iotichthys phlegethontis-Cope) in Juab county, Utah. Utah Academy
Proceedings 53:16-22.
Workman, G. W., W. G. Workman, R. A. Valdez, W. F. Sigler, and J. M. Henderson.
1979. Studies on the least chub in geothermal active areas of western Utah.,
Utah.
Xenopoulos, M. A., D. M. Lodge, J. Alcamo, M. Marker, K. Schulze, and D. P. Van
Vuurens. 2005. Scenarios of freshwater fish extinctions from climate change
and water withdrawal. Global Change Biology 11:1557-1564.
Zarnetske , P.L., D.K. Skelly, and M.C. Urban. 2012. Biotic multipliers of climate
change. Science 336:1516-1518.

