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Abstract

Habitat alterations and introduction of nonnative fishes reduced the distributions of the Flannelmouth Sucker
Catostomus latipinnis, Bluehead Sucker C. discobolus, and Roundtail Chub Gila robusta to less than 50% of their his-
torical ranges. Climate change models generally predict decreased streamflows and increased water temperatures that
may further affect these species. Understanding the effects of flow and water temperature on their life histories should
lead to better assessments of climate change impacts on extant populations and more informed management for spe-
cies conservation. Basinwide larval fish sampling and hatch dates derived from otolith daily increment counts showed
that water temperature was the dominant environmental factor cueing reproduction in the upper White River basin,
Colorado. Reproduction for all three species began in spring, occurring first at warmer, lower-elevation, downstream
locations and progressing upriver to higher elevations as water temperatures increased. Warmer water temperatures in
tributaries initiated earlier reproductive activity compared to adjacent cooler main-stem habitat. Presence of larvae in
samples and estimated hatch dates demonstrated a distinct, predictable upstream progression of reproduction associ-
ated with warming water and clear upstream limits to reproduction for all three species. Larval presence and hatching
dates revealed earlier reproductive activity in 2012 than in 2013, driven by lower flow and earlier stream warming. A
regression model predicted stream temperature during fish spawning seasons under different climate change scenarios
and showed expanded upstream limits of thermally suitable reproductive habitat and earlier reproduction for our study
species. The long-term implications of climate change are unknown, but managers should strive to perpetuate the
valuable and relatively pristine native fish community in the upper White River drainage as a vestige of those that
formerly existed throughout the Colorado River basin.
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In river ecosystems, flow and water temperature are
key factors regulating life histories of aquatic organisms
(Coutant 1987; Poff et al. 1997; Olden and Naiman 2010).
Flow alters turbidity, channel geomorphology, and spawn-
ing habitat suitability and may signal migration or spawn-
ing events (Collier et al. 1996; Poff et al. 2007). Water
temperature is comparable in value to other ecological
resources, such as food and habitat, and fish exhibit niche
partitioning based on thermal conditions (Magnuson et al.
1979; Coutant 1987). Furthermore, thermal conditions
may limit species distributions (Brett 1971; Magnuson
et al. 1979; Coutant 1987; Armour 1991). For example,
the distribution of native trout species throughout the
Rocky Mountains has been drastically reduced due to
increased water temperature in downstream reaches
(Selong et al. 2001; Rieman et al. 2007; Isaak et al. 2012;
Roberts et al. 2013). Additionally, suitable water tempera-
ture may influence reproduction by initiating development
of gonads and cueing spawning events when water temper-
ature thresholds are reached (Coutant 1987; Armour 1991;
Olden and Naiman 2010).

Water temperature and flow are closely associated with
the life histories of some Colorado River basin fishes. For
example, endangered Colorado Pikeminnow Ptychocheilus
lucius migrate up to 400 km in one direction, presumably
based on flow cues (Tyus 1990; Irving and Modde 2000;
Osmundson 2011). Although flow may cue spawning
migrations, the upstream limits of Colorado Pikeminnow
habitat may be dictated by thermal constraints (Osmund-
son 2011). Spawning migration cues for Razorback Suck-
ers Xyrauchen texanus may include both flow and water
temperature (Tyus and Karp 1990; Modde and Irving
1998; Bestgen et al. 2011). In snowmelt-driven streams of
the Colorado River basin, high seasonal variation and
correlation between changes in flow and water tempera-
ture often confound the understanding of which factor is
most influential for reproduction by native fish. In addi-
tion, anthropogenic alterations of water temperature and
flow further complicate the understanding of the relation-
ship between the environment and life histories of native
fish (Moyle and Mount 2007; Poff et al. 2007; Olden and
Naiman 2010).

Reproductive patterns and the environmental cues that
initiate reproduction for native Colorado River basin
fishes, such as the Flannelmouth Sucker Catostomus latip-
innis, Bluehead Sucker C. discobolus, and Roundtail Chub
Gila robusta, are less understood. For the Flannelmouth
Sucker and Bluehead Sucker, spawning begins in early
spring to early summer, and the onset of spawning may
be cued by water temperature (Chart and Bergersen 1992;
Weiss et al. 1998; Bezzerides and Bestgen 2002; Zelasko
et al. 2011; Fraser et al. 2017). Roundtail Chub spawning
occurs on the descending limb of the hydrograph and is
also thought to be initiated by thermal cues (Kaeding

FRASER ET AL.

et al. 1990; Brouder et al. 2000; Bezzerides and Bestgen
2002). However, there is uncertainty concerning environ-
mental cues responsible for initiating reproduction, and an
evaluation of climate change effects on this relationship
has not been attempted.

Flannelmouth Sucker, Bluehead Sucker, and Round-
tail Chub are large-bodied, Colorado River native fishes
that were once widespread and abundant throughout the
upper Colorado River basin. Bezzerides and Bestgen
(2002) suggested that each species occupied 50% or less of
its historical range by the year 2000, and extant popula-
tions were declining in many localities. Declines of these
species can be attributed to alterations of habitat and
introduction of nonnative fishes (Martinez et al. 1994;
Bezzerides and Bestgen 2002; Bestgen et al. 2006). Climate
change models for the Colorado River basin predict
reduced flows and increased air temperatures (Udall and
Overpeck 2017), which will result in increased water tem-
peratures and may influence the three species’ life histo-
ries. The goal of this study was to evaluate the
reproductive patterns of the Flannelmouth Sucker, Blue-
head Sucker, and Roundtail Chub in the upper White
River basin. We had four objectives. The first was to
assess how the timing of reproduction differed among
locations and species along a main-stem White River lon-
gitudinal gradient. The second was to determine the
upstream spawning distribution limits of each species in
the White River. The third was to evaluate how the initia-
tion of reproduction related to patterns of water tempera-
ture and flow for each species in both main-stem and
tributary habitats. The fourth was to develop a predictive
stream water temperature model to assess how climate
change may impact the distribution and timing of Flannel-
mouth Sucker, Bluehead Sucker, and Roundtail Chub
reproduction within the study area. These findings should
enhance the understanding of timing and spatial distribu-
tion of reproduction by these species and will allow man-
agers to make Dbetter-informed decisions regarding
conservation actions for these declining native fishes.

METHODS

Study area.— The White River headwaters are located
in the Flat Tops Wilderness in northwestern Colorado.
The White River flows west through western Colorado
into Utah, draining approximately 13,000 km? until it
joins the Green River near Ouray, Utah (Martinez et al.
1994). Taylor Draw Dam, the only main-stem dam on the
White River, impounded Kenney Reservoir beginning in
October 1984 and is a barrier to upstream fish movement
(Figure 1). The White River upstream of Kenney Reser-
voir to the confluence of the North Fork and South Fork
of the White River (hereafter, “North Fork-South Fork
confluence”) was chosen as the study site because it is one
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FIGURE 1. Map of the upper White River, Colorado, and selected tributaries, depicting the locations of water temperature loggers, U.S. Geological

Survey (USGS) temperature and flow gauges, and larval sampling stations.

of the last large, unobstructed, free-flowing river sections in
the upper Colorado River basin and was thought to contain
relatively robust native fish populations (Chart and Berg-
ersen 1992). Snowmelt is the dominant water source in the
White River, and runoff usually occurs from mid-April
through late June. Flow typically peaks in early June, with
a mean maximum flow of 91.5 m’/s (23.7-186.5 m%/s;
Figure 2). Base flows (mean = 11.9 m*/s) occur in July—
March, and summer thunderstorms periodically increase
flow and turbidity.

The study area represents a continuum from a coldwa-
ter environment upstream to a warmwater one down-
stream; thus, it is an ideal location in which to study
longitudinal effects of water temperature and other factors
on timing of fish reproduction. Other studies have used
the confluence of the White River with the Green River as
river kilometer (rkm) O for the White River; this location
is 177 rkm downstream from the Kenney Reservoir—White
River inflow area (Chart and Bergersen 1992; Martinez
et al. 1994). In this study, we designated rkm 0 as the
Kenney Reservoir—White River inflow area. The upstream
coldwater portion of the study arca was delineated
approximately by the North Fork-South Fork confluence
downstream through Meeker, Colorado (rkm 100-151).
The upstream section is typical of other coldwater envi-
ronments where salmonids predominate (Rahel and
Hubert 1991; Griffith 1993). The channel form is pool-
riffle-run, with predominantly cobble substrate. Down-
stream from rkm 100 (near Meeker) to rkm 68, the river
is a transition area and supports both warmwater and
coldwater species. The downstream portion of the study
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FIGURE 2. Mean daily flow for the White River, Colorado (U.S.
Geological Survey gauge 09304800), for the period of record (1962-2013)
and the study years 2012 and 2013.

area extends from rkm 0 to rkm 68 and is a warmwater
environment where coldwater salmonids are few or non-
existent. The channel form in the downstream section is
uniform runs, with substrate composed of predominantly
sand in low-velocity areas and cobble in higher-velocity
locations. The main-stem White River is 30-40 m wide
throughout the study area.
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In April 2011, surveys revealed seven tributaries poten-
tially used for spawning by the three species. Based on the
presence of mostly perennial flows and the presence of
Flannelmouth Suckers or Bluehead Suckers, Piceance and
Coal creeks were selected for this study. All other streams
surveyed were deemed unsuitable due to barriers, low
water temperatures, or insufficient spring flows (Hooley-
Underwood et al. 2019). The confluence of Piceance Creek
and the White River is at an elevation of 1,740 m above
sea level (ASL) and is situated 68 rkm upstream from the
Kenney Reservoir-White River inflow area (rkm 0).
Piceance Creek flows through a landscape dominated by
sagebrush Artemisia spp., pinyon pine Pinus edulis, and
Utah juniper Juniperus osteosperma. The channel is
approximately 3-5 m wide, and the substrate is predomi-
nantly sand. The confluence of Coal Creek and the White
River is located at 1,935 m ASL and rkm 118. Coal Creek
flows through an agricultural valley dominated by irri-
gated fields. The channel is approximately 5-7 m wide,
and the substrate is mixed cobble and sand.

Irrigation practices alter flows in both Piceance and
Coal creeks but in different ways. During base flow peri-
ods, temporary dams in Piceance Creek divert water into
irrigation canals and reduce or eliminate flow in the
stream channel. In contrast, flow in Coal Creek is
enhanced beginning in spring by agricultural irrigation
water that is diverted from the main-stem White River to
the Coal Creek drainage. Thus, during the sucker spawn-
ing season, flows in Coal Creek are higher than natural
flows (Fraser et al. 2017).

Water temperature.—In April 2011, we deployed five
water temperature loggers (spaced at about 30-rkm inter-
vals) in the main-stem White River and 15 temperature
loggers in various tributaries to evaluate the role of water
temperature in reproduction by the three study species on a
basinwide scale (Figure 1). However, only temperature data
from Coal Creek, Piceance Creek, and the main-stem
White River will be discussed further. The loggers recorded
water temperature every hour. The temperature logger
deployed at rkm 14 on the main stem was never recovered,
so no data were available from that location. To replace
the lost data, we used data from the U.S. Geological
Survey (USGS) gauge at rkm 18.5 (gauge 09306290).

Presence of fish larvae.— We sampled larval fishes at 20
sites throughout the upper White River basin at regularly
spaced intervals to assess reproductive patterns and to
examine how larval presence changed spatially and tempo-
rally. Twelve main-stem White River sites were evenly dis-
tributed from the upstream end of Kenney Reservoir (rkm
0) to just downstream of the North Fork-South Fork con-
fluence (rkm 142; Figure 1). We also sampled fish larvae
at eight stations in Coal and Piceance creeks, but only the
two stations near the respective mouths of those streams
produced sufficient larvae for analysis. In 2013, we added
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two additional main-stem sampling sites at rkm 118.5 and
rkm 121 to bracket the mouth of Coal Creek. Each sta-
tion was sampled every 5 d from May 14 to July 25,
2012, and from May 17 to July 30, 2013. We concentrated
sampling effort in nearshore, low-velocity habitat, where
densities of fish larvae are known to be highest (Haines
and Tyus 1990; Muth and Snyder 1995). All fish larvae
were sampled during daylight hours with either a
1.2- x 1.2-m seine (0.8-mm mesh) or a 0.5-mm-mesh dip
net measuring 47 X 28 cm at the mouth and 38 cm in
depth. The seine was used in deeper and more complex
habitat, whereas the dip net was used in smaller and shal-
lower habitat. We sampled 30 m of nearshore habitat at
each location, preserved larval fish in 100% ethanol, and
identified specimens in the laboratory by using published
keys (Snyder 1981; Snyder and Muth 2004). Identifications
were verified by a second investigator; the specimens were
then measured to the nearest 0.5 mm TL, counted, and
cataloged.

To describe how the onset of reproduction differed spa-
tially and temporally across the study area, we aged early
life stages of fish by using otolith daily increments. We
used only mesolarvae or earlier life stages (typically just
postemergent; Flannelmouth Suckers < 17 mm TL, Blue-
head Suckers < 17 mm TL, and Roundtail Chub < 12
mm TL) of each species as an index of reproduction tim-
ing (Snyder and Muth 2004; Snyder et al. 2005). The ini-
tial presence of larvae based on capture in samples and
the hatching dates (below) described the pattern of repro-
duction spatially and temporally in this study. These met-
rics were used rather than first spawning because the
variability in incubation time for eggs at different water
temperatures made the prediction of timing difficult (Gil-
looly et al. 2002).

Hatch dates.— Hatch dates of larvae were determined
by counting daily increments in otoliths extracted from a
subsample of larvae obtained at multiple locations. To
estimate hatch dates for the remaining unaged larvae, we
fit regression equations that estimated Age (d) as a func-
tion of TL (mm) for each location. Validation of aging
techniques is important for determining the accuracy and
precision of the aging technique (Beamish and McFarlane
1983; Campana 2001). Although no validation study was
completed for the study species, otolith daily increment
counts as a means to determine hatch dates have been val-
idated for many other fish species (Pannella 1971; Cam-
pana and Neilson 1985; Haworth and Bestgen 2016),
including the Razorback Sucker and Colorado Pikemin-
now, which are native cypriniform fishes of the Colorado
River basin (Hoff et al. 1997; Bestgen and Bundy 1998;
Bundy and Bestgen 2001; Ellsworth et al. 2010). There-
fore, based on previous experience, we felt confident that
daily increment counts in otoliths of the sucker larvae we
aged could be used to estimate the hatching dates of
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larvae. Aging of Roundtail Chub by using counts of daily
increments in otoliths was validated in a previous study
(Brouder 2005).

Flannelmouth Sucker and Bluehead Sucker larvae used
for age estimation were selected from two main-stem sam-
pling sites (rkm 47 and rkm 118) where abundant larvae
were sampled throughout each season. The sites also rep-
resented the potential longitudinal variation in water tem-
perature and flow in the White River, which allowed us to
assess the role of these factors in initiating reproduction
and hatching. Larvae collected from two tributary sites
were also chosen for aging, thus allowing us to determine
whether there were differences between tributary and
main-stem hatch dates in 2012 and 2013. Two sites in
Coal Creek (0.7 rkm and 2.0 rkm upstream from the con-
fluence) were treated as a single site; in Piceance Creek,
we used one site (2.8 rkm from the confluence; Figure 1).
All suckers used in otolith aging were metalarvae or
younger (Flannelmouth Suckers < 24 mm TL, Bluehead
Suckers < 20 mm TL; Snyder and Muth 2004). Ten fish
from each site were aged; the exceptions were the 2012
Bluehead Sucker sample collected at rkm 118 and the
2012 Flannelmouth Sucker sample collected at rkm 47,
from which only nine fish were available.

Ages were estimated for Roundtail Chub collected from
four main-stem White River sites (rkm 4, 18, 47, and 68)
in 2012 and 2013. Low numbers of Roundtail Chub larvae
at tkm 4 and rkm 18 necessitated combining specimens
from these sites. Ten individual Roundtail Chub were
selected from each site for each year, and all were meta-
larvae (<15 mm TL) or younger (Snyder et al. 2005).

Photographs of larvae were taken with a Spot Insight 2
camera (Diagnostic Instruments, Inc., Sterling Heights,
Michigan) mounted on an Olympus SZX7 microscope
(Olympus America, Center Valley, Pennsylvania). Larvae
were measured to the nearest 0.01 mm TL using Image-
Pro Express (Media Cybernetics, Inc., Rockville, Mary-
land), and otoliths were extracted with forceps and a fine
probe. Both left and right lapilli were removed, mounted
on glass slides, and placed in immersion oil. A single reader
counted all daily age increments on a compound micro-
scope at 1,000X magnification using transmitted light,
followed by an additional count either (1) at least 1 d later
or (2) after the increments of 20 other otoliths had been
counted. The second count was considered blind because
sufficient time had passed so that the reader had no recol-
lection of the initial count. A third blind count was con-
ducted if there was disagreement between the first and
second counts. If the third count agreed with either of the
previous counts, then the third count was deemed the
most accurate. A fourth count was conducted if the third
count disagreed with both of the previous counts. If the
fourth count agreed with any of the previous counts, then
the fourth count was designated the most accurate. There
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was never a situation in which all four counts disagreed.
Increment counts made by the single reader used in this
study were verified by one of us (K.R.B.) throughout the
study. Because replicated counts of individual otoliths by
both investigators did not usually vary by more than one
or two daily increments, the use of a single reader was jus-
tified. Hatching date was calculated by subtracting the
estimated age (d) from the capture date. This relationship
assumes that first otolith increments are formed on the
day of hatch, which was verified for Razorback Suckers
reared under similar water temperature conditions.

To estimate the hatch dates of the earliest larvae col-
lected at other sites, we created regression equations for
fish from a downstream location (rkm 47) and an
upstream location (rkm 118) to estimate Age (d) as a func-
tion of TL (mm). We used this technique rather than
time-intensive counting of otolith daily increments for all
fish from all sites and samples to increase the spatial cov-
erage of sites and the number of aged larvae from sam-
ples. We measured fish larvae to the nearest 0.5 mm TL
from other sites collected in the same time period and size
distribution and then calculated the hatch dates by sub-
tracting the estimated age from the sample date of the
individual larvae. Using fish of similar sizes and collection
dates for the otolith-aged group and for the group with
ages estimated using regression equations ensured that the
measured fish were exposed to growing conditions similar
to those experienced by otolith-aged fish. We combined
fish from the upstream (rkm 118) and downstream (rkm
47) locations to construct a regression equation for the
main-stem White River and used this regression to age fish
collected at rkm 82, a mid-river sampling location. We
did not apply the regression equation to other sampling
sites. These three sites selected for aging and regressions
were used to describe patterns in the entire White River
study area. Tributary regression equations remained sepa-
rate.

Stream temperature model— We developed a stream
temperature model by using a general linear model to pre-
dict water temperature as a function of flow, air tempera-
ture, date, and eclevation (SAS version 9.4, SAS Institute,
Cary, North Carolina; Isaak et al. 2010), which could
then be used to predict how stream temperature and pat-
terns of reproduction for Flannelmouth Suckers, Bluehead
Suckers, and Roundtail Chub might be altered by climate
change. We developed several candidate models using dif-
ferent combinations of predictor variables, and we used
Akaike’s information criterion corrected for small sample
size (AIC,) to select a final model (Burnham and Ander-
son 2002). We used 6 years of data (2008-2013) for three
locations on the White River (USGS gauges 09306290,
09304200, and 09304800). We built our models using data
from the period 2008-2012, and we used 2013 data from
all three sites and 2014 data from one site to validate the
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chosen model. The period 2008-2012 included one of the
highest flow years (2011) and one of the lowest flow years
(2012) on record, which enhanced variability in flow and
water temperatures and strengthened prediction capability.
For example, in 2011, the White River recorded a peak
flow of 156.3 m’/s and had relatively low water tempera-
tures; in 2012, the peak flow was 32.8 m’/s, and water
temperatures were warmer (Figure 2). We restricted the
predictive stream temperature model to the period April
1-August 31 (ordinal dates 91-249), which encompassed
the spawning period of all three species (Kaeding et al.
1990; Chart and Bergersen 1992; Brouder et al. 2000; Bez-
zerides and Bestgen 2002; Zelasko et al. 2011). We used
mean daily air temperature data from the Meeker Airport
in Meeker, Colorado, for all longitudinal river locations in
the final model because they represented the nearest regio-
nal data available.

We used the stream temperature model to predict the
average date and location at which water temperatures
associated with the first presence of larvae for each species
(16°C for suckers; 20°C for Roundtail Chub) would occur
at different main-stem and tributary locations throughout
the basin, and we considered this to be the baseline model.
We created the baseline model using mean data for all
variables from the period 1997-2013. We restricted the
baseline model to these years because data describing air
temperature, an important predictor variable, were not
available for earlier years. The mean daily flow for this
time period showed patterns similar to those of the histori-
cal record (1901-2013; Fraser 2015).

To evaluate how climate change could alter the timing
and spatial distribution of water temperatures associated
with reproduction by the three species, we manipulated air
temperature and flow in the baseline model to mimic
changes in air temperature and streamflow anticipated
from climate change scenarios. Climate change models
specific to the Colorado River basin predict that flow may
decrease by 17% while air temperature may increase 2°C
(Christensen et al. 2004; McCabe and Wolock 2007). To
mimic these predictions, we modeled a 2°C increase in air
temperature with a 20% reduction in flow. We also mod-
eled two more extreme scenarios: a warmer one that mod-
eled a 4°C temperature increase coupled with a 50% flow
reduction; and a cooler one that modeled a 2°C air
temperature decrease and 20% flow increase.

RESULTS

Temperature and Flow

Water temperatures varied longitudinally in the main-
stem White River as well as among seasons and years and
were correlated negatively with flow and positively with
air temperature (Figure 3). Water temperatures were
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similar and cool between years during April but different
in May-August. Spring runoff arrived earlier in 2012 than
in 2013, when low air temperatures delayed snowmelt and
higher flows until May 1. Longitudinal patterns were also
evident, as White River water temperatures during late
spring and summer were 6-8°C warmer at rkm 18.5 com-
pared to rkm 146 for 2012 and 2013 (Figure 3). The
downstream-most locations, rkm 18.5 and rkm 47.5,
showed the smallest difference in water temperature
between any two locations. Water temperatures upstream
(rkm 146) rarely exceeded 16°C. The largest differences in
water temperature longitudinally among White River sites
occurred during May 9-22, 2012, and May 10-June 6,
2013. A comparison between 2012 and 2013 showed that
peak water temperatures at each location were about the
same for both years, but sites warmed earlier and more
gradually in 2012 than in 2013. As flows decreased in
early summer, water temperatures increased, peaking in
late June or July during summer base flows.

We observed substantial differences in water tempera-
ture among tributaries and main-stem White River sites as
well. During the presumptive sucker spawning season in
spring, mean daily water temperature in Piceance Creek
was warmer than that in the nearby main-stem White
River (at rkm 82.5) by 1-4°C in 2012 and by 2-6°C in
2013. The mean daily water temperature in Coal Creek
was 1-2°C warmer than the nearby main-stem White
River in 2012 and was 4-5°C warmer in 2013. The largest
differences in water temperature between Coal Creek and
the White River occurred during May 10-26, 2012, and
May 10-31, 2013.

Flow varied between years in terms of the timing of
runoff and magnitude but spatially varied only slightly
across the study areca on any specific date (Figure 3)
because most of the flow was in the main stem. In 2012,
the peak flow reached only 32.8 m>*s on April 27, consis-
tent with warm air temperatures early in the year, while in
2013 the peak flow reached 52.9 m%s on May 17, consis-
tent with cooler air temperatures later in the year. Flow
gradually subsided in 2012 and reached base flow in mid-
June. In contrast, there were three peaks in White River
flow during 2013, and base flow onset occurred on
approximately July 1.

Presence of Fish Larvae

We captured 9,672 early life stage specimens of the
three species in 2012 and 2013, many of which were of
suitable size for either otolith aging or back-calculation
of age based on length (Table 1). Substantial numbers of
each taxon were captured in each year, with the exception
of Roundtail Chub in 2013, when only 197 individuals
were collected.

Earliest reproduction by Flannelmouth Suckers and
Bluehead Suckers, as estimated from the dates of first
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FIGURE 3. Daily average water temperature in the White River, as measured by four temperature loggers (river kilometers [rkm] 47.5-146.2) and
one U.S. Geological Survey (USGS) gauge (09306290; located at rkm 18.5), and the mean daily flow measured by three USGS gauges (09306290,
09304200, and 09304800). Air temperature data are from the Meeker Airport Weather Station (Meeker, Colorado).

TABLE 1. Percent composition of Bluehead Suckers, Flannelmouth
Suckers, Roundtail Chub, and other species (includes introduced as well
as native species) captured in seine and dip-net samples in the upper
White River drainage, Colorado, from mid-May through late July in
2012 and 2013. The range of TLs (mm) for each taxon is displayed par-
enthetically below percent composition.

2012% 2013%
Species (TL range) (TL range)
Bluehead Sucker 13.8 (10-58) 23.9 (8-27)
Flannelmouth Sucker 13.9 (12-52) 17.6 (9-34)
Roundtail Chub 9.2 (8-40) 1.2 (7-26)
Other 63.2 57.4
Total number of fish 10,935 16,410

captured

capture, showed strong longitudinal patterns and was ear-
lier in downstream, warmer locations and later in
upstream, cooler locations (Figure 4). First detection of
sucker larvae at most White River sampling locations cor-
responded relatively closely to when water temperatures
warmed to about 16°C in both 2012 and 2013.

Similarly, Roundtail Chub larvae were first detected
earlier in downstream samples and later in upstream sam-
ples during 2012 (Figure 4). In contrast, first detection of
Roundtail Chub larvae in 2013 occurred across the study
area on July 8 at rkm 4, 18, and 68. The first presence of
Roundtail Chub was loosely associated with a mean daily
water temperature of 20°C (Figure 4).

In addition to longitudinal differences in timing of the
first detection of larvae (presumably because of earlier
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FIGURE 4. Presence (black) and absence (gray) of Flannelmouth Sucker (FMS), Bluehead Sucker (BHS), and Roundtail Chub (RTC) mesolarvae in
the main-stem upper White River, Colorado, during study years 2012 (12 stations) and 2013 (14 stations; i.e., river kilometer [rkm] 118.5 and rkm 121
were added in 2013). The line depicts the time and location where the temperature was most closely associated with the first detection of larvae (16°C

for FMS and BHS; 20°C for RTC).

TABLE 2. Date of the first detection of Flannelmouth Sucker (FMS),
Bluehead Sucker (BHS), and Roundtail Chub (RTC) larvae at the down-
stream-most sampling locations (river kilometer [rkm] 0 and rkm 4) in
the White River and the difference in timing of first larval detection
between the study years 2012 and 2013.

Species 2012 2013 Difference (d)
FMS May 21 Jun 10 20
BHS May 14 Jun 10 27
RTC Jun 12 Jul 11 29

spawning downstream) in the White River, larvae of the
three species were detected much earlier in the warmer
and lower-flow year, 2012, than in 2013 (Table 2). For
example, we detected the first Flannelmouth Sucker larvae
at tkm 0 on May 21 in 2012 but not until June 10 in

2013. Bluehead Suckers showed a similar pattern, with
first presence detected downstream on May 14 in 2012 but
27 d later (on June 10) in 2013. First detection of Round-
tail Chub larvae in 2012 was on June 12, whereas the first
detection in 2013 was almost 1 month later (on July 8).

Sucker larvae were generally detected earlier in samples
collected in Coal Creek than in the adjacent main-stem
White River. In 2012, Flannelmouth Sucker larvae were
detected in Coal Creek 4 d earlier than in the adjacent
main-stem habitat; Bluehead Sucker larvae were first
detected on the same day in Coal Creek and the main
stem. In 2013, larvae of both sucker species were detected
in Coal Creek 8 d carlier than in the adjacent main-stem
White River site.

Our larval sampling elucidated an upstream limit for
reproduction for all three species. In 2012, Flannelmouth
Sucker and Bluehead Sucker larvae were detected at rkm
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118 but not at rkm 132, which suggested an upstream
limit for reproduction between those locations. In 2013,
we added two sample locations (at rkm 118.5 and rkm
121) to more precisely estimate the upper limit of sucker
spawning. Sampling at these locations indicated that suck-
ers spawned as far upstream as rkm 121 in 2013, but lar-
val suckers were never detected at rkm 132 in either year
of the study. Therefore, the upper extent of sucker repro-
duction was between rkm 121 and rkm 132. Roundtail
Chub larvae were never detected upstream of rkm 68,
indicating that reproduction was limited to downstream
sections of the White River study area.

Hatch Dates

We compared the mean TLs (mm) of fish that were
aged by counting daily otolith increments to the mean
TLs of fish with ages estimated using the age-length
regression equations (Table 3), and we found no substan-
tial differences (Fraser 2015). For 2012 samples, the mean
TL of otolith-aged fish was only 0.7 mm less than the
mean TL of fish whose ages were estimated via regression.
For 2013, the difference in mean TLs of otolith-aged fish
and the fish with ages estimated using regression was
0.2 mm. Minimal differences in TL between the two
groups aged by different methods ensured that length dif-
ferences did not bias the outcome of age estimations.

For both sucker species in both years, water tempera-
tures were 12-16°C at first hatching regardless of the date
or the location in tributary sites or various main-stem
White River sites (Figures 5, 6). Main-stem hatching dates
showed a clear longitudinal progression, wherein the earli-
est hatch dates of both sucker species occurred down-
stream and progressed upstream as spring water
temperatures warmed. The earliest sucker hatch dates
occurred 13-16 d prior to the first detection of larvae at
the same location, with the difference likely due to hatch-
ing and emergence times. The peak of Flannelmouth
Sucker and Bluehead Sucker hatch dates occurred earlier
in downstream sample sites than in upstream sample sites
during 2012 and 2013.

Tributary spawning occurred earlier than spawning in
proximate main-stem White River sampling locations.
Piceance Creek (confluent with the White River at rkm
68) had the earliest sucker hatching dates in 2012 for any
site: May 5 for Flannelmouth Suckers and May 4 for
Bluehead Suckers. Hatching dates for suckers in Coal
Creek were also earlier than those in the nearest main-
stem White River site during both years. Flannelmouth
Suckers in Coal Creek hatched 6 d earlier than those in
the main stem near Coal Creek during 2012 and hatched
15 d earlier during 2013. Bluehead Suckers in Coal Creek
hatched 11 d earlier (during 2012) and 6 d earlier (during
2013) than those in the adjacent main-stem habitat. The
low number of sucker larvae captured in Piceance Creek
during 2013 precluded aging and hatch date estimation.

Hatching of Roundtail Chub occurred later than the
hatching of suckers, and when water temperatures were
16-20°C, regardless of White River sample site longitudi-
nal position (Figure 7). Hatching date distributions for
Roundtail Chub larvae differed longitudinally among sites
and between years. In 2012, the peak hatch date occurred
on June 6 at rkm 47 and was 19 d later (June 25)
upstream at rkm 68. In 2013, the peak hatch date
occurred on June 21 downstream at rkm 4 and was 12 d
later (July 3) upstream at rkm 68. Comparing the hatch
dates for Roundtail Chub at the same locations between
years showed that hatching occurred earlier at all loca-
tions in 2012 (a warmer year with low flows) than in
2013. The earliest Roundtail Chub hatch dates in 2012
were 11-20 d earlier than the first detection of larvae in
2013 at the same locations.

Stream Temperature Model

The stream temperature model we chose included air
temperature, elevation, ordinal date, and flow; quadratic
terms for all variables except air temperature; and a cubic
term for discharge. The use of higher-order terms
improved model fit. For simplicity, we interpreted only
the top model with eight variables (lowest AIC. value;
Table 4) rather than model-averaging the top two models.

TABLE 3. Regression equations to estimate Age (d) as function of 7L (mm) for Flannelmouth Suckers (FMS), Bluehead Suckers (BHS), and Round-
tail Chub (RTC) in the upper White River basin, as constructed from measured lengths of larval fish that were aged by counting otolith daily growth

increments.

Species Location 2012 equation 2013 equation

FMS Main-stem White River Age = TL-0.88 + 3.42 Age = TL-1.19 — 5.72
Coal Creek Age = TL-0.70 + 7.28 Age = TL-2.73 — 26.05
Piceance Creek Age = TL-0.95 + 6.42

BHS Main-stem White River Age = TL-2.87 — 25.70 Age = TL-2.24 — 19.64
Coal Creek Age = TL-2.46 — 15.85 Age = TL-1.21 + 0.06
Piceance Creek Age = TL-1.57 — 4.20

RTC Main-stem White River Age = TL-1.49 — 0.11 Age = TL-2.33 — 14.11
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FIGURE 5. Hatching dates (estimated from otolith analyses and age-length regressions) of the earliest Flannelmouth Sucker mesolarvae collected at
three White River locations (river kilometers [rkm] 47, 82, and 118) and two tributary locations relative to the mean daily flow (line in upper panels;
U.S. Geological Survey gauge 09304800) from May 4 to June 30 in 2012 and 2013. Mean daily temperature range is reported for the hatch dates at

each site. Larvae were not detected in Piceance Creek during 2013.

We validated stream temperature model predictions
against independent water temperature data obtained at
three locations in 2013 and at a single location in 2014
(Appendix Figure A.1). Predicted stream temperatures
were highly correlated (R* = 0.965) with observed water
temperatures, and 95-97% of the variability in water tem-
perature was accounted for by the predictor variables
(Figure A.1; Table 5). Air temperature and ordinal date
were positively and importantly related to water tempera-
ture, indicating that water temperature increased as air
temperatures warmed later in the year. Although air tem-
perature and ordinal date were correlated (r = 0.82), we
chose to include both variables (1) to account for seasonal
and annual changes in air temperature that are not
reflected in date alone and (2) because models fitted with

only one or the other variable ranked substantially lower
than any other candidate models shown. In contrast to air
temperature, water temperature was negatively correlated
with elevation and flow, indicating that predicted water
temperatures were cooler at higher elevations and during
higher flows. Higher-order terms had a mixture of positive
and negative effects but were typically less influential than
main effects; the exception was the elevation effect, for
which the quadratic term was slightly more influential.

We compared timing and location of the first observed
stream temperature of 16°C in 2012 and 2013 to the base-
line stream temperature model and climate change scenar-
ios to understand what type of scenario these years best
represented for sucker reproduction. These predictions
vary slightly from those of Fraser (2015) due to slightly
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FIGURE 6. Hatching dates (estimated from otolith analysis and age-length regressions) for the earliest Bluchead Sucker mesolarvae collected at
three White River locations (river kilometers [rkm] 47, 82, and 118) and two tributary locations relative to the mean daily flow (line in upper panels;
U.S. Geological Survey gauge 09304800) from May 4 to June 30 in 2012 and 2013. Mean daily temperature range is reported for the hatch dates at

each site. Larvae were not detected in Piceance Creek during 2013.

refined statistical models. In both years, the first observed
water temperature of 16°C occurred earlier than predicted
by the baseline stream temperature model (Figure 8). For
instance, the water temperature at rkm 18 reached 16°C
25 d earlier than predicted in 2012 and 9 d earlier than
predicted in 2013. Water temperatures in 2012 closely
matched the most extreme climate change scenario that
we modeled: a 4°C increase in air temperature and a 50%
decrease in flow. Water temperatures in 2013 closely
matched the climate change scenario of a 2°C increase in
air temperature and a 20% decrease in flow. However, in
2013, water temperature predictions underestimated the
actual upstream water temperatures; we recorded 16°C at

rkm 146, whereas the model predicted that 16°C would
not occur upstream of rkm 130. The upstream-most loca-
tion where sucker larvae were found (rkm 121) was also
the upstream-most location at which 16°C was predicted
to occur in the baseline model.

We also compared the timing and location of the first
observed stream temperature of 20°C to understand what
type of scenario these years represented for Roundtail
Chub reproduction. We used the model to predict when
the water temperature would reach 20°C, a level most clo-
sely associated with the first detection of Roundtail Chub
larvae (Figure 8). In 2012, observed water temperatures
reached 20°C earlier than any of the climate change
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FIGURE 7. Hatching dates (estimated from otolith analysis and age-length regressions) for the earliest Roundtail Chub mesolarvae collected at three
White River locations (river kilometers [rkm] 4 and 18 [combined], 47, and 68) in 2012 and 2013 relative to the mean daily flow (line in upper panel;
U.S. Geological Survey gauge 09304800) from May 4 to July 6 in 2012 and 2013. The mean daily temperature range is reported for the hatch dates at
each site. No Roundtail Chub larvae were detected in tributaries during this study.

TABLE 4. Summary statistics for candidate multiple regression models to predict stream temperature in the upper White River, Colorado
(AIC. = Akaike’s information criterion corrected for small sample size; AAIC, = difference in AIC, value between the given model and the best-per-
forming model; SSE = sum of squared errors). Five years of data (2008-2012) were used to construct these regressions. Model inputs evaluated for
model selection included ordinal date (Day; 91-249 [April 1-August 31]), flow (Q; m%s), elevation (Elev; m), air temperature (AirTemp; °C), and their

quadratic or cubic coefficients.

Number

Predictor variables of variables AIC, AAIC, SSE

Day, O, Elev, AirTemp, Day?, Q° Elev’, 0* 8 —853.74 0 1,959.78
Day, Q, Elev, AirTemp, Dayz, QZ, Elev?, AirTempz, Q3 9 —851.94 1.80 1,959.63
Day, O, Elev, AirTemp, Day’, 0°, Elev? 7 —844.05 9.69 1,968.26
Day, Q, AirTemp, Dayz, QZ, Elev? 6 —829.36 24.38 1,980.45
Day, O, Elev, AirTemp, Day?, 0* 6 —805.35 48.39 1,998.10
Day, O, Elev, AirTemp, Q° 5 282.89 1,136.63 2,989.91
Day, O, Elev, AirTemp 4 491.90 1,345.65 3,232.50

predictions evaluated in this study. The most extreme cli-
mate change scenario (4°C increase in air temperature and
a 50% decrease in flow) predicted 20°C to occur 5 d later
than was observed in 2012 (Figure 8). The 2013 water
temperatures most closely resembled the most extreme cli-
mate change scenario. This scenario also predicted that
water temperatures would reach 20°C up to rkm 96;
observed water temperatures in 2012 and 2013 did reach
20°C at rkm 82 but not at rkm 116. We did not measure

water temperatures between rkm 82 and rkm 116 and
could not determine the precise upstream limit of 20°C.
However, this range does encompass the location of the
upstream-most model prediction of 20°C.

For each of the 16°C and 20°C prediction scenarios,
the climate change scenario with cooler water tempera-
tures and higher streamflows delayed reaching the onset of
threshold water temperatures for reproduction by 1 week
or more relative to the baseline scenario. Cooler water
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TABLE 5. Coefficients for the top selected multiple regression model
(based on Akaike’s information criterion corrected for small sample size;
see Table 4) for predicting April-August water temperature (°C) in the
upper White River, Colorado. Data from 2008-2012 were used to build
the model, which included a low-flow year (2012) and a high-flow year
(2011). Predictor variables were ordinal date (Day; 91-249 [April 1-
August 31]), flow (Q; m%s), elevation (Elev; m), air temperature (Air-
Temp; °C), and their quadratic or cubic coefficients.

Coefficient for Estimate SE t P

Intercept —24.0842 6.7908 —3.55  0.0004
AirTemp 0.3720 0.0056  66.10 <0.0001
Elev 0.0335 0.0076 4.40 <0.0001
Elev? —0.00001435 <0.0001 -6.71 <0.0001
Day 0.2202 0.0052  42.59 <0.0001
Day2 —0.000538 <0.0001 -37.38 <0.0001
0 -0.1282 0.0051 -24.95 <0.0001
0’ 0.00083 <0.0001 8.70 <0.0001
Q3 —0.0000017 <0.0001 —3.42  0.0006

temperatures also resulted in the loss of suitable thermal
habitat for reproduction: approximate losses were 25% for
suckers and 65% for Roundtail Chub in our study area.

DISCUSSION

Our results indicated that timing of reproduction for
Flannelmouth Sucker, Bluehead Sucker, and Roundtail
Chub in the upper White River, whether based on the
presence of larvae in samples or on back-calculated hatch-
ing dates, was primarily dictated by water temperature
rather than flow. This was evident because reproduction
occurred in a narrow but consistent range of water tem-
peratures, beginning in the main-stem White River in war-
mer downstream locations and proceeding upriver as
water temperatures increased. Additionally, reproduction
occurred earlier in tributaries than in adjacent main-stem
habitats because tributary habitat was warmer. Water
temperature predictions under climate change scenarios
closely matched observed temperatures in 2012 and 2013,
indicating that those low-flow years matched well with
potential future warming conditions (Christensen et al.
2004; McCabe and Wolock 2007; Udall and Overpeck
2017). Modeling of climate change projections showed
that water temperatures will warm earlier in the year, and
this will result in earlier spawning and extend thermally
suitable spawning habitat upstream.

Temperature and Flow

Although patterns of water temperature and flow are
related, with summer temperatures increasing as flows
decline, we found that flow patterns did not directly influ-
ence the timing of Flannelmouth Sucker, Bluehead Sucker,
and Roundtail Chub reproduction. This was because at
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FIGURE 8. Timing of stream temperature model predictions of 16°C
and 20°C, the temperatures most associated with the first presence of
sucker larvae (Flannelmouth Suckers, Bluehead Suckers) and Roundtail
Chub larvae, respectively, in the White River. The model used average
data from 1997-2013 (black line) and three manipulations (increase [+]
or decrease [—]) of flow (%Q) and air temperature (°C) to assess climate
change scenarios. The date and river kilometer (rkm) at which 16°C and
20°C were first recorded in 2011, 2012, and 2013 (labeled) are also
plotted for comparison with the average and climate change scenarios
(20°C was not recorded in the study area during 2011). The vertical
black lines depict the upstream-most locations (rkm 121 for both sucker
species; rkm 86 for Roundtail Chub) at which larvae were detected
during this study.

any given time during the study, flow patterns spatially
varied only slightly in main-stem White River habitat
compared to patterns of water temperature, which
warmed progressively in a downstream direction, and cer-
tain temperature thresholds were associated with repro-
duction. If flow played a primary role in the initiation of
spawning, we would expect the timing of both the first
presence of larvae and hatch dates to have occurred syn-
chronously along the longitudinal extent of the river. This
situation is similar to that for reproduction by Razorback
Suckers in the main-stem Green River, where water
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temperature played a stronger role than flow (Bestgen
et al. 2011). Additionally, White River flow patterns in
2012 and 2013 were different, with low-magnitude flows
and a single distinct peak in 2012 and moderate-magni-
tude flows and several peaks evident in 2013. Despite large
differences in runoff patterns between years, spawning
proceeded longitudinally from downstream to upstream
over a duration of 28-46 d for suckers and 0-30 d for
Roundtail Chub, indicating that the initiation of spawning
was influenced little by flow. Those patterns also prevailed
in tributaries, where the sucker species responded pre-
dictably to water temperatures. Differences between years
in the timing of reproduction, which was earlier in 2012
than in 2013 by as much as 30 d, also suggested that day
length was not a primary factor signaling the onset of
reproduction; fish could have been responding to increas-
ing day length, which occurred throughout the sucker
spawning periods and for Roundtail Chub in 2012. Repro-
duction by Roundtail Chub in 2013 was later and
occurred both before and after the summer solstice, when
day length was increasing and decreasing, respectively.

Presence of Fish Larvae

The water temperature most closely related to the first
detection of sucker larvae was 16°C, consistent with obser-
vations by Carter et al. (1986), who found that the first
presence of sucker larvae captured by drift nets in the Col-
orado River occurred at 16°C. Our White River longitudi-
nal pattern of first larval detection that began downstream
and proceeded upstream later in the year, extended over
28-46 d, depending on the year and species. Larvae were
detected substantially earlier in 2012 than in 2013 because
water temperature was warmer in 2012 due to low runoff.
Larval Flannelmouth Sucker and Bluehead Sucker hatch
dates also indicated that sucker reproduction was cued by
water temperature. This was because regardless of location
and year, hatch dates across the season occurred at 12—
16°C and showed a longitudinal pattern with the earliest
hatch dates at downstream locations and later hatch dates
upstream. The range of water temperatures associated
with hatch dates may be a result of variation in egg incu-
bation periods, which can vary greatly over a small spatial
scale at various water temperatures (Gillooly et al. 2002).
For example, Haines (1995) reported that times to peak
hatching of fertilized Flannelmouth Sucker eggs were 16.5,
8.5, and 6 d at water temperatures of 12, 16, and 20°C,
respectively. Timing of sucker reproduction, when evalu-
ated by the presence of larvae and hatch dates, showed
that reproduction occurred earlier in tributaries than in
nearby main-stem habitat. Tributaries had lower flows
and were warmer than main-stem habitat, again indicating
that reproduction is mainly water temperature dependent.

Presence of Roundtail Chub larvae coincided most clo-
sely with a water temperature of 20°C, and larval hatch
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dates were consistent with water temperatures of 16-20°C
across all locations for both years. Detection of Roundtail
Chub larvae from stations sequentially sampled across the
basin showed that the larvae were limited to the lower-
most 68 rkm of the study area, and water temperatures in
this reach generally differed by less than 1°C. The smaller
water temperature variation in this reach likely resulted in
a weaker relationship with water temperature than was
observed with the sucker species, and this was a main rea-
son for less longitudinal variation in the first presence or
hatching of Roundtail Chub in the study area. In 2012,
there was a clear trend of reproduction beginning in
downstream locations and progressing upstream. How-
ever, in the higher-flow year, 2013, the presence of larval
Roundtail Chub occurred nearly synchronously across
locations, perhaps due to more homogeneous water tem-
peratures in that relatively short reach. Similar to suckers,
the first presence of Roundtail Chub larvae occurred ear-
lier in 2012 compared to 2013.

Flannelmouth Sucker, Bluehead Sucker, and Roundtail
Chub each showed clear upstream limits to reproduction
based on the absence of larvae in upstream samples. The
upstream limit to sucker reproduction occurred between
rkm 121 and rkm 132, and reproduction upstream of rkm
121 may be limited by water temperature. Water tempera-
tures of 16°C were recorded above rkm 132 in both years
of the study. However, it is likely that water temperatures
of 16°C occurred too late in the season (early to mid-July)
for these locations to support sucker reproduction. Repro-
duction may be controlled by prolonged exposure to a
given water temperature, which is necessary for successful
development of gonads, and upstream locations may not
have a sufficient number of days at these water tempera-
tures (Hansen et al. 2001; Gillooly et al. 2002). This
would not be true, of course, if the fish resided in warmer
water downstream and then moved upstream to spawn,
but our data cannot address that hypothesis. Previous
monitoring of fish populations in the upper White River
showed that no Flannelmouth Suckers, Bluehead Suckers,
or Roundtail Chub were detected between rkm 142 and
rkm 146 (B. Wright, Colorado Parks and Wildlife, per-
sonal communication), which supported the idea that the
upper limit of sucker reproduction in the upper White
River occurred between rkm 121 and rkm 132. Prelimi-
nary data collected in the cold, high-flow year, 2011,
showed that 16°C was not recorded upstream of rkm 82,
demonstrating that water temperature is annually variable
and spawning habitat may be limited in upstream reaches
during such years. Lower water temperatures will delay
the timing of reproduction and potentially delay the devel-
opment of larvae, possibly reducing the survival rates of
larvae or negating reproduction altogether in upstream
areas. Fraser et al. (2017) demonstrated that lower water
temperatures in 2013 delayed the peak spawning
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migrations of suckers into Coal Creek by as much as 7 d
compared to 2012, consistent with the temperature control
hypothesis. The upper limit of Roundtail Chub larvae
based on seine and dip-net sampling was consistent
between years, occurring at rkm 68 (with the exception of
one sampling event discussed below), and main-stem
sampling indicated that Roundtail Chub adults were pre-
sent at rkm 82, suggesting that successful reproduction
was limited to the lowermost reaches of the White River.
In 2011, 20°C was not recorded anywhere in the study
area, potentially indicating that Roundtail Chub did not
spawn, but we have no sampling data to confirm this
hypothesis.

Lack of reproduction upstream of apparent distribu-
tional limits for the three species does not reflect a lack of
suitable spawning habitat, as channel form and substrate
types were similar upstream and downstream of the appar-
ent limits. Flannelmouth Sucker and Bluehead Sucker
spawn in shallow water on gravel and sand bars (Bezzer-
ides and Bestgen 2002), which are present throughout the
study area, including upstream of rkm 121. Similarly,
Roundtail Chub spawn in gravel found in deep pools and
runs, which were observed upstream of rkm 82. Thus,
spawning habitat availability does not appear to limit the
three species’ distributions, and we are not aware of other
resource limitations, bioenergetic processes, or biotic
interactions that would act as additional constraints to
upstream distributions (Lawrence et al. 2015; Rubenson
and Olden 2017). However, further research is warranted
to investigate other possible constraints to upstream
expansion of these species.

Based on the presence of larvae and the hatching dates
back-calculated from otolith increments, reproduction by
Flannelmouth Suckers and Bluehead Suckers in the
White River was not spatially or temporally segregated.
Although the peak hatch dates of suckers at the same
location did not match precisely, the range of hatching
dates overlapped broadly at each location. Additionally,
Fraser et al. (2017) showed that the timing of spawning
migrations by Flannelmouth Suckers and Bluehead Suck-
ers into Coal Creek occurred nearly synchronously in
2012 and 2013. Others have noted that reproduction by
Flannelmouth Suckers and Bluehead Suckers may be spa-
tially and temporally segregated during spawning. Zelasko
et al. (2011) estimated that peak spawning of Flannel-
mouth Suckers occurred 2 weeks earlier than the peak
spawning of Bluehead Suckers in the Big Sandy River,
Wyoming. Furthermore, spatial separation of these sucker
species during reproduction was also noted (Compton
et al. 2008; Sweet and Hubert 2010). Differences in the
overlap of spawning times for native suckers among vari-
ous locations in the upper Colorado River basin are not
well understood but may be due to differences in habitat,
thermal histories of adults, or other factors.
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Stream Temperature Model

Water temperature modeling based on anticipated
changes in climate (reduced flow and increased warming;
Christensen et al. 2004; McCabe and Wolock 2007; Udall
and Overpeck 2017) indicated that water temperatures will
increase, will likely induce regular, earlier spawning by the
three species, and will potentially extend reproduction far-
ther upstream in the White River. However, observed
water temperatures in 2012 were similar to those predicted
by the most extreme climate change scenario that we
modeled, and no shift in reproduction by suckers farther
upstream was observed in that year compared to the
cooler year, 2013. The lack of sucker reproduction
upstream of rkm 121 (based on the presence of larvae)
during 2012 suggests that other factors may be limiting at
this time. Reproduction in upstream habitat may be con-
trolled by long-term conditions rather than by annual dif-
ferences in water temperatures, such that if water
temperatures were on average warmer upstream, suckers
may move upstream over time. However, warmer water
temperatures would result in earlier reproduction. Earlier
reproduction might have a positive impact on survival of
the early life history stages of these fishes because it would
enable more growth before the onset of winter, a period
of high mortality for age-0 fish (Kaeding and Osmundson
1988; Thompson et al. 1991; Coleman and Fausch 2007;
Bennett et al. 2014).

Climate change effects may also extend to downstream
reaches via excessive warming of water. However, pro-
jected climate trends will likely not impact the presence of
the three species at downstream locations, as they were
historically found throughout the Colorado River basin in
much warmer environments (Brouder 2001; Bezzerides
and Bestgen 2002; Brouder et al. 2006). No studies of
upper thermal tolerances have been performed for Flannel-
mouth Sucker or Bluehead Sucker, but another Colorado
River basin catostomid, the Razorback Sucker, tolerated
water temperatures up to 36°C in a laboratory study (Car-
veth et al. 2006). Carveth et al. (2006) also found that
Roundtail Chub tolerated water temperatures up to 36°C.
The most extreme climate change scenario modeled in this
study—a 4°C increase in air temperature and a 50%
decrease in flow—predicted that water temperatures would
not reach 23°C at the warmest downstream locations.
Therefore, it is unlikely that the three species will be detri-
mentally impacted by warmer water temperatures under
climate change scenarios in the upper White River. How-
ever, a factor not considered in the stream temperature
model is the increase in water demand from development
and irrigation as human populations in the region grow.
Increased water usage due to warmer air temperatures and
lower precipitation would likely result in lower flows
(Udall and Overpeck 2017) and could magnify the effects
of climate change on this native fish community.
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Baseline stream temperature predictions indicated that
rkm 121 would be the upstream-most location to achieve
16°C, which matched well with the observed upstream
extent of successful sucker reproduction based on larval
presence. The match between the baseline model predic-
tions and the observed upstream extent of larval presence
indicated that the long-term average water temperature at
first larval presence was a good metric for predicting the
upper limits of successful spawning for these sucker spe-
cies. Using long-term average water temperatures to pre-
dict the upstream limits to reproduction for these species
in other systems may be a tool for determining the distri-
bution of successful reproduction on a larger spatial scale
and could be tested with additional sampling and water
temperature monitoring.

The baseline stream temperature model also predicted
that the 20°C threshold would occur later than we
observed and would not occur upstream of rkm 47. How-
ever, Roundtail Chub larvae were repeatedly detected
upstream at rkm 68 during both years of the study, and
adults were detected even farther upstream. This suggests
that even though water temperatures of 20°C were most
closely associated with the first presence of Roundtail
Chub larvae, 20°C was not strongly associated with first
reproduction. Perhaps water temperature at the first pres-
ence of larvae was not a good metric with which to deter-
mine the upstream limit to successful reproduction by
Roundtail Chub. A comparison of the observed water
temperatures to the baseline stream temperature model
showed that 20°C occurred 1 month earlier in 2012 than
was predicted by the model and 3 weeks earlier in 2013
than was predicted. Although no Roundtail Chub larvae
were detected at rkm 82 in 36 sampling events over the
duration of this study, a few larvae were detected between
rkm 82 and rkm 86 during sampling on June 27, 2012.
This demonstrated localized Roundtail Chub reproduction
slightly upstream of rkm 68 in that year. However, the
low number of fish detected indicated that this was an
anomalous event in a year characterized by low flow and
warm water temperatures. A similar pattern was observed
in the John Day River, Oregon, when a warm spring
resulted in a 6-rkm upstream shift in the distribution of
invasive Smallmouth Bass Micropterus dolomieu (Ruben-
son and Olden 2017).

Understanding the relationship between water tempera-
ture and reproduction for the Flannelmouth Sucker, Blue-
head Sucker, and Roundtail Chub should help resource
managers to make more informed decisions regarding flow
requirements and water usage, thereby facilitating the
maintenance of native fish populations. Using water tem-
perature to evaluate potential reproductive habitat could
be a management tool for identifying barriers to upstream
spawning migrations or stream restoration sites. The low
flows and higher water temperatures we observed during
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our study years serendipitously resembled future climate
change scenarios and indicated that all three species could
successfully reproduce in those conditions. Reduced habi-
tat size under climate-change-induced flow reductions
would certainly reduce population abundance, which may
be partially offset by expansion upstream into thermally
suitable habitat. However, the long-term implications of
climate change are unknown, and managers should strive
to perpetuate the valuable and relatively pristine native
fish community in the upper White River drainage as a
vestige of the native fish communities that formerly existed
throughout the Colorado River basin.
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Appendix: Additional Data
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FIGURE A.l. Comparison of water temperature predictions from the stream temperature model developed in this study and main-stem White River
temperatures recorded by three temperature loggers (at river kilometers [rkm] 116, 82, and 47) during 2013 and one 2014 record from U.S. Geological
Survey gauge 90304200 (at rkm 116). The slope of the regression (black line) and the 1:1 relationship (i.e., slope = 1; gray line) are plotted on each

panel for comparison.



