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Abstract: As water temperatures rise in streams due to global temperature variations, dams, and
increased water usage, native fish species face uncertain futures. Our study defines the thermal
limits of flannelmouth sucker larvae. By raising sucker eggs at three acclimation temperatures (11 ◦C,
16 ◦C, and 22 ◦C), we defined ideal conditions for larval survival and the temperature tolerance range
using critical thermal maximum (CTMax) and minimum (CTMin) trials. Larvae survived best at
16 ◦C. Within our three acclimation temperatures, our data suggest that larvae can survive static
temperatures between 6.9 ◦C and 26.4 ◦C. Beyond an upper temperature of 34.8 ◦C and a lower
temperature of 6.3 ◦C, these fish may fail to adapt. While flannelmouth suckers withstand high
temperatures, even small temperature decreases prove detrimental. By defining the temperature
limits of the flannelmouth sucker, we can make informed management decisions to preserve the
populations of this desert fish.

Keywords: flannelmouth sucker; critical thermal tolerance; larvae survival

Key Contribution: Larval flannelmouth suckers have a narrow temperature tolerance range and a
limited capacity to adapt to significant temperature shifts in warm and cold water. Their constrained
cold tolerance and narrow 6.9 ◦C–26.42 ◦C thermal niche suggest that temperatures beyond this
range could jeopardize their survival.

1. Introduction

Desert aquatic ecosystems are highly dependent on the availability of water. As wa-
ter use increases, small streams become warmer, more fragmented, and less hospitable
to native species. For desert fish, temperature is a critical factor influencing reproduc-
tion and survival [1]. Temperature tolerance ranges, which are shaped by evolutionary
history and acclimatization capacity, determine how the fish cope with warming and
cooling temperatures [2–5]. Species from warmer climes tolerate higher temperatures;
those accustomed to cooler waters, lower [6,7]. Understanding these temperature tolerance
relationships in desert ecosystems is key to developing effective management strategies to
protect these populations.

The temperature tolerance of fish can be estimated in two ways: field observations
and controlled laboratory studies. Critical thermal maxima and minima (CTMax and
CTMin, respectively; CTMs collectively) are commonly used to develop temperature
tolerance ranges for larval fish [7,8]. In the laboratory, CTM ranges are determined by
gradually increasing (for CTMax) or decreasing (for CTMin) temperature from an initial
point until fish experience loss of equilibrium (LOE), defined as when the fish can no
longer maintain an upright dorsal–ventral orientation and would likely not survive in the
wild [9]. It is also important to include multiple acclimation temperatures and high and
low fish densities, and to measure water quality parameters when defining temperature
ranges [7,9,10]. For instance, Riepe et al. [10] found the bluehead sucker Pantosteaus discobo-
lus’s CTMax to be 6 ◦C lower when multiple fish were tested in the same tank compared
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to fish tested individually. Multiple stressors often have major effects on organisms and
should be considered when developing temperature criteria. Additionally, CTMs provide
information to infer upper and lower incipient lethal temperatures. For warm water species,
the Colorado Water Quality Control Commission (WQCC) applies a correction factor of
±0.8 ◦C to define lethal temperature limits since lethal tests are long and are not typically
conducted [11].

The flannelmouth sucker Catostomus latipinnis experienced substantial range declines
due to habitat loss and hybridization with nonnative suckers [12], and presently occupies
as little as 45% of its historic range [13]. Within Colorado, flannelmouth suckers are still
present in the Colorado, Dolores, Green, Gunnison, San Juan, White, and Yampa rivers, and
can be seasonally found in tributaries to these rivers where spawning and larval rearing
occurs [14]. The spawning season is typically between March and June, depending on
the region, and is heavily influenced by water temperature and discharge [15]. During
spawning, flannelmouth suckers migrate from mainstem river habitats into perennial and
intermittent tributaries to spawn. After spawning, adults migrate back to river habitats.
Larval fish hatch within days to weeks of fertilization, and after emergence, they drift
semi-passively downstream. During this drift phase, some larvae reach mainstem habitats,
while others are retained in slower tributary waters, actively out-migrating at a later time
or developing in perennial tributary habitats [16]. Temperature affects this reproductive
strategy by impacting hatch timing and success, larval growth, and summer survival. While
existing research shows that water temperature affects the timing of flannelmouth sucker
spawning and hatching dates [1,17], no published studies define upper and lower tolerance
ranges for flannelmouth sucker larvae once hatched. This study aimed to determine the
critical thermal tolerances of larval flannelmouth suckers from a Gunnison River tributary in
Colorado, USA, and compared temperatures for optimal hatch success and larval survival.

2. Materials and Methods

We collected adult flannelmouth suckers using backpack electroshocking units for
streamside gamete collection from Cottonwood Creek (Delta, CO, USA). Cottonwood Creek
is an intermittent tributary of Roubideau Creek, a perennial tributary to the Gunnison
River. Most years, upwards of 3000 flannelmouth suckers migrate into Cottonwood Creek
to spawn. Fish enter the creek in early April with the majority of the spawning occurring
in May [18]. Daily average temperature data collected from Cottonwood Creek over seven
seasons indicate that when eggs and larvae are present, daily average temperatures in the
stream range from 11 ◦C to 22 ◦C. Our experiment reflects these temperatures with three
acclimation temperatures of 11 ◦C, 16 ◦C, and 22 ◦C, described below.

2.1. Egg Collection

Gametes from twenty ripe, adult male (n = 10) and female (n = 10) flannelmouth
suckers were stripped into dry containers. Adult fish were returned to the creek after
gamete collection. Filtered creek water was added to each container and agitated for
two minutes to induce fertilization. Eggs were poured into a fine-mesh aquarium net
and transferred into a solution of filtered creek water and 400 ppm tannic acid for three
minutes to prevent egg clumping. Eggs were then rinsed and transferred to a one-gallon
jug with filtered creek water for transportation. All spawning and fertilization processes
were conducted in the field. Within 24 h, all eggs were transported on ice maintaining a
temperature of 15 ◦C to the Colorado Parks and Wildlife, Aquatic Toxicology Laboratory
(Fort Collins, CO, USA).

2.2. Experimental Design

Three temperature-regulated water troughs (11 ◦C, 16 ◦C, and 22 ◦C) were set up
in the laboratory with individual head tanks supplied with treated municipal water and
regulated with chillers or heaters. Each water trough contained 15.3 L tanks (Figure 1) and
received water from the head tanks at a flow rate of 0.11 L min−1. Tanks were fitted with
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one egg cup made of schedule 40 PVC pipes with a 0.5 mm screen floor. Egg cups were
elevated on the sides of the tanks to ensure the eggs were at a depth of 30 mm inside each
tank [10]. All tanks were supplied with atmospheric oxygen using airstones.
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Figure 1. Schematic diagram of the experimental setup. Fifteen 3 L tanks were placed in each of
the three temperature treatment troughs (11 ◦C—blue; 16 ◦C—yellow; and 22 ◦C—red). Each tank
was supplied with the designated water temperature, controlled in separate head tanks. Each tank
contained 50 fertilized flannelmouth sucker eggs at the beginning of the experiment.

After the eggs arrived at the laboratory, they were treated with 1500 ppm formalin
and rinsed with treated municipal water before 50 eggs were placed into each egg cup.
We continued to treat the eggs and larvae with a 15 min static formalin treatment every
three days through hatching and once per week until all fish reached the swim-up stage to
prevent fungal growth. Eggs were checked daily to record mortality, hatching, and daily
water temperatures. Egg mortality was determined when eggs appeared cloudy. Larvae
were removed from the egg cups once hatched and placed into the coinciding tank. Larval
mortality was counted daily, and dead larvae were removed to prevent fungus outbreaks
in the tanks. Once 50% of the larvae reached swim-up, 2 mL of concentrated Artemia salina
nauplii was added to each tank daily. A. salina was hatched with 25 ppt aerated salt water
in a conical hatch tube for 24 h.

2.3. Critical Thermal Maxima and Minima

Critical thermal maxima (CTMax) and minima (CTMin) trials were conducted on
the surviving 30-day post-swim-up (d psu) fish from the three temperature treatments.
We followed the recommendations by Becker and Genoway [7] for thermal tests with the
addition of high-fish-density trials, which have been shown to significantly reduce CTMax
values [10]. Each CTMax and CTMin trial represented ten replicates of one fish per 2 L of
water (low density) and ten replicates of 25 fish per 2 L of water (high density) for each of
the three temperature treatments [10]. Unfortunately, we did not have enough 30 d psu
larvae remaining in the 22 ◦C treatments to conduct ten trials of high fish density; thus, five
trials were conducted for both CTMax and CTMin. Fish were netted and quickly placed
into an individual, rectangular glass test tank with 2 L of water starting at the desired
acclimation temperature (11 ◦C, 16 ◦C, or 22 ◦C) and desired fish density (1 fish or 25 fish).
Fish were held in the glass tanks for five minutes before starting the experiment. 16B-series
Love temperature controllers were programmed to change the water temperature ±3 ◦C per
minute (18 ◦C per hour change; [9]). Water in individual test tanks was heated for CTMax
trials with aquarium heaters connected to the temperature controllers or cooled with pumps
connected to controllers that passed ice water through radiator pipes for CTMin. Pre- and
post-trial temperatures from each test tank were recorded with NIST Traceable Lollipop
thermometers that were calibrated before each test. Tanks were aerated with atmospheric
air and stir bars were used to maintain a homogenous temperature throughout each of the
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test tanks. Dissolved oxygen was measured in each test tank before and after each trial
and water was removed and replaced in each trial to start at the appropriate temperature.
Each trial lasted until sustained LOE was observed (greater than 10 s; [19–21]). LOE was
determined in high-density trials when half of the fish in a tank lost equilibrium during the
trial [10]. After each trial, all fish recovered in a separate tank for up to 20 min [22], were
euthanized with tricaine methanolsulfate (MS-222; Syndel, BC, Canada, were identified to
larval stage, and were measured for standard length (SL; mm).

2.4. Larval Stage Identification

A subset of 30 d psu larvae from each temperature treatment (n = 150) were randomly
selected from those preserved after CTM trials to identify the ontogenetic stage using an
Olympic dissecting microscope. Staging followed Snyder and Muth [23] describing four
identifiable stages: protolarvae (stage 1: no fin rays present); flexion mesolarvae (stage 2:
few caudal fin rays present); post-flexion mesolarvae (stage 3: all caudal fin rays present);
and metalarvae (stage 4: all caudal, dorsal, and anal fin rays present).

2.5. Partial Polygonal Temperature Profiles

A partial temperature polygon was created to represent the zone of temperatures that
the larvae can survive in and how acclimation temperature affects that zone. To create the
polygon, we combined data from the CTM experiments described above [19,24] and upper
and lower lethal limit estimates using the Water Quality Control Commission (WQCC)
correction factor of ±0.8 ◦C on the CTMin and CTMax temperatures at different acclimation
temperatures for warm water species [11]. We connected the CTM LOE end temperatures
and estimated lethal end temperatures for high- and low-density trials with separate regres-
sions by upper and lower temperatures to produce a quadrilateral figure described with
areal Celsius units per zone (◦C2). The partial polygon was divided into three zones [24]: an
optimal temperature tolerance zone independent of acclimation temperatures (Int: intrinsic
temperature tolerance zone) and upper (Upt) and lower (LRt) acquired temperature zones
(temperature tolerance gained by acclimation). The total area of the polygon was calculated
by adding the areas (◦C2) calculated for each of the three zones. The total area provides
information to compare thermal profiles to other fish species.

Conte et al. [24] demonstrated at least three acclimation temperatures for both CTMin
and CTMax values as well as upper and lower chronic thermal limits, which are required to
create an accurate temperature tolerance polygon. Thus, data from temperature trials at all
three acclimation temperatures (11 ◦C, 16 ◦C, and 22 ◦C) were used. We did not define the
chronic high and low lethal temperature ranges of the larvae, so the full acclimation scope
and thermal tolerance range of larval flannelmouth suckers were not identified, which are
needed to create a full polygonal temperature profile; thus, a partial polygon was created.

2.6. Statistical Analysis

We calculated the probability of survival using a Kaplan–Meier survival model [25]
starting from eggs to 30 d psu until the end of the experiment. We used a log-rank test
to test for differences between the survival curves of each temperature treatment. This
allowed us to understand overall survival during the hatch and larval rearing periods
among the three temperatures. To determine if there were differences in hatch success and
larval survival as a function of temperature treatment (11 ◦C, 16 ◦C, and 22 ◦C), we used an
analysis of variance (ANOVA) with temperature treatment and assigned tanks as random
variables. If a difference was detected, Tukey’s Honest Significance test was conducted.
We also used a two-way ANOVA for an unbalanced design to determine if the density
of fish and acclimation temperature interaction affected the upper (CTMax) and lower
(CTMin) temperature limits. If there was evidence of a difference, a pairwise comparison
using t-tests was used. Finally, ANOVA was used with larval stages and lengths of fish
as functions of temperature treatments to determine if there were differences in stages or
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growth of the fish across the three temperatures. All analyses were performed in program
R version 4.2.1 and significance was set at 0.05 (α).

3. Results

Acclimation temperatures in each water trough remained within the respective target
temperatures. The 11 ◦C treatment held an average temperature of 11.1 ± 0.9 ◦C, the
16 ◦C treatment held an average 15.2 ± 2.6 ◦C, and the 22 ◦C treatment held an average
temperature of 21.8 ± 1.0 ◦C.

3.1. Probability of Egg-to-Larval Survival

We used a Kaplan–Meier survival model to visualize an egg-to-larvae survival curve
across temperature treatments from egg fertilization (day 1) through 30 d psu (Figure 2a).
At time zero, the survival probability was 1.0 (i.e., 100% of the eggs are alive). The median
survival time (50% mortality) in the 22 ◦C treatment was 30 days from egg to larvae. Fish
in the 11 ◦C and 16 ◦C treatments never reached a point where 50% of the fish died. The
log-rank test to determine a difference in survival gave a p-value of p < 0.05, indicating the
temperature treatment groups differed significantly for egg-to-larval survival.
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Figure 2. (a). Kaplan–Meier survival plot of flannelmouth sucker eggs to larvae with three tem-
perature treatments (11 ◦C—blue; 16 ◦C—yellow; and 22 ◦C—red), plotted daily over the 62-day
experiment. Shaded areas represent 95% confidence intervals and dashed vertical lines represent
when all eggs hatched for each treatment (11 ◦C—20 days; 16 ◦C—10 days; 22 ◦C—5 days). Survival
post-hatch refers to the remaining larvae in each treatment. Hatch success (b) and larval survival
(c) for the three temperature treatments. Vertical bars represent the standard deviation. Brackets with
asterisks represent significant differences between treatments (p < 0.05).

3.2. Hatch Success, Larval Survival, and Ontogenetic Stage

Time to peak hatch (50% of eggs hatching in a tank) from egg arrival doubled with
decreasing temperatures (5 days to hatch at 22 ◦C; 10 days to hatch at 16 ◦C; 20 days to hatch
at 11 ◦C; Figure 2a). Temperature treatment influenced the proportion of eggs that hatched
(p < 0.05, F2,25 = 4.51), whereas tank assignment did not (p = 0.38, F14,25 = 1.14). Hatch success
was greatest at 16 ◦C treatment but did not differ from 22 ◦C (11–16 ◦C p < 0.05; 16–22 ◦C
p = 0.55; 11–22 ◦C p = 0.14; Figure 2b). Larval survival was influenced by temperature
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treatment (p < 0.05, F2,25 = 12.74), but not tank assignment (p = 0.43, F14,25 = 1.06). Larval
survival (30 d psu) was significantly greater at the 16 ◦C temperature treatment, with the
lowest survival at the 22 ◦C treatment (11–16 ◦C p = 0.20; 16–22 ◦C p < 0.05; 11–22 ◦C
p < 0.05; Figure 2c).

We identified ontogenetic stages and standard lengths for 150 30 d psu larval fish
from each temperature treatment. Larvae exhibited larger average lengths within the 11 ◦C
treatment relative to the other treatments (11 ◦C: 15.2 mm, 16 ◦C: 15.0 mm, 22 ◦C: 14.5 mm:
p < 0.05, F2,421 = 64.67). Acclimation temperatures also affected ontogenetic stages. The
22 ◦C treatment contained more metalarvae (stage 4) than in the other treatments (p < 0.05,
F2,405 = 111.4), whereas the 11 ◦C and 16 ◦C treatments contained more flexion mesolarvae
(stage 2) and post-flexion mesolarvae (stage 3), respectively.

3.3. Critical Thermal Maximum and Minimum

Dissolved oxygen remained within 5% saturation during the CTM trials. Each CTM
trial remained within the temperature ranges of the initial acclimation temperature targets
before the CTM experiments started (10.9 ± 0.6 ◦C; 16.3 ± 1.1 ◦C; 21.9 ± 0.8 ◦C). Critical
thermal maxima temperatures increased with acclimation temperature, ranging from
23.7 ± 2.4 ◦C to 34.0 ± 0.6 ◦C, as did CTMin temperatures, ranging from 6.3 ± 0.6 ◦C to
9.8 ± 0.4 ◦C (Table 1).

Table 1. Critical thermal maxima (+0.3 ◦C min−1) and minima (−0.3 ◦C min−1) estimated from trials
with flannelmouth sucker larvae for three acclimation temperatures (11 ◦C, 16 ◦C, and 22 ◦C) at two
fish densities (low: 1 fish 2 L−1; high: 25 fish 2 L−1).

Acclimation Temperature Density Critical Thermal
Minima (◦C)

Critical Thermal
Maxima (◦C)

11 ◦C
Low 6.6 ± 0.4 25.6 ± 0.9
High 6.3 ± 0.6 23.7 ± 2.4

16 ◦C
Low 7.2 ± 0.5 32.6 ± 0.4
High 7.7 ± 0.4 32.3 ± 0.7

22 ◦C
Low 7.7 ± 0.5 34.5 ± 1.1
High 9.8 ± 0.4 34.0 ± 0.6

Differences in acclimation temperature and CTMax and CTMin trials indicate a difference
in final LOE temperatures between all acclimation temperatures for CTMax (p =< 0.05,
F2,52 = 261.8, Figure 3a) and CTMin (p < 0.05, F2,52 = 30.82; Figure 3b). Fish density had
an effect on CTMax at the 11 ◦C acclimation temperature (11 ◦C p = 0.03, F1,18 = 5.53),
indicating that fish at a higher density were less tolerant to warm temperatures than low-
density fish. We did not detect a difference in the 16 ◦C and 22 ◦C acclimation temperatures
(16 ◦C p = 0.16, F1,18 = 2.14; 22 ◦C p = 0.33, F1,13 = 1.01; Figure 3a). Similarly, fish
density affected CTMin within the 16 ◦C (p = 0.04, F1,18 = 5.08) and 22 ◦C acclimation
temperatures (p < 0.05, F1,18 = 62.81), indicating that fish at a higher density were less
tolerant of cold temperatures than low-density fish. We did not detect a difference in
the 11 ◦C acclimation temperature (p = 0.31, F1,18 = 1.08; Figure 3b). Different fish
densities between acclimation temperatures of CTM trials also indicated a difference.
Specifically, differences were detected between CTMax acclimation temperatures for both
high (p < 0.05, F2,22 = 98.16) and low fish densities (p < 0.05, F2,27 = 308.40), with post
hoc analysis indicating a difference between 11 ◦C and 16 ◦C and between 11 ◦C and 22 ◦C
among CTMax trials and between all acclimation temperatures for CTMin trials (Figure 3).
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Figure 3. Loss of equilibrium (LOE) of flannelmouth sucker larvae for (a) critical thermal maximum
and (b) critical thermal minimum at three temperature treatments (11 ◦C, 16 ◦C, and 22 ◦C) and two
fish densities (white = 1 fish 2 L−1; gray = 25 fish 2 L−1). Boxplot ranges represent the 25th and 75th
percentiles; the band near the middle of the box represents the 50th percentile and the median value;
whiskers range from the lowest to highest data ranges with points as outliers. Similar letters within
the same figure (a,b) indicate no significance between average LOE temperatures, and different letters
signify p < 0.05.

3.4. Polygonal Temperature Profile

Flannelmouth sucker larvae (30 d psu) exhibited a partial polygonal temperature
profile of 251.7 ◦C2 (Figure 4) for the acclimation temperatures of 11 ◦C, 16 ◦C, and 22 ◦C.
The area of the intrinsic tolerance zone was 195.5 ◦C2 (77.7% of the total area) and indicated
an intrinsic tolerance zone (lnt) from 6.9 ◦C to 26.4 ◦C (dashed horizontal lines in Figure 4).
The upper and lower tolerance zones were 49.5 ◦C2 and 6.7 ◦C2, respectively, making up
19.7% and 2.7% of the total area we examined. Upper and lower linear regressions indicate
that as acclimation temperature increases by 1 ◦C, fish tolerate a temperature change of
0.86 ◦C, and as acclimation temperature decreases, fish tolerate a temperature change of
0.21 ◦C.
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end temperatures (◦C; ±stdev) at each acclimation temperature from low-fish-density (•) and high-
fish-density (N) trials. End temperatures represent either the temperature for lethal estimates (gray
data points) or loss of equilibrium temperature for CTM data points (black). The polygon includes
three zones representing a partial temperature tolerance zone of 251.7 ◦C2 within the range of
acclimation temperatures that we studied. Polygon zones include the optimal temperature zone
independent of acclimation temperatures (Int: intrinsic temperature zone) and upper (Upt) and lower
(LRt) temperature zones gained by acclimation (AccTemp)).

4. Discussion

The results of our study indicate that acclimation temperatures strongly influence
the survival and upper and lower temperature ranges of larval flannelmouth suckers. On
average, the CTMin and CTMax for high and low fish densities increased by 0.21 ◦C and
0.86 ◦C, respectively, for each 1 ◦C increase in acclimation temperature (Figure 4). The more
proportional increase in CTMax than CTMin indicates that acclimation to cold temperatures
is not as effective as acclimation to warm temperatures; this suggests larval flannelmouth
suckers acclimate better to warmer temperatures than cold. This trend is expected, as
tolerance ranges for desert fish tend to be narrow but more tolerant of high temperatures,
given their warmer habitats [21].

Flannelmouth sucker larvae experience rapidly fluctuating temperatures that rise
during the day, resulting in episodic stress. To effectively continue to conserve this species,
management and policy decisions must be guided by data that define its thermal niche.
Temperature trial data from experiments like CTMax and CTMin across a range of accli-
mation temperatures can describe the species’ polygonal temperature profile. Specifically,
this polygon describes the optimal temperature range (intrinsic temperature range) and
upper and lower acquired tolerance zones, which provide useful comparative indices of
thermal tolerance ranges between species [9,26]. While the importance of acclimation
temperature on upper and lower lethal temperatures is well established [26,27], polygo-
nal temperature profiles further elucidate how acclimation temperature influences lethal
limits [24]. Flannelmouth suckers showed smaller lower acquired tolerance zones versus
upper acquired tolerance zones, suggesting temperature tolerance may confer short-term
protection from extremely high temperatures. The larvae can survive static temperatures
between 6.9 ◦C and 26.4 ◦C (optimal temperature zone) and acute exposures near 34.8 ◦C
and 6.3 ◦C. Deacon et al. [28] reported higher CTMax values for juvenile flannelmouth
suckers, ranging from 31.22 ◦C to 36.98 ◦C after acclimation to 10 ◦C and 25 ◦C, compared
to the values we found at similar acclimation temperatures. This discrepancy may reflect
potential regional differences in temperature tolerance, differences in larval and juvenile
flannelmouth suckers, the exclusion of density as a factor in critical thermal methodology
trials, or a combination of these factors.

Our acclimation temperature bounds that define the polygonal temperature profile do
not define the full range of chronic lethal limits for flannelmouth sucker larvae, as including
more extreme acclimation temperatures could reveal tolerance to additional temperatures
extending the bounds of the polygon. However, the decreased survival observed at 22 ◦C
and 11 ◦C suggests we are approaching those chronic limits, underscoring the importance
of our data in identifying the potential optimal range for this species. Moreover, when
comparing our findings to another recent study on the closely related bluehead sucker [10],
the temperature ranges were similar. With an 18 ◦C acclimation temperature, bluehead
suckers ranged from 7.2 ± 1.6 ◦C to 32.1 ± 2.4 ◦C, while our regressions for flannelmouth
sucker larvae predicted limits ranging from 7.5 ◦C to 32.3 ◦C with the same 18 ◦C acclima-
tion. Given the extensive overlap in spatial distribution and timing of reproduction, it is
unsurprising that these two sucker species have comparable thermal tolerance ranges to
larvae. This similarity further supports our findings as appropriate estimates of the optimal
temperature ranges for flannelmouth sucker larvae.

Previous studies described potential temperature limits for flannelmouth suckers, but
these were based on field observations measuring water temperature when larvae were
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present or absent rather than controlled laboratory experiments [29–31]. Reported egg and
larval temperature ranges were 10–28 ◦C, with 20 ◦C deemed optimal for larvae [31]; how-
ever, these ranges were defined based on optimal growth, not survival. Our results showed
lower hatch success at 11 ◦C, but all temperatures resulted in fairly high success. Larval
survival was greatest at 16 ◦C. These optimal temperatures coincide with observations of
high larval abundance in the field [1]. Our experiment was limited to only three acclimation
temperatures; thus, testing a broader range of temperatures as well as defining chronic
thermal limits may be needed to fully define the temperature limits for larval flannelmouth
sucker survival.

Acclimation temperatures held an unanticipated effect on larval growth relative to the
ontogeny stage. Our study found that larval flannelmouth suckers acclimated to cooler
water temperatures developed more slowly but became larger than those acclimated to
warmer waters. The differences in length and ontogenetic stages between acclimation
temperatures were small but significant. Previous studies show that temperature can
influence size at ontogenetic shifts, but the effects may be species-specific, with some
species exhibiting larger sizes in warmer waters at more advanced ontogenetic stages [32],
while others are smaller in warmer waters [33]. As early larval development is strongly
affected by temperature through impacts on growth and survival [33], our laboratory
results highlight the potential importance of water temperature in explaining variability in
size and developmental stage during the larval phase.

We observed limited effects of fish density on CTM. Larval flannelmouth suckers in
the 11 ◦C treatment had a significantly lower CTMax in high-density trials (25 fish/L) than
when tested independently, and those in the 16 ◦C and 22 ◦C treatments had a significantly
higher CTMin in the high-density trials than when tested independently. In a similar species,
bluehead sucker, Riepe et al. [10] found that density effects on larval CTMs occurred at
18 ◦C acclimation temperature, and concluded that density was a stressor that should not be
decoupled from thermal studies. Flannelmouth sucker larvae may experience physiological
stress due to high cohort density at temperatures near the midpoint of their critical thermal
range (16 ◦C). Both flannelmouth and bluehead sucker larvae hatch and develop in similar
temporal and environmental conditions and use similar habitats, so biological explanations
for the differences we observed are not apparent. For both species, however, the differences
between low- and high-density trials observed consistently showed that the effect of density
reduced the amount of warming or cooling tolerated. Therefore, we encourage continued
evaluation of the effects of multiple stressors when defining thermal ranges for fishes, as
many of these ranges may substantially differ when multiple stressors are present.

5. Conclusions

Our study found that the temperature tolerance range of larval flannelmouth suckers is
narrow and their capacity to adapt to significant shifts in warm and cold water temperatures
appears constrained. These desert fish seem predisposed to better withstand warming
temperatures, rather than cooling, which is consistent with a common trait among species
native to warmer environments. However, their limited cold tolerance and 6.9 ◦C–26.4 ◦C
optimal temperature range suggest that exposures beyond this range could jeopardize their
survival. While flannelmouth sucker larvae can withstand a wide spectrum of temperatures,
their adaptability in rapidly changing environments should continue to be studied as stream
temperatures continue to change.
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