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___Abstract—With temperatures expected to rise across the southern Rocky Mountains,
the ability of native fishes to tolerate stream warming has become a critical concern for
those tasked with preserving coldwater species. We used common garden experiments to
evaluate the thermal tolerance of Cutthroat Trout Oncorhynchus clarkii fry from five
populations important to managers representing three sub-species. Critical thermal
maxima (CTM) were evaluated through traditional exposure trials, while optimal growth
and ultimate upper incipient lethal temperatures (UUILT) were examined over the course
of 21-day trials at six static temperature treatments. Whereas CTMs differed among
populations (mean = 27.91°C, SD = 0.35°C), UUILTs did not (mean = 24.40°C, SD =
0.04°C). Comparison of cubic temperature-growth functions to the traditional quadratic
functions showed that adding a third-order term for temperature can improve model fit,
and revealed substantial differences in optimal growth temperatures (15.4-18.3°C).
Knowledge of these thermal tolerance thresholds will help to predict the consequences of
a warming climate, identify suitable habitats for repatriation, and inform water quality

temperature standards established to protect these fish into the future.

Keywords: Cutthroat Trout, adaptive capacity, thermal tolerance, critical thermal

maxima

Introduction
A radically altered future climate (Cook et al. 2004; Hansen et al. 2012; Hansen et

al. 2013) is predicted to have dire consequences for the conservation of native coldwater
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fishes (Rahel et al. 1996; Ficke et al. 2007; Paukert et al. 2021). In addition to challenges
that accompany warming such as wildfire and drought (Brown et al. 2001; Howell 2006,
Seager et al. 2007, 2013), temperature itself is a master abiotic driver affecting all
physiological processes in ectotherms (Fry 1971, Whitney 2012), and Cutthroat Trout
(Oncorhynchus clarkii) are no exception. An iconic species already suffering tenfold
reductions in range in the southern Rocky Mountains since European settlement
(Penaluna et al. 2016; Budy et al. 2019), Cutthroat Trout have long been the focus of
intense conservation efforts (Gresswell 1988; Trotter 2008; Penaluna et al. 2016).
Declines are primarily driven by the invasion of nonnative trout (Peterson et al. 2004;
Fausch 2008; Meredith et al. 2017; Al-Chokhachy and Sepulveda 2019; Zeigler et al.
2019), but the advent of a warming climate will bring additional challenges (Williams et
al. 2009; Wenger et al. 2011; Isaak et al. 2012; Roberts et al. 2017). The distribution of
trout is predicated by thermal requirements (Dunham et al. 2003; Al-Chokhachy et al.
2013; Isaak et al. 2017), and some scientists have predicted substantial range contractions
as a result of increasing temperature (Williams et al. 2009; Wenger et al. 2011; Isaak et
al. 2012; Eby et al. 2014). A flurry of models have been developed to predict how
remaining Cutthroat Trout populations will fare in the future (Roberts et al. 2013, 2017;
Zeigler et al. 2019). These models focus on both acute and chronic thermal consequences
of climate warming to Cutthroat Trout (Todd et al. 2008). Acute effects influence short-
term survival, and a number of associated thresholds have been derived from lab-based
studies (Becker and Genoway 1979; Johnstone and Rahel 2003; Bear et al. 2007,
McDermid et al. 2012; Recsetar et al. 2012; Zeigler et al. 2013). Chronic effects

influence the long-term growth and recruitment potential of trout exposed to a given
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thermal regime and are also characterized by a variety of approaches (Harig and Fausch
2002; Coleman and Fausch 2007a; Roberts et al. 2013; Isaak et al. 2017).

Models that assess rangewide persistence of Cutthroat Trout use thermal vital
rates from rigorous lab studies conducted on a handful of Cutthroat Trout stocks (Bear et
al. 2007; Coleman and Fausch 2007b; Zeigler et al 2013), applied uniformly to all
populations within a subspecies (e.g., Roberts et al. 2013; Zeigler et al. 2019). However,
some researchers have demonstrated that temperature tolerance can vary within
subspecies (Wagner et al. 2001; Eliason et al. 2011; Drinan et al. 2012; Underwood et al.
2012; Narum et al. 2013), and that even wild populations established from the same stock
in warmer thermal regimes can develop higher thermal tolerance over time (K. Rogers,
unpublished). Salmonids occupy variable and dynamic environments that foster
adaptation on a local scale in response to temperature (Kaeding 1996; Jensen et al. 2008;
Kavanagh et al. 2010; Narum et al. 2013; Whitney et al. 2013; Pearse and Campbell
2018), and that adaptation can occur quickly (e.g., 9-14 generations in Sockeye Salmon,
O. nerka; Hendry et al. 1998). Acknowledging and characterizing this variation in
thermal tolerance will improve predictive ability of models forecasting future persistence.
More importantly, it could identify thermally tolerant stocks that could be used to
repatriate habitats that are predicted to become less thermally suitable in the future,
leading to more successful reclamation projects. A better understanding of the range of
thermal tolerance within subspecies will also inform setting water quality standards that
protect habitat (Todd et al. 2008; Mandeville et al. 2019).

We explored acute and chronic measures of thermal tolerance in five populations

of native Cutthroat Trout. To bracket a range of potential variation in local adaptation,

© The Author(s) or their Institution(s)
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we included populations exposed to a broad spectrum of temperature regimes. We
included Colorado River Cutthroat Trout O. c. pleuriticus (CRCT) from Milk Creek, a
low-elevation population that exhibits a unique ability to persist in an unusually warm
environment (Hodge et al. 2017). Greenback Cutthroat Trout O. c. stomias (GBCT) from
Zimmerman Lake were included because they appear to thrive in hatcheries with very
cold water (B. Johnson, Colorado Parks and Wildlife, personal communication). This
population is particularly important as it was founded from Bear Creek progeny, the last
representatives of the native trout of the Platte River basin (Metcalf et al. 2012; Rogers et
al. 2018; Bestgen et al. 2019). The pure CRCT from Lake Nanita were included because
they represent the widely stocked indigenous trout of Trappers Lake, following a 1931
introduction into this historically fishless lake in Rocky Mountain National Park
(Kennedy 2014). These oft studied fish serve as a useful baseline to compare this work
to existing research on growth and thermal tolerance (e.g., Coleman and Fausch 2007b;
Brandt 2009; Underwood et al. 2012). We included Yellowstone Cutthroat Trout O. c.
bouvieri (YSCT) from LeHardy Rapids below Yellowstone Lake, as they too were
widely stocked around the Rocky Mountain region, with 70 million YSCT distributed
across Colorado from 1912-1953 (Varley 1979). Finally, we included the current
population in Trappers Lake, the most prolific Cutthroat Trout broodstock in the southern
Rocky Mountains, and the founding source of many robust extant wild CRCT
populations (Rogers et al. 2018). Close to a million YSCT were stocked into Trappers
Lake from 1943-1950 resulting in a hybrid swarm today (Martinez 1988; Leary and

Allendorf 1991).

© The Author(s) or their Institution(s)
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Methods

We collected fertilized Cutthroat Trout eggs for this study using a variety of
methods. We conducted wild spawn operations on the four Cutthroat Trout populations
native to Colorado (Table 1) during peak spawning activity in June of 2018. Adult males
and females were collected from each population by electrofishing (Milk Creek, Trappers
Lake), trapping (Zimmerman Lake), or seining (Lake Nanita). Each female was stripped
into a dry bowl, then fertilized with milt from a single male. Five families were produced
from each of the populations, with the exception of Milk Creek, where one of five
females produced an insufficient number of eggs. In addition, five females from the
Yellowstone Lake broodstock housed at the Story Hatchery in Story, Wyoming were
fertilized with milt from wild male YSCT captured above LeHardy Rapids in the
Yellowstone River, Yellowstone National Park. Fertilized eggs were immediately water
hardened for 10 minutes in a 100-ppm buffered iodine bath (Argentyne, Argent
Aquaculture LLC, Redmond, Washington), then transported to the Colorado State
University Foothills Fisheries Laboratory in Fort Collins, Colorado.

All eggs were handled and incubated under common garden conditions in a flow-
through laboratory system. Upon arrival at the lab, eggs were bathed in a 50 ppm iodine
solution for 30 min. Families were then then split between two 10—cm diameter egg cups
(Brinkman et al. 2013) and suspended in one of 24 randomly assigned 74-L round
polyethylene tanks. Each tank was fitted with a center stand pipe drain to facilitate daily
cleaning, and all tanks received water from a single head tank where water temperatures
were regulated using a solenoid valve regulated by a digital temperature controller (Love

model 16B AC; Dwyer Instruments, Michigan City, Indiana). Water temperatures were

© The Author(s) or their Institution(s)
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recorded every 10 min by four temperature thermagraphs distributed throughout the
system (HOBO U22 Pro v2; Onset Computer Corp., Bourne, Massachusetts). Each cup
received 50 mL/s of 10°C water dripped over the top of a single layer of eggs incubated
over a mesh screen (mean = 297 eggs/cup, 95% CI =+ 36 eggs). When over 90% of the
embryos in an egg cup had hatched, the contents were decanted into the round tank in
which the cups were bathed, and the date recorded as the hatch date for that family.
Degree days (the cumulative sum of mean daily temperatures) from fertilization to hatch
were calculated for each tank in WaTSS (Rogers 2015).

Fry from all populations were reared under common conditions. Input flows for
each tank were set to 600 mL/s and rearing temperatures to 13°C. Emergent trout fry
were fed five times per day with BioVita mash (BioOregon, Longview, Washington) and
were supplemented with daily infusions of brine shrimp Artemia spp. nauplii. At three
weeks post swim-up, the diet was switched over to BioVita starter feed exclusively,
which was distributed five times per by day by automatic feeders (FishMate F14,
Chewy.com, Dania Beach, Florida). Feed rates were adjusted per manufacturers
specifications. Tanks were cleaned twice daily to remove uneaten food and waste. Lids
were placed over the tanks to simulate overhead cover and reduce disturbance to the fish
(Bear et al. 2007), and photoperiod was matched to ambient conditions over the course of
the study. Survival of fry was monitored several times per day. We transformed
survival data (\/sini_l) and used ANOVA to test for differences among populations. All
statistical analyses were performed in R (R Core Team 2020) at o = 0.05, unless

otherwise specified.

© The Author(s) or their Institution(s)
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Critical Thermal Maxima.—The critical thermal maximum (CTM) of each population
was determined using 20 fry from each of the five families acclimated at 13°C. At72d
post-hatch, individual fry were loaded into a cylindrical tolerance chamber (180 mm long
x 38 mm diameter; working volume: 204 ml) following the design of Crocker and Cech
(1997). Each chamber was fitted with an upstream flow diffuser to provide uniform
distribution of water arriving at 450 ml/min. Water temperatures were regulated with a
microprocessor-based temperature controller (Love C-series, Dwyer Instruments,
Michigan City, Indiana) that mixed warm and cold water to achieve target temperatures.
Fish were acclimated in the chambers for 60 min at 13°C, after which temperatures were
increased 1°C every three minutes (Becker and Genoway 1979; Underwood et al. 2012;
Brinkman et al. 2013). This increase was gradual enough to allow body temperatures to
match ambient conditions (Brinkman et al. 2013), but rapid enough to prevent thermal
acclimation (Smith and Fausch 1997). Temperatures were monitored to the nearest 0.1°C
with a 12-channel scanning thermocouple thermometer (Model 69200, Eutech
Instruments, Singapore), logging temperature in each chamber every 10 s. On final loss
of equilibrium, temperature was reduced back to 13°C by removing the warm water line
to the chamber. Fish were transferred to screened plastic cups and held in the 13°C
rearing tanks for 24 hours to ensure full recovery from the CTM exposure. We tested for

differences in critical thermal maxima using ANOVA and Tukey’s HSD post-hoc test.

Growth and Ultimate Upper Incipient Lethal Temperature— Growth and UUILT trials

were conducted simultaneously by testing each population with three replicates at six

different temperature treatments. Because of logistical constraints, we were only able to

© The Author(s) or their Institution(s)
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run these experiments for 21 days. For each population, 18 lots of 15 fish, each
representing an even mix of each of the remaining families, were isolated at 126 d post
hatch. Each fish was weighed and measured, then lots were randomly assigned to 1 of 18
9.6-L grow-out tanks (Model ZT950, Aquaneering Inc., San Diego, California). Tanks
were plumbed into six different semi-closed recirculating grow-out systems, each with a
working volume of 306 L. Target temperatures for each system were 11, 14, 17, 20, 23,
and 26°C, maintained with either 800 W or 1500 W submersible titanium aquarium
heaters with automatic temperature controllers (Finnex, Chicago, Illinois). Three
replicate grow-out tanks each receiving 500 ml/min at each temperature for each
population were set in holding baths of the same temperature (also regulated with
submersible heaters), to insulate against temperature swings. Any mortalities during the
growth experiment were weighed and measured, then preserved. After 21 d, the fish
were euthanized with MS-222 (10 min exposure in 250 mg/L buffered with sodium
bicarbonate), and each was measured and weighed.

With different populations reaching the 126 d post-hatch start threshold at
different times, it was impossible to acclimate fish by increasing 1°C each day until target
temperatures were reached, as in other studies (Bear et al. 2007; Brinkman et al. 2013;
Zeigler et al. 2013). Accordingly, we acclimated fish by moving their tanks through the
temperature ladder provided by the grow-out system baths. For example, fish that were
destined to spend 21 d at 23°C were moved from the 13°C round rearing tanks to three
14°C chambers three days prior to the experiment, then to the 17°C bath two days prior,

followed by the 20°C bath the day before, reaching the target temperature of 23°C on

© The Author(s) or their Institution(s)
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207  Day 0. With each transition, the volume of water in the tank was replaced with new (3°C
208  warmer) water over an 18 min period, which served as the tempering phase each day.
209 We used established analytical methods to calculate the UUILT and optimal

210  growth temperature (OGT) of each population, with one notable exception. We

211  estimated the UUILT as the median lethal temperature survived by 50% of the population
212 for 7 days and 21 days using the trimmed Spearman—Karber technique (Hamilton et al.
213 1977) in the ecotoxicology package (EPA 2015) for R. Relative daily growth rate was
214  calculated as in Bear et al. (2007) for each tank and plotted against mean temperature for
215  that tank, then fitted with a second-order (quadratic) polynomial regression, as is

216  customary (Eaton et al. 1995; Lyytikainen and Jobling 1998; Bear et al. 2007; Zeigler et
217  al. 2013; Brinkman et al. 2013). Because several of the data sets illustrated an

218  asymmetric response in growth to temperature, we also fit a third-order (cubic) regression
219  model for each population (Bevelhimer et al. 1985). We then estimated OGT from

220  predicted response curves, and used a bootstrap approach (e. g. Manly 1991) to calculate
221  95% confidence intervals around each estimated optimum. We resampled growth data
222 for each population at each temperature step with replacement, then refit the quadratic
223 and cubic curves 1,000 times to generate a distribution around the test statistic (observed
224 OGT). Relative support for quadratic and cubic models was compared using Akaike’s
225  information criterion adjusted for small sample sizes (AICc; Burnham and Anderson

226 2002). A cubic model was considered better-supported than the nominal quadratic model
227  if adding the third-order term reduced the AICc by more than four units, as that would
228  indicate little to no support for the quadratic fit (Burnham and Anderson 2002).

229

1
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Ethics approval: Research was conducted in accordance with all applicable laws,
guidelines and regulations, and was approved by the Colorado State University

Institutional Animal Care and Use Committee (protocol #16-6670A).

Results

Survival from spawn to the onset of temperature trials ranged from 39% to 61%
and was comparable among the five Cutthroat Trout populations (F4 9 = 0.958, P =
0.453). Mean survival from spawn to hatch ranged from 53% in the Yellowstone eggs to
89% in the Trappers Lake eggs (overall mean = 70%), and mean survival from hatch to
72 d post hatch ranged from 61% in GBCT from Zimmerman Lake to 75% in CRCT
from Nanita Lake (overall mean = 68%). Neither survival from spawn to hatch, nor
survival from hatch to 72 post hatch differed among populations (F4 9 <2.251,P >
0.102). The range in survival rates was as large or larger within some populations as it
was across populations. For example, survival from spawn to 72 d post hatch ranged
from 34% to 61% among GBCT families from Zimmerman Lake. Measured degree-days
(from 0°C) to hatch averaged 310°C-days across all families, but ranged from 268 -
370°C-days. The number of degree-days required for fertilized eggs to hatch was also
variable between populations, with mean values ranging from 277°C-days in trout from

Trappers Lake to 341°C-days in CRCT from Lake Nanita.

Acute effects - CTM and UUILT

The two acute temperature metrics of CTM and UUILT offered contradictory

outcomes. Critical thermal maxima differed between populations (P < 0.05; Figure 1),

© The Author(s) or their Institution(s)
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with Milk Creek and Lake Nanita CRCT both tolerating significantly lower (27.5°C)
temperatures than Yellowstone River YSCT and Zimmerman Lake GBCT (28.2°C and
28.3°C respectively). Average CTM for the admixed progeny from Trappers Lake
(27.9°C) was intermediate between the ancestral sources, and not significantly different
from either (Figure 1). All but two of the 462 fish subjected to this thermal stress test
recovered within 24 hrs of the CTM trial. Ultimate upper incipient lethal temperatures
did not differ among populations, during either the 7-day or 21- day trial (Table 2).
Population metrics were comparable between trials and the difference between 7-day and

21-day estimates of the UUILT never exceeded 0.09°C.

Chronic effects — OGT

Growth rates differed among populations and temperatures (Figure 2). All
populations grew at the 14°C and 17°C treatments (though not necessarily at the same
rates); all but Zimmerman Lake fish grew consistently at 20°C; and only one grow-out
tank (a Trappers Lake lot) accumulated weight at 23°C. All populations perished at the
26°C treatment. The maximum relative growth rate of hybrid Cutthroat Trout from
Trappers Lake (mean maximum = 3.70% at 20°C) was 6-7x higher than the maximum
growth rate of GBCT from Zimmerman Lake (mean maximum = 0.57% at 14°C).

When predicting growth as a function of temperature, cubic models performed as
well or better than quadratic models (Table 3). With cubic equations, temperature and its
two higher order terms explained from 81% to 96% of the variation in relative growth
(mean = 90%); whereas, with quadratic equations, temperature and its second order term

explained from 76% to 96% of the variation in relative growth (mean = 85%). For three

© The Author(s) or their Institution(s)
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of five populations, the quadratic model performed as well as the cubic model, but in the
remaining two, the cubic fit was superior (AAICc > 4). For those two populations,
estimates of optima differed significantly between second- and third-order equations.
Because cubic models performed as well (3 of 5) or better (2 of 5) than quadratic models,
we focused on the former for comparisons between populations.

Based on the results of cubic temperature-growth models, OGT differed among
populations (Table 3). Two groups emerged with more than 2°C of separation between
them. Optimal growth temperatures were 15.4-15.6°C in GBCT from Zimmerman Lake
and CRCT from Lake Nanita, versus 17.7-18.3°C in CRCT from Milk Creek, YSCT
from Yellowstone River, and introgressed hybrids of the two (CRCT x YSCT) from

Trappers Lake.

Discussion

Exposure of five Cutthroat Trout stocks to thermal challenges in a common
garden framework showed that thermal tolerance (particularly for chronic measures like
OGT) are variable and hereditary. In addition, these traits may reflect adaptation to natal
water temperature conditions. Acute challenges yielded more unexpected results either
not differing between stocks (UUILT) or not reflecting environmental conditions in the
founding source waters (CTM). This may suggest that while adaptation for improved
growth in a warming climate can occur, adaptation toward thermal tolerance during acute
challenges may be more difficult to achieve, complicating conservation of these iconic

fish.

1
© The Author(s) or their Institution(s) 3



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

Canadian Journal of Fisheries and Aquatic Sciences Page 14 of 45

Survival

Survival from spawn to experiment was surprisingly similar and high among wild
Cutthroat Trout populations used in this study. On average, 70% of eggs spawned and
fertilized in the wild hatched, with 99% hatching in some families. Even the Zimmerman
Lake embryos that are especially challenging to raise (B. Johnson, Colorado Parks and
Wildlife, unpublished data), saw average survival to hatch of 71% and survival from
spawn to 72 d post hatch of 43%. We attribute the high rates of survival to intensive
husbandry practices only possible with small lots of fertilized eggs. Keeping individual
families separate and eggs distributed in a single layer resting in the bottom of the egg
cups allowed early detection of fungal infections that can ravage developing embryos
(Arndt et al. 2001). Even with these intensive culture practices, we still saw extreme
variation in survival to hatch among families consistent with other studies that suggest
individual female egg quality is strongly correlated with embryo survival (Wipf and
Barnes 2012). Because survival prior to the temperature experiments did not differ
among populations, we can assume that differences in thermal trial performance were

indeed the result of variability in thermal tolerance.

Acute effects - CTM and UUILT

While CTMs in this study differed among populations, our observed values of
27.5 — 28.3°C fell within the range of 26.7 - 29.1°C documented in a half dozen other
salmonid taxa reviewed by Brinkman et al. (2013). Interestingly, our mean CTM for the
Lake Nanita fish acclimated to 13°C (27.5°C) was slightly higher than that reported by

Underwood et al. (2012) for age 1+ year fish of the same stock acclimated to 15°C

14
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(26.9°C), but consistent with their finding of reduced thermal tolerance with age also
seen with size in other trout studies (Galbreath et al. 2006; Brinkman et al. 2013). Our
CTM values did not appear to reflect the thermal regimes of the source waters very well,
however (Figure A.1). Cold Lake Nanita and warm Milk Creek shared the same CTM
value (27.5°C), while GBCT from Zimmerman Lake that are more successfully cultured
in cold water displayed the highest CTM (28.3°C). The lower value for Milk Creek fish
was unexpected given the extreme thermal conditions they face in their natal waters
(Hodge et al. 2017), however behavioral plasticity coupled with extreme variation in diel
temperatures can allow fish to persist in otherwise unforgiving environments (Schrank et
al. 2003; McCullough et al. 2009; Hodge et al. 2017).

Our findings regarding UUILTSs both aligned with and differed from other
observations of Cutthroat Trout. During our experiment, the traditional 7-d test (e.g.,
Brett 1952; Dickerson and Vinyard 1999; Johnstone and Rahel 2003) yielded a mean
UUILT of 24.4°C (range = 24.3°C — 24.5°C). Zeigler et al. (2013) obtained a 7-d UUILT
value of 24.7°C for Rio Grande Cutthroat Trout fry and Bear et al. (2007) documented
24.2°C for Westslope Cutthroat Trout. Bear et al. (2007) suggested that sharp declines in
survival could occur beyond the 7-d time interval, noting that in their 60-d trial, UUILT
was 1.8°C lower for Rainbow Trout and 4.6°C lower for Westslope Cutthroat Trout. Our
21-d trials did not suggest a similar drop, with the mean UUILT value remaining at
24.4°C, though with near 100% survival in the 23°C trial, and 0% survival in the 26°C
group, we were not able to resolve fine scale differences in UUILT that might have

materialized if more temperature treatments could have been used.

1
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344 Differences in acute effects between subspecies of Cutthroat Trout studied here
345  were either relatively small (CTM) or nonexistent (UUILT) similar to some other studies
346  on salmonids (McCullough 1999; McCullough et al. 2009). Given variation seen in other
347  CRCT however (Underwood et al. 2012), we were surprised to not see elevated lethal
348  threshold thermal tolerance among the Milk Creek fish given the fairly hostile

349  environment in which they evolved. Even more surprising was the apparent lack of

350  correlation between the thermal regimes experienced by the host populations (Table A.1)
351 and CTM and UUILT values (Figure A.1). This suggests that perhaps upper thermal

352  tolerance limits are governed by molecular pathways that may not be very plastic (Chown
353  etal. 2010; Logan and Buckley 2015; Ooman and Hutchings 2017), and that even with an
354  evolutionary history in warm thermal environments, these subspecies do not gain much
355 additional lethal threshold tolerance. This is concerning to those involved with

356  conservation efforts because it might be evidence that these fish are already operating at
357  close to the maximum attainable level of thermal tolerance. Continued increases in

358  environmental temperatures, even when those acclimation temperatures approach those
359  of putative optimal growth, may not derive further thermal acclimation benefits.

360

361  Chronic effects — OGT

362 A different message was delivered by examination of OGT, consistent with other
363  sub-lethal temperature response studies on salmonids (Steel et al. 2012). Our observed
364  optima in CRCT from Lake Nanita and GBCT from Zimmerman Lake (15.4-15.6°C) are
365  similar to those observed during other laboratory-based experiments. For example,

366  Zeigler et al. (2013) showed peak growth in a sister taxon, the Rio Grande Cutthroat
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Trout (O. c. virginalis, at 15.3°C, while Brandt (2009) demonstrated optimal growth in
CRCT at 15.3-16.4°C. Bear et al. (2007) found that Westslope Cutthroat Trout (WSCT;
O. c. lewisi) growth peaked at a slightly colder 13.6°C. Our observed optima in CRCT
from Milk Creek, YSCT from Yellowstone Lake, and CRCT-YSCT hybrids from
Trappers Lake (17.7-18.3°C) however, are more similar to the OGT of Brown Trout
Salmo Trutta and Rainbow Trout O. mykiss than to those of other Cutthroat Trout taxa
(Brinkman et al. 2013, and sources therein). The seemingly anomalous temperature
optima are at least in part due to fitting differences between quadratic and cubic models.
Based on fitted quadric curves, the OGT of the two populations with Yellowstone
Cutthroat Trout alleles are only 16.5-16.9°C.

Although researchers typically estimate OGT from the fitted curve of a quadratic
regression model (e.g., Bear et al. 2007; Zeigler et al. 2013; Brinkman et al. 2013), our
findings suggest that in some cases, optima are better isolated from the curve of a cubic
model. While the quadratic function performed as well as the cubic function in three of
five cases, the cubic function was clearly superior in the remaining two (AAIC > 4)-
Importantly, for these remaining two, both quadratic and cubic functions arrived at the
same OGT values (Table 3), suggesting that the cubic approach worked in all cases while
the quadratic only in some (60%). In addition, in four of five cases, adding a cubic term
increased the explanatory power (R?) of the temperature-growth model. Comparison of
quadratic and cubic models for the Trappers Lake population illustrates the potential
limitation of applying an implicitly symmetrical relationship to asymmetrical data.
Whereas the fitted curve from the quadratic function ran below all data points at the 20°C

temperature step (the treatment at which Trappers Lake fish exhibited the highest mean

1
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390  growth rate), the fitted curve for the cubic function ran through the middle of those data
391  points. With the improvement in fit came a significant increase in the estimated OGT
392 (from 16.9°C to 18.3°C).

393 The accuracy of estimated growth optima could be especially relevant when

394  evaluating the fundamental thermal niche these fish occupy. Defined as the range from
395  3°C lower to 1°C higher than the OGT (Christie and Regier 1988), this niche would

396  range from 13.4°C -17.4°C for the Milk Creek trout fit with a quadratic function. Yet our
397  own results suggest that these fish grow as well or better at 20°C — outside the range of
398  that niche. One expects that as temperature exceeds limits defined by the fundamental
399  thermal niche, a decrease in individual growth and a reduction in population viability
400  should occur (Zeigler et al. 2013). More importantly, laboratory based studies such as
401  these are used to establish thermal habitat protection standards (Armour 1991; Todd et al.
402  2008), yet these very standards would serve to disqualify habitats for future reclamation
403  efforts in waters where the fish could exhibit their fastest growth. Addition of a third
404  order term to the polynomial used to fit the data would help mitigate that risk, and allow
405  continued use of the optimum growth temperature to characterize the upper range of
406  suitable thermal habitat for the long-term persistence of salmonids (McCullough 1999;
407  Selong et al. 2001; Dunham et al. 2003). However, we should recognize that selecting
408  suitable habitat based only on growth optima may ignore the ability for local food

409  resources (quality and quantity) to keep up with increased metabolic demand needed for
410  trout to thrive in warmer water.

411 We expected to see support for local thermal adaptation in growth within the

412  Cutthroat Trout populations given the findings of others (McCullough et al. 2009; Drinan
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et al. 2012; Underwood et al. 2012; Whitney et al. 2013). Unlike the acute metrics, the
sublethal measure of growth did follow our expectation of warmer host waters producing
fish that displayed improved growth at warmer temperatures (Figure A.1), with OGT
occurring for Milk Creek fish at 17.7°C. Optimal growth temperatures in YSCT were
also high (17.8°C), perhaps because these trout likely occupied many waters historically
that exceeded 26°C (Varley and Gresswell 1988). This trait appears to be heritable as it is
also manifested in the current progeny from Trappers Lake that now contain many YSCT
alleles (Martinez 1988; Leary and Allendorf 1991; Rogers et al. 2018), despite the
original inhabitants of that lake (now found in Lake Nanita) displaying much lower
growth at higher temperatures (Figure 2).

One of our more interesting findings was that Trappers Lake fish exhibited the
highest growth rate. Although this population of mixed (CRCT x YSCT) origin
displayed a CTM and OGT that was intermediate to its two ancestral stocks, it grew
faster at temperature than both ancestral stocks (estimated peak growth of 4.1% vs 1.6-
2.1% per day). Hybrid vigor could play a role in boosting growth (Donaldson et al. 1957,
Rosenfield et al. 2004). However, we should not necessarily be persuaded into equating
strong growth with population performance. While growth in GBCT from Zimmerman
Lake was startlingly poor, slow growth could be advantageous in the small, pool-limited
stream where this wild brood stock was sourced (Bear Creek; J. Valladares, U. S. Forest

Service, unpublished data).

Management implications

1
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435 Here we demonstrated that Cutthroat Trout stocks respond differently to variation
436  in thermal regime, that differences are heritable, and that models used to predict future
437  persistence should account for this variation. Clearly, some stocks of trout are more
438  tolerant of warm temperatures than others, and will therefore display unequal suitability
439  to future environmental conditions (Whitney et al. 2013). Field experiments should be
440  conducted to determine if these apparent fitness benefits translate into improved

441  population viability in the face of a warming climate. Consideration of stock-specific
442  attributes of thermal tolerance can be used to help guide which stocks would be best
443  suited for lower elevation waters that are facing the immediate consequences of climate
444  change. Similarly, knowledge of stock-specific limitations might inform the choice of
445  streams or habitats for repatriation. For example, results of this study revealed that the
446  thermal niche for remaining GBCT appears to be quite narrow and thus the candidate
447  pool of potential recipient waters relatively small. Thermal regimes in these waters

448  should be studied carefully before embarking on costly and labor-intensive reclamation
449  projects.

450 Although we observed considerable variation between stocks in temperature-
451  growth relationships, we found relatively little variation in acute temperature measures
452  such as CTM and UUILT. This suggests differences are found at the margin, and that the
453  capacity to adapt could be limited at the upper bounds. If habitat is variable enough to
454  allow for quick behavioral shifts in habitat use (e.g., Kaeding 1996; Hodge et al. 2017),
455  then persistence is likely. However, if a warming climate eliminates those refugia, the

456  ability of these fish to persist will be challenged.

457

2
© The Author(s) or their Institution(s) 0



Page 21 of 45

458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

480

Canadian Journal of Fisheries and Aquatic Sciences

Acknowledgements

The authors wish to thank Brad Neuschwanger for his expert culture advice.
Biologists Guy Campbell (Yellowstone Cutthroat Trout), Jon Ewert (Lake Nanita), Tory
Eyre (Milk Creek), and Boyd Wright (Zimmerman Lake) are thanked for coordinating
wild spawn operations from which these eggs were derived. We thank Sarah McCollum,
Tyler Swarr, and the CSU Fish Culture students for designing and assembling the 24-tank
rearing system used in this study, as well as Joe Baer, Kevin Fitzgerald, Chase Garvey,
Lita Hernandez, Katie Rohwer, Chloe Schaub, and Brent Wells for providing critical lab
support maintaining fish used in this study and assisting with the thermal tolerance trials.
We thank Paul Lukacs for insight on bootstrapping confidence intervals around growth
optima, Todd Koel for temperature data from Fishing Bridge on the Yellowstone River,

and Doug Petcoff for providing a friendly review of an earlier version of this manuscript.

Author contribution statement:

KBR: Conceptualization, data curation, formal analysis, funding acquisition,
investigation, methodology, project administration, resources, software, supervision,
validation, visualization, writing (original).

BJS: Data curation, investigation, methodology, validation, writing (review and editing).
BWH: Conceptualization, formal analysis, methodology, visualization, writing (review
and editing).

CAM: Conceptualization, funding acquisition, methodology, project administration,

resources, supervision, validation, writing (review and editing).

© The Author(s) or their Institution(s)

21



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

Canadian Journal of Fisheries and Aquatic Sciences Page 22 of 45

Funding: This project was funded by a grant awarded by Colorado’s Species

Conservation Trust Fund, Grant SCTFW805.

Data availability: Data generated or analyzed during this study are available from the

corresponding author upon reasonable request.

References

Al-Chokhachy, R., and A. J. Sepulveda. 2019. Impacts of nonnative Brown Trout on
Yellowstone Cutthroat Trout in a tributary stream. North American Journal of
Fisheries Management 39:17-28. doi:10.1002/nafm.10244

Al-Chokhachy, R., S. J. Wenger, D. J. [saak, and J. L. Kershner. 2013. Characterizing
the thermal suitability of instream habitat for salmonids: a cautionary example from
the Rocky Mountains. Transactions of the American Fisheries Society 142:793-801.
doi:10.1080/00028487.2013.778900

Armour, C. L. 1991. Guidance for evaluating and recommending temperature regimes
to protect fish. U.S. Fish and Wildlife Service Biological Report 90(22).

Arndt, R. E., E. J. Wagner, and M. Routledge. 2001. Reducing or withholding hydrogen
peroxide treatment during a critical stage of rainbow trout development: effects on
eyed eggs, hatch, deformities, and fungal control. North American Journal of
Aquaculture 63:161-166. doi:10.1577/1548-
8454(2001)063<0161:ROWHPT>2.0.CO;2

Bear, E. A., T. E. McMahon, and A. V. Zale. 2007. Comparative thermal requirements

of Westslope Cutthroat Trout: implications for species interactions and development

22
© The Author(s) or their Institution(s)



Page 23 of 45

504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

526

Canadian Journal of Fisheries and Aquatic Sciences

of thermal protection standards. Transactions of the American Fisheries Society
136:1113-1121. doi:10.1577/T06-072.1

Becker, C. D., and R. G. Genoway. 1979. Evaluation of the critical thermal maximum
for determining thermal tolerance of freshwater fish. Environmental Biology of
Fishes 4:245-256. doi:10.1007/BF00005481

Bestgen, K. R., K. B. Rogers, and R. Granger. 2019. Distinct phenotypes of native
Cutthroat Trout emerge under a molecular model of lineage distributions.
Transactions of the American Fisheries Society 148:442-463. doi:10.1002/tafs.10145

Bevelhimer, M. S., R. A. Stein, and R. F. Carline. 1985. Assessing significance of
physiological differences among three Esocids with a bioenergetics model. Canadian
Journal of Fisheries and Aquatic Sciences 42:57:69. doi:10.1139/f85-008

Brett, J. R. 1952. Temperature tolerance in young Pacific salmon, genus Oncorhynchus.
Journal of the Fisheries Research Board of Canada 9:265-322. doi:10.1139/£52-016

Brinkman, S. F., H. J. Crockett, and K. B. Rogers. 2013. Upper thermal tolerance of
mountain whitefish (Prosopium williamsoni) eggs and fry. Transactions of the
American Fisheries Society 142:824-831. doi:10.1080/00028487.2013.765503

Brandt, M. M. 2009. Optimal starter diets and culture conditions for Colorado River
Cutthroat Trout (Oncorhynchus clarkii pleuriticus). Master’s thesis. Colorado State
University, Fort Collins, Colorado.

Brown, D. K., A. A. Echelle, D. L. Propst, J. E. Brooks, and W. L. Fisher. 2001.
Catastrophic wildfire and number of populations as factors influencing risk of
extinction for Gila Trout (Oncorhynchus gilae). Western North American Naturalist

61:139-148.

2
© The Author(s) or their Institution(s) 3



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

Canadian Journal of Fisheries and Aquatic Sciences Page 24 of 45

Budy, P., K. B. Rogers, Y. Kanno, B. Penaluna, N. P. Hitt, G. P. Thiede, J. Dunham, C.
Mellison, W. L. Somer. 2019. Distribution and status of trouts and chars in North
America. Pages 193-250 in J. L. Kershner, J. E. Williams, R. E. Gresswell, and J.
Lobon-Cervia, editors. Trout and char of the world. American Fisheries Society,
Bethesda, Maryland.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference:
a practical information theoretic approach. 2nd edition. Springer Verlag, New York,
New York, USA.

Chown, S. L., A. A. Hoffmann, T. N. Kristensen, M. J. Angilletta, N. C. Stenseth, and C.
Pertoldi. 2010. Adapting to climate change: a perspective from evolutionary
physiology. Climate Research 43:3-15. doi:10.3354/cr00879

Christie, G. C., and H. A. Regier. 1988. Measures of optimal thermal habitat and their
relationship to yields for four commercial fish species. Canadian Journal of Fisheries
and Aquatic Sciences 45:301-314. doi:10.1139/188-036

Cleveland, W. S. 1979. Robust locally weighted regression and smoothing scatterplots.
Journal of the American Statistical Association 74:829-836.
doi:10.1080/01621459.1979.10481038

Cleveland, W. S., and S. J. Devlin. 1988. Locally-weighted regression: an approach to
regression analysis by local fitting. Journal of the American Statistical Association
83:596-610. doi:10.1080/01621459.1988.10478639

Coleman, M. A., and K. D. Fausch. 2007a. Cold summer temperature limits recruitment
of age-0 Cutthroat Trout in high-elevation Colorado streams. Transactions of the

American Fisheries Society 136:1231-1244. doi:10.1577/T05-244.1

24
© The Author(s) or their Institution(s)



Page 25 of 45

550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571

572

Canadian Journal of Fisheries and Aquatic Sciences

Coleman, M. A., and K. D. Fausch. 2007b. Cold summer temperature regimes cause a
recruitment bottleneck in age-0 Colorado River Cutthroat Trout reared in laboratory
streams. Transactions of the American Fisheries Society 136:639-654.
doi:10.1577/T05-288.1

Cook, E. R, C. A. Woodhouse, C. M. Eakin, D. M. Meko, and D. W. Stahle. 2004.
Long-term aridity changes in the western United States. Science 306:1015-1018.
doi: 10.1126/science.1102586

Crocker, C. E., and J. J. Cech, Jr. 1997. Effects of environmental hypoxia on oxygen
consumption rate and swimming activity in juvenile White Sturgeon, Acipenser
transmontanus, in relation to temperature and life intervals. Environmental Biology
of Fishes 50:383-389. doi.org/10.1023/A:1007362018352

Dickerson, B. R., and G. L. Vinyard. 1999. Effects of high chronic temperatures and
diel temperature cycles on the survival and growth of Lahontan Cutthroat Trout.
Transactions of the American Fisheries Society 128:516-521. doi:10.1577/1548-
8659(1999)128<0516:EOHCTA>2.0.CO;2

Donaldson, L. R, D. D. Hansler, and T. N. Buckridge. 1957. Interracial hybridization of
Cutthroat Trout, Salmo clarkii, and its use in fisheries management. Transactions of
the American Fisheries Society 86:350-360. doi:10.1577/1548-
8659(1956)86[350:IHOCTS]2.0.CO;2

Drinan, D. P., A. V. Zale, M. A. H. Webb, M. L. Taper, B. B. Shepard, and S. T.
Kalinowski. 2012. Evidence of local adaptation in Westslope Cutthroat Trout.
Transactions of the American Fisheries Society 141:872—880.

doi:10.1080/00028487.2012.675907

2
© The Author(s) or their Institution(s) 3



Canadian Journal of Fisheries and Aquatic Sciences Page 26 of 45

573  Dunham, J., R. Schroeter, and B. Rieman. 2003. Influence of maximum water
574 temperature on occurrence of Lahontan Cutthroat Trout within streams. North
575 American Journal of Fisheries Management 23 1042-1049. doi: 10.1577/02-029

576  Eaton, J. G., J. H. McCormick, B. E. Goodno, D. G. O’Brien, H. G. Stefany, M. Hondzo,

577 and R. M. Scheller. 1995. A field information-based system for estimating fish
578 temperature tolerances. Fisheries 20:10 —18. doi:10.1577/1548-
579 8446(1995)020<0010:AFISFE>2.0.CO;2

580 EbyL. A., O. Helmy, L. M. Holsinger, M. K. Young. 2014. Evidence of climate-
581 induced range contractions in Bull Trout Salvelinus confluentus in a Rocky Mountain
582 watershed, U.S.A.. PLoS ONE 9(6):¢98812. doi:10.1371/journal.pone.0098812

583  Eliason, E. J., T. D. Clark, M. J. Hague, L. M. Hanson, Z. S. Gallagher, K. M. Jeffries,

584 M. K. Gale, D. A. Patterson, S. G. Hinch, A. P. Farrell. 2011. Differences in thermal
585 tolerance among Sockeye Salmon populations. Science 332:109-112.
586 doi:10.1126/science.1199158

587  Fausch, K. D. 2008. A paradox of trout invasions in North America. Biological

588 Invasions 10:685-701. doi:10.1007/s10530-007-9162-5

589  Ficke, A. D., C. A. Myrick, and L. J. Hansen. 2007. Potential impacts of global climate
590 change on freshwater fisheries. Reviews in Fish Biology and Fisheries.

591 doi:10.1007/s11160-007-9059-5

592 Frohlicher, T. L., M. Winton, J. L. Sarmiento. 2014. Continued global warming after
593 CO2 emissions stoppage. Nature Climate Change 4:40-44.

594 doi:10.1038/nclimate2060

2
© The Author(s) or their Institution(s) 6



Page 27 of 45

595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

616

Canadian Journal of Fisheries and Aquatic Sciences

Fry, F. E. J. 1971. The effect of environmental factors on the physiology of fish. Fish
Physiology 6:1-98.

Galbreath, P. F., N. D. Adams, L. W. Sherrill, and T. H. Martin. 2006. Thermal
tolerance of diploid versus triploid Rainbow Trout and Brook Trout assessed by time
to chronic lethal maximum. Environmental Biology of Fishes 75:183—193.
doi:10.1007/s10641-006-0008-2

Gresswell, R. E., editor. 1988. Status and management of interior stocks of Cutthroat
Trout. American Fisheries Society, Symposium 4, Bethesda, Maryland.

Hamilton, M. A., R. C. Russo, and R. V. Thurston. 1977. Trimmed Spearman-Karber
method for estimating median lethal concentrations in toxicity bioassays.
Environmental Science and Technology 11:714-719. doi:10.1021/es60130a004

Hansen J., P. Kharecha, M. Sato, V. Masson-Delmotte, F. Ackerman, D. J. Beerling, P. J.
Hearty, O. Hoegh-Guldberg, S. L. Hsu, C. Parmesan, J. Rockstrom, E. J. Rohling, J.
Sachs, P. Smith, K. Steffen, L.V. Susteren, K. Schuckmann, J. C. Zachos. 2013.
Assessing ‘‘dangerous climate change’’: required reduction of carbon emissions to
protect young people, future generations and nature. PLoS ONE 8(12): e81648.
doi:10.1371/journal.pone.0081648

Hansen, J., M. Sato, and R. Ruedy. 2012. Perception of climate change. Proceedings of
the National Academy of Sciences 109:E2415-E2423. doi:10.1073/pnas.1205276109

Harig, A. L., and K. D. Fausch. 2002. Minimum habitat requirements for establishing
translocated Cutthroat Trout populations. Ecological Applications 12:535-551.

doi:10.1890/1051-0761(2002)012[0535:MHRFET]2.0.CO;2

2
© The Author(s) or their Institution(s) 7



Canadian Journal of Fisheries and Aquatic Sciences Page 28 of 45

617  Hendry, A. P., J. E. Hensleigh, and R. R. Reisenbichler. 1998. Incubation temperature,

618 developmental biology, and the divergence of Sockeye Salmon (Oncorhynchus
619 nerka) within Lake Washington. Canadian Journal of Fisheries and Aquatic Sciences
620 55:1387-1394. doi:10.1139/f98-020

621  Hodge, B. W., K. D. Battige, and K. B. Rogers. 2017. Seasonal and temperature-related
622 movement of Colorado River cutthroat trout in a low-elevation, Rocky Mountain

623 stream. Ecology and Evolution 7:2346-2356. doi:10.1002/ece3.2847

624  Howell, P. J. 2006. Effects of wildfire and subsequent hydrologic events on fish

625 distribution and abundance on tributaries of the North Fork John Day River. North
626 American Journal of Fisheries Management 26:983-994. doi:10.1577/M05-114.1

627 Isaak, D. J., C. H. Luce, B. E. Rieman, D. E. Nagel, E. E. Peterson, D. L. Horan, S.

628 Parkes, and G. L. Chandler. 2010. Effects of climate change and wildfire on stream
629 temperatures and salmonid thermal habitat in a mountain river network. Ecological
630 Applications 20:1350—1371. doi:10.1890/09-0822.1

631 Isaak, D.J., C. C. Muhlfeld, A. S. Todd, R. Al-Chokhachy, J. J. Roberts, J. L. Kershner,

632 K. D. Fausch, S. W. Hostetler. 2012. The past as prelude to the future for
633 understanding 2 1st century climate effects on Rocky Mountain trout. Fisheries
634 37:542-556. doi:10.1080/03632415.2012.742808

635 Isaak, D.J., S.J. Wenger, and M. K. Young. 2017. Big biology meets

636 microclimatology: defining thermal niches of ectotherms at landscape scales for
637 conservation planning. Ecological Applications 27:977-990. doi:10.1002/eap.1501
638  Jensen, L. F., M. M. Hansen, C. Pertoldi, G. Holdensgaard, K. L. D. Mensberg, and V.

639 Loeschcke, V. 2008. Local adaptation in Brown Trout early life-history traits:

2
© The Author(s) or their Institution(s) 8



Page 29 of 45

640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

662

Canadian Journal of Fisheries and Aquatic Sciences

implications for climate change adaptability. Proceedings of the Royal Society B
275:2859-2868. doi:10.1098/rspb.2008.0870

Johnstone, H. C., and F. J. Rahel. 2003. Assessing temperature tolerance of Bonneville
Cutthroat Trout based on constant and cycling thermal regimes. Transactions of the
American Fisheries Society 132:92-99. doi:10.1577/1548-
8659(2003)132<0092:ATTOBC>2.0.CO;2

Kaeding, L. R. 1996. Use of coolwater tributaries of a geothermally heated stream by
Rainbow and Brown Trout, Oncorhynchus mykiss and Salmo trutta. American
Midland Naturalist 135:283-292. doi:10.2307/2426711

Kavanagh, K. D., T. O. Haugen, F. Gregersen, J. Jernvall, and L, A. Vollestad. 2010.
Contemporary temperature-driven divergence in a Nordic freshwater fish under
conditions commonly thought to hinder adaptation. BMC Evolutionary Biology
10:350. doi:10.1186/1471-2148-10-350

Kennedy, C. M. 2014. Rocky Mountain National Park fisheries and aquatic
management. U. S. Fish and Wildlife Service, Lakewood, Colorado.

Leary, R. F., and F. W. Allendorf. 1991. Genetic and meristic analysis of Colorado
River Cutthroat Trout. Wild Trout and Salmon Genetics Laboratory report 91/1.
University of Montana, Bozeman.

Logan, C. A., and B. A. Buckley. 2015. Transcriptomic responses to environmental
temperature in eurythermal and stenothermal fishes. Journal of Experimental Biology
218:1915-1924. doi:10.1242/jeb.114397

Lyytikainen, T., and M. Jobling. 1998. The effects of temperature, temperature shift,

and temperature fluctuation on daily feed intake, growth, and proximate composition

2
© The Author(s) or their Institution(s) 9



Canadian Journal of Fisheries and Aquatic Sciences Page 30 of 45

663 of underyearling Lake Inari Arctic charr (Salvelinus alpinus (L.)). Nordic Journal of
664 Freshwater Research 74:87-94.

665  Mandeville, C. P., F. J. Rahel, L. S. Patterson, A. W. Walters. 2019. Integrating fish

666 assemblage data, modeled stream temperatures, and thermal tolerance metrics to
667 develop thermal guilds for water temperature regulation: Wyoming case study.
668 Transactions of the American Fisheries Society 148:739-754. doi:10.1002/tafs.10169

669  Manly, B. F. J. 1991. Randomization and Monte Carlo methods in biology. Chapman
670 and Hall, London.

671 Martinez, A. M. 1988. Identification and status of Colorado River Cutthroat Trout in

672 Colorado. Pages 81-89 in R. E. Gresswell, editor. Status and management of interior
673 stocks of Cutthroat Trout. American Fisheries Society Symposium 4, Bethesda,
674 Maryland.

675  McCullough, D. A. 1999. A review and synthesis of effects of alterations to the water

676 temperature regime on freshwater life stages of salmonids, with special reference to
677 Chinook Salmon. U.S. Environmental Protection Agency Report EPA 910-R-99-010,
678 Seattle.

679  McCullough, D. A., J. M. Bartholow, H. I. Jager, R. L. Beschta, E. F. Cheslak, M. L.

680 Deas, J. L. Ebersole, J. S. Foott, S. L. Johnson, K. R. Marine, M. G. Mesa, J. H.

681 Petersen, Y. Souchon, K. F. Tiffan, and W. A. Wurtsbaugh. 2009. Research in

682 thermal biology: burning questions for coldwater stream fishes. Reviews in Fisheries
683 Science 17:90—-115. doi:10.1080/10641260802590152

684 McDermid, J. L., F. A. Fischer, M. Al-Shamlih, W. N. Sloan, N. E. Jones, and C. C.

685 Wilson. 2012. Variation in acute thermal tolerance within and among hatchery

© The Author(s) or their Institution(s) 30



Page 31 of 45

686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

708

Canadian Journal of Fisheries and Aquatic Sciences

strains of Brook Trout. Transactions of the American Fisheries Society 141:1230-
1235. doi:10.1080/00028487.2012.688917

Meredith, C. S., P. Budy, and M. Hooten. 2017. Assessing abiotic conditions
influencing the longitudinal distribution of exotic Brown Trout in a mountain stream:
a spatially-explicit modeling approach. Biological Invasions 19:503-519.
doi:10.1007/s10530-016-1322-z

Metcalf, J. L., S. L. Stowell, C. M. Kennedy, K. B. Rogers, D. McDonald, J. Epp, K.
Keepers, A. Cooper, J. J. Austin, and A. P. Martin. 2012. Historical stocking data
and 19th century DNA reveal human-induced changes to native diversity and
distribution of cutthroat trout. Molecular Ecology 21:5194-5207.
doi:10.1111/mec.12028

Narum, S. R., N. R. Campbell, K. A. Meyer, M. R. Miller, and R. W. Hardy. 2013.
Thermal adaptation and acclimation of ectotherms from differing aquatic climates.
Molecular Ecology 22:3090-3097. doi:10.1111/mec.12240

Ooman, R. A., and J. A. Hutchings. 2017. Transcriptomic responses to environmental
change in fishes: insights from RNA sequencing. Facets 2:610-641.
doi:10.1139/facets-2017-0015

Paukert, C., J. D. Olden, A. J. Lynch, D. D. Breshears, R. C. Chambers, C. Chu, M. Daly,
K. L. Dibble, J. Falke, D. Isaak, P. Jacobson, O. P. Jensen, and D. Munroe. 2021.
Climate change effects on North American fish and fisheries to inform adaptation
strategies. Fisheries 46:449-464. doi:10.1002/fsh.10668

Pearse, D. E., and M. A. Campbell. 2018. Ancestry and adaptation of Rainbow Trout in

Yosemite National Park. Fisheries 43:472-484. doi1:10.1002/fsh.10136

© The Author(s) or their Institution(s)

31



709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

Canadian Journal of Fisheries and Aquatic Sciences Page 32 of 45

Penaluna, B. E., A. Abadia-Cardoso, J. B. Dunham, F. J. Garcia de Le6n, R. E.
Gresswell, A. Ruiz Luna, E. B. Taylor, B. B. Shepard, R. Al-Chokhachy, C. C.
Muhlfeld, K. R. Bestgen, K. B. Rogers, M. A. Escalante, E. R. Keeley, G. Temple, J.
E. Williams, K. Matthews, R. Pierce, R. L. Mayden, R. P. Kovach, J. C. Garza, and
K. D. Fausch. 2016. Conservation of Native Pacific Trout Diversity in Western
North America. Fisheries 41:286-300. doi:10.1080/03632415.2016.1175888

Peterson, D. P., K. D. Fausch and G. C. White. 2004. Population ecology of an invasion:
Effects of Brook Trout on native Cutthroat Trout. Ecological Applications 14:754-
772. doi:10.1890/02-5395

Rahel, F. J., C. J. Keleher, and J. L. Anderson. 1996. Potential habitat loss and
population fragmentation for cold water fish in the North Platte River drainage of the
Rocky Mountains: response to climate warming. Limnology and Oceanography
41:1116-1123. doi:10.4319/10.1996.41.5.1116

Recsetar, M. S., M. P. Zeigler, D. L. Ward, S. A. Bonar, and C. A. Caldwell. 2012.
Relationship between fish size and upper thermal tolerance. Transactions of the
American Fisheries Society 141:1433-1438. doi:10.1080/00028487.2012.694830

Ricker, W. E. 1979. Growth rates and models. Pages 677-743 in W. S. Hoar, D. J.
Randall, and J. R. Brett, editors. Fish physiology, volume 8. Academic Press, New
York.

Roberts, J. J., K. D. Fausch, D. P. Peterson, and M. B. Hooten. 2013. Fragmentation and
thermal risks from climate change interact to affect persistence of native trout in the
Colorado River basin. Global Change Biology 19:1383-1398.

doi:10.1111/gcb.12136

2
© The Author(s) or their Institution(s) 3



Page 33 of 45

732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752

753

Canadian Journal of Fisheries and Aquatic Sciences

Roberts, J. J., K. D. Fausch, M. B. Hooten, and D. P. Peterson. 2017. Nonnative trout
invasions combined with climate change threaten persistence of isolated Cutthroat
Trout populations in the southern Rocky Mountains. North American Journal of
Fisheries Management 37:314-325. doi:10.1080/02755947.2016.1264507

Rogers, K. B. 2015. User manual for WaTSS 3.0 (Water Temperature Summary
Software). Colorado Parks and Wildlife, Steamboat Springs, Colorado. Available:
http://cpw.state.co.us/learn/Pages/ ResearchAquaticSoftware.aspx (January 2021)

Rogers, K. B., K. R. Bestgen, S. M. Love Stowell, and A. P. Martin. 2018. Cutthroat
Trout diversity in the southern Rocky Mountains. Pages 323-341 in P. Trotter, P.
Bisson, L. Schultz, and B. Roper, editors. Cutthroat Trout: evolutionary biology and
taxonomy. American Fisheries Society, Special Publication 36, Bethesda, Maryland.

Rosenfield, J. A., S. Nolasco, S. Lindauer, C. Sandoval, A. Kodric-Brown. 2004. The
role of hybrid vigor in the replacement of Pecos Pupfish by Its hybrids with
Sheepshead Minnow. Conservation Biology 18:1589-1598. doi:10.1111/5.1523-
1739.2004.00356.x

Seager, R., M. Ting, I. Held, Y. Kushnir, J. Lu, G. Vecchi, H. Huang, A. Leetmaa, N.
Lau, C. Li, J. Velez, and N. Naik. 2007. Model projections of an imminent transition
to a more arid climate in southwestern North America. Science 316:1181-1184.
doi:10.1126/science.1139601

Seager, R., M. Ting, C. Li, N. Naik, B. Cook, J. Nakamura, and H. Liu. 2013.
Projections of declining surface-water availability for the southwestern United States.

Nature Climate Change 3:482-486. doi.org/10.1038/nclimatel787

© The Author(s) or their Institution(s) 33



754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

Canadian Journal of Fisheries and Aquatic Sciences Page 34 of 45

Selong, J. H., T. E. McMahon, A. V. Zale, and F. T. Barrows. 2001. Effect of
temperature on growth and survival of bull trout, with application of an improved
method for determining thermal tolerance in fishes. Transactions of the American
Fisheries Society 130:1026—1037. doi:10.1577/1548-
8659(2001)130<1026:EOTOGA>2.0.CO;2

Smith, R. K., and K. D. Fausch. 1997. Thermal tolerance and vegetation preference of
Arkansas Darter and Johnny Darter from Colorado plains streams. Transactions of
the American Fisheries Society 126:676—686. doi:10.1577/1548-
8659(1997)126<0676: TTAVPO>2.3.CO;2

Steel, E. A., A. Tillotson, D. A. Larsen, A. H. Fullerton, K. P. Denton, and B. R.
Beckman. 2012. Beyond the mean: the role of variability in predicting ecological
effects of stream temperature on salmon. Ecosphere 3:1-11. doi/10.1890/ES12-
00255.1.

Todd, A. S., M. A. Coleman, A. M. Konowal, M. K. May, S. Johnson, N. K. M. Vieira
and J. F. Saunders. 2008. Development of new water temperature criteria to protect
Colorado's fisheries. Fisheries 33:433-443. doi:10.1577/1548-8446-33.9.433

Trotter, P. 2008. Cutthroat: native trout of the west. University of California Press,
Berkeley.

Underwood, Z. E., C. A. Myrick, and K. B. Rogers. 2012. Effect of acclimation
temperature and the upper thermal tolerance of Colorado River cutthroat trout
Oncorhynchus clarkii pleuriticus. Journal of Fish Biology 80:2420-2433.

doi:10.1111/5.1095-8649.2012.03287.x

4
© The Author(s) or their Institution(s) 3



Page 35 of 45

776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796

797

Canadian Journal of Fisheries and Aquatic Sciences

Varley, J. D. 1979. Record of egg shipments from Yellowstone fishes, 1914-1955. U. S.

National Park Service, Information Paper 36, Yellowstone National Park, Wyoming.

Wagner, E. J., R. E. Arndt, and M. Brough. 2001. Comparative tolerance of four stocks
of Cutthroat Trout to extremes in temperature, salinity, and hypoxia. Western North
American Naturalist 61:434-444.

Wenger, S. J., D. J. Isaak, C. H. Luce, H. M. Neville, K. D. Fausch, J. B. Dunham, D. C.
Dauwalter, M. K. Young, M. M. Elsner, B. E. Rieman, A. F. Hamlet, and J. E.
Williams. 2011. Flow regime, temperature, and biotic interactions drive differential
declines of trout species under climate change. Proceedings of the National Academy
of Sciences 108:14175-14180. doi:10.1073/pnas.1103097108

Whitney, C. K. 2012. Variation in embryonic thermal tolerance among populations of
Sockeye Salmon: offspring survival, growth, and hatch timing in response to elevated
incubation temperature. Master’s thesis. University of British Columbia, Vancouver.

Whitney, C. K., S. G. Hinch, and D. A. Patterson. 2013. Provenance matters: thermal
reaction norms for embryo survival among sockeye salmon Oncorhynchus nerka
populations. Journal of Fish Biology 82:1159-1176. doi:10.1111/jtb.12055

Williams, J. E., A. L. Haak, H. M. Neville, and W. T. Coyler. 2009. Potential
consequences of climate change to persistence of Cutthroat Trout populations. North
American Journal of Fisheries Management 29:533-548. doi:10.1577/M08-072.1

Wipf, M. W., and M. E. Barnes. 2012. Parental male effects on landlocked fall Chinook
Salmon progeny survival. North American Journal of Aquaculture 74:443-448.

doi:10.1080/15222055.2012.681105

© The Author(s) or their Institution(s)

35



798

799

800

801

802

803

804

805

806

807

Canadian Journal of Fisheries and Aquatic Sciences

Zeigler, M. P, S. F. Brinkman, C. A. Caldwell, A. S. Todd, M. S. Recsetar, and S. A.
Bonar. 2013. Upper thermal tolerances of Rio Grande Cutthroat Trout under
constant and fluctuating temperatures. Transactions of the American Fisheries
Society 142:1395-1405. doi:10.1080/00028487.2013.811104

Zeigler, M. P., K. B. Rogers, J. J. Roberts, A. S. Todd, and K. D. Fausch. 2019.
Predicting persistence of Rio Grande Cutthroat Trout populations in an uncertain

future. North American Journal of Fisheries Management 39:819-848.

doi:10.1002/nafm.10320

© The Author(s) or their Institution(s)

Page 36 of 45

36



Page 37 of 45

808
809
810

811
812

813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828

829

Canadian Journal of Fisheries and Aquatic Sciences

Table 1.— Colorado River Cutthroat Trout (CRCT), Greenback Cutthroat Trout (GBCT),
and Yellowstone Cutthroat Trout (YSCT) populations examined in this study, including

their location (decimal degrees) and spawn date for wild egg collections in 2018.

Population Subspecies  Latitude (°N) Longitude (°W) Spawn Date
Milk Creek? CRCT 40.170 107.660 June 1
Zimmerman Lake® GBCT 40.541 105.869 June 22
Lake Nanita® CRCT 40.256 105.716 June 28
Yellowstone River! ~ YSCT 44.573 110.372 May 17
Trappers Lake® CRCT 39.986 107.232 June 9

aPutative aboriginal population native to the lower Yampa River basin

bPopulation founded in 2014 with progeny from Bear Creek derived broodstock; native
Cutthroat Trout of the South Platte River basin

‘Founded from pure Trappers Lake stock in 1931

dFemale YSCT from the Story Hatchery were fertilized with wild males captured from
above LeHardy Rapids on the Yellowstone River, source of Colorado introductions
¢CRCT now hybridized with Yellowstone Cutthroat Trout stocked in the lake from 1943-

1950
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Table 2.— Ultimate Upper Incipient Lethal Temperatures (UUILT; °C) and 95%

confidence limits (CL) for Cutthroat Trout populations examined during 7-day and 21-

day trials.

Population (sub-species)

7-day (95% CL)

21-day (95% CL)

Milk Creek
Zimmerman Lake
Lake Nanita
Yellowstone River

Trappers Lake

24.34 (24.20, 24.47)
24.45 (24.45, 24.45)
24.45 (24.45, 24.45)
24.42 (24.35, 24.49)

24.51 (24.41, 24.62)

24.34 (24.20, 24.47)
24.44 (24.39, 24.48)
24.40 (24.32, 24.49)
24.42 (24.35, 24.49)

24.42 (24.35, 24.49)
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Table 3.— Optimal growth temperatures, associated 95% confidence limits, and model fits (R?) for five populations of Cutthroat
Trout. We evaluated support for second-order (quadratic) or third-order (cubic) temperature-growth models within each population

using AICc (Akaike’s Information Criterion corrected for small sample size).

Quadratic Cubic
Population Optimum (°C) R? AICc Optimum (°C) R?  AlCc
Milk Creek 16.36 (16.19,16.53)  0.85 19.485 17.74 (16.78, 18.43) 0.92 13.987
Zimmerman Lake 15.14 (14.60, 15.52)  0.96 -3.833 15.59 (14.94, 16.27) 0.96 -1.683
Lake Nanita 16.09 (15.86, 16.29)  0.90 19.210 15.42 (14.97, 16.16) 0.92 19.376
Yellowstone River 16.48 (16.07,16.78)  0.76 31.356 17.85 (16.48, 18.60) 0.81 30.682
Trappers Lake 16.86 (16.61,17.18)  0.79 44.690 18.30 (17.55, 18.78) 0.90 37.738
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Figure 1.— Comparison of critical thermal maxima (CTM) among five populations of
Cutthroat Trout. Thick horizontal black bars represent population-specific medians (°C).
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Figure 2.— Relative daily growth as a function of temperature in five populations of
Cutthroat Trout fit with a standard cubic least squared regression (solid line; equation
above the x-axis) and associated 95% confidence interval (dotted lines). The heavy

dashed line represents the fitted cubic regression.

Appendix: Summary temperature metrics for source population waters

Table A.1.— Long-term water temperature monitoring was achieved by deploying digital
thermographs? in metal housings anchored to the streambed in areas likely to scour.

Units were set to acquire temperatures every 30 or 60 min, and thermagraphs were
replaced every 1-4 years. Annual maximum 30 d average temperature (M30AT®), the
maximum weekly maximum temperature (MWMTF®), and daily maximum temperature

(2-hr rolling average maximum¢) were calculated® for each study population.

Population Year MWMT (°C) M30AT (°C) Daily Max (°C)
Milk Creekf
2012 25.0 18.6
2013 25.3 18.6
2015 22.5 16.4 233
2016 23.6 17.1 24.7
2017 25.0 18.3 25.2
2018 25.8 18.9 27.0
2019 23.3 16.8 244
Mean 244 17.8 25.7
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2012
2013
2014
2015
2016
2017
2018
2019
2020

2002
2003
2004
2005
2013
2014
2015
2017
2018
2019
2020

2001
2002

2012
2013
2014
2015
2016
2017
2018

15.8
14.5
13.7
13.6
14.1
14.5
15.1
14.4
14.6

14.5

19.2
16.4
16.1
15.8
17.6
14.4
16.2
15.3
18.1
15.6
17.2

16.5

21.2
19.8

20.5

19.0
19.1
18.8
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18.2
18.8
18.9

13.1
12.3
11.6
11.8
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12.3
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12.7
12.7

12.4

15.7
14.1
12.8
13.0
14.3
12.4
13.6
12.5
14.6
12.8
14.2

13.6

16.9
17.0

17.0

17.6
17.5
16.6
16.0
16.5
17.1
17.4
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2019 18.2 16.6 19.5
2020 18.4 16.6 19.2
Mean 18.6 16.9 19.7

aHOBO Water Temp Pro v2 (Onset Computer Corp, Bourne, Massachusetts)
bChronic metric used for characterizing growth conditions (Roberts et al. 2013)
°Acute metric used for characterizing upper bound for persistence (Isaak et al. 2010)
dAcute metric used for setting water quality standards (Todd et al. 2008)
*Temperature summary metrics calculated using WaTSS v. 3.0 (Rogers 2015)
fThermagraph located at 40.18419° N 107.66350° W

€These data describe the thermal regime of the founding population in Bear Creek at
38.81768° N 104.89614° W

hThermagraph located in the outlet of Lake Nanita at 40.25889° N 105.71621° W
Thermagraph located below the outlet of Yellowstone Lake near Fishing Bridge;
temperature data obtained from Yellowstone National Park (T. Koel, National Park
Service, unpublished)

iThermagraph located in the outlet of Trappers Lake at 39.99698° N 107.23090° W
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Figure A.1.—Critical thermal maxima (CTM) and optimal growth temperatures (OGT)

for each population were plotted against elevation, maximum weekly maximum

temperature (MWMT), and maximum 30-d average temperature (M30AT) experienced

by each population.
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