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Abstract Climate models suggest that by 2100,
maximum temperatures where many larval Pacific
lamprey, Entosphenus tridentatus, rear now may
approach 27-31 °C. Little information exists on
whether larval Pacific lamprey can tolerate these
temperatures. We used acclimated chronic exposure
(ACE) and direct acute exposure (DAE) experiments
to determine the water temperature that is lethal to
larval Pacific lamprey and whether sublethal water
temperatures influence larval burrowing behavior.
After 30 days in ACE experiments, all larvae sur-
vived in temperatures averaging <27.7 °C, no larvae
survived in temperatures averaging >30.7 °C and the
ultimate upper incipient lethal temperature (UILT)
was estimated to be 29.2 °C. After seven days in DAE
experiments, all larvae survived in 27.1 °C, only lar-
vae acclimated to 23.3 °C survived in 29.1 °C, and
no larvae survived in temperatures > 30.6 °C. Using a
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time to death analysis, estimates of the UILTs ranged
from 27.5 to 30.2 °C and the ultimate UILT was
estimated to be>?28.3 °C. Using a percent mortal-
ity analysis, estimates of the ultimate UILT were not
definitive but indicated it may be>30.2 °C. To bur-
row, larvae reared for 30 days at temperatures aver-
aging 26.9-27.7 °C exhibited more total time, active
time, and stops than those reared for 30 days at tem-
peratures averaging 22.3-23.9 °C. Our findings sug-
gest that larval Pacific lamprey may be resilient to the
most likely temperature increase scenarios predicted
by climate models. However, they may be vulner-
able to the high-temperature increase scenarios and,
relatively high but sublethal temperatures may impact
the behavior, and ultimately survival, of larval Pacific
lamprey.

Keywords Ammocoete - Climate change - Larvae -
Pacific lamprey - Thermal tolerance - UILT

Introduction

Lampreys are an ancient group of jawless fishes
that has existed for over 350 million years (Janvier
2007; Docker et al. 2015). Of the approximately 45
extant lamprey species, Pacific lamprey, Entosphe-
nus tridentatus, has one of the widest distributional
ranges, historically occurring along the Pacific Rim
from Mexico to Japan (Kan 1975; Ruiz-Campos and
Gonzalez-Guzman 1996; Renaud 2008). The basic
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biology and ecology of Pacific lamprey has been
relatively well described (e.g., Pletcher 1963; Ham-
mond 1979; Beamish 1980; Richards 1980; Beamish
and Levings 1991), with recent investigations pro-
viding valuable information on the larval and juve-
nile life history stage (e.g., McGree et al. 2008; Jol-
ley et al. 2012). In particular, Pacific lamprey is an
anadromous species and individuals likely spend the
majority of their life as larvae in freshwater streams
(Whitesel et al. 2020). Although previously under-
estimated (Kan 1975), the cultural, ecological, eco-
nomic, and scientific importance of Pacific lamprey
has recently received significant attention (Close et al.
2002; Docker et al. 2015).

Throughout much of their historic range, Pacific
lamprey are a species of conservation concern. It
is clear that the migration of Pacific lamprey has
been restricted by barriers (e.g., dams) and their
distribution has contracted (Moser and Mesa 2009).
The trend in the overall abundance of Pacific lam-
prey is difficult to assess. Although not panmictic,
Pacific lamprey exhibit relatively little philopa-
try within their range (Spice et al. 2012). There is
not a directed marine fishery for Pacific lamprey
and information on ocean abundance is gener-
ally inferred from bycatch records (Clemens et al.
2019). As a result, the abundance of a Pacific lam-
prey population cannot be easily quantified by tra-
ditional methods of enumerating anadromous adults
returning to their natal stream (e.g., Bradford and
Irvine 2000) or from ocean harvest. However, it has
been suggested that Pacific lamprey abundance has
declined to a remnant of pre-1940s levels (Close
et al. 2002) and, in 2003, a petition was submit-
ted to the US government to list Pacific lamprey
under the Endangered Species Act (Wicks-Arshack
et al. 2018). The most obvious threat to the status
of Pacific lamprey may be barriers to upstream pas-
sage (Jackson and Moser 2012; Goodman and Reid
2017; Jolley et al. 2018) which prevent Pacific lam-
prey from using a large portion of their historic
habitat. Threats also include impaired passage from
impingement and entrainment during the movement
of larvae and juveniles downstream (Moser et al.
2015), habitat degradation, streamflow manage-
ment, water quality (Wang and Schaller 2015), and
predation (Arakawa and Lampman 2020). In addi-
tion, Pacific lamprey may be vulnerable to increas-
ing temperatures associated with climate change
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(Wang et al. 2020). Changing climate conditions
may be the most complex and uncertain threat to
the status of Pacific lamprey (Wang et al. 2021).
Currently, Pacific lampreys are being managed as
an imperiled species (Moser and Close 2003) and
receiving extraordinary efforts (Wang and Schaller
2015; Clemens and Wang 2021) to promote their
conservation (Clemens et al. 2017; Lucas et al.
2021).

It has been well documented that the global cli-
mate is and has been changing at an unusual rate
(Houghton et al. 1990). Changes to the climate
include predictions of less stable but increasing air
temperatures (Rosenzweig 1989). In an attempt to
predict the impending change to temperature (Kirt-
man et al. 2013), numerous models have been devel-
oped, each model with some uncertainty and result-
ing in predictions that vary by region (Pierce et al.
2009). Given the current trend, it has been suggested
that by 2100, global air temperatures may be 1-5 °C
higher than 1900-1960 values (Meehl et al. 2007;
Wuebbles et al. 2017). Associated with changes to air
temperature, stream temperatures are also predicted
to increase (Isaak et al. 2012; Arismendi et al. 2014).
Currently, many of the freshwater locations where
Pacific lamprey can be found naturally (e.g., Clem-
ens et al. 2017) experience maximum water tempera-
tures near 26 °C (USGS 2022a). With predictions that
water temperatures may also rise 1-5 °C in the next
25-35 years (Wu et al. 2012), it is unclear whether
maximum temperatures at many locations where they
exist now will approach or exceed the lethal limit for
Pacific lamprey.

Pacific lamprey, including the larval stage, are
obligate ectotherms and are directly influenced by
ambient water temperature. However, few stud-
ies have directly evaluated the thermal tolerance of
Pacific lamprey. Embryo survival in Pacific lamprey
appears greatest from 10 to 18 °C and is reduced at
22 °C (Meeuwig et al. 2005). Relative to thermal tol-
erance, lamprey embryos appear to be the least toler-
ant to warm water, whereas the larval through adult
stages appear to be the most tolerant (Rodriguez-
Muiioz et al. 2001). For non-embryonic stages, in
a variety of species other than Pacific lamprey, evi-
dence exists that optimal water temperatures may
also be near 15-21 °C (see Farmer et al. 1977; Hol-
mes and Lin 1994), while lethal water temperatures
may occur near 27-31 °C (Potter and Beamish 1975;
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Macey and Potter 1978). Temperatures exceeding
27 °C may potentially be a lethal threshold for both
adult and embryonic Pacific lamprey (Clemens et al.
2016).

How Pacific lamprey will respond to climate
change is unclear. Recent reports have described the
potential vulnerability of Pacific lamprey to climate
change (Wang and Schaller 2015; Wang et al. 2020)
but also raised the possibility that Pacific lamprey
may be resilient to climate change (Wang et al. 2021).
Since the majority of a Pacific lamprey’s life is likely
spent as larvae in fresh water, this life history stage
may be at the greatest risk from temperature increases
associated with climate change. Ongoing conserva-
tion efforts would benefit from a characterization of
larval Pacific lamprey sensitivity to increasing tem-
peratures (Wang et al. 2020), which has not been well
evaluated.

The goal of this investigation was to evaluate the
ability of larval Pacific lamprey to tolerate water tem-
peratures that may result from climate change. To
begin to address this goal, this study had two objec-
tives. The first objective was to determine the maxi-
mum temperature to which larval Pacific lamprey can
acclimate, or ultimate upper incipient lethal temper-
ature (ultimate UILT) (Fry et al. 1946; Brett 1952).
The second objective was to determine whether a
relatively high but sublethal temperature influences
the burrowing behavior of larvae. We hypothesized
that larvae reared in a temperature near their ultimate
UILT would exhibit an impaired burrowing abil-
ity when compared to those reared in a significantly
lower temperature, presumably near their preferred
optimum.

Materials and methods
Animals

Larval Pacific lamprey were collected from the lowest
reach (approximately 45.93573°N,—122.61902°W,
elevation 13 m) of Cedar Creek (Washington, USA)
(Fig. 1). Larvae were captured by electrofishing
(McGree et al. 2008), using only the 3 pulse/sec-
ond current (Weisser and Klar 1990) to cause them
to leave their burrows, after which they were net-
ted and held in an aerated container of water from
Cedar Creek. Captured larvae were anesthetized

using buffered, tricaine methane sulfonate (MS-222,
50 mg/L) and measured (total length, mm). Both
Pacific lamprey and western brook lamprey, Lampe-
tra richardsoni, occupy Cedar Creek. Larvae longer
than 60 mm were identified to genus using caudal
characteristics (Docker et al. 2016). Only Entosphe-
nus (Pacific lamprey) larvae (median 86 mm; range,
61-128 mm) were retained for the study. Experimen-
tal larvae were transported to a laboratory in aerated
coolers. Transit was approximately 45 min.

Acclimated chronic exposure

Larvae (n=100) were collected in June 2016, for
use in an acclimated chronic exposure (ACE) experi-
ment (Selong et al. 2001). Water temperature (hence-
forth temperature) in Cedar Creek during the collec-
tion event ranged from 16.6 to 19.1 °C. Upon arrival
at the laboratory, individual larvae were randomly
assigned and transferred to one of ten treatment tanks
(10 larvae/tank). Treatment tanks were approximately
51%25x%30 cm (length X width X depth) and a volume
of approximately 37.9 L. Each tank contained approx-
imately 5 cm (depth) of sand from Cedar Creek (par-
ticle size less than 0.5 mm in diameter) that was cov-
ered by approximately 15 cm (depth) of well water
from the Vancouver Trout Hatchery. Initially, water in
treatment tanks ranged from 15.3 to 17.2 °C with a
dissolved oxygen range of 7.24-8.74 mg/L. All treat-
ment tanks were held under a simulated natural pho-
toperiod of artificial light (adjusted every 14 days).
Each tank was covered and contained an active air
stone, a submersible (50-75 W) heater (approxi-
mately 4 cm diameter X 24 cm length), a temperature
logger (32 mm diameter X 16 mm height), and a pump
that recirculated water at a rate of approximately
75 1/h through a mesh bag with activated charcoal.
The ACE experiment included five treatments,
ultimately characterized by>30 days exposure to
approximately 21 °C, 24 °C, 27 °C, 30 °C, and 33 °C
test temperatures. Each tank was randomly assigned
to one of these five treatments, and each treatment
was replicated (e.g., 21A and 21B). Each treatment
tank experienced three phases of temperature profiles.
During phase 1, larvae were acclimated to captive
conditions. Temperature for all treatment tanks was
held relatively constant (20.1-22.0 °C) for 12 days.
During phase 2, larvae were acclimated to test tem-
peratures. Temperatures in each treatment tank were
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Fig.1 Collection location for larval Pacific lamprey (dia-
mond), Cedar Creek, Washington (WA), USA (approximately
45.93573°N, —122.61902°W, elevation 13 m). Ultimately,

adjusted over a period of eight days so that all tanks
reached final test temperatures on the same date.
The rate of temperature increase varied by test tem-
perature, was relatively constant within a given tank,
and did not exceed 1.5 °C/day for any tank. Dur-
ing phase 3, larvae were exposed to test tempera-
tures which were held constant for over 40 days. To
maintain exposure conditions, twice each week, well
water was used to replace any water that evaporated
from treatment tanks. Due to the high temperatures
of some treatments and recirculating water, we were
concerned that the addition of food to treatment
tanks would result in fouling and anoxic conditions
(Arakawa and Yanai 2021). Given this concern and
reports that larval Pacific lamprey can survive for
months with little to no external food, larvae were not
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Cedar Creek flows into the Pacific Ocean (P) via the Colum-
bia River which is the border between Washington and Oregon
(OR)

fed for the duration of the experiment (Hokanson and
Koenst 1986; McGree et al. 2008; Silver et al. 2009).
Tanks were monitored daily, to remove mortalities
when observed and ensure that dissolved oxygen
remained >4 mg/L (Randall 1970; Lampman et al.
2021; Schlosser et al. 2021). After 30 days of expo-
sure to test temperatures, overall survival was deter-
mined. Live larvae were gently agitated from their
burrows by running a probe through the sediment.
When larvae emerged, they were captured and tempo-
rarily held in water from the respective test tank until
no more live larvae were present in the test tank. Any
larvae not captured at the end of the test period were
presumed to have died during the test.

To determine whether temperature influenced
survival, we assessed survival rates of larvae after
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30 days in the various test temperatures. We used a
Fisher’s exact test to compare two temperature treat-
ments at a time, sequentially, from the lowest to
highest survival rates. This resulted in nine planned
comparisons, and a Bonferroni correction (Sokal and
Rohlf 1995) was applied to the assessment. To esti-
mate the ultimate UILT, we also used survival rates
for each test temperatures (Zale 1984). Using the
ACE method, ultimate UILT is characterized as the
temperature survived by 50% of the population for the
test period (Selong et al. 2001). In our experiments,
larvae were generally burrowed and neither live nor
dead larvae were readily observed during the experi-
ment. Thus, to evaluate percent survival after 30 days
as a function of test temperature, we used a symmet-
ric sigmoidal regression

a—d
1+ <I>b
Cc
where S is percent survival, T is test tempera-
ture, and a, b, ¢, and d are regression coefficients.
The parameters of the resulting equation were used
to estimate the temperature that would result in 50%
survival of the larvae after 30 days, or the ultimate
UILT (30 days). We used an ANOVA to character-
ize and evaluate whether the total mass (measured to
the nearest 0.01 g) of larvae in various groups were
similar at the beginning of the experiment. For all
statistical comparisons (here and throughout), differ-
ences were considered significant when P <0.05 (for

the ACE experiment, adjusted to P<0.0056 when a
Bonferroni correction was applied).

S=d+

Direct acute exposure

Larvae were collected (n=80-88 per collection) on
September 15, 2016 (temperature 17.2 °C), and June
28 to July 17, 2017 (temperature 14.3-15.4 °C), for
use in four direct acute exposure (DAE) experiments
(Brett 1952; Kaya 1978; Lohr et al. 1996). These
larvae did not exhibit characteristics indicating they
were transforming to juveniles and none transformed
during these experiments. In general, each experi-
ment followed a similar protocol. Briefly, upon arrival
at the laboratory, larvae experienced two phases of
temperature profiles, an acclimation phase and a test
phase. For the acclimation phase, individual larvae

were randomly assigned and transferred to one of two
acclimation tanks (40-44 larvae/tank). For a given
experiment, we targeted acclimation temperatures
approximating either 19 °C, 19 °C, 21 °C, or 25 °C.
Tank set-up was as described for ACE experiments.
Each acclimation tank contained approximately 3 cm
(depth) of creek sand covered by approximately
15 cm (depth) of well water. The acclimation phase
lasted for 7-9 days during which larvae were fed
0.05 g salmon analog/larvae (Jolley et al. 2015) on
days 2 and 5. To maintain acclimation conditions,
well water was used (days 2 and 5 of the acclima-
tion phase) to replace any water that evaporated from
acclimation tanks. After acclimation was complete,
the test phase was initiated. A probe was used to
gently agitate individual larvae from the sand of an
acclimation tank after which they were captured, ran-
domly assigned and directly transferred to one of four
test tanks. Transfers occurred from approximately
08:30-09:30 h. Test tanks were randomly assigned
to a temperature regime approximating either 27 °C,
29 °C, 31 °C, or 33 °C. For both 19 °C acclimation
experiments and the 21 °C acclimation experiment,
each test tank received 10-11 larvae. For the 25 °C
acclimation experiment, one of the acclimation tanks
failed and each test tank received five larvae. Test
tanks were aerated but did not have sand or a pump
and, otherwise, had similar conditions to those in
acclimation tanks. During the test phase, larvae were
exposed to test temperatures and held in test condi-
tions for 168 h. Larvae were not fed during this phase
of the experiment. Survival was determined at 14
time periods (1, 2, 3, 4, 6, 8, 12, 24. 48, 72, 96, 120,
144, and 168 h). To remove mortalities and ensure
that dissolved oxygen remained >4 mg/L, all tanks
were monitored at each time interval. Specific vari-
ations among the four experiments (e.g., acclimation
temperature) can be found in Table 1.

To estimate the upper incipient lethal tempera-
ture (UILT), or temperature at which 50% of the lar-
vae from a given acclimation temperature survived
the 7-day test period, we used two approaches. The
most common approach analyzes the time to death
(Brett 1952, Beitinger and Bennett 2000). Briefly,
the analysis involved two steps. Initially, a sym-
metric sigmoidal regression (see Eq. 1) was used to
evaluate the percent survival as a function of time
in each test temperature. Based on the parameters
of the regression equations, we estimated the time
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Table 1 Summary of
four direct acute exposure
(DAE) experiments. For

each experiment, larval 1 2016
Pacific lampreys were

acclimated to a given

temperature for 7-9 days

then placed in one of four

test temperature trials. 2 2017
Survival indicates the

percent of larvae that were

alive after 168 h in a test

temperature trial. LT50 is

the estimated time to which 3 2017
50% of the larvae survived

in a test temperature trial.

For trials where survival

was 100%, LT50 could not

be estimated (-) 4 2017

4Actual mean temperature
during the acclimation and
test periods

Experiment Year Acclimation tem- Test tempera-  Survival (%) LT50 (h)
perature (°C)* ture (°C)*
27.1 100 -
29.2 0 70.2
30.6 0 4.5
32.6 0 1.0
26.4 100 -
29.0 0 43.1
31.1 0 32
334 0 0.5
26.3 100 -
29.3 0 80.5
30.6 0 6.7
33.1 0 1.0
26.6 100 -
29.1 100 -
31.3 0 9.8
334 0 1.0

to which 50% of the larvae survived (LT50). For
a given acclimation temperature, an exponential
decay regression was then used to evaluate LT50
as a function of test temperature. The parameters
of this regression equation were used to determine
the UILT. As a complementary approach, we also
analyzed percent mortality after 168 h. In our study,
after 168 h in the five test temperatures, percent
survival of each treatment was either 0% or 100%,
with no intermediate survival values. Thus, to esti-
mate the UILT using this approach, we averaged the
warmest test temperature resulting in 100% survival
with the coolest test temperature resulting in 0%
survival. We used the UILT values to estimate the
ultimate UILT (7 days) from each approach. Using
the DAE method, ultimate UILT is commonly char-
acterized by UILT values that no longer increase
with increasing acclimation temperatures (Fry et al.
1946; Brett 1952; Beitinger and Bennett 2000) or
the maximum temperature to which lamprey can be
acclimated (Reynolds and Casterlin 1979). Thus, we
plotted UILT values against acclimation tempera-
ture and attempted to estimate the ultimate UILT
(7 days) as the temperature where UILT values
reached a plateau (Fry 1971; Elliot 1981; Jobling
1981). We used an ANOVA to characterize and
evaluate whether the total mass of larvae in various
groups were similar.

@ Springer

Burrowing

Once survival was determined in ACE experiments,
larvae from treatments 21A, 21B, 27A, and 27B were
returned to their respective treatment tank. After
8 days of recovery from capture, these larvae were
then used to evaluate burrowing behavior (Quintella
et al. 2007; Dawson et al. 2015). Burrowing behavior
was assessed over a period of 2 days (20 larvae/day).
Larvae from each treatment were evaluated each day.
Treatment tanks were randomly selected (e.g., larvae
from 21A and 27B were evaluated on the first day of
the trials). The order in which treatments were evalu-
ated was also randomized (e.g., a larva from 21A was
used in the first trial) and paired (e.g., a larva from
27B was evaluated in the second trial). Equal num-
bers of larvae from each treatment temperature were
evaluated each day. Larvae were tested individually.
Trials were conducted in two tanks (BT21 and BT27)
that were the same temperature and dimensions as
the corresponding treatment tanks. Tank set-up was
as described for ACE experiments except that both
tanks contained approximately 15 cm (depth) of sand
from the Columbia River covered by approximately
10 cm (depth) of well water from the Vancouver
Trout Hatchery. Trials were conducted from 07:00 to
13:00 h each day. During trials, temperature and dis-
solved oxygen in BT21 ranged from 21.3 to 22.3 °C
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and 6.05-7.06 mg/L, whereas temperature and dis-
solved oxygen in BT27 ranged from 26.7 to 28.3 °C
and 5.20-5.40 mg/L.

To conduct a trial, a larva was gently agitated from
the sand of a treatment tank, captured, and placed in
a dark, covered, cylindrical container (approximately
75 mm in diameter) that contained approximately
150 mL of water from the corresponding burrowing
tank. The larva was held in these conditions for 4 min
then transferred to the respective burrowing tank
through a 15-x100-mm (diameter X length) plastic
tube. To ensure that a larva would not encounter the
tank wall once they started burrowing, the larva was
guided through the tube into a bottomless, perforated,
16 1x2 wx20 h cm acrylic chamber located in the
center of the burrowing tank. Once a larva touched
the substrate, burrowing behavior was evaluated for
up to 10 min or until the larva was completely bur-
rowed. Each burrowing trial was recorded on video
from which, total time, active time, inactive time,
and the number of stops during burrowing were
documented.

To determine whether temperatures influenced
burrowing behavior, we compared the proportion
of larvae from each treatment that burrowed within
10 min as well as total time, active time, inactive time,
and number of stops (no. of times a larva was inactive
for> 1 s) while burrowing (Dawson et al. 2015). Fish-
er’s exact test was used to compare the proportion
of larvae that burrowed. Larvae that did not burrow
(n=1) were excluded from further analysis. The other
four metrics were compared using a Mann—Whitney
U-test. Initially, we compared replicate treatments
(e.g., 21A to 21B). Since replicate treatments did not
exhibit differences in any of the metrics, results from
each replicate were pooled. Subsequent analysis com-
pared all larvae from 21 °C to those from 27 °C treat-
ment groups. We used Student’s #-test to characterize
and evaluate whether the total mass of larvae in the
two treatment groups were similar at the end of the
burrowing trials.

Results
Acclimated chronic exposure

Once acclimated, actual mean temperatures during
continuous exposure for 30 days in the 21 °C, 24 °C,

27 °C, 30 °C, and 33 °C treatment replicates were
22.3 °C and 23.9 °C, 23.9 °C and 24.1 °C, 26.9 °C
and 27.7 °C, 30.7 °C and 31.1 °C, and 32.5 °C and
33.7 °C, respectively (Fig. 2). After 30 days of expo-
sure, 100% of the larvae survived in the 21 °C, 24 °C,
and 27 °C treatments, whereas 0% of the larvae sur-
vived in the 30 °C and 33 °C treatments. The survival
rate (100%) of the 27 °C treatment was significantly
higher than the survival rate (0%) of the 30 °C treat-
ment (Fisher’s exact test, df=1, P<0.001). The
ultimate UILT (30 d) was estimated to be 29.2 °C.
The total mass of larvae placed in ACE treat-
ments ranged from 0.44 to -3.20 g and was not sig-
nificantly different between the 21 °C (mean=1.04,
95% CI=0.15), 24 °C (mean=1.43, 95% CI=0.21),
27 °C (mean=1.24, 95% CI=0.21), 30 °C
(mean=1.33, 95% CI=0.27), or 33 °C (mean=1.27,
95% CI=0.30) treatment groups (ANOVA, df=4,
P=0.212).

Direct acute exposure

The DAE experiments included four acclimation
temperature experiments with actual mean tem-
peratures ranging from 18.5 to 23.3 °C (Table 1).
Each acclimation experiment included acute expo-
sure to four test temperatures trials. Actual mean
test temperatures ranged from 26.3 to 33.4 °C.
After acclimation, all larvae survived for 168 h
in test temperatures up to 27.1 °C. After acclima-
tion to 23.3 °C, all larvae also survived for 168 h
in a 29.1 °C test temperature. Survival exhibited a
positive relationship to acclimation temperature,
a negative relationship to test temperature (see
Fig. 3 for example), and LT50 estimates ranged
from 1.0-80.5 h. Using the time to death approach,
the UILT estimates (see Fig. 4 for example) were
positively related to acclimation temperature and
ranged from 27.5 to 28.3 °C. After acclimation to
23.3 °C, only two LT50 values could be generated
and the time to death approach could not be used
to estimate the UILT. Using the percent mortality
approach, the UILT estimates were also positively
related to acclimation temperature and ranged from
27.7 to 30.2 °C. Overall, neither the time to death
nor percent mortality approach yielded a plateau in
UILT in relation to increasing acclimation tempera-
ture. Thus, we could not estimate a specific ultimate
UILT (7 days). However, since UILT continued to
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Fig. 2 Temperatures to which larval Pacific lamprey were
exposed during the Acclimated chronic exposure experiment.
The acclimation phase occurred from—20 to 0 day in the
experiment. The treatment phase occurred from 0 to 30 day in
the experiment. Final treatment temperatures were designed
to be 21 °C, 24 °C, 27 °C, 30 °C, and 33 °C. Each treatment

was duplicated (indicated by open and closed circles). For the
treatment duplicates, actual mean treatment temperatures were
22.3 °C and 23.9 °C (line), 23.9 °C and 24.1 °C (dotted line),
26.9 °C and 27.7 °C (dashed line), 30.7 °C and 31.1 °C (dash-
dash-dotted line), and 32.5 °C and 33.7 °C (dash-dot-dashed
line), respectively
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Fig. 3 Survival curves from a direct acute exposure experi-
ment. In this example, larvae were acclimated to 18.5 °C. A
sigmoidal regression was used to estimate the LT50 as 43.1 h,
3.2 h, and 0.5 h in the 29.0 °C (dashed line, triangle), 31.1 °C
(dash-dotted line, square), and 33.4 °C (dotted, diamond) test

increase with acclimation temperature, we were able
to use both the time to death and percent mortal-
ity approach to estimate an ultimate UILT (7 days)
of at least 28.3 °C and 30.2 °C, respectively. The
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temperatures, respectively. All larvae survived in the 26.4 °C
(solid line, circle) test temperature, and LT50 was not esti-
mated. Survival was evaluated for 168 h. There were no
changes in survival from 96 to 168 h (not shown)

total mass of larvae used in DAE trials ranged from
0.40 to 4.70 g. For a given acclimation temperature,
larvae were randomly assigned to and statistically
similar in size in each test group. For example, the
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Fig. 4 Time to death 72 -
estimate of the upper

incipient lethal temperature

(UILT) from a direct acute

exposure experiment. In

this example, larvae were 48 -
acclimated to 18.5 °C.
The data (diamond) were
analyzed with a decaying
exponential regression
(line) and the resulting 24 -
equation (UILT =(log e

(LT50/1.01))/(—2e'*)

used to estimate the UILT

as 27.5 °C. The 95%

LT50 (h)

confidence interval around 0
that estimate (dashed lines) 28
ranged from 27.0 to 27.8 °C

mean total mass of larvae in the four test groups of
the 19.8 °C acclimation trial were similar (ANOVA,
df=3, P=0.665).

Burrowing

After the completion of the 30-day ACE experi-
ments, we evaluated the burrowing behavior of larvae
from the 21 °C and 27 °C treatment groups. During
the 30-day ACE experiments, actual mean tempera-
tures in the 21 °C treatment replicates were 22.3 °C
and 23.9 °C, while actual mean temperatures in the
27 °C treatment replicates were 26.9 °C and 27.7 °C.
The proportion of larvae that burrowed was simi-
lar in the 21 °C (0.95) and 27 °C (1.00) treatment
groups (Fisher’s exact test, P=1.00). Total time to
burrow (Fig. 5a) was significantly greater for larvae
from the 27 °C treatment groups (67 s) than for those
from the 21 °C treatment groups (16 s) (Mann—Whit-
ney U-test, U=108, P=0.012). Active time during
burrowing (Fig. 5b) was not different between lar-
vae from the 27 °C treatment group (51 s) and the
21 °C treatment group (14 s) (Mann—Whitney U-test,
U=132, P=0.066). Inactive time during burrowing
(Fig. 5¢) was significantly greater for larvae from the
27 °C treatment group (26 s) than for those from the
21 °C treatment group (2 s) (Mann—Whitney U-test,
U=80, P=0.001). The number of stops during bur-
rowing (Fig. 5d) was also significantly greater for lar-
vae from the 27 °C treatment group (3) than for those
from the 21 °C treatment group (1) (Mann—Whitney
U-test, U=69, P<0.001). The total mass of larvae

Test temperature (°C)

in the burrowing trials ranged from 0.47 to 2.48 g
and was not significantly different between the 21 °C
(mean=1.21, 95% CI=0.19) and 27 °C (mean=1.16,
95% CI=0.26) treatment groups (Student’s t-test,
df=18, P=0.779).

Discussion

Larval Pacific lamprey were clearly able to tolerate
temperatures warmer than 27 °C for extended periods
and may be able to tolerate temperatures exceeding
30 °C for at least seven days. Several lines of evi-
dence support this claim. After a gradual acclimation,
all larvae were able to survive for 30 days, without
exogenous food, in constant temperatures averag-
ing as high as 27.7 °C. All larvae were also able to
survive a constant temperature of 27.1 °C for seven
days after being directly transferred from 19.8 °C.
In addition, similar to studies on other species (e.g.,
Potter and Beamish 1975; Arakawa and Yanai 2021),
the maximum temperature larvae that were able to
tolerate were positively related to the temperature in
which they were rearing. When acclimation tempera-
ture was 23.3 °C, all larvae in this study were able to
survive for seven days after a direct transfer to a con-
stant temperature of 29.1 °C. Furthermore, the maxi-
mum UILT (seven days) estimated from these experi-
ments was 30.2 °C. In general, within the range that
larval Pacific lampreys exist naturally (Orlov et al.
2008), these temperatures are similar to or exceed the
instantaneous daily maximum temperatures that the
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Fig. 5 Burrowing behavior 250 1
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warmest streams may approach (USGS 2022a). Given
that most streams exhibit a circadian pattern of tem-
perature, it is also informative to consider daily heat
units (Allard et al. 2017). Since the test temperatures
in this study were held constant, the maximum daily
heat units, expressed as degree-days (UC 2014), that
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21 27
Test temperature (°C)

larvae were able to tolerate for at least seven consecu-
tive days ranged from 27.7 to 29.1 °C. This number
of daily heat units is also similar to or exceeds the
maximum number of daily heat units larval Pacific
lamprey would likely experience naturally. For exam-
ple, it is not uncommon for most of the warmest
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streams where larvae rear to reach maximum temper-
atures that, currently, have a daily cycle ranging from
approximately 25 to 30 °C. In this example, the num-
ber of daily heat units these larvae would experience
approximates 27.5. This value is essentially equiva-
lent to the daily heat units tolerated by larvae reared
in this experiment at 27.7 °C and 5% lower than the
daily heat units tolerated by larvae reared at 29.1 °C.
Thus, the temperature larval Pacific lampreys that
were able to tolerate appear to align well with what
they experience naturally. To our knowledge, this is
the first documentation of the maximum temperatures
that larval Pacific lamprey can tolerate.

The temperature larval Pacific lampreys that were
able to tolerate might be expected when considered
from an evolutionary perspective. Although they may
tend to remain in relatively large geographic regions
(Hess et al. 2020), Pacific lamprey do not necessar-
ily home to their natal stream (Goodman et al. 2008;
Spice et al. 2012), and the geographical range of the
interbreeding population is relatively expansive. The
range in which Pacific lamprey exist is such that some
larvae in the population likely experience maximum
temperatures each year that reach or exceed 25 to
30 °C. While the heritability of heat tolerance in gen-
eral is poorly understood (Beyer et al. 2011), there
is some evidence that it may party heritable in fish
(Beacham and Withler 1991). If the ability of larvae
to tolerate heat is a heritable trait in Pacific lamprey,
then it is reasonable to speculate that the warmest
temperature larvae that can tolerate may reflect an
adaptation to the warmest areas in the entirety of the
population’s distribution.

The effects of temperature and oxygen availability
are difficult to differentiate in many aquatic organ-
isms. Water temperature is inversely related to dis-
solved oxygen levels and may often be limiting to
fish as a function of reduced oxygen (Jonsson and
Jonsson 2009). The life history of Pacific lamprey
is such that larvae are often burrowed and seden-
tary, not swimming or actively holding position in
the water column. If similar to other lamprey species
(Manwell 1963; Bird et al. 1976), the larval blood
of Pacific lamprey is likely to have a relatively high
affinity for oxygen. The combination of their behav-
ior and likely physiology would allow larval Pacific
lamprey to require relatively low amounts of oxygen
and be able to exist in hypoxic conditions for several
hours (Lampman et al. 2021). This is a significant

contrast to many potentially sympatric (Sloat and
Reeves, 2014) or even inactive (Hill and Potter 1970;
Morgan and Iwama 1998) teleosts. At water tem-
peratures near 30 °C, it is not uncommon for streams
where Pacific lamprey exist to have dissolved oxygen
levels in the range of 5-6 mg/L (USGS 2022b), with
streams <30 °C often having dissolved oxygen lev-
els >8-10 mg/L (USGS 2022c¢). In part, larval Pacific
lamprey may be able to tolerate relatively warm tem-
peratures because oxygen does not become a limiting
factor.

An ultimate UILT near 30 °C may be a common
characteristic of many lamprey species. The ultimate
UILT is typically defined as the maximum tempera-
ture to which a species can be acclimated (Fry et al.
1946; Brett 1952). The ultimate UILT estimated
for larval Pacific lamprey in this study was at least
29.2 °C and possibly greater than 30.2 °C. This was
evidenced both the ACE and DAE experiments,
which complemented each other well. Since sur-
vival continued to increase with the increasing accli-
mation temperatures used in the DAE experiment,
unfortunately, we were not able to definitively deter-
mine the maximum acclimation temperature above
which survival would not improve. Nonetheless, the
minimum values we estimated for larval Pacific lam-
prey are consistent with those reported for larvae of
other lamprey species. For example, the estimated
ultimate UILTs for larval sea lamprey, Petromyzon
marinus, and European brook lamprey, Lampetra
planeri (Potter and Beamish 1975), as well as Euro-
pean river lamprey, Lampetra fluviatilis (Golovanov
et al. 2019; Smirnov et al. 2020), and Arctic lam-
prey, Lethenteron camtschaticum (Arakawa and Yanai
2021), range from 28 to 34.5 °C. Similarly, the ulti-
mate UILT for pouched lamprey, Geotria australis,
from the southern hemisphere has been estimated to
be 28.3 °C (Macey and Potter 1978). Although the
optimal or preferred temperature for larval lampreys
may be significantly lower than their ultimate UILT
(Holmes and Lin 1994), there are few to no reports of
an ultimate UILT for larval lampreys that is less than
28 °C. Our description of the ultimate UILT for larval
Pacific lamprey adds to the limited reports for other
species and supports the notion that this characteris-
tic may be relatively common and possibly conserved
among all extant lampreys.

Although not lethal, relatively warm temperatures
may have sublethal impacts on larval Pacific lamprey.
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In this experiment, larvae reared near 27 °C took
longer to burrow, resting more often and for longer
periods, than those reared near 21 °C. The specific
relationship between temperature and the burrow-
ing behavior of larval lampreys has not been well
explored. However, other studies have shown that
temperature can influence the behavior of larval lam-
preys. At temperatures exceeding 20 °C, Malmqvist
and Bronmark (1982) found a negative effect on the
filtration rate of small (<2 g) larval European brook
lamprey. In larval sea lamprey, Derosier et al. (2007)
reported greater dispersal at relatively high tempera-
tures as well as suppressed burrowing or reduced
movement at relatively cold temperatures. Also, in
sea lamprey, Reynolds and Casterlin (1979) found
that larvae behaviorally thermoregulated by prefer-
ring temperatures between 13 and 14 °C. It has also
been demonstrated that stressors can influence the
burrowing behavior of larval lampreys. For example,
similar to the burrowing response we observed, Daw-
son et al. (2015) reported that tagged sea lamprey
larvae took more total time to burrow than untagged
larvae. In addition, our finding is consistent with
reports that temperature influences burrowing behav-
ior in other aquatic species (Ouellette et al. 2004;
Block et al. 2013). Burrowing is often considered
one of the most energetically demanding forms of
movement in aquatic organisms (Dorgan et al. 2011).
The active metabolic rate in larval sea lamprey peaks
near 21 °C and is reduced at 27 °C (Holmes and Lin
1994). If the physiology of larval Pacific lamprey is
similar, those reared near 21 °C may have had the
capacity to be more active and burrow more quickly
than those reared near 27 °C. Interestingly, regardless
of temperature, larval Pacific lamprey in this experi-
ment had similar active times while burrowing. This
is consistent with previous studies on larval lampreys
which found that high temperatures do not influence
all behaviors nor do stressors influence all aspects
of burrowing. For example, temperatures exceeding
20 °C did not affect the filtration rate of relatively
large brook lamprey larvae (Malmqvist and Bron-
mark 1982). In addition, the stress from being tagged
did not cause the larvae studied by Dawson et al.
(2015) to rest more during burrowing than untagged
larvae. Thus, the sublethal effects of high tempera-
ture on larval burrowing behavior appear to be com-
plex and the ultimate impact to the larvae is unclear.
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While this study provides useful information
toward understanding how larval Pacific lamprey
respond to relatively warm temperatures, it is impor-
tant to recognize its limitations. Although clinical
trials have been used and can be important to under-
standing the basic biology of an organism (Piantadosi
2017), this study was conducted in a laboratory rather
than the natural environment. In addition, following
standard clinical procedures (Brett 1952; Selong et al.
2001), the temperatures we used were relatively con-
stant and did not fluctuate daily as they would in a
natural environment. In a natural environment, larval
lampreys may have alternative approaches to cop-
ing with warm temperatures (Reynolds and Caster-
lin 1979). Furthermore, although the interbreeding
population of Pacific lamprey (Spice et al. 2012)
has an expansive range that includes many climates,
there may be stream-specific differences in the lar-
val response to temperature. Finally, since we evalu-
ated larvae longer than 60 mm and collected from
one stream, they may not be representative of all
Pacific lamprey. A thorough understanding of how
larval Pacific lamprey respond to warm temperatures
requires further investigation.

Larval Pacific lamprey may be resilient to the
temperature shifts predicted to occur as a result of
climate change. Given the current models associ-
ated with climate change (Wu et al. 2012; Wuebbles
et al. 2017), it appears that most streams in which lar-
val Pacific lampreys exist are unlikely to experience
temperatures exceeding 27 to 31 °C (USGS 2022a).
In addition, these streams are unlikely to reach maxi-
mum temperatures for longer than 14 to 21 days. In
this study, larvae were clearly able to tolerate tem-
peratures exceeding 27 °C, for periods up to 30 days.
Since Pacific lamprey may spend as much as 85% of
their life as larvae in freshwater (Clemens et al. 2010;
Hardisty 2013), this may be one of the most impor-
tant life stages when assessing the overall resiliency
of the species to climate change. Being able to toler-
ate a broad range of climactic conditions, including
temperatures, is consistent with a 350-million-year
evolutionary history (Docker et al. 2015). Alterna-
tively, if the high increase scenarios predicted by
some climate models occur (e.g., stream tempera-
tures increasing 5 °C), larval Pacific lamprey may be
vulnerable to the maximum temperatures that would
occur (e.g.>30 °C). In addition, for the species as a
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whole, it is unclear if warm temperatures at specific
times during their development may be limiting to
non-larval life stages (e.g., Meeuwig et al. 2005). Fur-
thermore, larvae may be vulnerable to climate-driven
changes other than temperature, such as hydrologic
conditions (Wang et al. 2021). Finally, models may
be underpredicting the increase in temperature that
will result from climate change. Nonetheless, efforts
to conserve Pacific lamprey would benefit from con-
sidering information specific to the species and not
relying on information for other, sympatric species,
which may have different thermal tolerance abilities
(Wade et al. 2013).
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