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Simple Summary: Climate models suggest that by the year 2100, maximum stream tem-
peratures may approach 27–31 ◦C in areas where larval Pacific lampreys currently rear.
Whether larval Pacific lampreys in natural environments can tolerate these temperatures
is unknown. We combined laboratory studies with field surveys to evaluate whether
larvae in natural conditions have this ability. In a laboratory setting, some larvae were
able to survive days when the maximum temperature reached 33.6 ◦C. The results also
indicated that most larvae may be able to tolerate days when maximum temperatures reach
30.8–32.0 ◦C. During three years of field surveys, we observed larvae in warm areas where
maximum temperatures during the day ranged from 27.7 to 33.9 ◦C. Our ability to find
larvae in areas that were warm, and at times when they were warm, was similar to our
ability to find larvae in areas that were relatively cool and at times when areas were not
warm. These findings suggest larval Pacific lampreys in natural environments may be
resilient to climate warming. However, it is unclear whether warming temperatures may
harm larval Pacific lampreys without causing them to die.

Abstract: In many areas where larval Pacific lampreys currently rear, maximum stream
temperatures may approach 27–31 ◦C during the next 75 years. Whether larval Pacific
lampreys in natural conditions can tolerate these temperatures is unknown. To evaluate this
ability, we conducted Direct Acute Exposure (DAE) experiments using simulated natural
daily temperature (SNT) cycles in the laboratory and occupancy surveys in the Umatilla
River (river). When evaluated relative to daily maximum temperatures, after seven days
in DAE experiments, 78–100% of larvae survived in 29.1 ◦C, only larvae acclimated to
26.8 ◦C survived in 31.0 ◦C, and no larvae survived in 33.6 ◦C. Based on daily maxi-
mum temperatures, the ultimate upper incipient lethal temperature was estimated to be
>30.8 ◦C using a time to death analysis and >32.0 ◦C using a percent mortality analysis.
Some larvae acclimated to 31.0 ◦C were also able to survive four consecutive days with a
daily maximum temperature of 33.6 ◦C. In 2018–2020, warm areas of the river experienced
maximum temperatures in July and August that ranged from 27.7 to 33.9 ◦C, while cool
areas experienced maximum temperatures <27.7 ◦C. Before, during and after the period
of maximum temperatures each year, larvae occupied both areas. Detection probabilities
ranged from 0.83 to 1.00 and were similar for each area and for all survey periods. This
work suggests that ectothermic, larval Pacific lampreys in natural environments may be
resilient to the water temperatures that are likely to result from climate warming. It is
unclear whether relatively high but sublethal temperatures may impact the behavior, and
ultimately survival, of larval Pacific lampreys.
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1. Introduction
For more than three decades, the climate across the globe has been warming at an

unusual rate [1–3]. Predictions associated with a warming climate include further increases
in air temperatures [4]. Although various models exist, each with some degree of un-
certainty, it is commonly suggested that global air temperatures in 2100 may be 1–5 ◦C
higher than those from 1900 to 1960 [3,5,6]. Stream temperatures, partly as a function of air
temperatures, are a component of climate warming and also predicted to increase during
this period [7,8]. Models predicting changes to stream temperatures exist, are variable, and
can be significantly impacted by local or regional climatic conditions as well as specific
stream conditions [9,10]. However, in general, predictions of warming stream temperatures
are often similar to predictions of warming air temperatures. For example, in the western
USA, it is commonly suggested that stream temperatures may also increase 1–2 ◦C, and
perhaps as much as 5 ◦C, by 2080 [9,11,12]. Although of significant concern [13], how
deleterious a warming climate may be to aquatic ecosystems and the ectothermic species
within remains unclear.

A member of the primitive Agnathans, the holarctic lamprey genera evolved over
450 million years ago, with much of the modern lamprey diversity appearing in the past
20 million years [14]. Lampreys are obligate ectotherms and are directly influenced by
ambient water temperature. On a global scale, temperature appears to be a significant
environmental variable associated with the distribution of lamprey [15]. Pacific lampreys
(Entosphenus tridentatus) are native to the north Pacific Ocean and historically ranged
throughout the Pacific Rim from Japan to Mexico. They are an anadromous and parasitic
species. As such, spawning, embryo incubation, and hatching all occur in freshwater. The
larval form appears to be the longest developmental stage in Pacific lamprey, lasting for
2–12 years before a metamorphosis to juveniles and migration to the ocean [16]. During the
larval stage, the Pacific lamprey can be found distributed from spawning areas (often in 2nd
or 3rd order tributaries) downstream to the boundary between a river basin (sometimes
5th or 6th order streams) and seawater [17,18]. These areas can include coastal streams in a
temperate rainforest to high desert streams that are 500–1000 km inland. Thus, the Pacific
lamprey can experience a wide range of temperature during its larval stage.

The status of the Pacific lamprey is a conservation concern. The International Union
for Conservation of Nature (IUCN) currently lists the Pacific lamprey as a species that
is severely fragmented with a decreasing population trend [19]. In the USA, the Pacific
lamprey was petitioned for listing under the USA’s Endangered Species Act [20] and are
currently managed, in part, under a Conservation Agreement between numerous natural
resource agencies [21]. Various threats have been associated with a diminished status
of Pacific lamprey [19,21–23], including climate warming which has recently received
substantial attention [24–27]. A warming climate may impact numerous life stages of the
Pacific lamprey (e.g., [27,28]) as well as the availability and distribution of their prey [22].
Given that the Pacific lamprey likely exists as larva for the majority of its life history, and
the relative diversity of environments in which larvae rear, the greatest impact of climate
warming may be to this developmental stage.

Larval lamprey from a variety of species can exhibit the ability to tolerate relatively
high water temperatures. For example, laboratory experiments have indicated that the
larvae of Arctic lamprey (Lethenteron camtschaticum), Sea lamprey (Petromyzon marinus),
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northern brook lamprey (Ichthyomyzon fossor), American brook lamprey (Lethenteron ap-
pendix), and European brook lamprey (Lampetra planeri) can tolerate water temperatures
near 27.0–31.0 ◦C (e.g., [29,30]). Although information on the ability of larval Pacific
Lampreys to tolerate warm water is relatively limited, recent laboratory investigations
suggested their ultimate upper incipient lethal temperature (UUILT) is at least 29.2 ◦C and
may exceed 30.2 ◦C [31]. This laboratory study also found that water temperatures near
27–28 ◦C may have sublethal impacts on behaviors such as burrowing. However, limited
information is available regarding the manner in which warming water temperatures will
affect lamprey in natural environments. It has been suggested that climate warming may be
a benefit [32] or a detriment [26] to various lamprey species. Arakawa et al. [33] presented
evidence supporting the postulate that climate change has influenced the ecology (specif-
ically distribution) of Arctic lamprey, possibly due to rising seawater temperatures [34].
Specific to larval Pacific lamprey, Reid and Goodman [12] found it was distributed in areas
of Southern California where modeled mean August temperatures ranged from 10.3 to
25.9 ◦C and areas of Northern California where actual water temperatures ranged from 18.5
to 32.6 ◦C. Overall, the impact that a warming climate will ultimately have on the status of
ectothermic Pacific lampreys is uncertain [35].

Many of the areas where the Pacific lamprey rears naturally (e.g., [36]) are currently
experiencing maximum water temperatures near 26.0 ◦C [37]. Given predictions that within
the next 50 years air and water temperatures may rise 1–5 ◦C [11], temperatures in areas
where some Pacific lampreys exist now may exceed the lethal limit for larvae. Thus, the
goal of this investigation was to evaluate the ability of larval Pacific lamprey, an ectothermic
species, to tolerate water temperatures that may result from climate warming. To understand
more definitively how larval Pacific lampreys may respond to increasing water temperatures,
additional studies where they experience relatively high temperatures in natural conditions
are needed. This investigation had four specific objectives. Objective 1 was to determine the
maximum temperature larval Pacific lampreys can tolerate during a diel cycle. We addressed
this objective using SNT cycles in laboratory conditions. We used controlled experiments to
evaluate the ultimate upper incipient lethal temperature and trials that were not controlled
rigorously to explore the maximum temperature tolerance ability of larvae. Objective 2 was
to determine whether larval Pacific lampreys can occupy streams where water temperatures
exceeded 27.7 ◦C. Objective 3 was to determine whether the ability to detect larvae in natural
areas where temperatures exceed 27.7 ◦C is similar to that in areas where temperatures do
not exceed 27.7 ◦C. Objective 4 was to determine whether burrowing into the substrate may
provide larvae refuge from temperatures exceeding 27.7 ◦C.

2. Materials and Methods
2.1. Laboratory Animals

In 2018, larval Pacific lampreys were collected from Cedar Creek (Washington, DC,
USA, 45.93573◦ N, −122.61902◦ W). Larvae were captured by electrofishing [38], using a
3 pulse/s current to cause them to leave their burrows [39], after which they were netted 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, Sigma-Aldrich, St. Louis,
MO, USA) and measured (total length, mm). Both Pacific lamprey (Entosphenus tridentatus)
and western brook lamprey (Lampetra richardsoni) occupy Cedar Creek. Larvae longer than
60 mm were identified to genus using caudal characteristics [40]. In total, four events
resulted in 120 larval Pacific lampreys being collected and retained for the study (median
total length (TL) of larvae during each collection event ranged from 75 to 83 mm; overall
range in TL was 61–119 mm). Experimental larvae were transported to a laboratory in
aerated coolers. Transit was approximately 45 min.
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2.2. Direct Acute Exposure Evaluations

Four, Direct Acute Exposure (DAE) experiments [31,41,42] were conducted in 2018.
Larvae were collected (n = 24–40 per collection) on 15 June, 7 August, 15 August and
22 August. These dates were chosen in an attempt to match stream temperatures to
laboratory acclimation temperatures as closely as possible. Water temperature (henceforth
temperature) in Cedar Creek during the collection events ranged from 14.5 to 19.4 ◦C. In
general, with minor modifications, each experiment followed a similar protocol as well
as used the tank set-up described by Whitesel & Uh [31]. Briefly, each tank contained
well water from the Vancouver Trout Hatchery and, during the course of the experiments,
was held with a dissolved oxygen range of 4.8–9.1 mg/L and under a simulated natural
photoperiod of artificial light. The modifications were as follows: for the acclimation
phase of each experiment, individual larvae were randomly assigned and transferred to
one of two acclimation tanks (12–20 larvae/tank). For a given experiment, we targeted
constant acclimation temperatures of 19 ◦C, 23 ◦C, 25 ◦C, or 27 ◦C. Although the length of
acclimation may influence survival in subsequent tests, the acclimation phase used in this
study lasted for 7 d, a common period for DAE experiments [30,31,41]. Once acclimation
was complete, a probe was used to agitate larvae from the substrate of an acclimation
tank after which they were captured and directly transferred to one of four test tanks
(randomly assigned). For each of the four experiments (acclimation temperatures), either
three or four (of five possible) temperature regimes were randomly assigned to test tanks.
Test temperatures were designed to simulate a natural, diel cycle that would be likely in
streams from the Pacific Northwest of the USA [43]. Simulated natural daily temperature
cycles were achieved using five submersible heaters, each controlled by a timer and set to
a different temperature. For a given test tank, the minimum temperature occurred near
08:00 H and was targeted to be approximately 6 ◦C colder than the maximum temperature,
which occurred near 16:00 H. The pattern of daily temperature generally conformed to the
shape of a sine wave with maximum temperatures that targeted either 21 ◦C, 27 ◦C, 29 ◦C,
31 ◦C, or 33 ◦C. In the 19 ◦C acclimation experiment, we placed 9–10 larvae into an SNT
cycle that was designed to peak near 27 ◦C, 29 ◦C, 31 ◦C, or 33 ◦C. In the 23 ◦C acclimation
experiment, we placed 6–7 larvae into an SNT cycle that was designed to peak near 27 ◦C,
29 ◦C, or 31 ◦C. In the 25 ◦C acclimation experiment, we placed 6–8 larvae into an SNT cycle
that was designed to peak near 29 ◦C, 31 ◦C, or 33 ◦C. In the 27 ◦C acclimation experiment,
we placed 8 larvae into an SNT cycle that was designed to peak near 21 ◦C, 29 ◦C, or
31 ◦C and four larvae into an SNT cycle that was designed to peak near 33 ◦C. During
the test phase, larvae were exposed to test temperatures and held for 168 h. 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.

We estimated the upper incipient lethal daily maximum temperature (UILTDM), or
daily maximum temperature at which 50% of the larvae from a given acclimation tem-
perature survived the 7 d test period. We used an approach based on a constant test
temperature [41,44] in which the time to death (TTD) is analyzed to estimate the upper
incipient lethal temperature (UILT). Briefly, our analysis involved two steps. Initially, a
symmetric sigmoidal regression (Equation (1)),

S = d +
a − d

1 +
(

T
c

)b (1)

where S = percent survival, T = the maximum daily temperature, and a, b, c, and
d = regression coefficients, was used to evaluate the percent survival as a function of
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time in each test SNT cycle. In many cases, 100% of the larvae survived the entire test
period. Whitesel & Uh [31] found that when larvae could not survive a given temperature,
100% generally perished within 7 d and that when larvae could survive a warm temperature
(e.g., 27 ◦C), they did so for up to 30 d. Thus, for the purpose of the regression, if mortality
in a given SNT cycle test did not reach 50% after 7 d (e.g., was 100%), we assumed 50% of
the larvae would have survived for at least 14 d (2× the length of the test period). Based on
the parameters of the regression equations, we then estimated the time to which 50% of the
larvae survived (LT50). For a given acclimation temperature, an exponential decay regres-
sion was then used to evaluate LT50 as a function of test temperature. The parameters of
this regression equation were used to calculate the UILTDM. As a complementary approach,
we also analyzed percent mortality (PM) after 168 h (7 d) [31]. In our study, after 168 h in
the test temperatures, percent survival of each treatment had trials that exceeded and fell
below 50%. Thus, to estimate the UILTDM for each acclimation temperature, we also used
a symmetric sigmoidal regression to evaluate percent survival as a function of the SNT
cycle test temperature. The resulting equation allowed us to calculate the maximum daily
temperature at which 50% of the larvae would have been expected to survive. We used the
UILTDM values in an attempt to estimate the ultimate UILTDM from each approach. The
UUILT is commonly characterized by UILT values that no longer increase with increasing
acclimation temperatures [41,44,45] or the maximum temperature to which lamprey can be
acclimated [46]. Thus, we attempted to estimate the UUILTDM (7 d) by plotting UILTDM

values against acclimation temperature and examining whether there was a temperature
where UILTDM values appeared to reach a plateau [47–49]. To assist with this process,
we regressed UILTDM values on acclimation temperatures, calculated the coefficient of
determination (R2), and evaluated the significance of the relationship. We also determined
whether the slopes of the TTD and PM analyses had overlapping 95% confidence intervals.

2.3. Maximum Ability Evaluations

Once the final DAE experiment (27 ◦C acclimation) was complete and we had deter-
mined that larvae could survive for 7 d in the 31 ◦C test, we then evaluated whether they
could survive additional time of daily maximum temperatures near 31 ◦C. Larvae from
the 21 ◦C (n = 8) and 31 ◦C (n = 8) tests of the 27 ◦C acclimation experiment were returned
to their respective test tanks. As in the DAE experiments, we continued to evaluate their
survival on a daily basis. Larvae in the 21 ◦C test tanks essentially served as an experimen-
tal control. After 14 d in these conditions with no mortality, to evaluate whether larvae in
the 31 ◦C test tank could survive daily cycles with maximum a temperature near 32 ◦C,
we transferred one larva from the 31 ◦C test tank to a 32 ◦C test tank. The 32 ◦C test tank
had an SNT cycle that ranged from approximately 26 to 32 ◦C. After this larva survived
three daily peaks in the 32 ◦C test tank, and the larvae in the 31 ◦C test tank (n = 7) as well
as the 21 ◦C test tank (n = 8) continued to survive, we discontinued the 21 ◦C test tank
control and removed the larvae from the 32 ◦C test tank. We then evaluated whether larvae
that had survived 18 days with maximum temperatures near 31 ◦C (n = 7 remaining in the
31 ◦C test tank) could survive three daily cycles with maximum temperatures near 33 ◦C.
We transferred two larvae from the 31 ◦C test tank to a 33 ◦C test tank with an SNT cycle
that ranged from approximately 27–33 ◦C. Their survival was evaluated on a daily basis.
Since both of these larvae survived, we evaluated whether this finding was repeatable. The
two larvae in the 33 ◦C test tank were removed, replaced by two larvae that had survived
21 days of maximum temperatures near 31 ◦C (n = 5), and the survival of those was moni-
tored for three days. This process was repeated a final time using two additional larvae
that had survived 25 days of maximum temperatures near 31 ◦C (n = 3).
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2.4. Natural Distribution Evaluations

To explore the relationship between water temperature and the distribution of larval
Pacific lampreys in natural conditions, we used the Umatilla River (Oregon) (henceforth,
river) as our study area. Based on historical temperature data (2004–2013), we partitioned
the river into four thermal zones (Figure 1). Thermal Zone 2 (TZ2) ranged from the
confluence with McKay Creek, upstream approximately 8.5 km (to the boundary of the
Umatilla Indian Reservation). TZ2 was characterized by summer maximum temperatures
that were expected to exceed 30.0 ◦C and be relatively constant throughout the zone.
Thermal Zone 4 (TZ4) began at a point roughly 20 km upstream of the confluence with
Wildhorse Creek, continued upstream approximately 30 km (to the confluence of the North
Fork Umatilla River and South Fork Umatilla River). TZ4 was characterized by summer
maximum temperatures that were expected to range from <27.7 ◦C at the downstream end
to approximately 19.9 ◦C at the upstream end, and inversely related to river kilometer and
elevation. We considered TZ4 as a control or reference area (relatively cool temperatures
resulting in little to no thermal stress) and TZ2 as a treatment or impact area (temperatures
approaching or exceeding the putative UUILT for larval Pacific lamprey).
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Figure 1. Thermal zones of the Umatilla River (Oregon, USA) used in this study. For the purpose of
this study, the river was partitioned into four thermal zones. Thermal Zone 1 (TZ1) was characterized
by relatively constant, maximum temperatures near 28.0 ◦C. Thermal Zone 2 (TZ2) was characterized
by relatively constant, maximum temperatures >30.0 ◦C. Thermal Zone 3 (TZ3) was characterized
by maximum temperatures that decreased from approximately 31.0 ◦C at the downstream end to
27.7 ◦C at the upstream end. Thermal Zone 4 (TZ4) was characterized by maximum temperatures
that decreased from approximately 27.7 ◦C at the downstream end to <19.9 ◦C at the upstream
end, a distance of approximately 30 river kilometers. The downstream boundary of TZ1 occurs at
the confluence with the Columbia River. Due to the hydrogeomorphological characteristics of the
watershed, the boundaries (black stars) between TZ1 and TZ2, TZ2 and TZ3, and TZ3 and TZ4 occur
at uneven intervals throughout the river. The insert shows the Umatilla River confluence with the
Columbia River (black diamond), which then flows downstream approximately 470 river kilometers
to the Pacific Ocean (P), bisecting the states of Washington (WA) and Oregon (OR).

We conducted electrofishing surveys in each thermal zone. Both TZ2 and TZ4 were
partitioned into a continuous layer of 50 m long reaches. We identified ordered, random
and spatially balanced sample reaches by using a generalized random tessellation stratified
(GRTS) approach [50]. Based on the GRTS approach, we selected the 10 highest-ordered
reaches in each thermal zone. Based on an assumed detection probability (d) of 0.35, this
number of reaches (or amount of effort) was chosen so that if lampreys were not detected,
the expected probability of occupancy (in a TZ) would be <0.05 [51]. Each sampling event
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consisted of electrofishing a 50 m reach to determine if larval lampreys were present. Briefly,
each reach was sampled by a crew of 2 or 3 people using an AbP-2 backpack electrofisher
(Engineering Technical Services, University of Wisconsin, Madison, WI, USA). To stimulate
larvae to emerge from burrows, the electrofishing unit was set to deliver 175 volts (DC) at a
25% duty cycle with a 3:1 burst pulse rate [38]. If necessary to capture emergent larvae, the
unit was triggered to deliver 30 pulses/s. We spent approximately 30 s/m2 within each
reach when electrofishing Type I habitat [52] and approximately 5 s/m2 when electrofishing
Type II and Type III habitats.

To explore the relationship between larval distribution and stream temperature, we
implemented a sample design that was a modification of the traditional before-after-
control-impact (BACI) approach [53,54]. In 2018, 2019, and 2020, we sampled the river
from June to September. Accurately predicting temperature patterns, on a daily or annual
basis, is an imperfect process. However, we attempted to implement a sample design
relative to the period of maximum temperatures in the summer. We considered this period
to be between the first and last daily maximum temperature of at least 27.7 ◦C in TZ2.
We chose this temperature because it appears to reflect a threshold above which Pacific
lamprey larvae can tolerate, at which they can survive for extended periods but may be
behaviorally compromised [31]. To determine sample times, we monitored temperature
using a gauge (PDTO) operated by the U.S. Bureau of Reclamation [55]. To understand the
relationship between data from the PDTO gauge and our sample areas, in 2019 we deployed
temperature loggers in sample reaches of both TZ2 and TZ4 and evaluated the data using a
regression analysis. To understand the relationship between the temperature above and
below the surface of the stream bottom, in 2020 we deployed loggers in select reaches of
both TZs, either in the water column at the surface of the substrate or buried 4–7 cm below
the substrate surface, and we evaluated whether the data had 95% confidence intervals
that overlapped. We attempted to sample before, during, and after the period of peak
temperatures in TZ2, or as a before-during-after-control-impact (BDACI) sample design.
This sample design allowed us to evaluate larval occupancy during each sample period
(representing B, D, and A) and in each thermal zone (representing C and I). If a Pacific
lamprey larva was captured, the reach (and, thus, TZ) was determined to be occupied and
sampling in that reach was terminated. Otherwise, the entire reach was sampled. If no
larvae were detected in any reach during a given period, the TZ was considered unoccupied.
This sample design also allowed us to evaluate the probability of detecting larvae (d) in each
TZ during each sample period. We sampled 5–10 reaches in each TZ during each sample
period. If a larval Pacific lamprey was detected (d = 1.0), then sampling was terminated for
that reach. If larvae were detected in at least five reaches of both TZs, sampling for that
period (e.g., before) was terminated. This protocol was adopted to maximize the efficiency
of sampling effort. If d was determined to be 0.5–1.0 in each TZ, additional sampling would
not have resulted in a different statistical inference. However, if larval Pacific lampreys
were not detected in at least five reaches of both TZs during a given sample period, then
all 10 reaches were sampled within each TZ. During each sampling period we compared
(i) the occupancy of each TZ and (ii) d in each TZ. We also compared whether (iii) occupancy
or (iv) d within a TZ varied among sampling events. To compare d, Fisher’s Exact test was
used at a significance level (α) of 0.05. Since we performed nine, planned comparisons
(of the 15 total that were possible), a Bonferroni correction (see [56]) was used to adjust
α to <0.0056.
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3. Results
3.1. Direct Acute Exposure Evaluations

The Direct Acute Exposure (DAE) experiments included four acclimation temperature
experiments with actual mean temperatures ranging from 19.2 to 26.8 ◦C (Table 1). Each
acclimation experiment included acute exposure to three or four, simulated natural daily
temperature (SNT) cycle test trials with actual maximum daily temperatures that ranged from
21.5 to 33.6 ◦C. For all combinations of acclimation temperatures from 19.2 to 26.8 ◦C and
tests with peak temperatures that reached 21.5–29.1 ◦C, 77.8–100.0% of larvae survived for
168 h. In tests with peak temperatures that reached 31.0 ◦C, 0–100% of larvae survived for
168 h. Larvae in the 31.0 ◦C tests did not achieve 50% survival after acclimation at temperatures
colder than 25.0 ◦C but did achieve 100% survival after acclimation at 26.8 ◦C. In all tests
with peak temperatures that reached 33.6 ◦C, 0% of larvae survived for 168 h. In general,
survival exhibited a positive relationship to acclimation temperature (particularly evident in
the 31 ◦C tests) and a negative relationship to test temperature. The estimated time to reach
50% mortality (LT50) ranged from 4.9 to 83.6 h. Using the time to death (TTD) approach, the
ultimate incipient lethal daily maximum temperature (UILTDM) estimates were positively
related to acclimation temperature (R2 = 0.93, p = 0.038) and ranged from 28.9 to 30.8 ◦C.
Using the percent mortality (PM) approach, UILTDM estimates were also positively related
to acclimation temperature (R2 = 0.89, p = 0.056) and ranged from 29.9 to 32.0 ◦C. Overall,
neither the TTD nor PM approach yielded a clear plateau in UILTDM in relation to increasing
acclimation temperature (Figure 2). Thus, we could not estimate a specific ultimate upper
incipient lethal daily maximum temperature (UUILTDM). However, since UILTDM continued
to increase with acclimation temperature, we were able to use both the TTD and PM approach
to estimate an UUILTDM of at least 30.8 ◦C and 32.0 ◦C, respectively. The slopes of each
analysis were similar (0.270 and 0.204, respectively) with overlapping 95% CIs. The total
length of larvae used in DAE trials ranged from 61 to 119 mm and, for a given acclimation
temperature, they were randomly assigned to each test group.

Table 1. Summary of four Direct Acute Exposure (DAE) experiments. For each experiment, larval
Pacific lampreys were acclimated to a given temperature for seven days then placed in one of four
test temperature trials. To mimic diel patterns, simulated natural daily temperature (SNT) cycles
were used for test trials. Survival indicates the percent of larvae (n = associated sample size) that
were alive after 168 h in a test temperature trial. LT50 is the estimated time to which 50% of the larvae
survived in a test temperature trial.

Experiment Acclimation
Temperature (◦C) a

Test Temperature (◦C)
for SNT Cycles b

Survival
(% [n]) LT50 (h)

1 19.2 21.2–27.0 77.8 [9] -
22.4–29.1 90.0 [10] -
25.1–31.0 0.0 [10] 11.2
27.0–33.6 0.0 [10] 4.9

2 23.1 21.2–27.0 100.0 [6] -
22.4–29.1 100.0 [7] -
25.1–31.0 16.7 [6] 83.6

3 25.0 22.4–29.1 85.7 [7] -
25.1–31.0 50.0 [8] 169.3
27.0–33.6 0.0 [6] 9.8

4 26.8 17.3–21.5 100.0 [8] -
22.4–29.1 100.0 [8] -
25.1–31.0 100.0 [8] -
27.0–33.6 0.0 [4] 12.3

a Actual mean temperature during acclimation. b Actual temperature range during the test trials. - Mortality did
not reach 50 (e.g., survival was 100%), and LT50 was not estimated directly.
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Figure 2. The relationship between acclimation temperature and the upper incipient lethal daily
maximum temperature (UILTDM). The UILTDM was calculated using both a time to death (TTD,
black diamonds) and percent mortality (PM, white diamonds) approach. The TTD analysis (solid
line) exhibited a positive, linear relationship with acclimation temperature (slope = 0.270, R2 = 0.93,
p = 0.038). The PM analysis (dashed line) also exhibited a positive, linear relationship with acclimation
temperature (slope = 0.204, R2 = 0.89, p = 0.056). The slopes resulting from the TTD (0.270) and PM
(0.204) analyses were similar, exhibiting overlapping 95% confidence intervals. A plateau in the
relationship was not evident and the ultimate upper incipient lethal daily maximum temperature
could not be determined.

3.2. Maximum Ability Evaluations

All larvae that were acclimated to 26.8 ◦C survived for 14 days after a transfer to
an SNT cycle that had a daily maximum of 21.5 ◦C (n = 8). All larvae (100%) that were
acclimated to 26.8 ◦C also survived for 14 days (n = 8), 18 days (n = 7), 21 days (n = 5), or
25 days (n = 3) after a transfer to an SNT cycle that had a daily maximum of 31.0 ◦C.
One larva (100%) that was acclimated to 26.8 ◦C and then survived for 14 days in an SNT
cycle that had a daily maximum of 31.0 ◦C was also able to survive three days after a
transfer to an SNT cycle that had a daily maximum of 32.0 ◦C. Most larvae (83.3%) that
were acclimated to 26.8 ◦C and then survived for 18 days (n = 1), 21 days (n = 2), or
25 days (n = 2) in an SNT cycle that had a daily maximum of 31.0 ◦C were also able to
survive three days after a transfer to an SNT cycle that had a daily maximum of 33.6 ◦C.
One larva (16.7%), that was acclimated to 26.8 ◦C and then survived for 18 days in an SNT
cycle that had a daily maximum of 31.0 ◦C, survived only one day after a transfer to an
SNT cycle that had a daily maximum of 33.6 ◦C.
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3.3. Natural Distribution Evaluations

During the 2019 study period, daily maximum temperatures recorded at the PDTO
gauge in TZ2 ranged from 16.3 to 27.7 ◦C (Figure 3). During this period, daily maximum
temperatures recorded at the most downstream reach of TZ2, most upstream reach of
TZ2, most downstream reach of TZ4, and most upstream reach of TZ4 ranged from 17.7 to
33.6 ◦C, 18.1–29.6 ◦C, 16.2–23.4 ◦C, and 11.1–15.9 ◦C, respectively. The temperatures
recorded at PDTO exhibited a significant, linear relationship to those in each reach of TZ2
and TZ4 (p < 0.001). In particular, there was a strong relationship between PDTO and
both the most upstream reach in TZ2 (R2 = 0.989) and the most downstream reach in TZ4
(R2 = 0.949). The period during which peak temperatures (>27.7 ◦C) occurred in TZ2 was
from 11 July to 30 August. The overall maximum temperature was 33.6 ◦C in TZ2 and
23.5 ◦C in TZ4 (where it did not exceed 27.7 ◦C). We electrofished before this period
(25–26 June), during this period (21 August), and after this period (23–24 September). We
electrofished five reaches in each TZ during each sample period. Larval Pacific lampreys
occupied TZ2 and TZ4 before, during, and after the period of peak temperatures. For both
TZs and each sample period, patterns of occupancy were similar. For both TZ2 and TZ4
before, during, and after the period of peak temperatures, d = 1.00. For both TZs and each
sample period, d was similar (Fisher Exact, DF = 1, p = 1.00).

During the 2018 study period, daily maximum temperatures recorded at the PDTO
gauge in TZ2 ranged from 14.8 to 29.2 ◦C. Based on the relationship between temperatures
recorded at PDTO and those throughout TZ2 and TZ4 (see 2019 results), the period during
which peak temperatures (>27.7 ◦C) occurred in TZ2 was from 20 June to 18 August. We
electrofished before this period (18–19 June), during this period (26 July), and after this
period (27–28 August). Given the actual temperature pattern, this design also allowed us to
sample before, during and after the period between the first and last daily maximum tem-
perature of at least 30.1 ◦C in TZ2 (14 July–9 August). The overall maximum temperature
was 33.9 ◦C in TZ2 and 24.4 ◦C in TZ4 (where it did not exceed 27.7 ◦C). We electrofished
five or six reaches in each TZ during each sample period. Larval Pacific lampreys occupied
TZ2 and TZ4 before, during, and after the period of peak temperatures. For both TZs and
each sample period, patterns of occupancy were similar. For both TZ2 and TZ4 before,
during, and after the period of peak temperatures, d ranged from 0.83 to 1.00. For both TZs
and each sample period, d was similar (Fisher’s Exact test, DF = 1, p = 1.00).

During the 2020 study period, daily maximum temperatures recorded at the PDTO
gauge in TZ2 ranged from 15.8 to 29.5 ◦C. Based on the relationship between temperatures
recorded at PDTO and those throughout TZ2 and TZ4 (see 2019 results), the period during
which peak temperatures (>27.7 ◦C) occurred in TZ2 was from 16 July to 22 August. The
overall maximum temperature was 34.4 ◦C in TZ2 and 24.6 ◦C in TZ4 (where it did not exceed
27.7 ◦C). We electrofished before this period (25–26 June), during this period (13 August),
and after this period (23 September). Given the actual temperature pattern, this design also
allowed us to sample before, during, and after the period between the first and last daily
maximum temperature of at least 29.5 ◦C in TZ2 (20 July–18 August). We electrofished five or
six reaches in each TZ during each sample period. Larval Pacific lampreys occupied TZ2 and
TZ4 before, during, and after the period of peak temperatures. For both TZs and each sample
period, patterns of occupancy were similar. For both TZ2 and TZ4 before, during, and after
the period of peak temperatures, d ranged from 0.83 to 1.00. For both TZs and each sample
period, d was similar (Fisher’s Exact test, DF = 1, p = 1.00).
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Figure 3. Daily temperatures during the study period in 2019. Actual maximum daily temperatures
were recorded at the most downstream (stippled gray line) and most upstream (thick dashed gray
line) reach of Thermal Zone 2 (TZ2). Actual maximum daily temperatures were also recorded at the
most downstream reach (thin dashed gray line) and most upstream reach (dashed, stippled gray line)
of Thermal Zone 4 (TZ4). In addition, monitoring efforts not directly related to this study recorded
actual maximum temperatures (solid black line) at a gauge (PDTO) near Pendleton, Oregon (USA).
Regression analyses indicated that the temperatures recorded at PDTO exhibited a significant, linear
relationship to the most upstream reach in TZ2 (R2 = 0.989, p < 0.001) and the most downstream reach
in TZ4 (R2 = 0.949, p < 0.001).

During 2020, in the most downstream reach of TZ2, the mean temperature below
the substrate surface was significantly colder than that in the water column near the
substrate surface (mean = −0.51 ◦C, 95% CI = 0.10). In general, temperatures below the
substrate surface changed in a pattern that was similar to that above the substrate (Figure 4).
However, subtle differences were evident, with temperatures below the substrate beginning
to increase later in the day and increasing more slowly than those above the substrate.
From 1 June to 31 July, temperatures below the substrate surface exceeded 27.7 ◦C on three
days, 1.3% of the total study period, with a maximum temperature of 28.7 ◦C. In the most
downstream (warmest) reach of TZ4, the mean temperature below the substrate surface
was similar to that in the water column (−0.13 ◦C, 95% CI = 0.16). Temperatures below the
substrate surface also changed in a pattern similar to that above the substrate (Figure 4).
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Figure 4. A comparison of diel temperature cycles in the Umatilla River, above (black diamonds) and
below (white diamonds) the substrate surface. The upper panel (A) represents the most downstream
reach in Thermal Zone 2 (TZ2) and the lower panel (B) represents the most downstream reach in
Thermal Zone 4 (TZ4). Loggers, held in opaque tubing and either placed in the water column on the
surface of the substrate or buried 4–7 cm below the substrate surface at the same location, recorded
temperatures for the duration of the study. For the 2019 study period, when compared to those in
the water column, maximum temperatures below the substrate surface were significantly cooler in
TZ2 (mean = −0.51 ◦C, 95% confidence interval = 0.10) and similar in TZ4 (mean = −0.13 ◦C, 95%
confidence interval = 0.16).

4. Discussion
Larval Pacific lampreys can tolerate days that have maximum temperatures exceed-

ing 33 ◦C. This was most apparent in laboratory conditions where larvae were able to
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survive for 3 days while they experienced diel peaks of 33.6 ◦C. In addition, this was
consistent with UUILTDM estimates for these larvae of at least 30.2–32.0 ◦C. This finding is
among some of the warmest tolerance levels reported for larval lamprey, but not unprece-
dented. Smirnov et al. [57] estimated the upper lethal temperature for larval river lampreys
(Lampetra fluviatilis) in Russia to be 34.3–34.5 ◦C. The ability of larval Pacific lampreys to
tolerate temperatures > 33 ◦C is also relatively great when compared to many sympatric
fish species. For example, the upper thermal tolerance ability for Salvelinus confluentus [58]
and Oncorhynchus tshawytscha [41,59] ranges from 21 to 25 ◦C and is unlikely to exceed
30 ◦C (reviewed by [60,61]). Unlike many of the anadromous species with which they are
sympatric, the Pacific lamprey does not appear to express natal homing during spawn-
ing [62]. Given this life history, along with its distribution across a vast geography that
exhibits a wide range of temperatures, it may not be surprising that the Pacific lamprey
has developed an ability to tolerate the warmest temperatures they would likely encounter
throughout their range. The ability to tolerate temperatures >33 ◦C that was demonstrated
by larval Pacific lampreys is surpassed by some ectothermic fish species that can be found in
freshwater environments of North America but are not from the order Petromyzontiformes.
For example, Fundulus heteroclitus and Ictalurus punctatus have been shown to have critical
thermal maximum temperatures exceeding 40 ◦C (reviewed in [44]). It is important to
note the number of larvae we were able to test for maximum ability was limited (n = 6).
Furthermore, while we attempted to determine the ability of larval Pacific lampreys to
tolerate relatively warm temperatures in natural (or simulated-natural) conditions, it is
possible there are circumstances where they cannot tolerate temperatures as warm as 33 ◦C.
For larvae to tolerate 33 ◦C in simulated-natural conditions, it was necessary for them to be
acclimated to 31 ◦C and the duration of the daily maximum temperature did not exceed
120 min. Finally, for larvae to tolerate 33 ◦C in natural conditions, it was unclear when they
entered areas of high temperatures or how long they occupied those areas. Although all
circumstances that would allow larval Pacific lampreys to tolerate temperatures > 33 ◦C
are unclear and likely variable, it is clear that they have this ability.

Larval Pacific lampreys can tolerate multiple, consecutive days where maximum
temperatures reach 31 ◦C. Several lines of evidence support this claim. Larvae were able
to survive for as many as 18 days while they experienced diel cycles in which the daily
maximum temperature was 31.0 ◦C. Furthermore, minimum estimates of the UUILTDM

ranged from 30.8 to 32.0 ◦C. Although not perfectly comparable to traditional measures
of UUILT that are derived from constant test temperatures, the level of temperature tol-
erance we observed is generally consistent with literature on other lamprey species. For
example, using experiments with constant test temperatures, Potter and Beamish [29]
estimated the UUILT for multiple species to range from 29.2 to 31.4 ◦C. Similarly, Arakawa
and Yanai [30] estimated the UUILT for Arctic lampreys (Lethenteron camtschaticum) to be
29.3 ◦C. In addition, using experiments with increasing test temperatures, Golovanov
et al. [63] estimated the critical thermal maximum (CTM) and upper lethal temperature
for European river lampreys (Lampetra fluviatilis) to be 29.0 ◦C and 30.8 ◦C, respectively.
The length of time larvae can tolerate such conditions has not been well studied. Specifi-
cally, reports from laboratory studies evaluating lampreys exposed to test temperatures for
>7 d are uncommon. While the ability of larvae to tolerate daily maximum temperatures
as warm as 31 ◦C for 11–18 days may be a relatively novel finding, it integrates well with
what is known. Whitesel and Uh [31] reported that larval Pacific lampreys persisted in
a constant temperature of 27.7 ◦C for 30 days. Similarly, Arakawa and Yanai [30] reared
larval Arctic lampreys in constant temperatures for 30 d and reported inhibited growth
and poor survival only after temperatures reached or exceeded 28 ◦C. Furthermore, the
ability of larval Pacific lampreys to tolerate daily peak temperatures of 31 ◦C for 11–18 days
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is within or exceeds the conditions they would likely experience naturally. On an annual
basis, the period of maximum temperatures experienced by larval Pacific across their range
generally does not last longer than approximately 14 days [64].

Larval Pacific lampreys in natural environments are able to occupy, and presumably
persist in, areas that reach temperatures from 27.7 to 33.6 ◦C. This was evidenced by our
ability to detect larvae in areas of the river that reached this temperature range, as well
as to detect them before, during, and after the period of these temperatures. Further, our
ability to detect larvae in these areas was similar to that in areas of the river that did
not exceed 27.7 ◦C. This finding is consistent with results from clinical work reported
here as well as by Whitesel and Uh [31]. The utility of distribution studies in the natural
environment to compliment clinical evaluations of thermal capability has been recognized
by numerous researchers studying a variety of species [65–68]. While we are unaware of any
intensive and direct applications of this approach with larval Pacific lamprey, our findings
are consistent with the work of Reid and Goodman [12] who performed an extensive
evaluation of the natural distribution of larval Pacific lampreys in the southern portion of
their range, including all of Southern California (USA) and northern Mexico. They explored
the association between several scenarios of modeled stream temperatures in August and
various sources of information indicating whether stream reaches were currently occupied
by lampreys. For validation purposes, they also surveyed and measured temperatures at
eight sites in northern California (USA). Reid and Goodman found larval Pacific lampreys
occupied areas where the actual water temperature was >32 ◦C and the modeled water
temperature was as high as 25.9 ◦C. Thus, it may not be uncommon for larval Pacific
lampreys to occupy areas where stream temperatures reach 30–33 ◦C.

While evidence from stream surveys suggests larval Pacific lampreys can tolerate
relatively warm temperatures, there are several alternatives to this interpretation. It is
unlikely that we were detecting the same individual larva before, during, and after the
period of maximum temperatures. Thus, an individual larva may only have occupied TZ2
on the day we surveyed. Larvae were not tagged, and it is unclear if and how they moved
within and between thermal zones. Larvae that entered TZ2 could have left immediately or
remained there for the duration of the study as well as died immediately or survived for
the duration of the study. However, given that each thermal zone was occupied during
all sampling periods, if larvae were constantly emigrating from or dying in TZ2, it is
apparent that larvae from other (cooler) thermal zones were constantly immigrating to
TZ2. Larval Pacific lampreys are not considered to be active and strong swimmers but
relatively sessile and quickly exhausted by activity [69]. Given these characteristics, it
may be reasonable to assume their maximum migration rate would be roughly equal to
stream flow (or movement of a water particle). Typical water velocity during this study [43]
applied to the length of TZ2 suggests that a larva entering TZ2 from the upstream end
would likely be in TZ2 for a minimum of 5 h. Since all of the larvae we captured were
burrowed and not in the water column, it is likely they were moving through TZ2 at a
slower rate than stream velocity. In addition, during a related study in which we tagged
larvae in TZ2, some were recaptured in TZ2 approximately 30 d later. Taken as a whole,
in TZ2, it is reasonable to presume that all larvae which enter TZ2 likely persist there
for a minimum of 5 h, likely longer, and some for more than 30 d. Overall, occupancy
and temperature surveys in the river support the notion that larval Pacific lampreys in
natural environments can tolerate and persist in temperatures that reach 33.6 ◦C for periods
up to 120 min.

The ecological status of larval Pacific lampreys appeared to be independent of the current
thermal conditions they would likely encounter naturally. This included relatively warm
water temperatures with daily maximum temperatures between 27.7 and 33.6 ◦C. This claim
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is supported by the finding that larvae occupied both TZ2 and TZ4, the warmest and coolest
areas of the river, respectively. Furthermore, equal detection probabilities were observed
before, during, and after the periods of maximum temperatures, in both TZ2 and TZ4. While
the specific relationship between the detection probability for and abundance of a species is
often unknown [70], understanding detection probability is a necessary component of properly
evaluating abundance [71]. In particular, information on detection probability can potentially
be useful as a surrogate for abundance [72] and measures of population status [73]. The notion
that relatively warm thermal conditions may not be restrictive to the natural abundance or
distribution of larval Pacific lampreys is consistent with the work of Reid and Goodman [12]
who predicted or found that multiple size (presumably age) classes of larval Pacific lampreys
occupied temperatures ranging from 25.9 to 32.6 ◦C. Alternatively, although they may have
the ability to distribute throughout and be relatively abundant in areas of warm temperatures,
these thermal conditions may not be optimal for larval Pacific lamprey. Meeuwig et al. [28]
reported that survival after hatching for both Pacific lamprey and western brook lamprey was
greatest near 18 ◦C. Investigations on larval sea lamprey found them to voluntarily occupy
and possibly prefer temperatures from 10 to 19 ◦C [46]. Similarly, laboratory studies found
that larval sea lamprey may prefer temperatures from 15 to 23 ◦C and function optimally
from 19 to 21 ◦C [74,75]. The temperature larvae can tolerate is unlikely to be the same as
the temperature at which they function best or prefer [46]. Currently, however, any such
differences do not appear to limit the distribution and abundance of larval Pacific lampreys in
natural conditions.

Burrowing in the substrate may provide larval Pacific lampreys a mechanism to
obtain some refuge from relatively warm temperatures. In the Umatilla River, this was
demonstrated by peak temperatures below the substrate infrequently reaching or exceeding
27.7 ◦C and only reaching a maximum of 28.7 ◦C. Furthermore, in the warmest areas, mean
temperatures 4–7 cm below the surface of the substrate were >0.5 ◦C cooler than mean
temperatures in the water column at the surface of the substrate. A potentially cooler
temperature below the surface of the substrate is not a novel finding. For example, Reid
and Goodman [12] observed mean in situ substrate temperature that averaged −0.8 ◦C
when compared to overlying water temperature. Furthermore, fish seeking and using cool
areas as refuges from warm conditions has been observed previously. For example, rainbow
trout (Oncorhynchus mykiss) in arid regions have been shown to use cool areas, potentially
allowing them to persist in warm conditions that would otherwise be suboptimal or
lethal [76]. However, while temperature in the substrate may generally be cooler than that
in the water column (e.g., [12]), stream hydraulics [77] and local conditions [78] can have a
significant influence on this temperature. In addition, while temperatures in the substrate
may be cooler than those in the water column, they may still exceed lethal or optimal
values. Thus, even when burrowed in the substrate, larvae may not find an absolute refuge
from relatively warm temperatures. Overall, the importance to larval Pacific lampreys of
temperatures in the substrate is not well understood.

To our knowledge, this is one of the first studies to use SNT cycles in experiments
on incipient lethal temperatures. This experimental adjustment may be significant to the
interpretation of our results. Traditionally, UUILT is defined as the warmest temperature at
which 50% of a population could survive indefinitely [47,48]. In contrast to a traditional
UUILT, critical thermal maximum (CTM) values are generally higher and represent the
maximum temperature that an organism can survive [68,79]. In theory, organisms can
tolerate warm temperatures that are below their UUILT; as temperature increases from
UUILT to CTM values, there is an inverse relationship with the time an organism can resist
the temperature, and at temperatures higher than their CTM an organism perishes almost
instantaneously [49]. While intended to represent the natural ability of an organism, both



Biology 2025, 14, 74 16 of 20

UUILT and CTM are derived from clinical experiments using unnatural test conditions. In
this investigation, we modified our experiments to test diel cycles that simulated natural
temperatures. In addition, it has been suggested that there may be a little to no acclimation
response ratio in larval lampreys (see [16]), potentially making the utility of UUILT studies
uncertain. However, consistent with previous studies on the larvae of Arctic [30] and
Pacific [31] lamprey, we also found a clear relationship between acclimation temperature
and UUILTDP. The appropriate temperature metric is also an important consideration.
Particularly in cases where temperatures vary, it has been suggested that integrated values
(such as daily heat units or degree-days) may be most useful (e.g., [28,80]). Since a change
in body temperature is a function of fish size [81], we expected larval temperature to
closely mimic that of their environment. Thus, to try and best understand what might
be happening under natural conditions, we expressed our findings as a function of the
maximum temperature value on a given day. Given these considerations, although it may
be more similar to a CTM value than to a traditional UUILT value for larval Pacific lamprey,
the UUILTDP that we determined (at least 30.8–32.0 ◦C) appears to have merit.

5. Conclusions
The ultimate impact that a warming climate will have on the status of ectothermic

Pacific lampreys is uncertain. However, given that Pacific lampreys likely exist as larvae
for the majority of their life history [16], the greatest impact of climate warming may be to
this developmental stage. When considering predictions across their range, larval Pacific
lampreys may be resilient to maximum warming scenarios [43,82]. We observed larvae
tolerating daily maximum temperatures >30.0 ◦C for two consecutive days in the river
and three days in the laboratory. We cannot rule out that larvae can tolerate more than
three days with peak temperatures >33 ◦C. This is consistent with the suggestion that
climate warming may not be a threat to all ectothermic fish species [83]. The mechanisms
that allow larval Pacific lampreys to tolerate warm temperatures are not clear. As an
ectothermic species that does not regulate internal temperature, presumably the internal
milieu of a larva reaches temperatures that approximate the ambient temperature. Thus,
they appear to have some ability for cellular processes to function at temperatures near
33 ◦C. While they can survive these temperatures, it is unclear how resources are being
used to protect against dysfunction. For example, the cellular production of heat shock
proteins (an energy demanding process) is induced following temperature elevations of
13–16 ◦C for sea lampreys and 16–20 ◦C for brook lampreys (Lampetra appendix) [84]. Larval
Pacific lampreys may also use behavioral strategies to mitigate the impacts of relatively
high temperatures [12]. Altered physiological, behavioral, or morphological processes
may represent important sublethal effects from a warming climate that are significant
but poorly understood. The work we present suggests that larval Pacific lampreys in
natural environments may be resilient to the summer water temperatures that are likely
to result from climate warming. However, to understand more clearly how larval Pacific
lampreys will respond to climate warming, additional studies on sublethal impacts in
natural conditions are necessary. Furthermore, to understand how the species of Pacific
lamprey will respond to climate warming, the adult life stage (which may also persist for
approximately a year in similar freshwater areas as larvae) as well as possible impacts of
warmer winter temperatures should also be evaluated.
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