A STUDY OF TEMPERATURE ACCLIMATION IN THE
SALAMANDERS PLETHODON DUNNI BISHOP,

PLETHODON VEHICULUM COOPER, AND ANEIDES FERREUS COPE

by
OLIVER WILLIAM JOHNSON

A THESIS
submitted to
OREGON STATE COLLEGE

in partial fulfillment of
the requirements for the
degree of
MASTER OF SCIENCE

June 195G



APPROVED:

Redacted for Privacy

Associate Professor of Zoology

In Charge of Major

Redacted for Privacy

Chairman of DBPartment’of Zoology

Redacted for Privacy

Chairman of $hool Graduate Committee

Redacted for Privacy

Date thesis is presented :h(aqf/;§,,4;jﬁ?
J ik
Typed by Ruth Chadwick



ACKNOWLEDGEMENT

I would like to express my appreciation to my major
professor, Dr, Robert M. Storm, for his advice, constant
encouragement, patience and assistance during this in-
vestigation.

I give especial thanks to Dr. Ivan Pratt for the loan
of the water bath that formed the nucleus of the lethal
temperature apparatus. I wish to thank Dr, Austin W,
Pritchard for the loan of a water bath, certain helpful
reprints, and for his helpful comments. I would also like
to acknowledge the help of Mr. Eric Skov, Drs. Denzel E.
Ferguson and Allen L, Steinhauer and others who helped me
to collect some of the salamanders used in this study.

Last but not least, I wish to thank my wife, Virginia
Louise, for her constant encouragement and sympathetic
listening to my 1deas and for helping in the tedious

preparation and checking of the manuscript.



TABLE OF CONTENTS

INTRODUCTION .
METHODS AND MATERIALS . . .
RESULTS . . . ¢« + « o « + o « o &

Behavioral Reaction to the Lethal
Temperatures . . & & s
Iethal Temperature Resulta
Plethodon dunni

Plethodon vehiculum
Aneides ferreus
Interspecific Comparisons

DISCUSSION .
SUMMARY AND CONCLUSIONS
BIBLIOGRAPHY .

Page

12
20

20

22
26

29
32

38
47
49



LIST OF ILLUSTRATIONS
PLATES Page
Map. 1. Distribution of Plethodon dunni

Map. 2. Distribution of Plethodon vehiculum
Map. 3. Distribution of Zneides Ierreus

II. Photograph of Plethodon vehiculum, Plethodon

dunni, and Aneldes ferreus. . . . . . . . 11

MAP 4, Collection Areas and Species Collected . |, 19
FIGURES

1. Lethal Temperature Apparatus . . . . . . . 17

2. Acclimation-Lefhal Temperature Graph
for Plethodon dunni . . . : e 23

3. Acclimation-Lethal Temperature Graph
for Plethodon vehiculum . . . . & W & & 27

4, Acelimation-Lethal Temperature Graph
for Aneides ferreus , . . e e e e e 30

5. Interspecific comparisons for 6° C
geelImaAtion . . . w5 s v e 8w w6 o § 33

(62

Interspecific comparisons for 12° C,
acelimation . . . . . . . . . . .+« . . . 34

7. Interspecific comparisons for 15° C.
asslimstion « . .« o i 5 oW owos 5 oW oW E s 35
TABLES
I. Data summary of acclimation-lethal

temperature experiments on Plethodon
CMIEE . & 5 o § 5 5 @ 5§ s e s N e s B 24

ITI. Survival tiwme increase for each degree
drop in the lethal temperature for
Plethodon dunnl . . . . . . . . . . « . . . 24




TABLES
8 il i

VI.

LIST OF ILLUSTRATIONS (Continued)

Page
Data summary of acclimation-lethal
temperature experiments on Plethodon
VERLEMIOMW « 5 2 & % ow & 8 oW 4 b b & @ % & s 28
Survival time increase for each degree
drop in the lethal temperature for
Plethodon vehiculum . ., . C e e e e 28
Data aummary of acclimation-lethal
temperature experiments on Aneides
FOLYRUB = o i o 5 % 6 5 % & o 8 & ® 5 & & & 31

Survival time increase for each degree
drop in the lethal temperature for
Aneldes Leryreus . . . ¢ o o o = 5 % % & 8 s 31




A STUDY OF TEMPERATURE ACCLIMATION IN THE
SALAMANDERS PLETHODON DUNNI BISHOP,

PLETHODON VEHICULUM COOPER, AND ANEIDES FERREUS COPE

INTRODUCTION

The physical factors of the natural environment
important to living organisms are temperature, moisture,
pressures and currents, light, atmospheric gases, salts,
and soll. These factors are important in controlling the
actual distribution and abundance of organisms in nature
(22, p. 35). The effects of temperature on animals and
plants have recelved a great deal of attention from
bilologists, probably because of the relative ease with
which temperature 1s measured., Belehradek states that
well over 3000 papers have appeared, touching on various
effects of temperature on organisms, since his monographic
review in 1935 (1, p. 59).

The existence of thermal adjustment and changes in
metabolism as a result of a change in the thermal environ-
ment is a well-established phenomenon in nature, There
are essentially three levels on which the organism
achieves adjustment or regulation as the environment
changes., At the most immediate level there may be day-
to-day changes in its systematic and cellular organiza-
tion in direct response to changes in temperature (i.e.,
acclimation). Next there may be long-term responses

operating throughout the 1life of the individual (i.e.,



acclimatization). These effects of the thermal history
may be coupled with the results of the conflicting or re-
inforcing influences of other environmental factors such
as the photoperiod, salinity or humidity. Finally, the
process of compensation must be consldered on the phylo-
genetic level, at which the mechanisms for the production
of direct responses to temperature and for the anticipa-
tion of seasonal changes have been fixed in the heritage
of the species by selection (i.e., adaptation). (11, p.
208)

The demonstration of acclimation and a measure of the
amount of acclimation have been shown quantitatively in
two ways: first, by the use of survival times at varilous
upper and/or lower lethal temperatures when the organism
has been exposed previously to different thermal levels
(1.e., acclimated to some prior temperature) and/or second,
by the alteration of some metabolic function or rate
process (heart beat, breathing rate, oxygen consumption,
ete. ).

Quantitative studies of acclimation as a factor in
the resistance of various animals to high and low tempera-
tures have been repeatedly undertaken, In poikilotherms,
acclimation has been reported for bacteria, protozoa,
coelenterates, crustaceans, molluscs, insects, fish,

turtles, reptiles, and amphibians. Any attempt on the



part of the author to review critically the literature on
the thermal aspects of poikilotherms alone would be a
staggering task, and a great deal of reliance has been
placed on some excellent reviews of the literature on
this topic.

The best general reference that has reviewed and sum-
marized the older literature 1s that of C. B. Davenport
(7, p. 219-273). Hellbrunn, in his text, has devoted a
chapter to the topic of acclimatization (14, p. 546-563),
and Prosser et al, has briefly reviewed the effect of
temperature and acclimation on the metabolic aspects of
poikilotherms (24, p. 346-361). A review of the litera-
ture to show intra- and inter-specific variation by the
use of environmental stresses, of which one was tempera-
ture, in order to elucidate the nature of the specles was
made by Prosser (23, p. 238-244). Bullock has published
a review of the literature clarifying the phenomenon of
temperature compensation by poikllotherms as measured by
various rate processes of metabollsm and activity, and
emphasizes the toplc of seasonal and experimental acclima-
tion (4, p. 317-321). 1In a very recent publication,

F. E. J. Fry (11, p. 207-224) brings the excellent review

of Bullock (vide supra) up to date on the topic of temp-

erature compensation and briefly discusses acclimation,

acclimatization, and adaptatlion. Varlous specialized



reviews of temperature effects have been published, such
as Rao and Bullock's paper showing that Qo i1s a function
of size and that poikilotherms exhibit compensatory
mechanisms to adapt themselves to habitats of different
temperatures (25, p. 33-44). The physiological aspects

of heat and cold with respect to rate processes (tempera-
ture coefficients, thermal optima and maxima, and heat and
cold injury) and thermal adaptation have been reviewed
extensively by Belehradek (1, p. 59-82).

Within the vertebrates, all aspects of acclimatilon,
especially in the case of reptlles and amphibians, are
little known, and its significance in evolution or even
contemporary survival has not been appraised, In fact,
in the entlre class of Amphlbla, llttle 1s known about
lethal temperature limits. A large amount of valuable
work in experimental acclimation of fresh-water fish has
been shown in recent years, especlally by Fry and his
collaborators in Toronto, and has provided excellent data
on the extent and rate of acclimation in many species.

In their research on tadpoles of Bufo terrestris,

Davenport and Castle (7, p. 253-254) demonstrated a
change in the upper lethal temperatures depending upon
the temperatures at which they were acclimated. The
authors showed that groups raised at 15° and 25° C. had

average upper lethal temperatures of 40.3° and 43.5° C.



respectively.* The difference in the upper lethal temp-
erature was lost when readapted to the alternative
temperature, but this loss was not rapid, the upper lethal
temperature of the 25° group belng 41.5° after 17 days
reacclimation at 15°. Hathaway, working with tadpoles of

Bufo terrestris americanus, was able to show the same

phenomenon; that 1s, the lower the acclimatlion temperature
is, the lower the upper lethal temperature is (12, p. 187).
Mellanby (16, p. 28) has shown low temperature accli-

mation to exist in Rana temporarla and Salamendra sala-

mandra. In his work, adults that had been acclimated to
10° and 30° were transferred to a 0° environment, The
high acclimated group (30°) proved to be inactive at 0°,
but the other, active. 1In addition, Mellanby indicated
that the length of exposure is an important factor in
temperature acclimation, and this has been extensively
investigated in fishes by Doudoroff (8, p. 232-238) and
Brett (2, p. 34-39) (3, p. 5-28).

A number of pppers relate geographic distribution of
some amphibians, notably anurans, to rates of development,
temperature tolerances, etc. (17, p. 459-478) (18, p. 189-
213) (19, p. 375-388) (20, p. 345-370) (21, p. 1-24)

(30, p. 344-354) (31, p. 164-176). These researches are

* All temperatures cited in this thesls are in degrees
centigrade.



not concerned with the indlvidual adaptation of the organ-
ism, but deal with reactions of eggs and thelr development
to temperature. They reveal that the limits of temperature
tolerance and rates of development are correlated with the
geographical distribution and breeding habits. The re-
sults indicate that such differences as found are on a
genetic level and probably involve physiological races.
McFarland (15, p. 191-194) has clearly shown acclima-

tion in the California newt, Taricha torosa, with respect

to upper lethal temperatures. He acclimated three groups
of salamanders to 10°, 22°, and 30° and exposed each group
to lethal temperatures of 33.5°, 36.0°, and 38,0° re-
spectively. He repqrted that the group acclimated to 10°
could withstand a lethal temperature of 36° for six and
three-fourths minutes, whereas the 30°-acclimated group
could withstand this lethal temperature for 140 minutes,
Zweifel (32, p. 64-69), working at or near the
Mountain Lake Biological Station of the University of
Virginia, has studied the critical thermal maxima of five

plethodontid salamanders (Desmognathus quadrimaculatus,

Desmognathus f. fuscus, Desmognathus ochrophaeus

carolinensis, Eurycea b. bislineata, and Pseudotriton r.

ruber) and a specles of salamandrid (Diemictylus ¥s

viredescens) and the effect of acclimation on the critical

thermal maxima. The critical thermal maximum (CTM) has



been defined by Cowles and Bogert (6, p. 277) as a point

at which locomotor activity becomes disorganized and the
animal is incapable of escaping from conditions that, 1if
continued, will lead to its death. This thermal level
represents an ecological, not a physiological, lethal temp-
erature, The results of Zwelfel that are pertinent to the

present investigation may best be presented in the form of

a table:
Species | Number of |[Acclimation cTM (°c.)
Individuals|time (days) Mean [ Range

5° €. acclimation
D. q. 10 6 - 10 30.1 + 0,12 | 29,5 - 30,5
Da f. f. 9 6 - 9 Blno i 0-17 3000 = 31.5
D, v. v 1 6 34.5

15° €. acclimation
D. q. 8 6 31.4 + 0,10 31,0 - 32,0
D £ I 10 6 32.2 ¥ 0.13| 31.5 - 32.5

room temperature accllimation (17° - 26° C.)
D. q. 19 2 31.9 + 0,10} 31.5 - 32.5
D. f. f. 8 5 33.5 ¥ 0.19 | 33.0 - 34.0
D. o. e. 18 5 31.5 ¥ 0.14 | 30.5 - 32.0
E. b, b, 1 several 35.0
P. ¥ B 1 2 34.5
D. v. V. 10 5 37.3 + 0.20 | 36.0 - 38,0

It may be seen from an inspection of the table above

that acclimation occurs in two species of Desmognathus

(D. g. and D. £. £.), comparing the 5° and 15° acclimation

temperatures, and that the salamandrid Dimictylus (D. v. w)




as far as the experiment went, may also have acclimated.
The only records in the literature on salamanders at

all comparable to Zweifel's work 1s that of Stebbins on

Ensatina eschscholtzi (27, p. 107-108) in which the CTM

was recorded between 32° and 34°, and Dumas (9, p. 488)
who recorded time to death at 26°, 28°, 32° and 36° for
Plethodon dunni and Plethodon vehiculum. By extrapolation

of Dumas's data, the CTM was found to be approximately at
32° for both species. The thermal histories of the
experimental animals prior to the experiments were not
determined by either Stebbins or Dumas, and, as Fry has
emphatically pointed out (10, p. 7), the thermal history
of the organism must always be taken into account before
any measurement of the organism as a whole will have a
precise meaning.

Because of the relative scarcity of research on temp-
erature acclimation in salamanders, it was decided to
determine the extent of acclimation that may be induced
experimentally in three species of plethodontid sala-

manders: Plethodon dunni Bishop, Plethodon vehiculum

Cooper, and Aneldes ferreus Cope. These three speciles

were selected for several reasons: (1) they may be ob-
tained locally, (2) they are among the most terrestrial
of salamanders (most temperature acclimation reported has

been done with aquatic species of invertebrates and



vertebrates), (3) they are sympatric over much of their
range in Oregon (see Plate I), (4) they differ in size
(see Plate II), and (5) these three species may occupy the
same ecosystem,

The last reason cited above, that these three species
may occupy the same ecosystem, requires a note of qualifi-

cation, The ecology of Plethodon vehiculum and Plethodon

dunni has been studied by Dumas (9, p. 484-495) who states

on page 494 that both species occupy the Rocky Outecrop-
Talus Slope Ecosystem; however, P.vehiculum 1s more often
found in the less moist areas of the habitat (which
implies higher niche temperature environments), and P.
dunnl inhabits the wetter substrates and 1s more tolerant
of low temperatures. Dumas further states (9, p. 486)

that Aneides ferreus occurs most frequently in the more

Xeric portions fringing this ecosystem, It is also re-
ported that A. ferreus is often found in rotting fir logs
and stumps in open clearings (28, p. 60). Hence, although
the three species may occupy the same ecosystem and possess
sympatric distributlons in Oregon, thelr microhabitat
preferences may be different, and A, ferreus may often

be found out of the Rocky Outcrop-Talus Slope Ecosystem

in a more xerlc habitat.
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METHODS AND MATERIALS

The three specles of plethodontid salamanders used
for this study (Plethodon vehiculum Cooper, Plethodon dunni

Bishop,, and Aneides ferreus Cope) were collected from

Benton, Linn, Lane and Lincoln Counties in Oregon during
different months of the years 1956, 1957 and 1958. The
specific collection sites are illustrated on Map 4., The
habitat utilized for the collections was the Rocky Outcrop-
Talus Slope Ecosystem described by Dumas (9, p. 485). A

small number of Aneides ferreus were collected in rotting

Douglas fir (Pseudotsuga taxifolia) logs and stumps., The

salamanders were brought to the laboratory, rinsed
thoroughly with tap water, and separated into size groups.
The adult or near-adult specimens were placed in quart
jars containing molst paper toweling and kept in a refrig-
erator that maintained a temperature of 6° + 0.75° until
the acclimation chamber or water bath was available for
use,

The period of tiwme used to acclimate the animals to
a particular thermal level was arbltrarlly selected at
seven days., This time interval was felt to be adequate
on the basis of the researches of Doudoroff (8, p. 235)
and Brett (2, p. 34) (3, p. 5-28). These authors, working
principally with different species of fresh-water and
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marine fishes, found the major portion of acclimation to
have taken place 1in less than seven days. For example,
Brett (2, p. 34) found that within 24 hours bullheads,

Ameiurus nebulosus, were completely acclimated to a temp-

erature of 20° using a test-lethal temperature of 35.5°.
Further, Sumner and Doudoroff (29, p. 417) found the
greater part of acclimatlion temperature to be complete

within 24 hours for the long-jawed goby, Gillichthys

mirabilis, a marine species of fish. In addition, to be
consistent with the only other comparable investigation
in salamanders, seven days acclimation time was used for
comparison with the paper of McFarland (15, p. 192) who
used one week as his acclimation time for the Callfornia

newt, Taricha torosa.

Four acclimation temperatures were initially at-
tempted: 6°, 12°, 15°, and 18°, Repeated attempts to
acclimate the three species to a thermal level of 18°
proved fruitless. In one 1instance, however, Aneldes
ferreus was successfully acclimated to 18°, After several
additional attempts, the 18° acclimation temperature was
discontinued for all three species. The acclimation
apparatuses were thermostatically-controlled water baths
and refrigerators that could be maintalned at the accli-
mation temperature to within 0.5° or less, except for the

6° acclimation box, which could be maintained to within
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0.75°. The salamanders were not fed during the period of
acclimation or during the experiments.

At the end of the acclimation period the specimens in
each test group were carefully dried with paper toweling
and weighed to the nearest tenth of a gram on a Welch
Double-Beam Balance. The salamanders of each test group
were then placed, one to a flask (Figure 1, C), in the
lethal temperature apparatus and the time to 50 percent
mortallity was recorded.

The lethal temperature apparatus, shown in Figure 1,
is essentlally a thermostatically controlled water bath
with 200-ml. flasks lmmersed in the water, The tempera-
ture of the water bath was walntained at the desired
temperature to within 0.5° or less. The lethal tempera-
ture apparatus was permitted to come to an equilibrium
for a perlod of 60 minutes before each experiment was
begun. The flasks were lined with moist paper toweling
and covered with squares of plate glass to permit continu-
ous observation of the salamanders being subjected to the
lethal temperature and to malntain an atmosphere saturated
with water vapor within the flasks. The general reactions
of the salamanders at the various lethal test temperatures
were observed and recorded,

Fry et al. (12, p. 9) defined the upper limit of

thermal tolerance, for a given acclimation level, as the
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incipient lethal temperature., The incipient lethal temp-
erature 1s that temperature beyond which 50 percent of
the population can no longer live for an indefinite time,
The method used by Brett (2, p. 5) to determine the
incipient lethal temperature for fish was the temperature
at which 50 percent of the fish die if exposed for a
period of twelve hours. In this study, the incipient
lethal temperature for each acclimation level was deter-
mined by exposing the salamanders to a lethal test
temperature of 38° and reducing the test temperature at
3° intervals for each test group until a temperature level
was obtained at which 50 percent of the test group would
survive for a period of twelve hours or longer, It was
found necessary to use the test temperatures of 38°, 35°,

32°, 29°, and 27° for Plethodon vehiculum and Plethodon

dunni, Aneldes ferreus was found to have a higher thermal

tolerance experimentally, and the lethal test temperatures
of 38°, 35° and 32° were used,

The salamanders were observed at frequent intervals
during each experiment to determine accurately the time
to death for 50 percent of the test animals. The criterion
used to determine the death of the salamanders was the
cessation of the heart contraction. The heart could be
observed easily through the rather transparent tissues

on the ventral side of the salamander in the pectoral
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reglon. It was found, experimentally, that i1f the animal
was removed from the lethal temperature apparatus before
the heart ceased to contract, the salamander would recover
if its body temperature was reduced to a non-lethal level
(e.g., 6°). Repeated trials showed that lowering the body
temperature to a non-lethal level for as long as 72 hours
after the heart contractions had ceased would not revive
them,

At the conclusion of each experiment, the specimens
were re-weighed to the nearest tenth of a gram to determine
any weight changes. The snout to the posterior margin of
the vent (ecloacal opening) and the total length measure-
ments were taken, and the specimens were then labelled
with an identifying number and preserved in 70 percent

isopropyl alcohol.
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MAP 4

Collection Area and Specles Collected

Six wiles northeast of Foster, Linn County, Oregon;
Aneldes ferreus.

Five miles southeast of Holley on the Calapooya River
road, Lane County, Oregon; Aneldes ferreus.

One and one-half miles east of Summit at the head-
waters of the Mary's River, Benton County, Oregon;
Aneldes ferreus and Plethodon vehiculum,

Eleven miles southwest of Philomath on Hyde and Well's
Creek, Benton County, Oregon; Plethodon dunni and
Plethodon vehiculum,

Sixteen miles west of Alsea on Oregon Highway 34,
Lincoln County, Oregon; Plethodon dunni and Plethodon
vehiculum,

Two miles south of Grass Mountain, Lincoln County,
Oregon; Plethodon dunni and Plethodon vehiculum,

Twenty miles west of Alsea on Oregon Highway 34,
Lincoln County, Oregon; Plethodon dunni and Plethodon
vehiculum,

Two miles north of Fisher, Lincoln County, Oregon;
Plethodon dunni and Plethodon vehiculum,

Eight miles southeast of Fisher on Wildcat Mountailn,
Lane County, Oregon; Aneides ferreus, Plethodon dunni

and Plethodon vehiculum,

Cape Perpetua State Park, Lincoln County, Oregon;
Aneides ferreus, Plethodon dunnl and Plethodon

vehiculum,
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RESULTS
Behavioral Reaction to the Lethal Temperatures

The behavioral reaction of the three species studiled
varied somewhat, but merely in degree. The behavior of
the variously acclimated groups when introduced into the
dif'ferent upper lethal test temperatures indicated that
the behavioral sequence of succumbing was the same or
nearly so. This tends to indicate that the cause of the
heat death at the various lethal levels was the same.

The reaction to the extreme upper lethal test temp-
eratures of 38° and 35° was quite marked and similar for
all three species. The specimens were not tempered at an
intermediate temperature before testing at 38° and 35° so
that there was a lag in the response until their body
temperature approached that of the flask, The behavioral
and gross external physiological reactions were, in order
of appearance: searching movements around the flasks,
increased integumental mucus secretion, very rapid move-
ments around the flask, violent convulsive movements,
convulsive shudders with a pronounced arching of the back,
milky exudate from the tail glands, and finally rigor.
The specimens were characterized at death by hemorrhage

of the lips and/or toes, dark masses of clotted blood
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in the heart chambers, eyes withdrawn into their sockets,
and a distended gular region.

Exposure to the moderate upper lethal temperatures
of 32°, 29°, and 24° produced somewhat the same behavioral
pattern as described above. The reaction was, however, of
lessened intensity. Very often the specimens would show
searching movements at first and then settle quiletly at
the bottom of the flask and remain quiet until succumbing
to heat death. At other times the animals would climb up
the sides of the flask and press their bodies against the
glass cover until heat prostration caused them to release
their grip and fall over backwards to the bottom of the
flask, At this stage they usually lost their righting
reflex.

The following points of difference characterized the
death of these animals at moderate upper lethal tempera-
tures: eyes not withdrawn into thelr sockets, absence of
observable blood in the heart chambers, and lack of pro-
nounced body rigor. Further, the heartbeat was very faint
and rapid as the animal approached heat death, and it then
became very slow and faint untll it stopped altogether.,

It was observed also that if the animal was cooled to a
lower temperature of 6° while the heart was still beating,
the specimen would survive regardless of the lethal temp-

erature, even though 1t may have been quite close to the
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death point. The time of recovery, however, was very long

for those specimens which were quite close to heat death.

Lethal Temperature Results

Plethodon dunni

The results of the experiments on the upper lethal

temperatures of Plethodon dunni as a function of acclima-

tlion are given in Table I. The data of Table I are graph-
ically summarized in Figure 2, Figure 2 shows that from
6° to 15° acclimation there is no marked increase in
survival time at each lethal temperature., Reference to
Figure 2 also shows that the lethal temperature-50 percent
survival time curves have two major inflections, one at
35° and the other at 29° for the three acclimation levels
tested,

The extent of the change in the slope at these two
major inflections in Figure 2 may be shown more clearly
in Table II, since the curves in Figure 2 are plotted semi-
logarithmically, and this has the effect of shortening
the arithmetic scale of the longer survival times at the
lower lethal temperatures.

For the purpose of emphaslzing the marked gain in
survival time between the different lethal temperatures,

Table II was prepared by recalculating the data from Table
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Table I.

Data summary of acclimation - lethal temperature experiments on

Plethodop dunpd
Acclim, Time to 50% mortality at the upper lethal temperatures of:
Temp. 38° C, 35° ¢, 320 C, 29° C, 27° c.
6° C. 3.5 min. (10)* | 10 min. ( 9) BM) 102 min. (8) | 662 min. (ﬁ
12° 45 " (8) 8 " (13) |46 " (14) | 125 " (8) [80 " (7)
15° 7 " (8) 2 " (0) |49 ™ (0) 172 " (10) |80 " (8)

* The number of specimens used in each experiment are in parentheses.

Table II. Survival time increase for each degree drop in the lethal
temperature for Plethodop dunnd
Acclin.| Increase in survival time gmin.) /‘.’ C. drop in lethal temp.
Wlemp, 380 to 350C, | 35" to 320 C. 132 1020 C 120010 220 Co
6° C. 2.16 8.33 22.3 280.0
12° 1.16 12.66 26.3 337.5
15° 1.66 12.30 41.0 319.0




25

I. Table II gives the increase in the survival time in
minutes for each degree centigrade drop in the lethal
temperature from 38° to 27°. An example of the calcula-
tions will clarify the preceeding statement. It is seen
from Table I that for 15° acclimation temperature the
survival time at a lethal temperature of 29° is 172 min-
utes, and at a lethal temperature of 27° it is 810 minutes.
For a two-degree drop in the lethal temperature (from 29°
to 27°) there 1s an increased survival time of 638 minutes,
Thus, P, dunnl exhibits a gain of 319 minutes per degree
centigrade drop in lethal temperature from 29° to 27°,
which is the figure listed in the bottom of the fifth
column from the right in Table II, All the figures in
Table II have been calculated in this manner, Attention
is called to the fact that the greatest relative increase
in this specles' 2bility to survive the lethal temperatures
tested occurs from 29° to 27°. This phenomenon may be seen
more clearly if the figures for 15°, for example, are
compared in Table II. The lnecrease in survival time from
the 38° to 35° interval to the 35° to 32° interval is
nearly twelvefold, and between the interval 35° to 32° and
32° to 29° it 1is about three and one-thirdfold, whereas
between the intervals of 32° to 29° and 29° to 27° the in-

crease of survival time is nearly eightfold,
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Plethodon vehlculum

The results of the experiments on the upper lethal

temperatures of Plethodon vehlculum as a function of accli-

mation are given in Teble III, The data from Table III
are graphlcally summarized in Figure 3. Flgure 3 shows
that the 6°-acclimated groups exhibit a change in the
slope of the resistance time-curve at a lethal temperature
of 32°, The curve representing the 12°-acclimated groups
in Figure 3 also changes 1its angle of slope at the lethal
temperature of 32°, but this curve has another change of
its slope at the 29° lethal level., In contrast to the

6° and 12°-acclimated groups, those groups acclimated to
15°, as shown in the curve of Figure 3, have an inflection
at each lethal level, This 1is somewhat perplexing, since
the curves for 6° and 12° groups show an almost strailght-
line progression from the higher to the lower lethal
temperatures, If a curve were to be fitted by eye to the
data for the 15°-acclimated groups, it would be possible
to have a continuously changing slope (i.e., a curving
line) from the highest to the lowest lethal temperature.
This does not seem warranted, however, since Figure 3 also
shows that the three acclimation groups did not stratify,
one above the other, in the order of survival time at the
lethal temperatures used for 6°, 12°, and 15° acclimation.

For example, at the lethal temperatures of 38°, 35°, 32°
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Table III.

Data summary of acclimation - lethal temperature experiments on
Elethodop yehlculum

:cﬁ. T;? go 50% mortautyagg E.m up:cr lc;éh.slct.anpo:atunzggf é . o0 |
6° C. 2.25 min. ( 7)*| 11 min. (10) | 12 min. (12) | 290 min. (10) | 1056 min. (8)
12° 2 " () [ & (e [ (&[22 " (8o " (8
15° 3 0 (8 | 9" (8 [s5 " (0)]25 " (w008 " (@8

*The number of specimens used in each experiment are in parentheses.

Table IV.

temperature for Plethodop vehiculum

Survival time increase for each degree drop in the lethal

Incssm ig survival timeo(min.) /; C. drop in

Totpal e

_Im_._x_h_g.i_i..ﬂ_lﬂ.}z_ﬁ.._

6% C. 2.9 0.3 92.7 383.0
12° 2.0 7.7 83.0 645.0
15° 2.0 15.7 49.7 940.0
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and 29°, the 6°-acclimated groups survived longer than
the 12°-acclimated groups. Further, at the lethal temp-
eratures of 35° and 29°, the 6°-acclimated groups survived
longer than the 15°-acclimated groups.

The data of Table III have been reworked in a differ-
ent manner and presented in Table IV in the same manner

as that described for Plethodon dunni on page 25 of this

thesis. Table IV illustrates the rapid gain in tolerance
between the lethal temperature intervals of 32° to 29°

and 29° to 27°. Between these two intervals the increase
in survival time 1s nearly fourfold, eightfold, and nine-
teenfold for the 6°-, 12°-, and 15°-acclimated groups re-
spectively. Comparison of Table IV with Table II (calcu-
lated from P. dunnl data) on page 24 shows that P.
vehiculum has a higher tolerance to the lethal temperatures

between 32° and 27°.

Aneldes ferreus

The results of the experiments on the upper lethal

temperatures of Aneldes ferreus, as a function of acclima-

tion, are given in Table V., The data of Table V are

graphically summarized in Figure 4. It will be noticed
in the data summary of Table V and in Figure 4 that the
lethal temperatures of 29° and 27° were not determined,

since the incipient lethal temperatures for the three
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Table V., Data summary of acclimation - lethal temperature expariments on

hdneldes ferreus
Acelim. Time to 50% mortality at the upper lethal temperature of:
Temp. 38° C. 35° C. 32° C. 29° C. 27° C.
_ ——
6° C. | 12 min. (8)* | 106 min, ( 8) | 805 min. ( 8)
120 9.5 " (8) 136 " (12) |1150 " ( 8)
15° 17 " (8) 130 " (10) | 1680 " (10)

* The number of specimens used in each experiment are in parentheses.

Table VI.

Survival time increase for each degree drop in the lethal
temperature for Aneides ferreus

Acclim, | Increase in survival time(min,) /°C. drop in lethal temp.
Temp., 35° to 32°C. |32° to 29°C. I29° to 27° C.
233.0
120 42,2 338.0
15° 37.7 483.0
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acclimation temperatures could be determined at a lethal
temperature of 32° (incipient lethal temperature defined
on page 15). Comparing Figure 4 with Figures 2 and 3, it

i8 seen that Aneldes ferreus has an increased overall sur-

vival time to each of the lethal teuwperatures tested,
Furthermore, the gain in survival time for A. ferreus
between the intervals of 38° to 35° and 35° to 32° is
greater when comparing Table VI with those same intervals
of P. dunni (Table II, page 24) or P. vehiculum (Table IV,
page 28).

As noted for P. dunnl and P. vehiculum, the survival
time-curves for A. ferreus in Figure 4 do not show the
sequential stratification expected for acclimation. It is
geen that the 6°-acclimated group survived longer at a
lethal temperature of 38° than did the 12°-acclimated
group. Also at a lethal temperature of 35°, the 12°-
acclimated group survived slightly longer than the 15°-

acclimated group (136 minutes and 130 minutes respectively)

Interspecific Comparisons

For the purpose of comparing the differences between

P. dunni, P. vehiculum, and A, ferreus, Figures 5, 6, and

—

7 were prepared from the data in Tables I, III, and V.
Figure 5 is a comparison of the 6°-acclimated groups;

Figure © is a comparison of the 12°-acclimated groups; and
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Figure 7 1s a comparison of the 15°-acclimated groups.
The incipient lethal temperatures for each species are
shown in Figures 5, 6, and 7 by an arrow indicating the
point of 12 hours, or 720 minutes, on the survival time-
curves, and a dotted line carriles from this polnt to the
lethal temperature-axis of these Figures, 1indicating the
incipient l1ethal temperature for the species and acclima-
tion group. The inclpient lethal temperature is that
temperature at which 50 percent of the sample survives
for 12 hours or longer.

The most outstanding phenomenon in Figures 5, 6, and
7 1s that A. ferreus possesses the abllity to withstand

higher lethal temperatures than P. dunnl or P. vehiculum.

Comparing the curve for P. dunnl with that for P. vehiculum

in Figures 5, 6, and 7, 1t 1s seen that P. dunni has a

longer survival time to a lethal temperature of 38° than

P. vehiculum, but at a lethal temperature of 27°, P. dunni

has less survival time than P. vehiculum,

For each succeeding acclimation level from 6° to 15°,
A. ferreus had increased incipient lethal tewmperatures as
follows: 32.2° for 6°, 32.6° for 12°, and 33.0° for 15°
acclimation. The survival time of P. dunni at a lethal
temperature of 27° for 6° acclimation is not long enough to
determine accurately the inciplent lethal temperature, but

en extension of the curve gives a value of about 26.8°,
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From 6° to 12° acclimation, P, dunni exhibited an increase
of the incipient lethal temperature from about 26.8° to
27.1°. However, there was no change from the 12° to the
15° acclimation groups since the incipient lethal tempera-
tures were 27.1° for both groups. P. vehiculum showed no
increase of incipient lethal temperatures from the 12° to
the 15° acclimation levels. Both acclimation groups had
incipient lethal temperatures of 27.9°. At an acclimation
level of 6°, however, P. vehiculum had an incipient lethal
temperature of 27.6°. Thus, P. dunni and P. vehiculum had
an increase of 0.3° in their incipient lethal temperatures
between 6° and 12° acclimation, and A, ferreus had an in-
crease of 0.4° in the incipient lethal temperature from 6°

to 12° and from 12° to 15° acclimation levels.
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DISCUSSION

Several authors list extensive tables on low and high
lethal temperatures (24, p. 344-345) (14, p. 482-483) (26,
p. 434) for various species of animals, among which are
some examples of amphibians. These tables are very limit-
ed, however, since for most of the lethal temperatures
cited, the conditions of the testing procedure and the
prior thermal history are not stated or known, and these
must be known before these values are to have any basic
comparative value. Comparing the upper incipient lethal
temperatures of P. dunni, P. vehiculum, and A, ferreus with
other species of amphibians is difficult, since other
studies performed to date have either neglected to state
the thermal history of species in question or have used
other criteria not comparable to that used in this study
to determine the lethal temperature (e.g., critical thermal
maximum),

It is not known if the criterion of the critical
thermal maximum (CTM) may be compared, on a relative scale,
with incipient lethal temperatures. This aspect was not
experimented on in this study, nor does any such study
exist in the literature. Zweifel's data (see page 7) indi-
cated acclimation for two specles of East Coast plethodon-

tid salamanders, Desmognathus quadrimaculatus and D. f.
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fuscus, comparing 5° and 15° acclimation samples and using
the CTM as his criterion. Zweifel's technique was to heat
the salamanders at a steady rate from the temperature at
which they were acclimated to a point of locomotor paraly-
sis, which took from ten to 15 minutes. The temperature
of the salamanders at the first sign of paralysis was con-
sidered to be the critical thermal maximum.

Dumas (9, p. 488) determined the time-temperature
relationships for P. dunnl and P. vehiculum by subjecting
the specimens to various lethal temperatures and recording
the time to paralysis. If the l15-minute survival rates
are comparable to the critical thermal maximum of Zweifel,
then Dumas showed that both P. dunni and P. vehiculum have
a critical thermal maximum of about 32°. However, Dumas
does not state the previous thermal history of his sala-
manders, which limits the value of his determinations in
this discussion. In this study, the highest upper inclpi-
ent lethal temperature determined for P. dunni was found
to be 27.1°, and for P. vehiculum it was 27.9°. In an
indirect manner, it has been shown that the critiecal
thermal maximum and the upper incipient lethal temperature

are not the same, at least for ) dunni and‘g. vehiculum,

but it does not prove that relative comparisons of the two

types of criteria are invalid.
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It was seen that P. dunni and P. vehiculum did not
show any increase of the upper inciplent lethal tempera-
tures for 12° and 15° acclimation. This is not altogether
unknown in the literature, since Fry, Hart, and Walker
(12, p. 14) reported that the speckled trout, Salvilinus

fontinalus, had an upper incipient lethal temperature of

25.3° for 20°, 24° and 25° acclimation. In another study,
Doudoroff (8, p. 230) reported that the greenfish, Girella
nigricans, had an upper inciplent lethal temperature of
29.0° for 12° acclimation, an upper inciplent lethal of
32.3° for 20° acclimation, and an upper incipient lethal
of 32.5° for 28° acclimation. Doudoroff's experiments,
then, showed an increase of the upper incipient lethal
temperature of 3.3° between 12° and 20° acclimation and
of only 0.2° between 20° and 28° acclimation. At about
20°+ the greenfish was almost at 1ts genotypic limit of
the zone of thermal tolerance, and beyond 28° acclimation
the species would probably enter its zone of resistance,
or the zone in which therwal acclimation 1s ineffective
(8, p. 239). This reasoning applied to Fry, Hart, and
Walker's results (vide supra) showed that the genotypic
limits of acclimation were at 20° aceclimation, since
acclimation to 24° and 25° did not increase the upper

inclpient lethal temperature.
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It was pointed out in the results section of this
thesis that, for all three species of salamanders tested,
the acclimated groups did not always stratify, one above
the other, in the order of survival times at the lethal
temperatures used for 6°, 12° and 15° acclimation. This
variance was not expected, since it was believed at the
start of this study that P. dunni, P. vehiculum, and A.
ferreus would demonstrate acclimation. This variance may
be explained in part, on the variability of the species'
resistance to lethal temperatures. To help prove this
point, reference to Zweifel's data again (page 7, this
thesis) will show variability of response to lethal
temperatures. For example, Zweifel reported a CTM range

of 29.5° to 30.5° for Desmognathus quadrimaculatus acclima-

ted to 5°, and at 15° acclimation he reported that this
species had a range of 31.0° to 32.0°. Another example
showing greater variation of the CTM has been reported

by Cole (5, p. 97) who found a variation of 40.3° to 49.0°
with a mean value of 43.74° for the fence lizard,

Sceloporus undulatus. The technique of determining the

CTM is to heat the aqimal at a steady rate from the
temperature at which it was acclimated to the point of
paralysis in a short interval of time (15 minutes in
Zweifel's study and 130 minutes in Cole's). The body

temperature of the animal at the point of paralysis was
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the CTM. Thus, in the CTM studies, the time to death was
held relatively constant but the temperature was changing
(i.e., increasing). In the present investigation, the
lethal temperature was held constant and the time to mor-
tality was changing. If a 1° variation in the CTM reported
by Zweifel (yide supra), with the time to death held con-
stant, were to be compared with the technique of this
study, where the temperature was held constant, then a
variation in the time to CTM would be expected.

Another factor which would possibly account for the
nonstratification of the survival times would be the method
of recording the LD50 (50 percent of the sample surviving
some entity). In this study, the time at which one-half
the sample expired was used as the LD50 time for a given
acclimation-lethal temperature sample. This time does not
always correspond to the arithmetic mean of the 50 percent
survival of the sample. For example, in one experiment,

using Aneildes ferreus acclimated to 6° and subjected to a

lethal temperature of 35°, survival times to expiration
were 81, 81, 106, 106, 127, 143, 143 and 162 minutes. The
figure used to plot the curves in this study was 106
minutes, or that point where 50 percent of the specimens
had expired, and not the arithmetic mean of the range of
survival times which would be 116,1 minutes. In this par-

ticular instance, it is seen that if 116 minutes were used
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instead of 106 minutes, the curve for A. ferreus at 6°
acclimation in Figure 4 (page 30) would be changed very
little. Unfortunately, only a few of the samples were
recorded in such a way as to note the survival time for
éach specimen of a sample. Hence, it 1s not known defi-
nitely if the method used for recording the LD50 in this
study contributes to the variability of the curves or
not.

Some of the foregolng discussion has been devoted to
the possible explanations of the nonstratification of the
lethal temperature-50 percent mortality time curves for
the different levels of acclimation temperature for the
three specles used iIn this investigation. This was done
from the view that these species could or would demonstrate
acclimation to temperature. If the opposite view were
maintained, then the variability of the curves would have
to be explained on the basis of the variability of the
response to lethal temperatures of the varlous samples,

The position that Plethodon dunni and Plethodon vehiculum

do not acclimate to temperature, at least to the thermal
levels tested, appears to be the correct one. It will be
remembered that P. dunni gained only 0.3° in its upper
incipient lethal temperature for the same acclimation
interval. However, both specles did not show any increase

in their upper incipient lethals beyond 12° acclimation.
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If the criterion of the upper incipient lethal temperature
has any real meaning, which i1t has in fishes, then the

results indicate that P. dunnl and P. vehiculum acclimate

very little or not at all. It 1s possible, however, that
acclimation to temperature could be demonstrated if a
metabolic rate function (e.g., oxygen consumption) were
used as the criterion.

The results for A. ferreus indicate acclimation to
temperature in contrast to P. dunni and P. vehiculum.
A. ferreus showed 0.8° increase in its upper incipilent
lethal temperature from an acclimation temperature of 6°
to 15°. An increase of 0.8° does not compare to an in-
crease of 3.3° in the upper incipient lethal temperature

reported for the greenfish, Girella nigricans, by

Doudoroff (8, p. 23) between the acclimation interval of
12° to 20°, but it does compare favorably with the data of
Fry et al. (12, p. 20) who reported acclimation in the

speckled trout, Salvilinus fontinalis, which showed an

increase of 1° in the acclimation interval of 6° to 15°.

Plethodon dunni, Plethodon vehiculum and Aneides

ferreus are largely sympatric in Oregon, and they often
occupy the same hablitat. It might be expected that these
speclies would have the same or similar thermal tolerances,
but this study has shown that the order of increasing

thermal tolerance for these species would be P. dunni,



45

P. vehiculum, and A. ferreus (pages 33 to 35). Of these
three specles, A. ferreus shows a very marked lncrease of
thermal tolerance. This fact might be correlated with

the distribution of A. ferreus, since this species' range
is much farther south than elther of the other two species,
Further, A. ferreus is not restricted to the "Rocky
Quterop-Talus Slope Ecosystem” but is also found in rotting
Douglas fir stumps and logs in clearings where the timber
has been logged and second growth has started, 1In this
habltat, the niche temperature could get rather high. It
might be speculated that the higher resistance to upper
temperatures found in A. ferreus could be the factor that
would allow the specles to be rather adaptable in habitat
selection.

On the other hand, P. dunni and P. vehiculum had
lower incipient lethal temperatures and did not show any
significant degree of acclimation. Both of these species
are rather restricted in their habitat. They are both
found in rock outerops and talus slopes that often have
water seepages (9, p. 485). The niche temperatures re-
corded by Dumas (9, p. 487) in this habitat vary from 4°
to 19°, but the majority of the measurements fall between
7° and 14°, It might tentatively be concluded from this

that their habltat does not undergo much of a temperature

change, but is a rather stable environment with respect to
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temperature, or else these specles avold higher tempera-
tures by migrating in the substratum. The lack of acecli-
mation to temperature might be correlated, as one of the
factors, with the restriction of P. dunnl and P.vehlculum

to the "Rocky Outerop-Talus Slope Ecosystem."
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SUMMARY AND CONCLUSIONS

Temperature, as one of the physical factors of the
environment, 1s often important in controlling the actual
distribution and abundance of species in nature, either
by 1tself or in conjunction with other environmental
factors. The existence of thermal adjustment and changes
in metabolism, as a result of a change in the thermal en-
vironment, is a well established phenomenon in nature.
Acclimation, or the short-term adjustment of the species'
systematic organization in direct response to changes in
temperature, has been little studied in salamanders. This
study is concerned with the demonstration of the presence
and amount or the absence of acclimation to temperature in
three species of plethodontid salamanders: Plethodon

dunni, Plethodon vehiculum, and Aneides ferreus.

The salamanders were acclimated to 6°, 12°, and 15° C.
levels for a period of seven days without feeding. They
were exposed to the upper lethal temperatures of 38°, 35°,
32°, 29°, and 27° C. in the order given until a 50 percent
survival time of twelve hours was obtained to determine the
upper inciplent lethal temperature for each acclimation
level.

The order of thermal tolerance was: ©P. vehiculum, P.

dunni, and A. ferreus. P. dunni had the upper incipient
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lethal temperatures of 26.8°, 27.1° and 27.1° C. for the
acclimation temperatures 6°, 12°, and 15° C. respectively.
P. vehiculum had the upper incipient lethal temperatures
of 27.6°, 27.9° and 27.9° C. for the acclimation tempera-
tures 6°, 12° and 15° C. respectively. A. ferreus had
the upper incipient lethal temperatures of 32.2°, 32,6°
and 33.0° C. for the acclimation levels of 6°, 12° and

15° C. respectively.

From the very small increase in the upper 1inciplent
lethal temperatures, coupled with the variation of the
survival times for different lethal temperature-acclimation
temperature experiments, for P. dunni and P. vehiculum, 1t
was concluded that they show little, if any, thermal
acclimation. The 1increase in the upper incipient lethal
temperature for A. ferreus was concluded to be enough to
demonstrate thermal acclimation.

The abllity to acclimate to temperature was used to
correlate tentatively the distributlion and habitat selec-
tion of A. ferreus. A. ferreus extends farther south and
occuples the "Rocky Outcrop-Talus Slope Ecosystem” and
the rotting Douglas fir log habitats.

The lack of the abllity to acclimate to temperature
was used to correlate tentatively the habitat restriction
of P. dunni and P. vehiculum to the relatively thermally

stable "Rocky Outerop-Talus Slope Ecosystem" habitat.
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