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The breeding habits and embryonic thermal requirements of the

Cascade frog of Oregon, Rana cascadae Slater, are described. The

limits of temperature tolerance of the pre-feeding stages are from
6° to 27°C for embryos held at constant temperatures. However, for
pre-feeding embryos exposed at different developmental stages for

short durations to normally lethal chronic warm and cold tempera-

tures, the tolerance limits broaden as the embryo becomes older.
The embryonic rates of development were studied over a wide

range of constant temperatures. The pre-gastrular period develops

at a slower rate than the post-gastrular period at 10° to 18°C but
between 18o to 25 o C it
i develops at a faster rate,

The biggest

increases in rate (from first cleavage to gill circulation) occur with
only relatively small increments of heat at the lower end of the

thermal limits. Q10 values range from 25.2 in the 8o to 10 oC interval
to 2.2 at the 20° to 25°C interval.
Field observations of adult breeding behavior, such as selection
of spawning sites, initiation of the breeding season and placement,

size and number of the egg masses indicate a correlation between
breeding habits and embryonic thermal requirements. The overall
breeding strategy of the Cascade frog seems to be that of providing an
environment for utilization of most available heat during the day to

achieve maximal embryonic rates of development, thereby shortening
the time to hatching and reducing the chances of mortality from cold

night temperatures, drying temporary ponds and potholes, and predation. However, as a result of these tactics R. cascadae suffers

significant embryonic losses from freezing temperatures and
desiccation,

The comparison of breeding habits and correlative embryonic

thermal adaptations of R. cascadae with other species of Rana
presents a more meaningful picture of embryonic temperature
responses and their adaptiveness from the standpoint of physiological

and ecological evolution of this species, and also serves to clarify
the taxonomic status of R. cascadae within the Ranid complex of the
Pacific Northwest.

As a by-product of this examination of the breeding habits and

embryonic thermal requirements of R. cascadae, considerable data

were accumulated describing embryonic and larval development.

Forty-six stages of development, from the fertilized egg through

metamorphosis, are described. External form, pigment patterns
and other descriptive characters, as well as the nature of the mouth
parts and certain linear dimensions of the larvae, were recorded and
analyzed. The diagrams are intended as a reference series for

comparative studies of embryos and tadpoles of the genus Rana in
North America.

Measurements of tadpoles expressed as absolute values are of

limited use as taxonomic criteria, since these dimensions are variable
and change through time. However, relative body ratios are constant

during much of larval development and may be a more diagnostic

feature for taxonomic purposes.

The nature of the mouth parts adequately characterizes the

tadpoles of R. cascadae, but comparisons with other species of
Rana should be made with equivalent growth stages.
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BREEDING HABITS, EMBRYONIC THERMAL REQUIREMENTS
AND EMBRYONIC AND LARVAL DEVELOPMENT OF THE
CASCADE FROG, RANA CASCADAE SLATER
INTRODUCTION

Most studies of phylogeny, taxonomy and geographical distribu-

tion tend to emphasize the morphological characters that distinguish
populations. Unfortunately, the adaptive significance and selective

value of many morphological characters are not readily apparent, or
at best are only indirectly appreciated. Physiological characters, on
the other hand, frequently indicate direct responses of the organism
to physical and biological factors of the environment (7). Thermal

requirements of anurans, which can be directly correlated with breeding activity and survival, appear to be such characters.
Studies of anuran eggs have revealed that embryos are injured

or killed by exposure to temperatures that are too high or too low,
and that the rate of development of an embryo is to some degree

determined by its temperature. The demonstration that the gene
complex of a species responds differently to experimental tempera-

tures indicates that a given temperature range is established by
selection (70,

p. 360).

The implication is that a particular response

to temperature is of adaptive value (38, 43). In seven papers Moore
(36, 38,

39, 40, 41, 42, 43) presented information on the embryonic

2

thermal requirements and breeding adaptations of six species of
Rana native to the eastern United States and Canada.

His studies

indicated that a number of embryonic characters, such as rate of
development and temperature tolerance, are closely correlated with
geographical distribution of the species and represent adaptations on

the part of each species to environmental temperatures during breeding. Additional studies by Moore's students, Volpe (65, 66, 67, 68)

and Ruibal (56), as well as others (24, 28, 29, 78) provide detailed
information about the effects of temperature on the development of

embryos of various species of frogs and toads. Studies similar to

those of Moore, but far less complete, include those on several
American species by Atlas (6), Hubbs and Armstrong (25), Hubbs,
Wright and Cuellar (26) and Ballinger and McKinney (7).

In eastern North America, there are several species of Rana
whose embryonic thermal requirements have been examined. These

include Rana pipiens (36, 42, 43, 56, 67, 78); Rana catesbeiana (40);
Rana clamitans (36); Rana palustris (36); and Rana sylvatica (36). In

western North America Rana aurora aurora (29); Rana pretiosa
pretiosa (29); Rana pretiosa luteiventris (28); and Rana sylvatica (24)
have been studied. No detailed embryonic research has been con-

ducted for the two remaining species of Rana present in western
North America, Rana cascadae and Rana boylei (61).
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In this study, a detailed analysis was made of the embryonic

thermal requirements and correlative breeding habits of the Cascade
frog of the Pacific Northwest, Rana cascadae Slater. The investigation was designed with several objectives in mind. The first was to

establish the embryonic thermal tolerance limits as well as the
optimum temperature range for development. The second objective

was to determine the embryonic rates of development at various

constant temperatures. Finally, all of these laboratory data were
correlated with field observations on the breeding behavior and
embryonic thermal regimes to provide -a full body of standardized,
ecological information showing the adaptive significance of the

embryonic thermal requirements of Rana cascadae in relation to its
geographical distribution, environmental temperatures and breeding
habits. Interspecific comparisons of the thermal requirements of

eastern as well as western species of Rana were made to provide
additional information concerning the taxonomic status of Rana
cascadae (3,

12,

13, 20, 21, 50, 60, 61 62, 63, 76)0

As a by-product of this examination of the embryonic thermal

requirements of Rana cascadae, the author accumulated considerable

data describing the early stages of development', which were used in
1,

"Early development" comprises both the embryonic and larval
periods. An embryo is a prefeeding individual between the time of
fertilization and the loss of external gills. A larva, or tadpole, is
an individual that feeds and passes through a period of metamorphosis before assuming the adult shape (30, pa 2 ).
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comparative taxonomic studies with other anuran tadpoles. In an
account providing a detailed description of the early development of
Bufo valliceps, Limbaugh and Volpe (30,

p.

1) state that 'fpublished

descriptions of anuran tadpoles have been based principally on
samples collected in the field. Larvae rarely have been reared through
metamorphosis or obtained experimentally from known parents to
insure positive identification. " Compounding the problem is the use

of such imprecise terms as "mature, " "immature, " "half-grown" and
"fully-developed" as applied to tadpoles, as well as the reluctance of

many workers to treat any but "mature" larvae, thereby overlooking a
significant part of the life history (77). As Orton (46, 47, 48) and

more recent workers (28, 30, 77) have stressed, the utility of
embryonic larval stages in taxonomic work of related anuran species

is greatly increased if diagnostic characters can be traced through
development and compared using unambiguously described, equivalent
growth stages.

Embryologists have been prolific in determining and recording

the early developmental stages in many anuran species. These

descriptive series aid the embryologist in "speaking a common
language" in research. Weisz (73) first described 23 specific
periods in the early development of Xenopus laevis, and Nieuwkoop

and Faber (44) have more recently analyzed and summarized a large
amount of additional information on Xenopus laevis. The early
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developmental stages of many other anuran species have also been
described. Eakin (14) illustrated the development of Hy la regilla from

the neural fold stage to the first appearance of the operculum, and
several other workers (15,

18,

19, 72, 77) have since compiled

additional descriptive information concerning the early development
of other species of Hy la; Del Conte and Sir lin (11) provided a photo-

graphic reference series of 25 embryonic stages of Bufo arenarum,
Gosner and Black (17) defined and illustrated larval development for
Bufo woodhousei and Scaphiopus h, holbrooki and Limbaugh and Volpe

(30) presented an excellent paper detailing each of the 46 stages in
the development of Bufo valliceps; Wernz (74) followed the embryonic

development of Ascaphus truei through hatching; Pol lister and Moore

(49) defined and illustrated 23 embryonic stages of Rana sylvatica;

Volpe (69) provided descriptive information for several late premetamorphic stages of Rana capito servosa; Volpe and Harvey (71)

described in detail the pigmentation pattern of the tail as well as the
mouth parts of 23 larvae of Rana palmipes and Johnson (28) treated in

detail all 46 stages of the early development of Rana pretiosa luteiventris. The early development of Rana pipiens has been thoroughly
reviewed in four papers. Miller (34) and Shumway (59) independently

researched the prefeeding stages, and Taylor and Kollros (64)
completed the series with a description of the larval changes from

the first feeding stage through metamorphosis. Gosner (16) then
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established a scheme for staging anuran larvae based on his work
with Rana pipiens.

Many of these developmental series were prepared especially

for embryological research, but some of the more complete, precise
studies can be utilized as a framework upon which to erect a "taxonomic" developmental series (16, 30).

The descriptions by Taylor

and Kollros (64), Limbaugh and Volpe (30), Gosner (16) and Johnson

(28) can be effectively used in comparative taxonomic studies of
anuran tadpoles.

In this study, a detailed analysis was made of the external
development from fertilization through metamorphosis of the Cascade
frog of Oregon, Rana cascadae. Experiments were designed to

accurately describe and illustrate the diagnostic features of each
stage of embryonic and larval development in order to establish

taxonomic criteria, As Orton (46, 47, 48) and others (28, 30, 77)
have stated, comparative studies of embryos and tadpoles of species
must be based on unambiguously described, equivalent growth stages.

In order to determine which characteristics could be employed as

taxonomic criteria, the nature of the mouth parts, pigment patterns

and other descriptive characters as well as certain linear dimensions
of the larvae were recorded for each stage of development.
The completion of the above objectives would provide additional

information concerning the taxonomic status of Rana cascadae, which
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historically has been somewhat confusing (5). Slater (60) described

the holotype and established Rana cascadae as a species. In the
absence of a thorough study of variation, Stebbins (61) followed

Stejneger and Barbour (63) in reducing cascadae to a subspecies of
Rana aurora. Altig (3), Dunlap (13) and Dumas (12) presented com-

prehensive character analyses, the latter primarily non-morphological,
suggesting that cascadae is a separate species that is likely most

closely related to R. pretiosa, Stebbins (62) now supports this
arrangement. In experimental crosses with Rana cascadae, Porter
(50) found incompatibility with R. aurora, but Haertel (20) produced
viable hybrids with Rana pretiosa.

This investigation of certain

morphological and physiological features of Rana cascadae attempts

to clarify the taxonomic status of this frog in the Pacific Northwest.
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METHODS, MATERIALS AND STUDY AREAS

Experimental Procedure

The experimental frogs, Rana cascadae Slater, were collected
at Bear Spring Pond (T 12 S, R 10 E, Sec. 25, 1285 m), Alder Spring
Pond (T 11 S, R 10 E, Sec. 16, 1217 m) and a pond at Three Creeks

Lake (T 17 5, R 9 E, Sec. 14, 1950 m). All ponds are within the
Deschutes National Forest of Oregon. Sexually mature males and
females were taken in the fall (September and October) of 1972 and
1973.

According to Briggs and Storm (9), sexually mature males and

females at Bear Spring Pond measure (snout-urostyle) 49+ mm and
59+ mm, respectively. Animals collected in the fall were used

because their gonads have reached the physiological state necessary
for induced breeding in the laboratory (54).
The frogs were stored at 4 °CC in
i large containers filled with
dechlorinated water until needed. Changes with acclimated water were

made every seven days to prevent deterioration of the ovarian eggs
(55).

For each experiment a mature female was transferred to room
temperature and induced to ovulate three hours later following the
methodology of Rugh (55).
1

The procedure which gave best results for

A11 temperatures mentioned in this thesis are in degrees Centigrade.
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Rana cascadae involved the coelomic injection of four female Rana

pipiens pituitary glands followed 24 hours later by an injection of

three female glands. In most cases eggs were ready to be stripped
within 72 hours (at 200) after the initial injection.

For each experiment a mature male was removed from storage

to 200 at the same time as the respective female. At the appropriate
time the testes were removed and macerated in 20-25 ml of 10 percent Holtfreter's solution in a finger bowl. For best results the

testes were first cut into small sections and then forced through a
18 or 19 gauge needle attached to a syringe. The sperm were
checked microscopically for viability and allowed to activate for 15 20 minutes before adding the eggs. The eggs were stripped into the

inclined finger bowl in such a manner that all the eggs were exposed

to the sperm. The mixture was gently shaken from time to time for
about 20 minutes to facilitate fertilization, and then the eggs were
flooded with 200 ml of 10 percent Holtfreter's solution, which was

discarded after 20 minutes and replaced by another 200 ml of the

same medium. One and one-half hours after fertilization, well

before the first cleavage, the egg mass was cut into clusters of
from five to ten eggs and removed to the various experimental

temperatures. No more than 20 eggs per finger bowl (with 200 ml of

10 percent Holtfreter's solution) were placed at a particular experimental temperature.
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Effects of Temperature on
Embryonic Development

These eggs were maintained at constant temperatures and
examined periodically with a dissecting microscope to determine their
progress in development. As the eggs were approaching a new stage
in development they were checked at more frequent intervals of every

hour or less to provide precise data on the time between successive
stages. The embryos were staged according to the scheme of
Gosner (16).

The temperatures at which the eggs were maintained and
examined for development are shown in. Figure 11 (p. 48), These

temperatures were established through the use of various types of

thermal-regulators in water baths, or by using refrigerators
remodeled as temperature regulating incubators. All temperatures
(measured in the finger bowls) were maintained within ± 00 3°,

The effects of specific temperatures on the rate of development
were determined by observing 15-20 eggs in each group, and calculat-

ing the time between successive stages. The embryos were considered
to have entered a new stage of development when 50 percent of the

embryos in a particular group showed the characteristics of that
stage (36).
Stage 20 (gill circulation) was chosen to indicate the comple-

tion of development. Since embryos of different species of Rana
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hatch (i. e,

emerge from the jelly coats) at different stages, for

example, 19, 20 or 21, the time to 50 percent hatching is not as good
an end- point for comparative purposes as is a specific developmental
stage.

Therefore, embryos reaching stage 20 without obvious develop-

mental abnormalities were considered completely developed. The

actual stage and time of 50 percent hatching for specific experimental

temperatures was also determined.
Lethal temperatures were defined as those at which less than
50 percent of all the embryos in each group failed to reach stage 20,
or did so with obvious developmental abnormalities which resulted in
subsequent mortality (36).
Effects of Acute, High and L_ ow

Temperatures on Embryos

A series of tests was conducted to determine if embryos of
R. cascadae would be able to withstand short-term exposures to cold
and warm temperatures that would normally be lethal to embryos in
chronic exposures. Tables 3 and 4 (p. 53 and 55) indicate the experi-

mental temperatures, length of exposure and stage at exposure.
After being exposed to these temperatures for varying time
intervals, each group of embryos (10-15 in a group) was returned to
room temperature (20o) and allowed to continue development. The
effects of these acute exposures were determined by comparing the
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viability of the test eggs with that of controls, which were embryos

from the same donor, but never subjected to shock-temperature
treatment. Control embryos were kept at room temperature at all
times,
Analysis of Larval Growth at 23°C

The embryos and larvae used in this experiment were held at
a constant 23° from the time of fertilization through metamorphosis

at stage 46. The developing eggs were staged and aged by the standard
methods outlined above, and after hatching (stage 20) the embryos

were in addition measured with a calibrated ocular on a dissecting
microscope. Careful observations provided descriptive information

detailing these early stages in development. When the embryos
reached stage 25 (the last of the non-feeding stages), the larvae were
removed from the finger bowls and placed, five tadpoles each, in

10 1/2 inch x 7 1/2 inch x 4 3/4 inch plastic pans and held at 23 t 0.4°
(in a constant-temperature room) until the completion of metamorpho-

sis, The larvae were reared in declilorinated tap water, and daily
changes of acclimated water along with a fresh supply of rabbit

pellets insured healthy, maximally-fed larvae living under constant
environmental conditions.

The tadpoles were measured frequently with the aid of a

calibrated ocular on a dissecting microscope, and a Helix dial
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caliper. Measurements were made to the nearest 0.01 mm, Three

measurements were taken body length, measured from the tip of the
snout to the midpoint of the cloacal opening; tail length, taken from
the midpoint of the cloacal opening to the tip of the tail; and body

width, measured across the widest part of the body. Total length,
being a function of body and tail length, was computed by addition of
body and tail length. The larvae were narcotized in "M. So 222"
(Carolina Biological Supply C

) to facilitate mensuration. Careful

records of pigment patterns and other diagnostic features were
compiled. In one series of experiments, examples of each of the 46

developmental stages were preserved in 10 percent formalin for

later illustration.
The mouth parts of another series of larvae were examined at

regular intervals to determine the progressive differentiation and
resorption of these structures during larval development. Representative larvae at each stage in development were preserved for
later study.
Study Areas and Field Observations
Rana cascadae inhabits montane meadows and lakes above about
1000 m in the Olympic Mountains of Washington and the Cascade

Mountains of Washington, Oregon and California (5, 12, 62, 76). The
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study areas in this investigation are found in the Deschutes National
Forest of Oregon,
Alder Spring Pond is located on Green Ridge in the Deschutes

National Forest of Oregon. The elevation is 1217 m. This is just

above the transition of the dry, open forest of Pinus ponderosa and
Libocedrus decurrens into the more moist fir zone where the domi-

nant tree species are Abies grandis and Pseudotsuga menziesii. The

ridge is an island of fir forest in the more arid forest found east of
the Cascade crest.
The pond is a man-made watering hole built to supply water for
fire protection and road watering during logging operations. It has
an area of about 325 m2, The pond was formed by damming the out-

flow of Alder Spring, and since it is spring-fed the pond is a permanent body of water. Except for the east open shore which is bounded

by the dam itself (a logging road), the pond is surrounded by Abies

grandis and open grass at the water's edge. An outlet pipe drains the
pond near the dam.

The study pond at Three Creeks Lake is also located in the
Deschutes National Forest of Oregon. This temporary pond is
situated in an open grassland meadow in the Sub-alpine Life Zone,
immediately below the lake, at 1950 m. It is formed by a combination of the outflow of Three Creeks Lake and snow melt. It is

irregular in shape with an area of about 700 m2, depending on the
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time of year. The southern and eastern shorelines are interrupted by

a cinder road, while the northern and western boundaries are mainly
open grassland. The pond usually becomes dry by late July or early

August, and only a permanent creek serving as an outflow for the

lake passes through the area. This breeding pond, and surrounding

lakes and streams, support a large population of Rana cascadae, but it
is not isolated and consequently suffers from human activity.

Various aspects of adult breeding behavior, egg deposition, and

correlative embryonic thermal adaptations were studied in the spring
of 1973 at both ponds. The method used for studying adult breeding

behavior and egg deposition was to carefully record the breeding

activities of sexually mature Rana cascadae. Such factors as water
temperatures, time of day and year for breeding, and placement,
size and number of the egg masses were noted. To study the thermal

regimes to which the eggs were subjected, egg mass temperatures
were monitored during the period of embryonic development with

continuously recording thermometers and quick-reading thermometers.
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STAGES OF DEVELOPMENT

Figures 1 through 5 illustrate the external features of Rana
cascadae from the fertilized egg through metamorphosis. The age in

hours was taken as the time required for 50 percent or more of the
tadpoles to reach a particular stage of development. The dimension

given at each stage after hatching represents an average value of the
total lengths of all of the individuals in that stage, Stages 1 through
25 (Figures 1 and 2) constitute the embryonic period while stages 26
through 46 (Figures 3 through 5) comprise the period of larval development. Staging was based on the criteria established by Gosner (16)

for anuran embryos and larvae, A description of the mouth parts
follows in a separate section,
Stage 1; At fertilization the egg rotates until the black animal

hemisphere is uppermost. The eggs are deposited in a compact,
globular lump with the gelatinous egg coats being adherent. The usual
complement of eggs is 400-500.

The egg itself is surrounded by

three concentric jelly envelopes, each of a different diameter.
Measurements of 61 eggs are as follows: diameter of vitellus
2.23 mm - 0.05 (mean and standard deviation); diameter of outer
envelope, 6.31 mm ± 0.71; diameter of middle envelope, 3.72 mm

0.35; diameter of inner envelope, 2,97 mm ± 0.22, The size of the
vitellus compares favorably with that reported by Livezey and

* A*"

4040. 44

oy
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Figure 2. Embryonic stages 18-25.
STAGE NUMBER

AGE IN HOURS AT 23° C
LENGTH IN

18

68

19

20

92

8.0

21

112

9.1

22

125

10

23

132

10.9

24

168

11.8

25

195

129

MILLIMETERS
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Figure 3. Embryonic stages 26-32.
ST AGE

NUMBER
E

IN HOURS AT
LE

26

214

13.8

27

231

15.9

28

262

18.0

29

315

30

339 24.9

23° C

NGTH IN MILLIMETERS

20.8

1.
31

380 29.9

32

410

35.5

20

Figure 4. Embryonic stages 33-40.
STAGE NUMBER

AGE IN HOURS AT 23°
LENGTH IN MILLIMETERS

33

445 42.8

34

482

475

35

507

52.8

36

550

53.1

37

585 56.4

38

627 576

39

665 59A

40 699

61.5

Figure 5. Embryonic stages 41-46.
STAGE NUMBER

AGE IN HOURS AT 23'
LENGTH IN MILLIMETERS

41

782 59.0

42

839

55.4

43

915

38.8

44

954

23.4

45

977

21.1

46 1038 20.4

21

22

Wright (31), but the diameter of each envelope is significantly smaller
than that observed by these workers,
Stage 2: The second polar body is expelled. The inconspicuous

grey crescent appears.
Stage 3: First cleavage forms two cells.

Stage 4: Second cleavage or four cell stage.
Stage 5: Third cleavage results in eight cells.
Stage 6: Fourth cleavage or 16 cell stage.

Stage 7: Early cleavage represented by 24-64 blastomeres.

Cell division becomes less regular.
Stage 8: "Mid-cleavage' as determined by the relative size of

the blastomeres and reduction in size of the vegetal hemisphere
through expansion of the darker micromeres..
Stage 9: Late blastula as determined by the relative size of

the blastomeres and the position of the pigment border.
Stage 10: First invagination of the dorsal lip at the margin of

the germ ring indicates the onset of gastrulation.
Stage 11: Mid-gastrula in which involution occurs at the dorsal

lip of the blastopore, which is in the shape of a semicircle.
Stage 12: The completed blastopore contains a slightly pro-

truding, circular yolk plug.
Stage 13: The protruding yolk plug has disappeared, and the

neural plate appears as a tabular area on the dorsal surface.
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Stage 14: Determined when the neural folds first appear as two

lateral ridges dorsally located and separated by a neural groove. A
small protuberance of unknown origin or fate appears along the neural

groove at the level of the future gill plates. The embryo begins to
elongate.

Stage 15: Marked by the near approach (but not fusion) of the
neural folds and a narrowing of the neural groove. Ciliary rotation
of the embryo not observed.
Stage 16: Closure of the neural folds marks the formation of

the neural tube. The anterior pole (future brain) always closes last.

Gill plates become visible laterally.
Stage 17: Development of a notched tail designates the tail
bud stage.
Stage 18: Initiation of spasmodic muscular response to a

stimulus. The gill plates become divided into ridges, and the oral

suckers are united ventrally as a crescent shaped ridge just posterior
to the stomadeal pit.
Stage 19: Initiation of the heart beat, Although the pulsating

heart is faintly visible when the embryo is viewed in profile, the

"50 percent period" for this stage is extremely difficult to determine,

particularly at colder temperatures.
Stage 20: The onset of blood flow in the gills.

The movement

of corpuscles through the external gill filaments is best seen by
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shining a light through the gills from the side or below. At tempera-

tures above 15° hatching occurs immediately after the onset of gill
circulation, but at 10° and below hatching is delayed until late stage
20 or possibly early stage 21.
Stage 21: The mouth opens, which Rugh (55) states is the major
feature of stage 21. The cornea is not present at this time, although

Gosner (16) indicates that this stage is characterized by a transparent
cornea and clearly discernible eyes. Johnson (28) similarly reported

that the cornea becomes transparent in stage 21 for Rana pretiosa
lute iventris.
Stage 22: Tail fin circulation. Capillary flow was first detected

in the dorsal fin near the body, where tail pigmentation first becomes
reduced.

The cornea is still not visible.

Stage 23: Formation of a ventral opercular fold, beginning
laterally and then fusing medially. The cornea appears but is first

opaque before becoming transparent late in this stage.

Stage 24: The right operculum closes over the right external
gill. Scattered melanophores are still present in the tail, but none

are present in the body.
Stage 25: The operculum closes on the left. A few scattered

iridiophores appear on the iris of the eye, but no chromatophores are
present on the body.
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Stage 26: The first larval stage is marked by the appearance

of

a hind limb bud whose length is less than one-half of its diameter. A

few scattered melanophores and iridiophores appear on the flanks
and ventral aspects of the body. The anus is dextral, the spiracle

sinistral.
Stage 27: Hind limb bud equal to or greater than one-half its

diameter. More scattered melanophores and iridiophores form on
the ventrum and flanks of the body.
Stage 28: Hind limb bud equal to or greater than its diameter.

Scattered melanophores and iridiophores appear on the dorsum of the

body for the first time, as well as in the tail region. Melanophores
seen for the first time on the limb buds.
Stage 29: Hind limb bud length equal to or greater than one and

one-half times its diameter. Profuse formation of chromatophores
continues, with a few scattered lipophores appearing on the dorsum
of the body and in the tail musculature.
Stage 30: Hind limb bud is equal to two times its diameter.

Stage 31: The distal end of the hind limb bud becomes paddle
shaped. At this time chromatophore formation is essentially

complete, resulting in scattered clumps of melanophores, lipophores
and iridiophores in the tail region and dorsum of the body, but forming a distinct pattern of iridiophores and melanophores ventrally on
the body (Figure 3

,

Stage 31)0
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Stage 32: The fifth toe appears when the margin of the foot
paddle is indented between the fourth and fifth toes.

Stage 33: The fourth toe becomes visible when the margin of
the foot paddle is indented between the third and fourth toes.

Stage 34: The third toe is formed when the margin of the foot
paddle is indented between the second and third toes.
Stage 35: When the margin of the hind foot paddle becomes

indented between the first and second toes, all toes have made their
initial appearance.
Stage 36: All toes are separated except the first and second.
Stage 37: All five toes are separated.

Stage 38: The metatarsal tubercle appears (prehallux).

Stage 39: Rudimentary subarticular tubercles appear as
pigment-free patches on the inner surfaces of the toes,
Stage 40: Subarticular tubercles well developed. Full extension

of the cloacal opening into the ventral tail fin (cloacal tail piece) is

seen at this time, The tadpole reaches maximum length.

Stage 41: The skin over the forelimbs becomes transparent,
forming "skin windows" through which the folded forelimbs can be
seen. The cloacal tail piece is lost.

The adult pigment pattern on

the dorsum of the hind legs appears as bands of melanophores. Two
light colored dors o-lateral ridges form along the body, and small
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warts appear at scattered intervals along their course. Total length
begins to diminish due to resorption of the tail.
Stage 42: The forelimbs break free of the "skin windows, " first
the left followed by the right. The angle of the mouth, as viewed from

the side, is anterior to the nostril. A black line runs from each eye
forward to the respective nare. Adult dorsal blotches (melanophores)
with light centers appear on the back,
Stage 43: The angle of the mouth is between the nostril and
the midpoint of the eye. Adult banding appears on the forelimbs.

Stage 44: The angle of the mouth is between the midpoint and

posterior margin of the eye.

Stage 45: The angle of the mouth is at the posterior margin of
the eye. The tail remains as a short stub.

Stage 46: The tail is completely resorbed, marking the
completion of metamorphosis. The froglet resembles the adult

sufficiently to permit positive identification.
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DEVELOPMENT OF THE MOUTH PARTS

Figure 6 shows the progressive development, and then resorp-

tion, of the larval mouth parts. Complete mouth parts are present
only from stages 29 through 39. Stage 29 has a tooth row formula of

two (or three) in the upper labium and four in the lower. According to

standard procedure this tooth row formula is referred to as 2 -3(2, 3)/
4(1) (4, 45).

The first upper row is continuous, but both the second

and third rows are divided medially. The length of either lateral
segment of the second upper tooth row is approximately one-half the

median space, while the length of either lateral segment of the third
upper tooth row (when present) is one-half the length of either lateral
segment of the second row.

Both the upper and lower beaks have

serrated edges and are heavily pigmented. The first lower tooth row

is divided medially, leaving a gap of 0.1 mm or less. The medial
ends recurve slightly toward the lower beak. The second lower row
is continuous and of equal length with that of the first row. The

middle of this row curves slightly upward toward the gap of the first
row.

The third row is continuous, straight and shorter than the first

two rows. It is approximately one-half their length.

The fourth

row is similar in shape to the third row, but is only one-third its
length. The labial papillae completely confine the margins of the

lower labium and lateral flaps at the sides, but extend only

Figure 6. Stages in the differentiation and resorption of the larval mouth parts.
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0. 1-0.2 mm up either side of the upper labium. Each lateral fringe
bearing papillae is folded inward to form submarginal papillae on the
upper and lower lips.

The mouth parts begin to differentiate at stage 24. The beak
appears but is weakly chitonized and is not pigmented. Lateral

papillae are present but they are small and poorly developed, and a
fleshy, undifferentiated lobe running along the lower jaw connects

these lateral papillae. Tooth ridges (sites of future tooth rows) are
present for lower rows one and two only. In stage 25 the horny beak

is more developed, showing a small amount of pigmentation (melano-

phores) and cornification along the inner margins, which have become

serrated. No tooth rows are present, but fleshy tooth ridges appear
for all four lower rows. Individual papillae are now larger at the
corners of the mouth, but the fleshy, continuous, undifferentiated lobe

still exists along the rest of the lower lip. Between stages 26 and 29
the beak becomes heavier and more fully pigmented. In addition, the

lateral papillae differentiate upward onto the upper jaw, and at the
same time continue development medially along the lower lip. Tooth

ridges first become chitonized into teeth in stage 26 and differentiate
sequentially as follows: (1) stage 26, 1/1,2 present; (2) stage 27,

1/1, 2, 3 present; (3) stage 28, 1, 2 /1, 2, 3 present; (4) stage 29,
1, 2, 3/1,2, 3, 4 present. Only an occasional larva has a third upper
labial row. In any particular row chitonized teeth always appear

laterally first and then differentiate medially.
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Resorption of the larval mouth parts starts at the end of stage
40, but the major changes take place from stages 41 to 43 (Figure 6).

During this interval the papillae are progressively resorbed so that
by stage 43 only a small patch is present at the corners of the mouth.
On the other hand, the beaks remain intact until stage 42, at which
time the lower beak is completely resorbed while the upper beak

remains cornified and pigmented. By stage 43 the upper beak is also
absent. The resorption of teeth begins in late stage 40 with the loss

of some or all teeth from the last tooth rows of both jaws. During

stage 41 tooth rows 3/4 are lost and all remaining rows show loss of
individual teeth, leaving random gaps along each of the rows. During

stage 42 all lower tooth rows are completely resorbed, but remnants

of upper rows one and two are still present. By stage 43 all larval
mouth parts are replaced by the metamorphosed mouth, which may

occasionally bear a patch of larval papillae at the corners of the
mouth.
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ANALYSIS OF LARVAL GROWTH AT 23°C

Figure 7 shows the growth curves of total length, tail length,
body length and body width of tadpoles reared at 23°C. The mean

dimensions, expressed in millimeters, are plotted against time in
hours since the last of the embryonic stages (stage 25). The mean
dimensions used to plot the points in Figure 7 were taken from
Table 1, which also gives the variations in body dimensions at each
age in hours.

Figure 7 shows that total length, tail length, and body length
reached their maximum dimensions at 504 hours, at which time the
majority of the larvae had fully differentiated hind limbs (stage 40).
The maximum size of body width was not attained until the age of
587 hours, when the majority of the tadpoles exhibited "skin windows"
(stage 41). Total length and tail length decreased relatively slightly

between 504 and 644 hours, at which time the forelimbs began to

emerge from the "skin windows. " After 644 hours, however, these
body parts decreased in length very abruptly, markedly altering the
shape of the tadpole. The dimensions for body length decreased

gradually from 504 hours (stage 40) to 644 hours (stage 42), followed

by a very slight increase to 843 hours (stage 46).

Body width slowly

decreased from 587 hours (stage 41) to a minimum size at 843 hours.
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Figure 7.

Mean body dimensions at 23°C. The average dimensions

in millimeters of the total length (crosses), tail length
(circles), body length (triangles) and body width (squares)
of larvae of Rana cascadae at various hours of development at 23 °C. The stages of development are indicated
at the points of the growth curve for total length and each
represents the stage attained by 50 percent or more of
the larvae.
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Table 1. Measurements (in millimeters) of tadpoles of Rana cascadae reared at 23
are expressed as mean ± standard deviation and range).

oC

(measurements

State of
Hours since
stage 25
19

50% or

more of
tadpoles
26

36

27

67

28

120

144
185

215

250

287

29
30
31

32
33

34

312

35

355

36

390

37

432

38

470

39

504

40

587

41

644

42

720

43

759
782
843

44
45

46

Total
length

Body

Tail

Body

Tad-

length

length

width

poles

13.8* 0.90
15.4-12.2

5.9i 0.40
6.5- 5.2

7.9± 0.57

3.5± 0.30

9.0- 7.0

4.0- 3.0

15. 9* 0.58

6.8± 0.26

4.0± 0.16

16.9-15.0
18.0± 0.92
19.8-16.3
20.8± 1.46
23.3-17.9
24.9* 1.43
27.3-22.6
29.9± 1.30
32.6-28.0
35.5* 2.18
40.2-31.6
42.8± 1.89
45.8-39.3
47.5± 1.89
49.8-43.6
52.8± 1.59
56.0-50.5
55.1* 2.27
59.6-51.4
56.4± 2.46
61.9-51.4
57.6k 2.36
62.7-53.0
59.4* 2.S4
64.9-53.7
61.5k 2.76
66.4-54.4
59.0* 2.92
64.8-54.2
55.4k 2.52
59.6-51.0
38.8* 7.19
50.5-29.1
23.4± 1.44
26.3-21.3
21.1± 0.65
22.5-20.0
20.4* 0.65
21.4-18.8

7.4- 6.4
7.8± 0.36

9.1± 0.46
9.8-- 8.2
10.2± 0.60

8.4- 7.1

11.4- 9.2

4.8- 4.1

9.0± 0.46

11.9± 1.06
14.2-10.0
14.5± 1,03
16.2-12.7
17.9± 1.04
20.3-16.3
21.5± 1.70
25.5-18.7
26.51 1.53
29.7-23.7
29.7± 1.26
31.2-26.4
33.0* 1.24
36.1-30.8
34.3* 1.80
37.8-30.6
35.0± 1.83
39.3-31.4
35.9± 1.88
40.2-32.3
37.1k 2.19
41.7-32.4
38.6± 2.05
41.1-33.8
37.6± 2.33
41.4-33.7
35.3 ± 2.06
39.1-32.1
18.7k 7.25

5.2 ± 0.28

9.8- 8.2
10.4± 0.50

11.5- 9.7
12.,0± 0.45

12.9-11.2
14.0k 0.62
15.2-12.9
16.3± 0.61
17.8-15.5
17.9± 0.81
19.2-16.4
19.8k 0.61
21.2-18.6
20.7± 0.67
22.1-19.3
21.5± 0.84
23.2-19.8
21.7± 0.86
23.5-19.4
22.3± 0.69
23.7-20.7
22,9± 0.98
24.8-20.7
21.4± 0.99
23.4-19.0
19.7± 2.28
21.3-18.5
20.1± 0.70
21.4-18.5
20.2± 0.92
22.0-18.3
20.2* 0.65
21.3-19.0
20.4± 0.65
21.4-18.8

30.1- 8.9

4.5± 0.20

35

33

5.7- 4.7
6.2± 0.37

30

7.2- 5.7
6.9± 0.23

32

7.3- 6.5
7.9± 0.31

31

8.5- 7.4
8.9± 0.36

30

9.5- 8.1
9.6± 0.40

29

10.3- 8.9
10.8± 0.38
11.5-10.1
10.6± 0.44

30
30

12.0- 9.5
10.8± 0.52

30

11.6- 9.5
11.2± 0.43
12.5-10.3
11.6* 0.52
12.4-10.4
11.9* 0.75
13.5-10.2
12.1± 0.69
13.3-10.6
11.4± 0.45
12.4-10.5
10.2± 0.40

28
28

30
28

29
26

11.0- 9.2

0.9± 0.24

1.3- 0.5

9.5- 7.9

-

35

4.2- 3.7

9.0± 0.75
10.7- 8.1
8.6± 0.51

3.2± 1.30

6.0- 1.4

35

8.5± 0.50

9.9- 7.8

25

24

24

36

The interval between 504 hours and 843 hours may be considered as
the period of metamorphosis (stages 40-46)0

Table 1 also provides data for the preparation of Figure 8,
which illustrates the growth curves of the four body variates as
increments in percent of initial growth. The value of each body

dimension at stage 26 was used as the standard of initial growth. To

determine the percentage increments of tail length, for example, the
mean length of the tail at each stage in development was divided by
the mean tail length at stage 260

As shown in Figure 8, the four body variates (total length, tail
length, body length and body width) grew at the same rate from stage
26 to stage 29 (120 hours). After stage 29 total length and tail length
showed different growth rates, but body length and body width did not

show different rates until after stage 30. Tail length showed the
greatest overall increase in growth followed by total length, body
length and body width, in that order. The largest percent increment

of growth for tail length, total length and body length occurred at

stage 40, or 504 hours after stage 25, whereas that of body width was
recorded at stage 41 (587 hours). Comparing tail length and body
length, between stage 29 (120 hours) and stage 36 (355 hours), and
between stage 37 (390 hours) and stage 40 (504 hours), the tail grew

in length at a faster rate than did the body. However, between stages
36 and 37 the body grew faster than did the tail. After stage 40 body
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Figure 8.

Percent increment of growth. Curves expressing increments in percent of initial growth of total length (crosses),
tail length (circles), body length (triangles) and body
width (squares) of larvae of Rana cascadae reared at
23°C. Stage notations are inserted as indicated.
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length decreased gradually until stage 42, at which time it maintained

a relatively constant rate to the completion of metamorphosis at stage
46 (843 hours), On the other hand, the tail decreased gradually in

length to stage 42, after which time it was rapidly resorbed to the
completion of metamorphosis.

Comparing body length and body

width, between stage 30 (144 hours) and stage 34 (287 hours), between
stage 35 (312 hours) and stage 38 (432 hours), and between stage 39

(470 hours) and stage 40 (504 hours) body length increased at a faster
rate than body width.

However, between stage 34 and stage 35, and

between stage 38 and stage 39, body width increased slightly faster
than body length. After stage 41 (587 hours) body width decreased at

a varying negative rate. Thus, in relation to width, the body became
longer as the tadpole approached transformation. The curve for total
length is a function of the curves for tail and body lengths.

Another method for expressing growth, in terms of one variate
in relation to each of the other three, is to use ratios. The six possible combinations at any stage are shown in Table 2 and were computed from the data of Table 1. The plots of the mean ratios for the

six combinations at each stage of development since stage 25 are
shown in Figure 9.

Between 250 hours (stage 33) after stage 25, and 644 hours

(stage 42) there is relatively little change in the mean ratios as shown
in Figure 9. After stage 42 the ratios are highly variable during the
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Table 2. Mean ratios of body parts of Rana cascadae tadpoles (values are expressed as mean t standard
deviation and range).
Stage
26

27
28

29
30

31

32

33

34
35

36

37

38

39

40
41

42
43

44
45

46

B.W. /B. L.

B. W. /Ta. L.

B. L. /Ta. L.

Ta. L. /To. L.

B. W. /To. L.

043±0.01
0.45-0.41

0.57+0.01

0.26 ±0.01

0.60±0.03

0.29-0.23

0.66-0.55

0.40 0.03
0.51-0.41

0.700.04

0.59-0.55

0 43±0.01

0 57±0.01

0.200.01

0.500.03

0.44±0.01

0.700.04

0.45-0.40

0.60-0.55

0.27-0.24

0.64-0.54

0.47-0,42

0.83-0.65

0.43±0.01

0.57 ±0.01

0.25 ±0.01

0.58 ±0,02

0.58-0.55

0.28-0.23

0.63-0.54

0.44±0.02
0.49-0.41

0.700.02

0.45-0.42
0.43±0.01

0.57±0.01

0.25±0.01

0.58+0.02

0.44 ±0.02

0.700.04

0.46-0.40

0.60-0.54

0.27-0.24

0.61-0.56

0.48-0.40

0.84-0.68

0.4210.01

0.500.01

0.200.01

0.60 +0.02

0.400.03

0. 72±0.04

0.44-0.39

0.61-0.56

0.27-0.23

0.64-0.56

0.48-0.39

0.79-0,65

0.40±0.01

0.600.01

0.23±0.01

0.57±0.02

0.3810.02

0.67 ±0.03

0.42-0.38

0.62-0.58

0.24-0.21

0.62-0.54

0.41-0.34

0.72-0.61

0.39±0.01

0.6110.01

0.22±0.01

0.57±0.03

0. 37±0.03

O. 65+0.04

0.42-0.37

0.63-0.58

0.26-0,20

0.63-0.53

0.43-0.32

0.72-0.58

0.38±0.01

0.62±0.01

0.21±0.01

0.54±0.02

0.65-0.60

0.23-0.20

0.60-0.52

0.33+0.02
0.39-0.31

0.62 ±0.03

0.40-0.35

0.300.01

0.62+0.01

0.20±0.01

0.54±0.01

0.300.01

0.60 ±0.02

0.39-0.35

0.65-0.61

0.21-0.19

0.57-0.51

0.34-0.30

0.65-0.55

B. L. /To. L.

35

0.83-0.69
35

35

0.82-0.72
33

30

32

31

30

0.66-0.54

0.300.01

0.6210.01

0.20±0.01

0.54±0.02

0.300.01

0.60 ±0.02

0.40-0.35

0.65-0.60

0.22-0.19

0.58-0.50

0.36-0.30

0.66-0.57

0.300.01

0.62±0.01

0.19±0.01

0.51±0.01

0.3110.02
0.34-0.28

0.61±0.03

29
30

30

0.68-0.56

0.41-0.36

0.64-0.59

0.21-0.17

0.54-0.47

0.300.01

0.62±0.01

0.19-10.01

0.50±0.02

0.31±0-02

0.61±0.03

0.40-0.36

0.64-0.60

0.21-0.16

0.54-0.46

0.35-0.26

0.66-0.56

0.38 ±0.01

0. 62±0.01

0.19±0.01

0.52 +0.01

0.31±0.02

O. 60-10.03

0.40-0.35

0.65-0.60

0.21-0.18

0.55-0.50

0.35-0.28

0.67-0.56

0.38+0.01

0.62±0.01

0.20±0.01

0.52±0.02

0.65-0.60

0.21-0.17

0.56-0.49

0.3110.02
0.35-0.27

0.6010.03

0.40-0.35
0.37±0.01

0.63+0.01

0.19±0.01

0.65-0.60

0.21-0.18

0.52±0.02
0.57-0.48

0.31±0.02
0.35-0.28

0.59-10.03

0.40-0.35

0.300.01

0.64*0.01

0.20±0.01

0.500.02

0.57 ±0.03

30

28

28

0.67-0.54
30

0.68-0.55

0.40-0.34

0.66-0.60

0.23-0.19

0.62-0.52

0.3210.02
0.36-0.29

0.300.01

0.640.01

0.21±0.01

0.57±0.02

0. 32 ±0.02

0.57±0.03

0.38-0.34

0.66-0.62

0.23-0.18

0.64-0.53

0.36-0.28

0.62-0.52

0.54±0, 10

0.400.10

0. 27±0.01

1.27±0.55

0.70-0.40

0.36-0.21

0.51±0.02
0.55-0.48

0.64 ±0. 27

0.60-0.30

1.19-0.35

2.32-0.68

0.8610.05

0.14±0.05

0.300.03

7.25 ±2.97

0.23-0.06

0.43-0.33

0.45±0.03
0.53-0.41

3.21±1.26

0.94-0.77

6.57-1.47

15,50-3.38

0.900.01

0.04±0.01

10.603.87

0.06-0.02

0.4110.02
0.45-0.38

0.400.02

0.98-0.94

0.46-0.40

19.00-6.15

1.00±0.00

O. 4210.02

0.42±0.02

1.00-1.00

0.47-0.40

0.47-0.40

B. L. = body length; Ta. L. = tail length; To. L. = total length; B.W. = body width

No. of
tadpoles

28

0.66-0.51

25.06± 8.68
42.00-14.62

29
26

25

24
24

41

Figure

9.

Mean ratios of growth. Mean ratios of body parts of
larvae of Rana cascadae at different hours of development since stage 25 at 23°C, Body length/total length
values are represented by crosses; tail length/total
length, circles; body width/total length, squares; body
width/body length, triangles; body width/tail length,
solid squares; and body length/tail length, solid circles,
Stage notations are inserted as indicated.
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period of metamorphosis, as would be expected. In the interval from

19 to 120 hours (stages 26-29) there is relatively little change in the
ratios, but between 120 and 250 hours (stages 29-33) the ratios

decreased in varying degrees, except for the tail length/total length
ratio which increased. These changes are due to the faster growth

rate of the tail in relation to the other body dimensions measured.
Figure 10 indicates the variation in stages of development of

larvae at different hours after stage 25. As long as 48 hours after
stage 25 all of the larvae were still developing synchronously, but
after 72 hours more than one stage of development was present in the

population at a particular time. As many as five stages (stages 4145, or 42-46) were found at any one time between 720 and 792 hours

after stage 25. Stage 42 took the longest time for all of the larvae to
pass through (from 600 to 792 hours), some 192 hours.

The total

elapsed time after stage 25 for 50 percent of the larvae to reach stage
46 at 23°C involved 843 hours (35 days and 3 hours).

Given that several larval stages were found at any particular
time during development, if comparative studies on larvae of other

species are to be undertaken, with the use of equivalent growth stages,
data on mean ratios should be available in comparing relative growth
rates as opposed to absolute growth. For example, a small species

would have smaller absolute growth curves than a larger species, but
might actually show a faster rate of development of its body length

44

Figure 10. Bar graph expressing the variations in stages of development of larvae of Rana cascadae at different hours of
development since stage 25 at 23°C. The number beneath
each bar represents the percentage of larvae that exhibit
the characteristics of the stage at the hour indicated.
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(relative to its other body parts), which could be detected through the
use of ratios.
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ANALYSIS OF EMBRYONIC GROWTH RATE

Embryonic Temperature Tolerance
The percentage of the embryos that developed normally at each

of the experimental temperatures is shown in Figure 11. It should be
noted, as Moore (43) has pointed out, that embryos may be defective

due to factors not associated with temperature, such as failure of
fertilization or possession of abnormal genotypes. To partially
overcome this difficulty, the values of percent normal development in
Figure 11 are adjusted values, following the method of Moore (43).

This method consists of assigning the highest percent normal develop-

ment observed at any one of the experimental temperatures as 100
percent. The data for the remaining temperatures are then adjusted

to this base. Eggs from individual donors were adjusted independently. In most experiments there was little or no adjustment of the

data since the highest percent normal development observed was at
or near 100 percent. Besides computation of percent normal develop-

ment, another good indication of temperature tolerance comes from
observations of the morphological features of the embryos themselves. Heat and cold injuries are not always lethal and specific

indications of abnormalities can be detected even though the embryo
continues its development.

The critical thermal minimum and

Figure 11. The percentages of normal development at various temperatures.
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maximum temperatures for normal development of Rana cascadae
embryos were found to be 6 0 and 270.

Of 45 eggs held at 3", 42 failed to develop beyond stage 10. In

most cases an irregular, enlarged dorsal lip of the blastopore was
formed and further growth and differentiation was arrested. Gastrulation in the three remaining embryos was abnormal, since they showed
signs of severe exogastrulation and failed to develop past stage 12.
The 4° eggs developed as far as stage 17 in one experiment and were

arrested in stage 18 in three other experiments. Gastrular movements were obviously impeded in these embryos since various degrees
of exogastrulation were commonly observed. The eggs reared at 50

also showed some forms of exogastrulation, but the majority continued development to stage 20. At hatching (stage 20) it was apparent

that these embryos were defective, since all exhibited severely
deformed tails and were highly edematous. They were incapable of

normal body movement and died shortly after hatching. Edema and

distorted tails were also observed in many of the 60 embryos, but

these injuries were less severe than those in the 50 embryos, and
they were less common as well. These defects probably arose between

stages 17 to 20, since in a group of embryos held at 6 0 until stage 17,
and subsequently removed to room temperature, survival was 100
percent, with no indication of any of the injuries common at 50,
Figure 11 shows that in two experiments only 40 and 50 percent of the

50

embryos maintained at 6o reached stage 20 without obvious developmental. abnormalities. Therefore, the lower limiting temperature

was set at 60.
The optimal temperature range for development is between 80

and 250, No temperature abnormalities were observed in the embryos

reared at 80, 100, 150, 18 0 and 200, At 25 the embryos in each of
six experiments developed normally, but in a seventh set of eggs

49 percent exhibited slight heat injury, primarily edema at the time
of hatching (stage 20). These defective individuals subsequently

failed to survive. Of six experiments conducted at 260, three groups

of embryos developed normally, two had less than 50 percent viability
and in one batch exactly half survived without obvious developmental

abnormalities. One common heat injury, irregular and enlarged

dorsal lip of the blastopore, resulted in varying degrees of exogastrulation (extruded yolk plug), Embryos with severe exogastrulation

usually died at the completion of gastrulation (stage 12), but less
afflicted specimens, still showing an exposed yolk plug, often
developed as far as the tail bud stage (stage 17) before dying.

Although

exogastrulation was the most prevalent abnormality observed at this
temperature, edema was a common trait among newly hatched
embryos, Of three batches of eggs held at 270, none showed normal

development of greater than 20 percent. Of those embryos developing
abnormally, a few exhibited heat defects in the form of depigmentation

and cytolysis as early as the pre-gastrular cleavage stages
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(stages 3-9). These embryos died at or before the onset of gastrulation,

However, the majority of abnormal embryos died at later stages

in development (stages 13- 17) because of failure to incorporate the

yolk plug during gastrulation. Edema and distorted tails were noted
in the few embryos that hatched. At 28° most of the eggs tested

developed depigmentation and cytolysis in the early cleavage stages

(stages 3-5) and died at or before formation of the dorsal lip of the
blastopore (stage 10), All postgastrular embryos showed severe

exogastrulation, and there were no survivors at this temperature.
Figure 11 shows that at 26° three groups of embryos had greater
than 50 percent viability; however, at 27° all sets of eggs tested fell

well below this criteria for setting lethal temperature limits. Therefore, the upper limiting temperature was set at 27°.
These experiments were designed to determine developmental

temperature tolerance by exposing pre-stage three embryos to constant temperatures for the duration of development, and then calculating the percent normal. development. Although this procedure has the

advantage of simplicity, it does not take into account such factors as
stage of embryonic development at exposure and the length of
exposure (6,

10,

58, 78).

It is unlikely that any of the embryonic

stages will be exposed to extremely high or low temperatures for long

periods under natural conditions; therefore, additional experiments
were conducted to determine the percent normal development of
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embryos exposed to high and low temperatures (followed by removal

to room temperature) at different stages of development for various
periods of time.
Table 3 shows the percent normal development of embryos
exposed for 1, 2, and 3 hr at various temperatures above the

critical thermal maximum (27o). The data (adjusted) show that

resistance to high temperatures increases as development proceeds.
It also appears that the various stages can be sorted into groups
since a number of them show similar temperature tolerance: Group
I, early cleavage; Group II, late cleavage; Group III, gastrula,
neurula, tail bud; Group IV, muscle response through gill circulation°

The results indicate that the early cleavage stages could tolerate a
3 hr exposure at 29o, but exposure of any duration at 300 produced

greater than 50 percent mortality (the criteria for defining lethal
temperatures). On the other hand, embryos in late cleavage could

tolerate short-term exposures (1-3 hr) at 30° as well as 1 hr at 31°,
but embryos held for 2 or more hours at 31° showed only 0-10 percent
viability. None survived for any length of time at 32o. An abrupt

increase in tolerance seems to occur during gastrulation. Whereas
brief exposures (2 hr or more) of embryos in late cleavage to 310
resulted in highly abnormal individuals, gastrulae (as well as
neurulae and embryos in tail bud) appeared normal after much greater

stress (3 hr at 340). At 35o, however, embryos in this group became
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Table 3. Percent normal development in embryos of Rana cascadae after exposure to high temperatures for various periods of time.

Temp.
(°C)
28

Period
of
exposure
(hr)

Early

cleavage
3-5

1

94
100

2
3

29

Stage of development at exposure
Gill
Tail Muscle Heart
cleavage Gastrula Neurula bud response beat circulation
19
20
18
16
17
7-9
10-12
Late

1

2

30

31

32

33

3

77

1

2

40
30

3

20

74
82
70

1

0

65

2

0

0

3

0

10

1

0

2

0

3

0

1

0
0
0

2
3

34

1

2
3

35

36

70

100
95
100

90
77
90

95
95
68

1

0

2

0

3

0

1

2
3

37

.

1

94

100

100

26
0
0

100

80
40

89
0

0
0
0

40
0

84
0

0

0

0

0

100

0

50

0
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highly abnormal, even after short (1 hr) exposure. Another increase
in temperature tolerance occurs during the later phases of embryonic
development (stages 18 -20),

Thus, while embryos of Group III showed

great mortality at even the slightest exposure to 35°, those in Group
IV survived after being held for 2 hr at 35°. These embryos did show

considerable heat injury after 3 hr at 35° (0-50 percent viability),
and, except in one experiment (84 percent normal development of

stage 19 embryos after 1 hr at 36o), could tolerate no greater heat

stress.
Table 4 shows the percent normal development of embryos

exposed for various periods of time to temperatures (0. 2, 0.4, 1.0

o)

well below the critical thermal minimum (6°). The data (adjusted)

indicate that the embryos were able to withstand short-term exposure

to cold temperatures that were normally lethal to embryos in chronic
exposures. For example, embryos in stages 18 and 20 that were

exposed to 0.4o for either 1,

3, 5,

8, or 12 hr and then returned to

room temperature survived as well as did the controls. Although ice

formed as a layer in the water over the embryos, ice crystals never
came in contact with living individuals. However, after 3 hr at 0. 2 °,

ice did come in contact with several embryos, killing them and producing high mortality (70 percent). At 1.0°, embryos in a variety of

stages were exposed for 1, 8, 24, 48, 72, and 96 hr .

All stages

tested (stages 3-19) showed well over 80 percent survival after

Table 4. Percent normal development in embryos of Rana cascadae after exposure to low tempera-

tures for various periods of time.

Temp.
(°C)

0.2

Period of
exposure
(hr)

Early
cleavage
3-5

Late
cleavage
7-9

Stage of development at exposure
Tail Muscle
Gastrula Neurula bud response
10-12

16

17

20

100
100
100

1

3

-

5

-

8
12

1.0

19

100
30

1

3

0.4

18

Gill
Heart
beat circulation

-

-

-

1

88

8

-

24
48

100
60

72
96

27
-

-

100
90

100
80

100

88

88

-

-

-

-

86

6

-

13

-

-

-

86
100

100
100
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exposures of up to 24 hrs, However, embryos in early and late
cleavage stages that were exposed for 48 hrs and 72 hrs showed

increasingly greater mortality (less than 50 percent after a 72 hr
exposure). Since embryos in stage 16 that were exposed to 1.00 for

72 hr developed normally (86 percent viability), it appears that

resistance to low temperatures increases as development proceeds.
Well over half (87 percent) of the embryos in this same stage failed to

survive a 96 hr exposure at this temperature.
Embryonic Rates of Development

The observed embryonic rates of development, in hours, and
by stages, at 100, 150, 180, 20 0 and 25o are shown in Tables 5-9.
The number of observations (each from a different donor) made for

each stage of development is indicated, as well as the range and mean

elapsed time in hours since fertilization. The age of the embryos at
any given stage was determined as the time when 50 percent of the

embryos showed the characteristics of the stage in question. Stage 2
(grey crescent) was not observed at 10

,

150, 180, and 250 because

the fertilized eggs were kept at 20° for 85 minutes after fertilization
before distribution to various temperature chambers. Stage 19 (heart
beat) was never observed at any of the experimental temperatures
because of the difficulty in accurately determining the onset of the

heart beat, and therefore the "50 percent period. " In addition,
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Table 5. Embryonic rate of development at 10°C.

Elapsed time (hr)

Stage

Number of
observations

1

6

2

0

3

3

3. 5 - 3. 3

4

4

6. 7 - 6. 0

5

4

6

3

10.0 - 9.5
14.0 - 13.0

7

1

8

4

9

Range

Mean
0

3.4
6.4
9.9
13. 7
17. 0

25. 3

2

27. 0 - 23. 0
38. 0 - 34. 0

10

5

76.0 - 71. 5

73. 4

11

5

103. 0 - 97. 3

10102

12

4

118.7 - 113.0

115.7

13

4

177.0

150.0

163. 3

14

5

178. 4

15

4

16

5

17

3

191. 0 - 172.0
242. 0 - 206.0
245. 0 - 218.0
247.0 - 237. 0

18

4

382.0 - 315.0

335.8

19

0

20

4

424. 0

408. 0

414. 0

3

648. 0 - 513.0

590. 7

50% hatching

36.0

216. 5

227.4
241. 3
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Table 6. Embryonic rate of development at 15°C.
Stage

Number of
observations

1

8

2

0

3

4

4

4

5

3

6

3

7

3

8

2

9

2

10

7

11

Elapsed time (hr)
Range

Mean
0

3. 3 - 3. 0
5. 3 - 4. 5
7. 0 - 6. 5
10.0 9.3

12.0 - 9.3
16.0 - 15,0

3.2
5.0
6.8
9.6
10.9
15.5
23. 3

6

24.0 - 22, 5
43. 0 - 36, 5
61.0 - 49.5

12

5

63. 0

54, 0

60. 4

13

5

14

6

15

5

16

6

17

4

18

5

19

0

20

7

199.0

176.0

189.6

2

202. 0 - 197.0

199. 5

50% hatching

79.0
80.0
105.0 96.0
113. 0 - 102.0
118.0 114.0
157.0 134.0
85.0
96.0

40. 2

54.4
81, 1

88.3
99. 9
106. 7

116.8
146. 6
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Table 7. Embryonic rate of development at 18°C.
Stage

Number of
observations

Elapsed time (hr)
Range

Mean
0

1

7

2

0

3

5

3. 3

2. 7

3.0

4

6

4.4

5

5

6

5

7

2

4. 5 - 4. 0
6. 3 - 5. 7
8. 0 - 6. 7
8. 7 - 8. 2

8

4

12.7 - 11.0

12,1

9

1

10

7

33.0 - 28.0

30. 6

11

4

38. 5 - 36. 0

37.3

12

1

13

6

58. 0 - 51. 5

14

2

62. 0

15

6

16

6

75. 5 - 68. 5
80. 5 - 71.0

17

0

18

4

19

0

20

5

50% hatching

2

6.0
7.3
8.5
17.0

47. 0
55. 0

56.3
58.5
72.4
76. 0

105.0

108.3

136. 0 - 122.0
146. 0 - 145. 0

132, 5

111.0

145. 5
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Table 8. Embryonic rate of development at 20°C.
Stage

Elapsed time (hr)

Number of
observations

Range

Mean

1

6

0

2

1

0. 5

3

3

3. 0

4

4

4. 4

4. 0

4. 2

5

5

5. 7 - 5. 2

5. 4

6

2

7

3

8. 0

8

3

11.0

10. 2

10. 5

9

2

14. 5

13,3

13. 9

10

6

26.

- 23. 3

24. 8

11

6

34.0 - 28.5

31. 6

12

4

35. 2

13

5

14

6

15

6

37. 5 - 32. 0
49. - 43. 5
53. 0 - 46. 5
62, - 54, 0

16

3

64.5

-

60.0

62. 2

17

3

72.

- 68. 0

69. 7

18

3

92,

84. 5

88. 7

19

0

20

6

50% hatching

1

6.5
7. 5

111, 0 - 100. 0

7. 7

47. 3
50. 1

58. 6

106. 8
114. 0

61

Table 9. Embryonic rate of development at 25°C.
Stage

Number of
observations

1

7

2

0

3

2

4

5

5

5

6

2

7

4

8

3

9

3

10

2

11

6

12

Elapsed time (hr)
Range

Mean
0

2. 8 - 2. 7
4. 0 - 3. 3
4, 7 - 4. 5
6. 0 - 5. 7
7. 5 - 6. 7
9. 5 - 9. 0

2.8

12.0 - 11.5
17.0 - 15.0

11. 7

6

22. 5 - 20. 0
26. 0 24.0

21.4
25.2

13

2

31.0 - 30.0

30, 5

14

3

35, 0

33, 0

34. 2

15

3

40.0 - 38.0

39. 3

16

3

44, 5 - 41.0

42, 8

17

5

50. 0

45. 5

47. 8

18

2

61. 0 - 58. 0

59.5

19

0

20

5

74.0 - 72.0

72. 8

4

79. 0

74. 0

77. 8

50% hatching

3.6
4.6
5,9
7.2
9.2
16. 0
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stage 17 at 18 o is not listed because embryos were never observed

during this "50 percent period. "

The effect of temperature (within tolerable limits) on the rate of
development from stage 3 to stage 20 is illustrated in Figure 12. The
maximum delays in development occurred between stages 17 and 18.

Eggs at 8° required 177 hr to develop from stage 17 to stage 18. This

delay was still apparent at higher temperatures, but the effect was
somewhat diminished. The biggest increases in rate (to stage 20)

occur with only relatively small increments of heat at the lower end
of the thermal limits. For example, a 2° increase from 18° to 20°
decreased the developmental time by only 20 percent, whereas a 2°

rise from 8o to 10o produced a 47 percent decrease, indicating that

the embryos are most sensitive to small temperature changes at low

temperatures. These variations in temperature sensitivity can also
1
be shown by
y calculatin g Q
values for various temperature intervals
10

based on the number of hours to reach stage 20 (Figure 12).

Figure 13 is a time-temperature curve indicating the relationship between developmental time to stage 20 and time to hatching (see
Tables 5-9), At 25°, 20°, 18°, and 15° hatching took place only a

few hours after the onset of blood circulation in the gills (stage 20),
but at the coldest temperature (10°) hatching was considerably delayed,
1

Qio is the factor by which a reaction velocity is increased for a rise
in temperature of 10 o C.
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Figure 12. The effect of temperature on the rate of development of Rana cascadae embryos.
910 values for the temperature intervals are shown.
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20.0-25.0
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(15.0-25.0)
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200

300
400
500
TIME SINCE STAGE 3 (hr)

10

25.5

7.6
4.9
3.2
2.2
4.0
2.7

600

700

800
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Figure 13. Time required by embryos of Rana cascadae to reach
stage 20 (solid line) and to hatch (broken line) when
incubated at constant temperatures. Points mark times
at which 50 percent of the embryos at that temperature
reached stage 20 or hatched.
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occurring some 176 hr after the beginning of gill circulation. Those

embryos held at 10° hatched in a more advanced state than those at

warmer temperatures: they were longer (X 9. 9 mm vs. 8.0 mm),
their gills were more highly branched and tail fin pigment was less
abundant. Although the time to hatching was extremely variable

(Table 5), the pattern does indicate the more advanced state at hatching of embryos developing in colder water.

Another way to analyze the relationship between temperature

and the elapsed time to different stages of development is to use a
semi-logarithmic plot (Figure 14). The logarithm of time was placed

along the ordinate and the abscissa represented the temperature;
thus, the curves are for different developmental intervals (57). In

this way it is possible to compare stage intervals at different temperatures as a function of time. Spacing of temperatures along the
abscissa was determined by plotting data for elapsed time between

stages 6 to 10 as a straight line. This arbitrary abscissa was then
used as a base for plotting time intervals between other stages. The
broken lines, which were drawn parallel to the curve for stages 6 to
10, provide immediate visual comparison of the real nature of the
slope differences among the curves for different intervals of development.

Figure 14 indicates that the time-temperature relations from
the initiation of cleavage to the start of gastrulation (stages 3 to 10)
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Figure 14. The relation, at different temperatures, of developmental
stage intervals to time in Rana cascadae embryos.
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are linear functions. The most marked difference from the curve of
stage interval 6 to 10 (used as the standard here) is the slope of the

curve for the interval from stages 3 to 6. The slope of this curve is

lower than the standard, particularly at the warmer temperatures,
indicating a differential response to temperature.

This differential

response is masked in the curve for stage interval 3 to 10 since it
closely parallels the 6 to 10 curve, The curves for the postgastrular stages (10 to 16, 16 to 20, 10 to 20) are somewhat more
complex.

These curves are nearly parallel with each other, indicat-

ing that all post-gastrular stages respond similarly to all temperatures (within tolerable limits). However, when the curves for post-

gastrular development are compared with the arbitrary standard

curve for stages 6 to 10, differences in growth rate are readily
apparent. At the lower temperatures (18o to 10o) the curves for

post-gastrular stages indicate a faster growth rate than is seen at
comparable temperatures during the stage interval 6 to 10. On the

other hand, at warmer temperatures (18° to 25°) the post-gastrular
stages grow at correspondingly slower rates. If the points between
10o and 25o were connected directly the slope of the curves for stages
10 to 16, 16 to 20, and 10 to 20 would be parallel with themselves.

Therefore, the median temperatures (15o to 20o) tend to depress the
curves in the middle, Conversely, if lines were drawn connecting

points at 15°, 18° and 20° for each of the post-gastrular intervals,
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the slope of these curves would not only be parallel with themselves
but would also show that points plotted at 25° and 10° are "warping"
the curve upward.

Figure 15 describes a plot of the average developmental rate
values (reciprocal of time in hours between first cleavage and gill
circulation x

103)

against constant temperatures. This rate-

temperature curve assumes a linear function in the temperature
range of 15° to 25 °. Amphibian development presumably approaches

a linear function within its tolerance range of development (57, 78)0
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Figure 15. Rate of development of embryos of Rana cascadae at
constant temperatures, expressed as 1000 divided by time
in hours between stages 3 to 20.
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ADULT BREEDING BEHAVIOR AND EMBRYONIC
THERMAL ADAPTATIONS

In the Cascade Mountains in the Deschutes National Forest of

Oregon, Rana cascadae begin breeding activities soon after the ice
melts from the spawning sites. In 1973 an exceptionally mild winter
allowed early access to Alder Spring Pond which becomes snowbound
each winter. On March 10, 1973 about half of the pond was covered
with up to 2 inches (5. 0 cm) of ice, which had been weakened by
warmth. Within the ice-free area were several hundred male R.

cascadae, most in shallow water near the shoreline. The water
temperature at 1300 was 7.00. Briggs and Nussbaum (personal
communication) have reported finding single and amplectic groups of

R. cascadae in ponds partly covered with ice.

Males are the first to appear in the pond as the ice and snow
melt. They are found in the shallow, warmer water along the shoreline. At first they are well dispersed, but soon they form groups

with individuals being only inches apart. Male R. cascadae call in

groups at the very margins of the pond, in water only 2 -- 7 inches
(5 - 18 cm) deep.

They do not call underwater, but vocalize in air.

Male frogs apparently call only in the daytime since notes were never
heard after sundown. Calling is especially frequent on sunny after-

noons, but subsides on cloudy days or even when the sun is temporarily blocked out by a cloud.
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Female R. cascadae spawn during daylight hours and deposit

their eggs at those sites where male groups call. At Alder Spring
Pond egg laying occurred at two sites, while at Three Creeks Pond egg
deposition took place in only one area. At Alder Spring Pond spawnndicating
ing occurred only after water temperatures reached 8.0 0 indicating

that a temperature threshold must be reached before egg laying
occurs. Females tend to deposit their eggs on top of, or immediately

next to, another egg mass, resulting in a sizable group of egg masses
(called here a jelly mass), depending on the number of breeding
females. Each of the two groups of eggs at Alder Spring Pond

covered an area of 2-2. 5 sq ft (. 18-.25 sq m) and each contained 304Q compact, globular egg masses. The eggs found at Three Creeks

Pond formed a more massive group, having an area of 5 sq ft (.46 sq
m) and containing about 60-70 individual egg masses. It was found

that an individual egg mass (laid by one female) contains from 400600 eggs. Since these egg masses were all laid in only a few inches

(5-18 cm) of water, the jelly mass as a whole rested on the bottom of
the pond while the top layers were in some places exposed directly to

the air. Male R. cascadae were seen calling from the surface of
previously laid egg masses, and consequently females responding to
their calls would tend to build up the jelly mass above the water line.
At Alder Spring Pond all spawning activities were consummated
within a three day period (March 14,

be considered an explosive breeder,

15,

16); thus, R. cascadae can
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Once the eggs have been laid they are subjected to a wide range

of environmental temperatures (Figure 16). Temperatures within

the jelly mass at Three Creeks Pond were taken with continuously
recording thermometers, and probes were set at depths of 1 inch

(2. 5 cm) and 5 inches (12. 5 cm) below the surface of the water.

Temperatures within one of the jelly masses at Alder Spring Pond
were recorded with the same instrument at a depth of 3 inches (7. 5
cm).

Figure 16 clearly shows that developing embryos were subjected

to daily maximum temperatures that were more variable than daily
minimum temperatures. At Alder Spring Pond the daily maximum
temperature averaged 10. 30 (R = 13. 3-4.4; SD = 2.8) while the daily

minimum temperature averaged 1.7o with a range of 2, 8o-1. 1 0
(SD = 0. 6).

Thus, the average daily temperature fluctuation that

these embryos were exposed to was 8, 60 (R = 11. 10-3. 3o; SD = 2. 4o).

It was calculated from the continuously recording thermometers that
embryos were exposed an average of 1, 1 hr (R = 3.0-0,5 hr; SD =

0. 8) to any particular maximum temperature, and 5.0 hr (R = 8.02.0 hr; SD= 2.2) to a specific minimum temperature. At Alder Spring

Pond the highest and lowest recorded temperatures were 13. 30 and
1. 1 0, respectively.

The temperature data collected from the jelly mass at Three

Creeks Pond are even more revealing. Continuous, simultaneous
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Figure 16, Daily maximum and minimum temperatures within egg
masses at Alder Spring Pond and Three Creeks Pond for
1973, pertinent to the breeding behavior of Rana cascadae,
The solid line with solid circles indicates temperatures
at a depth of 2.5 cm; solid line with open circles, 7. 5 cm
depth; and dashed line with closed circles, 12. 5 cm
depth.
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temperatures were taken near the surface (2. 5 cm deep) and deeper
(12. 5 cm) within the egg masses. This procedure provided conclu-

sive evidence that the effects of solar radiation are greater near the
surface of the jelly mass than at greater depths. The average daily
maximum temperature 2. 5 cm deep was 12.2° (R = 17. 2°- 5. 0 o; SD =

3. 8) while the average daily maximum temperature 12. 5 cm deep
averaged 9. 0° (R = 12. 2°-4, 40; SD = 2. 6), a mean difference of some
3. 2°.

However, at night when solar energy is no longer a factor,

daily minimum temperatures (2. 5 cm deep) averaged 2. 5° (R = 5. 6°1. 1 °; SD = 1. 1) and daily minimum temperatures (12. 5 cm deep)
averaged 2. 8° (R = 4. 4 ° -2. 2 °; SD = 0. 7), a mean difference of only
O. 3°.

Thus surface embryos were subjected to a greater daily

temperature fluctuation (avg. 9. 4°; R = 13. 9°-3. 3°) than embryos
developing 10. 0 cm deeper within the jelly mass (avg. 6. 0°; R =
8. 9°-2. 2°). It was determined that embryos located 2. 5 cm deep

within the jelly mass were exposed an average of 2. 1 hr (R = 3. 0
1.0 hr; SD = 0. 7) to any particular maximum temperature, and 4. 3 hr

(R = 6.0-1.5 hr; SD = 1. 6) to a specific minimum temperature.
Corresponding values for embryos 12. 5 cm within the mass were 3. Z
hr (R = 8.0-1.5 hr; SD = 1. 5) for any maximum temperature, and
3. 9 hr

ture.

(R = 8.0-1.0 hr; SD = 2. 1) for a specific minimum tempera-
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At Three Creeks Pond the lowest egg mass temperature (1. 1°)
was recorded during this period of early embryonic development
(April 20 to May 5), but the highest internal temperatures were found
during later stages in development (stage

17 to hatching). Between

May 19 and May 25 daily maximum temperatures (taken 2. 5 cm deep)
averaged 21. 8° (R = 27. 00-15. 00).

Another way to determine the effects of solar radiation on the

internal temperatures of egg masses is to measure any temperature
differences between the jelly mass itself and the surrounding water.
These data indicate that the black ova of Rana cascadae within the

jelly mass absorb solar energy, and that the jelly in turn acts to
retain this accumulated heat, causing the temperature within a mass
to rise above that of the surrounding water (22). In full sunlight for
maximum effect, between May 1-5, 1973 at Three Creeks Pond, the

temperature within the jelly mass averaged 15. 1° (SD = 0. 9), while
that of the surrounding water averaged 13.80 (SD = 1. 1), a mean
difference of 1. 30 (R = 1.10-2. 80). (For these data a quick-reading
thermometer was placed about 2, 5 cm into the egg mass jelly. The

water temperature was then measured about 3 cm from the mass,

After dusk, the jelly coats retain heat longer than the water does
(this jelly mass still had temperatures averaging 0. 90 higher than

the water 1 hr after sunset). Only several hours after sunset did

)
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temperatures within the egg mass and surrounding water become
the same.

It is probable that the accumulation of heat within R. cascadae

egg masses is the result of several factors. First, the darkly pigmented eggs are deposited in such shallow waters that a great
amount of jelly is exposed to direct sunlight, causing absorption and
retention of considerable heat. Moreover, individual egg masses tend
to form massive, somewhat compact groups of jelly in one place,

which helps to raise egg temperatures by reducing the flow of water

around and through the egg masses; in this way raised temperatures
are maintained for longer periods of time.
Since the embryos within any given jelly mass are subjected to

different temperature regimes, depending upon their vertical placement within the mass, it is logical to assume that individual embryos
develop at different rates. Although every jelly mass observed did
indeed contain embryos in different stages of development at any given
time, it could not be determined if this differential was due to

temperature factors or differences in time of egg deposition.
An obvious cause of high mortality among R. cascadae embryos

was observed during several dawn visits to the study areas. Although
the lowest recorded temperature within any egg mass of R. cascadae
was I. lo, it was apparent that embryos laid at the surface of the water

and exposed to the air were subjected to freezing overnight
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temperatures. Indeed, frozen embryos were found on several occasions at both ponds, and none of these frozen (and desiccated)
embryos survived. It is probable that the causative factors for such

mortality were a combination of spawning in shallow water, fluctuat-

ing, springtime water levels and freezing temperatures.
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DISCUSSION

Larval Diagnostic Features
A major objective of this investigation was to ascertain which

larval characteristics could be employed as taxonomic criteria.

These traits must be limited to those characters that do not vary, or
vary little, during the majority or entirety of larval development
(46).

In the past, taxonomists have utilized various linear measure-

ments of the tadpole body, the pigment pattern and the structure of
the mouth parts.

Considerable data concerning absolute and relative body meas-

urements of Rana tadpoles are present in the literature (23, 33, 57,
75).

It is difficult to assess the value of absolute or relative body

measurements in taxonomic studies of this group. This investigation
has shown that larvae at the same level of development vary in
absolute body dimensions and that the dimensions undergo progressive change throughout development. Undoubtedly growth conditions

other than those employed in this study would result in different body
dimensions (1, 2, 27, 32, 51, 52, 53).

It is clear that absolute body

measurements are too variable to be used as species differentials.
The use of ratios appears to be a more reliable method for
tadpole identification (17, 20, 28, 30). Limbaugh and Volpe (30)
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found that ratios of several body proportions in Bufo valliceps are

relatively constant between stages 26-40, and data for Rana pretiosa

luteiventris (28) similarly indicate the relative stability of ratios
during most of larval growth. For Rana cascadae the absolute body

dimensions of tadpoles at each growth stage have been transposed into

ratios. Relative body proportions are relatively constant during the
greater part of larval development (excluding the highly variable

metamorphic stages, stages 42-46). It is readily apparent that
relative body ratios are of value in differentiating between toad and

frog tadpoles, since the respective body ratios of Bufo valliceps (30)

and Rana cascadae are statistically quite different, but it is questionable whether these criteria may be used to separate more closely

related tadpoles, such as R. cascadae and R. pretiosa luteiventris
(28).

A comparison of the respective larval body ratios of these two

species during the period of relative stability in body ratios (stages
30-40) gives variable results. Of the six possible ratios available for
comparison only B. L. /Ta. L. (t** = 5. 13) and B. W. /Ta, L. (t**

=

3. 38) were significantly different. There is some doubt as to the

validity of this difference since the R. cascadae larvae were reared
at 23° while the R. pretiosa luteiventris tadpoles were grown at 25°.
In addition, apparent statistical differences based on laboratory
raised larvae may have little value when comparing tadpoles living
under variable conditions in the field.

Unfortunately, the use of body
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ratios as a reliable taxonomic trait must await further evidence from
comprehensive studies of ontogenetic changes in tadpoles of other
species of Ranid frogs.

The lack of precise, developmental information with respect to
the mouth parts of anuran tadpoles is unfortunate, but excellent studies
of this sort have been reported for Bufo valliceps (30) and Rana

pretiosa luteiventris (28). In addition, Haertel (20) determined the

full complement of larval mouth parts for R. cascadae, but did not
describe in detail the progressive development and resorption of

these structures. Thus, the only Ranid available for careful comparison of the differentiation of the mouth parts is R. pretiosa luteiventris (28). A major difference between R. cascadae and R.

pretiosa luteiventris is that in the former tooth rows begin to cornify
in stage 26, whereas in the latter teeth do not cornify until late stage
27 and early stage 28. In addition, R. cascadae forms two (or
three) upper labial tooth rows and four rows in the lower jaw (L e. ,
2-3(2, 3)14(1) ), while the spotted frog R. pretiosa luteiventris has a

full complement of only 2(2)/3(1 ). Finally, resorption of the tooth

rows starts at the end of stage 40 in the Cascade frog, R. cascadae,
while in the spotted frog the loss of tooth rows begins in stage 41. In

all other respects both species are similar in larval mouth part differentiation,

particularly in reference to completion of tooth row
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formation (stage 29) and appearance of the completely metamorphosed
mouth (stage 43).

This material demonstrates the variation which may occur in
the components of the mouth parts, The literature asserts that there

is a considerable amount of variation which can occur with anuran
mouth parts (4, 8, 20, 45, 76). Indeed, laboratory cascadae raised
by Haertel (20) had a 3(2, 3)/4(1) formula, and wild cascadae have been
found with a 2(2)/4(1) formula (76) and formulae of 3(2, 3)/3(1) and
3(2, 3)/4(1) (20).

Thus, the variation in mouth parts of cascadae

found in this study is not surprising. If this character is to be a

major tool in identifying tadpoles, the need for expressing the form-

ula at a particular stage and having a suitable sample size is
apparent.

Certain characteristics are common to tadpoles of the genus
Rana in North America. According to Orton (45,

p.

389) these

generic features include a combination of sinistral spiracle, dextral
anus, at least three rows of teeth on the lower labium, laterally
infolded lips, a submarginal row of papillae on the lower lip adjacent

to the ends of the tooth rows, a relatively narrow, tapered head and

dorsal rather than lateral eyes. Orton (45,

p.

389) further sub-

divides the North American Ranids into several smaller categories,
one of which is the woodfrog group.

This group includes Rana

cascadae, R. sylvatica sbsp. , R. aurora sbsp. and R. pretiosa
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sbsp.

,

and is characterized by pond-type larvae with single season

(non- overwintering) tadpoles; eastern forms with smaller size and
higher tooth row count (total length to 50 mm, tooth rows 3/4 or 4/4);

and western forms having larger size and lower tooth row count (total

length to 85 mm, tooth rows 2/3 or 3/4). Although these diagnostic

features are taxonomically useful on the generic level, they are

of

little value in taxonomic differentiation within the genus or species
group.

This study has shown that Rana cascadae retains all of the

characteristics necessary to be a member of the woodfrog group, but
specific definition traits must be shown that separate it from other
species in this group. It differs from Rana sylvatica characters (4)

by lacking a high dorsal fin crest, having a mottled or spotted tail
and having a tooth row count of 2-3(2, 3)14(1) instead of 3(2, 3)/4. The

nearest species, geographically, that R. cascadae could be confused
with in the woodfrog group would be R. aurora and R. pretiosa (5,
12, 28, 76). R. cascadae differs from R. aurora by having poorly
developed submarginal papillae on the upper labium and having a

dorsal fin that terminates posterior to, rather than anterior of, the
spiracle; however, tadpoles of both species possess a tooth row
formula of 2-3(2, 3)/4(1) (4, 76). Finally, R. cascadae differs from

R. pretiosa luteiventris in having darker overall pigmentation and a
tooth row formula of 2-3(2, 3)/4(1) instead of 2(2)/3(1). Although all
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of the above mentioned diagnostic features are of value in identifying
Ranid tadpoles of the woodfrog group, the importance of comparing

species at equivalent growth stages cannot be overemphasized.
Breeding Habits and Embryonic
Thermal Adaptations

This study has shown that the embryonic thermal tolerance

limits for R. cascadae are 6 o to 27o. The critical thermal maximum
(27°) is sufficiently high to provide safety from most normal heat

stress, since the highest recorded temperature within any egg mass
of young embryos was only 17.20. However, embryos in later stages

of development (just prior to hatching) are subjected to much higher
temperatures (X = 2 1 80, R

=

27.00-15.00), although it is extremely

doubtful that these temperatures are lethal or even detrimental.
Young embryos (stages 3-5) of R. cascadae can withstand tempera-

tures as high as 290 for up to 3 hr, while more advanced embryos
(stages 18-20) can tolerate exposures of 2 or 3 hr at 35°, Daily

maximum temperatures in the field rarely exceed 3 hr in duration.

Since R. cascadae initiates egg laying soon after the ice melts from
the spawning sites, embryonic development will have proceeded well

beyond the early cleavage stages (thus gaining more thermal

tolerance) before high temperatures, if any, are encountered. A
severe problem does exist, however, with respect to the survival of
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embryos to cold night temperatures. Although the embryos are

extremely tolerant to cold temperatures (86 percent in stage

16

survived a 72 hr exposure at 1. 0°, a much longer interval than has
ever been recorded in the field), they cannot survive being frozen, as
was commonly seen when exposed portions of egg masses crystalized

due to sub-freezing air temperatures. Submerged eggs were almost
daily subjected to extremely cold temperatures, but none of these
temperatures was below 1.0 0, and daily minimum temperatures

usually lasted only 4 or 5 hr. Submerged embryos appeared to
develop normally.

Embryos of R. cascadae are highly sensitive to slight changes
of temperature at the lower end of the tolerance limits. Rapid
acceleration in development occurs in response to small increments

of heat, resulting in a shorter time to hatching. Since R. cascadae
often breeds in temporary ponds and potholes which eventually dry
up and might leave the tadpoles stranded, the quicker the time to

hatching, the sooner the tadpoles can leave the water as metamorphosed froglets. In addition, R. cascadae larvae are eaten or

captured by such predators as Homo sapiens, Turdus migratorius
and Thamnophis sirtalis fitchi (9) so that any delays in development

would likely increase mortality in this species.
Although R, cascadae adults deposit their eggs in relatively

exposed sites, the embryos are subjected to surprisingly shallow
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daily temperature fluctuations during most of development (stages
1- 16).

Daily temperature fluctuations averaged only 9. 0

did daily maximum temperatures exceed 15.0°.

,

and rarely

Indeed, on several

days egg mass temperatures failed to reach 10°, especially at depths
of 12.5 cm or more. However, the biggest increases in developmen-

tal rate occur with only small increments of heat at temperatures
below 15o (where the majority of embryonic development occurs).

The time to complete development (stage 20) is decreased by 88 percent between 8° and 15° (Q10 = 7. 6) but by only 49 percent between
15° and 20o

(Q

10

= 3.2). In addition, the QI0 values for the tempera-

ture interval 20 ° -25° is only 2. 2; hence it appears that once a mini-

mum of 15° has been reached within a R. cascadae egg mass, relatively little further gain in rate of development occurs. The habit of
grouping the egg masses in very shallow water results in temperatures within masses reaching between 10o-15o almost daily, thus
insuring nearly maximum developmental rates during daylight.

Unlike many amphibians, R. cascadae has to deposit eggs during day-

light hours in order to avoid cold temperatures at night. However,
by spawning in areas fully exposed to the morning or midday sun,

the adults immediately provide relatively warm temperatures for the
freshly fertilized eggs. The darkly pigmented eggs with their mag-

nifying jelly layers absorb considerable heat, and the jelly, often
forming a massive lump in the shallow water, acts to retain this heat
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throughout the day and even several hours after dusk. This strategy

allows the embryos to develop as fast as possible before being subjected to cold night temperatures, Although even young embryos can
tolerate a 48 hr exposure at 1. 0 °, it is clear that being in a more

advanced stage before exposure to possible lethal cold temperatures
would increase the chances of survival,

It is difficult to clearly establish that R. cascadae is well
adapted to breed in ponds and potholes at altitudes above 1000 m.

Although breeding occurs just after the ice melts, the adults fail to
provide a true "northern" environment for the eggs, such as R.
aurora does by breeding under water and attaching well-submerged
eggs to vegetation (29). Instead, male R. cascadae call in groups

from warm, shallow water at the margins of the breeding pond, and
females respond by depositing their eggs on top of, or immediately

next to, another egg mass, resulting in a large clump of eggs and
jelly in shallow water. This strategy permits the embryos to achieve
maximal embryonic rates of development by allowing many heat

sources to act together during the day. However, as a result of

this effort to gain increased developmental rates, the Cascade frog
must face two major environmental hazards. The first is the threat

from overnight, subfreezing temperatures, which are lethal to eggs
deposited on top of submerged egg masses and at or above the water

line, as already discussed, The second disadvantage of spawning in

89

shallow water comes from fluctuating, springtime water levels

which may leave eggs stranded as the water recedes, so that parts of
(or even entire) egg masses may be desiccated or frozen, whichever

occurs first. It is probable that these factors often work together
to produce significant mortality in nature, but their effects on the
population dynamics of R. cascadae are unknown.

The overall breeding strategy of the Cascade frog seems to be
that of providing an environment for utilization of most available heat
during the day to achieve maximal embryonic rates of development,

since shortening the time to hatching reduces the chances of mortality
from cold night temperatures, drying temporary ponds and potholes,
and predation. Nevertheless, as a result of these tactics R. cascadae

suffers significant embryonic losses from freezing temperatures and
fluctuating water levels.
Comparisons with Other Ranid Species

A customary practice in the literature on embryonic thermal
adaptations of anurans is to compare the elapsed time between first
cleavage and gill circulation (stages 3 to 20). Figure 17 indicates the

results of the time required by a variety of Ranid embryos to initiate

gill circulation at certain experimental temperatures. Each point
represents the time necessary for 50 percent of a group of embryos
to develop from stage 3 (first cleavage) to stage 20 (gill circulation)
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Figure 17. A comparison of rate of development between eight
species of Rana.
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at a particular temperature. Interspecific comparisons can be made
using the data from Moore (36, 43) on R. sylvatica, R. palustris,
R. clamitans and R. pipiens of Vermont (all eastern species); and
from Johnson (28) on R. pretiosa luteiventris, and Licht (29) on

R. pretiosa pretiosa and R. aurora aurora (all western species). The
data for R. cascadae come from Tables 5 to 9.

Figure 17 shows that R. cascadae has a slower rate of embryonic development than R. sylvatica and R. pipiens, which are cate-

gorized as more "northern" species following the criteria of Moore
(38).

On the other hand, R. cascadae has a faster rate of develop-

ment in the embryonic period than R. aurora aurora, R. clamitans,

R. palustris and R. pretiosa luteiventris, but has an almost equivalent growth rate with R. pretiosa pretiosa in the temperature intervals of 10o to 15o and 20o to 25 0. Between 15o and 20

,

however,

R. cascadae is more "southern" than R. e, pretiosa.
In order to determine whether R. cascadae differs in its
embryonic development by stages with the published data on other

Ranid species, Figures 18 and 19 were constructed. Figure 18 is a
comparison of the rate of development of the pre-gastrular stages

(stages 3 to 10) at various temperatures for. R. sylvatica, R. pipiens,

R. palustris, and R. clamitans (36, 38); and R. pretiosa luteiventris
(28).

Figure 19 is a comparison of the post-gastrular stages (stages

10 to 20) for the same six species (including R. cascadae) using
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Figure 18. A comparison of rate of development of the pre-gastrular
stages between six species of Rana.
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Figure 19. A comparison of rate of development of the postgastrular stages between six species of Rana.
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data obtained from the same sources as those used in Figure 18.

Figure 18 shows that R. cascadae has an overall slower rate
of development from the start of cleavage to the start of gastrulation

than does R. sylvatica, R. pipiens and R. palustris, but is more
"northern" than R.2. luteiventris at all the temperatures tested.
The relationship of R. cascadae to R. clamitans is not so clear,
since below 16o and above 23o the former develops faster than the

latter, but between these temperatures R. cascadae develops slower
than R. clamitans.

Figure 19 shows that R. cascadae possesses a slower rate of
development between stages 10 to 20 at all temperatures than does

the more northern, cold-adapted R. sylvatica and R. pipiens

(Vermont), but is clearly faster than R. pretiosa luteiventris at all
points on the curve. Comparisons with the other two Ranids indicate

that R. cascadae is faster than R. palustris and R. clamitans below
22o, but slower in development above this temperature.

If a serial arrangement had to be made of the eight species
discussed above, from cold-adapted to warm-adapted species based
on embryonic rates of development it would be

R. sylvatica, R.

pipiens (Vermont race), R. cascadae or R. pretiosa pretiosa, R.

palustris or R. pretiosa luteiventris, R. clamitans and R. aurora.
This means that R. sylvatica embryos develop more rapidly in cold

water than, say, R. clamitans, and are generally more adapted for
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developmental success in cold water. The only species which does not

fit well into this scheme is R. aurora, which has relatively slow rates
of development but is characteristically "northern" or cold-adapted
in all other respects (29). These reduced rates of development are
believed due to the very large eggs of this species (Table 10). It is

clear that any effort to establish anurans as either cold-adapted or
warm-adapted must be based on a variety of physiological and

ecological factors (28, 29, 38, 78).
Table 10 attempts to correlate the data in Figures 18, 19 and 20
with other adaptive embryological characteristics and the breeding
habits of certain species of Rana. This information is taken from
Moore (36, 37, 43) on R. sylvatica, R. pipiens (Vermont race),

R. palustris, R. clamitans and R. catesbelana (all eastern species);
and from Johnson (28) on R. pretiosa luteiventris, and Licht (29) on

pretiosa and R. aurora (all western species). The available
data for R. cascadae are presented for comparison. Table 10 is
designed to suggest a serial arrangement from cold-adapted to warmadapted species based on pertinent physiological and ecological

criteria, following the observations of Moore (38) on eastern species

of Rana. Moore's (38) investigations revealed that "temperature

is

the principal known factor responsible for the northern and southern

limits of distribution of the wide-ranging eastern American" species

of Rana. He felt that, because the embryonic stages show the least

Table 10. The relation between breeding habits, geographic distribution and adaptive embryological characteristics in nine species of Rana.

Species

Breeding

time

Water
temp.
(°C)

Embryonic

Northern

limit

Stage at
hatching

4-21

132

21

3.0

globular, submerged

( °C)

510

Egg

Hours to
stage 20
at 20°C

temperature
tolerance

diameter
(mm)

Type of
jelly mass

R. aurora

late Feb.

R. sylvatica

mid-March

10

67 °30'

6-24

72

21

1.9

globular, submerged

R. pipiens

early April

12

60

6-28

96

18

1.7

globular, submerged

R. p. pretiosa

late Feb.

6

60°

6-28

95

19

2.3

globular, half sub-

6

merged

R. cascadae

March-June

8

49

6-27

104

20

2.2

globular, partly
submerged

R. palustris

mid-April

R. p. luteiv entris

April

R. clamitans

May

R. catesbeiana

June

51-550

7 -30

105

17

1.8

46°1T

6 -28

108

19-20

1.9

24

50°

12-32

114

17-18

1.4

film, at surface

21

47o

15-32

134

17

1.3

film, at surface

14-15

globular, submerged
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tolerance for temperature extremes, temperature is probably the
most important limiting factor in this part of the life cycle. Other,
less dominating factors which may help determine the geographic

distribution of Ranids are egg diameter, form of the egg mass, stage
at hatching and color of the ovum. As Zweifel (78) has pointed out,

and as this investigation has confirmed, these factors may influence

or be influenced by temperature, and the important extrinsic factor
of time and place of breeding is a closely associated adaptation to

temperature.

The temperature tolerance range for. R. cascadae, as previously mentioned, is from 6o to 27

,

a span of 210 which agrees

well with the ranges of all other Ranid species studied. Indeed, the

upper and lower limiting temperatures for R. cascadae agree closely

with those of R. pretiosa luteiventris, R.P. pretiosa and R. pipiens
(all 6° to 280).

"Northern, " cold-adapted forms (R. sylvatica,

R. aurora) have relatively low thermal limits, while true "southern,

warm-adapted species (R. palustris, R. clamitans, R. catesbeiana)
maintain higher lethal temperature limits (40). Even though R.

cascadae is comparable to both races of R. pretiosa as well as

R. pipiens with respect to temperature tolerance, there are significant differences between them. R. cascadae develops faster (to

stage 20 at 20°) than R. pretiosa luteiventris but slower than R.2.

pretiosa or R. pipiens. In addition, R. pipiens spawns in deeper
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water than R. cascadae and produces embryos that are subjected to a
higher thermal regime (TC = 200 in daylight) than R. cascadae (X =
120).

The embryos of R.P. pretiosa also are exposed to tempera-

tures averaging about 20° during daylight, but this has been achieved

by spawning in shallow water, much as R. cascadae does. By
placing their eggs in water shallow enough to often leave them par-

tially exposed, both R. P. pretiosa and R. cascadae annually face the
destruction of many embryos by freezing and/or desiccation.
The data in Table 10 suggest other adaptive traits in the genus.

Egg masses of R. cascadae are like those of R. aurora, R. sylvatica,
R. pipiens, R.P. pretiosa and R. palustris, but unlike those of R.
clamitans and R. catesbeiana, Compact masses such as those of the
first group are an adaptation for embryonic development in cooler
waters. Both R. cascadae and R. p. pretiosa have somewhat modified

the effects of a compact, globular mass by depositing them in such
shallow water that they lose their firmness and become somewhat

flattened, but these masses bear little resemblance to the surfacetype film characteristic of true "southern" warm-adapted species,
whose masses have relatively large surface-to-volume ratios.
Moore (37) interprets these differences as adaptive with respect to
meeting the oxygen needs of the embryo. Cool water can hold more

dissolved oxygen, and the embryos in the middle of the compact but

porous mass respire normally. In contrast, warmer water has a
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lower oxygen tension, and a surface film type of mass provides the
maximum opportunity for respiratory exchange for each embryo. In

addition, Zweifel (78) points out that in still water the concentration
of dark pigment in the globular mass promotes absorption of heat

and, as previously discussed, speeds development. Eggs in a surface

film are less likely to concentrate heat because they are rather dispersed.

Moore (38) also attributes adaptive significance, with respect to
embryonic oxygen requirements and water temperatures, to the stage
at which hatching occurs. Cool water contains sufficient dissolved
oxygen so that embryos can secure enough by diffusion to allow later

hatching, possibly as free swimming larvae. In contrast, warmer
water contains reduced quantities of oxygen, and since embryos need
more oxygen as they develop (35), it may be to their advantage to

hatch relatively early to become directly exposed to the water. As
Table 10 indicates, a correlation exists between stage at hatching and

adaptation to temperature, as measured by the upper limiting temperature. It is clear that R. cascadae fits well into this arrangement,

and the observation that R. cascadae embryos raised at lower tem-

peratures tend to hatch much later than those raised at higher temperatures is in line with Moore's (38) reasoning as to the significance
of variation in the stage at which hatching occurs.

100

The data of Moore (38) on eastern species of Rana also suggest

a correlation with respect to egg diameter, the northern species
having larger eggs than southern species. The eggs of R. cascadae

seem to be of the "northern" type, since they are of comparable size

to other cold water breeders, Moore (38) noted that a slight difference in egg diameter implies a sizable difference in the amount of
stored yolk available to the embryo and the newly hatched larva.

Thus, the larvae of species such as R. cascadae with their more
abundant food supply may attain a larger size before an external
source of food is needed. Conceivably, large yolk supplies might be

of some importance since larvae of R. cascadae often hatch in
newly-formed, possibly oligotrophic temporary ponds.

The sequence of species in Table 10 is intended to be in order

from cold-adapted, more northern species to warm-adapted
southern forms. In general, the adaptations of R. cascadae are

similar to those of eastern species breeding under similar conditions.
Except for the failure of female R. cascadae to provide a "northern"
environment for the eggs, this frog may be classified as a coldadapted, more northern species, based on various physiological and
ecological criteria as discussed above. One may thus conclude that

selective pressures, such as similar environmental pressure, will
lead to similar adaptations in species with distinct geographic
distributions.
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The relationships of western species of Rana are more difficult

to interpret. On the basis of reproductive strategy and embryonic

thermal adaptations, the allopatric R. aurora is the most coldadapted of any Ranid studied and faces selective pressures quite

different from those of R. cascadae (29), resulting in successful
reproductive isolation between these two species, On the other

hand, the breeding habits and embryonic thermal requirements

of

R. cascadae, R. p. pretiosa and R. pretiosa luteiventris show many
similarities, although little of the breeding behavior of the latter is
known (28).

Both R. cascadae and R.2. pretiosa deposit their eggs

in shallow water soon after the ice melts, often in temporary ponds.

As a result, both frogs suffer some mortality due to freezing and
desiccation of the eggs, Although the breeding habits of R.2.

pretiosa and R. cascadae seem to be very similar, the eggs of the
former are subjected to a significantly higher temperature regime
(29), as previously mentioned. The colder temperatures to which

R. cascadae eggs are subjected are probably due primarily to altitude.

Indeed, at colder temperatures R. cascadae eggs develop slightly
faster than those of R.2. pretiosa, indicating that the eggs of the
Cascade frog may be more adapted to colder temperatures. In

addition, on the basis of later stage at hatching (stage 20) and lower
critical thermal maximum (270), R. cascadae is more cold-adapted
than both races of R. pretiosa (Table 10). However, R. cascadae has
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been inserted between R. 2. pretiosa and R. pretiosa luteiventris with
respect to developmental rate at 20° (104 hr) and egg size (2. 2 mm).
Based on breeding habits and embryonic thermal requirements,
this study has confirmed the conclusions of Altig (3), Dunlap (13) and

Dumas (12) that R. cascadae is more closely related to R. pretiosa
than to R aurora; however, the extent to which cascadae and pretiosa

(both races) are related is more difficult to assess. As previously
mentioned, the Cascade frog is limited to the Olympic Mountains and
Cascade Mountains of Washington, the Cascade Mountains of Oregon

and the Lassen Peak area of California. The allopatric subspecies

R. pretiosa luteiventris is the southern-most form of R. pretiosa,
ranging from northern Nevada north to Pullman, Washington, through

eastern Oregon, and eastward to southwestern Idaho (12). This

distribution pattern lies within the northern terminus of the Great
Basin which characteristically has very warm to hot summers (28),
and for this reason may not have developed a rapid rate of development.

To the author's knowledge experimental crosses between

luteiventris and cascadae have never been attempted, and no evidence
of natural hybridization has been reported. Apparently the potential

loss of reproductive effort and the resulting embryonic mortality

might be greater than that due to present selective factors. The

other subspecies, R. 2. pretiosa, has a northward distribution to
British Columbia and southeastern Alaska, and southward through
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northern Idaho, western Montana, Washington, northern and western
Oregon and extreme northern California (12, 62),

Both R. cascadae

and R. p. pretiosa are found high in the Cascades, although their
ecology differs (20).

Pretiosa, with its shorter legs, greater amount

of webbing, and dorsal eyes is more aquatic. Cascadae, with its

longer legs and reduced webbing is more terrestrial and inhabits
mountain streams and adjacent banks as well as shallow margins of
mountain lakes and ponds. In spite of their morphological and

ecological differences, they have been found by Storm (personal

communication) to inhabit the same lakes in some areas of the Mink
Lake Basin in the central Cascades of Oregon. However, natural
hybrids have never been found, and Dumas (12) showed that R.E.

pretiosa and R. cascadae are genetically incompatible. On the other

hand, Haertel (20) was able to produce true, viable hybrids from this
cross, and considering the many similar reproductive and embryonic
thermal requirements of these two frogs, it is possible that some
breakdown of reproductive isolating mechanisms is presently occur-

ring between R. cascadae and R.E. pretiosa,
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SUMMARY AND CONCLUSIONS

The breeding habits and embryonic thermal requirements of

the Cascade frog of Oregon, Rana cascadae Slater, are described.

The limits of temperature tolerance of the pre-feeding stages are
from 6° to 27° for embryos held at constant temperatures. However, for pre-feeding embryos exposed at different developmental
stages for short durations to normally lethal chronic warm and cold

temperatures, the tolerance limits broaden as the embryo becomes
older.

The embryonic rates of development were studied over a wide

range of constant temperatures. The pre-gastrular period develops at

a slower rate than the post-gastrular period at 10° to 18°C but
between 18 to 25 C it develops at a faster rate. The biggest

increases in rate (from first cleavage to gill circulation) occur with
only relatively small increments of heat at the lower end of the
oC
thermal limits. Q10 values range from 25. 2 in the 8o to 10

interval to 2. 2 at the 20° to 25° interval.

Field observations of adult breeding behavior, such as selection
of spawning sites, initiation of the breeding season and placement,

size and number of the egg masses, indicate a correlation between
breeding habits and embryonic thermal requirements. The overall

breeding strategy of the Cascade frog seems to be that of providing
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an environment for utilization of most available heat during the day to

achieve maximal embryonic rates of development, thereby shortening
the time to hatching and reducing the chances of mortality from cold

night temperatures, drying temporary ponds and potholes, and
predation.

However, as a result of these tactics R. cascadae suffers

significant embryonic losses from freezing temperatures and desiccation.

The comparison of breeding habits and correlative embryonic

thermal adaptations of R. cascadae with other species of Rana
presents a more meaningful picture of embryonic temperature
responses and their adaptiveness from the standpoint of physiological

and ecological evolution of this species, and also serves to clarify
the taxonomic status of R. cascadae within the Ranid complex of the
Pacific Northwest.

As a by-product of this examination of the breeding habits and

embryonic thermal requirements of R. cascadae, considerable data
were accumulated describing embryonic and larval development.

Forty-six stages of development, from the fertilized egg through

metamorphosis, are described. External form, pigment patterns

and other descriptive characters, as well as the nature of the mouth
parts and certain linear dimensions of the larvae were recorded
and analyzed. The diagrams are intended as a reference series for
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comparative studies of embryos and tadpoles of the genus Rana in
North America.

Measurements of tadpoles expressed as absolute values are of

limited use as taxonomic criteria, since these dimensions are variable
and change through time. However, relative body ratios are constant

during much of larval development and may be a more diagnostic

feature for taxonomic purposes.

The nature of the mouth parts adequately characterizes the
tadpoles of R. cascadae, but comparisons with other species of Rana
should be made only with equivalent growth stages.
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