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INnTRODUCTION

One technique for the study of life history phenomena is to search for correlations
among life history traits across populations or species and to formulate testable hypotheses
that might explain the coevolution of the traits, bearing in mind that correlation does not
necessarily reflect cause-and-effect. One well-known correlation is that between the
presence or absence of parental care and propagule size in many invertebrates and cold-
blooded vertebrates. In these groups, parental care is generally restricted to the care
of embryos from the time the eggs are deposited until the hatchlings begin to feed. Many
species that lack parental care have relatively small eggs, and many species with parental
care have relatively large eggs. Numerous authors (e.g., BREDER, 1935; CADWALLADER,
1976; Curtis, 1938; Kuramoro, 1978; SaLtue and DuerLuman, 1973; Suinge, 1978;
SvArDsoN, 1949; reviewed by Nusseaum, 1985) argued that parental care is a prerequisite
for the evolution of large eggs, and SHiNE (1978) proposed an explanation for this re-
lationship which he named the ‘“safe harbor’® hypothesis. Here, I examine the as-
sumptions of the safe harbor hypothesis, test the ability of the safe harbor hypothesis to
explain the correlation of parental care and egg size in one group of cold-blooded
vertebrates, salamanders (Amphibia: Caudata), and propose an alternative explanation

for the correlation between egg size and parental care in this group.

Tue SArE Harsor HyproTHESIS

In formulating the safe harbor hypothesis, SHINE (1978) started with the assumption
that parental care had already evolved. He did not address the issue of the origin or loss
of parental care. He further assumed that parental care, because it is so consistently
present in many unrelated groups with relatively large propagules, in some way is re-
sponsible for the evolution of large propagules: “My aim...is to identify the critical vari-
able that has been changed by parental care, and has thence influenced propagule size.”’
(SHINE, 1978: 419).

The safe harbor hypothesis is based on the suggestion of WirLiaMs, (1966) that natural
selection will favor shortening of life history stages that have very low survivorship.
SHiNE (1978) argued that after parental care has evolved, survivorship of the protected



28

embryos will have increased to the extent that the embryo stage is the safest harbor,
compared fo the subsequent juvenile stage, which .does not benefit from parental pro-
tection. Invoking WiLLIAMS’ suggestion, Shine argued that natural selection now favors
shortening of the high risk juvenile period, and that this can be done by prolonging the
embryonic period. The embryonic period is prolonged by increasing egg size (at the cost
of reduced fecundity). Vance (1973a, b) formulated a similar model, which also depends
on an inverse relationship between the duration of the embryonic and juvenile periods.

There are several assumptions of the safe harbor hypothesis that need to be examined.
The first is WiLLiams’ (1966) idea that natural selection will reduce the duration of high
risk stages. While this may happen, there are alternative solutions such as selection for
protective devices, including parental care, to increase the survival rate of high risk stages.

A second assumption is that parental care will increase the survivorship of the
embryonic stage to-the extent that the juvenile stage is at relatively higher risk. There
seems to be no reason why this generally should be true. Juvenile survivorship could
conceivably be much higher than embryo survivorship, with or without parental pro-
tection of embryos. In fact this assumption is illogical when it is coupled with the
assumption that egg size will increase under the influence of parental care. Any signifi-
cant increase in egg size will increase the duration of the embryonic period (see below
for salamanders), and hence total mortality accrued as embryos will increase regardless
of whether or not parental care is provided. Therefore, even if parental care of embryos
causes the juvenile stage to be at greater risk, as argued by SHiINg (1978), unless the efficacy
of parental care increases with increasing egg size, any increase in egg size among indi-
viduals with parental care will actually decrease the difference in “‘risk’ of being an embryo
or a juvenile.

A third assumption, the converse of the second, is that “In the species without
parental care, propagule survivorship is likely to be lower (per unit time) than is the
survivorship rate of free-living juveniles’’ (SHINE, 1978: 419). Again, while this may be
true, it is not necessarily so.

The fourth and most critical assumption of the safe harbor hypothesis is that an
increase in €gg size reduces the duration of the relatively high risk juvenile period. I can
think of no a priori reason why a larger hatchling should necessarily result in a shortened
larval period. The length of the juvenile period is likely to be modified independently
of egg size and hatchling size. Among many frogs and salamanders, the duration of the
larval period varies considerably from year to year and between individuals in the same
population depending on immediate ecological conditions, regardless of hatching size.
In the salamander family Ambystomatidae, species with small eggs tend to have short
larval periods, and species with large eggs have relatively long larval periods (NussBauM,
et al., 1983), the opposite of what would be predicted by assumption four of the safe
harbor hypotheses. Within some species of frogs (Licur, 1975a) and salamanders
(ANDERsON, 1967), hatchling size (and egg size) hardly varies geographically, but the
larval period may vary by a factor of two or more, again contrary to assumption four.
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STRATHMANN (1977) identified similar cases among marine invertebrates in which there is
no relationship between egg size and the duration of the pelagic larval stage. Advocates
of the safe harbor hypothesis may choose to argue that it is not the entire juvenile stage that
is shortened by increased egg size, but only some critical, high risk, segment of it.

Because of the economic principle of allocation of limited resources, larger propagules
can be produced only at the cost of lower fecundity. Therefore, larger propagules cannot
be advantageous unless they contribute significantly to increased survivorship of the
propagule stage itself, or to increased survivorship of one or more subsequent life history
stages. Increased propagule size alone is not likely to increase propagule survivorship.
Because of the attendant increased embryonic period, the opposite is expected. Larger
propagules could increase the survivorship of subsequent juvenile stages by decreasing
the duration of the period at risk (safe harbor hypothesis), by increasing the survival rate
of juvéniles, or both. Because the total mortality accrued to a given life history stage is
the product of the mortality rate and the duration of the stage, selection will always
minimize both within the constraints of the systetm. Therefore, the safe harbor hypothesis
may be more-or-less correct, depending on the circumstances. But, for some groups of
organisms, the safe harbor hypothesis is unsatisfactory because it lacks explanatory power
and is at least partly falsified by the evidence. It cannot explain the obvious correlation
between propagule size and habitat that often exists, and, at least for salamanders, there
are exceptional cases that contradict the safe harbor hypothesis.

AN ALTERNATIVE HYPOTHESIS

Contrary to the safe harbor hypothesis, I argue that the selective advantage of larger
eggs most often lies in the production of superior (larger) offspring that are better able
to survive in certain environments than are smaller offspring. One cost of producing
larger propagules is a longer embryonic period (see below for salamanders) and a resultant
greater total mortality of embryos. Selection for larger propagules should, therefore,
intensify selection for adaptations that reduce the rate of embryonic mortality, including
protective devices such as toxins, hard embryonic coats, propagule hiding, and parental
protection. I argue, then, that parental care is not necessarily the umbrella under which
propagule size will increase inexorably, but, rather, that parental care may evolve as
a consequence of selection for increased propagule (offspring) size.

SALAMANDER REPRODUCTION

General Considerations

Several relevant reviews of salamander breeding biology have been published, the
seminal papers being those of Dunn (1923) and Nosie (1927). These authors demon-
strated that there are three reproductive modes among salamanders: (1) small-egged
pond (lentic) breeders, (2) large-egged stream (lotic) breeders, and (3) large-egged
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terrestrial breeders. These reproductive types were referred to as Modes I, IT, and III
by SALTHE (1969). Modes I and II are characterized further by having indirect develop-
ment with an aquatic larval stage and Mode I1I by having direct development in which
the eggs hatch directly into terrestrial juveniles. Mode III salamanders belong to a single
family (Plethodontidae), the members of which are all either Mode II or Mode III
salamanders, with minor aberrations. DunN (1926) contended that the ancestral pletho-
dontid had Mode II reproductive features and that Mode III plethodontids evolved from
Mode II plethodontids in cool, montane environments. This contention has not been
seriously challenged. A few species of Old World salamandrids are live-bearing and do
not fit neatly into the three-part scheme outlined above.

Parental care in salamanders consists of embryo guarding in a hidden aquatic or
terrestrial nest. Hatchlings depart the nest soon after hatching to fend for themselves.
They are not accompanied by the parent. Either the male alone or the female alone
cares. There are no known certain cases of biparental care (NussBaum, 1985). With
a few exceptions, to be discussed below, Mode I salamanders lack parental care, and Mode
II and III species have parental care (Nussaum, 1985). Mode III salamanders will
not be considered further in this paper for the following reason. There is strong evidence
that all Mode I11I species are descended from Mode II plethodontids. Therefore, parental
care and large eggs may never have originated in a Mode III species, but rather was
universally inherited from two or three ancestral Mode II species (see RecaL, 1966 and
WAaKE, 1966 for alternative plethodontid phylogenies).

Egg size and hatchling size

Across a sample of 37 species of salamanders (Table 1) the correlation between ovum
diameter and total length of hatchlings is highly significant (r=0.978, p<<0.0001).
Selection for large hatchlings in salamanders is, therefore, tantamount to selection for

large egg size.

Egg size and embryonic period

Among 35 species of salamanders (Table 1), there is a highly significant correlation
between the duration of the embryonic period (uncorrected for temperature) and egg
size (r=0.788, p<C0.0001). Doubling the egg size more than triples the embryonic period.
Therefore, selection for increased hatchling size among salamanders carries with it the
cost of a longer embryonic period (hence greater total embryonic mortality), a cost which
may be exacerbated by the greatly reduced fecundity associated with the production of
larger eggs. As argued above, increased embryonic mortality can be countered only by
the evolution of mechanisms such as embryo hiding and parental care that will reduce the
rate of embryonic mortality.

Validity of interspecific comparisons
Some authors assert that evolutionary arguments based on interspecific correlations,



31

Table 1. Developmental data for salamanders.

Initial
Habitat Ovum feeding Embryonic
of  Farental giometer size  period  Authorities
Hatchling ¢ (mm) (mm total) (days)
length
Ambystomatidae
Ambystoma cingulatum lentic - 2.3 15.5 29 ANDERSON and WILLIAMSON,
1976
Ambystoma gracile lentic - 2.0 15.0 62 Bisaor, 1943; Licur, 1975b;
Brown, 1976
Ambystoma lentic - 2.2 13.0 30  Bsuor, 1941
Jeffersonianum
Ambystoma mabeei lentic - 2.2 15.0 —  Haroy, 1969
Ambystoma maculatum lentic - 2.7 16.0 36  Bisuor, 1941
Ambystoma opacum lentic + 2.7 18.3 41  Bisuop, 1941
Ambystoma tigrinum lentic -~ 3.0 17.0 35  BsHop, 1941
Dicamptodon copei lotic + 5.5 34.0 240  NussBauM, unpublished
Dicamptodon ensatus lotic + 6.6 47.0 275 NusssaumM, 1969a, unpublished
Rhyacosiredon rivularis  slow lotic ? 2.7 20.0 35  Branpon and Avrtic, 1973
Rhyacotriton olympicus lotic - 4.2 25.0 300  NusseauM, 1969b, unpublished
Cryptobranchidae
Andrias japonicus lotic + 5.5 36.0 115  KerBerT, 1904; Taco, 1929
Cryptobranchus lotic + 6.0 37.0 162 Swmrrh, 1907, 1912
alleganiensis
Hynobiidae
Onychodactylus japonicus lotic ? 5.0 35.0 150  Iwasawa and Kera, 1980
Plethodontidae
Desmognathus fuscus lotic + 3.0 19.0 116  TiLey, 1968; Orr and
' MarLE, 1978
Desmognathus monticola lotic + 4.0 23.5 181 TiLLEY, 1968; OrR and
MarLE, 1978
Desmognathus lotic + 3.0 18.0 140  Bismop, 1941; TiLLEY, 1968,
ochrophaeus 1970; Orr and MarLE, 1978
Desmognathus lotic + 4.5 29.0 183 MarTor, 1962; TiLLEY, 1968;
quadramaculatus Orr and MarLE, 1978
Eurycea bislineata lotic + 2.7 17.0 70  Bisuop, 1941; DueLLMAN and
Woob, 1954
Eurycea lucifuga lotic ? 2.5 17.0 68  HurcHmnson, 1956; GREEN et
al., 1967
Gyrinophilus lotic + 3.5 27.0 —  Brssop, 1941
porbhyriticus
Hemidactylium scutatum lentic - 2.7 15.0 30  Bsuor, 1920
Pseudotriton ruber lotic ? 3.3 25.0 150  Brucgs, 1968
Proteidae
Necturus maculosus lotic/lentic ~ + 5.5 36.0 86  Bisuor, 1926
Proteus anguinus lotic + 4.0 31.0 180  VanpeL and BouiLron, 1959;
(subterranean) BriegLEB and SCHWARTZ-
KOPFF, 1961; THoORN, 1968
Salamandridae
Cynops pyrrhogaster lentic - 2.0 14.3 42 AnDERsoN, 1943
Echinotriton andersoni lentic — 3.1 20.0 33  Ursunomrva and UTsunoMIYA,

1977
Euproctus asper lotic - 3.0 20.0 100 Gasser, 1964
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Notophthalmus lentic — 1.5 9.0 25 PorE, 1924; Bisuor, 1941
viridescens

Pleurodeles waltl lentic — 1.7 12.6 20 GALLIEN and DurOCHER, 1957

Taricha granulosa lentic — 1.8 12.0 26  Twrrry, 1936; Connon, 1947

Taricha rivularis slow lotic — 2.8 18.5 31 Twirry, 1936; Connon, 1947

Taricha torosa lentic - 2.3 14.5 25 Twrrry, 1936; ConnoN, 1947

Triturus alpestris lentic - 1.8 11.5 13 Kwieur, 1938

Triturus helveticus lentic - 15 10.4 20  Garuen and Bipaup, 1959

Triturus vulgaris lentic - 1.5 8.0 20  Twuorn, 1968; BeLL, 1974;

BeLL and Lawron, 1975
Tylototriton verrucosus lentic — 2.3 15.3 27  FEerrier, 1974

like those presented above, are invalid unless the correlations can be demonstrated within
populations. Kapran (1980), for example, argued that because he could find no corre-
lation between egg size and embryonic period within populations of salamanders, larger
egg size does not necessarily result in disadvantageously longer embryonic periods. This
may be true for the relatively small differences in egg size that can be observed within
a population in a very brief time frame such as a single breeding season. But, evolution-
arily significant variation is not likely to be observable (measureable) on such a tiny
space-time scale as that studied by KapLan. I have argued elsewhere (Nusssaum, 1985)
that interspecific correlations may be better indicators of functional relationships than
intraspecific correlations, at least when relatively large changes in character states are

considered.

Egg size and larval habitat

Increased (or decreased) parental investment (per offspring) will evolve only if it
results in a greater number of offspring surviving to maturity. The two major factors
that effect offspring survival are predation and nutrition. In regard to the latter, the
amount and quality of food available to offspring effects not only survivorship, but other
fitness components such as rate of growth; size, age, and condition when metamorphosis
and maturation occur; and the growth trajectory of adult animals among species with
indeterminant growth. Offspring survival and growth-related fitness will be maximized
by providing them with (1) maximal protection and (2) maximal food, constrained by
other aspects of the life history such as the need in iteroparous species to invest in future
offspring. Considering that protection and food provisioning are the most important
factors effected by changes in parental investment, it is reasonable to ask: what are the
differences in predators and food between lentic and lotic environments that are likely
to lead to relatively higher parental investment among lotic-breeding salamanders?

In regard to predators, the possibility must be considered that the large hatchlings
from the large eggs of lotic-breeding salamanders have been selected to better escape
predation. If this postulate is true, then one would expect to find a greater number and
diversity of appropriate predators in the lotic environment than in the lentic environment.
Unfortunately, there are no reliable objective data available. However, my subjective
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experience (and that of others, e.g., IT6, 1980; WELCH, 1935) is that there are more, and
more kinds of, predators in the lentic, compared to the lotic, environment. This is the
opposite of what would be expected if relatively larger eggs in stream-breeding salaman-~
ders resulted from selection caused by higher predation on hatchlings.

There is an unequivocal and fundamental difference in the food available to
hatchlings between the lentic and lotic environments, and I am led to the hypothesis that
this difference is responsible for the egg size/parental care dichotomy between Modes I
and II salamanders. The primary food available to the carnivorous, hatchling salaman-
ders in the lentic environment is zooplankton, a source that is almost completely absent
from lotic environments (ALLEN, 1920; BircE and Jupay, 1922; PenNakK, 1943). Spring
blooms of zooplankton in temperate, lentic environments provide a superabundance of
food in tiny packets at the time when hatchling salamanders appear. In temperate,
lotic environments, the benthic invertebrates available as food to hatchlings are much
Iarger and less dense than the zooplankton of lentic environments.

Salamander larvae have needle-like, grasping teeth and must ingest their prey whole.
Therefore it is reasonable to assume that the upper limit of prey size is controlled by the
size of the mouth opening of larvae (as it is in fishes, ¢.g., WERNER, 1974; chaetognaths,
Pearre, 1980; and larvae of benthic invertebrates, THoRrsON, 1946), which is correlated
with all measures of larval body size. Female salamanders should be selected to produce
eggs that result in hatchlings of optimal size for exploiting the food resources of their
environment. Therefore, one would expect small eggs (hatchlings) in the lentic environ-
ment because producing larger hatchlings will not increase the availability of food for the
hatchlings in this plankton-rich environment. The most abundant food in streams is of
much larger size, and relatively large hatchlings (eggs) are required to exploit it.

- The feeding ecology of lentic- and lotic-adapted larval salamanders is as one would
expect if the hypothesis developed here is correct. Hatchlings, and even older larvae,
of 11 species of lentic-breeding salamanders in two familes and three genera eat zooplank-
ton almost exclusively (HamirTon, 1940; ANDERsON, 1968; Avery, 1968; Dobson, 1970;
Berr, 1975; Licut, 1975b; PETRANKA and PETRANKA, 1980; BrancH and Avrtic, 1981).
By contrast, hatchlings and older larvae of three species (in two genera) of stream-
breeding ambystomatid salamanders had no plankton and no plankton-size food in their
stomachs (ANTONELLI et al., 1972; Nusssaum, 1985).

Other factors, such as lower temperatures and current, have been suggested as
selective agents of larger eggs in streams. While some of these may contribute to selection
for larger eggs, size of available food seems to be the most important factor (reviewed by
Nusseavm, 1985). ;

In summary, I propose an alternative hypothesis (to the safe harbor hypothesis) to
explain the correlation between large eggs and parental care that occurs among salaman-
ders. I argue that the lack of plankton in lotic environments is the factor that selects for
larger hatchlings via larger eggs in Mode II salamanders, Larger eggs are produced at
the cost of decreased fecundity and longer embryonic periods. Placement of eggs in
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hidden nests and parental care resulted from selection to decrease embryonic mortality
rates to compensate for greater total mortality enforced by the longer embryonic periods.

Tests OF THE HYPOTHESES

Like most theories in evolutionary ecology, the safe harbor and alternative hypotheses
cannot be tested by simple experimentation. Instead, it is necessary to test the hypotheses
indirectly by examining predictions of the hypotheses and looking for natural experiments.
Often it is true that exceptional populations or species provide indirect tests of competing
hypotheses in this field of study.

Exceptional cases

Ambystoma opacum of the eastern United States is exceptional in that it has lentc-
adapted larvae and parental care (NosLE and Brapy, 1933). It is also the only species
of its genus of about 28 species reported to have parental care. Females deposit eggs
just before the arrival of autumn or winter rains in terrestrial nests hidden under logs or
leaf litter in depressions. Females stay with the eggs until the depressions are filled with
rain water and the nests are flooded. The eggs then hatch and the lentic-adapted larvae
assume a normal aquatic life-style. According to the safe harbor hypothesis, the eggs of
4. opacum should be relatively large because of the presence of parental care. But, the eggs
of A. opacum are not larger than the eggs of other species of Ambystoma that lack parental
care. The mean egg diameter for A. opacum is 2.7 mm, and the range of diameters for
14 other species for which data are available is 2.0 to 3.0 mm (Nusssaum, 1985). In
A. opacum, parental care has not led to large egg size. Rather, egg and hatchling size
conform to the pattern observed among other salamanders with lentic-adapted larvae, in
accordance with the alternative hypothesis. It should be noted that hatchling A.
opacum (<24 h old) feed exclusively on zooplankton, and larvae of all sizes feed heavily on
zooplankton (PETRANKA and PeETrANKA, 1980; Brancu and Artic, 1981). Why then,
has parental care evolved in 4. opacum? One possible answer is that, although their eggs
are small, the embryonic period is facultatively long. The embryos have a mechanism
to delay hatching until the rains arrive, should rainfall be delayed beyond the normal
developmental period (NoBLE and Brapy, 1933; PETRANKA et al., 1982). In the labo-
ratory, embryos with arrested development have been maintained without hatching for
over one year (NoBLE and Brapy, 1933; Bisuor, 1941). Therefore, under some circum-
stances, the embryonic period of this small-egged species may be as long or longer than
the embryonic period of some large-egged species, resulting in similar selection pressures
for embryonic protection.

Euproctus (Salamandridae, Europe) and Rhyacotriton {Ambystomatidae, NW U.S.A.)
are two unrelated genera, the species of which are adapted for breeding in lotic waters.
Although the species of these genera have large eggs (3.0-4.2 mm diameter) as do all
lotic-breeding salamanders, three of the four species involved do not have parental care,
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contrary to the prediction of the safe harbor hypothesis. These three species provide
protection for their large embryos in other ways. Two species of Euproctus (E. asper,
E. platycephalus) hide eggs singly by burying them in sand or by placing them in crevices
and spaces between stones in streams (DEspAX, 1923 ; ALCHER, 1981a). The spaces where
the eggs are hidden are too small for access by predators and egg cannibals (DEspax,
1923). This is accomplished by a morphological adaptation that is unique among
salamanders. The female cloaca is cone-shaped and serves as an ovipositor, much in
the manner of the ovipositor of the fish, Rhodeus amarus, which uses its elongated cloaca
to place eggs inside the mantle cavity of bivalve mollusks. Scattering of single eggs over
and extended period by these two species of Euproctus is also a protective mechanism.
Interestingly, the third species of Euproctus (E. montanus) does not scatter eggs, but places
them together at one time on the undersurface of a stone in a stream. The female of this
species does not have a conical, ovipositior-like cloaca, and the eggs are not placed in
crevices. The relatively exposed and clumped embryos of E. montanus are guarded by
the female throughout the embryonic period (ArcmER, 1981b). Rhyacotriton olympicus
hides eggs deep in narrow cracks in rocks (Nusseaum, 1969a). The small size of adult
R. olympicus allows them to place eggs in sites that are inaccessible to all other aquatic
vertebrates in the region where they occur, although egg cannibalism cannot be ruled out.
The virtually inaccessible nests of R. olympicus may obviate the need for parental care in
this species.

The circumstances of these exceptional cases are consonant with the argument
that the large eggs of lotic-adapted salamanders were selected to produce large hatchlings;
and that, contrary to the safe harbor hypothesis, parental care is a result of, and not
a precondition of, the evolution of increased egg size.

In the cases of Euproctus (asper and platycephalus) and Rhyacotriton, 1t could be argued
that egg hiding and scattering are forms of parental care and that the absence of embryo
guarding in these salamanders, therefore, is not necessarily contrary to the safe harbor
hypothesis. However, if Smines’s (1978) hypothesis is expanded or generalized from
parental care restricted to embryo guarding to include any mechanism that increases
embryonic survival, then considerable additional evidence from salamander biology
weighs against the safe harbor hypothesis.

Egg scattering and hiding is a common feature of many salamandrids including
pond- and stream-breeding species. As discussed above, the stream-breeding species
of this group (Euproctus spp.) have large eggs as do all stream-breeding salamanders.
Salamandrids of the genera Cynops, Notophthalmus and Triturus are pond-breeders that
scatter their eggs singly and hide each egg by wrapping them in leaves of aquatic plants.
The eggs of species of these latter genera are small like those of other pond-breeding
salamanders (Table 1). Therefore, scattering and hiding of eggs among salamandrid
species has not resulted uniformly in large eggs as would be expected according to the
modified safe harbor hypothesis. Instead, large eggs are found only among the stream-
breeders and small eggs among the pond breeders in accordance with the food availability
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argument,

The modified safe harbor hypothesis would predict that eggs provisioned with
virulent toxins, as are those of the salamandrid species of the genus Taricha (TwrTTY, 1966;
Bropik et al., 1974), should be relatively large because of their immunity to predation.
However, the eggs of these species are small and in the same size range of the eggs of other
pond-breeders (Table 1). The species with the largest eggs, T. rivularis (see below),
breeds in slow streams. Again, the food availability hypothesis, rather than the modified
safe harbor hypothesis, is supported.

Transitional cases

Species that are transitional between lentic- and lotic-adapted reproductive modes
provide additional “tests’ of the two hypotheses. In western North America, newts
(Salamandridae) of the genus Taricha are basically lentic breeders, but the most specialized
(derived) of the three species, T. rivularis, breeds in slow-moving streams (RieMEeR, 1958).
Eggs of this species are attached to the undersurfaces of stones in streams and left un-
attended. Eggs of the two pond- and lake-breeders are deposited in exposed sites and are
also unattended. Eggs of the two lentic species average 1.8 and 2.3 mm in diameter,
whereas the eggs of the transitional T. rivularis average 2.8 mm (Twrrry, 1936). The
embryos of T. rivularis require at least a week longer to develop than embryos of the other
two species (ConNoN, 1947). These observations are inconsistent with the safe harbor
hypothesis in that T. rivularis has relatively large eggs in the absence of parental care
and consistent with the alternative hypothesis in that the species with the largest eggs
and longest embryonic period breeds in semi-lotic to lotic habitats. The egg-hiding
behavior of T. rivularis may be an evolutionary response to the prolonged embryonic

period associated with the relatively large eggs.

Discussion

Ever since Lack (1954), it has generally been understood that the evolution of
reduced clutch size results from selection for increased parental investment (per offspring)
and not for reduced clutch size, per se. It is also generally understood that parental in-
vestment includes expenditure both on propagule substance (yolk, endosperm, seed coat,
etc.) and parental care (incubation, feeding nestlings, lactation, protection). Because
large eggs and parental care are both manifestations of increased parental investment,
their frequent co-occurence cannot be explained satisfactorily by assuming that the exist-
ence of one (parental care) will cause the evolution of the other (large eggs), as was done
by proponents of the safe harbor hypothesis. Rather, it seems that one should ask:
What are the environmental conditions that select for changes in parental investment,
and how should the changes be manifested in groups with difference life history
constraints?

Alternatively, it is possible to attempt to explain changes or differences in parental
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investment within the rubric of general concepts such as r and K theory. This is especially
tempting because some features of Mode I reproduction of salamanders (numerous small
eggs; no parental care) have been identified with r-selectedness, and features of Mode I1I
reproduction (few large eggs; parental care) with K-selectedness (MACARTHUR, 1962;
MacArTHUR and WiLsoN, 1967; Pianka, 1970, 1978).

In the recent past, the theory of r and K selection became a “panchreston’ in the
sense of HarDIN (19536), i.e., a facile explanation for almost all life history phenomena,
in spite of warnings by some evolutionary ecologists (e.g., WILBUR, et al., 1974 ; HIRsHFIELD
and TiNkLe, 1975; STEARNS, 1977; IT6, 1980; PaRRY, 1981) that the theory is over-
simplified and has little explanatory power. Gourp’s (1977) attempt to link r- and
K-selection with heterochrony is an example of such excesses. There was also the
unfortunate tendency to use the reproductive traits of populations as evidence that
a particular population is r- or K-selected. Such use of the theory of r and K selection is
tautological. The explanatory power of the theory can be demonstrated only if the
characteristics of the populations and their environments are viewed separately. It is
usually difficult, if not impossible, to determine whether an environment is a K- or an r-
environment for a particular population (e.g., Nusseaum and Tarr, 1977). Because each
species of a community uses the environment differently, a single environment may be
both a K- and an r-environment, and it requires considerable familiarity with the life history
of a species to be able to make an intelligent guess as to the nature of the selective forces
that shaped the life history. In the present case, one must ask whether the lotic habitat
of Mode IT salamanders is a K-environment or an r-environment relative to the lentic
habitat of Mode I salamanders. This question probably cannot be answered definitively,
but, considering that lotic environments are less productive and have fewer predators and
competitors, most ecologists are likely to view lotic habitats as r-environments relative to
lentic environments (e.g., Ito, 1970; It6 and Iwasa, 1981). This is opposite to the
prediction of r and K theory in regard to the evolved reproductive modes of lentic and
lotic salamanders.

Neither the safe harbor hypothesis nor r and K theory, satisfactorily explains the
relatively high parental investment in stream-breeding salamanders compared to pond-
breeding salamanders. The alternative hypothesis offered above is in accord with, but
was developed independently of, the more general theory of Yosiaki Ité (It6, 1959, 1970,
1980; IT6 and Iwasa, 1981). It found that the predictions of r and K theory were not
realized across a broad range of plants and animals, and he sought an alternative ex-
planation for the evolution of the high- and low-fecundity strategies. His solution is root-
ed in Lack’s Principle and will be referred to here as the “Lack-ITé Hypothesis.”

I16 accepted Lack’s ideas on the fundamental inversity of parental investment (per
offspring) and fecundity and Lack’s explanation for the evolution of reduced clutch size.
He furthermore concluded that parental investment increases directly with the difficulty
of obtaining food (sunlight in the case of some plants) for offspring. At first, IT6 (1959, -
1970) developed a concept of “relative oligotrophy’’ in which relatively high oligotrophy
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was correlated with the low fecundity/large egg/parental care strategy (K-strategy) and
relatively low oligotrophy was correlated with the high fecundity/small egg/no parental
care strategy (r-strategy). Later, IT6 (1980) realized that the appellation ‘“relative
oligotrophy’’ was inappropriate because he did not really have productivity or standing
crop in mind, but, rather, the form of productivity or the availability of food resources to
offspring of different feeding capabilities. I16 (1980: 46) summarized his concept thusly:
“...following Lack’s original idea faithfully, I would propose the concept of the high-
Secundity strategist versus the low-fecundity/parenial protection strategist and assert that the
common factor among all organisms in determining the selection between these two types
is the procurability of food by the young.”” It (1980) marshalled considerable empirical
support for this hypothesis, to which can be added the observations of this paper regarding
salamanders.

Viewed from a different perspective, the Lack-IT6 hypothesis states that parental
investment will be evolutionarily adjusted to yield maximum efficiency of exploitation
of the food available to offspring. Maximum efficiency, as used here, translates into
maximum parental fitness, and not maximum offspring fitness, as explained by Smite
and FrReTwEiLL (1974), BrockeLMaN (1975) and others. It is always to the parents’
advantage to produce small young that can forage for themselves where the environment
will allow it. In environments where the frequency, size, quality, or distribution of food
available to offspring is such that small, independent offspring cannot efficiently (in terms
of parental fitness) harvest it, parental investment must be greater. Manifestations of
increased parental investment in such cases might include (1) larger young; (2) hidden
or protective nests; (3) parental protection; and (4) food provisioning, including lactation,
carrying food to the young, depositing infertile nurse eggs, and the production of sterile
offspring that feed and protect other offspring.

SuMMARY

The safe harbor hypothesis includes the suggestion that parental care causes the
embryonic stage to be the safest harbor, and, therefore, egg size will increase in populations
with parental care to decrease the duration of subsequent, higher risk stages, Neither the
safe harbor hypothesis nor r and K theory seem adequate to explain the correlation be-
tween egg size and the presence/absence of parental care among salamanders, a group in
which there is a further correlation between the larval (hatchling) habitat and egg size/
parental care. Pond-breeding salamanders generally have small eggs and lack parental
care, and stream-breeding salamanders generally have large eggs and parental care.
I argue that the fundamental difference in the food available to hatchling salamanders
between lentic (plankton-rich) and lotic (plankton-poor) environments selects for relative-
ly lower parental investment in the lentic environment. - From the standpoint of parental
fitness, small (more numerous) hatchlings have a greater payoff where the available food
is small and dense (zooplankton in lentic environments), and large hatchlings are selective-
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ly advantageous where the food is of large size and less dense (benthic invertebrates in
lotic environments). Selection for larger hatchlings in lotic environments results in
longer embryonic periods and, ceteris paribus, greater total embryonic mortality. Embryo
hiding and guarding have evolved among lotic-breeding salamanders as compensatory
mechanisms to reduce the rate of embryonic mortality. In this view, parental care is
a consequence of selection for larger egg size and not an umbrella that allows egg size to
increase, contrary to the safe harbor hypothesis.

The relationship between variance in parental investment and food available to
offspring, developed here for salamanders, may be of general significance. Yosiaki I,
a critic of r and K theory, independently arrived at a similar conclusion from a broader
data base.
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