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AssTrACT. The vernal pools of California’s Central Valley support an assemblage of four species of native amphibians,
Western Spadefoot Toa8§ed Scaphiopushammondi), Pacific Chorus Frog [treefrogPéuedacrigHyla] regilla), West-

ern Toad Bufo boreay and California Tiger Salamandeknibystoma californienyeAge, body size, and stored fat at
metamorphosis are thought to be important correlates of fithess in amphibians. In this paper | report the results of field
studies on the link between these features of life history, breeding pool duration, and the risk of mortality due to drying in
several populations of larv&l. hammondiiThe larval period ranged from 30-79 days (n=8 pools). Body size at metamor-
phosis ranged from 1.5-10.4 grams (9 pools) and stored body fat at metamorphosis ranged from 13-29% (5 pools). Each of
these variables was positively correlated with pool duration. Successful metamorphosis was observed in pools that were
filled for 36-133 days (9 pools) and three of 11 pools monitored (27%) dried on or before the day larvae completed devel-
opment. The association between pool duration and several correlates of fithess suggests that pool duration should be given
consideration when planning vernal pool preserves and wetland restoration projects.

Ciration. Pages 86-9in: C.W. Witham, E.T. Bauder, D. Belk, W.R. Ferren Jr., and R. Ornduff (Editors). Ecology, Conser-
vation, and Management of Vernal Pool Ecosystems — Proceedings from a 1996 Conference. California Native Plant Soci-
ety, Sacramento, CA. 1998.

INTRODUCTION alteration of wetlands that have allowed, and probably promoted,
the invasion of exotic predators.

The distribution and abundance of amphibians in California has
been in a state of change for over 100 years (Jennings and Hay@&scause they have a biphasic life history, any conservation ap-
1985). Native and introduced amphibians now occupy artifi-proach for the amphibians that inhabit ephemeral pool ecosys-
cial wetlands (e.g., stock tanks) where none previously existedems such as California’s vernal pools will need to address both
and declines of native frogs have been reported with increasinthe aquatic larval stage and the terrestrial stage. In general, the
frequency since Moyle’s (1973) description of declines amongterrestrial life history stage of amphibians has not been well
native frogs in the San Joaquin Valley twenty five years agostudied (Werner, 1986). From a conservation perspective, this
Studies on changing distribution and declines among amphibis unfortunate because besides being the reproducing life his-
ians in central California continue to be an important conservatory stage it is also the stage where most growth occurs as well
tion biology theme (Drost and Fellers, 1996; Fisher and Shafferas the stage capable of overland dispersal. The aquatic larval
1996). Many causal mechanisms are currently being exploredtage has received more attention from amphibian ecologists
and several environmental factors may be contributing to thesand is commonly viewed as the stage in which the advantages
declines (Fisher and Shaffer, 1996; Reaser, 1996). The best ef rapid aquatic stage growth and large size at metamorphosis
planation for observed changes in distribution and abundancare pitted against the risks of mortality, primarily drying, in the
of low elevation central California amphibians, including obli- larval habitat (Pomeroy, 1981; Newman, 1989; 1992; Pfennig,
gate ephemeral pool natives such as the California Tiger Salat992). This view assumes that if successful metamorphosis
mander Ambystoma californieny(and the Western Spadefoot occurs, subsequent fitness is accurately predicted by body size
Toad SpeaScaphiopushammondij is habitat loss caused by at metamorphosis (Wilbur and Collins, 1973). In this paper |
urbanization and irrigated agriculture. However, changes in dissummarize my observations on the ponding duration of the lar-
tribution and abundance are occurring even in areas where hwal habitat, age at metamorphosis, risk of mortality due to dry-
man-caused changes have been less extensive. Fisher and Shaiffey, and body size and condition at metamorphosis in the West-
(1996) attribute losses of native amphibians in part to humarern Spadefoot Toaf5. hammondii)The results allow me to
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evaluate the relationship between the aquatic environment of 67
the larval life history stage and the fitness prospects of the ter-
restrial life history stage. 5]

Metamorphosis

4
MATERIALS AND METHODS
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| studied 11 widely distributed pools used as breeding sites byg *

S. hammondin coastal central and southern California (River-
side and San Luis Obispo Counties) during the spring of 1991.
Breeding was restricted to March, a period of heavy rains that

i

Metamorphosis complete

year. The ponding duration of the aquatic habitat was evaluated (first feeding)

in two ways: 1) the number of days a pool persisted after the |

first bout of breeding; and 2) the time between the day the fast- 265 305 345 85 42 455
est developing larvae from the first bout of breeding completed Development Stage

their aquatic development, and the day the pool dried. To acFicure 1. Larval growth curve based on live body mass and Gosner’s
complish this, pools in which eggs were deposited were visited developmental stage. Each symbol is the mean of the sample means
once a week. Until the fastest developing larvae from the first  for 8 naturally occurring pools from which larvae were sampled.
bout of breeding transformed, a subsample of larvae were staged Metamorphosis (emergence of the first forelimb) is at stage 42.
and weighed during each visit. After metamorphosis, each pool Metamorphosis is virtually complete when terrestrial feeding
was visited sufficiently often to determine the day of drying.  begins. At this point only a tiny remnant of the larval tail remains.
During each visit, a sample (n = 10) of the oldest cohort of

larvae were staged (Gosner, 1960) and weighed, either in the

field with a hand-held balance (to the nearest 0.1 g), or in the@nd the average mass at metamorphosis in the nine pools in
laboratory on an electronic balance (to the nearest 0.001 g).which successful metamorphosis occurred was 3.7 g (range 1.5-
used this information to construct curves of growth and devel-10.4 g, 1 SE- 0.9 g). Comparisons among pools revealed that
opment. At the time of metamorphosis, a small number of translonger larval period tended to be associated with larger size at
forming individuals (Gosner stage 42) were collected from eachmetamorphosis (Figure 2), but the relationship was not strong
pool and preserved for determination of stored body fat. Eaclfr = .42, P = .306, d.f. = 7). Because of the positive correlation
preserved individual was dissected and all food was removetietween stored fat and body mass (Figure 3), pools that pro-
from the intestine. The empty intestine was placed with the carduced large larvae also produced transforming individuals with
cass and both were dried at° %5 until weight became con- high amounts of stored body fat. In five pools for which a sample
stant. Each carcass (including cleaned intestine) was then inwas obtained the average per cent body fat at metamorphosis
mersed in successive baths of diethyl ether until a constant masgas 21.6 % (range 13.1-28.9%, 1-6&.36%). The stored body
after drying was obtained. The difference between the total drfat in a pooled sample of 21 individuals collected from five
weight and the dry weight after the ether extraction of fat is apools revealed a nonlinear relationship between stored fat and

measure of stored body fat (Reznick and Braun, 1987). body mass, with larger individuals containing proportionally
more stored fat at metamorphosis than smaller individuals (Fig-
ResuLTs ure 3).
Larval Growth, Development, and Stored Body Fat Pool Duration and Its Consequences for Age, Size at

Metamorphosis, and the Risk of Mortality Due to Drying

Growth and development in the field (Figure 1) followed the

general anuran pattern of rapid growth during the mid-larvalAfter a several day period of rain which ended in mid-March,
stages (prometamorphosis) followed by loss of mass during thao substantial additional rainfall occurred in the study area.
metamorphic climax. The external morphological changes astarger pools and deeper pools remained filled longer than the
sociated with metamorphosis are complete when the tail is comsmaller and shallower pools. In pools that remained filled long
pletely resorbed (Gosner stage 46). It is approximately at thignough to produce transforming juveniles, the average number
stage when spadefoot toadlets initiate terrestrial feeding (Moreyf days the pool persisted after the first bout of breeding took
and Janes, 1994). At the initiation of successful terrestrial feedplace was 83 days (range 36-133). Larval period was positively
ing the body mass @&. hammondiis about half of the maxi- correlated with pool duration (r = .85, P =.007, d.f. = 7; Figure
mum larval mass, which is usually attained by Gosner stage 38a). Larvae from longer lasting pools also tended to be larger at
(Figure 1). In eight pools for which a reliable estimate was avail-metamorphosis than larvae from shorter duration pools, but the
able, the average period of larval development (hatching taelationship was not particularly strong (r = .68, P =.062, d.f. =
metamorphosis) was 58 days (range 30-79 days#155#ays)  7; Figure 4b). Of the 11 pools monitored, two pools dried be-
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Ficure 3. Relationship of mass and stored body fat at metamorphosis.
0 ; ; ‘ o L
25 45 65 85 Symbols indicate individuals and the graph are based on the pooled
Larval Period (days) sample of transforming larvae from 5 naturally occurring pools.

The dashed line represents a constant percent body fat. It is based
Ficure 2. Relationship between larval period and mass at metamor-  on the mean percent body fat for the entire sample and is included
phosis. Each symbol represents the sample mean for larvae from a simply to illustrate the non-linear nature of fat storage.
single naturally occurring pool. Pool duration is the number of
days from the deposition of the first eggs until no standing water
remained in the pool. Larval period is the number of days fromThe causes of the observed variation in the period of larval de-
hatching to metamorphosis of the fastest developing larvae fromvelopment were not investigated in this study. However, varia-
the oldest cohort. tion in development time is not unexpected because amphib-
ians, including spadefoot toads, are notable for expressing
substantial phenotypic plasticity in both age and size at meta-
fore the larvae completed aquatic development, resulting irmorphosis. A large number of studies on amphibians have de-
mortality of all individuals in these pools. A third pool dried on scribed the plastic response of larval development to variation
the same day the fastest developing individuals from the oldesh environmental factors including temperature, food supply
cohort of larvae transformed. A small number of transformingand quality, density, competition, and risk of predation (e.qg.,
individuals did survive to complete metamorphosis but a largeWilbur, 1977; Smith-Gill and Berven, 1979; Semlitsch and
number of slower developing larvae from the same cohort, ancCaldwell, 1982; Travis, 1984; Alford and Harris, 1988; Newman,
all larvae from later bouts of breeding, desiccated prior to com-1989; Pfennig, 1990; Skelly and Werner, 1990; Simovich et al.,
pleting metamorphosis. The eight longer-duration pools re-1991; Blouin, 1992). In the wild it takes about 4-6 days for
mained filled between 7 and 62 days longer than required foembryos to hatch once they have been deposited and a mini-
the larvae within to complete aquatic development, indicatingmum of 30 days for larvae to complete development. There-
substantial variation in risk of mortality due drying of the lar- fore, in general, pools must hold water at least 5 weeksSfter
val environment. hammondiibreed to support successful metamorphosis. This
period is usually sufficient for larval development of each of
Discussion the other amphibians that breed in central California vernal
pools, with the exception &. californiensewhich can take
The fastest observed time for completion of larval developmenteveral weeks longer (Jennings and Hayes, 1994).
was 30 days. This occurred in a very small pool in Riverside
County, in southern California. Jennings and Hayes (1994) sugAlthough the causes of the observed variation in length of the
gest that larvae can complete development in as little as threlarval period and body mass at metamorphosis were not inves-
weeks. This is certainly possible because in the laboratory lartigated, both of these important life history traits were posi-
vae have developed from hatching to metamorphosis (Gosneively correlated with pool duration. Larvae from longer-lived
stage 42) in as little as 14 days (Morey, 1994). However, Westpools developed more slowly, which delayed metamorphosis.
ern Spadefoot Toads in the wild rarely, if ever, complete larvalSlower developing larvae transformed at a larger size than they
development in pools drying sooner than 30 days after embryowould if they had the same developmental rate as larvae from
hatch. shorter-duration pools. The important result is that larvae born
in long-duration pools tend to be large at metamorphosis, a life
history trait related to higher terrestrial fithess in temperate
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terrestrial fitness in newly transformed salamanders (Scott,
1994) and spadefoot toads (Pfennig, 1992). These studies dem-
onstrated that fatter juveniles were more resistant to starvation
and had better survivorship than their leaner siblings.

| draw two main conclusions from the uncontrolled field obser-
vations reported in this paper. First, size and somatic condition,
two closely associated life history traits which have been linked
to fitness in other temperate amphibians, are positively corre-
lated with pool duration i. hammondiiSecond, in pools that

dry sooner than about 35 days after breeding, the risk of mor-
tality due to drying increases sharply. Because pool duration
can have important fithess consequences for amphibians, it
should be considered when preserves or wetland restoration
programs are planned. The extent to which the distribution and
abundance of amphibians in vernal pool landscapes is influ-
enced by the distribution of pool durations is not well known
but some conclusions are easily drawn. First, pools need to per-
sist at least 5 weeks after breeding takes place, which typically
occurs in February and March, to support successful metamor-
phosis ofP. regilla, B. boreas andS. hammondilarvae. Sec-
ond, vernal pool landscapes must have some pools that are very
long-lived if they are to suppo#t. californiensgJennings and
Hayes, 1994). Finally, human-caused changes in the distribu-
tion of pool durations, such as those described by Fisher and
Shaffer (1996) will probably effect each of the native amphib-
ians differently, resulting in changes in the composition, distri-
bution, and abundance of the local amphibian assemblages. For
example, the creation of large, deep, long-duration pools will
favor A. californiensewhere they are present, and exotic spe-
cies such as the Bullfra@rana catesbeiana).

California’s vernal pool ecosystems have been fragmented and
reduced in size by anthropogenic habitat alterations including
urban and suburban development, water projects, and irrigated
agriculture (U.S. Fish and Wildlife Service, 1994). Fisher and

Ficure 4. Relationship of pool duration with (A) larval period, and Shaffer (1996) observed that even where vernal pool habitat
(B) mass at metamorphosis. Each symbol represents the samp#dill exists it has often been altered by the construction of stock
mean from a naturally occurring pool. Pool duration is the numbertanks and farm ponds. Irrigation ditches and artificial wetland
of days from the deposition of the first eggs until no standing watercreation projects further contribute to a changing distribution
remained in the pool. Larval period is the number of days fromin the duration of ponding within natural vernal pool habitats.
hatching to metamorphosis of the fastest developing larvae fromin addition, permanent artificial wetlands often invade other-

the oldest cohort.

wise unaltered vernal pool terrain inadvertently when upstream
urban development results in increased runoff. Fisher and
Shaffer (1996) found that native vernal pool amphibians such

amphibians (Berven and Gill, 1983; Smith, 1987; Semlitsch etasB. boreasS. hammondiiandA. californiensewere able to

al., 1988; Berven, 1990; Scott, 1994). | also observed consideisurvive and breed even in pools created or altered by humans.
able variation in the proportion of stored body fat at metamor-Native amphibians were often absent in pools inhabited by in-

phosis however almost all of the observed variation in this trait troduced fishes and frogs. They concluded that habitat modifi-

is accounted for by differences in body size. The allometry ofcations have allowed exotic species to invade, thus contributing

fat storage in juvenil&. hammondiis described by Figure 3

to the declines they observed in native amphibians.

which shows that among newly transformed juveniles, larger
individuals will be proportionally fatter than smaller individu- Among the amphibians inhabiting California’s vernal pool eco-
als. Amount of stored body fat has been positively linked tosystems the terrestrial stage is the much longer-lived life-his-
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tory stage; it is the stage that reproduces; it is the stage whegerven, K.A. 1990. Factors affecting population fluctuations in larval
most growth occurs; and, it is the stage capable of overland and adult stages of the wood frogapa sylvatich Ecology
dispersal. In spite of this, the terrestrial lives of California’s  71:1599-1608.
vernal pool amphibians remain virtually unknown. The effectsBerven, K.A. and D.E. Gill. 1983. Interpreting geographic variation
of habitat fragmentation on dispersal, the distance and nature in life-history traits. American Zoologist 23:85-97.
of migrations to and from summer refuge sites, and the relaBlouin, M.S. 1992. Comparing bivariate reaction norms among species:
tionship of native amphibians and native burrowing mammals time and size at metamorphosis in three specigylaf (Anura:
all remain unstudied, but each has important consequences for Hylidae). Oecologia 90:288-293.
conservation. For example, a recent field study by Loredo et alCaughley, G. 1994. Directions in Conservation Biology. Journal of
(1996) found that most adult californienseetreated to Cali- Animal Ecology 63:215-244.
fornia Ground Squirrelgpermophilus beechgyiurrows when  Drost, C.A. and G.M. Fellers. 1996. Collapse of a regional frog fauna
they left pools after breeding. Because tiger salamanders are in the Yosemite area of the California Sierra Nevada, USA.
poor burrowers, the use of ground squirrel and other rodent Conservation Biology 10:414-425.
burrows may provide an essential summer habitatAfor Fisher, R.N. and H.B. Shaffer. 1996. The decline of amphibians in
californiense If this is true, ground squirrel (Marsh, 1987) and California’s Great Central Valley. Conservation Biology 10:1387-
Pocket GopherTlhomomys bottaecontrol in California may 1397.
be having a negative effect én californienseby reducing the  Gosner, K.L. 1960. A simplified table for staging anuran embryos and
availability of moist summer refuges in an otherwise hostile  larvae with notes on identification. Herpetologica 16:183-190.
summer landscape. Jennings, M.R. and M.P. Hayes. 1985. Pre-1900 overharvest of
California red-legged frodRana aurora draytonjithe inducement
Conservation strategies aimed at recovering declining species for bullfrog (Rana catesbeianantroduction. Herpetologica 41:94-
will need to take into account and treat the underlying causes 103.
of observed declines if they are to prevent extinctions (Caughleyjennings, M.R. and M.P. Hayes. 1994. Amphibian and Reptile Species
1994). Successful amphibian conservation strategies will need of Special Concern in California. California Department of Fish
to embrace the attributes and requirements of both the aquatic and Game.
and terrestrial life history stages. While additional life history Loredo, I., D. Van Vuren and M.L. Morrison. 1996. Habitat use and
studies, especially on terrestrial stage natural history and habi- migration behavior of the California tiger salamander. Journal of
tat requirements are badly needed, the conclusions and recom- Herpetology 30:282-285.
mendations of Jennings and Hayes (1994), Fisher and Shaffétarsh, R.E. 1987. Ground squirrel control strategies in Californian
(1996), and Loredo et al. (1996) already provide important agriculture. Pages 261-276: C.G.J. Richards and T.Y. Ku
guidance for those involved in planning vernal pool conserva-  (Editors). Control of Mammal Pests. Taylor and Francis, London,
tion and wetland restoration programs. Any good recipe for  Great Britain.
reversing declines of native vernal pool amphibians will needMorey, S.R. 1994. Age and size at metamorphosis in spadefoot toads:
to address, at a minimum, the consequences of planned and A comparative study of adaptation to uncertain environments.
inadvertent changes in pool duration, control of exotic preda- Doctoral Dissertation, University of California, Riverside. 235 pp.
tors, effects of habitat fragmentation and population isolationMorey, S.R. and D.N. Janes. 1994. Variation in larval habitat duration
on dispersal, and the habitat requirements of the terrestrial life influences metamorphosis 8taphiopus couchiPages 159-165
history stages. in: P.R. Brown and J.W. Wright (Editors). Herpetology of the North
American Deserts: Proceedings of a symposium, Special
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