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ABSTRACT

Growing concern about the decline of certain amphibian populations and for conservation of amphibians and reptiles has led to re-
newed awareness of problems from pesticides. Testing amphibians and reptiles as a requirement for chemical registration has been
proposed but is difticult because of the phylogenetic diversity of these groups. Information from the literature and research may deter-
mine whether amphibians and reptiles are adequately protected by current tests for mammals, birds, and fish. Existing information
indicates that amphibians are unpredictably more resistant to certain cholinesterase inhibitors, and more sensitive to two chemicals used
in fishery applications than could have been predicted. A single study on one species of lizard suggests that reptiles may be close in
sensitivity to mammals and birds. Research on effects of pesticides on amphibians and reptiles should compare responses to currently
tested groups and should seek to delineate those taxa and chemicals for which cross-group prediction is not possible. New tests for
amphibians and reptiles should rely to the greatest extent possible on existing data bases, and should be designed for maximum economy
and minimum harm to test animals. A strategy for developing the needed information is proposed. Good field testing and surveillance
of chemicals in use may compensate for failures of predictive evaluations and may ultimately lead to improved tests.

INTRODUCTION

The U.S. Fish and Wildlife Service (1990) recently released
a list of endangered and threatened wildlife species that in-
cluded 19 taxa of amphibians and 101 taxa of reptiles. More
than a decade ago, a committee of scientists (Anon., 1977) re-
ported to the European Committee for the Conservation of
Nature and Natural Resources that at least 30% of Europe’s
amphibian species and 4 5% of its reptile species were in danger
of extinction. Similarly, an earlier assessment in the United
States (Bury, Dodd & Fellers, 1980) estimated that continued
survival of at least 16% of native salamanders and 7% of frogs
and toads was in jeopardy. More recent studies by the U.S. Fish
and Wildlife Service (Corn, Stolzenburg & Bury, 1989) of the
effects of acid precipitation on amphibian populations of the
Rocky Mountain region noted declines of several species, but
current evidence does not implicate acidification as a primary
cause of these declines. Worldwide concern over declining
amphibians prompted the U.S. National Research Council to
sponsor a conference in February 1990 to summarize evidence
and to seek explanations for the declines (Borchelt, 1990).
Measures to conserve amphibians and reptiles have been slow,
and threats from toxic chemicals in the environment are among
the threats that have received insufficient attention. The success
of governments in ameliorating the effects of toxic chemicals on
other biota leads to the conclusion that it may also be possible to
protect amphibians and reptiles.

Governments, particularly in the developed countries, use
scientific evidence that certain chemicals are harmful tobiota to
restrict or even eliminate their use. The organochlorine pesti-
cides, generally broad-spectrum, persistent pesticides, some of
which accumulate in animal tissues, are a well-known example.
The harm caused in the decades when information on effects

was accumulating resulted in the requirement of batteries of
tests to register new chemicals for sale and use. The process in-
volved research that revealed mechanisms and extent of the
harm, legislation, and regulations for enforcement of restricted
applications to prevent a recurrence of past problems. The ex-
tent of continued losses of fish and wildlife determine the
effectiveness of regulated applications of chemicals.

Losses of fish and birds attracted the most attention and initi-
ated legislation and regulations for the application of chemicals.
Concern was especially high for mammals because of the obvi-
ous implications for human health. Regulations specified fish,
birds, and mammals as test subjects and required tests to reveal
the kinds of toxicity that had been observed in natural
populations of these organisms. If amphibians and reptiles were
ever considered, it was presumed that tests conducted on fish,
birds, and mammals would yield a range of toxicity data that,
when evaluated and implemented with appropriate safety fac-
tors, would also protect these other groups.

The U.S. Environmental Protection Agency (EPA) recently
(draft Revised FIFRA Guidelines Document - Subdivision E,
March 1988) began consideration of pre-registration testing of
chemicals for their acute lethal toxicity to amphibians and rep-
tiles, using frogs (Rana spp. tadpoles) and adult lizards (Anolis
carolinensis). In the proposal, works by Hall & Swineford
(1980) and Hall & Clark (1982) were cited as examples of ac-
ceptable protocols for both classes. Several questions are raised
by this proposal. Are existing safeguards adequate to protect
amphibians and reptiles? Would requirement of the kinds of
pre-registration testing proposed confer additional safeguards?
Are more effective and more efficient tests available? And,
lacking adequate information on which to answer the foregoing
questions, how can the information needed be obtained?
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We have reviewed the scientific evidence of the toxicity of
chemicals, evaluated the adequacy of existing knowledge for
protection of herpetofauna, and identified a strategy for research
to provide missing information.

PROBLEMS IN EVALUATING RISK
DIVERSITY OF AMPHIBIANS AND REPTILES

Taxonomic diversity. Reptiles are more diverse than any of
the other land vertebrates. Crocodilians, for example, are more
closely related to birds than to turtles. If relatedness is a good
predictor of hazard of chemicals, effective predictors for all rep-
tiles do not exist. Pough, Heiser & McFarland (1989), relying
on the work of Smithson (1985) and others, stated that precise
relationships among the major groups of vertebrates cannot be
determined. Nevertheless, all indications are that the major
groups of amniotes are both distinct and diverse. An Anolis liz-
ard is probably not a good predictor of responses of crocodilians
and turtles, for example, even though all three are in the same
vertebrate class. Likewise amphibians and reptiles are likely to
respond differently to chemicals.

Ecological diversity. Amphibians have complex life cycles,
and more opportunities for exposure to chemicals and more po-
tential routes of exposure than other vertebrates. Likewise,
diversity in life history and survival strategies of amphibians
and reptiles is extreme, as, for example, the differences in adap-
tations between iguanas and amphisbaenids illustrate.

Physiological diversity. As amniotes, reptiles can be ex-
pected to share many physiological and biochemical
characteristics with birds and mammals, but as poikilotherms,
can be expected to differ in their response to various environ-
mental conditions. Amphibians likewise are physiologically
diverse with different adaptations at different stages to accom-
modate morphological and ecological changes through the life
cycle.

Geographic diversity. Amphibians and reptiles occupy a
great variety of climatic and ecological zones, but achieve their
greatest biological importance in the tropics. Most evaluations
of effects of toxic chemicals on them have been done with tem-
perate species.

SELECTIVITY OF CHEMICALS

Chemicals intended for use in the environment are screened
on the basis of selective toxicity. An ideal pesticide is highly
toxic to target pest organisms and non-toxic to other organisms.
Of greatest concern to producers of pesticides is mammalian
toxicity as it predicts hazard to humans. Most successful pesti-
cides are highly toxic to invertebrate animals or to target kinds
of plants and generally less toxic to vertebrates. The degree of
toxicity to vertebrates varies, however, both among chemicals
and among different groups of vertebrates. The following ex-
amples use toxicity values obtained from a summary of reports
on the comparative toxicity of many pesticides to a variety of
animal species (Kenaga, 1979) to illustrate some differences
among selectively toxic chemicals. Carbaryl is a widely used
and effective insecticide of very low toxicity to most verte-
brates. Parathion, a broad-spectrum non-systemic insecticide,
is highly toxic to birds and mammals, but of low hazard to fish.
Azinphos-methyl, a non-systemic insecticide and acaricide, is

much moretoxic to birds than to fish. Trifluralin, a herbicide of
low toxicity to birds and mammals, is among the most toxic
chemicals to fish. The potential interaction of the great natural
diversity among amphibians and reptiles and the intentional se-
lectivity engineered into pesticides can result in diverse
responses and in unpredicted hazards.

THE NATURE OF DATA ON CHEMICAL HAZARDS

Most available information on the hazard of chemicals to
vertebrates is in data bases that were generated on groups of ani-
mals other than amphibians and reptiles. Probably the greatest
volume is on mammals, primarily laboratory rodents. Another
very large volume of information exists on fish. Less informa-
tion is available on birds, but much of the knowledge from avian
studies is relatively useful because of its focus on hazards to
wild animals in the natural environment. For the great majority
of chemicals, there is no information on hazards to amphibians
or reptiles.

RESEARCH ON AMPHIBIANS AND REPTILES

Past research on hazards of environmental chemicals to am-
phibians and reptiles has not revealed complete answers to the
questions posed, but may indicate how answers may be found.

Power, Clark, Harfenist & Peakall (1989) recently summa-
rized research on the susceptibility of amphibians to toxic
chemicals. The wide variety of studies included acute toxicity
tests with 211 different pollutants, a variety of effects in the
laboratory with 154 different substances or conditions, and field
studies of the effects of 54 different pollutants. Test species or
protocols have not been standardized. Use of 45 different spe-
cies of amphibians in acute toxicity tests was reported under
widely varied test conditions. The authors discussed the prob-
lems of selection of test species, life stages, and endpoints, and
the common problems of test media, holding, rearing, and test-
ing conditions, and length of the observation period. Multiple
test species were suggested until more is known about
interspecific differences in sensitivities. Available test guide-
lines were identified as inadequate.

An earlier summary of the literature on the effects of envi-
ronmental contaminants on reptiles (Hall, 1980) was reasonably
complete, but almost entirely concerned with organochlorines.
Much of it was based on observations following field applica-
tions or on reports of chemical residues in tissues.

Until recently, it was commonly stated that research does not
support the argument that any species of amphibian or reptile is
more susceptible to any chemical contaminant than other kinds
of vertebrates. The literature on environmental contamination is
devoid of compelling evidence that adult and larval amphibians
are more sensitive to chemicals than other land and aquatic ver-
tebrates (Table 1). In fish culture, however, amphibians are
often regarded as pests and the literature of fish culture and fish
control reveals that at least two chemical toxicants are selec-
tively toxic to amphibians. TFM (3-trifluoromethyl-4-nitro-
phenol) is a toxicant developed in the 1950s as a selective con-
trol for the sea lamprey (Petromyzon marinus) in the Laurentian
Great Lakes region of North America. Howell (1966) and
Gilderhus & Johnson (1980) observed that mudpuppies
(Necturus maculosus) and frog larvae are routinely killed by
field applications of TFM, and suggested that they are perhaps
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as sensitive as the target lamprey. Bioassays by Chandler &
Marking (1975) indicated that larvae of gray treefrogs (Hyla
versicolor), leopard frogs (Rana pipiens), and bullfrogs (R.
catesbeiana) are 1.2 to 8.2 times as sensitive to TFM as several
fish species for which comparable data (Marking & Olson,
1975) are available. Kane, Stockdale & Johnson (1985) and
Kane & Johnson (1989) found that TFM is four times more
toxic to bullfrog larvae than to fathead minnows (Pimiphales
promelas) and that young larvae are selectively killed by TFM
in ponds inhabited by fish.

Helms (1967) reported on experiments with another
toxicant, formalin, to control tadpoles in fish production ponds,
and Carmichael (1983) found that treatment with formalin se-
lectively removes tadpoles in raceways containing fingerling
largemouth bass (Micropterus salmoides). In fact, the tadpoles
were more sensitive to formalin than nine species of fish tested
by Bills, Marking & Chandler (1977) and far more sensitive
than four of five species representing major invertebrate groups
(Table 2). Only ostracods (Cypridopsis sp.) were more sensitive
than tadpoles. The other arthropod species, the backswimmer
(Notonecta sp.) and the freshwater prawn (Palaemonetes
kadiakensis), were highly resistant. Because formaldehyde is a
major air pollutant that readily dissolves in water to produce
formalin, its increasing concentrations could conceivably have
significant effects on amphibians in the environment.

Some research has questioned the validity of traditional toxi-
cological methods and endpoints in evaluations involving
amphibians and reptiles. Standard toxicological methods were
developed over many years forhomeothermic vertebrates, and a
separate set was developed for use with fish. These methods
may not be useful for amphibians and reptiles. Temperature re-
gimes for toxicity tests on poikilotherms have been questioned.
The review by Power et al. (1989) revealed that tests on am-
phibians have been conducted over a wide range of
temperatures. Tests with death as an endpoint in relatively
inactive species have been questioned because behavioural ef-
fects were sometimes noticeable at far below lethal exposure.
For example, Hall & Swineford (1981) found that larvae of
Ambystoma opacum were debilitated at levels of toxaphene far
below lethal concentrations and probably would not have sur-
vived in the wild, although many ultimately recovered in the
laboratory. Preliminary results from our laboratory indicate be-
havioural anomalies in A. maculatum exposed to cholinesterase
inhibitors at one order of magnitude below lethal levels. Behav-
ioural changes affecting feeding or escape could have lethal
effects in the field. Studies of teratogenic effects (Cooke, 1981)
indicated that abnormalities in amphibian larvae are produced at
sublethal concentrations.

A moderate amount of work has been done on amphibian
larvae, principally anuran tadpoles. Anuransare remarkably re-
sistant to some cholinesterase inhibitors, the class of pesticides
currently in greatest use, apparently many times more so than
other vertebrates (Hawkins & Mendel, 1946; Edery &
Schatzberg-Porath, 1960; Andersen, Aaraas, Gaare & Fonnum,
1977). Tailed amphibians may share this resistance; prelimi-
nary evaluations with Ambystoma maculatiun larvae performed
in our laboratory indicate similar resistance. Resistance permits
the accumulation of tremendous body burdens that may be
harmful to predators (Hall & Kolbe, 1980; Hall, 1990). Resist-
ance appears to result from an inability of the chemicals to
structurally bind with and inhibit amphibian cholinesterases

(Potter & O’Brien, 1964; Wang & Murphy, 1982). Resistance
may be fortuitous or may be an adaptation to naturally-oc-
curring cholinesterase inhibitors in the environment; recent
studies of Anabaena flos-aquae, a freshwater alga, revealed
that it produces a sufficiently powerful cholinesterase in-
hibitor to kill livestock drinking from waters that support
blooms (Cook, Beasley, Lovell, Dahlem, Hooker, Mahmood
& Carmichael, 1989). Some results indicate that the appar-
ent resistance to cholinesterase inhibitors may not apply to
all amphibian species and all chemicals. For example, Sand-
ers (1970) found the organophosphate carbophenothion to
be the most toxic of 16 chemicals to tadpoles of the chorus
frog (Pseudacris triseriata). Cooke (1981) implicated the
carbamate oxymyl in the production of deformities in larvae
of Rana temporaria, the European common frog. Although
some or most synthetic cholinesterase-inhibiting chemicals
may not unduly harm amphibians, the responses of amphib-
ians could not have been predicted from results of testing
other vertebrates, and another class of compounds could
produce equally atypical results. Responses might be
skewed toward lethality (as with TFM).

Almost noexperimental evaluations of the sensitivity of rep-
tiles to environmental chemicals have been made, although field
studies were common in the era of organochlorines. In a study
of the sensitivity of the green anole, Anolis carolinensis, to four
organophosphates (Hall & Clark, 1982), responses seen were
close to those of mallards and rats (Table 3). The study was in-
tended to test the widely-held notion of “cold-blooded” and
“warm-blooded” patterns of response to cholinesterase inhibitors.

A series of investigations summarized by Cooke (1981) re-
lated exposure to environmental pollutants and the occurrence
of deformities in tadpoles, and indicated that the production of
such deformities can be a sensitive indicator of pollution by cer-
tain chemicals. Cooke (1981)reported development and testing
of a protocol in which caged tadpoles in waters receiving runof f
or spray drift from agricultural fields could indicate chemical
treatments hazardous to amphibians. Dumont, Shultz,
Buchanan & Kao (1983) developed what they called the
“FETAX” test, a protocol using embryos of the clawed frog
(Xenopus laevis) as an assay for teratogenicity of chemicals and
mixtures of contaminants. The primary purpose of the proposed
test was neither screening agricultural chemicals nor protection
of amphibian populations, but it might be adaptable for these
purposes. Despite indications that examining production of ab-
normalities in embryos and larvae may be an economical and
powerful tool for identifying chemical hazards, it has not been
extensively used for testing new chemicals.

In summary, far too little is known to conclude that safety
standards for other kinds of vertebrates are adequate for the pro-
tection of amphibians and reptiles. Existing evidence indicates
that amphibians are more sensitive to a selective piscicide and to
a prophylactic fishery chemical than most fish commonly
tested, and strikingly more resistant to some cholinesterase-in-
hibiting compounds (Table 1) than other classes of vertebrates.
Neither response could have been predicted from tests con-
ducted on other vertebrate classes. Susceptibility of reptiles to
selective pesticides is virtually unknown. Preliminary informa-
tion (Hall and Clark, 1982) suggests similarity in responses to
other amniote vertebrates, but this conclusion is based on the
exposure of only one lizard species to four chemically similar
compounds.
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BULLFROG MALLARD B/M

CARBAMATES

BAYGON 595 9.4 63

CARBARYL >4000 >2564 -

MEXACARBATE 566 3.0 190

NABAM 420 >2560 <0.2
ORGANOPHOSPHATES

CHLORPYRIFOS >400 76 >5

DEMETON 562 72 78

DIAZINON >2000 35 >570

DICROTOPHOS 2000 4.2 476

PHORATE 85 0.6 140

TEMEPHOS >2000 79 >25

TEPP 112 3.6 31
OTHER

DDT >2000 >2240 -

SODIUM MONO-FLUOROACETATE 54 59

STRYCHNINE 2.2 20 1.1

TABLE 1. Acute oral toxicity (LD, in mg/Kg) of pesticides to bullfrogs (Rana catesbeiana) and mallards (Anas platyrynchos), and the relative
sensitivity of bullfrogs compared to mallards. Mallards are, for example, 63 times as sensitive to Baygon asare bullfrogs. Data from Tucker & Crabtree

(1970).
ORGANISM LC,, (mg/l)

24h 48 h 72h 96 h
Ostracods® (Cypridopsis sp.) 1.15 1.05
Tadpoles of Three Species of Amphibians® 22-70 21-59 21-59
Leopard Frog Larvae* (Rana berlandieri) ~40
Four Species of Fish? >70 - 87 49 - >100 45->100
Six Species of Fish? 141 - 389 62.1-173
Largemouth Bass* (Micropterus salmoides) ~150
Snail’ (Heliosoma sp.) 710 93
Bivalves? (Corbicula sp.) 800 126
Freshwater prawn’ (Palaemonetes kadiakensis) 1105 465
Backswimmer? (Notonecta sp.) 4500 835

1-In all tests, commercial formalin stated to be approximately 37% formaldehyde was used. 2- data from Bills er al. (1977). 3- data from Helms (1967)

4- data from Carmichael (1983)

TABLE 2. Toxicity of formalin' to aquatic organisms
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PARATHION METHYL MALATHION AZINPHOS-
PARATHION METHYL
ANOLIS 8.9 82.7 2324 98
MALLARD 2.1 10 1485 136
RAT 16 26 1840 15

TABLE 3. Acute oral toxicities (LD, in mg/Kg) o f four organophosphorus pesticides to three species of vertebrates. Dataon Anolis from Hall & Clark

(1982). Data on mallard and rat from Kenaga (1979)

PREREGISTRATION TESTING

Routine preregistration testing would be costly in finan-
cial terms and in animal subjects. Before making a
commitment, the predictive value of generated data should
be known. Amphibians may be expected to be exposed to
chemicals in the water or by food and appropriate tests must
expose larvae and transformed individuals by different me-
dia. One limited study (Hall & Swineford, 1979) compared
routes of uptake in adult toads. Conclusions were that expo-
sure to the organochlorine methoxychlor through water
could be significant even in highly terrestrial amphibians.
A battery of tests is therefore required, and some or all tests
might have to be used for each chemical, depending on ex-
pected distribution of chemicals after their release into the
environment. More than one species would be necessary to
account for interspecies variability. For reptiles, route of
exposure and choice of life stages present fewer problems,
but predictability from one group to another is largely un-
known. Until variability among and within groups is better
assessed, species of many groups must be tested.

Presently, assurance that preregistration testing leads to
conclusions of reasonable confidence would require many
types of tests with several species, developmental stages and
protocols, for each chemical. Compounding the difficulty is
the need to expose subjects in a variety of unconventional
ways and the necessity to obtain test subjects from nature, with
attendant concerns for quality assurance and conservation.

An alternative to an elaborate array of laboratory tests for
registration could be carefully designed and monitored field
teststhat expose a variety of free-living amphibians and rep-
tiles to each chemical in an environmentally realistic
manner, consistent with anticipated use of the chemical and
cognizant of life history events that might modify hazard.
The relative values of field tests, controlled field experi-
ments (also known as mesocosm tests), and controlled
laboratory tests were discussed by Hoffman, Rattner & Hall
(1990). There are tradeoffs that make it impossible to simul-
taneously maximize environmental realism, repeatability,
and predictive value. Testing schemes that best resemble
actualexposure in one field situation may be of least value in
predicting effects when the chemical is used in a different
situation. Nevertheless, there is a role for careful field test-
ing that cannot easily be filled by any combination of
experimental procedures in the laboratory. Furthermore,
hybrid testing methodologies that, for example, use caged
tadpoles to monitor effects of operational pesticide applica-
tions (Cooke, 1981) may optimize advantages of the
different kinds of tests.

One solution to the problem of preregistration testing is to
perform the research to determine first whether preregistration
testing of amphibians and reptiles is necessary and, if required,
how the required information can be obtained most efficiently.

A RESEARCH STRATEGY

The goal of this research is to determine what kinds of new
information are necessary to protect amphibians and reptiles
from the hazards of environmental chemicals.

Research should examine the relative sensitivity of major
groups of amphibians and reptiles to the major groups of envi-
ronmental contaminants. Of primary concern is inherent
(taxonomic) variability in responses; for this reason in vitro in-
vestigations may be preferred. Endpoints need not be lethality,
but must be repeatable. Ecological diversity contributes greatly
to risk in the field, but is of less immediate concern than basic
differences in sensitivity because ecological effects in modify-
ing toxicity can often be projected across species. For example,
amphibians with aquatic larvae are probably more susceptible to
water-borne pesticides than those that develop on land.

Chemicals with selective toxicity should be examined first.
Differences in toxic rank are important because they permit
comparison of data from aquatic and terrestrial tests. Data on
toxic rank can be determined from a variety of in vitro proce-
dures to reduce costs. Research should determine whether
abnormalities inembryos or larvae are indicators of general tox-
icity, or whether they are caused by wholly different
mechanisms than those resulting in acute lethality. If
teratogenesis is a good general indicator of hazard, it may pro-
vide the basis of a low cost routine screening.

If sensitivity of one group of amphibians or reptiles falls out-
side the range of observed sensitivities in the other groups
commonly tested, further investigations should determine to
what extent the sensitive amphibian or reptile represents its
taxonomic group and to what extent responses of the group
could be predicted fromdata routinely collected on other verte-
brates.

Once there is a reasonable base of knowledge on ranges of
expected responses of different groups of amphibians and rep-
tiles to different classes of chemicals, it may not be necessary to
perform complete series of tests on all chemicals. New chemi-
cals introduced or those undergoing reevaluation can be given
one or more spot tests to determine whether responses fall
within expected limits. Those that fall within expected limits
may not require further testing, while those that exceed ex-
pected limits may need detailed evaluation.
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Data, statistics, computer models and risk assessments
are only of limited value in predicting the hazards that
chemicals may pose to natural populations. Chemicals that
have appeared safe based on laboratory tests have been im-
plicated in dieoffs in the field. Forexample, dimethoate and
methamidophos were thought to pose little risk to birds, but
each chemical caused mortality of sage grouse (Cent-
rocercus urophasianus) feeding in treated fields (Blus,
Staley, Henny, Pendleton, Craig, Craig & Halford, 1989).
Additional research should seek better understanding of the
ways in which ecological factors modify chemical risks. For
wildlife in general, there is inadequate knowledge of the sig-
nificance to populations of transient sublethal effects or of
subtle changes that may go undetected in the laboratory. In
predicting hazards from the kinds of information most often
available, there is no substitute for knowledgeable biologists
who are experienced with chemical contaminants and who
are familiar with amphibians and reptiles as they live in the
field. Laboratory investigations, therefore, should provide a
guide, but should not obviate the need for well designed
field tests and vigilance by biologists after registration.
Good field testing and surveillance of chemicals in use can,
moreover, improve the quality of testing in the laboratory by
providing feedback on the quality of risk assessments that
may lead to their improvement.
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ABSTRACT

At 30£1°C, caimans (Caiman crocodilus) ate a mean satiation ration of 8.2% body weight. Mean total gut clearance time (TGCT)
was 136 h; mean gastric emptying time (GET) was 97 h. These data indicate that caimans eat considerably less food than salt-water
crocodiles (Crocodylus porosus) of similar size, not because their meal size was less, but because they take much longer to process food.
Assimilation efficiencies for protein, energy (cals) and dry mass were 91.8%, 68.2% and 62.0% on a diet of sheeps’ hearts and 90.2%,
69.2% and 64.7% in caimans fed on fish. These efficiencies are all significantly lowerthan those found in salt-water crocodiles. Hard
particulate material is retained within the stomach by a powerful pyloric sphincter, but caimans appear not to eat gastroliths deliberately.
Evidence is presented to show that polyunsaturated fatty acids (PUF As), especially 22:5w3, are assimilated and incorporated into tissues.
Fish-fed caimans showed more 20:5w3 and 22:63 in their tissue than liver-fed animals. It has previously been suggested thatspecies of
the Family Crocodylidae (believed to be of largely marine ancestry) can assimilate PUFAs while members of the Family Alligatoridae
(probably of prolonged freshwater ancestry) cannot. The results of this study deny this clearcut distinction and indicate that any differ-
ences in lipid metabolism amongst crocodillians are likely to reflect ecological considerations rather than taxonomic patterns.

INTRODUCTION APPETITE AND TRANSIT

Satiationration was estimated in the caimans by depriving
them of food for 4 days and then offering food from preweighed
rations until they were satiated.

It has been suggested that living true crocodiles (Family:
Crocodylidae) have evolved from predominately marine ances-
tors, while alligators and caimans (Family: Alligatoridae) have a
long history of life in freshwater ecosystems. The main evi-
dence for this hypothesis lies in the observations of Taplin &

Grigg (1981) and Taplin er al., (1982), who found that true animals were each given a meal of minced ox liver contain-
ing chromic oxide (2% w/w). Thereafter they were fed

normally on unlabelled ox liver. The animals were held
separately and their faeces collected and inspected twice per
day. The presence of green (i.e. chromic oxide labelled) fae-
ces was recorded. This experiment allowed calculation of
total gut clearance time (TGCT) and an estimate of gastric

Gut transit of food was investigated in two ways. Five

crocodiles have lingual glands which secrete salt, while mem-
bers of the Alligatoridae do not. However, there is some
supporting evidence from nutritional studies. Garnett (1985)
suggested that the salt-water crocodile (Crocodylus porosus)
has a nutritional requirement for the long chain polyunsaturated
fatty acids (PUFAs) found in marine fish, while Ferguson } ) ‘
(1981) and Lance (1982) both indicate that alligators (Alligator emptying t{me (GET). Anoth.er two animals were fed a meal
mississippiensis) are unable to assimilate these marine fatty ac- labc.:lled with 2% (w/w) ba.rlum sulphat§ plus numbers of
ids. the main aim of the study reeported here was to determine barium/polystyrene sphermds (R dlameter.) and lead
whether another member of the Alligatoridae, the spectacled glass beads (0.4 mm diameter). X-rays were obtained before

caiman, Caiman crocodilus, could incorporate long chain fatty and immediately after the meal; further X-rays were taken
acids into its tissues. In addition, it was decided to investigate after 4, 8, 12, 19, 24, 52, 74, 96, 144, 168 and 192 h. After

appetite, gut transit, plus protein and energy assimilation in the the radio-opaque meal they were offered unlabelled food

caiman, for comparison with the data recently presented for the each day. This experiment provided information about the
salt-water crocodile by Davenport ef al., (1990) behaviour of material within the various parts of the gut.

MATERIALS AND METHODS ASSIMILATION OF NUTRIENTS

Assimilation of energy, protein and dry mass was studied in
the group which had been fed initially upon sheeps’ heart and
later upon whole herring. Fatty acid assimilation was investi-
gated in the two groups fed upon pigs’ liver and whole herring
repectively. Each group was fed upon chromic-oxide labelled
food (2% w/w) which had been finely minced and reminced so
that the food and label were evenly mixed. Labelled food was
offered to the animals every 48 h. Uneaten food was removed
after 4 h. Animals were fed for a week (a period longer than the
TGCT) on labelled food and then faecal samples were collected
from each animal (by placing them in individual tanks with

COLLECTION AND MAINTENANCE

Ten spectacled caimans were obtained from biological
suppliers. At the time of the study the animals weighed be-
tween 240 and 600 g. They were held in running fresh water
at the experimental temperature of 30+1°C. Five of the ani-
mals (used in gut transit studies) were fed on sheep heart and
ox liver (offered daily) while the other five were divided into
two groups. Two were fed on pigs’ liver, while the other
three were fed on whole chopped herring. Feeding was con-
tinued for one month prior to experimentation.
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broad mesh floors). Animals were inspected several times per
day; only freshly voided faeces were collected. Feeding and fae-
cal collection continued until adequate amounts of material
were available for chemical analysis. The five animals being
studied for fatty acid assimilation were then killed humanely;
tissue samples were taken from the tail muscle and a large ab-
dominal fat body found in all the caimans. For comparative
purposes, tail muscle and adipose tissue samples from three
specimens of Crocodylus porosus (stored frozen from the ear-
lier study of Davenport et al., 1990) were also analysed for fatty
acid composition.

Food and faecal samples were dried at 70°C to constant
weight. Chromic oxide content was measured by the method of
McGinnis & Kasting (1964). Energy content was determined by
the wet oxidation method of Ivlev (1935). Protein content was
estimated by measuring total nitrogen (micro-Kjeldahl tech-
nique). Lipids were extracted from dried food, faecal and tissue
samples and the total lipid content determined gravimetrically
as described by Folch et al., (1957). Once the lipid content had
been determined, fatty acid composition was studied. Samples
were transmethylated prior to fatty acid analysis by heating with
an excess of boron trifluoride methanol reagent (15% BF_‘) for
1h at 100°C. Fatty acid methyl esters (FAME) were extracted
into pentane, evaporated to dryness with oxygen-free nitrogen
and dissolved in hexane with a known amount of tricosanoic
acid meythl ester as standard. Analysis was carried out by capil-
lary gas chromatography, using a Carlo Erba 6180 gas
chromatograph fitted with a flame ionization detector and a DB
Wax 30 W capillary column, 25 m, 0.32 mm, I.D. and an on-
column cold trap injector. FAME were identified using
commercially available standards, graphical techniques and
systematic separation factors (Ackman, 1972). Lipid classes
were investigated by thin layer chromatography, using pre-
cooled plates (silica-gel 60). The plates were then developed in
petroleum spirit: diethyl ether (95:5 v/v) and visualised with io-
dine vapour. Samples were co-eluted with a methyl ester
standard (178-1; Sigma Chemicals).

RESULTS
APPETITE AND GUT TRANSIT

At 30x1°C, the caimans ate a mean satiation ration of
sheeps’ heart of 8.2% body weight (SD 4.3%). Themean TGCT
(time between chromic oxide-labelled meal and appearance
of last labelled faeces) was 136 h; the mean GET (time be-
tween appearance of first and last labelled faeces) was 97 h.
X-radiography showed that food moved through the gut in a
similar fashion to the salt-water crocodile (Davenport, et al.,
1990). The stomach is large and drum shaped; the meal is
totally confined within it until about 4 h after the meal when
some barium sulphate label moves into the duodenum.
Barium sulphate labelled material passes rapidly through the
small intestine into the large intestine and rectum (some ma-
terial reaching the rectum in as little as 12 h), but the barium
spheroids and glass beads remain within the stomach, lying
close to the pyloric sphincter. Clearly, as in the salt-water
crocodile, a powerful sphincter sorts particulate material;
only fluid and fine material passes into the small intestine. In
the X-ray plates it was noticeable that the larger barium
spheroids lay anterior to the glass beads which were packed
next to the pyloric sphincter. After 52 h no barium sulphate

was present in the small intestine, but the particulate mate-
rial was again dispersed throughout the stomach (the
caimans having eaten non-labelled material which now filled
the stomach). Barium sulphate and a few particles filled the
rectum. After 74 h no barium sulphate could be seen in any
part of the gut and about 25% of the spheroids and glass
beads had passed into the colon. There was no evidence that
the pyloric sorting mechanism could differentiate between
spheroids and beads. As each new meal was eaten a few
particles left the stomach; one animal had lost all particles
after 168 h, but the other still had substantial numbers in the
stomach after 192 h.

ASSIMILATION

Energy, protein and dry mass. Assimilation efficiencies
were calculated as described by Maynard & Loosli (1969):

% efficiency = [CrZOB]:[nutrienl in food] x 100
[Cr,O,J:[nutrient in faeces]

On a diet of sheeps’ heart the assimilation efficiencies for
protein, energy (cals) and dry mass were 91.8% (SD 3.6%),
68.2% (SD 5.6%) and 62.0% (SD 7.4%) respectively. On a diet
of fish (herring) the mean assimilation efficiency for protein
was 90.2% (SD 2.0%), for energy (cals) 69.2% (SD 4.1%) and
for dry mass 64.7% (SD 4.6%). There was clearly no significant
difference in rate of assimilation of these nutrients from the con-
trasting diets.

Farty acids. Fatty acid data for diets, faeces and tissue samples
arepresented in Tables 1 and 2. Asexpectedthere were marked dif-
ferences between the fatty acid compositions of the diets. Pigs’ liver
contained a far higher proportion of the C18 fatty acids than the her-
ring diet with approximately ten times the proportion of linoleic acid
(18:26) and seven times the percentage of 18:0. The fish diet was
rich in long chain fatty acids, particularly 22:6w3. Rather surpris-
ingly, the pigs liver contained some 22:6w3 (perhaps because the
pigs had been fed on fish meal at some stage), but at much lower
concentrations than the herring.

In considering the faecal data, it must be remembered that
they represent proportions of the unassimilated lipid, plus any
fatty acids excreted by the caiman or synthesized by gut bacte-
ria. Although both diets contained hardly any of the short chain
saturated fatty acid 12:0, substantial amounts of faecal lipid
were made up of this fatty acid which was probably of bacterial
origin. Of particular interest are the low levels of 22:6w3 in the
faeces, indicating assimilation of this PUFA, particularly in the
fish-fed animals.

There are some noticeable differences between the fatty acid
composition of tissues of caimans fed on contrasting diets, pro-
viding further indication that dietary incorporation of fatty acids
has arole to play in the species. Fish-fed caimans showed more
20:5w3 and 22:6w3 in their tissues than liver-fed animals, indi-
cating that these fatty acids are incorporated from the diet.
However, in the case of 22:6w3, the tissue levels are still well
below dietary concentrations (especially in the fish-fed ani-
mals), suggesting that this fatty acid has a low saturation point.

In Table 3, the tissue fatty acid composition of fish-fed
caimans and salt-water crocodiles are compared. The tissue
compositions are remarkably similar, and there are no signifi-
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Fatty acid content

(mean % total lipid)

Fatty Diet Faeces Tail Fat
acid muscle body
12:0 T 525 8.6 0.4
14:0 0.1 T 0.6 1.2
15:0 T T T 0.2
16:0 13.5 5.4 7.0 9.0
16:1 w7 0.7 0.2 4.4 0.7
17:0 0.7 0.1 0.7 0.6
18:0 21.7 10.2 9.2 134
18:1w9 114 3.9 11.5 21.2
18:1w7 2.2 1.4 42 4.6
18:2m6 10.3 2.7 42 7.1
19:0 0.4 - - T
18:303 0.6 0.2 0.4 0.6
18:403 T 0.1 0.1 0.3
20:0 0.1 T T T
20: 109 0.2 T 1.4 1.7
20:4w6 11.6 29 4.2 3.0
20:5w3 1.0 0.3 0.6 0.5
22:lwll 0.1 1.3 (r3 0.1
22:5w3 255 1.2 1.0 09
22:6m3 36 1.4 1.6 2.1

T = trace quantities; - indicates none detected

TABLE 1: Fatty acid data for caimans fed on pigs’ liver

Fatty acid content

(mean % total lipid)

Fatty Diet Faeces Tail Fat

acid muscle body
12:0 0.7 29.6 3.2 25

14:0 2.1 0.1 0.2 1.7
15:0 0.3 T T 0.2
16:0 16.7 5.8 5.0 5.7
16:1w7 3.8 0.4 0.3 1.2
17:0 0.4 T 0.2 0.4
18:0 3.5 0.9 6.9 14.2
18:1 09 4.6 0.7 7.2 239
18:1w7 25 0.4 1.0 5.3.
18:206 0.8 0.2 22 5.9
19:0 - : = 0.1

18:3w3 0.5 T 0.2 0.6
18:4w3 1.4 0.3 0.2 0.2
20:0 0.1 1.1 0.8 0.4
20:1w9 0.1 2.4 0.1 0.5

20:406 2.6 24 2.0 5.4
20:5w3 8.5 1.4 7.5 0.9
22:lwll 0.7 0.6 0.2 1.3
22:5w3 0.3 0.3 0.5 1.1

22:6w3 19.8 1.6 3.7 3.6

T=trace quantities; - indicates none detected

TABLE 2: Fatty acid data for caimans fed on whole herring
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Fatty acid content

(mean % total lipid)

A) Caiman crocodilus

B) Crocodylus porosus

Fatty Tail Fat Tail Fat
acid muscle body muscle body
12:0 32 2.5 8.5 1.3
14:0 0.2 1.7 1.4 T

15:0 T 0.2 T T

16:0 5.0 5.7 39 1.5
16:1w7 0.3 1.2, 0.4 1.5
17:0 0.2 0.4 T 0.1
18:0 6.9 14.2 2.1 2.1
18:109 7.2 239 45 1.3
18:1w7 1.0 5.3 1.3 1.5
18:2w6 22 59 37 0.3
19:0 - 0.1 - 1.0
18:3m3 0.2 0.6 04 T

18:4m3 02 0.2 0.3 T

20:0 0.8 0.4 2.1 0.2
20:109 0.1 0.5 45 T

20:4w6 20 5.4 48 6.7
20:5w3 7.5 0.9 0.7 T

221wl 0.2 1.3 3.0 0.3
22:5w3 0.5 1.1 05 1.4
22:6w3 37 3.6 4.8 23

T = trace quantities; - indicates none detected

TABLE 3. Comparison of fatty acid composition of tissues of caimans and salt-water crocodiles fed on fish diets.

cant differences between the levels of 22:5 and 22:6 fatty acids,
suggesting that there is no systematic difference in PUFA re-
quirement or uptake between the species. Only in the C18 fatty
acids are there differences, with the caimans demonstrating
greater incorporation.

DISCUSSION

The appetite of caimans (ca. 8% body wt. satiation ration) is
similar to that of salt-water crocodiles (10% body weight satia-
tion ration), but the mean TGCT of 136h is appreciably longer
than that of Crocodylus porosus (97 h) and the GET is more
than twice as long (97 h vs. 40 h). Taken together these observa-
tions indicate that young caimans eat considerably less food
than young salt-water crocodiles of similar size. Assimilation
rates for protein, energy and dry mass were all significantly
lower in caimans (91.8, 68.2, 62.0% respectively) than in juve-
nile salt-water crocodiles (97.4, 85.2, 77.5% respectively), so a
picture emerges of caimans eating less, taking longer to digest
food and being less efficient in doing so.Generally speaking it
would seem that salt-water crocodiles are faster moving, more
active animals which must have a high metabolic rate and initial
growth rate since they reach a much larger final size than the
caimans; selection pressure in favour of fast and efficient food
processing has presumably been greater in Crocodylus porosus.
Perhaps the use of gastroliths by salt-water crocodiles is also
related to the relative efficiency of digestion: Davenport et al.,
(1990) found that salt-water crocodiles would deliberately eat
small stones, and suggested that this would help in the breakup
of insect and crustacean prey organisms. However, the caimans
studied here showed little tendency towards this habit and

would not eat stones, though small amounts of wood and paint
flakes from their holding tanks were found in the stomachs of
caimans post mortem (much less than in Crocodylus porosus
held in the same tanks). This finding is consistent with the ob-
servations of Skoczylas (1976) and Schaler & Crawshaw (1982)
who found no stones or other hard material in the stomachs of
wild Caiman crocodilus.

The fatty acid data show that caimans, like salt-water croco-
diles, are capable of assimilating PUFAs from the diet and
incorporating them into the tissues. Garnett (1985) stated that
Crocodylus porosus needed PUFAs in its diet because it could
not desaturate and elongate short chain saturated fatty acids, a
situation similar to that of marine fish (Ackman et al., 1968). It
seems likely that spectacled caimans also have a requirement for
‘marine’ PUFAs, presumably satisfied by the crustacean com-
ponent in their diet. The findings of Ferguson (1981) and Lance
(1982) that alligators are not capable of absorbing marine
PUFAs clearly do not apply to all members of the family
Alligatoridae, and in any case merit further study since some
young alligators eat considerable quantities of the marine/estua-
rine blue crab Callinectes sapidus (Chabreck, 1971) which must
be rich in PUFAs. In both caimans and salt-water crocodiles,
relatively small quantities of PUFAs are incorporated into tis-
sues by comparison with the concentration in the flesh of marine
fish, even though substantial quantities of PUFAs are assimi-
lated across the gut wall. Theexcess PUF As, assimilated but not
incorporated into structural materials, are presumably used as an
energy source, or as the precursors of more complex mol-
ecules.
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ABSTRACT

The relationships between maximum total and maximum freshwater turtle species richness versus twelve environmental factors hy-
pothesized to be correlated with richness were examined for 42 river drainage basins on five continents. The only highly significant
correlate was annual rainfall. Latitude, temperatures, and basin area and discharge were not significantly correlated with species rich-
ness. These results are interpreted in light of current theoretical determinants of species diversity.

INTRODUCTION

Although some authors have provided gross descriptions of
global species richness patterns in turtles (e.g. Darlington, 1948,
1957; Mittermeier, 1972; Pritchard, 1979), quantitative analysis
of richness patterns is available only on local geographic scales
(e.g. Huheey, 1965, for Illinois; Rogers, 1976; Owen & Dixon,
1989, for Texas; Schall & Pianka, 1978, for Iberia). Quantita-
tive work on a broader scale has been impeded by the lack of
published information on the precise distributions of many of
the world’s turtles. The publication of preliminary distribution
maps for all turtle species (Iverson, 1986) now makes a quanti-
tative study of the correlates of global turtle species richness
possible.

This study was undertaken to test several specific predic-
tions about expected correlates with species richness that were
based on biogeographic theory and/or patterns observed in other
vertebrate taxa. I hypothesized that species richness should be
greatest in the tropics (e.g. see Pianka, 1966; Kiester, 1971;
MacArthur, 1972; Schall & Pianka, 1977; Stevens, 1989); in
drainage basins with large areas (e.g. see Swift et al., 1986;
McAllister et al., 1986; Angermeier & Schlosser, 1989) or with
large discharge rates (e.g. Livingstone et al., 1982); in areas
with warmer winter and/or summer temperatures (Schall &
Pianka, 1977, 1978); or with a low annual range of temperature
variation (Schall & Pianka, 1977, 1978); and in areas with high
rainfall (Rogers, 1976; Schall & Pianka, 1978; Owen & Dixon,
1989) or low seasonal variation in amount of rain. These predic-
tions are here tested with maximum species richness data for 42

drainage basins representing all continents inhabited by turtles. .

METHODS

Turtle species density maps were prepared by outlining the
range of each turtle species as plotted in Iverson (1986), and
manually overlaying those range maps to produce species rich-
ness isopleth (= species density) maps by turtle family and
continent (Iverson, 1992). Approximately 60 river basins
representing the major drainages on every continent were
selected for analysis, and the site of maximum total (i.e.
freshwater and terrestrial) turtle species richness in each
basin pinpointed. The following environmental variables
were compiled from records from the city nearest to that site
as reviewed in Ruffner (1978) or Ruffner & Bair (1987):
mean daily maximum and minimum temperatures in winter
and summer (January or July, depending on hemisphere), dif-
ference in mean daily temperature in summer (January or

July) compared to that in winter (a measure of seasonal vari-
ation in temperature), mean annual rainfall, mean monthly
rainfall in the wettest month, mean monthly rainfall in the
driest month, and the difference in mean rainfall in the wet-
test month compared to that in the driest month.

Drainage area and discharge data for each basin were then com-
piled, primarily from Showers (1973), but checked and
supplemented when necessary with data from Tamayo and West
(1964), Snead (1980), Berra (1981), Livingstone et al. (1982), and
Swift et al. (1986). In addition to maximum total species richness
for each basin, aquatic species richness was also determined for the
same location based on habitat preferences in Emnst & Barbour
(1989). Species richness in each of the (primarily aquatic) families
Chelidae (Austro-American sidenecked turtles), Pelomedusidae
(Afro-American sidenecked turtles), Kinosternidae (American mud
and musk turtles), Trionychidae (Softshell turtles), Bataguridae
(Batagurine turtles) and Emydidae (Pond turtles) were also deter-
mined for the same location. A nearly complete data set was thus
compiled for a total of 42 basins (Appendix 1).

Although the data set is possibly flawed by (1) assuming the ac-
curacy of distributions plotted by Iverson (1986); (2) using only the
location of maximum richness in each basin; and (3) being forced to
use climatic data from the nearest large city for which records are
available (and thus not precisely at the location of maximum diver-
sity), it is believed to be representative enough to be of value in this
preliminary investigation of global correlates of species density in
turtles. Correlation analysis between environmental variables and
species richness values was performed with Statview™ Soft-
ware on a Macintosh™ computer. Because 12 correlations
were generated for each taxonomic group, the significance level
was adjusted to P< 0.004 (0.05/12) to account very conserva-
tively for the experiment-wise error rate (Sokal & Rohlf,
1981).

RESULTS

Turtle species richness is greatest in the lower Ganges-
Brahmaputra river basin in India and Bangladesh (ca. 23° N
latitude; seventeen aquatic and two terrestrial species) and in the
lower Mobile River basin in Alabama in the United States (ca.
31°N latitude; sixteen aquatic and two terrestrial; see also
Iverson, 1992). The results of the correlation analysis of to-
tal species richness, total aquatic species richness, and
within family species richness versus the twelve environ-
mental characters (Table 1) reveal that the only consistent
predictor of species richness was annual rainfall (Fig. 1).
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Annual rainfall was significantly correlated with species rich-
ness for all taxa combined, for all aquatic taxa combined, for
trionychids, and for all non-trionychid taxa combined (Table
1). Only trionychid richness was positively correlated with
seasonal variance in rainfall.

Surprisingly, neither latitude nor basin area nor discharge
rate were significantly correlated with species richness in any
group. Of the several measures of temperature, none showed a
significant correlation with species richness for any taxonomic
group, although the relationships between winter temperature
and total and trionychid species richness approaches signifi-
cance. Precipitation amount during the wettest month is
positively correlated with overall species richness, but among
families, only with trionychid richness. Precipitation during the
driest month is positively correlated with richness for emydid
turtles and all aquatic non-trionychid turtles combined. When
the effects of latitude were removed by partial correlation analy-
sis, only total annual rainfall (r = 0.55; P< 0.0001) and driest
month rainfall (r = 0.51; P= 0.0005) were significantly corre-
lated with total species richness.

DISCUSSION

Few of my original predictions were supported by the data
compiled here. Perhaps the most surprising is the weak correla-
tion between richness and latitude; however, this may be related
to the lack of a continental land mass between about 10° N and
10°S latitude in the Oriental zoogeographic region. In addition,
within-family patterns are complicated because some families
are high-latitude families that have only recently dispersed into
the tropics (e.g. the Kinosternidae and Emydidae, which both
evolved primarily in isolation in North America; Darlington,
1948, 1957). Thus richness in these families is not inversely
correlated with latitude (or positively correlated with winter
temperatures); indeed, the signs of the correlation coefficients
(though not statistically significant) are the opposite of those
predicted.

Given that freshwater fish species richness has been found to
be correlated with both lake (Barbour & Brown, 1974) and ba-
sin area (McAllister er al., 1986; Swift et al., 1986), as well as
basin discharge (Livingstone et al., 1982), it was surprising that
neither basin area nor basin discharge were positively correlated
with turtle species richness at any taxonomic level. This may be
because the richness value used in this analysis represents only
the maximum local value for a particular basin and not the total
for the entire basin; however, given the distributions figured by
Iverson (1986), it is doubtful that even total turtle species diver-
sity for each basin would be correlated with basin area.

Schall & Pianka (1977, 1978) have shown that turtle species
density is positively correlated with mean July temperature in
Iberia and mean annual temperature in the United States and
Australia. However, my global analysis does not reinforce the
effect of temperatures (summer, winter or annual) on density,
except that winter temperatures and annual seasonality in tem-
perature approach being significantly correlated with trionychid
species richness. This is particularly interesting since the family
Trionychidae is atypical among turtles in lacking temperature-
dependent sex determination (Ewert & Nelson, 1991) and
apparently lacking the ability of hatchlings to overwinter in the
nest in temperate regions (Gibbons & Nelson, 1978). Whether
these characteristics are related must await further study. Com-

parisons of correlation coefficients of the various measures
of temperature with species richness for the various samples
(even though not statistically significant at P< 0.004) do
suggest that summer temperatures have less affect on turtle
species richness than winter temperatures.

Rogers (1976, in Texas), Schall & Pianka (1978, in the
United States and Australia) and Owen & Dixon (1989, in
Texas) all demonstrated a positive correlation between turtle
species richness and annual precipitation, although Schall &
Pianka (1977) found the opposite trend in Iberia. However, the
latter is obviously an artifact of the peninsular nature of Iberia as
well as the multitude of mountain barriers that prevent dispersal
away from the Mediterranean coastal plain. Schall & Pianka
(1978) also noted a negative correlation between richness and
variability in precipitation across years. The strongest correla-
tions revealed in this study related turtle species richness to
annual rainfall. However, although I had predicted that seasonal
(i.e. within year) variation would be inversely correlated with
richness (the climatic stability hypothesis; see Pianka, 1988),
the actual pattern may be exactly the opposite (at least for some
taxa).

The positive effects on richness of both amount of and sea-
sonal variation in rainfall (though the latter may only affect
the trionychids) provide some support for the spatial hetero-
geneity hypothesis (Pianka, 1988). More rain and more
seasonality in rain presumably would result in more variety in
habitats through the course of a year - from rivers, streams,
lakes, and ponds to marshes and bogs, to meadows and
ephemeral pools. In addition, more rain and more seasonality
in rain within a basin (e.g., the Irawaddy, Mekong, and Gan-
ges basins) also imply a greater likelihood of habitat disturbance
through flooding, and thus the disturbance hypothesis (e.g. see
Petraitis e al., 1989) may also be supported by these data.
These basins indeed do have very high turtle species densities,
with the world’s highest being in the lower Ganges-
Brahmaputra basin. However, further study will be necessary to
test adequately the applicability of either the spatial heterogene-
ity or disturbance hypotheses.

Unfortunately, the data so far available on other factors do not
permit a testing of several of the mechanisms hypothesized to ex-
plain diversity (reviewed by Pianka, 1988), e.g., the evolutionary
time hypothesis, the ecological time hypothesis, the productivity hy-
pothesis (see Currie, 1990), the competition hypothesis, the
predation hypothesis (see Arnold, 1972), the climatic stability and
stability in primary production hypotheses (see Pianka, 1966, 1988),
andthe climatic predictability hypothesis (thoughthe latter might be
tested with annual flood stage data). They also give no hint as to
why the maximum diversity of turtles today (13 genera in the lower
Ganges) was so far exceeded by diversity in Montana (ca. almost
48°N latitude) during the Upper Cretaceous (at least 18 genera and
subgenera in the Hell Creek formation; Hutchison & Archibald,
1984), especially when at least 72-83% of Cretaceous taxa survived
the Cretaceous-Tertiary boundary event (Hutchison & Archibald,
1984).

In summary, although a latitudinal gradient in species richness
has been demonstrated for numerous plant and animal taxa (review
in Stevens, 1989), no such pattern is evident in turtles. Likewise,
although basin area and discharge are often highly correlated with
species density in other aquatic taxa (e.g. Livingstone et al., 1982;
Swift er al., 1986; McAllister et al., 1986; and Angermeier &
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Fig. 1. Relationship between annual rainfall (mm) and maximum species richness for 42 river basins.
Least squares regression equation is y = 0.039x + 4.303 (N = 42; r = 0.62; P < 0.0001).
Level of species Richness
All aquatic but

Factor Overall Aquatic Chelid Pelomedusid  Kinosternid Trionychid Batagund Emydid Trionychid

(N=42) (N=42) (N=T7) (N=10) (N=14) (N=28) (N=15) (N=16) (N=42)

r P r P r P r P r R r P r P r P r P
Latitude -0.37 0.016 -029 006 -0.18 070 -0.71 0.023 +034 023 -044 0.020 -0.14 062 +003 092 -023 0I5
Basin area +0.08 0.62 +0.09 0.58 +0.51 025 +059 008 -042 0.14 +0.05 082 -0.17 055 -001 096 +0.11 050
Discharge +0.22 0.18 +0.26 0.12 +0.51 025 +0.27 048 -041 0.14 +026 021 -0.08 080 -0.15 0.57 +030 0.06
Winter max  +0.42  0.006 +0.34  0.029 +0.20 0.66 +0.50 0.15 -0.09 0.75 +0.52 0.005 +0.24 039 -0.08 0.77 +0.27 0.08
Wintermin ~ +0.38  0.013 +0.31  0.049 +0.08 086 +0.27 045 -0.19 0.52 +0.50 0.007 +0.20 048 -0.26 033 +0.26 0.10
Sum max +0.09 057 +0.16 031 +065 0.12 +029 042 +0.15 061 -022 027 -023 041 +025 035 +0.17 029
Sum min +0.30 0.054 +0.33 0.031 -0.01 098 +0.07 084 +0.16 059 +026 0.19 +023 040 +0.14 061 +0.27 0.09
Seasonal -035 0.023 -0.26 0.10 -0.14 077 -025 049 +023 042 -050 0.007 -023 041 +037 0.16 +022 0.17
difference
Total rain +0.62 0.001 +0.60 0.001 +0.10 0.83 +0.74 0.015 +0.12 0.68 +0.53 0.004 +0.59 0.022 +0.61 0.012 +0.52  0.0004
Wettest +0.45 0.003 +0.42 0.006 -030 052 +039 027 +0.05 087 +056 0.002 +047 008 +033 022 +030 0.06
month
Driest +036 002 +0.41 0007 +0.09 0.85 +0.49 0.15 +0.19 051 -023 024 -0.10 0.72 +0.68 0.004 +0.53  0.0003
Month
Seasonal +0.41 0007 +037 0.016 -033 046 +033 036 +001 097 +057 0002 +048 0.07 +0.14 0.61 +024 0.13
range

TABLE 1. Correlations among measures of turtle species richness and environmental factors (see text for explanations). N = number of basins in sample.

Statistical significance including experiment-wise error rate is P <0.05/12 or P < 0.0042 (see text).
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Schlosser, 1989), these relationships are also lacking among turtles.
The only consistent correlate of turtle species richness iden-
tified in this study was total annual rainfall. Unfortunately,
the precise mechanism through which rainfall might affect
turtle diversity is not yet clear. However, even that variable
explains only about 38% of the variation in turtle species
richness in the 42 basins sampled, suggesting that other fac-
tors (e.g., dispersal history or past environmental
conditions) may be more important in determining turtle
species richness than those discussed here.
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APPENDIX 1.

Species density and environmental datafor4 2 river basins. Temperatures are in Celcius; rainfall incm.

Basin Basin Mean daily temperature® Range  Mean Mean monthly rainfall
Climate area  discharge annual  ann- Total Agquatic
Contin data Lati (x 1000 (x 100 Winter Winter Summer Summer monthly ual  Wettest Driest turtle turtle
Basin -nent’ source -tude km?)  m¥sec) max®  min®  max® min®  mean rain  month month Range species species

Amazon NA  Manaus 3 6150 1750 317 239 339 239 1.1 1811 262 38 224 13 12
Amur AS Khabarovsk 48 2050 98 -189 -250 239 17.2 425 488 104 0.5 9.9 1 1
Apalachicola NA  Apalachicola 30 49 6 16.7 89 311 239 147 1427 216 6.1 155 16 15
Chao Phyra AS Bangkok 14 150 — 31.7 194 322 244 2.8 1468 356 03 353 13 11
Colorado NA  Yuma 33 637 1 19.4 44 417 2061 219 7.6 1.3 0 1.3 32
Congo AF Leopoldville 4 3822 390 272 17.8 306 21.1 33 1354 196 03 193 10 8
Danube EU Bucharest 44 773 64 06 -67 300 16.1 233 579 9.7 2.8 6.9 2 1
Fly AU Port Moresby 9 55 90 283 228 317 244 08 101.1 193 1.8 175 7 7
Ganges AS Dacca 24 1621 385 250 133 317 26.1 9.7 1877 338 0.5 333 19 17
Indus AS Karachi 25 1178 36 250 128 328 272 I1.1 198 8.1 0.3 7.9 9 7
Irawaddy AS Moulmein 17 409 127 317 183 283 233 0.8 483.1 120.7 05 120.1 15 12
Kristna AS Hyderabad 17 259 — 294 150 306 228 44 752 165 0.8 157 S 4
Magdalena SA Cartagena 10 260 80 289 228 31.1 256 25 935 274 0 27.4 8 7
Mekong AS Saigon 11 811 120 31.7 211 311 239 1.1 1984 335 03 333 12 10
Mississippi NA  Little Rock 35 3222 173 100 -L.1 339 21.7 234 1250 137 7.2 65 16 15
Mobile NA  Mobile 31 111 11 16.1 50 328 228 172 1702 22.6 66 160 18 16
Murray-Darling AU Adelaide 35 1072 47 150 72 300 161 11.7 536 7.6 1.8 5.8 3 3
Narmada AS Ahmadabad 23 98 123 294 144 339 26.1 81 744 310 0 31.0 5 4
Niger AF Enugu 6 2092 517 322 222 283 217 22 181.6 325 1.3 312 11 8
Nile AF Lira 2 2802 26 328 16.1 272 16.1 28 1542 254 1.8 236 9 6
Orange AF Port Nolloth 29 677 3 16.7 72 194 117 3.6 5.8 0.8 0.3 0.5 5 1
Orinoco SA Bolivar 8 880 180 322 222 322 239 08 973 18.0 1.8 163 12 10
Parana SA Buenos Aires 27 3100 229 217 1.7 339 217 1Ll 1179 142 38 104 7 6
Po EU Venice 45 75 15 6.1 0.6 278 194 203 8438 9.4 5.1 43 1 1
Potomac NA  Washington 39 36 3.1 6.7 -1.1I 306 206 228 103.6 124 6.4 6.1 10 9
Red AS Hanoi 21 120 — 200 144 333 261 125 1763 38.6 20 366 12 10
Rhone EU Marseille 43 99 15 11.7 33 256 144 125 589 9.4 1.5 79 1 1
Rio Grande NA  Brownsville 26  47] 1 217 11.1 339 244 128 683 127 25 102 6 4
Sao Francisco ~ SA Benin 13 61l 27 26.1 20,6 300 233 3.3 1900 284 6.6 21.8 5 3
Savannah NA  Savannah 32 26 32 16l 39 328 21.7 172 1300 20.1 48 203 16 14
Senegal AF Dakar 15 440 — 261 17.8 31.1 244 58 541 254 0 25.4 6 4
Si AS Canton 23 448 116 18.3 9.4 328 250 150 1615 269 23 246 12 12
St. Johns NA  Jacksonville 30 21 09 194 7.2 333 228 147 1361 196 43 152 13 11
St. Lawrence NA  Detroit 42 1316 130 0 =72 283 172 247 787 8.6 4.6 4.1 9 8
Suwannee NA  Gainesville 29 23¢ 4 20.6 83 328 217 126 1334 196 46 150 15 13
Tigris AS Abadan 30 1105 286 178 6.7 444 272 236 193 4.6 0 4.6 27 2
Volga AS Astrakhan 46 1380 77 -50 -100 294 206 325 163 1.8 1.0 0.8 2 1
Volta AF Accra 5 388 11.7 306 228 272 228 1.7 724 178 1.5 163 11 8
Yangtze AS Shanghai 31 1827 322 8.3 0 328 239 242 1143 178 38 140 6 6
Yaqui NA  Guaymas 27 70 09 233 139 356 278 131 239 6.9 0 6.9 6 4
Yellow AS Tientsin 37 771 15 0.6 -89 322 228 31.7 533 193 03 19.1 2 2
Zambezi AF  Zomba 16 1331 160 222 11.7 267 183 5.6 1344 307 05 302 8 6

* AF = Africa; AS = Asia; AU = Australia; EU = Europe; NA = North America; SA = South America
" Winter = January in northern hemisphere, July in southern hemisphere; vice versa in summer
< Estimated from map
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ABSTRACT

Fourteen adultcommon frogs (Rana temporaria) and 40 common toads ( Bufo bufo) were forced fed with 2.5 g radio transmitters. The
transmitters lodged in the stomach and were regurgitated after 2 to 13 days in the frog and 2 to 38 days in the toad. They did not signifi-
cantly affect either feeding rates or mass fluctuations of the toads. Reception range was up to 100 m and battery life 33 to 47 days.
Twenty three toads tracked on a daily basis during the summer showed displacement of between 0 and 108 m, animals commonly stay-

ing in one place for several days.
INTRODUCTION

Radio transmitters of 3 g or less are available commercially
(see Kenward (1987) for list of suppliers) and have been used
for tracking and physiological investigation of small animals by
many workers (e.g. snakes: Henderson, Nickerson & Ketcham,
1976; turtles: Schubauer & Gibbons, 1978; toads: van Gelder &
Krammer, 1985; Sinsch, 1988).

External attachment of transmitters is commonly used in
tracking vertebrates; collars have been used for mammals (e.g.
Ormiston, 1985), hamesses and tail clips for birds (e.g. Bray &
Corner, 1972) and adhesive tapes for snakes (Ikeda, Iwai, Wada
& Hayashi, 1979). In anurans external attachment presents
problems since they have no apparent neck, a thin epidermis
which is sporadically sloughed and a subcutaneous cavity which
gives the animal considerable freedom of movement within its
skin. A latex hamess developed for Bufo bufo (Nuland & Claus,
1981; van Gelder, Aarts & Staal, 1986) was unsuccessful in
dense vegetation or in water. If not fitted properly the hamess
caused irritation. Similarly Gittins (pers. comm.) used a flexible
plastic hamess with limited success.

The problems of hindrance and skin irritation can be solved
by surgical implantation of the transmitter (e.g. voles: Smith,
1980; snakes: Reinert & Cundall, 1982; Weatherhead &
Anderka, 1984; Tiebout & Cary, 1987; Bufo bufo: Olders et al.,
1985; B. calamita: Sinsch, 1988). This procedure, however,
may cause trauma (Fitch & Shirer, 1971), reduced activity
(Weatherhead & Anderka, op. cit.), infection (Olders et al.,
1985) and contravention of vivisection laws (Morris, 1980).
Sinsch (1988), however, reported no abnormal behaviour after
surgical implantation and complete healing by the conclusion of
tracking experiments in Bufo calamita. Force-feeding provides
a method of internal placement without recourse to surgery.
Tagging devices have been swallowed and retained by snakes
(e.g. Fitch & Shirer, 1971; Kroll, Clark & Albert, 1972; Ai,
Olivier, Ambid & Saint-Girons, 1975; Henderson et al., 1976;
Kephart, 1980; Reinert and Kodrich, 1980; Priede, 1980) and
toads (Pearson & Bradford, 1976). Pearson & Bradford (1976)
do not comment upon the effects of the transmitters on the
toads.

In our studies of the habitat requirements of Bufo bufo and
Rana temporaria radio-tracking was used in conjunction with
pitfall trapping. The detailed results of these investigations will

be reported elsewhere; the purpose of the present paper is to de-
scribe the radio-tracking procedure.

Experiments with external hamesses proved unsatisfactory
and an ingestion technique was investigated. Transmitter reten-
tion times, food consumption and body mass changes of
internally labelled anurans, measured in the laboratory, are
documented. Preliminary field trials are also described.

MATERIALS AND METHODS
EQUIPMENT

The equipment comprised transmitters (“small” 2.0 g and
“large” 2.5 g; Fig.1) manufactured by Biotrack, Wareham, Dor-
set, UK; a portable receiver and a Yagi antenna from Mariner
Radar, Lowestoft, Suffolk, UK (Fig. 2), operating within the
frequency range 173.20 to 173.35 MHz. The transmitters are
supplied with disconnected battery leads and were stored under
refrigeration.

The equipment was tested on open playing fields where an
audible signal was received from 200 m using a hand-held trans-
mitter, of either size, Im above ground level. To overcome the
problem of exact transmitter location in dense vegetation a loop
aerial permitting use within about 0.1 m? of the signal source
was used (Fig. 2).

The transmitters had a working life of approximately 47 days
(large transmitters) and 33 days (small transmitters) at the
ranges cited above. Beyond this time the signal was weaker and
detection harder.

INTERNAL PLACEMENT

Dummy transmitters were eased down the throats of frogs
and toads, whose mouths had been prised open using the corner
of an index card. The swallowing reflex, indicated by the sink-
ing of the eyeballs, drew the package down the oesophagus.
Both species were restrained by wrapping tissue around their
bodies to secure the front legs. The process was not difficult
witheitherspecies, buteasier with frogs. Occasionally the trans-
mitter was rejected immediately; in this case it was reinserted.

After ingesting the transmitters, 40 toads and 14 frogs were
placed singly in vivaria (0.07 to 0.10 m’ floor area) and kept at a
range of temperatures between 7 and 20 °C between August and
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Fig. . Transmitter potted in silicone aquarium sealant, with battery terminals unconnected (left); dummy transmitter (right).

Fig.2. Portable receiving equipment. Yagi antenna and receiver and loop aerial.

December. The animals were examined daily and if the
transmitters were rejected they were reinserted. If reinsertions
are included the toads were used in a total of 92 retention trials
and the frogs in 21 trials. A further 25 toads and 15 frogs were
used as controls. All were weighed at intervals throughout the
experiments.

A known number of house cricket nymphs (Acheta
domestica) was provided daily as food in each vivarium and any
left were counted at the next feeding time. It was thus possible to
estimate the number consumed each day.

RESULTS

EFFECTS OF TRANSMITTERS

After periods ranging between 2 and 38 days all the
dummy transmitters were deposited on the vivarium floor. To
assess whether they were regurgitated or defaecated an ad-
ditional nine toads and two frogs (masses between 25 g and
55 g) were dissected 3 to 16 days after ingestion of transmit-
ters. All 11 had retained them within their stomachs, the pylorus
being too narrow to permit passage.
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Toads had median retention times of 13 days (range 2 to 38
days) and frogs six days (range 2 to 13 days, Table 1). Thirty-
seven (69%) of the animals regurgitated the transmitters within
two weeks; the remainder retained them for over three weeks.
Reinsertion of transmitters into toads (an additional 52 trials)
produced a similar array of retention times. Neither frogs nor
toads showed significant differences in retention times between
animals kept at 13, 16 and 19 °C (P>0.05). However, an addi-
tional four frogs and two toads kept at 7 °C became torpid,
neither eating crickets nor regurgitating transmitters.

With transmitters in their stomachs neither frogs nor toads
ate significantly fewer cricket nymphs than the control animals
(P>0.05, Table 2). The slight apparent difference between the
two groups of toads in Table 2 was caused by reduced feeding in
some animals during the few days following initial implantation
of the transmitter. On the other hand, on several occasions toads
were observed to feed within minutes of implantation.

Mass changes during the experiments ranged from 11% de-
crease to 41% increase in the toads (Table 3) and from 0% to 12%
increase in the frogs. There was no consistent relationship between
animal size and percentage mass change (P>0.05) and toad mass
loss did not correlate withlength of dummy retention time (P>0.05).

FiELD TRrIALS

Between 1982 and 1987 field trials were conducted with 23
toads in Leicestershire. All took place during the toads’ active
season, in spring and summer, but not in the migratory phase.
All the animals were released within 25 m of their site of capture
and were followed, usually at daily intervals, for up to 22 days.
They were detected from arange of up to 150 m. Distances be-
tween recorded positions ranged between 0 m and 108 m.
During tracking, animals were commonly detected in scrub, on
one occasion beneath 10 cm of water, once buried at a depth of
5 cmin soil and once in a retreat amongst rocks. In nine of the
23 instances both the toads and the transmitters were lost. In a
further five cases transmitters were regurgitated by the toads
and retrieved separately. The remainder were recaptured com-
plete with transmitters, which they subsequently regurgitated.

Most of the tagged animals inhabited woodland, scrub or
gardens. In five instances, however, toads were located in habi-
tats on the verge of woodland/scrub and arable fields. These
wereobservedto forage in the fields during the night and hide in
the scrub, up to 20 m distant, during daylight. The nocturnal
phase of this behaviour was confirmed, for large numbers of
toads, by independent torchlight searches.

Sex n Mass Days retained
range (g) Range Median
B. bufo M 23 18-53 2-38 15
F 17 17 - 88 2-38 13
R. temporaria M&F 14 11-47 2-13 6

TABLE I. Retention times of dummy transmitters in laboratory toads and frogs.

Mean no. crickets eaten per day

Experimental group

Control group Mann-Whitney U test

n Mean S.D. n Mean S.D. P
B. bufo 40 1.4 0.41 25 1.6 0.57 >0.05
R. temporaria 14 2.5 0.71 15 2.4 0.67 >0.05

TABLE 2. Effect of transmitters on toad and frog food consumption during experiments lasting between 21 and 44 days.

n % Mass change
range median

B.bufo with transmitter 40 -11to+41 +4
P>005

control 25 -2to+18 +9

R. temporaria with transmitter 14 0to +12 +5
P>0.05

control 15 +2to +4 +3

TABLE 3. Effects of transmitters on mass changes in toads and frogs in experiments lasting between 7 and 45 days.
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DISCUSSION

Themean transmitter retention times in the laboratory, of 16 and
6 days for toads and frogs respectively, seemed to allow sufficient
time for tracking both species. This was confirmed for toads by field
trials in which the animals were detected in a range of habitats.

Laboratory evidence indicated that the transmitters had no effect
upon the feeding and associated mass changes of toads. There are no
reports in the literature of similar trials for amphibia, but Reinhert &
Kodrich (1982) believed that the appetite of the grass snake Sisturues
was unaffected by an ingested transmitter. However, the possibility
of reduced field activity consequent upon the presence of the trans-
mitter, as reported for Agkistrodon and Coluber by Fitch & Shirer
(1971) cannot be excluded.

A serious disadvantage of the method was the high frequency of
loss of expensive transmitters, despite thorough searches. This
was particularly frustrating since it was impossible to know
whether the loss was animal specific (predation, deep burial,
extensive wandering etc.) or equipment specific (e.g. failed bat-
tery). This problem can be overcome by continuous monitoring
but, aside from the practical difficulties of nocturnal work, this
incurs the problems of animal disturbance and habitat damage.

The field trials suggest that toads are relatively sedentary during
their summer terrestrial phase. The trials also show that toads will
forage at night in arable fields and retreat to scrub refugia during the
daylight. Van Gelder et al. (1986) describe a similar activity pattern
during the migration of toads in the Netherlands. The fact that they
do not avoid bare ploughed land is of significance in terms of con-
servation since such cultivation may not be inimical to toads. If they
reweat from the field during the day they are unlikely to suffer physi-
cal damage by machinery. At the same time it seems important that
areas of rough grass and scrub be retained as refugia in intensively
cultivated land.
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ABSTRACT

Adult ruin lizards, Podarcis sicula, at a study site near Pisa, Italy, were seen during all months of 1988, but in significantly reduced
numbers in January, February, November and December. The length of the diel period during which individuals were observed varied
from 2-3 h in mid-winter to 14 h in July and August. High activity, defined as any one-hour period of the day during which the total
number of lizards observed over three days of observation in any month was greater than the 95% confidence limits for the overall mean,
was bimodal from April to October inclusive. Bimodality in the activity pattern was particularly pronounced in the hottest months, as
low activity, when numbers observed were lower than the C.L. for the overall mean, occurred during the central hours of the day (1200-
1400 h) in July and August. Low activity was also recorded at the beginning and end of the active period in all months from February to
November. The diel cycles of juveniles (lizards less than 6 months old) appeared to be less structured than those of adults.

INTRODUCTION

Investigations of the inter-relationships between climate,
habitat and activity pattern are of crucial importance in under-
standing the ecology and behaviour of many ectotherms; this is
especially true of diurnal lizards (Porter, Mitchell, Beckman &
DeWitt, 1973; Avery, 1976; Porter & Tracy, 1983). The activity
componentrequires that the study animals should be relatively
easy to observe, unless there is some indirect means for deter-
mining their movements. In many Mediterranean regions the
presence of man over many millenia has resulted in a substantial
reduction in vegetation cover. This has created environments
which are apparently particularly favourable for lizards, and the
animals often occur at high densities. The combination of open
environments and large numbers makes the lizards fairly easy to
observe, and they are thus very suitable for studies of activity
patterns and other behaviour. Observations of activity patterns
in the field not only help to disclose important aspects of the
ecology, ecophysiology and spatio-temporal organisation of be-
haviour, but can also greatly contribute to our understanding of
the adaptive significance of circadian and other rhythms in natu-
ral environments (e.g. Janik, 1987; Underwood, 1990).

This paper describes the seasonal and diel cycles of activity
in a population of ruin lizards, Podarcis sicula, inhabiting the
coastal plains at Pisa, Italy. It is planned that this is to be one of
a series of papers, which will include both field and laboratory
studies, on the physiology and ecology of rhythmic behaviour in
the species.

MATERIALS AND METHODS

The work was carried out during the period January-
December 1988 at the field station of the Dipartimento di
Scienze del Comportamento Animale e dell’'Uomo of Pisa
University, located 1.5 km from the Ligurian sea in an area of
reclaimed marshland with well-drained, sandy soils. The 150 m?
study site is in a flat meadow and incorporates the foundations

of a dismantled poultry pen. The surrounding vegetation is
mostly mown grass, but isolated plants of mullein, Verbascum
sinuatum L., and a few trees and shrubs, provide shade and
refuge. The activities of many of the individual lizards in the
study population centred on the foundations, in which
perforated bricks and other debris provided abundant shelter.

The term activity is used in this paper in a broad sense (see
Discussion). We measured as an index of lizard activity the total
number of lizards which could be observed in a specified unit of
time. We defined as “active” all those lizards whose presence
could be visually detected within the study area. This included
(1) moving lizards (ii) immobile lizards which were basking (iii)
other immobile lizards which could be detected, e.g. hidden be-
neath vegetation. The data were obtained as follows: one
observer walked through the study area along standard paths,
counted the number of lizards, and attributed each sighting to
one of the categories adult male, adult female, subadult, juve-
nile. This was repeated every hour, from sunrise to sunset, for
three days every month for a total of twelve months (N=468).
The units in which the data were compiled were total number of
lizards observed within a specified hour over three days. The
soil temperature was measured at the point at which each lizard
was first observed. Times were always recorded as European
Standard Time; this is one hour ahead of Greenwich Mean Time
(GMT).

RESULTS

Adult P. sicula were observed in all months of the year, but
activity in January and December was sporadic and only very
few individuals were seen (Table 1). Numbers were also signifi-
cantly reduced during February and November (based on the
null hypothesis of equal numbers in all months from February to
November, x’=149, P<0.001). Adult males and adult females
showed similar monthly cycles of activity (G-test with STP
analysis, P<0.05) and the sexes have been combined for further
analysis.



ACTIVITY CYCLES OF LIZARDS 87

Month Total number Total number Maximum soil
of adults of juveniles temperature (°C)

January 2 - -
February 40 - 25.6
March 127 - 28.3
April 213 - 33.4
May 187 - 39.1

June 186 - 36.6

July 139 30 42.8
August 148 100 409
September 160 72 40.0
October 174 33 325
November 42 4 229
December 3 0 =

TABLE 1. Monthly values for total number of lizards observed and maximum recorded soil temperatures.
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Fig. 1. Seasonal (monthly) and diel activity of P. sicula: adults (A) on the left, juveniles (J) on the right. January and December are not shown because
of very small sample sizes. Black squares represent high activity, diagonal hatching low activity and cross-hatching intermediate levels of activity (see
text for definitions).
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The length of the period during which adults were
observed varied seasonally, from 2-3 h in January and
December to 14 h in June and July (Fig. 1). Activity during
the latter months occupied most of the period from sunrise to
sunset; during January and December less than one half of
this period was utilised, with intermediate proportions in
intervening months (Fig. 1). There was considerable
variation in the number of lizards actually observed from
hour to hour, much probably due to sampling error. In order
to remove this error to demonstrate any underlying trends,
the mean and 95% confidence limits for the overall hourly
totals within each month were calculated. Any individual
total which lay outside the 95% confidence limits of the
mean was designated “high activity” if above the mean,
“low activity” if below it. Fig. 1 demonstrates a clear
seasonal pattern in the distribution of both high and low
activity.

High activity occurred during the middle period of the
day in February, March and November. From April to Octo-
ber there were two peaks of high activity, separated by
progressively increasing periods of time until June and de-
creasing periods of time from August to October. Low
activity was concentrated at the beginning and end of the
active period throughout the year (exceptin January and De-
cember, when sample sizes were too small to detect any
hourly differences). There was also a period of low activity
from 1200-1400 h in July and August; these are the months
when maximum recorded soil temperatures reached their
highest levels (Table 1). The presence of such low midday
activity shows that the bimodal pattern was more pro-
nounced in the hottest months of the year.

Juvenile lizards first appeared in July. They gave the im-
pression of a less structured diel cycle, with comparatively
high levels of activity maintained for long periods. This is
partially borne out by the data (Fig. 1). Juveniles did not
show a period of significantly reduced activity at midday in
July and August.

DISCUSSION

The data presented in this paper show that adult P. sicula
at Pisa conform to the patterns of diel and seasonal activity
which have been recorded in a wide range of generalised
lacertid lizards from southern Europe, including other
populations of the species from elsewhere within its geo-
graphical range (for P. sicula : Avery, 1978; Ouboter, 1981;
Henle, 1988; Van Damme, Bauwens, Castilla & Verheyen,
1990; for other lacertid species, examples include Gruber &
Schutze-Westrum, 1971; Busack, 1976; Pough & Busack,
1978; Perez-Mellado & Salvador, 1981; Perez-Mellado,
1983; Bowker, 1986; Pollo Mateos & Perez-Mellado, 1989).
This pattern is characterised by sporadic activity during the
cool winter months, long periods of activity with peaks dur-
ing the mid-morning and late afternoon during the hottest
months of the summer.

Juvenile P. sicula, however, do not appear to conform so
clearly to this pattern. Subadults (i.e. sexually immature liz-
ards between six and eighteen months of age) probably have
diel activity patterns similar to those of juveniles, but the
data were too limited for detailed analysis. There was some
evidence that subadult numbers decreased during March-

June due to competition for territorial space with adults (P.
sicula is a territorial species, see Verbeek, 1971 and review
of literature in Henle & Klaver, 1986).

An important limitation of this, as of almost all of the studies
of activity cycles of lacertid lizards cited above, is that “activity”
is only partially defined. An “active” lizard is one which can be
observed (see Materials and Methods). It is not in any kind of
retreat or burrow, but may actually be engaged in a variety of
behaviours. These include hunting for food, sexual and com-
petitive interactions, sentinel predation, basking and periods
immobile in shade during the hotter parts of the day. Only the
first two involve a high portion of movement; in the last three,
the “active” lizard may actually be immobile, sometimes for
quite long periods. Different behaviours are associated with dif-
ferent probabilities that a lizard will be observed. Basking
lizards are exposed to direct solar radiation and so the probabil-
ity that they will be observed is high. Shade-seeking lizards, on
the other hand, undoubtedly have a lower probability of being
observed. This difference in observability is the likely explana-
tion for the asymmetry in “high activity” seen in most months of
the year and illustrated in Fig. 1. It is associated with basking,
which occupies longer periods during the early morning, when
both solar radiation and air/substrate temperatures are low,
shorter periods during the late afternoon when solar radiation is
low but air/substrate temperatures comparatively high, and very
short periods (which can include zero) during the middle of the
day when both solar radiation and air/substrate temperatures are
high. This problem of differences in observability is probably
unavoidable in any study based on scan samples (Altmann,
1974). For a more detailed interpretation it is necessary at the
least to know the behaviour of an individual lizard during the
period immediately prior to recording. This can be achieved by
continuous observation of focal animals, but is inevitably a
great deal more time-consuming.

The seasonal differences in activity patterns recorded
here have been interpreted as responses to environmental
conditions. There is some experimental evidence, however,
that they may have an endogenous component. When, for
example, P. sicula captured during the hottest months (July-
August) were tested under constant temperature (29°C) and
darkness in the laboratory, 71% of the individuals (10 out of
14) continued to display a bimodality in spontaneous loco-
motor activity; in a cooler period of the year, i.e. when P.
sicula were captured between end of September and begin-
ning of October, only 13% of the lizards (2 out of 15) tested
under the same laboratory conditions was still bimodal (Foa,
in preparation). This makes the species a particularly suit-
able model animal to study and test hypotheses relating to
the internal or external coincidence of photoperiod and other
environmental variables (e.g. Pittendrigh & Daan, 1976) in
the induction, maintenance and experimental manipulation
of rhythmic behaviour and seasonal activity patterns.
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ABSTRACT

The relationship betweenbody size and fecundity in female smooth newts (T riturus vulgaris) was examined by counting the num-
bers of eggs oviposited, to resolve several controversies. First, whether body size is positively correlated with fecundity. Second,
whether ovarian oocyte counts represent the numbers of ova oviposited by females in any particular year. In addition, the hypothesis that
body size is positively related to the rate of ovipositon was tested. Female body size was positively correlated with clutch size and rate of
oviposition. Numbers of ova oviposited by individuals were of a similar order of magnitude to the estimates of clutch size obtained from
ovarian oocyte counts in previous studies. A median oviposition rate of 7.2 ova per day was recorded during the oviposition period.

INTRODUCTION

Among amphibians, clutch volume or mass has been shown
to be positively related to female body size, which has lead to
the conclusion that female body size constrains clutch size
(Crump & Kaplan, 1979; Kaplan & Salthe, 1979). Within spe-
cies it has become axiomatic that large female body size is
naturally selected due to the associated fecundity advantage
(e.g. Howard, 1988; Woolbright, 1989).

Smooth newts produce many single eggs over a long period of
time and wrap each egg within vegetation (Smith, 1973), so that pre-
cise counts of numbers of eggs produced by individual females are
difficult to obtain. Hence investigations of fecundity the smooth
newt have relied on ovarian oocyte counts, making the assumption
that the yolked ova in the ovaries immediately prior to mating repre-
sent the reproductive potential of an individual for that year (Bell,
1977). Bell (1977) found that larger females contained more ovarian
oocytes than small females. Verrell (1986) and Verrell & Francillon
(1986) have found that female body size is positively correlated
with number of ovarian oocytes. However, Hagstrom (1980) was
not able to find any relationship between body size and clutch size,
in Norwegian smooth newts.

The assumption that ovarian oocyte number represents actual
clutch size may not be justifiable. Hagstrom (1980) reported that fe-
male smooth newts that he captured in ponds, after he assumed that
oviposition had ceased, still contained yolked oocytes. It is possible
that not all females complete oviposition synchronously, so that
these newts may have still been ovipositing. However, Harrison
(1985) found that females moving away from a breeding pond in
July also contained yolked oocytes.

To resolve the above controversies, actual clutch size
records are needed. In addition to the problems of prolonged
oviposition periods and cryptic deposition of ova, work in this
area has also keen hampered by the fact that, once removed
from their natural breeding ponds, female smooth newts tend to
lose reproductive condition and cease oviposition (pers. obs.).
This may explain why attempts to investigate ovipositional pa-
rameters within this species and other congenerics, in an
aquarium situation, have produced results that are at odds with
the ovarian clutch size counts. Ovarian oocyte counts predict
that7 riturus species should oviposit several hundreds of eggs
(100-400, T. vulgaris, (Bell, 1977); approximately 200-300, 7.

vulgaris and T. cristatus (Hagstrom, 1980); 100-500, T.
vulgaris (Verrell, 1986); 130-470, T. vulgaris (from graph in
Verrell & Francillon, 1986); 240, T. vulgaris (Harrison, 1985)).

However, only very low numbers of ovahave actually been de-
posited in aquaria Wimpenny (1951) recorded mean values of2.75
and 0.76 ova forT. cristatus and T. vulgaris, and Verrell (1986) re-
corded counts of 25-80 for 7. vulgaris. There is clearly a
discrepancy between ovarian clutch sizes and oviposited clutch
counts. Verrell (1986) explains his low clutch sizes as being the
number of ova produced on a single insemination only.

Another anomaly is that the rates of oviposition recorded in
aquaria are lower than might be expected. oviposition periods of
natural populations last between approximately 75 and 125 days
(90 days for T cristatus, T. helveticus and T. vulgaris (Smith,
1973);125 days for 7. vulgaris (Bell & Lawton, 1975); 75-90
days for T. marmoratus (Diaz-Paniagua, 1989)) and so the rate
of oviposition should fall within the range of 0.8 (100 ova in 125
days) and 6.7 (500 ova in 75 days) ova per day. However,
Amtzen & Hedlund (1990) found rates of 0.33 for 7. cristatus
and 0.74 for T: marmoratus.

The present study records actual clutch sizes of individual fe-
male smooth newts, selected to represent the full body size
range of a natural population. They were maintained under
semi-natural conditions to avoid loss of reproductive condition
during the course of the study. The study was performed to test
the hypothesis that clutch size is positively related to maternal
body size and to establish whether oviposited clutch counts are
similar to ovarian counts from previous studies.

This study also allowed an examination of rates of oviposition
and hence the testing of a second hypothesis, thatrate of ovipositon
is positively related to female body size. In an observational study,
Diaz-Paniagua (1989) found thatlarge female Triturus marmoratus
pygmaeus were more efficient at oviposition than small females, in
terms of ova produced per oviposition attempt, and they also in-
vested less time in failed attempts than smaller females.

Costs associated with ovipositional behaviour of Triturus
species have not been investigated, but observation of smooth
newts in a natural pond in the Milton Keynes area suggests that
such costs may exist. [ Towards the end of one reproductive pe-
riod (May 1990), females were seen ovipositing during daylight
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hours, so that females in this particular pond were easily visible
in shallow water, at the pond’s edge searching for oviposition
sites and were also seen ovipositing just below, or at, the water’s
surface. This latter operation sometimes involved individuals
rolling onto their sides and backs, clearly exposing the non-
cryptically coloured ventral surfaces. Such behaviour may
expose females to a greater risk of predation than does their oth-
erwise secretive nature. Diaz-Paniagua (1989) sees the potential
advantages of efficient oviposition in large female Triturus
marmoratus pygmaeus as being energetic savings and as leav-
ing more time in which to search for new oviposition sites.
However, if there are increased chances of predation associated
with ovipositional behaviour, then efficient oviposition may
also be advantageous in minimising these dangers. Diaz-
Paniagua’s work predicts thatthe more efficient ovipositors will
be large females.

METHODS

To ensure that females were captured before the start of
oviposition, newts were collected at a drift fence, as they mi-
grated towards a pond in Milton Keynes (7.3.89 - 27.3.89).
Twelve females, selected by eye to cover a wide range of body
sizes, were individually maintained outside in plastic aquaria,
measuring (39 x 20 x 25 cm). These aquaria were placed in a
larger tub of water (see Fig. 1) to ensure that the newts experi-
enced a temperature regime similar to that of a small pond. Each
tank was furnished with one clay pot refuge and two pieces of
‘weed’. This ‘weed’ consisted of strips of polythene (20 x 2 cm)
which were cut along one edge to create a fringe. This design
allowed females to carry out their normal oviposition behaviour
of wrapping ova in some flexible material, which also prevented
the newts from eating the ova, and at the same time facilitated
ease of collection of ova. Weights were placed on one end of
each strip to anchor the ‘weed’ to the substrate, so that the poly-
thene strips spanned the whole depth of the aquarium. The
newts were fed on an ad libitum basis on zooplankton that
was cultured in the large tub and Tubifex obtained from a
commercial supplier.

Males, captured in funnel traps at the same breeding pond,
were introduced every week, for two or three days, to ensure
that all oocytes were fertilised. After the two or three days these
males were returned to the pond.

Polythene 'weed' Clay pot refuge
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Fig. 1. Diagram of aquaria containing individual females, within a
larger tub of water.

Tanks were inspected for ova daily. As soon as any ova were
seen in any tank, that individual female was weighed (to 0.1 g).
After this, ova were collected every 1-3 days, removing them
from the substrate by gently peeling away the polythene. Fe-
males were judged to have oviposited a complete clutch on the
basis of changes in external characters and behaviour. On com-
pletion of oviposition the tail fin decreases in size, the skin
becomes granular rather than smooth, the cloaca becomes re-
duced in size and dome-shaped rather than flat-topped,
dome-shaped, and the newts often float at the water surface.
These characteristics are also associated with the resumption of
terrestrial life.

Once a female had completed oviposition she was anaesthe-
tised in MS-222 (Sandoz) and snout-vent length (SVL) and total
length (TL) were measured to the nearest 0.5 mm. Newts were
anaesthetised only after oviposition, to ensure that any possible
adverse effects of anaesthesia could not act on oviposition.

RESULTS
FEMALE BODY SIZE AND CLUTCH SIZE

Ten of the twelve females produced ova. Descriptive data of
the body sizes and clutch sizes of these newts is given in Table
1. In the following statistical analyses, data from only the ten
ovipositing newts were used. Pearson product-moment correla-
tion analyses were used to detect whether there was a
relationship between both female mass and the number of ova
produced and between SVL and the number of ova produced.
One-tailed tests were adopted because of the uni-directional na-
ture of the hypotheses being tested.

There were significantly positive correlations between both
measures of female body size and the numbers of ova produced.
For female body mass and clutch size =0.61, P<0.05, 8 d.f. For
SVL and clutch size, 7=0.60, P<0.05, 8 d.f..

RATE OF OVIPOSITION

To test the hypothesis that larger females are able oviposit
faster than small females, a measure of oviposition rate was
needed. This was calculated by dividing the clutch size by the
number of days between the first and last ova produced
(oviposition period), for each individual female. Descriptive
data on oviposition period and oviposition rate are given in Ta-
ble 2. A Pearson product-moment correlation analysis showed
that female body mass was significantly positively correlated
with oviposition rate (r=0.89, P<0.01, 8 d.f.). Larger females
were able to oviposit at a faster rate than small females. Data on
the maximum number of ova produced per night, by each fe-
male, are also given in Table 2, as ‘peak rate oviposition’, to
show the maximum rate at which the females in the present
study were able to oviposit.

DISCUSSION

The present study confirms the results of Bell (1977), Verrell
(1986) and Verrell & Francillon (1986) that there is a positive
association between female body size and clutch size in smooth
newts. Larger females oviposited more ova than did small fe-
males. It is also notable that the two newts that did not oviposit
were both particularly small, weighing 1.1 and 1.7 g. It is possi-
ble that these two females were immature, being below the
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Mean Median S .D. ' Range
SVL (mm) 459 3.816 40.0 - 52.0
TL (mm) 85.5 8.82 70.0-99.5
Mass (g) 2.7 0.822 16-42
No. ova oviposited 300 189.4 88 - 637

TABLE 1. Mean, median, standard deviation and range of body sizes and numbers of ova produced by ten 7. vulgaris.
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Fig. 2. Relationship between female body size (mass) and the number of ova oviposited. Data from the two non-ovipositing females were not included

in the statistical analysis.

minimum body size for sexual maturity. It has previously been
thought that juvenile smooth newts do not migrate to ponds
(Verrell, 1985). It is possible that juvenile smooth newts have
not been recognised as inhabiting the aquatic environment be-
cause only the largest juveniles adopt this strategy and the size
range of these newts tends to be similar to the small end of the
adult body size range.

The clutch size data of the present study also suggests that
the assumption that ovarian oocyte counts represent actual
clutch sizes is valid. The numbers of ova oviposited by newts in
the present study (88-637 ova) are of a similar order of magni-
tude to estimates of clutch size generated from previous ovarian
oocyte counts, from populations in Oxfordshire or Bucking-
hamshire, made at the beginning of breeding seasons
(approximately 100-400 recorded by Bell (1977), 100-500 re-
corded by Verrell (1986), 130-470 from graph in Verrell &
Francillon (1986)). Thus I would conclude that female 7.
vulgaris from local populations are quite able to oviposit all ova
yolked at the beginning of a season, during that season.

Harrison (1985) working on T. vulgaris at Llysdinam, mid-
Wales, recorded mean clutch sizes of 239 (yolked ova carried by
immigrating females) or 190 (obtained by subtracting the
number of yolked ova in emigrating females from the number in
immigrating females) which seem much lower than the mean in
the present study (300). However the Llysdinam newts are
smaller than those found in the Milton Keynes area, with mean

total length (TL) of 79 mm for immigrants and 76 mm for emi-
grants. Hence the difference in clutch sizes between local newts
and those from mid-Wales may be a reflection of differences in
body size. Hagstrom’s (1980) low ovarian counts of approxi-
mately 200 may reflect the shorter foraging and/or breeding
seasons of T. vulgaris in Sweden.

Harris (1987) notes that female Notophthalmus viridescens
dorsalis actually oviposit rather more ova than ovarian oocyte
counts would predict. Harris interprets this observation as evi-
dence that females may be able to yolk up ova during the
oviposition period, depending on food availability. If female T.
vulgaris can adopt a similar strategy of vitellogenesis then this
would explain the presence of yolked ova in the ovaries imme-
diately after the breeding period, as found by Hagstrom (1980),
Harrison (1985) and Verrell et al. (1986). This does not seem an
unreasonable possibility, when it is considered that adult
smooth newts are reported to perform most feeding and annual
growth, as well as courtship, during the aquatic phase (Verrell,
1987).

The mean and median rates of oviposition (8.7 and 7.2 ova
per day) are higher than values predicted using data from
ovarian oocyte counts and records of the lengths of population
oviposition periods (0.8 to 6.7 ova per day). The relatively high
daily rate of oviposition recorded in the present study is
probably an accurate measurement of natural oviposition rates
of females in the field, and is higher than estimated by dividing
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Mean Median S.D. Range
Oviposition period 36.9 40.0 19.69 11-74
(days)
Mean oviposition rate 8.7 7.2 4.64 39-173
(ovaper 24 hours)
Peak rate oviposition 323 32.0 13.07 16 - 54

(ova per 24 hours)

TABLE 2. Mean, median, standard deviation and range of ovposition periods, mean rates of oviposition and peak rates of ovipositionforten female 7.

vulgaris.

clutch sizes by oviposition periods of whole populations,
because oviposition is not exactly synchronous. Mean and
median oviposition periods for individual newts are 36.9 and 40
days respectively (see Table 2), whereas the length of time that
elapsed between the firstand last ova produced by the sample as
a whole was 84 days. Thus, an individual female actually
oviposits over only a fraction of the population oviposition
period.

The finding that oviposition rate is positively correlated with
female body size is consistent with the results of Diaz-Paniagua
(1989) that large female newts can oviposit at a higher rate than
small females. Diaz-Paniagua found that this difference oc-
curred because small female T. marmoratus pygmaeus were less
efficient at oviposition behaviour. Itis not known whether this is
alsotrue of T. vulgaris, or whether small females are physiologi-
cally and/or energetically less able to sustain a high rate of
oviposition.
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ABSTRACT

Pleistocene deposits at Selsey, West Sussex, thought to represent Substage I of the Ipswichian Interglacial Age, have yielded five
herpetological taxa: Bufo bufo, Bufo calamita, Rana sp., Emys orbicularis, and Natrix natrix. This is the earliest British record of Bufo
calamita and extends its temporal range in Britain back about 105,000 years. The presence of Emys orbicularis indicates that mean July
temperatures in Britain were probably at least two degrees Celsius warmer than today. The anurans and the pond tortoise indicate the
presence of a lotic wetland situation The anurans (outside of the breeding season) and the grass snake could have lived in a grassy area

near the wetland.

INTRODUCTION

The Pleistocene deposits at Selsey, West Sussex, (Fig. 1) are
noteworthy because flint flakes from the site provide almost the
only evidence of humans from the early part of the Ipswichian
stage (Stuart, 1988), the last interglacial episode of the
Pleistocene. Fossil mammals have been reported from the
Selsey Site (West et al., 1960), but herpetological remains
(other than those of the European pond tortoise, Emys
orbicularis, (Stuart, 1979) have never been recorded. Recent
collections made by personnel of the Institute of Archaeology,
London, have yielded remains of three taxa of anurans and a
snake. Although this is a small herpetofauna, it is significant,
because it has provided the earliest fossil record of the natterjack
toad, Bufo calamita, from Britain. This record extends the
knowledge of the natterjack in Britain back about 105,000
years. These herpetological remains form the subject of the
present paper, along with comments about the ancient distribu-
tion of Bufo calamita in Britain and Europe.

THE SELSEY, WEST SUSSEX, SITE

At Selsey in West Sussex along the English Channel,
Pleistocene sediments occur in a channel cut into the Eocene
Bracklesham Beds. These deposits are located on the foreshore
between the Lifeboat House and the Holiday Camp on Selsey
Bill (West et al., 1960). These landmarks are still depicted on
ordnance Survey Landranger Series. Sheet 197, (1990). The
area is at about SZ 859924 on this map.

Stuart (1982) has discussed the Selsey beds based on pollen
spectra outlined in West et al. (1960). The earliest horizon cov-
ers the period of time from the late Wolstonian cold stage to
Ipswichian subzone la (an early part of the Ipswichian intergla-
cial stage). During this interval, birch woodland and pine
replaced the late cold stage, herb-dominated vegetation. Horse
remains (Equus ferus Boddaert) were taken from sediments
within this interval, but the fossils were not assigned to any spe-
cific vegetational zone.

The later horizons, zones Ib to early IIb have yielded typical
mid-Ipswichian taxa, plus the evidence of Homo sapiens. Verte-
brates recorded from these zones by Stuart (1982) include pond

tortoise (Emys orbicularis Linnaeus), humans (Homo sapiens
Linnaeus represented by flint flakes), beaver (Castor fiber L.),
extinct straight-tusked elephant (Palaeoloxodon antiquus Fal-
coner & Cautley), and extinct (non-woolly) rhinoceros
(Dicerorhinus hemitoechus (Falconer)).

The new amphibian and reptile fossils come from two col-
lections, both equated with Ipswichian subzone 11, and thus
indicating mid-Ipswichian times. The first collection contains
two species of Bufo and came from a peaty, organically-rich
exposure which was referred to as the “Peat Bed” locality by the
collectors. The second collection contains a Rana and a Natrix
and came from an exposure of dark gray organic clayey silt. The
principle collectors of this material were R. Fowler and S. Parfitt
of the Institute of Archaeology, London.

SYSTEMATIC PALAEONTOLOGY

Abbreviations used in the numbering system used for the
newly reported Selsey herpetological bones are as follows: IAL
(Institute of Archaeology, London), SA (Selsey Amphibians),
SR (Selsey Reptiles) - followed by individual specimen num-
bers.

Class Amphibia
Order Anura
Family Bufonidae

Two modern workers, Bohme (1977) and Sanchiz (1977)
have studied the osteology of the European Bufonidae as it ap-
plies to the interpretation of fossil members of this family.
Terminology for structures on individual bones follows these
publications. The Family Bufonidae comprises a large anuran
assemblage, but only one genus, Bufo, occurs in the Pleistocene
and modem fauna of Britain and Europe.

Genus Bufo Laurenti

Three species of Bufo, B. bufo, B. calamita, and B. viridis
occur in the Pleistocene and modern fauna of Britain and
Europe. Two of these, B. bufo and B. calamita have been
identified from the Selsey Site. Fossil Bufo mainly occur in
the form of individual cranial and postcranial bones. | have
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SITE AGE MINIMUM
NUMBER OF
INDIVIDUALS

Whitemoor Channel, Early Flandrian, 2

Bosley, E. Cheshire. ca 10,000 - 8,800 B.P.

Holman and Stuart

(1991)

Ightham Fissures, ?Early Flandrian 12

Sevenoaks, Kent.

Holman (1985)

Cow Cave, Chudleigh, ?Early Flandrian 16

Devon. Holman (1988)

Selsey, West Sussex Ipswichian 11 3

Holman (this paper)

ca 115,000 B.P.

TABLE [: Distrisution of fossil Bufo calamita in Britain.

consistently found that the ilium is the the most reliable of
all of the individual anuran bones upon which to make taxo-
nomic identifications (vide Holman, 1985 for a discussion of
this). Moreover, the ilium appears to be a very reliable bone
for distinguishing the three modern and Pleistocene species
of British and European Bufo (Sanchiz, 1977; Holman,
1989). Bohme (1977) and Sanchiz (1977) have found charac-
ters in other anuran postcranial elements that allow them to
distinguish between different taxa of living and fossil British
and European forms. Sanchiz (1977) has done an especially
comprehensive study on the genus Bufo in the Tertiary of
Europe in which he outlines differences in Bufo postcranial
elements other than the ilium.
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Fig. 1. GeneralLocation of the Selsey, West Sussex, site.

Bufo bufo (Linnaeus)

Material. Two left and three right humeri IALSA-1-5; three
left and one right ilia IALSA-6-9 (Fig. 3b); three left and two
right femora IALSA-10-14; three left and two right tibiofibulae
IALSA-15-19; four calcania IALSA-20-23; one urostyle
IALSA-24.

Remarks. This section will first deal with osteological
criteria used herein to separate B. bufo Selsey site fossils
from those of B. calamita. These criteria follow Sanchiz
(1977) and Holman (1989) and have been confirmed as
much as possible by comparison of the fossils with modern
skeletons of both species. The terminology used for struc-
tures on individual bones also follows Sanchiz (1977) and
Holman (1989).

Humerus. The humerus of B. bufo appears tolack a defin-
able paraventral crest (Sanchiz, 1977, p. 81) whereas B.
calamita has a rudimentary paraventral crest. In case this
character is a reflection of sexual -dimorphism, it should be
pointed out that all of the Selsey fossils identified as B. bufo
on the basis of this character appear to be males based on the
enlarged distal flange, and that the one humerus identified as
B. calamita appears to be a female based on the lack of a
distal flange.

llia. Three characters are used to separate B. bufo from B.
calamita (vide Fig. 3 and Holman, 1989, Fig. 1). The first char-
acter is that the ilial prominence of B. bufo is low and rounded;
sometimes low and roughened; or sometimes even in the shape
of a low, irregular, sharpened crest. The ilial prominence of B.
calamita on the other hand is higher and is triangular in shape.
The second character involves the lack of a ridge on the
anteroventral part of the ilial shaft in B. bufo which is present as
the so-called “calamita ridge” in B. calamita (Holman, 1989). It
should be pointed out that a groove is present above the ridge in
B. calamita (Fig. 3a and Holman, 1989, fig. 1) and that this
groove might be as specifically diagnostic as the ridge itself. Fi-
nally, the third character is that the pars descendens is much less
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Fig. 2. Portion of a large right hyoplastron of Emys orbicularis Natural
History Museum, London, Number BMR 9287, redrawn from Stuart
(1979). The position of the fossil in life is indicated by an arrow on an
outline drawing of a modern E. orbicularis plastron in ventral view.

extensive in B. bufo than in B. calamita, both anterior and ven-
tral to the acetabular fossa. Quite probably, both of these
charactersrelate to the different gaits of the two animals. B. bufo
usually progresses by making a series of short hops, whereas B.
calamita appears to be making “mouselike dashes”.

Femora. In B. bufo the crista femoris is low and tends to be
flattened proximally. In B. calamita and B. viridis this crest ap-
pears as a sharpened ridge. Another character pointed out by
Sanchiz (1977) involves the the fact that the crista femoris of B.
bufo is undivided rather than triangular in shape.

Tibiofibulae. The internal border of the tibiofibula in B. bufo
has a sharp ridge on its internal border; this ridge is more rough-
ened in B. calamita and B. viridis (Sanchiz, 1977, p. 81).

Calcanea. The calcanea of B. bufo are.rounded rather than
roughened and more flattened as in B. calamita. One might cau-
tion here that this might be a sexually variable character.

Urostyle. Sanchiz (1977) gives ratios based on measure-
ments of the urostyle that he has found will separate the three
species of British and European Bufo. These ratios are derived
from dividing the height of the cotyles x 100 divided by the
width of the cotyles. This ratio is given as 50.0 for B. bufo, 43.6
for B.calamita, and 41.3 for B. viridis (Sanchiz, 1977, table p.
78). The ratio reflects the fact thatthe cotyles of B. bufo are less
wide and more high in B. bufo than in the other two species.

In the Selsey B. bufo urostyle the width of the cotyles is 3.0
mm, the height of the cotyle is 1.7, giving a Sanchiz ratio of
56.7. This appears to fall in line with B. bufo rather than the
other two species, even though it exceeds the value of B. bufo.

Bufo calamita Laurenti

Material. Right humerus IALSA-25; two left and two right
ilia IALSA-26-29 (Fig. 3a); two left and three right femora
IALSA-30-34; two left tibiofibulae IALSA-35-36; one
calcaneum IALSA-37.

Remarks. Characters for distinguishing the individual bones of
B. calamita from B. bufo were given in the above section on B. bufo.

Bufo sp. indet.
Material. Presacral vertebra from region IV to VIII of
Sanchiz (1977, p. 77) IALSA-38; two right radio-ulnae IALSA-
39-40; three phalanges IALSA-41-43.

Remarks. These are elements that I am unable to identify to the
specific level. They probably represent either B. bufo or B. calamita.

Family Ranidae
Genus Rana

The identification of individual skeletal elements of the ge-
nus Rana have been discussed by Béhme (1977)

Fig. 3. A, Left ilium of Bufo calamita 1ALSA-29 from the Selsey, West Sussex, Site. B, Right ilium of Bufo bufo IALSA-O9 from the Selsey. West

Sussex. Site.
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Fig. 4. Historic and fossil records of Bufo calamita in southeastern England redrawn and modified from Holman & Stuart {1991). Triangles indicate
fossil records. Open circles indicate historic records up to and including 1959. Closed circles indicate records from 1960 through 1969. Squares indicate

records from 1970 to 1983.

Rana sp. indet.

Material. Femur (with proximal and distal ends missing)
TIALSA-44.

Remarks. The femur of Rana is much larger and more
curved than in species of European Hyla and longer and
more gracile than in the three British and European species of
Bufo. 1 am unable to identify this element to the specific level.

Class Reptilia
Order Testudinata
Family Emydidae

Emys orbicularis Linnaeus

Material. Part of a large right hyoplastron (Fig. 2); Natural
History Museum, London, No. BMR 9287.

Remarks. This element was reported by Stuart (1979). It was
foundin 1961 in detritus mud whichindicates zones Ib IIb of the
Ipswichian.

Order Serpentes
Family Colubridae
Genus Natrix (Linnaeus)

Szyndlar (1984) has discussed the identification of British
and European species of Natrix on the basis of individual verte-
brae.

Natrix natrix (Linnaeus)
Material. Fragmentary anterior trunk vertebra IALSR 45.
Remarks. The vertebra has a more extensive and robust
hypapophysis than in British and European Vipera and has

the base of the parapophyseal process more massive than in
Natrix maura and tessellata (Szyndlar, 1984, p. 26).

DISCUSSION AND SUMMARY

The Selsey, Sussex, Ipswichian strata have produced a small
herpetological assemblage consisting of Bufo bufo, Bufo
calamita, Rana sp, Emys orbicularis, and Natrix natrix. The
most significant records are those of B. calamita and Emys
orbicularis.

Bufo calamita, the natterjack toad, is one of the three most
endangered herpetological species in Britain today. Since its
first mention by Pennant in 1776 (Smith, 1973) the natterjack
has been reported widely but locally in England and southwest-
ern Scotland. Its habitat is now mainly coastal dune sites, but it
was formerly also more common on inland heaths. It also occurs
in southwestern Ireland. In the past few decades the natterjack
has disappeared from many localities where it was formerly
present (Holman & Stuart, 1991, fig. 5).

The present comprehensive range of Bufo calamita is
from Iberia across to north-central Europe where it extends
northward to about 55 degrees in Britain and to about 58 de-
grees in south Sweden and Estonia (Arnold & Burton, 1978).
The natterjack lives in a wider range of habitats in the south-
western part of Europe where it is also more abundant than it
is in northern areas. In northern and northeastern regions it
lives in habitats with sandy soils that produce warmer
microclimates (Beebee, 1983). According to Beebee, all of
the habitats outside of the Iberian Peninsula are similar in
that they have well-drained soil and low vegetation that fa-
cilitates insolation of the ground. Thus, Bufo calamita is
considered primarily a species of southwestern Europe that
has been able to extend its range northeastwards by exploit-
ing locally warm habitats.

Sanchiz (1977) has discussed the fossil record of the
Bufonidae in the Tertiary of Europe. He concludes that the fam-
ily came to Europe as an Asiatic immigrant and arrived at about
the boundary between the Oligocene and the Miocene. Of the
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three modern European species, B. viridis is known in Eu-
rope since the middle Miocene and Bufo bufo and Bufo
calamita since the upper Miocene. The fact that these three
modern species were established by upper Miocene times is
of considerable interest, but it is not surprising, considering
the ancient origin of many species of anura in Europe
(Sanchiz, in preparation for Handbuch Paldoherpetologie
and pers. comm.).

There are no Tertiary records of any Bufo species in Brit-
ain, but this does not preclude their presence in the area
during this geological period. In fact, since Britain was a
peninsular appendage of Europe during most of the
Cenozoic, it would seem possible that the two modern spe-
cies of Britain could have extended westward into Britain by
very late Miocene times.

Nevertheless, the Selsey, West Sussex. record of Bufo
calamita represents the earliest fossil record of the natter-
jack in Britain, at about 115,000 years ago (Stuart, 1982,
1988).

Based on other vertebrate fossil remains in British
Ipswichian Substage I1 faunas (Stuart, 1982) whichincludelion,
hyaena, extinct (non-woolly) rhino, hippo, and European pond
tortoise, one might expect a warmer climate than occurs in Brit-
ain today. Thus it might be suggested that Bufo calamita might
have been able to exploit a wider variety of habitats in Britain
during Ipswichian II times than they do at present. It is noted
here that there are no historical records for Bufo calamita in the
immediate vicinity of the fossil site (Fig. 4).

All of the other fossil records of B. calamita in Britain are
from sites that are thought to represent the early Flandrian
(Holocene) interglacial stage (Table 1). The author eagerly
awaits more evidence of the fossil occurrence of this unique
British amphibian.

The European pond tortoise, Emys orbicularis, is of consid-
erable interest because its presence in fossil interglacial sites in
Britain indicates that July temperatures were at least two de-
grees warmer than at present. Emys orbicularis is particularly
characteristic of Ipswichian deposits in Britain (Stuart, 1979,
1982; Hallock, Holman & Warren, 1990; Holman & Clayden,
1990), and has been sparingly found at other interglacial sites
including the Cromerian, Hoxnian, and early Flandrian (Stuart,
1979, 1982; Holman, Stuart & Clayden, 1990).

It is difficult to say much about the palaeoecological condi-
tions indicated by the Selsey herpetofauna because only five
taxa are known. Nevertheless, the presence of lotic wetland con-
ditions are indicated by the three anuran speciesthat would have
needed such situations for breeding purposes (Frazer, 1983).
Moreover, the European pond tortoise prefers still or slow-mov-
ing water with abundant aquatic vegetation (Amold and Burton,
1978). The grass snake Natrix natrix and the anurans (outside of
the breeding season) could have lived in nearby grassy areas.
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Russell’s viper (Vipera russelli) is one of the most wide-
spread venomous snakes in southern Asia. It is an important
cause of snakebite mortality and morbidity in many areas, in-
cluding Thailand and especially Burma (Looareesuwan,
Viravan & Warrell, 1988; Warrell, 1989). The symptoms of
Burmese and Thai Russell’s viper bite differ considerably: bites
in Burma result, among other symptoms, in pituitary
infarction, generalized capillary permeability and primary
shock (Myint-Lwin et al. 1985), whereas bites in Thailand
result in intra- vascular haemolysis (Warrell, 1986, 1989).

In some venomous snake species complexes, venom differ-
ences have been found to be related to taxonomic differentiation
of the populations concerned; in these cases, venom differences
were accompanied by morphological differences, forinstance in
Echis (Warrell & Arnett, 1976) and in the Asiatic cobra com-
plex (Wiister 1990; Wiister & Thorpe, 1989, 1991).
However, in the case of Russell’s viper, previous workers
have found relatively little morphological differentiation be-
tween Burmese and Thai Russell’s vipers (Anon. 1987,
Warrell, 1989), and both populations are generally included in
the subspecies V. r. siamensis Smith, 1917 (e.g. Harding &
Welch, 1980; Warrell, 1989).

The aim of this paper is to investigate the pattern of geo-
graphic variation in Russell’s viper in Burma and Thailand, and
to show that advanced taxonomic techniques can lead to a
clearer assessment of the pattern of morphological variation
than univariate statistics.

Preserved V. russelli specimens were borrowed from a
number of museums in Europe and the United States. Twenty-
three scalation and colour pattern characters were recorded from
all specimens. In order to record the position of characters along
the body of the snakes, the ventral scales were numbered from
the head to the vent. The position or length of a character along
the body is recorded as the ventral scale at the level of which
it is situated. This is then converted to %ventral scale (%VS)
position in order to compensate for variation in the number of
ventral scales. The width or height of colour pattern characters
on the dorsum of the specimens, is recorded as the number of
dorsal scale rows on which they encroach. This is then ex-
pressed as a percentage of the number of dorsal scale rows at the
level of the character (%DS width).

Principal components analyses (PCAs) were run separately
foreach sex, using all specimens with good locality records, and
21 characters showing geographic variation across the entire V.
russelli complex (Table |). In addition, a two-way analysis of
variance (ANOV A) was run on the specimens of both sexes and
populations, in order to determine which characters show statis-
tically significant differences between the two populations.

The ordination of the individual specimens along the first
two principal components is shown in Fig. 1. In both sexes, the
Burmese and Thai specimens are clearly separate, to the extent
that there is no overlap between the males, and very little be-
tween the females of the two populations.

The results of the two-way ANOVA are shown in Table 2.
Out of 21 characteristics investigated, 12 show significant dif-
ferences between the Thai and Burmese populations.
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Fig. 1. PCA results: ordination of the Burmese (circles) and Thai (stars)
Russell’s viper males (top) and females (bottom) along the first two
principal components.
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This study shows that the Thai and Burmese populations of
V. russelli differ considerably in their morphology. Although
no single character can discriminate with absolute certainty be-
tween the two populations, there are significant differences in
more than half the characters examined, including “standard”
taxonomic characters such as the number of subcaudals. The
differentiation in the overall phenotype is such that the PCAs
reveal no overlap between male specimens, and very little be-
tween the female specimens of the two populations. The use of
multivariate techniques allows a better assessment of the degree
of morphological differentiation between populations than do
univariate methods, as it analyses the pattern of variation in all
characters used simultaneously (see Thorpe, 1987, for a re-
view).

The reports suggesting only minor morphological differ-
ences between Thai and Burmese Russell’s vipers have been
held up in some cases as an example of extreme venom differen-
tiation unaccompanied by morphological differentiation. We
have shown here that the morphological differences are more
important than was hitherto realised, although they are much
more subtle than the very startling differences in venom effects.
Nevertheless, it is important to emphasise the fact thatthere are
significant differences, since it shows that detailed studies of the
population systematics of venomous snakes can be used as a
predictor of venom variation.
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Number of ventral scales.

1.

2. Number of subcaudal scales.

3. Number of dorsal scale rows at 25% V'S length.

4, Number of dorsal scale rows at 50% VS length.

5. Number of dorsal scale rows at 75% VS length.

6. Number of dorsal scale rows at 100% VS length.

7. Number of supralabials.

8. Number of infralabials.

9. Number of scales contacting eye.

10. Number of scales between supraoculars.

1. Number of scales between chin shields and first ventral
scale.

12. Number of scales contacting rostral.

13. Number of lateral spots between head and vent.

14. Number of dark spots on the five ventrals situated at 50%
VS length.

15. % Infralabials with dark spot.

16. %DS width of mid-dorsal spot row at 50% VS length.

17. %DS width of lateral spot row at 50% VS length.

18. %V length of lateral spot at 50% VS length.

19. %DS height of upper edge of lateral spot row at 50% VS
length.

20. Width of dorsolateral head spot (in scales).

21. Number of scales between dorso-lateral head spots.

TABLE 1. List of Vipera russelli characters used in
principal components analysis.

Burma Thailand Significance
Mn=17) F(n=15) M (n=10) F(n=9)

1. 159.2 +3.33 160.7 £3.24 158.8 +4.71 161.4+4.64 n/s

2 469%2.10 41.2+2.86 51.7+5.54 48.0+3.89 P<0.0001
3. 26.6+0.70 26.5+0.83 28.0+0.82 27.7£1.00 P<0.0001
4. 28.9+0.78 28.910.52 30.3+1.25 29.9+0.81 P<0.0001
b} 229+1.27 23.7%1.18 24.1+0.88 24.4+1.01 P<0.005
6. 20.8+0.66 21.1£0.88 21.4%0.70 21.6+0.86 P<005
7. 10.4 £ 045 10.7+£0.42 10.4+0.39 10.6 £ 0.55 n/s

8. 13.1£0.51 13.5+0.46 12.8+£0.48 13.3+0.71 n/s

9. 12.8+1.04 12.8+£0.65 13.4£0.70 13.6£0.74 P<0.01
10. 8.1+ 1.11 88 +£0.41 8.1+0.74 8.6+0.88 n/s

11. 6.3+£0.77 6.2+0.86 5.4+0.52 6.1+£0.60 P<005
12. 6.2+044 6.5+0.52 5.8+£0.42 6.2+0.67 P<005
13. 263+1.73 253+2.80 23.21+2.03 25.0+1.48 P<0.01
14. 13.6+3.28 122+ 1.74 13.7+1.77 124+ 1.74 n/s

15. 96.4 +4.32 94.9+5.85 95.7 £ 9.09 100.0 + 0.00 n/s

16. 341£495 36.4+3.31 2841231 30.3+£1.88 P<0.0001
17. 21.0+£2.90 22.1+1.84 23.2+2.80 21.9£2.00 n/s

18. 25+ 043 2.4+ 047 2.5+049 25+034 n/s

19. 26.3+2.04 26.9+ 1.46 28.0+1.38 27.2+1.26 P<005
20. 7.0£10.00 7.610.62 6.8+0.53 6.8+0.79 P<005
21. 3.1£049 3.1+£0.52 3.0+0.67 2.6+ 0.88 n/s

TABLE 2. Geographic differences in individual characters. Data are means + SD, and significance of geographic differences
of all characters. Numbers of characters as in Table 1. n/s, not significant (P>0.05).
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Lacerta agilis Linnaeus is a lacertid lizard whose wide range
extends from NE Iberia and W France to central Asia through
most of Europe. This species is rare or absent from the European
regions characterized by a Mediterranean climate, such as most
of the Iberian Peninsula, the Italian Peninsula and S Balkans
(Arnold & Burton, 1978; Jablokov, Baranow & Rozanow,
1980; Bischoff, 1984, 1988). The occurrence of the sand lizard
in northern Italy has never been reported in the existing distribu-
tion accounts on the species (Bischoff, 1984, 1988).

In this note preliminary data on the known distribution and
habitat characteristics of the species in northern Italy are re-
ported.

Distribution. Lacerta agilis has been observed and collected
only in one locality of NW Italy (Piedmont) and in two localites
of NE Italy (Friuli). Fig. 1 shows the approximate locations of
the sites at which specimens of L. agilis were encountered (for
conservation reasons the precise localities of the L. agilis
populations are not reported). In the locality 1 (numbers refer to
Fig. 1), which is sited 50 km NW of Cuneo (Cottian Alps, NW
Italy), an adult male was collected; this specimen is now pre-
served in the Collection of the “Craveri” Natural History
Museum of Bra (Cuneo, Piedmont) (Lapini, Morisi, Bagnoli &
Luiselli, 1989). In the locality 2, which is sited 6 km east of
Tarvisio (Camic Alps, NE Italy) the species was first observed
in July 1987 and then collected in August 1989. Two specimens
(two adult females) from this locality are now preserved in the
Collection of the Museo Friulano di Storia Naturale of Udine
(Friuli). In the locality 3, which lies 14 km south of Tarvisio
(Julian Alps, NE Italy), were observed two specimens (two fe-
males) during herpetological investigations carried out in the
periods July 1987 and August 1989, but none of these speci-
mens was collected and preserved, due to the apparent rarity of
the species.

Both the specimens from NE Italy, and those from NW Italy
can be probably ascribed to the nominal form, i.e. Lacerta agilis
agilis. In fact, according to Bischoff (1988) and Rahmel (1988)
the subspecific status of Lacerta agilis argus - which could
occur at least in NE Italy (see Bischoff, 1984) - cannot be
supported, since there are no definitive diagnostic characters
(morphometric and/or meristic) between this subspecies and the
nominal form.

Habitat characteristics. Locality 1 is a broad alpine valley;
the grass vegetation of the pastures in which the specimen of
Lacerta agilis was collected belongs to the Nardetum strictae
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association. The SW slope of the valley is covered by larch
woods, while the NE slope is poorly wooded. This area lies very
close to the border between Italy and France, and is geographi-
cally connected to the Ubayette Valley (SW France); the latter
valley is not far from the locality of Barcelonnette, where the
occurrence of Lacerta agilis was previously detected (Naulleau,
1978; Castanet, 1989). Owing to the scarcity of the observations
carried out on the species in this area, at present we cannot ex-
press any hypothesis on the status and density of the local sand
lizard population.

Locality 2 is close to the border between Italy and Austria,
and is geographically connected to the Gail Valley (SW Aus-
tria), which is also inhabited by Lacerta agilis (Bischoff, 1984;
Cabela & Tiedemann, 1985). The locality 3 lies very close to the
border between Italy and Yugoslavia, not far from some
Slovenian sites where the sand lizard is known to occurr (e.g.,
Zelenci, near Podkoren, and Triglav Massif) (Brelih & Dzukic,
1974; Gregori, 1980).

The habitat occupied by Lacerta agilis in NE Italy is very
similar to that described for the species in central Europe
(Podloucky, 1988), i.e. forest margins, field and road edges
combined with hedges and/or scrub, and ruderal areas with open
shrub vegetation, often with a southern exposure. In localities 2
and 3 L. agilis seems to be rather secretive and coexists with
Lacerta vivipara; the other reptiles observed in the area are:
Anguis fragilis, Natrix natrix, Coronella austriaca and Vipera
berus (Darsa, 1972; Stergulc, 1987).

Lacerta agilis is a new species to the Italian herpetological
fauna. The localities discovered in this country establish that the
sand lizard is present also on the southern slope of the Alpine
Massif.

Although our data show that the distribution of this lacertid
lizard in northern Italy is still poorly known, the small number
of Lacerta agilis specimens encountered up to now could indi-
cate that the species is presumably rare, and that the density of
the local populations is relatively low. This working hypothesis
needs further investigations.

Since L. agilis occurs in some regions of SW Austria (e.g.,
Tirol, Kdamten: Cabela & Tiedemann, 1985), NW Yugoslavia
(e.g., Slovenia: Pavletic, 1964; Brelih & Dzukic, 1974), and
southern Switzerland (e. g., Valais and Engadina: Schneppat &
Schmocthen, 1987), which are all sited close to the borders of
northern Italy, it can be inferred that this species is present in a
number of Italian alpine localities maybe more numerous than
the three at present known.

Acknowledgements. The authors are gratefully indebted to
Claudio Anibaldi, Claudio Bagnoli and Luca Lapini for their
valuable help in the field.
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BOOK REVIEWS:

Ecophysiology of Desert Arthropods and Reptiles. J. L.
Cloudsley-Thompson. Springer-Verlag, Berlin etc., 203 pp.
(1991). £60.00, cloth.

Reptiles have figured prominently in scientific studies of
deserts during the past sixty years. There are many reasons for
this. Reptiles in deserts are often relatively abundant - certainly
when compared with most other vertebrates - and can often be
comparatively easy to observe. The effects of harsh climatic
conditions on the lives of the animals can be conceptually
straightforward: it is easier to visualise the effects of searing
heat on a lizard - it may die! - than the results of the subtle inter-
play of competition, predation, parasitism and environment in
shaping the physiology and behaviour of a lizard in a tropical
forest or a Mediterranean scrubland.

Reflecting this emphasis of studies, there have been a
number of books on desert reptiles during the past decade. They
all bear the imprint of the interests and viewpoints of their

individual authors. The present book (which also deals with
desert arthropods, the two groups being given about equal
treatment), is no exception. It could perhaps be summed up as
scientific natural history, covering a variety of topics such as
Thermal Regulation and Control (chapter 4), Water Balance
and Nitrogenous Excretion (chapter 5) and Seasonal Activity
and Phenology (chapter 6) in a readable and interesting way.
The natural history aspect is emphasized by about seventy
monochrome photographs, mostly I would guess taken by the
author himself. They increase one’s pleasure in reading the
book, but I am not convinced that they are strictly necessary.

[ must make it clear that I am not using the term “natural his-
tory” in the perjorative sense in which it is now sometimes
employed. The book does not lack intellectual rigour, and as
with many of Cloudsley-Thompson’s more serious writings, the
reference list is extremely comprehensive. Any book which has
“Trophic Level Patterns of Process-Functioning” as a subhead-
ing (page 22) is certainly not lightweight!

R. A. Avery
University of Bristol

Neotropical Wildlife Use and Conservation. John G. Robinson
& Kent H. Redford (Eds.) (1991) 520 pp. University of Chicago
Press, Chicago and London. £49.50 cloth: £22.50 paper.

Several books have been published recently on the sus-
tainable utilisation of wildlife but none has been confined to
the neotropics, which have tended to be neglected in discus-
sions of wildlife exploitation. Of the forty-seven authors of
the chapters in this book, eighteen live and work in the coun-
tries concerned so that one is often reading a first-hand ac-
count of the issues being discussed. The theme of the book
is that the conservation of wildlife depends on its being used
and that wildlife that has no value to local people is unlikely
to survive. This is not always appreciated by conservation-
ists in the developed world who may be unaware of the es-
sential role that wild animals have played in the lives of
people in tropical societies. The authors include social sci-
entists as well as biologists so that the needs of local people
are not overlooked in discussions of wildlife preservation.
Many of the chapters show that these are not irreconcilable
objectives although certain aspects of the wildlife trade, par-
ticularly that concerning live birds, leave much to be de-
sired.

The chapters of the book are grouped into seven “Parts”
comprising Framing the issues, Subsistence hunting, Market
hunting and collecting, Wildlife farming and ranching, Sport
hunting, Commercial uses and The future. Reptiles are
mentioned in several of the chapters but six are concerned solely
with reptiles - two on sea turtles, two on caiman and two on
lizards. Some of the discussions about the sustainability of the
yields come to different conclusions. The exploitation of
nesting olive ridley turtles in some beaches of Costa Rica
appears to remove only a small proportion of eggs but in
Honduras, the loss to egg-collectors can reach 100%. The
hunting of Paraguayan caiman for hides was found to have an
adverse effect on reproductive success due to disturbance of
nesting females. The more successful exploitation of the
spectacled caiman in Venezuela may be due to the preferential
taking of large males. Proposals to restock areas by releasing
young from eggs hatched in captivity are not supported on the
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grounds that the caiman are already at carrying capacity. This
seems unlikely to continue to be the case once the population is
appreciably reduced by cropping.

The book can be highly recommended for its broad coverage
and balanced viewpoint. It can have only a beneficial effect on
the conservation of neotropical wildlife.

S. K. Eltringham
University of Cambridge

The Habitat of Sand Lizards Lacerta agilis at Merseyside. A. S.
Cooke (1991). Research and Survey in Nature Conservation No.
41. 70pp. Nature Conservancy Council, Peterborough, UK. £6.00,

paper.

This publicasion by A. S. Cooke is one of the Nature Conserv-
ancy Council’s series entitled Research and Survey in Nature
Conservation. This particular volume lives up to that title’s name in
that it is indeed about researchand survey. Although 70 pages long,
there are only 21 pages of text; the remaining pages being made up
of preliminaries, references, a list of other #itles in the series and 38
pages of tables and graphs.

The status of the sand lizard in Britain (with a fragmented distri-
bution in the south of England) surely needs no introduction and the
isolated population of sand lizards on the coastal dunes of Mersey-
side (on the northwest coast of England) is well known. In this
report, Cooke describes an ecological study of the Merseyside sand
lizards which he undertook in the 1980’s. He used the well-tried and
successful method of collecting data on arange of variables within a
certain defined areaaround each sand lizard that was detected. Ob-
servations were made in eight study sites and in three different
habitat types. This method generates alot of information on popula-
tion habitats and that information has been extensively and well
analysed by Cooke. Indeed, sufficient data has been collected for
habitat restoration and management. The data could also be used as
a base-line for a monitoring programme and I would venture to sug-
gest that a monitoring programme is a must.

The report is an account of much needed, well executed research
and the overall presentason of the report cannot be criticised. An
analysis of the habitat was the objective but that objective was kept
fairly narrow with regard to the structure of the habitat. It would
have been useful to extend the research into levels and abundance of
preyand into conditions for egg-laying and incubation.

There is acommon problem with this series (Research and Sur-
vey in Nature Conservation) and that is the NCC (as it was) never
seemed to be sure if they were aimed at the specialist audience or the
lay-audience. Consequently the style suffers and that is certainly the
case with Cooke’s report. In some parts the reportis good objective
science but in other parts he seems to be writing for a more general
audience. However, my impression is that this volume will be wel-
comed by anyone concerned with the conservation of reptiles in
Britain and that it will also be of interest to those researching on liz-
ard ecology.

However and despite the good science, will this report be used
as a basis for the future conservation and management of the
Merseyside sand lizards?

Ian Spellerberg
University of Southampton

OBITUARY:
PROFESSOR J. W. PATTERSON

It is sad to report the death of Professor Jerry Patterson from
a inoperable brain tumour on 24 July 1991, after a short illness.
Jeremy William Patterson was born in Croydon, Surrey on 31
December 1944. He was interested in reptiles from an early age,
and joined the British Herpetological Society in 1963. Jerry
made many contributions to the herpetology of Britain, Europe
and Southern Africa, after a training in general and applied zoology.

Jerry attended St Catherine’s College, Cambridge from 1964
to 1967, gaining a B.A. honours degree in Natural Sciences (Zo-
ology). He then took an M.Sc. (with distinction) in Medical
Parasitology at the London School of Hygiene and Tropical
Medicine (LSHTM), part of the University of London. After his
M.Sc. was completed in 1969, Jerry stayed at the LSHTM to
work for a Ph.D. This was awarded in 1972, for the thesis “The
influence of juvenile hormone mimics on the metamorphosis
and fertility of mosquitoes, and other bloodsucking insects”.
The work, designed to control the insect vectors of tropical dis-
eases, continued during a postdoctoral fellowship at LSHTM
from 1971 to 1974. The major results are to be found in a series
of seven papersfrom 1973-1979, mostly in the prestigious Jour-
nal of Insect Physiology.

Jerry’s opportunity to do herpetological research came when
he went to the University of Nottingham in 1974. He worked as
a postdoctoral fellow with Peter Davies until the end of 1977.
Jerry’s interests at that time centred on the thermal biology of
lizards, and their adaptations to cool climates. Muchofthe field-
work was done at Calpe in Spain as described in Jerry’s first
herpetological paper, published in the British Journal of
Herpetology in 1977. Most of this work was published in the
late 1970s, although some continued to appear up to the time of
his death.

Perhaps the major finding of this period was that the pattern
of acclimation to temperature in lizards differs from the classic
patterndescribed for aquatic ectotherms. Lizards regulate their
daytime body temperatures to high levels, at all seasons when
they are active. However, they have no control over body tem-
perature at night, and so this fluctuates substantially through the
year. Lizards compensate for these fluctuations by a seasonal
change of metabolism at low, but not a high, temperatures.

Jerry’s contribution to British herpetology was made during
this period, when he worked on Lacerta vivipara and Anguis
fragilis. These lizards were selected as cool temperature exam-
ples to pair with the warm temperate Podarcis hispanica and
Chalcides bedriagai from Spain. Jerry was also interested in the
British species in their own right. He investigated how the com-
mon lizard copes with the long winter, and various aspects of the
ecology of the slow worm, an animal in which he had a
longstanding interest.

In December 1977 Jerry left for Southern Africa, where he
worked for the remainder of his career. His first appointment
was as a lecturer in the University of Zambia, which he held until
1980. Jerry then moved to Chancellor College, University of
Malawi, where he stayed until 1988, being successively a lec-
turer, senior lecturer and reader. From 1989 until his death he
was an Associate Professor at the University of Zimbabwe.
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Most of Jerry’s research in Africa was herpetological. In
Malawi, he began a study of the adaptations of tropical lizards,
work which he was actively publishing at the time of his death.
The first results were an extension of his work in Europe. He
found that montane skinks which experienced wide annual vari-
ation in climate showed acclimation to temperature, but
individuals of the same species from lower altitudes did not. He
proposed that the low altitude skinks had never been exposed to
the cold, and so to selection for the ability to acclimate.

The later African papers focused more on ecological
energetics. They marked the progression of his thought from
purely physiological questions of growth in insects, through the
ecophysiology of adaptation to cold, to purely ecological ques-
tions of reproductive allocation. The period from 1989 was
particularly productive, and promised to surpass his publication
activity of the late 1970s. Jerry’s early death is a substantial loss
to herpetology inrespect of the publication of this earlier work,
as well as of his current research.

Jerry was a mine of information on the herpetofauna of
Southern Africa, and had many active projects at the time of his
death. These ranged from the seasonality of amphibian repro-
duction, the comparative biochemistry of jumping muscles in
anurans, to lizard reproduction and thermal biology. Jerry was
always concerned with the care of animals used in his research.
It is characteristic that during his finalillness, before its serious-
ness was diagnosed, his major concern was for a group of
Pachydactylus tigrinus, to be used in a comparison of diurnal
and nocturnal geckoes.

Jerry was invited to present a paper at the First World
Congress of Herpetology in Canterbury in 1989.

Subsequently he gave papers at meetings of the American
Physiological Society and the IUCN African Amphibian
Working Group; a measure of the breadth of his knowledge.
Jerry also published on biological research and education in
Africa. He was a respected figure in Southern African biology,
for example being the external examiner in Zoology for the
National University of Lesotho. He is survived by a wife and
two sons.

Adrian Hailey
University of Zimbabwe

Editor’s note: Copies of Professor Patterson’s herpeto-
logical bibliography are available onrequest from the editor.

THE BIOLOGY OF XENOPUS
SYMPOSIUM

The Zoological Society of London

Organised by R. C. Tinsley & H. R. Kobel
10 and 11 September 1992

Programme of 22 talks ranging from fossils to
molecular biology, reviewing species diversity,
ecology, genetics, behaviour, perception, immunity,
and the feral populations of Xenopus in Britain.

Enquiries to: Assistant Editor, Zoological Society of
London, Regent's Park, London NW1 4RY.

ANNOUNCEMENT:

Applications published in the Bulletin of Zoological
Nomenclature

The following Applications were published on 19 December
1991 in Vol. 48, Part4 of the Bulletin of Zoological Nomencla-
ture. Comment or advice on these applications are invited for
publication in the Bulletin and should be sent to the Executive
Secretary, I.C.Z.N., c/o The Natural History Museum,
Cromwell Road, London SW7 5BD, U.K.

Case 2552
Anniella pulchra Gray, 1852 (Reptilia, Squamata): pro-
posed designation of a neotype

Robert W. Murphy
Department of Ichthyology and Herpetology, Royal Ontario
Museum, 100 Queens Park, Toronto, Ontario, Canada M5S 2C6

Hobart M. Smith
Department of EPO Biology, University of Colorado, Boulder,
Colorado 80309. U.S.A.

The purpose of this application is to conserve the specific
name of Anniella pulchra Gray, 1852 in accordance with its ac-
customed understanding and usage by the designation of a
neotype. A. pulchra is the type species of Anniella Gray, 1852, a
genus of fossorial, legless lizards from California and Baja Cali-
fornia (Norte), Mexico.

EDITOR'S NOTE:

The Editor is grateful to the following for refereeing manu-
scripts in 1991:

E.N.Amold, B. Banks, T. Beebee, W. Branch, G. Brown, J.
Cloudsley-Thompson, A. Cooke, J. Cooper, C. Cummins, R.
vanDamme, J. Davenport, M. Ferguson, T. Graham, A. Hailey,
T. Halliday, W. Hodl, U. Joger, A. Malhotra, C. McCarthy, R.
Meek, E. Moll, G. Packard, B. Pierce, C. Reading, P. Smith, 1.
Spellerberg, M. Swan, G. Underwood, B.Viertel, R. Wassersug,
K. Wells, P. Weygoldt, P. Zwart.

Second World Congress of Herpetology
29 December 1993 - 6 January 1994

For information please contact:
Michael J. Tyler, Department of Zoology,
University of Adelaide, Box 498,
GPO Adelaide S.A. 5001, Australia.
Fax: 61-8-223-5817
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”A masterpiece that sets high standards for
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Interest in the keeping and husbandry of reptiles has been
growing very rapidly over recent years. One of the results
of this is that veterinary surgeons, herpetologists and others
interested in reptiles are confronted more and more often with
% medical situations involving these diverse and complex creatures.
Dr Fredric Frye is recognised throughout the world as one of
the most experienced specialists in the veterinary treatment of
exotic species. His new book brings together the very latest
understanding about the diagnosis and treatment of disease and
injury in reptiles. Reptile Care is a big book (10%” x 14”), it is
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INSTRUCTIONS TO AUTHORS
(revised January 1992)

The Herpetological Journal publishes a range of features
concemed with reptile and amphibian biology. These in-
clude: full papers (no length limit); reviews and mini-reviews
(generally solicited by a member of the editorial board); short
notes; controversies, under ‘Forum’ (details available from
the Editor); and book reviews. Faunistic lists, letters and re-
sults of general surveys are not published unless they shed
light on herpetological problems of wider significance.

Three copies of all submissions, and illustrations, should be
sent to the Editor. All papers will be subject to peerreview by
at least two referees

Authors should consult a recent issue of the Journal regarding
style. Papers should be concise with the minimum number of
tables and illustrations. They should be written in English and
spelling should be that of the Oxford English Dictionary.
Papers should be typed or produced on a good-quality printer
(at least near-letter quality, avoid worn ribbons), and double-
spaced with wide margins all round. Typesetting is greatly
assisted if accepted manuscripts can be supplied on
microcomputer diskettes. Authors are therefore strongly
encouraged to produce manuscripts using a wordprocessor
(preferably on a PC-compatible microcomputer).

Forall papers the title page should contain only the following:
title of paper; name(s) of the author(s); address of the
Institution where the work was done; a running title of 5
words or less. The text of the paper should begin on page 2
and be produced in the following order: Abstract, Text,
Acknowledgements, References, Appendices. Full papers
and reviews should have the main text divided into sections.
Short notes (generally less than six manuscript pages and
accompanied by a single data set) should be produced as
continuous text. The first subhead will be cenwred in capitals,
the second shouldered in lower case, and the third run on in
italics. Footnotes are not permitted.

The usual rules of zoological nomenclature apply.

Tables are numbered in arabic numerals, e.g. Table I, they
should be typed double spaced on separate sheets with a title/
short explanatory paragraph undemeath.

Line drawings and photographs are numbered in sequence in
arabic numerals, e.g. Fig. 1. Colour photographs can only be
included at cost to the author. If an illustration has more than

10.

11.

12.

one part each should be identified as (a), (b), etc. The orientation
and name of the first author should be indicated on the back. They
should be supplied camera-ready for uniform reduction of one-
half on A4 size paper. Line drawings should be drawn and fully
labelled in Indian ink, dry-print lettering or laser printed. A metric
scale must be inserted in micrographs etc. Legends for illustra-
tions should be typed on a separate sheet.

References in the text should be given as in the following ex-
amples: “Smith (1964) stated ...”; “...as observed by Smith
& Jones (1963).” ““...as previously observed (Smith, 1963;
Jones, 1964; Smith & Jones, 1965)”. For three or more au-
thors, the complete reference should be given at the first
mention, e.g. (Smith, Jones & Brown, 1972), and et al. used
thereafter (Smith er al., 1972). For the list of references the
full title or standard abbreviations of the journal should be
given. The following examples will serve to illustrate the
style and presentation used by the Journal.

Bellairs, A. d’A. (1957). Reptiles. London: Hutchinson.

Boycott, B. B. & Robins, M. W. (1961). The care of young red-
eared terrapins (Pseudemys scripta elegans) in the
laboratory. British Journal of Herpetology 2, 206-210.

Dunson, W. A. ( 1969a). Reptilian salt glands. In Exocrine
glands, 83-101. Botelho, S. Y., Brooks, F. P. and Shelley,
W. B. (Eds). Philadelphia: University of Pennsylvania
Press.

Dunson, W. A. ( 1969b). Electrolyte excretion by the salt gland
of the Galapagos marine iguana. American J. Physiol. 216,
995-1002.

Final acceptance of a paper will depend upon the production
by the author of a typescript and illustrations ready for the
press. However, every assistance will be given to amateur
herpetologists to prepare papers for publication.

Proof's should be returned to the Editor by return of post. Al-
terations should be kept to the correction of errors; more
extensive alterations will be charged to the author.

Twenty-five offprints and one complimentary copy of the
Joumal are provided free of charge. Further copies (minimum
of twenty-five) may be purchased provided that they are or-
dered at the time the proofs are returned.

All submissions are liable to assessment by the editorial
board for ethical considerations, and publication may be re-
fused on the recommendation of this committee. Contributors
may therefore need to justify killing or the use of other animal
procedures, if these have been involved in the execution of
the work.
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