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Implications of pathogenic fungi for life-history
evolution in amphibians

Pathogens are easily overlooked, and their signifi-
cance has been repeatedly underestimated during the
history of biology as a science, although their pro-
found importance in fields such as population dynam-
ics, population genetics and sexual selection has been
recognized in recent years. Pathogenic fungi can have
major effects on host populations and community
structure (e.g. Carroll & Wicklow 1992; De Rooij Van
Der Goes 1995; Carey 1996). However, their impor-
tance in amphibian ecology has, until now, been little
appreciated.

The infection of amphibian eggs by aquatic
Saprolegniaceae fungi is widespread in the temperate
world (Beebee 1996). Many authors have assumed
these fungi to be saprophytes exploiting embryos that
die from other causes (e.g. Tejedo 1992), but recently
it has been demonstrated that pathogenic infections of
Saprolegnia cause high rates of embryonic mortality
in some populations of anuran amphibians, and that
egg masses laid communally suffer higher mortality
than those laid away from other egg masses
(Blaustein, Hokit & O’Hara 1994; Kiesecker &
Blaustein 1997). Infection can spread either by direct
contact through growth of hyphae or by colonization
via the free-swimming zoospore stage (Smith ez al.
1985; Wood & Willoughby 1986).

As far as I know, no one has previously considered
explicitly the effects that pathogenic fungi have had
on the evolution of amphibian life histories, and no
one has previously commented on the effects of
pathogenic fungi on the eggs of urodelan amphibians.
Among the aquatic urodelans, oviposition in clumps
is the primitive condition. Single oviposition appears
to have evolved polyphyletically in the Sirenidae and
Salamandridae (Duellman & Trueb 1986; Larson &
Dimmick 1993). In my opinion, single oviposition
may have been selected to reduce fungal infections.
Single oviposition appears to reduce embryonic mor-
tality by pathogenic fungi in the Old World newts
Triturus (Salamandridae), which oviposit singly,
wrapping the eggs in the leaves of water-plants
(Miaud 1993), although they may lay strings of up to
15 eggs when denied suitable oviposition sites (Bell &
Lawton 1975).

Casual observation on Triturus newts breeding in
aquaria shows that eggs frequently become infected
with Saprolegniaceae water moulds, and that the
moulds often spread to and kill neighbouring eggs (A.
J. Green, personal observation, and J. Baker, personal
communication). Saprolegnia can also infect wounds
in larval and adult salamandrids (Walls & Jaeger
1987; A. J. Green, personal observation). Infected

eggs become covered with a visible crown of white
hyphal filaments, and never survive to hatching.
Furthermore, experimental manipulation shows that
Smooth Newt, T. vulgaris, embryos suffer higher mor-
tality when touching infected eggs than when sepa-
rated from them by 1 cm.

In 1987, I collected female Smooth Newts from
Oxfordshire ponds and housed them in aquaria (as
described by Green 1991) where they laid eggs singly
on nylon stocking material. Individual eggs were
often infected by Saprolegnia. Two eggs (one infected
and one uninfected, identified with the unaided eye)
were placed together in each cell of embryo trays. In
one experimental treatment, the two eggs were placed
touching each other and the cell perimeter. In the other
treatment, the two eggs were placed at opposite sides
of the cell, 1 cm apart. This 1 cm distance is similar to
the distances observed between eggs when females
oviposit freely in the laboratory (A. J. Green unpub-
lished data). Egg pairs were randomly assigned to
treatments in three groups of 9, 12 and 12 replicates
per treatment established on 20 and 30 April and 12
May, respectively (i.e. total N = 33 for each treat-
ment). Uninfected eggs had not passed the neural fold
development stage (Horner & Macgregor 1985) when
the experiment was started. The development stage of
infected eggs was unclear. The embryo trays were
kept at room temperature on a natural daylight sched-
ule with 1-cm depth of dechlorinated tap water in each
cell. The experiment was terminated when all previ-
ously fresh eggs had either hatched or died from fun-
gal infection, which took 6-12 days for each group.

From a total of 33 fresh Smooth Newt eggs for each
treatment, 10 healthy larvae hatched from the ‘sepa-
rated’ treatment compared with only one from the
‘touching’ treatment. All eggs that failed to hatch were
infected by water moulds. There was no evidence to
suggest that infection was not the direct cause of mor-
tality in every case. The effect of treatment on embryo
survivorship was highly significant (Yates corrected
21 =698, P<0-01). There were no significant differ-
ences in results between the three replicates
(%, = 0-68, NS).

Thus, single oviposition can markedly reduce
cross-infection by water moulds, and healthy embryos
are more readily infected by mycelial spread from an
adjacent, infected neighbour than by zoospores. The
dispersal of eggs in space and time via single oviposi-
tion and egg wrapping behaviour in Triturus newts
have previously been interpreted as strategies to
reduce predation (Miaud 1993, 1994). Although egg
mortality by predation does appear to be high in the
field (Bell & Lawton 1975; Miaud 1993, 1994), I am
unaware of any evidence that egg dispersal reduces
predation rates, and egg clumping in amphibians can
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in fact reduce predation (Kaplan & Sherman 1980;
Beebee 1996). It has been shown experimentally that
egg wrapping in plant leaves reduces predation of
Triturus eggs (Miaud 1993, 1994). However, this
behaviour may also reduce fungal infections by shad-
ing eggs from radiation, since there is a synergistic
effect between UV-B radiation and Saprolegnia that
enhances embryonic mortality (Kiesecker &
Blaustein 1995). Single oviposition may also allow
eggs to be placed more easily towards the top of the
water column, where higher temperatures facilitate
more rapid development (Miaud 1994). Faster embry-
onic development is likely to reduce mortality from
both fungi and predation (Banks & Beebee 1988;
Beattie, Aston & Milner 1991), although this requires
further investigation.

As well as partly explaining the evolution of single
oviposition in aquatic urodelans (Duellman & Trueb
1986), embryonic mortality caused by pathogenic
fungi has probably been an important selective force
driving life-history evolution in other amphibians. In
anurans, this may be one reason why females of many
species divide their eggs into several small packets
separated in time and space instead of laying them all
in a single mass (see Duellman & Trueb 1986 for
review of anuran reproductive strategies). For exam-
ple, Pacific Treefrogs Hyla regilla divide their eggs
into packets of about 25 eggs and suffer much lower
mortality from Saprolegnia than sympatric popula-
tions of Western Toads Bufo boreas and Cascades
Frogs Rana cascadae that produce large egg masses
(Kiesecker & Blaustein 1997).

In addition, the repeated evolution of parental egg
care in all three amphibian orders (Crump 1995) may
partly have occurred to reduce mortality by
pathogenic fungi. Even in terrestial environments,
amphibian eggs are attacked by lethal pathogenic
fungi (Villa 1979). In both aquatic and terrestial
breeders laying clumped eggs, carers prevent the
spread of fungal infections by eating dead eggs (Tilley
1972; Forester 1979; Simon 1983). In terrestrial
species, carers move eggs around mechanically,
destroying fungal hyphae (Forester 1979; Crump
1995). Ovoviviparity and viviparity occur in rela-
tively few species of anurans and urodelans
(Duellman & Trueb 1986), and have classically been
explained as a means of circumventing predation of
eggs and larvae. However, they could also have
evolved to avoid fungal attacks on embryos and larvae
(Bragg 1958, 1962).

The evolution of the hard reptilian egg shell has
classically been explained by the selective benefits of
exploiting drier terrestial environments and by the
increase in egg size permitted by the shell (e.g. Carroll
1988). However, I propose that the shell may have
originally evolved partly because of the protection it
provides against fungal infections. This is suggested
by the fact that reptiles typically lay eggs in clumps,
yet parental egg care is much rarer than in terrestial

amphibians (Shine 1988; Mateo & Cuadrado 1998).
Pathogenic fungi attacking reptilian eggs have yet to
be described, although it seems likely that they exist,
since female Five-Lined Skinks, Eumeces fasciatus,
have been reported to turn their eggs to prevent fungal
growth, and to eat spoilt eggs (Shine 1988).

Clearly, the influence of pathogenic fungi is only
one of several factors likely to have been involved in
the evolution of amphibian reproductive strategies
such as those discussed here. Others include preda-
tion, competition, the influence of numerous abiotic
factors on embryonic mortality and growth rates, and
the exploitation of different habitats that vary greatly,
e.g. in their predictability in time and space. As
Lawton (1996) says, ‘for many phenomena, there are
likely to be several contributory mechanisms, and the
question is not so much about which mechanism is
correct, but about the relative contributions of a plu-
rality of mechanisms.’

Previous authors addressing the evolution of repro-
ductive strategies in amphibians have often ignored
the potential importance of pathogenic fungi (e.g.
Magnusson & Hero 1991; Resetarits 1996). Further
research, including comparative studies, is needed to
assess the relative importance of pathogens in
amphibian life-history evolution.

Acknowledgements

This work was funded by a Christopher Welch schol-
arship held at the Animal Behaviour Research Group,
Department of Zoology, University of Oxford and by
the Spanish Higher Council of Scientific Research
(CSIC). I thank Sarah Watkinson for identifying the
water moulds. John Baker, Trevor Beebee, Xim
Cerdd, Carmen Diaz-Paniagua, Richard A. Griffiths,
Tim R. Halliday, Miguel Tejedo, David M. Wilkinson
and two anonymous referees provided helpful com-
ments on earlier drafts of the manuscript.

References

Banks, B. & Beebee, T.J.C. (1988) Reproductive success of
Natterjack Toads Bufo calamita in two contrasting habi-
tats. Journal of Animal Ecology 57, 474-492.

Beattie, R.C., Aston, R.J. & Milner, A.G.P. (1991) A field
study of fertilization and embryonic development in the
Common Frog (Rana temporaria) with particular refer-
ence to acidity and temperature. Journal of Applied
Ecology 28,346-357.

Beebee, T.J.C. (1996) Ecology and Conservation of
Amphibians. Chapman & Hall, London.

Bell, G. & Lawton, J.H. (1975) The ecology of the eggs and
larvae of the Smooth Newt (Triturus vulgaris (Linn.)).
Journal of Animal Ecology 44, 393-423.

Blaustein, A.R., Hokit, D.G. & O’Hara, R.K. (1994)
Pathogenic fungus contributes to amphibian losses in the
Pacific Northwest. Biological Conservation 67,251-254.

Bragg, A.N. (1958) Parasitism of spadefoot tadpoles by
Saprolegnia. Herpetologica 14, 34.

Bragg, AN. (1962) Saprolegnia on tadpoles again in
Oklahoma. Southwestern Naturalist 14, 34.



575

Forum

© 1999 British
Ecological Society,
Functional Ecology,
13,573-575

Carey, A.B. (1996) Interactions of northwest forest
canopies and arboreal mammals. Northwest Science 70,
72-79.

Carroll, R.L. (1988) Vertebrate Paleontology and
Evolution. W. H. Freeman, New York.

Carroll, G.C. & Wicklow, D.T. (eds) (1992) The Fungal
Community: Its Organization and Role in the Ecosystem,
2nd edn, Vol. 9. Marcel Dekker, New York.

Crump, M.L. (1995) Parental care. Amphibian Biology, Vol.
2. Social Behaviour (eds H. Heatwole & B. K. Sullivan),
pp- 518-567. Surrey Beatty and Sons, Chipping Norton,
Australia.

De Rooij Van Der Goes, P.C.E.M. (1995) The role of plant-
parasitic nematodes and soil-borne fungi in the decline of
Ammophila arenaria. New Phytologist 129, 661-669.

Duellman, W.E. & Trueb, L. (1986) Biology of Amphibians.
McGraw-Hill, New York.

Forester, D.C. (1979) The adaptiveness of parental care in
Desmognathus ochrophaeus (Urodela: Plethodontidae).
Copeia 1979, 332-341.

Green, A.J. (1991) Large male crests in the Smooth newt,
Triturus vulgaris (Salamandridae), an honest indicator of
condition, are preferred by females at the spermatophore
transfer stage. Animal Behaviour 41, 367-369.

Horner, H.A. & Macgregor, H.C. (1985) Normal develop-
ment in newts (Triturus) and its arrest as a consequence
of an unusual chromosomal situation. Journal of
Herpetology 19,261-270.

Kaplan, R.H. & Sherman, P.W. (1980) Intraspecific oophagy
in California newts. Journal of Herpetology 14, 183-185.

Kiesecker, J.M. & Blaustein, A.R. (1995) Synergism
between UV-B radiation and a pathogen magnifies
amphibian embryo mortality in nature. Proceedings of
the National Academy of Science 92, 11049—-11052.

Kiesecker, J.M. & Blaustein, A.R. (1997) Influences of egg
laying behavior on pathogenic infection of amphibian
eggs. Conservation Biology 11, 214-220.

Larson, A. & Dimmick, W.W. (1993) Phylogenetic relation-
ship of the salamander families: an analysis of congru-
ence among morphological and molecular characters.
Herpetological Monographs 7, 77-93.

Lawton, J.H. (1996) Patterns in ecology. Oikos 75,
145-147.

Magnusson, W.E. & Hero, J.M. (1991) Predation and the
evolution of complex oviposition behaviour in Amazon
rainforest frogs. Oecologia 86,310-318.

Mateo, J.A. & Cuadrado, M. (1998) Ptyodactylus oudrii
parental care. Herpetological Review 29, 101-102.

Miaud, C. (1993) Predation of newt eggs (Triturus alpestris
and T. helveticus): identification of predators and protec-
tive role of oviposition behaviour. Journal of Zoology
231, 575-582.

Miaud, C. (1994) Role of wrapping behavior on egg sur-
vival in three species of Triturus (amphibia: urodela).
Copeia 1994, 535-537.

Resetarits, W.J. Jr (1996) Oviposition site choice and life
history evolution. American Zoologist 36, 205-215.

Shine, R. (1988) Parental care in reptiles. Biology of
Reptilia. Defense and Life History, Vol. 16, Ecology B
(ed. C. Gans), pp. 275-329. A. R. Liss, New York.

Simon, M.P. (1983) The ecology of parental care in a terres-
trial breeding frog from New Guinea. Behavioral
Ecology and Sociobiology 14, 61-67.

Smith, S.M., Armstrong, R.A., Springate, J. & Barker, G.
(1985) Infection and colonization of trout eggs by
Saprolegniaceae.  Transactions  of the  British
Mycological Society 85,719-724.

Tejedo, M. (1992) Variation in viability during development
and hatching success in embryos of the toad Bufo
calamita. Herpetological Journal 2, 142—144.

Tilley, S.G. (1972) Aspects of parental care and embryonic
development in Desmognathus ochrophaeus. Copeia
1972, 532-540.

Villa, J. (1979) Two fungi lethal to frog eggs in Central
America. Copeia 1979, 650-655.

Walls, S.C. & Jaeger, R.G. (1987) Aggression and exploita-
tion as mechanisms of competition in larval salamanders.
Canadian Journal of Zoology 65, 2938-2944.

Wood, S.E. & Willoughby, L.G. (1986) Ecological observa-
tions on the fungal colonization of fish by
Saprolegniaceae in Windermere. Journal of Applied
Ecology 23, 737-749.

A.J. GREEN

Department of Applied Biology,
Estacion Bioldgica de Doiiana,
CSIC,

Avda. Maria Luisa s/n,

41013 Sevilla,

Spain



