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In the wet—dry tropics of northern Australia, temperatures are high and stable year-round but monsoonal
rainfall is highly seasonal and variable both annually and spatially. Many features of reproduction in
vertebrates of this region may be adaptations to dealing with this unpredictable variation in precipitation,
notably by (i) using direct proximate (rainfall-affected) cues to synchronize the timing and extent of
breeding with rainfall events, (ii) placing the eggs or offspring in conditions where they will be buffered
from rainfall extremes, and (iii) evolving developmental plasticity, such that the timing and trajectory of
embryonic differentiation flexibly respond to local conditions. For example, organisms as diverse as
snakes (Liasis fuscus, Acrochordus arafurae), crocodiles (Crocodylus porosus), birds (Anseranas semipalmata)
and wallabies (Macropus agilis) show extreme annual variation in reproductive rates, linked to stochastic
variation in wet season rainfall. The seasonal timing of initiation and cessation of breeding in snakes
(Tropidonophis mairii) and rats (Rattus collerti) also varies among years, depending upon precipitation. An
alternative adaptive route is to buffer the effects of rainfall variability on offspring by parental care
(including viviparity) or by judicious selection of nest sites in oviparous taxa without parental care. A third
type of adaptive response involves flexible embryonic responses (including embryonic diapause,
facultative hatching and temperature-dependent sex determination) to incubation conditions, as seen in
squamates, crocodilians and turtles. Such flexibility fine-tunes developmental rates and trajectories to
conditions—especially, rainfall patterns—that are not predictable at the time of oviposition.
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1. INTRODUCTION

Textbooks in ecology and evolution abound with
examples of how reproductive cycles of organisms have
become modified in ways that adapt them to their local
environment and to annual cycles within that environ-
ment (e.g. Pianka 1986; Krebs & Davies 1987).
However, those examples disproportionately involve
particular kinds of organisms (notably, endothermic
vertebrates) and environments (notably, temperate
zone habitats rather than tropical or arid areas). Although
much has been learnt about the reproductive adaptations
of ectothermic taxa in the tropics, knowledge of such taxa
still lags far behind that available for cooler-climate
organisms. This situation is unfortunate, because
tropical ectotherms comprise the majority of all living
species, and many of the most pressing conservation and
management issues are centred on tropical areas
(Caughley 1994). Accordingly, we urgently need a better
understanding of the way that annual cycles of abiotic
factors in the tropics have shaped the reproductive
biology of organisms in these regions.

The challenge is a formidable one, partly because the
tropics encompass such a diversity of climatic regimes.
Thus, the simple fact that an area lies within the tropics
tells us little about its climate. In this paper, we focus on a
particular (and widespread) type of tropical climate: one
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in which temperatures are high year-round, but precipi-
tation is highly seasonal and often erratic. Although these
‘wet—dry’ tropics cover large areas on several continents,
research has been conducted only sporadically over much
of this enormous area. One of the most intensively
studied regions within the wet—dry tropics worldwide
involves the area around the city of Darwin in Australia’s
Northern Territory (12°25’ S 130°50’ E). Over several
decades, researchers from a variety of institutions have
gathered information on reproductive biology of major
components of the fauna of Australia’s “Top End’
(Haynes et al. 1991). For example, we and our
collaborators have conducted detailed studies on snakes
over a period of more than 20 years on the Adelaide River
flood plain 50 km east of Darwin, yielding the most
extensive datasets yet gathered on tropical reptiles (e.g.
Madsen & Shine 1996a,b, 1998a,b, 1999a—, 2000a—c,
2001, 2002; Brown et al. 2002; Brown & Shine 2002,
2004a,b). This information on the ecology of the
Australian wet—dry tropics thus provides an opportunity
to examine the nature of challenges imposed by this
climatic type and the ways in which vertebrates have
responded to those challenges.

2. CLIMATIC VARIATION IN THE WET-DRY
TROPICS

Data on rainfall and ambient temperatures have been
recorded in Darwin for many years, facilitating analysis of
seasonal and annual variation (Taylor & Tulloch 1985;
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Figure 1. Analyses of ambient temperature and rainfall at Darwin Airport (12°25’' S 130°52’ E), in the Australian ‘wet—dry
tropics’, based on data from 1941 to 2004 (from the Australian Bureau of Meteorology). (a) Mean annual values for monthly air
temperatures and precipitation. Maximum temperatures (thin solid line) are similar among months, minimum temperatures
(thick solid line) fall mid-year and rainfall (thin broken line) is concentrated in a brief wet season; (o) monthly mean coefficients
of variation from the overall (long-term) annual mean monthly value for each trait. Maximum temperatures (thin solid line) are
less variable than are minimum temperatures (thick solid line). Variation in both temperature and rainfall levels is high during
the dry season, but is low for all weather variables otherwise. (¢) Degree of year-to-year variation in the deviation of these traits
from the long-term average, to clarify the extent to which weather conditions are predictable from one year to the next. To do
this, we plot the absolute value of the deviation from the long-term average for each variable for each month. Temperatures (solid

lines) are predictable, but rainfall (broken line) is not.

McDonald & McAlpine 1991). The pattern is very clear:
maximum monthly temperatures remain above 30°C
year-round with remarkably little variation, whereas
minimum (overnight) air temperatures are sharply
lower mid-year (figure 1a). These lower air temperatures
reflect clear skies at this time of year, compared to heavy
cloud cover during the annual wet season. More than
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75% of Darwin’s annual rainfall comes in less than four
months, peaking in the period from January to March
(figure 1a). These monsoonal rains induce profound
changes in the landscape, with extensive inundation of
low-lying areas (flood plains) and rapid growth of
ephemeral vegetation (Dunlop & Webb 1991). Following
cessation of the rains, the landscape progressively reverts
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to semi-arid conditions. Thus, although the dominant
trees (eucalypts) show little overt seasonal change,
deciduous forest trees respond dramatically to the onset
of monsoonal rains, as does the understorey of grasses
and shrubs (Dunlop & Webb 1991).

These broad seasonal shifts in precipitation regimes
presumably are critical to organisms living in this area,
but the nature of any effects will depend heavily upon
the predictability of these events. Extensive research in
cold-climate systems has shown that organisms can
adapt to extreme seasonal changes in weather con-
ditions, as long as those changes occur at consistent
times from one year to the next. For example,
mammals such as marmots and bears lay down fat
seasonally as a prelude to hibernation, while many
birds undergo regular annual migrations, over vast
distances, to exploit seasonally available food resources
and avoid lethally low or energetically costly tempera-
tures (Dingle 1980; Wikelski ez al. 2003; also see
Wikelski ez al. 2008 and Barta ez al. 2008). However,
the nature of that challenge changes dramatically, if
there is substantial year-to-year variation in the timing
of significant weather events. Such variation can occur
for both precipitation and average temperature, and the
rising threat of global climate change has stimulated
extensive research to understand the factors driving
year-to-year weather variation (e.g. Gutzler 1992).

In Darwin, thermal variation is relatively minor from
month to month (figure 15) as well as from year to year
(figure 1c¢). However, rainfall is highly stochastic
(Taylor & Tulloch 1985). For example, the total wet
season (January to March) rainfall in Darwin has
varied from 589 to 1954 mm over the last 65 years and
has spanned most of that range even in comparisons
between successive years. During our own research, for
example, our study area on the Adelaide River flood
plain received 1000 mm during January to March in
2004 but only 549 mm during the same period the
following year (January to March 2005). Also, there is
massive annual variation at the times of onset and the
time of cessation of the monsoonal rains. For example,
over the last 30 years, the date by which 100 mm of rain
has accumulated on the Adelaide River flood plain has
ranged from 9 October to 9 December (R. Shine &
G. Brown 2006, unpublished data). In summary,
temperatures in the Australian wet—dry tropics are
high and fairly stable (over both short-term and long-
term time-scales), whereas rainfall shows immense
stochastic variation over many time-scales (figure 1b,c).

Allied to this temporal variation is equivalent spatial
variation: rainstorms can be very localized even at the
height of the wet season, so that areas separated by only
a few kilometres can receive very different levels of
precipitation. For example, on 9 January 2002 we
recorded rainfall at two weather stations less than 1 km
apart on the Adelaide River flood plain. One gauge
registered 28.2 mm within a few hours, whereas the
other registered no rainfall at all. Figure 2 provides
more extensive data comparing the readings from these
two sites. Unsurprisingly, precipitation records were
highly correlated at the two nearby sites (for the data in
figure 2, r*=0.84), but on many occasions one site
received heavy rain whereas the other did not (figure 2).
Thus, although temperatures are relatively invariant
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Figure 2. Spatial variation in rainfall events over a small area
on Beatrice Hill Farm, 50 km east of Darwin. The
precipitation records are from two rain gauges situated 1 km
apart. The data plotted are daily readings during the rainy
season (October—May) over 2 consecutive years (2000—2001,
2001-2002). Note that although the two sets of readings are
highly correlated, it is not unusual for heavy rain to fall in one
part of the farm but miss a nearby area almost completely.

and highly predictable on both temporal and spatial
scales, precipitation is highly variable and unpredict-
able along both of these dimensions.

For these reasons, the most important climatic
influences on the seasonal timing of reproduction for
an organism living in such an area are likely to involve
rainfall regimes rather than ambient temperatures.
Temperatures are relatively benign year-round whereas
precipitation—the primary determinant of vegetation
growth, levels of flooding, etc.—is highly seasonal.
There is a strong contrast in this respect with many
(perhaps most) cool-climate habitats. In many temper-
ate zone systems, seasonal variation in ambient
temperatures is the primary driving force for season-
ality in reproduction. This pattern is particularly clear
in ectothermic animals, which typically synchronize the
seasonal production of eggs or embryos with the
availability of temperatures high enough to sustain
embryogenesis (Vitt 1991; Vitt & Caldwell 1994). The
seasonal march of temperatures is relatively predict-
able, allowing adaptive linking of reproductive pro-
cesses to correlated factors such as photoperiod (Hau
et al. 1998; Wikelski er al. 2003; also see Wikelski ez al.
2008 and Paul er al. 2008). The challenge is very
different if rainfall rather than ambient temperature is
the primary determinant of optimal seasonal repro-
ductive timing and levels of reproductive output. Thus,
organisms in the wer—dry tropics are faced with the challenge
of inking their reproductive biology to a factor (rainfall)
that is highly unpredictable in space and time. This
situation is not unique to the wet—dry tropics, but
the absence of confounding effects from seasonal
thermal variation facilitates the detection of adaptive
responses to rainfall variation in this system. Precipi-
tation probably is critical in many other systems
also, notably in deserts (e.g. Pianka 1986; Hau ez al.
2004), but reproductive activity of organisms in many
of these latter areas is constrained also by seasonal
thermal variation.
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3. ADAPTING TO UNPREDICTABILITY

The broad direction of an effective adaptive response to
link reproduction to a stochastic variable (such as
rainfall in the wet—dry tropics) is clear-cut: organisms
should evolve the ability to respond rapidly, in a
facultative fashion, depending upon local conditions
(Hau et al. 2000, 2004). Canalized (‘hard-wired’) traits
are unlikely to enhance organismal fitness in such a
system, because there is no single optimal time to
reproduce, or nest-site to select, or reproductive effort
to allocate. Instead, the optimal value for any
reproduction-associated trait probably varies from
year to year and place to place. Such a selective regime
is likely to favour the ability of organisms to modify
their reproductive output on a facultative basis, in
response to cues from the immediate environment,
rather than exhibiting temporally and spatially consist-
ent (invariant) patterns in reproductive traits. If such a
linkage is impossible, the only remaining option in
evolutionary time would be to evolve mechanisms
(such as nest-site selection, parental care or viviparity)
that function to buffer the offspring from climatic
extremes during the period when they are most
vulnerable to such fluctuations.

Adaptation of reproductive traits to precipitation
regimes may take many forms and can involve either
parental traits or offspring characteristics. The most
obvious candidates for adaptive responses involve
attributes of the reproducing adults, either to synchro-
nize reproductive ‘decisions’ with rainfall events (such
as a flexible preparedness to reproduce at high rates
whenever favourable conditions are encountered) or to
buffer their offspring from the effects of variable
precipitation (by nest-site selection or parental care).
Others involve traits of the offspring themselves, after
parental provisioning and/or care has ceased, such that
major events in development (initiation of embryogen-
esis, sex determination and timing of escape from the
egg) either are buffered from environmental variation
or are tied to environmental cues that influence optimal
developmental trajectories or timing. Below, we
interpret diverse reproductive attributes of vertebrates
from the Australian wet—dry tropics within this frame-
work. Reflecting our own research backgrounds, we
emphasize examples from reptiles (especially snakes)
rather than other vertebrate groups.

4. ADAPTATIONS TO SYNCHRONIZE
REPRODUCTIVE DECISIONS WITH
UNPREDICTABLE RAINFALL EVENTS

(a) To reproduce or not to reproduce?

The first critical determinant of reproductive output for
any adult organism is the ‘decision’ as to whether or not
to reproduce. Although most adult females may
reproduce in most years in some natural populations
(especially in endothermic vertebrates), reproductive
rates of females in many ectotherm populations are
much lower and more variable (Jonsson 1997; Bonnet
et al. 1998; see McNamara & Houston 2008). This is
true even in cold-climate populations; for example,
female vipers and rattlesnakes frequently reproduce on
biennial or triennial cycles, reflecting the long periods
of time required for females to replenish their energy

Phil. Trans. R. Soc. B (2008)

reserves after giving birth to the previous litter (Fitch
1960; Brown 1991). However, infrequent reproduction
is not simply enforced by low ambient temperatures:
rates of energy replenishment may be low in tropical
taxa as well, and thus less-than-annual reproduction
may be the norm in many tropical as well as temperate
zone reptiles (Madsen & Shine 1996a,b).

The relationship between annual rainfall and
reproductive output has been intensively studied in
two species of tropical snakes in our study area: water
pythons Liasis fuscus and file snakes Acrochordus
arafurae. On average, adult female pythons reproduce
about once every 2 years (Madsen & Shine 19964), and
adult female file snakes about once every 3—4 years
(Madsen & Shine 20006). However, there is great
temporal variation in these rates. For example, the
proportion of reproductive adult female file snakes
within the study population varied from 0 to 60% over a
10-year period (Madsen & Shine 20006). Despite the
phylogenetic and ecological differences between
pythons and file snakes, the factors generating this
variation are similar in the two snake species. In both
cases, rainfall patterns over the preceding wet seasons
influence the abundance of prey (rats for pythons,
fishes for file snakes) and thus, feeding rates of female
snakes. Since females do not initiate vitellogenesis until
they have accumulated sufficient energy reserves, these
rain-dependent feeding rates generate substantial
annual variation in the duration of delays between
successive clutches by the same female (Madsen &
Shine 20005). For both of these taxa, we also know that
the critical variable driving prey availability (and thus,
feeding rates and in turn, reproduction) is not simply
total wet season rainfall. Instead, prey (rat, fish)
abundance depends upon the duration of inundation
of the flood plain. Monsoonal rains generally begin in
December but the timing of their cessation is more
variable from year to year (figure l¢; McDonald &
McAlpine 1991). Thus, rainfall late in the wet season
(February to March) is the critical variable determining
the amount of time that the flood plain remains
inundated. These relationships are so consistent that
major demographic descriptors (proportion of repro-
ductive female snakes within a population, age
structure, etc.) can be predicted from the timing and
intensity of wet season rainfall over the preceding few
years (Madsen & Shine 20006; Madsen et al. 2006).

The snakes of these tropical flood plains are not
unusual in showing clear relationships between rainfall
and breeding activity. For example, the proportion of
adult females that breed varies with wet season rainfall
not only in snakes, but also in native rats (Rattus collett:
Madsen & Shine 1999¢), agile wallabies (Macropus agilis:
Williams & Newsome 1991), magpie geese (Anseranas
semipalmata: Frith & Davies 1961; Morton & Brennan
1991) and saltwater crocodiles (Crocodylus porosus: Webb
1991). For example, the proportion of anoestrous
females in populations of agile wallabies (M. agilis) varies
among years, depending upon the rate at which
monsoonal rains induce flooding. Years with a rapid
onset of flooding result in a dramatic reduction in the
proportion of reproductive female wallabies, whereas a
gradual onset of the monsoons allows many females to
continue reproducing (Williams & Newsome 1991).
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(b) How much energy to allocate to reproduction?
Reproduction is not an all-or-none decision: animals
can modify their total allocation of resources such that
more or less is devoted to reproduction rather than to
the competing demands of maintenance, growth and
energy storage (Congdon et al. 2001; Roff 2002).
Again, some of the most detailed information comes
from water pythons and file snakes. The relatively
simple morphology of snakes means that their body
condition (mass relative to length) offers a robust
index of their energy stores (accumulated fat bodies:
Weatherhead & Brown 1996). Studies on temperate
zone snakes have identified threshold values for body
condition required before a female will initiate vitello-
genesis; and importantly, these values remain constant
through time and across a wide range of maternal body
sizes (Saint Girons 1957; Naulleau & Bonnet 1996). In
contrast, both water pythons and file snakes flexibly
modify the body condition threshold required to
initiate reproduction. Following ‘bad’ (low-rainfall)
years, females reproduce even when their reserves are
well below the levels that would be required to initiate
reproduction following ‘good’ years (Madsen & Shine
19994, 20006). The adaptive significance of this
flexibility may lie in shifting probabilities of maternal
survival (Madsen & Shine 1999a; McNamara et al.
2004). The end result is that reproductive effort per
litter is reduced in such years, reflected in a reduced
clutch size in water pythons (Madsen & Shine 1999a).
Offspring (egg) size is unaffected, presumably reflecting
strong stabilizing selection on this trait (Shine &
Madsen 1997; Madsen & Shine 1999a).

Detailed studies on the most common kangaroo of the
Top End reveal a similar dependence upon rainfall
patterns. Female agile wallabies (M. agilis) can produce
up to three young within a 2-year period, but reproduc-
tive output is heavily influenced by rainfall patterns
(Williams & Newsome 1991). The facultative response
contrasts with the more strictly seasonal reproductive
schedules of most other macropod species (except arid
zone taxa), a difference that Williams & Newsome (1991)
interpret as an adaptive response to the high variability in
timing and duration of the monsoons.

(c) When to initiate reproduction?

In any environment with temporal variation in the
resources needed for reproduction or offspring survival,
we expect selection for the ability to synchronize the
timing of reproductive events with the availability of
those resources (Hau et al. 2000; Hau 2001; Satake
et al. 2001). Since the timing and intensity of rainfall
events are difficult to predict, we would expect the Top
End fauna to flexibly modify reproductive timing to
take advantage of unpredictable rainfall events.
However, the seasonal timing of rainfall is sufficiently
consistent that we may see reproductive consistencies
also at this broader temporal scale (e.g. wet season
versus dry season breeders).

The strongest temporal links between rainfall and
reproduction will come from taxa that depend upon
water to breed. Anurans that spawn in temporary
ponds are the clearest example; we expect (and see)
that adults of both sexes develop mature gametes long
before reproduction occurs, and are able to breed as
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soon as falling rain creates suitable habitat for their eggs
and tadpoles (Tyler & Crook 1987). A similar link may
be important with fishes that depend upon shallowly
inundated areas for breeding, but the temporal and
spatial correlation between rainfall and breeding will be
weaker; that is, rain in one area may cause flooding
many kilometres downstream and it may take pro-
longed monsoonal rains before billabongs burst their
banks (McDonald & McAlpine 1991). Nonetheless,
the link with flooding (rather than rainfall) may be
tight: Bishop & Forbes (1991) note that many species
of fishes in the Alligator Rivers region (100 km east of
Darwin) depend upon the first floods of the wet season
(which can come at any time from mid-December to
February: McDonald & McAlpine 1991) for the
initiation and induction of spawning.

One important difference between fishes and frogs on
the one hand, and other vertebrates on the other, is the
prevalence of external fertilization in the former group
versus internal fertilization in the latter group. This
difference means that mating and oviposition must
perforce occur simultaneously in most fishes and frogs,
but not in reptiles and endothermic vertebrates. Thus,
any rainfall-driven patterns in breeding times must apply
to mating as well as oviposition in externally fertilizing
taxa. In contrast, internal fertilization allows for sperm
storage within the female reproductive tract, and hence a
temporal dissociation between the time of mating and the
time of oviposition. Accordingly, we might expect
reproductive cycles in males of externally fertilizing
species to be more highly responsive to rainfall cues
than would be true of internally fertilizing species, or any
of the amniotic vertebrate lineages. Mating seems to
occur over much of the year in many of these latter
groups, although it is highly seasonal in some. For
example, all python taxa in the Top End seem to display
similar schedules of reproductive activity, with mating in
July to August, ovulation in October and hatching of
eggs in December to January (Barker & Barker 1994;
R. Shine 2006, unpublished data). In the case of water
pythons (L. fuscus), the mating aggregations occur at sites
where reproductive females will later lay their eggs
(Madsen & Shine 1998b). The consequent concen-
tration of reproductive females in a small area may
enhance mate encounter rates for male pythons.

The seasonal time of production of offspring shows
remarkable diversity among the vertebrates of the wet—
dry tropics, sometimes even between closely related
taxa. For example, freshwater crocodiles (Crocodylus
johmstoni) nest in sandy burrows during the dry season,
whereas saltwater crocodiles (C. porosus) oviposit in
specially constructed mounds of vegetation early in the
wet season (Webb 1991). In other groups, phylogenetic
conservatism is stronger; for example, tropical repre-
sentatives of lizard lineages from arid areas generally
nest in the dry season, whereas moist forest lineages
tend to nest during the wet season (James & Shine
1985). This conservatism in reproductive timing might
reflect an underlying conservatism in embryonic
physiology, with eggs and embryos best able to develop
successfully under incubation conditions similar to
those experienced by ancestral taxa from different
climatic conditions (James & Shine 1985).
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One of the best-understood taxa in this regard is the
keelback (Tropidonophis mairii), a small short-lived non-
venomous (colubrid) snake species. Females of this
species lay one to four clutches per year in shallow soil
nests during the dry season (Brown & Shine 2002).
Experimental studies show that eggs cannot survive
immersion in water, but benefit from incubation in moist
soil (Brown & Shine 20045). High moisture content in
the incubation substrate allows the embryo to fully use
the yolk store contained within the egg, and thus hatch at
a larger size (Shine & Brown 2002). Larger hatchlings
have a higher probability of survival, providing a direct
fitness benefit to females that lay their eggs in moist but
not in flooded soil (Brown & Shine 2004b).

Is the fitness benefit of oviposition in moist but not
in flooded nests the main determinant of seasonal
schedules of oviposition in keelbacks? Other potential
explanations for reproductive seasonality in this taxon
are less consistent with available data. For example, the
timing of nesting does not minimize predation on eggs,
nor maximize food availability or survival rates for
hatchlings (Brown & Shine 2006). Instead, female
keelbacks nest most intensely soon after the cessation
of monsoonal rains when soils are moist enough to
sustain optimal embryogenesis but are unlikely to
become waterlogged (Shine & Brown 2002).

In taxa with a high capacity for dispersal, one of the
most effective facultative responses to spatial hetero-
geneity in rainfall may be migration to favourable sites.
Mobility of this kind is widespread among birds in the
Top End, including species from a diverse array of
phylogenetic lineages and a wide variety of feeding
habits. For example, year-to-year variation in rainfall
patterns, and thus in resource availability, generates
corresponding diversity in the spatial distribution of
honeyeaters across the tropical landscape (Morton &
Brennan 1991). Other resources are more predictable
in space, especially those in and around waterbodies.
Nonetheless, even birds that rely upon such habitats
frequently display temporal and spatial variation in the
seasonal onset of breeding activities. For example,
magpie geese (A. semipalmara) defer laying their eggs
until the water is deep enough and aquatic vegetation is
sufficiently dense (Morton & Brennan 1991).

(d) When to cease reproduction?

The time of cessation as well as the time of onset of
breeding can be driven by stochastic variation in
rainfall patterns. For example, the number of gener-
ations of dusky rats (R. colletti) produced each year
depends upon the duration of the breeding season,
which varied from one to five months over the 4-year
period studied by Madsen & Shine (1999¢). That
variation was generated by annual variation in rainfall
late in the wet season; the rats depend upon moist soil
for burrowing to obtain corms and other food, and thus
cease reproducing when the flood plain begins to dry
out. Under favourable conditions in captivity, this
species breeds year-round (Taylor & Horner 1973). A
causal link between annual climatic (rainfall) variation
and the duration of rodent breeding is supported by the
observation of synchronized across-year variation in
the duration of rat breeding across widely separated
flood plains (Williams & Newsome 1991).
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5. ADAPTATIONS TO BUFFER EMBRYONIC
DEVELOPMENT AGAINST UNPREDICTABLE
RAINFALL EVENTS

(a) Where to lay your eggs?

Heavy rainfall in the wet—dry tropics modifies not only
hydric conditions in the soil, but also temperatures: in
particular, the onset of drenching monsoonal rains
causes a significant and rapid drop in mean tempera-
tures near the soil surface (Webb 1991; Shine & Brown
2002; Brown & Shine 2004b). Thus, an animal that
lays its eggs in a soil nest cannot predict the thermal and
hydric regimes to which those eggs will be exposed
prior to hatching. This unpredictability will be
especially important if the incubation conditions in
nest sites can substantially affect the developmental
rates and phenotypic traits of offspring, as occurs in
many kinds of oviparous animals. For example, the sex,
size, shape and behaviour of hatchling reptiles can be
profoundly affected by minor fluctuations in incubation
conditions (Ji & Brana 1999; Deeming 2004).
Embryogenesis can be affected by shifts in diel or
weekly variance as well as in mean temperature, and by
more gradual heating and cooling during incubation
(Shine 2002, 2004). This sensitivity to apparently
minor aspects of the nest environment means that
reproducing animals may be under strong selection
either to buffer their developing offspring from such
fluctuations, or to evolve developmental pathways that
enable effective development under a wide range of
abiotic conditions.

Judicious selection of appropriate nest sites can act
as an effective buffer, because aspects such as shading,
soil type and local drainage will generate substantial
spatial heterogeneity in the degree to which conditions
in a given nest site fluctuate in response to ambient
stochasticity. One particularly effective option is to
select nest sites that will be virtually unaffected by
rainfall events, by laying the eggs in tree hollows rather
than on the ground. This tactic is used by the slatey-
grey snake Stegonotus cucullarus, and allows this species
to reproduce during the wet season when soil nests
would be under significant risk of flooding (Brown ez al.
2005). Saltwater crocodiles (C. porosus) and magpie
geese (A. semipalmara) also lay their eggs at the time
when flooding is probable, but escape inundation by
constructing their nests on floating grass mats that
remain above water level at all times (Frith & Davies
1961; Webb 1991).

Another mechanism to buffer embryos from
environmental fluctuation is for one or both parents
to remain with the clutch after oviposition, and regulate
conditions in the nest by behavioural means. Parental
care is virtually ubiquitous among the endothermic
vertebrates (including those of the Top End) but is
more sporadically distributed among ectotherms.
Hence, it is of interest to note that parental care is
widespread among the reptiles and fishes of the wet—
dry tropics. Thus, female pythons (a specious group in
this area) typically remain with their eggs and coil
tightly around them throughout incubation. This
maternal behaviour can not only reduce desiccation
and thus enhance hatching success and offspring
size (Aubret er al. 2003) but also heat the clutch
through shivering thermogenesis (rhythmic muscular



Adapring to unpredictabiliry R. Shine & G. P. Brown 369

contractions) of the brooding female (Harlow & Grigg
1984; Slip & Shine 1988). In keeping with the idea that
reproducing animals flexibly adjust their reproductive
biology to local conditions, female water pythons
(L. fuscus) remain with eggs laid in cool nests, but
abandon eggs laid in warmer nests (Shine ez al. 1997;
Madsen & Shine 19995).

Viviparity is perhaps the most extreme development
of this ability to buffer incubation conditions against
ambient fluctuations. By retaining the developing
offspring within her body, the mother can maintain
virtually constant hydric and thermal conditions (in
endotherms) or constant hydric conditions and rela-
tively invariant thermal conditions (in thermoregulat-
ing ectotherms). For example, pregnant death adders
(Acanthophis praelongus) regulate their body tempera-
tures more precisely than do non-pregnant females of
the same species. Experiments in which pregnant
females were kept under these two types of thermal
regimes showed that thermostability significantly
enhances offspring size; and a mark-recapture study
showed that offspring fitness is increased by this larger
size at birth (Webb er al. 2006). Various kinds of
parental care (buccal incubation, guarding of nests) as
well as viviparity also are seen in a high proportion of
fish species in the wet—dry tropics (Bishop & Forbes
1991). These authors speculate that the high incidence
of parental protection ‘may have evolved in response to
the variable conditions imposed by the extreme wet and
dry seasons’ (Bishop & Forbes 1991, p. 103).

6. ADAPTATIONS OF EMBRYONIC BIOLOGY

The preceding discussion has dealt entirely with
adaptations of reproducing adults. However, organisms
can adapt to unpredictability also by modifying their
developmental programmes ( Tinkle & Gibbons 1977).
In the wet—dry tropics, we might expect to see three
types of modifications those that (i) buffer embryogen-
esis against unpredictable environmental fluctuations,
(i) synchronize developmental timing with rainfall
events or their consequences, and (iii) flexibly modify
the trajectory of embryogenesis depending upon local
conditions during incubation.

(a) When to initiate embryonic development?

In most species, embryonic development begins soon
after the ovum is fertilized. However, a phylogenetically
diverse array of taxa have evolved embryonic diapause,
whereby development is arrested at an early stage until
an environmental cue triggers resumption of growth
and differentiation (Ewert 1979; Braby & Jones 1995;
Tauber er al. 1998; Andrews & Donoghue 2004).
Clearly, such a mechanism can permit synchronization
of developmental timing with external conditions.
A freshwater turtle (Chelodina rugosa) from the wet—
dry tropics provides a remarkable example of such
flexibility. Uniquely among amniotic vertebrates (so far
as is known), these turtles lay their eggs underwater
(Kennett er al. 1993; Kennett 1999). Oviposition
occurs late in the wet season, in low-lying areas, and
embryonic development does not commence until
receding water levels expose the eggs to higher oxygen
levels in air spaces between the soil particles (Kennett
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et al. 1993). Thus, the initiation of embryogenesis is
tied to the timing of drying out of the flood plain, which
canvary considerably from one year to the next (Taylor &
Tulloch 1985).

(b) When to hatch?

Similar flexibility is evident at the other end of
embryogenesis. Most turtle species hatch from the
eggs when development is complete, although fully
developed embryos of some temperate zone taxa over-
winter inside their eggs prior to hatching (Goode &
Russell 1968). In the pignose turtle (Carertochelys
wnsculpta), full-term embryos go into diapause until
they experience a rapid fall in oxygen availability. This
happens when the first floods of the wet season
inundate the nesting beaches, thus stimulating explo-
sive hatching of the young turtles coincident with
flooding, when survival chances of hatchling turtles
may be maximized (Doody ez al. 2001).

(c) How to match offspring phenotypes

to incubation conditions?

Developmental trajectories as well as timing (above)
can be modified by environmental cues. As noted above
(see ‘Where to lay your eggs?’), the phenotypes of
hatchling reptiles are sensitive to incubation tempera-
ture and moisture. Those reaction norms presumably
have been shaped by selection, such that embryos
pursue developmental pathways best suited to the
incubation conditions that they encounter in the nest.
Perhaps the clearest examples involve sex determina-
tion. By delaying the time in embryogenesis when sex is
determined, and by linking that decision to local
conditions, organisms may be able to produce the sex
that can benefit most from the time it hatches within
the season, or from the phenotype that will result from
those incubation conditions. For example, tempera-
ture-dependent sex determination (TSD) is seen in
representatives of all the major reptilian lineages in the
wet—dry tropics, including the turtle C. insculpra
(Georges 1989), the lizards Lophognathus gilberti and
Chlamydosaurus kingii (Harlow & Shine 1999; Harlow
2004) and both crocodile species (C. johnstoni and
C. porosus: Webb et al. 1987). By tying sex determina-
tion to incubation temperature, these animals might
benefit either because of sex-specific advantages to
early versus late season hatching combined with
precipitation-induced seasonal shifts in mean nest
temperature, or because incubation temperature
directly affects hatchling phenotypic traits that contrib-
ute differentially to the subsequent fitness of male
versus female hatchlings (Charnov & Bull 1977; Shine
1999). The same kinds of fitness benefits might favour
the evolution of reaction norms concerning phenotypic
traits other than sex (Brown & Shine 2006). An
alternative pathway to deal with unpredictable fluctu-
ations in incubation conditions involves buffering:
impossible over any prolonged period for thermal
factors, but possible for moisture levels. Thus, the
eggs of keelback snakes (7. mairit) are able to deal with
wide fluctuations in water availability throughout
incubation, taking up water whenever the substrate is
moist and retaining it successfully during subsequent
drier periods (Brown & Shine 2005).



370 R. Shine & G. P.Brown Adapring to unpredictabilivy

Although data on embryonic flexibility are most
extensive for reptiles, analogous phenomena presum-
ably occur in other ectothermic vertebrates. For
example, one consequence of facultative breeding by
anurans in response to monsoonal rainfall will be that
many sympatric frog species are likely to breed in the
same places at the same time, thus intensifying
interspecific competition. We might expect that such
synchrony would exert powerful selection for character
displacement in species-specific mate recognition
systems, to avoid the fitness penalties associated with
hybrid matings (Tyler & Crook 1987; Ryan &
Wilcczynski 1991). Thus, for example, we might see
clear interspecific partitioning of traits such as calling
sites or the characteristics of the advertisement calls
given by male frogs. To our knowledge, this prediction
has not been tested. Similarly, we might expect
selection to favour larval traits that enhance success
in mixed-species assemblages within waterbodies. The
high frequency of cannibal morphotypes in taxa such as
Cyclorana (Tyler & Crook 1987) may have evolved
under this scenario.

7. DISCUSSION

We do not suggest that selection for the ability to exploit
unpredictable events is unique to the fauna of the wet—dry
tropics, nor that we are the first to suggest that
adaptations to unpredictability may be important in this
system (Williams & Newsome 1991; Flannery 1994).
The present review is innovative only in that it proposes a
conceptual framework for interpreting such features, and
attempts to integrate the results of recent (and some
older) studies within this framework. The high and
relatively aseasonal ambient temperatures of the wet—dry
tropics facilitate interpretation in this respect, by
removing the severe seasonal thermal constraints
on reproductive seasonality that operate in many
other systems. That is, the wet—dry tropics provide an
unusually clear example of a widespread phenomenon—
adaptations of vertebrate reproduction to factors that are
broadly unpredictable in space and time.

Nonetheless, we emphasize that the kinds of
mechanisms that we have described can also play a
significant role in other environments. Virtually a//
environments on Earth have some degree of long-term
predictability on which is superimposed some degree of
unpredictability. This is certainly true for the wet—dry
tropics, where the broad seasonal distribution of
rainfall events is more highly predictable than for
many other parts of Australia (Taylor & Tulloch 1985).
Environments (and the specific resources within them)
fall along a continuum from extremely predictable to
extremely unpredictable, and at some point along that
continuum the level of unpredictability presumably
reaches a point at which qualitatively different adaptive
mechanisms are needed for successful reproduction.
These ideas have been explored in detail with reference
to the bird fauna of the temperate zone, and some of
the conceptual schemes that have been developed to
quantify predictability might usefully be applied to
tropical environments as well (Wingfield er al. 1992,
1993; Hahn ez al. 1995, 1997).
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The link between rainfall events and facultative
reproduction in the wet—dry tropics is direct in some
cases, for example, in anurans that breed in temporary
pools created by the first monsoonal rains. In other
cases, the link is less direct. For example, fish breeding
in response to flooding (Bishop & Forbes 1991)
involves an integration of rainfall patterns over longer
timescales and greater spatial scales. Yet another link in
the causal chain comes when predator populations
respond to fluctuations in prey populations that have
themselves responded to the timing and duration of
annual inundation of the flood plain. Nonetheless,
despite the greater complexity of the causal links
between abiotic variation and biotic responses in such
a case, the end result can be a close correlation between
rainfall patterns and predator demography (as in water
pythons: Madsen ez al. 2006). In species that breed
infrequently, females may accumulate energy stores for
several years prior to reproducing and hence, repro-
ductive rates will depend upon rainfall patterns
integrated over an even longer timescale (e.g. file
snakes: Madsen & Shine 20005).

A second common complication in the wet—dry
tropics is that although air temperatures are high year-
round, incubation temperatures of eggs in natural nests
may be significantly modified by precipitation events.
Thus, rainfall may affect the fitness consequences of
alternative reproductive schedules via an influence on
nest thermal regimes rather than rainfall per se. For
example, wet-season rainfall may play a critical role in
cooling the eggs within nests of saltwater crocodiles; in
years without rain at this time, eggs may experience
lethally high temperatures (Webb 1991). Similarly,
rainfall early in the wet season cools natural nests of
dragon lizards with TSD, thereby generating (possibly
adaptive) seasonal shifts in sex ratio of the hatchlings
(Harlow 2004).

The different pathways by which rainfall influences
organismal fitness have different timescales. For
example, cooling of the soil by rainfall occurs virtually
instantaneously, whereas enhanced prey availability
due to increased vegetation growth has a much
greater lag time. Thus, the time of year at which
rain falls is important, but the spatial and temporal
scales over which that importance is determined will
differ considerably among taxa. Heavy but brief and
local showers early in the wet season may be the most
significant events for pond-breeding frogs and for sex
determination in agamid lizards, whereas monthly
rainfall late in the wet season (and thus, the rate of
drying out of the flood plain) may be the critical issue
for reproduction in rodents, fishes and the animals
that prey upon them. Hence, although these species
are also subject to the same environmental conditions,
specific features of their reproductive biology mean
that they are affected by unpredictable rainfall events
at very different scales and different times of year.
That interspecific diversity, combined with the fact
that only a small proportion of vertebrate species in
the wet—dry tropics have so far attracted detailed
study, suggests that future work is likely to discover a
far richer array of reproductive adaptations to the
annual cycle.
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