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ABSTRACT The ability of females to select oviposition sites based on risk
of predation to their progeny should be of high selective value. Such
behavior should also have large consequences for population dynamics and
community structure. Given its potential importance, surprisingly few
studies have tested for such a behavioral trait Predator detection, and
subsequently oviposition site selection in response to risk of predation, is
likely to evolve under the following combination of conditions: (i) immature
stages are prone to high mortality from predation; (ii) females often have a
number of patches from which they can oviposit; (iii) among-patch
distributions of predators are random or contagious; (iv) among-patch
distributions of predators are largely fixed from the time a prey female has
oviposited until her progeny can leave the patch. Such conditions often
occur for species with complex life cycles like mosquitoes and anurans that
are aquatic during premetamorphic stages and terrestrial during
postmetamorphic stages. I review the evidence for the existence and
prevalence of such a behavioral response in aquatic habitats, detailing in
particular, the system of the mosquito, Cullseta longiareolata, and its
predators in temporary pools. The existing evidence suggests that this
oviposition response is widespread in aquatic species, particularly those
using temporary pools. Over the regional scale (encompassing all potential
oviposition sites in an area), oviposition site selection in response to risk of
predation should reduce the importance of consumption by predators but
may increase the importance of competition. Hence, where predation at the
local scale is typically thought to reduce competition, oviposition habitat
selection in response to risk of predation should cause the opposite over a
regional scale - i.e., increased competition. This behavior should also result
in incorrectly estimating pest control by biological control agents based on
classical control-treatment (predator) comparisons of pest densities.
Through much of ecology's modern history, ecologists' perceptions of
predatory effects on prey populations have been influenced greatly by the Lotka Volterra equations (Volterra 1926; Lotka 1932). Essentially, these equations predict
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the influence of a predator population on a prey population over time based on
consumption. Ecologists have learned, particularly in recent years, that the
nonconsumptive influences of predators on prey populations may not only be large, but
can be greater than consumptive effects (e.g, Werner 1992). The costs of predator
avoidance behaviors, which are expressed as depressed developmental and population
growth (e.g., moving less which results in feeding less which results in slower
development and consequently, slower population growth), are not incorporated into
Lotka-Volterra equations. Such behaviors can be categorized as those that reduce
predation risk to: 1) the individual itself; and 2) its progeny.
How an Individual Itself May Avoid Predation
A wide variety of such behavioral responses induced by risk of predation,
which ultimately has consequences for population dynamics, has been documented.
Perhaps the most widely studied behavioral response has been foraging strategies in
response to predation risk. A forager may alter where, when, and how much to forage
based on its perceived risk of predation (e.g., Sih 1980, 1982; Kotler 1984; Brown
1988; Holomuzki 1989; Dawidowicz and Loose 1992; Loose and Dawidowicz 1994;
Bouskila 1995; Kotler and Blaustein 1995; Ball and Baker 1996; Koperski 1998). Also
widely studied and widely documented, risk of predation can induce prey to reduce
their vulnerability by changing chemically (reviews in Karban and Myers 1989;
Harvell 1990) or morphologically (e.g., Dodson 1989; Bronmark and Miner 1992;
Tollrian 1995). A third category of behavioral responses to predation risk is
developmental plasticity. If there is a high risk of predation in the aquatic environment,
immatures tend to metamorphose earlier and at a smaller size (reviewed in Wilbur
1997). Plasticity may begin with the egg stage. Embryos of an anuran species have
been shown to increase developmental rate in response to egg predators (Warkentin
1995). In contrast, salamander embryos slow developmental rate and delay hatching in
response to predators that prey upon the hatchlings (Sih and Moore 1993; Moore et al.
1996). Limited evidence suggests that embryonic development or egg hatching in some
aquatic invertebrates may even be arrested in the presence of predators (Livdahl et al.
1984; Blaustein 1997).

Responses to Avoid Predation on Offspring
Individuals should not only be concerned with altering their behavior to avoid
being eaten themselves but should also consider the risk of predation to their progeny.
Such strategies may include what kind of eggs to produce. There is limited but growing
evidence that crustaceans will be more likely to produce diapausing eggs in response to
risk of predation to their progeny (Hairston 1987; Hairston and Dillon 1990;
Slusarczyk 1995). Risk of predation to progeny may also influence where ovipositing
females place their eggs (e.g., Chesson 1984).
Individuals that can assess the environment and place their eggs where the
progeny will have the highest success should be favored by natural selection. Though
ovipositing females don't always seem to be able to discriminate "correctly" (Courtney
and Kibota 1987; Heard 1994), theoretical predictions and oviposition patterns often
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match (e.g., Mange1 1987). The discrimination of risk of predation when choosing an
oviposition site, in theory, should be of high selective value. From an evolutionary
standpoint, a prey species may reduce risk of predation to its progeny by altering its
oviposition site, temporally or spatially, in two ways: 1) a "coarse-grained", nonplastic
response that occurs whether or not the predator is present; and 2) a "fine-grained",
plastic response induced only when the predator is present. In the first way, the prey
species does not detect the presence of the predator, but when choosing where and
when to oviposit, it cues in on some factor associated with the predator that gives a
rough indication of the likelihood of its presence. That is, natural selection on the prey
results in temporal or spatial separation from its predators.
Examples of coarse-grained responses are numerous. Ovipositing early in the
hydroperiod of temporary pools exposes the progeny to fewer predators because
predators tend to colonize the pools more slowly. Even later in the season, progeny
from females that oviposited into temporary pools will be exposed to fewer predators
than those oviposited into permanent pools (reviewed in Wellborn et al. 1996).
Ovipositing mosquitoes may select sites with vegetation intersecting the air-water
interface rather than open water sites at least partly because their progeny will be less
prone to predation (e.g., Orr and Resh 1992). Alternatively, the coarse-grained
response can evolve when there is site fidelity (McPeek 1989; Hopey and Petranka
1994).
In the "fine-grained", induced evolutionary response, a prey species can detect
the predator directly which induces it to avoid potential oviposition sites that pose a
high risk of predation to its progeny. In this chapter, I am concerned with the
fine-grained, predator-induced response. Experimental manipulations of predators can
test for such a response. To maximize one's fitness, an organism must consider a suite
of factors when making "choices" (e.g., Mange1 and Clark 1988). By keeping all
factors the same except the manipulated predator, ovipositional differences between
control and predator plots rule out coarse-grained, nonplastic responses to predators.
Field correlational evidence, however, cannot necessarily distinguish between
coarse-grained nonplastic and fine-grained plastic responses.
Conditions for Evolving Oviposition Deterrence in Response to Risk of Predation
to Progeny
The ability of ovipositing females to detect predators and then subsequently
select where to put their progeny in response to risk of predation should be more likely
to evolve under the following set of conditions: (i) immature stages are prone to high
mortality from predation; (ii) females often have a number of patches from which they
can oviposit; (iii) predator distributions among these patches are random or contagious;
(iv) among-patch distributions of predators are largely fixed from the time a prey
female has oviposited until the time her progeny can leave the patch. Condition "i"
requires high mortality because intermediate or low levels of mortality may actually be
beneficial to the prey population i.e., by culling the number of individuals utilizing
the same resources, mortality from predation may be outweighed by the benefit of
reduced competition (reviewed in Wilbur 1997). Condition "iii" i.e., that the risk of
predation across patches is heterogeneous, is almost always met in nature. However, if
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predator clumping is very high i.e., a small proportion of patches has most of the
predators and most patches have little or no predators ovipositing without considering
predation risk may not invoke strong natural selection. This should be the case
particularly when the cost of predator detection i.e., recognition time (Hughes 1979;
Kotler and Mitchell 1995) is high. Condition "iv" may be met, not only when
predators have poor patch-to-patch mobility, but when the development time of the
prey species is considerably less than that of its predator.
Animals such as amphibians and many insects that are terrestrial in
postmetamorphic life and aquatic in pre-metamorphic life, are likely to meet such
conditions, particularly in temporary pools. Condition "i" is often met in temporary
pools: predators often exact high mortality tolls on prey species such as mosquitoes
(reviewed in Service 1993) and amphibians (reviewed in Wellborn et al. 1996) when
predator and prey co-occur. Temporary pools often meet condition "ii": they are often
clustered in space giving the ovipositing females choices. Lake habitats are probably
less likely to meet condition "ii" because the next lake is often beyond the dispersal
abilities of the organism, or at least such dispersal exacts a very high cost to search for
an alternative oviposition site. Condition "iii" is generally met in temporary pools:
temporary pools are likely to have greater among-pool variability in predator densities
compared to permanent pools or lakes which probably more closely approximate
equilibrium communities. Initial predator detection by prey in the aquatic world often
appears to be chemical (e.g., Petranka et al. 1987; Dodson et al. 1994) which involves
low recognition costs. Finally, condition "iv", which is not met in most systems, is
often met in temporary pools. Although some temporary pool predators such as newt
adults, backswimmer and beetle adults have the capability of moving from pool to pool,
most important predators such as flatworms, urodele larvae, odonate nymphs,
backswimmer nymphs and beetle larvae cannot do so. Moreover, the aquatic predator
life cycles are considerably longer that most of their prey species.
The consequences of such oviposition behavior are great both in terms of the
spatio-temporal population dynamics of the prey species and the structure of the entire
community. Below, I review the literature for evidence of oviposition site selection in
response to risk of predation in aquatic habitats. I give particular attention to a system
for which I am most familiar and for which considerable work on this question has
been done, namely the mosquito, Culiseta longiareolata Macquart, and its predators in
temporary pools,
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Evidence for Oviposition Site Selection in Response to Risk of Predation in
Aquatic Habitats
Table 1 summarizes the aquatic studies of which I am aware that
experimentally consider oviposition in response to predation risk. Considering the
potential importance of such a behavioral trait, surprisingly few studies have
considered this question. It is more likely that additional studies that showed "no
effect" are not submitted for publication and are less likely to be accepted for
publication than those studies that do show statistically significant effects. It is also
likely that experiments are conducted on candidate systems for which such a response
is more strongly suspected than other systems. Even considering these biases, the
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limited assessments conducted thus far suggest that oviposition response to predation
risk is widespread. The majority of the studies consider temporary pool systems.
Anurans and mosquitoes have been considered most frequently.
Experimental assessments for oviposition habitat selection by five amphibian
species in response to predation risk by eight predator species or predator assemblages
were found in the literature. Of these seven predator-prey combinations, four yielded
statistically significant evidence in support of oviposition-predation risk behavior.
Ovipositing anuran females are generally not vulnerable to aquatic predators. However,
both anuran eggs and tadpoles can be quite vulnerable to a wide variety of predators.
Resetarits and Wilbur (1989) experimentally compared the number of Hyla
chrysoscelis eggs found in control (no predators) pools versus pools containing one of
it's four known predators: larval Ambystoma maculatum (salamander), adult
Notophthalmus viridecens (newt), Enneacanthus chaetodon (fish) and larval Tramea
carolina (dragonfly). Fewer eggs were found in the Ambystoma and Enneacanthus
pools than in control pools. They attributed the fewer H. chrysoscelis eggs to avoidance
of these predators when choosing pools for oviposition. A second potential mechanism
that could explain fewer eggs in the presence of these two predators is egg predation.
The authors discount this as explaining any significant depression in eggs. While the
evidence for differential oviposition is rather convincing, this alternative explanation
(egg predation) cannot be ruled out, particularly in light of the fact that both these
predators are known to feed on amphibian eggs. An additional experiment including
nonlethal predator treatments could rule out this alternative hypothesis. The other two
predators in this experiment did not elicit any egg reduction response by H.
chrysoscelis. Resetarits and Wilbur (1989) suggest that the risk of predation for
Notophthalmus adults is less predictable since they are mobile and can leave and enter
pools (violation of condition "iv"). Regarding Tramea, they suggest that this predator
does not have as much of a consumption effect as the other predators tested (and thus,
may not meet condition "I").
When red breast sunfish (Lepomis auritus) were experimentally manipulated
in constructed ponds, Rana sylvaticca egg masses were found only in fishless pools
(Hopey and Petranka 1994). They asserted that these fish do not feed upon the frog
adults or egg masses and thus the results indicate that this frog completely avoids fish
ponds when choosing an oviposition site. By contrast, experimental evidence indicates
that a congeneric, Rana temporaries does not avoid fish when ovipositing (Laurila and
Aho 1997). Laurila and Aho compared the number of R. temporaria egg batches in 12
small rock pools where adult three-spined sticklebacks were added to 12 small rock
pools without this predator. Surveys in previous years showed R. temporaria breeding
in all 24 pools. Few invertebrate predators existed in these pools. No differences in R.
temporaria egg densities were found between fish and control pools. They suggested
that this frog has evolutionarily adapted to reduce predation risk by choosing smaller
and more ephemeral pools where the three-spined stickleback is unlikely to exist. That
is, to use my previous terminology, it may have evolved a "coarse-grained", nonplastic
response to risk of predation.

L. Blaustein

446

Table 1. Experiments assessing oviposition habitat selection in response to risk of
vipsition
voidance o
es
es

ilbur 1989
esetarits and
ilbur 1989

io

ilbur 1989
ilbur 1989

fes
fc

b;ila

and Aho

.......................................................
'es

L

Spieler and
insenrnair 199'

t'es
t'es

hesson 1984

fes

etranka and
akhoury 1991

.......................................................
fes

Ibz

etranka and
akhoury 1991

......................................................

f es

and M~lli

laustein and
otler 1993

uliseta

Yes

ckswirnrner)

......................................................................................................................

[Culiseta

\An& imperator

butdoor

Yes

uliseta
Mo
longiareolata
larva)
artificial pools
......................................................................................................................
Enallagma
ST0
Fishes
(damselfly)

cPeek 1989

Oviposition Site Selection and Predation Risk

447

Evidence from a "natural experiment" exists that the salamander (Ambystoma
barbouri), considers of risk of predation by green sunfish (Lepomis cyanellus) to its
progeny when choosing an oviposition site (Kats and Sih 1992). A. barbouri adults are
immune to predation by green sunfish and their eggs apparently are placed such that
they are inaccessible to the sunfish. However, the salamander tadpoles are highly
vulnerable to predation by sunfish. Kats and Sih (1992) previously had found a strong
negative spatial association between sunfish and salamander oviposition sites along a
stream. The following year, the stream dried out killing the fish and allowing for a
natural experiment. Salamander egg densities then increased significantly in the
former fish pools but not in the original fishless pools.
Tadpoles of the frog Hoplobatrachus occipitalis in rock pools pose a high risk
of predation for the progeny of conspecific ovipositing females. Spieler and Linsenmair
(1997) demonstrated experimentally that adults can chemically detect conspecific
tadpoles and that the probability of ovipositing into a rock pool was negatively
correlated with conspecific tadpole density.
Other amphibian observational studies support (or at least do not refute) the
oviposition-predation risk hypothesis. For example, both pickerel frogs (Rana
palustris) and American toads (Bufo americanus) tended to oviposit in sites where fish
densities were low (Holomuzki 1995). Experimental manipulations will allow
discrimination between the fine-grained plastic response to predation risk and the
coarse-grained, nonplastic response or simply, different environmental requirements.
Two insect taxa other than mosquitoes have been assessed for oviposition site
selection in response to risk of predation. The phantom midge, Chaoborus albatus,
oviposited fewer eggs in artificial pools containing caged (i.e., nonlethal) bluegill
sunfish than in pools without this predator (Petranka and Fakhoury 1991). However,
damselfly species (Enallagma species) that are highly vulnerable as nymphs to fish
predators, could not discriminate between experimentally manipulated fish versus
fishless ponds (McPeek 1989). McPeek attributed this lack of response to these
damselflies maintaining site fidelity.
Mosquito females have been shown to possess the ability to discriminate many
physical and chemical factors when ovipositing (review in Bentley and Day 1989).
Relatively few of the hundreds of mosquito studies assessing discrimination of
oviposition sites have assessed oviposition .site selection by mosquitoes in response to
predation risk. Mosquitoes strongly meet the conditions outlined earlier for evolving a
plastic oviposition response to risk of predation. That is, they experience high mortality
during their immature stage, females can often choose from a number of sites from
which to oviposit, recognition time of predators is probably low, the mosquito
immatures and most of their predators are confined to the pool in which they were
oviposited, and their immature developmental period is generally considerably shorter
than those of their predators.
Evidence is accumulating that oviposition site selection by mosquitoes in
response to risk of predation is common. Chesson (1984) demonstrated that Notonecta
hoffmani (which preys heavily on mosquito larvae) deterred oviposition by Culex
pipiens in outdoor water tanks. Tietze and Mulla (1991) showed that the presence of
tadpole shrimp (Triops longicaudatus), but not their culture water, deters the mosquito,
Culex quinquefasciatus, from ovipositing. However, it may be that C. quinquefasciatus
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were not responding to the specific physical disturbance of tadpole shrimp but to
mechanical disturbance of the water surface in general. Petranka and Fakhoury (1991)
showed experimentally that caged mature bluegill sunfish resulted in fewer Anopheles
punctipennis mosquito larvae in artificial pools and attributed this reduction to fewer
eggs laid in pools containing caged bluegills. However, it has not been shown (to my
knowledge) that adult bluegills cause high mortality to Anopheles mosquito larvae. For
example, congeneric of bluegills, green sunfish (Lepomis cyanellis) do not reduce
Anopheles freeborni populations in experimental rice fields and rice field enclosures
(Blaustein 1988, 1992). Richie and Laidlaw-Bell (1994) have found negative spatial
associations between salt marsh fish presence and abundance of Aedes
tritaenyorhynchus eggs. Such observational data, while supporting the
oviposition-predation risk hypothesis, cannot discriminate between the fine-grained
plastic response to predator presence and the coarse-grained nonplastic response to the
likelihood of predators. Finally, the mosquito, Culiseta longiareolata Macquart,
appears to show an ovipositional avoidance to various predators. In the section below, I
outline studies addressing the oviposition-predation risk question with this mosquito.
Studies on Culiseta longiareolata
The mosquito, Culiseta longiareolata, is one of the most common mosquito
species in Northern Africa and the Middle East (e.g., Dimentman and Margalit 1981).
In Israel, where my colleagues and I have conducted our studies, it is the most common
mosquito of rock pools and rain pools from the xeric Negev desert in the South to the
more mesic North. Females of at least most populations need a blood meal (primarily
or exclusively from birds) to develop eggs (van Pletzen and van der Linde 1981). The
female, which oviposits at night, alights on the water surface and lays between < 200
and > 400 eggs cemented together to form an egg raft that floats on the water surface
(van der Pletsen and van der Linde 1981). Thus, unlike mosquitoes such as Aedes and
Anopheles that lay eggs singly and can potentially "bet-hedge" by spreading their egg
batch over more than one water body (Onyabe and Roitberg 1997), the entire egg batch
by a C. longiareolata female apparently is always laid in the same pool. Given that
daily mortality for adult mosquitoes is high (Service 1993), the probability of surviving
to lay a second egg batch is low. Thus, given that the probability of survival of
offspring to adult stage varies greatly among pools, the deposition of an egg raft is a
huge investment and it should be of high selective value to be able to discriminate
between a "good" pool and a "bad" pool. Egg rafts are generally free from predation
(Stav 1998; Blaustein, unpubl. data) and hatch within 2-3 days. Like all mosquito
species, the larvae undergo four instars prior to pupating and then emerging as an
adult.
Culiseta longiareolata larvae are particularly vulnerable to predation, even
compared to other mosquito species. For example, we have compared predation rates
on larvae of C. longiareolata and Culex mosquito species (generally Culex pipiens) by
seven predators in the laboratory and/or in outdoor artificial pools where known
numbers of mosquito larvae were added: Notonecta maculata (Blaustein 1998),
Anisops sp. (Blaustein unpubl. data), Anax imperator nymphs (Slav 1998; Blaustein
unpubl. data), Orthetrum sp. (Blaustein unpubl. data), Acanthocyclops viridis
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(Blaustein and Margalit 1994b), Salamandra salamandra tadpoles (Blaustein unpubl.
data), and Triturus vitattus tadpoles (Blaustein unpubl. data). These predators varied
from small to large, and from benthic to pelagic or neustonic. In all cases, predation
was considerably higher on C. longiareolata than on Culex mosquitoes. C.
longiareolata larvae appear to be more vulnerable because they: 1) utilize open, rather
than vegetated habitats (Blaustein and Margalit 1995); 2) move more frequently than
Culex larvae and thus are more easily detected by visual predators (L. Blaustein,
unpubl. data); 3) are larger than most mosquito species (Blaustein and Margalit
1994b); 4) take longer to develop leaving them vulnerable to aquatic predators for more
time; and 5) show little response behaviorally to the presence of predators. Pupae, and
to a lesser extent, fourth instar larvae, tend to clump into three dimensional clouds in
the water (Blaustein and Margalit 1995; Blaustein, pers. obs. 1997), a behavior that
may afford some protection for the individual against predation. Pupae do not feed and
the fourth instar larvae in these clumps are probably those that are about to
metamorphose and thus also do not feed. Thus, there is no longer a foraging gain to
weigh against predation risk. Aside from this possible predator defense, they appear to
show little sign of being concerned about being eaten though definitive studies need to
be conducted.
If C longiareolata larvae are so vulnerable to predation, why are they the
most abundant mosquito, and often, the most abundant macrofaunal species in
temporary pools of this region? Are they so successful because of low temporal overlap
with their predator a coarse-grained, nonplastic response? In Israel, there are rather
distinct rainy (November to April) and dry (May through October) seasons. At the
beginning of the temporary pool season, C. longiareolata quickly becomes widely
distributed among pools while predators are rare. However, both the densities of the
predators per pool and the proportion of pools containing various predators, increase as
the season progresses (e.g., Ward and Blaustein 1994; Blaustein et al. 1995). There
then becomes a strong negative spatial association between C. longiareolata and
predators among pools (Blaustein et al. 1995; Blaustein, unpubl. data). Part of this
negative association is undoubtedly due to predation on C. longiareolata imrnatures.
However, part of the reason for this negative association and the success of this
mosquito despite its high vulnerability to predators at the larval stage appears to be that
C. longiareolata larvae can afford to disregard predators when grazing because their
mothers are careful about where they put their progeny with respect to predators.
In artificial outdoor pools, we have assessed oviposition rates by this mosquito
in the presence and absence of four potential predators: green toad tadpoles (Bufo
viridis) which are both predators and competitors (Blaustein and Margalit 1994a,
1996), a predatory backswimmer (Notonecta maculata), a dragonfly nymph (Anax
imperator) and a striped newt tadpole (Triturus vitattus). We found considerably fewer
C. longiareolata egg rafts in the presence of Notonecta (five of five experiments),Anax
(two experiments) and late-stage Bufo tadpoles (one experiment) (Table 1). All three of
these predators are widely distributed in shallow water bodies of Israel. The fourth
predator, larval Triturus, did not cause a reduction in C. longiareolata egg rafts.
However, given that this predator is rare in general in Israel and is extremely rare in
the vicinity of the experimental site (Mount Camel), a specific response to this
predator may be less likely to evolve.
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Fewer egg rafts found in the three common predators does not necessarily
signify that this mosquito is avoiding predators to its offspring when ovipositing.
Reductions of egg rafts in the presence of the predators can potentially be attributed to
one or more of the following: (1) adult C. longiareolata females are consumed by the
predators before they can oviposit; (2) the predators consume or destroy the egg rafts;
(3) ovipositing females can detect, and then avoid predators when selecting a pool for
oviposition. If the number of egg rafts was also lower when only caged (non-lethal)
predators were present, this would rule out the first two hypotheses.
This was the case for caged Notonecta which caused as much of an egg raft
reduction as unconstrained Notonecta (Blaustein, unpubl. data). This was not the case
for Anax where fine meshed cages were used (Stav 1998). The numbers of egg rafts in
the control and caged Anax pools were not statistically different. Nevertheless, the first
two hypotheses are very unlikely to explain results for Anax. It is unlikely that Anax
consumes ovipositing females because: 1) Anax is benthic while the ovipositing
mosquito is on the surface; 2) C. longiareolata oviposits only at night (van Pletsen and
van der Linde 1981) and Anax feeds only during the day (Blois-Heulin and Cloarec
1988); and (3) it is unlikely that Anax could detect mosquito adult vibrations since the
ovipositing mosquito barely moves and there were hundreds of constantly moving
crustaceans per liter in these pools. Under laboratory conditions where starved Anax
were put in small arenas with no prey except a C. longiareolata egg raft, very few
Anax consumed the egg raft. Even if this small amount of egg raft predation in the
laboratory, which probably overestimates any egg raft predation under natural
conditions, were real, it still only explains a small amount of the egg raft reduction in
Anax pools. Thus, egg raft predation appears to explain at most, a small proportion of
the difference in the number of egg rafts between control and predator pools. Whatever
the cue that C. longiareolata females may use to detect Anax, it could not be detected
through the cage.
It is unlikely that Bufo tadpoles consumed mosquito adults. First Bufo tadpoles
are poor predators (they are primarily periphyton grazers) and are probably not
morphologically adapted to be able to capture an epi-neustonic prey item. Moreover,
Bufo tadpoles, which tend to concentrate at the edges of the pool during the day,
remain at the bottom in deep water at night (Blaustein, pers. obs.). Thus, it is very
unlikely that Bufo tadpoles would prey on ovipositing C. longiareolata at night. It is
also unlikely that Bufo would prey upon the epi-neustonic egg rafts though this has not
been ruled out. A prior;, among the three predators that showed evidence in support of
an ovipositional response by C. longiareolata females, I would have expected Bufo to
be the least likely to cause this response, particularly since it probably exerts low to
moderate mortality via predation on C. longiareolata larvae (Blaustein and Margalit
1996) and not high mortality, an infringement of condition "i". Assuming that C.
longiareolata does avoid Bufo when selecting oviposition sites, it may also choose to
avoid Bufo presence because it is a competitor and/or it is avoiding an already depleted
resource (Blaustein and Kotler 1993).
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Population and Community Consequences of Oviposition Site Selection in
Response to Risk of Predation
Oviposition habitat selection in response to risk of predation should have large
consequences for population dynamics and community structure. I shall draw largely
from the C.longiareolata system to illustrate such potential effects. Such a behavior
should cause increased clumping of prey species among pools. If the vast majority of
ovipositing females choose pools with few or no predators, then over a "regional" scale
(= all pools in an area), the importance of consumption by predators on these
populations should decrease while the importance of competition should increase. No
experimental manipulations, to my knowledge, have addressed this assertion.
Circumstantial evidence comes from Blaustein et al. (1995) where C. longiareolata
chose non-Notonecta pools for oviposition and metamorphosis of C. longiareolata
larvae into pupae practically ceased when densities of this mosquito became high.
As more and more females choose the subset of low predation pools over high
predation pools, the net value of these pools for progeny when assessing risk of
predation versus risk of competition becomes smaller (Figure 1). This should be
particularly true in the case of C. longiareolata since the larvae are also cannibalistic.
A recent experiment suggests that this might be the case (Blaustein, unpubl. data). C.
longiareolata completely avoided Notonecta pools when ovipositing at the beginning
of the experiment but later (when C. longiareolata densities were high in non-predator
pools), the avoidance of Notonecta pools became less distinct. However, the time by
treatment interaction was not statistically significant (Blaustein, unpubl. data).
The altered among-pool distribution of C. longiareolata egg rafts and
consequently larvae as a result of predator avoidance when choosing oviposition sites,
should have large consequences, not only for the population dynamics of C.
longiareolata, but for community structure in general. This is because C. longiareolata
larvae themselves can have large impacts on the temporary pool community (Figure 2).
They can cause reductions in periphyton mass via grazing (Blaustein et al. 1995;
Blaustein and Kotler, in review). We have demonstrated experimentally that both
tonecta and Anax cause trophic cascades as seen by increased perhiphyton mass
ustein et al. 1995; Stav 1998). Presumably, this is because of their large negative
ct on densities of C. longiareolata, an important periphyton grazer. By deterring
ongiareolata females from ovipositing, it is likely then that part of these trophic
scade effects is behaviorally mediated via risk of predation and not just from
ion of C. longiareolata larvae by predators. C. longiareolata larvae are
of Bufo viridis embryos and hatchlings and competitors of the tadpoles
ustein and Margalit 1994a). The presence of Notonecta, though predators of Bufo
dpoles (Blaustein and Kotler 1997), was found to benefit Bufo populations by
creasing intraspecific competition and by eliminating interspecific competition with
longiareolata larvae (Blaustein and Kotler, unpubl. data). Thus, we should expect,
at in non-Notonecta pools in nature, the higher densities of C. longiareolata larvae
ce of the ovipositional behavior, will have an even larger negative
populations. C. longiareolata larvae are intraguild predators of other
(Blaustein and Margalit 1996, Blaustein, unpubl. data). We have found
t Notonecta (Blaustein 1998; Blaustein et al. unpubl. data) and Anax (Slav 1998)
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either do not reduce, or may even increase, densities of some benthic Diptera. These
benthic Diptera such as chironomids are not particularly vulnerable to predation by
these predators in the laboratory (Blaustein 1998; Blaustein, unpubl. data). The
increase in benthic Diptera in predator pools may be due then at least partly to the
virtually elimination C. longiareolata larvae by the predators. Not surprisingly,
chironomids do not show an ovipositional deterrence behavior to Notonecta (Blaustein,
unpubl. data). Thus, in non-predator pools, the higher than expected densities of C.
longiareolata without an ovipositional response to risk of predation, should have an
even larger than expected negative effects on some benthic dipteran species.
1. Hypothetical relationship between the combined risk of predation plus
competition for Culiseta longiareolata larvae and the density of C.
longiareolata larvae

N o t o n e c t a pools

LARVAL CULISETA DENS1 TY

Oviposition habitat selection in response to predation risk is also of applied
concern. The impacts of natural or introduced predators on populations of mosquitoes
or other pests are typically assessed by comparing pest densities in control (no
predator) plots to predator plots. The implicit assumption in such experiments is that
mosquitoes oviposit among the plots randomly. If ovipositing mosquito females show a
preference for control plots, then the estimated control by the predator is an
overestimate. If there is also increased competition in control plots, this increases

tenure time of mosquito immatures which further overestimates the effect of the
predator (Blaustein and Karban 1990).
Figure 2. Predator-prey consumptive relationships (straight lines) with Culiseta
longiareolata larvae in typical temporary rock pools.

+
Ceratopogonid
1arvae

Periphyton

/

The width of the arrows signify the strength of the predator-prey consumptive interaction.
Curved lines represent indirect positive effects of the predators.

Conclusions
As mentioned earlier, experimental assessments, in which no evidence of
oviposition site selection in response to risk of predation is found, are probably less
rature. Some of the evidence, including some of my
ta system, though supportive of the oviposition site
, has not yet fully eliminated other alternative
the evidence to date, albeit limited, suggests such
n risk may be fairly common in aquatic habitats, at
studies are needed to test for a generality of this
in nature. Previously found negative spatial associations between predator
have been attributed to consumption by the predator (e.g., Henrikson 19
ial role of oviposition site selection in response

L. Blaustein

The majority of existing papers reporting evidence for oviposition site
on in response to predation risk, including my own, has pointed out how such a
havior should, in theory, strongly influence community structure based on known
presumed species interactions. In this paper, I used what is known about the
em of C. longiareolata and its predators in temporary pools to largely speculate just
ow important such an ovipositional response is in influencing community structure.
uture studies should go beyond speculation and to test for community consequences.
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