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Abstract Many amphibian populations are in
decline worldwide. Surprisingly, few studies have
examined how such declines may benefit mosquitoes.
Amphibian larvae may compete with and prey upon
mosquito larvae, and may alter oviposition habitat
selection (OHS) of mosquito adults. However, often
overlooked, observed among-pool egg distributions
attributed to OHS may additionally or alternatively be
explained by egg predation. Temporary pools of
mountainous areas of the Mediterranean serve as
larval habitat for both the mosquito, Culiseta longia-
reolata, and the salamander, Salamandra infraimmac-
ulata. We found Culiseta larvae and egg rafts to be
highly vulnerable to predation by pre-metamorphos-
ing Salamandra larvae, but not to metamorphosing
ones. In outdoor mesocosm experiments, oviposition
avoidance by Culiseta females in response to caged
Salamandra was not demonstrated regardless of
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salamander developmental stage. Egg raft abundance
was significantly reduced in free-roaming, pre-meta-
morphosing Salamandra but not by metamorphosing
ones. Thus, Salamandra larvae may have little deter-
rence on Culiseta oviposition. Instead, fewer egg rafts
are attributed largely to egg predation. This study
highlights the importance of egg raft predation in
addition to OHS when interpreting the influence of
predators on prey egg distributions. It also highlights
that a cost of declining amphibian populations is their
reduced impacts on mosquito populations.
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Introduction

Many species of amphibians worldwide, more than
other taxa, are experiencing population declines, local
extinctions, and even global extinctions (Alford &
Richards, 1999). One taxonomic group that may
benefit from these amphibian population declines
and extinctions are mosquitoes. Surprisingly few
studies have considered the roles of amphibians in
affecting mosquitoes. Yet, these limited studies dem-
onstrate that anuran larvae may be strong competitors
(Blaustein & Margalit, 1994, 1996; Mokany & Shine,
2003; Stav et al., 2010) and sometimes predators
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(Blaustein & Margalit, 1996; Blum et al., 1997) of
mosquito larvae, while urodele larvae, known to
drastically structure communities via predation
(Morin, 1980; Blaustein et al., 1996; Benoy, 2008),
may be important predators of mosquito larvae as well
(Brodman & Dorton, 2006; DuRant & Hopkins, 2008;
Rubbo et al., 2011; Reinhardt et al., 2013).
Amphibians may also influence oviposition habitat
selection (OHS) by mosquitoes. Natural selection
should favor the ability of gravid females to assess
habitat quality for their progeny. In temporary pools,
habitat quality can be defined in significant part by
predation pressure (e.g., Morin et al., 1983; Wellborn
et al., 1996). Future risk of predation to progeny in
temporary pool habitats, if detectable, can be fairly
predictable to a gravid female searching for an
oviposition site because most predatory stages of
aquatic predators are confined to the pool into which
they were deposited by their mother (Blaustein, 1999).
Indeed, there is a growing body of literature that is
demonstrating that many pond organisms with com-
plex life cycles including mosquitoes (reviewed in
Vonesh & Blaustein, 2010), other aquatic insects (e.g.,
Resetarits, 2001), and amphibians (e.g., Binckley &
Resetarits, 2008) are able to assess water bodies for
risk of predation to their progeny, and choose ovipo-
sition sites accordingly. OHS by mosquitoes in
response to risk of predation by urodeles has very
rarely been assessed (Rubbo et al., 2011).
Experiments that demonstrate that there are fewer
prey eggs observed in pools containing predators have
not necessarily demonstrated that the mechanism for
this observed distribution is OHS in response to
predation risk; when the predator is not caged, a
plausible explanation for such a pattern is that the prey
females are ovipositing randomly with regards to
among-pool predator distributions, but that the preda-
tors are preying upon the eggs, leaving fewer eggs for
the researcher to observe and count. Few studies have
considered this possibility, yet egg predation may be
prevalent across prey species and predator species in
temporary pools (Vonesh, 2005). Ecologists may try to
rule out this possibility by including a caged-predator
treatment, where presumably, the predator risk cues, in
particular, predator-released kairomones, are readily
detectable by prey females outside the cage in the pool
but the predators cannot eat the eggs (e.g., Blaustein
et al., 2004). Alternatively, experimental designs may
employ predator-conditioned water but without the
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predator itself (Munga et al., 2006; Silberbush et al.,
2010). However, an experimental design demon-
strating no reduction in a caged-predator or preda-
tor-conditioned water treatment but a reduction in a
free-roaming predator treatment does not necessarily
indicate by default, egg predation: prey females may
still detect cues of predation risk in free-roaming
predator treatments and not in caged-predator or
predator-conditioned water treatments by visual or
tactile cues (Devereaux & Mokany, 2006). Mosquito
egg raft predation or egg raft disruption has rarely
been tested, yet it has been demonstrated for
backswimmers (Chesson, 1984) and odonates (Stav
et al., 1999).

Of interest in this paper are the potential effects of
the larval fire salamander, Salamandra infraimmacu-
lata Martens, on egg raft distributions of the mosquito,
Culiseta longiareolata Macquart. This ubiquitous and
abundant mosquito is likely found along the entire
range of S. infraimmaculata and over much of the
range of other Salamandra species (Margalit et al.,
1988; Roiz et al., 2007; Becker & Hoffmann, 2011). S.
infraimmaculata is considered locally endangered in
Israel (Dolev & Perevolotsky, 2004). Their larvae are
keystone, size-selective predators in temporary and
permanent pools (Blaustein et al., 1996; Eitam et al.,
2005), drastically reducing amphibian and large
macroinvertebrate densities, including those of C.
longiareolata (Segev & Blaustein, 2007; Blaustein,
unpublished data). C. longiareolata oviposit egg rafts
on the water surface between dusk and dawn. C.
longiareolata larvae, relative to other mosquito spe-
cies, are highly vulnerable to a wide variety of
predators (Blaustein, 1998; Roberts, 2012). The
females of this species have been shown to be able
to chemically detect and avoid various backswimmer
(Notonectidae) species (Eitam et al., 2002; Silberbush
et al., 2010) when ovipositing, and to avoid Anax
imperator (Aeshnidae: Anisoptera) larvae when ovi-
positing, apparently by means other than chemical
cues (Stav et al., 1999, 2000). C. longiareolata egg
rafts have also been shown to be vulnerable to
predation by A. imperator (Stav et al., 1999).

The risk of predation by amphibians may depend on
the developmental stage of the amphibian present in
the pool. Many, but not all, amphibian species cease to
feed when metamorphosing (Wells, 2007). This has
never been explicitly tested for larval Salamandra. If
Salamandra larvae, which are voracious predators for
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2 months or more prior to metamorphosis (Degani,
1996; Eitam et al., 2005), cease to predate at some
point in the metamorphic process, they would still be
present in the water but nonlethal to prey for between
several days and several weeks while completing
metamorphosis. For some aquatic prey species,
detecting predation risk comes in the form of detecting
cues from consumed or injured prey (e.g., Laurila
et al., 1997; Mogali et al., 2011). If C. longiareolata
are capable of detecting risk of predation from
chemical cues resulting from ingested prey, then these
cues may not exist for metamorphosing larvae. Thus, if
C. longiareolata avoids ovipositing in response to cues
left from consumed larvae, they will not avoid the non-
feeding metamorphosing larvae when ovipositing.

Here, we first conducted experiments to compare
predation rates on C. longiareolata larvae and egg
rafts by metamorphosing S. infraimmaculata larvae
and similarly sized pre-metamorphosing larvae. We
then conducted experiments to determine whether
among-pool egg raft distributions were affected by
either caged or free-roaming Salamandra larvae and if
so, whether this distribution was affected by different
developmental states—i.e., pre-metamorphosing ver-
sus metamorphosing larvae. These experiments, all
combined, allowed us to assess whether any among-
treatment differences in distribution in egg rafts could
be attributed to egg raft predation and/or to OHS.

Methods
Study animals

Salamandra infraimmaculata larvae used in these
experiments were collected from breeding sites in the
Galilee Mountains, Israel. Both pre-metamorphosing
and metamorphosing Salamandra used were the same
size: 3.4-3.6 cm snout-vent length. While anurans
have very specific, described developmental stages
from egg to complete metamorphosis (Wells, 2007),
no such general description exists for Salamandra.
Pre-metamorphosing Salamandra larvae are charac-
terized by full tail fins and long gills compared to
shrunken, narrow tail fins and shrunken, short gills of
metamorphosing larvae (e.g., Degani, 1996). For
metamorphosing individuals, we chose individuals
that had roughly one-half the width in tail fin and one-
half the length of gills found in pre-metamorphosing

larvae. Larvae of some, but not all, urodele species
cease to feed during the process of metamorphosis
(Wells, 2007), though it was not documented, prior to
this study if metamorphosing Salamandra cease to
feed.

The experiments were conducted with permission
of the Israel Nature and Parks Authority permit
2009/36605 and the Haifa University Animal Exper-
imentation Ethics Committee permit 190/10.

Experiment 1. Predation by metamorphosing

and pre-metamorphosing Salamandra
infraimmaculata larvae on Culiseta longiareolata
larvae

To compare predation rates by metamorphosing and
pre-metamorphosing salamander larvae on C. longia-
reolata larvae, we conducted laboratory predation
trials between March and April 2010. Rectangular
laboratory tubs (length x width x height: 29 x
18 x 13 cm) with 31 of aged tap water served as
arenas to measure predation. Treatments consisted of
(1) control (no Salamandra larva); (2) one pre-
metamorphosing Salamandra larva; (3) one metamor-
phosing Salamandra larva. Salamandra larvae were
not fed for 24 h prior to a predation trial. Twenty-
third-instar C. longiareolata larvae, collected from
outdoor, water-filled plastic tubs, were placed into
each tub. The number surviving was counted after 1 h.
Temperatures ranged from 22 to 24° C. Each treat-
ment was replicated eight times.

Experiment 2. Egg raft predation

To determine whether metamorphosing and pre-
metamorphosing Salamandra larvae prey upon C.
longiareolata egg rafts, we conducted an outdoor
experiment in plastic containers (54 x 41 x 20 cm)
filled to 20 1 of aged tap water. Treatments consisted
of (1) control (no Salamandra larvae); (2) three pre-
metamorphosing Salamandra larvae; (3) three meta-
morphosing Salamandra larvae. This density is well
within the range of natural densities (Blaustein,
unpublished data). The salamander larvae were
allowed to acclimate to the tubs for 48 h prior to
adding egg rafts. Trials, seven per treatment, were
conducted using Culiseta egg rafts between mid-April
and mid-May 2010. Just prior to sunset, to each tub, we
added three C. longiareolata egg rafts that had been
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oviposited in other tubs the previous night. We
covered the top with mosquito window screening to
prevent additional mosquito oviposition and influ-
ences by most other animals, but not necessarily small
insects. Fire ants have been shown to prey on single
mosquito eggs on moist soil above the water surface
(Lee et al.,, 1994). The next morning, we counted
remaining egg rafts.

In addition, to further determine if missing egg rafts
in the outdoor mesocosm experiment were due to
Salamandra egg raft predation, we also conducted
observations in the laboratory. Into rectangular plastic
tubs (length x width x height: 29 x 18 x 13 cm)
containing 21 of water, we added a single C.
longiareolata egg raft to 7 tubs without a Salamandra
larvae and to 14 tubs containing a single Salamandra
larvae of similar size to other experiments and starved
for 48 h. In none of the replicates were the Salaman-
dra initially attracted to any movement caused by the
placement of the egg raft into the water. We observed
whether the egg raft was still present after 2 h. We
additionally videoed several tubs with a Salamandra
larva and egg raft (Nikon D3100 camera with 105
macro lens) to capture potential egg raft predation.

Experiment 3. Effects of pre-metamorphosing
Salamandra on among-pool egg raft distribution

We conducted an outdoor, artificial pool experiment to
determine if pre-metamorphosing Salamandra larvae
(caged or free) could influence the observed among-
pool distribution of C. longiareolata egg rafts. The
experiment was conducted in the rural village of
Koranit, Lower Galilee, Israel (460 m asl) in a yard
partially shaded by Punica granatum trees. To serve as
artificial pools, we used plastic tubs identical to
those used in the egg raft predation experiment
(length x width x height: 54 x 41 x 20 cm) with
~20 1 of a mixture of rainwater and aged tap water.
We added 1 g of dry cat food (Friskies Indoor Delight)
to serve as a nutrient base. We randomly assigned
artificial pools to one of three treatments: (1) control
(no Salamandra larvae); (2) caged pre-metamorphos-
ing Salamandra larvae (three Salamandra were caged
and thus were unable to prey on deposited egg rafts or
interfere with alighting mosquito females); (3) free
pre-metamorphosing Salamandra (three Salamandra
outside the cage and thus could potentially prey upon
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egg rafts and attack or interfere with alighting
mosquito females).

On 5 March, we added three pre-metamorphosing
Salamandra larvae to all free and caged Salamandra
tubs. Individuals that initiated metamorphosis were
removed and replaced. Each treatment was replicated
with six tubs (total = 18 tubs). Inter-tub distances
were ~0.5-0.7 m. Previous studies showed C. lon-
giareolata adults to be able to discriminate between
non-predator and predator (backswimmer) tubs at
these inter-pool distances (e.g., Eitam et al., 2002;
Blaustein et al., 2004). To all 18 tubs, regardless of
treatment, we added a cage [2 1 plastic bottle with a
grid of holes (3 mm diameter every 2 cm)]. The holes
allowed chemicals released by a caged Salamandra to
diffuse from the cage into the tub. We added cages to
all pools (not just the caged Salamandra pools) so that
any potential effects of Salamandra on mosquito
behavior observed in the caged treatment would not be
confounded with effects of the cage itself. To further
ensure that the tub water itself outside the cage was
conditioned with Salamandra-released chemicals,
each morning, we lifted the cage above the tub
momentarily to allow the entire water content inside
the cage to drain into the tub, and then immediately
returned the cage to the tub. Because caged Salaman-
dra likely fed less than free-roaming Salamandra, and
because we were limited by our permit in the number
of larvae that we could use, every 2 days, we removed
all Salamandra larvae, and those inside cages were
transferred to a randomly chosen free-Salamandra tub
and those that were outside the cages (free treatment)
were transferred into cages in randomly chosen caged
treatment tubs. C. longiareolata egg rafts were
counted and collected from 7-15 March 2010 (=9
nights).

Experiment 4. Effects of metamorphosing
Salamandra larvae on among-pool egg raft
distributions

This experiment was identical to the previous one,
except that we used metamorphosing larvae instead of
pre-metamorphosing ones, nearly completely meta-
morphosed individuals were replaced with partially
metamorphosed as described earlier, and egg rafts
were counted and collected from 29 March to 7 April
2010 (=9 nights).
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Statistical analysis

For response variables C. longiareolata larval survival
(experiment 1), egg raft survival (experiment 2), and
total number of egg rafts per pool (experiments 3 and 4),
we first subjected the data to a Levene’s test for
homogeneity of variance. In each case, we failed to
detect a deviation in homogeneity of variance and thus
used the non-transformed numbers in conducting anal-
yses of variance, choosing an alpha level of 0.05 (two
tailed). In the cases of experiments 3 and 4, there were no
indications of time x treatment interactions, and par-
ticularly because of the low number of egg rafts on any
given day, we used the sum across all days for each pool
as the response variable. If the ANOVA revealed a
statistically significant difference, we then tested for
treatment differences using a Tukey’s HSD test.

Results

Experiment 1. Predation by pre-metamorphosing
and metamorphosing Salamandra
infraimmaculata larvae on Culiseta longiareolata
larvae

In the laboratory experiment, Culiseta larvae were
vulnerable to predation by pre-metamorphosing sala-
mander larvae only. There was virtually no larval
Culiseta mortality in the control replicates (98.1%
survival) or in the metamorphosing Salamandra treat-
ment (93.2% survival) but mortality was strongly
reduced in the presence of pre-metamorphosing sala-
mander larvae (43.1% survival), a statistically signif-
icant reduction (F, 3 = 67.84; P < 0.0001; Fig. 1a).

Experiment 2. Predation by pre-metamorphosing
and metamorphosing Salamandra
infraimmaculata larvae on Culiseta longiareolata
egg rafts

Consistent with the results of Experiment 1, in the
outdoor tub egg raft predation experiment, Culiseta
egg rafts were vulnerable only to pre-metamorphosing
salamander larvae. Egg raft survival was high in both
the control and metamorphosing Salamandra tubs, but
was reduced by 50% in the pre-metamorphosing
salamander larvae tubs (F, ;3 = 7.00, P = 0.0056;
Fig. 1b). In the laboratory observations, we found that
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Fig. 1 Larval survival (a) and egg raft survival (b) of C.
longiareolata in the absence of S. infraimmaculata, and in the
presence of metamorphosing or pre-metamorphosing Salaman-
dra larvae. Error bars are one standard error. Different letters
above error bars indicate statistically significant differences
based on Tukey’s HSD test. The larval survival experiment was
conducted in the laboratory and the egg raft survival experiment
was conducted in outdoor-screened mesocosms

7 of 7 egg rafts were still present on the water surface
after 48 h in the absence of a Salamandra larva while
only 5 of 14 were still present in the presence of a pre-
metamorphosing Salamandra larva. An online video
demonstrates the ‘capture’ and swallowing of egg rafts
(Online Resource 1).

Experiment 3. Effects of pre-metamorphosing
Salamandra on among-pool egg raft distribution

Egg rafts were most abundant in control pools. There
were 24% fewer in the caged Salamandra treatment
though this difference was not statistically significant.
Compared to the control tubs, there was a statistically
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Fig. 2 Culiseta longiareolata egg raft distribution among
outdoor mesocosms with no, caged, or free-roaming S.
infraimmaculata. Graph a represents the experiment done with
pre-metamorphosing Salamandra larvae. Graph b represents the
experiment done with metamorphosing Salamandra larvae.
Error bars are one standard error. Different letters above error
bars indicate statistically significant differences based on
Tukey’s HSD test

significant 68% reduction of egg rafts in the free-
roaming Salamandra tubs (F,,5 = 4.01; P = 0.040;
Fig. 2a).

Experiment 4. Effects of metamorphosing
Salamandra on among-pool egg raft distribution

Metamorphosing Salamandra, caged or free-roaming,

did not cause any statistically significant reduction in
egg rafts (F,,5s = 0.12, P = 0.889; Fig. 2b).
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Discussion

Many urodele species worldwide are of conservation
concern, and their population declines and extinctions
may be beneficial for mosquito populations. Our study
adds to a surprisingly small number of studies that
tests and demonstrates the strong predatory effects that
larval urodeles can have on mosquito larvae (Brodman
& Dorton, 2006; DuRant & Hopkins, 2008; Rubbo
et al., 2011). Our study also demonstrates for the first
time that a urodele preys upon mosquito egg rafts.

We found that C. longiareolata larvae are highly
vulnerable to predation by pre-metamorphosing S.
infraimmaculata larvae but not to metamorphosing
ones. Vulnerability of this larval mosquito to pre-
metamorphosing salamander larvae is not surprising.
S. infraimmaculata is a generalist predator (e.g.,
Blaustein et al., 1996; Eitam et al., 2005) and C.
longiareolata larvae, even in comparison with larvae
of other mosquito species, are highly vulnerable to a
wide range of predators (Blaustein & Whitman, 2009;
Roberts, 2012).

We found that pre-metamorphosing, but not meta-
morphosing S. infraimmaculata prey on egg rafts.
Very few studies have examined and shown that
predators of any taxonomic group (backswimmers:
Chesson, 1984; odonate larvae: Stav et al., 1999) prey
upon, or disrupt and break up, mosquito egg rafts. Fire
ants can prey upon single mosquito eggs laid on moist
soil (Lee et al., 1994). Some terrestrial arthropods may
prey upon egg rafts on the water surface but to our
knowledge, this has not been studied. We know of no
previous studies demonstrating that urodele larvae are
predators of mosquito eggs. Although Salamandra
larvae generally are strongly attracted to prey move-
ment, they also may use olfactory cues to detect prey.
For example, larvae this species have been fed in the
laboratory with minced beef liver (Cohen et al., 2006).
They apparently use chemical cues to determine
genetic similarity of conspecific larvae and modulate
their aggression or cannibalism accordingly (Mark-
man et al., 2009). Egg rafts can also become a moving
prey item and thus provide a visual-movement cue;
they are commonly wind-blown across the water
surface or may be moved by water turbulence when a
Salamandra larva or other organisms swim near the
egg raft.

That metamorphosing S. infraimmaculata did not
prey on C. longiareolata is not a trivial finding as
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many urodele species continue to be predaceous while
they metamorphose, though becoming less efficient as
they transition from an aquatic suction feeder to a
terrestrial predator (Lauder & Shaffer, 1986). Consis-
tent with a reduction to cessation of feeding as they
metamorphose, S. infraimmaculata loses considerable
weight while metamorphosing (Blaustein, unpub-
lished data). Thus, if prey can accurately track risk
of predation, in the case of S. infraimmaculata, it
should be able to distinguish between pre-metamor-
phosing and metamorphosing larvae. One way this
could be tracked is if the cue comes from excretions of
consumed prey (Laurila et al., 1997).

Traditionally, experiments in real aquatic habitats
or outdoor mesocosms have measured the putative
effect of mosquito antagonists (predators or compet-
itors) by comparing mosquito larval densities or
mosquito emergence in control versus antagonist
plots. To assess this, experimenters were implicitly
assuming random oviposition with respect to the
antagonist. We now know that in many cases, this
assumption is not true—that many mosquitoes detect
many predators of their offspring and avoid ovipos-
iting in pools of high antagonist risk (Vonesh &
Blaustein, 2010). Thus, assuming random oviposition
likely overestimates the effect of the antagonists on
mosquito populations (Spencer et al., 2002; Blaustein
et al., 2010), it is important to understand OHS of
mosquitoes and also to properly interpret a reduction
of eggs in predator pools. Although we failed to find a
reduction of egg rafts in the caged pre-metamorphos-
ing Salamandra treatment (which would indicate
OHS), we cannot necessarily conclude that the
reduction of egg rafts in the free-roaming pre-meta-
morphosing Salamandra treatment can be attributed
completely to egg raft predation and that OHS does not
contribute at all to this reduction. Future studies can
determine whether the small but statistically insignif-
icant reduction of egg rafts that we found in the caged
treatment is real or additionally, whether the cage
itself masks other predator risk cues such as visual or
tactile cues that the ovipositing mosquito would
normally use to detect and avoid Salamandra includ-
ing whether mosquito females that have already
alighted onto the water surface are frightened off by
attacking Salamandra. C. longiareolata has shown
strong oviposition avoidance of other insect predators
(e.g., Stav et al.,, 1999; Blaustein et al., 2004).
Additionally, crustacean eggs have shown a hatching

inhibition in the presence of S. infraimmaculata
larvae, presumably an evolutionary response to risk
of predation (Blaustein, 1997; Spencer & Blaustein,
2001).

Culiseta longiareolata may not have evolved
oviposition avoidance to this particular predator due
to low temporal and spatial overlap despite a
substantial predatory impact of young salamander
larvae on its eggs and larval stages. Salamandra breed
largely during the winter and metamorphose by end of
April in temporary pools in this region while C.
longiareolata breed largely between late March and
early June. In addition, our work was conducted near
the southern-most limit of S. infraimmaculata (War-
burg, 1994; Degani, 1996). C. longiareolata is found
both South of Salamandra’s southern border and also
at lower elevations within the same region (Margalit
et al., 1988; Blank & Blaustein, 2012).

In summary, we have demonstrated that S. infra-
immaculata larvae, prior to initiating metamorphosis,
prey heavily on the mosquito C. longiareolata—both
on its larvae and its eggs. We were unable to
demonstrate that this mosquito can also avoid pools
containing Salamandra larvae. Understanding the
mechanisms explaining fewer egg rafts in the presence
of pre-metamorphosing Salamandra larvae is very
important when it comes to understanding its effects
on prey populations. When a prey mosquito species
can avoid predator pools, the effect of the predator on
the adult population is reduced (Spencer et al., 2002;
Kershenbaum et al., 2012). Thus, predators that do not
elicit an oviposition response or a weak oviposition
response in mosquitoes may be more important natural
or biocontrol agents than predators that do elicit
oviposition avoidance.
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