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Abstract

The present study examines the inherent flexibility in the feeding responses of S. infraimmaculata
larvae to various breeding places. In addition, the study examines the hypothesis that in dry con-
ditions, the water breeding places are the limiting factor for the survival and completion of the life
cycle of populations of S. infraimmaculata. In the breeding sites, the food for larvae is not available,
and cannibalism is the specific adaptation for larvae to grow and complete metamorphosis. S.
infraimmaculata larvae feed on various invertebrates in different habitats, and cannibalism in-
volves the adaptation to breeding places where food is not available. The growth only by canni-
balism as the only way to adapt to these habitats because no food is found in breeding places at the
southern border of its distribution is described here for the first time, not only in salamanders but
in other animals as well.
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1. Introduction
Numerous species belonging to the genus Salamandra can be found throughout Europe, North Africa and East
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Asia, surviving in various habitats and climates [1] [2]. Steinfartz et al. [3] suggested that five major monophy-
letic groups exist in Europe (S. salamandra, S. infraimmaculata, S. corsica, S. atra, and S. lanzai), the S. algira
was located in Africa [4], and later studies suggested that the genus Salamandra included six distinct species [3].

Salamanders in Israel belong to S. infraimmaculata. S. infraimmaculata, and like many other amphibians, pos-
sess complex life cycles; the cycle consists of free-living aquatic larvae that metamorphose into terrestrial adults
under relatively extreme conditions in various habitats [1]. For more than 35 years [1], many aspects of the adapta-
tion of S. infraimmaculata habitats have been studied in northern Israel by comparing the isolated populations.

S. infraimmaculata populations found in northern Israel are located near breeding sites in three different and
isolated areas: (1) Mount Carmel; (2) Galilee (Upper Galilee and Western Galilee); and (3) Mount Hermon [5].

Differences in physiological, morphological and biological adaptation [6] [7] exist among these isolated popula-
tions of salamanders that are affected by habitat conditions [1] [8] [9]. Various types of breeding sites are situated
in these three different regions in Israel [10] [11]. The relatively drier areas of Mount Carmel and the central Gali-
lee have permanent (i.e., springs and streams) and seasonal (i.e., temporal ponds and rain pools) breeding sites [12]
[13]. Many types of breeding sites exist in xeric areas, including streams, springs, rock pools, rain pools and large
ponds, where water is available during different time periods and under various conditions [11].

Northern Israel, similar to other Mediterranean regions, is characterized by a rather short rainy season that is
unpredictable in duration and magnitude between November-January when about 66% of the rain falls [14].
Since the rainy season is followed by eight months of hot-dry weather, breeding has to take place by January at
the latest or the metamorphosing larvae will die. This may be explained by the colonization of new habitats by
salamanders living terrestrially in xeric habitats, where breeding locations are limited. Some of the breeding
places are in caves or rock pool holes where darkness prevails and primary production is very low, and no in-
vertebrates are available as food for larvae growth and completion of metamorphosis [11] [15] [16]. In S. infra-
immaculata larvae, cannibalism was observed immediately after birth and during growth under laboratory con-
ditions, the larger larvae devouring the smaller ones. A relatively large number of papers have been published on
S. infraimmaculata larvae cannibalism under artificial or semi-artificial conditions (Degani, 1993; Degani et al.,
1980; Buckley et al., 2007; Warburg, 2012; Sadeh et al., 2009; Cohen et al., 2006). However, very little infor-
mation has been published on cannibalism in natural habitats, although food is limited in some of the larvae ha-
bitats of S. infraimmaculata. Moreover, some information supports the hypothesis that agnatic variations exist
among isolated populations in northern Israel and perhaps cannibalism in natural habitats is one specific adapta-
tion [17] [18]. No information is available on the genetic variation larvae.

The present study examined the hypothesis that in the natural habitat of S. infraimmaculata, the number of breeding
water bodies was limited for salamander to complete the life cycle, and the breeding sites and food supply might be a
bottleneck for populations of S. infraimmaculata [11] [16] [19], Cannibalism helped in the adaptation of this species to
the habitats by using the breeding sites in which food was not available or limited in order for them to survive.

2. Materials and Methods
2.1. Study Area

The different types of breeding sites of S. infraimmaculata populations in northern Israel, namely winter pools,

springs and streams, were sampled: three Tel Dan streams, where water is available all year round; the Sasa

pond, where water is available during winter and spring; the Sasa rock pool, where water is available all year

round; the Gush Halav pond, where food (invertebrates and primary production) is readily available; and the

Hammama cave spring, where no food is available and the primary production is very low [11] [16] [19] (Table

1). All of the breeding sites of S. Infraimmaculata were described by Degani [1].

1) Gush Halav pond. A temporary winter rain pool containing water from December to March/April during
winter. Temperature range 1°C to 25°C, depth 10 - 80 cm, area 10 x 20 m, 725 m above sea level.

2) Sasa pond. Relatively large winter pond containing water from November/December to June/August. Tem-
perature range 1°C to 26°C, depth 20 - 100 cm, area 40 x 60 m.

3) Sasa rock pool. Retains water for 7 - 12 months. Temperature range 5°C to 22°C, depth 100 cm, area 2 x 6
m.

4) Hammama cave spring. Small spring originating in a small dark cave and forming a small pool inside the
cave. Temperature range 9°C to 16°C, depth 6 - 20 cm, area 1 x 20 m.

5) Tel Dan stream. Fast-flowing stream. Temperature range 15°C to 17°C, depth 5 - 100 cm.
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Table 1. Amphibian larvae breeding sites in this study.

Name Type Latitude Longitude Height (m.a.s.l.)
Tel Dan Stream 211,100 294,800 190
Gush Halav Winter pond 240,044 269,332 725
Sasa Pond 186,972 270,855 810
Hammama Cave spring 187,299 276,819 900
Sasa Rock pool 186,972 270,855 820

2.2. Larvae Samples

The larval collection period is the time when larvae are found in the breeding places during the winter as de-
scribed by Goldberg et al. (2009a). In this study, the period was adjusted by +30 days according to the frequen-
cy at which we arrived at the breeding sites. Once every four weeks, 10 larvae of S. infraimmaculata from a
depth of approximately 10 - 120 cm were captured with a dip-net. This capture was made at any time at three
different points in the pool (with a total of about 15 individuals per species) [20]. The full length of each larvae
was measured with calipers (+0.5 mm), and each larvae was immediately released at the point of capture without
marking. Since the salamander is a protected species in Israel, permits for collecting and dissecting larvae for
stomach analyses were obtained, courtesy of the Nature Reserves Authority. Larvae were collected in batches of
five, preserved in 70% ethylalcohol and later dissected. Altogether, the stomach contents of 140 larvae were
examined. In addition to the salamanders’ larvae collected, samples of aquatic invertebrates were also collected
from the same localities using a 11 x 17 cm hand-net with 1/3 mm holes. The net was moved 10 times near the
bottom over an area of 1 m. The invertebrates were preserved and stored in 100 ml of 70% ethylalcohol until
examination. Three ml of preserved samples were taken for identification of the specimens.

2.3. Experiment under Laboratory Conditions

The importance of the experiment in the laboratory is to make observations in the natural habitats regarding how
cannibalistic larvae can grow and metamorphose only through cannibalism without any other food.

Ten large cannibalistic larvae from the Hammama cave spring were maintained under experimental condi-
tions in the laboratory and divided into two groups (five larvae per group) in the same aquarium measuring 30 x
25 x 32 cm. Fifteen small larvae from the Hammama cave spring were added to one group, and each day the
number of small larvae that were eaten by the large larvae (cannibalistic larvae) were added. No other food was
provided. The second group was left without food in order to examine if cannibalism occurred also among the
large cannibalistic larvae.

2.4. Statistical Analysis

The following three parameters, larval length, weight and age, were analyzed by a one-way ANOVA, with the
level of significance between groups set at P < 0.05. In addition, we compared the average length of larvae of S.
infraimmaculata and the average age at metamorphosis in permanent and ephemeral breeding sites by a t-test.
The calculated growth formulas for larvae that developed using rogation analysis: y = ax2 + bx + ¢, y =aLnx +
b and y = aebx, [11] [16] [19] and the select formula was done according to the level of significance (P < 0.05).

3. Results

The larvae of S. infraimmaculata are carnivores and they eat different invertebrates available in the water body
(Table 2).

The inveterate food in the Sasa pond was Hemidiapous at the beginning of the winter and mostly almasyi, Ce-
riodaphnia and Chydoridae at the end of the winter. In the Hammama cave spring, cannibalism is the main food
source for the cannibalistic larvae of S. infraimmaculata (Table 3, Figure 1), and only a few and not significant
numbers of mosquito larvae (Culex) (Table 3) are found in summer or autumn. In the Gush Halav pond, crusta-
ceans represent most of the salamanders’ larvae.

The staple inveterate food in the Sasa pond was Hemidiapous at the beginning of the winter, and mostly al-
masyi, Ceriodaphnia and Chydoridae at the end of the winter. In the Hammama cave spring, cannibalism is the
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main food source for the cannibalistic larvae of S. infraimmaculata (Table 3, Figure 1), and only a few and not
significant numbers of mosquito larvae (Culex) (Table 3) are found in summer or autumn. In the Gush Halav
pond, crustaceans represent most of the salamanders’ larvae.

In the Dan stream, the S. infraimmaculata larvae feed on crustaceans and the genus belonging to the species Mala-
nopsis preamorsa that was found in the Dan stream all year round. Among the various habitats, the Hammama cave
spring was the only breeding site in which cannibalistic larvae were found (Table 2). In other words, only in this habi-
tat were the larvae in the stomach of S. infraimmaculata (cannibalistic) found (Figure 1).

The situation in the laboratory experiments, as illustrated in Figure 7, shows that cannibalistic larvae can
grow and complete metamorphosis without any other food source, as was found in the Hammama cave spring.

The size of larvae in the various habitats is presented in Figures 2-6. In all of the habitats, the size of tadpoles
increased from winter to summer but not in the Hammama cave spring, where mean length and weight did not
change significantly. Small larvae existing together with large larvae during the entire growth period showed a
situation whereby cannibalistic larvae fed on small larvae. The situation in the laboratory experiments, as illu-
strated in Figure 7, shows that cannibalistic tadpoles can grow and complete metamorphosis without any other
food source, as was found in the Hammama cave spring.

Stomach of
cannibalistic larvae

Larvae eaten by
cannibalistic larvae

Figure 1. (A) Larvae inside the stomach of cannibalistic larvae of S. infra-
immaculata from the Hammama spring; (B) Cannibalistic larvae and the lar-
vae eaten by them from the Hammama spring; (C) Cannibalistic larvae swal-
low larvae in Hammama spring (photo by Dr. Jonathan C. Marshall).
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Table 2. The number of invertebrates groups found in the stomach of larvae at various breeding places (n = 10 in each
breeding site). The number in the table shows the number of invertebrates in the stomach of S. infraimmaculata larvae. The
number of invertebrates in the stomach of larvae is different among the various breeding sites (P < 0.05, ANOVA).

Breeding Sites of Salamanders larvae

Number of
larvae stomach analysis

Aquatic invertebrates
Hemidiaptomus Gurney
Potamocypris almasyi
Ceriodaphnia Sp.
Chydoridae
Oligochaeta
Cypris pubera Jveniles
Cypris pubera Adult
Candona Sp.
Arctodiaptomus similis
Dytiscid Larva
Hemiptera Larvae
Eucypris Sp.
Chironomidae Larvae
Hemiptera
Lynceus
Cyzicus
Eucypris Lutria
Cyclops
Coleopter Larvae
Melanopsis praemorsa
Ephemeroptera
Daphnia
Diaptomid
Culex (larvae)
Insecta
S. (larvae) infraimmaculata

Gammarus Sp.

Sasa Pond

25

480

133

66

82

12

30

Gush Halav Pond Sasa Rock Pool Hammama Spring
25 35 30
7 36
18
56 31
1
4
341
3
40
2 6
1
6
3
3
3
1
4
12

Tel Dan Stream

25

34




G. Degani

Table 3. Aquatic invertebrates found at the breeding sites of S. infraimmaculata. There are significant differences in the
number of invertebrates among the various breeding sites (P < 0.05 ANOVA).

Breeding Sites of Salamanders larvae

Hammama
Spring

Number of Samples 5 5 7 6 5

Sasa Pond Gush Halav Pond Sasa Rock Pool Tel Dan Stream

Aquatic invertebrates
Hemidiaptomus Gurney 252 42 33
Potamocypris almasyi 74 314
Ceriodaphnia Sp. 50 12 138
Chydoridae 13 32
Oligochaeta
Cypris pubera Jveniles
Cypris pubera Adult 22
Candona Sp.
Arctodiaptomus similis 5
Dytiscid Larva 3
Hemiptera Larvae 2
Euecypris Sp. 3 14
Chironomidae Larvae 4 4 2
Hemiptera
Lynceus
Cyzicus Sp. 10
EucyprisLutria
Cyclops 2 9
Coleopter Larvae 3
Melanopsis praemorsa 6 7
Ephemeroptera 1
Daphnia 2
Diaptomid
Culex (larvae) 5 6
Insecta 7
Corixa 3 5
Gammarus Sp. 5
Lynceus Sp. 60
Odonata larvae 2

Ilydromus Sp. 1
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Figure 2. Size (length and weight) of larvae in the Hammama spring during growth and metamorphosis. The size of larvae in
the various habitats is presented in . In all of the habitats, the size of larvae increased significantly (P < 0.05,
ANOVA) from winter to summer but not in the Hammama cave spring, where mean length and weight did not change sig-
nificantly. Small larvae existing together with large larvae during the entire growth period showed a situation whereby can-
nibalistic larvae fed on small larvae. The large standard deviation (SD) from the mean of larvae sizes was found ( )
This situation was found in the stomach of large salamanders in the Hammama sparing ( ). No significant differences
were found between larvae size during the growth periods (P > 0.05, ANOVA).

3 .
Gush Halav Pond Gush Halav Pond

100 2.5

90 A )
) 80 + = 7
o 704 =
Y 60 © 1.5
£ 50 4 ]
E 40 = 4
£ 30
o 20 i
§ 10 4 0.5

0 ‘ o 1 N
Xl | 1l 11l \%
. Xl | 1l ] \%
Period (months)
Period (months)

Figure 3. Size (length and weight) of larvae in the Gush Halav pond during growth and complete metamorphosis. Significant
differences were found during the growth compared to the lengths at various times or weights at different larvae periods (P <
0.05, ANOVA). The calculated formula for length is L = 2.71X* — 23.69X + 91, R® = 0.99 and weight is W = 1.21X? —
12.78X + 36, R* = 0.99.
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Figure 4. Size (length and weight) of larvae in the Sasa pond during growth and complete metamorphosis. Significant dif-
ferences were found during the growth compared to the lengths at various times or weights at different larvae periods (P <
0.05, ANOVA). The calculated formula for length is L = 0.57X? — 13.09X + 89.4, R? = 0.99 and weight is W = 0.29X? —

6.31 + 27, R> = 0.93.
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Figure 5. Size (length and weight) of larvae the Sasa rock pool during growth and complete metamorphosis. Significant differences
were found during the growth in compared to the lengths at various times or weights at different larvae periods (P < 0.05, ANOVA).
The calculated formula for length is L = 0.98X? — 12.40X + 77.55, R? = 0.97 and weight is W = 0.02X? — 0.56X + 3.55, R? = 0.98.
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Figure 6. Size (length and weight) of larvae in the Dan stream during growth and complete metamorphosis. Significant dif-
ferences were found during the growth in compared to the lengths at various times or the weights at different larvae periods
(P < 0.05, ANOVA). The calculated formula for length is L = 0.035X? — 3.76X + 56.41, R? = 0.95 and weight is W = 0.03X?
—0.49X +2.20, R? = 0.99.

4. Discussion

The present study demonstrated the inherent flexibility in the feeding responses of S. infraimmaculata larvae to
several breeding places. This flexibility likely allows rapid adaptation to the varied ecological pressures of per-
manent or temporary habitats that are described in detail both for Urodela larvae and Aura [21], as well as other
carnivore species including invertebrates [21] [22]. In the present study and others [16], various invertebrates are
found with S. infraimmaculata larvae in many breeding places. However, to the best of our knowledge, no in-
formation is available on obligatory cannibalism without other food sources or primary production, since the
mechanism of adaptation to a specific habitat, as described in the present study, in larvae growth in caves is de-
scribed in S. infraimmaculata larvae in the present study.

In the natural semi-arid habitats of S. infraimmaculata characterized by relatively dry conditions [1], breeding plac-
es are very rare and not readily available. The flexibility of adaptation to various invertebrates food found in breeding
sites and in the S. infraimmaculata larvae in the present study explain the ability of this species to adapt to various ha-
bitats, as described previously in several studies [11] [23] [24]. The specific habitats of larvae where food was not
available, as revealed in the present study, is not well understood. Compared to a large number of papers describing
the cannibalism of S. infraimmaculata larvae under experimental laboratory conditions (Degani, 1993; Degani et al.,
1980; Buckley et al., 2007; Warburg, 2012; Sadeh et al., 2009; Cohen et al., 2006), no description of cannibalism in
the habitats for this species has been made (include picture in the natural habitat Figure 1). The information based on
laboratory studies suggested that cannibalism occurs in the natural habitats. At the southern limit of S. infraimmacula-
ta distribution where breeding places are rare, rock pools and cave springs are used by salamanders for breeding, and
cannibalism, among other solutions, is the only way to adapt to these habitats.

The advancement of cannibalism helps the larvae to grow and complete metamorphosis in habitats where
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food is not available. Based on previous studies (Degani et al., 1980; Degani 1993) and the results of the present
study, the model of cannibalism development according to food availability (Figure 8) is proposed. In this situa-
tion, cannibalism involves the adaptation to habitats where partial or no food is available.

Growth of Cannibalistic Larvae + Small Larvae Growth of Cannibalistic Larvae + Small Larvae
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Figure 7. Size (length and weight) of cannibalistic larvae with and without small larvae and no invertebrates as food source.
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Figure 8. Model of the adaptation to xeric habitats by food and cannibalism development in Salamandra infraimmaculata. IFN =
Invertebrates food not available, IFA = Unlimited invertebrates food available, IFL = Limited invertebrates food available, NC = No
cannibalism (invertebrates food), PC = Partial cannibalism (larvae growth on cannibalism and invertebrates food, FC = Full canni-
balism (larvae growth and development only on cannibalism). (Present study: Degani et al., 1980; Degani, 1993).
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The ability of S. infraimmaculata larvae found in various breeding places to adapt to different foods of S.
infraimmaculata larvae [11] [16] is a very important phenomenon in terms of adaptation to various habitats.
More detailed studies are required in order to determine if this adaptation in biological and genetic levels or in
terms of flexibility is inherent in feeding responses. Several previous studies supported the hypothesis that varia-
tion exists among populations in different areas and habitats in many aspects, in addition to the food of larvae, as
was found in the present study: morphology [8]; ecology adaptation of larvae growth and complete metamor-
phosis [10] [25]-[27]; behavior [28]-[30]; breeding [31]; physiology adaptation [6] [7] [32]-[35]; biological ac-
tivity of metamorphosis salamanders [9] [36]; and molecular genetic variation (Blank et al., 2012; Degani, 1994;
Degani et al., 1999; Goldberg et al., 2010; Goldberg et al., 2011a; Goldberg et al., 2011b).

5. Conclusion

In conclusion, among the various adaptations to different habitats described in this study, the suitability of vari-
ous available foods is the main phenomenon to explain S. infraimmaculata survival in xeric habitats. Cannibal-
ism is the only way to adapt to these habitats because no food is found in breeding places at the southern border
of its distribution.
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