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size-dependent vulnerability to competition. However, the 
conditions least favorable to most of the old-cohort larvae 
(large size difference and high young-cohort density) pro-
moted cannibalism. Among cannibals, mortality and time 
to metamorphosis decreased and sizes at metamorphosis 
increased substantially. Thus, a balance between the com-
petitive advantage to young cohorts, and the interference 
and cannibalism advantage to old cohorts shapes larval 
size-structure dynamics. Larval densities and individual 
expression of cannibalism can shift this balance in opposite 
directions and alter relative recruitment rates from different 
cohorts.

Keywords Amphibians · Exploitative competition · Fire 
salamander · Niche shifts · Priority effects

Introduction

Asymmetric interactions among members of structured 
populations may affect life histories (De Block and Stoks 
2004; Sadeh et al. 2009) and lead to complex population-
level patterns (Claessen et al. 2004). Size structure is a 
universal source of interaction asymmetries, including 
asymmetric competition for food resources, aggressive 
interference, and cannibalism. In organisms with complex 
life cycles that use temporary larval habitats, time con-
straints on larval development (Loman 2002; Sadeh et al. 
2011) exacerbate the effects of such consumption-modify-
ing factors. Therefore, size structure can be important for 
larval performance and the resulting recruitment patterns 
to the adult population (Wissinger et al. 2010). Theory 
suggests that the outcome of the combination of competi-
tion and cannibalism depends crucially on each of the two 
components of size structure: the size differences between 

Abstract The size structure of a larval population facili-
tates interaction asymmetries that, in turn, influence the 
dynamics of size-structure. In species that exhibit con-
spicuous aggressive interactions, the competitive effects 
of the smaller individuals may be overlooked. We manipu-
lated initial size differences between two larval cohorts and 
young-cohort density of Salamandra infraimmaculata in 
mesocosms to determine: (1) whether young individuals 
function primarily as prey or as competitors of older and 
larger individuals; (2) the resulting dynamics of size varia-
tion; and (3) recruitment to the postmetamorph population. 
Intercohort size differences generally remained constant 
over time at low young-cohort densities, but reduced over 
time at high densities due to retardation of the old-cohort 
growth rate. This suggests a competitive advantage to the 
young cohort that outweighs the interference advantage of 
older cohorts previously documented in this species. The 
increase in mortality from desiccation due to high young-
cohort density was an order of magnitude greater in the 
old cohort than in the young-cohort, further indicating 
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size classes, and the distribution of individuals among them 
(Huss et al. 2010).

Initial size variation can be caused by variation in 
size at birth, and by the pattern of colonization by lar-
val cohorts (e.g., Anholt 1994; Hopper et al. 1996; Eitam 
et al. 2005; Sadeh et al. 2009). Once an initial size vari-
ation is generated, the size differences between cohorts 
can increase, diminish or remain constant over time. Size 
differences can increase if the smaller members of young 
cohorts are excluded access to food resources by the older 
cohorts through aggressive interference (Ziemba and Col-
lins 1999; Ziemba et al. 2000; Preisser et al. 2005). Can-
nibalism results in energy transfer between cohorts and, at 
sufficiently high rates, can lead to further size divergence 
(Huss et al. 2010). On the other hand, the growth rates of 
many organisms diminish with body size (Persson 1985; 
Werner 1994), resulting in a potential for small individu-
als to catch up in size to larger conspecifics and thus to 
reduce the potential for cannibalism and other size-biased 
interactions. The dynamics of intercohort size differences 
may be important for the emergence and sustenance of 
size-dependent interactions (Huss et al. 2010), for variation 
in life histories and behaviors (Polis 1988), and for within-
season recruitment patterns (Huss et al. 2008a).

Exploitative competition, interference, and cannibalism 
are all also strongly density-dependent. Higher densities 
of young cohorts relative to those of the older cohorts may 
facilitate increased cannibalism rates. On the other hand, 
the strength of exploitative competition that young cohorts 
potentially exert on older, larger cohorts may be signifi-
cant (Persson 1985; Polis 1988; Hjelm and Persson 2001). 
Aggressive behavior can depend on density in a more com-
plex manner (Grant et al. 2002; Kaspersson et al. 2010). 
Intercohort size dynamics and interactions, particularly the 
effects of young-cohort densities, have been understudied, 
probably due to technical difficulties in identifying and fol-
lowing individuals over time, and often due to the conspic-
uousness of cannibalistic and other aggressive behaviors 
compared to exploitative competition. These questions can 
be addressed in the fire salamander system by nonintrusive 
individual identification of larvae by their tailfin spot pat-
tern (Eitam and Blaustein 2002).

Here, we investigate size-structure dynamics and their 
consequences using the fire salamander, Salamandra 
infraimmaculata (Steinfartz et al. 2000). Fire salamanders 
on Mt. Carmel, Israel, breed mostly in temporary pools, 
some of which hold very small volumes of water (Spen-
cer et al. 2002; Segev and Blaustein 2014). In these pools, 
cannibalism (Degani 1993; Sadeh 2012) and pool des-
iccation prior to metamorphosis (Warburg 1992; Sadeh 
et al. 2011) are considered major sources of mortality. 
Females spread their larvae both temporally within the 

breeding season and spatially among available temporary 
pools (Segev et al. 2011), leading to the colonization of 
most pools by sequential cohorts at variable time inter-
vals. The larvae are size-selective, generalist top predators 
(Blaustein et al. 1996). Previous studies on inter-cohort 
interactions focused on the effects of older cohort densities 
on young cohort metamorphic success (Eitam et al. 2005) 
and on size-dependent cannibalism (Degani et al. 1980; 
Sadeh et al. 2009). Interference behavior by large individ-
uals towards smaller ones is readily observed among lar-
vae, both in the laboratory and in the field (Sadeh, personal 
observations).

We conducted a mesocosm experiment in which we 
manipulated initial larval size structure by varying the 
time interval between two larval cohorts sharing the same 
pool and the densities of the smaller cohort. We investi-
gated: (1) whether initial size differences tend to increase, 
decrease or remain constant with time; (2) whether vary-
ing young-cohort densities affect older cohorts as would 
be expected from conspecific prey or as would be expected 
from competitors, and whether this depends on their initial 
size differences; and (3) how these interactions affect the 
metamorphic success of both cohorts under natural time 
limitation.

Materials and methods

In an outdoor, factorial experiment conducted on the Uni-
versity of Haifa campus on Mt. Carmel, Israel (elevation 
460 m ASL), we crossed three time intervals (which we 
denote by ∆t = 0, 9 and 22 days) between colonizations by 
the old and the young larval cohorts with two densities of 
young cohort larvae (three and six larvae/pool). We repli-
cated each treatment combination nine times and allocated 
treatments randomly to the 54-mesocosm array.

Mesocosm setup and animal collection

We enclosed the entire outdoor experimental array in 
chicken wire (mesh size 3 cm) that was mounted on a frame 
and allowed colonization by most insects but prevented dis-
turbance by domestic animals. Natural pools were simu-
lated in 40-l mesocosms (floor area 0.22 m2), initially filled 
with aged tap water. The size of the mesocosms was well 
within the range of natural pools utilized by salamanders 
(e.g., as low as 3 l pools; Spencer et al. 2002; Blaustein, 
personal observations). Initial larval densities were well 
within the naturally occurring range. For example, a mean 
density of 0.2 larvae/l was found in an array of rock pools 
(Segev and Blaustein 2014), and in another site we have 
observed densities of up to 8 larvae/l (Blaustein, personal 
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observations). We placed a plastic net (mesh size 1 mm) 
over the soil, covering the bottom and walls of the meso-
cosms to the rims. We placed five rocks (each displacing 
~150 ml of water) on the plastic net for structural complex-
ity. The net allowed us to easily lift out the salamander lar-
vae during the experiment for rapid and accurate counting 
and measurement. We attached to the net, on the rims of 
each mesocosm, a horizontal plastic ledge (5 cm wide) to 
prevent climbing metamorphs from escaping.

We collected gravid S. infraimmaculata females on their 
way to their natural breeding sites on Mt. Carmel during 
early winter, 2010, and induced larviposition in the labo-
ratory on days 1, 10 and 23 of the experiment, by placing 
each of females into a water-filled tub. Upon births, we 
measured the wet mass of newborn larvae and grouped 
them according to their maternal origin.

Introduction of larvae to mesocosms

The old cohort consisted of three newborn larvae, placed 
into each of the 54 mesocosms on day 1 of the experiment 
(mean individual wet mass 247 mg, SD = 38 mg). We 
photographed the tailfins of all the old-cohort larvae for 
individual identification (Eitam and Blaustein 2002) and 
for discrimination between members of the two cohorts 
throughout the experiment.

On day 1, we also added an additional group of 3 
(low density, 9 replicates) or 6 (high density, 9 repli-
cates) larvae (intercohort time interval ∆t = 0 days) 
to a total of 18 mesocosms. We refer to this additional 
group as the ‘young cohort’ even though at ∆t = 0 days 
it is of the same age as the old cohort. Initial size vari-
ation exists also among larvae of the same age due to 
variation in body sizes vary at birth. However small 
they may be, initial size differences between the smaller 
and larger larvae of the same age might still influence 
their subsequent interactions. Therefore, for the young 
cohort at ∆t = 0 days, we selected smaller larvae (mean 
wet mass 207 mg, SD = 17 mg) than those of the ‘old 
cohort’. To establish the initial size difference between 
the groups in this treatment, old-cohort larvae were 
selected randomly from those that were larger than the 
mean wet mass of all the available larvae across breed-
ing sites. Similarly, larvae for the young cohort were 
selected randomly from those that were smaller than the 
mean.

We added a young cohort of 3 larvae or 6 larvae (9 rep-
licates each) to the rest of the mesocosms on day 10 and on 
day 23 (denoted as ∆t = 9 and ∆t = 22 days, respectively). 
On day 10, the young larvae that were added weighed 
216 mg (SD = 27 mg), while the old cohort in these meso-
cosms had reached a mean mass of 348 mg (SD = 31 mg). 
On day 23, the young larvae that were added weighed 

254 mg (SD = 51 mg), while the old cohort in these meso-
cosms had reached a mean mass of 519 mg (SD = 40 mg). 
Initial intercohort size differences were on the low end 
of naturally occurring size differences which depend on 
a wide range of time intervals between rain events and 
larviposition by females (Sadeh and Blaustein, personal 
observations).

All three old-cohort larvae in each mesocosm originated 
from the same, randomly chosen group of larvae, born to 
females from a single natural breeding site. All the larvae 
of the young cohort in each mesocosm originated from the 
same, randomly chosen group of larvae born to females 
from a different site than that of the old cohort. Previ-
ous mark–recapture work (Bar-David et al. 2007) showed 
that adults can move between sites within that region, to 
which further support was lent by a population genetic sur-
vey (Blank et al. 2013). Therefore, the mixing of cohorts 
from females that originate from different sites is a natural 
situation.

Resource availability and water levels

Five days before the experiment began, we added 2.220 kg 
soil to each mesocosm from a dried temporary pool con-
taining a natural assembly of crustacean resting eggs. 
On days 8 and 16 of the experiment, we added 120 and 
230 ml water, respectively, from a natural pond for algal 
and bacterial inoculation and also included sweep-netted 
zooplankton at availabilities similar to those of natural 
pools. The first inoculate contained predominantly Cerio-
daphnia spp., while the second contained mostly Arctodi-
aptomus similis, Ceriodaphnia and a Cyzicus sp. These are 
common local prey of Salamandra (Blaustein et al. 1996; 
Eitam et al. 2005). By day 43, only sporadic individual 
A. similis could be occasionally observed in any of the 
mesocosms. Food availability remained visibly low in all 
mesocosms until the onset of spring (circa day 100 of the 
experiment), when aquatic insects started ovipositing into 
the mesocosms (mostly the mosquito Culiseta longiareo-
lata and chironomids) or terrestrial insects were trapped in 
them.

Water levels fluctuated naturally with weather condi-
tions, except for days 18 and 44, when we added aged tap 
water to all mesocosm such that they reached 50 % of their 
maximal volume. This was done to prevent the mesocosms 
from desiccating prematurely and killing all the larvae, as 
was the fate of some of the natural pools that year, due to a 
dryer-than-usual early winter period. Rains then persisted 
late into the spring, resulting in longer than usual hydrop-
eriods both in the field and in our mesocosms. We allowed 
the mesocosms to dry completely, by day 163, and termi-
nated the experiment. Whenever possible, approaching the 
end of the experiment, we collected larvae that had not 
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initiated metamorphosis from recently-dried mesocosms 
and returned them to the field to reduce unnecessary mor-
tality in this locally endangered species.

Data collection

Throughout the experiment, we followed larval mass gain 
every 2 or 3 weeks, and their survival at least once per 
week. We distinguished cases of cannibalism either by 
direct observation, which may take many hours and up to 
1 day, by finding the remains of partly cannibalized larvae 
(they had no other predators), or by the disappearance of a 
larva coinciding with the sudden increase in mass of one of 
its pool mates. This is a reasonable estimation of cannibal-
ism since S. infraimmaculata larvae usually attack moving 
prey, and very rarely practice necrophagy (Sadeh, personal 
observations). Metamorphosing individuals climbed on the 
plastic net on the mesocosms’ walls, and remained in the 
crease beneath the ledges that prevented their escape. Once 
the first metamorphs were found, we visited the mesocosms 
every 2–3 days to collect and remove all the metamorphs. 
We recorded the time, mass and SVL at emergence for each 
metamorph.

Statistical analysis

One mesocosm was excluded from the experiment due to 
the mortality of most of its larvae immediately following 
introduction. To determine size structure dynamics, we 
used ANCOVA, analyzing the effects of density (categori-
cal independent variable) and initial intercohort size dif-
ferences (covariate) on the development of size difference 
dynamics by day 94 (i.e., the final–initial intercohort size 
different). Day 94 was the latest day of data collection 
before the first event of metamorphosis. Since cannibal-
ism was infrequent, we excluded data from mesocosms that 
involved cannibalism (one tub in ∆t = 9, low density; two 
tubs in ∆t = 22, high density).

To analyze the effects of the treatments on the old 
and the young cohorts’ metamorphic success, we used 
two-way ANOVAs to compare mean mortality, time to 
and size at metamorphosis. We used log and rank trans-
formations of sizes at metamorphosis of the old and the 
young cohorts, respectively, to meet ANOVA assumptions. 
The ∆t = 9 and low larval density treatment combina-
tion had no variation in old-cohort mortality. Therefore, 
we excluded the intermediate intercohort interval level 
(∆t = 9) from the analysis and used a 2 × 2 factorial 
ANOVA. Upon graphical inspection (see below), the pat-
tern of the ∆t = 9 treatments does not differ from that of 
the two tested levels. An analysis of the full 3 × 2 dataset 
(violating ANOVA assumptions) produced similar results, 
so we do not present it. The analyses of mortality, time to 

and size at metamorphosis involved all the tubs in each 
treatment, including those in which cannibalism occurred. 
In the ∆t = 22, high-density treatment combination, we 
observed cannibalism in three out of nine tubs. In the other 
six tubs, cannibalism did not happen, or there was a single 
cannibalistic event at the final days of the experiment (in 
one tub). To present the very different outcomes with and 
without cannibalism, we split this treatment combination 
to two means in the relevant figures.

Fig. 1  a Development (cumulative change) of intercohort size dif-
ference (old–young cohort) until first metamorphosis as a function 
of initial intercohort size differences and young-cohort density. Cir-
cles and solid regression line are for low young-cohort densities. 
Crosses and dashed regression line are for high young-cohort densi-
ties. Shaded bands are 95 % CIs. Data points above the constant dif-
ference line (y = 0) displayed divergence in cohort sizes, while data 
points below that line displayed convergence of cohort sizes. Data 
exclude mesocosms where cannibalism occurred. See Table 1 for 
regression results. b Effects of young-cohort density (low solid lines, 
high dashed lines) and intercohort time interval on mean growth 
rates of old cohorts (black lines) and young cohorts (gray lines). The 
response variable is mean mass gain in mesocosms where cannibal-
ism did not occur, between days 36–94 of the experiment (i.e., period 
when cohorts overlapped, before first metamorphosis). At low densi-
ties, young and old cohorts grew at similar rates. At high densities, 
the growth rates of the old cohort were retarded more severely than 
those of the young cohort. Error bars are ±1 SE
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Results

Initial size structure, characterized by size differences 
between cohorts, resulted from natural variation in larval 
sizes at birth, or from varying intercohort time intervals 
(Fig. 1a). The magnitude of these initial size differences 
had a marginally significant, weakly negative effect on 
size-difference development to day 94 (p = 0.068; Table 1), 
when the larvae had completed most of their growth and 
prior to first metamorphosis. Thus, size differences gener-
ally remained constant. Young-cohort densities had a sing-
nificantly negative effect on intercohort size differences 
(p = 0.007; Table 1). Specifically, under low young-cohort 
densities, mean size differences remained constant over 

time [Fig. 1a; the 95 % CI of the low density regression 
line included the zero change line (y = 0)]. Under high 
young-cohort densities at ∆t = 22, however, intercohort 
size differences reduced over time (Fig. 1a; the 95 % CI of 
the high density regression line excluded the zero change 
line). This was the result of more severe density-dependent 
retardation of growth rates in the old cohort, compared to 
the young cohort (Fig. 1b). Generally, there was a limited 
increase in size variation within cohorts over time, except 
for the few cannibalistic individuals who grew to excep-
tionally large sizes.

We recorded a total of 18 cannibalism events. Early-
stage cannibalism (i.e., before day 94) was expressed rarely, 
only in three tubs. Over half (10) of the cannibalistic events 
occurred late in the season, after metamorphoses had begun 
(i.e., after day 94). Cannibalism was carried out by a few 
old-cohort individuals (a total of 9 larvae across 7 tubs), 
and occurred mostly in the ∆t = 22, high-density treatment 
(4 out of 9 tubs). Some cannibalism also occurred in the 
∆t = 9, high-density treatment (2 out of 9 tubs), and in the 
∆t = 9, low-density treatment (1 out of 9 tubs). Cannibal-
ism never occurred in the zero time interval treatments, nor 
was any member of the old cohorts ever cannibalized. Can-
nibals generally metamorphosed quickly after consuming 
their sympatric conspecifics.

Intercohort time intervals did not significantly reduce 
old-cohort mortality, but higher densities of the young 
cohorts significantly increased it (p < 0.0005; Table 2). 
Other than the successful metamorphosis primarily of 
old-cohort larvae that expressed cannibalism, the general 
mortality of the old cohort was almost entirely due to des-
iccation of the pools before the completion of metamor-
phosis (Fig. 2a). In contrast, mortality in the young cohorts 
increased significantly both with greater intercohort time 
intervals (p = 0.014; Table 2) and with higher densities 
(p < 0.0005; Table 2), the latter exerting a stronger effect. 
Mortality in the young cohorts was mostly the result of 
either desiccation prior to metamorphosis, or due to can-
nibalism (Fig. 2b). General survival patterns of the larval 
population, therefore, depended strongly on larval densi-
ties but not on intercohort time interval (Fig. 2c), such that 
larval recruitment to the adult population was negatively 
related to initial larval densities.R

Mean time to metamorphosis of the old cohort was 
not significantly affected by either of the main effects. 
However, the ∆t × density interaction was significant 
(p = 0.028; Table 2). The more favorable treatment com-
binations (∆t = 22 days, and low densities at ∆t = 9 days) 
resulted in shorter larval periods than the more stressful 
combinations (∆t = 0 and the high densities treatment at 
∆t = 9 days; Fig. 3a). Comparing the alternative outcomes 
of the ∆t = 22, high-density treatment shows that with-
out cannibalism, old-cohort survivors metamorphosed at 

Table 1  ANCOVA test for the effects of initial intercohort size dif-
ferences and larval densities on the development of intercohort size 
difference by day 94 (before first metamorphosis), excluding tubs 
where cannibalism occurred

Source SS df F ratio p

Density 20,381.472 1 7.867 0.007

Initial difference 9031.016 1 3.484 0.068

Density × initial difference 1589.289 1 0.613 0.438

Error 119,225.94 46

Table 2  Two-way ANOVA tests for the effects of intercohort time 
interval (∆t) and young-cohort density on larval fitness proxies

Response variable Factor df F p

Old cohort

 Larval mortality ∆t 1,31 1.56 0.221

Density 1,31 28.95 <0.0005

∆t × density 1,31 0.82 0.382

 Size at  metamorphosis ∆t 2,38 7.34 0.002

Density 1,38 1.77 0.192

∆t × density 2,38 4.46 0.018

 Time to metamorphosis ∆t 2,38 1.82 0.177

Density 1,38 1.58 0.216

∆t × density 2,38 3.94 0.028

Young cohort

 Larval mortality ∆t 2,47 4.67 0.014

Density 1,47 46.79 <0.0005

∆t × density 2,47 1.06 0.353

 Size at metamorphosis ∆t 2,39 3.06 0.059

Density 1,39 13.13 0.0008

∆t × density 2,39 0.52 0.598

 Time to metamorphosis ∆t 2,40 43.51 <0.0005

Density 1,40 2.84 0.100

∆t × density 2,40 0.86 0.431
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a similar age to those in the more stressful treatments. In 
contrast, with cannibalism, old cohorts metamorphosed at 
an early age. These results suggest that available resources 
were allocated preferentially to differentiation and meta-
morphosis rather than to growth. Size at metamorphosis 
of the old cohort generally increased with ∆t (p = 0.002, 
log-transformed). Additionally, the ∆t × density interac-
tion was statistically significant (p = 0.018). Thus, size at 
metamorphosis followed a similar pattern as time to meta-
morphosis, where favorable treatment conditions generally 

resulted in greater body sizes, including in the comparison 
between cannibalistic and non-cannibalistic old cohorts in 
the ∆t = 22, high density treatment (Fig. 3a). The effect of 
intercohort interval on body size was the result of the ini-
tial time spent by the old cohorts growing at lower densities 
and experiencing low competition, and due to cannibalism.

Ages at metamorphosis of young cohort larvae were sig-
nificantly lower with increasing ∆t (p < 0.0005; Fig. 3b), as 
a result of the shorter time available for development. This 
suggests, as with the old-cohorts, that available resources 
were allocated by the larvae primarily to differentiation and 
metamorphosis. However, size at metamorphosis of young 
cohort larvae was significantly reduced only by larval 
densities (p < 0.001, rank transformed). However, young-
cohort larvae that survived cannibalism in the ∆t = 22, 
high-density treatment, achieved greater sizes at meta-
morphosis, probably as a result of substantial population 
thinning.

Discussion

Intercohort size differences in salamanders might be 
expected to increase over time, since strong interfer-
ence of large individuals towards smaller ones has been 

Fig. 2  Effects of treatment combinations of intercohort time inter-
val (∆t = 0, 9, 22 days) and young-cohort densities (high/low) on 
larval mortality in a the old cohort, and b the young cohort. Error 
bars are ± 1 SE for total mortality. c Mean survival to metamorpho-
sis (stacked bars), broken down by cohort (black/gray shading). Hor-
izontal dashed lines indicate initial larval densities (of both cohorts) 
for low and high density treatments. Error bars are ±1 SE for total 
number of recruits (from both cohorts). The ∆t = 22, high density 
treatment combination is split into tubs where cannibalism did not 
occur (n = 6) and where it occurred (n = 3). Note the change in order 
of treatment combinations in (c)

Fig. 3  Effects of treatment combinations of intercohort time inter-
val (∆t = 0, 9, 22 days) and young-cohort densities (high and low) 
on mean time to (horizontal axis) and size at (vertical axis) meta-
morphosis in a old cohort larvae, and b young-cohort larvae. Error 
bars are ±1 SE. The ∆t = 22, high density treatment combination is 
split into tubs where cannibalism did not occur (n = 6) and where it 
occurred (n = 3)
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documented (Smith 1990; Reques and Tejedo 1996), 
including in this species (Eitam et al. 2005), and is readily 
observed in the field (Warburg et al. 1979; Degani 1993; 
Sadeh, personal observations). Yet, in this study, initial size 
differences that were generated by intercohort time inter-
vals mostly remained constant over time at low young-
cohort densities, regardless of their magnitude (Fig. 1). 
Furthermore, size differences generally reduced over time 
at high young-cohort densities, as a result of retarded 
old-cohort growth rates. Exceptions to this included all 
the pools where members of the old cohort cannibalized 
young-cohort victims and the body sizes of the cannibals 
subsequently diverged strongly from those of the rest of the 
population. Thus, the positive effect of interference on the 
development of intercohort size variation is fundamentally 
outweighed by opposing factors.

When individuals of all sizes exploit the same resource 
niche, increasing population density magnifies the impor-
tance of exploitative competition relative to interference, 
and may therefore limit the development of size variation 
(Huss et al. 2008b). That initial size differences in this 
study tended to diminish over time only at high young-
cohort densities (in the absence of cannibalism), but not 
at low young-cohort densities, indicates that density-
dependent competitive effects exerted by young cohorts 
on the older cohorts are stronger than those exerted by 
the young cohort on itself. This may be the result of three, 
but non-mutually exclusive, mechanisms: size-dependent 
growth rates, exploitative superiority of smaller larvae, or 
density-dependent reduction in aggressive interference by 
the old cohort. In the absence of any functional differences 
between size classes, the lower intrinsic growth rates of 
larger larvae compared to smaller ones, can lead to faster 
convergence of size differences with greater densities or 
with lower resource availabilities (Werner 1994). In addi-
tion, young larvae may have an exploitative advantage as 
a result of feeding preferentially or more efficiently on the 
smaller, earlier stages of prey crustaceans, thus reducing the 
availability of the larger prey stages that may be preferred 
by the older larvae. Finally, aggressive interference can be 
related positively to resource level when their availability is 
low (Grant et al. 2002) and therefore related negatively to 
larval density. However, while we did not measure the fre-
quency of aggressive behavior, we often observed charac-
teristic interference behaviors (‘move-toward’, ‘lunge’, and 
‘bite’; as defined in Walls and Jaeger 1987) between pairs 
of individuals across treatments. According to resource 
defense theory, the negative relationship between density 
and interference is the result of high per-encounter costs of 
aggressive behavior, relative to the benefit of monopolizing 
resources. However, interference in this species, as in many 
salamanders, involves cannibalistic attempts or at least the 
potential to escalate to cannibalism, therefore leading to 

greater per-encounter benefits of aggressive behavior com-
pared to non-cannibalistic forms of interference. Thus, we 
suggest that the decrease in the old cohort’s size advantage 
at high densities is more likely a result of exploitative com-
petition or its size-dependent effect on larval growth than 
due to reduced aggressiveness. However, low levels of can-
nibalism clearly enabled these factors to take effect.

Since cannibalism was rare, we could focus on the 
processes that operate in its background (i.e., exploita-
tive competition and nonlethal interference) and that are 
typically masked in its presence. However, cannibalism is 
expressed frequently by larvae of this species, including in 
mesocosm studies similar to the current study (Sadeh et al. 
2009; Sadeh 2012). The conditions in which cannibalism 
occurred reinforce the general notion that this behavior is 
promoted by sufficiently large size variation (Polis 1981; 
Anholt 1994; Claessen et al. 2000; Wissinger et al. 2010). 
Cannibalism can be prevalent in the field partly because 
intercohort time intervals can be even longer than 22 days, 
depending on rainfall patterns that determine larviposi-
tion by females (Sadeh and Blaustein, personal observa-
tions). With sufficiently large size differences, the role of 
the young cohort as prey is more pronounced, and the sys-
tem may resemble one where the larger individuals have 
reached an ontogenetic diet shift to being cannibalistic 
(Claessen et al. 2000). In these conditions, higher young-
cohort densities are expected to elevate the occurrence 
of cannibalism due to its functional response (Huss et al. 
2010), and further exaggerate size variation. The notable 
differences in the frequencies of expression of cannibalism 
between studies of similar conditions highlight our limited 
understanding of the environmental factors that modulate 
this important behavior.

Across time interval treatments and cohorts, larval density 
had a strong effect on mortality, greatly increasing the propor-
tion of larvae that failed to develop in time before the pools 
dried. Higher young-cohort density resulted in an increase in 
desiccation mortality of the older cohorts by a factor an order 
of magnitude greater than that of the young-cohort (Fig. 2a, 
b). Thus, in the absence of cannibalism, desiccation can lead 
to over-convergence of recruitment densities (i.e., greater 
recruitment from lower initial densities; Fig. 2c) due to strong 
mortality both in young and in old cohorts. This recruitment 
pattern may potentially result in adult population cycles 
(Hastings and Costantino 1991; Claessen et al. 2004). On the 
other hand, cannibalism tends to occur with large intercohort 
intervals and high young-cohort densities. When cannibal-
ism occurs, mortality of the young cohort does not change, 
as cannibalism merely replaces desiccation. In contrast, the 
old cohort enjoys relieved mortality (see also Sadeh 2012). 
Cannibals benefit developmentally from increased conspe-
cific prey densities, and are therefore less prone to death by 
habitat desiccation (see also Sadeh et al. 2009; Sadeh 2012), 
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in agreement with theory for organisms that experience time 
limitations on growth (Polis 1981; van den Bosch et al. 1988). 
This may lead to larger and more fecund recruits emerging 
from such pools. Cannibalism might also reduce the over-
convergence of recruitment densities (e.g., Hopper et al. 
1996), potentially attenuating population cycles. Future stud-
ies might advance the conservation of this endangered spe-
cies by linking intercohort interactions and recruitment pat-
terns with postmetamorph performance and adult population 
dynamics (Wissinger et al. 2010).

In conclusion, intra-population size variation is impor-
tant in driving behavioral interactions and the resulting 
recruitment patterns from ephemeral larval habitats to the 
post-metamorph population. While the opportunity for can-
nibalism is the main advantage conferred to early larval 
cohorts when initial size variation is sufficiently high, and 
high young-cohort density increases the probability of can-
nibalism, old-cohort larvae that do not cannibalize are more 
vulnerable to density-dependent competition and mortality 
from desiccation. This suggests a key role of cannibalism 
in switching the direction of density dependence. Also, the 
balance of larval densities and cannibalism can alter the 
relative recruitment rates from different larval cohorts to 
the post-metamorph population.
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