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Abstract Behavioral syndromes arise when individual
behavior is correlated over time and/or across environmen-
tal contexts, often resulting in inter-population behavioral
differences. Three main hypotheses have been suggested
to explain the evolution of behavioral syndromes. The con-
straint hypothesis suggests that behaviors originate from a
shared mechanism with a strong genetic or physiological
basis. In contrast, according to the adaptive hypothesis,
behavioral syndromes depend on specific selective pres-
sures in each environment, and thus should evolve when
specific behavioral combinations are advantageous. Finally,
behavioral syndromes can also arise owing to neutral sto-
chastic processes. We tested here for variation in the for-
aging syndromes of pit-building antlions originating from
different populations along a climatic gradient. Although
inter-population variation existed in some traits, foraging
syndromes were similar across populations, supporting
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the constraint hypothesis. These findings suggest that sta-
bilizing selection, acting on the foraging behavior of ant-
lions during their larval phase, outweighs local selection
pressures, resulting in “constraint syndromes.” We also
explored behavioral repeatability of foraging-related traits
within and among habitats (natural, novel and disturbed
habitats), and detected different levels of repeatability:
pit diameter was more repeatable than response time to
prey, followed by prey exploitation efficiency. Behavioral
repeatability of the same trait differed according to context,
suggesting that repeatability is a trait in itself and should
not be considered identical even when studying the same
behavioral trait.

Keywords Behavioral syndrome - Climate gradient -
Natural selection - Repeatability - Trap-building predators

Introduction

Behavioral syndromes evolve when individual behaviors are
correlated over time and/or across environmental and eco-
logical contexts (Gosling 2001; Réale et al. 2007; Sih et al.
2004). That is, although this phenomenon refers to the indi-
vidual level, it is a population feature (Bell 2007). Consist-
ent behavior can also spillover to unfavorable conditions,
resulting in suboptimal behavior (Duckworth 2006; Quinn
and Cresswell 2005). Such behavioral spillovers, resulting
from a link between traits, can explain the maintenance of
several different behavioral types within a population (Ding-
emanse and Wolf 2010; Wolf and Weissing 2010). Under-
standing how behavioral syndromes evolve requires explor-
ing whether and to what extent such “suites” of behavioral
traits are consistent under different environmental contexts
(Bell 2007; Dall et al. 2012; Sih et al. 2004).
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Three main hypotheses have been suggested to explain
the evolution of behavioral syndromes (Bell 2005). Accord-
ing to the constraint hypothesis, behaviors originate from a
shared and fixed mechanism, such as the pleiotropic effects
of genes. Therefore, correlated behaviors should be viewed
as a “suite” of traits, rather than independent ones (Price
and Langen 1992; Wilson et al. 2010). The mechanisms
underlying such correlated traits assume a genetic and/or
physiological basis: a change in one behavior should thus
lead to a shift in another linked behavior. For example,
Pruitt et al. (2010) found that geographically distant popu-
lations of the socially polymorphic spider Anelosimus stu-
diosus share similar syndromes, suggesting a constraint on
the evolution of behavior in this species.

The alternative adaptive hypothesis suggests that behav-
ioral syndromes depend on the local selective pressures
characterizing the environment, leading to differences
among habitats. In other words, behavioral syndromes
should evolve when some combinations of behavio-
ral traits are locally adaptive (Bell and Sih 2007; Ding-
emanse et al. 2004; Dochtermann and Jenkins 2007), and
are thus expected to be population specific (Bell 2007,
Wilson 1998). Dingemanse et al. (2007) tested for vari-
ation in behavioral syndromes among six predator-naive
and six predator-sympatric populations of the three-spined
stickleback Gasterosteus aculeatus. They found correla-
tions between activity, aggression, and exploration in the
predator-sympatric populations, but not in the predator-
naive ones. Their observations indicated inter-population
variation in behavioral syndromes, rejecting the constraint
hypothesis, while suggesting that distinct trait combina-
tions are adaptive in different environments. Population
variation in behavioral syndromes might also arise due to
neutral stochastic processes (Armbruster and Schwaegerle
1996; Whitlock et al. 2002). If the populations under study
exhibit variation in their syndromes, the constraint hypoth-
esis should be rejected; nonetheless, in order to support
the adaptive hypothesis, the syndromes should be exam-
ined and explained in light of the specific environmental
conditions.

Geographic variation in behavior is common (e.g., Fos-
ter 1999; Foster and Endler 1999). Such variation evolves
due to varying biotic and abiotic conditions prevailing in
different environments, which translate into differential
selective pressures (Endler and Houde 1995; Refsnider
et al. 2014). Therefore, investigating different populations
along a geographic gradient should challenge the phenome-
non of behavioral syndromes and serve as an excellent plat-
form to test the constraint and adaptive/stochastic hypoth-
eses (Bell 2005).

Two commonly studied environmental gradients are
those of climate and predation risk. The former involves
latitudinal or altitudinal clines, which affect the life history,
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morphology, and physiology of organisms (Chown and
Gaston 1999; Stillwell 2010). Ectotherms at higher lati-
tudes are often, but not always, larger, take longer to
develop, and are more resistant to starvation (Arnett and
Gotelli 1999b; Roff 2002). The opposite pattern (smaller
body size) is expected when animals in low-temperature
environments compensate for short seasons by short devel-
opment, resulting in a smaller body size [the converse
Bergmann’s cline (Arnett and Gotelli 1999a; Blanckenhorn
and Demont 2004)]. Grasshoppers from northern popula-
tions, for example, develop faster, have higher growth rates
and reach a smaller body size than individuals from south-
ern populations (Parsons and Joern 2014). Latitudinal vari-
ation is also studied in the context of adaptations to stress.
Karan and Parkash (1998) found higher desiccation toler-
ance among the Drosophila kikkawai populations of north-
ern India, probably due to the high summer temperatures
characterizing this region. Higher starvation endurance was
evident in D. kikkawai populations of southern India, expe-
riencing more favorable environmental conditions, but that
are probably subjected to stronger competition.

The current study had the following goals: (1) to explore
behavioral repeatability in foraging-related traits of pit-
building antlion larvae, originating from different popula-
tions along a climatic gradient, within and among habitats
(natural, novel, and disturbed habitats); (2) to determine
whether foraging syndromes are consistent (a constraint) or
differ (adaptive/stochastic) among these populations; and
(3) to test for clinal variation in morphology and link it to
behavior. As a model system we used the pit-building ant-
lion Myrmeleon hyalinus (Neuroptera: Myrmeleontidae),
which exhibits substantial clinal variation in behavioral,
morphological, and life history traits along a classic Med-
iterranean-to-desert climate gradient (Rotkopf and Ovadia
2014; Scharf et al. 2008, 2009a).

Pit-building antlion larvae are opportunistic predators
that depend heavily on their physical environments (Farji-
Brener 2003; Gotelli 1993; Scharf and Ovadia 2006). Sub-
strate particle size is an example of such dependency, as it
affects metabolic costs of pit construction and maintenance,
the time required for capturing the prey and the prey-escape
probability (Devetak et al. 2012; Lucas 1982, 1985b). There-
fore, antlion larvae prefer substrates with a specific grain size
(Farji-Brener 2003; Klokocovnik et al. 2012). Temperature
is another important abiotic factor affecting foraging per-
formance: the larvae of the antlion Myrmeleon immaculatus
reared at higher temperatures constructed and maintained
pits more frequently than those reared at lower temperatures
(Arnett and Gotelli 2001). Because antlion larvae have not
yet reached the reproductive stage, they focus their efforts
on foraging (Eltz 1997; Scharf et al. 2011). Consequently,
their foraging behavior should be under a strong selection
pressure, and repeatable behaviors are expected to evolve. If



Oecologia (2015) 178:1093-1103

syndromes stem from a shared mechanism of specific links
or trade-offs between traits, the foraging syndromes of M.
hyalinus should be consistent among different populations
along the climatic gradient. Alternatively, if distinct behavio-
ral correlations were favored in different antlion populations,
or if these correlations evolved independently through neu-
tral stochastic processes, we should detect inter-population
variation in foraging syndromes.

Materials and methods
Study species and habitat of origin

Myrmeleon hyalinus is the most abundant pit-building ant-
lion in Israel (Simon 1988). The larvae construct their pits
in shaded areas under small trees and bushes, and wait for
small arthropod prey to fall into their traps. They undergo a
complete metamorphosis: the larval stage lasts up to 1 year
and includes three instar stages, this is followed by the pupal
stage (~1 month) and then weak-flying and short-lived adults
emerge (Scharf et al. 2009a). During September 2013, we
collected M. hyalinus larvae from different sandy sites along
Israel’s climatic gradient (Fig. 1): two Mediterranean popu-
lations—Caesarea (32°29'N,34°54’E) and Zikim (31°37'N,
34°31'E); and two desert populations—Mashabei Sadeh
(31°00’N, 34°46’E) and Holot Agur (30°56/N, 34°24'E). This
climatic gradient is characterized by a decrease in relative
humidity and rate of annual rainfall and an increase in tem-
perature (Goldreich 2003; pp 56, 72, 99, 123), accompanied
by a decrease in plant cover (Abramsky 1988; Dall’Olmo
and Karnieli 2002) and in insect diversity (Sogavker 2004).

In order to examine the prey capture success of ant-
lions, we collected 300 individuals of Messor ebeninus
(Hymenoptera: Formicidae) from Nahal Secher (31°60'N,
34°49'E), a semi-arid area located 15 km south of the city
of Beer-Sheva. All these ants were collected from the field
in the morning of the prey-capture-success assay, and thus
there was no need to maintain them in the collection boxes
for more than 2 h under laboratory conditions. Messor ebe-
ninus is a common harvester ant in Israel, and a natural
prey of Myrmeleon hyalinus. This ant species lives in sub-
terranean nests and its foragers consume seeds and other
plant materials (Ofer 2000).

Experimental design

During the first month of the experiment each antlion
larva was fed once a week with one mealworm larva (7en-
ebrio molitor) and then weighed using an analytical scale
(CP224S, accuracy of 0.1 mg; Sartorius, Gottingen, Ger-
many), in order to select individuals with similar body
masses (48 individuals from Zikim and 60 individuals from
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Fig. 1 Sites (filled triangle) from which Myrmeleon hyalinus larvae
were collected: Caesarea (/), Zikim (2), Mashabei Sadeh (3) and
Holot Agur (4). Sandy regions are marked in gray. Major cities are
marked with circles: Haifa (H), Tel Aviv (TA), Jerusalem (J), Beer
Sheva (BS) and Eilat (E)

each of the other three populations; n = 48 + 3 x 60 = 228).
Next, the antlion larvae were starved for 5 days in small
plastic containers (8.5-cm diameter, filled with 5-cm-depth
substrate). This entire habituation period was used to stand-
ardize their body condition (Scharf et al. 2009b). All larvae
were placed in a small transparent petri dish, with a graph
paper underneath it, and then photographed using a digital
camera (Micropublisher 5.0; QImaging, Surrey, BC), con-
nected to a stereoscope (SMZ 800; Nikon, Kawasaki). Using
the software Image J (Abramoff et al. 2004), we measured
five morphological traits: head width (HW), mandible width
(MW), mandible length (ML), abdomen width (AW), and
abdomen length (AL). The two first traits were used to iden-
tify and select only the third-instar larvae (Alcalay et al.
2014a; Scharf et al. 2008; Simon 1988), while all five traits
were used to explore morphological differences among third-
instar larvae originating from different populations along
Israel’s climate gradient. Experiments were performed under
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an identical day/night photoperiod (12:12 h), temperature of
25.0 °C £ 0.5 °C, and relative humidity of 59.3 % + 0.78
(averages and SDs of three daily measurements in the test
room).

We examined the performances of individuals from the
four populations in their natural habitat (sandy soil) and
in a novel habitat (wheat semolina, with coarser particle
sizes than sand). Wheat semolina particle size was as fol-
lows: 45.71 % >0.71 mm, 49.01 % 0.71-0.50 mm, 2.00 %
0.50-0.42 mm, and 3.28 % <0.42 mm. Sand particles
were differently distributed: 7.97 % >0.25 mm, 78.65 %
0.125-0.25 mm, 11.54 % 0.062-0.125 mm, and 1.84 %
<0.062 mm (Danin 1978). We aimed at examining if and
to what extent the behavioral repeatability and syndromes
change when the antlion larvae face a novel substrate that
they would never have encountered under natural condi-
tions. Since, M. hyalinus is a habitat generalist, naturally
occurring in both fine (e.g., loess) and coarse (e.g., sand)
textured soils (Barkae et al. 2012), we used the artificial
substrate, wheat semolina, as the novel habitat. We focused
on the following behavioral traits: (1) pit diameter, recorded
using a digital caliper (0.1 mm); (2) response time to prey:
we placed a single mealworm within the antlion’s pit and
measured the time it took the antlion to respond by throwing
sand. If the antlion did not respond after 60 s, we used this
maximal value as the response time, assuming that it was
not interested in the prey (similar to Scharf et al. 2010); and
(3) prey exploitation efficiency, calculated by dividing the
difference in antlion mass before and 1 day after feeding by
the prey body mass (Scharf et al. 2009b). The value of prey
exploitation efficiency ranges between 0 (no consumption)
and 1 (complete consumption of the prey), and reflects the
antlion efficiency in translating prey mass into its own body
mass. Alternatively, considering each mealworm as a patch,
the decision to stop consuming the prey may be equivalent
to the decision to leave a patch and continue to the next one
(Brown 1988; Lucas 1985a).

Response time to prey and pit diameter were meas-
ured twice for both natural and novel habitats. In order to
minimize the possible effect of prey size on the response
time, we selected mealworms of similar size in the first
trail (the prey was removed after the response time was
measured) and distributed them randomly. In the second
trail, antlions were fed with mealworms that were weighed
before (0.014-0.040 g), to calculate the prey exploitation
efficiency measurement. Prey exploitation efficiency was
measured only once, because over-feeding of the antlions
might have induced an undesirable variance in body masses
between populations. We also examined the prey capture
success of antlions encountering a natural ant prey. To this
end, we placed a single M. ebeninus within the antlion’s
pit and recorded whether it managed to capture the ant, or
whether the ant escaped from the pit.

@ Springer

Next, we examined the change in pit diameter after distur-
bance. Each individual was placed in a separate experimental
container for 4 h. We used a small aspirator that releases air
at low pressure to disturb each pit. The aspirator was acti-
vated 5 cm above the experimental cup until the pit was com-
pletely destroyed. This manipulation was conducted three
times, at 1-h intervals. Pits were measured twice: 2 h after
the final disturbance, and in the following morning. Antlions
in nature often suffer from frequent disturbances caused by
relocating conspecifics, other moving animals, wind, rainfall,
and litter falling from bushes and trees (Barkae et al. 2010;
Farji-Brener et al. 2008). Here we aimed at mimicking such
successive natural disturbances in order to investigate their
effects on the decision of antlions to construct pits.

Statistical analysis
Behavioral repeatability

Repeatability is the pre-condition for the establishment
of behavioral syndromes. We used intra-class correlation
coefficients (ICC) (Hayes and Jenkins 1997) in order to
examine repeatability at each of the following levels:

1. Within habitats (natural and novel), considering pit
diameter and response time to prey. Each behavior was
tested twice at an interval of 1 day.

2. Between natural and novel habitats, considering pit
diameter, response time to prey, and prey exploitation
efficiency.

3. Between natural and disturbed habitats, considering pit
diameter.

4. Between behavioral traits, considering all populations
together.

We calculated ICC to determine which behavioral traits
are generally more repeatable than others.

In order to obtain a single trait value per population per
habitat, we averaged the two values of pit diameter for
each habitat (natural, novel, and disturbed), based on its
high repeatability, resulting in three values. We then took
the minimal value of the response time to prey, because of
its low repeatability within habitats, which also resulted in
three values, one per habitat. Growth efficiency was meas-
ured only once per habitat, and this was the value we used
for further analyses.

Behavioral differences between populations, single traits

We used either the average or minimal traits, as noted
above. Behavioral differences were compared using median
tests (Zar 1999), due to their skewed distribution and the
high variation of the data. Analyses of behavioral traits in



Oecologia (2015) 178:1093-1103

1097

Table 1 Repeatability [intra-class correlation coefficients (ICC)] and 95 % confidence intervals (CIs) in pit diameter and in response time to

prey within natural and novel habitats

Natural habitat

Novel habitat

Pit diameter

Coefficient (95 % CI)

Response time to prey

Coefficient (95 % CI)

Pit diameter Response time to prey

Coefficient (95 % CI) Coefficient (95 % CI)

Caesarea 0.61 (0.34, 0.76)
Zikim 0.75 (0.58, 0.85)
Mashabei Sadeh 0.62 (0.45, 0.73)
Holot Agur 0.69 (0.52, 0.82)

—0.02 (=0.14, 0.04)
0.19 (=0.02, 0.60)
0.19 (=0.03, 0.60)
0.09 (—0.09, 0.43)

0.28 (0.13, 0.44)
0.44 (0.30, 0.68)
0.43 (0.28, 0.61)
0.02 (—0.25,0.31)

0.30 (0.01, 0.62)

—0.02 (—0.16, 0.005)

—0.04 (=0.15, 0.16)
0.11 (—0.05, 0.28)

the novel and disturbed habitats were computed relative
to performance in the natural habitat. Thus, we calculated
the proportional change of each trait in the novel/disturbed

habitat relative to the value of the same trait in the natural

. Trait X, listurbed — 1Tait Xpatural
habltat: novel/disturbe: natura .
Trait Xpatural

Seven median tests were performed, two for pit diam-
eter, response time to prey and prey exploitation efficiency
(in natural and novel habitats), and one for pit diameter
after disturbance (only in the natural habitat). Two extreme
values (>75th percentile 4+ 3IQ or <25th percentile — 31Q;
1Q = 75th — 25th percentile) of proportional change in pit
diameter (one in the novel habitat and another one in the
disturbed habitat) and three extreme values of proportional
change in prey exploitation efficiency (all three in the novel
habitat) were removed from the analyses. Capture success
of natural prey was compared between populations using a
Pearson Y >-test.

Foraging syndromes

We first performed a principal component analysis (PCA)
on all behavioral traits across populations (seven behavioral
traits). Next, we performed a PCA on each population sepa-
rately, to determine whether the same general pattern holds
for each one of them. If it does, it supports the constraint
hypothesis, whereas if each population shows a different
syndrome, it supports adaptive/stochastic hypotheses. Prior
to the PCA we applied a Fisher’s Z transformation (Zar
1999). We referred only to the PC axes with eigenvalues
larger than one and explained/referred in each PC axis only
to loadings larger than 0.3 (Tabachnick and Fidell 2007).

Morphological differences between populations

We used PCA, similar to the analysis described above, to
examine morphological differences between populations,
comprising the five measured traits (HW, ML, MW, AL
and AW). Following the PCA we used two one-way ANO-
VAs on the two important PC axes, with population as the
explanatory variable.

All statistical analyses were performed in SYSTAT ver-
sion 12 (SYSTAT software) and STATISTICA, version
12.0. We also used R (R Core Team 2014) package psy
developed by Falissard (2012) (http://cran.r-project.org/
web/packages/psy/index.html) to calculate the ICC and its
95 % confidence intervals.

Results
Behavioral repeatability

1. Within habitats the main difference in repeatability was
based on the behavioral trait measured (Table 1). Pit
diameter was highly repeatable across all populations in
the natural habitat and in three out of four populations in
the novel habitat. Repeatability in pit diameter was lower
in the novel habitat than in the natural one. In contrast,
we detected low behavioral repeatability in response time
to prey in both the natural and novel habitats.

2. Between natural and novel habitats pit diameter was
repeatable in all populations. In contrast, neither
response time to prey nor prey exploitation efficiency
were repeatable between natural and novel habitats in
any of the populations (Table 2).

3. Between natural and disturbed habitats pit diameter
was repeatable in all populations except that from
Holot Agur (Table 2).

4. Between behavioral traits we detected significant and
highly repeatable behavior considering pit diameter,
medium-level repeatability in response time to prey,
and low repeatability in prey exploitation efficiency
between habitats (Table 3).

Behavioral differences between populations, single
traits

In the natural habitat, the semi-arid population (Mashabei
Sadeh) constructed the largest pits, followed by the arid
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Table 2 Repeatability (ICC and 95 % Cls) in pit diameter, in response time to prey and in prey exploitation efficiency between natural and
novel habitats, and between natural and disturbed habitats

Natural vs. novel

Natural vs. disturbed

Pit diameter

Coefficient (95 % CI)

Response time to prey

Coefficient (95 % CI)

Prey exploitation efficiency Pit diameter

Coefficient (95 % CI) Coefficient (95 % CI)

Caesarea 0.21 (0.07, 0.44)
Zikim 0.45 (0.34, 0.69)
Mashabei Sadeh 0.42 (0.21, 0.63)
Holot Agur 0.66 (0.50, 0.79)

0.09 (—0.06, 0.65)
0.01 (=0.01,0.12)
0.22 (=0.03, 0.29)
0.08 (—0.07, 0.32)

0.03 (=0.21,0.28)

—0.10 (=0.33,0.12)

—0.13 (=0.32, —0.03)
0.13 (—0.12, 0.41)

0.31 (0.11, 0.64)
0.50 (0.38, 0.76)
0.35 (0.38, 0.66)
0.24 (0.06, 0.52)

For abbreviations. See Table 1

Table 3 Repeatability (ICC and 95 % ClIs) in behavioral traits
between the natural and novel habitats, considering all populations
together

Coefficient (95 % CI)

0.47 (0.42, 0.61)
0.10 (0.002, 0.25)
0.02 (=0.12, 0.19)

Pit diameter
Response time to prey

Prey exploitation efficiency

For abbreviations. See Table 1

population (Holot Agur), and the southern Mediterranean one
(Zikim). The northern Mediterranean population (Caesarea)
constructed the smallest pits ()(2 =10.29, df = 3, P = 0.016;
Fig. 2a). Prey capture success gradually decreased along
the north-to-south gradient ()(2 = 11.54, df = 3, P = 0.009;
Fig. 2b). Prey exploitation efficiency of the southern Mediter-
ranean population (Zikim) tended to be higher than that of the
semi-arid population (Mashabei Sadeh), but this pattern was
marginally non-significant (x> = 7.29, df = 3, P = 0.063).
Finally, we could not detect any difference in the response time
to prey between populations (x> = 3.10, df = 3, P = 0.376).

Both pit diameter and prey exploitation efficiency were
higher in the novel than in the natural habitat (Fig. 3a, b).
The proportional change in pit diameter (novel relative to
natural) was higher in the Mediterranean than in the desert
populations ()(2 = 11.95, df = 3, P = 0.007; Fig. 3a). In
contrast, the proportional change in prey exploitation
efficiency was higher in the desert than in the Mediterra-
nean populations (x> = 9.22, df = 3, P = 0.026; Fig. 3b).
Finally, we could not detect any difference in the propor-
tional change in the response time to prey among popu-
lations (x*> = 0.15, df = 3, P = 0.985). Following distur-
bance, pit diameters of all populations became smaller
relative to the natural habitat; however, the proportional
change differed among populations, with the largest dif-
ference between the semi-arid (Mashabei Sadeh) and the
southern Mediterranean populations (Zikim) (x* = 8.77,
df =3, P =0.032; Fig. 3c).
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Foraging syndromes

The PCA analyses revealed an unequal number of signif-
icant PC axes (eigenvalue larger than one) for the differ-
ent populations. We sought to compare the general forag-
ing syndrome with those of different populations, and thus
focused on comparing only the first PC axis for each popu-
lation; see Appendix 1 for all PC axes, performed on sep-
arate populations and the general syndrome. The first PC
axis of the general foraging syndrome explained 32.11 %
of the variance, and the eigenvalue was 2.09. This PC was
composed of positive values of pit diameter (in all habi-
tats) and prey exploitation efficiency in the novel habitat,
and negative values of response time to prey in both the
natural and novel habitats (Table 4). It therefore represents
foraging performance: individuals with high loading on
this axis constructed larger pits, responded faster to prey
and exploited their prey efficiently in novel habitat. We
detected similar patterns also when the analysis was per-
formed on each population separately (Table 4). Specifi-
cally, the values of pit diameter in three populations in the
natural habitat and those of all four populations in the novel
and disturbed habitats were positive, similar to the general
foraging syndrome. Response time to prey had a negative
sign in both habitats in the general foraging syndrome. This
pattern was also true in three populations in the natural
habitat and in two populations in the novel habitat. Finally,
prey exploitation efficiency had a positive sign in the novel
habitat in the general foraging syndrome, showing the same
pattern in two out of the four populations.

Morphological differences between populations

The first PC axis of the morphological PCA explained
49.51 % of the variance and was composed of positive
values of all five morphological traits, thus represent-
ing body size (Table 5). The second PC axis explained
27.50 % of the variance with positive values of both AW
and AL and negative values of HW and ML (Table 5). This
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Fig. 2 Behavioral differences among populations: a median pit
diameter in the natural habitat. Boxes represent the inter-quartile
range, vertical bars represent 95th and 5th percentiles, and black dots
the outliers. b Prey capture success when encountering natural ant
prey

PC axis reflects the body reserves in the abdomen of the
antlion larvae: individuals with high loading on this axis
had larger abdomens at the expense of narrower heads
and shorter mandibles. We found a significant difference
in body size among the four populations (F3,y, = 3.94,
P = 0.009; Fig. 4): individuals from the arid population
(Holot Agur) were smaller than those from the Mediter-
ranean populations (Caesarea and Zikim). Body reserves

differed among populations (Fj,,, = 3.54, P = 0.015;
Fig. 4), with arid population individuals (Holot Agur) hav-
ing larger reserves.

Discussion

Here we studied for the first time the foraging syndromes
of pit-building antlions along a climate gradient. We found
that inter-population variation in foraging behavior some-
times followed the latitudinal cline (e.g., the decrease in
prey capture success from north to south), and sometimes
was simply population specific, regardless of the climate
gradient. We also found morphological differences: while
individuals from the arid population (Holot Agur) had the
smallest body size, their body reserves were the highest
(largest abdomen relative to head). Despite this inter-pop-
ulation variation in various traits, the foraging syndromes
of the four different populations were similar to the general
one, supporting the constraint hypothesis and not the adap-
tive/stochastic one.

Repeatability in pit diameter was stronger than that
observed for response time to prey, which in turn was more
repeatable than prey exploitation efficiency. This observa-
tion might be explained by the environmental sensitivity
of the observed traits. Behaviors which are under morpho-
logical or physiological constraints are likely to be more
repeatable than behaviors subject to the energetic state
or the current social environment (Castellano et al. 2002;
Smith and Hunter 2005). Therefore, pit construction, which
has already been shown to be associated with the antlion’s
morphology—mainly head and mandible size (Barkae et al.
2012; Scharf et al. 2009¢c)—might be more repeatable than
energetically dependent traits such as response time to prey
and prey exploitation efficiency.

We also detected lower repeatability in the novel rela-
tive to the natural habitat, especially in pit diameter. A
previous study on M. hyalinus, documenting relocation
distances, revealed a similar pattern—repeatability was
lower in an unfamiliar, unfavorable substrate than in a
familiar substrate [sand (Alcalay et al. 2014b)]. Behavio-
ral performance usually improves with experience (Brown
and Laland 2003; Rosenzweig and Bennett 1996), and it
can play a role in stabilizing behavioral types via a posi-
tive feedback between behavior and reward (Dingemanse
and Wolf 2010). We thus suggest that such a positive feed-
back increases behavioral repeatability in known situations
compared to novel ones. A non-mutually exclusive expla-
nation is that behavioral variance increases in unfamiliar
conditions, as animals have not learned the optimal behav-
ior in such cases. This is perhaps comparable to phenotypic
divergence under stressful conditions (Hoffmann and Mer-
ild 1999).
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« Fig. 3 Median proportional changes in a pit diameter and in b prey

exploitation efficiency in the novel relative to the natural habitat,
and in ¢ pit diameter after disturbance relative to the natural habitat.
Boxes represent the inter-quartile range, vertical bars represent 95th
and 5th percentiles, and black dots the outliers

Some of the differences among populations were gradi-
ent related and can be explained by environmental changes
across this climatic gradient. For example, individuals from
the Mediterranean region, characterized by higher prey
abundance, may simply be better foragers than individuals
from desert regions, as expressed in the decrease in prey
capture success from north to south. The latter finding may
also be linked to morphology: individuals from Holot Agur
had the smallest body size, which could also have led to
their lower prey capture success. Nonetheless, although
all populations increased their prey exploitation efficiency
(relative to the natural habitat) when encountering a novel
habitat, the desert populations utilized a higher propor-
tion of the prey, probably in order to compensate for their
smaller body size.

Not all of the observed behavioral differences were gra-
dient related. For instance, individuals from the semi-arid
population constructed the largest pits, followed by the
arid population, and then the two Mediterranean popula-
tions. Pit-building antlions are sedentary animals with low
dispersal ability and are thus restricted to specific habi-
tats (Farji-Brener 2003; Gotelli 1993; Scharf and Ovadia
2006). Consequently, it is possible that specific microcli-
mate conditions masked the geographical gradient, gen-
erating a non-latitudinal behavioral gradient, which better
fits the micro-climate. For example, a shaded area under
large planted trees, common in the semi-arid population
(Mashabei Shadeh), may buffer against harsher climatic
conditions while also increasing prey availability (Rotkopf
and Ovadia 2014). This suggestion was supported by the
higher behavioral and morphological similarity of the semi-
arid population to the two Mediterranean populations rather
to the other arid population. Alternatively, inter-population
differences may be the result of a genetic drift. As noted,
the adults are weak flying and short lived, and there is thus
good reason to assume a low dispersal rate.

Many studies of behavioral syndromes have detected
differences among populations, which can be explained by
adaptive evolution processes. Such local divergence is trig-
gered by varying predation pressure, competition intensity,
or environmental heterogeneity (Bell 2005; Bengston and
Dornhaus 2014; Dingemanse et al. 2007; Dochtermann
et al. 2012; Herczeg et al. 2009). Here, we detected high
similarity in the foraging syndromes among the four popula-
tions. During the larval phase, antlions are mainly engaged
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Table 4 Results of the principal component analysis (PCA) performed on all populations together and on each of them separately, incorporating

the seven behavioral traits

Caesarea Zikim Mashabei Holot Agur General syndrome
Sadeh
Eigenvalue 1.42 2.07 2.16 341 2.09
Variance explained 28.54 35.70 42.26 33.89 32.11
Pit diameter (natural habitat) 0.28 0.63 0.77 0.96 0.78
Pit diameter (novel habitat) 0.65 0.75 0.75 0.87 0.80
Pit diameter (disturbed habitat) 0.43 0.66 0.89 0.45 0.69
Response time to prey (natural habitat) 0.01 —-0.78 —0.38 —0.55 —-0.29
Response time to prey (novel habitat) —0.68 —0.02 —0.05 —-0.91 —0.35
Prey exploitation efficiency (natural habitat) —0.005 0.10 —0.08 —0.25 —0.13
Prey exploitation efficiency (novel habitat) 0.51 0.24 0.25 0.57 0.38

Only the first PC axis is presented. For the complete PCA results see ESM, Appendix 1

Table 5 Results of the PCA performed on the morphological traits

PC1 (body size) PC2 (body
reserves)
Eigenvalue 2.49 1.38
Variance explained 49.51 % 27.50 %
Head width 0.77 —0.47
Mandible length 0.72 —0.47
Mandible width 0.78 —0.17
Abdomen length 0.60 0.66
Abdomen width 0.64 0.69

Only PC axes with eigenvalues larger than one are presented
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Fig. 4 Morphological differences between populations in principal
component PC1 (body size) vs. PC2 (body reserves)

in foraging, and thus it is likely that foraging performance
undergoes strong selection at the species level, outweigh-
ing local selection pressures. Due to experimental proce-
dure considerations, we deliberately selected individuals
with similar body masses. Thereby, we perhaps overlooked

the link between body mass, climate gradient, and behavior
(Atkinson 1994; Blanckenhorn and Demont 2004).

Our syndrome comprised only foraging-related traits

in different contexts. However, behavior is also linked to
physiological and life history traits, often resulting in vari-
ous trade-offs (e.g., Dupont-Prinet et al. 2010; Guerra and
Pollack 2007; Rotkopf et al. 2013). Therefore, the inter-
pretation of the observed syndromes as a constraint should
be viewed with caution. In other words, it is likely that the
foraging syndromes are part of more complex syndromes
that include physiological, life history, and morphologi-
cal aspects. In summary, we detected strong behavioral
and morphological differences between antlions origi-
nating from Mediterranean and desert populations along
Israel’s climatic gradient. However, their foraging syn-
dromes showed high similarity to the general syndrome,
as expected by the constraint hypothesis. The next step
should be to add physiological and life history traits to the
syndromes detected, such as metabolic rate or starvation
endurance. There is also a need for field experiments to
take into consideration the natural environmental variation
among populations.
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