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Abstract Over the last decades, there has been growing
interest among behavioral ecologists in exploring animal per-
sonalities. However, while the foraging behavior of active
foragers has been extensively studied, only little is known
about that of sit-and-wait predators within the personality
framework. We investigated the existence of repeatability
and personality in pit-building antlion larvae in the context
of foraging (pit construction) and habitat selection (relocation
distance and direction) over time and under three environmen-
tal contexts: thermal conditions, sand depth, and soil type.
Over time, repeatability was much stronger for relocation
distance than for movement directionality. Additionally, we
observed positive correlations across the two levels of sand
depth and soil type but not between thermal conditions.
Change in substrate type may induce faster decision-making
in these sand-dwelling insects or could be perceived by such
insects as a more drastic alteration in their habitat. We suggest
that different individuals indeed possess distinct personalities.
We also suggest that repeatability should be measured at two
levels: the amount of energy expenditure (distances and pit
construction) and the pattern of energy expenditure (direction-
ality). Finally, our study illustrates how differing environmen-
tal conditions can result in differing levels of plasticity, while
largely preserving individual personalities.

Communicated by W. O. H. Hughes

Y. Alcalay (<) - O. Ovadia (<)

Department of Life Sciences, Faculty of Natural Sciences,
Ben-Gurion University of the Negev, 84105 Beer-Sheva, Israel
e-mail: alcalayy@post.bgu.ac.il

e-mail: oferovad@bgu.ac.il

I. Scharf
Department of Zoology, Faculty of Life Sciences, Tel Aviv
University, Tel Aviv, Israel

Keywords Animal personality - Behavioral syndromes -
Repeatability - Thermal ecology - Trap-building predators

Introduction

Over the last decades, there has been a growing interest in
examining repeatable inter-individual differences in behavior,
referred to as “animal personalities” (Gosling 2001; Sih et al.
2004a; Bell 2007; Réale et al. 2007; Dingemanse and Wolf
2010; Stamps and Groothuis 2010). Multi-trait correlations
have attracted the attention of numerous research endeavors
due to their potential to have evolved as a “suite” or “package”
of correlated traits rather than to have evolved independently,
termed “behavioral syndrome” (Price and Langen 1992; Sih
et al. 2004a). Such joint evolution could result in constraints
on adaptation of any of these traits independently (e.g., Bell
2005; Sih et al. 2012; Wolf and Weissing 2012) and might also
explain how behavioral variation is maintained in the popula-
tion, rather than eroding through natural selection (e.g.,
Dingemanse and Wolf 2010; Pruitt et al. 2011a; Pruitt and
Riechert 2012).

An important component or pre-assumption of animal per-
sonality is that these “suites” of behavioral traits are repeatable
over a period of (at least some) time and under different
environmental contexts (Wilson 1998; Dingemanse et al.
2002; Dall et al. 2004; Sih et al. 2004b; Biro and Stamps
2010). Otherwise, snapshots of random multi-trait correlations
might be mistakenly interpreted as animal personality (Sinn
etal. 2010). Evaluating the persistence of behavioral traits and
their intrinsic and extrinsic drivers is also highly important for
our understanding of their ecological and evolutionary conse-
quences (Bell et al. 2009; Archard and Braithwaite 2010). In
other words, a highly persistent or repeatable behavioral trait
provides strong ecological predictive power. In their meta-
analysis, Bell et al. (2009) explored factors that might explain
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the extent to which behavioral traits are repeatable.
Unsurprisingly, behavior was more repeatable over short time
scales than over longer ones, probably owing to changes in
individual physiological state and/or in gene expression dur-
ing ontogeny. With regard to population genetics, repeatability
should allow us to evaluate the proportion of phenotypic
variation explained by inter-individual differences (Falconer
and Mackay 1996).

A main feature of animal personality is that even if indi-
vidual behavior changes along varying environmental con-
texts, the rank order of behavioral differences among individ-
uals should remain the same (Sih et al. 2004b; Dingemanse
and Wolf 2010). For instance, individual great tits that were
more aggressive to conspecific competitors maintained
within-population high rank order also in terms of anti-
predator aggression (Hollander et al. 2008). A similar pattern
may also exist over time: while individuals may become more
aggressive with age, their aggression rank order within each
age class often remains the same (e.g., Roberts and
DelVecchio 2000). Animal personality can sometimes result
in less than optimal behavioral plasticity under varying envi-
ronmental contexts (e.g., Sih et al. 2003; Duckworth 2006). In
other words, due to trait correlations and spill-over effect,
organisms may fail to show the full behavioral plasticity that
might otherwise help them perform better under changing
environmental conditions (Sih et al. 2004a, b).

While studies of animal personality on active foragers are
common (Bell et al. 2009), the personality of trap-building
predators has been little studied, especially with regard to
habitat selection and foraging behavior (and trap construction
in particular). Furthermore, although invertebrates comprise
98 % of all animal species and have unique life histories and
behavioral features, they are under-represented in personality
studies (Kralj-FiSer and Schuett 2014). Here, we examined for
the first time the repeatability and personalities of pit-building
antlion larvae in the context of foraging behavior and activity
during habitat selection over time and under three environ-
mental contexts (thermal conditions, sand depth, and soil
type). Each context had two levels, one favorable to the
antlions and the other unfavorable.

Pit-building antlion larvae comprise a group of trap-
building predators that select an appropriate site at which to
construct pits that serve as traps, rather than actively searching
for prey (Eltz 1997; Ruxton and Hansell 2009; Scharf et al.
2011). Both antlion and spider species construct traps for
hunting prey. Any similarity detected between these two taxa
could be explained, in light of the strong similarity in foraging
behavior, as a clear case of convergent evolution (Scharf et al.
2011). Due to their limited mobility, pit-building antlion lar-
vae are strongly influenced by microclimate conditions, such
as rain, soil moisture, soil temperature, soil depth, soil type
and particle size (Marsh 1987; Gotelli 1993; Devetak et al.
2005; Devetak 2008). Notably, these abiotic factors affect
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their site selection, trap size and shape, and are major contrib-
utors to the antlion’s growth and development (Scharf and
Ovadia 2006). For instance, a habitat choice experiment has
shown that larvae of the pit-building antlion Cueta lineosa
prefer to build their pits in fine-grained loess soil, where they
also have a higher prey capture success, rather than in coarser-
grained sand (Barkae et al. 2012). In addition, biotic factors,
such as competition and predation threat, can also affect the
habitat selection and foraging behavior of antlion larvae. For
example, Loria et al. (2008) examined the activity of antlion
larvae threatened by two predators in deep and in shallow
sand. They suggested that shallow sand is perceived by the
larvae as risky or unfavorable, leading to higher relocation
activity, aimed at detecting safer habitats.

The aims of the present study were: (1) to explore individ-
ual repeatability over time and under three different environ-
mental contexts: thermal conditions, sand depth, and soil type,
each comprising favorable and unfavorable conditions; (2) to
examine individual repeatability; and (3) to quantify the plas-
tic responses to differing conditions for each environmental
contexts. We focused on two common behaviors of the larvae:
movement while relocating the pit and pit construction. These
traits were selected because they are directly related to forag-
ing behavior and habitat selection. Foraging and habitat selec-
tion behaviors are rarely referred to within a personality
framework (in contrast to aggression, activity, boldness,
etc.). Hence, our study responds to the recent call to widen
the typical set of behaviors studied in a personality framework
(Stahlschmidt et al. 2014). Moreover, by investigating larvae,
we could control for reproductive activities (e.g., courting,
mating, and ovipositioning), while exclusively focusing on
foraging and habitat selection decisions (Scharf et al. 2010).
Indeed, two reviews refer to pit construction and relocation as
the most important (and highly flexible) behaviors of antlion
larvae (Scharf and Ovadia 2006; Scharf et al. 2011).

Movement pattern is generally important, either to increase
encounter events with prey or to avoid unfavorable habitats
and encounters with predators (Dall et al. 2001; Nolet and
Mooij 2002; Scharf et al. 2012b). This holds true also for sit-
and-wait predators, which relocate when prey become scarce
or following disturbance. For instance, movement direction is
important in spiders: when exposed to a disturbance from a
specific direction (right or left), spiders moved away from the
direction of disturbance (Chmiel et al. 2000). We predict that
directional movement should be preferred and highly repeat-
able, in that it allows the antlion to move as far as possible
from its current location with less energetic cost than that
exacted by random movement. Pit construction and relocation
should be under high selection pressure in antlions. We thus
predict both traits to be highly repeatable, at least under the
same environmental conditions. Moreover, even when the
environment changes, we expect the rank order of all behav-
ioral traits to remain similar.
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Methods
Study species and habitat of origin

We collected Myrmeleon hyalinus larvae (Neuroptera:
Myrmeleontidae) from several tamarisk trees in Nahal
Secher (N 31° 06, E 34° 49"), a sandy area 15 km south of
the city of Be’er-Sheva, Israel, and brought them to the labo-
ratory. M. hyalinus is the most abundant pit-building antlion in
Israel (Simon 1988). Antlions undergo a complete metamor-
phosis. The larval period comprises three instar stages lasting
up to 1 year; next, the larvae enter a pupation period of about
1 month, following which weak-flying, short-lived adults
emerge (Scharf et al. 2009a). The larval maximal length is
~10 mm, and it can attain a maximal body mass of ~0.06 g
before pupating (Scharf et al. 2008a). The larvae are opportu-
nistic predators that prefer to build their pits in shaded micro-
habitats beneath trees or bushes, while inhabiting an extensive
range of sandy soils (Simon 1988).

Experimental design

Antlions (total sample size =172) were fed once a week with a
flour beetle larva (Tenebrio molitor) for four successive
weeks, weighed using an analytical scale (accuracy of
0.1 mg; CP224S, Sartorius AG, Gottingen, Germany), and
then kept for 3 days without food in small plastic cups (4.5 cm
diameter, filled with ~3 cm of sand). This habituation period
was used to standardize the hunger level of the antlions
(Scharf et al. 2009b). Next, all larvae were photographed
using a digital camera (Micropublisher 5.0, QImaging,
Surrey, BC, Canada), connected to a Nikon stereoscope
(SMZ 800, Nikon, Kawasaki, Japan). Using the program
Image] (Abramoff et al. 2004), we measured head width and
mandible length, which by plotting one against the other,
enabled us to select third-instar larvae (Scharf et al. 2008a;
Alcalay et al. 2014). The third-instar stage was used in all
experiments. The two focal behaviors were relocation activity
(distance and directionality) and pit-building behavior (pit
construction). The study comprised three parts, each focusing
on a specific environmental context, all involving foraging
and habitat selection behavior. Within each context, there
were two levels, favorable and unfavorable.

(1) Thermal conditions: Antlions (N=60) were tested un-
der two different temperature and humidity conditions, 35 °C
and 20 % relative humidity (vapor pressure, 7.94 g/m’) vs.
20 °C and 50 % relative humidity (vapor pressure, 8.67 g/m>).
These two temperatures match the maximum average daily
temperature in the hot dry summer (harsh conditions) and the
average daily temperature year-round in the Negev desert
(Goldreich 2003, p. 101) (hereafter referred to as harsh vs.
benign conditions). (2) Sand depth: Antlions (N=56) were
tested in shallow vs. deep sand (sand depth of 0.5 and 3 cm).

The easily penetrated upper layer of the soil, used by antlion
larvae to construct their pits, can vary greatly in depth and
stabilization (Danin 1978). Shallow sand is perceived by
antlions as a more risky/stressful habitat because it constrains
their ability to evade potential predators (Loria et al. 2008). (3)
Soil type: Antlions (N=56) were tested in sand vs. loess. In the
Negev desert of Israel, sand-derived soils are surrounded and
fragmented by loess-derived soils, forming a wide range of
habitat mosaics (Evenari 1982, pp. 43—46). Furthermore, as
predicted by the inverse texture hypothesis, in this region the
former soils are much more productive than the latter ones
(Noy-Meir 1973). This may explain why although
M. hyalinus performs equally well in both sand- and loess-
derived soils, i.e., a habitat generalist (Barkae et al. 2012), it
exhibits a strong selectivity for sandy habitats (Barkae et al.
2012, 2014).

Antlions exposed to each environmental context were di-
vided into two groups of similar mean and variance of initial
body mass. Each group was exposed to both the favorable and
unfavorable conditions of the environmental context.
Specifically, after four observations, the experimental condi-
tions were switched between groups (e.g., individuals
experiencing first favorable conditions were switched to un-
favorable conditions and vice versa). Switching conditions,
with a total of eight observations per individual, four at each
level, allowed us to pinpoint the effect of each level on the
same individual. In order to control for hunger level, we fed all
individuals with one prey item (a flour beetle larva) between
the first and the second phases of each environmental context.
Observations were performed in the morning, and each indi-
vidual was placed within a separate 23.5% 17 cm experimental
container (Fig. la—c) for 6 h under dark condition (when
antlions relocation is more common; Scharf et al. 2008b).
These containers were photographed every 2 h using a digital
camera (three measurements per observation). For the rest of
the day, larvae were placed in a round plastic cup under room
conditions and a day/night cycle ~12:12 h. Out of 4,104
photos, 18 were excluded from the analysis because the traces
were unmeasurable, owing to over-relocation activity. During
the experiments, 2 of the 172 individuals pupated and were
thus excluded from further analyses.

Statistical analysis

We used the software GetData Graph Digitizer (v. 2.25.032) to
obtain coordinates in order to calculate relocation distances,
i.e., track the sum length of the three measurements per day,
and to mark whether each individual constructed a pit every
day. A relatively low rate of pit construction (~50 % in
average) was observed; we thus treated pit construction as a
discrete variable by summing the events of pit construction
(i.e., whether each individual constructed a pit every day;
values between 0 to 4). In addition, we measured two traits
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Fig. 1 Photos of the
experimental containers under: a
deep sand, b shallow sand (arrows
indicate the sand depth), and ¢
loess soil. d Drawing of the traits
that were measured: relocation
distance, turning angles,
displacement, and pit
construction

of movement directionality (Fig. 1d), calculated per day: (1)
displacement, delta of the first and last coordinates along the
track length divided by the distance length. The outcome is a
proportion, indicating whether the individual moved
directionally (value close to 1) or nondirectionally (value close
to 0). (2) Turning angle standard deviation (SD), we used a
program written in MATLAB to obtain the angle of each turn
while moving, in order to calculate the standard deviation of
these angles. Directional movement is characterized by a
lower variance of angles than more tortuous movement.
Relocation distances and the traits of movement directionality
were log transformed to correct for deviation from normality
(skewed to the right). We then analyzed the data at two levels:
(1) Between days: repeatability under the same context level,
testing for relocation distances, displacement divided by the
distance length (displacement-to-distance), and turning angle
SD. (2) Within environmental context: we tested for behavior-
al repeatability between the two levels of the same environ-
mental context regarding relocation distance and the two
directionality traits (i.e., daily average per individual of four
measurements at each level) and pit construction (values
between 0 to 4). Repeatability between days and within envi-
ronmental context was tested using Intraclass Correlation
Coefficients (ICC; Hayes and Jenkins 1997). Similar results
were obtained when using Pearson r correlations and
Cronbach’s alpha (Burns 2008); we thus report the repeatabil-
ity results only for the ICC. In order to examine behavioral
plasticity in relocation distance between the two levels of each
environmental context, we used separate repeated-measures
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ANOVAs. Since multiple observations of the same individ-
uals are not independent on each other and because pit con-
struction was not normally distributed (ranging between 0 and
4), we tested for plasticity in pit construction using the non-
parametric Wilcoxon signed-rank test (equivalent of paired ¢
test or repeated measures ANOVA). All statistical analyses
were performed in SYSTAT v. 12 (SYSTAT Software), except
for calculation of the ICC and its 95 % confidence intervals,
which were done using the R (R Development Core Team,
2012) package “psy” developed by Bruno Falissard (http://
cran.r-project.org/web/packages/psy/index.html).

Results
Repeatability over time

Repeatability between days was dependent on the trait mea-
sured: relocation distance, displacement-to-distance, and turn-
ing angle SD exhibited high, medium, and low levels of
repeatability, respectively (Table 1).

Relocation distance Relocation distances were highly repeat-
able between successive days under the favorable and unfa-
vorable conditions of each of the three environmental con-
texts. However, the repeatability of relocation distances was
higher in sand than in loess, while only little variation was
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Table 1 Repeatability between days of relocation distance, displace-
ment-to-distance and turning angle SD across the different levels of the
three environmental contexts

Behavioral trait Thermal conditions Sand depth Soil type

Benign  Harsh ~ Shallow Deep Loess Sand

Relocation distance

Coefficient 0.36 036 053 0.55 031 057

Lower 95 % ClI  0.23 021 040 041 0.16 039

Upper 95 % CI  0.50 050  0.67 0.67 049 0.69
Displacement-to-distance

Coefficient 0.22 030 0.36 033  0.07 034

Lower 95 % ClI  0.04 0.13  0.20 0.11 -0.07 0.17

Upper 95 % CI  0.43 051 051 0.52  0.25 0.50
Turning angle SD

Coefficient —0.08 032 027 024 0.07 021

Lower 95 % CI —0.20 —0.02  0.06 0.04 -0.11 0.01
Upper 95 % CI ~ 0.07 0.67 047 041 038 0.50

observed in repeatability between levels in the other two
environmental contexts (Table 1).

Displacement-to-distance Repeatability was significant under
both favorable and unfavorable conditions of all environmen-
tal contexts, except for loess. Repeatability was slightly higher
under harsh than under benign thermal conditions, higher
under shallow than under deep sand, and higher in sand than
in loess (Table 1).

Turning angle SD Turning angles generally demonstrated low
repeatability, which was significant only in half of the cases. A
somewhat higher repeatability was detected under both sand
depths and in sand but not in loess (Table 1).

Repeatability within environmental context

Here, the main difference was linked to the environmental
context, with the two levels of sand depth and sand type
leading to more repeatable behavior than the two levels of
thermal conditions (Fig. 2).

Repeatability between the two levels of thermal conditions
was not significant with respect to all behavioral traits (relo-
cation distance: ICC=0.04; 95 % CI=(—0.14, 0.27); pit con-
struction: ICC=0.20; 95 % CI=(—0.06, 0.43); displacement-
to-distance: ICC=0.11; 95 % CI=(—0.11, 0.31); turning angle
SD: ICC=0.03; 95 % CI=(-0.31, 0.40)). By contrast, all
behavioral traits except for turning angle SD were repeatable
between the two sand depths (relocation distance: ICC=0.33;
95 % CI=(0.13, 0.70); pit construction: ICC=0.47; 95 %
CI=(0.24, 0.68); displacement-to-distance: ICC=0.43; 95 %
CI=(0.25, 0.63); turning angle SD: ICC=0.10; 95 %

CI=(—0.01, 0.38)), and soil type (relocation distance: ICC=
0.26; 95 % CI=(0.04, 0.56); pit construction: ICC=0.29;
95 % CI=(0.02, 0.52); displacement-to-distance: ICC=0.32;
95 % CI=(0.14, 0.46); turning angle SD: ICC=0.25; 95 %
CI=(0.02, 0.50)). Note that turning angle SD was repeatable
in the latter context of sand depth.

Behavioral plasticity

In addition to repeatability, we sought to examine the average
behavioral responses under each context. The two indices of
movement directionality showed low repeatability and hence
were excluded from the analysis. The main differences were
found between pit construction and relocation distances for
varying sand depths and soil types, respectively.

Thermal conditions We could not detect any differences in
relocation distances (£, so=1.93, P=0.17; Fig. 3a) or in pit
construction (Z=1.30, n=46, P=0.19; Fig. 3b) between be-
nign and harsh thermal conditions.

Sand depth Relocation distances did not vary significantly
between shallow and deep sand (F; 54=0.19, P=0.66;
Fig. 3c), but pits were more frequently built in shallow than
in deep sand (Z=2.11, n=34, P=0.04; Fig. 3d).

Soil type Antlions relocated over longer distances in loess
than in sandy soil (£, s4=31.14, P<0.001; Fig. 3e), but
exhibited no significant variation in their pit construction
behavior (Z=0.62, n=35, P=0.53; Fig. 31).

Discussion

Here, we studied for the first time behavioral repeatability and
personality in pit-building antlion larvae, under three different
environmental contexts. Relocation distances were highly
repeatable over time, under both the favorable and unfavor-
able conditions of each of the three environmental contexts.
However, movement directionality demonstrated mixed re-
sults. While displacement-to-distance was repeatable between
days, the turning angle SD showed weak repeatability. In other
words, the two components of behavioral repeatability, i.e.,
the energy invested in a specific behavior (here, movement
distance) and the investment pattern in the same behavior
(here, movement directionality), exhibited different patterns.
We thus suggest that behavioral repeatability and personality
should be measured at more than one level. Individuals also
displayed high repeatability in pit construction behavior, relo-
cation distance, and displacement-to-distance under differing
levels of sand depths and soil types but not of thermal condi-
tions. Finally, although rank order behaviors were consistent
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between soil types and soil depths, the average behavioral
response differed. Specifically, pits were more frequently built
in shallow than in deep sand. In addition, relocation distances
were greater in loess than in sandy soil.

Although relocation distances were generally repeatable
over time and across the differing conditions of the three
environmental contexts, repeatability was much higher in
sandy than in loess soil. Though this species is a habitat
generalist (Barkae et al. 2012), its favorable substrate is sand
(Barkae et al. 2014). Thus, we suggest that unfavorable envi-
ronments may trigger higher behavioral plasticity than favor-
able ones. Similarly, stressful environments induce bet-
hedging by ovipositing females and phenotypic divergence

Fig. 3 Average behavior (or a
between-level behavioral
plasticity) of (a, ¢, e) relocation
distance and (b, d, f) pit
construction under three
environmental contexts: a, b
thermal conditions, ¢, d sand
depth, and e, f soil type. Stars
represent significance level using
the following rules: 0.01 <*<
0.05, 0.001<**<0.01, and
***<0.001. Error bars represent
SE for relocation distance and
min-max for pit construction.
Median pit construction in
shallow sand (d) overlaps with the
upper quantile (i.e., 75 %)

Relocation distance (cm)
|

Benign

=3

No. of pit constructed

Relocation Pit
distance

T T T T
Displacement
-to-distance

Turning

construction angle SD

Behavioral trait

by the offspring as well as genetic variance in the long term
(Hoffmann and Merild 1999). Although antlion larvae exhib-
ited repeatability over time in relocation distances, this is not
necessarily the case in all insects. For example, Muller et al.
(2010) detected behavioral repeatability in worker neophobia
of new flower colors but only within the same experimental
day; between-days repeatability was low. However, as other
insects show repeatable behavior across a few days at least,
antlion larvae are clearly no exception (e.g., Kolluru 1999;
Schuett et al. 2011).

Although we observed repeatable behavior between
different soil types, and soil depths, behavior was not
repeatable across thermal conditions. At first glance, the
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latter result might seem to be counterintuitive in light of
the cumulative evidence of a link between energy me-
tabolism and personality traits (e.g., Biro and Stamps
2010; Careau and Garland 2012). This is especially true
for ectotherms due to their strong dependency on envi-
ronmental temperature (e.g., Careau et al. 2008; Briffa
et al. 2013). Nonetheless, we found that individuals that
relocated more than 10 cm under benign conditions re-
duced their relocation activity under harsh conditions,
while the opposite held true for individuals relocating
less than 10 cm under benign conditions (not shown).
This suggests that individuals exhibit some specialization
in either benign or harsh climates. Thermal specialization
is a known phenomenon (e.g.,Gilchrist 1996; Angilletta
et al. 2003), which could enable some individuals to
better face a harsh climate at the expense of reduced
activity in a more moderate one. Alternatively, the ther-
mal stress might perhaps have been perceived less im-
mediately by the antlions than other unfavorable condi-
tions, such as loess soil. Larvae were exposed to thermal
stress only for 6 h daily, without a preliminary thermal
acclimation that may induce physiological change. Pruitt
et al. (2011a), for instance, found that under warmer
temperatures the spider Anelosimus studiosus exhibited
a repeatable reduction in tolerance to conspecifics, an
increase in activity level, a tendency to attack multiple
prey items, and a shorter latency to attack. In their work,
spiders were allowed 6 h of acclimation prior to expo-
sure to each of the five temperatures. Future experiments
should disentangle between short-term exposure of late
instars and long-term exposure across development to
unfavorable temperatures, as the effects of chronic and
acute exposure to unfavorable temperatures may often
differ (e.g., Wilson and Franklin 2002).

While many studies have investigated activity level, only a
few have examined relocation activity in sit-and-wait preda-
tors and in central-place foragers in the context of personality.
Scharf et al. (2012a), for instance, studied several behaviors of
a cavity-dwelling ant, including nest relocation behavior.
They found repeatable nest relocation and a trade-off between
this trait and colony aggression (i.e., aggressive colonies did
not relocate). Second, Pruitt et al. (2011b) found repeatable
differences in female choosiness across situations: choosy
females relating to the occurrence of prey signals in their
new habitat were also choosy regarding the amount of light
in their habitat. Third, Wray and Seeley (2011) forced honey
bees to choose between several nests. Interestingly, although
colonies consistently differed in the waggle dances and active
search for nests, they did not differ in the time required to
choose a nest. Here, we found that, unlike the strong correla-
tion in relocation activity, movement directionality exhibited
low repeatability. This means that activity, a common behav-
ioral trait measured in personality studies, could be studied

both as relocation distance and displacement-to-distance,
leading to different results, as obtained here.

Based on the differences between relocation distance and
directionality, we suggest that repeatability should be mea-
sured at two levels: energy expenditure level and expenditure
pattern. This strengthens Watanabe et al. (2012) conclusion
that each behavioral category, such as boldness, should be
measured using more than a single behavioral trait, such as
latency to seek shelter in response to predators, combined with
latency to re-emerge. These authors have shown that different
behavioral traits of the same category do not always agree
with each other. Here, we detected a strong consistency in
energy expenditure, measured as relocation distance and pit
construction. However, we also detected a much lower con-
sistency of the expenditure pattern, i.e., the movement pattern
or directionality. Energy expenditure is the level most often
measured (e.g., general activity or aggression), while the
expenditure pattern is quite often ignored. For active foragers
searching for prey, movement pattern is highly important in
accurately locating prey (e.g., Nolet and Mooij 2002; Scharf
et al. 2012b); for sit-and-wait predators, how far to get from
their current position when relocating their ambush site is also
of high relevance (e.g., Chmiel et al. 2000). In such cases, a
higher repeatability of movement patterns is expected.
Nonetheless, in contrast to our hypothesis, it seems that
antlions relocate only in order to avoid the error of staying
too long at poor sites, with low importance in regard to
relocation direction (Nakata and Ushimaru 1999; Scharf and
Ovadia 2006).

In addition to behavioral repeatability, comparing the av-
erage behavioral responses under varying levels of each envi-
ronmental context is of interest, in facilitating a better under-
standing of how abiotic factors affect trap-building predators.
First, pits were more frequently constructed in shallow than in
deep sand. This is in accord with the results obtained in a
semifield experiment using the same species (Loria et al.
2008). In regard to soil type, we found higher relocation
activity in loess than in sandy soil. This finding might be
explained by the fact that sandy soils in the studied region
are more productive in regard to prey availability than loess
ones (Noy-Meir 1973). Thus, loess soil triggered higher relo-
cation activity of the larvae, searching for the more productive
substrate (Barkae et al. 2014). Trap-building predators relo-
cate if their current location does not meet their needs, while
the exact conditions required differ between species (Scharf
and Ovadia 2006). For instance, the long-jawed orb-weaving
spider prefers sites of high humidity and prey availability and
will otherwise relocate (Gillespie and Caraco 1987). Several
antlion species are choosy regarding the sand particle size and
prefer sand of a specific grain size (e.g., Devetak et al. 2005;
Klokocovnik et al. 2012). This is probably related to building
an efficient pit, to the probability of prey escaping after falling
into the pit, and the time required for capturing the prey.
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Future studies should explore whether the relocation decision
is hierarchical, in the sense that antlions consider each factor
individually and have a hierarchy of desired conditions, or
alternatively, average over several site characteristics. This is a
valid question, and some cavity-dwelling ants, for example,
decide hierarchically when relocating and choosing among
nests (i.e., the absence of light is more important than the
internal nest height, which is more important than the nest
entrance size; Franks et al. 2003).

To conclude, we found that antlion larvae displayed repeat-
able behavior, at least over a few days, and across differing
levels of an environmental context. This holds especially true
for sand depth and soil type. Importantly, this repeatability
was preserved even when the average behavioral response
differed between the two levels of the environmental context.
A next important step should be to explore behavioral repeat-
ability over longer time periods and to incorporate important
physiological measures, such as metabolic rate, its repeatabil-
ity, and its relation to the documented behavioral traits.
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