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Abstract

Antlions and wormlions are unrelated insect taxa, but both construct pit traps in loose soil and hunt similar prey. Owing to
the likeness of their hunting strategies, and since no other animals construct similar traps, they demonstrate an intriguing
case study of convergent evolution. We reviewed the literature of the last 16 years and compared the existing knowledge on
trap-building antlions and wormlions. Whereas the knowledge on antlions has been accumulating, studies on wormlions are
lacking, in particular studies on how wormlions sense prey and their cognitive abilities. Shared characteristics of the taxa
include responses to increasing conspecific density, such as populating suboptimal microhabitats and altering their spatial
pattern. The taxa differ, however, in other aspects, such as response to disturbance, prey size range, diversity in habitat selec-
tion and behavioural plasticity. We provide recommendations for future research on several levels of biological organization.
If such research is conducted on co-occurring antlions and wormlions, the findings will contribute to a greater understanding
of this convergent evolution, the extent to which it exists, and its limitations. This in turn will contribute to understanding how
natural selection in specific environments has shaped similar phenotypes and which constraints limit the phenotypic outcome.

Keywords Behavioural plasticity - Cognitive ecology - Habitat selection - Soil-dwelling - Myrmeleontidae - Temperature -
Vermileonidae - Vibrations

Introduction

Predatory trap-building arthropods present an extreme case
of sit-and-wait predators because they not only ambush
prey but also construct a trap for this purpose (Scharf et al.
2011). On the one hand, they invest little energy and time in
searching for prey; on the other hand, they invest energy in
constructing and maintaining the trap. Measuring the ben-
efits and costs of trap building provides an exciting model
for studying the evolutionary drivers and constraints of this
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hunting strategy. The three most familiar taxa of trap-build-
ing predators are spiders, antlions and wormlions (Blamires
2020). Among the trap-building insects, antlions (Neurop-
tera: Myrmeleontidae) are the most well-studied ones, utiliz-
ing trap construction as part of their larval foraging strategy
(Ruxton and Hansell 2009). A very similar trap construction
has evolved separately in wormlion larvae (Diptera: Ver-
mileonidae), demonstrating an interesting case of conver-
gent evolution (Dor et al. 2014), which can be defined as
“the independent evolution of similar features in different
evolutionary lineages” (Losos 2011, see Stayton 2015 for
other definitions).

Although antlions and wormlions differ strikingly in their
morphology, they both construct conical pitfall traps in the
surrounding substrate (Wheeler 1930), which are hard to
discern without digging the predator out (Fig. 1). They are
the only animals known to construct pitfall traps in sand.
Their trapping method has many similarities to web con-
struction by spiders and to the evolution of traps in carnivo-
rous plants—an interesting case of convergent evolution in
its own right (Ellison and Gotelli 2009). Remarkably, other
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Fig. 1 An aggregation of pitfall traps (Tel Aviv University, Tel Aviv,
Israel) and the two predators, an antlion (a Myrmeleon sp. left) and
a wormlion (a Vermileo sp. right) larva, dug out of their traps. Each
square stands for 1 mm. The largest trap in the photo centre was dug
by an antlion, whereas all others by wormlions. Photos were taken by
the authors

fly families might be predators or live in sand, but never
hunt prey using pits (Skevington and Dang 2002). Regarding
antlions, the vast majority (~90%) of the ~2,000 described
species in the Myrmeleontidae family do not dig traps and
simply ambush prey while being buried in sand (Badano
et al. 2016). Thus, by sharing the same hunting method,
which has evolved separately, probably no more than twice
in the animal kingdom, and by evolving in similar habitats, it
is expected that many other phenotypic traits of pit-building
antlions and wormlions will converge too. For instance, both
have a long larval period of a year or more and short-lived
weak-flying adults (Wheeler 1930). Both are opportunistic
predators consuming mostly ants (Simon 1988; Skevington
and Dang 2002). Furthermore, if we assume there is only
a limited number of ways to be a successful “pit-building
predator”, then natural selection is expected to draw simi-
larities between the phenotypes of antlions and wormlions
(Speed and Arbuckle 2017).

There is still an important difference in how the antlion
and the wormlion traps are dug, as antlions use spiral dig-
ging while wormlions use central digging, with the former
considered to be more efficient (Franks et al. 2019). What-
ever the case, the purpose of constructing a trap is identical
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in both taxa: enlarging the attack range of the predator,
facilitating the attack of large and/or fast-moving prey and
increasing the probability of capture success by channel-
ling the prey to the predator (Mansell 1988; Scharf et al.
2011). Little is known about non-trap-building species of
antlions, as the scientific focus has been almost solely on
species producing facultative or obligatory trap-building lar-
vae. Non-trap-building species often use a strategy termed
sit-and-pursue, meaning that they ambush prey without a
trap and change their ambush position much more frequently
than trap-building species (Loria et al. 2008). Little is also
known about adult antlions and wormlions (but see Matsura
et al. 2005; Adar and Dor 2018).

The research on the behavioural ecology of trap-building
insects has almost exclusively focused on the foraging con-
text, with two main research trends: the study of microhabi-
tat preferences and behavioural plasticity, both presumably
selected to increase the successful capture of prey. Antlion
and wormlion larvae live for a year or even longer (three-
and six-instar stages, respectively, Wheeler 1930), which
is quite unusual for insect larvae. They inhabit areas with
suitable loose soil, such as sand or loess, and use their traps
to hunt co-occurring arthropods, mostly ants (estimated to
be over 70% of the diet of several trap-building antlion spe-
cies, Simon 1988). Supporting this finding, artificial traps
placed next to antlion and wormlion traps indicate that ants
comprise the vast majority of arthropods caught in the traps
(Glenn and Holway 2008, Bar-Ziv et al. 2018, Jingu and
Hayashi 2018, Turza et al. 2020). Similar to many other
predator—prey interactions, it is possible that their relation-
ship with ants is an “arms race”, in which there is selective
pressure on antlions (possibly also on wormlions) to hunt
ants more efficiently and on ants to avoid predation (Hollis
et al. 2015; Hollis 2017). This may also be reflected in the
thermal range within which both players are active (Marsh
1987). Although antlion larvae remain motionless at the
bottom of their traps most of the time, due to the abundant
mechanoreceptor satae all over their body (Acevedo Ramos
et al. 2020), they can react to potential nearby prey, primarily
by means of sand tossing. This illustrates that they are sensi-
tive to their surroundings, rather than limited in their cogni-
tive abilities, which antlions were long suspected of being.
In wormlion larvae, there is no comparable abundance of
mechanoreceptors, and how they detect prey and react to it
is less understood.

Here, we focus on the behavioural ecology of trap-build-
ing antlions and wormlions. There are several previous
reviews on antlions (Scharf and Ovadia 2006; Scharf et al.
2011), describing the factors that trigger trap relocation and
the factors that affect trap size. More specialized reviews
have focused on the exploitation of prey-induced vibrations
on the sand by antlions, the biomechanical costs and ben-
efits of traps or on a single antlion species (Devetak 2014;
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Blamires 2020; Farji-Brener and Amador-Vargas 2020).
We believe that a new review is timely, focusing on the fol-
lowing topics: (1) There is currently no review comparing
antlion and wormlion behaviour. This is important in order
to evaluate to what extent the convergent evolution between
the two insect taxa has led to similar behaviours. Studying
both together will help to achieve one of the main goals of
behavioural ecology, namely understanding how evolution
has shaped behaviour. Furthermore, wormlion research is
lagging behind antlion research. We would like to encourage
researchers to study wormlions too and most desirably in
direct comparison with antlions under the same experimen-
tal framework. (2) The last broad review on the microhabi-
tat selection of antlions (Scharf and Ovadia 2006) is nearly
outdated, and novel information has accumulated on further
aspects of habitat choice. This especially holds true regard-
ing the effects of abiotic factors and the more recent work
on wormlions. (3) Over the last few years, new research on
learning in antlions has also accumulated. As cognition is
increasingly appreciated as an important component of ani-
mal behaviour, we also wish here to highlight this aspect.
(4) Recent studies on trap-building predators have consid-
ered their behaviour in the context of “animal personality”
and examined their behavioural consistency. Reviewing this
theme is also of interest, in light of its current popularity in
behavioural ecology and the relatively weak support it has
received to date in trap-building insects.

We searched the Scopus database (agricultural and bio-
logical sciences subject area) for documents that included
the terms “antlion or ant-lion or ‘ant and lion’” in either
the title, abstract or keywords. We limited the search to the
period after the first-noted review was written (2005-2021).
We also searched by the term “wormlion” (in the same sub-
ject area and period) in order to find documents relating to
wormlions. Among the found documents, we selected most
non-taxonomic papers concerning the two taxa (Supplemen-
tary Material).

Foraging and microhabitat selection

A review by Scharf and Ovadia (2006) summarized the lit-
erature in terms of the factors affecting microhabitat selec-
tion in antlions. These factors were mostly biotic, such as
prey abundance, competition and cannibalism, together with
some abiotic factors, such as microclimate and disturbance
to the traps. Despite the numerous cited works, the review
authors could not always reach decisive conclusions, due
to the diversity of habitats from which antlions originate,
and the use of different methodologies in the different stud-
ies. For instance, there was variability among the species
and studies in regard to the antlions’ sensitivity to starva-
tion and to their preferred microhabitat (lit or shaded). We

found 26 papers written between 2005 and 2021, relating to
microhabitat selection in antlions and wormlions. The new
findings can hardly be considered conclusive for antlions but
do lead to a deeper understanding of wormlions (Table 1).
As described earlier (Scharf and Ovadia 2006), high den-
sity in antlions is unfavourable, as it leads to a lower propor-
tion of individuals able to construct traps, more frequent
relocation and the construction of smaller traps. This holds
true also for wormlions (Dor et al. 2014; Katz et al. 2017b).
Furthermore, in both taxa, the spatial distribution pattern
undergoes change from random to regular with increasing
density, indicating an increase in interference, e.g. by sand
tossing (Matsura and Takano 1989; Dor et al. 2014). Ant-
lions display a range of responses to a low abundance of
prey—from starvation to death after not moving for weeks,
to relocation to another site within days (reviewed in Scharf
and Ovadia 2006). There has been only a single additional
study since 2005 on trap relocation by antlions in response
to starvation: when starved, the majority of Myrmeleon per-
similis larvae relocated in search of a more suitable area
within 2 weeks (Tsao and Okuyama 2013). In wormlions,
however, the effects of starvation seem to be on the other
end of the continuum, with little response in terms of relo-
cation (Scharf and Dor 2015; Katz et al. 2017b). Distur-
bance to the antlion larvae traps, which leads to partial or
full trap destruction, seems to have a lower effect in terms
of relocation but does lead to a reduction in trap size (Scharf
and Ovadia 2006). This has been partially corroborated by
some newer findings, in which disturbance resulted in no
increase or even a decrease in relocation tendency (Barkae
et al. 2010; Tsao and Okuyama 2013). Wormlion larvae,
when disturbed, also rebuilt smaller traps (Scharf and Dor
2015). Although they hardly responded to starvation, they
did relocate more frequently following disturbance (e.g.
when sprayed with water simulating rain, Scharf et al. 2018).
The preferred light conditions would seem to be one fac-
tor that best divides trap-building antlion species into two
types, those inhabiting lit areas and those inhabiting shaded
sites (Scharf and Ovadia 2006, for newer works, see Lima
and Faria 2007, Scharf et al. 2008a, 2008b). There is also
evidence of different species sharing the same habitat, but
with a distinct preference for shaded and sheltered vs. lit and
open areas (Barkae et al. 2012; Klokocovnik et al. 2020).
Wormlions, in contrast, strictly prefer shade (Adar et al.
2016a; Katz et al. 2016, 2017a), and their preference for
positions next to walls in urban habitats might be explained
by the shade casted by such walls (Scharf et al. 2020a,
2021a). Recently, additional studies have been devoted to
determine the traits of the preferred substrate. Here too, it
seems that antlions diversify more in their preferred sub-
strate than wormlions: for example, M. hyalinus and M.
immaculatus prefer finer and coarser sand, respectively
(Devetak and Arnett 2015, see also Devetak et al. 2005,
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Table 1 List of works on microhabitat selection in antlions and wormlions. Symbols “+” indicate the type of factor(s) studied in each work

Taxon Species Reference Sand traits ~ Light con- Disturbance  Prey avail- Conspecific
ditions to the traps ability density
Antlions Euroleon nostras Devetak et al. (2005) +
Myrmeleon bore Matsura et al. (2005) +
Myrmeleon brasiliensis ~ Lima and Faria (2007) +
Myrmeleon hyalinus Loria et al. (2008) +
Myrmeleon hyalinus Scharf et al. (2008a) +
Myrmeleon hyalinus Scharf et al. (2008b) +
Myrmeleon hyalinus Scharf et al. (2009a) +
Myrmeleon hyalinus Barkae et al. (2010) +
Myrmeleon hyalinus Barkae et al. (2012) +
Cueta lineosa
Euroleon nostras Devetak et al. (2012) +
Myrmeleon persimilis Tsao and Okuyama (2013) + +
Myrmeleon hyalinus Devetak and Arnett (2015) +
Myrmeleon immaculatus
Euroleon nostras
Neuroleon microstenus
Myrmeleon formicarius ~ Klokocovnik et al. (2020) +
Euroleon nostras
Baliga micans Fukada and Nisimura (2021) +
Wormlions Vermileo vermileo Devetak (2008) +
Vermileo Dor et al. (2014) +
Vermileo Scharf and Dor (2015) + +
Vermileo Adar et al. (2016a) + +
Vermileo Katz et al. (2016) +
Vermileo Katz et al. (2017a) +
Vermileo Katz et al. (2017b) + + +
Vermileo Scharf et al. (2018) +
Vermileo Bar-Ziv et al. (2019) +
Vermitigris Miler et al. (2019) +
Vermileo Scharf et al. (2020a) + +
Vermileo Scharf et al. (2021a) +

When only the genus name is given, the species is either not known or not yet undescribed

Matsura et al. 2005, Devetak et al. 2012 for other reports of
preferred sand particle sizes). In comparison, three worm-
lion species from three distinct geographical regions all pre-
fer very fine sand (Devetak 2008; Bar-Ziv et al. 2019; Miler
et al. 2019).

Fine sand and coarse sand present different advantages.
For instance, potential prey can more easily escape a trap
built in coarser sand (Botz et al. 2003), and such a trap
requires more investment in maintenance, as large sand par-
ticles tend to fall back into the trap (Lucas 1982). It is also
possible that the construction of traps in coarse sand requires
more energy than in fine sand, especially for large individu-
als. Indeed, the preference for fine sand is stronger in small
wormlions than in large ones (Bar-Ziv et al. 2019). How-
ever, as we describe later in the text, coarse sand enables a
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better transmission than finer sand of the vibrations caused
by potential prey, probably facilitating their capture by trap-
builders (Devetak et al. 2007; Podlesnik et al. 2019).

Both antlions and wormlions prefer deep sand over shal-
low sand (Loria et al. 2008; Scharf et al. 2009a, 2020a; Adar
et al. 2016a). The preference for deep sand is more critical
for large individuals than for small ones, which are more
limited by their body size when constructing traps (Bar-
Ziv et al. 2019). Both antlions and wormlions prefer dry
sand, because wet sand impairs trap construction and aids
the escape of prey from the trap (Scharf et al. 2018; Miler
et al. 2019). Comparison of a pair of co-occurring antlion
and wormlion species revealed that the antlion preference
for dry sand was greater than that of the wormlion (Miler
et al. 2019), possibly because the latter is more vulnerable
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to desiccation. That said and although antlions prefer dry
sand, they avoid extremely dry sand (i.e. up to 30% relative
humidity is preferred over 0%), perhaps owing to the cost of
water loss (Fukada and Nisimura 2021). Very few studies
have focused on adult antlions and wormlions, and we are
aware of only two studies on the microhabitat selection of
adult ovipositing females. While the preference for medium
size sand particles in the antlion M. bore is similar for both
the larval and the adult females (Matsura et al. 2005), the
preference for deep sand in wormlion larvae is not supported
by the adult females, which showed no preference (cf. Bar-
Ziv et al. 2019; Adar and Dor 2018).

This brief overview of the newest antlion and wormlion
literature regarding microhabitat selection already indicates
some differences between the two taxa: namely, more typi-
cally passive starvation tolerance, a possibly higher distur-
bance sensitivity and more highly preferred shade and a fine,
powder-like substrate, in wormlions than in antlions.

Plasticity in foraging behaviour

The behavioural plasticity of antlions has been receiving
increased attention, as evidenced of a more recent review
focused solely on this aspect (Scharf et al. 2011). Studies on
plasticity focus on how antlions modify their foraging behav-
iour in response to biotic and abiotic factors. Such modifica-
tions are presumed to be adaptive, such as enabling the more
efficient capture of prey. Other behavioural modifications,
such as the construction of smaller traps under starvation,
are either intended to save energy or are a by-product of
exhaustion. It is important to experimentally examine the
contribution of any such behaviour to foraging performance
before determining whether it is indeed adaptive. We found
54 papers published between 2005 and 2021, relating to
the behavioural plasticity of antlions and wormlions. These
works primarily focused on the foraging strategy of larvae
and how it changes, depending on various types of environ-
mental input (Table 2). We refer to behavioural plasticity in
response to starvation, temperature and substrate character-
istics, competition and cannibalism and vibrations on the
sand. We discuss those studies and the issues below.

Starvation

Antlions and wormlions are both quite tolerant of starva-
tion (Arnett and Gotelli 2003; Scharf and Dor 2015) but can
respond quickly to the movement of prey even after a long
period at rest. The general prediction regarding the effect of
starvation is that investment in foraging should increase with
an increase in hunger up to the point of exhaustion and then
gradually decrease (a hump-shaped pattern of an increase
followed by a decrease, Scharf 2016). In antlion species with

facultative trap-building larvae, this should be reflected in
ambushing without the trap during either extreme starvation
or full satiation, but in establishing a trap in-between (sup-
ported by recent literature: Elimelech and Pinshow 2008;
Tsao and Okuyama 2012). This effect should be similarly
found in species characterized by an obligatory trap-building
strategy, by building smaller traps during extreme starvation
or full satiation and larger traps in-between. Such responses,
however, are not always displayed (Liang et al. 2010; Scharf
et al. 2010; Farji-Brener and Amador-Vargas 2020), as fed
antlion larvae often do not reduce their trap size. Because
those studies were conducted in the laboratory, without dis-
turbance, it is therefore still possible that satiated individu-
als whose traps are destroyed are less likely to reconstruct
the traps than somewhat hungrier ones. Similarly, such a
hump-shaped pattern might still be discovered when exam-
ined in the field. This expectation is also not always realized
in wormlions, in which starvation leads to a gradual decrease
in trap size but not to an increase (Scharf and Dor 2015).

The “physiological history” prior to starvation is relevant
to predicting how the trap-builder will respond to starvation.
For example, in antlions, intense feeding immediately prior
to starvation leads to faster mass loss and a higher likeli-
hood of trap relocation, while a more moderate feeding or
a gradual decline in prey encounter leads to better starva-
tion tolerance (Jenkins 1994; Scharf et al. 2009b). In a com-
parison between two antlion populations, it was found that
those that decreased their activity to a larger extent under
starvation lost less mass, but also benefited less in terms
of growth rate upon the renewal of feeding, compared to
those that decreased their activity more moderately (Rotkopf
et al. 2013). This somewhat resembles the finding from a
comparison between wormlion populations in urban and in
more natural sites, in which the former constructed larger
traps and responded faster to prey than the latter (Samocha
and Scharf 2020). It is possible that urban wormlion popula-
tions might be less tolerant to starvation than wormlions in
natural areas.

Temperature and substrate characteristics

Despite undeniable preferences for certain soil traits by both
antlions and wormlions, the larvae must sometimes settle
for unfavourable conditions. Certain abiotic factors may
similarly lead to a hump-shaped pattern of investment in
foraging, as described above for starvation. For example,
temperatures that are below or above the optimum should
affect foraging negatively and limit physiological capacities
and reactions in comparison to an optimal, moderate temper-
ature. However, most of the experimental evidence indicates
a more positive linear relationship between temperature and
foraging performance in antlions, such as trap construction
and hunting (Klokocovnik et al. 2016, Antot et al. 2018,
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Table 2 List of works on behavioural plasticity in antlions and wormlions. Symbols (“+ ) indicate the type of factor(s) studied in each work

Taxon Species Reference Starvation Temperature and sub- Competitionand Vibrations ~ Operant
strate characteristics ~cannibalism on the sand  learning
Antlions Euroleon nostras Fertin and Casas (2006) +
Euroleon nostras Devetak et al. (2007) + +
Euroleon nostras Fertin and Casas (2007) +
Myrmeleon Swenson et al. (2007) +
Myrmecaelurus Elimelech and Pinshow +
(2008)
Myrmeleon crudelis  Farji-Brener et al. (2008) +
Euroleon nostras Mencinger-Vracko and +
Devetak (2008)
Myrmeleon hyalinus ~ Scharf et al. (2008c) +
Myrmeleon Burgess (2009) +
Myrmeleon crudelis  Guillette et al. (2009) +
Myrmeleon hyalinus ~ Scharf et al. (2009b) +
Cueta sauteri Liang et al. (2010) +
Myrmeleon hyalinus  Scharf et al. (2010)
Myrmeleon Hollis et al. (2011) +
Myrmeleon hyalinus  Barkae et al. (2012) +
Cueta lineosa
Euroleon nostras Klokocovnik et al. (2012) +
Mpyrmeleon persimilis Tsao and Okuyama (2012)  +
Myrmeleon hyalinus ~ Rotkopf et al. (2012) + +
Cueta lineosa
Myrmeleon hyalinus ~ Rotkopf et al. (2013) +
Myrmeleon hyalinus  Barkae et al. (2014) +
Myrmeleon acer Beponis et al. (2014) +
Myrmeleon hyalinus  Rotkopf and Ovadia (2014) + +
Euroleon nostras Klokocovnik et al. (2016) +
Myrmeleon bore Kuszewska et al. (2016) +
Myrmeleon hyalinus  Barkae et al. (2017) +
Cueta lineosa
Myrmeleon bore Miler et al. (2017) +
Myrmeleon bore Antot et al. (2018) +
Myrmeleon Miler et al. (2018a) +
Myrmeleon bore Miler et al. (2018b) +
Euroleon nostras Podlesnik et al (2019) + +
Myrmeleon hyalinus  Devetak et al. (2020) +
Cueta lineosa
Myrmeleon crudelis  Farji-Brener and Amador-  +
Vargas (2020)
Myrmeleon crudelis  Farji-Brener et al. (2020) +
Myrmeleon formi- Klokocovnik et al. (2020) +
carius
Euroleon nostras
Myrmeleon incon- Martinez et al. (2020) +
spicuus
Myrmeleon bore Miler et al. (2020) +
Euroleon nostras
Myrmeleon hyalinus ~ Ovadia et al. (2020) +
Cueta lineosa
Myrmeleon brasil- Abot et al. (2021) +
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Table 2 (continued)

Taxon Species Reference Starvation Temperature and sub- Competitionand Vibrations  Operant
strate characteristics ~cannibalism on the sand learning
Euroleon nostras Miler and Czarnoleski +
(2021)

Myrmeleon hyalinus ~ Miler and Scharf (in press) +
Wormlions Vermileo Dor et al. (2014) + +

Vermileo Scharf and Dor (2015) +

Vermileo Adar et al. (2016a)

Vermileo Adar et al. (2016b)

Vermileo Katz et al. (2017a)

Vermileo Katz et al. (2017b) +

Vermileo Bar-Ziv and Scharf (2018) +

Vermileo Bar-Ziv et al. (2018) +

Vermileo Katz and Scharf (2018) +

Vermitigris Miler et al. (2018a) +

Vermileo Samocha and Scharf (2020) +

Vermileo Scharf et al. (2020b) + +

Vermileo Scharf et al. (2021a) +

Vermileo Scharf et al. (2021b) +

When only the genus name is given, the species is either not known or not yet undescribed

see also earlier works, such as Youthed and Moran 1969,
Arnett and Gotelli 2001). This probably stems from insuf-
ficient temperature ranges tested so far (i.e. performance
under higher temperatures needs to be tested). Although
antlions occurring in lit (hotter) and shaded (cooler) sites
differ strongly in temperature tolerance (Rotkopf et al. 2012;
Miler et al. 2020), both groups display a surprisingly high
tolerance. Some species, especially those from open, sun-
exposed areas, thrive under ground temperatures as high as
50 °C, well above the physiological limits for many ecto-
therms (Marsh 1987), although trap temperatures are prob-
ably a few degrees lower (Green 1955). Consequently, stud-
ies might fail to reach test temperatures above the optimal
ones for antlions.

It is easier to reach stressfully high temperatures for
shade-preferring species, such as Euroleon nostras, than
for those occupying open areas, such as M. bore, with the
former showing more pronounced effects of short-term
exposure to a temperature of 40 °C (Miler et al. 2020). The
negative effect of high temperature is also clear in E. nos-
tras: the antlions constructed smaller pits after being kept
for a month at 31 °C compared to a control kept at a more
benign 25 °C (Miler and Czarnoleski 2021). The reason for
the high thermal tolerance of most antlion species might
be a consequence of their arms race with ants: ants seek
to be active in higher temperatures than antlions, to avoid

predation, while antlions follow the ants and remain vigi-
lant in high temperatures rather than entering “heat torpor”
(Marsh 1987).

In wormlions, which strictly prefer shade and also seem
less resistant to desiccation, appropriate test conditions
might be more easily reached. Indeed, the average trap area
of wormlion larvae placed under optimal, below-optimal and
above-optimal temperatures, shows a hump-shaped pattern,
as expected (Katz et al. 2017a). Importantly, wormlions
show no or weak thermal acclimation to stable temperatures
(Bar-Ziv and Scharf 2018). Acclimation to unfavourable low
or high temperatures has not been examined to date in any
antlion species. Furthermore, the results and conclusions
of thermal experiments conducted in the laboratory need to
be verified in the field, where larger masses of ground may
serve as a buffer against thermal fluctuations.

Several studies have investigated how antlions from popu-
lations of M. hyalinus or M. immaculatus across a climatic
gradient differ in morphology, life-history traits, starvation
tolerance and behaviour (Arnett and Gotelli 1999, 2003;
Scharf et al. 2008c; Rotkopf and Ovadia 2014; Alcalay
et al. 2015). While individuals of both species are larger
in colder habitats than in warmer ones, the two species
differ across populations in several other important traits
(Arnett and Gotelli 1999; Scharf et al. 2008c). For exam-
ple, M. immaculatus from colder habitats tolerate starvation
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better, while there is no difference between colder or warmer
habitat populations in M. hyalinus (cf. Arnett and Gotelli
2003; Rotkopf and Ovadia 2014). Furthermore, development
takes longer in the southern and warmer population in M.
immaculatus, while the opposite holds true for the south-
ern and warmer population of M. hyalinus (cf. Arnett and
Gotelli 1999; Scharf et al. 2008c). This difference may be
explained by the differences in the length of the season suit-
able for growth, which is shorter in the southern and north-
ern habitats of M. hyalinus and M. immaculatus, respectively
(harsh summer vs. harsh winter). It would also be of inter-
est to understand whether such differences originate from
phenotypic plasticity or are genetic adaptations to specific
environments. Common-garden experiments offer a power-
ful method by which to distinguish between the two (e.g.
Purcell et al. 2016).

Other abiotic factors, such as sand particle size, might
constrain foraging behaviour, by limiting trap construction
and maintenance or prey detection (Fertin and Casas 2006;
Devetak et al. 2007, 2020; Burgess 2009; Klokocovnik
et al. 2012; Podlesnik et al 2019). It is yet to be determined
whether trap-builders can compensate for such constraints
by being more responsive to vibrations on the sand (i.e.
increased sensitivity to vibrations in suboptimally con-
structed traps as a compensation mechanism). There are
several other sources of interference with trap construction
and maintenance. For instance, prey corpses may deter live
ants from approaching the trap, and it is unclear to what
extent trap-builders can effectively dispose of such corpses
(Beponis et al. 2014), although wind may help to blow them
away. In addition, as many antlions prefer shaded microhabi-
tats below trees, they must also cope with the plant litter that
trees produce and which fall onto the traps (Farji-Brener
et al. 2008; Abot et al. 2021). Trap-builders in urban habi-
tats might also encounter human litter, potentially nega-
tively affecting trap size (Dor et al. 2014; Adar et al. 2016a,
2016b). Field experiments on the effects of such potential
disturbances are missing. To date, little is known regard-
ing the impaired performance of trap-building insects under
suboptimal abiotic conditions and even less on the coping
mechanisms under these conditions.

Competition and cannibalism

Although antlions are solitary predators, they often aggre-
gate and form uncooperative groups, probably due to the
limited suitable areas for trap establishment and low disper-
sal ability following female oviposition. The same holds true
for wormlions. There is currently no in-depth study on the
relocation distances and the ability of antlions and worm-
lions to move from one suitable microhabitat to another. The
foraging behaviour of antlions and wormlions undergoes
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change in response to competition, which naturally escalates
with the increasing density of conspecifics (Scharf et al.
2011). The more recent literature confirms earlier reports
of trap size being restricted in antlion aggregations at high
densities (Swenson et al. 2007). It also contributes to the
knowledge in describing how the reduction in density that
follows results in a compensatory trap size increase (Farji-
Brener et al. 2020).

Wormlions create aggregations at a generally higher den-
sity than antlions (Dor et al. 2014; Bar-Ziv et al. 2018), and
it seems that the competition among neighbouring antlions
is stronger than that among wormlions. In the laboratory,
on the one hand, high density alters the spatial pattern of
traps from random to regular, reduces the probability of
constructing a trap, triggers relocation and decreases the
attractiveness of sites (Dor et al. 2014; Katz et al. 2017b;
Scharf et al. 2020b). On the other hand, there is a positive
correlation between the sizes of the traps of neighbouring
wormlion larvae (Dor et al. 2014). Furthermore, when plac-
ing a pair of wormlions differing in size in a limited area,
both wormlions reduce their trap area, indicating that both
pay a price in competition (Scharf et al. 2021b). In contrast,
a pair of large and small antlions of the species Macroleon
quinquemaculatus constructed larger and smaller traps than
expected, respectively, paying a size-dependent price for
competition (Griffiths 1992).

Interspecific competition between potentially co-occur-
ring species and the possible processes of habitat partition-
ing has also received some recent interest. In antlions, this
has been studied with M. hyalinus and Cueta lineosa, as
well as with E. nostras and M. formicarius larvae. The for-
mer species in each pair outcompetes the other in common
conditions, as evidenced by the direction of intra-guild pre-
dation, rate of trap construction, response time to prey and
prey capture success (Barkae et al. 2012; Kloko¢ovnik et al.
2020; Ovadia et al. 2020). A similar asymmetry, but in prey
size range, was found between the co-occurring Myrmeleon
antlions and Vermitigris wormlions (Miler et al. 2018a).
However, as also found, under harsher conditions (i.e. char-
acterized by higher temperature), C. lineosa is superior to M.
hyalinus in terms of survival rate, starvation tolerance and
foraging success (Rotkopf et al. 2012; Barkae et al. 2017).
In mixed populations of antlions and wormlions, the lat-
ter plausibly possess an advantage which ultimately allows
them not to be driven out of the shared microhabitat. The
advantage that each species has in direct competition is yet
to be explored. Except for the studies by Miler et al. (2018a,
2019), no other studies have examined together co-occurring
populations of antlions and wormlions and particularly the
mechanisms that enable their coexistence.

As noted previously (Scharf et al. 2011), although a high
density of larvae leads to an increase in cannibalism in ant-
lions, certain abiotic factors (e.g. deep sand) were found
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to provide an escape from such a fate (Barkae et al. 2014).
This might plausibly also apply to intra-guild predation in
mixed populations. While wormlions have been considered
non-cannibalistic to date, a recent study has demonstrated a
low rate of cannibalism also in wormlions, albeit much lower
than that reported for antlions (Scharf et al. 2021b).

Vibrations on the sand

Many soil-dwelling predators use vibrations on the sand to
locate prey, while prey species use vibrations mostly to avoid
and deter predators (reviewed in Hill 2009). Antlions are no
different, and they use vibrations to aid their hunting efforts
(Devetak et al. 2007; Fertin and Casas 2007). Antlions with
functional traps, exposed to recordings of ants moving on
the sand, toss sand in the direction of the incoming recorded
vibrations. Recordings of antlion behaviour in arenas with
different species of approaching prey confirmed the high
accuracy of the direction of sand tossing and showed that
antlions can react to potential prey even from a distance of
10 cm (Mencinger-Vracko and Devetak 2008). This high
sensitivity to vibrations was later confirmed, with buried ant-
lions being shown to move towards the surface in response
to the vibratory signals of prey (Podlesnik et al. 2019). It
was also found that substrates differ in their conductivity of
vibrations, with smaller particles conducting vibrations less
well. In another experiment (Martinez et al. 2020), antlions
reacted faster to artificial signals mimicking the approach
of the prey towards the trap (first weaker then stronger
vibrations) than to similar consecutive vibrations (strong
vibrations, one after another). Overall, antlion sensitivity
to vibrations seems very high. Specifically, heat-stressed
larvae showed decreased vibration sensitivity (Miler and
Czarnoleski n.d., in review), indicating that this behavioural
feature is not fixed. While it is logical to assume that worm-
lions too are able to sense vibrations on the sand, how they
do so has never been studied, nor from what distance they
are able to locate and respond to prey. Here too, comparative
experiments between the taxa will be of interest, adding new
layers to the research on the convergent evolution.

The antlions’ sensitivity to vibrations has been used in a
series of works on the cognitive abilities of larvae. Cogni-
tion can be defined as processes connected to the acquisi-
tion, retention and use of information—all three of which
are integral to fitness (Shettleworth 2001; Dukas 2004). The
examination of antlion cognition began with observations
of the behavioural reactions of larvae to vibrational signals
delivered near the edge of the traps and either associated
with prey or not (Guillette et al. 2009). In each case, sig-
nals were delivered by means of dropping a small amount of
sand near the antlion trap, simulating the movement of prey
on the sand. The signals were delivered either immediately
before the prey was dropped into the trap (the trained group

of larvae) or at a different time than the feeding time (the
control group), over several days (the training phase). A test
was then performed, comprising signal delivery and docu-
mentation of behaviour. In order to capture an approaching
prey, the trained larvae moved their heads and mandibles
and tossed sand more frequently than the control group. This
was interpreted as the first evidence of learning in antlions.
Learning had consequences for both development and body
mass: antlions in the trained group developed faster and
increased faster in mass (Guillete et al. 2009, Hollis et al.
2011).

Antlion learning is even more complex (Kuszewska et al.
2016): Firstly, larvae can be trained to differentiate weak/
strong signals associated with small/large ants, respectively,
and subsequently react to strong signals but not to weak
ones. This makes sense, as it pays to ignore a small, ener-
getically low-value ant, but not a large one. Secondly, when
a vibratory signal was either associated or not with the loss
of an already captured prey, the trained group responded
by burying themselves together with the prey following the
signal, to prevent prey loss. These results were later built on,
to understand the factors affecting the efficiency of the learn-
ing process, which was highly variable among individuals
(Miler et al. 2017, 2018b). The most recent study on antlion
cognition has demonstrated that antlions can be trained in a
T-maze to turn to a specific side, where sand was available,
and to avoid a side making them fall on a hard surface (Miler
and Scharf in press). This is the first evidence of operant
conditioning in antlions, on top of the already known asso-
ciative learning.

Regarding wormlions, nothing is known about their
vibratory responsiveness or their cognitive plasticity and
learning skills. Notably, however, wormlion larvae demon-
strate a low perceptual range, only of a few cm, in regard to
their favoured environmental conditions (Katz and Scharf
2018; Scharf et al. 2020b). These findings could indicate
that wormlions are more limited in their ability to gather
information. However, it is also possible that they are indeed
highly responsive to vibrations, similarly to antlions, because
a limited visual perception is likely to drive the evolution of
other, compensatory, sensory modalities.

Behavioural consistency and personality

The advantage of studying behaviour under a “personality
framework” lies in a better understanding of which behav-
iours correlate with each other and have probably under-
gone selection as a unit (Dingemanse and Réale 2005).
Behavioural consistency is also important as a necessary
step, for example, before determining “personality” (Bell
et al. 2009). We found six papers written between 2005 and
2021, relating to this subject in antlions and wormlions. In
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an ethological study (Klokocovnik and Devetak 2014), the
stereotypic behavioural sequence of hunting behaviour in
E. nostras antlion larvae was described, elaborating upon
earlier research. Occasional deviations from the typical
sequence were noted, such as prey beating during prey
capture and head roll during trap maintenance. Another
study (Alcalay et al. 2014a) described how second and third
instar antlion larvae differ in some specifics in their forag-
ing behaviour: namely, trap size, response time to prey and
prey exploitation efficiency. All these metrics were higher in
third than in second instars, which underline the importance
of differentiating between instar stages in experimental stud-
ies, in addition to differences in body mass. Furthermore, a
positive correlation was found between trap size and prey
exploitation efficiency, and the response time to prey and
relocation distance, suggesting that individuals either focus
on foraging or intend to relocate. Third instars also dem-
onstrated consistency in their trap size and response time
to prey when measured twice over several days. As a side
note, antlion instars do not only differ in size but also in
allometry. Whereas Myrmeleon hyalinus third instar larvae
possess larger heads relative to the rest of the body than
second instar larvae, the opposite holds true for M. crudelis
(cf. Scharf et al. 2008c with Farji-Brener et al. 2021).
Alcalay et al. (2014b) further reported consistency in
movement distances over several days and examined under
several conditions. Antlion larvae from different populations
display generally similar foraging syndromes, in which trap
size is highly correlated to response time to prey and prey
exploitation efficiency (i.e. core “foraging performance syn-
drome”, Alcalay et al. 2015). It may therefore be beneficial
to study more than a single behavioural response, in order
to more fully describe the behavioural state of trap-build-
ers. Wormlions, in comparison, seem to be less consistent
in certain behaviours over time than antlions, with some
behaviours being less consistent than others. For example,
while the preference for shade and the tendency to construct
a trap were consistent over a few days, other behaviours,
such as relocation distance, were not (Katz et al. 2016). In
general, examining behavioural consistency over longer
periods is important, because it is questionable whether the
behavioural consistency of trap-builders lasts more than
a few days. If it does not, and considering antlions’ and
wormlions’ long lifespan of a year or more, the relevance
of “personality” to trap-builders is questionable as they
might demonstrate “episodic personality” at the most. This
is similar, for example, to bumblebees and their response to
novelty, which is consistent only over a few hours, which
makes sense as plasticity in this regard is more desirable
and probably selected for (Muller et al. 2010). Similarly,
the responses of the gloomy octopus to a conspecific, a food
item and a novel item were correlated for a single day, but
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the responses to each stimulus were shown to be uncorre-
lated over a few days (Pronk et al. 2010).

More research is needed as it is possible that trap-builders
indeed possess profound personalities, just not in all behav-
ioural traits, not at all developmental stages and/or more in
the field than in the laboratory, as in other taxa (reviewed in
Bell et al. 2009). Importantly, in both antlions and worm-
lions, consistency was higher under favourable than unfa-
vourable conditions (moderate vs. harsh temperatures, Alca-
lay et al. 2014b; Katz et al. 2017a). This is perhaps similar
to the increase in phenotypic divergence of a species under
suboptimal conditions (Kohler et al. 2009).

Research directions

We have focused so far on various aspects of microhabitat
selection, behavioural plasticity and personality in trap-
building antlions and wormlions. We now turn to research
gaps and recommended directions for further research.
Experimental studies presenting direct comparisons of
antlion and wormlion larvae are scarce (Scharf et al. 2017,
Miler et al. 2018a, 2019) and thus need to be continued and
expanded in order to acquire a better understanding of their
similarities and differences (Table 3). The gaps in knowl-
edge are significant and relate to different biological levels
of organization of the two taxa, from the genetic level to
community ecology.

Regarding the genetic level, it would be interesting to
determine the differential gene expression among antlions
that do not build traps, switch between trap construction and
sit-and-pursue foraging mode and obligatory trap-builders.
Obtaining a clue regarding the possible genes involved in
trap construction, one could then examine whether worm-
lions express the same genes and compare them to related
Dipterans, which clearly do not. Such a comparison could
reveal convergence at the genetic level, although such
genetic convergence is not essential. On the physiologi-
cal level, there is limited evidence that antlions use toxins,
produced by bacteria, to paralyze their prey (Matsuda et al.
1995; Yoshida et al. 1999). It is unknown whether such tox-
ins are the rule in most trap-building antlions and, if so,
whether wormlions possess similar or other toxins. If the
answer to the last question is negative, it might explain why
antlions of a similar size to wormlions can, for example, cap-
ture larger prey (Miler et al. 2018a, b). On the behavioural
level, while there is accumulating evidence of antlion abil-
ity to sense vibrations and associate them with prey arrival,
nothing is known in this respect in regard to wormlions.
Priority should also be given to determine how wormlions
perceive their environment and their response to vibrations
in particular. It is probable that wormlion larvae are indeed
responsive to vibrations, considering their lifestyle, general
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Table 3 Patterns of similarities and differences between antlion and
wormlion larvae in two research areas, microhabitat selection and
behavioural plasticity, emerging from the literature. Reactions to the

listed factors, at this point, should still be treated as hypotheses to be
tested more rigorously

Research area Factor Antlions Wormlions
Habitat selection Density Similar avoidance of high density
Sand depth Similar preference for deep sand
Starvation Diverse avoidance Weak avoidance
High disturbance Weaker avoidance Stronger avoidance
Shade Diverse preference Strict preference
Sand particle size Diverse preference Strict preference
Sand dryness Stronger preference Weaker preference
Behavioural plasticity Starvation No general pattern in both taxa

Temperature and soil characteristics

Competition and cannibalism
Associative learning
Vibrations on sand

Preference for fine sand
and lower temperature

No general pattern

Stronger reactions Weaker reactions
Possible

High responsiveness

Unknown
Unknown

similarity to antlions and the high prevalence of this ability
in insects (Cocroft and Rodriguez 2005).

Although antlions use spiral digging and wormlions use
central digging, it is unknown to what extent pit structure
differs between the taxa. For instance, two antlion species
(M. hyalinus and Cueta lineosa) differ greatly in pit structure
(Devetak et al. 2020), but the pit structure of any wormlion
species has not been studied. The same holds for pit slope,
which has been studied only in antlions (Lucas 1982; Biisse
et al. 2021). Another interesting direction lies in determin-
ing the level of environmental specialization of antlion or
wormlion species (e.g. their occurrence in different habi-
tats, the prey they are able to catch and foraging modes) and
comparing this to their cognitive abilities. There might be a
link between specialization and cognition (e.g. generalists
sometimes outperform specialists; Henke-von der Malsburg
et al. 2020).

Many basic questions on the life history of both taxa
are still unanswered, especially regarding the adult stage,
such as how many eggs does each female lay, how long
do they live and how far do they disperse. Answers to
such questions would be meaningful for understanding
the population genetic structure and level of isolation.
Regarding their ecology, it is not yet clear why wormlions
are much more successful than antlions in urban habitats.
This might be related to a greater similarity of some urban
microhabitats, such as thin layers of sand below covers
providing shade, to their natural habitat, such as caves;
the availability of small ants, which might be sufficient
for wormlions, but not for antlions; or the favourable
conditions provided by positions next to walls (Bar-Ziv
et al. 2018; Scharf et al. 2020a, 2021a). This remains to

be uncovered. In general, questions related to behavioural
plasticity and how well animals cope with environmen-
tal changes are urgent, owing to the intensity of global
changes (Tuomainen and Candolin 2011; Gunderson and
Stillman 2015). Wormlions, common in Mediterranean
cities, may represent well other soil-dwelling insects in
cities and serve as a bio-indicator of pollution in urban
soils (McGeoch 1998). While there are known phenotypic
differences among antlion populations across climatic gra-
dients (e.g. Arnett and Gotelli 1999; Scharf et al. 2008c),
there are no parallel studies on wormlions. Similar phe-
notypic differences among wormlion populations would
strengthen the evidence that climate is indeed responsible
for such differences.

The interactions of trap-builders with other co-occur-
ring species, and the exact identity and interaction with
their prey, competitors, parasites and predators, are also
mostly unknown. Regarding predation, for instance, there
are anecdotal reports on birds, scorpions and ants prey-
ing on antlions, but no thorough examination of preda-
tion (or parasitism) risk has been carried out in any of the
trap-building insects (Hauber 1999; Gatti and Farji-Brener
2002; Segev et al. 2020). Understanding the predation
risks in trap-builders, and whether antlions and worm-
lions experience similar risks, will enable determination
of whether they employ similar mechanisms for coping
with such risks (e.g. death-feigning, Sendova-Franks et al.
2020). Ruxton and Hansell (2009) have suggested that one
reason why traps are uncommon as a foraging strategy
in nature is due to their conspicuousness and possible
attraction of predators. This suggestion has never been
experimentally examined. Another unusual ecological
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interaction is suggested to exist between gazelles and ant-
lions in the desert, in which the former break the soil crust,
increasing the habitat available for the latter (Shanas et al.
2018). Placing trap-builders within larger biological net-
works will help to understand the role they play in their
community.

Concluding remarks

Research on trap-building insects has to date only scratched
the surface of possible research directions. We believe there
is a great advantage to studying antlions and wormlions
together, in order to better understand the extent and limita-
tions of their evolutionary convergence. This advantage lies
in the fact that their general convergence is doubtless, as
they are only distantly related taxa. In the orb-weaving spi-
ders, for example, there is an ongoing discussion on whether
different lineages evolved similar predatory strategies inde-
pendently (i.e. converged, Kullmann 1972) or whether
orb-weaving is homologous, originating from a common
ancestor, as suggested by some of the newest phylogenetic
analyses (Coddington et al. 2019, see Dimitrov and Hormiga
2021 for a review). This highlights the uniqueness of the ant-
lion-wormlion convergent evolution, triggered by the similar
microhabitats and hunting strategy shared by the two taxa.
Antlions and wormlions possess a highly similar hunting
strategy, unique in the animal kingdom. A closer inspec-
tion, however, demonstrates many behavioural differences
between the taxa, plausibly owing to the different constraints
imposed on each taxon, and the fine dissimilarities in their
habitat. The question why pit building evolved so few times
remains open, and we cannot rule out the possibility that
chance alone is responsible for it (Stayton 2015). We spec-
ulate that the reason for many of the differences between
pit-building antlions and wormlions lies at the distinct mor-
phology of the two taxa. For instance, the lack of obvious
weaponry in wormlions compared to antlions, which have
strong mandibles, might limit the wormlion ability to handle
large prey, but also might limit cannibalism, enabling them
to occur in much higher densities than antlions. To date, the
knowledge on antlion habitat selection and foraging behav-
iour is relatively good, with an improved understanding of
antlion cognitive skills. However, the ratio of studies on ant-
lions vs. wormlions is greater than 10:1, and more studies on
wormlions are needed. An additional weakness of wormlion
studies is that of the focus on a much lower number of spe-
cies, questioning the ability to truly reach generalizations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-021-03106-0.

@ Springer

Acknowledgements We are grateful to Eran Levin and Simon Fleck
for their comments on an earlier version of the manuscript.

Author contribution KM had the initial idea to write this review, KM
did the literature search on antlions and IS did the same for wormlions.
Both authors wrote the manuscript together.

Funding KM was supported by the National Science Centre in Poland
(grant SONATINA 3, number 2019/32/C/NZ8/00128) and the Polish
National Agency for Academic Exchange (Bekker scholarship, number
PPN/BEK/2019/1/00017).

Declarations

Conflict of interest The authors declare no competing interests.

References

Abot AR, Arguelho EG, do Nascimento Lima T (2021) Foraging
behavior plasticity in antlion larvae Myrmeleon brasiliensis
(Neuroptera, Myrmeleontidae). Int J Trop Insect Sci. https://doi.
org/10.1007/s42690-021-00577-6

Acevedo Ramos F, Monserrat V], Contreras-Ramos A, Pérez-Gonzalez
S (2020) Comparative study of sensilla and other tegumentary
structures of Myrmeleontidae larvae (Insecta, Neuroptera). J
Morphol 281:1191-1209. https://doi.org/10.1002/jmor.21240

Adar S, Dor R (2018) Mother doesn’t always know best: maternal
wormlion choice of oviposition habitat does not match larval
habitat choice. Behav Proc 147:1-4. https://doi.org/10.1016/j.
beproc.2017.12.002

Adar S, Dor S, Scharf I (2016a) Habitat choice and complex decision
making in a trap-building predator. Behav Ecol 27:1491-1498.
https://doi.org/10.1093/beheco/arw071

Adar S, Scharf I, Dor R (2016b) The effect of previous experience on
trap construction and movement distance in a pit-building preda-
tor. Sci Nat 103:83. https://doi.org/10.1007/s00114-016-1405-9

Alcalay Y, Barkae ED, Ovadia O, Scharf I (2014a) Consequences of
the instar stage for behavior in a pit-building antlion. Behav Proc
103:105-111. https://doi.org/10.1016/j.beproc.2013.11.009

Alcalay Y, Ovadia O, Scharf I (2014b) Behavioral repeatability and
personality in pit-building antlion larvae under differing envi-
ronmental contexts. Behav Ecol Sociobiol 68:1985-1993. https://
doi.org/10.1007/s00265-014-1804-x

Alcalay Y, Scharf I, Ovadia O (2015) Foraging syndromes and trait var-
iation in antlions along a climatic gradient. Oecologia 178:1098—
1103. https://doi.org/10.1007/s00442-015-3284-8

Antot A, Rojek W, Miler K, Czarnoleski M (2018) Thermal depend-
ence of trap building in predatory antlion larvae (Neuroptera:
Myrmeleontidae). J Ethol 36:199-203. https://doi.org/10.1007/
s10164-018-0540-5

Arnett AE, Gotelli NJ (1999) Geographic variation in life-history traits
of the ant lion, Myrmeleon immaculatus: evolutionary implica-
tions of Bergmann’s rule. Evolution 53:1180-1188. https://doi.
org/10.1111/j.1558-5646.1999.tb04531.x

Arnett A, Gotelli NJ (2001) Pit-building decisions of larval ant lions:
effects of larval age, temperature, food, and population source. J
Insect Behav 14:89-97. https://doi.org/10.1023/A:1007853730
317

Arnett AE, Gotelli NJ (2003) Bergmann’s rule in larval ant lions: test-
ing the starvation resistance hypothesis. Ecol Entomol 28:645-
650. https://doi.org/10.1111/j.1365-2311.2003.00554.x


https://doi.org/10.1007/s00265-021-03106-0
https://doi.org/10.1007/s42690-021-00577-6
https://doi.org/10.1007/s42690-021-00577-6
https://doi.org/10.1002/jmor.21240
https://doi.org/10.1016/j.beproc.2017.12.002
https://doi.org/10.1016/j.beproc.2017.12.002
https://doi.org/10.1093/beheco/arw071
https://doi.org/10.1007/s00114-016-1405-9
https://doi.org/10.1016/j.beproc.2013.11.009
https://doi.org/10.1007/s00265-014-1804-x
https://doi.org/10.1007/s00265-014-1804-x
https://doi.org/10.1007/s00442-015-3284-8
https://doi.org/10.1007/s10164-018-0540-5
https://doi.org/10.1007/s10164-018-0540-5
https://doi.org/10.1111/j.1558-5646.1999.tb04531.x
https://doi.org/10.1111/j.1558-5646.1999.tb04531.x
https://doi.org/10.1023/A:1007853730317
https://doi.org/10.1023/A:1007853730317
https://doi.org/10.1111/j.1365-2311.2003.00554.x

Behavioral Ecology and Sociobiology (2022) 76: 12

Page 130f 16 12

Badano D, Aspock U, Aspock H, Cerretti P (2016) Phylogeny of
Myrmeleontiformia based on larval morphology (Neuropterida:
Neuroptera). Sys Entomol 42:94-117. https://doi.org/10.1111/
syen.12200

Barkae ED, Scharf I, Subach A, Ovadia O (2010) The involvement of
sand disturbance, cannibalism and intra-guild predation in com-
petitive interactions among pit-building antlion larvae. Zoology
113:308-315. https://doi.org/10.1016/j.2001.2010.05.001

Barkae ED, Scharf I, Abramsky Z, Ovadia O (2012) Jack of all trades,
master of all: a positive association between habitat niche breadth
and foraging performance in pit-building antlion larvae. PLoS
ONE 7:€33506. https://doi.org/10.1371/journal.pone.0033506

Barkae ED, Golan O, Ovadia O (2014) Dangerous neighbors: inter-
active effects of factors influencing cannibalism in pit-building
antlion larvae. Behav Ecol 25:1311-1319. https://doi.org/10.
1093/beheco/arul23

Barkae ED, Scharf I, Ovadia O (2017) Differential effects of variance
in prey arrival on foraging success and growth rate of two pit-
building antlion species. J Zool 303:254-260. https://doi.org/10.
1111/jz0.12487

Bar-Ziv MA, Scharf I (2018) Thermal acclimation is not induced by
habitat-of-origin, maintenance temperature, or acute exposure to
low or high temperatures in a pit-building wormlion (Vermileo
sp.). J Therm Biol 74:181-186. https://doi.org/10.1016/j.jther
bi0.2018.03.024

Bar-Ziv MA, Subach A, Hirsch-Ionescu A, Belmaker J, Zweifler A,
Scharf I (2018) Comparison of wormlions and their immediate
habitat under man-made and natural shelters: suggesting factors
making wormlions successful in cities. Zoology 130:38-46.
https://doi.org/10.1016/j.z001.2018.08.004

Bar-Ziv MA, Bega D, Subach A, Scharf I (2019) Wormlions prefer
both fine and deep sand but only deep sand leads to better perfor-
mance. Curr Zool 65:393—400. https://doi.org/10.1093/cz/zoy065

Bell AM, Hankison SJ, Laskowski KL (2009) The repeatability of
behaviour: a meta-analysis. Anim Behav 77:771-783. https://
doi.org/10.1016/j.anbehav.2008.12.022

Beponis LM, O’Dea RE, Ohl V-A, Ryan MP, Backwell PRY, Bin-
ning SA, Haff TM (2014) Cleaning up after a meal: the conse-
quences of prey disposal for pit-building antlion larvae. Ethology
120:873-880. https://doi.org/10.1111/eth.12257

Blamires SJ (2020) Biomechanical costs and benefits of sit-and-wait
foraging traps. Isr J Ecol Evol 66:5-24. https://doi.org/10.1163/
22244662-20191056

Botz JT, Loudon C, Barger JB, Olafsen JS, Steeples DW (2003)
Effects of slope and particle size on ant locomotion: implica-
tions for choice of substrate by antlions. J] Kansas Entomol Soc
76:426-435

Burgess MG (2009) Sub-optimal pit construction in predatory ant lion
larvae (Myrmeleon sp.). J Theor Biol 260:379-385. https://doi.
org/10.1016/}.jtbi.2009.05.026

Cocroft RB, Rodriguez RL (2005) The behavioral ecology of insect
vibrational communication. Biosci 55:323-334. https://doi.org/
10.1641/0006-3568(2005)055[0323: TBEOIV]2.0.CO;2

Biisse S, Biischer TH, Heepe L, Gorb SN, Stutz HH (2021) Sand-
throwing behaviour in pit-building antlion larvae: insights from
finite-element modelling. J R Soc Interface 18:20210539. https://
doi.org/10.1098/rsif.2021.0539

Coddington JA, Agnarsson I, Hamilton CA, Bond JE (2019) Spiders
did not repeatedly gain, but repeatedly lost, foraging webs. Peer]
7:e6703. https://doi.org/10.7717/peerj.6703

Devetak D (2008) Substrate particle size-preference of wormlion Ver-
mileo vermileo (Diptera: Vermileonidae) larvae and their interac-
tion with antlions. Eur J Entomol 105:631-635. https://doi.org/
10.14411/eje.2008.085

Devetak D (2014) Sand-borne vibrations in prey detection and ori-
entation of antlions. In: Cocroft R, Gogala M, Hill P, Wessel A

(eds) Studying Vibrational Communication. Animal Signals and
Communication, vol 3. Springer, Berlin, Heidelberg. https://doi.
org/10.1007/978-3-662-43607-3_16

Devetak D, Arnett AE (2015) Preference of antlion and wormlion lar-
vae (Neuroptera: Myrmeleontidae; Diptera: Vermileonidae) for
substrates according to substrate particle sizes. Eur J] Entomol
112:500-509. https://doi.org/10.14411/eje.2015.052

Devetak D, Spernjak A, JanZekovi¢ F (2005) Substrate particle size
affects pit building decision and pit size in the antlion larvae
Euroleon nostras (Neuroptera: Myrmeleontidae). Physiol Ento-
mol 30:158-163. https://doi.org/10.1111/j.1365-3032.2005.
00443.x

Devetak D, Mencinger-Vracko B, Devetak M, Marhl M, §pernjak A
(2007) Sand as a medium for transmission of vibratory signals
of prey in antlions Euroleon nostras (Neuroptera: Myrmeleonti-
dae). Physiol Entomol 32:268-274. https://doi.org/10.1111/j.
1365-3032.2007.00580.x

Devetak D, Novak T, Janzekovi¢ F (2012) Effect of substrate density
on behaviour of antlion larvae (Neuroptera: Myrmeleontidae).
Acta Oecol 43:1-7. https://doi.org/10.1016/j.actao.2012.05.010

Devetak D, Podlesnik J, Scharf I, Klenovsek T (2020) Fine sand par-
ticles enable antlions to build pitfall traps with advanced three-
dimensional geometry. J Exp Biol 223:jeb224626. https://doi.
org/10.1242/jeb.224626

Dimitrov D, Hormiga G (2021) Spider diversification through space
and time. Ann Rev Entomol 66:225-241. https://doi.org/10.1146/
annurev-ento-061520-083414

Dingemanse NJ, Réale D (2005) Natural selection and animal person-
ality. Behaviour 142:1165-1190. https://doi.org/10.1163/15685
3905774539445

Dor R, Rosenstein S, Scharf I (2014) Foraging behaviour of a neglected
pit-building predator: the wormlion. Anim Behav 93:69-75.
https://doi.org/10.1016/j.anbehav.2014.04.020

Dukas R (2004) Evolutionary biology of animal cognition. Annu Rev
Ecol Evol Syst 35:34374. https://doi.org/10.1146/annurev.ecols
ys.35.112202.130152

Ellison AM, Gotelli NJ (2009) Energetics and the evolution of carnivo-
rous plants — Darwin’s ‘most wonderful plants in the world.” J
Exp Biol 60:19-42. https://doi.org/10.1093/jxb/ern179

Elimelech E, Pinshow B (2008) Variation in food availability influences
prey-capture method in antlion larvae. Ecol Entomol 33:652—
662. https://doi.org/10.1111/j.1365-2311.2008.01016.x

Farji-Brener AG, Amador-Vargas S (2020) Plasticity in extended phe-
notypes: how the antlion Myrmeleon crudelis adjusts the pit
traps depending on biotic and abiotic conditions. Isr J Ecol Evol
66:41-47. https://doi.org/10.1163/22244662-20191055

Farji-Brener AG, Carvajal D, Gei MG, Olano J, Sanchez JD (2008)
Direct and indirect effects of soil structure on the density of an
antlion larva in a tropical dry forest. Ecol Entomol 33:183-188.
https://doi.org/10.1111/§.1365-2311.2007.00948.x

Farji-Brener AG, Juncosa-Polzella AS, Madrigal-Tejada D, Centeno-
Alvarado D, Hernandez-Soto M, Soto-Huaira M, Gutiérrez-Cruz
S (2021) Antlion allometry suggests a greater importance of prey
capture among first larval instars. Ethol Ecol Evol 33:603-610.
https://doi.org/10.1080/03949370.2021.1893825

Farji-Brener AG, Juncosa-Polzella AS, Tajeda DM, Centeno-Alvarado
D, Hernandez-Soto M, Soto-Huaira M, Gutiérrez-Cruz S (2020)
Disadvantages of living in a populous neighborhood for sit-and-
wait predators: competition for space reduces pit-trap size in ant-
lion larvae. Ethology 126:1031-1037. https://doi.org/10.1111/
eth.13079

Fertin A, Casas J (2006) Efficiency of antlion trap construction. J Exp
Biol 209:3510-3515. https://doi.org/10.1242/jeb.02401

Fertin A, Casas J (2007) Orientation towards prey in antlions: efficient
use of wave propagation in sand. J Exp Biol 210:3337-3343.
https://doi.org/10.1242/jeb.004473

@ Springer


https://doi.org/10.1111/syen.12200
https://doi.org/10.1111/syen.12200
https://doi.org/10.1016/j.zool.2010.05.001
https://doi.org/10.1371/journal.pone.0033506
https://doi.org/10.1093/beheco/aru123
https://doi.org/10.1093/beheco/aru123
https://doi.org/10.1111/jzo.12487
https://doi.org/10.1111/jzo.12487
https://doi.org/10.1016/j.jtherbio.2018.03.024
https://doi.org/10.1016/j.jtherbio.2018.03.024
https://doi.org/10.1016/j.zool.2018.08.004
https://doi.org/10.1093/cz/zoy065
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1111/eth.12257
https://doi.org/10.1163/22244662-20191056
https://doi.org/10.1163/22244662-20191056
https://doi.org/10.1016/j.jtbi.2009.05.026
https://doi.org/10.1016/j.jtbi.2009.05.026
https://doi.org/10.1641/0006-3568(2005)055[0323:TBEOIV]2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055[0323:TBEOIV]2.0.CO;2
https://doi.org/10.1098/rsif.2021.0539
https://doi.org/10.1098/rsif.2021.0539
https://doi.org/10.7717/peerj.6703
https://doi.org/10.14411/eje.2008.085
https://doi.org/10.14411/eje.2008.085
https://doi.org/10.1007/978-3-662-43607-3_16
https://doi.org/10.1007/978-3-662-43607-3_16
https://doi.org/10.14411/eje.2015.052
https://doi.org/10.1111/j.1365-3032.2005.00443.x
https://doi.org/10.1111/j.1365-3032.2005.00443.x
https://doi.org/10.1111/j.1365-3032.2007.00580.x
https://doi.org/10.1111/j.1365-3032.2007.00580.x
https://doi.org/10.1016/j.actao.2012.05.010
https://doi.org/10.1242/jeb.224626
https://doi.org/10.1242/jeb.224626
https://doi.org/10.1146/annurev-ento-061520-083414
https://doi.org/10.1146/annurev-ento-061520-083414
https://doi.org/10.1163/156853905774539445
https://doi.org/10.1163/156853905774539445
https://doi.org/10.1016/j.anbehav.2014.04.020
https://doi.org/10.1146/annurev.ecolsys.35.112202.130152
https://doi.org/10.1146/annurev.ecolsys.35.112202.130152
https://doi.org/10.1093/jxb/ern179
https://doi.org/10.1111/j.1365-2311.2008.01016.x
https://doi.org/10.1163/22244662-20191055
https://doi.org/10.1111/j.1365-2311.2007.00948.x
https://doi.org/10.1080/03949370.2021.1893825
https://doi.org/10.1111/eth.13079
https://doi.org/10.1111/eth.13079
https://doi.org/10.1242/jeb.02401
https://doi.org/10.1242/jeb.004473

12 Page 140f 16

Behavioral Ecology and Sociobiology (2022) 76: 12

Franks NR, Worley A, Falkenberg M, Sendova-Franks AB, Christensen
K (2019) Digging the optimum pit: antlions, spirals and spon-
taneous stratification. Proc R Soc B 286:20190365. https://doi.
0rg/10.1098/rspb.2019.0365

Fukada Y, Nisimura T (2021) Soil moisture preference in the antlion
Baliga micans (Neuroptera: Myrmeleontidae). Appl Entomol
Zool 56:235-246. https://doi.org/10.1007/s13355-021-00730-0

Gatti MG, Farji-Brener AG (2002) Low density of ant lion larva (Myr-
meleon crudelis) in ant-acacia clearings: high predation risk or
inadequate substrate? Biotropica 34:458-462. https://doi.org/10.
1111/§.1744-7429.2002.tb00561.x

Glenn S, Holway D (2008) Consumption of introduced prey by native
predators: Argentine ants and pit-building ant lions. Biol Inv
10:273-280. https://doi.org/10.1007/s10530-007-9128-7

Green GW (1955) Temperature relations of ant-lion larvae (Neurop-
tera: Myrmeleontidae). Can Entomol 87:441-459. https://doi.
org/10.4039/Ent87441-10

Griffiths D (1992) Interference competition in ant-lion (Macroleon
quinquemaculatus) larvae. Ecol Entomol 17:219-226. https://
doi.org/10.1111/j.1365-2311.1992.tb01050.x

Guillette LM, Hollis KL, Markarian A (2009) Learning in a seden-
tary insect predator: Antlions (Neuroptera: Myrmeleontidae)
anticipate a long wait. Behav Proc 80:224-232. https://doi.org/
10.1016/j.beproc.2008.12.015

Gunderson AR, Stillman JH (2015) Plasticity in thermal tolerance
has limited potential to buffer ectotherms from global warm-
ing. Proc R Soc B 282:20150401. https://doi.org/10.1098/rspb.
2015.0401

Hauber ME (1999) Variation in pit size of antlion (Myrmeleon
carolinus) larvae: the importance of pit construction. Physiol
Entomol 24:37-40. https://doi.org/10.1046/j.1365-3032.1999.
00109.x

Henke-von der Malsburg J, Kappeler PM, Fichtel C (2020) Linking
ecology and cognition: does ecological specialisation predict
cognitive test performance? Behav Ecol Sociobiol 74:154.
https://doi.org/10.1007/s00265-020-02923-z

Hill PSM (2009) How do animals use substrate-borne vibrations as an
information source? Naturwissenschaften 96:1355—1371. https://
doi.org/10.1007/s00114-009-0588-8

Hollis KL (2017) Ants and antlions: The impact of ecology, coevolu-
tion and learning on an insect predator-prey relationship. Behav
Proc 139:4-11. https://doi.org/10.1016/j.beproc.2016.12.002

Hollis KL, Cogswell H, Snyder K, Guillette LM, Nowbahari E (2011)
Specialized learning in antlions (Neuroptera: Myrmeleontidae),
pit-digging predators, shortens vulnerable larval stage. PLoS
ONE 6:e17958. https://doi.org/10.1371/journal.pone.0017958

Hollis KL, Harrsch FA, Nowbahari E (2015) Ants vs. antlions: an
insect model for studying the role of learned and hard-wired
behavior in coevolution. Learn Motiv 50:68—82. https://doi.org/
10.1016/j.1mot.2014.11.003

Jenkins BA (1994) The behavioural response of the antlion Myrmeleon
pictifrons to a sudden change in prey capture rate. Acta Oecol.
15: 231-240.Jingu A, Hayashi F 2018 Pitfall vs fence traps in
feeding efficiency of antlion larvae. J Ethol 36:265-275. https://
doi.org/10.1007/s10164-018-0559-7

Katz N, Scharf I (2018) Habitat geometry and limited perceptual range
affect habitat choice of a trap-building predator. Behav Ecol
29:958-964. https://doi.org/10.1093/beheco/ary046

Katz N, Subach A, Pruitt JN, Scharf I (2016) Habitat preference of
wormlions and their behavioural repeatability under illumination/
shade conditions. Ecol Entomol 41:716-726. https://doi.org/10.
1111/een.12347

Katz N, Pruitt JN, Scharf I (2017a) The complex effect of illumination,
temperature, and thermal acclimation on habitat choice and for-
aging behavior of a pit-building wormlion. Behav Ecol Sociobiol
71:137. https://doi.org/10.1007/s00265-017-2362-9

@ Springer

Katz N, Shavit R, Pruitt JN, Scharf I (2017b) Group dynamics and
relocation decisions of a trap-building predator are differentially
affected by biotic and abiotic factors. Curr Zool 63:647-655.
https://doi.org/10.1093/cz/zow120

Klokocovnik V, Devetak D, Orla¢nik M (2012) Behavioral plasticity
and variation in pit construction of antlion larvae in substrates
with different particle sizes. Ethology 118:1102—1110. https://
doi.org/10.1111/eth.12012

Klokocovnik V, Devetak D (2014) Pit-builder vs non-pit-builder:
advantage of trap building strategy in antlion larvae does not
mean greater behaviour diversity. Behaviour 151:653-668.
https://doi.org/10.1163/1568539X-00003156

Klokocovnik V, Hauptman G, Devetak D (2016) Effect of substrate
temperature on behavioural plasticity in antlion larvae. Behav-
iour 153:31-48. https://doi.org/10.1163/1568539X-00003322

Klokocovnik V, Veler E, Devetak D (2020) Antlions in interaction:
confrontation of two competitors in limited space. Isr J Ecol Evol
66:73-81. https://doi.org/10.1163/22244662-20191058

Kohler HR, Lazzara R, Dittbrenner N, Capowiez Y, Mazzia C, Trieb-
skorn R (2009) Snail phenotypic variation and stress proteins:
do different heat response strategies contribute to Waddington’s
widget in field populations? J Exp Zool Part B 312:136-147.
https://doi.org/10.1002/jez.b.21253

Kullmann EJ (1972) The convergent development of orb-webs in Cri-
bellate and Ecribellate spiders. Am Zool 12:395-405. https://doi.
org/10.1093/icb/12.3.395

Kuszewska K, Miler K, Filipiak M, Woyciechowski M (2016) Seden-
tary antlion larvae (Neuroptera: Myrmeleontidae) use vibrational
cues to modify their foraging strategies. Anim Cogn 19:1037—
1041. https://doi.org/10.1007/s10071-016-1000-7

Liang S-H, Lin W-Y, Lin Y-C, Chen Y-C, Shieh B-S (2010) Variations
in the pit size of Cueta sauteri (Neuroptera: Myrmeleontidae)
larvae in response to past pit-building experience and food limi-
tation. Zool Stud 49:102-107

Lima TN, Faria RR (2007) Microhabitat selection by ant-lion larvae
Myrmeleon brasiliensis (Navas) (Neuroptera: Myrmeleontidae),
in a Forest Reserve, Aquidauana, State of Mato Grosso do Sul.
Neotrop Entomol 36:812-814. https://doi.org/10.1590/s1519-
566x2007000500026

Loria R, Scharf I, Subach A, Ovadia O (2008) The interplay between
foraging mode, habitat structure, and predator presence in ant-
lions. Behav Ecol Sociobiol 62:1185-1192. https://doi.org/10.
1007/500265-008-0547-y

Losos JB (2011) Convergence, adaptation, and constraint. Evolu-
tion 65:1827-1840. https://doi.org/10.1111/j.1558-5646.2011.
01289.x

Lucas JR (1982) The biophysics of pit construction by antlion larvae
(Myrmeleon, Neuroptera). Anim Behav 30:651-664. https://doi.
org/10.1016/S0003-3472(82)80135-8

Mansell MW (1988) The pitfall trap of the Australian ant-lion Callis-
toleon illustris (Gerstaecker) (Neuroptera, Myrmeleontidae): an
evolutionary advance. Aust J Zool 36:351-356. https://doi.org/
10.1071/209880351

Marsh AC (1987) Thermal responses and temperature tolerance of a
dessert ant-lion larva. J Therm Biol 12:295-300. https://doi.org/
10.1016/0306-4565(87)90031-3

Martinez V, Nowbabhari E, Sillam-Dussés D, Lorent V (2020) Antlions
are sensitive to subnanometer amplitude vibrations carried by
sand substrates. ] Comp Physiol A 206:783—-791. https://doi.org/
10.1007/5s00359-020-01437-3

Matsuda K, Suzuki H, Nakanishi F, Shio K, Komai K, Nishimura K
(1995) Purification and characterization of a paralytic poly-
peptide from larvae of Myrmeleon bore. Biochem Biophys Res
Comm 215:167-171. https://doi.org/10.1006/bbrc.1995.2448


https://doi.org/10.1098/rspb.2019.0365
https://doi.org/10.1098/rspb.2019.0365
https://doi.org/10.1007/s13355-021-00730-0
https://doi.org/10.1111/j.1744-7429.2002.tb00561.x
https://doi.org/10.1111/j.1744-7429.2002.tb00561.x
https://doi.org/10.1007/s10530-007-9128-7
https://doi.org/10.4039/Ent87441-10
https://doi.org/10.4039/Ent87441-10
https://doi.org/10.1111/j.1365-2311.1992.tb01050.x
https://doi.org/10.1111/j.1365-2311.1992.tb01050.x
https://doi.org/10.1016/j.beproc.2008.12.015
https://doi.org/10.1016/j.beproc.2008.12.015
https://doi.org/10.1098/rspb.2015.0401
https://doi.org/10.1098/rspb.2015.0401
https://doi.org/10.1046/j.1365-3032.1999.00109.x
https://doi.org/10.1046/j.1365-3032.1999.00109.x
https://doi.org/10.1007/s00265-020-02923-z
https://doi.org/10.1007/s00114-009-0588-8
https://doi.org/10.1007/s00114-009-0588-8
https://doi.org/10.1016/j.beproc.2016.12.002
https://doi.org/10.1371/journal.pone.0017958
https://doi.org/10.1016/j.lmot.2014.11.003
https://doi.org/10.1016/j.lmot.2014.11.003
https://doi.org/10.1007/s10164-018-0559-7
https://doi.org/10.1007/s10164-018-0559-7
https://doi.org/10.1093/beheco/ary046
https://doi.org/10.1111/een.12347
https://doi.org/10.1111/een.12347
https://doi.org/10.1007/s00265-017-2362-9
https://doi.org/10.1093/cz/zow120
https://doi.org/10.1111/eth.12012
https://doi.org/10.1111/eth.12012
https://doi.org/10.1163/1568539X-00003156
https://doi.org/10.1163/1568539X-00003322
https://doi.org/10.1163/22244662-20191058
https://doi.org/10.1002/jez.b.21253
https://doi.org/10.1093/icb/12.3.395
https://doi.org/10.1093/icb/12.3.395
https://doi.org/10.1007/s10071-016-1000-7
https://doi.org/10.1590/s1519-566x2007000500026
https://doi.org/10.1590/s1519-566x2007000500026
https://doi.org/10.1007/s00265-008-0547-y
https://doi.org/10.1007/s00265-008-0547-y
https://doi.org/10.1111/j.1558-5646.2011.01289.x
https://doi.org/10.1111/j.1558-5646.2011.01289.x
https://doi.org/10.1016/S0003-3472(82)80135-8
https://doi.org/10.1016/S0003-3472(82)80135-8
https://doi.org/10.1071/ZO9880351
https://doi.org/10.1071/ZO9880351
https://doi.org/10.1016/0306-4565(87)90031-3
https://doi.org/10.1016/0306-4565(87)90031-3
https://doi.org/10.1007/s00359-020-01437-3
https://doi.org/10.1007/s00359-020-01437-3
https://doi.org/10.1006/bbrc.1995.2448

Behavioral Ecology and Sociobiology (2022) 76: 12

Page 150f16 12

Matsura T, Takano H (1989) Pit-relocation of antlion larvae in relation
to their density. Res Popul Ecol 31:225-234. https://doi.org/10.
1007/BF02513203

Matsura T, Yamaga Y, Itoh M (2005) Substrate selection for pit making
and oviposition in an antlion, Myrmeleon bore Tjeder, in terms
of sand particle size. Entomol Sci 8:347-353. https://doi.org/10.
1111/j.1479-8298.2005.00134.x

McGeoch MA (1998) The selection, testing and application of terres-
trial insects as bioindicators. Biol Rev 73:181-201. https://doi.
org/10.1111/j.1469-185X.1997.tb00029.x

Mencinger-Vracko B, Devetak D (2008) Orientation of the pit-build-
ing antlion larva Euroleon (Neuroptera, Myrmeleontidae) to
the direction of substrate vibrations caused by prey. Zoology
111:2-8. https://doi.org/10.1016/j.2001.2007.05.002

Miler K, Czarnoleski M (2021) Past thermal conditions affect hunting
behaviour in larval antlions. R Soc Open Sci 8:210163. https://
doi.org/10.1098/rs0s.210163

Miler K, Scharf I (in press) Operant conditioning in antlion larvae
and its impairment following exposure to elevated temperatures.
Anim Cogn. https://doi.org/10.1007/s10071-021-01570-9

Miler K, Kuszewska K, Woyciechowski M (2017) Larval antlions with
more pronounced behavioural asymmetry show enhanced cogni-
tive skills. Biol Lett 13:20160786. https://doi.org/10.1098/rsbl.
2016.0786

Miler K, Yahya BE, Czarnoleski M (2018a) Different predation effi-
ciencies of trap-building larvae of sympatric antlions and worm-
lions from the rainforest of Borneo. Ecol Entomol 43:255-262.
https://doi.org/10.1111/een.12495

Miler K, Kuszewska K, Zuber G, Woyciechowski M (2018b) Larval
antlions show a cognitive ability/hunting efficiency trade-off
connected with the level of behavioural asymmetry. Anim Cogn
21:613-617. https://doi.org/10.1007/s10071-018-1190-2

Miler K, Yahya BE, Czarnoleski M (2019) Substrate moisture, parti-
cle size and temperature preferences of trap-building larvae of
sympatric antlions and wormlions from the rainforest of Borneo.
Ecol Entomol 44:488-493. https://doi.org/10.1111/een.12725

Miler K, Stec D, Czarnoleski M (2020) Heat wave effects on the
behavior and life-history traits of sedentary antlions. Behav Ecol
31:1326-1333. https://doi.org/10.1093/beheco/araa085

Muller H, Grossmann H, Chittka L (2010) ‘Personality’ in bumble-
bees: individual consistency in responses to novel colours? Anim
Behav 80:1065-1074. https://doi.org/10.1016/j.anbehav.2010.09.
016

Ovadia O, Scharf I, Barkae ED, Levi T, Alcalay Y (2020) Asym-
metrical intra-guild predation and niche differentiation in two
pit-building antlions. Isr J Ecol Evol 66:82-90. https://doi.org/
10.1163/22244662-20191067

Podlesnik J, KlokoCovnik V, Lorent V, Devetak D (2019) Prey detec-
tion in antlions: propagation of vibrational signals deep into the
sand. Physiol Entomol 44:215-221. https://doi.org/10.1111/phen.
12295

Pronk R, Wilson DR, Harcourt R (2010) Video playback demon-
strates episodic personality in the gloomy octopus. J Exp Biol
213:1034-1041. https://doi.org/10.1242/jeb.040675

Purcell J, Pirogan D, Avril A, Bouyarden F, Chapuisat M (2016) Envi-
ronmental influence on the phenotype of ant workers revealed by
common garden experiment. Behav Ecol Sociobiol 70:357-367.
https://doi.org/10.1007/s00265-015-2055-1

Rotkopf R, Barkae ED, Bar-Hanin E, Alcalay Y, Ovadia O (2012)
Multi-axis niche examination of ecological specialization:
responses to heat, desiccation and starvation stress in two spe-
cies of pit-building antlions. PLoS ONE 7:e¢50884. https://doi.
org/10.1371/journal.pone.0050884

Rotkopf R, Alcalay Y, Bar-Hanin E, Barkae ED, Ovadia O (2013) Slow
growth improves compensation ability: examining growth rate
and starvation endurance in pit-building antlions from semi-arid

and hyper-arid regions. Evol Ecol 27:1129-1144. https://doi.org/
10.1007/s10682-013-9644-0

Rotkopf R, Ovadia O (2014) Examining growth rate and starvation
endurance in pit-building antlions from Mediterranean and desert
regions. Ecol Entomol 39:94-100. https://doi.org/10.1111/een.
12071

Ruxton GD, Hansell MH (2009) Why are pitfall traps so rare in the
natural world? Evol Ecol 23:181-186. https://doi.org/10.1007/
$10682-007-9218-0

Samocha Y, Scharf I (2020) Comparison of wormlion behavior under
man-made and natural shelters: urban wormlions more strongly
prefer shaded, fine-sand microhabitats, construct larger pits and
respond faster to prey. Curr Zool 66:91-98. https://doi.org/10.
1093/cz/202006

Scharf I (2016) The multifaceted effects of starvation on arthropod
behaviour. Anim Behav 119:37-48. https://doi.org/10.1016/j.
anbehav.2016.06.019

Scharf I, Ovadia O (2006) Factors influencing site abandonment and
site selection in a sit-and-wait predator: a review of pit-building
antlion larvae. J Insect Behav 19:197-218. https://doi.org/10.
1007/s10905-006-9017-4

Scharf I, Dor R (2015) The effects of starvation and repeated distur-
bance on mass loss, pit construction, and spatial pattern in a
trap-building predator. Ecol Entomol 40:381-389. https://doi.
org/10.1111/een.12196

Scharf I, Hollender Y, Subach A, Ovadia O (2008a) Effect of spatial
pattern and microhabitat on pit construction and relocation in
Myrmeleon hyalinus (Neuroptera: Myrmeleontidae) larvae. Ecol
Entomol 33:337-345. https://doi.org/10.1111/j.1365-2311.2007.
00967.x

Scharf I, Subach A, Ovadia O (2008b) Foraging behaviour and habi-
tat selection in pit-building antlion larvae in constant light or
dark conditions. Anim Behav 76:2049-2057. https://doi.org/10.
1016/j.anbehav.2008.08.023

Scharf I, Filin I, Golan M, Buchshtav M, Subach A, Ovadia O (2008c)
A comparison between desert and Mediterranean antlion popu-
lations: differences in life history and morphology. J Evol Biol
21:162-172. https://doi.org/10.1111/j.1420-9101.2007.01453.x

Scharf I, Golan B, Ovadia O (2009a) The effect of sand depth, feeding
regime, density, and body mass on the foraging behaviour of a
pit-building antlion. Ecol Entomol 34:26-33. https://doi.org/10.
1111/5.1365-2311.2008.01038.x

Scharf I, Filin I, Ovadia O (2009b) A trade-off between growth
and starvation endurance in a pit-building antlion. Oecologia
160:453-460. https://doi.org/10.1007/s00442-009-1316-y

Scharf I, Barkae ED, Ovadia O (2010) Response of pit-building ant-
lions to repeated unsuccessful encounters with prey. Anim Behav
79:153-158. https://doi.org/10.1016/j.anbehav.2009.10.017

Scharf I, Lubin Y, Ovadia O (2011) Foraging decisions and behav-
ioural flexibility in trap-building predators: a review. Biol Rev
86:626—639. https://doi.org/10.1111/j.1469-185X.2010.00163.x

Scharf I, Daniel A, MacMillan HA, Katz N (2017) The effect of fasting
and body reserves on cold tolerance in 2 pit-building insect pred-
ators. Curr Zool 63:287-294. https://doi.org/10.1093/cz/zow049

Scharf I, Gilad T, Bar-Ziv MA, Katz N, Gregorian E, Pruitt JN, Subach
A (2018) The contribution of shelter from rain to the success of
pit-building predators in urban habitats. Anim Behav 142:139-
145. https://doi.org/10.1016/j.anbehav.2018.06.010

Scharf I, Silberklang A, Avidov B, Subach A (2020a) Do pit-building
predators prefer or avoid barriers? Wormlions’ preference for
walls depends on light conditions. Sci Rep 10:10928. https://doi.
org/10.1038/s41598-020-67979-3

Scharf I, Samocha Y, Katz N (2020b) Limited perceptual range and
presence of conspecifics both affect the ability of pit-building
wormlions to choose favorable microhabitats. Isr J Ecol Evol
66:48-56. https://doi.org/10.1163/22244662-20191054

@ Springer


https://doi.org/10.1007/BF02513203
https://doi.org/10.1007/BF02513203
https://doi.org/10.1111/j.1479-8298.2005.00134.x
https://doi.org/10.1111/j.1479-8298.2005.00134.x
https://doi.org/10.1111/j.1469-185X.1997.tb00029.x
https://doi.org/10.1111/j.1469-185X.1997.tb00029.x
https://doi.org/10.1016/j.zool.2007.05.002
https://doi.org/10.1098/rsos.210163
https://doi.org/10.1098/rsos.210163
https://doi.org/10.1007/s10071-021-01570-9
https://doi.org/10.1098/rsbl.2016.0786
https://doi.org/10.1098/rsbl.2016.0786
https://doi.org/10.1111/een.12495
https://doi.org/10.1007/s10071-018-1190-2
https://doi.org/10.1111/een.12725
https://doi.org/10.1093/beheco/araa085
https://doi.org/10.1016/j.anbehav.2010.09.016
https://doi.org/10.1016/j.anbehav.2010.09.016
https://doi.org/10.1163/22244662-20191067
https://doi.org/10.1163/22244662-20191067
https://doi.org/10.1111/phen.12295
https://doi.org/10.1111/phen.12295
https://doi.org/10.1242/jeb.040675
https://doi.org/10.1007/s00265-015-2055-1
https://doi.org/10.1371/journal.pone.0050884
https://doi.org/10.1371/journal.pone.0050884
https://doi.org/10.1007/s10682-013-9644-0
https://doi.org/10.1007/s10682-013-9644-0
https://doi.org/10.1111/een.12071
https://doi.org/10.1111/een.12071
https://doi.org/10.1007/s10682-007-9218-0
https://doi.org/10.1007/s10682-007-9218-0
https://doi.org/10.1093/cz/zoz006
https://doi.org/10.1093/cz/zoz006
https://doi.org/10.1016/j.anbehav.2016.06.019
https://doi.org/10.1016/j.anbehav.2016.06.019
https://doi.org/10.1007/s10905-006-9017-4
https://doi.org/10.1007/s10905-006-9017-4
https://doi.org/10.1111/een.12196
https://doi.org/10.1111/een.12196
https://doi.org/10.1111/j.1365-2311.2007.00967.x
https://doi.org/10.1111/j.1365-2311.2007.00967.x
https://doi.org/10.1016/j.anbehav.2008.08.023
https://doi.org/10.1016/j.anbehav.2008.08.023
https://doi.org/10.1111/j.1420-9101.2007.01453.x
https://doi.org/10.1111/j.1365-2311.2008.01038.x
https://doi.org/10.1111/j.1365-2311.2008.01038.x
https://doi.org/10.1007/s00442-009-1316-y
https://doi.org/10.1016/j.anbehav.2009.10.017
https://doi.org/10.1111/j.1469-185X.2010.00163.x
https://doi.org/10.1093/cz/zow049
https://doi.org/10.1016/j.anbehav.2018.06.010
https://doi.org/10.1038/s41598-020-67979-3
https://doi.org/10.1038/s41598-020-67979-3
https://doi.org/10.1163/22244662-20191054

12 Page 16 of 16

Behavioral Ecology and Sociobiology (2022) 76: 12

Scharf I, Gilad T, Taichman Y, Subach A (2021a) Urban pit-build-
ing insects are attracted to walls for multiple reasons. Biology
10:635. https://doi.org/10.3390/biology 10070635

Scharf I, Herhkovits Resehf M, Avidov B, Ovadia O (2021b) Evi-
dence for competition and cannibalism in wormlions. Sci Rep
11:12733. https://doi.org/10.1038/s41598-021-92154-7

Segev N, Gavish-Regev E, Berger-Tal O (2020) Sit-and-wait prey:
first field observations of scorpions preying on antlions (Neu-
roptera). Isr J Ecol Evol 66:57-62. https://doi.org/10.1163/22244
662-20191057

Sendova-Franks AB, Worley A, Franks NR (2020) Post-contact immo-
bility and half-lives that save lives. Proc R Soc B 287:20200881.
https://doi.org/10.1098/rspb.2020.0881

Shanas U, Gavish Y, Bernheim M, Mittler S, Olek Y, Tal A (2018) Cas-
cading ecological effects from local extirpation of an ecosystem
engineer in the Arava desert. Can J Zool 96:466—472. https://doi.
org/10.1139/cjz-2017-0114

Shettleworth SJ (2001) Animal cognition and animal behaviour. Anim
Behav 61:277-286. https://doi.org/10.1006/anbe.2000.1606

Simon D (1988) Ant-lions (Neuroptera: Myrmeleontidae) of the coastal
plain: systematical, ecological, and zoogeographical aspects with
emphasis on the coexistence of a species guild of the unstable
dunes. PhD Thesis, Department of Zoology, Tel Aviv University,
Israel

Skevington JH, Dang PT (2002) Exploring the diversity of flies (Dip-
tera). Biodiversity 3:3-27. https://doi.org/10.1080/14888386.
2002.9712613

Stayton CT (2015) What does convergent evolution mean? The inter-
pretation of convergence and its implications in the search for
limits to evolution. Interface Focus 5:20150039. https://doi.org/
10.1098/rs£s.2015.0039

@ Springer

Speed MP, Arbuckle K (2017) Quantification provides a conceptual
basis for convergent evolution. Biol Rev 92:815-829. https://doi.
org/10.1111/brv.12257

Swenson NG, Mahler DL, Ferro M, Ritchie A (2007) The energetic
determination, spatial dispersion and density dependence of
Myrmeleon Ant lion pits in Las Cruces, Costa Rica. Biotropica
39:774-777. https://doi.org/10.1111/j.1744-7429.2007.00301.x

Tsao Y-J, Okuyama T (2012) Foraging strategy switching in an antlion
larva. Behav Proc 91:1-7. https://doi.org/10.1016/j.beproc.2012.
04.012

Tsao Y-J, Okuyama T (2013) Evolutionarily stable relocation strategy
in an antlion larva. J Insect Behav 26:563-576. https://doi.org/
10.1007/s10905-012-9374-0

Tuomainen U, Candolin U (2011) Behavioural responses to human-
induced environmental change. Biol Rev 86:640-657. https://
doi.org/10.1111/§.1469-185X.2010.00164.x

Turza F, Zuber G, Bzoma M, Prus M, Filipiak M, Miler K (2020) Ants
co-occurring with predatory antlions show unsuccessful rescue
behavior towards captured nestmates. J Insect Behav 33:1-6.
https://doi.org/10.1007/s10905-020-09739-9

Wheeler WM (1930) Demons of the dust. Norton, New York

Yoshida N, Sugama H, Gotoh S, Matsuda K, Nishimura K, Komai K
(1999) Detection of ALMB-toxin in the larval body of Myrmel-
eon bore by anti-N-terminus peptide antibodies. Biosci Biotech-
nol Biochem 63:232-234. https://doi.org/10.1271/bbb.63.232

Youthed GJ, Moran VC (1969) Pit construction by myrmeleontid lar-
vae. J Insect Physiol 15:867-875. https://doi.org/10.1016/0022-
1910(69)90127-9

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/biology10070635
https://doi.org/10.1038/s41598-021-92154-7
https://doi.org/10.1163/22244662-20191057
https://doi.org/10.1163/22244662-20191057
https://doi.org/10.1098/rspb.2020.0881
https://doi.org/10.1139/cjz-2017-0114
https://doi.org/10.1139/cjz-2017-0114
https://doi.org/10.1006/anbe.2000.1606
https://doi.org/10.1080/14888386.2002.9712613
https://doi.org/10.1080/14888386.2002.9712613
https://doi.org/10.1098/rsfs.2015.0039
https://doi.org/10.1098/rsfs.2015.0039
https://doi.org/10.1111/brv.12257
https://doi.org/10.1111/brv.12257
https://doi.org/10.1111/j.1744-7429.2007.00301.x
https://doi.org/10.1016/j.beproc.2012.04.012
https://doi.org/10.1016/j.beproc.2012.04.012
https://doi.org/10.1007/s10905-012-9374-0
https://doi.org/10.1007/s10905-012-9374-0
https://doi.org/10.1111/j.1469-185X.2010.00164.x
https://doi.org/10.1111/j.1469-185X.2010.00164.x
https://doi.org/10.1007/s10905-020-09739-9
https://doi.org/10.1271/bbb.63.232
https://doi.org/10.1016/0022-1910(69)90127-9
https://doi.org/10.1016/0022-1910(69)90127-9

	Convergent evolution of antlions and wormlions: similarities and differences in the behavioural ecology of unrelated trap-building predators
	Abstract
	Introduction
	Foraging and microhabitat selection
	Plasticity in foraging behaviour
	Starvation
	Temperature and substrate characteristics
	Competition and cannibalism
	Vibrations on the sand

	Behavioural consistency and personality
	Research directions
	Concluding remarks
	Acknowledgements 
	References


