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Abstract: Lepidoptera, an order of insects traditionally linked to the aerial habitat, are much more
diverse in their living environment than the clichéd image we may have of them. The imago stage,
which is the most visible in these insects, is not the one that has the most interaction with the
environment (usually caterpillars) nor the one that lasts the longest (very often chrysalises). These
two stages are often directly related to litter and soil, although only the interaction at the pupal stage
seems to follow a phylogenetic logic with two independent evolutionary events for the preference
with soil: Use of litter and the upper “O” horizon as protection against predation for the evolutionarily
oldest Lepidoptera families, pupation at greater depths (up to 60 centimetres in extreme cases) for
the most derived Lepidoptera families; this probably to take advantage of the thermal and moisture
buffer provided by the soil. An estimate suggests that about 25% of lepidopteran species worldwide
have more or less obligatory interactions with soil.
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1. Introduction

Soil is divided into several horizons [1], more or less suitable to host fauna, but even if
some organisms like some anecitic annelids can descend to 3 to 4 m in extreme cases [2],
the highest density of soil fauna is found in the first 50 cm of the O-horizons and the upper
part of the A-horizon.

Excluding annelids, the greatest diversity, density, and biomass are arthropods, mainly
springtails, and mites (about 60/70% of the density). Nevertheless, many other arthropods,
chelicerates, and myriapods can be found here [3].

Although soil is an important compartment of life [4,5], except for beetles [6] there
seems to be no literature that directly links the role of soil on the phylogeny of the different
arthropod classes. Only attempts to count species within the different classes [5,7] have
been made in relation to evolution.

The soil is a world of darkness, but several factors can explain the high density of
organisms present despite the absence of light. Three factors seem most important: The
quantity of resources; in tropical forests, it has been shown that 40% of biomass is located
between 0 and —1 m [5,8,9]; lower risk of predation [10,11]; and finally, buffering of
temperature and humidity variations [12]. The soil therefore represents a rich and above
all relatively stable compartment for certain nutrients. The balance of the food web is
also more stable due to a buffering effect after a few centimetres of soil or even already
within the litter. Predation is less active or at least less diversified than in the above-ground
environment. On the other hand, this type of environment requires adaptations to the
absence (or low quantity) of light and possibilities of movement limited by its nature [4-12].

Among the largest orders of insects, Lepidoptera, with more than 157,000 described
species and at least 200,000 estimated [13], are key players in terrestrial ecosystems [14].
The Trichoptera are the evolutionary ancestors of the Lepidoptera with about 13,000 species
known. All larvae are aquatic and make a protective sheath of various debris. Their main
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food is algae growing at very shallow depths [15]. When the larvae are mature, they pupate
below the water surface by attaching to a solid object and closing the sheaths. To ensure
oxygenation, these nymphs are very mobile creating a constant movement of water [15].
Despite this aquatic origin, almost no Lepidoptera are related to water. Most are herbivores,
pollinators, and prey for many birds and small mammals. They actively participate in the
food web of terrestrial ecosystems [16].

The cliché image is, of course, represented by the light and fragile winged creature
that everyone knows, but the diversity of interactions of these insects with the natural
environment is largely unknown. In most terrestrial environments, Lepidopterans are
ecologically important because they transform large amounts of plant material into animal
biomass [17]. They have a major impact on humans as agricultural pests [18], but also
provide important model systems for scientific research [19]. Lepidopterans live on all con-
tinents except Antarctica, but three species are endemic to the French Austral Islands which
have an extreme cold climate [20]. There are many species in almost every environment,
from arid deserts and high mountain peaks to tropical rainforests [21]. Most have adapted
to living in relatively specialized ecological niches and may be restricted to a single or a
small group of host plants, and even to a single plant part [22,23].

Lepidopterans have a holometabolous cycle in 4 distinct states: egg (static), caterpillar
(moderately mobile, main feeding stage), pupa (static), and imago (dispersal and reproduc-
tive stage) [24]. The feeding habits of lepidopteran larvae are extremely diverse, depending
on the species adaptations to climate, environment, type of food plant, feeding mode, etc.
The vast majority of food plants are conifers and flowering plants, but primitive plants
such as mosses, liverworts and ferns, and some lichens are consumed by a few families or
sub-families [25].

All parts of the plant can be consumed by the larvae. Flowers are consumed in
particular by some moths and several Lycaenidae [26]. Cones and fruits [27], as well as
their seeds [28], are consumed by other species. Some seed-eaters, such as the flour moth,
have become domestic pests, feeding on stored grain and cereals [29]. Buds or stems are
widely used [30]. Several families dig deep tunnels in the wood of ligneous plants [31].
Many microlepidopteras feed on dead or decaying plant material, although it is not always
clear whether the source of nutrients is the plants or the fungi that grow on them during
decomposition [32]. Some caterpillars feed directly from roots in the soil [33]. Finally, a
very limited number of species have fully or partly carnivorous caterpillars [34].

This review aims to compare the evolutionary history/phylogeny of Lepidoptera
according to the interactions that the different subdivisions of this order have with the soil.
Lepidopteran eggs are systematically laid on or above plants and imagos have an open-air
existence. It is therefore the caterpillars and chrysalids that will interest us. Considering
imagos, males of many species use dilute mineral salts in wetland sludge to increase sperm
mobility and thus increase reproductive success [35,36]. However, this interaction with the
soil only exists in males and is not obligatory for the ontogeny of the species observed on
these muds and are therefore not considered in this work.

The main question will be to verify whether the use of the soil by Lepidoptera is related
and/or congruent with the evolutionary history of this order. Interaction with the soil is
ultimately a relatively vague concept. Moreover, this interaction is different depending
on whether one considers caterpillars where the soil components are food or chrysalis
whether the soil is merely the site of the chrysalis. In the light of the results and in order to
refine this work, a discussion is proposed to determine whether it is justified to separate
the soil into two main zones /horizons for the two stages considered: the superficial soil
including litter (“O” horizon) and the deeper soil (from the “OF” horizon); see the material
and methods section for more details. An estimate of the number of soil-related species
will also be presented for both caterpillars and pupae.
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2. Materials and Methods

To select the articles used in this work, the following logic was applied in order to
follow the most objective criteria possible.

The first filter was a search for each of the subdivisions. Articles that are too specialised
on an agro-economic theme or monospecific studies are eliminated (except in a few cases
where the total number of articles per subdivision was very limited). The second filter
was a search for each subdivision + the keywords soil and litter. For some subfamilies the
number of articles was very limited (3 or 4) and a criterion of number of species treated
and date of publication (taking the most recent also to avoid taxonomical problems) was
applied. For subdivisions where a large number of articles (>5) was found, a filtering was
carried out to take into account all or at least the majority of the subfamilies or tribes of
each subdivision. The previous steps allowed a selection of about 400/450 items. A final
filtering by date of publication and citation of the majority of the 450 selected articles is
carried out to retain a bibliography limited to the 150 articles cited in this work.

The phylogeny base used is the one performed by [37] which, even if slight changes
and corrections have been made since that date, remains the most recent phylogeny in-
cluding all Lepidoptera families. A review of the literature was carried out and for both
stages: caterpillar and pupae, discrete values were assigned for each subdivision of the
phylogeny used (note that in this phylogeny, heterogeneous subdivisions are considered:
superfamilies, families, subfamilies and even a genus).

The matrices used for caterpillars and pupae are based on two criteria: The estimated
number of species interacting with the soil per subdivision and the estimated number
of species per subdivision described per environmental use and/or food type. It should
be noted that the latter two criteria are difficult to separate strictly due to the lack of
precise ecological data for most species. Absence: 0, Exceptional (one or two species of the
subdivision): 1, from 5 to 40% of the subdivision: 2 and finally for occurrences above 40%: 3.
A more general matrix following the same logic is generated for the 81 subdivisions and the
following seven characters: leaf use (including leaf-miner caterpillars), stem and trunk use
(mainly caterpillars, strictly xylophagous or species digging galleries in the stems), species
found in the superficial litter (horizon “OL” according to the nomenclature used by [1]),
species feeding on fungi (note: for some species, it is not clear if they use the mycelium
that can be found in the “O” horizon, if in doubt, all these subdivisions are considered as
belonging to the litter category), species that can live in the soil (from the “OF” to the “A”
horizons), species with at least part of the carnivorous larval cycle (mainly entomophagous)
and finally species with part of their cycle in fresh water.

Treatment was carried out using the Paup* 4.0b10 software [38]:

A Wagner-ordered parsimony cladistic approach, where not only the differences of
characters 0 to 3 are considered, but that these characters are progressive 0 >1>2>3; a
Goloboff constant (GK = 4) is applied to reduce the effects of homoplasy.

3. Results
3.1. Generalities
3.1.1. Caterpillars

The majority of caterpillars (89%) feed on leaves (Figure 1), whether whole or very
often as leaf miners in the case of small species, but many species may have alternative food
sources. For about a quarter of the species/subdivisions, leaves are not the exclusive food.
Another food source, but still vegetal, are the internal parts of plants, mainly stems, and
there are wood-eating species in the strict sense for 21% of the species/subdivisions. Only
six subdivisions (7%) feed partly or exclusively on dead plants, mainly leaves, but some
species have specialised in feeding on dry flowers. The unambiguously mycophagous
species/subdivisions represent 11% of the Lepidoptera. Root-feeding caterpillars in the soil
(horizons OF to A) are few: 6%. In many cases, it is very difficult to determine with certainty
whether the actual food of the species using litter or found in the soil is not ultimately
consuming the mycelium, and therefore the percentage of mycophagous species could be
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higher at the expense of the other categories. Some species (6%) have a very modified diet
compared to the other species and are predators or at least parasites of other insects, mainly
as “cuckoo” species towards ants or direct predators towards hemipterans. Finally, a very
limited number of litter species have adapted to the freshwater environment.
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Figure 1. Phylogeny of Lepidoptera (Separated into “A”, “B” for readability) modified from [37] and

the main environmental uses of caterpillars (left) and pupae (right). For each category, the intensity

of the colour is related to the number of species using a particular resource (Deep colour: majority of

species, pastel colour: less than 40% of species). Green: leaf use, yellow: stems or wood, orange: litter,

purple/pink: fungi, brown: soil, red: carnivores or nymphs in anthills, and blue: freshwater.
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3.1.2. Chrysalids

While many caterpillars have aposematic colours indicating physical or usually chem-
ical protection, chrysalids, which are static, are homochromatic to the environment and are
classically found in places that are more difficult for predators to access including litter
and soil. Nevertheless, the majority (64%) of chrysalids or cocoons, for sericogenic species,
are found hidden on the host plant or nearby on perennial aerial support such as stone
or anthropogenic elements (walls, windows, under roofs, etc.), (Figure 1). About 21% are
even more protected inside the dry stems of tall grasses or rushes but also under the bark
of trees. The litter, even if it is a dynamic and temporary environment, remains in place
long enough to allow the pupation of 20% of lepidopteran species. Fungi, on the other
hand, due to their rapid cycle, especially the aerial parts of these organisms, are not used
for the pupation of Lepidoptera. On the other hand, the soil represents a refuge zone for
chrysalises with 22.7% of the species that can be found there. The chrysalis stage being
static, it is clear that there are no carnivorous species nevertheless, some species specifically
pupate below ground in ant hills. Finally, there do not seem to be any pupae adapted to
aquatic respiration, even among species whose caterpillars feed underwater.

It is possible to roughly assess the changes in the use of the different subdivisions
between the caterpillar and chrysalis stages. It can be seen that litter and soil are used
comparatively much more by pupae than by caterpillars. On the other hand, the ephemeral
aspect of the areal phase of the fungi leads to an absence of chrysalises on this type of
support (Figure 2).

Caterpillars Chrysalids

Figure 2. Main changes in environmental or food use between caterpillars and pupae. The width
of the arrows is relative to the number of switches. Green: leaf use, yellow: stems or wood, orange:
litter, purple: fungi, brown: soil, red: carnivores or pupation in anthills, and blue: fresh water.
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3.2. Details Subdivisions
3.2.1. Caterpillars

In all of the following families, no species were found that develop in soil, lit-
ter, or use the mycelium of fungi: Agathiphagidae [39], Heterobathmiidae [40], Eri-
ocraniidae [41], Lophocoronidae [42—44], Prototheoridae [44], Acanthopteroctetidae [45],
Opostegidae [46,47], Nepticulidae [47,48], Andesianidae [49], Cecidosidae [50], Prodox-
idae [51-53], Incurvariidae [54,55], Nematopogoninae [56], Heliozelidae [57], Tischeri-
idae [58], Palaephatidae [59], Yponomeutidae [60,61], Urodidae [62], Douglasiidae [63],
Schreckensteiniidae [64], Choreutidae [65], Millieriidae [66], Immidae [67], Tortricidae [68-70],
Heliocosmidae [71], Galacticidae [72,73], Zygaenoids [74-76], Lacturidae [77], Himan-
topteridae [78,79], Aididae [80], Megalopygidae [81,82], Limacodidae [83,84]), Dalceri-
dae [81,85], Cyclotornidae [86,87], Dudgeoneidae [86], Cossidae [88,89], Cossulinae [90],
Brachodidae [91], Epipyropidae [86,92], Zeuzerinae [93], Castniidae [94,95], Metarbeli-
nae [88,96], Hypoptinae [97], Pseudurgis [98], Thyrididae [99,100], Hyblaeidae [101], Cal-
lidulidae [102], Alucitidae [103], Epermeniidae [104], Carposinidae [105], Copromorphi-
dae [106], Pterophoridae [107], Papilionidae [22,108,109], Hesperiidae [110,111], Hedyli-
dae [112,113], Pieridae [114], Lycaenidae [115-118], Nymphalidae [119,120], Drepanidae [121],
Cimeliidae [122], Doidae [123], Mimallonidae [124], Epicopeiidae [125], Sematuridae [126],
Uraniidae [127], Lasiocampidae [128,129], Bombycoidea [130,131], Figure 3.
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Figure 3. Caterpillars; cladistic classification (see material and methods for parameters) and grouping
of subdivisions of the phylogeny of [37] according to the occupation of various living environments.
Green: leaf use, yellow: stems or wood, orange: litter, purple: fungi, brown: soil, red: carnivores, and

blue: freshwater.
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The following families have caterpillars that feed in the soil, in the litter, and /or on
fungal mycelium, Figure 3.

Micropterigidae: About 140 species worldwide, they are small, generally diurnal
butterflies with mandibles and not a proboscis such as most lepidopterans. The larvae
feed on the dead residues of liverworts (Ranunculaceae) thalli, for the few species whose
biology is known, and probably on other litter elements such as decaying bryophytes [132].

Mnesarchaeidae: A very small family endemic to New Zealand of 14 species. They
are a small nocturnal species but diurnal activity is documented. The larvae appear to be
polyphagous and feed on fungi, algae, mosses, liverworts, and fern sporangia. They weave
delicate silk tunnels through which they move to feed [133].

Paleosetidae: Another small family of seven species widely distributed from South
America, India, Taiwan, and Australia. The food of the caterpillars is not very clear, but
they seem to use mosses (but in this case the development is not complete), mycelium, and
possibly roots [134].

Hepialidae: A family of about 400 species distributed throughout the world with some
very large species exceeding 20 cm wingspan. Many species feed strictly in the soil on roots,
others consume the mycelium and a more limited number develop in the stems or trunks
of various woody plants [135].

Adelidae: A family of about 300 species distributed throughout the world except for
New Zealand. The major characteristic is the length of the antennae which especially in
males can exceed three times the body size of the insect. Caterpillars build silken cocoons
that the larva carries and there are documented species that feed in the litter [136].

Tineidae: A huge family of over 3000 species, still largely underestimated. Few
species consume aerial parts of plants and food items are very diverse: decaying plant
material, fungi (aerial part and mycelium), lichens, and even animal tissues such as wool,
horns, etc. [137-139].

Psychidae: A family that exceeds 1000 species. In general, females are apterous and do
not leave the cocoon made by the caterpillars using various fragments of dead plant material
but also some mineral elements. Several species are described as mycophagous [140].

Eriocottidae: A small family of about 210 species from the Old World. These are very
a poorly known species of small, generally unadorned moths. All documented species
have caterpillars in the soil, which presumably feed on roots or fragments of the upper “O”
horizon [141].

Sesiidae: A family of about 1000 species worldwide that are characterised by their
hymenopteran mimicry. Most species are diurnal. Caterpillars live inside plants or galls,
and some species specialised in roots [86,142].

Gelechioidea: A very large family spread all over the world with 4500 to 5000 species.
They are small moths, generally not very colourful except for some tropical species. Some
species form cocoons and live in litter, probably feeding on mycelium, but most live in
stems, roots, or even seeds [138,143-145].

Pyraloidea: One of the largest superfamilies of butterflies with, according to sources,
between 6000 and 10,000 species. They are found on all continents and at all latitudes,
including the coldest. In general, they are small species but some have a wingspan of over
6 cm. Many species consume seeds on the plant but also in the soil where they can build
dense silk tunnels. Some species even have aquatic larvae [29,146-148].

Geometridae: A huge family with perhaps over 15,000 species worldwide. Many
species are grey but some are very colourful. Most species have a wingspan of 2 or 3 cm
but some are larger, up to 9 cm. The caterpillars are mostly aerial but some feed on fungi
and probably on litter. A few rare species in Hawaii are carnivorous [149-151].

Noctuoidea: the largest super-family of Lepidoptera with a low estimate of at least
20,000 species. This superfamily, which includes the Noctuidae, Erebidae, and Notodonti-
dae, is distributed worldwide and almost all feeding types are described, except perhaps
the carnivore. The caterpillars feed on foliage, dead leaves, lichens, and fungi. They are
also found consuming roots or miners in stems [152-159].
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3.2.2. Chrysalids

In all the following families, no species were found that develop in soil, litter, or using
the mycelium of fungi.

Agathiphagidae [39], Heterobathmiidae [40], Prototheoridae [44], Andesianidae [49],
Incurvariidae [54,55], Nematopogoninae [56], Adelidae [136], Heliozelidae [57], Tischeri-
idae [58], Palaephatidae [59], Psychidae [140], Yponomeutidae [60], Urodidae [72], Dou-
glasiidae [73,160], Schreckensteiniidae [64], Choreutidae [65], Millieriidae [66], Immi-
dae [67], Tortricidae [68-70], Heliocosmidae [71], Galacticidae [72,73], Zygaenoids [74,76],
Lacturidae [77], Himantopteridae [78,79], Aididae [80], Megalopygidae [81,82], Lima-
codidae [83,84], Dalceridae [81,85], Cyclotornidae [86,87], Sesiidae [86,142], Dudgeonei-
dae [86], Cossidae [88,89], Cossulinae [90], Brachodidae [91], Epipyropidae [92], Zeuzeri-
nae [93], Castniidae [94,95], Metarbelinae [88,96], Hypoptinae [97], Hyblaeidae [101], Cal-
lidulidae [102], Copromorphidae [106], Hesperiidae [110,111], Hedylidae [112,113], Pieri-
dae [114], Lycaenidae [115-118], Nymphalidae [119,120], Drepanidae [121], Doidae [123],
Mimallonidae [124], Epicopeiidae [125], Lasiocampidae [128,129], Figure 4.

Figure 4. Chrysalis; cladistic classification (see material and methods for parameters) and grouping
of subdivisions of the phylogeny of [37] according to the occupation of various living environments.
Green: leaf use, yellow: stems or wood, orange: litter, brown: soil, red: pupation in ant hills, and
blue: freshwater.

The following families have chrysalids in the soil, in the litter, and/or on fungal
mycelium, Figure 4.

Micropterigidae: Pupation takes place under decomposed bryophytes [132].

Mnesarchaeidae: Pupation takes place in silk tunnels in the upper part of the litter [133].

Eriocraniidae: A small family of 29 species with primitive features such as the sub-
sistence of mandibles. They are small diurnal species whose caterpillars often live on
trees (Betulaceae, Fagaceae). However, for all documented species, pupation takes place
underground probably to provide a thermal buffer [41].

Lophocoronidae: A very small family of six Australian species discovered only in
1973. Very little data is available on the biology, but it appears that the caterpillars are aerial
while pupation occurs underground as for Eriocraniidae [42].
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Paleosetidae: Pupation is assumed to take place in the soil, but there is no verified
data on this [134].

Hepialidae: Pupation occurs most often at the feeding site and thus, often in plant
roots [135].

Acanthopteroctetidae: A very small family of three to five species that appears to be
restricted to the Rocky Mountains from Canada to the USA. Pupation is assumed to be
under the litter [45].

Opostegidae: A small family of about 200 species well represented on all continents.
Caterpillars are leaf miners, but pupation takes place below the litter [46,47].

Nepticulidae: A family comprising the smallest known Lepidoptera with the largest
species not exceeding a centimetre wingspan. Caterpillars mine on the aerial parts of plants,
but the pupae are found in litter or shallow soil [47,48].

Cecidosidae: A small family of about 15 species distributed in the Southern Hemi-
sphere, Southern America, South Africa, and New Zealand. The caterpillars feed on galls
induced by the oviposition of females or live under the bark of woody plants. Pupation
occurs on the soil surface or in the top few centimetres [50].

Prodoxidae: A family of about 100 species mainly distributed in tropical areas. Some
genera have developed a very high level of sophistication in plant-insect interaction,
particularly on Yuccas, with which they are obligate pollinators and exclusive consumers.
Pupation takes place in the first few centimetres of soil at the foot of the host plant [51-53].

Tineidae: Several species of this large family pupate in litter or silk tunnels dug in the
soil [137-139].

Eriocottidae: Pupation takes place just below the litter zone in the upper soil zone in a
loose cocoon of silks [141].

Gelechioidea: A large number of species pupate in the litter in loose silk cocoons [138,143,145].

Pseudurgis: A genus of about ten species highly localised in east and southern Africa.
Caterpillars make shelters from silks and plant fragments on the aerial part of the host
plant (Liliaceae). Pupation takes place in the first few centimetres of soil [98].

Thyrididae: A family of 750 small species, some of which are diurnal. Most are
tropical and only one flies in Europe. More than 30 host plant families are described for the
caterpillars. The cocoons are most often found in the litter at the foot of plants [99,100].

Alucitidae: A family of about 250 species distributed in temperate and subtropical
regions. The species are very homogeneous in appearance with characteristic feathery
wings. The caterpillars are miners of flowers, fruits, and stems of Caprifoliaceae. Pupation
takes place below the litter [103].

Epermeniidae: A family of about 100 small species. Most have diurnal activity and
the caterpillars feed mainly on Apiaceae. Pupae are found on soil, at the base of plants, and
in flexible silken cocoons [104].

Carposinidae: A family of 290 small, fairly homogeneous species distributed through-
out the world. Caterpillars are often fruit miners. Pupation occurs at shallow depths in the
soil [105].

Pterophoridae: A large family of some 1300 species distributed worldwide. Adults
have a characteristic “T” shape at rest. Caterpillars feed on many plant families including
ferns. Pupae are on the plant or in the first few centimetres of soil [107].

Papilionidae: An iconic family of butterflies. Approximately 600 species are spread all
over the world. All species have their caterpillars and chrysalids in the open air (sometimes
below rocks) except for the most primitive taxon of this family (lineage age exceeding
70 million years); Baronia brevicornis, a species endemic to the Pacific slope of Central
Mexico. Chrysalids were found around 20 cm in the ground but up to 60 cm and are hard
as stones [22,108,109].

Pyraloidea: Considering the number of species in this super-family, all cases exist with
pupae on plants, in stems, in the litter, and in soil [17,146-148].

Cimeliidae: A very small family of six Mediterranean species. Adults are very colour-
ful and caterpillars live on Euphorbiaceae. Pupae are on the ground in the litter [122].
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Sematuridae: Despite the medium to the large size of these species and the fact that
some are diurnal, very little biology is documented. There are reportedly about 40 species
in tropical America and one isolated species in South Africa. The pupae are in the litter at
the foot of the host plant or slightly in the soil [126].

Uraniidae: Among the most beautiful lepidopterans in the world. There are about
100 species in the tropics, and many species are diurnal. Most caterpillars live on Euphor-
biaceae. Pupae are most often found in the litter [127].

Geometridae: This huge family has all pupation modes, and many species use the litter,
but some species bury themselves in the soil while staying mostly in the top 10 cm [149-151].

Noctuoidea: As for the Geometridae, all cases are found. However, the percentage of
species that pupate in the soil is much higher (>60%). Some species pupate quite deeply,
up to 15 cm. Some species, such as procession moths, pupate in compact groups of several
hundred individuals just below the soil surface [152-159].

Bombycoidea: This superfamily includes the largest known Lepidoptera. In the
Saturniidae, the vast majority of species pupate in tough silk cocoons directly on the host
plant. In contrast, in the Sphingidae, which are the most recent evolutionary lineage among
Lepidoptera, chrysalidation takes place in the soil in large lodges dug into the ground.
Most species occur between 5 and 15 cm in depth, but records exist up to 50 cm [130,131].

3.3. Estimation of the Number of Species Having a Relationship with the Soil

For some subdivisions, 100% of the species are soil related, but this proportion can drop
to 6/100,000 in the case of the Papilionoidea (which includes the ex-Rhopalocera + Hedyli-
dae), Table 1.

Table 1. Rough estimates of the number of soil-related Lepidoptera species. For each subdivision used
in this work, an estimate of the number of currently described species (i.e., based on 157,000 species)
was made and only those subdivisions where at least one species has a relationship with soil are
included (i.e., a total of 64,484 species = 41% of the total species). In each of the subdivisions
where there is at least one soil-related species, an estimate of the number of species related to the
soil is given. The results are presented separately for caterpillars and chrysalises. For caterpillars,
those that feed on litter and fungi have been separated from those that feed on roots. Similarly, for
chrysalises, a separation was made between species that nymph in the litter and those in the soil.
Column 2: Number of species for each family with at least one species described to be related to
soil. Column 3-5: Number of species feeding on litter or fungi and those feeding on roots + overall
percentage per family of soil-using caterpillars. Column 6-8: Number of species nymphalizing in
litter or soil + overall percentage by family of species pupating in the soil.

Number of Species Caterpillars % per Family Chrysalids % per Family
Litter/Fungi  Roots Litter Soil

Micropterigidae 140 140 0 100 140 0 100
Eriocraniidae 29 0 0 0 0 29 100
Lophocoronidae 6 0 0 0 0 6 100
Mnesarchaeidae 14 14 0 100 14 0 100
Palaeosetidae 7 3 4 100 0 7 100
Hepialidae 400 0 200 50 0 200 50
Acanthopteroctetidae 5 0 0 0 5 0 100
Opostegidae 200 0 0 0 200 0 100
Adelidae 300 100 0 33 100 0 33
Nepticulidae 862 0 0 0 862 0 100
Cecidosidae 15 0 0 0 0 15 100
Prodoxidae 100 0 0 0 0 100 100
Tineidae 3000 1000 0 33 1000 500 50

Psychidae 1000 600 0 60 0 0 0
Eriocottidae 210 0 200 95 0 200 95
Sesiidae 1000 0 150 15 0 150 15
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Table 1. Cont.

Number of Species Caterpillars % per Family Chrysalids % per Family
Litter/Fungi  Roots Litter Soil
Gelechioidea 4750 1000 500 32 3000 0 63
Pseudurgis 10 0 0 0 0 10 100
Thyrididae 750 0 0 0 750 0 100
Alucitidae 250 0 0 0 250 0 100
Epermeniidae 100 0 0 0 0 100 100
Carposinidae 290 0 0 0 0 290 100
Pterophoridae 1300 0 0 0 0 700 54
Papilionidea 600 0 0 0 0 1 0.2
Pyraloidea 8000 1500 0 19 2500 1500 50
Cimeliidae 6 0 0 0 6 0 100
Sematuridae 40 0 0 0 30 10 100
Uraniidae 100 0 0 0 90 0 90
Geometridae 15,000 2000 0 13 6000 2000 53
Noctuoidea 20,000 3000 1500 225 1000 12,000 65
Bombycoidea 6000 0 0 0 0 1500 25
Total species 64,484 9357 2554 18.5 15,947 19,318 54.7
base 157,000 species 41% 6% 2% 10% 12%
7.60% 22.70%

Finally, in light of this literature search, only 2% of caterpillars are strictly subterranean.
Knowing that most of the species whose caterpillars are related to the soil (7.6%) also have
their chrysalises in litter and/or soil (22.7%), the total is not equivalent to the sum of these
two values (30.3%), and an approximate total of 25% of Lepidoptera worldwide are in some
way related to this life compartment, Table 1.

4. Discussion

The number of lepidopteran species estimated at the global level varies greatly be-
tween sources, but a minimum number would be 200,000 [5], personal estimates (data not
shown) give values around 400,000. Clearly, the vast majority of species yet to be discov-
ered/described belong to the microlepidopterans, which are often most closely related to
litter or soil.

Lepidopterans are by definition aerial insects and their relationship with the soil is
limited [33]. Nevertheless, contrary to popular belief, the most important stage in terms
of ecosystem interaction and ecological function is the larval stage [25]. While the adults
of many species are visible, the caterpillars, and even more so the chrysalids, are rarely
observed even by specialists. As a result, the feeding habits of caterpillars are still very
poorly known, and much data on their associations with the environment and plants are
incomplete or need to be verified [16,17]. One of the reasons for this lack of knowledge
is also that most professional or amateur lepidopterists are not botanists at all, and as a
result, there are many errors in the use of plants in the literature. In addition, mentions of
soil-dwelling species are rare as most information on these insects comes from amateur
lepidopterists who are only interested in adults [130,135,142]. Finally, the greatest source of
information on caterpillars, especially those of micro-heterocerans, comes from collections
made during soil arthropod studies and are incidental [3,5].

4.1. Caterpillars

Caterpillars are the main feeding stage for Lepidoptera so it is more the trophic com-
ponent that will be important and not the habitat aspect as such. Nevertheless, the ground
may represent a less-exposed foraging area than the aerial zone and thus explain in two
different ways the presence of certain species in this environment. Many caterpillars may
not be found directly in the soil but in the litter or they feed on dead plant material which in
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terms of food is less energetic than the living aerial plant: Adelidae [136]; Psychidae [140];
Pyraloidea [29,146-148]; Noctuidae [152-159]. Finally, the main question is whether litter
species are not ultimately strict consumers of fungal mycelium. Among the subdivisions
whose food is probably more mycelium-based than litter-based are: Micropterigidae [132];
Mnesarchaeidae [133]; Paleosetidae [134]; Tineidae [137-139]. There do not appear to be
any caterpillars with modified burrowing legs, so most species found in the soil are only
found in the upper soft soil horizons. In addition, the body of the caterpillars is not very
sclerotic and the slightest wound leads to the loss of hemolymph and quickly to the death
of the caterpillar, which does not have an efficient coagulation system [161]. These factors
mean that few caterpillars can forage in the soil. Four families are root feeders, but only
the Eriocottidae have all their species documented developing in the soil in the upper part
of the “O” horizon [141]. The caterpillars of the Hepialidae and Sesiidae almost all live
under the bark of trees or in the soil and are the only ones to have a reinforced head capsule
which allows them to have some adaptation to environments where they have to find their
way into closed areas.

The soil/lepidopteran caterpillar relationship is well-verified for some species or
families but does not seem to follow evolutionary logic. We can nevertheless note that the
Hepialidae and the very small family Paleosetidae belong to the same clade. It is in the
large clade Cossoidea/Sesioidea that we find species with a relatively tough integument
that could allow adaptation to the soil, but apart from some Sesia species, all others develop
in the stems of plants or under the bark of trees. However, the life cycle of more than
80% of these species is unknown and it cannot be excluded that some additive species
are subterranean.

Caterpillars therefore have a limited contribution with soil, with about 12,000 species
(7.6%) worldwide interacting with soil. Most species are soil litter degraders. As far as
true soil caterpillars are concerned, only the Hepialidae (moths) [135] and a few Noctuidae
(mainly of the genus Agrotis and Euxoa) [162] and Pyralidae are considered to be pests of
crops and may therefore represent an important food source for soil predators due to their
local densities.

4.2. Chrysalids

Chrysalids are the most vulnerable static stage during lepidopteran ontogeny and
many strategies have been developed to limit the risk of predation: most are homochromatic
to the environment and/or are protected by a more or less resistant silken cocoon. As with
caterpillars, two broad categories of strategies can be distinguished: species that pupate
in the litter, often in the same area as caterpillar feeding sites or at the foot of host plants,
and species that burrow into the soil and make a niche several centimetres deep to pupate.
Paradoxically, there is more verified evidence of these pupae occurring in or just above the
ground than for caterpillars, probably because there are more species in these environments
and of course, this stage is not mobile.

Litter is an environment where it is easy to make loose silken cocoons between two
dead leaves and thus camouflage from predators. Most chrysalids or their cocoons are
homochromatic with the environment which increases their protection: Micropterigi-
dae [132]; Mnesarchaeidae [133]; Opostegidae [46,47]; Nepticulidae [47,48]; Cecidosi-
dae [103]; Tineidae [137-139]; Gelechioidea [138,143-145]; Thyrididae [99,100]; Aluciti-
dae [103]; Pyraloidea [29,146-148]; Cimeliidae [122]; Sematuridae [126]; Uraniidae [127];
and Geometridae [149-151].

Many species use the soil for pupation. The soil may represent an area of lower
predation, although this is debatable [163], the most likely reason is the thermal buffering
effect of the soil, which from 10 to 40 centimetres depth limits day/night extremes and
averages monthly temperatures [164]. In addition, the amplitudes of moisture variation
are reduced the deeper one goes into the soil. Thus, some caterpillars of large moths such
as the Sphingidae may form chrysalidation lodges between 30 and 50 centimetres deep,
allowing migratory tropical species of this family to complete their full cycle in mid-Europe,



Diversity 2023, 15, 27

13 of 20

whereas a temperature of —3/—4 °C is lethal for these insects [120]. Only one species of
Papilionoidea in the world, the most evolutionary primitive; Baronia brevicornis pupates in
the soil [22]. In this case, this chrysalidation, which can be very deep (perhaps an absolute
record depth of 60 cm), would be more to ensure the persistence of moisture during the
7-month dry season for this species, which is a strict specialist of the driest tropical forests
of Mexico [19].

The subdivisions whose caterpillars mainly pupate in the soil are the following:
Eriocraniidae [41]; Lophocoronidae [42]; Palaeosetidae [134]; Hepialidae [23]; Prodoxi-
dae [51-53]; Eriocottidae [141]; Tineidae [137-139]; Pseudurgis [98]; Epermeniidae [104];
Carposinidae [105]; Noctuoidea [152-159]; Bombycoidea [130,131].

The variety of families /subdivisions using soil for chrysalising is more structured than
for caterpillars with two main groups: the evolutionarily oldest families from Eriocraniidae
to Prodoxidae (Figure 1) and the most recent families from Gelechioidea to Bombycoidea
with the notable exception of the day lepidopterans (Papilionoidea including the nocturnal
Hedylidae) where there is a clear reversion from the use of litter and/or soil for pupation
for aerial substrate or directly on the plant (the only exception being B. brevicornis, the
oldest species of this clade, mentioned earlier). Some species of Lycaenidae which pupate
in ant hills benefit from the triple protection of soil, thermal and humidity buffer, and ants
themselves as antipredator [115].

The ability to bury oneself at depth is very different between these two large groups;
for the oldest, apart from the Hepialidae, which have caterpillars capable of foraging on
roots [23], pupation takes place in the first 5 cm of the soil, whereas for the group of more
derived families, there is an ability to pupate at depth, even if the record values (Sphingidae,
B. brevicornis) do not seem to be able to exceed 60/70 cm. Nevertheless, we must remain
cautious, given that more than 80% of the complete life cycles of Lepidoptera are still
unknown to us.

The contribution of chrysalises is more important than caterpillars first because of
the number of species considered (around 35,500 species in interaction with the soil).
Chrysalids are particularly nutritious (lipids: 25/30%; proteins: 30/40%; carbohydrates:
10/15%) and therefore represent an important food source for soil predators but are also
industrially used as livestock feed [165]. Chrysalids are also used industrially as fertilizers,
which demonstrates their potential ecological role in soil nitrate balance [165].

4.3. General Findings

Compared to the insect order with the largest number of taxa, Coleoptera, interactions
with soil are not as strong for Lepidoptera [6]. On the other hand, for the families (or tribes)
specialised in deep soil, in general almost all species that share the interaction with soil are
included for both Lepidoptera (Sphingidae, Hepialidae) and Coleoptera (Anillina, Leptoty-
phlini, Osoriini, Torneumatini, Anommatini, Pselaphidae and Scydmaenidae) [6]. For the
lineages using the superficial soil and/or bedding, whether for beetles or lepidopterans,
few families are purely specialised. However, some apterous arthropods such as springtails
and many Staphylinidae beetles are almost entirely dependent on the upper layers of the
soil, reflecting a relationship with the evolutionary history of these species [166].

Therefore, the estimate of the number of soil-related species presented in Section 3.3.
should be taken with caution and represents only a snapshot of our current knowledge
of Lepidoptera biology. Nevertheless, our value of 25% of species using the soil at either
the caterpillar or chrysalis stage is consistent with some studies on the soil as a habitat,
where 23% of invertebrate species are thought to be in direct contact with the soil at least
at some stage of their cycle [5,7]. This rate of 25% drops to 12.5% if the soil dependence
of Lepidoptera is strictly considered. All lepidopteran ontogeny stages are important and
the contribution of faeces mixed with litter or directly deposited in the soil as well as the
organic intake of exuviae that remain at soil level have an important role in soil balance
and contribute to better plant growth [167].
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