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Abstract

The range of extant nest architectures for different types of solitary to social insects as well as the key features in
their architecture has assisted in the identification of their structures in the geologic record. The recognition and
interpretation of complex ichnofossils as the product of insects that indicate varying degrees of sociality represents a
major development in the study of continental ichnology. Complex ichnofossils constructed since the Mesozoic by
termites (Isoptera), bees (Hymenoptera: Apoidea), wasps (Hymenoptera: Apoidea and Vespoidea), and ants
(Hymenoptera: Formicidae) represent unique solutions through degrees of social cooperation to the problems of
fossorial life in terrestrial environments. Other such trace-making organisms as various types of beetles and
vertebrates also construct a range of simple to complex burrows that indicate solitary, subsocial, and gregarious
behaviors. Burrows of vertebrates result from relative degrees of social behavior that are unlike those of social insects.
Complex ichnofossils are highly variable in architecture and indicate the type of organism, the number of individuals
per nest, the length of time the structure was used, the degree of sociality, and, in some cases, the amount of time the
substrate has been exposed to surface processes. A pattern of interconnected structures of varying length, width,
height, and number usually distinguishes complex traces. Nests of insect societies have the greatest variability in
ichnofossil complexity — being simple to extremely elaborate structures. These traces also preserve major innovations
in soil ecosystems that include food hoarding, adaptations to disturbance from flooding and precipitation, enduring
unpredictable hypercapnic and hypoxic conditions, and reproductive strategies by employing a subterranean,
hemimetabolous or holometabolous life cycle. Polychresichnia is proposed for trace fossils that were involved in many
simultaneous, multiple behaviors and uses. Aedificichnia and calichnia could likely be subsets of polychresichnia
because many of the ichnofossil nests originally included in those categories were protected by the adults during brood
rearing, used as living and sleeping quarters for the adults, and used as shelter from adverse weather. Nest architecture
is an important source of information on the evolution of behavior of social insects as well as for other social
organisms. Many of the organisms mentioned here have trace-fossil records that extend to the earliest Mesozoic and
predate their earliest body-fossil records in the Cretaceous. Most of these trace fossils have changed remarkably little
in 225 million years, indicating evolutionary stasis of the basic building blocks in nest construction.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

This paper reviews the range of nest architec-
tures of different types of fossil and extant (living
taxa) social insects including termites, ants, bees
and wasps, and deals with the key features in their
architectures that assist in the identification of
their structures in the geologic record. Trace fos-
sils of insect nests are often underutilized because
of the misperceptions of their occurrence in the
stratigraphic record, their usefulness as fossil evi-
dence, and impact in understanding the evolution
of solitary and social insects (e.g., Carpenter and
Burnham, 1985; Labandeira and Sepkoski, 1993;
Grimaldi, 1996; Thorne et al., 2000). The excep-
tions to this are the works of Wenzel (1991a) and
Michener (2000), which have used some fossil
nests of wasps and bees to discuss the biogeo-
graphic implications and behavioral evolution of
certain groups. These misconceptions stem from
marine ichnology which emphasizes that a trace
fossil can be made by different types of animals
such that the architect can rarely been determined
and that continental trace fossils are rarely pre-
served (Ekdale et al., 1984; Bromley, 1996).

Body fossils have been characteristically used as
the literal record of life and the only evidence that
is useful to determine the origin and occurrence of
insects in deep geologic time. For example,
Thorne et al. (2000, p. 79) stated the following
concerning pre-Cretaceous ichnofossil evidence
of termites:

“Reports of Triassic insect nests (no bodies)
were reported as termites (Hasiotis and Dubiel,
1993, Hasiotis and Dubiel, 1995), but can be dis-
missed with almost complete certainty; these are
probably the galleries of cupedoid or some other
wood-boring beetles.”

Unfortunately, Thorne et al. (2000) did not ex-
amine any of the specimens themselves to deter-
mine that the nests were in a paleosol and not in
wood and whether the architects were not termites
(see Section 5.2 and Fig. 11 for the specimens in
question); nor had they consulted life history
studies to verify that no known beetles construct
fine-grained, three-dimensional epigeal (above-
ground) to subterranean structures of elaborate
architecture.

The problem is two-fold: (1) basing knowledge
of the evolution of insects mainly on body fossils
and phylogenetic relationships; and (2) the lack of
understanding of insect nests, their distinctive,
identifiable characteristics, and preservation po-
tential of organisms and nests in continental set-
tings.

Modern ethological analyses and taxonomy of
trace fossils, the fossilized remains of structures
produced in association with substrates by vari-
ous organisms’ activities, originated largely in the
studies of marine deposits (e.g., Frey, 1975; Ek-
dale et al., 1984; Bromley, 1996). The pinnacle of
ethologic analyses rests in Seilacher’s (1953, 1964)
behavioral classification of trace fossils, which has
been subsequently modified with additional be-
haviors by recent workers (Frey and Seilacher,
1980; Ekdale et al., 1984; Ekdale and Picard,
1985; Bromley, 1996). Most of the behavioral cat-
egories developed for trace fossils in marine envi-
ronments are also applicable to organisms’ behav-
ior in continental environments, which include
alluvial (fluvial and overbank), palustrine (marsh,
swamp), lacustrine (supralittoral, littoral, profun-
dal), and eolian (erg and coastal dune) settings.
These behaviors include dwelling, locomotion,
resting, feeding, grazing, trapping and gardening,
predation, equilibrium, and escape traces (Seilach-
er, 1964; Bromley, 1996). Several researchers,
however, observed that some continental trace
fossils have morphologies that resulted from
unique and discrete behaviors not represented by
historical ethologic classifications.

Bown and Ratcliffe (1988) proposed the term
aedificichnia for trace fossils preserved mainly in
full relief that were constructed from raw materi-
als extraneous to the substrate in which they oc-
curred. An example of this behavior is Chubuto-
lithes gaimanensis, an ichnofossil nest likely to
have been constructed by a mud-dauber wasp.
Genise and Bown (1994a,b) proposed the term
calichnia for structures constructed from modified
substrate materials and used exclusively for repro-
duction. Structures likened to bee cells and scar-
abaeid nests are included in this category, with
aedificichnia as a specific subset of calichnia. Gen-
ise and Bown (1994a,b) suggested that most con-
tinental trace fossils are calichnia. Yet these pro-



S.T. Hasiotis| Palaeogeography, Palaeoclimatology, Palaeoecology 192 (2003) 259-320 261

posed and established behavioral classifications
do not encompass fully the range of behaviors
represented by complex ichnofossils constructed
by such social insects as termites, bees, wasps,
and ants, which have a surprisingly diverse record
that extends as far back as the Triassic (e.g., Has-
iotis and Dubiel, 1995; Hasiotis and Demko,
1998; Hasiotis, 2000, in press). These categories
also may not be adequate for complex nests
formed as a result of parental, communal, or sub-
social behaviors.

2. Insect nests as complex trace fossils

The recognition and interpretation of complex
ichnofossils as the product of insects that exhib-
ited a range of degrees of sociality (solitary to
eusocial) represents a major development in the
study of continental ichnology. Complex ichno-
fossils constructed since the Mesozoic by termites
(Isoptera), bees (Hymenoptera: Apoidea), wasps
(Hymenoptera: Apoidea and Vespoidea), and
ants (Hymenoptera: Formicidae) are unique solu-
tions to the problems of terrestrial and fossorial
life achieved through degrees of social coopera-
tion (Hasiotis, 2000). Today, social insects are
diverse, abundant, and ecologically important,
constituting 10-40% of the biomass of animals
in terrestrial ecosystems (Seger, 1991). A large
colony of termites or ants may contain 10°-10’
individuals and occupy a nest complex more
than 10° times as massive as the workers that
built it (Wilson, 1971; Behnke, 1977; Hélldobler
and Wilson, 1990). Social cooperation and euso-
cial behavior have evolved multiple times in ter-
restrial insects for performing chores and foraging
for food, rearing the young, defending the nest,
maintaining nests, and regulating microclimate of
the nests (e.g., Wheeler, 1928; Wilson, 1971;
Michener, 1974).

Complex ichnofossils are highly variable in ar-
chitecture and, for the most part, indicate the type
of organism, the number of individuals per nest,
the length of time the structure was used, the
degree of sociality, and in some instances, the
amount of time the substrate was exposed to sur-
face processes. A pattern of interconnected shafts,

galleries, and chambers of varying length, width,
height, intricacy, and number usually distin-
guishes complex traces. Nests of insect societies
show the greatest range in trace-fossil complexity
— simple structures, with a single chamber and one
to a few shafts or galleries, to extremely elaborate
structures composed of hundreds to thousands of
chambers, cells, shafts, and galleries. These ichno-
fossils also preserve major innovations in soil
ecosystems that include (1) food hoarding, (2)
adapting to disturbance from flooding and precip-
itation, (3) enduring unpredictable increased levels
of carbon dioxide (hypercapnic) and oxygen def-
icit (hypoxic) conditions, and (4) reproductive
strategies by employing a subterranean, incom-
plete metamorphosis (hemimetabolous=egg to
nymph to adult insect) or complete metamorpho-
sis (holometabolous=egg to larva to pupa to
adult) life cycle.

Nest architecture is an important source of in-
formation on the evolution of behavior of social
insects as well as for other social organisms.
Many of the organisms mentioned here have
trace-fossil records that extend to the earliest Me-
sozoic and predate their earliest body fossils,
which are preserved in Cretaceous amber and la-
custrine deposits. The architecture of most of
these trace fossils changed remarkably little in
225 million years, indicating evolutionary stasis
in the basic building blocks of nest construction.
These trace fossils and some of their modern
counterparts are illustrated to demonstrate the
striking similarity between ancient and modern
complex ichnofossils produced by solitary and so-
cial organisms. The activity of some of these or-
ganisms has been referred to as ecosystem engi-
neering because their physicochemical activities
modify the environment and regulate nutrients
to biota above and below them in the trophic
pyramid (Jones et al., 1994; Lavelle et al., 1997).
The intensity and distribution of ant and termite
bioturbation suggest that these insects played ma-
jor roles as ecosystem engineers as far back as the
early Mesozoic. Some of the complex burrows
and nest architectures of different types of solitary
and gregarious invertebrates (e.g., various beetle
taxa) and vertebrates (e.g., therapsids and mam-
mals) are distinguished from the burrows of social
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organisms. Many of these organisms also have
trace-fossil records that extend to the earliest Me-
sozoic if not older, and many predate their earliest
body-fossil records in the Mesozoic and Cenozoic.

3. Degrees of social behavior

Only some insects show truly eusocial behavior
where a fixed division of reproductive labor is
represented by sterile individuals that work for
their parents (Wilson, 1971). Eusociality is found
in the Isoptera (termites) and the Hymenoptera
(bees, wasps, and ants). All termite and ant taxa
are social, while the bees and wasps are solitary to
eusocial. Emerson (1938), Noirot (1970), and
Grassé (1984) reviewed termite nest architecture,
which ranges from simple galleries in wood or soil
to the most complex and elaborate structures con-
structed in the animal kingdom, including those
constructed by humans (Noirot, 1970; Wilson,
1971). Even today, however, the nest architecture
of many species is still unknown (Noirot, 1970;
Grassé¢, 1984).

Bees and wasps may be solitary, gregarious,
communal, semisocial, primitively eusocial, and
eusocial (e.g., Stephen et al., 1969; Evans and
Eberhard, 1970; Michener, 1974; Ross and Mat-
thews, 1991). This range of behavior is also ex-
hibited in ontogenetic stages of nest formation by
the founding female that constructs a simple nest
(representing solitary behavior), to the offspring
of the mother that expand the nest (representing
subsocial behavior), to overlapping broods of off-
spring that expand and maintain the nest while
the founding female serves as its queen and egg-
layer (representing social behavior) (Michener,
1974). A similar pattern in nest ontogeny exists
for ants and termites (Sudd, 1967; Noirot, 1970),
but termite nests are begun by the founding male
and female pair and become more elaborate and
specialized as the offspring take over the construc-
tion (Noirot, 1970).

Nest classifications of bee and wasp social be-
havior by Sakagami and Michener (1962), Ste-
phen et al. (1969), Evans and Eberhard (1970),
and Wenzel (1991a) are too lengthy and compli-
cated to be duplicated here or to be used directly

to classify ichnofossil nests of social insects. Sev-
eral major problems exist with using modern nest
classifications for ichnofossils. There is a pre-ex-
isting discontinuity in terminology for the parts of
insect nests, which are different for each major
group of insect (termites, ants, bees, and wasps).
This nomenclatural discontinuity in previous
work of each insect group has made it more diffi-
cult for researchers to see the similarities among
insect nests. Another problem is that only por-
tions of ichnofossil nests may be preserved or ob-
served in outcrop. Also the nest portions that are
preserved may be an early part of an ontogenetic
series in nest construction. Several nests of in-
creasing complexity observed in outcrop might
indicate a range of behaviors similar or different
to each other, but were colonies of different ages.
Interpretations from these ichnofossils would
likely result in different ichnotaxonomic designa-
tions for each stage of nest ontogeny if they are
not recognized as part of an ontogenetic series.
Nest morphology is often plastic to some degree,
and structures can vary with respect to local cli-
matic and edaphic (i.e., soil) conditions (e.g.,
Noirot and Darlington, 2000). Another problem
rests in the size of some of the nests, which can
range from a simple cavity in the substratum to
nest complexes built over 1 km? in area and more
than 1 km? in volume (e.g., Ratcliffe and Greaves,
1940; Noirot and Darlington, 2000). In this in-
stance, only a small portion of the nest might be
described ichnotaxonomically from a poorly ex-
posed outcrop, or the different components of
the same nest may be interpreted inadvertently
as separate behavioral entities unrelated to each
other in the same outcrop.

Nevertheless, studies of extant isopteran and
hymenopteran nests are useful as clues for recog-
nizing variably complex ichnofossils of possibly
social insects similar to those constructed by ter-
mites, bees, wasps, and ants. Ichnofossil nests of
termites, bees, wasps, and ants also indicate the
antiquity of many individuals acting as one super-
organism, which behaves as a unit of complex and
coordinated activities that obtain and assimilate
nutrients; produce and raise offspring; and main-
tain, regulate, and defend the nest (Wheeler,
1928; Wilson, 1971). The entire nest colony ex-
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hibits an array of behavioral activities that are
analogous to the physiological properties of tis-
sues and organs in a single body (Wilson, 1971).
Rare body fossils of nest-constructing social in-
sects provide only a glimpse into the superorgan-
ism, but ichnofossil nests of these insects afford
the opportunity to explore the manifestations of
the array of behaviors they exhibited in deep geo-
logic time.

4. Burrowing signatures: identifying patterns or
building blocks of social insect nests

How are masses of thousands of simple bur-
rows constructed by as many beetles or soil
bugs to be differentiated from nests composed of
an equal number of tunnels constructed by a large
colony of ants? How are ant nests distinguished
from termite nests or termite nests from bee
nests? The key to the most reliable identification
rests in the recognition of burrowing signatures
and fabrication techniques used by each type of
insect. Nests are mosaics of tunnels (shafts and
galleries) and chambers that are constructed suc-
cessively. They are linked together simply or com-
plexly in a diffuse or concentrated manner in one
or more patterns through space and time. This
results in a vast array of nest architectures that
can be preserved in different stages of their onto-
genetic development.

Basic styles, techniques, and building blocks are
used to construct simple to complex, subterra-
nean, epigeal, and arboreal nests that are unique
to termites, bees, wasps, and ants, as based on a
plethora of ichnofossil and extant nest evidence.
There are, of course, convergence and overlap
in construction methods and nest architectures;
however, careful scrutiny of nest structures, in
most instances, should lead to reliable identifica-
tion of the builder. Nearly all termite nests (Fig.
1) are composed of galleries and chambers, and
are lined with fecal material or are constructed of
stercoral — a mixture of masticated plant fibers,
feces, and sediment (Noirot, 1970; Noirot and
Darlington, 2000). Even in wood, galleries and
chambers are lined with compacted fecal material
(e.g., Lee and Wood, 1971). Ants, for the most

part, construct nests (Fig. 2) by compacting sedi-
ment into place with the head, while a few species
use saliva or masticated plant materials to hold
sediment in place. Some ants line their galleries
and chambers with formic acid produced by the
ant, which serves as a fungicide (e.g., Hutchins,
1967; Holldobler and Wilson, 1990). Several of
the ant and termite nest architectures overlap
with one another, but details of construction
should allow one nest architect to be differenti-
ated from the other.

Solitary to eusocial bees (Figs. 3 and 4) exca-
vate or construct flask-, capsule-, spherical-
shaped, to hexagonal-shaped cells and cell clusters
or combs (multiple cells that share common walls)
in soil and wood (Stephen et al., 1969). These cells
are lined smoothly with fine sediment or waxlike
bodily secretions or are constructed from other
substances extracted from plant materials (Mich-
ener, 1974). Many of these cells are enclosed by a
spiral cap, but other types of closures are also
used (Michener, 1974; J. Rozen, written commu-
nication, 1995). Highly organized, hexagonal cells
comprise combs constructed mainly of wax that
are built in hollows of trees or on branches by
honeybees (Michener, 1974). Solitary to eusocial
wasps also construct nests similar to those of bees
(Figs. 5 and 6), but the cells of solitary wasps are
frequently capsule-shaped; they are not lined and
smooth-walled; and they are not closed with a
upward spiraling cap (e.g., Evans and Eberhard,
1970; Evans, 1985; C.D. Michener, personal com-
munication, 2001). Nests constructed by pollen
wasps are quite similar to cells and nests con-
structed by bees (Gess, 1996), but many of the
features described above, particularly the spiral
cap and cell lining, can be used to distinguish
one from the other (C.D. Michener, personal
communication, 2001). Eusocial wasps are com-
monly known for their subterranean and arboreal
paper nests, which are constructed from masti-
cated wood fibers used to produce hexagonal cells
in multistoried combs (Ross and Matthews, 1991).
Details of termite, ant, bee, and wasp nest archi-
tectures are reviewed in later sections of this pa-
per.

Despite the taxonomic and behavioral differen-
ces between termites, bees, wasps, and ants, there
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Fig. 1. Examples of extant termite nest morphologies. The basic building blocks of termite nests are constructed chambers and
galleries arranged in diffuse or concentrated architectures. (A-D) Nest ontogeny and architecture of Bellicositermes natalensis.
(E) Nest morphology of Odontotermes magdalenae. (F) Polycalic nest of Acanthotermes acanthothorax. (G) Calie nest of Sphaero-
termes sphaerothorax. (H) Nest development in Cubitermes fungifaber. (I) Nest morphology of Speculitermes sinhalensis con-

structed beneath dried cow dung. (J) Nest morphology of Anacanthotermes macrocephalus. All illustrations redrawn and modified
from Noirot (1970) and Roonwal (1970).



S.T. Hasiotis| Palaeogeography, Palaeoclimatology, Palaeoecology 192 (2003) 259-320 265

Basic Building Blocks
= Combination of typically
unlined chambers and galleries

Vos
E Wé?::é:i a3

A Nest ontogeny of Pogonomyrmex occidentalis B

Modified as condensed and
dispersed nest architectures

G Trachymyrmex turrifex

Formica pratensis

H Trachymyrmex septentrionalis

Campontectes interjectus

J Atta texana

Oxyonomyrmex santchii

Entrance

Fig. 2. Examples of extant ant nest morphologies. The basic building blocks of ant nests are unlined chambers and galleries ar-
ranged in diffuse or concentrated architectures. (A) Nest morphology and ontogeny of Pogonomyrmex occidentalis. Nest morphol-
ogy of: (B,C) Camponotus turkenstanicus; (D) Formica pratensis; (E) Camponotus aenescens; (F) Camponotus interjectus; fungus-
gardening ants, (G) Trachymyrmex turrifex; (H) Trachymyrmex septentrionalis; (1) Oxyonomyrmex santchii; (J) Atta texana. All
illustrations redrawn and modified from Wheeler (1910) and Sudd (1967).

are only so many ways to construct subterranean,
epigeal, and arboreal solitary- to social-insect
nests. Since nest construction and social behavior
have evolved many times among the Isoptera and
Hymenoptera, the range of nest architectures ex-
hibited by extant solitary to social insects is likely
to have followed similar evolutionary pathways
from simple to complex construction. This is
also probably true of termites and ants, although
they do not have solitary or gregarious taxa (e.g.,
Wilson, 1971; Seger, 1991). Even the construction
of the most elaborate nests begins with the con-
struction of a simple vertical or horizontal burrow

that terminates in a chamber. Ironically, these two
types of simple burrows are also excavated or
constructed and used by nearly all terrestrial
and aquatic burrowing organisms (e.g., Ratcliffe
and Fagerstrom, 1980; Hasiotis and Bown, 1992).

5. Architectures of termite nests: simple to
complex nests

Ichnofossil and extant termite nests are exca-
vated and constructed edifices, a system of cavities
constructed in soil or in wood (e.g., Noirot, 1970;
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Fig. 3. Examples of extant solitary to eusocial bee nest morphologies. The basic building blocks of bee nests are flask-shaped
cells with or without a spiral cap closure, modified several ways to construct different types of nest architectures. (A,B) Nest of
the communal halictid bee Pseudagapostemon divaricatus. (C) Nest of the colonial orchid bee Euglossa ignita. (D) Cell cluster of
the primitively social halictid bee Lasioglossum (Euylaeus) duplex. (E) Nest of the eusocial honeybee Apis mellifera. (F) Nest of
the semisocial halictid bee Augochloropsis sparsilis. (G) Nest of the pocket-making social bumblebee Bombus (Fervidobombus)
atratus. (H) Nest of the eusocial stingless honeybee Trigona (Tetragona) flavicornis. All figures redrawn and modified from Mich-

ener (1974).

Grassé, 1984; Bown, 1982; Hasiotis and Dubiel,
1995; Genise and Bown, 1994b). Nests are con-
structed in a variety of substrate settings: xylic
(wood), subterranean (nests built underground),
epigeal (nests that protrude above ground, often
with subterranean portions), and arboreal (nests
built on the trunk or branch of a tree, but con-
nected to the soil via covered galleries). Each is
the product of the collective efforts of many indi-
viduals. Termite nests were recognized early as
frozen behavior by Konrad Lorenz (cited by
Schmidt, 1955 and by Noirot, 1970); in other

words, behavior that is represented by three-di-
mensional structures. Important for diagnosing
termite nests is recognizing that convergence and
parallel evolution in neighboring lineages of ter-
mites show up in the similarities in nest architec-
ture. The most derived termites (Termitinae) con-
struct subterranean nests that can also be simple
and lack distinctive architecture. Thus, there is no
correlation between the degree of morphological
evolution in the termites and the architectural
complexities of their nests (e.g., Noirot, 1970;
Noirot and Darlington, 2000). Nests begin as a
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Simple to complex nest architectures of soil- and wood-dwelling bees
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Fig. 4. Examples of extant solitary to eusocial bee
of Diadasia. (B) Simple nests with cells arranged
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nest morphologies. (A) Simple nest architectures in soils constructed by species
in series and short lateral tunnels constructed by soil (halictid, anthophorid,
le soil nests with cells arranged in a combination of series and lateral tunnels

constructed by colletid, nomad, and melitid bees. (D) Complex cell clusters constructed by halictid, corynurid, neocorynurid, au-

gochlorid, and paroxystoglossid soil bees. (E) Com

plex architectures of soil nests with cells arranged in a combination as individ-

uals, series, and branches from lateral tunnels constructed by colletid, halictid, periditid, adrenid, and paragapostemid bees. All

figures redrawn and modified from Stephen et al. (

1969).
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Simple to complex nest architecture of solitary to presocial wasps

Basic Buidling Block

= cell space in which a cocoon is spun by the larva
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Fig. 5. Examples of extant solitary to presocial wasp nest morphologies. The basic building blocks of wasp nests are unlined, ex-
cavated to constructed cells, modified several ways to construct different types of nest architectures. All figures redrawn and
modified from Evans and Eberhard (1970), Spradberry (1973), Evans (1985), and Cowan (1991).

simple closed chamber in the substratum. Humus-
feeding termites construct nests composed mainly
of simple networks of galleries and chambers
composed of walls plastered with fecal material
since they are constructed, not only dug. The
most complex, concentrated nests are constructed

entirely rather than being excavated and are con-
tained within a single cavity surrounded by a
nearly continuous wall from which galleries radi-
ate outwards. Many subterranean nests exhibit
epigeal construction when the population reaches
a critical number. The complexities of the subter-
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Nest Architectures of eusocial and highly eusocial wasps (Vespidae)
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Fig. 6. Examples of extant eusocial wasp nest morphologies. (A) Nest architecture of Paravespula vulgaris. (B) Major nest archi-
tecture development patterns constructed by eusocial vespid wasps. All figures redrawn and modified from Spradberry (1973),

and Wenzel (1991a).

ranean and epigeal portions of the nest are pro-
portional to each other. Some arboreal nests are
also believed to have begun with a temporary
subterranean component with a later construction
of an arboreal nest (Noirot and Darlington,
2000).

5.1. Nests of extant termites

Three types of extant nests (see Fig. 1) are rec-
ognized: (1) nests with limited growth (that grow
by addition); (2) nests with unlimited growth (in-
cluding diffuse and some concentrated nests); and
(3) nests of potentially limited number of calies
(calie = constructed nest unit, each with limited

growth; discussed later) (Grassé, 1984). In gener-
al, nests are considered as either concentrated or
diffuse with the architecture and construction
being quite variable within each type (Noirot
and Darlington, 2000). Excavation of galleries in
wood is considered to be the most primitive be-
havior because of the purported phylogenetic re-
lationship of termites to woodroaches (Noirot,
1970; Abe et al., 2000). Nest construction has
diverse aspects, but all have two main compo-
nents: excavation and construction (Noirot,
1970, 1977). The termites use their mandibles to
remove particles of the substratum or wood par-
ticles. Construction techniques are relatively uni-
form so that many nests of different termites are
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similar to one another. Galleries, walls, ramps,
pillars, and floors are built by depositing soil
(sand, silt, or clay) or masticated wood with fecal
droplets that act as mortar. Predominantly wood-
eating species build nests using carton, a mixture
of masticated wood and fecal droplets. Soil-dwell-
ing termites mix excrement with soil particles to
form a material termed stercoral. Nests can have
both materials used in construction, with earth
material used for the external structure, while car-
ton is used for internal construction. Some fun-
gus-growing termites (e.g., Macrotermitinae) in-
gest clay, mix it with saliva, and regurgitate the
mixture as the mortar to hold the structure to-
gether (Noirot, 1970).

Excellent reviews and discussions of termite
nest morphologies were given by Grassé (1949,
1984), Noirot (1970, 1977), Lee and Wood
(1971); however, the main components of diffuse
and concentrated nests are summarized here (Fig.
1). Diffuse nests are considered to be the most
primitive of subterranean nests. They grow by
the addition and extension of galleries. Galleries
are enlarged to form chambers in various places
of the gallery system (Fig. 11,J). Concentrated
nests are composed of a thick, massive wall that
encloses the main portion of the nest in a central
cavity (Fig. 1A-D). The nest is clearly discernible
from the surrounding substratum. The habitacle
or endoecie is the region within the central cavity
that contains many rooms or cells, fungus gar-
dens, and the royal chamber, all connected by
galleries and ramps (Grassé, 1949; Lee and
Wood, 1971). The habitacle rests on a flat base
and is supported by downward tapering, conical
structures called pillars. This space between the
base of the habitacle and pillars is called the cellar
or cave. The massive wall is traversed by a system
of galleries that are mainly vertical and differ
from nest to nest. Large vertical galleries or chan-
nels are referred to as chimneys, which are typi-
cally large near the base and ramify upwards into
smaller, interconnected galleries. The paraecie is
the area between the habitacle and the massive
gallery-traversed wall of the nest that is an open
air space. The periecie is the underground system
of galleries that surrounds the nest proper, en-
closed by the massive walls. It consists of two

distinct systems. An external gallery system ex-
tends for several tens of meters or more around
the nest and is associated with a system of large
vertical pits. These networks of galleries are used
to obtain moisture, food, and clay used in nest
construction and to rid the nest of materials and
organic matter no longer in use. Some of the larg-
est nests, such as those constructed by Macro-
termes in the tropics, may have a volume of
more than 1000 m? (Noirot and Darlington, 2000).
Construction and expansion occur by two
methods that are likely to represent end members
in nest building: reorganization of the substrate
to enlarge nests and by addition of new structures
to mature, pre-existing structures as the number
of individuals in the colony increases (Noirot,
1970). In general, nest size increases with the
number of individuals. Growth takes place in
many different ways. Accessory nests may form
via budding by diffuse nest builders by building
structures away from the main nest. Nest excava-
tion by some termites (Kalotermitidae, Termopsi-
dae) via new galleries and enlargement of cham-
bers is associated with feeding. Nest size also
increases as older chambers and galleries are
abandoned and filled with fecal pellets and with
sickened and deceased members of the colony.
Among other termites, after the main nest is con-
structed expansion is through the addition of new
structures to increase the size of the nest. Cubi-
termes fungifaber builds two kinds of structures:
the cylindrical, vertical column and the mush-
room-shaped cap (Fig. 1H). Nests are enlarged
by the addition of newly adjoined cylindrical col-
umns or by the addition of caps on top of pre-
existing caps. Growth continues by the addition
of new columns and caps, never by widening of
pre-existing structures. Once constructed, different
portions of the nests are not modified for nest
enlargement, but walls can be rebuilt if damaged,
and interior structures may be modified or re-
paired to only a limited extent (Noirot, 1970).
The most complex nests are those that are ex-
panded by the addition of new nest centers. These
types of nests are mosaics of parts successively
constructed and simply linked together. Polycalic
nests are new structures that are entirely sepa-
rated from the old structure (Fig. 1F). A calie
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Table 1

Termite nest ichnofossils in the geologic record

271

Age and formation

Locality

Nest architecture

Ichnotaxonomy

Source

Triassic
Chinle formation

Jurassic
Morrison Formation

Cretaceous
Price River Formation
Javelina Formation

Paleogene
Eoc. Willwood Formation

Eoc. Cayara Formation
Eoc.—Olig. Jebel Qatani
Formation

Neogene
Mio. Pinturas Formation

Late Plio. Barranca de Los
Lobos Formation
Late Pliocene deposits

Late Pliocene deposits

Late Plio. Laetoli Beds

Quaternary
Type Cl1, Table Mountain
Series, Cape System

Petrified Forest National
Park, Arizona

Colorado Plateau and
vicinity

Price River Canyon, Utah
Brewster County, Texas

Worland, Wyoming

Southern Bolivia
Fayum and Qattara
Depression, Egypt

Patagonia, Argentina
Buenos Aires Province,

Argentina
Santa Clara, California

Laetoli, Tanzania

Pretoria, Cape Province,
South Africa

Cylindrical calies and
associated chambers
Elongated shelves

Spherical nests
Elongated ramp nests
Concentrated galleries
(horizontal)
Concentrated galleries
(vertical)

Rhizolith specific
Rhizolith engulfing

Spherical nests with galleries

Nests in petrified wood;
pellets

Concentrated, pelleted
fabrics

Spherical nests

Stacked shelves and ramps
Spherical nests, diffuse
Spherical nests

Spherical nests (diffuse)
Stacked hemispheres
Stacked shelves and ramps
Stacked shelves and ramps

Concentrated chambers,
galleries
Cavity nest

Frass in wood cavities
Frass in wood cavities

Concentrated masses
Spherical nests, diffuse
Spherical nests

Stacked shelves and ramps

Concentrated masses
Spherical nests, diffuse
Spherical nests

Archeoentomichnus
metapolypholeos
open nomenclature

open nomenclature

open nomenclature
open nomenclature

open nomenclature

open nomenclature

cf. Krausichnus trompitus
Termitichnus qatranii

T. simplicidens
Vondrichnus obovatus
Fleaglellius pogodas
Krausichnus trompitus

K. altus

Syntermesichnus fontanae
Tacuruichnus farinai

open nomenclature
(Kalotermitid)

open nomenclature
(Kalotermitid)

open nomenclature (nests
attributed to species of the

Termitidae; cf. Macrotermes,

Odotermes, Hodotermes)

open nomenclature (nests
attributed to
Microhodotermes or
Hodotermes)

Hasiotis and Dubiel, 1995
Hasiotis, in preparation a,b,c

Hasiotis and Demko, 1996,
1998; Hasiotis, 2002

Hasiotis et al., 1994
Rohr et al., 1986

Hasiotis and Bown,
unpublished data
Hasiotis et al., in preparation a

Bown, 1982; Genise and
Bown, 19%4a,b

Bown and Laza, 1990
Genise, 1997

Rogers, 1938

Abel, 1935

Sands, 1987

Coaton, 1981

(Fig. 1G) or constructed nest unit is repeated in
space and time through the life of the colony as
long as its increases. A nest can grow by increas-
ing size of existing calies or by the construction of
new calies. It is likely that both methods are used
in polycalic termite nests. Nest relocation is the
extreme of polycalic behavior, where the entire

colony will move into a larger structure at a
new location (Apicotermes desneuxi). Larger nests
are more deeply buried than smaller, shallower
ones; however, this tiered style of nest construc-
tion is still considered hypothetical (Noirot, 1970).

Important behaviors represented by all nests
include (1) avoidance of light, (2) extreme sensi-



272 S.T. Hasiotis| Palaeogeography, Palaeoclimatology, Palaeoecology 192 (2003) 259-320




S.T. Hasiotis| Palaeogeography, Palaeoclimatology, Palaeoecology 192 (2003) 259-320 273

tivity to air currents, (3) cellulose-based nutrition,
(4) moderate protection from desiccation, and (5)
thigmotaxis, which is the response of an organism
to a continuous contact with a solid surface. All
nests are built in such a way as to regulate the
colony’s environment with respect to temperature,
humidity, internal nest atmosphere, and nest ven-
tilation (Luscher, 1961). Termite nests are en-
closed and do not have direct communication
with the atmosphere (Noirot, 1970), only tortuous
pathways through small openings. Exchange of
gases is through a simple to elaborate network
of small holes leading to caves or galleries that
are connected with the surface.

5.2. Ichnofossil nests

The identification of termite ichnofossils in an-
cient continental deposits (Table 1) has been
based on comparisons to the architectural and
surficial elements and the overall structure of ex-
tant termite nests (e.g., Bown, 1982; Rohr et al.,,
1986; Sands, 1987; Genise and Bown, 1994b;
Hasiotis and Dubiel, 1995; Hasiotis and Demko,
1996; Genise, 1997; Hasiotis, in press). All the
key morphologic features of subterranean termite
nests have been found in ancient examples (Figs.
7-11), including the association of ichnofossil
nests with rhizoliths and permineralized, damaged
roots. Regardless of the age and complexity of the
nests, the key criteria in their interpretation as
termite nests appear to be the occurrence of lined
tunnels and spheroidal structures that are directly
associated with each other to form a diffuse or
highly concentrated mosaic of structures, indicat-
ing the endoecie, paraecie, or periecie of nests
(Figs. 7-11). Mesozoic and Cenozoic ichnotaxa
are based on the degree of concentration of cham-
bers and galleries, as well as chamber size, shape,
and arrangement and the architecture and com-

plexity of galleries. Ichnofossil nests interpreted as
having been constructed by termites can be gen-
eralized as multiarchitectural, variably contermi-
nous mosaics of chambers and galleries dominat-
ed by (1) structure (concentrated or diffuse); (2)
size (small to large, shallow to deep); (3) shape
(cylindrical, spherical, tabular, globular, and mas-
sive); (4) constructional elements (single chamber
or many; simple to complex galleries); (5) cham-
ber type (boxlike, ramplike, tabular, or rectilin-
ear); (6) gallery type (simple, compound, or com-
plex); and (7) replication in construction pattern
(arrangement of chambers and galleries in space
and time). Specific structures or the lack of them
may also be used to interpret the ichnofossils of
termites. For example, some Jurassic termite nests
composed mainly of simple galleries and few
chambers are specific to the shape of a rhizolith
or engulf the whole shape and surrounding sub-
strate of a rhizolith (Hasiotis and Demko, 1996;
Hasiotis, in press). A very large spherical opening
in an outcrop of Pliocene strata was interpreted as
a termite nest because it was similar to a large
central cavity of an extant termite nest but lacked
the internal structure of chambers and galleries
within the endoecie (Genise, 1997). This same
type of termite nest ichnofossil was also described
from the Late Jurassic (Hasiotis, in press).

The end result of the analysis of extant termite
nests and their use for the interpretation of ich-
nofossils constructed by termites is the recogni-
tion of larger, compound structures composed of
interconnected components of variable architec-
ture. If this association is overlooked or not rec-
ognized at the outcrop, then the interpretation of
the ichnofossil will be incorrect. For example, the
galleries of termite nests are similar in appearance
to unlined burrows assigned to Planolites, vertical
shafts likened to Skolithos, Y- and T-branched
galleries and shafts assigned to Thalassinoides,

Fig. 7. Extant and ichnofossil termite nest morphologies. (A) Nest of extant termite Procornitermes striatus collected from Argen-
tina (after Hasiotis et al., 1994). (B) Nest of extant termite Procornitermes cornutus (modified from Hasiotis and Dubiel, 1995).
(C) Nest of extant termite Macrotermes sp. in high plateau of Ethiopia; person is approximately 1.9 m tall. (D) Undescribed ter-
mite ichnofossil nests as calies from the late Miocene Bakate Formation, Fejej, Ethiopia. (E) Termite ichnofossil nest Termitich-
nus gqatranii in the Eocene-Oligocene Jebel Qatrani Formation of the Fayum Depression, Egypt. (F) Natural cross-section
through 7. gatranii from same area as E. (G) Compound gallery system of 7. gatranii from same area as E (modified from Hasi-
otis et al., 1994). (H) Termite ichnofossil nest Krausichnus trompitus from same area as E (modified from Hasiotis et al., 1994).
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Fig. 8. Ichnofossil termite nest morphologies. (A) Outcrop wall composed of the polycalic ichnofossil nests and simple galleries
Vondrichnus obovatus from the Eocene-Oligocene Jebel Qatrani Formation of the Fayum Depression, Egypt. (B) Ichnofossil nest
Syntermesichnus fontanae in the Miocene Pinturas Formation of the Santa Cruz Province, Argentina.

and the lined burrows ascribed to Palaeophycus.
The chambers grossly resemble massive, globular,
or lenticular concretions and may also be mis-
interpreted as arid-climate weathering features
around masses of Planolites and Palaeophycus.

5.3. Behavioral and paleoecological implications

The ichnofossil nests preserve physical evidence
resulting from eusocial behavior by termites. The

intricate nature of the ichnofossil nests, even in
the simplest forms, implies that a high degree of
cooperation was necessary to maintain the con-
struction of galleries, defend the nest from in-
vaders, regulate and dispose of the nest waste
products, and lay eggs and rear young to produce
more caste members and future kings and queens
(i.e., elates) (Wilson, 1971). This work was most
likely carried out by a differentiated caste system
of workers, soldiers, and the queen and king. The
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size of the nest is likely to have been proportional
to the number of individuals in the colony, and
large nests, such as those in Upper Jurassic Mor-
rison Formation, may have had as many as a
million or more individuals, similar in number
to the large nests of Macrotermes. Smaller nests,
such as those that occur in the Triassic, Jurassic,
Eocene, and Oligocene, may have had a thousand
to ten thousand individuals, similar in number to
the nests of Microhodotermes and Cubitermes
(Noirot, 1970).

The ichnofossil nests illustrate the niche diver-
sification of termites as detritivores. Many of the
Mesozoic and early Cenozoic termite nests are
composed of an array of nest architectures similar
to those of today, implying the use of dead and
decaying roots, stems, groundcover, shrubs, and
trees as food sources. The similarity of ancient
and extant nest morphologies also suggests that
ancient termites digested plant material through a
symbiotic relationship with cellulose-digesting
bacteria in their gut, similar to extant termites
(Krishna and Weesner, 1970; Abe et al., 2000).
Late Cretaceous wood-boring frass interpreted
as termite fecal pellets has distinctive hexagonal
or subhexagonal cross-sections (Rogers, 1938;
Rohr et al., 1986). These distinguishing features,
as observed in modern termite—plant associations
(Light et al., 1930), preserve the association be-
tween termite, symbiotic gut bacteria, and cellu-
lose. Other nest morphologies, especially those
with large open cavities or several chambers oc-
curring in close proximity to one another, suggest
fungus gardening. The fungus grown in nests is
used as food as well as to regulate the relative
humidity of the nest (Noirot, 1970).

6. Architectures of bee nests: solitary to social
nests

Bees are most diverse in subhumid and arid to
semiarid climates, nesting in well-drained soils
with abundant vegetation (Sakagami and Mich-
ener, 1962; Michener, 1974). They are, however,
also found in subtropical and tropical climatic
settings. Some nests are excavated and con-
structed in soil and wood, including hollow stems

and branches, while others are constructed in
abandoned rodent burrows and fractures in firm
and hard substrates (Stephen et al., 1969). The
primary functions of bee nests are protection,
brood rearing, and food storage. These functions
vary with respect to the degree of sociality. The
number of individuals per nest ranges from one
female and a few offspring to 60 000 adult honey-
bees and as many as 180000 or more individuals
in a tropical stingless bee colony (Michener,
1974). For the most recent and thorough review
of the bee systematics and associated behavior,
consult Michener (2000).

Solitary species construct nests that are similar
in basic structure to those of primitively eusocial
species in the same family (Michener, 1974). Sa-
kagami and Michener (1962) and Stephen et al.
(1969) concluded that within the Halictidae there
is no obvious correlation between the degree of
sociality and the nest structure, such that some
highly social bees construct simpler nests than
those constructed by colonial or semisocial bees.
Thus, a nest constructed by a lone bee can be
similar to one constructed by several bees working
together. In some species, nests of solitary, para-
social, and primitively eusocial bees are similar.
For this reason, I will discuss the architecture of
modern bee nests that are the result of solitary to
social behavior and present ancient examples that
were constructed most likely by bees with various
degrees of social behavior.

6.1. Nests of extant bees

Nests of extant burrowing species (see Figs. 3
and 4) have a wide range of architectures that
are excavated and constructed in subterranean
and arboreal settings (Stephen et al., 1969). Arbo-
real nests include those that contain mud or resin
cells cemented or constructed in hollow stems,
branches, and tree trunks and bored into wood
(Michener, 1974) as well as those without mud
or resin cells. Nests are used for rearing broods
in individual cells or cell clusters or combs and
are where females spend most of their time while
not foraging. Some nests are excavated exclu-
sively, and cells are not lined or reinforced, where-
as other nests are constructed exclusively of ma-
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terials brought from outside the nest. Most often
nests are constructed in soil that is moist enough
for the cell form to be maintained. Non-burrow-
ing bees, such as the honeybees, bumblebees, and
some megachilids, construct nests in soil, rock,
and wood cavities or in open areas with vegeta-
tion (Stephen et al., 1969).

Nests of nearly all solitary to eusocial bees have
similar architectural elements of varying use and
complexity (Sakagami and Michener, 1962; Ste-
phen et al., 1969; Michener, 1974, 2000; Roubik,
1989). Subterrancan nests are excavated and com-
prise shafts, tunnels, and cells with variable plas-
ticity in nest architecture due to edaphic and sea-
sonal factors. The basic structure of the nest is the
brood cell (Stephen et al., 1969). The depth and
complexity of the nests vary markedly both within
and among species, ranging in depth below
ground level from a few centimeters to more
than 150 cm. The entrance to the nest may be
marked by a tumulus, a pile of excavated material
deposited outside the entrance, or a turret that is
composed of excavated material that is smoothed
and cemented with saliva. In some ground-dwell-
ing eusocial bees, anastomosing rods are con-
structed in a funnel-shaped nest entrance and cav-
ity that are used for resting and nest defense
(Michener, 1974). The main burrow leads from
the entrance to the brood cells either directly or
through one or more lateral burrows. A main
burrow that is more or less vertical is termed a
shaft; if it is subhorizontal it is termed a tunnel.
These burrows can contain straight to tortuous
shafts and tunnels with the full range occurring
in one nest. The burrows may be lined, and some
are smoothed; however, burrows leading to cells
and cell clusters are reinforced with saliva or se-

cretions from the Dufour’s gland. Some nests con-
tain a blind burrow that is the extension of the
main tunnel below the occurrence of brood cells,
which drains water that enters the nest, is a source
of excavated material for cell construction, or is
used for hibernation or possibly as a refuge from
predators (Sakagami and Michener, 1962).

The brood cell is constructed by an adult and is
a compartment in which a single larva is reared.
The dominant shape of cells constructed by bees
living in soil, such as the halictids, anthophorids,
and adrenids, has a weakly to strongly developed
flask shape, with the widest part closest to the
rounded termination of the cell and the narrowest
part at the entrance (Michener, 1974, 2000). Cells
constructed by bumblebees, stingless honeybees,
and true honeybees are test tube-shaped, spheri-
cal, ellipsoidal, capsule-shaped, or hexagonal. The
cell symmetry ranges from symmetrical to asym-
metrical or curved. Cells in any nest are for the
most part of uniform size and shape, but special-
ized cells or pots are constructed by higher bees
that are used for food storage and for develop-
ment of future queens or drones (Michener, 1974).
The cell wall typically has a shiny, smooth ap-
pearance because the adult bee polishes the wall
with its pygidial plates and smears clay or secre-
tions from the Dufour’s gland on the wall, which
polymerizes to form a thin to thick waterproof
membrane of wax or polyester like that secreted
by the Colletidae, or made of wax as in the cor-
biculate Apidae (Michener, 1974; Batra, 1984).
Cells range in number from one to several thou-
sand per nest, with the highest cell numbers oc-
curring in highly social bees (Stephen et al., 1969).
Brood cells constructed in burrows are rarely an
excavated space but are usually constructed and

Fig. 9. Ichnofossil termite nest morphologies in the eolian deposits in the Recapture Member of the Upper Jurassic Morrison
Formation outside Gallup, New Mexico, USA. (A) Portion of subterranean ichnofossil nest that most likely originated at the pa-
leosurface beneath the blocky sandstone deposit that delineates the boundary between the Recapture and Westwater Canyon
Members of the Morrison Formation; person is approximately 1.9 m tall. (B) Portion of subterranean ichnofossil nest that shows
layered construction of levels with the nest composed of smaller rooms and galleries of the endoecie; note deeper chambers adja-
cent to 10-cm scale. Also note the lack of primary bedding, which is destroyed from nearly 100% bioturbation by simple gal-
leries. (C,D) Two separate, natural cross-sections through portions of different subterranean ichnofossil nests that show a central
open area surrounded by simple and compound galleries with in the endoecie; lens cap 5 cm; scale in cm. (E) Portion of subter-
ranean ichnofossil nest showing large-scale branching morphology of nest; interior composed of interconnected chambers and
galleries of a complexly constructed endoecie or periecie. (F) Chambers eroded from larger subterranean nests; punky texture is

interpreted to reflect cast of fungus garden within the chamber.
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modified cell walls or at least partitions between
cells that have been excavated in the substrate or
constructed in a cavity. If many cells share walls,
they are termed cell clusters or combs, depending
on the number of attached cells. These are sur-
rounded by burrows or air space and are sup-
ported by a series of pillars constructed from
the substrate. The term comb is more commonly
used for cells that are separated by thin walls and
occur in single or back-to-back constructed layers
of hexagonal cells in large numbers (Michener,
1974). Cells are of roughly the same size as the
emergent adult. These cells are constructed in a
similar fashion in decayed and sound wood. In
nests of some bumblebees, a cell is continually
enlarged as several larvae grow within one cell.
In rare examples, larvae are reared in a common
space in a woody, hollow stem or in a boring
made by another insect (Michener, 1974). An
egg is laid in each cell where a provision of pollen,
nectar, and other plant materials is placed as a
small spherical to elliptical loaf; in some bees,
as in the Colletidae, this provision is liquid con-
sisting primarily of nectar and some pollen. This
material feeds the larva until it metamorphoses to
an adult. In most nests, each cell is sealed with a
cap from the outside by an adult bee. The cap
may be constructed of excavated soil or wood
material as a spiral, conical, flattened, or woven
plug after oviposition. Within the cell, a cocoon
of silk from the salivary glands is spun by the
larva prior to pupation. Most larvae spin cocoons
before defecation, and the larvae’s feces are left
inside the cocoon. Many bee larvae inside the cell,

however, do not spin cocoons (Michener, 1974,
2000).

Nests of the highly eusocial Meliponini are sur-
rounded by material composed of a mixture of
wax (cerumen), resin, or, sometimes, vegetation,
mud, or feces, which forms an envelope around
the whole nest cavity called batumen. The only
openings are the entrance and small perforations
for ventilation. Layers of this material surround-
ing the brood chamber are called the involucrum.
In hollow trees, batumen plates are used to seal
the nest off from the unused portions of the tree
(Michener, 1974, 2000). The structures within the
nest cavity are supported by pillars and connec-
tives made of wax or resin. The pillars support the
combs, while connectives support the various sec-
tions of the involucrum and comb and pillar sup-
port system. These types of nests contain elabo-
rate entrance tubes of various shape and size. In
their nests the Meliponini use specially con-
structed pots for the storage of honey and pollen,
which are quite different from the brood cells
(Fig. 3). The pots are either spherical, capsule-
shaped, or elongate cone-shaped containers ap-
proaching the appearance of organ pipes. These
pots occur in clusters segregated, intermixed, or
outside the brood chamber (Michener, 1974).
Brood cells are constructed as clusters or combs,
or an intermediate between cluster and comb ar-
rangement. The combs are aligned either horizon-
tally, spirally, or, in a few species, vertically and
back to back so that the cells open laterally in the
opposite direction. This last example is similar to
the comb arrangement of the highly eusocial Api-

Fig. 10. Ichnofossil termite nest morphologies in alluvial deposits of the Upper Jurassic Morrison Formation of Colorado and
Utah, USA. (A) Subterranean ichnofossil nest with galleries in the wall of the nest between the endoecie and the periecie in the
Salt Wash Member of the Henry Mountains, Utah; note the endoecie is connected to the surface and may have had a small
exoecie. (B) Natural cross-section through the endoecie of an ichnofossil nest in the Salt Wash Member near Green River, Utah;
note the thickened wall that separated the endoecie from the periecie and the preserved remnants of chambers. (C) Natural trans-
verse cross-section through an ichnofossil nest constructed in the secondary rhizolith of a tree in the Salt Wash Member near Ti-
caboo, Utah (modified from Hasiotis, 2002). (D) Natural vertical cross-section through an ichnofossil nest calie that shows anas-
tomosed galleries and remnants of small chambers in the Salt Wash Member near Naturita, Colorado (modified from Hasiotis,
2002). (E) Natural quasivertical cross-section through an ichnofossil nest that shows concentrated anastomosed galleries in the
Brushy Basin Member near Naturita, Colorado. (F) Natural vertical cross-section through an ichnofossil nest calie showing an
internal partition that formed two levels that probably contained smaller rooms in the Salt Wash Member near Aneth, Utah;
note several galleries that radiate away from the calie with a large compound gallery to the left of the nest. (G) Natural trans-
verse cross-section through a concentrated ichnofossil nest showing interconnected galleries with two chambers in the center in
the Salt Wash Member near Ticaboo, Utah.
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ni, or true honeybees (Michener, 1974, 2000).
True honeybees construct wax combs of elongate,
hexagonal cells in the open or in cavities of hol-
low trees or in the ground. In these nests, honey is
stored within the hexagonal cells. The cells remain
open where food for the larvae is provided pro-
gressively — that is the larva is fed by the adults as
it grows. Cells that contain males are larger than
those of the workers, while cells that hold future
queens are irregularly shaped ellipsoids and hang
as individual cells from the brood combs (Mich-
ener, 1974, 2000).

Nests (Fig. 4) can be classified according to the
type of cell arrangement (Sakagami and Mich-
ener, 1962; modified from Malyshev, 1935).
One-celled nests contain a single cell at the bottom
of the burrow. Branched nests are composed of a
main burrow from which several lateral burrows
diverge and terminate in single cell; the lateral
burrows can be reduced so that the cell originates
directly from the main burrow. Nests with linearly
arranged cells have cells that are built end to end
in series that may occur in one (allodalous) or
more (parodalous) tunnels from the main burrow.
Chambered nests contain cell clusters that are at
least in part surrounded by an excavated cavity
(synodalous) or tunnels, including the main shaft.

Characteristics of the nest architecture con-
structed by bees must be used in combination to
identify trace fossils as the products of bee activ-
ity (Stephen et al., 1969; Michener, 1974, 2000;
Rozen, written communication, 1995; C.D. Mich-
ener, personal communication, 2001). Among the
most diagnostic features of some bee nests are the
cell closures that form a spiral pattern, often re-
ferred to as a spiral cap. Not all bee cells, how-

ever, make spiral enclosures, and some wasps’
cells have a spiral pattern in cell closures as well
(e.g., Gess, 1996). Cell closures are visible only on
cells where an adult has not emerged after pupa-
tion. Another diagnostic feature of many bee cells
is the smooth, internal cell walls lined with very
fine-grained clay or a waxlike secretion. Yet, cells
that were not completed or that were weathered
prior to burial would not have smooth linings.
The presence of pollen, spores, or other vegeta-
ble-product stores within the cell structure is di-
agnostic of bee cells. Pollen, spores, a